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ABSTRACT: We present a fabrication method and friction testing of a gecko-
inspired thermoplastic micropillar array with control over the tapering angle of the
pillar sidewall. A combination of deep reactive ion etching of vertical silicon pillars
and subsequent maskless chemical etching produces templates with various widths
and degrees of taper, which are then replicated with low-density polyethylene. As
the silicon pillars on the template are chemically etched in a bath consisting of
hydrofluoric acid, nitric acid, and acetic acid (HNA), the pillars are progressively
thinned, then shortened. The replicated polyethylene pillar arrays exhibit a
corresponding increase in friction as the stiffness is reduced with thinning and
then a decrease in friction as the stiffness is again increased. The dilution of the
HNA bath in water influences the tapering angle of the silicon pillars. The friction
of the replicated pillars is maximized for the taper angle that maximizes the
contact area at the tip which in turn is influenced by the stiffness of the tapered pillars. To provide insights on how changes in
microscale geometry and contact behavior may affect friction of the pillar array, the pillars are imaged by scanning electron
microscopy after friction testing, and the observed deformation behavior from shearing is related to the magnitude of the
macroscale friction values. It is shown that the tapering angle critically changes the pillar compliance and the available contact
area. Simple finite element modeling calculations are performed to support that the observed deformation is consistent with what
is expected from a mechanical analysis. We conclude that friction can be maximized via proper pillar tapering with low stiffness
that still maintains enough contact area to ensure high adhesion.
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■ INTRODUCTION

The adhesive foot-pads of geckos have attracted wide research
interest in both understanding fibrillar attachment systems1−4

and mimicking the micro- and nanoscale structures to engineer
synthetic gecko adhesives.5−12 Aided by developments in
lithographic techniques, there has been impressive progress
over the last decade in producing increasingly complex fiber
structures that exhibit various aspects of gecko adhesion such as
high adhesion/friction performance, reversible and directional
attachment, and wet/dry self-cleaning.5−12

Not surprisingly, the attachment behavior of synthetic
adhesive is very sensitive to the geometric parameters of the
micro- and nanostructures that compose the fibrillar surfaces.
Factors such as fiber aspect ratio,13−18 tilting angle,19−27 tip
shape,28−33 and hierarchy34−48 influence the mechanical
behavior of the individual fibers, which in turn have dramatic
effects on their adhesion and friction behavior. As many
synthetic gecko adhesives are high-aspect-ratio elastomer or
thermoplastic, fabrication techniques rely on molding from
either lithographically defined hard templates or soft lithog-
raphy techniques that manipulate the shape of the resulting
fibers.5−12 One geometric aspect that has been difficult to
control by either method and has not received much attention
is the sidewall tapering of the fibers. While some wedge-shaped
structures have been fabricated and tested for adhesive

property, demonstrating several aspects of gecko adhesion
(e.g., high ratio of detachment force to preload and
nonadhesive default state),49,50 the effect of the sidewall taper
has not been studied in detail. Tuning the tapering angle of
synthetic gecko adhesives could be useful for optimizing
adhesion and friction performance of such adhesives as well as
for exploring varied contact mechanisms dependent on the
shape of the structure.
To this end, the present study introduces a technique for

precise control over the sidewall tapering of silicon micropillars,
which is then replicated by a thermoplastic to investigate the
effect of pillar tapering on macroscale friction. A combination of
deep reactive ion etching and chemical etching produces high
aspect ratio silicon pillars with tunable tapering angle,
depending on the chemical etching bath composition and the
etching duration. A subsequent molding process replicates the
structures in low-density polyethylene (LDPE) pillars, and their
frictional behavior is studied and related to the pillar geometry.
We report that the tapering angle can dramatically affect the
contact mechanism of the pillars and the friction performance
of the array, as a result of changes in the pillar compliance and
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the available contact area. Contact deformation of the pillars are
imaged after friction testing by scanning electron microscopy
(SEM) and compared with results from simple finite element
models to provide insights into the observed friction behavior.

■ EXPERIMENTAL SECTION
Fabrication of Tapered Square Pillars. The overview for

the fabrication of the tapered square pillar array is shown in
Figure 1. The process begins by defining an array of pillars with

square cross sections via a photolithography process, in which a
4 in. Si(100) wafer is coated with a positive photoresist
(Fujifilm, OCG 825) and light exposed (GCA 6200 − USH-
350DP), using a photomask (Figure 1i). In place of a
conventional mask patterned by electron beam lithography, a
100 nm thick layer of chromium is evaporated (Thermionics
VE-100) through a plastic mesh (McMaster-Carr) onto a blank
photomask, providing a cost-effective way to pattern a large
area with an array of squares. The exposed wafer is developed,
hard-baked, and etched by deep reactive ion etching (DRIE)
employing an alternating pulse of SF6 and C4F8 gases
(STS2MPX ICP SR) to produce a vertical pillar array (Figure
1ii). The photoresist layer is subsequently removed by oxygen
plasma (Figure 1iii). The processed wafer is diced into 1 × 1
cm2 chips.

The pillars are then submerged in a silicon etch bath (Figure
1iv) consisting of hydrofluoric acid (EMD, 48%), nitric acid
(EMD, 70%), and acetic acid (EMD, 99.7%). Even without any
chemical etch mask, the resulting pillar shape could be
controlled simply by diluting the etching bath with deionized
water. The acids are first mixed in a volume ratio of 4:3:3
hydrofluoric/nitric/acetic acid (HNA). Each chip is exposed to
5 mL of the HNA solution diluted by an additional amount of
water (in the range of 0−1 mL). When the chip is submerged
in the bath, the reaction proceeds to etch away the pillars from
the sides and the top, producing various angles of tapering and
aspect ratios depending on the amount of dilution and the
duration of etching. For most cases, the etching is fast, with the
time staying under 1 min. Cross-sectional SEM (Agilent
NovelX-MySEM) images of the templates are taken after
cleaving them. Relevant pillar dimensions are measured from
the SEM images with an image processing software (ImageJ
1.45s).
The resulting array of silicon pillars is replicated into a

thermoplastic by a two-step molding process. To facilitate the
peel-off, each silicon template is first coated with a self-
assembled monolayer by a reaction with octadecyltrichlor-
osilane in toluene (in 1:1000 volume ratio).51 Polycarbonate
film (McMaster-Carr, 100 μm thick) is melted onto the silicon
template in a vacuum oven at 300 °C for 1.5 h (Figure 1v), and
the film is peeled-off after cooling (Figure 1vi). When a clean
peel-off is not possible, the template is completely etched away
with undiluted HNA solution. The intermediate polycarbonate
template is used for molding LDPE film (McMaster-Carr, 100
μm) at 160 °C for 1 h (Figure 1vii), and the polycarbonate is
dissolved away in methylene chloride (Figure 1viii).51

Friction Testing Procedure. Macroscale friction of each
sample is measured using a standard pulley setup.13 A 1 × 1
cm2 patch is set on top of a smooth glass slide (Fisher
Scientific) and pressed with 0.1 N of normal load. Weight is
progressively added over a pulley, until the sample detaches
from the glass. The glass slide is cleaned with acetone after each
testing. Over multiple testing cycles with one sample,
thermoplastic fiber arrays typically exhibit increasing friction
initially (usually over 3 to 5 cycles) due to fiber and film
alignment, then decreasing friction after the peak friction has
been reached due to sample degradation and contamination.
For each sample, the highest friction is the friction value
reported for consistency. The error bars for the data presented
are one standard deviation based on at least three different
samples. The error in friction is likely due to some
inconsistencies in fabrication, such as variation in silicon
etching rates in DRIE and HNA steps, sample size, and sample
quality, as well as measurement errors during the friction tests.
After the friction testing, the samples are coated with Au/Pd
(Hummer Sputtering System), and SEM images are taken to
examine the state of the pillars. See Supporting Information
Figure S1 for details on the friction testing setup.

Finite Element Modelling. For the finite element
modelling (FEM), the pillar dimensions are first measured
from SEM images of the fabricated LDPE pillars. For tapered
shapes, height and two widths (top and bottom) are measured.
Where the taper angle is reversed along the pillar length, the
widths at the top, middle (thinnest part), and bottom are
measured. The measured dimensions are used to construct a
simplified geometry in ANSYS (Workbench 14.5.7). As
boundary conditions, the bottom of the pillar, which is
connected to the backing layer, is set fixed, and the top of

Figure 1. Process overview for the fabrication of tapered silicon pillar
templates and their replication into LDPE thermoplastic, consisting of
(i) photoresist patterning, (ii) deep reactive ion etching, (iii)
photoresist removal, (iv) HNA etching, (v) polycarbonate film
molding, (vi) intermediate template peel-off, (vii) LDPE film molding,
and (viii) dissolution of the intermediate template in methylene
chloride.
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the pillar is loaded with a force in the direction parallel to the
backing. The resulting total deformation from the original
position is calculated. See Supporting Information Figure S2 for
details on FEM.

■ RESULTS AND DISCUSSION
Fabricated Silicon Templates. Before any chemical

etching, the square pillars obtained by DRIE show no tapering
(inset of Figure 2a). The pillar width and height are 10 and 30

μm, respectively, and the spacing between the pillars is 10 μm,
corresponding to 250 000 pillar elements in a 1 × 1 cm2 area.
As described in the Experimental Section, the square pillars
become tapered by exposure to a silicon etchant containing
hydrofluoric, nitric, and acetic acids. This is an electrochemical
reaction in which silicon is oxidized and subsequently dissolved
by hydrofluoric acid with corresponding reduction of nitric
acid,52 resulting in an isotropic etching of silicon in contact with
the solution. Acetic acid is commonly added to this process for
moderating the reaction rate.53 For this study, we have fixed the
reagent ratio in HNA at 4:3:3 by volume adding up to the total
of 5 mL for each 1 × 1 cm2 chip. The HNA solution is diluted
by various amounts (0−1 mL) of deionized water for further

control over the etched structure, and the resulting etch bath is
abbreviated by the volume ratio HNA/H2O (in the range of 5:0
to 5:1). Figure 2 shows silicon templates after HNA etching at
various dilutions. After only a few seconds of etching in
undiluted HNA solution (5:0), the pillars are severely tapered
(Figure 2b). Slight dilution by water (5:0.5) produces pillars
with less severe tapering (Figure 2c), and the etching rate is
slowed (see Supporting Information S3 for the effect of dilution
on the etching rate). Etching in 5:0.7 condition further
moderates the tapering (Figure 2d), and the 5:1 condition
even shows slight reverse tapering (Figure 2e).
For a more comprehensive overview of the tapering

development during etching, Figure 2a plots the angles
estimated from the SEM images at various stages of etching
progression under each condition. The degrees of tapering for
different etching conditions are compared with respect to the
volume of silicon removed since this is directly proportional to
the number of atoms removed and thus indicative of the
reaction rate. The tapering is increased with increasing etch
time for each dilution condition (more negative for the 5:1
condition, where slight reverse tapering is observed), and
dilution has decreased the tapering overall. Before the flat top
area erodes away, the change in the pillar length is small
compared to the original pillar length. However, towards the
end of etching when the flat top area (or the thinnest middle
for the reverse tapered pillar) has been etched away, tapering
increases rapidly to leave behind low aspect ratio pyramids,
regardless of dilution. These latter points have been omitted,
and only the approximately linear regime is shown.
While HNA solution has long been used as a silicon

etchant,53 recent studies have shown the fabrication of various
silicon architectures in micrometer length scale, for example,
pyramidal tips,54 channels,55 and needles,56 where hardmask
patterns are used to allow etching in selected regions. In
contrast, it is interesting to note that the chemical etching in
this study is a maskless process in which predefined pillars are
exposed to etchant with no intentional masking and simply
diluting the solution allows precise control of the resulting
morphology of the silicon structure. It is likely that in the case
of the highly concentrated HNA bath (without dilution) with
its fast etching rate significant removal of silicon could occur
near the upper portion of the pillars before the solution can
progressively reach the lower portion of the pillars for complete
wetting. In other words, the etching rate is relatively fast for the
concentrated HNA in comparison to the diffusion rate of the
solution into the microchannels between the pillars, leading to
the observed tapering. As the HNA solution is diluted, the
etching rate slows, resulting in less severe tapering, as reported.
Slight reverse tapering at high dilution may be due to
nonuniform reaction rate along the depth. Because HNA
etching of silicon is a highly exothermic reaction,57 temperature
gradients may develop in the region between the pillars and
result in relatively slower etching of the upper portion.
While the exact etching mechanism remains speculative at

this point, this method has allowed the preparation of silicon
templates with various pillar thicknesses and tapering angles,
which can subsequently be used to mold a thermoplastic film.
LDPE replicas have been molded from silicon templates
exposed to a range of etching conditions. Dilution of water is
varied from 0 to 1 mL, and the etching duration has been
adjusted so that most of the silicon pillars are etched away for
the longest duration under each dilution condition. Here forth,
the corresponding LDPE replica will be referred to by the

Figure 2. (a) Changes in tapering angle of silicon micropillars as
etching reaction in HNA progresses at different dilution amounts by
water (filled triangle = HNA/H2O = 5:0 ratio by volume, empty circle
= 5:0.5, filled diamond = 5:0.7, empty square = 5:1). The filled-circle
data point corresponds to the original silicon pillars with no HNA
etching (cross-sectional SEM image shown in the inset). Sample size 1
× 1 cm2. Cross-sectional SEM images of silicon pillars etched in (b)
5:0 for 1 s, (c) 5:0.5 for 3 s, (d) 5:0.7 for 5 s, and (e) 5:1 for 15 s
silicon templates. Scale bar = 10 μm.
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etching condition of the silicon template, namely, the dilution
and the etch time, 5:0, 1 s.
Friction Behavior of the Molded LDPE Pillar Array.

Figure 3a plots the friction behavior of LDPE pillars molded

from Si templates etched with undiluted HNA solution (5:0).
The friction force of 1 × 1 cm2 unprocessed LDPE film against
glass has been measured to be negligible (<0.1 N), while high
friction (∼10 N) has been measured when the LDPE film has
been processed to be almost ideally flat by molding against a
polished silicon wafer (this is expected since the contact area is
maximized between two ideally flat surfaces). In comparison,
the vertical LDPE pillars (Figure 3b, unetched) show minimal
friction (0.4 N for the 1 × 1 cm2 patch area, equivalent of
holding about 40 g of weight). The corresponding SEM image
after friction testing (Figure 3b, unetched) shows that some of
the pillars have a corner that has been slightly flattened where
the contact with glass has been made (some pits on top of the
pillars are most likely air bubbles trapped during the molding
step). It is likely that the contact is limited to the corner that

first touches the counter-surface due to high stiffness of the
pillar that prevents any significant bending to occur. As the
template is progressively etched, the pillars are thinned, then
shortened after the flat top area is etched away. There is a
corresponding increase in friction of the LDPE replicas up to
1.2 N, followed by a decrease. As the template etching
progresses, there is a corresponding thinning of the replicated
LDPE pillars, and the contact has propagated to the entire edge
with some of the pillars observed to have an edge that has
plastically flowed over the top of the pillar (Figure 3b, 1 s).
Further template etching has yielded sharp-tipped LDPE pillars
(Figure 3b, 2 s) that appear to be bent only at the top. This
deformation, however, is observed for all adjacent pillars,
suggesting an increase in the number of contacting elements
due to higher compliance of the thinned pillars.13 Significantly
shortened pillars (Figure 3b, 3s) with high stiffness are
consistent with lower friction.
As the template etching bath is diluted (5:0.5), the tapering

angle is moderated. The corresponding friction data of the
replicated LDPE pillars are shown in Figure 4a, where a sharper
increase in friction is observed in comparison to the 5:0 set.
SEM images reveal that contact deformation occurred for most
of the pillars even at the earlier stages of etching (Figure 4b, 1
and 3 s), where the plastically deformed edges are again
observed at the top. Less severe tapering has led to pillars that
are relatively more flexible due to thinning while preserving
more of the tip area. This leads to both increased number of
pillars in contacting glass as well as larger area of contact for
each pillar, explaining why higher peak friction is observed for
this set. Further etching has eliminated most of the tip area
(Figure 4b, 5 s) and shows how tapering can be limiting to
friction due to limited contact zone. While the thinner top area
is seen to be deformed from contact, a thicker base prevents the
deformation from propagating further. Later stages of etching
again lead to shortening of the pillars (Figure 4b, 7 s), limiting
the compliance and resulting in low friction. For the more
diluted 5:0.7 case (see Figure S4, Supporting Information, for
the SEM images and the friction data), the tapering is further
moderated; the maximum friction has increased even further
compared to the more tapered cases; and the higher friction is
maintained over a larger range. In one particular case (5:0.7, 7
s), high friction is maintained despite having a very small top
area. Here, a large bending deformation is observed over the
entire pillar, and the sides have flattened on some of the pillars,
suggesting that side contact has occurred. Side contact has been
shown to increase contact zone,58 and this could also be the
case here where high friction was maintained despite significant
reduction in contact area available at the tip.
Etching in 5:1 dilution leads to pillars that are slightly reverse

tapered, with a thinner middle. A large increase in friction of
the LDPE pillars is observed as template etching progresses
(Figure 5a). While it is likely that the high friction is caused by
the combination of increased pillar flexibility due to thinner
middle and the large contact area preserved at the top,
examination of SEM images for high friction samples (Figure
5b, 10, 15 s) reveals interesting differences from the previous
tapered sets. The edge deformation is much less pronounced
despite the high friction, suggesting that the stress has been
more evenly distributed throughout the top during the shear
loading. In particular, the 5:1, 15 s sample shows that significant
bending has occurred but while maintaining the parallel contact
with the counter-surface. By 20 s of etching, the top portion has
been completely etched away, leaving residual wire structures in

Figure 3. (a) Friction performance of the 1 × 1 cm2 patch of the
LDPE pillar array on smooth glass as template etching progresses in
undiluted HNA solution (HNA/H2O = 5:0 mL for each 1 × 1 cm2

template). (b) Representative SEM images of LDPE pillars after
friction testing for samples molded from unetched and 1, 2, and 3 s
etched templates in 5:0 HNA/H2O solution.
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some parts that have collapsed as they are too thin to maintain
structural integrity.
Comparing Observed Deformation Behavior with

Finite Element Modelling. To provide further insight into
the deformation observed after friction testing, we have
performed finite element modelling for various pillar shapes.
For simplicity, a perfectly square cross-section with linear
tapering is assumed, and relevant dimensions are estimated
from the SEM images. With a fixed boundary condition at the
bottom of the pillar, a force of 10 μN is applied to the top
surface in the direction parallel to the sample to see the initial
stage of bending during shear loading (see Supporting
Information Figure S2 for details). The applied force of 10
μN is an order of magnitude approximation from 1 N force
(range observed from the friction data) distributed to 250 000
pillars on a 1 × 1 cm2 area. This yields 4 μN/pillar, but the
actual load on each pillar is likely much higher since not all
pillars are in contact. This actual force would be dependent on
the shape, but fixing the load at 10 μN allows a comparison of
stiffness across all shapes. The resulting deformation in the

cross-section through the middle of the pillar is shown in
Figure 6 for four representative shapes. The deformation value
indicates in micrometers the distance each point has moved
from the original position. As the same load is applied to all
pillars, larger deformation corresponds to relatively less stiff
pillar geometry.
For the unetched shape (Figure 6a), a small deformation of

∼0.58 μm is predicted at the tip. This is consistent with the
SEM observation (Figure 3b, unetched), where no significant
change in the structure has occurred other than occasional
dents in some corners suggesting contact. It is likely that the
high stiffness has prevented neighboring pillars from coming
into contact, given unavoidable pillar-to-pillar height variation
from fabrication. With a high degree of tapering (Figure 6b),
the FEM suggests a large bending only at the top portion of the
pillar, also consistent with experimentally observed behavior for
pillars of similar shape (Figure 4b, 5 s). As most of the top area
has been etched away, the pillar sides would have to come into
contact to result in high friction. However, the stiff portion

Figure 4. (a) Friction performance of the 1 × 1 cm2 patch of the
LDPE pillar array on smooth glass as template etching progresses in
diluted HNA solution (HNA/H2O = 5:0.5 mL for each 1 × 1 cm2

template). (b) Representative SEM images of LDPE pillars after
friction testing for samples molded from 1, 3, 5, and 7 s etched
templates in 5:0.5 solution.

Figure 5. (a) Friction performance of the 1 × 1 cm2 patch of the
LDPE pillar array on smooth glass as template etching progresses in
diluted HNA solution (HNA/H2O = 5:1 mL for each 1 × 1 cm2

template). (b) Representative SEM images of LDPE pillars after
friction testing for samples molded from 5, 10, 15, and 20 s etched
templates in 5:1 solution.
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towards the base limits the bending and only allows the sides
very close to the top to come into contact. With less severe
tapering, deformation is propagated further down the pillar,
resulting in greater deformation throughout the entire pillar
(Figure 6c). This compliance of the whole pillar can allow other
neighboring pillars to come into contact and also make side
contact possible, as confirmed by the SEM images that show all
pillars in the vicinity have been deformed and some have been
flattened on the sides (Figure S4b, 7 s, Supporting
Information). The reverse tapered shape (Figure 6d) is
thinnest in the middle, and it is predicted that a large bending
occurs there. However, this contact shape is different from that
observed in the SEM images (Figure 5b, 15 s), where the top
surface is still aligned parallel to the counter surface. It seems
the large top contact area has ensured enough adhesion to
prevent rotational bending of the pillar. Nonetheless, the thin
middle portion still enables a high degree of deformation and
thus allows a large number of pillars to contact the counter
surface, and the large top area ensures enough adhesion is
provided by each pillar. It is also noted that while the real area
of contact created between a pillar and the glass is influenced by
the shape of the pillar, it alone cannot fully account for the
observed macroscale friction behavior. For example, the ratio of
friction force to the area per fiber estimated from the deformed
region of contact for the vertical pillars (Figure 3b, unetched) is
0.39 N/2.8 μm2 = 0.14 N/μm2. In comparison, the same
analysis for 5:0.5, 5 s and 5:1, 15 s samples yields 0.3 and 0.28
N/μm2 showing that the macroscale friction does not simply
scale with the real contact area of each pillar. Stiffness must also
be taken into account to consider the number of pillars that are
in contact, in addition to the contact area of an individual pillar
which is influenced by the top area of the structure.

To further examine the effect of pillar stiffness and contact
area on the observed macroscale friction, the deformation
predicted by ANSYS and top area of the pillar shapes estimated
from the SEM images for the 5:0.5 etch condition have been
plotted in Figure 7, along with the experimentally obtained

friction data. As expected, a dramatic decrease in stiffness
(corresponding to higher deformation) is observed as pillars are
thinned during etching, followed by an increase (corresponding
to lower deformation) due to shortening once the top has been
etched away. While it is reasonable that higher compliance
enables a higher number of pillars in contact,13,59 the peak value
occurs at longer etching time than observed in the friction data
(Figure 4a). Accounting for the eroding top area, however, it
would shift the peak to lower values, closer to the friction result.
Despite its simplicity, the analysis based on pillar deformation
and available top area qualitatively captures key elements
affected by the tapering angle: the tapered pillars should be
compliant enough to ensure a large number of contacts, while
sufficient contact area should be available on each pillar since
the macroscale friction performance depends on the combina-
tion of the two factors.

■ CONCLUSION
We have presented a simple method for tuning the tapering
angle of a silicon pillar array by maskless chemical etching of
lithographically defined vertical pillars. While etching tapered,
thinned, and then eventually shortened the pillars, dilution of
the etching solution by water decreased the tapering angle of
the resulting pillars. By using them as templates for molding,
the thermoplastic pillar array with a variety of shapes could be
fabricated. Frictional testing showed that the friction behavior
of the film was very sensitive to the tapering angle. In general,
friction initially increased with increasing etching time of the
template as the pillars thinned to be more compliant but
decreased as the top started to etch away and pillars were
shortened. As tapering angle decreased, the peak friction value
could be significantly increased. SEM observation of deformed
pillars after testing revealed that the contact behavior was
dependent on the pillar shape. In general, progressively etching
the silicon template led to thinning of the pillars and then

Figure 6. Bending behavior of various shaped pillars predicted by finite
element modelling. Geometries are based on LDPE pillars molded
from (a) unetched, (b) 5:0.5, 5 s, (c) 5:0.7, 7 s, and (d) 5:1, 15 s
etched templates. Total deformation on a cross-sectioned plane down
the middle is displayed with the maximum value in micrometers noted.

Figure 7. Experimentally obtained friction, total deformation
(indicative of pillar stiffness), and top area change of the replicated
LDPE pillars as the template etching progresses in 5:0.5 solution.
Filled circle = friction, filled square = deformation, and empty square =
top area. A maximum is observed in compliance, but the top area
continuously decreases to near 0.
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shortening of the pillars that led to a corresponding increase
and decrease in compliance of the molded LDPE pillars. While
thicker pillars molded from templates with short etching time
showed little deformation due to high stiffness, highly tapered
pillars showed contact deformation limited to the top portion
of the pillar. As tapering angle decreased, deformation was
more pronounced throughout the entire pillar. Simple finite
element modelling confirmed that observed deformation is
consistent with what was expected from mechanical analysis
and provided useful insights into the contributing factors of
pillar compliance and contact area. As template etching
proceeds, there is an optimum in compliance; however, contact
area continually decreases, and the resulting macroscale friction
is a combined effect of the two. Decreasing tapering effectively
leads to preserving the contact area available at the top as pillars
are thinned for higher compliance.
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