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foil to create nanopits with large enough  D  int , followed by mild 
anodization and pore etching. [ 21 ]  

 Lee  et al . report a hard anodization process, offering a wider 
range of  D  int  and at a much faster rate. [ 22,23 ]  Several pore geome-
tries, including funnel shape, parabola-like ones, and hierarchi-
cally branched ones, have been demonstrated by combination 
of hard and mild anodization. [ 21,24–26 ]  Nevertheless, systematic 
variation of the tapered pore shape and study of their shape-
dependent mechanical behaviors have yet to be demonstrated. 

 Here, we created novel tapered nanopillar structures of dif-
ferent cross-sectional geometries over an area of ≈4.9 cm 2  as 
depicted in  Figure    1   by infi ltration and curing of epoxy resin 
within the corresponding AAO membranes as templates. First, 
a hexagonal array of concave pattern in an aluminum plate 
(2.5 cm in diameter) was generated by hard anodization, which 
was then utilized as a nucleation seed for the mild anodiza-
tion. Typical  D  int  obtained from mild anodization ranges from 
30–60 nm from sulfuric acid, 80–140 nm from oxalic acid, 
and 450–500 nm from phosphoric acid. [ 22 ]  However, it has not 
been possible to realize intermediate  D  int . In contrast, a hard 
anodization process provides a much wider self-ordering pro-
cessing window with  D  int  in the range of 80–370 nm. In order 
to realize the AAO template with various tapered porous struc-
tures and utilize it as a template for the preparation of polymer 
nanopillars, it is essential to control  D  int  in the larger end of 
the range (200–400 nm). If  D  int  is too small compared to the 
pore diameter, there will be little room for further pore enlarge-
ment. Conversely, if  D  int  is too large, the pore density and pillar 
density decrease, thus lowering adhesion force of nanopillars 
due to decreased contact area.  D  int  can be fi ne-tuned from 260 
to 350 nm by applying a voltage at 120–160 V during hard ano-
dization. In our study, the applied voltage for hard anodization 
was fi xed at 160 V to obtain  D  int  ≈ 350 nm, allowing for suf-
fi cient room for additional pore widening to realize various 
cross-sections. The vertical pore growth was controlled by 
anodization time at a rate of 0.5–0.6 nm s −1 , while the pore 
diameter was enlarged by the additional pore etching process, 
which determines the lateral pore growth (Figure S1, Sup-
porting Information). Here, we fabricated tapered structures 
with precisely tailored size and shape, including tall and short 
cone-shaped, pencil-like, and stepwise nanopillars, by fi ne-
tuning anodization time ( t  A ), pore etching time ( t  PE ), and the 
number of reaction cycles ( n ). After fi lling up AAO templates 
with epoxy resin, followed by curing, the AAO template and the 
bottom aluminum layer were removed by wet-chemical etching 
to obtain the epoxy nanopillar arrays.  

  Figure    2   shows fi eld-emission scanning electron micro-
scopy (FE-SEM) images of various tapered AAO templates 

  Slender high-aspect-ratio (HAR) fi brils commonly appear in 
natural dry adhesives, exhibiting high compliance for making 
contact. [ 1–11 ]  However, they also tend to collapse when the 
adhesive energy between each other becomes dominant at 
sub-micrometer scales, [ 12,13 ]  thus decreasing the effective con-
tact and dry adhesion strength. While natural HAR fi brils can 
get away this by hierarchical design and redundancy, [ 14,15 ]  it is 
important for synthetic dry adhesives to withstand large defor-
mations and repeated contact while achieving high adhesion 
strength for their implementation in practical applications. So 
far, it has been challenging to meet these requirements. Our 
earlier study suggests that tapered pillars with larger diameter 
at the bottom than the tips offer higher stability against collapse 
in comparison to cylindrical ones. [ 13 ]  A signifi cant technological 
advancement would be orthogonal control of both stability and 
dry adhesion strength by tailoring the shape of tapered HAR 
pillars in the sub-micrometer lengthscales (e.g., spatulae in 
gecko feet are typically 200–300 nm wide), [ 2 ]  thus, fi ne-tuning 
the nanomechanics of the pillars. 

 Anodized aluminum oxide (AAO) membranes offer an ideal 
system to modulate the shape of tapered nanopillars. Since the 
fi rst report of AAO membranes with highly ordered cylindrical 
pore arrays realized by secondary anodization, also referred 
as mild anodization, [ 16,17 ]  there have been signifi cant interests 
using AAO membranes as the nanotemplates to create nano-
wires and nanorods because the anodization process is rela-
tively straightforward and controllable. Structural parameters, 
including interpore distance ( D  int ), pore depth, and pore size, 
can be fi ne-tuned by experimental conditions, including acid 
composition, concentration, temperature, and applied voltage. 
Pore size can be further enlarged through postpore widening 
process while maintaining  D  int . However, mild anodization 
itself has rather narrow processing windows and limited choice 
of  D  int  while maintaining the ordered AAO structures. [ 16–20 ]  For 
example, to create tapered AAO membranes with large enough 
 D  int , close packed colloidal particles were compressed onto a Al 
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(Figure  2 a–d) and the corresponding epoxy nanopillars rep-
licated from AAO templates (Figure  2 e–h). The  D  int  of AAO 
prepared by conventional mild anodization has a linear depend-
ence on the applied voltage at 2.5 nm V −1 . For hard anodiza-
tion,  D  int  = 350 nm at an applied voltage of 160 V, we opted 
for mild anodization at a voltage of 140 V. Anodization time 
( t  A ) and pore etching time ( t  PE ) were determined by the ver-
tical depth and the lateral pore size of a designed tapered AAO 
template (see details in the Supporting Information). Overall, 
the tapered pores had depth of 1.1 µm and the maximum pore 
diameter was 300 nm. Although higher aspect ratio (>10) nano-
pillars could also be obtained by our method, they tend to col-
lapse under load, making it diffi cult to study shape-dependent 
dry adhesion at the contact interface.  

 One distinct advantage of the tapered nanopillars is their 
high stability compared to the cylindrical nanopillars when 

dried from the acidic solution for removal of the AAO tem-
plate. Nanopillars can easily aggregate, forming a cluster when 
the elastic restoring force of the pillars cannot overcome the 
capillary force upon drying. The bending moment ( τ c  ) on the 
single nanopillar originated form capillary force between two 
neighboring cylinders can be expressed as: 

    

cos

2

2 2

2 2

d h

p d
cτ πγ θ

=
−

  

(1)

 

 where  γ  is the surface tension of liquid,  d  and  h  are the dia-
meter and height of a nanopillar, respectively.  θ  is the contact 
angle of the liquid on the nanopillars and  p  is the center-to-
center distance between the nanopillars, equivalent to  D  int  
here. [ 27–29 ]  In tapered structures, as the diameter of nanopil-
lars decreases from the bottom to top, the bending moment 
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 Figure 1.    Schematics of the process fl ow for the preparation of tapered nanopillar arrays; a) synthesis of the AAO membrane by hard anodization, 
b) removal of the alumina layer, c) combination of mild anodization and pore etching at various conditions, d) infi ltration of epoxy resin, followed by 
UV curing, and e) removal of the AAO template.

 Figure 2.    FE-SEM images of: a–d) various tapered AAO templates and e–h) their replica to epoxy nanopillar arrays; a) pencil-like, b) stepwise, c) tall 
cone-shaped, and d) short cone-shaped. e–h) The corresponding epoxy nanopillar arrays templated from the AAO membranes shown in (a)–(d). The 
insets of (e)–(h) show the cross-sectional view of each epoxy structure. Scale bars in all panels and the insets: 400 nm.
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drastically decreases due to the larger interpillar spacing at 
pillar tops, allowing for highly stable nanopillar arrays without 
clustering or bending even after the liquid dries, which is in 
sharp contrast to the observed clustering of cylindrical nano-
pillars with a similar aspect ratio (see Figure S2, Supporting 
Information). 

 Having stable nanopillars at our disposal, we then per-
formed nanoindentation experiments and the adhesion force 
of nanopillar arrays was measured from the pull-off force 
between the tapered epoxy nanopillars and the indentation tip. 
As shown in  Figure    3  , the pull-off force between the tapered 
epoxy nanopillars and the indentation tip showed quite dif-
ferent trends from different shaped pillars as the indentation 
depth increased to 300 nm. Overall, they all exhibited much 
higher adhesion force than the bulk epoxy, which only slightly 
increased (up to 14 µN). It is expected that the bulk sample 
should have the largest contact area when both the probe and 
sample are perfectly smooth. However, as shown in Figure S3 
(Supporting Information), it is diffi culty to prepare a perfectly 
smooth surface; the root-mean square roughness of our bulk 
sample is 3.02 nm measured from atomic force microscopy. 
Therefore, we anticipate that the effective contact area between 
the nanostructured surface and indenter tip is larger than that 
of a randomly rough bulk fi lm and the stress concentration on 
nanostructure can be more uniformly distributed in nano pillars 
due to equal load sharing, [ 4 ]  resulting in a larger adhesion 
force for all the tapered nanopillars except the nondeformed 
state. As the indentation depth increases, the effective contact 
area between the epoxy surface and indenter tip increases. 
In the case of tall cone-shaped nanopillars, the pull-off force 
gradually increased with indentation depth (up to 28 µN) and 
remained above 22 µN without further reduction at a higher 
indentation depth. Similarly, the adhesion force of short cone-
shaped nanopillars increased continuously up to 48 µN as the 
indentation depth increased but began to drop at the indenta-
tion depth of 300 nm. Importantly, the adhesion force is three 
times higher than that of the bulk at the indentation depth of 
250 nm. In comparison, a transition at the indentation depth of 

150 nm for stepwise and pencil-like nanopillars was observed, 
where the force reached a maximum, ≈40 µN, close to that of 
short cone-shaped nanopillars but dropped sharply to ≈24 µN 
at the indentation depth of 300 nm. The sudden drop of adhe-
sion force in these pillar systems seems to suggest unrecov-
erable mechanical deformation in pillars beyond 150 nm, 
which coincides with the height of the fi rst step in stepwise 
pillars. Furthermore, the adhesion behaviors at the different 
preload were investigated (see Figure S4, Supporting Infor-
mation). For a given indentation depth, the preload applied to 
the nanop illars varied depending on the shape of nanopillars 
(Figure S4a, Supporting Information). As we discuss in more 
details below, this could be attributed to the shape-dependent 
mechanical responses under the load, leading to different pull-
off force (Figure S4b, Supporting Information).  

 To better understand the effect of contact area during 
indentation and thus shape effect on nanopillar dry adhesion 
strength, we instrumented in situ fl at punch indentation in 
FE-SEM according to the literature [ 30 ]  to directly visualize the 
pillars during loading and unloading. As seen in  Figure    4  , it is 
clear that the contact between the indenter and the nanopillar 
surface, and nanopillars’ deformation and recovery behaviors 
are quite different for different shaped pillars.  

 The bending stiffness is determined by the elastic materials 
properties and pillar geometry, including the Young’s modulus 
and dimensions of nanopillars (e.g., diameter and height). [ 31–33 ]  
When the indentation force exceeds the critical fracture load of 
the nanopillars, mechanical failure occurs. Multiple fracture 
sites were observed in pencil-like and stepwise shaped nanopil-
lars after indentation, whereas no fracture was generated for 
the cone-shaped nanopillars under the same applied displace-
ment. Specifi cally, cracks were fi rst generated mainly in the 
upper part of the pencil-like nanopillars, followed by fracture 
in the middle region consisting of cylindrical nanopillars. In 
the case of stepwise nanopillars, fracture was generated mainly 
at the transition region between the top and middle structures 
at the beginning of indentation (see Figure  4 b and Figure S5, 
Supporting Information), which is ≈150 nm depth. As the 
indentation depth increased, fracture began to appear at the 
region between the middle and bottom structures (Figure S6, 
Supporting Information). These observations qualitatively 
agree with the pull-off force trend shown in ex situ nanoinden-
tation measurement. In the case of short and tall cone-shaped 
nanopillars, they were continuously bent instead of fracture 
under the load till reaching the maximum indentation depth 
(≈400 nm). Upon unloading, the deformed pillars recovered 
as shown in the Video S1–S4 (Supporting Information). Since 
dry adhesion force is mainly determined by the van der Waals 
interactions between two surfaces, the effective contact is 
critically important. For pencil-like and stepwise shaped nano-
pillars, since they are already destroyed when the indentation 
depth exceeds a certain point (150 nm in Figure  3 ), they cannot 
be fully recovered and maintain conformal contact during the 
loading and unloading processes, resulting in a signifi cant drop 
in adhesion force. In contrast, for short and tall cone-shaped 
nanopillars, they can endure the external stress even at higher 
indentation depths without any fracture generation or other 
inelastic deformation. Therefore, they can keep conformal 
contact with the indentation tip via bending and be recovered 
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 Figure 3.    Pull-off force between the tapered epoxy nanopillar arrays and 
the nanoindenter as a function of the indentation depth using a cono-
spherical diamond tip with a nominal radius of 100 µm.
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when the stress reduces, preventing the loss in adhesion force 
at higher indentation depth. 

 To quantitatively understand the origin of the observed 
in situ behavior and thus the shape effect on mechanical 
responses of various tapered nanopillars, we simulated the 
pillar deformation modes using fi nite element analysis. Here, 
static analyses were performed since the strain rate for in situ 
SEM indentation experiments was fi xed as 0.0025 s −1 . Likewise, 
time-dependent material properties, i.e., viscoelasticity and 
plasticity, were not considered here. Sixteen pillars (4 × 4 array, 
≈1–2 µm × 1–2 µm area) beneath the spherical indenter tip 
(nominal radius of 100 µm) were considered in each simula-
tion. We note that while we observed randomly bent pillars in 
simulation when the tip contact was located at the center of the 
pillar array, in in situ FE-SEM we often observed pillars bent 
in the same direction, which could be attributed to specimen 
alignment during indentation and the small imaging regions. 
Therefore, we adjusted the tip position in simulation to the 
edge of the pillar array to better correlate the experimental 
observations, at least at the local regions. As seen in  Figure    5  , 
at the beginning of indentation, the von Mises stress is concen-
trated on the tip of each pillar. For pencil-like nanopillars, as the 
indentation depth increases, stress is fi rst focused in the middle 
of upper cone part of each nanopillar. Therefore, fi rst fractures 
are normally generated at this point. The deformation further 
develops as the stress is spread out toward the cylindrical part 
of nanopillars (indentation depth > 150 nm), resulting in the 
second fracture at the cylindrical part. The observations of 
stress localization in different shaped nanopillars from simula-
tion agree well with that from in situ FE-SEM images (Figure  4 a 
and Figure S5, Supporting Information). Likewise for stepwise 

nanopillars, the stress is mainly localized at the joint regions 
where the cylinders of different diameters meet (see Figure  5 b). 
The stress concentration in the joint regions is over 1 GPa at 
the indentation depth of 400 nm, while the stress develops less 
than 500 MPa for rest of the regions. Therefore fractures occur 
only at specifi c locations, i.e., the transition regions between the 
fi rst and second cylinders and the second and third cylinders in 
the stepwise shaped nanopillars, where the sharp changes in 
these regions locally raise the stress dramatically (see Figure  4 b 
and Figure S6 and Video S1 and S2, Supporting Information). 
For short and tall cone-shaped nanopillars with continuous geo-
metrical change at the sidewalls of the pillars, the stress distri-
bution of each nanopillar is relatively uniform compared to the 
pencil-like and stepwise nanopillars, which have the disconti-
nuity in geometry along the pillar height. This indicates that 
the cone-shaped nanopillars can effectively accommodate the 
external stress, preventing the fracture formation as observed 
in pencil-like and stepwise nanopillars. It is worth noting that 
at the same indentation depth the short cone-shaped nano-
pillars undergo larger deformation than the other three shapes 
due to its shorter initial height. However, the higher stress level 
of the short cone-shaped nanopillars than that from the other 
three shapes does not necessarily indicate the higher stress 
concentration (see Figure S7, Supporting Information). There-
fore, the cone-shaped nanopillars can maintain conformal con-
tact with the indentation tip where the adhesion force gradually 
increases with indentation depth, whereas the fracture forma-
tion seriously reduces the adhesion force of the pencil-like and 
stepwise nanopillars. Furthermore, the simulation result shows 
that the effective contact area of various epoxy nanopillars varies 
depending on their different geometries (Figure S8, Supporting 
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 Figure 4.    In situ FE-SEM images of various epoxy nanopillars during the loading (top panel) and unloading (bottom panel) of the nanoindenter at 
the indentation depth of 400 nm. a) Pencil-like, b) stepwise, c) tall cone-shaped, and d) short cone-shaped epoxy nanopillar arrays. The top images 
represent the nanopillars at the maximum indentation depth (400 nm); the bottom images represent the nanopillars after unloading. Scale bars in the 
top and bottom images of each panel are 2 µm and 1 µm, respectively.



5wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

Information). Among them, the contact area of short cone-
shaped nanopillar gradually increases with higher indentation 
depth, leading to the highest adhesion strength. In comparison, 
the fracture formation in pencil-like and stepwise shaped struc-
tures signifi cantly reduces the contact area, and thus dry adhe-
sion strength. After normalizing the pull-off force in Figure  3  
by the projected contact area between the indentation tip and 
nanopillars before fracture, we found that pencil-like and step-
wise nanopillars had the highest dry adhesion strength, i.e., 
42 N cm −2  in the normal direction for the indentation depth of 
150 nm (see Figure S9, Supporting Information). At indenta-
tion depth larger than 150 nm, due to fracture formation, the 
effective contact area changed. Thus, the calculated value does 
not represent the true adhesion strength. In comparison, recov-
erable short cone-shaped structures showed the highest value 
of 34 N cm −2  without fracture formation at 200 nm indentation 
depth. These values are among the highest reported dry adhe-
sion strength of pillar-to-fl at surfaces in the normal direction 
regardless of fracture generation, which typically ranges from 
10 to 20 N cm −2 . [ 34–37 ]   

 In summary, we prepared a new type of tapered epoxy nano-
pillar arrays from AAO templates with various cross-sections, 
including cone-shaped (tall and short), pencil-like, and step-
wise, through the combination of hard and mild anodization, 
followed by pore etching and replica molding. Compared to 
cylindrical pillars, these tapered pillars are highly stable against 
capillary force. We then investigated shape effect to dry adhe-
sion strength by performing nanoindentation experiments 
both ex situ and in situ in SEM in comparison with fi nite ele-
ment analysis. The pencil-like and stepwise nanopillars showed 
the highest dry adhesion strength of 42 N cm −2  in the normal 

direction among different pillars without fracturing, which 
is the highest reported value for synthetic gecko-like adhe-
sives. The adhesion strength of short cone-shaped nanopillars 
remained high, 34 N cm −2 , when pencil-like and stepwise nano-
pillars began to fracture at a higher indentation depth, where 
the adhesive strength dropped signifi cantly. This could be 
explained by the more uniform stress distribution throughout 
the short cone-shaped nanopillars, thus preventing fracture 
formation observed in other nanopillar structures. Importantly, 
upon removal of the load, the deformed short cone-shaped pil-
lars are mostly recovered. While higher dry adhesion strength 
has been reported based on the interlocking mechanisms 
from micropillar-to-micropillar, [ 36 ]  which typically have a much 
higher adhesion strength than gecko-like pillar-to-fl at surface, 
the resulting adhesive is irreversible. Since the cone-shaped 
nanopillars are not 100% recoverable, some deformation still 
occurs, we expect the adhesion strength will gradually decrease 
in repeated indentations. Nevertheless, the investigation of 
shape effect on mechanical response of nanopillars under load 
presented here offers new insights to design the geometry of 
nanostructures to achieve high mechanical stability and high 
and tunable adhesion strength orthogonally, which so far has 
not been possible in synthetic pillar structures reported in the 
literature. Yet to implement synthetic dry adhesives for repeated 
usages, both high mechanical robustness and tunable adhesion 
strength are critical. Furthermore, our fabrication of nanostruc-
tures using AAO template can be scaled-up simply by using a 
larger aluminum plate. Although we focused study on shape-
dependent dry adhesion strength here, tapered structures are of 
interests for a variety of potential applications, including water 
harvesting, reducing light refl ection at the interface, broadband 
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 Figure 5.    Finite element simulation of the contact process between various tapered epoxy nanostructures and nanoindenter tip as a function of indenta-
tion depth. a) Pencil-like, b) stepwise, c) tall cone-shaped, and d) short cone-shaped structures. (Contour: von Mises stress.)



6 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

Adv. Mater. 2015, 
DOI: 10.1002/adma.201503347

www.advmat.de
www.MaterialsViews.com

absorption, light guidance, and many other unique surface 
properties.  
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