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ABSTRACT: The adhesive properties of the gecko foot have
inspired designs of advanced micropatterned surfaces with
increased contact areas. We have fabricated micropatterned
pillars of vertically aligned carbon nanotube forests with a
range of pillar diameters, heights, and spacings (or pitch). We
used nanoindentation to measure their elastic and orthogonal
adhesion properties and derive their scaling behavior. The patterning of nanotube forests into pillar arrays allows a reduction of
the effective modulus from 10 to 15 MPa to 0.1−1 MPa which is useful for developing maximum conformal adhesion.

1. INTRODUCTION

The unique adhesive properties of fine hair multilevel
conformal systems commonly found in lizards (e.g., geckos,
anoles) and insects (e.g., stick insects, spiders) are a topic of
extensive research.1−18 Their ability to reversibly adhere to
virtually any surface and orientation has inspired many
potential applications, ranging from bioinspired artificial
analogues3−5 to flexible adhesive tapes.6 The adhesion arises
from weak van der Waals forces between the foot and the
contacted surface, but the adhesion is increased to large values
by the principle of contact splitting.1,7 Splitting one contact into
N contact for a given area will increase the adhesion by N1/2.
The biomimetic adhesive surfaces can be fabricated in two

ways, either bottom-up or top-down.6,10−17 The top-down
approach consists of fabricating lithographically defined
polymer hairs,10−14 while the bottom-up approach can consist
of growing forests of vertically aligned carbon nanotubes
(CNTs).6,16−18 However, it has still been difficult to achieve
adhesive performances matching those found in nature.19−22

We have yet to be able to fabricate an optimal hierarchical fiber
structure which provides a high adhesive force combined with
superior adaptation and reversible adhesion to dry rough
surfaces.
CNTs are well-known for their exceptional mechanical

properties and are one of the most promising materials to use
for gecko-inspired dry adhesives.16,19 CNTs have a Young’s
modulus of about 1 TPa, and we can vary the diameter of a
nanotube from 1 to 100 nm and grow them up to 5 mm high.
This combination of high aspect ratio, high rigidity, and
controllable height allows us to vary the strength, stiffness, and
flexibility to optimize the adhesion force.16,18,23 We can grow
vertically aligned CNT (VACNT) forests on surfaces by
catalytic chemical vapor deposition (CVD).15−18 We can
control the CNT diameter by the thickness of catalyst used,
and we can pattern the catalyst to create pillars of the VACNT
forests.

Qu et al.24 showed that single-walled carbon nanotube forests
(SWCNTs) had a high shear adhesion strength. The adhesive
performance was further improved by using aligned multiwalled
carbon nanotube (MWCNT) arrays with entangled tip
segments.16 Ge et al.6 showed that micropatterned CNT arrays
increased the shear adhesion compared to the nonpatterned
VACNTs since they prevented crack propagation during the
detachment. This shows that the contact splitting principle also
applies to VACNT arrays. Patterned surfaces were shown to
increase the adhesion to surfaces of varying roughness.20,25−29

Nevertheless, the existing literature has been largely aimed at
maximizing adhesive performance. There has been less
measurement of the basic elastic and adhesive properties as a
function of surface architecture. Therefore, in this work we
fabricate and systematically investigate adhesive properties of
patterned VACNTs in pillar geometries with a broad range of
pattern sizes, aspect ratios, and spacings. This is accomplished
by using the nanoindentation technique, which is a well-known
approach to measure hardness of materials and structured
substrates.30,31 Although commonly used for studying the
mechanical properties of materials, nanoindentation has been
rarely employed for measuring the adhesive properties of
VACNT arrays. Although atomic force microscopy (AFM) has
been used for small-scale indentation testing,32 the direct
application of loads in nanoindentation is advantageous
compared to the indirect loading with an AFM cantilever,
because of the extensive calibration of the cantilever that is
needed. Also nanoindentation enables a greater degree of
control and better analysis of the snap-on and pull-off forces at
the contact point during the approach and retract of the
probe.33
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In nondestructive nanoindentation testing, a small-scale
surface probe of specified geometry is brought into and out
of contact with a material surface, using a constant loading and
unloading rate. The load, displacement, and time are recorded
over the test, and they are analyzed using analytical techniques
appropriate for the material.34,35 Testing VACNTs using
nanoindentation is advantageous as we can test their properties
on the same length scale as the forests themselves. We can alter
the probed length scale merely by varying the tip size or
maximum penetration depth. This allows characterization of
either a single VACNT pillar or a patterned array of VACNT
pillars with variations in pitch (λ) between the arrays (Figure
1a). Interestingly, λ plays an important role in the adhesion
strength of VACNT pillars, highlighting a key parameter
previously overlooked in designing CNT-based gecko-like
structures.

2. EXPERIMENTAL SECTION
CNT Growth. Polished Si(100) (5 × 5 mm2) wafers are

used as substrates, covered with 200 nm thermally grown SiO2.
Al2O3 support layers and Fe catalyst layers are sputter
deposited from Al2O3 (99.99% purity) and Fe (99.99% purity)
targets, respectively. Electron-beam lithography is used to
pattern the Al2O3/Fe stacks for subsequent CVD growth of
VACNT pillar arrays. Arrays are patterned with spacings from 3
to 150 μm by lift-off. Nanotube CVD follows the process
previously described by Zhong and Wirth.36,37 Samples are
exposed to an atmosphere of 500 sccm H2 and heated to 700
°C in 5 min for the pretreatment step. The total pressure is
kept at 15 mbar. The CNTs are grown in a gas flow of 460:40
sccm H2:C2H2 for 5 min. Upon completion of growth, the
substrate is cooled to room temperature under 500 sccm H2.
The growth time is varied to control the VACNT heights
ranging from 170 to 230 μm. The individual pillar diameters
range between 15 and 150 μm.
Adhesion Measurements. Adhesion tests were performed

using a UBI 1 (TI-700, Hysitron Inc.) with a sapphire spherical
tip (radius of 400 μm). A displacement controlled trapezoidal
loading profile with 10 s load, hold, and unload times each were
used.30,31 The measured adhesive forces were normalized by
the actual contact area between the pillar surfaces and the
indenter. The actual contact area was calculated using the law
of cosines and an area of πr2 (Figure 1b), assuming the
apparent contact area is the ratio of the cross-sectional area of
the indenter to the maximum displacement distance. The
maximum displacement is set to 4 μm to obtain a contact
diameter of between 98 and 112 μm.

The effective Young’s Modulus of the CNT pillars was
calculated using the Oliver−Pharr (OP) model38 from the
elastic unload stiffness, which is the initial slope of the
experimental unloading curve. During tip unloading, the
adhesion was measured as the maximum pull-off force required
to remove the tip from the material surface.

3. RESULTS AND DISCUSSION
Figure 2a,b shows representative arrays of patterned VACNT
pillars with various pillar diameters (15−150 μm) and

interpillar spacing (3−150 μm). These arrays were batch-
fabricated on a single substrate with a square symmetry. These
values are similar to those found in gecko species, which act to
prevent the undesirable lateral collapse of high aspect ratio
patterns, which can be detrimental to adhesion.6 An individual
100 μm pillar (Figure 2c) of VACNTs is clearly seen in the
cross-sectional SEM image in Figure 2d. The multiwalled
nanotubes have an average diameter of 10 nm and ∼8 walls.

Figure 1. Schematics of the patterned VACNT pillar arrays (a) with diameter, D, height, H, and pitch distances between the structures, λ and (b)
subjected to the nanoindentation test. The actual contact area (outlined as red cylindrical tops) measured via nanoindentation varies with preload
and is calculated based on the indentation depth, h.

Figure 2. Microfabricated vertically aligned carbon nanotube setae and
spatulas. SEM images of top view (a) and three-dimensional view (b)
of VACNTs pillars with different pillar widths (15−150 μm) and pillar
spacing distances. The minimum interpillar spacing is 3 μm. An
individual 100 μm diameter pillar (c) comprised of well-aligned
multiwall carbon nanotubes (d) with curly entangled nanotubes ends
(d, inset).
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A characteristic nanoindentation adhesion test is comprised
of pressing the tip into the patterned sample, followed by
unloading it at a constant rate and finally obtaining a distinctive
(and often abrupt) pull-off force representing the adhering
surfaces. Figure 3 shows a typical load versus displacement
curve obtained during the nanoindentation with the loading,
unloading, and pull-off adhesion forces.

Conventional analysis of nanoindentation was based on the
Hertz contact model, applicable for ideal materials experiencing
infinitesimal deformation at the loading process. This is a hard
contact model which ignores the adhesive interaction. The OP
model on the other hand includes both the elastic and the
adhesive force. The compressive parts of the force−distance
curves in our study were analyzed using the OP model, while
meeting the conditions of a rigid-parabolic indenter and
nonlinear unloading characteristics of the load−displacement
curve (Figure 3), yielding the effective Young’s modulus.38

The initial unloading stiffness, S, obtained from the slope of
the unloading curve (Figure 3) is given by

π
= =S

dP
dh

E A
2

r (1)

where Er is the effective modulus of the surface and A is the
cross-sectional contact area of the indenter at maximum
displacement. Given that the tip’s stiffness is considerably
larger than the sample’s, the effective Young’s modulus in OP
theory37 is then

ν
=

−
E

E
(1 )r 2

(2)

where E is the Young’s Modulus and υ is Poisson’s ratio. The
Poisson’s ratio can be taken as zero for VACNT forests.39

The Young’s modulus of our uniform VACNT forest is 15
MPa, which compares to the Young’s modulus of a single CNT
of about 1 TPa. The forest has an area fill factor, f, of about 5%.
If the forest is modeled as a cellular solid,40 the modulus scales
as f 2

=E E cf0
2

(3)

This would need quite a rather low prefactor c = 0.0067 to fit
the data.
The effective Young’s modulus for the patterned VACNT

forests as a function of pillar aspect ratio and pillar spacing is
shown in Figure 4. An increase in the pillar aspect ratio at
constant diameter decreases Er, and the effective modulus
decreases with decreasing pillar diameter (Figure 4a). These
results are consistent with previous reports by Glassmaker et
al.12 for polymer pillars, who show that the Young’s modulus
decreases with increasing aspect ratio due to fibril bending,
making the effective compliance more sensitive to the aspect
ratio.
Figure 5 plots the pillar’s reduced Young’s modulus vs fill

factor times pillar diameter, for various pillar diameters. This
plot shows that E varies as E ∼ E0(FD). Here F is the fill factor
of pillars, πD2/4λ2; D is the pillar diameter; S is the spacing;
and the spacing λ = D + S. We see that increasing the pitch can
be used to reduce the Young’s modulus from the unpatterned
value of 15 MPa to any chosen value. It is known that softer
effective moduli of the order of 0.1−1 MPa are useful for
adhesives as they allow a surface to conform to any local
roughness of the contacted surface, thereby increasing contact
area with the minimum increase in elastic energy. This is
related to the Dahlquist criterion.21,45

Figure 3. Typical load vs displacement curves. Considerable
differences are seen in the nanoindentation curves for VACNTs
(black line) and a standard polymer, i.e., polydimethyl-siloxane
(PDMS) (gray line), with similar dimensions.

Figure 4. Effective Young’s modulus as a function of (a) pillar aspect ratio and (b) pillar spacing between the nanotube pillars of various diameters.
Higher values of Er are obtained for larger pillar diameter, with decreasing trends for increasing aspect ratio (a) and the pillar spacing size (b).
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Returning to Figure 3, the indentation curves for the
VACNT pillars show a distinctive difference from those found
for conventional polymers such as polydimethyl-siloxane
(PDMS). First, there is a difference in the initial preloading
point, where the jump to contact plays an important role. Jump
to contact describes the sudden increase in forces which draws
the contacted material toward the approaching tip as it comes
within range of the van der Waals forces. This characteristic is
more clearly seen for the polymer surface than CNT surfaces
during preloading. During preloading, the force constantly
increases until the indenter reaches a certain depth, h, where
the maximum preload force is obtained. Figure 3 clearly shows
that a larger preload is required to achieve the same indentation
depth for VACNT pillars compared to polymers. According to
the Oliver−Pharr model,39 the material’s Young’s modulus can
be extracted from the slope of the early unloading. A significant
approach-retraction hysteresis is observed for the VACNT
arrays compared to patterned polymer surfaces (Figure 3). This
effect indicates that the VACNT arrays exhibit a more plastic
deformation and are considerably stiffer than the conventional
(predominantly viscoelastic) polymer response.
There is a large difference in the recovery and the pull-off

point between the VACNTs and PDMS samples. The pull-off
force is obtained at a positive value of indented depth (Figure 3,
black line), and the force gradually recovers to zero. This is due
to the plastic deformation of the VACNT arrays during loading.
For the more elastic and adhesive PDMS, the unloading curve
closely tracks the loading curve, while the pull-off force is
obtained at a negative indented depth (Figure 3, gray line) and
the load suddenly jumps to zero after the pull-off point.
Figure 6 shows the measured pull-off strength for preloads

on VACNT pillars of different diameter. As the actual contact
area during the nanoindentation measurement varies for each
preload, it directly influences the pull-off force. Thus, the pull-
off strength is used as a more representative value for adhesion
performance comparison. The pull-off strength is calculated by

σ = F
Aactual (5)

where σ is the pull-off strength; F is the pull-off force; and Aactual
is the actual contact area between the tip and the CNT pillar
surface (Figure 1b) at a certain nanoindentation depth (see
Experimental Section for details). We use this approach rather
than estimating a work of adhesion within the context of a
Johnson−Kendal−Roberts (JKR) model.41

While the adhesion strength decreases with increasing
preload at constant pillar diameter, in agreement with the
trend seen for patterned polymer surfaces,13 a higher pull-off
strength is clearly seen for VACNT pillars with larger diameter.
This is in contrast to patterned polymer surfaces, where
decreasing pillar radii show higher adhesion forces.13 According
to the contact splitting principle,1,25 the polymer-based
structures require smaller diameter structures to support larger
adhesive forces. Larger radii micrometer scale setae in addition
to the nanometer CNTs are needed for higher adhesion forces.6

VACNT pillars of greater heights at a constant pillar
diameter show an increased pull-off strength with increasing
aspect ratio (Figure 7a). This is similar to the increased
adhesion at larger aspect ratios found for polymer
patterns.13,28,42 This is explained by the fact that at the pull-
off point where adhesive fails the strain energy stored in the
stretched tubes is dissipated, contributing to the total work of
adhesion. In longer tubes, the stored elastic energy just before
pull-off is greater than in the shorter tubes with the same
diameter. Therefore, more energy is lost during the detachment
of higher aspect ratio VACNT pillars.20 The high aspect ratio
VACNT pillars provide adaptability to rough surfaces due to
the long fibrillar elements and an easy bending with minimum
of elastic energy storage. Thus, a higher aspect ratio not only
enhances the adhesion force but also increases flexibility,
allowing a conformation to surfaces of arbitrary roughness.43

The spacing between the adjacent VACNTs pillars is also
found to affect adhesion strength (Figure 7b). Plotting pull-off
strength σ against combinations of diameter D and spacing S,
we find that σ varies as

σ ∼ D S0.5 0.25 (6)

as seen in Figure 7c. There is considerable data in the literature
about adhesion of patterned polymer arrays as a function of
structural parameters (e.g., diameter, aspect ratio, shape,
etc.).13,20,44,45 However, there is much less data for CNT-
based structures and in particular no data for the variation of
pull-off strength with spacing. Figure 7b shows that an increase
in the spacing causes an increase in the adhesion strength. It
should be noticed that the pillar spacing is smaller than pillar
height here. Too small a spacing typically causes a lateral
collapse of the pillars during attachment.10−12 This causes a loss
of contact area between the VACNT pillars and the tip,
consequently reducing the adhesion strength. On the other
hand, a larger spacing between the pillars prevents the
neighboring pillar interactions. It is found that the spacing is

Figure 5. Variation of Young’s modulus with fill factor times diameter,
for pillars of different diameter, showing a linear relationship.

Figure 6. Variation of the pull-off strength as a function of preload
force for different VACNT pillar diameters. Lines are a guide to the
eye.
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a useful factor for controlling adhesion force and the design of
artificial adhesive surfaces.
It can be seen from Figures 4a and 7a that the larger pattern

diameter leads to higher adhesion strength and effective
Young’s modulus. Considering that pillars with larger diameters
exhibit larger actual contact area during a nanoindentation test.
Pillar spacing is an additional important factor found to
influence the effective Young’s Modulus. Larger spacing results
in lower pillar packing density, subsequently reducing the
indentation area, while the nanoindenter contacts fewer pillars.
Therefore, the effective Young’s modulus decreases with the
increasing pillar spacing (Figure 7b).
A successful mimicking of attachment pads with strong

adhesive forces similar to the gecko remains a highly desirable
and broadly explored goal.19,20,45−47 While structures on the
micrometer scale with various geometries are shown to be
sufficient for good adhesion to support larger adhesive forces,
contact splitting into finer elements is required. Carbon
nanotubes patterned into micrometer structures are very
promising candidates for this task as they include micro-
meter-size structures that mimic setae along with nanometer-
size structures that are analogues of spatulas. Table 1

summarizes the most common synthetic analogues to mimic
climbing animals’ performance.
The unique properties of the gecko foot arise from a

combination of sufficient softness (effective Young’s Modulus
<100 kPa) to conform to any surface roughness along with high
mechanical stability (with individual Young’s Modulus of 1−3
GPa).48 VACNT pillars with large aspect ratios (Figure 4a-b)
exhibit effective Young’s Modulus values similar to the gecko
setaes. Thus, taking into account the large Young’s Modulus of
a single nanotube (∼1000 GPa49), patterned CNT arrays are
promising candidates for gecko-foot-mimetic materials.
Since the pull-off force is directly related to the preload force,

it is more meaningful to compare the adhesion coefficient,
defined as the ratio between the pull-off force and the preload.
The higher the adhesion coefficient, the smaller the contact
force needed to engage the adhesive. The VACNT pillars in our
study are found to have an adhesion coefficient of 0.3 with a
normal adhesion force of 26 kPa, while for a natural gecko foot
hair the normal pull-off strength is found to be around 10 kPa.2

The adhesive characteristics, measured by nanoindentation, are
in agreement with the CNT adhesion measurements performed
on the macroscale by Qu et al.,16 which found the normal

Figure 7. Pull-off strength increases with pillar diameter. For a constant diameter, the pull-off strength increases for both the (a) aspect ratio and (b)
the pillar spacing. Lines are a guide to the eye. (c) Scaling relationship between pull-off strength and pillar diameter*(spacing)0.5 giving a slope of
0.55.

Table 1. Comparison of Adhesive Strength Measured by Indentation for Various Synthetic Materials

material Young’s Modulus (MPa) probe radius (cm) preload (mN) pull-off force (mN) pull-off strength (kPa) adhesion coefficient

organorods30 - 0.3 12 0.45 - 0.04
polyurethane50 0.62 0.005 0.1 0.012 - 0.12
PDMS51 1.9 0.25 0.5 0.07 2.15 0.14
polypropylene52 - 5 2 <0.05 - 0.4
PDMS13 1.5 0.25 2 1.1 10 0.5
polyurethane27 3 1.2 256 600 37 2.3
VACNT pillars 0.1−10 0.04 0.8 0.25 26 0.3
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adhesion of the CNTs to be 20 kPa. Nevertheless, it is
important to point out that further studies of the pull-off force
in the shear direction (expected to be stronger than those in the
normal direction) are essential to mimic the closer-to-nature
gecko movement which requires easy lifting-off and strong
shear binding-on.

4. CONCLUSIONS
We used nanoindentation to test the orthogonal adhesive
properties of pillar arrays of vertically aligned carbon nanotubes
with varied dimensions. Their adhesive properties were found
to depend strongly on the pillar diameter, aspect ratio, and
pillar spacing. Pillars with higher aspect ratio resulted in larger
adhesion and also increased the adaptability to rough surfaces
due to the smaller effective Young’s modulus. Increased spacing
also allowed stronger adhesive forces and prevents clustering
interactions between the neighbor pillars while lowering the
effective Young’s Modulus. Therefore, by altering these
parameters, VACNT pillar substrates can be tuned to provide
a variety of advanced adhesive-based applications.
Additionally, the VACNT structures display good adhesive

but nonsticky properties, in contrast to the previously
demonstrated tapes or polymer-based materials such as
PDMS used for synthetic adhesive mimics. This nonsticky
characteristic enables improved ability to climb, move, and peel
the feet or the structure off the surface. The patterned VACNT
surfaces are therefore a useful system from which to design
gecko-foot-mimetic adhesives.
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