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In this paper we present polymer surfaces inspired by the calamistrum of cribellate
spiders. The calamistrum resembles a micro-comb with a finger-print-like
nanorippled topography, which allows cribellate spiders to handle and process
nanofibers, without sticking to them. Due to its morphology, the calamistrum has
a reduced surface for contact with the nanofibers, which therefore reduces the
adhesive forces. Three different types of structured surfaces were prepared:
nanostructured surfaces (ripples), microstructured surfaces (lines), and a
combination of micro- and nanostructured surfaces (lines superimposed with
ripples). Polymer lines were created using UV mask lithography. Nanoripples,
i.e., laser-induced periodic surface structures, were fabricated by exposure to a
KrF* laser beam. Nanofibers were produced and deposited onto each sample by
electrospinning. To quantify each samples’ adhesiveness, a peel-off test was used,
and the results were plotted and compared against the control samples–a flat
polymer film.Our results indicate that lines have a stronger influenceon the adhesion
reduction than the nanoripples: nanoripples reduce fiber adhesion by 7%, whereas
the lines reduce it by 28%. The highest adhesion reduction of 33% is obtained for the
polymer surfaces with a combination of both lines and nanoripples. Our results open
new insights in the field of artificial nanofiber adhesion onmicro- and nanopatterned
surfaces, which are essential when designing tools for nanofiber handling.
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1 Introduction

Nanofibers are defined as fibers with diameters in the nanometer range - between 1 and
1,000 nm, and a high surface-to-volume ratio (Chapman, 2010). Nanofibers production
methods include electrospinning, wet spinning, drawing, self-assembly, etc. (Bayrak, 2022).
Electrospinning is a simple, yet versatile method, in which the electrostatic repulsion between
surface charges in a viscoelastic fluid generates continuous nanofibers with diameters down to
tens of nanometers (Xue et al., 2017). Materials used for electrospinning can be natural
polymers: collagen, chitin/chitosan, cellulose, gelatin, etc. (Keshvardoostchokami et al., 2020);
or synthetic polymers: polylactic acid (PLA), polyglycolic acid (PGA), polyvinyl alcohol (PVA),
polyethylene terephthalate (PET), polyurethane (PU), polyimide (PI), polyamide-6 (PA-6, also
known as Nylon-6), etc. (Kailasa et al., 2021).

Nanofibers are widely used in biomedical applications for (bone, skin, cardio vascular,
neural) tissue engineering (TE) (Ghajarieh et al., 2021), in drug delivery applications
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(Farhaj et al., 2023), and wound dressing (Çallioğlu and Güler,
2019). Furthermore, nanofibers are used in composite applications
(João et al., 2016), as supports for catalysts (Xue et al., 2017), air
filtration (Lu et al., 2021), wastewater treatment (Zander et al.,
2016; Roslan et al., 2018), food packaging (Tian et al., 2019), and
other applications (Kannan et al., 2016). Nonetheless, nanofibers
are challenging to process and handle due to their small sizes and
predominant van der Waals forces (Shi et al., 2010; Baji et al.,
2015). Recently, tools for nanofiber handling were proposed, that
are able to reduce van der Waals forces between electrospun
nanofibers and the collector they are spun onto (Lifka et al.,
2022; Lifka et al., 2023). The tools represent surfaces with
micro- or nanotopographies inspired by the structures on the
body of feather-legged lace weaver Uluborus plumipes (also known
as the garden center spider) (Joel et al., 2020).

Uluborus plumipes are cribellate spiders, that is, spiders that use
a dry capture thread with mechanical stickiness instead of the
capture threads coated with viscid glue (Kono et al., 2020).
Cribellate capture threads contain thousands of 15–30 nm thick
nanofibers, organized into wooly puffs surrounding thicker axial
fibers (Joel et al., 2023). To extract the fibers from the cribellum and
to brush them into voluminous puffs, cribellate spiders use their
hindmost (forth) pair of legs, whose metatarsi contain a comb-like
structure, called the calamistrum (Joel et al., 2016). The calamistrum
is formed of a row of setae, each setae having a width of several
microns, with a nanorippled topography. This combination of
micro- and nanostructures is responsible for the reduction of van
der Waals forces (and subsequently, adhesion forces), and hinders
cribellate fibers adhesion to the spider’s legs. Similar nanoripples
have been found on other spider body parts of several cribellate
spider species, namely, on claws, spinnerets and cuticles, and they
are likely to have the same function of hindering nanofiber adhesion
(Buchberger et al., 2023).

Artificial polymer surfaces inspired by cribellate spiders with
nanorippled topographies for adhesion reduction have been recently
reported. Gold-coated laser-induced periodic surface structures
(LIPSS), namely, nanoripples, on polyethylene terephthalate
(PET) foils reduce adhesion of natural spider silk over 70%
compared to unstructured control samples (Joel et al., 2020).
This is due to the fact that nanofibers bridge over the gaps
between two ripples rather than bend to adapt to the
nanostructures. By reducing the contact surface area of the
nanofibers, the van der Waals forces are reduced, as well. Van
der Waals forces (and therefore adhesion forces) depend on
surrounding temperature and humidity (Meyer et al., 2021).
Cribellate fiber adhesion was tested over a temperature range
from 10°C to 40°C, and relative humidity from 10% to 90%. For
a relative humidity of 70% and temperatures of 30°C and 40°C, the
adhesion between fiber and nanorippled surface was the same as for
unstructured control samples, that is, no adhesion reduction was
observed. Adhesion of cribellate threads (10–30 nm diameter) on
SU-8 and PET nanoripples of spatial periods ranging from 203 to
613 nm was tested in order to evaluate the effect of spatial periods
onto silk adhesion. It was demonstrated that the adhesion reduction
remains consistent over the whole range of spatial periods of
nanoripples (Buchberger et al., 2023).

Furthermore, LIPSS inspired by the fingerprint-like
nanotopography on the spider setae were also produced on metal

surfaces (such as aluminum (Al), steel, titanium (Ti)) (Lifka et al.,
2022). Adhesion of technical electrospun fibers was tested on these
surfaces, and as result, an adhesion reduction of up to 75% was
obtained for nanorippled Ti-alloy and steel. In addition to that,
electrospun fibers adhesion was tested on microstructured Ti-alloy
surfaces, inspired directly by the setae in the calamistrum (Lifka
et al., 2023). The microstructures were produced by computer
numerical control (CNC) milling and engraving, resulting in a
peak to peak spacing of 250 µm. An adhesion reduction of 80%
was obtained for the microstructured surface compared to the
polished control sample.

As of now, U. plumipes inspired nanotopographies (Joel et al.,
2020; Meyer et al., 2021; Lifka et al., 2022; Buchberger et al., 2023)
and, separately, micro-topographies were analyzed (Lifka et al.,
2023), and it was proved that both have an adhesion reduction
effect. In this study we analyze which of the two (i.e., micro- or
nanostructures) have a stronger influence on the adhesion
reduction, for a given surface material-nanofiber combination.
We present hierarchical micro- and nanotopographies, obtained
in epoxy photoresist SU-8 (Bhushan, 2012) on a poly (ethylene
terephthalate) (PET) (Nisticò, 2020) substrates. Besides being UV
curable, SU-8 exhibits laser-induced periodic surface structures
(LIPSS), namely, nanoripples, upon excimer (KrF*) laser
exposure. Hence, we were able to create flexible polymer samples
that combine microstructures (produced by UV lithography)
superimposed with nanoripples, replicating even closer the
nanorippled setae found in the calamistrum of U. plumipes. Our
results indicate that lines have a stronger influence on adhesion
reduction of artificial fibers than nanoripples: nanoripples reduce
fiber adhesion by 7%, whereas the lines reduce it by 28%. The highest
adhesion reduction of 33% is obtained for the samples containing
lines superimposed with ripples.

As the interest in nanofibers, as well as their application fields
keeps growing, so does the attention invested in the design of tools
for nanofibers handling. Micro- and/or nanostructured spoolers for
single nanofibers or conveyor belts for endless nanofiber nonwoven
would be essential for large-scale nanofiber production, as it would
reduce fiber adhesion and breakage when being removed from the
tools. Our results open new insights into the parameters (single
structure aspect ratio, distance between two structures) and surface
morphology (micro- or nanostructures, or both) necessary to
account when designing such tools.

2 Materials and methods

2.1 Ultraviolet (UV) lithography

As a substrate for the hierarchical micro- and nanostructures,
50 µm thick PET foils (Goodfellow Ltd., Bad Nauheim, Germany)
were cut into 3 × 3 cm2. PET foils were used due to their bending
flexibility (Shi et al., 2010), which allows cutting them, in order to fit
the sample holder used for electrospinning and peel-off
measurements. Each foil was cleaned of any impurity by
consecutively immersing it in acetone, ethanol and distilled
water, and sonicating it in an ultrasonic bath (Bandelin Sonorex
161 RK 255H, Berlin, Germany) for 10 min in each solvent. After the
cleaning, the samples were thoroughly dried with nitrogen.
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SU-8 (an epoxy-based negative-tone photoresist consisting of
EPON SU-8 resin, solvent and a photoacid generator), was used for
ultraviolet (UV) mask lithography due to its inherent flexibility
(Chen and Lee, 2021). For that, 500 mL of SU-8 2005 (Kayaku
Advanced Materials, Inc., Westborough, United States) was

deposited onto a clean PET foil and spin-coated for 5 s at
500 rotations per minute (rpm) and for 30 s at 2,000 rpm (spin-
coater from Micro Tech Mfg. Inc., Worcester, United States). The
samples were then pre-baked (in an in-house made oven) at 65°C for
10 min, in order to evaporate the solvent and densify the film. After

FIGURE 1
Schematics showing themain steps in sample preparation process. (A)Control sample (flat SU-8 film); (B) ripples produced by exposure to KrF* laser
beam: three exposure areas were used to cover the whole sample; (C) lines produced by UV lithography: in step 3 and final, the green lines correspond to
the SU-8 lines, and the black lines correspond to the valleys between two SU-8 lines; and (D) lines superimposed with ripples: in step 3, 4 and final, the
green lines correspond to the SU-8 lines, and the black lines correspond to the valleys between two SU-8 lines; ripple orientation is exactly as
depicted in step 3 of (B).
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pre-baking, the samples were allowed to cool down at room
temperature. Typical SU-8 film thicknesses obtained by this
procedure are in the range of 5 μm.

In order to produce the control samples, that is, flat SU-8 films,
spin-coated SU-8 films were cured by exposing them for 1 min to an
UV lamp (UV-Belichtungsgerät, isel, proMA Technology GmbH;
lamps: PHILIPS TLD 15W/05, 300–460 nm with a peak at 365 nm).
Figure 1A presents a schematic of control sample (flat SU-8 film)
preparation steps.

UV mask lithography was used to produce SU-8 lines on PET
substrates. The spin-coated and pre-baked SU-8 films were left to
dry overnight in a dark place, to avoid the SU-8 layer sticking to the
masks when brought into contact. The masks were produced by bvm
maskshop GmbH and Co. KG (Obertshausen, Germany) using a
line array self-designed in CorelDRAW software (version 23.0.0.363,
National Institute of Health, MD, United States). The lines were
designed to be 10 µm wide with a 10 µm distance between two
neighboring lines. The SU-8 film was exposed, through the mask, to
a UV LED (AUV3-SQ32-0RT0K, Broadcom, Sao Polo, Brazil), with
a peak wavelength at 365 nm, for 20 s. After the exposure, the
samples were post-baked at 65°C for 10 min, to speed up the
cross-linking. After that, the samples were allowed to rest and
cool down to room temperature, and developed within some
minutes. For developing, PGMEA (propylene glycol methyl ether
acetate) solvent was used to remove the unexposed material. Then,
the samples were rinsed with iso-propanol, and thoroughly dried
with nitrogen. Figure 1C presents the preparation steps of surfaces
with lines.

2.2 Laser-induced periodic surface
structures (LIPSS)

To produce ripples (on flat SU-8 films or on SU-8 lines), a KrF*
(krypton fluoride) excimer laser (LPX 300, Lambda Physik,
181 Göttingen, Germany) was used, with a wavelength of
248 nm, 20 ns pulse duration, and 10 Hz pulse repetition rate.
The setup is described in more details in (Richter et al., 2021).

Previously reported SU-8 ripples have been produced with an
average fluence of 9 mJ/cm2, by applying 3,300, 3,500, and
3,800 pulses, at incidence angles θ of 40°, 50° and 60°

(Kalachyova et al., 2017). In our study, we started initially by
producing ripples with 3,500 pulses, at five different incidence
angles θ (0°, 10°, 20°, 30° and 40°), applying an average fluence of
10 mJ/cm2. Due to an inclined incidence angle, the laser-exposed
area grows according to formula A(θ) = A(0°)/cosθ, where A(0°) is
the area exposed to the laser beam at normal incidence, θ = 0°.
Therefore, to keep the fluence constant over the whole range of
incidence angles θ, the pulse energy was increased accordingly. Laser
beam energy was measured with a high-area high-damage energy
sensor (J45LP-MUV, Coherent, Portland, United States) with the
help of a laser energy meter (FieldMaxII-P™, Coherent, Portland,
United States). The results regarding the spatial period, height and
adhesiveness to natural spider silk, for incidence angles θ of 0° and
30° were reported in (Buchberger et al., 2023).

In order to decide on what type of ripples should be used for the
adhesion measurements, we studied the influence of the number of
pulses on the SU-8 ripples’ average aspect ratio. We produced

ripples at the same incidence angles θ (that is, 0°, 10°, 20°, 30°

and 40°) using 6,000 pulses and 9,000 pulses. Samples were analyzed
by FIB and SEM imaging. Based on these results, we chose to study
the adhesion of the ripples produced at θ = 40° with 6,000 pulses.
Furthermore, to structure a square area of 3 × 3 cm2, more laser
beam exposures were performed, as shown in Figure 1B (step 3) for
nanostructured surfaces, and in Figure 1D (step 4) for the lines
superimposed with ripples. First, the upper left corner was exposed,
then the sample was moved upwards and the lower left corner was
exposed. Later, the sample was rotated 90° left-hand side, and
exposed once more.

For a given average fluence and incidence angle, nanoripple
formation depends on the number of pulses. As there is not much
information in literature about nanoripples on SU-8, we exposed
SU-8 films to the same average fluence of 10 mJ/cm2 under five
incidence angles θ (0°, 10°, 20°, 30° and 40°), while varying the
number of pulses from 1,500 to 3,000 pulses. This was done by
exposing cured SU-8 films as shown in Figure 2. Area 1 was exposed
to 1,500 pulses. Afterwards, the sample was manually moved
4–5 mm to the left, and was exposed to 500 pulses more,
resulting in area 2 getting a total of 2000 pulses. Then the
procedure was repeated until area 4 was exposed to a total of
3,000 pulses. Area 5 is virtually identical to area 3, both being
exposed to a total of 2,500 pulses. Area 6 is virtually identical to area
2, both being exposed to a total of 2000 pulses; and area 7 is virtually
identical to area 1, both being exposed to 1,500 pulses. SEM images
were taken in the points marked with an “x” and spatial periods were
calculated for the samples were ripples had formed. Spatial period of
2,500 pulses ripples was calculated as the average of the spatial
periods calculated for areas 3 and 5; and spatial period of
3,000 pulses ripples was calculated as the average of the spatial
periods calculated for the two positions imaged in area 4.

2.3 Scanning electron microscope (SEM)
imaging and analysis

For SEM (model REM 1540XB-Crossbeam, Zeiss, Oberkochen,
Germany) imaging, samples were sputter coated (AE1230,
EMScope, Ashford, United Kingdom) for 3 min at a deposition
current of 20 mA at a power of 14.3 W. This resulted in a gold layer
thickness of 8–10 nm. Three SEM images were acquired per exposed
area: one image on the left-hand side of the sample, one image in the
center of the sample, and one image on the right-hand side of the
sample. The SEM images were later analyzed by using the free
software Gwyddion (version 2.61, Czech Metrology Institute, Brno,
Czech Republic) to calculate the spatial period in the three analyzed
areas, and to calculate the average values. The procedure is described
in more detail in (Buchberger et al., 2023).

2.4 Focused ion beam (FIB) cuts and analysis

Prior to FIB cuts, samples were sputter coated (AE1230,
EMScope, Ashford, United Kingdom) for 4 min at a deposition
current of 20 mA at a power of 14.3 W. This resulted in a gold layer
thickness of approximately 12 nm. For FIB cutting and imaging, a
1540XB-Crossbeam device (Zeiss, Oberkochen, Germany) was used,
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which combines a GEMINI® field-emission scanning electron
microscope for imaging (FE-SEM) and a FIB tool for cutting,
with a Ga⁺-filament as ion source. In the investigated region of
interest, rectangles or trapezoids with sizes between 10–15 µm were
cut, by using a milling current of 200–500 pA and an acceleration
voltage of 30 kV. Three FIB cuts images were acquired per sample
(left hand-side, center, and right hand-side) and evaluated using the
free software ImageJ (version v1.54b, National Institute of Health,
United States), in order to measure the average ripple height in the
three investigated areas, and to calculate the average values. The
procedure is described in more details in (Buchberger et al., 2023).

2.5 Electrospinning

For electrospinning and peel-off tests, each sample was fixed
with double sided adhesive tape onto an aluminum sample carrier.
Later on, the excess sample, that is the sides and the central part with
a diameter of about 5–6 mm, were cut out (as shown in Figures
1A–D, final steps).

Electrospinning, i.e., the method of producing and depositing
polymer nanofibers onto a given surface, was done using a custom-
made setup, described in more details in (Lifka et al., 2023). The
setup is made of a custom-made syringe pump, a 1 mL plastic
syringe (Omnifix-F, B Braun SE, Melsungen, Germany), a blunt
needle tip (Sterican 21G x 7/8″ blunt, B. Braun SE, Melsungen,
Germany), and a high-voltage generator (HCP 35–35,000, FuG
Elektronik GmbH, Schechen, Germany). The sample carrier
together with the sample were fixed on an aluminum piston,
with a 5 mm diameter, connected to the ground electrode of the
high-voltage generator. The sample carrier and the custom-made
syringe pump were fixed onto individual lab boys, which allowed
adjusting their height. The setup was arranged in a horizontal
configuration, to avoid polymer droplets falling onto the sample

and destroying the nonwoven. The syringe blunt needle was placed
horizontally opposite the sample, at a distance of about 12–13 cm.
The positive electrode of the high-voltage generator was directly
clamped onto the blunt needle tip by use of an alligator clamp.

For the electrospun nanofibers, 6 g of PA-6 (Nylon 6) beads were
mixed with 15 g of formic acid (ROTIPURAN® ≥98%, p. a., Carl
Roth GmbH + Co. KG., Karlsruhe, Germany) and 29 g of acetic acid
(ROTIPURAN® 100%, p. a., Carl Roth GmbH + Co. KG., Karlsruhe,
Germany) at 80°C for 1–2 h, until all the beads were dissolved. The
liquid polymer was loaded into the syringe, and ejected out of the
blunt needle at a flow rate of 0.16 mL/h, and a voltage of 19 kV, for
5 min, until the whole sample area was covered with a uniform layer
of nanofibers (nonwoven). Electrospinning was performed under
21°C ambient temperature and 30%–40% humidity.

2.6 Peel-off force measurements

To quantify the adhesiveness of the nonwoven to a given sample,
the peel-off method and setup described in (Lifka et al., 2022) were
used. The electrospun sample together with its carrier was fixed into
the sample holder of the setup, which was mounted on a precision
scale (Kern PLS 4200-2F, KERN and SOHN GmbH, Balingen-
Frommen, Germany). First, an aluminum piston was inserted
through the sample carrier and the sample, until it is in contact
with the nonwoven. Later on, weights were added. The exact weights
were recorded from the screen of the scale, and pictures of the
peeled-off cones were taken using a USB camera. The cone
diameters (d) were measured from the pictures by using ImageJ
software (version v1.54b, National Institute of Health,
United States), and the peel-off force per unit length (p) was
calculated according to the formula:

p � m · g
π · d (1)

FIGURE 2
Scheme presenting the sequence of KrF* exposures used to produce ripples with 1,500 pulses, 2,000 pulses, 2,500 pulses and 3,000 pulses in a
single sample, for a given incidence angle, at 10 mJ/cm2 average fluence. Pink dashed line shows the outline of the laser beam spot. Once area 1 was
exposed to 1,500 pulses, the sample was manually shifted 4–5 mm towards the left, and 500 more pulses were shot onto the samples. The procedure
was repeated until area 4 got a total of 3,000 pulses. This exposure scheme was repeated for all five laser beam incidence angles.
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wherem is the measured mass and g is the gravitational acceleration
(Lifka et al., 2022). A schematic of the peel-off force measurement
principle is presented in Supplementary Figure S1.

Four different types of polymer surfaces were produced:
controls, ripples, lines, and lines superimposed with ripples. For
each type of surface, four samples were tested. For a given sample,
several weights were applied onto the piston in contact with the
nonwoven, the diameters of the peeled-off cone were measured until
the whole nonwoven was detached from the surface, and the peel-off
forces were calculated for each applied weight. Within one
measurement, the mean value of the peel-off force for a given
surface type was calculated by averaging the peel-off forces
calculated for each of the four samples.

After the peel-off force measurements for all the surface types
were finished, the nonwoven was carefully removed from the sample
surface, and the samples were electrospun again. In total, the
measurements were repeated five times for each individual
sample. The final mean values obtained for each type of surface
were calculated by averaging the mean values from the five
measurements. In the Supplementary Table S1 are shown the
mean values calculated for each sample, and the mean values for
each of the five measurements.

In an attempt to observe the influence that surface chemistry has
on the peel-off force, three SU-8 samples out of each set (that is,
control, ripples, lines, and lines superimposed with ripples) were

cleaned of nanofibers, and gold sputter-coated. The sputter-coating
was performed under the same conditions as described in the
Scanning electron microscope (SEM) imaging and analysis
section. Then the procedure was followed as for the polymer
samples: the samples were electrospun, the peel-off force was
measured, calculated and plotted.

3 Results

3.1 Laser-induced periodic surface
structures (LIPSS)

In our case, nanoripples originate from the interference of the
incident laser beam with the wave diffracted by the sample surface
(Rebollar et al., 2015a). For a given fluence and incidence angle,
nanoripples formation depends on the number of pulses and the
laser repetition rate (Rebollar et al., 2015b). In Figure 3 we present
SU-8 films exposed to (1A-E) 1,500 pulses, (2A-E) 2000 pulses, (3A-
E) 2,500 pulses, and (4A-E) 3,000 pulses. At 1,500 pulses there are
some barely perceptible ripples starting to form at θ = 0° (Figure 3
1A) and at θ = 40° (Figure 3 1E), while at incidence angles in-
between (that is, θ = 10°, 20° and 30°), the SU-8 surfaces look virtually
flat (Figure 3 1B–D). Ripple formation starts becoming more
obvious at 2000 pulses (Figure 3 2A–E), for all the incidence

FIGURE 3
SEM images of ripples on SU-8: (1A–E) 1,500 pulses; (2A–E) 2000 pulses; (3A–E) 2,500 pulses; and (4A–E) 3,000 pulses obtained at five different
incidence angles θ between the laser beam and the samples: (1A–4A) 0°; (1B–4B) 10°; (1C–4C) 20°; (1D–4D) 30°; and (1E–4E) 40°. The spatial periods Λ
were possible to calculate only for ripples of 2,500 and 3,000 pulses. The spatial period for 2,500 ripples at θ = 0° was calculated only for area 3 (see
Figure 2), as for area 5 the ripples were not so pronounced. The scale bar on the SEM images corresponds to 400 nm. The small black dots present in
some of the images represent cracks in the sputter-coated gold layer necessary for the SEM imaging.
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angles ranging from θ = 0° to 40°. But in order to obtain well defined
ripples in SU-8 with an average fluence of 10 mJ/cm2, the lowest
number of pulses is about 2,500 pulses (Figure 3 3A–E).

Usually, the spatial periodΛ of ripples increases when increasing
the incidence angle θ (Rebollar et al., 2015a) according to formula
Λ = λ/(neff - sinθ), where λ is the wavelength of the laser beam and
neff is the effective refractive index which lies between the refractive
indices of air and of the polymer (in this case, SU-8). Interestingly,
for the ripples produced with 2,500 pulses (Figure 3 3A, B) and
3,000 pulses (Figure 3 4A, B), the spatial periods at θ = 0° are similar
to the ones produced at θ = 10°. Moreover, the spatial period for θ =
10° seems to be a couple of nm smaller than the spatial period for θ =
0°. Also, the spatial periods of ripples produced at incidence angles
θ = 0°, 10°, and 20° with 2,500 pulses (Figure 3 3A–C) are similar to
the ones produced with 3,000 pulses (Figure 3 4A–C), diverging
substantially for θ = 30° (Figure 3 3D, 4D) and θ = 40° (Figure 3
3E, 4E).

In Figure 4 we present a comparison of ripples obtained by
exposure to: 3,500 pulses, 6,000 pulses, and 9,000 pulses. As before,
the average fluence was around 10 mJ/cm2 and the laser beam
incidence angles θ = 0°, 10°, 20°, 30° and 40°. For each sample,
three SEM images were taken at three different points (left, center
and right hand-side). Spatial periods were calculated for each image,
and the three values were averaged and presented in Figure 4 and
Table 1.

As it was noticed for the ripples of 2,500 pulses (Figure 3 3A, B)
and for the ones of 3,000 pulses (Figure 3 4A, B), there is no
difference in the spatial periods of ripples produced under θ = 0° and
10° in the samples exposed to 3,500 pulses (Figure 4 1A, 1B). This is
not the case for ripples of 6,000 and 9,000 pulses. Comparing the

3 sets of ripples (i.e., 3,500 pulses, 6,000 pulses, and 9,000 pulses), the
overall smallest spatial periods are found in the 3,500 pulses ripples
(Figure 4 1A–E), proving again that ripples spatial period increases
with increasing number of pulses (Rebollar et al., 2015a). The
absolute smallest spatial period of 208–209 nm was recorded for
the ripples produced at 10° (Figure 4 1B) and 0° (Figure 4 1A)
incidence angles, respectively. The highest spatial periods were
obtained for the 6,000 pulses ripples (Figure 4 2A–E). Even
though over the whole range of incidence angles from 0° to 30°

the 9,000 pulses ripples have smaller spatial periods when compared
to 6,000 pulses ones, the ripples produced at 40° incidence angle have
the same spatial period (Figure 4 2E, 3E). The absolute standard
deviations are relatively small (Table 1), ranging from 1 nm (for the
sample produced at 0° with 9,000 pulses) to 40 nm (for the sample
produced at 40° with 9,000 pulses), making the corresponding
relative standard deviations range from 0.3% to 9.7%. The plot
showing the linear dependence between the ripples spatial period
and the laser beam incidence angle (for the three different number of
pulses: 3,500, 6,000, and 9,000 pulses) is shown in Supplementary
Figure S2.

The heights of the ripples were measured from FIB cut images,
taken at three different positions on each sample (left, center and
right hand-side). For each position, 15–25 ripples were evaluated,
and averaged for each individual location. Later on, the three average
values were again averaged and presented in Table 1 and Figure 4.

Comparing the three sets of ripples (3,500 pulses, 6,000 pulses,
and 9,000 pulses), the overall shortest heights are found in the
3,500 pulses ripples (Figure 4 1A–E), with the absolute shortest
heights of 65 and 67 nm being recorded for the ripples produced at
10° (Figure 4 1B) and 0° (Figure 4 1A) incidence angle, respectively.

FIGURE 4
SEM and FIB cut images of ripples on SU-8: (1A–E) 3,500 pulses; (2A–E) 6,000 pulses; and (3A–E) 9,000 pulses; obtained at five different incidence
angles θ between the laser beam and the samples: (A) 0°; (B) 10°; (C) 20°; (D) 30°; and (E) 40°. The spatial periods Λ and the height of the ripples h are
indicated for each of the samples. The scale bar on the SEM images corresponds to 400 nm, and the scale bar on the FIB cut images corresponds to
100 nm. The small black dots in some of the images represent cracks in the sputter-coated gold layer, necessary for the SEM imaging.
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The ripples produced at 20° with 6,000 pulses (Figure 4 2C) and
9,000 pulses (Figure 4 3C) have the same average height of 118 nm,
and the ripples produced at 30° with 6,000 pulses (Figure 4 2D) and
9,000 pulses (Figure 4 3D) have similar average height of
132–134 nm. The overall tallest ripples were obtained for the
6,000 pulses (Figure 4 2A–E). This means, for SU-8 ripples the
height increases with increasing number of pulses, and tends to
saturate around 6,000 pulses. This saturation can be explained by a
balance between the involved processes of scattering, feedback, and
smoothing effects (Ehrhardt et al., 2020). The absolute standard
deviations are rather high (Table 1), ranging from 2 nm (for the
samples produced at 0° and 30° with 9,000 pulses) to 28 nm (for the
sample produced at 40° with 6,000 pulses), making the
corresponding relative standard deviations range from 1.7% to
19.2%. The plot showing the linear dependence between the
ripples height and the laser beam incidence angle (for the three
different number of pulses: 3,500, 6,000, and 9,000 pulses) is shown
in Supplementary Figure S3.

The aspect ratio of a single ripple was calculated as the ratio
between the average height h and the average spatial period Λ, and is
presented in Table 1. The aspect ratio of the 3,500 pulses ripples
tends to increase (from 0.31–0.32 to 0.37) when increasing the laser
beam incidence angle. The aspect ratio of the 6,000 pulses ripples, on
the contrary, tends to decrease (from 0.49 to 0.39) when increasing
the laser beam incidence angle. The aspect ratio of the 9,000 pulses
ripples has generally the same tendency to decrease, with a small
exception for the θ = 10° sample, with an aspect ratio of 0.41, situated
between the aspect ratio of the θ = 0° and θ = 20° ripples (between
0.44 and 0.46). The plot showing the linear dependence between the
ripples aspect ratio and the laser beam incidence angle (for the three
different number of pulses: 3,500, 6,000, and 9,000 pulses) is shown
in Supplementary Figure S4.

The final height of the ripples results from a balance between the
inhomogeneous light distribution at the sample surface due to
interference of the incoming light with scattered/diffracted light,
or from the interaction with electromagnetic surface waves and the
feedback mechanisms for ripple formation, i.e., selective material
removal or swelling. Both effects can depend on the number of
applied laser pulses, the specific structure geometry, or irradiation
parameters, such as the angle of incidence. We see that the height
increases with increasing the beam incidence angle. The reason is
not clear for us yet, but similar effects have been reported in
(Rebollar et al., 2014; Rebollar et al., 2015a).

3.2 Samples for electrospinning and peel-off
force measurements

To quantify the adhesiveness of each type of polymer surface,
nanofibers were deposited onto each sample, and then a peel-off test
was used to detach the nonwoven from the sample surface. Three
types of structured surfaces were produced, tested and compared to
the control samples (flat SU-8 films) (Figure 5 1A): ripples (Figure 5
2A–C), lines (Figure 5 3A–C), and lines superimposed with ripples
(Figure 5 4A–C).

In a theoretical approach, modelling the interaction of
nanofibers (30 nm diameter) with a nanostructured surface, the
total relative energy for the nanofibers decreases the most for spatialTA
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periods in the order of 300–350 nm, and heights in the range of
200–300 nm (Lifka et al., 2022). In our case, the artificial
nanofibers have diameters ranging from 25 nm up to 175 nm
(mean diameter D = 83 nm ± 32 nm, measured from SEM images,
for n = 70 fibers), and as nanotopography we chose to produce
ripples by exposure to 6,000 pulses of the KrF* laser beam, under
an incidence angle of θ = 40° (Figure 5 2A–C). To cover a total area
of 3 cm2, three laser exposure spots were used, as shown in
Figure 1B (step 3), thus reducing the sample preparation time
by 15 min, while offering the advantage of having the most
uniform spatial period (Λ = 415 nm ± 7 nm) and the highest
ripples (h = 162 ± 28 nm).

For UV lithography, the mask was designed in CorelDRAW. In
the design, the lines had a width of 10 µm and the distance between
two adjacent lines was 10 μm, as these were the smallest features the
producing company could offer. In the real mask, the opaque areas

(corresponding to the valleys in the final lines) were larger than
10 μm, which subsequently lead to the transparent areas
(corresponding to the lines) being narrower. Therefore, the lines
have a width of about 8–9 μm, and the distance between two
adjacent lines is 11–12 μm, respectively (Figure 5 3, 4A–C). The
lines could have been made wider by increasing the UV exposure
time, but at the cost of the line’s height and wall sharpness, as an
increased exposure time would allow the cross-linking of the
material in the valleys, between the lines.

3.3 Electrospinning and peel-off tests

The peel-off force is defined as the force necessary to detach the
nonwoven from the surface it adheres to. Peel-off force per unit
length wasmeasured for the control samples (flat SU-8 films), as well

FIGURE 5
Scanning electron microscope (SEM) images of the four tested surfaces: (1A) control sample; (2A–C) ripples; (3A–C) lines; and (4A–C) lines
superimposed with ripples. The small black dots in some of the images represent cracks in the sputter-coated gold layer, necessary for the SEM imaging.
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FIGURE 6
Images acquired during the peel-off force measurements: (1A–D) control sample (flat SU-8 film); (2A–D) ripples; (3A–D) lines; and (4A–C) lines
superimposed with ripples, at different applied weights: (1A–4A) 3.22–3.23 g; (1B–4B) 6.33–6.37 g; (1C–4C) 8.04–8.08 g; and (1D–4D) 13.15–13.19 g
for samples 1 and 2, and 11.48 g for sample 3. Note: for lines superimposed with ripples, the peel-off measurement was stopped at a weight of 8.04 g as
almost the whole nonwoven was removed from the structured area. The values ofm, d, and p stand for the weight, diameter, and peel-off force per
unit length, respectively.

TABLE 2 Tabulated peel-off force per unit length results (average of five measurements performed on four samples of each surface type) for the SU-8 samples:
control sample (flat SU-8 film); ripples; lines; and lines superimposed with ripples. Measured values of each individual measurement is shown in the
Supplementary Material.

Measurement number Control (flat SU-8 film) (N/m) Ripples (N/m) Lines (N/m) Lines + ripples (N/m)

1 1.57 ± 0.19 1.68 ± 0.81 1.23 ± 0.08 1.15 ± 0.14

2 1.87 ± 0.56 1.55 ± 0.38 1.23 ± 0.15 1.10 ± 0.15

3 1.44 ± 0.14 1.27 ± 0.11 1.03 ± 0.10 1.03 ± 0.19

4 1.57 ± 0.14 1.36 ± 0.08 1.22 ± 0.04 1.04 ± 0.02

5 2.14 ± 0.08 2.16 ± 0.62 1.49 ± 0.13 1.45 ± 0.39

Mean value ± standard deviation (N/m) 1.72 ± 0.25 1.60 ± 0.31 1.24 ± 0.15 1.15 ± 0.15

p-value 0.587,745 0.015743 0.00751

Relative reduction (%) 7.0 27.9 33.1
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as for the structured samples (ripples, lines, and lines superimposed
with ripples). For each of the surface type, four samples were
produced and tested. For each sample, the peel-off force was
measured by Eq. 1 in Peel-off force measurements section. The
measurements were repeated five times for each sample, and a mean
value of the peel-off force per unit length was calculated for each
measurement. The results for each individual measurement are
presented in the Supplementary Table S1. In measurement
number 5, the measured peel-off force for sample 4 resulted in a
standard deviation bigger than 55% (the peel-off force per unit
length was measured to be 1.9 to 3 times bigger than for samples
1–3). As this was inconsistent with the other four measurements, we
assume that it happened due to external factors, most probably due
to friction between the piston and the sample holder. Therefore, we
decided to not include that result into further calculations, and the
mean value for that measurement was calculated as the average of
the first three samples. A picture summary of the peel-off force per
unit length measurements is presented in Figure 6: m is the applied

weight, d is the diameter of the removed nonwoven layer, and p is the
peel-off force per unit length.

In the first row of images in Figure 6, one can easily see that even
at the smallest applied weights (3.22–3.23 g), the diameter of the
detached nonwoven is visibly bigger for the lines (Figure 6 3A) and
lines superimposed with ripples (Figure 6 4A), compared to the
control (Figure 6 1A). This means, the peel-off force necessary to
remove the nonwoven from these surfaces is visibly smaller than for
the control surface. When increasing the applied weights (for
example, the column 1A to 1D of Figure 6), the nonwoven
gradually detaches from the surface of the sample. Comparing
images 1D-3D and 4C, it can be observed that to detach the
same diameter of the nonwoven (d = 22–23 mm), the weight
applied on the surface with lines superimposed with ripples is
the smallest (m = 8.04 g) compared to the other samples,
therefore, the peel-off force necessary to completely detach the
nonwoven from this surface is the smallest.

The peel-off force per unit length mean values and
corresponding standard deviations of the five measurements are
presented in Table 2. The highest peel-off force per unit length p =
1.72 ± 0.25 N/m was measured for the control sample (flat SU-8
film). For all the structured surfaces, the measured peel-off force per
unit length mean values were lower than for the control sample. The
Student’s t-test (two-tailed distribution, two-sample unequal
variance (heteroscedastic)) revealed that only for lines and lines
superimposed with ripples, the measured mean values are
significantly lower than the control: the p-values are 0.015743,
and 0.00751, respectively. The lines have reduced the nanofiber
adhesion force by 27.9%, and the lines superimposed with
ripples–by 33.1%, when compared to the control sample. The
average values are plotted and shown in Figure 7.

To observe the influence of the surface chemistry on the peel-off
force, three SU-8 samples out of each set of samples were stripped of
nanofibers, and gold sputter-coated. These gold sputter-coated
samples were electrospun, the peel-off forces were measured, and
the averaged results are shown in Table 3 and Figure 8. Generally,
the peel-off forces are about 1.9–2.5 times higher than the peel-off
forces measured on the polymer samples, and the standard
deviations are quite small, ranging from 0.04 to 0.23 N/m. The
peel-off force values for the rippled surfaces is similar to the control,
which means that for this given surface material-nanofiber
combination, the nanostructures do not reduce the adhesion
force. A significant adhesion reduction is obtained only for the
lines superimposed with ripples (Student’s t-test shows a p-value of

FIGURE 7
Bar plot representing the average peel-off force per unit length
results for the four tested sample sets from Table 2. The peel-off force
per unit length is generally lower for all the micro- and/or
nanostructured samples when compared to the control sample,
but only significantly lower for the lines and lines superimposed with
ripples.

TABLE 3 Tabulated peel-off force per unit length results for the gold sputter-coated samples: control sample (flat SU-8 film) sputter-coated with gold; gold sputter-
coated ripples; gold sputter-coated lines; and gold sputter-coated lines superimposed with ripples.

Gold sputter-coated sample number Control (flat SU-8 film) (N/m) Ripples (N/m) Lines (N/m) Lines + ripples (N/m)

1 3.356 3.325 2.914 2.885

2 3.284 3.305 2.887 2.763

3 3.187 3.242 3.305 2.705

Mean value ±standard deviation (N/m) 3.28 ± 0.09 3.291 ± 0.04 3.04 ± 0.23 2.78 ± 0.09

p-value 0.80297 0.21059 0.00249

Relative reduction (%) 7.3 15
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0.00249). But the adhesion reduction is only in the range of 15%,
twice as low when compared to the polymer counterparts.

4 Discussion

To better understand how nanofibers interact with the micro-
and nanotopographies, SEM images were taken after the nonwoven
was removed from the sample surface. In Figure 9 one can see the
SEM images of fibers interacting with: (1A-C) control sample (flat
SU-8 film), (2A-C) ripples, and (3A-C) lines. Figure 9 1A–C presents
the diameters of the thinnest and thickest nanofibers found in that
given region of interest. Regardless of their diameter, the very first
nanofibers that adhere to the control sample during the
electrospinning process are lying flat onto the surface, having a
larger area available to interact with the surface.

Figure 9 2A–C shows the way nanofibers adapt to rippled
topographies. Individual nanofibers, lying almost perpendicular
onto the ripples (Figure 9 2A), bridge over the valley between
two nanoripples, rather than bending and adapting to the shape
of the valley. Thus, the contact area between nanofibers and surface
is considerably reduced. Nevertheless, the peel-off measurements
results showed that the adhesion reduction is not significant.
Comparing Figure 9 2A and 2B, one can notice that the bridging
depends on the nanofiber diameter and/or on the distance between
two given ripples. In Figure 9 2B, the upper nanofiber (arrow 1) has a
smaller diameter: about 38 nm when bridging two ripples, and
about 87 nm when lying flat on the top of one nanoripple. The
smaller diameter allows it to bend in the valley. The diameter of
the fiber pointed by the arrow 2 is visibly bigger. The nanofiber
bends into the valley between the two ripples, because the
distance between them is bigger compared to the other ripples

on the left-hand side of it. Besides that, there are nanofibers that
align parallel to the nanoripples, and Figure 9 2C shows three
such nanofibers. Nanofiber 2 aligned itself on the bottom of the
valley, nanofiber 3 positioned itself almost on top of the ripple,
and nanofiber 4 aligned along the ripple sidewall. These fibers
interact with the ripples virtually in the same way as the
nanofibers adhering to the flat surfaces, in Figure 9 1A–C.
Therefore, we assume that the peel-off force measured on the
rippled surfaces is smaller due to the nanofibers bridging over the
valleys between two ripples, but not significantly lower, because
there are nanofibers that align along the valleys, tops, and
sidewalls of the ripples.

Figure 9 (3A–C) show how nanofibers behave in contact with
polymer lines. A similar behavior is observed as with fibers
interacting with the ripples: most nanofibers bridge between two
neighboring lines. Even so, several nanofibers (shown with red
arrows in Figure 9 (3A–C) are bent and adhere to the valleys
between the lines, meaning, there are different ways nanofibers
align onto the microstructures. In Figure 9 (3A, 3B), yellow arrows
point to the nanofibers that follow the geometry of the micro-
pattern, attaching themselves to the top of the lines, side walls and
valleys in between the lines. Similar example of interaction between
nanofibers andmicro-topography is shown in Figure 9 (3C), pointed
to by arrow 1. Arrow 2 in the same image points to a nanofiber
attached to about half of the height of the line sidewall, and then
hangs free (without interacting with any surface), until it lands onto
the bottom of the valley. Arrow 3 in the same image shows an
example of a fiber aligned parallelly to the line. In this way, most
nanofibers that are electrospun onto lines do not interact with the
sample on their whole length (as the nanofibers interacting with
control samples in Figure 9 (1A–C). With our electrospinning setup
we obtain a single continuous nanofiber that builds up on the sample
surface, until a certain thickness is reached. This means that the
nanofibers interact with the structures on the sample with reduced
portions of their lengths. As this leads to a reduced surface for
adhesion, it also contributes to van der Waals forces reduction, and
therefore to a decrease in the peel-off force.

As previously explained in Laser-induced periodic surface
structures (LIPSS) section and shown in Figure 1D (step 4), the
nanopatterning of lines was done by exposing three different
areas of the sample. The upper and lower left sides were exposed
first, by orienting the lines parallel to the polarization vector, and
therefore, the lines and ripples are parallel (Figure 10 1A to D).
Then the sample was rotated 90° left, and the top part of the
sample was exposed. In this manner, the polarization vector is
perpendicular to the lines, and therefore, the lines and the ripples
are perpendicular (Figure 10 2A, D). Since the deposition of
nanofibers onto the sample surface during electrospinning is
random, the orientation of nanoripples should not influence the
peel-off force values.

In the given areas investigated by SEM, only a few nanofibers
were observed to adhere to the line’s sidewalls (shown with white
arrows in Figure 10 1A and with black arrows in Figure 10 1C and
2A). In Figure 10 1B and 2B, the nanofibers (with diameters
ranging from 24 nm to 118 nm) are interacting with the ripples
in similar manner as presented in Figure 9 2A–C: they are
positioned at arbitrary angles relative to the ripple’s orientation.
In Figure 10 1D, all observed nanofibers are bridging between the

FIGURE 8
Bar plot representing the peel-off force per unit length
measurements for the four tested sample sets from Table 3. When
compared to the control sample, the peel-off force per unit length for
ripples remains the same. For lines, it is not significantly lower,
and for lines superimposed with ripples - significantly lower.
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lines. Figure 10 2D shows a nanofiber end attached to the ripples
(arrow 1), a nanofiber bridging over multiple ripples (arrow 2), and
a nanofiber bridging just over two ripples (arrow 3). Interestingly,
even though nanofibers orient themselves randomly on the sample
surface, we have not noticed any nanofiber adhering in a parallel
way to the valleys between two lines. Also, there are no nanofibers
adhering to the side walls of the lines, due to geometrical
limitations.

Overall, the micro- and nanotopographies in the presented
samples work in the same manner: they reduce the van der
Waals forces between the nanofibers and the investigated surface
by reducing the surface area available for the nanofibers to adhere to.
We presume that the difference in adhesion reduction comes from
the structures’ cross section: ripples resemble a sine function (where
the period Λ = 415 nm and the amplitude a = h/2 = 81 nm), while
lines resemble a rectangular function (where the period λ = 20 µm
and the amplitude a = h/2 ≈ 2.5 µm). The artificial PA-6 nanofibers
produced with our electrospinning setup have an average diameter
of 83 nm ± 32 nm, thus they are smaller than both the ripples and
the lines. As in the electrospinning process the nanofibers are
randomly positioned onto the artificial surfaces, some nanofibers
align themselves parallel to the ripples, either in the valleys, on the

side walls, or on top of the nanoripples. For this specific case,
nanofibers interact virtually the same as with the control sample,
because in this way, nanofibers attach to the ripples over long
distances. The adhesion reduction in this case comes from
nanofibers oriented under bigger angles relative to ripples
orientation. These fibers attach themselves only to the tips of the
ripples, and do not interact with valleys between two ripples, thus
reducing the area of contact with the sample. In the case of lines, we
have not observed any fiber that is positioned in the valley between
two lines, that is, oriented parallelly to the lines. Multiple nanofibers
do adhere to the bottom of the valley between two lines, but they are
oriented transversally to the line’s direction. Moreover, due to
geometrical consideration, there are no fibers that adhere
parallelly to the side walls of lines: the sharp (90°) slope hinders
parallel nanofiber adhesion. Therefore, microstructured surfaces
render higher adhesion reduction (compared to nanostructured
surfaces), not only due to their aspect ratio, but also due to their
geometry. Even though non-significantly, ripples reduce fiber
adhesion by 7%. Lines render a significantly stronger adhesion
reduction of 28%. The adhesion reduction of these two types of
topographies seems to be cumulative, as the lines superimposed with
ripples reduce the adhesion by 33%.

FIGURE 9
SEM images of nanofibers on: (1A–C) control sample (flat SU-8 film), showing the range of PA-6 nanofibers diameters; (2A–C) ripples, showing
different nanofiber alignment relative to ripples direction; and (3A–C) lines: red arrows point to fibers on the bottom of the valleys between two lines, and
yellow arrows point to fibers attached to lines’ side walls.
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FIGURE 10
SEM images of nanofibers on: (1A–D) lines with parallel ripples and (2A–D) lines with perpendicular ripples. In (1A, 1C)white and black arrows point
to fibers attached to the side walls. (1B) is a highermagnification of (1A), and shows the range of nanofibers diameters interacting with the sample. (1D) is a
higher magnification of (1C). In (2A) black arrows point to fibers attached to the side walls. (2B) is a higher magnification of (2A), and shows the range of
nanofibers diameters interacting with the sample. (2D) is a higher magnification of (2C), and the arrows point to the nanofibers attached to the
bottom of the valleys between two lines.
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5 Conclusion

Ripples on SU-8 films have been previously reported, in
applications as periodic plasmonic substrates for surface
enhanced Raman spectroscopy (SERS) in (Kalachyova et al.,
2017; Kalachyova et al., 2019; Erzina et al., 2020). A detailed
study of the laser irradiation parameters and the outcoming
ripples has never been published before. In this paper, we
present ripples on SU-8 films, produced under the same
average fluence of 10 mJ/cm2, at five different incidence angles
θ = 0°, 10°, 20°, 30° and 40°, but varying the number of pulses N =
1,500, 2,000, 2,500, 3,000, 3,500, 6,000 and 9,000. Our results show
that the minimum number of pulses necessary to produce ripples
on SU-8 films is around 2,500 pulses. The ripples spatial period
and height increase with the number of delivered pulses, but up to
a certain threshold, and we found this threshold to be at
6,000 pulses for SU-8 films. This parameter study was done in
order to find the best suitable ripples for the peel-off force per unit
length measurements.

Microstructures (obtained via contact lithography)
nanopatterned with a partially polarized excimer laser beam have
been reported before in AR-N 4340 photoresist (Ehrhardt et al.,
2020). We present for the first time a combination of UV mask
lithography and KrF* excimer laser beam nanostructuring in the
SU-8 epoxy photoresist. The combination of these two techniques
was done to replicate the hierarchical micro- and nanotopography of
the U. plumipes calamistrum, and to test the adhesion of artificial
nanofibers to these surfaces. Four types of surfaces were produced
and tested: control samples (flat SU-8 films), ripples, lines, and lastly
lines superimposed with ripples. Polyamide-6 (PA-6, Nylon)
nanofibers were electrospun onto the sample, and nanofiber
adhesion was measured by means of a peel-off test. The peel-off
test results indicate that the microstructures have a stronger
influence on the adhesion reduction than the nanostructures:
ripples reduce fiber adhesion non-significantly by 7%, whereas
the lines reduce it significantly, by 28%, when compared to the
control samples. Nevertheless, the highest adhesion reduction of
33% is obtained for the samples combining the lines with the
ripples. Also, we observed that nanofiber adhesion is strongly
influenced by surface chemistry, and when comparing adhesion
to polymer and to gold sputter-coated surfaces, the polymer
surfaces are less adhesive for PA-6 nanofibers. Therefore, our
results open new insights into the parameters (single structures
aspect ratio, distance between two structures) and surface
morphology (micro- or nanostructures, or both) necessary to
account for whenever designing tools for nanofiber handling
(spoolers, convey belts).
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