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A B S T R A C T

Micropatterned polymer surfaces that operate at various temperatures are required for emerging technical
applications such as handling of objects or space debris. As the mechanical properties of polymers can vary
significantly with temperature, adhesion performance can exhibit large variability. In the present paper, we
experimentally study temperature effects on the adhesion of micropatterned adhesives (pillar length 20 µm,
aspect ratios 0.4 and 2) made from three different polymers, i.e., polydimethylsiloxane (PDMS), perfluoropo-
lyether dimethacrylate (PFPEdma), and polyurethane (PU-ht). PU specimens showed the highest pull-off stresses
of about 57 kPa at 60 °C, i.e., more than twice the value of unpatterned control samples. The work of separation
similarly showed a maximum at that temperature, which was identified as the glass transition temperature, Tg.
PDMS and PFPEdma specimens were tested above their Tg. As a result, the adhesion properties decreased
monotonically (about 50% for both materials) for temperature elevation from 20 to 120 °C. Overall, the results
obtained in our study indicate that the operating temperature related to the glass transition temperature should
be considered as a significant parameter for assessing the adhesion performance of micropatterned adhesives and
in the technical design of adhesion devices.

1. Introduction

Synthetic fibrillar dry adhesives are currently of great interest for
enabling novel pick-and-place systems and other emerging applications.
Particularly, their applicability even to rough substrate materials
(Barreau et al., 2016) and the possible handling of fragile objects
(Zhou et al., 2013) even in vacuum (Purtov et al., 2015) may pave the
way for a new generation of handling and gripping systems. Over the
last decade, several design parameters of fibrillar dry adhesives have
been systematically studied (Del Campo et al., 2007; Greiner et al.,
2007; Kroner and Arzt, 2012; Fischer et al., 2017). In general, splitting
of an adhesive contact leads to better properties compared to an
unpatterned, smooth adhesive contact because of a strong reduction
of the elastic strain energy penalty for smaller contacts (size effect)
(Arzt et al., 2003). Furthermore, contact splitting leads to an extrinsic
contribution to the work of separation due to the interrupted crack
propagation along the single contacts, an enhanced adaptability to
rough substrates related to the higher compliance of the patterned
surface, and a reduced sensitivity to defects compared to a single
unpatterned contact (Kamperman et al., 2010). For the rational design
of fibrillar adhesives, Spolenak et al. (2005) and Greiner et al. (2009)

proposed maps that predict the optimal pillar geometry as function of
the elastic properties and the tip shapes including limits such as
cohesive strength, agglomeration of the fibrils, and the upper limit
for the adhesion strength. Many additional parameters such as the
stiffness of the substrate (Cheung and Sitti, 2009; Khaderi et al., 2015),
elastic gradients inside the structures (Fischer et al., 2017; Balijepalli
et al., 2017) or material viscoelasticity (Castellanos et al., 2011;
Lakhera et al., 2013; Yu et al., 2013) have been studied experimentally
and theoretically.

A critical issue that was neglected for micropatterned adhesives is
the adverse effects of higher than ambient temperatures on adhesive
properties. The mechanical properties of polymers drastically change
with temperature, particularly if the temperature variation exceeds the
glass transition temperature, Tg. At T ,g the molecular mobility
changes from a glassy state (T T< g) to a more flexible rubber state
(T T> g) with a simultaneous strong decrease of the elastic modulus.
However, the adhesion performance is generally not a simple function
of temperature: For an ideal contact situation, the higher modulus
below Tg can enhance the adhesion properties of an adhesive film in
contact with a rigid flat punch (Khaderi et al., 2015; Kendall, 1971). By
contrast, a stiffer material will prevent intimate contact formation,

http://dx.doi.org/10.1016/j.jmbbm.2017.04.007
Received 21 February 2017; Received in revised form 4 April 2017; Accepted 5 April 2017

⁎ Corresponding author at: INM – Leibniz Institute for New Materials, Campus D2 2, 66123 Saarbrücken, Germany.
E-mail address: eduard.arzt@leibniz-inm.de (E. Arzt).

Journal of the Mechanical Behavior of Biomedical Materials 76 (2017) 110–118

Available online 07 April 2017
1751-6161/ © 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

MARK

http://www.sciencedirect.com/science/journal/17516161
http://www.elsevier.com/locate/jmbbm
http://dx.doi.org/10.1016/j.jmbbm.2017.04.007
http://dx.doi.org/10.1016/j.jmbbm.2017.04.007
mailto:eduard.arzt@leibniz-inm.de
http://dx.doi.org/10.1016/j.jmbbm.2017.04.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmbbm.2017.04.007&domain=pdf


particularly on a rough surface, and the diminished contact area can
result in reduced adhesion. Above Tg, contact formation may be
improved but the lower modulus can at the same time reduce the
adhesion (Castellanos et al., 2011; Lakhera et al., 2013; Yu et al., 2013).
For viscoelastic materials, viscoelastic losses additionally contribute to
stiffness variations. Hence, the work of separation will increase when
energy is dissipated in the system. At the glass transition temperature,
the viscoelastic loss factor exhibits a maximum (Turi, 2012). Accord-
ingly, Zosel measured the highest adhesion for pressure sensitive
adhesives (PSAs) close to Tg Zosel (1985, 1991). Theoretically, energy
dissipation due to viscoelastic losses at the crack tip will enhance the
critical energy release rate necessary for crack propagation (Andrews
and Kinloch, 1973; Barquins and Maugis, 1981; Greenwood and
Johnson, 1981). In addition to interfacial dissipative processes, energy
dissipation due to bulk deformation can contribute to enhanced
adhesion, which occurs particularly in case of strong interfacial
attraction (Crosby and Shull, 1999; Shull, 2002).

Detailed studies of bulk and interfacial contributions to the adhe-
sion energy were performed by atomic force microscopy (AFM). For
polydimethylsiloxane (PDMS), Awada et al. (2011) found, with increas-
ing temperature (from 30 to 140 °C), a reduction in adhesion which
they attributed to the decrease of intermolecular interactions due to
higher thermal fluctuations (Noy et al., 2003). They further demon-
strated that the adhesion energy at the nanoscale was a function of the
thermodynamic work of adhesion (related to the surface free energies)
and the dissipative energy, expressed by molecular mass and a
dissipative coefficient, which depends on temperature and separation
rate. Similar relationships were further established by experiments and
so-called master curves showing the correlation between adhesion
strength, temperature, and separation rate (Tsui et al., 2000; Cappella
and Stark, 2006). Luengo et al. (1998) suggested a mechanism to
describe the enhanced adhesion at Tg, where the enhanced mobility
induces molecular rearrangements such as polymer chain entangle-
ments across the interface, like molecular rearrangements occurring in
bulk. In addition, inelastic surface deformations or bulk flow might
contribute to energy dissipation at higher temperatures and lower rates
(Zeng et al., 2006).

The materials used in the present study were polydimethylsiloxane
(PDMS), polyurethane (PU-ht), and perfluoropolyether dimethacrylates
(PFPEdma). All materials are highly cross-linked elastomers that exhibit
a certain stability at elevated temperatures, which makes them inter-
esting candidates for applications at elevated temperatures. PDMS,
which has been widely used as a ‘standard’ material for micropatterned
adhesives, decomposes thermally above 300 °C (Camino et al., 2001).
PFPEdma exhibits considerable high temperature resistance due to the
fluorine content of about 54 at% and can be applied at temperatures
ranging from −50 °C to 290 °C. However, the material inherently
exhibits a very low surface free energy and hydrophobicity (Hensel
et al., 2012; Hensel et al., 2014); hence, its application for adhesives
needs to be critically evaluated. In contrast, polyurethanes can exhibit
very strong adhesion (Kim et al., 2007; Murphy et al., 2007), but show
lower thermal stability (up to 150 °C) than the silicones and fluorinated
polymers.

In the present paper, the adhesion of micropatterned polymer
adhesives to a spherical glass probe was investigated at elevated
temperatures up to 120 °C. The adhesion characteristics were evaluated
in terms of pull-off stress and work of separation. The results obtained
will be discussed in relation to thermally induced variations of the
viscoelastic material properties.

2. Materials and methods

2.1. Microstructure fabrication

Micropatterned adhesive surfaces were fabricated from polydi-
methylsiloxane (PDMS, Sylgard 184 kit, Dow Corning), perfluoropo-

lyether dimethacrylate (PFPEdma, Fomblin MD40, Solvay Solexis) and
a high-temperature polyurethane, (PU-ht, U-835, Alfa Aesar) using
replica molding. Master structures having hexagonal micropillar arrays
with aspect ratio 2 and 0.4 (pillar length: 20 µm; pillar diameters: 10
and 50 µm, and a pitch twice the respective pillar diameter) and their
corresponding PDMS molds were generated as described previously
(Barreau et al., 2016). For the microstructures, the PDMS prepolymer
(10 weight parts of the base to 1 weight part of the curing agent) was
degassed under vacuum for 5 min. It was then filled into the mold,
degassed for 10 min, and cured at 75 °C for 24 h in an oven. The
PFPEdma and PU-ht oligomers were mixed with 0.5 wt-% 2-hydroxy-2
methyl-propiophenone (Sigma Aldrich) as a photoinitiator for UV-
curing. The pre-polymer mixtures were poured into the mold and
exposed to UV-light (365 nm, Omnicure S1500, Excelitas Technologies)
under a nitrogen atmosphere for 5 min. Upon crosslinking, samples
were carefully peeled off the molds. For a few analyses, PU-ht was
thermally post-baked in addition to a prior UV-crosslinking at 120 °C
for 15 min in an oven.

2.2. Adhesion measurements

The adhesion data presented in this paper were obtained by using a
custom-built adhesion-measuring device, which is schematically shown
in Fig. 1a. It consists of a pivotable stage, equipped with a heating
element (PE120, Linkam), and a spherical glass probe with a curvature
radius of 15 mmmounted on a flexible double beam glass spring. Forces
were deduced from the beam deflection measured by a laser inter-
ferometer multiplied with its spring constant of 2240 N m−1. Displace-
ments reported correspond to the elongation of the micropatterned
adhesives during retraction, i.e., they were calculated from the
differential displacement of the stage relative to the deflected beam.
The pull-off force (maximum tensile force) was determined from these

Fig. 1. Adhesion measurement and samples: (A) Schematic illustration of the adhesion
measurement device that consists of a pivotable and heating stage for sample manipula-
tion and a glass lens mounted on a flexible double beam. The laser interferometer
monitors the elastic deflection of the beam, from which the forces are deduced. (B)
Scanning electron micrograph of a representative micropatterned PDMS sample with
pillars of length 20 µm and diameter 50 µm.
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force-displacement curves. The pull-off stress was calculated by divid-
ing the pull-off force by the apparent contact area. The apparent contact
area was calculated according to a geometrical relationship based on
the radius of the probe and the indentation depth obtained from the
experiments (Greiner et al., 2007). The work of separation (area under
the curve in the tensile regime) was determined from the stress-
displacement curves. All measurements were performed at a constant
compressive preload of 30 mN, at four different sample positions, at
constant displacement velocity of 5 μm s−1, and at a relative humidity
of 45 ± 5%. The adhesion tests were conducted by increasing the
temperature of the samples from 20 °C to 120 °C (heating rate:
20 °C min−1) and subsequently decreasing the temperature from
120 °C to 20 °C (cooling rate: 20 °C min−1) in increments of 20 °C.
Before the adhesion measurements, the temperature was held constant
for more than 15 min. The cooling process was initiated by flowing cold
water through the heating stage. Each heating-cooling cycle was
traversed three times.

2.3. Material analysis

The mechanical properties of all materials were studied by dynamic
mechanical thermal analysis (DMTA, Q800, Waters GmbH). Cuboid
polymer samples with dimensions 20 × 12. 5 × 2. 5 mm3 were fabri-
cated and tested in the temperature range between −100 °C and 120 °C
at a heating rate of 3 K min−1. The glass transition temperature was
determined from the maximum value of the viscoelastic loss factor,

δtan . All tests were performed under nitrogen atmosphere at an
oscillatory frequency of 1.0 Hz in tensile mode. X-ray diffraction
analysis (XRD, X'Pert MRD, PANalytical) was used to characterize the
material microstructure of bulk PU-ht upon (a) UV-curing and (b) UV-
curing with subsequent post-bake. As a source, Cu K-alpha was used
(40 kV, 30 mA). The angle (2*theta) of the incident radiation was
varied between 3° and 150° in increments of 0.02°. The Soller slit was
set to 2.5° and an aperture of 0.5 was used. The diffraction patterns
were analyzed in terms of constructive interference patterns due to
crystalline domains in the polymer microstructure. Based on that,
variations of the of the crystallinity before and after post-bake could
be qualitatively compared.

2.4. Surface free energy measurement

The surface free energy of PU-ht was evaluated using a contact
angle goniometer (OCA35, DataPhysics), equipped with analysis soft-
ware SCA20. A flat film of PU-ht was prepared by coating a 120 µm
thick layer of liquid PU-ht resin on PET foil and, subsequently, UV-
cross-linking as described above. Contact angles of deionized water
with surface tension of 72.3 mN/m and n-hexadecane with surface
tension of 27.5 mN/m were measured and subsequently used to deduce
the surface free energy value by Wu's Harmonic Mean Method (Wu,
1973).

3. Results

3.1. Adhesion measurements

Micropillar arrays generated from PDMS, PFPEdma and PU-ht are
exemplarily shown in Fig. 1b. Fig. 2 shows the results obtained from
adhesion measurements at different temperatures for the PDMS speci-
mens. Typical force–displacement curves (tensile forces in retraction
mode) of microstructures with a diameter of 10 µm at different
temperatures are displayed in Fig. 2a. While the shapes of the curves
were similar, the pull-off forces (maximum forces) and the displace-
ments at pull-off decreased with increasing temperature by a factor of
almost 2. Fig. 2b represents the decrease of the pull-off stress with
increasing temperature for the patterned and unpatterned PDMS
samples in three consecutive heating cycles. The highest pull-off stress

of 3.4 kPa was obtained at 20 °C for the pillar diameter of 10 µm (aspect
ratio 2). The values of the unpatterned control were slightly higher than
the values for the pillar diameter of 50 μm (aspect ratio 0.4). This result
is in line with our earlier study, where we detached similar PDMS
microstructures from smooth and rough substrates (Barreau et al.,
2016). Fig. 2c shows how the work of separation decreased with
increasing temperature. Interestingly, this behavior is more strongly
pronounced in the unpatterned control (from 3.4 to 0.3 mJ/m2; i.e. a
decrease by factor of 11) than for the micropatterned surface with pillar
diameter 10 μm (from 12.8 to 3.6 mJ/m2; i.e. a decrease by factor of
3.5). Thus, the reduction of the work to separate the adherents at higher
temperatures could be decreased by surface patterning. Fig. 2d depicts
the monotonic decrease of the pull-off stress and the maximum strain at
detachment with increasing temperature; however, the apparent stiff-
ness of the system (that is the slope of the secants; dotted lines)
remained almost constant for the whole temperature range.

Fig. 3 shows the results of the adhesion measurements for the
microstructures made from PFPEdma. The force-displacement curves
for temperatures ranging from 20 to 60 °C exhibit almost identical
profiles (Fig. 3a). At 80 °C, however, the pull-off force drops by factor 2
compared to the lower temperatures. At temperatures above 80 °C, the
curves are again almost identical. The force-displacement curves were
again similar for all heating cycles. The pull-off stresses of the PFPEdma
specimens decreased only slightly from 20 to 60 °C but dropped to the
half of the value (for pillar structures with 10 µm diameter) at
temperatures of 80 °C and higher (Fig. 3b). Overall, the pull-off stress
of the micropatterned PFPEdma specimens was almost one order of
magnitude smaller than for the PDMS specimens. Fig. 3c shows a
similar trend for the work of separation as a function of temperature.
Interestingly, the pull-off stress and the work of separation obtained for
the unpatterned PFPEdma control were almost equal to zero whereas
the patterned specimens showed measurable adhesion. Hence, the
highly-fluorinated polymer was intrinsically non-adhesive, but became
slightly adhesive if patterned. The apparent stiffness of the adhesive
dropped by a factor 2 for a temperature increase from 60 to 80 °C
(Fig. 3d), while below and above this transition the stiffnesses were
similar.

Fig. 4 shows the substantially different results for PU-ht. In the first
heating cycle, the force-displacement curves reveal that the adhesion
increased up to 60 °C, where the pull-off force and the displacement
exhibited a maximum of about 5.5 mN and 3.8 µm, respectively
(Fig. 4a). Above 60 °C, the adhesive forces dropped and reached
700 µN at 120 °C. In the second heating cycle, the specimens behaved
much stiffer at temperatures below 80 °C; the stiffness (i.e. the slope of
the force-displacement curve) increased by a factor 3 from about 1800
N m−1 to 5000 N m−1 for all samples measured from 20 to 60 °C.
Interestingly, the maximum pull-off forces in that temperature range
were similar in all heating cycles, whereas the displacements at pull-off
were significantly reduced. The differences of the pull-off stress, strain
at detachment, and the apparent stiffness between the first and the
second heating cycle are further displayed in Fig. 4d. Hence, the overall
stiffer structures in the second cycle are more adhesive. The results
obtained in third heating cycle were almost identical to those obtained
in the second cycle. At 100 and 120 °C, the force-displacement curves
and stiffness of the specimens were similar for all three cycles. Fig. 4b
shows the pull-off stresses of the PU-ht specimens, which exhibited
values of roughly one order of magnitude higher than PDMS and two
orders of magnitude higher than PFPEdma. PU-ht was the only material
that showed an increase in adhesion up to 60 °C, where a maximum
pull-off stress value was obtained for all cycles. Unlike the pull-off force
in Fig. 4a, the pull-off stress was further enhanced by factor 6 in the
second and third cycle; this is the result of the higher material stiffness
in conjunction with a reduced contact area. The work of separation
similarly exhibited a maximum value at 60 °C (Fig. 4c); however, in
contrast to the pull-off stress, it was reduced by a factor of 2.5 (for
microstructures with a diameter of 10 µm) upon the first heating cycle,
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which is most likely due to the enhanced stiffness and reduced strain of
the specimens (Fig. 4d). At low (20 °C) and high (100 and 120 °C)
temperatures, in turn, the work of separation was fairly small with
similar values for all samples in all cycles.

3.2. Dynamic mechanical material tests

To separate materials from structure effects, dynamic mechanical
tests of the materials within the relevant temperature range were
performed. The storage and loss modulus and the viscoelastic loss
factor, tan δ, for all materials are presented in the Figs. 5–7 as a function
of temperature. The material glass transition temperatures, Tg, obtained
from the maxima in the tan δ curves are summarized in Table 1. PDMS
has the lowest glass transition temperature of −28 °C and PU-ht the
highest Tg of 59 °C. For PFPEdma, two glass transition temperatures
were identified at −20 °C and 27 °C (Fig. 6a). The viscoelastic loss
factor, tan δ, was found to lie below 0.15 for PDMS and PFPEdma at
temperatures above 20 °C (Figs. 5b and 6b). Hence, these materials can
be considered as largely elastic, particularly at higher temperatures,
where tan δ was further reduced. The storage modulus of PDMS and
PFPEdma decreased slightly with increasing temperature: For PDMS, it
decreased from 2.7 MPa at 20 °C to 1.9 MPa at 120 °C (Fig. 5b); for
PFPEdma, the storage modulus decreased from 10 MPa at 20 °C to
8.5 MPa at 60 °C and then remained almost constant at higher
temperatures (Fig. 6b).

In contrast to PDMS and PFPEdma, the UV-cured polyurethane PU-
ht is more viscoelastic exhibiting a viscoelastic loss factor of up to 3.3 at

59 °C (Fig. 7a and b). In addition, the storage modulus varied strongly
from 50 MPa at 20 °C down to 2.5 MPa at 80 °C. Interestingly, the
thermo-mechanical properties varied during the first heating cycle
(Fig. 7a and b). Hereby, the material further stiffened as the storage
modulus increased almost 10 times compared to the first cycle, most
probably due to a secondary thermally induced cross-linking (referred
to as post-bake, see Fig. 7c and d). In the same way, the material
became less viscoelastic with a maximum tan δ of about 0.3, i.e. one
order of magnitude less compared to the initial viscoelasticity upon UV-
curing (Fig. 7d). To exclude effects of morphological variations such as
crystallization, XRD analysis was performed for PU-ht directly upon
UV-curing and a subsequent post-bake at 120 °C. Upon both treatments,
the diffraction patterns were found to be similar without any char-
acteristic patterns due to crystalline domains (Fig. 8). The broad
impulses at Θ2 =19. 8° demonstrate the amorphous microstructure of
the polymers that did not vary by further cross-linking of the material.
Thus, the results obtained indicate an amorphous morphology for both
PU-ht samples without significant variations upon additional thermal
cross-linking.

4. Discussion

The results presented in this paper showed that the adhesion
properties of micropatterned polymer surfaces can depend significantly
on temperature. The specimens made from PDMS and PFPEdma were
operated at temperatures higher than their glass transition temperature.
For both materials, the pull-off stress dropped in the order of about 50%

Fig. 2. Results of adhesion measurements of PDMS micropatterned specimens obtained from three heating-cooling cycles. (A) Force-displacement curves as a function of
temperature for pillar structures with diameter 10 μm and aspect ratio 2. (B) Pull-off stresses and (C) work of separation as a function of temperatures, for the different micropatterned
specimens (red: 10 µm pillar diameter, blue 50 µm pillar diameter) and an unpatterned control (black). (D) Pull-off stress in terms of the strain at detachment for pillar structures with
diameter 10 μm at various temperatures. The slope of the secants (dotted lines) represents the apparent stiffness of the adhesives. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article).
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for a temperature elevation from 20 °C to 120 °C and completely
recovered when cooled down to 20 °C again. In the same temperature
regime, the viscoelastic loss factor, tan δ, decreased with increasing
temperature for both materials. For PU-ht, the maximum pull-off stress
was obtained at the temperature close to the glass transition, where the
viscoelasticity of cross-linked elastomers is most pronounced.
Viscoelasticity involves dissipative processes during detachment, which
enhance the work of separation. This most likely explains the maximum
at 60 °C for the patterned and unpatterned PU-ht specimens (Fig. 4c).
Upon post-bake at 120 °C, however, the work of separation decreased
due to an additional thermal cross-linking (only observed for PU-ht),
resulting in a stiffer polymer network and a reduced viscoelastic loss
factor (Fig. 7b) (Zosel, 1991). In contrast to the decrease in work of
separation, the pull-off stress drastically increased with the stiffened
structures. The reason lies in the fact that pull-off stress reflects the
smaller contact area in the stiffer material. Thus, the stiffer structures
led to higher adhesion, which is in line with earlier studies (Castellanos
et al., 2011; Tang et al., 2005).

In addition to various degrees of viscoelasticity, the different surface
free energies of the three tested polymers result in distinctive levels of
adhesion. The highest pull-off stresses (of several ten kPa) were
obtained with polyurethane (PU-ht); it has the highest surface energy
of 42 mJ m−2 due to nonpolar and polar groups originating from
diisocyanates and polyols. PDMS and PFPEdma are hydrophobic
polymers with surface energies of 22 and 16 mJ m−2, respectively
(Hensel et al., 2012; Rolland et al., 2004). Particularly for PFPEdma,
the high fluorine content (about 54 at%) and its high electron negativ-
ity make the material much less polarizable and, thus, reduce the

probability for van der Waals interactions. This explains most probably
the reduction of pull-off stress and the work of separation over two
orders of magnitude compared to PU-ht (Zosel, 1985).

Of particular interest for adhesive devices is the effect of surface
micropatterning on adhesive performance. Our study confirms earlier
results that surface micropatterning can significantly enhance adhesion
over unpatterned controls, which were much less adhesive or even non-
adhesive (see results for PFPEdma). However, micropatterning per se
does not always lead to higher adhesion. For PDMS and PU-ht, only the
smallest pillar structures (diameter 10 µm, aspect ratio 2) were more
adhesive than the unpatterned control (in terms of pull-off stresses). By
contrast, the coarser pillar structures with aspect ratio 0.4 were always
inferior to the finer pillar structures with aspect ratio 2 and, for PDMS
and PU-ht, even to the unpatterned samples. The explanation lies in the
fact that micropatterning, at first, creates adhesive structures with a
trivial geometric disadvantage: it invariably reduces the nominal
contact area compared to an ideal unpatterned contact; this penalty
needs to be overcome by the adhesion-enhancing contact splitting
effects, which require good contact formation and small elastic strain
energy build-up. It stands to reason that, all other things being equal,
the pillar aspect ratio will decide whether a micropatterned surface is
anti-adhesive (inferior to an unpatterned control) or adhesive (superior
to an unpatterned contact). A higher aspect ratio results in a lower
effective stiffness of a patterned structure, which typically results in
better contact formation and reduced elastic strain energy for a given
strain value (Spolenak et al., 2005). At a critical value of the aspect
ratio (in our study between 0.4 and 2), the geometric disadvantage is
overruled, rendering an adhesive micropattern. The actual contact area

Fig. 3. Results of adhesion measurements of PFPEdma micropatterned specimens obtained from three heating-cooling cycles. (A) Force-displacement curves as a function of
temperature for pillar structures with diameter 10 μm and aspect ratio 2. (B) Pull-off stresses and (C) work of separation as a function of temperatures, for the different micropatterned
specimens (red: 10 µm pillar diameter, blue 50 µm pillar diameter) and an unpatterned control (black). (D) Pull-off stress in terms of the strain at detachment for pillar structures with
diameter 10 μm at various temperatures. The slope of the secants (dotted lines) represents the apparent stiffness of the adhesives. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article).
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further correlates with the flexibility to bend and to adapt to the
spherical probe, which increases with the length of the pillars
(Castellanos et al., 2011). In addition to that, the amount of dissipated
energy during pull-off scales linearly with the length of the pillar
(Jagota and Bennison, 2002). Therefore, pillar structures with higher

aspect ratio are more adhesive as demonstrated in our results for all
tested materials in accordance to literature (Greiner et al., 2007;
Spolenak et al., 2005).

Fig. 4. Results of adhesion measurements of PU-ht micropatterned specimens obtained from three heating-cooling cycles. (A) Force-displacement curves as a function of
temperature for pillar structures with diameter 10 μm and aspect ratio 2. (B) Pull-off stresses and (C) work of separation as a function of temperatures, for the different micropatterned
specimens (red: 10 µm pillar diameter, blue 50 µm pillar diameter) and an unpatterned control (black). (D) Pull-off stress in terms of the strain at detachment for pillar structures with
diameter 10 μm at various temperatures. The slope of the secants (dotted lines) represents the apparent stiffness of the adhesives. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article).

Fig. 5. Results of dynamic mechanical tests of bulk PDMS. The storage modulus (red), loss modulus (black), and the viscoelastic loss factor, tan δ (blue), are plotted as a function of
temperature. The glass transition temperature is determined from the maximum value of tan δ as highlighted with the dotted line. (A) Temperature range of the DMTA from −100 °C to
120 °C. (B) Temperature range of the adhesion measurements from 20 °C to 120 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article).
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Fig. 6. Results of dynamic mechanical tests of bulk PFPEdma. The storage modulus (red), loss modulus (black), and the viscoelastic loss factor, tan δ (blue), are plotted as a function of
temperature. The glass transition temperatures are determined from the maximum value of tan δ as highlighted with the dotted line. (A) Temperature range of the DMTA from −100 °C to
120 °C. (B) Temperature range of the adhesion measurements from 20 °C to 120 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article).

Fig. 7. Results of dynamic mechanical tests of bulk PU-ht. The storage modulus (red), loss modulus (black), and the viscoelastic loss factor, tan δ (blue), are plotted as a function of
temperature. The glass transition temperature is determined from the maximum value of tan δ as highlighted with the dotted line. (A,B) DMTA trace of PU-ht upon UV-curing: (A)
Temperature range of the DMTA from −100 °C to 100 °C. (B) Temperature range of the adhesion measurements from 20 °C to 100 °C. (C,D) DMTA trace of PU-ht upon UV-curing and
subsequent post-bake at 120 °C: (C) Temperature range of the DMTA from −100 °C to 120 °C. (D) Temperature range of the adhesion measurements from 20 °C to 120 °C. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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5. Conclusions

In this paper, we presented a detailed study on the impact of
temperatures on three different polymeric, micropatterned adhesives.
We demonstrated that the adhesion is enhanced by the viscoelastic
characteristics of the materials and the surface micropatterning. The
glass transition temperature was identified as the temperature of
maximum adhesion due to the peak in the viscoelastic loss factor.
The following conclusions were drawn:

– The pull-off stress and the work of separation critically depend on
the temperature as found for three different materials, namely,
PDMS, PFPEdma, and PU-ht. For PDMS and PFPEdma, both
quantities monotonically decreased with increasing temperature;
whereas for PU-ht, the pull-off stress and the work of separation
exhibit maxima at 60 °C.

– Viscoelastic contributions alter adhesion in terms of the work of
separation. To take advantage of this effect, the operating tempera-
ture of an adhesive should be chosen close to the material glass
transition temperature for maximum performance.

– The adhesion performance strongly varies close to the glass transi-
tion temperature. Hence, for a reliable, predictable adhesion
performance over a certain temperature range, the glass transition
temperature should be avoided.

– The adhesion is higher for materials with higher surface free energy.
To enhance the intrinsic adhesion by micropatterning, pillars with
an adequate length to adapt to curved substrates are necessarily
required.

– It must be noticed that cross-linking of PU-ht by UV-exposure was
not sufficient to generate the complete polymer network. Only upon
post-bake at 120 °C were the structures completely cross-linked.
Such a two-step cross-linking procedure might open ways to create
tunable or even switchable adhesives.

Taken together, the temperature-dependent viscoelasticity of elas-
tomers has a strong impact on adhesion and is different for varying

temperatures. Hence, the temperature needs to be considered carefully
in the material selection and the technical design of micropatterned
adhesive devices.
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