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ABSTRACT: Natural gecko adhesive structures consisting of
angled setae, branched into thin spatulas, have remarkable
properties including easily attachable and releasable anisotropic
adhesion. The geometrically asymmetric structures lead to
anisotropic adhesive properties. Inspired by the gecko, we
fabricated an array of micropillars with asymmetric spatula pads
from elastomeric materials. This paper describes the anisotropic
properties of the micropillars with spatula pads as established by
experimental measurements and observation together with finite
element analysis. The results indicate that the structural

difference of the spatula pad at one edge of the micropillar provides the anisotropic adhesive properties.
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B INTRODUCTION

Recent research in experimental biology and mechanics has
examined the unique properties of natural gecko adhesives,
including easy attach, easy release, self-cleaning, and many
others.' ™ These properties enable geckos to quickly climb walls
and walk upside down on ceilings while keeping their adhesive
feet clean enough to hold their body weight in most
environments, including their natural habitat and human
houses.** Those features have inspired engineers to develop
gecko-type adhesives for diverse applications that require easily
releasable adhesives, including household or medical tapes,
sporting goods, wall climbing robots, semiconductor carriers, and
many others.””'? The approaches vary depending on fabrication
methods, desired properties or targeted applications, and current
structural designs include vertical, angled, or hierarchical pillars
using diverse materials such as polymers, carbon nanotubes,
inorganic nanowires, or composites of these materials.">~>’
One structural design parameter involves the use of angled
micropillars, which can produce strong directional adhe-
sion.””'%*® Such micropillars mimic the natural hierarchical
fibrillar setae structures found on gecko feet, and typically have
thin and wide endings, or spatulas, at the tip, which branch from
the long slender setae. The thin spatulas maximize contact area
while the long slender setae provide compliance, i.e., a lower
effective modulus,® satisfying Dahlquist’s criterion for tack.
Importantly, changing the design of the micropillars’ endings
affects their adhesion properties. For example, studies have
shown that mushroom-shaped micropillars with thin wide flaps
at the end provide higher than normal adhesion.**"** Micro-
pillars with triangular-shaped tips have exhibited anisotropic
adhesive properties resulting from cracks on the triangular vertex
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or triangular sides.>* These mushroom-shaped and triangular-
tip-shaped micropillars terminate in thin and wide flaps that
encircle the end of the micropillars. Micropillars tipped with
asymmetric spatula-like terminals also provide higher than
normal adhesion.*"** And, thin flaps protruding from only one
side of the micropillars, similar to the gecko’s spatula, will provide
anisotropic adhesion that is determined by the thin flaps’
location. Hereafter, we call these thin flaps spatula pads.

Here, we report the anisotropic properties of micropillars with
spatula pads that were fabricated with conventional semi-
conductor processing technology. We describe methods for
fabricating the mold used for casting and curing the elastomeric
micropillars with spatula pads. Experimental measurements and
finite element modeling were used to investigate the anisotropic
properties of the fabricated micropillars, such as the adhesive
forces at retraction and their dependence on retraction angles
and direction. The one-directional spatula pads produced effects
that prevented delamination from starting at the edge of the
micropillar, resulting in higher adhesion when retraction was
opposite to the direction of the spatula pads.

B RESULTS AND DISCUSSION

The process for fabricating the array of micropillars with spatula
pads appears in Figure 1. We first made deep holes, followed by
the fabrication of shallow steps in silicon wafer using deep
reactive ion etching (DRIE) with masks of photoresist and SiO,,
respectively, as shown in Figure la. Applying voltage (~ 900 V
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Figure 1. Schematic illustration of the fabrication process, and scanning
electron microscopy (SEM) and optical images of micropillars with
spatula pads. (a) In the first step of the fabrication, sequential deep
reactive ion etching (DRIE) of a silicon wafer with masks of photoresist
and SiO, makes deep holes (size ~30 gm X 30 ym, depth ~90 m) and
shallow steps (size ~12 ym X 30 ym, depth ~3 yum), respectively. Period
of the square holes is 60 ym. (b) Anodic bonding process firmly bonds
the silicon wafer, with the shallow steps facing down, to Pyrex glass.
Opening the deep holes by removing the backing of the silicon wafer
through another DRIE process completes the fabrication process of a
master mold. (c) The casting and curing process of polydimethylsilox-
ane (PDMS) into the master mold makes replicas of (d) micropillars
with the spatula pads. (e, f) SEM cross-sectional images of the
completed master mold. (f) The SEM image clearly shows the flat spaces
for spatula pads, noted by a dashed circle. (g) Optical image of the
replica micropillar array. (size ~2 cm X2 cm) (h) SEM image of the
completed micropillars with spatula pads.

with a current of 40 mA) at raised temperature (~350 °C) and
pressure (~5 N/cm?), we stably bonded the silicon mold, with
holes facing down, onto Pyrex glass. Opening the deep holes by
etching away the backing with another DRIE process completed
the fabrication process for the master mold as shown in Figure
1b. Polydimethylsiloxane (PDMS) was cast into the master
mold, then cured and peeled away, creating a simple means to
produce elastomeric replicas of the micropillars with spatula
pads, as shown in panels ¢ and d in Figure 1. Peeling the replicas
starting from the side opposite the spatula pads prevented the
thin spatula pads from tearing off. See the Experimental Section
and Figure S1 in the Supporting Information for further details.
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Figure le is a scanning electron microscopy (SEM) image of a
cross-section of the completed master mold, which consists of
deep square holes with edge lengths of 30 #m and depths of 90
um. The center-to-center distance of the square holes is 60 ym.
Each square hole has one shallow space of ~12 ym X 30 ym, with
thickness ~3 pm protruding horizontally to one edge at the
bottom, as shown in the magnified image of Figure 1f. The
magnified image also confirms the solid bonding between the
structured silicon wafer and Pyrex glass. Degassing for 3 h was
sufficient to allow the deep squares holes and shallow spaces to
be filled with a mixture of silicone elastomer base and cross-
linking agent. The PDMS mixture was then cured at 70 °C for 2
h. This fabrication technology can be scaled up to any size of
silicon wafer, however, we confined the size of the master mold,
and thus, the array of micropillars with spatula pads to 2 X 2 cm*
as shown in Figure 1g. The SEM image of Figure 1h clearly shows
the micropillars with spatula pads. Each elastomeric micropillar
has a thin spatula pad with a thickness of 3 ym, protruding 12 ym
horizontally out of one edge of the micropillar tip.

This asymmetric structure, with spatula pads overhanging one
edge, provides anisotropic adhesive characteristics that depend
on the angle at which the pad is detached. To examine the
detailed performance of the micropillars with spatula pads, we
built a measurement apparatus consisting of a multi-axis force
sensor and multi-axis microstage. The microstage could be
programmed to move through a predefined path, while the
bottom of the micropillars were observed through a glass
substrate with a microscope mounted on top, as shown in Figure
2a. See the Experimental Section for further details on the
measurement apparatus.

Figure 2b illustrates the methods used for measuring anistropic
adhesive characteristics upon detachment. The array of micro-
pillars with spatula pads (~7 X 7 mm?*), mounted on the force
sensor, approaches a flat transparent glass substrate, makes
contact, and then retracts from the substrate at an angle either
along (Halong) or against (Hagainst) the orientation of the spatula
pad. In other words, retraction in the direction that is opposite to
the orientation of the spatula pad is called “along” with the angle
B.iong- In contrast, retraction in the same direction as the spatula
pad orientation is denoted as “against” with the angle 0,
Careful alignment was used to ensure the planar body of the
micropillar array was maintained parallel to the glass substrate
when approaching vertically to the substrate, and when retracting
at an angle of 0, Or O,g.inc aWay from the substrate. A flat glass
substrate was used to avoid any effects on measurement caused
by a spherical substrate.> We used a dual-axis tilting stage to
ensure the micropillars all contacted the flat substrate
simultaneously. See the Experimental Section for further details.
We programmed the micropillar array’s vertical approach to the
flat glass substrate to be relatively slow (~20 ym/s) to avoid
overshooting, until the compressive force, i.e., preload, reached 2
N. Then the micropillar array was retracted at an angle of 6,,,,, or
0.gainst from the substrate at 200 ym/s. The retraction speed was
high enough to ensure that the micropillars detached
simultaneously, because at a lower retraction speed many of
them would detach individually, even though the geometry of the
micropillars was uniform.>® See Figure S2 in the Supporting
Information for effects of the preload and retraction speed.

The measurement results, as shown in Figure 3, describe the
anisotropic adhesive characteristics of the micropillar array with
spatula pads according to the retracting direction. Figure 3a and
3b present the normal and shear forces measured when the
micropillar array vertically approached and retracted from the
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Glass substrate

Figure 2. Experiment set-up and measurement methods for the
micropillars with spatula pads. (a) Optical image of the experimental
setup to characterize adhesion properties of the micropillar array. The
custom-built experimental setup consists of multi-axis force sensors and
programmable motorized microstages to characterize adhesive forces on
a smooth glass substrate while monitoring the micropillars with an
optical microscope mounted on top. (b) Schematic illustration of the
measurement method. The micropillar array approaches a glass
substrate vertically. Once the normal load reaches a preload of 2 N,
the micropillar array retracts with an angle, 6,1, or 0 from the glass
substrate.

against

glass substrate along and against the spatula pads at 60°. At lower
retraction angles (< 50°), including dragging the spatula pads
horizontally, the thin soft spatula pads exhibit an extra effect,
overturning in the region of compressive normal force because of
shearing. See Figure S3 in the Supporting Information for details.
When approaching vertically, the normal force, plotted in red, is
compressive, negative and turns to tensile, positive, during
angled retraction. The sign of shear resistance, plotted in black,
depends on the direction of retraction. The normal adhesive
force (~0.59 N) along the spatula pads is 2.3 times higher than
the force (~0.25 N) against the spatula pads. Shear resistances
for along and against are 0.50 and 0.41 N, respectively.

‘When retracting at a higher angle of 70°, as in Figure 3¢, d, and
80°, as in Figure 3e, f, normal adhesive forces along the spatula
pads are larger than those against the spatula pads at each angle;
however, they increase as much as 1.14 N and 0.57 N for 70° and
as much as 1.75 N and 1.09 N for 80°, respectively. These results
indicate that the asymmetric geometry of the spatula pads
provides anisotropic effects in adhesion. The adhesive force at
normal retraction, i.e., an angle of 90° is 1.83 N. Figure 3g shows
the ratio of normal adhesive forces at retraction for along and
against. We repeated the measurement 20 times at each angle.
Although the normal adhesive force is larger at a higher retraction
angle, the ratio of normal adhesive forces is relatively lower at
higher retraction angle. The ratios of the normal adhesive forces
are 2.3, 2.0, and 1.6 for 60, 70, and 80°, respectively.

The adhesive forces per unit area of the micropillars with
spatula pads (normal, 5.1—37.3 kPa; shear, 2.2—10.2 kPa;
normal/shear, 1.2—16.7) were relatively low compared with a
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Figure 3. Measurement results of the micropillars with spatula pads
depending on retraction direction and angle. (a, b) Characteristics of
normal and shear forces of the micropillars when retracting at 60° (a)
along and (b) against the spatula pads. Compressive normal force
reaches 2 N without changes in shear force when the array of
micropillars approaches the glass substrate vertically. During retraction
along the spatula pads at 60°, normal force changes to adhesive force
with a peak of 0.25 N. For the same experiment against the spatula pads,
the maximum normal adhesive force is 0.59 N. (c—f) Normal and shear
forces of the micropillars when retracting at (c, d) 70 and (e, f) 80°.
Normal adhesive forces are (c) 0.57 and (d) 1.14 N, and (e) 1.09 and (f)
1.75 N, respectively, when retracting along or against the spatula pads at
70 and 80°. Normal forces, along the spatula pads, are larger than forces
when retracting against spatula pads. (g) Ratio of normal adhesives
forces of the micropillar array at detachment when retracting with angles
of O,1ng and 0,4, The measurement was repeated 20 times at each
retraction angle. The normal adhesive forces are 2.3, 2.0, and 1.6 times
higher at the angle of 60, 70, and 80°, respectively, when retracting
through 0, than for 6, although adhesive force increases at higher
retraction angle.

gecko’s natural setal array, which consists of hierarchical nano
and microstructures (normal, 48 kPa; shear, 184 kPa; normal/
shear, 0.26)."*%’ Although the determination of adhesive forces
depends on the measurement methods, e.g., flat or spherical
contact surfaces, the normal adhesive forces reported for
mushroom-shaped micropillars are relatively higher than those
reported here, because the thin and wide ﬂags completely
surround the micropillar tips (normal, 180 kPa;*° normal, 60.6
kPa®), see Table S1 in the Supporting Information.

Here, the anisotropic adhesive characteristics are attributed to
the thin spatula pads extending from the bottom of the
micropillars horizontally through a single side of their edges.
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Figure 4a—c shows the bottom view, side view, and finite element

method (FEM) model, respectively, of the micropillars in
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Figure 4. Optical microscope images and finite element method (FEM)
results of the micropillars in contact with an optically transparent glass
substrate. (a) Bottom and (b) side view of the micropillars with spatula
pads preloaded vertically onto a glass substrate. The images indicate that
the (a) bottoms of the micropillar and spatula pad are in contact with a
glass substrate and (b) the micropillar is straight up in the neutral
posture. (c) FEM results of the micropillar with spatula pads in neutral
state without any shearing. (d) Bottom and (e) side view of the
micropillars sheared slightly along the spatula pads. The dark area
indicated by the dashed rectangles shows a delaminated region. The
images clearly indicate that delamination starts from the bottom
between the spatula pad and micropillar. The spatula pads are still in
contact even after the delamination starts. (f) FEM result for the tensile
stress of the micropillars whose bottoms are fixed and tops are displaced
by 12 yum along the spatula pad. The dashed arrows indicate the places of
maximum tensile stress in the micropillars. The point where the
maximum tensile stress occurs in the FEM results agrees with the points
where delamination starts as observed experimentally. (g, h) Image of
the micropillars sheared against the spatula pads. Delamination that
starts from the heel of the micropillars provides a better chance to
propagate, resulting in lower adhesion. (i) The FEM result also indicates
where the maximum tensile stress occurs in the micropillars when the
top of the micropillars are displaced by 12 ym from the spatula pad. The
point of maximum tensile stress, i.e., the heel of the micropillar, also
agrees well with the experimental results. (j, k) FEM results for the
bottom surface of the micropillar when the top of the micropillar is
displaced by 12 ym (j) along and (k) against the spatula pad.
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contact with the glass substrate in neutral state, i.e., without
shearing. In this condition, micropillars and spatula pads are in
contact with the glass substrate. With a slight shearing of the
array, by about 12 yim, delamination starts from around the area
where the micropillars and spatula pads intersect, which are the
dark regions noted with the dashed squares in Figure 4d. The side
view of the micropillar in Figure 4e clearly shows delamination at
the bottom of the micropillar, while the tip of the spatula pad is
still in contact with the glass substrate. The FEM model, with an
assumption of a fixed boundary at the bottom, indicates that the
maximum tensile stress occurs around the intersection of the
micropillar and spatula pad, noted by a dashed arrow in Figure 4f.
The place of maximum tensile stress from the FEM analysis
matches well with the delamination observed experimentally. See
Figure S4 in the Supporting Information for the geometric
parameters in the FEM analysis. The experimental observation
and FEM model indicate that the concentrated tensile stress
initiates delamination around the intersection while the other
regions remain in contact. In contrast, panels g and h in Figure 4
show delamination starting from the heel of the micropillar, the
side opposite the spatula pad, when the top of the micropillar is
displaced horizontally. The FEM model in Figure 4i, indicating
the maximum tensile stress around the heel of the micropillar,
matches well with the experimental observation.

In addition to the difference in where delamination starts,
there is a difference in the location of maximum tensile stress
depending on the shearing direction. The maximum tensile stress
around the heel when shearing against the spatula pads (~109
kPa), as in Figure 4i, is 1.15 times higher than the maximum
tensile stress around the spatula pads (~94 kPa) when shearing is
along, as in Figure 4f. This reduction in maximum tensile stress at
the interface is attributed to the relief of concentrated stress due
to the presence of the spatula pad. Panels j and k in Figure 4 show
the distribution of normal stress at the bottom surface of the
micropillar with spatula pad when the top of the micropillar is
displaced by 12 ym. As shown in Figure 4j, the tensile stress is
more uniformly distributed over the spatula pad, resulting in
reduced maximum tensile stress compared to the tensile stress
around the heel of the micropillar when displaced in the other
direction, as shown in Figure 4k. The FEM model also indicates
that shear resistance depends on the aspect ratio of the
micropillars. Low aspect ratio micropillars induce less tensile
stress, as shown in Figure S$ in the Supporting Information.

H CONCLUSION

Simple design parameters were used to fabricate micropillars
having spatula pads protruding asymmetrically at the tip, which
exhibited anisotropic properties based on the external manipu-
lation of the array, such as the variation of retraction direction or
angles. Further optimizing and adjusting of the size of the
micropillars and spatula pads, in addition to changing the
materials to have different mechanical properties, should lead to
further improvement in these anisotropic properties.

B EXPERIMENTAL SECTION

Fabricating the Master Mold for Micropillars with
Spaula Pads. We started the fabrication process by photolitho-
graphically patterning a silicon dioxide (SiO,) layer, (thickness
~300 nm) thermally formed on a double side polished silicon
wafer (thickness ~200 ym). Reactive ion etching (RIE) process
removed the exposed thermal silicon dioxide layer, forming hard
mask patterns of SiO, on Si wafer. The defined patterns of the
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thermal oxide layer provided a hard mask for the merged area
(~42 pm X 30 um) of the micropillars (size ~30 gm X 30 ym)
and spatula pads (size ~12 ym X 30 ym). A second lithography
with relatively thick photoresist (thickness ~7 pm) made
openings only for the micropillars (size ~30 ym X 30 ym).
Deep reactive ion etching (DRIE, Alcatel AMS200) was used to
make an array of square holes (size ~30 ym X 30 ym, depth ~90
um, period ~60 um). After ashing of the residual photoresist,
another DRIE process formed shallow steps (size ~12 ym X 30
um, depth ~3 pm) for spatula pads through the hard mask of
thermal SiO, layer. Each deep hole for a micropillar had an
attached shallow step for a spatula pad. We bonded the Si wafers,
with the pattered surface facing down, to Pyrex glass, through
standard anodic bonding process (temperature ~350°C,
pressure ~0.5 kgf/cm?, voltage ~900 V with a current of 40
mA) after depositing a thermal SiO, layer to protect the
structures in the subsequent etching process. We finally removed
the backside of the Si wafers through DRIE without any mask to
reach the bottom of the deep holes. Cleaning the master mold
with hydrofluoric acid (HF) completed the process. See Figure
S1 in the Supporting Information for details.

Forming PDMS Replicas of Micropillars with Spatula
Pads. Casting and curing methods*® were used to make replicas
of micropillars with spatula pads with the master mold. A mixture
of silicone elastomer base and cross-linking agent at a ratio of
10:1 (Sylgard 184, Dow corning) was poured into the master
mold after silane (Sigma Aldrich) treatment for 2 h. Degassing in
vacuum for 3 h removed air bubbles trapped in the shallow space
for the spatula pads. We controlled the thickness of the backing
layer of the replicas with a hydrophobic glass plate fixed to an
external post whose height was manually adjustable. We cured
the PDMS mixture in the mold at 70°C for 2 h. Peeling off the
cured replica carefully from the side opposite the spatula pads
completed the fabrication process.

Building up the Measurement Apparatus. The perform-
ance of the micropillars with spatula tips was characterized with a
custom-built measurement apparatus that consists of a multi-axis
force sensor, (ATI Industrial Automation) multi-axis microstage,
(Cheungwon Electronics) and microscope.(Olympus) The
programmable microstage mounting an array of micropillars is
capable of moving to the desired location at a desired speed while
monitoring adhesive forces through a data acquisition board (NI
instrument) in real-time. We aligned the glass substrate mounted
on a dual axis tilting stage to the array of micropillars by visually
inspecting the contact regions between the micropillars and glass
substrate through the microscope.

Measuring the Adhesive Characteristics. We mounted
an array of the micropillars with the spatula pads (size of the array
~7 X 7 mm?) onto the force sensor equipped on the microstage.
The glass substrate was aligned parallel to the array of
micropillars using the dual-axis tilting stage so that the
micropillars made contact with the glass substrate almost at the
same time when the array on the microstage approached the
substrate. We also aligned one of the horizontal axes of the force
sensor to the axis of horizontal movement of the microstage
using a rotational stage to avoid off-axis errors. We cleaned the
samples with isopropyl alcohol (IPA) ahead of each experiment.
The microstage mounting the micropillar array was programmed
to approach the glass substrate normally until a normal preload
reached about 2 N. After reaching the desired preload, the
micropillars with spatula pads were retracted at desired angles
along or against the spatula pads at a constant speed (~200 ym/
s). We monitored adhesive forces in real time and collected the
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data with the multi-axis force sensor through a data acquisition
card with a sampling rate of 100 Hz. We repeated the
measurement 20 times along and against the spatula pads for
each angle.

B ASSOCIATED CONTENT
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lustrations of the fabrication process, overturning effects of
spatula pads, effects of retraction speeds and preloads, geometric
parameters and meshed elements for the FEM model, and FEM
results of the micropillars at the bottom surface. This material is
available free of charge via the Internet at http://pubs.acs.org.
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