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ABSTRACT: In order to improve stiffness of polydimethylsiloxane (PDMS)
pillars while maintaining high friction, the effects of embedding Fe;O, and SiO,
particles on the friction behavior of PDMS micropillars are studied. Both types of
added particles increase the stiffness of the PDMS composite, but affect the
friction behavior differently. The frictional force of the fibrillar array fabricated
with Fe;O,/PDMS composite decreases initially, then increases as the particle
content increases. For silica/PDMS composite pillars, the frictional force is
independent of the particle density. Characterization by scanning electron
microscopy shows that Fe;O, particles are distributed uniformly in the PDMS
matrix at low concentration, but heterogeneous distribution is observed at high
particle loading, with particles being hindered from penetrating into the pillars.
For silica/PDMS composite pillars, the particles distribute homogeneously inside
the pillars, which is attributed to the formation of hydrogen bonding between

4.0

3504~ o B

R o e
3.0t s 3
—0— 7

25 .. s . o E
Zz = | 0 o ER
200 H}f'\
] PDMS ™*°
15} .

100 & pure PDMS s

05 x FeO,/PDMS :

ool_2, SiicaPONS

20 25 30 35 40 45 50 55 6.0

Young's Modulus (MPa)

silica particles and PDMS. The difference in particle distribution behavior is used to explain the observed difference in the friction

response of these two composite systems.
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1. INTRODUCTION

The ability of geckos to strongly adhere to and rapidly detach
from surfaces is attributed to a complex array of hierarchical
microfibers and nanofibers on their toes." These hairy
structures ensure a high area of contact between the feet and
the counter-surface, maximizing the interfacial attraction.”>
Over the past decade, potential applications in residue-free
tapes, medical adhesives,* high friction surfaces,® material
transport,® and climbing robots’ have motivated research
interest in the fabrication and testing of synthetic adhesives
that mimic some characteristics of gecko adhesion.*”'® In
designing such adhesives, the stiffness of the material (as
indicated by the Young modulus) is a critical consideration,
because it determines the flexibility of the fiber elements and
ultimately the aspect ratio of the fibers required to achieve the
desired adhesive strength. Although the number of studies that
experimentally investigated the effect of material stiffness is
limited, the increase in Young modulus is associated with a
decrease in adhesion.'®™"®

So far, the tuning of the Young modulus of fiber arrays has
been mostly realized by changing the stiffness of the bulk
material, for example, by varyin_; the precursor ratio or the
curing time of the elastomers.'®'” In this study, we examine an
alternative way to modify the stiffness of fibrillar adhesives by
embedding particles in polydimethylsiloxane (PDMS). Many
gecko adhesives fabricated to date are made of PDMS, because
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of its simple curing procedure, high flexibility, and chemical
inertness.” Composite material of particles in PDMS has been
widely explored to achieve improvement in the material
properties,'”~** but their potential application in gecko
adhesives has been shown only very recently, for example, in
achieving magnetically actuated adhesion with embedded iron
particles in PDMS flaps® and enhancing adhesion by
incorporating gold particles into the tip of PDMS microfibers.*’
Although these studies have demonstrated interesting applica-
tions of the particle—PDMS composite in gecko-inspired
adhesives, the influence of the nanoparticles on the stiffness
and the adhesive performance have not been examined in
detail.

By mixing in various weight percentages of Fe;O, and SiO,
particles into PDMS prior to curing in a silicon template, the
stiffness of the resulting microfiber array is varied and the effect
on the macroscale friction is monitored. We find that, although
Young modulus monotonically increases as the particle weight
percentage increases, the friction behavior is more complex and
the heterogeneity of the particle distribution within the PDMS
can be critical in determining the friction performance of the
micropillar array.
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2. EXPERIMENTAL DETAILS

Template Fabrication. The template consists of an array of
square holes in silicon obtained by deep reactive-ion etching through a
mask defined by photolithography. A 4 in. Si(100) wafer is rinsed by
deionized water and coated with a positive photoresist (Fujifilm OCG
825). A photomask is prepared by attaching a plastic mesh
(McMaster-Carr) covered by 100 ym of evaporated Cr to a blank
photomask. The stepper used for exposure (Model GCA 6200—USH-
350DP) reduces the mask pattern by a factor of 10, resulting in 10 ym-
square hole array. After exposure and development, the wafer is etched
by alternating pulses of SF¢ and C,Fg plasma, which produces vertical
holes in silicon. The photoresist is removed by oxygen plasma. For
easy separation after molding, the template is reacted with an
octadecyltrichlorosilane antisticking monolayer, as described previ-
ously.** The wafer is diced into 1 cm X 1 cm chips, and cleaned by
sonication in acetone and isopropanol for 15 min each, followed by
blow drying with nitrogen.

PDMS Curing in Silicon Template. The PDMS resin (Dow
Corning) is first mixed with either silica nanoparticles (Sigma—Aldrich,
nominally ~7 nm in size, resulting in the aggregate effective size of
100-250 nm*>*®) or synthetic black iron oxide particles (Alpha
Chemicals, ~300 nm) and sonicated for 15 min. After introducing a
curing agent into the mixture with a curing agent:resin weight ratio of
1:10, an additional 15 min of sonication is performed, followed by
degassing in a vacuum chamber to eliminate any bubbles. After all
visible bubbles disappear, the mixture is poured onto the silicon
template, followed by another degassing for removing any bubbles
introduced during the pour (Figure 1). The amount of the mixture
poured over the template is adjusted to keep the constant sample
thickness of 130 ym. The samples are cured at 60 °C for 16 h and
peeled off.
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Figure 1. Schematic diagram of the process for fabricating particle-
embedded PDMS pillars from silicon templates: (a) silicon template
with an array of square holes, (b) mixture of PDMS and particles
poured onto silicon templates, and (c) cured PDMS pillars with
particles once peeled from silicon templates.
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where C,, C,, and C; are constants with values of 0.549 N, 0.07516 N,
and 0.025 mm, respectively; R is the radius of the durometer’s indenter
(R = 0.395 mm); y the Poisson’s ratio (estimated to be u = 0.50*%%°);
and Sh, is the shore A value of the material.

3. RESULTS AND DISCUSSION

The conventional method to tune the Young modulus of
elastomers involves chan%ing the mass ratio of the base resin to
the curing agent.'®'7***" We have prepared microfiber array
samples with various concentrations of curing agent as a control
case, in order to later provide a comparison with regard to
mechanical and friction properties with PDMS embedded with
different types and concentrations of particles. The curing
temperature affects the Young modulus, structure, and
performance of PDMS."” In this study, the curing temperature
of 60 °C is chosen for PDMS and the composites. The
relationship between the friction behavior of adhesive patch
and Young modulus of PDMS with different mass ratio of the
curing agent to the PDMS base is displayed in Figure 2. As the
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Figure 2. Friction (black crosses) and Young modulus (red circles) as
a function of mass ratio of the PDMS curing agent to PDMS base
resin. The lines are drawn to guide the eyes. Sample size = 1 cm X 1
cm.

The PDMS modulus can also be varied by mixing the PDMS base
resin with varying mass ratio of the PDMS curing agent. Here, the
mass ratio of curing agent to PDMS base resin is varied from 0.075 to
0.125. The mixture is sonicated for 15 min, followed by degassing in a
vacuum chamber to eliminate bubbles. After all visible bubbles
disappear, the mixture is poured onto silicon templates, followed by
another degassing to remove any bubbles introduced during the pour.
The samples are cured at 60 °C for 16 h and peeled off. The thickness
of the sample is 130 pm.

Friction Testing. The friction of the patch is measured against a
glass slide (VWR) using a standard pulley setup, described
previously.”* A normal load of ~0.18 N is distributed over the sample
using a soft rubber patch for consistent contact, and weight is
progressively added to the pulley until the sample detaches from the
glass. Each sample is tested five times, and the run with the highest
friction is recorded. Between each run, the glass slide is rinsed with
acetone and wiped dry, and the sample is cleaned with isopropanol
and blow-dried with nitrogen.

Young Modulus Measurements. Thick (~6 mm) PDMS or
particle/PDMS composite samples are prepared and the stiffness of
sample is measured with a Type A shore durometer (Intercomp),
according to ASTM Standard D2240. Each sample is tested several
times at different locations and the average shore A value is used to
estimate the Young modulus of the material using the relationship
shown below:*”

amount of curing agent increases, the Young modulus of the
cured PDMS increases significantly, from 2.22 MPa to 4.27
MPa. Because the curing agent is responsible for cross-linking
the siloxane oligomers in the base resin, the increased amount
of curing agent is consistent with a higher degree of polymer
cross-linking and a correspondingly higher stiffness,>>>> which
is consistent with a previous study.

Figure 2 shows that the ratio of curing agent to PDMS base
resin also significantly affects the friction performance of the
samples. As the ratio increases, the frictional force of the pillars
decreases sharply, from 3.5 N to 2.2 N. This decline in friction
can be attributed to two factors. As the curing agent component
is increased, the actual contact between the top of the pillars
and the counter-surface is reduced, because of the increased
stiffness of the pillars. In addition, the bending flexibility of the
pillar elements is reduced as the material stiffness increases,
causing fewer pillars to come in contact across the entire
sample. As such, an inverse trend is observed between the
friction and stiffness, as a function of the added curing agent.

Increasing the amount of curing agent in the PDMS pillars
enhances the Young modulus, but sacrifices the friction of
sample. In order to obtain improved stiffness and also retain
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high friction, Fe;O, and SiO, particles with different contents
are incorporated into PDMS pillars. The Young modulus and
the frictional force of PDMS pillar array with different weight
percentages of embedded Fe;O, are plotted in Figure 3. The
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Figure 3. Friction behavior (black crosses) and Young modulus (red
circles) of Fe;0,/PDMS composite with various weight percentages of
Fe;0, particles. The lines are drawn to guide the eyes.

mass ratio of the curing agent to PDMS base is fixed at 1:10. As
the concentration of Fe;O, increased, the Young modulus of
the composite monotonically increases. Young modulus of a
comp051te material (E.) can be approximated by the following
formula:>

E =VE_ + VPEP (2)

where V,, is the volume fraction of the matrix, V, the volume
fraction of the particles, E the Young modulus of the matrix,
and E, is the Young modulus of the particles. Because the
Young modulus of the Fe;O, particles is larger than that of the
PDMS, the Young modulus of the composite is expected to
increase as the volume fraction of the Fe;O, particles in PDMS
increases.

However, the resulting friction behavior is observed to be
more complex. When the weight percentage of Fe;O, in PDMS
is <20%, the friction force of Fe;O,/PDMS pillars decreases as
the Fe;O, content increases. When the weight percentage of
Fe;0, is >25%, the frictional force of the composite pillars is
enhanced by increasing the concentration of Fe;O,. The initial
decrease in friction can be explained by the increased stiffness
with the addition of increasing amounts of Fe;O, particles.
Similar to the case where the material stiffness was varied by
additional curing agent, an increase in stiffness may reduce both
the number of pillars in contact with the glass counter-surface
and the interfacial surface area between each pillar and glass.

To help explain the counterintuitive trend above 25 wt %,
SEM images are employed to observe and compare the particle
distribution at low and high Fe;O, concentrations. Figure 4
shows SEM images of PDMS pillars embedded with 15 wt %
Fe;O, particles. It can be observed that the particles are
distributed uniformly inside of pillars as well as in the backing.
The embedding of Fe;O, particles into PDMS can reduce
friction by preventing direct contact of the top pillar surface
with the glass.

SEM images of 35 wt % Fe;O,/PDMS samples are shown in
Figure S, going from the pillars (Figure Sa) to the backing
region adjacent to the pillars (Figure Sb) to the other side of
the polymer backing (Figure Sc). The results indicate that
statistically the concentration of Fe;O, particles in the backing
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Figure 4. SEM images of 15 wt % Fe;0,/PDMS composite pillars: (a)
cross-sectional view of the pillars part, (b) cross-sectional view of the
backing adjacent to the pillars, (c) cross-sectional view of the bottom
of backing part, and (d) top view of the pillars.

Figure 5. SEM images of 35 wt % Fe;0,/PDMS composite pillars: (a)
cross-sectional view of the pillars part, (b) cross-sectional view of the
backing adjacent to the pillars, and (c) cross-sectional view of the
bottom of backing part.

adjacent to pillars is less than that observed in the backing
bottom. The images indicate that the particles distribute
nonuniformly in the material. Based on these results, we
present the following hypothesis. It is observed that the
viscosity of the Fe;O,/PDMS mixture increases as the weight
percentage of Fe;O, exceeds 20%. This, in turn, may hinder the
dispersion of the particles to form homogeneous composite
pillars. In particular, this may be the case inside the pillars, given
that the cross-sectional area of each pillar is 10 ym X 10 ym
(Figure 4d) with a length of 20 pm, while the backing part of
the adhesive is much thicker. Thus, we hypothesize that the
Fe;0, particles in high viscosity polymer mixture are hindered
from diftusing into the pillars. As such, for large Fe;O, loading,
the top region of the pillars may remain soft, because of the
reduced density of Fe;O, particles in that region. Because the
frictional force is mainly dependent on the top surface of pillars,
the softer pillar top results in increased friction performance, as
observed in Figure 3 with the content of Fe;O, particles above
20%.

This hypothesis is further verified by atomic force
microscopy (AFM) (Digital Instrument Multimode Nanoscope
IIIA) characterization of Fe;O,/PDMS composites. AFM
images (Figure S1 in the Supporting Information) show that
the roughness of the top surfaces of the pillars is different for
various loadings of Fe;O, particles. The top surface of the
PDMS pillar without any Fe;O, particles is relatively smooth,
with a root-mean-square roughness (RMS) of ~S5 nm. After
incorporating 15 wt % Fe;O, particles into PDMS, the top
surface of the composite pillar becomes rougher (RMS ~ 100
nm), which is attributed to the particles on the surface region of
the pillar. As the amount of Fe;O, particles reaches 35 wt %,
the roughness of the top surface of the pillar decreases (RMS =
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46 nm). This behavior is consistent with the SEM results and
the discussions above, which helps to explain why the friction of
Fe;0,/PDMS composite pillars decreases at first and then
increases with the increasing concentration of Fe;O, particles.

To test another type of embedded particles with a potentially
more uniform mixture, the incorporation of SiO, particles,
which are chemically more similar to PDMS, into PDMS was
investigated. Because SiO, particles several nanometers in size
are unstable, they aggregate to form larger particles with an
effective size of ~100—250 nm.*>*® Figure 6 exhibits the
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Figure 6. Friction behavior (black crosses) and Young modulus (red
circles) of silica/PDMS composite with various contents of silica
particles. The solid lines are drawn to guide the eyes.

friction behavior and Young modulus of silica/PDMS
composite pillars, as a function of weight percent of silica
particles. The mass ratio of curing agent to PDMS base is fixed
at 1:10. Similar to the case with Fe;O,, the Young modulus is
again increased as the amount of silica (which is much stiffer
than PDMS) is increased. This phenomenon is induced by the
strong interaction between the silica and PDMS.*® However,
compared with Fe;O,/PDMS composite pillars, the friction
behavior of silica/PDMS pillars is different. As the weight
percent of silica in PDMS pillars increases, the friction forces
remain constant, indicating that the friction property of silica/
PDMS composite is independent of the weight content of silica
particles in the composite.

The representative SEM images of PDMS pillars embedded
with silica are displayed in Figure 7. It can be observed that the

Figure 7. SEM images of 6 wt % silica/PDMS composite pillars: (a)
top view, (b) cross-sectional view of the backing adjacent to the pillars,
and (c) cross-sectional view of the bottom of backing part.

top surface is smooth (Figure 7a), and no obvious agglomerate
phenomenon is exhibited in the backing adjacent to the pillars
(Figure 7b) and the bottom of backing part (Figure 7c),
indicating that silica particles are embedded in PDMS pillars
and distributed homogeneously in the system. This is also
confirmed by AFM analysis, as shown in Figure S2 in the
Supporting Information, indicating a smooth surface with an
RMS value of 35 nm. It is well-known that the silica has a highly
porous structure, and the physical characteristics of fumed
silica/PDMS composite is not only affected by the total surface

area of silica, but also by pore volume of silica.®” Because of the
large surface area of fumed silica particles (~400 m*/g), the
behavior of fumed silica is dependent on the surface silanol
functional groups and the surface siloxane bond.** The
interaction between the surface silanol groups of the oxide
skeleton chains and the oxygen atoms of PDMS surface induces
a strong physical absorption and hzdrogen bonding between
fumed silica particles and PDMS.>> Once silica particles are
embedded in PDMS, although some of particles might
agglomerate, the size of aggregates is still small. Furthermore,
we hypothesize that the interaction between PDMS and
silica—in particular, the formation of “bound rubber” on silica
surface comprised of polymer molecules**—leads to silica
particles being covered by PDMS. Thus, the silica particles are
distributed uniformly throughout the sample. Also, the top
surface of the pillars remains essentially soft, even as more silica
particles are added. PDMS coverage on top of the pillars, as
well as the homogeneous distribution of silica particles in
PDMS, maintains the high frictional performance.

Figure 8 summarizes frictional performance as a function of
Young modulus for the PDMS pillars modified by the three
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Figure 8. Relationship between friction and Young modulus of the
three types of PDMS pillars in this study. Red circles represent PDMS
pillars with different weight percent curing agent, green crosses
correspond to Fe;0,/PDMS composite, and black triangles represent
silica/PDMS composite. The curves are drawn to guide the eyes.

ways discussed, namely, by varying the amount of curing agent
and incorporating stiff Fe;O, and silica particles that increase
the Young modulus of the PDMS matrix. While a high curing
agent ratio and stiff particles can increase the Young modulus of
the pillars, their influence on the friction is different. For PDMS
with an increased mass ratio of curing agent, Young modulus
increases and the friction force decreases sharply, because of the
reduced bending flexibility of pillars. For PDMS embedded
with an increasing content of Fe;O, particles, the frictional
force first decreases, because of an increase in the stiffness of
composite pillars, and then increases because of the
heterogeneous distribution of the Fe;O, particles, hindering
their incorporation inside the pillars and causing the top region
of the pillars to remain soft. By embedding silica in PDMS, the
Young modulus of the pillars increases but the frictional force
stays at the same level, which is attributed to the reaction
between the PDMS matrix and the silica particles, which allows
PDMS to cover the particles and keep the top region of the
pillars soft.*®
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4. CONCLUSION

Young modulus and friction behavior of Fe;O,/PDMS and
silica/PDMS composite pillars tailored for varied particle
concentrations are studied. The particles embedded in PDMS
pillars increase Young modulus of the pillars, but different
effects on the friction behaviors are observed. For Fe O,/
PDMS composite pillars, the frictional force initially decreases
with the increased density of particles, and recovers with further
addition of particles. In the case of silica particles in PDMS, the
resulting frictional force is maintained at a relatively high level,
independent of the density of silica particles. This is attributed
to the uniform distribution of the silica particles in PDMS and
their coverage with PDMS on the pillar tops.

The results show that, by embedding particles in PDMS
pillars, the frictional force can be tuned while increasing the
Young modulus. Compared with PDMS pillars with varying
curing agent, embedding stiff particles in PDMS pillars can keep
the frictional force relatively high while the stiffness is increased.
This may be useful in the practical design of synthetic gecko
adhesives, since they are often limited in performance, because
of fiber clumping.®> The modulus of pillars with particles can be
increased while adhesion and friction remain relatively
unaffected, which can allow the fabrication of longer pillars
without the potential problem of pillar clumping or collapse
due to low stiffness.
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Figure S1 shows AFM images of the top surface of Fe;O,/
PDMS composite pillars with different loadings of Fe;O,
particles: (a) PDMS pillar without any Fe;O, with a scan size
of 2.5 um X 2.5 ym (RMS =~ S nm), (b) 15 wt % Fe;O, in
PDMS composite pillar with a scan size of 6.0 ym X 6.0 ym
(RMS ~ 100 nm), and (c) 35 wt % Fe;0, in PDMS composite
pillar with a scan size of 4.0 pm X 4.0 um (RMS =~ 46 nm). The
z-range is 410 nm. Figure S2 shows an AFM image of the top
surface of 6 wt % SiO,/PDMS composite pillar with a scan size
of 6.0 yum X 6.0 yum (RMS = 35 nm) and z-range of 410 nm.
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.5b03301.
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