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Thin-film/elastomer bilayer systems have been studied for the fabrication of micro-structured surfa-
ces. Here, we report a fabrication technique for three-dimensional microstructures by using thin rib-
bons partially attached to an elastomer substrate. This technique is an easy-to-use version of the
conventional kirigami-on-elastomer approach. Parts of thin ribbons not attached to the elastomer
substrate buckle under a fixed strain and form arch bridges with hollow spaces between the buckled
ribbons and the elastomer substrate. We experimentally study the formation of the arch-bridge struc-
ture by changing applied strains to provide physical insights and find that the arch-bridge structure
is useful as a functional surface. Although the arch-bridge structure was made with one-micron-thick
ribbons, the structure is significantly robust. Different from the conventional structured surfaces
made of micro-pillars, the micro arch-bridge structure exhibits an isotropic or an anisotropic wetting
property depending on a liquid placed on the substrate. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4981255]

Thin-film/elastomer bilayer systems have been studied
for the fabrication of structured surfaces. Particularly, for
micron-thick thin films, the representative length scale of pat-
terns on the surface of a bilayer system becomes comparable
to the film thickness, and such micro-patterns have been used
as functional surfaces in applications such as hydrophobic
surfaces,l_3 optical devices,“‘7 smart adhesion,8 and cell cul-
ture templates.”'? Ongoing efforts to study bilayer systems
are partially motivated by possible applications for functional
surfaces.

Another promising approach to achieve structured surfa-
ces obtained from thin films is the kirigami-approach (“kiri”
and “gami” stand for cut and paper in Japanese, respectively).
By using a sheet with many cracks, the sheet deforms out-of-
plane deformation under stretch and exhibits high stretchabil-
ity. Exploiting the stretchability and non-planar structure,
many applications such as stretchable graphenes,'* stretchable
lithium-ion batteries,'” and integrated solar tracking systems'®
have been demonstrated by using kirigami sheets. Recently,
besides such applications, the morphology and mechanical
properties of kirigami'”'® have been actively studied.

Inspired by ongoing studies on thin-film/elastomer
bilayer systems and kirigami applications, Rogers et al.'**°
reported a micro-fabrication technique for complex three-
dimensional structures using thin films partially attached to
an elastomer substrate (we call this and similar techniques the
kirigami-on-elastomer approach). By applying compression
to bilayer systems prepared with this method, various three-
dimensional structures (e.g., table, flower, and helix) were
achieved. In their work, due to the lack of technology for par-
tially attaching thin films directly on an elastomer substrate in
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a desired shape, the thin film was patterned on a SiO, layer in
the desired shape and then transferred onto the elastomer sur-
face. The fabrication of high-aspect-ratio thin-film structures
such as arch bridges is a still challenging problem in
lithography-based micromachining, and the kirigami-on-elas-
tomer approach is one of the promising methods. However,
the transfer process requires multiple steps and fine tuning of
the adhesive energy between the layers, which makes their
kirigami-on-elastomer approach complicated. Because of this
difficulty, their kirigami-on-elastomer approach, although a
smart method, has been significantly limited in terms of
applications.

Here, we present a variant of kirigami-on-elastomer
approach using the chemical vapor deposition (CVD) pro-
cess for attaching a thin film to an elastomer substrate. By
virtue of technology for surface micromachining, we can pat-
tern films in desired shapes and attach them on designed
areas. With our proposed method, the transfer process is not
required. As an example, in this study, thin film ribbons were
partially attached to an elastomer substrate, and micro arch-
bridge structures with hollow spaces were achieved by com-
pressing the bilayer system as shown in Figure 1. The rela-
tionship between the applied strain and the geometry of the
arch-bridge structure was studied experimentally, which
leads to physical interpretations. Furthermore, we found that
the hollow spaces allow the micro arch-bridge textured sur-
face to exhibit a tunable liquid-dependent iso/anisotropic
wetting property. The present study thereby proposes a
promising method for bilayer systems to achieve functional
surfaces.

The arch-bridge structure was fabricated as follows
(Figure 2): the proposed method simplifies the fabrication
process and broadens the potential of the kirigami-on-elasto-
mer approach. We used an organic membrane, Parylene

Published by AIP Publishing.
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FIG. 1. (a) Schematic, (b) SEM image, and (c) magnified SEM image of the
micro arch-bridge structure.

(Specialty Coating Systems Inc.), and polydimethylsiloxane
(PDMS, Dow corning Corp.) for the thin ribbons and the
elastomer substrate, respectively. A photoresist (S18-series,
Tokyo Ohka Kogyo Co., Ltd.) was spin-coated at 3000 rpm
for 30 s and patterned in fifty-micron-width ribbons by pho-
tolithography as shown in Figure 2(al). The thickness of the
resulting photoresist layer was 0.6 um. On top of the pat-
terned photoresist, a one-micron thick Parylene film with a
Young’s modulus 2.8 GPa (Ref. 21) was deposited on the
entire surface of the elastomer substrate by CVD (Figure
2(a2)). Then, another photoresist layer was formed in fifty-
micron line-and-space patterns perpendicular to the first pho-
toresist pattern (Figure 2(a3)). The part of the Parylene thin
film not covered by the photoresist was removed via the
application of an oxygen plasma to form thin-film ribbons of
Parylene. The first and second sets of the two photoresist rib-
bons were removed using acetone (Figure 2(a4)). The parts
of the Parylene ribbons that had been in contact with the
bare PDMS before the removal of the photoresist ribbons
were strongly bonded to the bare PDMS (According to our
previous work,?>** Parylene/PDMS bonding is maintained
under stretch over 200% and compression over 40%). On the
other hand, the parts of the Parylene ribbons that had been
deposited on the photoresist ribbons before the removal of the
photoresist ribbons were not bonded to the PDMS surface. By
stretching the bilayer system in the direction perpendicular to
the Parylene thin-film ribbons (in the y-direction), compres-
sion in the direction parallel to the ribbons (in the x-direction)
was induced due to incompressibility of the substrate (Figure
2(a5)). Consequently, the Parylene ribbons buckled, and the
micro arch-bridge structure shown in Figure 1 was achieved.
(a1) Photoresist

(@2) Parylene film (a3) Photoresist

(ad) (ad) ~ (b)

Film ribbon

FIG. 2. (a) Fabrication steps for the micro arch-bridge structure. (b) Image
of a fabricated bilayer system under no strain.
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Figure 2(b) shows a photograph of the surface of the fabri-
cated bilayer system under no strain. In this fabrication
method, the thickness of the Parylene thin-film ribbons was
1 yum, while the thickness of the PDMS elastomer substrate
was 300 um. Therefore, we can assume that the PDMS elas-
tomer substrate is infinitely thick for theoretical consider-
ation. Although the Parylene thin film was patterned in the
ribbon shape in the present case, the Parylene thin film and
the bonded area can be patterned in various shapes by
lithography: to show this potential, we made a thin-film
table structure with the proposed method (Figure S1 in the
supplementary material).

Experimental conditions are specified as follows: Under
compression in the x-direction, the Parylene thin-film
ribbons buckle, and the arch-bridge structure is formed.
Experimentally, compressive strain in the x-direction was
induced by stretch in the y-direction. Considering the volume
conservation, the compressive strain ¢ is estimated as fol-
lows: The initial and current lengths in the x, y, and depth
directions are denoted as Ly, Ly, L. and L'\, L', L'., respec-
tively. The compressive strain ¢ in the x-direction is given
by ¢=1—L",/L,. Because of the volume conservation,
L'v/Ly xL'y/L, x L'./L. =1, and an (approximate) isotro-
pic property, L', /L, = L', /L., during the stretching, we esti-
mate the compressive strain as ¢ =1 — (L, /Ly)%l. In the
experiment, ¢ was estimated by measuring L', sequentially.
The bilayer system was cut into a strip with dimensions
L,=10mm and L,=25mm and stretched up to L'y=45mm
(6=0.25).

In Figure 3(a), we show the change in the geometry of
the arch-bridge structure under increasing (forward transition)
and decreasing (backward transition) compressive strain e.
The width (in the y-direction) of the Parylene ribbons is
unchanged despite the stretch in the y-direction, whereas the
width (in the y-direction) of the rows of the bare PDMS strips
between the Parylene ribbons is strongly increased. This point
may be understood by comparing, for example, Figures 3(al)
and 3(a4). The profile of the arch-bridge structure under vari-
ous compressive strains ¢ was observed using an optical
surface-measurement system consisting of a microscope and
a laser profiler (VK-8710, Keyence Corp.).

Figure 3(a) shows the detail of the forward transition
(compressive strain is increased). For a small compressive
strain (¢ =0.02), the surface remains flat (Figure 3(al)).
Upon increasing compressive strain to &¢=0.14 (Figure
3(a2)), some unbonded regions form clear arch bridges,
whereas the other unbonded regions remain almost flat (For
£<0.14, clear arch bridges are not observed). Upon increas-
ing compressive strain continuously to ¢ =0.20, the number
of clear arch bridges increases (Figure 3(a3)). At ¢ =0.25, all
the unbonded regions homogeneously buckle to form a regu-
lar array of arch bridges (Figure 3(a4)). We consider that the
localized buckling at small deformations occurs not due to
defects on the surface but to an energetic reason as explained
in what follows. This inhomogeneous development of arch
bridges is analogous to the one observed in a system in
which a thin film attached to an elastomer substrate is
delaminated from the elastomer substrate.’*?> In Ref. 25,
delamination of a thin film attached to the entire surface of
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FIG. 3. (a) Surface morphology vs.
compressive strain ¢. (al)—(a4) During
the increase of ¢, the arch bridges form
inhomogeneously. (a5)—(a8) During the
release of ¢, the height of arch bridges
decreases homogeneously. (bl) and
(b2) Surface profiles of a ribbon during
the increase and decrease of &, respec-
tively. Since parts of the profile with a
steep slope cannot be measured with a
laser profiler, missed parts are interpo-
lated by dashed lines (the end points of

an elastomer substrate was studied through the experiment
and numerical analysis. Even if defects are absent, the state
in which the film is partially delaminated from the substrate
can be energetically favorable compared with the state in
which the film buckles homogeneously, when deformation is
relatively small. As shown in Figures 3(a5)-3(a8), in contrast
to the forward transition, the height of arch bridges decreases
homogeneously with the decrease in &.

Arch-bridges on a larger scale (one-hundred-micrometer
scale) are presented in the supplementary material (Figure
S2). In this case, the width of arch-bridges does not corre-
spond to the width of the unbonded areas, and some irregular
arch-bridges are observed. The formation of the irregular
arch-bridges on a larger scale and a way to avoid the irregu-
larity are explained in the supplementary material.

The profiles of the surface during the increase and
decrease of ¢ are presented in Figures 3(b1) and 3(b2), respec-
tively. Examination of the profiles shows that not only
unbonded regions but also bonded regions are bent (unbonded
regions detached from the substrate form arch bridges,
whereas bonded regions are bent in the opposite direction).

The geometry of the arch-bridge structure during the
decrease in ¢ can be explained theoretically in terms of the
aspect ratio of the height 2 A to the wavelength 4 of the struc-
ture as demonstrated in Figure 3(c) that shows the relation-
ship between 2A// and &. Assuming that the profile has the
form of A 4 A sin(27 x/4), the ratio 2A// can be estimated by
calculating the total length of the thin-film ribbon. The
length of the ribbon under compression per period is given

by & = Jg dx\/l + (2mA/2)* cos?(2mx/ 2). This expression,
in the limit A/A < 1, can be expressed as

A 2/ ¢\
212;Q_J- 0

This approximate expression is reasonably well confirmed in
Figure 3(c). The maximum value 24 = 0.36 at &£ = 0.25 is rela-
tively high compared with other bilayer systems in which
thin films are attached to the entire surface of elastomer
substrates.

obtained data are simply joined by
straight dashed lines). (c) Aspect ratio
2 A/A vs. ¢ during the release. The solid
line is the curve obtained from Eq. (1).

We verified that the arch bridges are maintained and
exhibit the same wetting property over repetitive placements
of droplets (Figure 4(a)). This was shown through the mea-
surement of the apparent contact angle at different ¢. The
bilayer system was stretched until ¢ =0.25, and the compres-
sive strain was then gradually released. During the release at
a certain fixed ¢, a droplet was placed on the surface, and the
apparent contact angles were measured as a function of ¢; at
each ¢, we newly placed a fresh droplet of the same volume
on the same substrate by forming a droplet of 2 ul at the tip
of the syringe needle via injection; the droplet was quasi-
statically placed on the surface by slowly contacting it with
the surface and deliberately separating it from the needle.
At every &, the droplet was placed three times, and the appar-
ent contact angles were measured from the direction perpen-
dicular (front view; see the inset of Figure 4(a)) and parallel
(side view) to the thin-film ribbons. The measured apparent
contact angles are plotted in Figure 4(a). At every ¢, the

(b1) Arch bridge

(@) Water Air
160 eapp-front eapp-/side 1 | |
= 0,4, -front 0,4,-side / 2
10} X
510 e MEE
= 120 T
@ Side view 0
2 100
s 'y (b2) Water/Ethanol
g0l +. fax p T midure
S ~_ Frontview| [7=145s
60 Y ¥ s
0,0 -front O, -side
0 005 0.0 0.5 020 0.25 :
Compressive strain ¢ "

FIG. 4. (a) Contact angle on an arch-bridge structured surface as a function
of ¢. Photographs of a water droplet at ¢ =0.25 from two different directions
are embedded in the plot. Apparent (0,,,:l and O), advancing (0q,:A
and x), and receding (0,.:¥ and +) contact angles from the front and side
views are shown in the plot. (bl) A water droplet placed on the surface. (b2)
145 s after ethanol is added to the water droplet (the amount is several times
of the water-droplet volume).
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difference between the maximum and minimum values is
within 10 degrees (The top and bottom of the error bars cor-
respond to the maximum and minimum values respectively,
where the length of bars are smaller than the size of symbols
in most cases). The differences in the observed angles at the
same value of ¢ were small, which implies that the arch-
bridge structure was not damaged after the repetitive place-
ment of the droplet, maintaining the same wetting property.
The robustness of the arch-bridge is also justified theoreti-
cally by considering the bending energy and the capillary
energy’’ (for the details, see supplementary material in
which the small shift in the contact angles with respect to ¢ is
also discussed).

Additionally, we confirmed in Figure 4(a) that the con-
tact angle hysteresis (CAH) is significantly large on the arch-
bridge structure because of pinning effects. For the CAH
measurement, the tip of the syringe was placed 2.3 mm
above the surface, and the droplet was injected and with-
drawn from the syringe with the droplet continuously in con-
tact with the needle tip to observe the advancing and
receding angles. The angles were observed from the front
and side during the increase and decrease in the droplet vol-
ume (corresponding to the advancing and receding angles,
respectively). As shown in Figure 4(a), the advancing and
receding angles measured both from the front and side are
140° and 60°, respectively, at ¢ =0.15, that is, CAH reaches
80°, whereas the value of the apparent contact angle is close
to the advancing angle. We consider that the high CAH is
caused by the pinning of the contact line at the edge of the
structure and structured surfaces reported previously.?®?’

In Figure 4(b), we further confirmed the robustness of
the arch-bridge structure against the droplet deposition in a
more direct manner by observing the arch-bridge structure at
& =0.25 from below with a CCD camera. Figure 4(b1) shows
the arch bridges which are in contact with a water droplet.
The unbonded areas appear black, and this areas look black
because air bubbles are trapped in the arch bridges (Due to
the difference in the refractive index between liquid and air,
the air bubbles are visible in the images). Figure 4(b2) shows
the arch bridges 145 sec after adding ethanol to the water
droplet. The liquid fully fills the hollow spaces, and the air
bubbles disappear because the liquid invades the spaces
beneath the arched ribbons (The significant difference may
be caused by the difference in the wetting or the solvation
property). We repeated the experiment illustrated in Figure
4(b2) and observed the same phenomena. Thus, we consider
that the arch bridges are maintained in spite of repetitive
deposition of droplets.

Finally, we present in Figure 5 that the surface exhibits
the liquid-dependent iso/anisotropic wetting property (isotro-
pic for water and anisotropic for ethanol). Figures 5(a)-5(e)
show the difference in the profiles of a pure water droplet,
water/ethanol (2:1, 1:1, and 1:2) mixture droplets, and a pure
ethanol droplet observed from below, respectively, on the
surface at ¢ =0.25. The ratios of the width in the y-direction
to that in the x-direction are in the range of 1.05 (pure water
in Figure 5(a)) to 1.4 (pure ethanol in Figure 5(e)). The
widths of the water droplet in the x- and y-directions are
close to each other, whereas the width of the ethanol droplet
in the y-direction is larger than that in the x-direction. The

Appl. Phys. Lett. 110, 161602 (2017)
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FIG. 5. Droplets of (a) pure water, (b)—(d) water/ethanol (2:1, 1:1, and 1:2)
mixture, and (e) pure ethanol placed on the arch-bridge structure. (f) Change
in the contact lines with ¢ of the water droplet (inside the dashed square) and
an ethanol droplet (outside the dashed square) at a fixed volume of droplets
(2 ub).

difference in the shapes originates from the difference in the
state of arch-bridges: water cannot penetrate into the arch-
bridge structure, whereas the ethanol/water mixture can (see
Figure 4(b)). We expect that the arch-bridges promote the
pinning of the contact line mentioned above and prevent the
droplets from spreading in the direction parallel to the rib-
bons. This effect is common for water and ethanol droplets.
On the other hand, in the direction perpendicular to the rib-
bons, the ethanol droplet can easily spread entering beneath
the arch-bridges structure, whereas the water droplet cannot
so that the width of the ethanol droplet in this direction is
larger than that of the water droplet.

Furthermore, the degree of the anisotropy for ethanol is
tunable by changing ¢ as shown in Figures 5(f), which gives
the contact lines of the water and ethanol droplets, respec-
tively, at different ¢ (Since the spherical surface of the water
droplet is overhang due to the contact angle larger than 90
degrees, the profile in Figure 5(a) and the contact line in
Figure 5(f) have different shapes). For ethanol, the width
in the y-direction increases with ¢, which makes the drop
shape more anisotropic. This result demonstrates the tunabil-
ity of the anisotropy in wetting on the surface. In contrast,
for water, the widths of drops in the x- and y-directions are
almost the same, and both widths do not change with e.

This unique liquid-dependent iso/anisotropic wetting
property is different from that of micro-machined structured
surfaces of micro-pillars (e.g., cylinder post,>® mushroom,*'
micro-hoodoo,33’34 serif—T,35 35 and micro-nail37). In fact,
recently, various structures exhibiting anisotropic wetting
properties both in Nature®®** and technology'***'™** have
been studied. Our structure with hollow spaces induced by our
kirigami-on-elastomer approach presents a way for achieving
an unusual anisotropic wetting surface. Furthermore, in
Nature, some creatures have structured surfaces composed of
thin-film elements such as butterfly wings® and ligia exotica’s
legs,** and their surfaces exhibit anisotropic wetting and
unusual imbibition properties, respectively. These functionali-
ties are still hard to mimic due to difficulty in fabrication of
such structures by the conventional micromachining. With our
kirigami-on-elastomer approach, however, thin-film three-
dimensional microstructures can be easily achieved. Thus, the
present study provides a promising way for manufacturing
thin-film functional surfaces.
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In summary, the arch-bridge structure was achieved via
the kirigami-on-elastomer approach. By using the CVD pro-
cess, the transfer process became unnecessary, and thus, the
present approach simplifies the previous method.'®*° The
morphology of the arch-bridge structure with respect to the
compressive strain was studied experimentally with physical
interpretations. The arch bridge is significantly robust and
exhibits the liquid-dependent iso/anisotropic wetting prop-
erty that can be controlled by ¢. This paper presents a prom-
ising route for fabricating functional surfaces of thin-film/
elastomer bilayer systems.

See supplementary material for the thin-film table struc-
ture and the arch bridge on a larger scale, and we discuss the
small shift in the contact angles and the robustness of the
arch bridge.
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