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ABSTRACT: Here, we propose a simple mechanoresponsive
system on patterned soft surfaces to manipulate both
anisotropy and orientation of liquid wetting. On the
poly(dimethylsiloxane) embedding line patterned structures,
additional topographies, such as wrinkles and cracks, can be
provided by applying compressive and tensile stress,
respectively. This tunable hierarchy of structures with the
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different scales and directions of lines, wrinkles, and cracks allow the mechanoresponsive control of anisotropic wetting in a single
platform. In addition, the wetting behavior on those surfaces is precisely investigated based on the concept of critical contact

angle to overcome the ridges in a step flow.

B INTRODUCTION

Wetting studies on structured surfaces have gained intense
interest because of their potential a};plications, such as water-
r<epellin§,1_6 self-cleaning surfaces, ~1% and water harvest-
ing."' ™" Various reports inspired by plants, insects, and even
spider webs share the concept that the structure itself is the key
to manipulating the wetting behavior by changing apparent
interfacial correlations. Among these wetting characteristics, the
anisotropic wetting found on rice leaves has been widely
investigated for water guidance on the surface structures.>™"”
Rice leaves have hierarchically structured surfaces with
microscale lines and nanoscale roughness. When water is
placed on the surface, the water flows along the line patterns
because there is an energy barrier to overcome in the
perpendicular direction. This unique wetting property makes
anisotropic surface patterns more interesting and indicates their
potential to be extended into many practical applications such
as painting, ink-jet printing, water harvesting, and microfluidics.
Moreover, anisotropic studies have been extended to tunable
wetting by mechanical®®™>® or electrical signals.”® Chung et
al.* used the wrinkling induced by releasing mechanical forces
on the ultraviolet/ozone (UVO)-treated surface of prestrained
poly(dimethylsiloxane) (PDMS) to give a direction to the flow
along a one-dimensional pattern. When the UVO-treated
PDMS was stretched again, the anisotropy disappeared as the
wrinkled pattern disappeared. Other tunable anisotropic
wetting studies have been reported using prepared hierarchical
structures or dielectric elastomers for electrically responsive
behaviors.”® Most recently, there were a few reports on
switching the axis of anisotropic wetting by mechanical stimuli.
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Rhee et al.”” demonstrated a change in the wetting behavior by
switching the orientation of the line patterns formed by soft
skins with mechanical stretching. Additionally, Cha et al.*®
obtained fluidic networks by switching the direction of the
capillary-driven water movement. Nevertheless, previous
studies could only either control the degree of anisotropy or
switch the direction of anisotropy in one system because of
their plain structures. Here, we propose a method using
hierarchical structures to manipulate the anisotropy itself as
well as the orientation of the anisotropic wetting in one system.
We prepared a line array with PDMS and realized microscale
wrinkles or cracks by applying compressive or tensile stresses in
the direction perpendicular to the line patterns. By controlling
the competition between the energy barriers in the two
orientations, we could change the shape of anisotropy during
water movement. When we applied compressive strain to form
wrinkles, we could control the anisotropy by balancing the
barriers along the two axes. Because cracks had sharp edges
compared with the line pattern, the direction of the smaller
energy barrier was switched when the tensile strain was applied.
We explained the energy barrier by the critical contact angle
concept””* and the experimental results showed a reasonable
agreement. Furthermore, we prepared a prestrained and
cracked hierarchical structure and demonstrated sequential
control of the anisotropy by compressive strain and of the
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orientation by tensile stress on a single hierarchically structured
surface.

B METHODS

Fabrication of Patterned PDMS. A silicon master with line/
space patterns was prepared by conventional photolithography and dry
etching process. The line width is 2400 nm, the spacing between lines
is 800 nm, and the pattern height is S00 nm. The prepared silicon
master was used as a basic mold to obtain multiple polyfluoropolyehter
(PFPE) replica patterns. A PFPE replica mold was prepared by coating
a mixture of PFPE prepolymers (5101X, Fluorolink) and an initiator
onto the silicon master. We placed a transparent poly(ethylene
terephthalate) film on the PFPE and exposed ultraviolet (UV) light
(~55 s) to cure the PFPE. The cross-linked PFPE replica was carefully
detached from the silicon master to generate the line/space patterns
with 800 nm line patterns and 2400 nm spaces between the lines.
Further UV treatment was applied for 3 h to fully cure the PFPE mold
to ensure mechanical durability. A PDMS (Sylgard 184, Dow Corning)
prepolymer 1S:1-mixture (base: curing agent) was poured on the
PFPE replica mold. After degassing and curing at 60 °C for 6 h, the
PDMS sheets were detached from the replica mold. The resulting
PDMS patterns have the identical line/space patterns with the silicon
master because we performed the replica molding process twice.

Fabrication of Hierarchical Structures Based on Winkles.
The patterned PDMS was placed in a handmade PDMS pull/press
machine with which applied strain can be precisely controlled. After
applying 1-D prestrain ranging from 0 to 40%, the patterned PDMS
was UVO treated by a commercial UVO cleaner (Jelight Company
Inc.) for 1 h. Because compressive stresses were applied to the PDMS
sheets by releasing the prestrains, hierarchical structures of controlled
microscale wrinkles embedding line patterns were obtained.

Fabrication of Hierarchical Structures Based on Cracks. The
patterned PDMS was placed on the PDMS pull/press machine,
without applying any prestrain. After UVO treatment for 1 h, 70—90%
1-D tensile strain was abruptly applied to form 1-D cracks. After the
releasing step, a controlled tensile strain of 0—40% was then reapplied
to control the hierarchical structures based on cracks.

Fabrication of Hierarchical Structures Based on Wrinkles
and Cracks. The patterned PDMS was placed on the PDMS pull/
press machine with 40% prestrain applied. After UVO treatment for 1
h, 70—90% 1-D tensile strain was abruptly applied to form 1-D cracks.
Applying controlled tensile strain of 0—40% to the PDMS leads to
combined hierarchical structures with both wrinkles and cracks. More
detailed schematics of the fabrication of hierarchical structures are
shown in Figure SI.

Characterizations. Surface structures were analyzed by observing
the height profile obtained from ac-mode atomic force microscopy
(AFM) images (NanoWizard 3, JPK Instruments). ac mode cantilevers
(length = 125 pm, width = 30 ym) with an aluminum back coating
were used. (ACTA, AppNano NanoStructures Inc.). All AFM images
were taken in the size of 100 gm X 100 ym and with a scan rate of 0.4
Hz. Top-view photographs of anisotropic water droplets on
hierarchical structures were obtained with a camera set over the
PDMS pull/press machine and a syringe pump (KDS 100, KD
Scientific) for flow control. Images for measuring drop anisotropy
were taken with a fixed drop volume of 30 yL. (Anisotropy with other
drop volumes is shown in Figure S2). Critical contact angles in the
directions parallel and perpendicular to the line patterns were obtained
through time-resolved contact angle analysis by taking images of
advancing contact angles with a drop shape analysis system (DSA 100,
Kriiss GmbH). The maximum droplet volume was fixed to 10 uL, and
the infuse rate was maintained at 10 pL min' for all video
measurements.

B RESULTS AND DISCUSSION

Figure 1 shows a schematic illustration of the concept of
manipulating the isotropy and orientation of liquid droplets on
surfaces with microscale wrinkles and cracks formed in the
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Figure 1. Conceptual illustrations of anisotropic wetting on the
hierarchical structures originating from line patterns, wrinkles, and
cracks. (a) Anisotropy of water can be controlled by wrinkling in the
direction perpendicular to the line patterns. (b) Cracks on the line
patterns can change the orientation of the anisotropic water droplet.

direction perpendicular to the line patterns. With the double
replica molding method, we obtained a PDMS block with line
patterns (2400 nm in line width, 800 nm in space). To realize
wrinkles in the direction perpendicular to the line patterns
(Figure 1la), we stretched this PDMS block in the direction
parallel to the line patterns and then it exposed to UVO over
the line patterns to form a stiff SiO, layer on top of the PDMS
pattern. Next, we released the prestrain to apply compressive
stress to the film. To obtain dual scale structures of cracks and
line patterns, patterned PDMS was initially treated with UVO,
without any prestrain being applied. Then, 70—90% tensile
strain was abruptly applied to form cracks perpendicular to the
direction of line patterns. It is well-known that cracks emerge
when the applied tensile strain exceeds a critical value because
of the mechanical fracture, which are anisotropic cracks vertical
to the applied uniaxial tensile or bending strain.”’ When we
release the strain and return to the original state, the cracks are
closed. The white lines in Figure 1b represent the location of
cracks after closing by the stress release. We harnessed the
formation of micropatterns such as wrinkles or cracks, and their
direction is perpendicular to the line pattern, which is the
essential difference compared with other previous works.”” As
shown in Figure 1a, the water droplet lies asymmetrically along
the line patterns when there are no mechanical forces. After
applying compressive stress to form wrinkles in the
perpendicular direction, the shape of the water droplet is
changed to isotropic. When we generate cracks, as shown in
Figure 1b, the anisotropic water droplet notably lies along the
cracks, which indicates a change in the orientation of the
asymmetric behavior.

Anisotropic Wetting Control Based on Wrinkle or
Crack Formation. Figure 2a shows AFM images and the
corresponding height profiles of the UVO-treated PDMS line
patterns. When the compressive stress was applied by releasing
the prestrain, microscale wrinkles were formed as shown in the
AFM image in Figure 2b. The microscale wrinkles have a
wavelength of ~30 pm, regardless of the applied prestrain, and
the amplitude changes from 0 to 5.6 ym when the applied
prestrain changes from 0 to 40%. From the characteristic
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Figure 2. AFM images and height profile of line/space patterns (a) before and (b) after wrinkling. (c) Photograph of the liquid flow experimental
apparatus, which can apply tensile strain to the prestrained samples. (d—f) Droplets exhibiting anisotropies of (d) 0.26, (e) 0.21, and (f) 0.02 on the
line/space patterned surfaces with wrinkles on the perpendicular direction to the lines generated by different prestrain. The direction perpendicular
to the line patterns is defined as L, whereas the direction parallel to the line patterns is defined as ||. Droplet anisotropy is defined as [I(]|) — I(L1)]/
[I(Il) + I(L)], where I(]|) and I(L) represent the droplet length along the || and L directions respectively. Each scale bar represents 2 mm.
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Figure 3. AFM images and the corresponding height profiles of line/space patterns (a) before applying tensile strain and (b) after applying 20% and
(c) 40% tensile strain. (d) Top-view photograph of an anisotropic water droplet along the line patterns when there is no tensile strain. (e,f) Top-view
photographs showing that the direction of the water droplets has changed from the original direction after applying 20 and 40% tensile strain,

respectively. Each scale bar represents 2 mm.

wavelength of the wrinkles,**~*° we could predict the thickness

of the SiO, layer formed by UVO treatment by the relation

Wavelength 4 = 27h(E;/3E,)"/? (1)
where h is the thickness of the stiff layer, E; is the modulus of
the top film, and E; is the modulus of the bottom elastomeric
substrate. We assume that the UVO-treated top surface of
PDMS is nearly isotropically changed to a stiff silicate top
surface and that the bottom layer remains 15:1 PDMS (E; ~ 0.9
MPa).””~* The calculated silicate layer thickness remains ~0.3
um, which agrees well with previous studies on the UVO
treatment of PDMS surfaces.”’~*° Figure 2c shows an image of
the experimental setup including the syringe pump (water
infusion rate of 10 yL/min) and camera for observing the
asymmetric behavior of a water droplet. A PDMS press/pull
machine is placed under the syringe pump. Top-view optical
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images of water droplets were taken by the camera placed over
vertical to the sample stage.
In most previous works reporting anisotropic wetting on

15-18,23
researchers use the drop

various patterned surfaces,
distortion parameter, which is defined as the ratio of the lengths
of the major axis and minor axis. However, this parameter is
valid only for systems in which the change in the major axis is
inexistent, that is, there is no change in the wetting orientation,
and information about wetting directions is excluded. In our
system, it is necessary to redefine the droplet anisotropy using
the normalized length ratio to include the anisotropy itself and

the information about wetting orientation as follows

(1) - lu)]

Anisotropy = [l(||) " l(J_)

@)
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Figure 4. (a) Advancing contact angles in the direction parallel to the line patterns (CA;) increases as the compressive strain to form wrinkles
increases, whereas the advancing angles in the direction perpendicular to the line patterns (CA,) remains almost the same. (b) Difference of
advancing contact angles in each direction of wrinkled surface shows similar trends as the droplet anisotropy. (c) Advancing contact angles in the
direction parallel to the line patterns (CA) increases as the tensile strain to form cracks increases, whereas the advancing angles in the direction
perpendicular to the line patterns (CA,) remains almost the same. (d) Difference of advancing contact angles in each direction of cracked surface

shows similar trends as the droplet anisotropy.

When this parameter is positive, that is, the droplet length
along the nanoscale line pattern direction is larger, the water
droplet lies along the line patterns, whereas it has a negative
sign when the water droplet lies along the direction of the
microscale wrinkles or cracks.

Without any mechanical distortions of the UVO-treated
patterned PDMS in Figure 2d, the water droplet wets along the
line patterns, which describes the anisotropic wetting induced
by the surface structures. In Figure 2e, the shape of the water
droplet becomes more isotropic with the anisotropy of 0.21
than the droplet in Figure 2d with the anisotropy of 0.28. In
addition, Figure 2f shows the droplet with an anisotropy of 0.02
even smaller than those of other two previous cases. This
modified wetting behavior of water droplet is caused by the
formation of wrinkles in the direction perpendicular to the line
patterns. The wavelengths of wrinkles are about 8—10 times to
the pitch of the line patterns, and the larger amplitude of
wrinkles is formed by increasing the applied prestrain, affecting
the anisotropy of wetting.

Besides wrinkle- and line-based hierarchical structures, by
applying strain after the oxidation of line patterns, the
hierarchical structures based on uniaxial cracks and line
patterns can be fabricated (Figure 3a—c). By applying abrupt
tensile strain of 70—90% to the oxidized line patterns, uniaxial
cracks perpendicular to the line patterns emerge. When we
further apply the tensile strain parallel to the line patterns after
releasing the abrupt tensile strain, the width and the depth of
the cracks can be controlled. Optical images of the anisotropic
water droplets are shown in Figure 3d—f. When the tensile
strain is small, the width of the crack remains small and the
cracks are almost closed (Figure 3a). In this case, the
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anisotropy of the droplet remains positive, indicating that the
direction of wetting remains parallel to the line patterns (Figure
3a). However, the cracks with wider widths by the increased
tensile strain of over 20% influence the wetting property of the
droplet (Figure 3b,c). On those surfaces, the droplet anisotropy
changes to the negative value, which means that the direction of
anisotropic wetting is changed to the direction along the cracks
(Figure 3e,f) (more detailed droplet anisotropy measurements
with varying droplet volumes are shown in Figure S2b, and the
crack-to-crack distance distributions are shown in Figure S5).
The anisotropic shape of water droplets can be quantified by
comparing the advancing contact angles both parallel and
perpendicular to the line direction. Note that we measured the
advancing contact angles because we examine the droplet shape
while increasing the volume of the water droplet. This could be
measured by taking snapshots during the dynamic contact angle
measurement (Figure S3). Figure 4a shows that the wrinkled
surfaces fabricated by the stronger applied prestrain exhibit the
higher advancing contact angles of water parallel to the line
patterns (CA;), whereas the advancing angles perpendicular to
the line patterns (CA,) show no significant changes. This result
quantitatively agrees with previous works on anisotropic
wetting studies based on wrinkles without any nanoscale
features on the surface.””””*’ Figure 4b shows that the
difference between the critical contact angles in each direction
displays a similar tendency to the droplet anisotropy measured
from the top-view optical images, which enables us to conclude
that the advancing contact angle difference corresponds to the
anisotropy of the water droplet. In case of the hierarchical
structures based on microscale cracks and smaller line patterns,
CA, shows much bigger variation with varying applied tensile
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Figure S. Characteristic height profiles from AFM for each (a) line pattern, (b) wrinkle, and (c) crack and the corresponding simplified groove angle
(a) for each. (d,e) In both the wrinkle- and crack-based cases, the critical angles calculated from the height profiles show a similar tendency to the
advancing contact angles.
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Figure 6. (a) Schematic illustration showing the mechanoresponsive tuning of the direction of an anisotropic water droplet with crack formation and
the anisotropy of the droplet with wrinkle formation. (b) Top-view photograph of an anisotropic water droplet when the tensile strain is greater than
prestrain, which leads to relatively large crack structures. (c) Top-view photograph of a water droplet when the tensile strain is similar to the
prestrain, where the crack structures become negligible. (d) Top-view photograph of an anisotropic water droplet when the prestrain is greater than
the tensile strain, which is the condition that induces wrinkle formation. Each scale bar represents 2 mm. (e) Effect of the strain on the advancing
contact angles and the droplet anisotropy on hierarchical structures based on both wrinkles and cracks. When the applied strain is small, which leads
to large crack features, the advancing contact angles perpendicular to the strain are larger. As the strain increases, the closing of the cracks changes
the direction of wetting, and the anisotropy of the water droplet can be controlled in the same way as when only wrinkles are present. (f) Differences
in the advancing contact angle in each direction and the flow anisotropy show similar trends as the strain is varied.
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strain than in the case of the hierarchical structures based on
wrinkles and line patterns which are controlled with varying
compressive prestrain, whereas CA; remain almost constant
(Figure 4c). When we apply tensile strain (greater than ~10%),
CA, shows larger values than CA, which is in good agreement
with the orientation change in droplet anisotropy, as shown in
Figure 4d.

To explain the anisotropic wetting phenomena on groove-
like patterns, Oliver et al. introduced the critical contact angle
concept.” The critical contact angle is defined as the contact
angle at the moment when a water droplet moves over to the
next periodic pattern after pinning on the former pattern, which
is identical to the advancing contact angle on grooved surfaces.
We could calculate the critical contact angles from the surface
height profiles of the line patterns, (Figure Sa) wrinkle patterns
(Figure Sb), and crack patterns (Figure Sc). The microscopic
definition of critical contact angles given by Oliver et al. is

Critical contact angle (CA) , = 0 + a (3)

where 6 is the static contact angle on the flat surface, and «a is
the inclination of the simplified pattern. (Figure S4a) For 1 h
UVO-treated PDMS examined in this study, 8 = 68° (Figure
S4b). We defined the simplified pattern inclination @ for each
system as following, (Figure Sa—c)

_1 (depth)
e = tan — —————=
(pitch/2) @)
_1 (amplitude)
awrinkle = tan TN
(wavelength/2) (5)
1 _(depth)
Xepack = tan - —————"—=
(width/2) (6)

The calculated critical contact angle for the line pattern,
119°, agrees well with the advancing contact angle of CAj,
which confirms that the critical angle concept gives us proper
insights into the anisotropic wetting phenomena. We further
confirm that the calculated critical contact angles of the wrinkle
patterns and crack patterns show a similar trend with the
advancing contact angles of CA; for each system (Figure 5d,e).

Orientation and Anisotropy Control by Combination
of Wrinkles and Cracks on Line Patterns. By combining
the concepts of tunable hierarchies based on the formation of
wrinkles and cracks in the presence of line patterns, we
demonstrate a method to control both orientation and
anisotropy of a water droplet in a single system. We prepared
the patterned PDMS that is UVO-treated after applying
prestrain (AFM images and representative height profiles are
shown in Figure S6). Then, we generated cracks by abruptly
applying a tensile strain of 70—90% which is much greater than
the prestrain. After the procedure, we examine the anisotropic
behavior of the water droplet by increasing the volume of the
droplet. When the tensile strain is greater than the prestrain,
the water droplet shows an anisotropic form along the
generated cracks as shown in Figure 6a,b. When the applied
tensile strain and the prestrain are similar, the direction of the
water droplet follows the lines because there are no significant
wrinkles or cracks (Figure 6a,c). By contrast, when there is no
tensile strain applied, wrinkles become dominant, and the shape
of the water droplet is isotropic (Figure 6a,d).

Figure 6e shows the advancing contact angles in directions
both perpendicular and parallel to the line patterns of this
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system. As we discussed previously regarding systems with only
wrinkles or cracks, the advancing contact angles perpendicular
to the line patterns (CA, ) show little variation. Conversely, the
critical contact angles parallel to the line patterns (CA;) vary
with applied strain and can be classified into three regimes
(Figure 6ef). When the tensile strain is greater than the
prestrain, only cracks are formed, and the critical contact angle
across the cracks becomes higher than that along the line
patterns. This indicates that the energy barrier across the line
patterns is smaller than that across the cracks. If the applied
tensile strain becomes similar to the prestrain, the advancing
contact angle along the line patterns is the highest, which
means that the energy barrier of the line patterns is dominant
and that the direction of anisotropic wetting can be controlled.
Furthermore, when the applied prestrain is dominant, the
wetting phenomenon is governed by the wrinkles as well as by
the line patterns, and the shape of the water droplet becomes
isotropic, thus enabling the system to control anisotropy also.

B CONCLUSIONS

In this work, mechanoresponsive anisotropic wetting was
demonstrated that can control both anisotropy and orientation
by using tunable hierarchical structures based on wrinkles
(wavelength: ~30 pm, amplitude: 0—5.6 pm) and cracks
(width: 1—16 um) in the presence of a line pattern (width:
~2.4 pm). Compressive or tensile stress was applied to the
UVO-treated PDMS with line patterns to generate wrinkles or
cracks in the direction perpendicular to the line patterns. We
could simply manipulate the anisotropy of the water droplets
on the line patterned surface by tuning the amplitudes of
wrinkles and the orientation of the droplets by tuning the
widths of cracks. In addition, we measured advancing contact
angles to explain the anisotropy change with a concept of a
critical contact angle. Moreover, the combined effects of the
wrinkles and cracks on the anisotropic wetting enabled control
of both anisotropy and orientation of water droplets in a single
platform. We believe that this concept of mechanoresponsive
anisotropic wetting can be easily applicable to various
anisotropic wetting applications such as microfluidics and
water harvestings and propose a new way to develop tunable
anisotropic wetting surfaces.
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