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Abstract

In the present study, we proposed a fabrication process of anisotropic wetting surfaces with asymmetric grooved
parallelogram structures employing basic MEMS processes and micro transfer molding process. A Si substrate and a
PDMS mold from Si master were easily self-aligned due to geometrical similarity (all Si wafer have same crystal planes)
so that parallelogram microchannels could be formed between the Si substrate and PDMS mold. The parallelogram
channels were filled with SU-8 via capillary force, and then the SU-8 parallelogram structures were transferred to an
adhesive polymer film. Finally, we obtained an anisotropic wetting surface with SU-8 parallelogram structures, which
showed the characteristics of anisotropic wetting and asymmetric flow. The liquid droplets could easily wet in the
longitudinal direction of the structures, and the asymmetric flow characteristics of the droplets in the direction per-
pendicular to the longitudinal direction of the structures could be observed.
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Introduction

Over the past few years, a large number of studies has
been conducted on the properties of solid surfaces and
the nature of liquids that repel solid surfaces depending
upon the structure of the surface. Specifically, the aniso-
tropic wetting characteristics are manifested by various
directional and asymmetric surfaces present in nature.
Several examples of directional textured surfaces with
micro/nano-structures can be found in nature, such
as butterflies’ wings, water striders, and gecko’s feet.
The anisotropic wetting characteristics can be applied
to various fields such as microfluidic devices, sensors,
corrosion-resistant surfaces, and self-cleaning fields [1-
11]. When anisotropic micro/nano- structures, such as
micro-grooves or pillars, are fabricated on a surface, the
asymmetric spreading and wetting behavior of a drop-
let can be observed. Some research groups fabricated
groove structures or asymmetric column structures to
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and indicate if changes were made.

realize an anisotropic wetting surface and characterized
them intensively. For grooved structure, the liquid wet-
ted the groove completely in the longitudinal direction
[1-3], while the surface with asymmetric pillar structure
showed anisotropic wetting characteristics and the liquid
flowed well in the direction of the columnar structure
[3—6]. Recently, there is a growing demand to understand
the anisotropic wetting characteristics of such grooved
structures and asymmetric structures, which is essential
for studying and developing new devices and technolo-
gies employing which wetting, spreading, and adhesion
can be controlled [7-11]. Therefore, fabrication tech-
nique of such surfaces with the characteristics of groove
structures as well as asymmetric structures is helpful for
the development of the above-mentioned new devices
and technologies, especially in the fields of microfluidics
and lab-on-a-chip.

In the current study, we proposed a novel method for
the fabrication of an anisotropic wetting surface with
asymmetric grooved structures (parallelogram struc-
tures) using basic MEMS processes (such as photolithog-
raphy, anisotropic wet etching) and transfer molding.
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Through the evaluation of static and dynamic contact
angles (CAs) of water droplet, it has been proved that the
surface with parallelogram structures possesses the ani-
sotropic wetting and asymmetric flow.

Experimental

Geometric parameters of parallelogram structures

Figure 1 presents the geometric parameters for aniso-
tropic surface with parallelogram structures, which indi-
cates the relationship between the width and interval of
the pattern and shape of the parallelogram structures.

Ws - W2 - Wl (1)

d=p+ Wi 2)
where W, is the width of Si master, W, is the width of
Si substrate, p is the distance between pattern, W, is the
width of parallelogram structure, and d is the distance
between the structures. W, is the difference of W, and
W, as shown in Eq. (1). In Eq. (2), p is an important fac-
tor which determines the distance between the structures
(d) of the anisotropic wetting surface and its size should
be designed over 10 pm. If p is too small (<10 pm), it is
difficult to achieve proper contact and bonding between
the PDMS mold and Si substrate due to their insuffi-
cient contact area (Fig. 1). Furthermore, 4 is the height
of structure which was fixed to 25 pm, and @ is the angle
between the structure and the film and was fixed to 54.7°,
the angle between the (100) plane and the (111) plane of
the silicon wafer.

) w: .1_7, Wi: width of Si master
wi W2: width of Si substrate
h  p: distance between patterns
Ws: width of structure
d: distance between structures
h: height
0: angle of parallelogram structure
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Fig. 1 Schematic view of anisotropic surface with parallelogram
structures and their various geometrical parameters
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In order to confirm the influence of the geometrical
parameters of the parallelogram structure on the CA, two
types of specimens were fabricated which had a paral-
lelogram structure (W,) and widths 100 pm and 200 pm,
respectively. Also, to analyze the change in the wettability
according to the distance of the parallelogram structure
(d), each type of the specimen had 5 different values, viz.
100, 150, 200, 250, and 300 pm. Table 1 summarizes the
values of the geometric parameters of the two types of
specimens.

Fabrication process

In a previous study, we already reported the fabrication
of microfluidic channels with various cross-sectional
shapes, such as parallelogram, rhombus, pentagon
and hexagon [12]. Also, the inverse-tapered structured
oleophobic surface was formed using micromolding in
capillaries and microtransfer molding [13]. By modi-
fying these fabrication processes, in the present work,
we propose a simple and novel fabrication method
of anisotropic wetting surfaces with parallelogram
structures.

Figure 2 shows the brief fabrication process of aniso-
tropic wetting surface done using the basic MEMS pro-
cesses, such as photolithography and anisotropic KOH wet
etching, and the micro transfer molding process. The steps
for fabrication of the anisotropic wetting surfaces with par-
allelogram structures are: (a) a thin film layer of SiO, of
thickness 5000 A was deposited on (100) single crystal Si
wafer using thermal wet oxidation and patterned by pho-
tolithography and wet etching in buffered oxide etchant
(BOE) solution; (b) the Si wafer was anisotropically etched
with KOH solution at 80 °C; (c) the SiO, layers from the Si
master and Si substrate were removed by BOE solution,
followed by formation of a silane (tridecafluoro-1,1,2,2-
tetrahydrooctyl trichlorosilane) coating on Si master; (d) a
PDMS mold was made from the Si master; (e) the Si sub-
strate and the PDMS mold were self-aligned and reversibly
bonded using O, plasma. A small amount of methanol (or
DI water) was sprayed between the Si substrate and the
PDMS mold to facilitate self-alignment. On evaporating
the methanol on a hot-plate, microchannel arrays with par-
allelogram cross-section were formed whose interiors were

Table 1 Geometrical parameters of anisotropic surface with parallelogram structures

Structure type Geometrical parameters
Width of Si Width of Si Width Distance Height (h) [um]  Angle of parallelogram
master (W) substrate (W,) of structure between structures (d) [um] structure (6) [°]
[um] [um] (W,) [um]

Type 1 40 140 100 100, 150, 200, 250, 300 25 547

Type 2 40 240 200
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Fig. 2 Schematic view of the fabrication process of anisotropic wetting surface with parallelogram structures

then coated with silane; (f) the microchannel arrays were
then filled via capillary force with SU-8, diluted with ace-
tone, followed by hardening by baking and UV-exposure;
(g) the SU-8 parallelogram structures, which were com-
pletely attached to PDMS mold, were peeled off from Si
substrate; (h) when an adhesive polymer film was attached
to the PDMS mold with the SU-8 structures, the SU-8
structures were transferred to the adhesive polymer film
from the PDMS mold; (i) the adhesive polymer film with
parallelogram structure was further coated with silane to
reduce the surface energy.

Contact angle measurement
Wenzel and Cassie—Baxter suggested two different models
based on theoretical method in order to explain phenom-
enon that the CA of drops on the fine structured surface is
higher than on the flat surface [14, 15].

In the Wengzel state, the drop fills the voids below the liq-
uid and thus occupies more surface area. The Wenzel CA,
6", on the surface is given by

cos 0" = rcos by (3)
where 6, is an equilibrium CA on flat surface and r is the
roughness.

In the Cassie state, the drop rests upon the spaces with
gas left in the voids below the drop. The surface area is less
than it would be for a drop of the same volume and appar-
ent CA on a flat surface or a rough surface in the Wenzel

state. The Cassie CA, 6", is given by
cos0° =f(1+ cosbp) — 1 (4)

where frepresents the fraction of the solid surface that is
occupied by the ridges.

By measuring static and dynamic contact angles (CAs)
of a water droplet on the surface with parallelogram struc-
tures using a CA goniometer (KSV CAM-200), the aniso-
tropic wetting characteristics and the asymmetric flow
characteristics of the droplet were quantitatively evalu-
ated. A ~10 pL water droplet was dropped using a micro-
pipette and the CAs were measured from the images
captured by computer software. In these experiments, the
static CAs were measured in the direction which is paral-
lel to solid lines shown in Fig. 3a. To evaluate the asym-
metric flow properties, the dynamic CAs [the advancing

measuring direction

D.: acute angle direction

Do, : obtuse angle direction

0. : advancing contact angle
1} ,  Or:receding contact angle

a b

Fig. 3 Schematic views of a CAs measurement direction seen from

goniometer, and b dynamic CAs measurements
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CAs (6,) and receding CAs (6,)] and the contact angle
hysteresis [CAH (6,—6,)] were measured by tilting the
base unit at 1°/s. The dynamic CAs were measured in
both acute direction (D,) and obtuse direction (D,) of the
surface due to asymmetry of the parallelogram structures.
Figure 3b shows a schematic view of the water droplet’s
shape when the anisotropic wetting surface was tilted in
the acute direction and the obtuse direction.

Results and discussion

Figure 4 shows the scanning electron microscope (SEM)
images of the self-aligned and bonded parallelogram
microchannels (Fig. 4a—c) and the anisotropic wetting
surfaces with parallelogram structures (Fig. 4d—f). Self-
alignment between Si substrate and PDMS mold from
Si master was possible because the Si substrate and Si
master were fabricated from the same wafer, using ani-
sotropic wet etching of Si, and therefore, both the Si sub-
strate and the master had the same structural angle and
etching depth. The parallelogram microchannels were
of 25 pm height and 200 pm width, whereas the dis-
tance between the channels were different, viz. 100, 150
and 200 pm. Figure 4d—f shows that the parallelogram
structures with sharp edges were successfully transferred
to the adhesive polymer films without any damage. The
distance between the parallelogram structures (d) was
determined by the sum of the distance between the pat-
terns (p) and width of the Si master (W).

To fill the SU-8 into the microchannel array, capillary
force was used. The capillary pressure P, of the liquid—
air meniscus in such a rectangular microchannel can be
expressed as [16]

cosay + cosay  COSQy + COS Wy
s h w ()
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where y is the surface tension of the liquid, a,,, are the
contact angles of the liquid on the bottom, top, left and
right wall, respectively, whereas # and w are the height
(25 pm) and width (100 and 200 pm) of the microchan-
nel, respectively. The surface tension of SU-8 is 28.00 m]J/
m? at 25 °C. The equilibrium CAs of SU-8 droplets on
the silane-coated PDMS (top, left wall) and Si substrate
(bottom, right wall) were 88.2° and 78.1°. Finally, the cal-
culated P, (—3.3 to —3.0 x 10> N/m?) has minus value,
which means that SU-8 can go into microchannel with-
out any external applied pressure.

To investigate the effect of the geometrical shape
parameter (d) and the structure width (W) on the CA
of water droplet, the CAs of the two types of specimens,
classified according to the distance between the parallel-
ogram structures (see Table 1) were measured. The mean
values of the CAs measured at five arbitrary points on the
same specimen were then calculated for further analysis.
Figure 5 shows the static CAs for both the specimens.

As the width of the parallelogram structure increased
from 100 to 200 pm, the static CA of Type 1 specimens
were higher than that of Type 2 specimens regardless
of the distance between the structures (d). As the area
of contact between the water droplet and the surface of
the structure increased, the droplet wetted the solid sur-
face with a high surface energy more easily, leading to a
decrease in the static CA. In the Type 1 and Type 2 speci-
mens presented in this research, the static CA decreased
when the distance between the structures was over
250 pm and 200 pum, respectively. Due to the geometri-
cal shape characteristics of the parallelogram structures
whose surface had two angles (acute angle and obtuse
angle), the droplet tended to wet the bottom surface of
the structures along the solid surface of the obtuse angle
portion of the parallelogram structures. Therefore, the

PDMS mold

200 pm
I

Si substrate
d
200 pm 100 pmSU-8
[T
| | /\
adhesive 200 pm
polymer film J—

Fig. 4 SEM images of Type 2 specimen. a—c Aligned parallelogram channels, and d—f parallelogram structures on the adhesive polymer film
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surface with parallelogram structures transformed easily
from the Cassie—Baxter state to the Wenzel state, thereby
causing the static CA to decrease. This result demon-
strated that not only the width of structure and distance
between the structures were important factors, but the
geometrical shape of parallelogram structure was also
significant in determining the wettability of the droplet.
In order to confirm the asymmetric flow characteristics
on the surface with parallelogram structures, the dynamic
CA of droplet was measured after tilting the specimens in
both the acute angle (D,) and obtuse angle (D,) directions
of the parallelogram. Figure 6 shows the contact angle
hysteresis (CAH) of the droplet when tilted to the direc-
tion of D, for both Type 1 and Type 2 specimens. Figure 6
shows the contact angle hysteresis (CAH) of the droplet
when tilted to the direction of D, for both Type 1 and Type
2 specimens, which is defined as the difference between

o @

o
SR - )
Z 30 a .Q-
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10 ~Type 1 specimems ( Ws 100um)
0 =Type 2 specimems ( Ws 200pm)
100 150 200 250 300

Distance between structures (um)
Fig. 6 A plot of contact angle hysteresis (CAH) for Type 1 and Type 2
specimens versus the distance between the parallelogram structures
in the acute angle (D) direction

the advancing angle and the receding angle. The surface
with static CA more than 90° and small CAH is generally
known to be hydrophobic. From Figs. 5 and 6, therefore,
it can be said that the Type 1 specimen had highly hydro-
phobic surface in the direction of D,. As the distance
between the parallelogram structures increased, the CAH
decreased. This is because the hydrophobicity of the ani-
sotropic wetting surface became stronger to move to the
acute angle (D,) direction of the parallelogram structure.
For specimens where distance between the structures (d)
changed from Cassie—Baxter state to Wenzel state (e.g.
when d is 250, 300 um for Type 1 specimens), although
the tilting angle was 90°, the solid surface area in contact
with the droplet widened; therefore, the droplet did not
move and CAH could not be measured. Similarly, the
water droplet also did not move and the CAH could not be
measured for the Type 1 and Type 2 specimens when they
were tilted up to 90° in the obtuse angle (D,) direction.
This was because the droplet could easily wet the bottom
surface of the structure along the obtuse angle (D,) of the
parallelogram structure due to gravity. This means that the
water droplet was more likely to transit from the Cassie—
Baxter state to the Wenzel state when the specimen was
tilted in the obtuse angle (D,) direction.

From the measurement results of the dynamic CAs, it
was proved that the surface with parallelogram structures
showed the asymmetric flow characteristics because
of the geometrical shape characteristics of the paral-
lelogram [in the direction of acute angle (D,) and obtuse
angle (D,)].

The shape of water droplets on Type 1 and Type 2 spec-
imens were also measured and analyzed to evaluate the
anisotropic wetting characteristics of the surfaces with
parallelogram structures. Figure 7 shows the top view
shape of the water droplet on the anisotropic wetting
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surface and the aspect ratio of each droplet which is
defined as the ratio of perpendicular direction (minor
axis) to parallel direction (major axis) of parallelogram
structures. The aspect ratio increased in both Type 1
and 2 specimens with increase in the width of the paral-
lelogram structures, which indicated that the water drop-
let was close to the circle. This is because the solid area
which was in contact with the water droplet in the Cas-
sie—Baxter state decreased as the distance between the
parallelogram structures increased. In other words, the
liquid tended to maintain the circular shape due to the
increased contact area between liquid and air.

On the other hand, as the distance between the par-
allelogram structures increased after transition to the
Wenzel state, the aspect ratios for the Types 1 and 2
specimens decreased and the shape of the water droplet
became elliptical. This is because the solid area in contact
with the water droplet increased so the force by which
the droplet wetted the solid surface in the longitudinal
direction of the parallelogram structures became strong.
This result showed that unlike the water droplet in the
Cassie state, the water droplet in the Wenzel state dis-
played strong anisotropic wetting characteristics.

Conclusions

To conclude, we fabricated an anisotropic wetting surface
with asymmetric grooved structures (parallelogram struc-
tures) using basic MEMS processes and transfer molding.
To investigate the effect of the geometrical shape param-
eter (d) and the structure width (W,) on the CA of water
droplet, the CAs of two types of specimens were measured.
The width of structure, the distance between the struc-
tures and the geometrical shape of parallelogram structure
affected the wettability of the droplet. While measuring
the dynamic CA of the droplet after tilting the specimens
toward both the acute angle (D,) and the obtuse angle (D,)
directions of the parallelogram, the surface showed dif-
ferent CAH value in the direction of the acute and obtuse
angles, which signified that the asymmetric flow charac-
teristics depended on the geometrical shape characteris-
tics of the parallelogram. The shape of water droplets on
Type 1 and Type 2 specimens were also measured and
analyzed to evaluate the anisotropic wetting characteris-
tics of the surfaces with parallelogram structures. In other
words, through evaluation of the static and dynamic CAs
and the aspect ratio of the water droplets, it can be con-
firmed that the surface with parallelogram structures had
the anisotropic wetting and asymmetric flow. It is expected
that the anisotropic wetting surface with asymmetric
grooved structures can be applied to various fields such as
microfluidic devices and self-cleaning where wetting, flow-
ing, and adhesion can be controlled.
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Abbreviations

W,: width of Si master; W,: width of Si substrate; p: distance between patterns;
W,: width of structure; d: distance between structures; h: height; 6: angle of
parallelogram structure; 6": Wenzel contact angle; 8,: equilibrium CA on flat
surface; r: roughness; 6% Cassie contact angle; f: fraction of solid surface; 6,
advancing contact angle; 8,: receding contact angle; CAH (8, — 6)): contact
angle hysteresis; D, acute direction of surface; D,: obtuse direction of surface;
P capillary pressure; y: surface tension of liquid; a,: contact angle of liquid on
bottom wall; a;: contact angle of liquid on top wall; a; contact angle of liquid
on left wall; a,: contact angle of liquid on right wall; w: width of microchannel.
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