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Fibrillar Elastomeric Micropatterns Create Tunable
Adhesion Even to Rough Surfaces
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Robert M. McMeeking, and Eduard Arzt*
nearly all kinds of surfaces. The growing
number of studies published in this field in
the last two decades reflects the interest in
elucidating the mechanism behind gecko
adhesion. Experimental evidence has suggested that the adhesive ability of geckos
can be attributed to van der Waals and capillary forces.[1–5] These forces are maximized
by the structure of the gecko toe pad, which
is composed of hundreds of thousands of
keratinous hairs (called setae). Each hair is
about 110 µm long and branches into hundreds of even finer hairs (called spatula)
that are about 20 nm thick and 200 nm
long. Thus, the gecko relies on hierarchically organized structures consisting of
micro- and nanosized hairy features to
achieve adhesion to almost any surface.[6–11]
There are several studies that have demonstrated and characterized the adhesion of gecko-inspired micropatterned surfaces on
hard, smooth substrates (for reviews see, for instance, refs. [12–19]).
However, considering that all natural and almost all artificial
surfaces have a roughness on one or more different length
scales, little research has been conducted to comprehend and
optimize the adhesion of such structures to rough surfaces.
Huber et al.[20] are among the few that have performed such
studies, which include measurements, by atomic force microscopy (AFM), of the normal adhesion of a single gecko spatula to
substrates with different roughnesses. They found that a spatula
adapts well to a surface with a low root mean square (RMS)
roughness (smaller than 200 nm) and also adheres strongly to
substrates with an RMS roughness above 200 nm, but shows a
distinct minimum in adhesion at RMS roughness of 200 nm,
which is a typical spatula dimension. Recently, Gillies[21] observed
a similar dramatic drop of shear resistance for geckos on wavy
substrates that exhibited a length scale of amplitudes and wavelengths similar to the lamella length and interlamellar spacing,
specifically in the submillimeter range. Persson performed the
first theoretical studies on adhesion as a function of the fibrillar
architecture and surface roughness.[22,23] He demonstrated that
even a relatively small roughness can lead to the disappearance of
the adhesion between two surfaces. More recently, studies on the
influence of technologically relevant rough surfaces on the adhesion of biomimetic adhesives confirmed that adhesion decreases
for rough surfaces when compared to smooth surfaces.[24–30]
Because little is known about the influence of micropillar
dimensions on dry adhesion of gecko-mimicking structures on
rough substrates, the objective of this study is to systematically
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In the present approach, micropillar-patterned PDMS surfaces with superior adhesion to glass substrates with different roughnesses are designed
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states depending on the micropillar geometry relative to the surface roughness profile. The data obtained further demonstrate that, in the adhesive
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and quantitatively characterize this effect. Arrays with different micropillar dimensions were generated from
polydimethylsiloxane (PDMS) using soft molding techniques.
Then, the influence of pillar diameter and height on adhesion
to a number of stiff substrates with different roughness was
assessed. The goal was to improve the understanding of the
role of surface roughness, in comparison to smooth controls.

2. Results
Micropatterned elastomeric PDMS adhesives were produced via
a soft molding process from a micropatterned SU-8 photoresist
master template (Figure 1A). To realize the tone inversion, the
PDMS replica generated after the first molding process was in
turn used as a template for a second replication step, again by
soft molding PDMS. By varying the resist thickness and the
mask pattern dimensions, specimens with micropillar structures ranging from 5 to 50 µm in pillar diameter, D, and from
5 to 75 µm in pillar height, H, were fabricated. Figure 1B shows
a representative scanning electron micrograph of a micropatterned PDMS specimen. PDMS pillar structures, particularly of
small diameters with an aspect ratio, H /D , larger than 4, tended
to cluster due to an insufficient bending stiffness. To avoid such
artifacts, adhesion measurements were limited to specimens
with a maximum aspect ratio of about 3. Figure 1C schematically
illustrates the setup for testing adhesion of the fabricated specimens to several rough substrates. The custom-built device consists of the nominally flat, but microrough substrate mounted
on the flexure beam and a pivotable stage allowing for specimen
manipulation (attachment and detachment) and for the required
prealignment. A laser interferometer was used to record beam
deflection, which was converted into a force through multiplication by the spring constant of the flexure beam.[31]
Figure 2 depicts the characteristic height–distance profile,
obtained using surface contact profilometry, for glass substrates
(GS) roughened with sandpaper. The surface roughness parameters are schematically illustrated in Figure 2B and the measured surface roughness values for each substrate are tabulated
in Figure 2C. For the substrates GS1 to GS4, the vertical roughness parameter (Rz), which is the mean peak to valley distance
increases from 0.7 to 9.7 µm and the lateral spacing parameter
(Sm ), which is the mean distance of the spacing between successive points as they cross the mean line, increases from 31.7 to
87 µm. Additionally, the mean distance between adjacent peaks
(S) slightly decreases from 16.4 to 10.3 µm. The increase of
roughness from GS1 to GS4 is also reflected in the Fourier transformed data based on line scans (Figure 2D). The power spectra
indicate a random, self-affine roughness of the substrates upon
sandpaper roughening due to the continuous decrease of the
square amplitude with increasing wave numbers.[32]
The adhesion measurements were performed by pressing
the micropatterned adhesives onto the substrates in the normal
direction with various preloads of 10, 25, and 40 mN. The
results for the rough substrates GS1 and GS3 and the smooth
control are shown as double-logarithmic plots in Figure 3A.
Adhesion is seen to decrease strongly with increasing roughness, which is in agreement with earlier studies with unpatterned elastomeric specimens.[33–35] In addition, the pull-off
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stress for the smooth substrate was found to be preload independent in line with our earlier studies,[36] whereas a strong
influence of preload was observed for the rough substrates.
This finding is significant and will be discussed in more detail
in the next section.
In Figure 3A, it is further shown that the pull-off stress
increases for smaller pillar diameters in the case of the smooth
substrate. It is now accepted that for a patterned adhesive surface, like that of the gecko foot, a “contact splitting” mechanism significantly enhances the adhesion strength on a smooth

Figure 1. Process scheme for manufacturing micropatterned adhesives
and experimental setup for normal adhesion measurements. A) Procedure for the fabrication of polydimethylsiloxane (PDMS) pillar array
specimens using pre-patterned SU-8 templates for subsequent two-step
replication into PDMS. B) Scanning electron micrograph of a representative micropatterned PDMS sample. C) Schematic illustration of the adhesion measurement device that consists of a pivotable stage for sample
manipulation and a rough substrate mounted on a ﬂexible double beam.
The laser interferometer monitors the elastic deﬂection of the beam, from
which the forces are deduced, during the measurement.

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Surface topographies of rough substrates. A) Surface proﬁles of the roughened glass substrates GS1 to GS4 measured by proﬁlometry.
B) Schematic representation of the surface roughness parameters. The amplitude parameter of the surface proﬁles is the mean peak-to-valley proﬁle
1 k
∑Rz,i. Two spacing parameters are deﬁned: Sm is the mean distance between successive points as they cross the mean line
k i =1
1 n
1 n
and is given by Sm = ∑ Sm,i . The mean spacing of adjacent local peaks, S , is given by S = ∑ Si . The subscript i refers to the i-th location, k is the
n i =1
n i =1

roughness, given by Rz =

number of cut-off ﬁlter lengths, and n is the number of i measurements. C) Results of roughness mean values for the substrates GS1 to GS4 obtained
from surface proﬁlometry. D) Surface roughness power spectra of the glass substrates GS1 to GS4.

surface.[8,37] Additional data are shown in Figure 3B, where the
slopes of the (logarithmic) pull-off stress values as a function
of the (logarithmic) pillar diameter are indicated (Figure 3B).
Accordingly, the pull-off stress (σ c ) was found to depend on the
pillar diameter through a power law σ c ~ D n , where the exponent n is a measure of the “contact splitting efficiency.”[11] On
the smooth control surface, n was found to be −0.5, in agreement with earlier studies.[11,38] However, the pillar structures
with diameters 30 and 50 µm and low aspect ratios were less
adhesive than the fitting curve would predict. An explanation
might be an elastic deformation of the backing layer in addition
to the pillar deformation under preload that reduces adhesion
as reported by Varenberg et al.[39] and, therefore, the smaller
adhesion values of the pillars with larger diameters apparently increases the contact splitting efficiency in Figure 3A.
On a rough surface, as for example GS3, a new behavior was
discovered: First, two adhesive regimes were observed.
Regime 1 displays a higher pull-off stress than for unpatterned
PDMS (marked by the dashed horizontal line), with adhesion
increasing for smaller pillar diameters. A maximum stress
is attained at a critical pillar diameter of about 15 µm, below
which the pull-off stress abruptly decreases to a value much
smaller than for unpatterned PDMS (called regime 2). Second,
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the contact splitting efficiency in regime 1 is found to be
n = −0.5 for a pillar height exceeding 20 µm, as for smooth substrates. However, the contact splitting efficiency decreased for
shorter pillars, reaching a value of n = −0.1 for a pillar height of
5 µm. In regime 2, the contact splitting effect is virtually lost.
The pull-off stresses as a function of the pillar height are displayed in Figure 4. For the smooth control substrate, the measured pull-off stress was independent of pillar height (Figure 4A)
and, therefore, the aspect ratio did not affect adhesion. By contrast, the pull-off stress measured on the rough substrates GS1
(Figure 4B) and GS3 (Figure 4C) strongly depended on pillar
height. In regime 1 (pillar diameters exceeding 15 µm), adhesion increased with increasing pillar height, until it plateaued
at a critical pillar height of about H = 40 μm. The pull-off stress
was found to vary with H according to a power law, between
H 0.1 and H 0.4. In contrast, in regime 2 (pillar diameters below
15 µm), the effect of pillar height was reversed: the pull-off
stress decreased with an increase in pillar height, eventually
attaining a minimum. Before the minimum, the pull-off stress
varied as a function of the pillar height from H −0.2 to H −1.4.
Both regimes can be illustrated in contour plots (Figure 5) in
which the values of the pull-off stress are represented as functions of pillar diameter and height. Interestingly, the locations
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Figure 3. Results of adhesion measurements of PDMS pillar array specimens on smooth and rough substrates. A) Effects of the preload and pillar
diameter on normal adhesion: Pull-off stress as a function of the pillar diameter for certain applied preloads varying from 10 to 40 mN. Measurements
were performed on the rough substrates GS1 and GS3 and the smooth control. The height of the pillar structures was 5 μm. B) The effect of pillar
height on pull-off stress as a function of pillar diameter at a constant preload of 40 mN. The black solid lines represent linear ﬁts in the diameter
range between 15 to 50 μm (regime 1) on the rough substrate and over the whole range of pillar diameters for the smooth substrate. The numbers
−0.5 to −0.1 represent the slopes of the linear ﬁts in the log–log plots and are referred to as the contact splitting efﬁciency in the text. The dashed line
represents the pull-off stress of the unpatterned PDMS specimen measured on the rough substrate GS3. The gray zones are provided to guide the eye.

of the regimes vary only slightly for all rough substrates
(GS1 to GS4) used in this study. Regime 2 is located within the
5 to 15 µm pillar diameter range and within the 12 to 20 µm
pillar height range (GS1 and GS2) or the 5 to 20 µm pillar
height range (GS3 and GS4). The remaining area displayed in
the contour plot represents the adhesive regime 1, in which
the adhesion increased for smaller and taller pillar structures,
that is for higher aspect ratios. This finding is in line with an
earlier analytical study that predicts higher adhesion of fibrillar
structures with higher aspect ratio due to enhanced compliance
of the micropatterned array and, therefore, better adaptation
to rough substrates.[28] Interestingly, high aspect ratios are frequently found in the design of natural dry adhesives as in the
case of insects and geckoes.

3. Discussion
The results presented above suggest that rough substrates introduce additional effects when they adhere to a micropatterned
array of fibrils: in contrast to smooth substrates, adhesion now
depends on the preload and the dimensions of the fibrils, in
addition to the surface roughness itself. In this study, we have
for the first time identified two different interaction regimes:
in regime 1, adhesive values exceed those of the unpatterned
PDMS adherent, whereas typically lower adhesive values compared to the unpatterned adherent are found in regime 2. We
therefore propose to name regime 1 the “adhesive regime” and
regime 2 the “non-adhesive regime.”
Our observations can be qualitatively rationalized by considering the mechanisms of contact formation between an elastic
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pillar structure and a rigid, rough substrate. Initial contact will
occur only at the local peaks on the substrate. The contact area
will be immediately increased due to free surface energy minimization in accordance with the Johnson, Kendall and Roberts
(JKR) theory.[40] As compressive preload is applied, the pillar
structure will be forced to adapt to the surface topography of
the substrate. Two mechanisms can come into play: elastic
deformation predominantly in the axial direction and off-axis
pillar bending or buckling. Which of these mechanisms is predominant will depend on the pillar dimensions in relation to
the roughness values in the following way:
i) In the adhesive regime 1, the pillar diameter of the fibrils
is always larger than the mean spacing, S , of adjacent local
peaks on all rough substrates (i.e., D > S ). In this case, the pillars will rest on several local roughness peaks; hence contact
area will be increased mostly by local elastic deformation of
the pillars without significant bending or buckling (Figure 6A).
The energy stored in the required local elastic deformation
will increase with the peak-to-valley distance, Rz , of the rough
substrate; this strain energy penalty will, however, decrease
for taller pillars. This can explain why larger Rz values lead to
lower adhesion (as is known from the literature[28,32,33,35] and
shown in Figures 3A, 4, and 5) while taller pillars show better
adhesion (see Figures 3B and 4). In this regime, the adhesion
force of fibrillar surfaces was increased by a factor between 2.7
(for GS1) and 4.2 (for GS3) over that of the unpatterned control
surface.
ii) In the non-adhesive regime 2, the pillar diameter is
smaller than the mean spacing of adjacent local peaks (i.e.,
D < S ). Therefore, the pillar faces will now predominantly
meet the substrate in the sidewalls of grooves and peaks to

© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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accommodate the local misorientation. Now, bending of the pillars will be more efficient for achieving a larger contact area as
demonstrated in Figure 6B. The off-axial bending of the pillars
results in elastic bending energy that in addition to the elastic
strain energy by local elastic deformation at the pillar faces (see
regime 1) works against the adhesive energy. We argue that the
higher elastic energy resulting from this process can explain the
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Figure 4. Effect of the pillar height of PDMS pillar array specimens on the
results of normal adhesion measurements. The measurements were performed on the rough substrates GS1 and GS3 in reference to the smooth
control. The pillar diameters, D, were varied from 5 to 50 μm and the
applied preload was kept constant at about 40 mN. The dashed red lines
represent the pull-off stress for an unpatterned PDMS specimen. The gray
dotted lines represent the range of positive and negative dependence on
pillar height in regimes 1 and 2, respectively. The numbers represent the
slopes.

lower adhesion forces measured in this regime. The bending
energy shows a strong size dependence: a pillar diameter
dependence of ~ D 4 and a pillar height dependence of ~ H −2 .
For arbitrarily small pillar structures, the bending energy of the
total array is, therefore, expected to vanish. Hence, we cannot
exclude the possibility that adhesion values will increase again
for much smaller pillars (<5 µm in diameter) than studied in
this paper. Such small dimensions would be reminiscent of
the length scale of adhesion organs of large animals such as
geckoes, which exhibit terminal elements on the nanoscale.
Another phenomenon that will reduce adhesion to rough
surfaces is the increased propensity for buckling on rough surfaces with a resulting loss of contact between pillar and substrate.[41] When a perfectly aligned array of micropillars comes
into contact with a smooth surface, all pillars contact the substrate fully in one step, without buckling (provided that the
preload is smaller than the critical buckling load). On the other
hand, the same array will only gradually come into contact with
a rough substrate due to the height irregularities. The pillars
that do come into contact with the surface will carry the entire
load and will be more likely to buckle. As the critical load for
buckling varies with the number of pillars in contact with the
substrate, the pillars that formed contact early on will also tend
to buckle first and will not be able to contribute much to adhesion under tension. Note that buckling will more likely occur
for aspect ratios larger than 1. However, the propensity for
buckling is enhanced by the axial noneccentric loading due
to local misorientation of the pillar faces to the surface asperities. We argue that this explains the lowest adhesion values in
regime 2 obtained for pillar heights of 12 and 20 µm, in contrast to slightly better adhesion for only 5 µm tall pillar structures (see Figure 4).
Overall, our results suggest a new strategy for optimizing
fibrillar surfaces in contact with rough surfaces. The most relevant finding in light of possible applications is that fibrillar
adhesive microstructures do not increase adhesion only to
smooth surfaces, according to the principle of contact splitting, as has been reported frequently. Also for rough substrates,
fibrillar structures demonstrated increased adhesion, provided
that the fibril diameter is chosen judiciously with regard to the
substrate roughness: D must lie close to, but above the lateral
roughness parameter S of the substrate (to avoid bending and
buckling). In addition, a large pillar height should be chosen
(to minimize elastic strain energy). In any case, the transition
region between the adhesive regime 1 and the non-adhesive
regime 2 as defined in our paper must be avoided.

4. Conclusions
We present a detailed study of normal adhesion for micropatterned adhesives on rough, rigid substrates. For the first time,
a systematic variation of pillar diameters and heights was performed and the adhesion force values were analyzed in connection with the roughness parameters of the substrate. The
following conclusions were drawn:
i) Fibrillar adhesive surfaces can improve the adhesion to
rough substrates by a factor between 2 and 4 compared to
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Figure 5. Adhesion as a function of pillar diameter and height: The contour plots represents the pull-off stress values as a function of pillar height
and pillar diameter for all rough substrates GS1 to GS4 in reference to the smooth control. The colors correspond to different pull-off stress values.
The black dashed lines represent the aspect ratios (H/D) of the pillars. The red dashed lines represent the transition from the adhesive regime 1 to
the nonadhesive regime 2.

unpatterned surfaces. The principle of “contact splitting,”
advocated first for smooth substrates, has thus been shown
to apply also to rough substrates.

ii) To take advantage of this effect, the dimensions of the fibrils
must be chosen in relation to the roughness parameters of
the substrate. The fibril diameter should be small, but not

Figure 6. Contact mechanisms for regimes 1 and 2: Schematic illustration of a micropatterned array of pillars pressed onto a rough substrate in
A) regime 1 and B) regime 2. Insets represent the partial contact and a complex strain ﬁeld at the pillar faces found to occur in both regimes. Additionally, bending and buckling of pillars can occur in regime 2 as shown in the inset.
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5. Experimental Section
Sample Fabrication: Fibrillar gecko-mimetic adhesives were
fabricated by soft molding PDMS (Dow Corning, Sylgard 184 kit)
from master templates (see Figure 1A). Master templates were
fabricated from silicon wafers spin coated with a negative photoresist,
SU-8 (Micro Resist Technology, Berlin, Germany), using a standard
photolithography process. The mask employed during the UV
exposure step of the photolithography process consisted of 25 ﬁelds
of hexagonally packed circles of different diameters and spacings. Prior
to soft molding, templates were silanized by exposure to approximately
50 μL of hexadecaﬂuoro-1,1,2,2-tetrahydrooctyltrichlorosilane (Alfa Aesar,
Germany) under vacuum for 30 min. The templates were then placed
in an oven at 95 °C for 30 min. The PDMS base and crosslinker were
mixed (10:1 ratio) and degassed in a desiccator to eliminate bubbles.
This mixture was poured onto the templates, degassed again, and cured
at 75 °C for 24 h to produce the PDMS micropatterned samples. These
samples were then carefully peeled off the templates. Each resulting
PDMS micropatterned sample consisted of 25 8 × 8 mm[2] regions each
with different pillar heights (5, 12, 20, 40, or 75 μm) and diameters
(5, 7.5, 10, 15, 20, 30, or 50 μm). The PDMS ﬁbrillar arrays of different
pillar heights, diameters, and aspect ratios were characterized using a
scanning electron microscope (SEM) (FEI Quanta 400 ESEM) operating
under high vacuum and with a beam energy of 1–15 kV.
Preparation and Characterization of Rough Surfaces: Flat glass was
selected as the substrate of choice to study the adhesion of the PDMS
ﬁbrillar samples. Each substrate was roughened with sandpaper (Buehler
GmbH, Düsseldorf, Germany) of different asperity sizes. These rough
substrates were in turn used as substrates for adhesion measurements. The
roughness proﬁle of each substrate was determined using a proﬁlometer
(Surform 1500 SD3, Zeiss GmbH) (Figure 2A). Measurements were made
using a 1 μm radius stylus at 0.3 mm s −1 scan speed. Three measurements
were taken at different locations on each sample.
The amplitude parameter is the mean peak-to-valley proﬁle

calculated based on the amplitude of the Fourier transformed data from
the line scans using Origin, (OriginLab, v. 9). Normalization of the power
spectrum was performed via the mean square amplitude (MSA) method,
Re 2 + Im 2
where Re and Im are the real and imaginary parts of the
i.e.,
n2
transform data and n is the length of the input sequence.
Adhesion Measurements: Normal adhesion was measured using a
custom-built adhesion-measuring device (Figure 1C).[31,42] The base
of the device consists of a three-axis piezo stage (Nanocube, physics
instruments Karlsruhe, Germany), with nanoscale resolution, sitting
on a pivotable six-axis table (Hexapod F.206, physics instruments
Karlsruhe, Germany), which is adjustable on the microscale in the
x , y, and z directions, for sample positioning. Adhesion to a sample
on the stage was measured using a force sensor system comprised
of a glass spring (with a spring constant of 2450.7 Nm−1) and a laser
interferometer. The spring consists of an asymmetrically strained glass
slide onto which a mirror is mounted to reﬂect the light from the laser
(SP 100, SIOS Messtechnik, Ilmenau, Germany). The substrate, against
which the samples adhesion is tested, was glued onto an adapter with
cyanoacrylate glue (Cyanolube, HK Wentworth Ltd., Derbyshire). To
allow for further adjustment of the position of the glass spring, the
spring is mounted onto a two-axis tilt stage (OWIS GmbH, Stauffenberg,
Germany). The whole device sits on an anti-vibration tabl e (TS 150,
Technical Manufacturing Corporation, USA) to reduce the noise arising
during measurements.
For adhesion measurements, the desired PDMS sample was
placed on the pivotable stage and the substrate was immobilized
on the spring. The substrate was manually aligned with the sample,
such that the surfaces of each were parallel to each other, using two
cameras, one located on the y-axis and the other on the x-axis of the
sample. Alignment was further optimized by mechanically adjusting the
sample stage along the x- and y-axes until a maximum pull-off force was
achieved for a constant preload. Once the optimal sample position was
identiﬁed, the sample was cleaned with ethanol and the pull-off force
was measured for each rough surface. Each data point represents the
mean value of ﬁve measurements on four different in-plane positions
on each substrate. The error bars indicate the standard deviation.
The adhesion of ﬂat, unpatterned PDMS samples, in addition to the
micropatterned PDMS samples, was characterized for control purposes.
All measurements were performed at an approach/retraction velocity of
5 μm s −1 at a controlled temperature and relative humidity (RH) of 24 °C
and 40% RH, respectively. The adhesion results are presented as pull-off
stress values, which were derived by dividing the measured force by the
apparent contact area.
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k

1
roughness that is given by R z = ∑ R z,i , where k is the number of cut-off
k i =1

ﬁlter lengths and z i is the peak to valley distance at the i-th location.
Two spacing parameters are deﬁned as follows: S m is the mean distance
between successive points as they cross the mean line and is given by

Sm =

n

1
S . The mean spacing of adjacent local peaks, S, is given by
n ∑ m,i
i =1
n

1
S = ∑ S i . The power spectra of the glass substrates GS1 to GS4 were
n
i =1
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smaller than the mean spacing between local peaks on the
substrate. The pillar height should be as large as possible
without jeopardizing stability.
iii) Two new regimes of adhesion were identified: regime 1, in
which the diameter of pillars exceeds the spacing between
the local peaks of the substrate, and regime 2 where the converse relationship applies. The superior adhesion in regime
1 was attributed to only small elastic deformations required
in forming contact; by contrast, the nonadhesive regime 2
is ascribed to frequent pillar bending and buckling events,
which store much energy and reduce the contact area.
iv) Contour plots were developed, which depict the coexistence
of both regimes as a function of both pillar diameter and
height. This makes the adhesion of micropillar arrays on
rough substrates distinct from that on a smooth substrate.
We believe that these results are particularly relevant for designing micropatterned adhesives suitable for both adhesive
and nonadhesive phenomena and applications connected to
surface roughness.
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