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ABSTRACT: A simple yet scalable strategy for fabricating dry
adhesives with mushroom-shaped micropillars is achieved by a
combination of the roll-to-roll process and modulated UV-
curable elastic poly(urethane acrylate) (e-PUA) resin. The e-
PUA combines the major benefits of commercial PUA and
poly(dimethylsiloxane) (PDMS). It not only can be cured
within a few seconds like commercial PUA but also possesses
good mechanical properties comparable to those of PDMS. A
roll-type fabrication system equipped with a rollable mold and
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a UV exposure unit is also developed for the continuous process. By integrating the roll-to-roll process with the e-PUA, dry
adhesives with spatulate tips in the form of a thin flexible film can be generated in a highly continuous and scalable manner. The
fabricated dry adhesives with mushroom-shaped microstructures exhibit a strong pull-off strength of up to ~38.7 N cm™ on the
glass surface as well as high durability without any noticeable degradation. Furthermore, an automated substrate transportation
system equipped with the dry adhesives can transport a 300 mm Si wafer over 10 000 repeating cycles with high accuracy.
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B INTRODUCTION

Micro- or nanostructures with thin film-shaped tips on the feet
of climbing creatures contribute to their remarkable adhesion
capabilities. In the past decade, significant advancements have
been made toward our understanding of the mechanism
underlying such adhesion.'~® Micro- or nanostructures with a
protruding thin-film tip can exhibit superior adhesion proper-
ties in comparison to chemical-based ones because the
adhesion force mainly originates from intermolecular inter-
actions between the tips and the contact surface, where
attractive van der Waals forces exist.'™'! Furthermore, they
allow for reversible and repeatable adhesion to surfaces of
varying roughness and orientation.”'*~*" Motivated by such
fascinating properties, many research groups have developed
useful fabrication methods based on various top-down and
bottom-up approaches. For example, it is now possible to
fabricate multiscale hierarchical structures with controlled
geometry to accurately imitate the smart adhesion properties
of a gecko.5'%"72* Our group has also demonstrated that
gecko-inspired angled multilevel hairy structures with direc-
tional and reversible adhesion properties can be generated by
the two-step ultraviolet (UV) molding technique.*'*™*° A
potential shortcoming of such angled and/or hierarchical
nanostructures is that normal adhesion is weak, typically less
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than ~3 N cm™2.”"72%26 Moreover, these structures are easily
collapsed after repeated use.””*”** More importantly, they are
not scalable with current manufacturing techniques.

To address this issue, beetle-inspired microscale structures
with mushroom-shaped tips have been ?Pro3posed as an efficient
form for a biomimetic dry adhesive."***™*! Recent theoretical
and experimental studies demonstrated that the pull-off force of
mushroom-shaped microstructures is about 2—30 times higher
than that of pillars with simple flat or hemispherical heads
because of the enhanced contact area, pollution tolerance,
homogeneous stress distribution, and prevention of crack
propagation.”®”'>333 Furthermore, the simple microscale
structure is relatively easy to produce in a scalable manner
and also mechanically more durable as compared with the
slanted hierarchical hairy nanostructures. To fabricate mush-
roomlike microstructures, poly(dimethylsiloxane) (PDMS) or
polyurethane (PU) is generally utilized because their favorable
mechanical properties (low elastic modulus and high elongation
at break) allow for simple protoWFin and enhanced normal
and shear adhesion strength.”'*'7*¥73 Nonetheless, they
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Figure 1. (a) Schematic illustration for the fabrication of flexible patterend PUA mold. (b) Schematic description of the roll-type continuous
fabrication system; a flexible patterned mold made of soft PUA is adhered to the hollow quartz cylinder inside which a collimated UV light source is
mounted. As the UV light is exposed through the slit on the passing substrate coated with the e-PUA, complementary structures of the patterned soft
PUA mold are continuously generated in the prepolymer layer. (c) A photograph of the roll-to-roll process demonstrating the continuous fabrication
of a dry adhesive film in which mushroomlike micropillars with four different geometries are embedded. The production width was ~10 cm, and the

speed was about ~4 cm s™!, therefore production capacity reached ~40 cm® s™.
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typically require a long curing time (e.g, 1—2 h for PDMS and
1—24 h for PU) at an elevated temperature (i.e., 70—80 °C for
PDMS), which significantly hinders practical use and
commercialization of the dry adhesive materials.”'>'”?*3
Also, commercially available UV resins typically have high
tensile modulus and low elongation at break, which could result
in demolding failure of micropillars with protruding spatulate
tips and low pull-off strength of the replicated structures. In
fact, although our group proposed a UV molding technique in
which a bioinspired nanostructure with controlled leaning angle
and hierarchy could be generated in a few tens of seconds by
utilizing commercial poly(urethane acrylate) (PUA),*'*7>° we
could not fabricate the mushroomlike microstructures using the
material because of demolding failure or the low pull-off
strength of the replicated structure, mainly induced by the
nonoptimized mechanical properties of the UV resin (i.e., high
tensile modulus and low elongation at break).

In this study, we report a continuous fabrication of
bioinspired dry adhesives with mushroomlike micropillars by
utilizing a roll-to-roll process and modulated elastic PUA (e-
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PUA). The e-PUA combined the major benefits of commercial
PUA and PDMS. It not only can be cured within a few seconds
like commercial PUA but also possesses good mechanical
properties (low elastic modulus and high elongation at break)
comparable to those of PDMS. A roll-type fabrication system
equipped with a rollable mold and a UV exposure unit was
developed for the continuous process. By integrating the roll-
to-roll process with the e-PUA, dry adhesives with spatulate tips
in the form of a thin flexible film can be generated in a highly
continuous and scalable manner. The fabricated mushroomlike
microstructures with controlled geometries exhibit good
structural integrity, pull-oft strength, and structural durability.
Furthermore, an automated substrate transportation system
equipped with the dry adhesives can transport a large area
substrate over 10 000 repeating cycles with high accuracy.

B EXPERIMENTAL SECTION

Preparation of e-PUA Mixture. The UV-curable e-PUA mixture
consists of a functionalized prepolymer with acrylate groups for cross-
linking, modulators, and a photoinitiator. The prepolymer was
aliphatic urethane diacrylate oligomer (SC4240, Miwon Specialty
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ACS Applied Materials & Interfaces

Research Article

Chemical). The modulators of bisphenol A (ethoxylated) 10
dimetacrylate (BPA(EO)10DMA, M2101, Miwon Specialty Chemical)
and the tri(propylene glycol) diacrylate (M220, Miwon Specialty
Chemical) were mixed with the prepolymer at 15 and 6 wt %,
respectively. 2-hydroxy-2-methyl-1-phenylpropan-1-one (Darocur
1173, Ciba Specialty Chemical) was added to the mixture as a
photoinitiator at 4 wt %.

Fabrication of Silicon on Insulator Master. A silicon-on-
insulator (SOI) wafer was purchased from Mico SNP Ltd. (Korea).
The wafer (p-type, 100) possessed a 1 ym thick oxide layer on a 500
pm thick silicon layer. A 20 ym thick polysilicon layer was then formed
over the oxide layer. An 800 nm thick SiO, layer was deposited on the
SOI wafer by a plasma-enhanced chemical vapor deposition process
with tetraethoxysilane (TEOS). Then, microhole patterns with
different diameters and pitches were made by conventional photo-
lithography with AZ1512 photoresist. Subsequently, pattern transfer to
the SiO, layer was carried out using the photoresist (PR) etch mask,
which was followed by removal of the PR. Then, the polysilicon layer
was anisotropically etched via SF4 and Ar gas plasma until the exposure
of the SiO, etch-stop layer in an inductively coupled plasma (ICP)
chamber with 13.56 MHz radio frequency power generators. The same
etching was performed further utilizing an extremely high etch
selectivity between polysilicon and SiO, etch-stop layer to overetch the
polysilicon layer to the lateral direction (Figure la). For surface
hydrophobization, the patterned wafers were treated with a trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane.

Fabrication of a Patterned Flexible PUA Mold. After the SOI
master was prepared, PDMS micropillars with a spatulate head were
obtained by casting the PDMS precursor (Sylgard 184, Dow Corning)
over the SOI master with 10% curing agent. To make a flexible
negative PUA mold for the roll-to-roll system, drops of soft PUA
(MINS 301 RM, Minuta Tech) prepolymer were drop-dispensed onto
the replicated PDMS micropillars, and a flexible polyethylene
terephthalate (PET) film (thickness &~ SO pm) was slightly pressed
against the liquid drop, followed by subsequent UV exposure (4 =
250—400 nm, dose = 300 m]J cm™2). After UV curing, a flexible PUA
mold with negative patterns was obtained by peeling it off from the
PDMS mold (see Figure la). The prepared flexible PUA mold was
additionally exposed to UV for several hours to remove trapped
polymer radicals and the remaining unsaturated acrylate in the
replicated mold so that it could be used for the self-replication of
mushroomlike micropillars with UV-curable resins.

Set-up of the Roll-to-Roll System and Continuous Fab-
rication of e-PUA Micropillars. Overall, the roll-to-roll system
consists of a flexible patterned mold made of soft PUA, a rollable UV
exposure unit, and a motorized substrate feeding system. First, the
flexible patterned mold was prepared by a simple molding process with
the soft PUA as described above. This flexible PUA mold was then
conformably adhered to the outer surface of a hollow quartz cylinder
using an intermediate thin PDMS layer. The quartz cylinder was
rotated by friction or step motor depending on production speed.
When the process speed was above 1 cm/s, the motor driving mode
was utilized, whereas the friction mode was utilized for lower process
speeds. The collimated UV source core was prepared by placing the S
mm wide slit over the UV lamp (SUV-L, UVSMT). The UV core was
suspended inside a 90 mm diameter hollow quartz cylinder with the
slit facing downward, supported by ball bearings at both ends of the
cylinder so as to allow cylinder rotation with the static UV core inside.
A thin layer of PDMS sheet was wrapped around the outer cylinder
surface, and then the flexible PUA mold was conformably attached
onto the PDMS layer. The rollable UV exposure unit was arranged
over a three degrees of freedom stage equipped with a step motor. A
substrate coated with e-PUA prepolymer was then located on the
motorized linear stage and brought into contact with the patterned
PUA mold by controlling the stage axes in such a way that the contact
line between the substrate surface and the rolled mold was aligned to
the UV exposing slit inside. As the UV light (365 nm wavelength and
1000 mW/cm? intensity) was exposed through the slit on the passing
substrate, complementary structures of the flexible PUA mold were
generated continuously in the pre-polymer layer.

Fabrication of Soft PUA and PDMS Micropillars with
Spatulate Tips. Soft PUA micropillars and PDMS micropillars
were prepared by a simple replica molding process (i.e., discontinuous
process). To make micropillars with soft PUA, drops of soft PUA were
dispensed onto the flexible negative PUA mold, and a flexible PET film
(thickness ~ SO ym) was slightly pressed against the liquid drop to be
used as a supporting layer. After UV exposure, the cured soft PUA
replica was carefully demolded from the negative mold to avoid
possible fracture of the spatulate tips. For PDMS micropillars, a 10:1
mixture of the PDMS prepolymer (Sylgard 184A) and the curing agent
(Sylgard 184B) was poured onto the master or the flexible negative
PUA mold. Subsequently, the master was placed in a convection oven
and cured at 70 °C for 2 h. Finally, the cured PDMS replica was
carefully detached from the master.

Adhesion Measurements. The pull-off forces of e-PUA micro-
pillars were evaluated by custom-built equipment at a relative humidity
of 40% and ambient temperature of 25 °C.*” A circular adhesive patch
(diameter = 7 mm) was attached to a flat glass surface under a
controlled preload ranging from 2 to 70 N and was lifted by the
motorized stage at the speed of 1 mm s~ until separation occurred.
For comparison, the pull-off forces of soft PUA and PDMS
micropillars (of identical diameter) were also measured in a similar
way. For statistical significance, the adhesion measurement was carried
out 20 times for each sample under identical conditions.

Surface Tension Characterization. To evaluate the surface
tension of the soft PUA and the e-PUA, the static contact angles on
each planar sample were measured with probing liquids of deionized
(DI) water and diiodomethane. The surface tension values of the soft
PUA and the e-PUA were then calculated by the harmonic mean
method (Table 2).

Table 1. Comparison of Tensile Modulus and Elongation at
Break for Four Materials

material tensile modulus (MPa) elongation at break (%)
hard PUA 320.0 9.0
soft PUA 19.8 45.0
e-PUA 10.0 1322
PDMS 1.6 146.0

B RESULTS AND DISCUSSION

Figure 1b depicts the main components in the roll-type
continuous fabrication system: a flexible patterned PUA mold, a
rollable UV exposure unit, and a motorized substrate feeding
system. The flexible patterned mold was made of soft PUA
(MINS-301 RM, Minuta Tech) by a simple molding process on
a polyethylene terephthalate (PET) sheet (see Experimental
Section for the detailed procedure). This flexible soft PUA
mold was then conformably adhered to the outer surface of a
hollow quartz cylinder using an intermediate thin PDMS layer.
Inside this quartz cylinder, a 365 nm wavelength UV light
source was mounted and collimated to a S mm wide aperture.
An uncured PUA prepolymer was coated on the PET substrate
by a doctor blade and was then fed to the UV exposure roll,
where the contact line between the substrate surface and the
roll was aligned to the UV-exposing aperture slit. The
production speed is determined by the UV exposure dose
that is required to cure the PUA prepolymer. In our
experiment, the intensity of the UV source was 1000 mW/
cm?, and the width of the exposing slit was S mm. Because the
required UV dose for the e-PUA is ~100 mW/ cm?, the
maximum possible rolling speed is ~5 cm/s. In this study, the
rolling proceeded at speeds of up to 4 cm/s to ensure complete
UV curing of the e-PUA with slight over exposure. This speed
can be enhanced by using a more powerful UV light source.

dx.doi.org/10.1021/am503901f | ACS Appl. Mater. Interfaces 2014, 6, 14590—14599
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Table 2. Contact Angles of DI Water and Diiodomethane on Various Substrates and the Calculated Surface Tension Values

Calculated by the Harmonic Mean Method

material CA (DI water) CA (diiodomethane)  (m] m™2) 7 (m] m™?) r (mJ] m™?)
soft PUA 87.9° + 1° 73.0° + 1° 17.3 6.6 23.9
e-PUA 743° + 1° 263° + 1° 412 52 46.4
PDMS 202-212
Prepolymer
o (o] (o] (o]
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Figure 2. Components and chemical formulas of e-PUA, which consists of a prepolymer, modulators, and a photoinitiator.

Here, the rollable mold and the feeding substrate are separated
to allow independent motion. When the process speed is above
1 cm/s, the substrate tends to slip on the mold because the
uncured prepolymer works as a lubricant.>® So each motor was
controlled consistently for the synchronization of the cylindrical
mold and substrate. On the other hand, when the process speed
is lower than 1 cm/s, frictional synchronization can be
employed in which only one of two driving forces, which
rotate the cylinder and the feeding roller, is enough for a
consistent production of the replicated structures. While the
substrate passes through the exposing slit, a PDMS layer on the
quartz cylinder and a cushion layer underneath the substrate
can guarantee conformal contact between the mold and the
substrate. As the UV light (365 nm wavelength and 1000 mW/
cm” intensity) illuminates the passing substrate through the slit,
complementary structures of the patterned PUA mold are
generated continuously in the prepolymer layer, which are
finished after the demolding process. As a result, a large area of
flexible dry adhesive film (width of ~10 cm and thickness of
~100 pm) can be continuously fabricated, as demonstrated in
Figure 1c.

To construct mushroom-shaped dry adhesives, PDMS or PU
is widely used as they have advantageous mechanical properties
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such as low elastic modulus and high elongation at break, which
allows for simple and reliable prototyping (i.e, the easy
demolding of the cured mushroomlike structures from a master
without incurring any structural fracture).”'>'”***> Further-
more, the low elastic modulus of the PDMS and PU allows the
replicated structures to make conformal contact with varying
substrates even with a low preload and therefore exhibit a high
level of adhesion strength in spite of the low surface energy of
the PDMS and PU (see Tables 1 and 2). In spite of these
advantages, PDMS and PU require long curing times at an
increased temperature, as described above.”'>'”?%3

To address this limitation and fabricate dry adhesive films by
applying the continuous roll-to-roll process, we developed a
modulated e-PUA with controlled mechanical and surface
properties (see Tables 1 and 2). Compared with the PDMS or
PU, the UV-curable e-PUA has several advantages, such as
rapid prototyping with short curing time (<30 s), low energy
consumption, and room temperature operation, therefore
enabling rapid and scalable production of the dry adhesive
films with uniform mushroomlike microstructures.'®>%’
Furthermore, UV-curable materials typically show excellent
resistance toward organic solvents, chemicals, heat, and tunable
properties of the polymers, allowing for diverse applications.*’

dx.doi.org/10.1021/am503901f | ACS Appl. Mater. Interfaces 2014, 6, 14590—14599
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Figure 3. (a) Photograph showing the fabricated dry adhesive film having four different mushroomlike micropillars: (i) 17 ym tip diameter, 1S ym
post diameter, and 30 gm space, (ii) 22 ym tip diameter, 20 ym post diameter, and 40 um space, (iii) 17 ym tip diameter, 15 um post diameter, and
15 pum space, and (iv) 22 ym tip diameter, 20 ym post diameter, and 20 ym space. (b) Optical microscopy and scanning electron microscopy (SEM)

images corresponding to each micropillar.

Figure 2 presents the chemical formula of each ingredient,
which includes the prepolymer (aliphatic urethane diacrylate
oligomer), the modulators (bisphenol A (ethoxylated)-10-
dimethacrylate (BPA(EO)10DMA) and tri(propylene glycol)
diacrylate)), and the photoinitiator (2-hydroxy-2-methyl-1-
phenylpropan-1-one). As shown in Tables 1 and 2, the e-
PUA has a lower modulus than the soft PUA, whereas it
exhibits high elongation at break similar to PDMS and also high
surface energy, which are extremely advantageous properties in
the development of bioinspired dry adhesives.** In particular,
the use of the prepolymer having a heavy molecular weight
(long chain length) makes it possible to provide a low cross-
linking density, resulting in the good elongation characteristics
of the cured polymer.* Furthermore, a linear long EO
(ethoxylated) linkage in the BPA(EO)10DMA renders
satisfactory flexibility, while most of the ethoxy group also
provide high surface tension (42.6 dyn/cm), leading to a high
level of adhesion. Tri(propylene glycol) diacrylate is a highly
reactive and hydrophilic monomer with a low viscosity (15—20
cps). Therefore, combining the tri(propylene glycol) diacrylate
with the oligomer results in a reduction of the mixture viscosity
and therefore allows the mixture to fill the very fine structures
in the micro- or nanoscale regime.

The mechanical properties of the e-PUA were determined by
a universal testing machine (UTM, LR10K, Lloyd Instruments,
England) with the mold prepared in the form of nonpatterned
sheets for testing the tensile modulus and elongation at break.
As shown in Table 1, the elongation at break of the e-PUA is
about ~132.2%, which is comparable to that of PDMS
(~146.0%). Furthermore, the elastic modulus of the e-PUA is
about ~10.0 MPa, which lies between that of soft PUA (~19.8
MPa) and PDMS (~1.6 MPa).** This means that the
mushroomlike micropillars made of e-PUA have sufficient
mechanical strength for structural integrity and repeatable use,
yet they are also soft and flexible such that they can make close
contact with the substrate over a large area, maximizing
adhesion strength. In addition, the high elongation at break
together with the low elastic modulus of the e-PUA prevent a
structural failure in the demolding step (e.g., the tips of the
pillars were torn from the master during demolding). In a
recent report, we presented fast and successful replica molding
of nanoscale structures to fabricate a dry adhesive, utilizing
either commercially available hard (MINS-311RM, Minuta
Tech) or soft PUA (MINS-301RM, Minuta Tech).'*™°

However, it should be noted that we were not successful in
fabrication of the mushroom-shaped microstructures using the
hard or soft PUA. When we utilized the hard PUA, the cured
PUA pillars stuck to the master and could not be removed. This
was because the cured mushroom-shaped micropillars made of
hard PUA were too stiff to be removed from the master
possessing negative micropatterns. Especially, the protruding
tips of the mushroom-shaped micropillars significantly hindered
the success of the demolding step. When soft PUA was used,
the cured PUA micropillars could be removed from the master
because of the low elastic modulus (~19.8 MPa). However,
most of the tips of the mushroom-shaped micropillars were
torn off after the demolding step (see Supporting Information,
Figure S1) mainly because of its low elongation at break
(~45.0%) (see Table 1). The main difference in the
formulations of e-PUA, soft PUA, and hard PUA is the cross-
linking modulator. The cross-linking modulator allows one to
change the chain length or cross-linking density, which further
leads to a modification in the mechanical properties. For hard
PUA, trimethylolpropane (ethoxylated)-3-triacrylate (TMP-
(EOQ)3TA) was chosen as the modulator since its relatively
short chain length would lead to dense cross-linking.*® For soft
PUA, trimethylolpropane (ethoxylated)-15-triacrylate (TMP-
(EO)1STA) was chosen because of its high number of ether
linkages.** The long ether linkage can have a high degree of
rotational movement that allows stretching. For e-PUA,
bisphenol A (ethoxylated)-10-dimetacrylate (BPA(EO)-
10DMA) was utilized, as shown in Figure 2. Owing to the
difference in the number of reactive acrylates to be cross-linked,
BPA(EO)10DMA leads to the formation of branched
polymeric structures after photopolymerization, whereas
(TMP(EO)1STA) induces the formation of network structures.
BPA(EO)10DMA also has long chain lengths. As a result, e-
PUA can exhibit a lower elastic modulus and a higher
elongation at break than soft PUA.

Consequently, when we employed the e-PUA, large area dry
adhesives in the form of a flexible film (width of ~10 cm and
thickness of ~500 ym) could be generated in a continuous,
scalable, and reliable manner by applying the roll-to-roll
process, as demonstrated in Figures 1c and 3a. The production
width was ~10 cm, and the speed was about ~4 cm/s;
therefore, production capacity reached ~40 cm” s™'. Note that
this is the first demonstration of continuous production of the
mushroom-shaped structures with UV-curable materials. Figure

dx.doi.org/10.1021/am503901f | ACS Appl. Mater. Interfaces 2014, 6, 14590—14599
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Figure 4. (a) A schematic of adhesion measurement setup. (b—d) Measurement of pull-off force of fabricated mushroomlike micropillars made of
(b) PDMS, (c) e-PUA, and (d) soft PUA for different preloads. The inset in (b) is a magnified view of pull-off forces with preloads ranging between
0 and 2 N. Here, the spacing ratio (SR) is defined as the distance between neighboring pillars divided by the post diameter.

3a presents the resulting dry adhesive film in which four
different kinds of mushroomlike microstructures are embedded:
micropillars with (i) 17 ym tip diameter, 15 ym post diameter,
and 30 ym space (spacing between neighboring pillars), (i) 22
um tip diameter, 20 um post diameter, and 40 pum space, (iii)
17 pm tip diameter, 15 um post diameter, and 15 pm space,
and (iv) 22 pm tip diameter, 20 ym post diameter, and 20 gm
space. The height of the micropillars was about 20 um, and
each micropillar had a patterned area of 3 X 3 cm® Figure 3b
shows optical microscopy and scanning electron microscopy
(SEM) images corresponding to each replicated microstructure.
As shown, mushroom-shaped micropillars with different pillar
diameters and densities were successfully fabricated with good
structural integrity and uniformity. Specifically, the spatulate flat
head of the microstructures, which plays a significant role in
enhancing adhesion strength, was successfully produced
without any damage in spite of the continuous roll-type
process. With our current roll-to-roll system, mushroom-shaped
micropillars with heights of up to ~40 um could be successfully
generated. Higher micropillars could not be uniformly obtained
because of structural fracture after the demolding process. A
higher production speed (> ~4 cm/s) also could result in
possible fracture of the spatulate tips during the demolding
step. Further studies would be necessary to examine the
influence of the structural height and rolling speed on the
structural integrity of the fabricated dry adhesives.

Using the fabricated e-PUA micropillars, adhesion forces
were measured against a smooth glass surface under a
controlled preload of 0 to 70 N using custom-built equipment
(Figure 4a). Also, the adhesion forces of micropillars made of
PDMS and soft PUA were measured for comparison.
Micropillar arrays made from hard PUA were excluded from
the evaluation because of their low success rate of prototyping.
For statistical significance, the adhesion measurement was
carried out 20 times for each sample under identical conditions
(i, relative humidity of 40% and ambient temperature of 25
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°C), and the averaged data were used. As shown in Figure 4b,
the pull-off forces of PDMS micropillars were increased with an
increase of the preload and maximized under a preload of 2 N.
The maximum adhesion force was as high as ~5.5 N (~142 N
cm™?) for a micropillar array with 15 ym post diameter and 15
um space. The maximum force was reduced to ~1.2 N (~3.1 N
cm™?) by increasing the pillar diameter to 20 ym and space to
40 pm. The pull-off of e-PUA micropillars also saturated as
preload was increased and showed maximum values with
preloads ranging between 40 and S0 N depending on the types
of pillar arrays (Figure 4c). For example, the arrays with 15 ym
diameter and 15 pm space exhibited maximum pull-off of ~14.9
N (~38.7 N cm™?) with a preload of 40 N. The pull-off was
slightly reduced with an increase of the preload to over 50 N.
The increase of adhesion with a preload increase from 0.4 N to
40—50 N is attributed to the increase in actual contact area.
The relatively high elastic modulus of the e-PUA (~10 MPa)
requires a higher preload to produce close contact between the
e-PUA micropillars and the substrate and produce maximum
adhesion strength. Furthermore, the PET supporting layer of
the e-PUA adhesive has a high elastic modulus (2—3 GPa),
which also increases the required preload to maximize the pull-
off strength. On the other hand, the PDMS micropillars can
make conformal contact even with a low preload because of the
low tensile modulus of PDMS (~1.6 MPa). The decrease of
pull-off strength after passing the maximum point may be
caused by the displacement of the micropillars due to the lateral
deformation of the back film by the Poisson effect under an
excessive preload.”” The soft PUA micropillars showed similar
adhesion tendency as that of e-PUA micropillars (Figure 4d).
However, the soft PUA micropillars showed very low adhesion
forces when the preload was lower than ~10 N. Also, the
overall adhesion forces were lower than the e-PUA arrays. This
is because the soft PUA has a higher modulus than the e-PUA
and the PDMS (Table 1), whereas it exhibits lower elongation
at break than those two materials. This means that the dry
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adhesives made of soft PUA are relatively stiffer than the e-PUA
and the PDMS adhesives. As a result, the soft PUA adhesives
require a high preload (>10 N) to make conformal contact with
a substrate and exhibit a pull-off force. More importantly, as
described above, the tip structures of the soft PUA micropillars
were mostly fractured during the demolding process, requiring
repeated attempts to obtain successful samples. This signifies
that the mechanical properties of the commercial soft PUA are
not suitable for fabrication of dry adhesives with mushroomlike
microstructures. Note that our additional adhesion tests
showed that the pull-off forces of micropillars with mush-
room-shaped tips were 2—4 times higher than those of
micropillars with flat heads (Supporting Information, Figure
S2).

In theory, the pull-off force for the flat tip (Py,,) is given by'’

Bp(Pp) = N(By) v 8”K“3W12 (1)

where N(Pp) is the number of pillars in contact at preload Pp, K
is the effective Young’s modulus of the system, and a is the
radius of the flat tip. Here, w), is the work of adhesion of the
interface, which can be calculated with a harmonic mean
equation as given by10’42

d d P, P
"y nr
W12:4{ 172 + 172 ]

nAn o Ktn @)
where the superscripts d and p indicate the dispersion and polar
components of the surface tension y, respectively. With probe
liquids of water and diiodomethane, the surface tension values
can be obtained as summarized in Table 2.* From egs 1 and 2,
it can be seen that the pull-off force can be enhanced by using a
material with low elastic modulus and high surface tension as it
can maximize the number of micropillars in contact, N(Pp),
with a low preload and the work of adhesion (w;) at the
microstructure/substrate interface. Accordingly, the mush-
roomlike micropillars fabricated from the e-PUA having lower
elastic modulus and high surface tension can exhibit a high level
of pull-off strength as compared to those made of soft PUA or
PDMS. The high elongation of the e-PUA also contributes to
the enhanced adhesion strength because of the increased
surface conformation and extension during detachment.*

To explore practical applications of e-PUA micropillars
produced by the roll-to-roll process, durability tests were
carried out by repeating the cycles of attachment and
detachment. A thin e-PUA dry adhesive (circular pad with 7
mm diameter) with spatulate micropillars (20 gm diameter and
20 pm space) was used for the test against a flat glass substrate
with a preload of ~2 N. Figure S shows the results of the
durability test, which demonstrates that the pull-off force is
maintained at ~1.9 N without any notable reduction in
adhesion capability even after more than 1000 cycles of
attachment and detachment. With such remarkable retention of
repeatable and reversible adhesion properties, the e-PUA
adhesive pad has strong potential for use in semiconductor
manufacturing processes, in which a very thin and fragile silicon
(Si) wafer (thickness ~ 500 ym) needs to be handled with high
accuracy and precision without undergoing any surface
contamination or damage.*'®** To demonstrate the applic-
ability of the e-PUA adhesives in semiconductor manufacturing,
we developed an automated wafer transportation systems based
on the adhesive pads. As shown in Figure 6a, five circular
adhesive pads (7 mm diameter) with micropillar arrays having
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8.5
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Figure S. (a) Durability test of the e-PUA micropillars (20 ym post
diameter and 20 ym space) over 1000 cycles of attachment and
detachment. (b) Enlarged view of (a). A circular dry adhesive pad (7
mm diameter) was attached to a glass surface with a preload of ~2 N.

20 um diameter and 20 pm space (Figure 6b) were attached to
a robotic arm that could move in three independent directions
(z, R, and ©). Such a micropillar array was selected to achieve
proper adhesion strength (~0.7 N per single pad) that can
prevent a substrate from sliding during fast transportation and
enable easy detachment of the substrate during the separation
stage under a preload (~1.25 N), which is the weight of a Si
wafer 300 mm in diameter (~128 g). One of the biggest
advantages of such a structured adhesive is that the pull-off
force can be precisely controlled by modulating the geometries
of the pillar arrays (e.g., diameter and density). Note that when
we used a nonstructured PDMS slab or a patterned adhesive
pad with a higher pull-off force, the wafer wobbled significantly
during the separation stage, which could eventually induce
damage to the Si wafer. Figure 6¢ shows time-lapse images
depicting the automated transportation of a Si wafer utilizing
the e-PUA adhesives. As shown, the robotic arm equipped with
the pads can make a firm attachment with the wafer by simply
approaching the backside of the wafer even under a low preload
(~1.25 N). After forming a firm attachment, the automated
system could transport the substrate without causing any
substrate sliding. In general, the level of substrate sliding is
required to be within 0.3 mm for semiconductor manufactur-
ing. To this end, we performed sliding tests utilizing the e-PUA
dry adhesives. The position of the wafer was examined after
transportation with a laser sensor that checks the peripheral
alignment of the wafers loaded in a target location. Test results
indicated that the substrate sliding was maintained within 0.06
mm over 10000 cycles of attachment and detachment
(Supporting Information, Figure S3). After arriving at a target
cassette, the wafer was smoothly separated from the adhesive
pads by moving the arm downward with the aid of a cassette
guide (see the Video in the Supporting Information). The
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Figure 6. (a) Wafer holder equipped with five circular dry adhesive pads. (b) Optical microscopy image of the pads. (c) Time-lapse images showing
the automated transportation of a 300 mm Si wafer. The wafer was successfully transported and handled without any sliding or damage problems

over 10000 cycles of attachment and detachment.

wafer was successfully handled without any significant problems
(e.g, substrate sliding, contamination, or damage) over 10 000
cycles of attachment and detachment, demonstrating the strong
potential of the dry adhesive pads for use in precision
manufacturing industries.

B CONCLUSIONS

In summary, we have presented a simple yet scalable strategy
for fabricating dry adhesives with mushroom-shaped micro-
pillars by a combination of the roll-to-roll process and the use
of a modulated UV-curable resin. The modulated resin has a
low tensile modulus (~10.0 MPa) and a high elongation-at-
break (~132.2%), comparable to PDMS, and it can be cured at
room temperature in a few seconds similar to commercial PUA
resins. As a result, a large-area dry adhesive in the form of a thin
flexible sheet can be produced in a highly continuous and
scalable manner without structural defects. The fabricated dry
adhesives with mushroom-shaped microstructures exhibit a
strong pull-off strength of up to ~38.7 N cm™ on the glass
surface as well as high durability without any noticeable
degradation. Furthermore, an automated substrate trans-
portation system equipped with the dry adhesives can transport
a 300 mm Si wafer over 10000 repeating cycles with high

14597

accuracy. This new approach can thus prove valuable for the
industrialization and commercialization of bioinspired smart
dry adhesives in a variety of applications including precision
and clean manufacturing,

B ASSOCIATED CONTENT
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Optical microscopy images of the fractured mushroom-shaped
micropillars made of soft PUA. Measurement of pull-off force
of fabricated micropillars with flat heads made of PDMS, e-
PUA, and soft PUA for different preloads. Wafer sliding tests
utilizing the e-PUA dry adhesives. Video clip showing the
automated transportation of a 300 mm Si wafer. This material is
available free of charge via the Internet at http://pubs.acs.org.
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