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Abstract: Structured surfaces, which are the basis of the lotus blossom effect, have great potential to
serve/operate as functionalised surfaces, i.e., surfaces with specific and/or adjustable properties. In
the present study, the aim is to use micro-structured elastomeric surfaces to specifically influence
the friction and deformation behaviours on the basis of the shape and arrangement of the structures.
Thiol-acrylate-based photopolymers patterned via nanoimprint lithography were investigated by
using an in situ tribological measurement set-up. A clear influence of the different structures on the
surface’s friction behaviour could be shown, and, furthermore, this could be brought into relation
with the real area of contact. This finding provides an important contribution to further development
steps, namely, to give the structures switchable properties in order to enable the control of friction
properties in a targeted manner.

Keywords: pre-sliding contacts; contact mechanics; in situ tribology; micro-patterned surfaces;
thiol-acrylate-based photopolymers

1. Introduction

Taking inspiration from structures in nature has already produced a number of techno-
logical achievements, such as the lotus flower and the gecko foot effects [1–5]. Hierarchical
structures have made it possible to reduce surface tension and to increase adhesion sig-
nificantly. However, not only the type and shape of the structure, but also the structure
material itself, play an important role on the surface property. Stimuli-responsive materials
in combination with specific structures are of great interest to reversibly switch functions,
such as surface energy, deformation resistance, and friction level [6–10]. These stimuli
include temperature, light, humidity, pH value, solvents, electric or magnetic fields, and
hardness and enable a controlled change of the surface structure [11–14]. These surface
structures influence the real area of contact for two mating bodies and are, therefore, of
great importance for tribological phenomena including friction and wear. This quantity
is not only of interest to the scientific community, but, due to its impact on friction and
wear, also for a wide variety of technical applications. Consequently, surface structuring
as the means of adjusting the frictional characteristics has been widely studied in the
past [15–20]. Kumar et al. transferred complex surface morphologies found in plant leaves
onto viscoelastic substrates to gain insights for the design of sustainable (bio-inspired) and
friction-tuneable technical surfaces [21]. High friction between the plunger and barrel also
poses problems in medical syringes, where this may lead to problems in drug delivery.
To solve this issue, Kasem et al. introduced surface textures on the plunger to reduce

Materials 2023, 16, 6489. https://doi.org/10.3390/ma16196489 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma16196489
https://doi.org/10.3390/ma16196489
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0003-1710-7456
https://orcid.org/0000-0002-4752-7657
https://orcid.org/0000-0002-2840-9700
https://orcid.org/0000-0001-9718-1394
https://doi.org/10.3390/ma16196489
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma16196489?type=check_update&version=2


Materials 2023, 16, 6489 2 of 17

friction [22]. Low friction is also desired in most technical tribological systems to reduce
energy costs and wear. Surface texturing is an effective way to achieve these goals without
changing the material or lubricant. Zambrano et al. combined friction measurements of a
surface textured rubber specimen with Reduced Order Modelling to compute optimal sur-
face texture parameters that provide the highest friction reduction within a given parameter
space [23]. One class of materials that comes into focus here are thiol-acrylate polymers,
which exhibit excellent shape memory behaviour upon thermal triggering [24,25]. In order
to be able to establish these shape-memory processes for selective control of frictional
properties via surface textures, knowledge of the area of real contact, including the contact
mechanics, is essential [17,26]. Here, the processes in the static friction area (pre-sliding) are
of particular interest [27]. Excellent work has already been carried out in the field of single
asperities, showing a decrease in the area of real contact with an increase in shear stress [28].
For this purpose, corresponding models were developed by Mindlin and Cattaneo [29,30].
In addition, there are well-developed contact models by Persson and Popov in relation to
rubber friction available [31,32]. A large part of these studies has been carried out on poly-
dimethylsiloxane (PDMS) [33,34]. In situ tribological investigations are always coupled to
mathematical descriptions in order to relate the local processes in the contact to the resulting
forces and stresses [35–37]. Many of these studies also focus on hemispherical single-point
contacts, as the contact conditions are easier to control. With structured surfaces, there is
still a clear need for further research due to the more complex contact conditions, especially
through the combination of the material and type of structure [38].

In this paper, micro-structured elastomeric surfaces are investigated to influence the
friction and deformation behaviours on the basis of the shape and arrangement of the
surface structures. The novelty of this work lies in the materials used and the application
of shape memory processes to selectively adjust the friction properties by controlling the
actual area of contact.

2. Materials and Methods
2.1. Materials and Chemicals

The photoinitiator BAPO (phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide) and
the two selected acrylates 2-hydroxy-2-phenoxypropyl acrylate (HPPA) and glycerol 1,3-
diglycerolate diacrylate (GDGDA) were supplied by Sigma Aldrich (USA). The stabiliser
(Miramer A99) was obtained from Miwon Specialty Chemical (Korea), and the trimethylol-
propane tri(3-mercaptopropionate (TMPMP) was kindly provided by Bruno Bock Chemis-
che Fabrik (Germany). All chemicals were used as received. The chemical structures of the
main components are depicted in Figure 1.

Figure 1. Chemical structures of the photoinitiator, the acrylate monomers, and the thiol.

2.2. Preparation of the Resin

A total of 2 mol% phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide was dissolved in
HPPA (65 mol%), GDGDA (23 mol%) and 0.5 wt% Miramer A99 under stirring at 50 ◦C.
After cooling down to room temperature, 10 mol% TMPMP was added and stirred for an
additional 10 min.

2.3. Surface Production and Analytics

The structures were produced by nanoimprint lithography, which is schematically
depicted in Figure 2. The resin (200 µL) was placed on a polyethylene terephthalate (PET)
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substrate (thickness of 10 µm), and subsequently, the mould was pressed onto it. Via
UV-light irradiation (through the transparent PET substrate, Omnicure S2000, 70% intensity,
1 min duration), the resin solidifies, and the mould can be removed.

Figure 2. Production process of thiol-acylate structures based on nanoimprint lithography.

In total, four differently structured surfaces were produced for the investigations. For
the determination of the topographical information of the structures, a confocal microscope
Microprof MPR1080 (Fries Research and Technology (FRT) GmbH., Bergisch Gladbach,
Germany) was used, and in Figure 3, the topographical images are visualised.

Figure 3. Topography information as obtained from confocal microscopy of the investigated surfaces
named S1–S4 with the correspondent geometrical information.

For the description of the structures, the distance d between the structure elements in
x and y direction, the elements length L, the element width w, and the element thickness H,
as well as the base layer thickness h, were defined as shown in Figure 3. For the structures
S2 and S3, due to two different elliptic element sizes, the indexes 1 and 2 are used. The
different surface structures that were prepared are (i) structure S1, which represents a
surface with holes and, in principle, has nominally larger contact zones and also the highest
structure thickness of H = 80 µm; (ii & iii) the structures S2 and S3, which represent a raised
structure and differ from each other in the orientation of the elliptical elements within the
series; and (iv) the structure S4, which represents a lattice-structured surface.

The surface free energy of the imprints was determined by static contact angle mea-
surements on a drop shape analysis system DSA 100 (Krüss, Hamburg, Germany). Two
µL droplets of deionised water and diiodomethane were used as test liquids. All contact
angles were obtained by calculating the arithmetic average from ten different points of each
sample, and the surface free energy was then calculated according to Owens, Wendt, Rabel
and Kaelble [39–41] and is reported in Table 1.
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Table 1. Comparison of the surface energies measured on the different structures.

Sample Disperse Part [mN/m] Polar Part [mN/m] Total Surface Energy [mN/m]

S1 35.77 ± 1.10 3.80 ± 0.28 39.57 ± 1.38
S2 33.55 ± 1.25 2.80 ± 0.25 36.35 ± 1.50
S3 34.61 ± 0.94 5.14 ± 0.24 39.75 ± 1.18
S4 30.30 ± 1.32 3.50 ± 0.30 33.80 ± 1.63

Differential scanning calorimetry (DSC) measurements were carried out on a Perkin
Elmer DSC 8000 under a nitrogen atmosphere. A temperature program ranging from −20
to 150 ◦C, with a heating rate of 20 ◦C/min, was applied. The glass transition temperature
(Tg) was calculated from the second heating cycle with Pyris software, version 13.3.1, and
the measurement representative is shown in Figure 4a.

Figure 4. Basic thermal and mechanical characteristics of the non-structured resin, showing in (a) the
thermal behaviour and in (b) the mechanical behaviour.

Tensile tests were conducted on a ZwickRoell (Ulm, Germany) Z1.0 static materials
testing machine with a crosshead speed of 250 mm min−1. In Figure 4b, one stress–strain
curve is depicted.

The above shown DSC measurement (see Figure 4a) displays a glass transition tem-
perature at 0 ◦C. From the stress–strain curve (see Figure 4b), an ultimate strength σu of
0.27 MPa at 22% elongation and an elastic modulus of 1.5 MPa for the non-structured resins
could be determined.

2.4. In Situ Tribometer

The in situ tribometer (shown in Figure 5) employed in these investigations is an
in-house development and has already been described several times in detail by Gauthier
et al. [42,43]. For this present optical path, the measurement principle consists of using a
glass hemisphere with a diameter of 25.8 mm (Borosilicate BK7 precision lenses, Newport®,
Irvine, CA, USA), generating the contact with the structures, and, by means of a mirror
placed above the glass hemisphere, the contact formation can be inspected in situ by a CCD
sensor at the end of the optical path. The load cell has a force range of 0.01–2.5 N. The
possible velocity range is 0.001–1 mm/s.

2.5. Linear and Cyclic Motion Testing

Due to the fact that these structures have never been tribologically investigated else-
where, two different measurement procedures were implemented for the present study. The
first consisted of a linear movement to investigate the development of the tangential force
Q in the pre-sliding region and the transition into the dynamic sliding regime. This would
reveal information about the structure deformation and behaviour in the steady state. Here,
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four different loads (0.05, 0.1, 0.2, and 0.5 N) and two velocities (0.001 and 0.01 mm/s)
were chosen. The displacement was set between 0.2 and 0.5 mm, and the schematic test
sequence is shown in Figure 6a. The second procedure consisted of cyclic movements to
investigate the hysteretic components of the pre-sliding and to obtain information about
the dissipated energy and specific damping capacity in contact. A custom script was specif-
ically developed for the tribometer in the context of this measurement program, enabling
the recording of three hysteresis loops, along with their corresponding parameter sets
(described in Figure 6b). The investigations were carried out at one amplitude (0.1 mm),
chosen based on the evaluated pre-sliding regime of the linear movement experiments, four
loads (0.05, 0.1, 0.2, and 0.5 N), and one velocity (0.01 mm/s). A short constant preloading
time (<2 s) was used to keep structural and material-based changes for all experiments
the same. In both measurement methods, the tangential force Q was directly measured
via the load cell, and the coefficient of friction COF was calculated by forming the ratio
between the tangential force and the applied normal load. All measurements (linear and
cyclic) were performed under ambient conditions (25 ◦C and 48% RH).

Figure 5. Visualisation of the in situ tribometer with optical path and sketch of the contact set-up.

Figure 6. Schematic test sequence of the tip displacement over time for (a) linear movement and
(b) cyclic movement with representation of the three cycles.

2.6. Area of Real Contact Calculations

The concept used in this paper to determine the area of real contact AR is based on
employing the generated contrast between the glass hemisphere and the polymeric surface
via the optical setup, as described in Figure 5 and by Gauthier et al. [42,43]. When structures
become in contact with the glass hemisphere, the contrast decreases and allows more light
penetration into the CCD sensor. These changes in brightness were used to distinguish
contact from non-contact zones. Due to different structures and associated light conditions,
a separate contrast calibration was carried out for each structure, using two light sources in
combination with the camera setting (brightness and contrast).

As a basis for processing the in situ images, AVI film data were synchronised with the
position of the linear motor within the VirtualDub software, version 1.10.4 (Free Software
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Foundation Inc., Boston, MA, USA). This allowed for assigning the friction input prevailing
in each frame to the image information and preparing it for image analysis. For this purpose,
the ilastik® software, version 1.3.3, was used for supervised pixel-level classification, and,
with the help of assisted machine learning, a pixel assignment of the structures and thus
the real area of contact determination was carried out [44]. The assigned contact areas were
converted to black and white for further processing, and the contact area was calculated
in a Python script by selecting the region of interest (ROI) on a pixel basis. The image
processing procedure is represented in Figure 7.

Figure 7. Image processing routine to calculate the area of real contact using ilastik® and Python
script, using structure S2 as an example.

2.7. Evaluation of the Contact Parameters

Besides the calculation of the area of real contact between the structures and the glass
hemisphere, other parameters, such as the tangential stiffness (for both linear and cyclic
tests) and the dissipated energy (for cyclic tests only), are used to gain more information
about the deformation and damping behaviour of the structures. In this context, a specific
damping capacity ψ can be calculated, which allows a statement regarding the mechanical
dissipation during a dynamic loading. The dissipated energy ∆W is calculated, using
numerical integration with a Python script, as the hysteresis loop area of the second of the
three recorded cycles. The dissipated energy is normalised with respect to the maximum
stored energy per load cycle, and the corresponding damping capacity is calculated ac-
cording to [45,46]. Equation (1) represents the tangential stiffness Kt, using the measured
maximum tangential force Qm and maximum displacement δm.

Kt =
Qm

δm
(1)

The specific damping capacity is calculated (Equation (2)) using the dissipated energy
∆W and the maximum tangential force Qm.

ψ =
∆W

1/2Qmδm
=

2∆W Kt

Q2
m

(2)

3. Results
3.1. Linear Motion

The evolution of the tangential force as a function of the tangential displacement of
the four structures, for a test velocity of 0.001 (continuous line) and 0.01 mm/s (dashed
line) and for different values of normal load, is represented in Figure 8.

In general, as observed in the curves shown in Figure 8, we can distinguish the pre-
sliding regime, in which the tangential force increases monotonically with displacement
and a dynamic sliding regime, in which sliding begins, where the tangential force drops
until steady state. Thus, the tangential load required to initiate the motion (in the pre-
sliding regime) is higher than the one needed to keep the movement, which is consistent
with the very early observations on the distinction between static and dynamic friction
and which explains why the static friction coefficient is usually higher than the dynamic
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one [47]. In some cases (Figure 8b,c), fluctuations are observed in the dynamic regime,
which can be ascribed to structure damage that locally modifies the morphology of the
surface and, thus, the contact conditions. For the follow-up analysis, the focus lies on
the pre-sliding regime within a clear load, and the velocity dependency is visible for all
samples, especially for the higher loads, 0.2 and 0.5 N, which show a strong increase of the
tangential force until the maximum static friction is reached. In Figure 9, the coefficient
of friction calculated at the maximum tangential force is represented as a function of the
normal load.

Figure 8. Comparison of the tangential force vs. tangential displacement curves at different velocities
and normal load levels of the four structures S1 (a), S2 (b), S3 (c), and S4 (d).

The coefficients of friction globally decrease with increasing normal load for all sam-
ples. Furthermore, the coefficient of friction increases with increasing speed, when con-
sidering a normal load of more than 0.1 N. At the minimum normal load of 0.05 N, the
speed dependency is not clearly visible due to difficulties with contact formation between
structure and glass hemisphere because of reaching a lower load sensor limit. This is also
reflected by the high standard deviation of S2 and S4 at a velocity of 0.01 mm/s. However,
the characteristics vary from structure to structure. Only structure S1 shows an unpro-
nounced load dependency for the lower velocity of 0.001mm/s. This could be attributed to
the different geometrical composition of the structure S1, which has holes instead of pillars,
like the structures S2–S4. In addition to the examination of the maximum values in the
static friction regime, an evaluation of the tangential stiffness is helpful with regard to an
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assessment of the structures. For this purpose, Equation (1) is used to calculate Kt for all
structures, and this parameter is shown in Figure 10 as a function of the normal load.

Figure 9. Representation of the coefficient of friction as a function of velocity, normal load FN, and
structure.

Figure 10. Tangential stiffness as a function of the normal load for all samples and both velocities
(0.001 and 0.01 mm/s).
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Overall, it can be seen that for all structures, the tangential stiffness increases with the
normal load. When considering the influence of velocity, it becomes apparent that there
is no clear trend visible by involving the error bars. Considering a viscoelastic material
behaviour, the bulk stiffness should be increasing with higher velocities. In our case, this
is not generally observable. Furthermore, a slight decrease in tangential stiffness with
increasing velocity in the majority of structures is visible (cp. Figure 10). Some deviations
are visible at a minimum load of 0.05 N and in general for S1, as already described with
regard to the evolution of the coefficient of friction (cp. Figure 9). Already, a slight
difference between the structures could be revealed. Especially the mean values of S2
and S4 show the highest tangential stiffness concerning load and velocity. This could be
explained by the overall thickness of structures in combination with the base layer thickness
(approx. 60–70 µm) in comparison to the structures S1 and S3, showing an overall thickness
(H + h) of approx. 110–120 µm. Therefore, S1 and S3 are also on a comparable tangential
stiffness level.

The calculated area of real contact shows generally an increase with increasing load
(see Figure 11), which is consistent with the theory of the contact between a rigid body
and an elastic solid proposed by the Hertz, for which the contact radius cubed is propor-
tional to the applied normal load [48]. As expected, the different structures show clear
deviations from each other in terms of level and progression, which is also depicted in
Figure 12 (0.001 mm/s) and Figure 13 (0.01 mm/s), showing in situ images at the maximum
tangential force.

Figure 11. Comparison of the area of real contact calculated at the maximum tangential force level in
relation to the different structures.
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Figure 12. Comparison of the contact formation of S1, S2, S3, and S4 as a function of the load under
linear motion at maximum static friction force at a velocity of 0.001 mm/s.

In the in situ images from Figure 12 (0.001 mm/s) and Figure 13 (0.01 mm/s), it
is also clearly recognisable at which normal load first damage to the structures occurs
due to the shear deformation. In general, the first changes in the shape of the structures
can be seen from a normal load of 0.2 N at a velocity of 0.001 mm/s and at 0.1 N for
the velocity of 0.01 mm/s. To illustrate a better impression of the evolution of the area
of real contact in correlation with the tangential force and damage evolution, in situ
videos at 0.1 N are provided in the Supplementary Materials Section, for 0.001 mm/s
(Videos S1a, S2a, S3a, and S4a) and 0.01 mm/s (Videos S1b, S2b, S3b and S4b).

3.2. Cyclic Motion

The pre-sliding hysteresis for four structures is shown in Figure 14. Due to the better
representability and excellent reproducibility of the hysteresis, only the second loop from
the individual measurements is shown below.

The hysteresis curves show similar changes of the slopes in relation to the normal load
dependence, as in the monotonic tests (cp. Figure 8). With an increase in the normal load,
the hysteresis loop rises. Furthermore, with the increase in the normal load, it can be seen
that the hysteresis curves change their shapes (e.g., roundness), which also seems to be
dependent on the different structures.

Figure 15 shows the coefficient of friction and the real area of contact, evaluated at the
maximum tangential force Qm, against the normal load for the samples S1, S2, S3, and S4.

The trend shown in Figure 15 is quite comparable to the coefficient of friction behaviour
for linear motion experiments (cp. Figure 9), in which a decrease of COF was observed as
the normal load increased. At a normal load of 0.5 N, the coefficient of friction is roughly
the same for all samples, reaching a value of around 1. Regarding the area of real contact, a
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steady increase was observed for all structures with the normal load. At the normal load
of 0.05 N, only S1 shows a higher AR, which could be explained with the hole-patterned
structure showing, in principle, a higher contact area. This behaviour is also reflected
in the linear motion experiments (see Figure 11). Furthermore, two trends are visible:
(i) structures S1 and S4 show higher AR compared to the other structures (S2 and S3), and
(ii) the difference in height for S1 and S4 reduces with increase in the normal load.

Figure 13. Comparison of the contact formation of S1, S2, S3, and S4 as a function of the load under
linear motion at maximum static friction force at a velocity of 0.01 mm/s.

Figure 14. Cont.
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Figure 14. Comparison of the 2nd hysteresis loop showing the evolution of the tangential force over
displacement at an amplitude of 0.1 mm and a velocity of 0.01 mm/s for the structures S1 (a), S2 (b),
S3 (c), and S4 (d).

Figure 15. Evolution of the coefficient of friction and the area of real contact as a function of the
normal load for the structures S1, S2, S3, and S4.

From Figure 16, S1 shows a larger area of real contact compared to S2, S3, and S4.
For the load ranges of 0.05 to 0.2 N, a higher area of real contact also correlates with
a higher maximum tangential force. S4 shows, especially at a normal load of 0.5 N, a
quite comparable level of area of real contact and maximum tangential force with S1. It
seems that for both structures, the maximum load-bearing capacity is reached due to
alignment independently from structure type. This hypothesis can also be supported by
the different structure and base layer thicknesses. For example, although S1 has a low
base layer thickness (30 µm), it has the maximum structure height (80 µm) of all structures.
For S4, the structure thickness is only 20 µm, which is transferred to the base layer with a
thickness of 50 µm at 0.5 N. Moreover, Figure 16 (S4, 0.5 N) shows an almost disappearance
of the structures due to high compression. A closer look at samples S2 and S3, which
differ only in the orientation of the elliptical structures with respect to the sliding direction,
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shows that this has only a minor effect on the area of real contact and the coefficient of
friction. Both structures have the same structural thickness (20 µm), but sample S3 has a
base layer thickness that is almost twice the size for S2. Here, only within the linear motion
experiments, the tangential stiffness seems to be slightly higher for S2 (h = 60 µm) than for
S3 (h = 100 µm) (cp. Figure 10). This could be attributed to the increasing influence of the
more rigid PET substrate.

Figure 16. Comparison of the contact formation of S1, S2, S3, and S4 as a function of the load under
cyclic motion at maximum static friction force.

Regarding the contact parameters for the cyclic tests, the evaluated tangential stiffness
based on Equation (1) is shown in Figure 17a, and the calculated dissipated energy from the
hysteresis area with the corresponding maximum tangential force is depicted in Figure 17b.

Visualising the tangential stiffness over the normal load, an increase of Kt with higher
loading is shown (see Figure 17a). The same trend is also apparent for the linear motion in
relation to Kt visible (cp. Figure 8). Also, here, two groups are visible: (i) S1 and S4 show a
higher overall Kt compared to (ii) S2 and S3. The dissipated energies (cp. Figure 17b) of the
hysteresis loops do not show a pronounced load dependency nor significant differences
between the structures. This means that there is no change in contact conditions within the
load range used due to the respective structures. However, the structures show different
maximum tangential forces based on the represented normal load (cp. Figure 14). Figure 18
shows the specific damping capacity in relation to the tangential force normalised to the
applied normal load.
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Figure 17. Tangential stiffness under different normal loads (a) and evolution of the dissipated energy
∆W as a function of the maximum tangential force Qm under cyclic loading (b).

Figure 18. Representation of the specific damping capacity ψ in relation to the normalised maximum
tangential force by the normal load. The lines represent only the data trend.

Considering the dynamic damping behaviour of the structures using the specific
damping capacity, Figure 18 shows indeed quite reasonable trends and differences among
the investigated structures. Each structure follows its own normal load dependency with
regards to the damping behaviour. Especially for S2, a quite interesting trend is exposed.
This structure showed the highest specific damping capacity, at least for 0.2 and 0.5 N
applied normal loads, considering a rather low coefficient of friction (cp. Figure 15). A
quite similar behaviour was also observed within the linear pre-sliding investigations
revealed by the tangential stiffness (cp. Figure 10). This kind of ellipsoidal structure with
orientation normal to the deformation direction represents the most promising characteris-
tics, considering the incorporation of stimuli-responsive properties. S3 also shows a slight
trend in this direction, but is underrepresented compared to S2. As already mentioned
regarding the evolution of the area of real contact (cp. Figure 15), the structures S1 and
S4 show an alignment to their ψ values with higher normal load. This implies that the
load bearing capacity is reached, showing a bulk-related damping behaviour rather than a
surface structure-related one.
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4. Conclusions

In the present work, different micro-structures based on thiol-acrylates were success-
fully produced by means of nanoimprint lithography and investigated with regard to the
pre-sliding behaviour. The studied structures showed different responses, which could
be correlated by means of the in situ observations. Furthermore, due to the small sizes
and the high adhesion, the structures showed a certain wear and tear at certain loads,
which led to the destruction of the structures. By observing the load limits in relation to
the shear deformation, clearly demonstrable differences of the structures and the influence
on the static friction behaviour could be shown. The shape of the structure compared to
the area of real contact dominates the magnitude of the friction force and, thus, the level of
damping capacity. Furthermore, the load limit at 0.5 N also indicated the same behaviour,
as the friction forces and dissipated energies settle at comparable levels. Nevertheless,
considering the aforementioned results, S2 was identified as a promising candidate for
further investigations concerning switchable surface properties. This structure shows a
unique deformation and damping behaviour based on shape and orientation, which would
be needed to be introduced in the upcoming work related to stimuli-responsive properties.
It is believed that by controlling the damping and deformation behaviour of such structures,
a selective frictional response would be generated, introducing new properties that could
be easily transferred as a layer or coating via imprint lithography for, e.g., soft robotic
applications with controlled haptic properties in the health care sector.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16196489/s1, Video S1a: S1_0.1N_0.001 mm/s; Video S2a:
S2_0.1N_0.001 mm/s; Video S3a: S3_0.1N_0.001 mm/s; Video S4a: S4_0.1N_0.001 mm/s; Video S1b:
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present research was carried out at the Université de Strasbourg, CNRS, Institut Charles Sadron.
PCCL is funded by the Austrian government and the state governments of Styria, Lower Austria,
and Upper Austria.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tan, D.; Wang, X.; Liu, Q.; Shi, K.; Yang, B.; Liu, S.; Wu, Z.-S.; Xue, L. Switchable Adhesion of Micropillar Adhesive on Rough

Surfaces. Small 2019, 15, e1904248. [CrossRef]
2. Tian, Y.; Qi, H.; Wu, H.; Zhang, D. Friction behavior of gecko-inspired polydimethylsiloxane micropillar array with tailored

Young’s modulus by incorporation of ZrO2 particles. Chem. Phys. Lett. 2021, 763, 138202. [CrossRef]
3. Feng, L.; Li, S.; Li, Y.; Li, H.; Zhang, L.; Zhai, J.; Song, Y.; Liu, B.; Jiang, L.; Zhu, D. Super-Hydrophobic Surfaces: From Natural to

Artificial. Adv. Mater. 2002, 14, 1857–1860. [CrossRef]

https://www.mdpi.com/article/10.3390/ma16196489/s1
https://www.mdpi.com/article/10.3390/ma16196489/s1
https://doi.org/10.1002/smll.201904248
https://doi.org/10.1016/j.cplett.2020.138202
https://doi.org/10.1002/adma.200290020


Materials 2023, 16, 6489 16 of 17

4. Bae, W.-G.; Kim, H.N.; Kim, D.; Park, S.-H.; Jeong, H.E.; Suh, K.-Y. 25th anniversary article: Scalable multiscale patterned
structures inspired by nature: The role of hierarchy. Adv. Mater. 2014, 26, 675–700. [CrossRef]

5. Ryu, B.-H.; Kim, D.-E. Development of highly durable and low friction micro-structured PDMS coating based on bio-inspired
surface design. CIRP Ann. 2015, 64, 519–522. [CrossRef]

6. Yu, Y.; Brió Pérez, M.; Cao, C.; Beer, S.d. Switching (bio-) adhesion and friction in liquid by stimulus responsive polymer coatings.
Eur. Polym. J. 2021, 147, 110298. [CrossRef]

7. Liu, F.; Urban, M.W. Recent advances and challenges in designing stimuli-responsive polymers. Prog. Polym. Sci. 2010, 35, 3–23.
[CrossRef]

8. Tang, Z.; Guo, L.; Xu, M.; Ruan, H.; Yang, J.; Wang, T.; Zhang, J.; Wang, Q.; Zhang, Y. Tribological behavior of shape memory
cyanate ester materials and their tunable friction mechanism. Friction 2023, 11, 1794–1803. [CrossRef]

9. Rossegger, E.; Nees, D.; Turisser, S.; Radl, S.; Griesser, T.; Schlögl, S. Photo-switching of surface wettability on micropatterned
photopolymers for fast transport of water droplets over a long-distance. Polym. Chem. 2020, 11, 3125–3135. [CrossRef]

10. Rossegger, E.; Hennen, D.; Griesser, T.; Roppolo, I.; Schlögl, S. Directed motion of water droplets on multi-gradient photopolymer
surfaces. Polym. Chem. 2019, 10, 1882–1893. [CrossRef]

11. Bratek-Skicki, A. Towards a new class of stimuli-responsive polymer-based materials—Recent advances and challenges. Appl.
Surf. Sci. Adv. 2021, 4, 100068. [CrossRef]

12. González-Sálamo, J.; Ortega-Zamora, C.; Carrillo, R.; Hernández-Borges, J. Application of stimuli-responsive materials for
extraction purposes. J. Chromatogr. A 2021, 1636, 461764. [CrossRef]

13. Rayate, A.; Jain, P.K. A Review on 4D Printing Material Composites and Their Applications. Mater. Today Proc. 2018, 5,
20474–20484. [CrossRef]

14. Shie, M.-Y.; Shen, Y.-F.; Astuti, S.D.; Lee, A.K.-X.; Lin, S.-H.; Dwijaksara, N.L.B.; Chen, Y.-W. Review of Polymeric Materials in 4D
Printing Biomedical Applications. Polymers 2019, 11, 1864. [CrossRef] [PubMed]

15. Lu, P.; Wood, R.J.K.; Gee, M.G.; Wang, L.; Pfleging, W. A Novel Surface Texture Shape for Directional Friction Control. Tribol. Lett.
2018, 66, 51. [CrossRef]

16. Bhushan, B. Springer Handbook of Nanotechnology, 4th ed.; Springer: Berlin/Heidelberg, Germany, 2017; ISBN 9783662543573.
17. Matsuda, K.; Hashimoto, D.; Nakamura, K. Real contact area and friction property of rubber with two-dimensional regular wavy

surface. Tribol. Int. 2016, 93, 523–529. [CrossRef]
18. Maegawa, S.; Itoigawa, F.; Nakamura, T. Effect of normal load on friction coefficient for sliding contact between rough rubber

surface and rigid smooth plane. Tribol. Int. 2015, 92, 335–343. [CrossRef]
19. Nguyen, D.T.; Ramakrishna, S.; Fretigny, C.; Spencer, N.D.; Le Chenadec, Y.; Chateauminois, A. Friction of Rubber with Surfaces

Patterned with Rigid Spherical Asperities. Tribol. Lett. 2013, 49, 135–144. [CrossRef]
20. Murarash, B.; Itovich, Y.; Varenberg, M. Tuning elastomer friction by hexagonal surface patterning. Soft Matter 2011, 7, 5553.

[CrossRef]
21. Kumar, C.; Speck, T.; Le Houérou, V. Local contact formation during sliding on soft adhesive surfaces with complex microstruc-

turing. Tribol. Int. 2021, 163, 107180. [CrossRef]
22. Kasem, H.; Shriki, H.; Ganon, L.; Mizrahi, M.; Abd-Rbo, K.; Domb, A.J. Rubber plunger surface texturing for friction reduction in

medical syringes. Friction 2019, 7, 351–358. [CrossRef]
23. Zambrano, V.; Brase, M.; Hernández-Gascón, B.; Wangenheim, M.; Gracia, L.A.; Viejo, I.; Izquierdo, S.; Valdés, J.R. A Digital Twin

for Friction Prediction in Dynamic Rubber Applications with Surface Textures. Lubricants 2021, 9, 57. [CrossRef]
24. Shaukat, U.; Rossegger, E.; Schlögl, S. Thiol–acrylate based vitrimers: From their structure–property relationship to the additive

manufacturing of self-healable soft active devices. Polymer 2021, 231, 124110. [CrossRef]
25. Rossegger, E.; Höller, R.; Reisinger, D.; Strasser, J.; Fleisch, M.; Griesser, T.; Schlögl, S. Digital light processing 3D printing with

thiol–acrylate vitrimers. Polym. Chem. 2021, 12, 639–644. [CrossRef]
26. Kriston, A.; Fülöp, T.; Isitman, N.A.; Kotecký, O.; Tuononen, A.J. A novel method for contact analysis of rubber and various

surfaces using micro-computerized-tomography. Polym. Test. 2016, 53, 132–142. [CrossRef]
27. Eriten, M.; Chen, S.; Usta, A.D.; Yerrapragada, K. In Situ Investigation of Load-Dependent Nonlinearities in Tangential Stiffness

and Damping of Spherical Contacts. J. Tribol. 2021, 143, 061501. [CrossRef]
28. Sahli, R.; Pallares, G.; Ducottet, C.; Ben Ali, I.E.; Al Akhrass, S.; Guibert, M.; Scheibert, J. Evolution of real contact area under

shear and the value of static friction of soft materials. Proc. Natl. Acad. Sci. USA 2018, 115, 471–476. [CrossRef]
29. Mindlin, R.D. Compliance of Elastic Bodies in Contact. J. Appl. Mech. 1949, 16, 259–268. [CrossRef]
30. Cattaneo, C. Sul Contatto di due Corpi Elasticie: Distribution Locale Degli Sforzi. Reconditi Dell Acad. Naz. Die Lincei 1938, 27,

474–478.
31. Persson, B.N.J. Theory of rubber friction and contact mechanics. J. Chem. Phys. 2001, 115, 3840–3861. [CrossRef]
32. Popov, V.L.; Voll, L.; Kusche, S.; Li, Q.; Rozhkova, S.V. Generalized master curve procedure for elastomer friction taking into

account dependencies on velocity, temperature and normal force. Tribol. Int. 2018, 120, 376–380. [CrossRef]
33. Sahli, R.; Pallares, G.; Papangelo, A.; Ciavarella, M.; Ducottet, C.; Ponthus, N.; Scheibert, J. Shear-Induced Anisotropy in Rough

Elastomer Contact. Phys. Rev. Lett. 2019, 122, 214301. [CrossRef] [PubMed]
34. Lengiewicz, J.; Souza, M.d.; Lahmar, M.A.; Courbon, C.; Dalmas, D.; Stupkiewicz, S.; Scheibert, J. Finite deformations govern the

anisotropic shear-induced area reduction of soft elastic contacts. J. Mech. Phys. Solids 2020, 143, 104056. [CrossRef]

https://doi.org/10.1002/adma.201303412
https://doi.org/10.1016/j.cirp.2015.03.004
https://doi.org/10.1016/j.eurpolymj.2021.110298
https://doi.org/10.1016/j.progpolymsci.2009.10.002
https://doi.org/10.1007/s40544-022-0689-3
https://doi.org/10.1039/D0PY00263A
https://doi.org/10.1039/C9PY00123A
https://doi.org/10.1016/j.apsadv.2021.100068
https://doi.org/10.1016/j.chroma.2020.461764
https://doi.org/10.1016/j.matpr.2018.06.424
https://doi.org/10.3390/polym11111864
https://www.ncbi.nlm.nih.gov/pubmed/31726652
https://doi.org/10.1007/s11249-018-0995-0
https://doi.org/10.1016/j.triboint.2014.11.011
https://doi.org/10.1016/j.triboint.2015.07.014
https://doi.org/10.1007/s11249-012-0052-3
https://doi.org/10.1039/c1sm00015b
https://doi.org/10.1016/j.triboint.2021.107180
https://doi.org/10.1007/s40544-018-0227-5
https://doi.org/10.3390/lubricants9050057
https://doi.org/10.1016/j.polymer.2021.124110
https://doi.org/10.1039/D0PY01520B
https://doi.org/10.1016/j.polymertesting.2016.05.019
https://doi.org/10.1115/1.4048502
https://doi.org/10.1073/pnas.1706434115
https://doi.org/10.1115/1.4009973
https://doi.org/10.1063/1.1388626
https://doi.org/10.1016/j.triboint.2017.12.047
https://doi.org/10.1103/PhysRevLett.122.214301
https://www.ncbi.nlm.nih.gov/pubmed/31283347
https://doi.org/10.1016/j.jmps.2020.104056


Materials 2023, 16, 6489 17 of 17

35. Afshar-Mohajer, M.; Yang, X.; Long, R.; Zou, M. Understanding the friction and deformation behavior of micro/nano-hierarchical
textures through in-situ SEM observation and mechanics modeling. Tribol. Int. 2022, 165, 107271. [CrossRef]

36. Wang, C.; Bonyadi, S.Z.; Grün, F.; Pinter, G.; Hausberger, A.; Dunn, A.C. Precise Correlation of Contact Area and Forces in the
Unstable Friction between a Rough Fluoroelastomer Surface and Borosilicate Glass. Materials 2020, 13, 4615. [CrossRef]

37. MAEGAWA, S.; ITOIGAWA, F.; NAKAMURA, T. Optical measurements of real contact area and tangential contact stiffness
in rough contact interface between an adhesive soft elastomer and a glass plate. J. Adv. Mech. Des. Syst. Manuf. 2015, 9,
JAMDSM0069. [CrossRef]

38. Hisler, V.; Palmieri, M.; Le Houerou, V.; Gauthier, C.; Nardin, M.; Vallat, M.-F.; Vonna, L. Scale invariance of the contact mechanics
of micropatterned elastic substrates. Int. J. Adhes. Adhes. 2013, 45, 144–149. [CrossRef]

39. Owens, D.K.; Wendt, R.C. Estimation of the surface free energy of polymers. J. Appl. Polym. Sci. 1969, 13, 1741–1747. [CrossRef]
40. Rabel, W. Einige Aspekte der Benetzungstheorie und ihre Anwendung auf die Untersuchung und Veränderung der Oberfläch-

eneigenschaften von Polymeren. Farbe Und Lack 1971, 77, 997–1005.
41. Kaelble, D.H. Dispersion-Polar Surface Tension Properties of Organic Solids. J. Adhes. 1970, 2, 66–81. [CrossRef]
42. Gauthier, C.; Schirrer, R. Time and temperature dependence of the scratch properties of poly(methylmethacrylate) surfaces. J.

Mater. Sci. 2000, 35, 2121–2130. [CrossRef]
43. Wittmann, B.; Gauthier, C.; Burr, A.; Agassant, J.-F.; Favier, D.; Montmitonnet, P.; Casoli, A. Study of scratch resistance of a

hard-on-soft polymer bilayer: Combination of in situ vision, X-ray tomography and numerical simulations. Wear 2020, 452–453,
203271. [CrossRef]

44. Sommer, C.; Straehle, C.; Koethe, U.; Hamprecht, F.A. Ilastik: Interactive learning and segmentation toolkit. In Proceedings of the
2011 IEEE International Symposium on Biomedical Imaging: From Nano to Macro, Chicago, IL, USA, 30 March–2 April 2011;
pp. 230–233, ISBN 1945-8452.

45. Brake, M.R. The Mechanics of Jointed Structures, 1st ed.; Springer International Publishing AG: Cham, Switzerland, 2017;
ISBN 978-3-319-56816-4.

46. Blau, P.J. Friction Science and Technology: From Concepts to Applications, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2009;
ISBN 9781420054101.

47. Farkas, Z.; Dahmen, S.R.; Wolf, D.E. Static versus dynamic friction: The role of coherence. J. Stat. Mech. 2005, 2005, P06015.
[CrossRef]

48. Surface energy and the contact of elastic solids. Proc. R. Soc. Lond. A 1971, 324, 301–313. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.triboint.2021.107271
https://doi.org/10.3390/ma13204615
https://doi.org/10.1299/jamdsm.2015jamdsm0069
https://doi.org/10.1016/j.ijadhadh.2013.04.006
https://doi.org/10.1002/app.1969.070130815
https://doi.org/10.1080/0021846708544582
https://doi.org/10.1023/A:1004798019914
https://doi.org/10.1016/j.wear.2020.203271
https://doi.org/10.1088/1742-5468/2005/06/P06015
https://doi.org/10.1098/rspa.1971.0141

	Introduction 
	Materials and Methods 
	Materials and Chemicals 
	Preparation of the Resin 
	Surface Production and Analytics 
	In Situ Tribometer 
	Linear and Cyclic Motion Testing 
	Area of Real Contact Calculations 
	Evaluation of the Contact Parameters 

	Results 
	Linear Motion 
	Cyclic Motion 

	Conclusions 
	References

