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ABSTRACT

Patterned microstructures represent a potential approach for improving current wound
closure strategies. Microstructures can be fabricated by multiple techniques including
replica molding of soft polymer-based materials. However, polymeric microstructures
often lack the required shear resistance with tissue needed for wound closure. In this work,
scalable microstructures made from composites based on polydimethylsiloxane (PDMS)
were explored to enhance the shear resistance with wet tissue. To achieve suitable
mechanical properties, PDMS was reinforced by incorporation of polyethylene (PE) particles
into the pre-polymer and by coating PE particle reinforced substrates with parylene. The
reinforced microstructures showed a 6-fold enhancement, the coated structures even a 13-
fold enhancement in Young's modulus over pure PDMS. Shear tests of mushroom-shaped

Bioinspired

microstructures (diameter 450 pm, length 1 mm) against chicken muscle tissue demon-
strate first correlations that will be useful for future design of wound closure or

stabilization implants.
© 2016 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/).
1. Introduction major surgeries, have undergone a significant evolution (Chu
et al.,, 1996; Menaker, 2001; Ratner and Bryant, 2004). Each
Since the development of versatile, customizable, and biode- wound exhibits different characteristics and, thus, the clo-
gradable biomaterials, the concepts of wound closure, essen- sure procedure is usually subject to the surgeon's expertise
tial for most tissue injuries ranging from small lacerations to (Bennett, 1988; Scheidel and Hohl, 1987). As an example,
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hernia surgery provides an interesting and sophisticated
wound closure concept. The disease consists in a protrusion
of inner organs through a weak part of muscular layer
towards the abdominal wall. Nowadays, polymer meshes,
which cover the whole affected area, are utilized to reinforce
the weak tissue and to keep the organs in place (Brown and
Finch, 2010; Cobb et al., 2006). However, this treatment is not
sufficient to enable a contraction of the weak tissue and
requires additional fixtures such as stitches to prevent
reoccurrence. Novel hernia meshes may be equipped with
mechanically interlocking structures to enable self-fixation
and contraction of the wound cover in contact with the weak
tissue such as the ProGrip (Covidien, Dublin, Ireland) (Birk
and Pardo, 2012; Pedano et al., 2012). Mostly in-vivo studies
were performed with this type of mesh (Birk and Pardo, 2012;
Chastan, 2009; Hollinsky et al., 2009; Jorgensen et al., 2013;
Kolbe et al., 2010; Pedano et al., 2012; Sanders et al., 2013;
Zhang et al., 2013) but no in-depth systematic investigation of
the mechanical behavior exists.

Multiple examples for interlocking and adhesive micro-
structures can be found in nature, e.g. on plants (Koch et al,,
2009) or on animals (Arzt et al., 2003; Gorb et al., 2001; Gorb,
1998). In contrast to penetrating systems (Cho et al., 2012;
Yang et al., 2013), these structures allow the build-up of high
shear forces solely with structure-based fixation (Bin Khaled
and Sameoto, 2014; Glass et al., 2010). Additionally, many
fixation mechanisms in nature are switchable, allowing
multiple attachment and detachment cycles without large
damage of the structures or substrate (Chary et al, 2013;
Paretkar et al., 2013). These examples highlight the potential
of translating nature-inspired microstructures into technical
and medical applications (Gorb et al., 2007; Lee et al., 2015;
Pang et al., 2012), but exact replication of biological structures
is challenging.

Polydimethylsiloxane (PDMS) is a suitable material for the
fabrication of microstructures and use in biomedical systems
(Pang et al.,, 2015, 2013). Due to its elastic behavior the
material is used to mimic animal adhesive systems such as
the gecko's fibrillar structures (Del Campo et al., 2007; Zhou
et al., 2013). The influence of the geometry and hierarchy of
microstructures were explored experimentally and theoreti-
cally (Aksak et al, 2014; Carbone and Pierro, 2012;
Spuskanyuk et al., 2008). Advances have also been made on
understanding the adhesion of fibrillar structures on soft
(Cheung and Sitti, 2009) or rough (Canas et al, 2012;
Vajpayee et al, 2010; Wang et al, 2009; Yu et al., 2012)
substrates. However, the adhesion of these microstructures
to compliant and rough substrates such as tissue or skin is
not yet sufficiently understood (Kwak et al., 2011). Further-
more, the shear resistance of fibrillar PDMS microstructures is
usually very low due to the relatively low elastic modulus and
the high aspect ratio of the fibrils. A promising strategy to
enhance the shear resistance is to tailor the materials proper-
ties by reinforcing them to create stiffer, but still elastic
composite materials. Nature also uses composite materials
to tune material properties (Dunlop and Fratzl, 2010; Gorb and
Filippov, 2014; Peisker et al,, 2013). Recently, studies on
composite materials based on PDMS mixtures with different
cross-linking densities were performed, with a particular
focus on normal adhesion to rigid substrates (Bae et al.,

2013b) and to skin (Bae et al., 2013a). Additionally, micro-
structures with embedded particles have recently been used
to tune frictional properties of PDMS at the microscale (Tian
et al., 2015) or the normal adhesion forces (Shaikh et al.,,
2007).

To design and optimize adhesive microstructures for
medical applications, systematic knowledge of contact
mechanics and the related mechanical properties are
urgently needed. Many studies on normal adhesion to differ-
ent substrates including tissue exist. However, there are
applications like hernia meshes where shear adhesion and
friction dominate over capabilities of normal adhesion.
Despite considerable progress, many aspects of creating
shear resistance between surface structures and wet tissue
are at present insufficiently understood.

The present work explores, for the first time, the para-
meter space with regard to elastic modulus for tuning the
shear resistance against wet tissue. Pure PDMS was modified
by incorporation of submicron polyethylene (PE) particles and
by coating with parylene. PE and parylene were chosen
because of their higher elastic modulus compared to PDMS
and their biocompatibility. The elastic moduli were deter-
mined by tensile tests and compared to theoretical models.
Pillar structures topped with mushroom-like tip geometries
were fabricated by a two-step molding process and sheared
against chicken tissue to provide a proof-of-principle for self-
fixating medical devices.

2. Analytical models

Composites are combinations of at least two materials with
the goal to blend their physical or mechanical properties and
thereby create a tailored material with superior characteris-
tics for a certain application. In this section, we describe three
concepts for calculating the elastic modulus of biphasic
composites consisting of a matrix phase and a reinforcing
phase such as fibers, layers, whiskers, particulates, or fabrics.
The prediction of the elastic modulus is important to predict
the mechanical properties of a composite, especially the
stiffness and resulting shear resistance.

To a first approximation, a biphasic material can be
mechanically modeled as a two-layer composite structure
(Fig. 1). The resulting effective elastic modulus is a function of
the volume fractions and the elastic moduli of the compo-
nents involved (Hill, 1963). The Voigt model (Fig. 1a) deter-
mines the maximum elastic modulus, Eyoigr, by assuming
layers under parallel loading with equal strain:

EvoigT =VUm " Em + Uy - Er, (@)

a b

bV Vo d
T [//{

\‘ s‘

Fig. 1 - Models for prediction of the elastic modulus of
composites. The (a) Voigt and (b) Reuss model are used for
modeling biphasic composites.
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Fig. 2 - SEM micrographs of the fracture surface after tensile testing and schematic illustrations of the corresponding dogbone
samples: (a) pure PDMS material, reinforced with (b) 25 wt% PE particles, (c) 40 wt% PE particles, (d) a one-side parylene
coating, (e) a combination of 25 wt% PE particles and one-side parylene coating or (f) 40 wt% PE particles and all outer surfaces

parylene coating.

with vy, and v, the volume fractions and E,, and E, the elastic
moduli of the matrix and the reinforcing material,
respectively.

By contrast, the Reuss model (Fig. 1b) determines the
minimum elastic modulus, Egguss, by assuming layers under
serial loading and equal stress:

Epetiss =VUm - Em* +Ur - E7 L (2)

Numerous models exist to describe the elastic properties
for non-laminar composites (Tucker and Liang, 1999). One of
them is the Halpin-Tsai model, which accounts for the
morphology of the reinforcing phase such as aspect ratio,
regularity and shape, as well as the loading direction by an
empirical reinforcement factor & The model predicts the
elastic modulus, Eparpiv-Tsai, as follows (Affdl and Kardos,
1976):

Em [Er+ & (Um Em+Ur-E)]

E _ = 3
HALPIN - TSAI Um Er + Vs B+ & Em (3)
The reinforcement factor ¢ is defined as:
1
E=k 5. @

where ! designates the ratio of the dimension of the reinfor-
cing phase in direction of the loading (l) to the dimension
perpendicular to the loading (d). The proportionality factor, k,
reflects the geometry and the distribution of the reinforcing
phase. Hence, the model can, for example, distinguish
between long, unidirectional fibers parallel (}—o0) or per-
pendicular ({—-0) to the loading direction. For spherical
particles the ratio 1 is 1. The reinforcement factor ¢ can only
be determined empirically by fitting experimental data. This

was achieved with the materials created for this study as
described below.

3. Materials and methods
3.1. Composite preparation

Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Mid-
land, MI, USA) with a mixing ratio of 10 weight parts of the
basement to 1 weight part of the curing agent was used as an
elastomeric matrix material for all composites.

Polyethylene powder (PE, with particle size from 50 to
70 um, Sigma-Aldrich, St. Louis, MO, USA) was incorporated
into PDMS to manufacture particulate-based composites.
After mixing basement and curing agent of PDMS, PE particles
of 25 or 40 wt% were immediately added and the mixture was
stirred for several minutes. The material was then degassed
in an Eppendorf centrifuge 5430 for 2min at 5000 rpm
(Eppendorf, Hauppauge, NY, USA), poured into plastic petri
dishes and cured overnight at 70°C to obtain thin
composite films.

Parylene coatings were chosen to fabricate lamellar-based
composites. Parylene is a FDA approved, inert, transparent,
and hydrophobic thermoplastic biopolymer which forms
linear, highly crystalline structures (Shin et al., 2003). Par-
ylene was synthesized by vapor deposition in an SCS Labcoter
2 Parylene Deposition System (SCS, Indianapolis, IN, USA).
The final thickness of the parylene coating for all structures
was about 5pum. Parylene fractions from 0.4% to 2% were
realized by varying the thickness of the underlying PDMS
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films. For tensile tests, two types of dogbone shaped samples
were manufactured, with either a one-side coating or a all
outer surfaces coating (cf. Fig. 2d-f). The final composites
were imaged in a scanning electron microscope; see for
example Fig. 2 (Quanta 400, FEI, Hillsboro, OR, USA).

3.2.  Microstructure fabrication and characterization

Pillar structures with mushroom-shaped tips were fabricated
in a two-step replication process (cf. Fig. 6). Two templates
were machined from aluminum. Both patterns consisted of
cylindrical holes with different diameters and depths, but
arranged in hexagonal lattices with a center-to-center spa-
cing of 1.5 mm. The template for the pillar structures had
holes with a depth of 1 mm and a diameter of 450 ym. The
template for the tip structure consisted of holes with a depth
of 200 ym and a diameter of 650 um. Both templates were
coated in a gas phase silanization process using Trichloro
(octadecyl)silane (Sigma Aldrich, St. Louis, MO, USA) to obtain
a hydrophobic, non-reactive surface. A daughter mold was
cast using PDMS. For this, the templates were filled with
polymer, degassed for about 20 min under vacuum and cured
overnight at 70 °C. For tone inversion, the daughter mold was
cast with PDMS again to obtain the final mold used for
microstructure fabrication. PDMS molds are much more
flexible than the initial aluminum templates and can be
reproduced at will. Thus, they are better suited for molding
stiffer materials.

To assemble the pillar and tip of the structure, the mold
for the pillar structure was first filled with the respective
PDMS based composite, degassed and cured overnight at
70°C. The tip mold was then covered with the respective
composite, degassed and the overflow material taken off the
surface with a razor blade so that only the cavities remained
filled. After that, the fabricated pillar array was manually
pushed into the tip mold and cured overnight at 70 °C.

3.3. Tensile tests

The elastic properties of the samples were measured by
tensile tests using dogbone-shaped samples punched from
flat films of the respective materials. The gage length varied
for each sample and the gage width was 2.79 mm for all
samples. The thickness of each sample was measured with a
Nikon Eclipse TE2000-U optical microscope (Nikon, Tokyo,
Japan) at four different points along the gage length to obtain
an average thickness for the stress calculations. All tests were
performed, using the table top tester system eXpert 7600
(10N load cell, ADMET, Norwood, MA, USA), at a constant
velocity of 5 mm/min. Force-displacement curves were con-
verted to engineering stress-strain data for analysis using the
initial cross-section. The slope of the linear region of the
stress-strain curves was used to determine the Young's
modulus. Due to viscoelastic contributions, these values will
represent lower bounds on the true Young's modulus.

In addition to tensile tests to sample fracture, cyclic tests
in the linear elastic region were performed for selected
parylene-coated dogbone samples to simulate repetitive
loading in a medical application. About 500 cycles were
performed with a tensile strain amplitude of 5% at a constant
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Fig. 3 - Elastic modulus values determined by tensile tests.
Data points (black squares) for (a) PE particulate reinforced
PDMS and (b) one-side parylene reinforced PDMS were
modeled using the Halpin-Tsai relation (dashed line,

cf. Eq. (3)). For comparison the upper and lower limit for the
material combinations were calculated, i.e. the Voigt

(cf. Eq. (1)) and Reuss (cf. Eq. (2)) model, respectively.

velocity of 5 mm/min. These tests were performed on dry and
on moistened samples. For moistening, the samples were
wetted with a water droplet which was renewed as soon as
the fluid evaporated.

3.4. Shear tests

Shear experiments were performed using the biaxial axial-
torsion tester eXpert 8600 (10 N load cell, ADMET, Norwood,
MA, USA). Chicken thigh was chosen as counter-surface for
the experiments since it is a muscular tissue with a relatively
homogeneous texture. Fresh chicken thigh was purchased in
the supermarket and used for experiments on the same day.
The thigh was sliced into about 1 mm thick slices. A tissue
slice and a patterned sample were each attached to a glass
slide with Loctite superglue (Westlake, OH, USA) in parallel
alignment. Three shear cycles with a displacement of 10 mm
were performed for each sample. To adjust similar preloads,
the samples were placed with the same distance to the tissue
before each measurement.
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4, Results and discussion

SEM micrographs of the fracture surfaces after tensile testing
are displayed in Fig. 2. Pure PDMS exhibited a featureless
fracture surface (Fig. 2a), whereas PDMS-based composites
resulted in dimpled fracture areas attributed to the dispersed
PE particles (Figs. 2b and c). The fracture surface of the coated
PDMS was again mostly featureless (Fig. 2d), in contrast to the
coated PE-PDMS composite samples (Figs. 2e and f). These
findings suggest that the PE composites were successfully
manufactured. The thickness of the parylene film was deter-
mined to be about 5 pm.

The tensile tests revealed an increase of the elastic
modulus by a factor of more than 3 for 25wt% PE-
reinforced PDMS and by more than a factor of 6 for 40 wt%
PE in comparison to pure PDMS (Fig. 3a). For parylene-coated
PDMS, the elastic modulus also increased with increasing
parylene content (Fig. 3b). A tenfold increase to 20 MPa
compared to the pure base material was measured for
1.6 vol% parylene reinforcement.

These experimental data are in excellent agreement with
the Halpin-Tsai equation (Eq. 3) as displayed in Fig. 3. This
agreement was obtained with a small geometry factor, é=6.7.
The particles used for these experiments have a size dis-
tribution between 50 and 70 um, as determined by mesh
screening by the manufacturer. Therefore, an aspect ratio
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close to 1 and a small geometry factor ¢ are considered
appropriate. The figures also include the wide bounds given
by the Voigt and Reuss limits (Egs. (1) and (2)). The model for
parylene-coated PDMS appears linear in this figure, but this is
only true for small volume fractions.

For parylene coated PDMS (Fig. 3b), a Halpin-Tsai fit with
geometry factor of about ¢=489 was determined to match
the experimental data best. Even though parylene was
applied as a coating, the Voigt model alone is not sufficient
to describe the composite. The factor ¢ for the Halpin-Tsai fit
of parylene coated PDMS is much higher than the factor for
the PE reinforced composite. Higher values of ¢ indicate that
the aspect ratio of the reinforcing phase increases in loading
direction. This is in good agreement with the geometry of the
parylene reinforcement, for which a higher ¢ value would be
expected.

The results of the tensile tests for PDMS and PE reinforced
PDMS composites with parylene coatings are summarized in
Fig. 4. Due to gripping effects or initial slack in the specimen,
the very first portion of the curve will not be considered; the
zero point of strain was chosen as indicated in the figure. The
curves in Fig. 4a indicate a change in slope between 2.5% and
7% strain at the transition of “Zone 1” to “Zone 2”. The stress
at the threshold between both zones correlates roughly with
the parylene content. The parylene fraction is determined by
the thickness of the base polymer film which was coated, as
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Fig. 4 - Tensile tests of parylene coated samples. (a) The stress-strain curves of parylene coated PDMS show a change in slope
occurring at strains depending on the parylene content. (b) The measured elastic moduli in the first linear region of all

parylene reinforced composites depend on the parylene fraction. (c) The slope of the stress-strain curve of the parylene coated
materials is in good agreement with uncoated specimens for strains between 10% and 20% strain. The dashed lines in this

figure are intended to guide the eye.
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the coating thickness, 5 um, is constant for all samples. In the
first zone, the slope of the curves changes depending on the
parylene fraction while the slope is similar regardless of the
parylene fraction in Zone 2. This behavior was observed for
all parylene coated samples, notably also for 25 and 40 wt%
PE reinforced PDMS.

The elastic moduli of pure and 40 wt% PE reinforced PDMS
in zone 1 are plotted in Fig. 4b as a function of the volume
fraction of parylene. The measured values for all outer
surfaces coated dogbones are lower compared to the films
with the same matrix, but the elastic modulus increases with
increasing parylene content in both cases. This can be
attributed overestimation of the parylene content in the all
outer surfaces coated samples due to the dogbone shape.
From these results we can conclude that the elastic modulus
of the materials increased with higher content of parylene for
both one-side and all outer surfaces coating.

To investigate whether the transition from Zone 1 to
Zone 2 is associated with failure of the parylene layer and
Zone 1 represents the elastic deformation of the coating, the
slope of the stress-strain curves between 10% and 20% strain
was evaluated for all parylene coated materials and uncoated
samples as a reference (Fig. 4c). In Zone 2 the elastic modulus
of every parylene coated composite corresponds to the one of
base material and the reinforcing property of the parylene
layer disappears.

The data in Fig. 4a can be explained as follows: during
initial load application, the slope of the curves corresponds at
first to the elastic modulus of the composite. At the transition
stress between Zone 1 and Zone 2, the parylene coating
cracks, as can be seen in Fig. 2d. From then on, the slope
corresponds to the elastic modulus of the uncoated base
material.

The stress strain-behavior in 500 cycles of loading and
unloading within Zone 1 only slightly changes between dry
and wet conditions (Fig. 5). The composites were not cracked
as the maximum strain was chosen below the critical strain
for cracking and, thus, can withstand repetitive loading below
the critical limit.

To test if the promising properties of the composites can
be wused for microstructures, pillar structures with

T T T T T T

020 gy 1

eng. stress (MPa)

-0.05 I I 1 1 1 1
-0.01  0.00 0.01 0.02 0.03 0.04 0.05 0.06

eng. strain

Fig. 5 - Cyclic tensile tests under dry and wet conditions. 500
cycles were performed on one-side coated PDMS samples
with a maximum of 0.5% tensile strain aiming to stay within
zone 1 (cf. Fig. 4a). The graph shows the first cycle and every
100th cycle thereafter.

mushroom-shaped tips were fabricated in a two-step replica-
tion process (Fig. 6) as previously described in Section 3. Fig. 6
also shows exemplary pictures of the manufactured struc-
tures from pure PDMS. All other composites were also
successfully used to make microstructures. Five composites
were selected to be compared regarding their shear resistance
against chicken tissue in shear experiments.

Fig. 7a illustrates the characteristic shape of a measured
shear hysteresis. The sample (shown in blue), was brought in
contact with the tissue (pink) (1) and a lateral shear move-
ment was applied. The pillars were bent against the direction
of motion (2) until a constant force plateau was reached
representing interlocking with the tissue and sliding friction.
Thereafter, the direction of displacement was reversed. In the
first part of the reverse half-cycle, the pillars were bent in
motion direction (3) until this configuration became unstable
and an inversion of pillar orientation took place (4). A
constant force plateau was again recorded due to interlocking
with the tissue (5). The shape of the two following cycles was
found to be similar. The first half-cycle differed from the
following ones because of a different initial orientation of the
pillars. The shear resistance was defined as the maximum
shear force corresponding to the average of the absolute
values of both plateaus indicated in Fig. 7a due to the
symmetry of the characteristic shear hysteresis. The obtained
force-displacement curve as well as the shear resistance may
vary with the preload and the experimental setup, which
were both kept constant in our experiments.

Fig. 7b displays the shear resistance against chicken tissue
of the four composite microstructures in comparison to the
pure PDMS. All composite microstructures showed increased
shear resistance compared to pure PDMS. Overall, the shear
resistance increases nearly linearly with increasing elastic
modulus (Fig. 7c). Beam theory predicts the bending stiffness
of a beam to be proportional to the elastic modulus, E. This is
in good agreement with the experimental data described
herein. Additionally, the forces measured over the three
shear cycles do not show large deviations. This was observed
for all samples, especially also for the parylene-coated ones.

a
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TTEad
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_ material

add prepolymer

apply ~
pillar
structure

Fig. 6 - Microstructure fabrication process. Schematic for
simple pillar structures (a) and for pillar structures with
mushroom tips (b). Exemplary optical pictures are shown on
the right.
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Fig. 7 - Shear experiments of micropatterned composite
surfaces against tissue. (a) Characteristic shear hysteresis,
(b) maximum shear force of microstructures manufactured
from pure PDMS and PDMS composites and (c) correlation of
those shear force values with the elastic modulus of the
composites. The values in brackets are estimates and were
calculated using Eq. (3) with the elastic modulus of the PE
composite as E,,, E,=4000 MPa and the reinforcement factor
£=488.9. The volume fraction parylene in the pillar region of
the microstructure was estimated to be v, = 0.02 and used
for the calculations. The grey region shows the
approximately linear relationship between shear force and
elastic modulus.

This indicated that the patterned surfaces stayed intact,
which could also be observed upon testing.

Overall, our experiments underline the feasibility of incor-
porating PDMS based composites in a molding process to

fabricate robust interlocking microstructures. The results
suggest that the shear resistance, which will control the
interlocking action in closing a wound or in fixating an
implant or mesh, is correlated with the modulus of the
material used for the microstructures. Our results suggest
that the composite approach can enable tunable microstruc-
tures for medical applications covering a wide range of
wound and tissue characteristics.

5. Conclusions

In this study, the potential of PDMS based composites for
interlocking microstructures in medical applications was
investigated. PDMS based composites were manufactured
with PE particulate, a parylene coating reinforcement and a
combination of both. Different PDMS composites were inte-
grated in a multiple-molding process and mushroom-like
interlocking structures were successfully manufactured. The
shear resistance was then measured cyclically against
chicken thigh muscle. The following conclusions can be
drawn:

1. The composite approach allowed the modulus of PDMS to
be increased by over an order of magnitude (from 2 to
27 MPa), in good agreement with the Halpin-Tsai equation.

2. At the same time, the high fidelity molding properties of
PDMS were preserved. Patterned microstructures could be
fabricated from multiple composite materials.

3. Shear testing against chicken muscle resulted in charac-
teristic force-displacement hysteresis curves. We demon-
strated the long-term stability of the response under dry
and wet conditions in cyclic experiments of more than 500
cycles. The hysteresis was affected by incorporation of PE
particles or coating with parylene. The shear resistance
was found to correlate with the modulus of the material, in
good agreement with beam theory. Additionally the point
of pillar orientation inversion can be tuned.

4. The proposed approach is a proof-of-principle for custo-
mizing the shear characteristics of microstructures by
tuning their elastic modulus. Before such structures can
become useful for medical applications such as wound
closure, further in vivo and long-term experiments are
warranted.
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