
This article was downloaded by: [University of California Santa Barbara]
On: 15 January 2014, At: 11:21
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

The Journal of Adhesion
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gadh20

Adhesion of Flat and
Structured PDMS Samples to
Spherical and Flat Probes: A
Comparative Study
Elmar Kroner a , Dadhichi R. Paretkar a , Robert M.
McMeeking a b & Eduard Arzt a
a INM – Leibniz Institute for New Materials,
Functional Surfaces Group , Saarbrücken , Germany
b Department of Mechanical Engineering , University
of California , Santa Barbara , CA , USA
Published online: 25 May 2011.

To cite this article: Elmar Kroner , Dadhichi R. Paretkar , Robert M. McMeeking &
Eduard Arzt (2011) Adhesion of Flat and Structured PDMS Samples to Spherical and
Flat Probes: A Comparative Study, The Journal of Adhesion, 87:5, 447-465, DOI:
10.1080/00218464.2011.575317

To link to this article:  http://dx.doi.org/10.1080/00218464.2011.575317

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the
information (the “Content”) contained in the publications on our platform.
However, Taylor & Francis, our agents, and our licensors make no
representations or warranties whatsoever as to the accuracy, completeness,
or suitability for any purpose of the Content. Any opinions and views
expressed in this publication are the opinions and views of the authors, and
are not the views of or endorsed by Taylor & Francis. The accuracy of the
Content should not be relied upon and should be independently verified with
primary sources of information. Taylor and Francis shall not be liable for any
losses, actions, claims, proceedings, demands, costs, expenses, damages,

http://www.tandfonline.com/loi/gadh20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00218464.2011.575317
http://dx.doi.org/10.1080/00218464.2011.575317


and other liabilities whatsoever or howsoever caused arising directly or
indirectly in connection with, in relation to or arising out of the use of the
Content.

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden. Terms & Conditions of access and use can be found at
http://www.tandfonline.com/page/terms-and-conditions

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
Sa

nt
a 

B
ar

ba
ra

] 
at

 1
1:

21
 1

5 
Ja

nu
ar

y 
20

14
 

http://www.tandfonline.com/page/terms-and-conditions


Adhesion of Flat and Structured PDMS Samples to
Spherical and Flat Probes: A Comparative Study

Elmar Kroner1, Dadhichi R. Paretkar1,
Robert M. McMeeking1,2, and Eduard Arzt1
1INM – Leibniz Institute for New Materials, Functional Surfaces
Group, Saarbrücken, Germany
2Department of Mechanical Engineering, University of California,
Santa Barbara, CA, USA

Adhesion measurements on poly(dimethyl)siloxane samples were performed, for the
first time, with flat glass probes under controlled tilt angle and the results were com-
pared with measurements from spherical probes of two different radii. Experiments
weremade on both flat andpatterned sampleswith structure diameters of 4.7lmand
heights of 0.82lm and 1.95lm, respectively. Pull-off forces measured with spherical
probes showed the usual preload dependence and were independent of misalignment
angle. On the other hand, pull-off forces measured with aligned flat probes were
preload-independent, but dropped significantly and became preload-dependent with
increasing misalignment. This effect was more pronounced for structured samples,
where a misalignment by 0.2� resulted in a drop of adhesion by more than 30%.
The comparison indicates that measurements from spherical probes underestimate
adhesive forces for structured surfaces if compared with aligned flat probes. Finally,
we propose a simple model which allows the prediction of angle-dependent plateau
values of pull-off forces for measurements with flat probes on flat samples.

Keywords: Adhesion; Bioinspired; Biomimetic; Fibrillar surfaces; Gecko; Pull-off

1. INTRODUCTION

Intense investigation of biomimetic adhesives has occurred over the
last several years. Surface structures of increasing complexity have
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been fabricated, such as simple cylindrical pillar structures [1–5],
hierarchical structures [6–11], and structures with defined tilt angles
[8,12–14] and different tip shapes [10,13–22]. Besides measurements
of friction [3,8–9,14,23] or frictional adhesion [22], the most common
method for determining normal adhesion is the so-called JKR-type
experiment [1–2,4,6,10–13,18–20,24–25], named after Johnson,
Kendall and Roberts [26]. In their original work, two soft elastic
spheres were brought into contact and area of contact as well as
pull-off force were measured [27,28]. The results led to the now well
known JKR theory [26] for contact between soft spheres. For practical
reasons, the experimental setup nowadays often consists of a hard,
spherical probe pressed against a soft, flat sample, and preload and
pull-off force are measured [2,10,13,18].

Measurements with spherical probes are insensitive to misalign-
ment and have been investigated theoretically [29–36]; data
interpretation, however, has several problems. One of the main
drawbacks is the increase of the contact area with increasing com-
pressive preload, which complicates the determination of the pull-off
strength. With regard to adhesion of structured surfaces, additional
problems are encountered. For example, the stress state of individual
pillars depends on their position within the contact area: while pil-
lars in the contact boundary region are under tension during pull-off,
pillars directly below the center of the probe may still be under com-
pression. This leads to a stepwise detachment of structures
[1,6,10,14], which will influence pull-off force values. A possible
way to avoid such problems is to measure adhesion with a stiff flat
probe against a larger flat, compliant sample [5]. The contact area
is then constant and defined by the probe dimensions. Apart from
a small region at the probe boundary, a uniform stress within the
sample can be achieved. In contrast to experiments with spherical
probes, the use of flat probes allows direct determination of the
pull-off strength by simple division of the pull-off force by the area
of the probe. However, adhesion measurements with a flat probe
require careful parallel alignment of probe and sample to ensure
reproducibility of data.

In this paper we present, for the first time, normal adhesion mea-
surements from flat probes under controlled tilt angle, both on flat
and structured samples. The results of these measurements are com-
pared with adhesion data from spherical probes of two different radii.
We then propose a model which predicts the angle dependence of the
pull-off force plateau at high preload for measurements from flat
probes on flat samples.
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2. EXPERIMENTAL

2.1. Sample Preparation

Polydimethylsiloxane (PDMS) samples with a hexagonal array of
pillars were fabricated in three process steps: photo lithography,
reactive ion etching and two-step soft molding. For photo lithography,
silicon wafers (Crystec GmbH, Altötting, Germany) were spin-coated
with the photo resist SU 8-2 (MicroChem, Newton, MA, USA) to form
a layer of 2mm thickness. After exposure through a lithography mask
(ML&C Jena GmbH, Jena, Germany) and treatment of the resist with
a developer (mrdev-600, MicroChem) cylindrical structures were
obtained.

To improve durability and cleanability of the templates, the pre-
structured wafers were etched in a reactive ion etcher using a gas
chopping protocol with SF6 and CHF3 as etching gases and CHF3 as
passivation gas. The remaining photo resist was stripped off by heat-
ing the wafers up to 600�C in air. Silicon cylinders were obtained, with
structure heights being a function of the etching time.

The silicon wafers were then used as a mold. Two molding steps
were necessary to obtain cylindrical polymer structures. The first
molding was performed with polyurethane (PU) (PolyOptic 1470, Poly-
ConForm GmbH, Düsseldorf, Germany). After cross-linking at room
temperature for 48 hours, the PU was peeled off the wafers resulting
in polymer molds with cylindrical holes. In the second step, the PU
molds were used to fabricate PDMS samples with cylindrical struc-
tures. Sylgard 184 PDMS (Dow Corning, Barry, Wales, UK) was mixed
in a 10:1 (pre-polymer to cross-linker) ratio. After removal of air bub-
bles formed during mixing in vacuum, the viscous liquid was poured
onto the PU template and cross-linked at 75�C for 72 hours. After
cross-linking, the PDMS samples were peeled off the PU template
resulting in structured PDMS samples. Flat PDMS samples were pre-
pared under identical conditions and were used as a control.

2.2. Adhesion Measurements

Adhesion measurements were performed on a custom-built apparatus
known as the Macroscopic Adhesion measurement Device (MAD), as
previously described [37,38]. Figure 1 shows a schematic of the
adhesion tester. A 3-axis piezo stage (PI, Karlsruhe, Germany) was
mounted to a 6-axis positioning table (PI, Karlsruhe, Germany) for
high positioning and measurement accuracy. Forces were measured
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using a calibrated symmetric glass cantilever with tilt-free deflection
up to several hundred micrometers. A mirror and the probe were glued
to the top and the bottom of the cantilever, respectively. The cantilever
deflection was measured using a laser interferometer (SIOS Messtech-
nik GmbH, Illmenau, Germany). The interferometer is very sensitive
to tilt of the mirror and halts measurement if misalignment exceeds 2
arc minutes. Therefore, the intensity of the reflected laser beam
served as an indirect control of cantilever tilt.

The sample was pressed against the probe with a defined preload
and retracted in a standard load-displacement experiment. The
pull-off force was defined as the maximum tensile force. Three differ-
ent probes were used for adhesion measurements; two borosilicate
glass spheres with 2mm and 5mm radius and a borosilicate glass
flat-ended cylindrical probe having a diameter of 1mm (peak to valley
roughness <15nm). All adhesion tests were performed at a velocity of

FIGURE 1 Setup of the adhesion tester MAD. The sample is brought into
contact with the probe (glued to the cantilever) using a piezo and a 6-axis
table. The latter allows high precision tilting. The deflection of the cantilever
is continuously measured by laser interferometry. Forces are calculated from

450 E. Kroner et al.

the cantilever deflection (color figure available online).
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5 mm=s. The probes were cleaned with ethanol and brought into con-
tact with a PDMS piece 1000 times before starting the measurements
to ensure an equilibrium surface state of the probe [37].

To investigate misalignment effects, the samples tested with the
flat probe had to be carefully aligned. Adhesion measurements were
performed for different tilt angles at an accuracy of 0.02� in two axes,
resulting in a point symmetric pull-off force profile map. The center of
the symmetric profile was defined as 0� misalignment. The alignment
was then systematically varied from �2� up to þ2� in 0.2� steps. Mea-
surements were also performed with spherical probes within �2� tilt
angle, although a definition of 0� misalignment was not possible in this
case.

3. RESULTS

3.1. Sample Shape

The structured PDMS samples were characterized using white light
interferometry. The samples consisted of cylindrical structures with
4.7� 0.1 mm diameter and heights of 0.82� 0.02 mm (referred to as
AR0.2) and 1.95� 0.02 mm (referred to as AR0.4), respectively. These
low aspect ratios were chosen to prevent structure buckling during
loading. The structures were hexagonally packed with a center-to-
center spacing of 10 mm, resulting in a packing density of 20.0%. The
sample thickness was �880 mm. The structures were slightly conical
and featured sharp edges. Fig. 2a and b show a cross section of an

FIGURE 2 Geometry of the structures with a height of 1.95 mm and 4.7 mm
diameter. In (a) a cross section measured by white light interferometry of a
single structure is plotted. A SEM image is shown in figure

Measuring Adhesion: Spherical vs. Flat Probes 451

(b) (color
available online).
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AR0.4 structure measured by white light interferometry and a SEM
picture, respectively.

3.2. Angle Dependent Adhesion Using a Flat Probe

Adhesion measurements with the flat probe showed a strong depen-
dence of pull-off forces on the tilt angle as shown in Fig. 3. For
measurements in the aligned state, low or no dependence of pull-off
force on preload was found for both flat and structured samples. With
increasing tilt angle of the probe, the pull-off force values dropped sig-
nificantly and became preload dependent. In the case of flat PDMS, a
0.2� tilt angle had a negligible preload dependence of the pull-off force
but the value of the pull-off force was reduced by �10% compared with

FIGURE 3 Adhesion measurements performed with a flat-ended cylindrical
glass probe of 1mm diameter at different misalignment angles. Angle scans
were performed for (a) flat, (b) structured PDMS samples with a diameter
of �4.7 mm and heights of �0.82 mm (AR0.2), and (c) structures of heights of
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�1.95 mm (AR0.4) (color figure available online).
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aligned measurements (Figure 3a). For a misalignment of 0.4�, the
pull-off force showed an increased preload dependence. The pull-off
force reached �53% for low and �74% for maximum preload, com-
pared with aligned measurements. For a misalignment of 2.0�, the
pull-off force showed a pronounced preload dependence and consti-
tuted less than �10% of the force measured in the aligned state.

The preload and angle dependences of the pull-off force for struc-
tured samples are shown in Fig. 3b and 3c. For both aspect ratios
the pull-off force dependence on misalignment was higher than for
the flat control sample. A misalignment of 0.2� was sufficient to result
in significant preload dependence. Compared with the force values
obtained from aligned measurements, the pull-off forces measured
on AR0.2 structures reached between 16% for low and 64% for high
preload (Fig. 3b). For misalignment >0.6� the pull-off force did not

FIGURE 4 Adhesion measurements on flat and structured samples, per-
formed with spherical probes of (a) 2mm, (b) 5mm radius, and (c) with a
flat-ended cylindrical probe of 1mm diameter in the aligned

Measuring Adhesion: Spherical vs. Flat Probes 453

state (color
figure available online).
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change further with increasing tilt angle. For AR0.4 structures the
pull-off force showed a similar dependence on misalignment as for
the AR0.2 structure sample, but was less pronounced (Fig. 3c). A mis-
alignment of 0.2� resulted in pull-off forces between 26% for the low
and 80% for maximum preload compared with the value obtained from
aligned measurements. In general, the pull-off forces for structured
samples were lower than those for flat control samples, as the struc-
tures had relatively large diameters, a low aspect ratio and no
adhesion enhancing tip geometry [2,18].

3.3. Comparison Between Different Probe Geometries

Figures 4a and b show the results of adhesion measurements from
spherical probes (2mm and 5mm radii) on flat and structured PDMS

FIGURE 5 Representative adhesion strength curves, where the pull-off force
from Figure 4 has been normalized by the projected contact area, calculated
from the indentation depth and the probe geometry. Preload pressure and
pull-off strength is shown for (a) the flat control sample and for, (b) the sam-
ples with structure diameters of �4.7 mm and heights of �0.82 mm, (c) heights
of �1.95 mm and (d) shows the indentation depth for the AR0.2 structure

454 E. Kroner et al.

sample (color figure available online).
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for different tilt angles. For these measurements, the tilt angle had no
effect on the pull-off force. However, for the 2mm radius probe a sud-
den increase in pull-off force was measured for AR0.2 structures at a
preload of �3mN (Fig. 4a, green curve). Figure 4c shows the results
for aligned measurements with a flat probe. Additional measurement
graphs are shown in Supporting Information.

Figures 5a-c show representative pull-off strength data obtained
from Figures 4a-c by normalizing the force values by the apparent
contact area. For spherical probes, the contact area was calculated
from the indentation depth (Figure 5d), as was previously done in
[2,12,18,19]. The indentation depth itself was calculated from the dif-
ference between sample displacement and cantilever deflection. This
resulted in graphs where pull-off strength is plotted against preload
pressure. In Figure 5b and 5d the same jump in adhesive interaction
between probe and AR0.2 sample as in Fig. 4a can be found. While
pull-off strength for spherical probes decreased with increasing pre-
load pressure, constant pull-off strength values were found for flat
probe measurements.

4. DISCUSSION

4.1. Effect of Tilt Angle on Pull-Off Forces for Flat Probe
Measurements

Figure 3 shows that the pull-off force is a function of misalignment and
preload if adhesion measurements are performed using a flat probe.
The highest pull-off force is found for measurements in the aligned
state, and the pull-off force shows little or no preload dependence. A
slight preload dependence may be caused by a very small misalign-
ment within the error tolerance, roughness of the sample or dirt par-
ticles on the probe and sample. With increasing tilt angle, the pull-off
force decreases and becomes more preload dependent. This behavior is
to be expected as the probe needs to indent the sample deeper to form
complete contact with increasing tilt angle. The increased preload
dependence is also a consequence of indentation depth; for low pre-
loads and higher misalignment the flat probe cannot form complete
contact with the sample, thus reducing the contact area. Both effects
are expected to be dependent on the dimension of the flat probe.
Figure 6 schematically shows a contact with perfect alignment
(Fig. 6a) and with a misalignment angle h (Figure 6b).

Interestingly, the drop in adhesion for increasing misalignment is
more pronounced for structured samples than for flat ones. In parti-
cular, the AR0.2 structures seem to be more sensitive to misalignment

Measuring Adhesion: Spherical vs. Flat Probes 455
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than AR0.4 structures as shown in Figs. 3b and c. The effect increases
with decreasing structure height. Note that the angle sensitivity of the
pull-off forces may depend on the pillar tip geometry as well and will
be investigated in further studies.

4.2. Effect of Probe Geometry

The adhesion measurements with spherical probes proved that the
pull-off force is independent of the alignment, as expected. For
AR0.2 structures, an abrupt increase in pull-off force was found at a
preload of �2.5mN (see Fig. 4a). This increase in pull-off force may
be caused by a ‘‘break-through’’ of the probe to the backing layer,
which was visualized in earlier studies for low aspect ratio structures
[1]. If a spherical probe is pressed into a structured sample, it will form
contact with the backing layer at a certain preload. This results in a
larger area of contact, increasing the released adhesion energy. How-
ever, this ‘‘break-through’’ event is not linked to the indentation depth
of the probe. Figure 5d shows that the same indentation depth is
reached with the 5mm radius probe, but no increase in pull-off force
occurs. If the pull-off strength is plotted vs. preload pressure, however,
the jump in pull-off strength occurs at preload pressures which have
not been investigated for the 5mm radius probe in this study.

Figure 7 shows the pull-off forces for structured samples normalized
by the values from flat (unstructured) control samples, which allows
closer investigation of probe geometry effects. While flat probe mea-
surements result in normalized pull-off force values of �38% for

FIGURE 6 Schematic of indentation into a compliant half space with a hard
rigid flat probe in (a) the aligned and (b) the misaligned case. (a) Complete con-
tact between probe and sample is formed at low preloads and with small defor-
mation of the sample, resulting in high adhesion and low preload dependence
of the pull-off force. (b) Substantial deformation is required to form complete
contact, resulting in a preload dependent and reduced pull-off force. The
dashed lines represent the half space before

456 E. Kroner et al.

deformation figure(color
available online).
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AR0.2 structures and �43% for AR0.4 structures (Fig. 7a), measure-
ments with spherical probes lead to lower relative pull-off forces. Rela-
tive pull-off force values of �22% (disregarding the values for preloads
larger than 1.5mN) and �34% were found for AR0.2 and AR0.4 struc-
tures using the 2mm radius probe (Fig. 7b). Measurements with the
5mm radius probe resulted in values of �20% and �24% (Fig. 7c).

The sensitivity of structured surfaces to misalignment, as men-
tioned in the previous section, would explain the discrepancy in
pull-off force ratios measured for different probe geometries. Due to
the curvature of the spherical probe, structures directly under the cen-
ter of the probe are measured in an aligned state, while structures on
the contact periphery will experience a misalignment angle. This mis-
alignment due to probe curvature will result in a lower pull-off force
for those structures. This insight leads to two important points: first,
experiments with flat aligned probes show results different from

FIGURE 7 Pull-off forces measured on samples with �0.82mm (AR0.2 struc-
tures) and �1.95 mm structure height (AR0.4 structures). The pull-off forces
were divided by pull-off force values obtained for measurements on flat
(unstructured) PDMS. The graphs show results from measurements with (a)

Measuring Adhesion: Spherical vs. Flat Probes 457

flat probes, (b) spherical probes of 2mm radius, and (c) 5mm radius (color
figure available online).
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measurements with spherical probes, even if the probe radius is 3
orders of magnitude larger than the structure size; and, second, the
adhesive properties of structured samples are rather poor when tested
with spherical probes.

Another interesting result is the influence of structure height.
Figures 3b and c show that AR0.4 structures have higher pull-off
forces than AR0.2 structures. We investigated this now well-known
phenomenon in earlier studies [2]. However, while measurements
with flat probes and the 5mm spherical probe show similar ratios of
normalized pull-off force values (�1.2 for normalized AR0.4 structured
divided by normalized AR0.2 structures, see Figures 7a and c), the
ratio calculated for measurements with the 2mm radius probe is
higher (�1.4 in the preload range from 0 to 1.5mN). This indicates
that structures with a higher aspect ratio tend to adhere better to
spheres with smaller radii. Structures with higher aspect ratio are
easier to bend than those with low aspect ratio and, therefore, do
not store as much elastic energy when adapting to misalignment.
These results underline the importance of the aspect ratio of the struc-
ture for the design of bioinspired adhesive systems.

4.3. Model for the Effect of Misalignment on the Pull-Off
Force for a Flat Probe on a Flat Sample

To describe the angle dependence of the pull-off force for flat probes on
flat samples we propose the following simplified model. We consider a
flat, rigid probe with a square contact area of cross-section 2b� 2b, to
be adhered to a compliant, isotropic, linear elastic half-space, and ana-
lyze the problem in plane strain. A complete edge, A, of the cross sec-
tion, with length 2b, forms perfect contact with the substrate as
depicted in Fig. 6, while the tilt angle h is defined as a rotation around
A. Let the probe be far away from the sample and then approach it
until they touch along A. Adhesive interactions will cause the sample
to attach to the probe, and an adhered segment will spontaneously
generate along the bottom of the probe, extending 2c from A to B
(see Fig. 6). If the probe is not permitted to move or rotate, the
spontaneous adhesion will cause a tensile load P, and, as in Kendall’s
problem [39], a square root singularity for stress will appear in the
sample at A and B. The stress intensity factors for these singularities
at A and B are given by [40]

KA
I ¼ P

b
ffiffiffiffiffi
pc

p � 1

2
E0h

ffiffiffiffiffi
pc

p
ð1Þ

458 E. Kroner et al.
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KB
I ¼ P

b
ffiffiffiffiffi
pc

p þ 1

2
E0h

ffiffiffiffiffi
pc

p
; ð2Þ

where E0 ¼E=(1� n2), with E being the Young’s modulus of the sample
and n its Poisson’s ratio. Since h is positive, KB

I > KA
I .

For equilibrium, the energy release rate at B, given by ðKB
I Þ

2=2E0

[41], must equal the adhesive energy, w, from which we find

P ¼ b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pE0wc

p
� p
2
E0hc

� �
: ð3Þ

Since the energy release rate GA ¼ KI2

A

2E0 at point A is smaller than w, the
attachment will attempt to extend around the corner at A and up the
side wall of the probe. If the corner is sharp (right angle or very small
edge radius) and misalignment is small, the energy release rate will
rise very rapidly as the attachment extends due to the severe elastic
deformations necessary. As a consequence, the attachment will not
extend very far up the side wall of the probe past A. Therefore, we
can simply regard the adhesion to terminate at A.

Now consider the misaligned state (h> 0). If the applied force is
zero, the Eq. (3) can be rearranged to predict a value for the half
length of the adhesion, co, at zero load, namely

c0 ¼
8w

pE0h2
: ð4Þ

If co> b, the entire bottom surface of the probe will attach. It follows
that this will occur when h �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8w=pE0b

p
, and so very small misalign-

ment, or its absence, will lead to full attachment of the probe at zero
load.

Now let the probe attach partially at zero load, so that Eq. (4) is
valid for the half length of the attachment. To create an attachment
for which the half length is larger than co, Eq. (3) indicates that a com-
pressive force is required. Conversely, an attachment having a half
length shorter than co requires a tensile load to be applied. The form
of Eq. (3) makes it obvious that P¼ 0 occurs when c¼ 0. It follows that
there is a maximum tensile load for a value of c lying between 0 and co;
this will be the pull-off load, Pc, found to be

Pc ¼
wb

h
: ð5Þ

When 2w=pE0h2< b� 8w=pE0h2, the probe will be fully adhered at zero
load, but the attached length of the adhesion will reduce stably when a
small tensile load is applied. This stable process will continue as larger
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loads are applied, causing the attached length to reduce, until the
applied load equals Pc and the probe detaches. It follows that Pc from
Eq. (5) is the pull-off load for all cases, where h >

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2w=pE0b

p
.

Now, consider cases where h �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2w=pE0b

p
. The probe will be fully

attached at zero load, but with shrinking attachment length the
applied load will diminish. It follows that as soon as a sufficiently high
load is applied to cause the attached length to shrink, the probe will
detach unstably. The detachment process will commence when the
energy release rate at point B equals the adhesion energy. It follows
that in this situation the pull-off load will be given by Eq. (3) with c
replaced by b. The complete picture is given by

Pc ¼ b

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pE0wb

p
� p
2
E0hb

�
h �

ffiffiffiffiffiffiffiffiffiffi
2w

pE0b

r

Pc ¼
bw

h
h >

ffiffiffiffiffiffiffiffiffiffi
2w

pE0b

r
:

ð6Þ

4.4. Comparison with Data in Figure 3

If we take the second of the predictions in Eq. (6), valid for larger mis-
alignment, we deduce that the experimental results for the asymptotic

FIGURE 8 Pull-off force at maximum preload versus the inverse tilt angle. A
linear fit is drawn for tilt angles larger than 0.4� with a slope of 13.12mN� and

460 E. Kroner et al.

a y-axis intercept of �2.84mN (color figure available online).
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behavior for large preload should be inversely proportional to the
misalignment angle. In Fig. 8 the pull-off force at maximum applied
preload (�10mN) is plotted versus the inverse tilt angle.

As predicted, the pull-off force is proportional to 1=h, restricted to
tilt angles larger than 0.4�. According to Eq. (5) the slope of the fit is
proportional to the adhesion energy, computed to be 0.46 J=m2, where
we have used the probe radius of 0.5mm as the value for b. According
to the model, the y-axis intercept of the linear fit should be zero. The
offset apparent in Fig. 8 may arise for several reasons, ranging from
experimental errors due to the small preloads applied, to friction
effects that cannot be controlled. In addition, the model presented is
based on plane strain calculations, while the results shown in
Figure 3a are for a three-dimensional configuration, introducing
further imprecision in the comparison of the model with the experi-
mental results.

5. SUMMARY

In this study, we compared adhesion measurements on flat and struc-
tured samples using different probe geometries, namely flat probes
and spherical probes with 2 and 5mm radii. The following conclusions
can be drawn:

. Adhesion measurements with flat probes strongly depend on the
misalignment angle. For measurements in an aligned configuration
there is little or no preload dependence of the pull-off forces.
Increasing misalignment causes a significant drop in pull-off force
and increases its preload dependence.

. Pillar structures are more sensitive to misalignment than flat con-
trol samples, if tested with a flat probe. This behavior may differ
with varying tip geometry and aspect ratio of the structures.

. Adhesion measurements with spherical probes are independent of
alignment. Tilting the probe þ=�2� does not influence the pull-off
force.

. The ratio of pull-off force measured for structured samples to that
for flat samples depends on the probe geometry. Measurements with
spherical probes lead to lower values of pull-off forces for structured
samples due to their curvature-dependent misalignment.

. Experiments with flat aligned probes show an adhesion behavior
different from those obtained with a spherical probe, even if the
radius of the spherical probe is 3 orders of magnitude larger than
the structure features.
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. For the spherical probe with 2mm radius, a jump in pull-off force
was observed, which may be caused by a ‘‘breakthrough’’ to the
backing layer. This effect is not linked to indentation depth by the
probe but may be a function of preload pressure, structure aspect
ratio and structure spacing.

. Aligned flat probes do not experience a variation in their contact
area, thus resulting in preload independent pull-off strength values,
allowing a straight-forward evaluation of adhesion performance.

. We have proposed a simple model describing the effect of probe
tilting on the pull-off forces at high preloads.

Spherical probes involve a simple experimental setup; however,
aligned flat probes lead to direct acquisition of the pull-off strength,
which is of significance in the evaluation of adhesive properties in
an engineering context. Furthermore, effects such as the tilt angle
dependence of adhesion for structured samples can be quantified,
or—in the case of measurements in the aligned configuration—
avoided.

Supporting Information Available: Additional graphs of tilt depen-
dent pull-off force measurements for 2 and 5mm radius spherical
probes and a flat probe are shown.
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SUPPORTING INFORMATION

The following figures show all adhesion measurements presented in
the paper as a 2.5 dimensional graph. The x-axis shows the measure-
ment angle, the y-axis the preload and the pull-off force is color coded.
The headline of each graph indicates the measurement system (probe
geometry on sample geometry). AR0.2 indicates the structures with
approx. 0.82 mm and AR0.4 samples with approx. 1.95 mm height. All
structure diameters were approx. 4.7 mm, hexagonally packed with a
spacing of approx. 5 mm in between the structures.
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