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Abstract

Replica molding is a widely used technique for the fabrication of polymer microstructures. As
structural dimensions decrease, anti-stick surface treatment of the mold becomes increasingly
critical to ensure clean demolding and preserve structural integrity. We fabricated arrays of
micropillars with 20 ym diameter and 60 pm height using medical-grade polydimethylsiloxane
(PDMS), MDX4-4210, and observed a high fraction of collapsed pillars for the first molding
after fluorosilanization of the mold to reduce sticking. To address this issue, we systematically
investigated the surface treatment protocol for the molds, made from the PDMS Sylgard 184. We
provide results from complementary measurement methods, to show that an additional vacuum
step partially removes unbound fluorosilane, but does not improve pillar stability. In contrast, a
method based on multiple replications, where the first replication effectively removes residual
fluorosilane from the mold, significantly enhances structural stability. Mechanical testing further
revealed that the presence of fluorosilane lowers the Young’s modulus of both PDMS materials,
MDX4-4210 and Sylgard 184, suggesting interference with the curing process. Confocal
Brillouin microscopy indicated an elongation of replicated pillars and revealed a softening close
to the surfaces, as well as mechanical inhomogeneities in collapsed pillars. We discuss
modifications to the molding protocol to improve the reproducibility and mechanical stability of
the replicated microstructures, offering insights towards more reliable routes for the fabrication
of residue-free, high-aspect ratio features with controlled surface chemistry.
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1. Introduction

Micropatterning of surfaces is a powerful tool to create
and tune materials functionalities by changing their architec-
tures [1]. A versatile material for the fabrication of micro-
structured devices is polydimethylsiloxane (PDMS), which
can be patterned for a plethora of applications from dry,
reversible adhesives [2—4] to flexible devices [5], from micro-
fluidics [6] to lab-on-a-chip technologies [7, 8], and in bio-
medical research, from skin applications [9, 10] to tissue
engineering [11].

Replica molding is an important fabrication technique for
polymeric devices and microstructures [12]. It yields numer-
ous precise copies from one single master sample. Therefore,
two substantial advantages emerge: (i) fewer master samples
are needed, reducing costly and time-consuming fabrication;
and (ii) the lifetime of the original master structure is increased
since its negative replica is used repeatedly instead [13, 14].
The deposition of anti-stiction coating through the vapor
phase is a routine process step in replica molding [15,
16]. It allows the secure separation of the materials by a
simple and inexpensive method [17, 18]. Fluorinated sil-
anes are often used to generate a hydrophobic, anti-stick
surface. For instance, a standard coating is the fluorin-
ated trichlorosilane (tridecafluoro-1,1,2,2-tetrahydrooctyl) tri-
chlorosilane (AB111444, ABCR, Karlsruhe, Germany) here-
after referred to simply as fluorosilane), in which a long hydro-
phobic, fluorinated chain is bound to a Si atom surrounded by
three chlorine atoms that readily react in the presence of air
into OH groups and attach to silicon-containing substrate as
siloxane (Si—O-Si) bridges [13, 16, 19-21]. The quality of the
fluorosilane layer can be considerably improved by activating
the surface with plasma or reducing humidity, affecting the
mechanism of fluorosilane layer formation. Plasma treatment
is commonly used to introduce hydroxyl groups on the sur-
face, increasing the number of anchoring points for covalent
bonding during chemical functionalization [22-25].

However, this method generates an unstable coating with
excess material and a limited lifetime [13]. The amount of
deposited film is usually not precisely controlled, being regu-
lated mainly through the deposition time at the vapor pressure
of the fluorosilane. The thickness of the coating, a few layers
of molecules [26], is generally difficult to characterize [19].
The precision of the coating thickness can be critical if the fea-
ture size of microstructures is reduced to tens of microns [20].
For example, in the case of fabricating a micropillar array, lat-
eral collapse of slender structures due to the action of surface
forces is reported [27]. This effect is undesired for pillar struc-
tures used for dry adhesion, as collapsed or bundled fibrils have
hindered contact formation with the counter surface.

Previous studies on PDMS micropillar arrays fabricated
via soft lithography report structural collapse, which has been
addressed through geometric modifications such as reducing
aspect ratio or increasing spacing, combined with treatments
like ultrasound to recover collapsed pillars [28], demolding
inside a solvent [29], post-demolding washing to swell and
separate the structures [30], or supercritical CO, drying to par-
tially restore epoxy nanopillars [31]. Zhang et al further high-
lighted how material stiffness plays a critical role in structural
recovery, underscoring the need for tailored approaches when
working with soft elastomers like PDMS. Yet even with these
approaches, collapsed pillars are observed as the presence of
liquid bridges can still induce collapse [32]. For micropil-
lar fabrication using other methods such as two-photon poly-
merization, collapse has been mitigated by increasing laser
exposure time to enhance crosslinking density [33], applying
a post-bake treatment at low temperatures (—50 °C) [34], or
by employing stiffer resins [35]. These approaches, however,
involve materials with moduli in the GPa range.

To address the challenge of producing structurally intact
(i.e. non-collapsed) pillared foils, we used negative molds fab-
ricated from Sylgard 184 PDMS (Dow Silicones, Midland,
MI, USA, 10:1 base:curing agent ratio, hereafter referred to
simply as Sylgard) and examined the impact of excess flu-
orosilane on the mold’s surface during the curing process
of the positive sample covered with pillars made of PDMS
MDX4-4210 (Dow Corning Corp, Midland, MI, USA, here-
after referred to simply as MDX4). While this medical grade
silicone offers advantages for biomedical applications, the low
stiffness of MDX4 (compared to standard Sylgard 184) led
to significant fabrication challenges. In this work, we focused
on circular cross-sections, which have isotropic bending prop-
erties and found application as gecko-inspired dry adhes-
ives [3, 9].

To ensure that our mold treatment strategies are effective
for demanding materials, we used the very soft MDX4 to fab-
ricate the pillars. By focusing on these more fragile structures,
we aim to develop a broadly applicable solution for improv-
ing pillar stability. Moreover, MDX4 is biocompatible, and
the resulting foils are suitable for in-vivo studies and medical
applications.

We introduce two strategies to improve the stability of
the micropillars. The first strategy is to add a vacuum step
to the process to remove excess fluorosilane from the molds
after the anti-stiction coating. The second strategy involves
multiple replication steps, where the first replication removes
residual fluorosilane from the mold, resulting in more robust
and less deformable pillars in the following replications.
Additionally, we examine the influence of plasma treatment
prior to fluorosilanization on the microstructure integrity. By
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refining these techniques, we aim to achieve more reliable and
accurate replica molding for small-scale structures. The effect-
iveness of the mold fluorosilanization steps is evaluated by
complementary characterization methods, covering different
physical aspects such as surface energy, chemical composi-
tion, structural accuracy, and elasticity.

2. Experimental

2.1 Sample fabrication

Master structures: The master structures consisted of
hexagonal arrays of micropillars, each pillar with a diameter
of 20 um and a height of 60 um, with a distance between
pillar centers of 40 um. Circular cross-sections were chosen
for their isotropic bending properties and mechanical robust-
ness during demolding. The aspect ratio of 3:1 for height
over diameter was found to be the practical upper limit for
fabrication for MDX4 as material and our hexagonal array
configuration. The positive design was created in Autodesk
Inventor (Autodesk, San Rafael, CA, USA) and an array area
of 1.5 x 1.5cm? or 0.5 x 0.5 cm? was printed on 2.5 x 2.5 cm?
silicon wafers using a methacrylate-based resin and a two-
photon laser lithography system (Photonic Professional GT,
Nanoscribe, Karlsruhe, Germany) with a 25x objective. To
promote adhesion between the wafer and the resin, the sil-
icon surface was pretreated with 3-(trimethoxysilyl)propyl
methacrylate.

After printing, the structures were developed in propylene
glycol monomethyl ether acetate (PGMEA, Sigma-Aldrich,
St. Louis, MO, USA) for 60 min, exchanged with isopro-
panol (Sigma-Aldrich, Steinheim, Germany), and post-cured
under UV light for 300 s at 365 nm (OmniCure S1500A, igb-
tech, Friedelsheim, Germany). Samples were rinsed with iso-
propanol and dried under airflow. Measurements of 20 ran-
domly selected printed pillars showed an average height of
62.0 £ 0.9 um and an average diameter of 19.0 + 1.3 ym.

Negative molds: Negative molds were fabricated by casting
Sylgard onto the master structures. Prior to molding, the mas-
ters were silanized to form an anti-stick coating. This process
involved plasma activation (1 min, Atto low pressure plasma
system, Electronic Diener, Ebhausen, Germany) followed by
vapor phase deposition of fluorosilane under 3 mbar vacuum
for 5min. The PDMS was degassed, cured at 95 °C for 1h,
and then gently peeled from the master. To avoid any influ-
ence of un-crosslinked silicone on the mold treatments and,
consequently, on the quality of the replicas, we prepared the
Sylgard according to the manufacturer’s instructions using a
10:1 base-to-curing agent ratio. With this mixing ratio and cur-
ing temperature, the elastic modulus of Sylgard is reported to
be approximately 2 MPa [36].

Micropillar array: To fabricate the final micropillar struc-
tures, the negative molds were first subjected to defined surface
treatments, as described in detail in section 2.2. Following the
manufacturer’s instructions, the medical grade PDMS MDX4

was mixed with a ratio of 10:1, poured into the treated molds
and degassed for 5min to ensure proper filling of the cavit-
ies. The filled molds were spin-coated at 1000 rpm for 120s
(Laurell WS 650 MZ-23NPPB, North Wales, PA, USA) to
create a uniform backing layer and then cured at 95 °C for 1 h.
After curing, the micropillar arrays were carefully demolded
by peeling off the backing layer edges. The procedure is rep-
resented in figure 1.

2.2. Surface treatment of the negative mold

To investigate the impact of mold surface chemistry on
micropillar fidelity, four different surface treatment protocols
were defined, as indicated in figure 1:

e Group 1: Fluorosilanization only (no plasma or vacuum).

e Group 2: Plasma activation and fluorosilanization (no
vacuum).

e Group 3: Fluorosilanization followed by a vacuum step (no
plasma).

e Group 4: Plasma activation, fluorosilanization, and vacuum
step.

All molds were coated by vapor deposition of fluorosilane, pla-
cing the molds and an open container with liquid fluorosil-
ane for 5min into a desiccator evacuated to approximately
3 mbar to create an anti-stick coating. The 5 min coating dura-
tion was determined based on preliminary optimization exper-
iments. Shorter fluorosilanization times consistently resulted
in insufficient anti-stick coating, causing the sample to stay
adhered to the mold and preventing clean detachment. Molds
from Groups 2 and 4 were activated by air plasma for 1 min
prior to the fluorosilanization step. After fluorosilanization,
the molds of Group 3 and 4 were placed inside a clean desic-
cator for 18 min under continuous pumping to a pressure of
about 3 mbar, with the intention of removing excess fluorosil-
ane molecules that were not attached to the surface.

2.3. Characterization

Microscopy: Samples were imaged using an optical micro-
scope (Eclipse LV100ND, Nikon, Tokyo, Japan) and a con-
focal microscope (MarSurf CM explorer, 20 x objective,
Mabhr, Gottingen, Germany). The final pillar structures were
evaluated with the Mahrsurf microscope, where 3—10 images
of 0.64 mm? size were recorded in randomly selected positions
for each sample (depending on the base area of the samples).
The upright/collapsed pillars of all images were counted to
evaluate the fraction of upright pillars.

Water contact angle (WCA): The surface energy throughout
the fabrication process was investigated by monitoring the
hydrophobicity of Sylgard and MDX4 surfaces submitted to
different treatments. To isolate the effects of surface chem-
istry from structural features, the WCA measurements were
carried out on flat Sylgard and MDX4 films that underwent
the same surface treatments as the molds and pillar samples.
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Figure 1. A schematic representation of the fabrication process for MDX4 micropillar arrays. (1) A negative mold is prepared using
Sylgard. (2) The mold undergoes surface treatment, which may include plasma activation, vapor-phase deposition of a fluorinated silane,
and a vacuum step to remove unbound fluorosilane residues. (3) The pillar-forming material (MDX4) is poured onto the mold. (4) Spin
coating is performed to ensure a flat, uniform base layer (backing layer). (5) After curing, the micropillar array is demolded. This study
evaluates the effect of different combinations of surface treatment steps by comparing four experimental groups, as indicated in the table:
Group 1 (fluorosilanization only), Group 2 (plasma + fluorosilanization), Group 3 (fluorosilanization 4+ vacuum), and Group 4 (plasma +

fluorosilanization + vacuum).

First, Sylgard films were prepared by spin coating the poly-
mer on glass substrates, using 400 rpm for 2 min. Plasma, flu-
orosilanization, and vacuum draw were performed on these
films, following the surface treatment in four groups which
we adopted for the molds. To emulate the interaction with
the fibril material, a MDX4 film was prepared on top of the
treated Sylgard film and peeled off after curing in an oven
for 1h at 95°C. Measuring the mold material before and
after one replication step allowed us to assess changes rel-
evant to the fabrication of both the first and second pillar
samples. After each step (including the MDX4 detachment),
the Sylgard films were immediately tested for their contact
angles with a goniometer (OCA 25 DataPhysics Instruments
GmbH, Filderstadt, Germany) applying water droplets of 3 pl.
The WCA was calculated in sessile mode using the provided
software (SCA 20). Each sample was measured at three inde-
pendent positions and the standard deviation amongst the pos-
itions is presented. A schematic representation of the meas-
ured films is presented in the supplementary material (SM) in
figure S1.

Elastic Modulus: Nanoindentation tests were carried out
using a TI 950 device with a Performech controller (Hysitron
Tribolndenter, Hysitron Inc. Minneapolis, MN, USA, now
Bruker). A spherical sapphire indenter (radius ~ 400 um)
was used. All measurements were conducted using displace-
ment control, with both approach and retraction rates set to
200nms~—!. On pillared surfaces, the elastic modulus E was
calculated from the normal stiffness k; of single pillars in
extension following Guidoni et al [37] using equation (1):

oH 16\ (1)
E_((l—l/z)a+37r> am k1 M

where a is the radius of the pillars, H their height and v = 0.5
Poisson’s ratio of the MDX4.

For flat surfaces, the Oliver-Pharr method was
employed [38], using the first 200 data points after the max-
imum indentation to determine the slope, thereby minimizing
the influence of material adhesion. The elastic modulus was
calculated using equation (2)

E=(1-1?) (;r _(=) Ei'/iz)> @)

with

NI
2 VA,

Ac = (2Rhe — 1Y),
E; = 1140GPa,

v; = 0.07

E =

where /. is the contact depth, A, is the contact area between
tip and sample, E; is the reduced modulus and E; is the elastic
modulus of the tip.

Uniaxial compression tests were performed using a uni-
versal Testing Machine (UPM, ZwickRoell Model 1446
Retroline) through compression test up to a maximum force
of 50N or a maximum deformation of 10 % with a velo-
city of 0.5 mm per minute (see figure S2(a) in the SM). For
these experiments, we produced cylindrical samples with a
diameter of 34 mm and a height of 11.5mm. The interface
between samples and instrument was lubricated by Sylgard
184 Component A oil to avoid barreling of the samples under
compression. The modulus was calculated from the slope of
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the stress vs. strain with deformation greater than 5% or force
greater that 10 N (see figure S2(b) in the SM).

2.3.1 Fourier Transform Infrared (FTIR):  The chemical com-
position of the surfaces and coatings was analyzed with a
FTIR spectrometer Tensor 27 from Bruker equipped with ATR
accessory (Specac), and the spectra were evaluated using the
software LabSpec. Spetra were scaled by CH bands (2962
vCH and 1257 6CH)

2.4. Birillouin microscopy:

Brillouin microscopy was performed to assess the mechanical
properties of the micropillars at high spatial resolution [39,
40]. The measurements were conducted using an inverted
Brillouin microscope (Discoverer from CellSense, Berlin,
Germany) equipped with a 40x C-Apochromat 1.20/W Korr
water immersion objective (Zeiss) and a 780.24 nm excitation
laser. All measurements were performed in reflection mode
(180° scattering angle) at room temperature (20 °C). MDX4
pillar arrays were placed on a 170 um cover glass with immer-
sion medium (Immersol Sil 406, n = 1.406) between the pillars
and the cover glass. Two measurement configurations were
recorded:

e vertical scan along the axial plane of single pillars, 170 x 59
pixels, 0.7 um step size

e horizontal scan along the median plane of a group of pillars,
111x111 pixels, 1 um step size

Brillouin frequency shifts were extracted using spectral fit-
ting of the backscattered light. To reduce the influence of edge
effects and confocal overlap between medium and material,
measurements were analyzed only at a horizontal distance
of 1 um and a vertical distance of 4 um from the material—
medium interface.

3. Results and discussion

To enable the miniaturization of previously reported fibrillar
adhesive structures [2, 41] for application in biomedicine [9,
42], we used the medical grade silicone MDX4 instead of con-
ventional materials such as Sylgard 184. With a Young’s mod-
ulus of 1.1 MPa [9], the silicone MDX4 is relatively soft, com-
pared to commonly used Sylgard.

We observed initially a high incidence of pillar collapse
after demolding, which we attributed to the reduced mech-
anical stability of MDX4 as relatively long, slender pillars
(aspect ratio 3:1), and possible interactions with mold surface
chemistry. We hypothesized that the surface treatment of the
negative molds plays a critical role in determining pillar sta-
bility, with residual anti-stick agents, such as unbound fluor-
inated silane, potentially interfering with polymer curing or
altering surface energy balance.

We first evaluated how the mold surface treatment influ-
enced surface energy, using static WCA measurements on flat
Sylgard films subjected to the same sequence of treatments

applied to the negative molds, as presented in figure S1 in
the SM. The untreated Sylgard exhibited a high contact angle
(116°), consistent with its intrinsic hydrophobicity [43, 44].
As expected, plasma activation rendered the surface highly
hydrophilic, with the contact angle dropping below 12° [45].
Subsequent fluorosilanization restored hydrophobicity, yield-
ing contact angles above 110°, and these values remained
stable after vacuum and demolding steps.

Despite the clear shift from hydrophilic to hydrophobic
states after fluorosilanization, we did not observe substantial
differences in the final WCA values across treatment groups,
particularly after the vacuum step and demolding. These res-
ults suggest that static contact angle measurements are not suf-
ficiently sensitive to detect residual unbound fluorosilane on
the surface. To gain more detailed insight into the chemical
modifications induced by the treatments, we performed FTIR
spectroscopy on films subjected to the same surface treat-
ments applied to the negative molds (namely plasma activa-
tion, fluorosilanization, vacuum, and fabrication and removal
of a MDX4 layer).

In figure 2(a), we observe that plasma treatment increased
the number of hydroxyl groups on the surface, as indicated
by the growing intensity of the broad OH stretching band
(3261 cm™") [46] from both adsorbed water (3600 cm™!) and
Si—OH bonds. This increase promotes surface reactivity for
subsequent fluorosilanization. The formation of siloxane (Si-
0O-Si) networks was also enhanced with longer plasma expos-
ure, reflected by stronger bands near 1056 and 1011 cm ™", cor-
responding to siloxane stretching vibrations [47], presented on
figure 2(b). Notably, the differences between untreated, 1 min,
and 4min plasma-treated samples were more pronounced
than between 4 and 10 min, suggesting that surface activation
reaches a saturation point.

Samples activated by plasma for 1 min were silanized for
5 min and subsequently placed under vacuum for 5 or 10 min
(figure 2(c)). The Si—O-Si stretching vibration increased after
fluorosilanization, but decreased again after vacuum expos-
ure, as highlighted in figure 2(c), indicating removal of
loosely bound fluorosilanes. Similarly, C—F peaks weakened
with longer vacuum, confirming the loss of physisorbed flu-
orosilane species in figure 2(e). The Si—-O-Si changes can
be attributed to fluorosilane molecules that reacted with each
other through the free Si—~OH groups, as reduced Si—OH con-
tent is observed with increasing fluorosilane treatment time.
These results suggest that, while fluorosilanization increases
Si—O-Si crosslinking through surface and self-condensation
reactions, the subsequent vacuum step removes loosely bound
or physisorbed fluorosilanes, including fluorinated residues.
This implies that vacuum treatment enhances surface stability
by leaving behind a more covalently anchored monolayer and
reducing potential interference of unbound fluorosilane with
MDX4 curing.

To further assess the influence of longer processing dura-
tions, we extended the fluorosilanization to 30 min and applied
vacuum for 20 or 70 min (figure S3 in SM). These condi-
tions amplified the observed trends: samples treated for 30 min
showed strong CF, and CF stretching bands (1195, 1239 and
1144 cm™"), which were progressively reduced as the vacuum
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Figure 2. Fourier-transform infrared (FTIR) spectroscopy analysis of Sylgard 184 films subjected to different plasma activation and
fluorosilanization conditions. (a) Scan showing OH stretching region (3100-3600 cm™!') and CH stretching modes (2850-3000 cm ™) for
untreated surface and plasma treatment for 1, 4 and 10 min.(b) Si-O-Si and CH3 stretching modes in the fingerprint region; inset highlights
spectral shifts due to increasing plasma exposure. (c) Comparison of untreated and silanized samples with and without vacuum
post-treatment for 5 and 10 min, showing peaks associated with fluorinated groups (CF, and CF3). (d) Zoom into Si-O-Si peak region
showing a change in peak intensity at 1056 cm™ ' depending on treatment (region 1). (e) Zoom into CF vibration bands (region 2), showing

diminishing intensity of fluorinated residues after vacuum treatment.

time increased. Similarly, the Si~O-Si signal at 1056 cm~!

decreased in the 70 min vacuum sample, indicating further
removal of loosely bound fluorosilane species. Together, these
results indicate the effect of vacuum treatment in reducing
physisorbed fluorosilane residues and stabilizing the surface
chemistry, which may help mitigate MDX4 curing inhibition
and microstructure collapse during molding.

To analyze how the mold treatment influences the pil-
lar fidelity, each treatment condition was applied to several
molds. For each group, two sets of micropillared samples
were produced: one immediately after the surface treatment
(first demolding), and the second after reusing the same
mold without reapplication of the surface treatment (second
demolding). The structural fidelity of the resulting micropil-
lars was assessed by quantifying the percentage of upright
pillars using optical microscopy. Representative images from
the first and second demolding of the pillars are shown in

figures 3(a) and 3(b), respectively. Multiple randomly selected
fields of view were analyzed for each sample, and the fraction
of upright pillars are quantitatively described in 3(c).

We show that the surface treatment of Group 1 results in
the largest amount of upright pillars after the first demold-
ing, while Group 4 has the lowest fraction of upright pillars.
Games-Howell tests reveal significant differences for the pil-
lar fidelity after the first demolding between Group 1 and 2
(t=4.86,p =0.001), Group 1 and 4 (= 6.69,p = 0.0004),
Group 2 and 3 (r=3.615,p =0.0014) and Group 3 and 4 (¢
=5.310, 0.0014) but not for the other comparisons (p > 0.11).

While plasma activation is commonly used to enhance
fluorosilane bonding by increasing the density of hydroxyl
groups, our results showed that its use was associated with
lower replication fidelity (Groups 2 and 4). We hypothesize
that overactivation of the mold surface may lead to excessive
or unstable silane layers, potentially interfering with curing
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Figure 3. Evaluation of micropillar integrity for all four different surface treatment conditions applied to negative Sylgard molds for the
first and second demolding. Representative sections of optical microscopy images from the first demolding for Groups 1-4 are shown in (a)
and for the second in (b). (¢) Quantitative analysis of the percentage of upright pillars for each treatment group, comparing first (orange) and
second (green) demolding. Data represents mean + sd across multiple images for individual molds of the groups (lighter colors) and for

group average.

or demolding. Additionally, although less likely, plasma may
introduce surface roughness or defects in PDMS molds, which
could compromise mechanical stability during replication.

Significant improvements in pillar fidelity from the first to
the second demolding were observed in Groups 2, 3, and 4
(p <0.05). Although Group 1 did not show a statistically sig-
nificant difference (p = 0.4345), the average still increased,
indicating a positive trend. Overall, these results suggest that
pillar fidelity generally improves with the second demolding.

For the second demolding we did not observe significant
differences among the four groups (¢ € (0.46,1.7),p > 0.11).
The fidelity of the second molding does not depend on the sur-
face treatments of the negative molds.

To evaluate the mechanical integrity of the replicated struc-
tures, we measured the elastic modulus of the pillars and the
backing layer by nanoindentation in samples after first and
second molding from all four surface treatment groups. The
indentation-retraction curves recorded on the microstructure

exhibit characteristic step-like detachment patterns that allow
estimation of stiffness (k;, see equation (1)) for individual pil-
lars (see figure S4 in SM for representative force-displacement
curves after first demolding on pillar surface and backing
layer). The calculated results for the Young’s modulus (E) are
summarized in figure 4.

The measured Young’s modulus of the pillars is surpris-
ingly low in comparison to literature. In general we report
significantly higher elastic modulus for the flat surfaces than
for the pillars (Welch two sample #-test: first molding: = 6.7,
p <0.001, second molding: =15, p<0.001), which could
indicate not fully cured MDX4 in the pillar. The elastic
modulus of the flat surface of the first and second molding
seems not to change (Welch two sample #-test, 1 = —0.05,
p=0.48) while the pillars of the second molding tend to
be stiffer, however just missing significance levels with ¢ =
—1.58 and p=0.067. The determination of the indentation
modulus following the Oliver—Pharr method [38] and the
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evaluation of pillar stretching [37] are both indirect meth-
ods for the determination of Young’s modulus. However, both
models attempt to reveal its value as closely as possible from
experiments in geometries, where unidirectional deformation
cannot be realized. We therefore trust that the surprisingly
low value of Young’s modulus for pillars is correct and per-
formed the following experiment for an interpretation of the
finding.

To explore whether the fluorosilane directly affects the
stiffness of bulk MDX4, we systematically added controlled
amounts of fluorinated silane into uncured MDX4 mixtures
and measured the resulting elastic modulus of cylindrical
MDX4 samples (diameter: 34 mm, height: 11.5 mm) after cur-
ing by uniaxial tensile tests. The resulting stress—strain curves
show a clear reduction in Young’s modulus with increasing flu-
orosilane concentration (see figure 5), indicating that residual
fluorosilane can significantly reduce crosslinking density and,
consequently, material stiffness. Even small additions (0.1%—
0.3% fluorosilane-to-MDX4 by weight) led to a noticeable
drop in stiffness, with values falling below 0.5 MPa for higher
concentrations.

Control samples prepared with Sylgard exhibited signific-
antly higher modulus values, as expected, and at all amounts of

added fluorosilane. Again we observe lower Young’s modulus
for samples with fluorosilane addition. These results confirm
that fluorosilane contamination in the mold or during pro-
cessing can contribute to curing inhibition and softening of
PDMS, which reinforces the importance of reducing fluorosil-
ane carryover during replica molding.

As a complement to nanoindentation and tensile testing,
Brillouin microscopy was employed to probe the local mech-
anical properties of upright and collapsed micropillars. To
exemplify the differences in elasticity distributions between
these two states, we selected a sample obtained from the
second demolding of a mold treated according to Group 1.

Figure 6(a) shows a high-resolution map of the Brillouin
shift for the axial plane of an upright pillar. A cross-section of
the values along the center axis of the micropillar is provided
in figure 6(b) in comparison to a parallel cross-section through
the immersion liquid. The strong contrast in Brillouin shift
between MDX4 and the surrounding immersion liquid reveals
the shape of the micropillar. Rayleigh scattering at the inter-
face between pillar and immersion liquid is minimized by the
close matching of refractive index between the cured MDX4
(n=1.41) and the immersion liquid (Immersol™ Sil 406,
n = 1.406). This index matching minimizes optical discontinu-
ities and supports accurate Brillouin shift measurements.

The length of this micropillar is about 70 um and thus
longer than the measured average pillar height of 62.09 um on
the master structure. Furthermore, the pillar diameter appears
smaller than the original 18.95 pm. This observation is con-
firmed in a horizontal cross-section along the median plane of
a group of pillars (figure S5 in SM). Measurements of 35 ran-
domly selected pillars on several samples from different treat-
ment groups reveal a pillar height up to 68.7pm and a diameter
down to 15.5 um. This elongation of micropillars was found
on some but not all other samples, irrespective of the previous
mold treatment (average over all measured pillars—height:
63.9 £ 3.29 ym, diameter: 17.53 £ 1.46 um). We suggest that
the demolding process caused significant stretching of the not
fully cured pillars, and that those pillars do not return to the
shape of the original structure, indicating plastic deformation.

Variations of the Brillouin shift within the pillars indicate
inhomogeneities of the mechanical properties. The Brillouin
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Figure 6. Brillouin microscopy of micropillars from a sample produced in the second demolding from a mold of Group 1. (a)
High-resolution Brillouin shift map of the axial plane of an upright pillar, highlighting its elongation and spatial variations in local stiffness.
(b) Brillouin shift profile extracted along the center axis of the same pillar in comparison to a profile taken between pillars. (c)

High-resolution Brillouin shift map of a collapsed pillar.

shift is expected to scale with \/M/p, where M is the lon-
gitudinal modulus at GHz frequencies and p is the density of
the material. If we interpret lower shifts as a weakening of the
material, we observe in figure 6(a) that this pillar is weakened
in its lower half, in particular close to the surface. Similarly,
the surface of the backing layer is weakened. This finding is
in agreement with the suggested softening of MDX4 by the
fluorosilane film on the mold. Please note that the depth of
weakening is larger than the method’s resolution of 1 um in
lateral and 4 pm in vertical direction [40].

Figure 6(c) reveals the Brillouin shift across a collapsed
pillar. An overall Brillouin shift is lower than the one in the
upright pillar from the same sample in figure 6(a), indicat-
ing a overall lower modulus as cause for the collapse. A sim-
ilar weakening in the lower half of the pillar is found. The
local maximum of the Brillouin shift at the sharpest bending

point probably originates in local compressive strain, which
increases the Brillouin shift of elastomers [48]. Results of the
Brillouin microscopy thus provide further evidence for a vari-
ation of mechanical properties among micropillars, support the
notion of a mechanical softening of MDX4 by contact to the
fluorosilane layer on the mold, and additionally indicate that
micropillars are prone to an irreversible elongation in the pro-
cess of unmolding. Our hypothesis about incomplete curing,
which was based on nanoindentation, and mechanical testing
results is thus confirmed as mechanical inhomogeneity in col-
lapsed pillars revealed by Brillouin Microscopy.

4. Conclusions

We have systematically investigated the role of surface
treatment in replica molding of high-aspect-ratio micropillars
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using a soft biomedical-grade elastomer (MDX4). Our results
highlight several important findings that inform best practices
for replication:

e The inclusion of a vacuum step after fluorosilanization
reduces unbound fluorosilane residues on the mold surface,
but this did not translate into a higher fraction of upright
structures. Instead, we found that producing a sacrificial first
molding consistently improved the fidelity of subsequent
replications, regardless of the initial surface treatment pro-
tocol. This suggests that the first replication removes loosely
bound or excess fluorosilane that would otherwise interfere
with MDX4 crosslinking.

Nanoindentation tests revealed lower Young’s modulus val-

ues for the micropillars compared to flat films of the same

material, consistent with reduced mechanical stability of the
replicated structures. While only upright pillars were meas-
ured, we hypothesize that insufficient stiffness contributes
to the observed lateral collapse [27]. However, no significant
difference in modulus was found between samples from first
and second demolding, despite a clear improvement in struc-
tural fidelity after reuse. From Brillouin microscopy, we
observed that an upright pillars exhibited higher Brillouin
shifts than a collapsed one, indicating a stiffer material at
least at GHz frequencies tested by the method. Furthermore,
pillars can be irreversibly elongated in demolding and show

a weakening starting from surfaces in contact with the mold.

These findings confirm that factors beyond bulk stiffness,

such as changes in mold surface chemistry or fluorosilane

removal, play a critical role in successful replication.

e Direct mixing experiments demonstrated that even small
concentrations of fluorosilane significantly reduce the
elastic modulus of cured PDMS, further reinforcing the need
to control fluorosilane exposure during the molding process.

Taken together, these findings show the importance of mold
surface chemistry in achieving high-fidelity micropillar arrays
using soft elastomers. By implementing a sacrificial molding
step, more robust and reproducible micropillar arrays can be
produced, an essential requirement for applications in biomed-
ical devices, adhesives, and soft robotics.

Despite its advantages, the proposed strategy also presents
certain limitations. It currently relies on relatively simple
micropillar geometries and requires multiple demolding steps.
While the method is effective for soft PDMS systems, its com-
patibility with other polymer formulations or extreme aspect
ratios remains to be further validated. The long-term stability
of the reusable molds after multiple cycles were not explored
in this work and is an important topic for future investigation.
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