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Abstract

The development of industrial technology has increased the demand for surface modification to functionalize product
surfaces. Superhydrophobicity affords a self-cleaning ability and is highly regarded in various industrial fields. However,
superhydrophobic surfaces are limited in terms of their mechanical and chemical durability, which must be addressed to
allow them to advance to the commercialization stage. In this study, we proposed a hierarchical structure to increase the
durability of a microsurface exhibiting superhydrophobicity. It was optimized based on a design of experiments and finite
element analysis. Results of the finite element analysis indicated that the maximum stress of the proposed hierarchical struc-
ture reduced by approximately 71% compared to that of the well-known pillar structure. The wettability and durability of the
superhydrophobic film fabricated via micro three-dimensional printing and ultraviolet-imprint lithography were evaluated.
The optimal hierarchical structure yielded a contact angle of 150° or more, and the change in the contact angle change was
within 5° even after 10,000 cycles of the abrasion test.

Keywords Superhydrophobic - Mechanical durability - Design of experiments - Projection microstereolithography - Pin on

disc abrasion test

1 Introduction

As the technology level of modern industry advances,
interest in the high functionality and surface modification
of product surfaces is increasing. Additionally, studies per-
taining to changing the properties of the material surface by
simulating surface properties observed in nature are increas-
ing. Among them, studies regarding superhydrophobic sur-
faces inspired by the surface structure of lotus petals are
actively being conducted.

A superhydrophobic surface refers to a surface that forms
a contact angle of 150° or more with water. These surfaces
afford self-cleaning ability [1, 2] and drag reduction [3, 4],
as well as prevent contamination, freezing [5], and corro-
sion [6]. Hence, they exhibit potential application in various
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industries such as, architecture, display, optics, medical [7,
8], aviation, and transportation [9-13].

The surface of the lotus leaf is composed of a nano/micro-
scale protrusion structure and a coating layer with low sur-
face energy [14, 15]. A surface structure with low surface
energy and high surface roughness is required to exhibit high
repulsive properties with respect to water [16].

The surface processing of nano/microstructures involves
bottom-up and top-down methods. Bottom-up processes
include self-assembly [17], chemical deposition [18],
electroplating [19, 20], and plasma treatment [21]. This
method involves coating the surface of a base material with
a nanoparticle or molecular structure and is characterized
by the random generation of a surface structure. The top-
down method includes photolithography [22], lasers [23,
24], plasma, and etching [25], and may be used to process
a regular surface structure. A general superhydrophobic
surface comprises micropillar arrays; recently, research has
been conducted on a hierarchical structure in which a nano/
microscale structure is formed on a microsurface structure
via a hybrid method involving the bottom-up and top-down
methods. This method is expected to increase the surface
roughness and contact angle by changing the surface energy.
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The hybrid method is being investigated by combin-
ing various processes. Sun et al. proposed a method for
processing pillar arrays on silicon wafers via photolithog-
raphy and plasma etching, as well as depositing carbon
nanotubes on a surface via chemical vapor deposition [26].
Wang et al. proposed a method for processing a microcone
structure on a copper substrate using a picosecond laser, as
well as processing a nanoscale surface structure through
electroplating [27]. N. Kehagias et al. coated Cr and Au
layers via electron beam deposition and then processed
a pillar array via Ni electroplating [28]. Alameda et al.
proposed a method for processing a layered structure by
combining nanoimprint and photolithography processes
[22]. Shivaprakash et al. proposed a surface processing
method that involves roll-to-roll hot embossing [29]. Lin
et al. proposed a method involving two-photon polymeri-
zation [30]. Dong et al. proposed a method involving direct
laser writing [31].

As such, various processes have been proposed for surface
processing using a nano/microscale hierarchical structure.
However, photolithography-based three-dimensional (3D)
microsurface processing requires a separate photomask for
each layer and involves complicated subsequent processes.
In addition, to commercialize the superhydrophobic surface,
the mechanical durability of the coating layer or nano/micro-
structure due to surface modification must be ensured. If the
mechanical durability of the surface is low, then the surface
will deteriorate easily; consequently, its surface character-
istics are diminished, and defects are generated [32, 33].

X. Chen et al. coated the surface on a stainless steel sur-
face via TiO, plasma spraying and evaluated the abrasion
resistance using #800 sandpaper under a 25 kPa load [34].
Liu et al. formed a surface structure via electroplating and
performed an evaluation using #1000 sandpaper under a
1.3 kPa load [19]. Xiu et al. compared the durability of a
surface based on the material by forming a coating layer on
the surface of a polyurethane film and Si metal via Ar and
SF6 plasma treatment, and 0.25 m abrasion under a 225 g
load using a polyester wiper fabric [35]. In a study by Xiu,
the contact angle before and after wear on the surface of
the polyurethane film decreased from 168° to 138.7°, and
the contact angle hysteresis increased from <2°, to > 60°.
By contrast, it was reported that the contact angle of Si
metal surface did not change significantly, i.e., from 168.1°
to 167.4°, and the contact angle hysteresis was increased
from <2° to 13.6 +3°. Hence, it can be confirmed that the
structure of a polymer-based surface is more vulnerable
to mechanical wear than the surface of metal. In addition,
Golovin et al. formed a surface structure via the mixing reac-
tion of a coating solution based on spray coating and evalu-
ated its durability by performing a wear test. It was reported
that the spray-coated surface was maintained through self-
healing by mixing fluorinated polyurethane elastomer and

1H, 1H, 2H, 2H-heptadecafluorodecyl polyhedral oligomeric
silsesquioxane [33].

As such, research pertaining to the durability of superhy-
drophobic surfaces has primarily been conducted to inves-
tigate the bonding force and wear resistance of a coating
layer formed bottom-up on a metal surface. Furthermore,
a method to continuously expose a material surface with
low surface energy even after wear healing was identified.
In particular, according to Xiu et al., a surface structure
formed using polymer materials is weaker in terms of dura-
bility than one formed using metals. Nonetheless, investi-
gations into shape designs that can ensure the durability of
super water repellent surfaces using the top-down method
are insufficient. In this study, a robust structure that main-
tains the surface structure even when the superhydrophobic
surface of a polymer material is exposed to a mechanical
wear environment was designed. The stress analysis of a
general micropillar structure was performed using the finite
element method, and the optimal design for reducing the
maximum stress generated in the surface structure was iden-
tified under the same load conditions used in the design of
experiments. Thereafter, a prototype with an optimal design
shape was processed using micro 3D printing, and a micro-
surface structure was formed on a polyethylene terephthalate
(PET) film using a polydimethylsiloxane (PDMS) mold and
an ultraviolet (UV)-imprint lithography process. A pin-on-
disc experiment was conducted using a silicone rubber tip to
evaluate the durability of the processed surface.

2 Design of Surface Structure
2.1 Numerical Analysis of Micropillar

Wenzel [36] and Cassie—Baxter [37] models are typical
models used to explain the wetting characteristics of a sur-
face. Based on the Cassie-Baxter model, a smaller solid
contact area compared with the liquid contact area results in
a higher contact angle. This implies that the surface's contact
angle increases with the surface roughness. In general, a
superhydrophobic surface increases the roughness of a sur-
face through a pillar-shaped structure, which is vulnerable
to shear loads.

A finite element analysis was performed to analyze the
stress distribution generated on a pillar-shaped structure
subjected to a load. The reference model was a cylindrical
micropillar structure, and it was assumed that a residual film
with a thickness of 10 um was present. A fillet structure
with a radius of 0.5 pm was added and modeled consid-
ering the stress concentration of the micropillar structure
under load conditions. The mesh shape and dimensions of
the reference model are presented in Fig. 1 and Table 1,
respectively. ANSYS Workbench 2019R3 was used as the
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Fig. 1 Modeling for structural analysis of micropillar structures. Numbers of elements and nodes are 479,784 and 730,658, respectively

Table 1 Geometric parameters
of micropillar structure

Parameter Value (pm)

Diameter of pillars 5
Height of pillars 10

finite element analysis software, and the mesh size of the
analysis model was set to 0.5 um. The elastic modulus of
the analysis model was 2.7 GPa, the density was 950 kg/m?,
and the Poisson ratio was 0.34. For the boundary conditions,
the bottom surface of the residual film was set to a fixed
support. For the load conditions, a shear load of 0.5 MPa
was applied to the X- and Z-axes, and a compressive load
of 0.5 MPa was applied to the Y-axis which corresponds
to the compression direction. We assume a situation that
applies mechanical pressure to the hydrophobic surface with
a person’s finger. Assuming that the finger's contact area is
350-420 mm? depending on gender [38], it corresponds to
a load of approximately 175-230 N. In addition, by apply-
ing the corresponding pressure to each axis, analysis and
optimal design is carried out in consideration of more severe
conditions than the general situation. Figure 2 shows the
stress distribution when a load of 0.5 MPa was applied to
each axis of the micropillar structure. It was confirmed that
a maximum stress of 16.83 MPa was generated, and that the
stress was concentrated at the lower end of the pillar.

2.2 Design for High Durability Pillar Structure

The stress distribution generated under conditions in
which compression and shear loads impacted the micropil-
lar structure were analyzed. When a load is exerted on the
micropillar structure, a defect may occur, as the stress is
concentrated at a point crossing the residual film. To dis-
perse the stress concentration of the micropillar structure,
a partition wall structure lower than the pillar height was
added between each pillar to achieve a hierarchical struc-
ture. The finite element analysis model of the hierarchical
structure is shown in Fig. 3, and the shape information is
presented in Table 2. The physical properties, grid size,
and boundary conditions were applied in the same manner
as the analysis models shown in Figs. 1 and 2.

Compared with the maximum stress generated,
as shown in Fig. 2, the maximum stress of 7.93 MPa
decreased by approximately 52.8% in the layered structure,
to which the partition wall structure was added. Hence, it
was confirmed that the partition wall structure effectively
relieved the stress concentration generated in the micro-
pillar structure. To maximize the effect of relieving the
stress concentration using the partition wall structure, an
optimal design was determined based on the experimental
design (Fig. 3).
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Fig.2 Stress concentration of micropillar structure. Stress concentration occurred at intersection of residual layer

2.3 Design Optimization for Hierarchical Pillar
Structure

To maximize the stress concentration relief effect of the
micropillar structure using the wall structure, an optimal
design was determined based on the design of experiments.
Design factors were selected as shown in Table 2; the level
gap was set to level 3, the distance between the pillars was
set to 10 um, and the level gap of the remaining factors was
set to 1 um. After each simulation case was modeled, a finite
element analysis was performed under the same physical
properties, grid size, boundary conditions, and load condi-
tions, as shown in Figs. 1 and 2. Table 3 shows the orthogo-
nal arrangement table used for the optimal design and anal-
ysis results for each experimental condition. A sensitivity
analysis was conducted to confirm the change in the maxi-
mum stress based on the change in the level of each design
factor shown by the results in Table 3.

The results of the sensitivity analysis are shown in Fig. 4.
Within the level range of each factor, when the diameter of
the lower end was larger than the diameter of the upper end
of the pillar, a lower maximum stress was generated. In addi-
tion, although it was lower than the pillar height, the larger
the height of the partition wall between them, the lower was
the maximum stress generated. It was observed that the load
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dispersed as the cross-sectional area increased toward the
bottom of the structure. Meanwhile, it was confirmed that
the change in the thickness of the partition wall and the dis-
tance between the pillars indicated less change in terms of
the maximum stress distribution compared with the change
in the level of other design factors.

Based on the results of the sensitivity analysis, the shape
in which the maximum stress was generated when the mini-
mum load was applied was selected. The design variables
of the selected shape were as follows: upper diameter, 4 um;
lower diameter, 6 um; pillar height, 9 pm; partition wall
height, 6 um; partition wall thickness, 6 pm; pillar-to-pillar
distance, 20 pm.

The optimal shape was modeled, and the maximum stress
was confirmed by applying the same physical properties,
mesh size, boundary conditions, and load conditions. The
results of the finite-element analysis of the optimal shape
are shown in Fig. 5. Compared with the micropillar structure
shown in Fig. 2, a maximum stress of 4.88 MPa was gener-
ated, which was a reduction by approximately 71%.

Because the design factors selected in Table 2 can be
applied regardless of the shape of the partition wall, triangu-
lar and rectangular partition wall structures were applied and
compared in addition to the hexagonal partition wall shown
in Fig. 5. Table 4 presents the results of the changes in the



International Journal of Precision Engineering and Manufacturing (2022) 23:929-942 933

P: XYZ

Equivalent Stress 2

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

7.93 Max
a 7.36
6.8

— 6.23
— 5.66
— 5.1
— 4.53
396
34
— 2.83

2.27

1.7

1.13

0.566
2.48e-5 Min

T

0.00

100.00 (urn)

50.00

Fig.3 Stress distribution results of proposed micropillar hierarchical structure to reduce stress concentration. Numbers of elements and nodes

are 2,569,925 and 3,670,820, respectively

Table 2 Geometric parameters of hierarchical structure

Parameter Value (pm)
Top diameter of pillars

Bottom diameter of pillars 5

Height of pillars 10
Thickness of bulkheads

Height of bulkheads 5

Spacing between pillars 30

partition wall structure. Regardless of the change in the par-
tition wall structure, it was confirmed that the distribution of
the maximum stress generated was narrower compared with
that of the surface composed of only micropillars.

3 Fabrication of Microsurface
3.1 Prototyping via Micro 3D Printing
A prototype of the surface where the optimal design was

applied was processed via projection microstereology
(PuSL). The PuSL process is a method of stacking and

manufacturing micropatterns using a digital micromirror
device as a virtual photomask. A BMF MicroArch S130
equipment was used for the prototype processing. The opti-
cal resolution of the MicroArch S130 equipment was 2 um,
and the thickness of the stacked layer was 5-20 um. Because
the thickness of the stacked layer of the equipment was lim-
ited by the thickness of the optimal shape, the prototype
was expanded by five times. The material used in the PuSL
process is a photo-curable resin (HTL yellow trans resin,
BMF Inc.). The cured resin has a tensile strength of 57 MPa,
a modulus of elasticity of 3 GPa, and a hardness of 81 shore
D. An optical microscope image of the processed surface is
shown in Fig. 6.

3.2 Fabrication via UV-Imprint Lithography

The surface processed via PuSL was replicated on a PET
film via UV-imprint lithography. First, a reverse-phase mold
was manufactured using PDMS. Thereafter, PDMS was
placed in contact with the PET film, to which photocurable
PUA resin was applied and then exposed to UV to obtain
the same surface structure as the prototype. Figure 7 shows
a schematic illustration of the reproduction pattern process-
ing using UV-imprint lithography. The photocurable PUA
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A top diameter of pillar (4, 5, and 6 pm), B bottom diameter of pillar (4, 5, 6 and pm), C pillar height (9,
10, and 11 pm), D thickness of partition wall (4, 5, and 6 um), E height of partition wall (4, 5, and 6 ym);
and F interval between pillars (20, 30, and 40 um)

resin used was MINS-311RM (Minuta Technology), and the
UV curing machine used was MT-UV-A48 (Minute Tech-
nology). Figure 8 shows the scanning electron microscopy
(SEM) image of the reference shape and the optimal shape
pattern replicated on the PET film.

4 Performance Tests Using Imprinted Film
4.1 Wettability Test

Contact angle measurements of the imprint film processed
via PuSL and UV-imprint lithography were performed
using an OCA 15EC equipment (Data Logistics), and the
measurements were performed for more than three times by
moving the measurement position. The droplet volume was
measured to be 5 pL using a Pipetman Classic P10 micropi-
pette (Gilson). CF, plasma treatment was performed using

@ Springer KE;E

an SNTEK ERR-5006 RIE SYSTEM equipment to reduce
the surface energy of the imprint film. The plasma treatment
conditions were as follows: RF power, 40 W; gas flow rate,
40 sccm; processing time, 3 min; pressure, 250 mTorr.
Figure 9 shows the contact angle values due to the change
in the partition wall structure and plasma treatment. The
reference structure in Fig. 9 means the hexagonal partition
wall structure without optimization. The contact angle of
the surface with CF, plasma treatment under the same con-
ditions is 158.7° in the reference structure, and the optimal
structure is 154.1°. Even in the optimal structure, a more
than 150° contact angle is realized. The difference in contact
angle between the reference structure and the optimal struc-
ture is affected by the fraction of the solid contact area. The
distance between the reference structure and the pillar of the
optimal structure is 30 um and 20 pm, respectively, so there
is a difference in the solid contact area fraction. The larger
the fraction of the solid contact area to the liquid contact
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Fig.4 Results of sensitivity analysis for amount of change in maximum stress based on level change of each factor

area by the Cassie—Baxter model, the lower was the contact
angle. Because the contact angle was measured by fixing the
size of the water droplets, it can be assumed that the area
in contact with the liquid remained the same. The fraction
of the solid contact area decreased in the following order:
triangular, rectangular, and hexagonal partition wall struc-
tures. In the triangular partition wall structure with a high
solid contact area fraction, the contact angle was relatively
low, whereas the contact angle was relatively high in the
hexagonal partition wall structure with a low solid contact
area fraction. In addition, as the surface energy decreased
via the CF, plasma treatment, the contact angle increased in
the hexagonal partition wall structure, whereas it decreased
in the triangular partition wall structure.

4.2 Durability Test

To evaluate the abrasion resistance of the imprint film sur-
face, a pin-on-disc experiment was performed using an abra-
sion tester (YASUDA Co, No.101 HS), and ASTM G99 was
used for the test specifications. The abrasion material was
silicone rubber, and a truncated cone shape with a contact
surface diameter of 4 mm was used. The load was measured
using Tekscan’s flexible A301 sensor with a test load of

70 g. The test was performed 1000-10,000 times at a speed
of 60 rpm in a dry wear environment.

In order to verify the performance of the proposed struc-
ture, the contact pressure applied to the pillar structure
should be applied uniformly, but there are practical limita-
tions. Also, from a scientific point of view, it is exact to
compare the pure pillar structure and optimum hexagonal
structure. However, since the pure pillar structure has too
low mechanical durability, it is not easy to experiment in
reality. Therefore, in this study, durability was evaluated
depending on whether the hexagonal partition wall structure
was optimized, and the performance of the optimal structure
was verified.

The abrasion resistance of the hexagonal partition wall
structure before and after applying the optimal design was
compared, as shown in Figs. 3 and 5. In the imprint film
without CF4 plasma treatment, the wear resistance was
evaluated by changing the contact angle before and after
the pin-on-disc experiment. The contact angle was measured
by moving the wear marks. Table 5 shows the measurement
results of the contact angles before and after the wear test.
The change in contact angle by the pins used in the disc test
was less than +5° after performing the test for 1000 to 5000
times, and it was discovered that measurement errors such as
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Fig. 5 Distribution of maximum stress generated when honeycomb structure was subjected to load

Table 4 Comparison results of maximum stress distribution caused
by change in bulkhead morphology

Surface morphology Bulkhead morphology

Honeycomb Triangle Square
Micropillar array 16.83
Hierarchical reference 7.93 8.27 8.10
Hierarchical optimum 4.88 4.51 4.34

measurement position changes and baseline position errors
in solid and liquid interfaces occurred.

The optimal shape after 10,000 wear tests indicated a
change in contact angle of less than+ 5°; however, in the
reference shape before the optimal design was applied, the
contact angle decreased by 11.6° on average. Figure 10
shows the optical microscope image of the imprint film
that underwent 2000 pin-on-disc experiments. Wear marks
were identified on the surface on which wear tests were per-
formed up to 2000 times, and the shape of the pillar structure
was identified. The SEM image of the surface subjected to
10,000 abrasion tests is shown in Fig. 11. The low height
of the pillar before the wear test was identified as a defect
caused by insufficient PUA resin filling the space of the
PDMS mold during the imprinting process. Although the
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silicon rubber adhered onto the surface via heat generated
in a dry environment without lubrication, the partition wall
structure and pillar structure of the surface were verifiable
even after 10,000 pin-on-disc tests.

5 Conclusion

A surface shape to increase the durability of a superhy-
drophobic surface structure was presented hereinabove.
An optimal design was determined based on the design of
experiments and finite element analysis. Prototypes were
processed via micro 3D printing, and ultra-water-repellent
films were fabricated via UV-imprint lithography.

The stress distribution generated in the pillar structure
under load conditions was analyzed, and a structure for
distributing the stress concentration was proposed. The
proposed structure was a hierarchical structure, in which
the space between pillars was connected by a partition wall
structure. Meanwhile, the upper/lower diameter and height
of the pillar, the height and thickness of the partition wall,
and the interval between the pillars were selected as design
variables. Compared with the pillar structure under the same
load conditions, the maximum stress generated in the opti-
mal shape decreased by approximately 71%.
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a 100 pm

Fig.6 Optical microscope image of prototype surface fabricated via PuSL. Clockwise from top left: reference, honeycomb, triangle, and square

optimum structures

Fig.7 Replica pattern processed
on PET film via UV-imprint
lithography

PDMS

Prototypes of the reference shape and optimal shape of
the hierarchical structure were processed via micro 3D print-
ing. The processed shape was replicated on a PET film using
a PDMS mold via UV-imprint lithography. The shape of the
partition wall was evaluated by processing hexagonal, trian-
gular, and square structures. The contact angle for the hex-
agonal partition wall structure was the highest, as analyzed
using the Cassie—Baxter model; the lower the contact frac-
tion of the solid surface, the higher was the contact angle.

70 °C
—

Pattern (+) 2H

3 min, 150 mJ/cm?

UV irradiation

PDMS (-) Peel off
Photo resist —) Replica pattern (+)
Substrates Substrates

The pin-on-disc test was conducted 1000-10,000 times
using silicone rubber to verify the durability of the processed
super-water repellent surface. In terms of the optimal shape,
the change in contact angle was only + 5° even after 10,000
pin-on-disc tests; however, the contact angle of the reference
shape decreased by approximately 11.6°.

In future, we plan to compare the wetting characteristics
of various pillar shapes via micro 3D printing.
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Fig.8 SEM image of replica pattern obtained via UV-imprint lithography. Clockwise from top left: reference, honeycomb, triangle, and square
optimum structures
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Fig. 9 Amount of change in contact angle before and after CF, plasma treatment
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Table 5 Results of contact Test condition Contact angle (°) Average ACA
angle measurements before and
after pin-on-disc experiment; Number of measurements
average value and amount of
change in contact angle before Cycle Type ~ Wear (YN) 1 2 3 4 5
and after the wear test 1000 R N 151 1468 1471 1495 1497 14858 ~03
Y 146.3 1464 1474 1482 1544 1485
(0} N 1354 1358 138.8  141.1 149.5  140.1 2.5
Y 139.1 139.7 140.6 1446 1439 1426
2000 R N 144.5 147.1 148.5 1489 1494 1477 -33
Y 128 1409 1484 1513 153.6 1444
(¢} N 138.5 138.7 1395 141.3 1415 1399 -3.6
Y 1322 1354 1367 1373 1397 136.3
5000 R N 142.5 1439 1455 146.5 153 146.3 -23
Y 136 1437 1477 149.2 1432 1440
(¢} N 133.6  137.8  138.8 139.7 1397 1379 0.6
Y 1419 1343 1377 139.1 139.6 1385
10,000 R N 1449 1451 145.3 1457 1473 1457 —11.6
Y 127.5 1322 1354 1369 1384  134.1
(¢} N 1302 131.1 133 1332 1344 1324 1.6
Y 1319 1329 1346 1352 1354 134

*R reference structures, O optimal design structures based on design of experiments, N imprinted film
before wear test, and Y imprinted film after wear test

Fig. 10 Optical microscope image of imprinted film after 2000 cycles of pin-on-disc test. Upper image shows reference (left) and optimum
(right) structures before pin-on-disc test; lower images show the corresponding surfaces after the abrasion test
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Fig. 11 SEM image of imprinted film after 10,000 cycles of pin-on-disc test. Upper images show surface of reference structures; lower images
correspond to optimum structure. Left side shows surface before wear in each structure, and right side shows surface after wear
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