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ABSTRACT: Adhesives for interaction with human skin and Adhesion on randomly
tissues are needed for multiple applications. Micropatterned dry distributed roughness
adhesives are potential candidates, allowing for a conformal contact
and glue-free adhesion based on van der Waals interactions. In this
study, we investigate the superior adhesion of film-terminated
fibrillar microstructures (fibril diameter, 60 pm; aspect ratio, 3) in
contact with surfaces of skin-like roughness (R, SO gm). Adhesion
decays only moderately with increasing roughness, in contrast to
unstructured samples. Sinusoidal model surfaces adhere when their 0
wavelengths exceed about four fibril diameters. The film- o\ 1 2 30 4,
terminated microstructure exhibits a saturation of the compressive AN Roughness . luml
force during application, implying a pressure safety regime glsstie skinlike
protecting delicate counter surfaces. Applications of this novel

adhesive concept are foreseen in the fields of wearable electronics and wound dressing.
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1. INTRODUCTION Therefore, a reliable adhesive with sensitive detachment is
needed.'""

Dry adhesion is mediated by conformal contact, enhanced
by a low effective elastic modulus, and Van der Waals (vdW)
interactions, both of which contribute to useful adhesion even
to rough surfaces.'"®™" For skin applications, a film-terminated
design was proposed, which modifies the microfibril array by
adding a continuous terminal layer made of softer material.
This modified microstructure has shown enhanced adhesion by
modulating the interfacial stresses and generating a crack
trapping mechanism; the result is an interesting synergy
between the subsurface microstructure and the soft, thin
terminal layer.'”™>* The added layer also performs auxiliary
functions: in wound dressings, it can aid in the closure of the
wound; and in the treatment of eardrum perforations, it closes
the fissure in the membrane, which is important to block
pathogens from entering the middle ear during the treat-
ment.”*’

As the largest organ in humans, the skin presents an
especially complex topography, which can vary over several

Skin-attachable adhesives are experiencing rising demands in
healthcare, where potential applications range from flexible and
wearable electronics for monitoring and diagnosing biological
signals' > to therapeutic devices and wound dressings.”’
Biological surfaces and tissues are challenging counter surfaces
to stick to, as surface roughness is one key factor for reduced
adhesion." This is primarily due to the difficulty of achieving
fully conformal contact, which decreases the real contact area
and causes heterogeneous stress distributions at the interface.’
Roughness requires high local deformations and hence
counteracts the short-range adhesive molecular forces.”® As a
consequence, new adhesives for reliable yet delicate interaction
with skin-like surfaces are urgently required.

The efficiency and versatility of several attachment systems
in nature, e.g,, in geckos, beetles, spiders, or snails, have been a
source of inspiration to material scientists and engineers: in
many cases, their outstanding locomotion and clinging ability,
to various smooth and rough surfaces, are due to patterned
micro- and nanostructures on their contact organs. The
bioinspired microfibrillar patterns derived from these examples
have been widely studied in the past few years.””'' More Received: July 15, 2022
recently, they have proven to be potential candidates as dry Accepted:  September 16, 2022
and glue-free adhesives to skin. Current solutions for skin Published: October 4, 2022
adhesives offer too strong adhesion causing damage while
being removed,'”"® in addition to being of single use and
leaving residues that can cause skin irritation and allergies.
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Figure 1. Film-terminated microfibrillar samples. (a) Representation of the film-terminated microstructure fabrication process by integrating an
SSA film with a microfibril sample. The tips of the fibrils are dipped in an uncured film and then placed on a cured SSA layer. (b) Schematic cross
section of a soft skin adhesive (SSA) film (pink) terminating a silicone microfibrillar array of MDX4-4210 (blue) and of the unstructured control
samples. The terminating film has various thicknesses of 12, 25, and SO pum. (c) Representative scanning electron micrographs of the different

samples.

orders of magnitude. The detailed structure depends on many
factors, such as body location, age, and humidity.”*>® Explicit
studies that take into account the roughness of skin when
optimizing skin adhesives have rarely been published in the
literature.

In this paper, we aim to investigate the adhesion mechanism
of novel film-terminated microstructures designed to adhere
specifically to rough skin without the need for chemical glues,
thus not leaving residues on the surface or causing adverse
reactions. We conduct a systematic investigation of such
microstructures, consisting of two biomedical silicones, on a
series of surfaces with random and single-wavelength rough-
ness. Adhesion is analyzed in comparison to unstructured films
as control samples. We evaluate experimentally and numeri-
cally the effect of the terminal layer thickness and the role of
the fibrillar microstructure on the adhesion performance. In
this way, we provide a scientific base for this new class of
micropatterned skin adhesives.

2. EXPERIMENTAL SECTION

2.1. Fabrication of Film-Terminated and Control Samples.
Film-terminated microstructures were fabricated, and the respective
unstructured samples with the terminal layer were used as a control to
investigate the effect of the subsurface microstructure on adhesion.

Arrays with fibrils of nominal height of 180 ym and diameter of 60
pum (aspect ratio 3) were fabricated by replica molding. The fibrils
were arranged hexagonally with center-to-center distances of 120 ym
(surface density approximately 23%). A silicon master template
(Institute of Semiconductors and Microsystems, TU Dresden,
Germany) was used to prepare the negative silicone mold (Elastosil
M4601 A/B silicone, Wacker Chemie AG, Munich, Germany). The
prepolymer was mixed (ratio 9:1) and poured on the master template.
The silicone was then cured in an oven at 75 °C for 3 h. The silicone

mold was treated by air plasma (Atto low pressure plasma system,
Electronic Diener, Ebhausen, Germany) for 3 min and then coated
with tridecafluoro-1,1,2,2-tetrahydrooctyl-trichlorosilane (AB111444,
ABCR, Karlsruhe, Germany) through vapor deposition at 3 mbar for
4S min. The microfibrillar array was made from the biomedical-grade
elastomer MDX4-4210 (Dow Silicones, Midland, Michigan). The
prepolymer was mixed in a ratio of 10:1, poured on the Elastosil mold,
and degassed for 5 min. The mold was then spun at 3000 rpm for 2
min (Spincoater Laurel 1 WS 650 MZ-23NPPB, North Wales,
Pennsylvania) and then placed on a glass substrate, which was
previously plasma-treated and coated with MDX4 silicone (3000 rpm
for 2 min). The whole set was placed in an oven at 95 °C for 1 h.
Finally, the mold and the glass were gently demolded. For the
unstructured control samples, a foil of the MDX4-4210 was prepared
by spin coating at 500 rpm for 2 min to achieve a thickness
comparable to the sum of the backing layer and fibril height for the
fibrillar microstructure.

In the second step, the microfibrillar array, or the respective flat
film, was film-terminated. Accordingly, a soft skin adhesive film, SSA
MG?7-1010 (Dow Silicones, Midland, Michigan), was used. Previous
reports use a softer material by changing the mixing ratio of the
“stiffer” silicone.”””®* However, this approach makes the product
unsuitable for medical applications, as the manufacturer does not
predict the reactivity and curing conditions, being, therefore, not
medically certified. The SSA was coated on a release foil (Siliconature,
SILFLU S 75 M 1R88002 clear) at 800, 2000, and 6000 rpm. The
SSA layer was cured at 95 °C for 1 h. To combine the microfibrillar
array with the SSA layer, fibril tips were dipped in an uncured MDX4-
4210 layer (spun on a glass substrate at 400 rpm) and placed on the
cured SSA film. The unstructured control sample was terminated
using the same method, dipping the film in an uncured MDX4 layer
before placing it on the cured SSA layer. Upon curing in an oven at 95
°C for 1 h, the final specimen was peeled from the release foil. The
fibril height increased from 180 to 200 ym (and the aspect ratio from
3 to 3.3) due to the fabrication described above. Considering
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Figure 2. Surface profile and topography of counter surfaces. (a) Scan of skin-like rough surface, in comparison to (b) sinusoidal model surface
with 480 ym wavelength. (c) and (d) SEM micrographs of the printed surfaces with the sinusoidal model surface of wavelengths 480 ym and 60
um, respectively. (e) Power spectral density (PSD) of the Vitro-Skin surface, determined from line scans along different surface directions. Solid
markers indicate reliable data, while empty markers indicate unreliable data as limited by the tip radius.** The isotropic one-dimensional PSD
(C') is defined as given in ref 35. The dashed vertical red lines represent the wavelengths of the model surfaces.

biomedical applications, only certified medical products MDX4-4210
and MG7-1010 were used.

Specimens were characterized using an optical microscope (Eclipse
LV100ND, Nikon, Tokyo, Japan) and a scanning electron microscope
(FEI Quanta 400 ESEM, Thermo Fisher). The specimens were
analyzed under low vacuum at 100 Pa and 10 kV voltage for the latter.

Figure la presents a summary of the fabrication process of the film-
terminated microstructure. The fibrils are fabricated by replica
molding and yield precise copies by a relatively inexpensive method.
Unlike simple porosity, the fibrils offer an additional advantage of a
controlled, periodic structure suitable for subsequent integration of
other systems. The cross sections of the film-terminated and
respective control samples are illustrated in Figure 1b. The MDX4-
4210 fibrillar array (in blue) consisted of a 100 yzm backing layer and
fibril arrays of 200 ym height and 60 ym diameter, and the SSA MG7-
1010 terminating layer (in pink) varied in thickness of 12, 25, and S0
pm. The chosen materials are medically certified for wound dressings

46241

and implantable devices, widening the possibility of application of
these microstructured adhesives for different purposes, including
wound dressings. For brevity, we denote the samples according to
their terminal layer thickness, for instance, FT—12 pm for the film-
terminated microstructure with a 12 um thick terminal layer. The
respective unstructured reference samples were fabricated with the
MDX4-4210 backing layer of 300 pm and the terminal layer
equivalent to the microstructures (12, 2S5, or 50 ym thickness). In
addition, microfibrils without thin film as the terminal layer were also
used for control measurements. Scanning electron microscopy (SEM)
images of different samples are presented from 45° tilt side view
(Figure 1c). We observe that the thinnest film is slightly deformed
due to stress relaxation.

2.2. Rheometry. Frequency-dependent storage and loss moduli
(G, G”) and the damping factor tan § = G”/G’ of the polymers were
determined using a rheometer (Physica MCR-300, Anton Paar, Graz,
Austria) equipped with a cone/plate setup (diameter, 25 mm; gap
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Figure 3. Results of adhesion tests against a smooth epoxy surface. (a) Pull-off stress and (b) normalized pull-off stress (by the pull-off stress at zero
compression) as a function of maximum compressive displacement for film-terminated (FT) microfibrils (blue) in comparison to nonterminated
fibrillar arrays (orange). The dashed-dotted line indicates the onset of fibril buckling. (c) Force vs displacement display of measurement of the film-
terminated sample with 12 ym thick film and a schematic representation of the measurement principle. Points highlight fibril buckling (1),
maximum compression (2), unbuckling of fibrils (3), and maximum pull-off force (4). (d) Compressive stress as a function of compressive
displacement. Dashed-dotted lines mark three regimes: (1) low preload, (2) compression-tolerant regime, and (3) overload regime, and correspond

to the lines in panel (c).

height, 0.054 mm). The prepolymer mixture of components A and B
(in a mixing ratio of 10:1 for MDX4-4210 and 1:1 for the SSA) was
placed on the device. The polymer was cured between the plates at 90
°C for 30 min. Upon cooling to 25 °C, a frequency sweep
measurement from 0.01 to 100 Hz at a constant amplitude of 0.1%
was carried out.

The Young’s modulus, E, for both materials was calculated from the
measured storage modulus in shear, G, considering E = 2G (1 + v),
with v = 0.5. The elastic modulus values obtained were Eypxy4210 =
1.01 MPa and Eggs = 0.102 MPa. Overall, the terminating film was
made from softer silicone than the microfibrillar array.

2.3. Adhesion Measurements. Probe tack tests, in which a flat
probe is retracted from the adhesive in the perpendicular direction,
were performed using a custom-built adhesion testing device.'®>”
Specimens and the counter surface were approached at a rate of 30
um/s until a predetermined compressive preload or displacement was
reached. Contact was held for 1 s, followed by retraction at a rate of
10 um/s. Measurements were performed at three different positions
on each surface. Mean values and standard deviation (error bars) were
reported. Counter surfaces were always smaller than specimens;
therefore, stresses were calculated by dividing force values by the area
of the counter surface. All surfaces were made from epoxy (Résine

Epoxy R123, Soloplast-Vosschemie, Fontail-Cornillon, France), as
described in previous reports,>*" to keep surface chemistry constant.
Epoxy replicas were made from smooth and frosted glass slides
(Marienfeld, Lauda Konigshofen, Germany) and the front and back
sides of Vitro-Skin foil (IMS inc., Portland, ME). Vitro-Skin foil was
chosen as it mimics the topography of the human skin.*>**

A contour map of the skin-like surface and a cross-sectional profile
are depicted in Figure 2a. It presents arithmetic roughness (R,) of
9.48 pum and a peak-to-valley distance of ~50 ym in accordance with
the statistical value R, = 50 ym. Adhesion to such high roughness has
not yet been described in the literature; for the film-terminated
microstructure, adhesion has only been reported in the literature
against the roughness of maximal R, 2.3 ym.*® A sinusoidal model
surface of wavelength 480 ym is depicted in Figure 2b. The surfaces
were imaged using a confocal microscope (MarSurf CM explorer, S0X
objective, Mahr, Gottingen, Germany). At a constant peak-to-valley
distance of S0 um, corresponding to the skin-like surface, the
following different wavelengths were chosen: 4 = 480, 240, 120, and
60 um. The model surfaces were fabricated using two-photon
lithography (Photonic Professional GT2, Nanoscribe, Eggenstein—
Leopoldshafen, Germany). SEM images of the printed sinusoidal
model surfaces are presented in Figure 2c,d.
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Figure 4. Contact surface imaging during detachment from the smooth surface. (a) Schematic representation of the experimental setup, in which a
prism for observation of the contact surface is mounted on the load cell. (b) Screenshots of the contact surface of FT—12 (above) and FT—S0
(below) against a smooth surface during detachment (left to right). The detachment front is highlighted by the yellow dotted line.

To rationalize the choice of model surface wavelengths, we
analyzed the Vitro-Skin topography using a profilometer (SURFCOM
1500SDS, ACCTee Software, Ostfildern, Deutschland) with a tip of 2
pum diameter and a measuring speed of 0.3 mm/s and characterized by
the surface topography analyzer.>® The corresponding power spectral
density (PSD) is shown in Figure 2e, where the reliability of data
points was explicitly determined from the curvature of the
profilometer’s tip radius.>* Since line scans along different directions
look very similar, the surface can be considered isotropic. Assuming a
self-affine fractal topography, the slope of the curve would suggest a
Hurst exponent of approximately 1.2, outside the range of [0,1],
indicating that the surface is not in fact fractal. Recently, Gujrati et al.
connected an exponent of —4 in the PSD to macroscopic patterns in
surface coatings.’® The exponent —3.4 could indicate the presence of
similar features overlapping with a self-affine power law. Regardless of
the exact interpretation, a decrease with a large exponent equivalent to
H > 0.5 still indicates that long wavelength features within this range
have a much more significant influence on contact mechanics than
short wavelength features.”” The sinusoidal model surfaces are chosen
close to the roll-off point on the left end of the spectrum, where the
graph transitions from the power law behavior to being almost
constant. This range is decisive for the elastic energy to contact
nominally flat surfaces, as we use in normal tack tests. This condition
for the choice of the model surface is explained in more detail in
Section 4.3.

2.4. Finite-Element Analysis (FEA). Finite-element analyses
(FEA) were carried out using Abaqus (Dassault Systems, Simulia
Corporation, RI).*® The two-dimensional model consisted of an
elastic film-terminated sample meshed with a CPS4R element and a
rigid sinusoidal surface meshed with R2D2 elements. The dimensions
of the model remained the same as in the experiments (all dimensions
are normalized by the fibril diameter of 60 ym), i.e., fibril height = 3,
center-to-center distance = 2, terminal layer thicknesses = 1/5 or 5/6,
sinusoidal amplitude = 5/6, and wavelengths = 4 and 8, separately.
Both fibrils and the terminating film were modeled as incompressible
neo-Hookean elastic solids with Young’s moduli of 1.1 and 0.102
MPa, respectively. Two relative configurations of the fibrils and
sinusoidal surface were considered: fibrils were either centered on the
maxima or shifted by 60 um. The interaction property between the
film-terminated sample and the wavy surface was defined as “hard
contact” for normal contact and “friction with penalty” for tangential
contact. To avoid slippage after the contact, the penalty coefficient y
was set to 0.5, corresponding to the friction coefficient in the
Coulomb friction law, 7. = uP, where P is the normal contact
pressure between the contacting surfaces. The step “dynamic,
implicit” was used to calculate the actual deformation by uniaxial
loading, during which only the vertical displacement of the top surface
of the backing layer was set while other translational degrees of

freedom were fixed to mimic the constraint of the backing layer in the
experimental sample.

3. RESULTS

3.1. Adhesion to Smooth Counter Surfaces. Figure 3
shows a summary of adhesion results of the FT—12 pm, FT—
50 pum, and fibril samples without the terminal layer against a
smooth flat epoxy surface. In Figure 3a, the adhesion of the FT
samples ranged between 24 and 30 kPa, which was 3—35 times
larger than samples without a terminating layer. The FT—50
pum sample consistently led to a higher pull-off stress than that
of the FT—12 pm sample, which could be attributed to the
vastly reduced influence of the much stiffer fibrils in
comparison to the terminal layer.

Compressive load is an important factor for adhesion to
achieve optimal contact with the counter surface.”” We observe
that the microfibrils without terminating film exhibited a
substantial reduction in adhesion at about 50 ym maximum
compressive displacement (dashed-dotted line). This reduc-
tion is even clearer in Figure 3b, where the pull-off stress was
normalized by its value at zero compression. The initial
buckling position (point 1) is shown in an example of force—
displacement curve on the FT—12 ym sample in Figure 3c;
located at a compression displacement at 50 pm, it
corresponds to the position with the large drop in adhesion
in Figure 3b. After buckling, the decrease of the compressive
force is attributed to the postbuckling instability."”*" When the
deformed fibrils topple over and contact the backing layer, the
compressive load increases again until the maximum
compressive load is reached (point 2). Point 3 in the graph
marks the elastic recovery of the buckled fibrils. The hysteresis
between points 1 and 3 can most likely be attributed to
viscoelastic properties of the materials. Finally, detachment
occurred, and the pull-off force was obtained from the
maximum in the tensile force (point 4).

The evaluation of the compressive load in terms of the
maximum compressive displacement is depicted in Figure 3d.
Three regimes can be identified: a low preload, a force tolerant,
and an overload regime. In the first regime, the pull-off force
increases linearly with increasing displacement; the force
saturates in regime 2, where the compressive force is
insensitive to the displacement; and in regime 3, the
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Figure S. Adhesion against rough surfaces. (a) Pull-off stress of the film-terminated microstructure and control samples, as a function of roughness
R, of the counter surface, from smooth (R, = 0. 1 ym) to skin-like roughness (R, = 50 ym) at a preload of 10 kPa and a hold time of 1 s. (b)
Example of stress—displacement curve of FT—25 um and of reference CON—25 um, subjected to a larger compressive preload.

compressive force increases linearly again with a higher slope,
indicating densification of the fully compressed fibrils.

The experimental setup, as well as the detachment process of
the film-terminated structure from the smooth epoxy surface,
can be seen in Figure 4. The large circular margin in Figure 4b
illustrates the surface position and darker regions enclosed by
the dashed lines represent the edge of the contact area. The
crack initiates from the edge of the counter surface and moves
inward for both samples. The crack path (dashed lines) is more
tortuous for the thinner backing layer (FT—12 um) and
reflects the underlying fibrillar structure.

3.2. Adhesion Results to Surfaces with Random
Roughness. Next, adhesion tests on randomly rough surfaces
were conducted to investigate the advantage of the terminal
layer design. Figure Sa shows the pull-off stress in terms of the
surface roughness R, (mean peak-to valley distance) ranging
from 0.1 to 50 ym. The pull-off stresses for the FT samples
with different terminal layer thicknesses are all located between
25 and 30 kPa for the smoothest surface (R, = 0.1 gm). Under
the same measurement conditions, the effect of the terminal
layer thickness is not distinguishable. The unstructured control
samples, on the other hand, present pull-off stresses between
80 and 90 kPa, up to 3 times higher than the microstructure. In
Figure Sb, examples of stress—displacement curves for the
microstructured FT—25 sample and the respective unstruc-
tured control are presented.

As the roughness R, was increased to 1.1 ym, we observed a
slight increase of pull-off stress for the microstructured
samples, more pronounced for the samples FT—50 and
FT—25 (27 and 28 kPa to 32 and 33 kPa, respectively) than
for FT—12 (26—28 kPa). The control samples, on the other
hand, showed a reduction in pull-off stress (88—64 kPa for
FT—S50 and 81—22 kPa for FT—12).

Further increase in surface roughness led to a decline in pull-
off stress for all samples. The decay for the control samples
was, however, much more substantial: for roughness R, = 50
um (skin-like), CON—S0 had the adhesion reduced by 88%,
going from 88 kPa to around 10 kPa, and CON—I12 had a
reduction by 98%, reaching 1.1 kPa at high roughness.
Microstructured samples, on the other hand, had a less
pronounced decay; FT—50 went to 15 kPa, losing around
43% of the adhesion performance in comparison to a smooth
counter surface, and FT—12 went to around 8.5 kPa, a
reduction to 32% of its initial value.
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3.3. Adhesion Results to Sinusoidal Model Surfaces.
Pull-off stresses as a function of compressive displacement for
FT—12 ym and FT—50 um against the different sinusoidal
model surfaces are presented in Figure 6a,b. As before, the
sample with the thicker terminal layer (FT—S0 um) showed
higher adhesion values. The wavelength of the counter surface
modulated the adhesive behavior in the following ways.

For wavelengths of 60 and 120 um, i.e., close to the fibril
diameter, the pull-off stress was almost insignificant (around 4
kPa for FT—12 uym and 7.5 kPa for FT—50 um) and
increased only slightly with increasing compressive displace-
ment.

For the longer wavelengths of 240 and 480 um, adhesion
was generally higher and increased in a more pronounced way
with a compressive displacement between 30 and 70 ym. The
final plateau values were 13 and 25 kPa for FT—12 and 17 and
35 kPa for FT—350.

The transition from low to high adhesion for the long-
wavelength surfaces occurred at a compressive displacement of
about 50 um, which corresponds to the amplitude of the
sinusoidal surface shape.

In Figure 6¢—f, we present in-situ lateral views of the sample
FT—S50 um in a compressed state against all of the counter
surfaces. A physical impediment to full contact is observed for
the counter surfaces with wavelengths 60 and 120 pm, where
contact was achievable only near the surface peaks, even at
high compression. By contrast, the terminal layer of the
microstructure eventually achieved “full” contact with the
counter surfaces of wavelengths 240 and 480 um. The
transition between the two different kinds of adhesion behavior
seems to occur at the following empirical condition

(1)

where D is the fibril diameter and A is the wavelength. For 1 <
4D, the pull-off stress is low and insensitive to the compressive
preload as full contact with the counter surface is always
prevented. On the other hand, for A > 4D, the microstructure
could deform almost conformally to the rough surface and the
pull-off stress increased with the preload. The performance of
the adhesive in the case 4 > 4D was further investigated.
Figure 7a presents a comparison of adhesion results for
FT—12 and FT—S50 samples against the smooth surface and
the model surface of wavelength 480 ym. For the smooth
surface, the slight increase of pull-off stress, mostly at the initial

A~ 4D
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Figure 6. Adhesion of film-terminated microstructures on sinusoidal model surfaces. Pull-off stress vs compressive displacement for the sample with
the terminal layer: (a) 12 ym and (b) SO um for the surfaces with different wavelengths. Snapshots show side view of FT—S50 against surfaces with
wavelengths: (c) 480 ym, (d) 240 um, (e) 120, and (f) 60 ym in the compressed state. Scale bar is 100 ym. Blue dashed lines mark the model
surface boundary, and yellow dashed lines indicate the microstructure’s terminal layer boundary.

compressive displacement, can be explained by full contact
formation and, possibly, by a contribution of the material’s
viscoelasticity.*”** For the sinusoidal model surface, three
regimes can be distinguished: In regime 1, the sample and
counter surface have low contact; next, in regime 2, the fibrils
undergo bending, which allows them to form progressively
more contact with inclined areas of the counter surface and
creates higher adhesion; finally, in regime 3, the sample reaches
close-to-full contact and adhesion enters a plateau. For sample
FT—12, the plateau stress values amount to approximately
70% of the values obtained for the smooth surface.
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Interestingly, the FT—50 sample reaches, within the error
margin, similar adhesion as on the smooth surface.

In Figure 7b, side views of detachment from the model
surface with wavelength 480 um are presented for a single row
of fibrils for better visualization. The ability of the fibrillar
microstructure to conform to the wavy counter surface is well
illustrated and will be discussed below.

3.4. Finite-Element Simulation Results. To obtain
better quantitative insights into the contact behavior,
information not accessible by the experimental setup, we
analyzed the numerical results of our finite-element simulations
for samples FT—12 and FT—350 ym in contact with the 4 =
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480 pum surface. Contact fraction (i.e., percentage contact area with increasing compressive displacement for two different
of the total surface) and compressive force were calculated alignments: in one case, a fibril was centered on a wave valley
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for both surfaces 480 and 240 pm.

and, in the other, the space between was centered, as indicated
in the insets in Figure 8a. The force results overlapped for
displacements smaller than 30 ym and subsequently diverged
somewhat; the shifted arrangement produced slightly higher
force values, but the overall fibril alignment did not strongly
affect contact fractions. Full contact was achieved for
compressive displacement larger than 55 pm. Figure 8b
presents a snapshot of FT—I12 samples in full-contact
configuration, as well as the terminal layer in both cases in
the highlighted region. The FT—12 fibrils underwent severe
bending in accordance with the experimental observations in
Figure 7.

Subsequently, we compared the simulation results for the
cases A = 240 and 480 um (Figure 8c). Here, all of the curves
represent the average results of the centered and shifted
alignments. While, in most cases, the contact area increased
monotonically until full contact was reached, significantly
higher forces were required for the 240 um surface. A new
event was observed for the 4 = 240 yum surface: the contact
fraction of the FT—12 sample leveled off at 77% (at a
compressive displacement of 65 ym). The snapshots in Figure
8d explain this inability to achieve full contact: at a critical
displacement of about 70 pm, severely bent neighboring fibrils
start to impinge, which prevents further contact from forming.
Although the optical observation in Figure 7b (4 = 240 um)
seems to indicate full contact, the numerical result in Figure 8c
reveals that the system may not be able to reach this state in
the model topography. This may, to some extent, explain the
earlier detachment and lower pull-off stress for 4 = 240 pum
compared to A = 480 ym.

Figure 9a shows the pull-off stress for FT—50 and FT—12
on the counter surfaces of 4 = 480 and 240 pm. Similarly, for
all cases, the pull-off stress increases with increasing displace-
ment and saturates to a plateau value. Although camera images
(Figure 6¢,d) suggest that the microstructures have contact
with both surfaces, 240 and 480 ym, numerical simulations
showed that, in fact, the surface 240 ym only reaches 80% of
its full contact surface when the maximum displacement is 80
um. This could possibly cause the lower pull-off stress values
when detaching from the 240 pm surface for both FT—12 and
FT—S50 samples.

The correlations between the contact fraction and pull-off
stress are plotted with the help of both experimental and
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simulation results (Figure 9b), in which the pull-off stress is
obtained from experiments, the contact fraction is only
acquired by simulations, and the compressive displacement is
the bridge. The pull-off stress goes up linearly with the increase
of contact fraction in each case. For FT—12 samples, the pull-
off stress at the same contact fraction is not significantly
influenced by the wavelength A. On the contrary, FT—S0
samples show a wavelength 4 dependence: larger 4 leads to a
higher pull-off stress.

4. DISCUSSION

Envisioning a self-adhesive microstructure for biomedical
applications, especially on skin, we propose, in this
investigation, a fibrillar array terminated by a soft, thin film,
using biomedically certified materials. Roughness of the
counter surface is a well-known obstacle for adhesion because
it increases the elastic strain energy penalty in the adhesive,
attempting to conform to the rough topography. As skin
exhibits roughness to various degrees, this paper explores the
adhesion of novel skin adhesives to counter surfaces of various
roughnesses. The counter surfaces investigated exhibited
randomly distributed irregularities, from glass-like to skin-like
roughness, complemented by sinusoidal model roughness. The
essential observations will now be discussed in turn.

4.1. Comparison of Smooth vs Rough Counter
Surfaces: The Benefit of Fibrillar Microstructures. The
first result of our work is the observation that the micro-
structure did not always lead to improved adhesion: in contact
with smooth counter surfaces, unstructured control samples
were about three times more adhesive than fibrillar micro-
structures (Figure Sa). As the unstructured films can adapt well
to a smooth counter surface, the micropatterning of the film-
terminated microstructure does not add any advantage to the
adhesive behavior; on the contrary, it may be argued that the
reduced areal density of the fibrils (about 22.5% of the nominal
area) will reduce the effective contact stiffness by a similar
factor. Such a difference was observed in Figure Sb, where the
slope of the stress—displacement data during compression
differed by a factor of approximately 2. Additional contribu-
tions may be due to the fibril-induced inhomogeneous stress
fields at the interface, which could favor the initiation and
propagation of interfacial cracks.
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Figure 10. Theoretical model cases for elastic bodies with a sinusoidal counter surface. (a) Mode a: wavelength 4 much smaller than layer
thickness, (b) mode b: wavelength 4 substantially exceeds layer thickness, (c) calculated deformation energies (per area) as functions of wavelength
A or wave vector g. The underlying “bulk/fibril” material is assumed to be stiffer than the terminal layer, providing a rigid constraint. In agreement
with the experiment, the best confirmation to a counter surface with a wavelength between 240 and 480 um (lowest deformation energy) is

predicted for FT—S0 (shaded).

The situation changes considerably when a counter surface
with roughness is considered. Here, the higher compliance of
the micropatterned sample with graded modulus will allow
much better conformity to the peaks and valleys of the counter
surface; this mechanism is clearly illustrated in the side view
pictures of Figure 6b for the case of a single-wavelength model
surface. It is noteworthy that, for a surface wavelength of 480
pum, the “plateau” value of the thicker terminal layer was about
twice that of the thinner layer (Figure 6a). In the full contact
state (Figure 7A,C), the sample with the thinner terminal layer,
FT—12, exhibits more pronounced fibril bending than sample
FT—S50. This suggests that the thicker terminal layer
contributes more elastic accommodation and requires less
fibril bending. As presented in Figure 7 b (BD), the
detachment initiates preferentially in the valley rather than
along the surface edges as previously described for the smooth
surface. Empirically, it was found that the wavelength must
exceed four fibril diameters (eq 1).

4.2. Compressive Behavior of Microstructures: The
Benefit of Overload Protection. The behavior of a skin
adhesive during attachment is also decisive for its applicability
in a biomedical context. The fibrillar microstructures presented
here exhibited a beneficial characteristic (Figure 3d): during
compression, a plateau regime was encountered (marked
“regime 2”), in which the compressive stress acting on the
counter surface was insensitive to compressive displacement.
Mechanistically, the force plateau is linked to the buckling
instability of the microfibrillar array (Figure 3c,d). Considering
the Young’s modulus, E, of 1.1 MPa, n = 513 microfibrils, a
fibril radius, R, of 30 um, and the fibril height, h, of 200 pm,
the critical buckling load can be estimated by Euler buckling
theory P, = anEx’R*/4h* where a = 4 for clamping of both
ends.*>*"" Thus, P, = 0.177 N, and the buckling stress for the
surface of 6.2 mm? is 28.5 kPa, which is in the same range as
obtained experimentally.

This buckling event creates a “cushioning” or “overload
protection”, which allows for dissipation of any extra applied
force through the deformation of the subsurface micro-
structure.** This effect will protect the counter surface against
damage when applying a medical device on sensitive or injured
tissue.” The film-terminated design did not show loss of
adhesion even after the fibrils were buckled, which is

advantageous for reliable adhesion compared to microfibrils
without film termination. This behavior differs from simple
fibril microstructures, in which an overload can lead to elastic
instabilitzr of the fibrils and hence detachment from the counter
surface,™*

4.3. Theoretical Considerations of the Effects of
Microstructure and of the Terminal Layer. It is finally
attempted to explain some of our observations in the light of
theoretical concepts. It was recently found that rough surfaces,
both random and sinusoidal, become sticky when their surface
energy is more than half the elastic energy needed to bring the
surfaces into conformal contact.”” Since the elastic energy for
contacting nominally flat surfaces is dominated by the surface
undulations near the “roll-off” wavelengths,48 it is sufficient to
consider a single representative undulation with a wavelength
near roll-off. While the exact treatment of a multilayered
system would require complicated transfer-matrix techni-
ques,””*” simple scaling arguments are presented here. We
approximate the mechanics of the fibril structure (with an areal
density of 22.5%) as a homogeneous elastic medium with a
Young’s modulus E that is 22.5% of that of the bulk and
Poisson’s ratio of zero. It is further considered that surface
undulation of wavelength A penetrates roughly a distance 4/27x
into a semi-infinite solid, which is sometimes referred to as
Saint-Venant’s principle and is backed up by analytical
solutions.”’

Figure 10 illustrates two modes to be considered: When 4 is
small compared to the terminal layer thickness h = hy,,,, the
layer deforms elastically as if the body below, with much
greater Young’s modulus, provided a rigid constraint (Figure
10a, mode a). Thus, the energy of deformation is given by”z’53

v, E*
L (g, h,0) = ch(U, qh)lﬁl2

)

where i is the displacement amplitude, E* = E/(1 — v?) is the
contact modulus, g = 27/4 is the magnitude of the wave vector,
and ¢(v, gh) is a dimensionless geometric prefactor. At large
wavelengths (relative to the film thickness, Figure 10b, mode
b), the entire sample including the layer is fully deformed and
follows the undulation of the counter surface. Since the bottom
medium is much stiffer than the layer, we estimate this

0
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deformation energy by evaluating eq 2 only for the bulk/fibril
body below the layer. In summary, we obtain Vode(a) (9) =
VeLl (‘1; hlayer) I/Iayer) and Vel,mode(b) (Q) ~ VeLl (q; hbottom)
Vpottom/+

Figure 10c displays the calculated areal deformation energies
as a function of wavelength for the two different terminal layer
thicknesses with and without fibril structures. It is generally
seen that, with increasing wavelength (decreasing wave
vector), the deformation energy decreases at first and then
increases again; there is hence a defined wavelength for which
adhesion is expected to be optimal. This is a result of the trade-
off between higher displacement gradients at low A and near-
incompressibility at large A. In the experimental wavelength
range near the roll-off of the PSD (Figure 2e), fibril structures
are predicted to require less deformation energy; consequently,
they will more easily form intimate adhesive contact and
exhibit a higher pull-off stress. It is also seen that the difference
between 12 and 50 pm layer thickness is more noticeable for
control specimens (dashed and dash-dotted line, CON—12
and CON—S50) than for the fibrillar structures (solid lines
FT—12 and FT—50), matching the behavior visible in Figure
Sa.

Considering the difference between the 12 and 50 ym film-
terminated samples, we have also observed in the finite-
element simulations (Figure 8b) that the thinner terminal layer
creates higher stress concentrations reaching the interface to
the counter surface. If the counter surface is considered rigid
and the fibrils are treated as flat punches in contact with the
film, a thickness of about twice the fibril radius can already be
approximated as infinitely thick in linear elastic theory.>” This
is roughly fulfilled by the SO ym layer (FT—S0), whereas in
the FT—12 sample, the stress concentrations due to the fibrils
will favor interfacial crack initiation and hence lead to earlier
detachment. The fibrillar structure still improves adhesion in
comparison to the control samples because it provides a more
compliant background medium.***

Additionally, we estimated the conditions, in which mode a
dominates at all wavelengths,52 i.e, the effect of the patterned
background would become negligible. The terminal layer
thickness for this condition is approximately 450 pm, which is
larger than the fibril length.

5. CONCLUSIONS

The adhesion of fibrillar microstructures terminated by a soft
film was investigated against surfaces of different roughness
(from smooth to skin-like), as well as against sinusoidal model
surfaces of varying wavelengths, with roughness R, = 50 um
mimicking the skin. The effects of varying terminal layer
thicknesses and subsurface microfibrils were investigated. The
following conclusions can be drawn:

e Improved tolerance to roughness: The film-terminated
fibrillar microstructures exhibit improved adhesion to
counter surfaces of finite roughness, typical of skin, in
comparison to flat samples. Microstructured samples
show decay of up to 43% with increasing roughness,
while unstructured control samples have a decay of up to
98%. The reason is the better conformity of the
microstructures to the surface topography due to their
higher effective compliance. We presented a theoretical
model of the interaction with a rough surface.

e Threshold wavelength of the counter surface: Our
experimental results suggest that, to ensure sufficient

contact, the wavelength of the roughness must obey 4 >
4D, where D is the fibril diameter. The empirical
threshold is attributed to a geometrical impediment of
the fibrils to achieve the furthest point in the counter
surface. Above this limit, adhesion can be tuned by
increasing the contact area through compressive preload.
These results are in agreement with finite-element
simulations, in which contact fraction during compres-
sion was evaluated.

e Terminal layer thickness effect: A thinner terminal layer
creates local stress concentrations and leads to earlier
detachment. The thicker terminal layer reduces the
influence of the stiffer background material, making the
structure more compliant. A simple preliminary model
consideration is presented to explain these effects.

e Overload protection: When sufficiently compressed, the
film-terminated microstructure exhibits elastic instability
of the fibrils without loss in adhesion. This mechanism
leads to a stress plateau, which protects the counter
surface against overload and damage during application,
a feature relevant for medical applications.
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