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A
gecko's superb ability to adhere to
surfaces is widely credited to the
large attachment area of approxi-

mately 220 mm2 of hierarchical and fibrillar

structures on its feet.1 The combination of
these two features provides the necessary
compliance to the gecko toe-pad to effec-
tively engage a high percentage of the
spatulae, at each step, to any kind of surface
topography.2 The fibrils begin from rows of
lamellae. Each row consists of thousands of
primary setal stalks known as setae.3 Au-
tumn et al.4 estimated that there are 14 400
setae/mm2. Each seta is approximately
30-130 μm in length and 5-10 μm in
diameter consisting of three levels.5 The
secondary seta is about 20-30 μm in length
and 1-2 μm in diameter. At the end of each
secondary seta, 100-1000 spatulae with a
diameter of 100-200 nm form the points of
contact with a surface. The tips of the
spatulae are approximately 200-300 nm
in width,5 500 nm in length, and 10 nm in
thickness.6

Cumulative van der Waals interactions
have been attributed to be the main adhe-
sive mechanism7 achieved through contact
splitting of setae.8 However, it is the hier-
archical topography that allows for an
effective compliance to a surface by
decreasing the stiffness of each level of
seta9 with the spatulamaintaining sufficient
mechanical stability. To have the same com-
pliance to a surface without the hierarchical
structure, linear β-keratin setae would have
to have a length of 160 μm (aspect ratio of
100-160). At this aspect ratio, the mechan-
ical stability of the pillars would be insuffi-
cient, resulting in clumping and collapse of
the pillars. Clumping of the setae is undesir-
able as this would reduce the contact
points.10 In addition, these clumped or

bunched pillars would have higher stiffness
and thus lower compliance.10,11

Theoretically, Gao et al.12 have shown
that, by having a hierarchical structure, the
theoretical van derWaals adhesion strength
between surfaces can be reached. Numeri-
cally, Kim et al.13 showed that a hierarchical
setae structure provides geckos with the
adaptability to have large effective area of
contact with rough surfaces. He later
showed that the equivalent stiffness of a
three-level hierarchical structure is approxi-
mately 40% lower than a one-level linear
structure. Such reduction in stiffness re-
sulted in more than 100% enhancement in
adhesion energy.14

The focus of fabrication of gecko-mimetic
structures has shifted to obtain hierarchical
structures through various methods15-18

to replicate as close as possible the
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ABSTRACT A gecko's superb ability to adhere to surfaces is widely credited to the large

attachment area of the hierarchical and fibrillar structure on its feet. The combination of these two

features provides the necessary compliance for the gecko toe-pad to effectively engage a high

percentage of the spatulae at each step to any kind of surface topography. With the use of multi-

tiered porous anodic alumina template and capillary force assisted nanoimprinting, we have

successfully fabricated a gecko-inspired hierarchical topography of branched nanopillars on a stiff

polymer. We also demonstrated that the hierarchical topography improved the shear adhesion force

over a topography of linear structures by 150%. A systematic analysis to understand the

phenomenon was performed. It was determined that the effective stiffness of the hierarchical

branched structure was lower than that of the linear structure. The reduction in effective stiffness

favored a more efficient bending of the branched topography and a better compliance to a test

surface, hence resulting in a higher area of residual deformation. As the area of residual deformation

increased, the shear adhesion force emulated. The branched pillar topography also showed a marked

increase in hydrophobicity, which is an essential property in the practical applications of these

structures for good self-cleaning in dry adhesion conditions.

KEYWORDS: gecko-inspired adhesion . dry adhesion . branched porous anodic
alumina . hierarchical nanostructures
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topographic features found in geckos and possibly
satisfying all seven requisites for dry adhesion pro-
posed by Autumn et al.19 Greiner et al.16 fabricated
hierarchical pillars in PDMS. The base pillars were 50
μm in diameter and 200 μm in length. The top round-
ended pillars were 10 μm in diameter with aspect ratios
ranging from 0.5 to 2. Contrary to what was expected,
the pull-off test showed an order of magnitude lower
pull-off force for these hierarchical structures. This was
attributed to the lower packing density of the hier-
archical structure when compared to a linear structure
(aspect ratio of 1). Jeong et al.18 had similar observa-
tions. They fabricated a hierarchical structure with base
pillars of 5 μm diameter and height of 25 μm with
slanted top pillars (with flat ends) of 600 nm in
diameter and 3 μm in height. The shear adhesion of
this topography was tested against a flat surface and
compared with topography of a slanted linear struc-
ture with the dimensions of the top pillars. Significantly
lower shear adhesion was obtained for the hierarchical
structure (≈9 N/cm2) as opposed to the slanted linear
structure (≈21 N/cm2). In contrast, Murphy et al.17

reported a two-level hierarchical structure which has
higher adhesion when compared to the linear struc-
tures. The reason cited was that the hierarchical struc-
ture enabled the reduction of the effective modulus of
the material, thus leading to an increase in the contact
area experienced by the hemispherical indenter. The
materials reported in these investigations were typi-
cally soft polymers (elastic modulus of 3-19.8 MPa). It
was only Kustandi et al.15who reported the use of a stiff
polymer (PMMA) in his effort to fabricate hierarchical
structures by sequentially using two porous alumina
templates. However, clumping due to the densely
packed pillars was observed on the fabricated films.
As a result, the adhesion force of these structures could
not be determined accurately. These studies, with
several structural variations, however, were inconclu-
sive in proving the advantages of a hierarchical struc-
ture. The above-mentioned background serves as a
motivation for this present work.
Here, we present an effective method for the fabri-

cation of nanometer ranged hierarchically structured
stiff polymer films, using multi-tiered branched porous
anodic alumina (PAA) as template.20 Positive replicates
were obtained with capillary force assisted nano-
imprinting.21 With systematic analyses, we also put
forth possible explanations for the two distinct phe-
nomena observed: (1) the shear adhesion force of the
polymeric structured films increased progressively as
the films were repeatedly tested; (2) the hierarchically
structured films of branched pillars indeed outper-
formed the linear pillars in experimental shear adhe-
sion tests. The films with branched pillars showed a
150% higher shear adhesion force than those with
linear pillars. Lastly, contact angle measurements on
the fabricated topographical films show an increase in

hydrophobicity of branched pillars over linear pillars,
which imparts the self-cleaning ability of the gecko
adhesion system.19

The fabrication of hierarchically branched PAA tem-
plates has been explained in detail by Ho et al.20 To
solely demonstrate the specific effect of a hierarchical
structure in improving shear adhesion, a two-level
hierarchical structure was used. The overall heights of
both the linear and branched structures were fabri-
cated equal (see Figure S1, Supporting Information).
This is to avoid ambiguity in the shear adhesion
analysis and to ascribe the differences in adhesion to
geometrical differences without having to account for
the difference in pillar height. Figure S1a,c (Supporting
Information) illustrates the cross section and an SEM
image of the multi-tiered branched PAA template,
respectively. Figure S1b,d depicts the linear PAA. The
coding for the dimensions of the templates is also
given in Figure S1; namely, D, diameter of the first-
tiered PAA and diameter of the linear PAA; H, overall
height of the template; d, diameter of the second-
tiered PAA template; and h, height of the second-tiered
PAA template.
Positive replicates were obtained using capillary

force assisted nanoimprinting.21 The polymer used
was commercial grade Lexan polycarbonate (PC). It is
a thermoplastic material with an elastic modulus of
2.19( 0.09 GPa, comparable to the β-keratin of gecko
foot hairs.19 The pillar density obtained was approxi-
mately 6.2 � 106 pillars/mm2, which is in the same
order of magnitude as the natural gecko foot hair.13

The films were demolded by peeling off the PAA
template. The main advantage of demolding by peel-
off over wet-etching is that the clumping of high
aspect ratio pillars observed by other authors15 is
avoided. The schematic process to obtain the positive
replicates of multi-tiered branched PAA in PC is pro-
vided as Supporting Information Figure S2. The dimen-
sions of the branched pillars fabricated for shear
adhesion tests are the following: base pillars
of (20 nm in diameter and 5.5 ( 0.5 μm in-height
and top branch pillars of diameter and height of 90
(10 nm and 850 ( 50 nm, respectively. The corre-
sponding linear pillars utilized for comparisons were
280 ( 20 nm in diameter and 6.5 ( 0.5 μm in height.
Both samples had a residual bulk layer of thickness of
∼150 μm. Figure 1a,b shows some of the SEM images
of the branched pillars obtained by varying the anodiz-
ing conditions used in the fabrication of the PAA
template. The base pillars' dimensions in Figure 1a
are 280 ( 20 nm in diameter with height of 2.5 ( 0.3
μm and top pillars having a diameter and height of 90
( 10 nm and 490( 50 nm, respectively. The branched
pillars in Figure 1b had base pillars with diameter and
height of 280 ( 20 nm and 6.5 ( 0.5 μm, respectively,
and top pillars with diameter and height of 110 ( 10
nm and 600 ( 50 nm, respectively. The 10-15%
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standard deviation seen in the pillar dimensions are
due to the inherent property in the self-assembly
processes of the alumina template.22

Prior to quantitative shear adhesion force measure-
ments, qualitative tests were first carried out to com-
pare the shear adhesion force of branchedpillars versus
linear pillars. For these tests, the back of the sample
was glued to a (1.4 g) metallic disk. The sample was
then placed with the pillars facing against a cleaned
glass slide. With one end of the glass slide fixed acting
as a pivot, the other endwas raised. The linear pillars on
a metallic disk slid off at 64� tilt, while the branched
pillars remained on the glass even at a 90� tilt angle
(Figure S3, Supporting Information).
Subsequently, shear adhesion force measurements

were carried out to determine quantitatively the per-
formance of the branched pillars and to understand
the contribution of the hierarchical structure in adhe-
sion. The shear adhesion measurements were con-
ducted using an Instron 5543 single column universal
testing machine (UTM). A load cell was fixed to the
machine's crosshead. To translate vertical movement
to lateral movement for the shear tests, a ball-bearing
Teflon pulley aligned directly under the load cell was
used. The sample was then placed with the pillars
facing a glass slide. A magnetic disk weighing 45 mN
was glued on top of the sample to act as preload.
During shear adhesion tests, when the crosshead was
extended upward, the sample slid across the glass
surface and the corresponding shear force was regis-
tered instantaneously. After each measurement, the
film with the attached preload was separated from the
glass slide. The film (with the pillars facing upward) was
then observed under a microscope, and images of the
film were captured. This method of contact area
observation differs from those reported before, where-
by in situ video recording of the contact area was
employed while shearing23 or pulling-off24 of the

samples was performed. Here, a more practical
approach is used whereby the area of residual defor-
mation is employed to determine the area where
pillars have been in contact with the glass test surface.
This method was adopted because, consistently, it was
seen in the scanning electron micrograph (SEM)
images that the pillars after the shear adhesion experi-
ments remained in a deformed state, indicating
that the structures experienced plastic deformation
and thus incomplete recovery upon load removal.
The sample was then returned to be tested with
increased preloads. Preloads which consisted of mag-
netic discs were added on stepped increments of 25
mN, and the same procedure was repeated for each
increment. Each test was repeated with three samples.
Figure S4a,b (in the Supporting Information) illustrates
the schematic as well as the actual test setup,
respectively.
For each sample, a control image prior to the shear

test was first captured using an optical microscope.
As the microscope is limited by its field of view in
capturing the entire area of the sample, images were
taken in parts and subsequently stitched together
before analyzing themwith image processing software
(ImageJ, version 1.41o). Similar methods of area ana-
lyses have been performed by several research groups
using different image processing softwares.23,25 Figure
2a depicts the light contrast of the stitched control
image. The stitched image was originally in RGB color
and was subsequently quantized to 8-bit grayscale. On
the basis of the percentage of pixels of the light
contrast of the grayscale image, the percentage of area
with light contrast (area fraction) of the control image
was determined (see Figure 2c). The light contrast
observed, even in the control image, is the contrast
from the adhesion layer (layer between the sample and
the glass slide) as well as one or two scratchesmade on
top of the sample surface during handling. This was

Figure 1. SEM images of fabricatedhierarchically branchedpillared substrates. (a) Four branches (inset showsmagnified view
of pillars). The base pillars' dimensions are 280 ( 20 nm in diameter with an aspect ratio of 8-10 and top pillars having a
diameter and aspect ratio of 90( 10 nm and 5-6, respectively. (b) Five branches. The dimensions of the branched pillars are
280( 20 nm and 6.5( 0.5 μm for the diameter and height of the base pillars respectively, with top pillars having a diameter
and aspect ratio of 110 ( 10 nm and 5-6, respectively.
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used as a benchmark for all subsequent images.
The same procedure was applied after each shear force
measurement and after the removal of the preload.
Figure 2 panels b (light contrast image) and d (after
area analysis) show the optical images after a typical
shear adhesion test. The area of residual deformation
was then estimated by subtracting the area fraction
of each image after each shear force measurement
from the control image. This is based on the assump-
tion that the increase of area fraction was due to the
pillars that had been in actual contact with the glass
slide increased, which resulted in changes in the light
contrast for the contact area, and that some of this
deformation did not recover fully after shear even
with the removal of the preload. Thus, the observed
difference in the light contrast was taken to be the area
of residual deformation of the pillars with the glass
slide. The ambiguous spots due to focusing difficulty
and errors arising caused by stitching of the images
have been taken into account by carefully taking
three sets of images of the same sample after each

test. This is shown through the standard deviations in
the graphs.

RESULTS AND DISCUSSION

Figure 3a depicts the shear adhesion forces regis-
tered during mechanical testing. An increase of shear
adhesion force was observed for all of the substrates
when the shear adhesion tests were repeated with the
same preload (30 mN). Figure 3a shows that the
increase is linear. This observation has previously been
reported.23 While pristine (without pillar structures) PC
films did show increase of shear adhesion force during
repeated tests, the increase was minimal. The increase
in adhesion force for linear pillars was substantial.
However, the branched pillars showed a much steeper
ascent in consecutive measurements. This increase in
adhesion force for the branched pillars as compared to
the linear pillars can be assessed by calculating the
linear fitted slopes for the shear adhesion plots in
consecutive tests. The values obtained are 15.85 (
0.44 mN/test for branched pillars versus 4.88 ( 0.23

Figure 2. Stitched images of adhesive tapes taken with optical microscope. (a) Control images (prior to shear adhesion test).
(b) Images taken after a typical shear force measurement and the removal of preload. The light contrast differences between
(a) and (b) correspond to area of residual deformation (effective contact area after the removal of preload) of pillars with the
glass slide. Images of (a) and (b) were analyzed using image processing software (ImageJ, v1.41o) and are shown in (c) and (d),
respectively.
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mN/test for linear pillars. An explanation for this
observation is that shearing under a preload caused
the pillars to deform plastically to the same height
during each test resulting in side contact of the pillars
(see Figure 3b). The assumption of plastically deformed
pillars is supported by the branched pillars remaining

in a deformed state, indicating incomplete recovery
upon load removal (see Figure 3b). As schematically
shown in Figure 3c, due to the inherent non-uniformity
of the self-assembled fabrication processes of the
PAA template, there was a small variation in pillar
height. Thus, we postulate that, during the first shear
adhesion experiment, the taller pillars would be the
first points of contact with the glass surface. As the
pillars were being sheared, the pillars were plastically
deformed in the shear direction.26 As a result, the
overall height of the pillared topography was de-
creased, allowing the shorter pillars to come into
contact with the glass surface. In addition, greater
number of pillars made side contact to the test surface.
Consequently, with this behavior developing during
each consecutive test, there was a proportional
increase in the area of residual deformation, resulting
in higher shear adhesion force in the subsequent shear
test. This observation further demonstrates that the
pillars were not completely recovered after each test.
As such, the area of residual deformation could be used
as an indirect indication of the effective area of contact.
Theoretically, this increase would persist until all of
the pillars came into full contact with the glass slide.
However, as the samples were not completely flat
and due to the stiff residual bulk polymer substrate
(∼150 μm thick), full contact of all pillars could not
be realized.
Shear adhesion force measurements of substrates

with branched and linear pillars at different preloads
(from Instron UTM) are shown in Figure 4a. The max-
imum shear adhesion force, which can be considered
as the static friction force just before the substrate
starts to slide on the glass surface, was used in the
plotting of the graphs. For all preloads higher than 65
mN, the branched pillars exhibited higher shear adhe-
sion force than the linear pillars. Linear fitting of the
data points gives a slope of 1.39( 0.08 (R2 of 0.98) and
0.55 ( 0.04 (dimensionless) (R2 of 0.96) for branched
pillars and linear pillars, respectively. These slopes
denote the effectiveness of shear adhesion force of
the two samples against the smooth glass surface. This
translates to the branched pillars outperforming the
linear pillars in shear adhesionmeasurements by 150%
or 2.5 times (for the same pillars' height and base
pillars' diameter (refer to Figure S1)).
Figure 4b shows the estimated area of residual

deformation of the test substrates obtained from im-
age analysis for different preloads. Except at the very
low preload, higher area of residual deformation be-
tween the branched pillars and the glass surface was
recorded as compared to the linear pillars. As pre-
viously explained, this higher area of residual deforma-
tion of the branched pillars provides an explanation for
the higher effective shear adhesion force of the
branched pillars as compared to that of the linear
pillars as shown in Figure 4a. At the very low preload

Figure 3. (a) Shear adhesion force of branched, linear pillars
and pristine polycarbonate with repeated measurements
using same preload of 30 mN. Branched pillars show higher
absolute values of shear adhesion force and a marked
increase in shear adhesion force in consecutive measure-
ments. Linear fitted slopes are 1.60 ( 0.07 mN/test (R2 of
0.98) for pristine PC, 15.85 ( 0.44 mN/test (R2 of 0.99) for
branched pillars, and 4.88 ( 0.23 mN/test (R2 of 0.98) for
linear pillars. The slope indicates the increase in adhesive
force in each test for the same preload. (b) SEM image
showing the conditioning of the branched pillars after a
shear adhesion measurement. Circles highlight some of the
typical side contacts (outer surface area along the pillar in
contact with the shearing surface) of the pillars. (c) Illus-
tration of pillars conditioning for consecutive shear adhe-
sion measurements. (i) Variation in pillars' height means
that taller pillars will first be in point contact with the glass
surface. (ii) With shearing, pillars deform plastically in shear
direction resulting in side contact. (iii) Overall height of
pillars is decreased, allowing neighboring pillars to come
into contact with glass surface. This increases the area of
residual deformation (which could be an indirect indication
of effective contact area) and thus results in higher shear
adhesion force.
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region in Figure 4b, there is no significant difference in
the area of residual deformation between the
branched and linear pillars. Thus, consequently at
these low preloads, the shear adhesion force as shown
in Figure 4a registered similar values for both the
branched and linear pillars substrates. This finding
confirms the role that contact area plays in shear
adhesion.
Our studies indicating that the adhesion force of a

branched pillar topography is superior to that of a
linear pillar topography could be explained using the
classical beam theory.27 According to the theory, the
deformation of a beam may be described by

M ¼ EIK (1)

where M is the applied bending moment, κ is the
curvature, E is the Young's modulus, and I is the
moment of inertia of the beam's cross section. Collec-
tively, EI is referred as the flexural rigidity of the beam,
and it dictates the ease of deformation of the beam.
The smaller the value of EI, the more flexible is the
beam. For two different beams of the same material, E
will be the same, and their flexibility will be inversely
proportional to their moment of inertia I.
I for a circular cross section is πD4/64,28 where D is

the diameter of the linear pillar (see Figure S5a in the
Supporting Information). The diameter at the top of
the branched pillar, d, is ∼1/3 of the diameter of the

linear pillar, D. Therefore, the I at the top of a single
branched pillar is 1/34(πD4/64), which is significantly
(81 times) less than that of a linear pillar. There are four
branched pillars for every single linear pillar. Due to
dissimilar planes, only two out of four of the branched
pillars are assumed to act in unison as shown in Figure
S5b (see Supporting Information), the effective mo-
ment of inertia will be 2/34(πD4/64), which is 40 times
less than that of the single linear pillar. Hence,
the branched pillar configuration is significantly more
flexible than the linear pillar configuration. This
increase in flexibility gives rise to an increase in
effective area in contact (through side contact)26 to
a test surface (see Figure S5c,d in the Supporting
Information).
To further substantiate the explanation, the SEM

images in Figure 5a,b were taken for linear pillars and
branched pillars, respectively, after the same shear
adhesion test was performed. The images clearly show
that there are more branched pillars bent in the
direction of shear, thus indicating higher indicative
contact area with the glass surface.
The relationship between shear adhesion force and

area of residual deformation for both branched and
linear pillars is analyzed in Figure 4c. The linear fitted
slopes for branched and linear pillars are 65.2( 8.2 and
26.6 ( 5.6 mN/mm2, respectively. The physical mean-
ing of the values is, for every unit of increased area,

Figure 4. (a) Shear adhesion force versus preload for branched and linear pillars. Linear fitted slopes of 1.39( 0.08 (R2 of 0.98)
and 0.55 ( 0.04 (R2 of 0.96) for branched pillars and linear pillars, respectively. (b) Area of residual deformation (effective
contact area after preload removal) of pillars against glass slide versus preload. (c) Shear adhesion force of both branched and
linear pillars with respect to its area of residual deformation. Linear fitted slopes for branched and linear pillars are 65.2( 8.2
mN/mm2 (R2 of 0.90) and 26.6( 5.6mN/mm2 (R2 of 0.75), respectively. (d) Shear adhesion force per unit effective contact area
of these two types of pillars versus preload. Error bar indicates one standard deviation.
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there is an increase of 65.2 and 26.6 mN of shear
adhesion force for branched and linear pillars, respec-
tively. Branched pillars show a higher increase of shear
adhesion force with a smaller increase in area of
residual deformation as compared to the linear pillars.
This is most likely due to the top pillars of the branched
pillars being able to reach into the finer asperities of the
glass surface reaching an atomic gap of 0.3 nm.7

Consequently, there is an increase of van der Waals
attraction between the surfaces. These results are in
fact in agreement with the general equation for shear
adhesion force (friction force) of two sliding surfaces
(of molecular smoothness)29 given by

FSad ¼ μLþ ScAeff (2)

where μ is the coefficient of friction of pristine poly-
carbonate on glass surface, L is the preload normal to
sliding, Aeff is the effective contact area, and Sc is the
shear strength accounting for the intermolecular ad-
hesive force also known as van der Waals force.30 Sc
itself is a function of Δγ which is the adhesion energy
hysteresis (materials dependent) and δ (≈0.3 nm)7

which is the atomic gap between the surface and the
fibril for effective van der Waals attraction (eq 3).

Sc ¼ εΔγ=δ (3)

The term μL in eq 2 denotes load-controlled friction
and ScAeff denotes adhesion-controlled friction.31 This
equation shows that the shear adhesion force FSad is a
function of both normal load and effective contact
area, and that an increase in effective contact area will
result in an increase in shear adhesion force.
It may be debatable that eq 2 is not well represented

by Figure 4b, as the effective contact area may be
induced by the externally applied normal load as
discussed by Gao et al.31 However, the results in
Figure 3a, showing increasing adhesion force for the
same preload for repeated tests, indicate that the
effective contact area is not only a function of the
preload but also the actual structural state of the pillars,
which is reflected by the residual deformation.

Figure 4d is derived from the calculated shear
adhesion force per unit area of residual deformation
of the two types of pillars plotted against its respective
preloads. It shows that both the branched and linear
pillars initially show similar values of shear adhesion
force per unit area, but the difference increases as the
preloads are increased, indicating that the branched
pillars have superior adhesive performance. In addi-
tion, it also shows that, for linear pillars, shear adhesion
force per unit area approached saturation for a preload
of 90mN. In contrast, for branched pillars, although the
rate of increase of shear adhesion force per unit area
decreased with an increase in preload, it did not reach
saturation for the maximum preload investigated. This
could be understood from the perspective of collective
stiffness of the linear and branched pillars. The collec-
tive stiffness of the linear pillars seemingly reached its
maximum. This is equivalent to a compact film and, as
such, no amount of increase in preload would increase
the shear adhesion strength. However, the collective
stiffness of the branched pillars is lower than the linear
pillars, which is the reason why the adhesion strength
of the branched pillars has yet to reach saturation.
It is worth noting that the area of residual deforma-

tion for both the linear and branched pillars was
initially 1-3 mm2 and gradually increased to 3.5-
5 mm2 for linear pillars and 5-7 mm2 for branched
pillars after applying a preload of 210 mN. Given that
the size of the samples tested were 1�1 cm2, the area
of residual deformation corresponding to the area that
had been in contact could only reach 7% of the total
sample area. The reason for this low value is the low
compliance and unevenness of the thick and rigid
polymer backing film of ∼150 μm in thickness, which
prevented some of the topographic structures from
reaching the test surface. Hence having a thick backing
layer is detrimental in dry adhesion tests. Previous
authors have resolved this issue by fabricating adhe-
sive structures on thin and flexible substrates.11

Nonetheless, it can be seen from Table 1 that the
shear adhesion force of the hierarchical structures

Figure 5. SEM images of samples after shear adhesive testswere performed for (a) linear pillars and (b) branchedpillars.More
branched pillars bent in the direction of shear indicating more area of contact.
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produced in this work reached a value of 6.5 N/cm2,
which is 35% less in force than the shear adhesion force
of the natural gecko foot hair (β-keratin) (10 N/cm2).7

This could be due to the synergy of micro- and
nanoscale features of the natural gecko foot hair when
used in unison as optimized by nature. Table 1 also
shows the comparison of hierarchically structured
tapes fabricated in this work with those reported by
other authors. However, direct comparisons of shear
adhesion performance of the various reported syn-
thetic gecko-inspired adhesives are difficult as there
are variations in terms of the type of polymeric materi-
als used, the range of feature sizes as well as the type of
measurements conducted.
Another characteristic of highly dense topographical

structures is to change the wetting properties of a
surface. Kustandi et al.15 and Jeong et al.32 have
reported a marked increase on the contact angles of
water as the hierarchy of the topography on a surface is
increased. This phenomenonwas also observed for the
branched pillar topography fabricated in this work.
The water contact angle on a pristine PC surface
was measured to be 68.9 ( 2.7�, which increased to
113.9( 2.1� for linear pillars and 145.4( 3.9�for branched
pillars. Figure 6 shows the images of water contact
angles on pristine PC, linear pillar, and branched
pillar topographical substrates. Such increase in

hydrophobicity is important for the use of the hier-
archically branched pillar topography in gecko-like
adhesive applications for good self-cleaning ability,
especially for repeated usage as dry adhesive tapes.

CONCLUSION

We have successfully fabricated a gecko inspired
hierarchical structure on a stiff polymer by nanoim-
printing technique using specifically prepared multi-
tiered branched porous anodic alumina templates.
We have shown that the hierarchical structure im-
proves the shear adhesion force over the corre-
sponding linear structure by 150%. It was determined
that the effective stiffness of the hierarchical branched
structure is lower than that of the linear structure.
This allows for a more efficient bending of the
branched topography and a better compliance to a
test surface hence resulting in larger number of con-
tacts, i.e., larger contact area of dry adhesive films with
a hierarchical topography and as a result, a larger shear
adhesion force. The hierarchically branched pillar
structures also showed a marked increased in hydro-
phobicity which is a salient property required in prac-
tical applications of dry adhesives. Future work entails
reducing the rigidity and thickness of the backing layer
of the adhesive substrate to facilitate the conformal
contact to various surfaces hence improving the

TABLE 1. Comparisons of Normal and Shear Adhesion Forces of the Natural Gecko Foot Hair and the Fabricated

Hierarchical Structures As Reported

material type material (modulus) feature size type of measurement normal adhesion force shear adhesion force reference

hard β-keratin micro & nano macroscopic 1 10 N/cm2 7
PMMA (2.4 GPa) micro & nano not available 15
PC (2 GPa) nano macroscopic not available 6.5 N/cm2 this work

soft PDMS (1.8 MPa) micro microscopic ∼4 N/m2 not available 16
PU (3 MPa) micro microscopic ∼5.3 kN/m2 not available 17
PUA (19.8 MPa) micro macroscopic not available 9 N/cm2 18

Figure 6. Water contact angles and corresponding images of the topography for (a) pristine polycarbonate, (b) linear
polycarbonate pillar structure, and (c) branched polycarbonate pillar structure.
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adhesive force of dry adhesive tapes. Investigation
is planned on a third tier comprising of microscale
pillars to better mimic the natural gecko foot hairs for

higher shear adhesion. It is envisaged that such under-
standing will lead to optimal design and fabrication of
dry adhesives.

EXPERIMENTAL DETAILS

Template Fabrication. Commercially available aluminum
sheets (Goodfellow 99.999%, 0.25 mm thick) were cut to size,
typically 20mm� 30mm. The samplewas then electropolished
in a 1:4 mixture of 60% perchloric acid and ethanol at the
following conditions: constant potential of 25 V; temperature of
5 �C; time of 4 min. The sample was mounted onto a glass slide,
and the edges were insulated (with Elmer's E949 Squeez 'N
Caulk 6-Ounce, Clear) to prevent excess charge formation at the
edges thus avoiding non-homogeneous anodization across the
substrate. The sample was subsequently immersed into a
thermally insulated anodization bath containing the electrolyte,
with the bath placed on a cold plate to maintain constant
temperature. A platinum mesh acting as a counter electrode
was then immersed into the electrolyte. The positive and
negative terminals of a power supply were connected to the
aluminum sample and platinum mesh, respectively. Long ano-
dization was carried out using 0.3 M H3PO4 at constant voltage
of 130 V at 2 �C for 7 h. The alumina layer obtained was then
etched with a mixture of 45 g/L chromic(VI) oxide and 3.5 vol %
phosphoric acid at 55 �C for 30min. The sample was then rinsed
and dried before the second anodization step under the same
conditions for 5 min. The first tier was obtained by anodizing
with 0.3 M H3PO4 at a constant potential of 130 V at room
temperature for 4 h followed by pore widening in 5 wt % H3PO4

for 120 min. The second tier anodization was performed at
80-100 V using 0.15 M C2H2O4 acid at 0 �C. The current
stabilized almost immediately at around 1 mA (from a high
current on turning on the power supply). Subsequent increase
in current signaled the generation of the second tier of the PAA
template, and the process was then timed for 4 min. Subse-
quently, pore widening was performed for 90 min with the
same barrier layer thinning solution (5 wt % H3PO4) at the same
conditions.

Polymer Nanostructure Replication by Nanoimprinting. The fabri-
cated PAA template (1 � 1 cm2) was placed on top of a
commercial 250 μm thick polycarbonate (PC) film. This assem-
bly was loaded into an Obducat Nanoimprinter System (NIL 4”).
The temperature was raised to 175 �C (25 �C above Tg), and a
pressure of 15 bar was applied for 20 min under vacuum. The
assembly was then cooled to room temperature, and demold-
ing of the polymeric structures was performed by peeling off
the PAA template.

Qualitative Shear Adhesion Force Measurements. The sample was
cut into 1� 1 cm2 size. The back of the sample was glued using
superglue (cyanoacrylate adhesive) to a metallic disk (weighing
1.41 g and 16.26mm in diameter and 1.02mm in thickness). The
sample was then placedwith the pillars facing against a cleaned
glass slide. With one end of the glass slide fixed acting as a pivot,
the other end was raised. The angle at which the coin started to
slide was measured.

Quantitative Shear Adhesion Force Measurements. Shear adhesion
tests were performed at room temperature (∼22 �C) and
humidity of ∼70%. The shear adhesion measurements were
conducted using an Instron 5543 single column universal
testing machine. A 2.5 N load cell was fixed to the machine's
crosshead. To translate vertical movement to lateral movement
for the shear tests, a ball-bearing Teflon pulley aligned directly
under the load cell was used. A thin copper wire of 30 μm was
employed to connect the load cell to the test sample. A sample
(1� 1 cm2) was then placed with the pillars facing a glass slide.
Teflon-taped side guides eachwith 0.5mmclearancewere fixed
onto the glass slide on both sides of the sample to prevent the
sample from twisting during pullingwhen conducting the shear
test. As preload, a dead weight (45 mN) was superglued on top
of the sample, and then the copper wire was pulled to just taut.
The shear force was registered as the sample was sliding on the

glass surface when the crosshead was extended upward. The
sample was pulled at a constant speed of 5 cm/min with a total
displacement of 5 cm. After each measurement, the preload
was removed and the samplewas observed under amicroscope
where images of the contact area (at zero preload) were
captured. The sample was then returned to be tested with
increased preloads. Preloads were increased in stepped incre-
ments of 25mN, and the same procedure was repeated for each
increment. Each test was repeated with three samples. Figure
S4a,b (see Supporting Information) illustrates the schematic as
well as the actual test setup, respectively.

Estimation of the Area of Residual Deformation. For each sample, a
control image was first captured prior to the shear test using an
optical microscope. As there is limitation by the field of view of
the microscope in capturing the entire area of the sample,
images were taken in parts and were stitched together before
analyzing with an image processing software (ImageJ, version
1.41o). The stitched image was originally in RGB color and was
subsequently quantized to 8-bit grayscale. On the basis of the
percentage of pixels of the light contrast of the grayscale image,
the area fraction of the control image was determined. This was
used as a benchmark for all subsequent images. The same
procedure was applied after each shear forcemeasurement and
after the removal of the preload. The area of residual deforma-
tion (effective contact area at zero preload) was then estimated
by subtracting the area fraction of each image after each shear
force measurement from the control image.
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