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extracellular matrices with favourable conditions for cell growth and proliferation. Structures such as
cavities, holes and cuts in the scaffolds can be used to optimize cell growth. We investigated the
influence of different laser sources used for direct laser writing on the cutting and structuring quality
of electrospun polyamide nonwovens. Ablation thresholds and rates were determined. Because of
different approaches in cell colonization with scaffolds, the investigations were carried out on dry,
wet and immersed nonwovens. The results show that femto- and picosecond lasers are very well suited
for processing of dry nonwovens. Processing with green wavelengths is more effective and leads to
similar minimum feature sizes than in the ultraviolet range. Ablation rates up to 8000 um3/pulse were
obtained which are about a factor of 100 higher than those for polyamide bulk material. Nanosecond
UV lasers produced structures of reduced quality. Excimer lasers at 193 nm offer a possible alternative
for large-area structures when operated at low fluences. Processing of wet and immersed nanofibers

is possible with smaller processing speed and with a slightly degraded quality.
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1. Introduction

In regenerative medicine, damaged or malfunctioning
parts of the human body are replaced by artificial tissue. By
extracorporeal proliferation of autologous or xenogeneous
cells on appropriate scaffolds, artificial tissue samples are
generated and subsequently implanted in the human body
[1-3].

To achieve effective cell growth the scaffolds used in tis-
sue engineering should rebuild as close as possible the ex-
tracellular matrix (ECM). One promising technology for the
production of cell scaffolds is electrospinning [4-7]. Fibers
with diameters smaller than one micrometer are drawn from
polymer solutions and form nonwovens with high surface to
volume ratios and distances between the fibers, which allow
the supply of the cells with nutrients. Electrospun nanofiber
mats are also used as filters and membranes [8, 9].

To build 3D tissues the cells should migrate into the vol-
ume of the nonwovens. With spacings between the fibers
typically smaller than 1 pum and cell sizes of up to several
10 pm, growth into the fiber scaffolds is hindered. So, struc-
turing of the nanofiber scaffolds is a way to improve the cell
proliferation into the volume. For electrospun scaffolds, la-
ser processing is one method to create holes, blind holes,
slits or other geometric structures in the samples. Thermal
side effects of the laser process must be avoided because
melting and collapsing of the fiber network could reduce the
nutrient supply of settled cells on the walls of these laser
generated structures. Femtosecond (fs) lasers have been used
to generate structured holes [10-13] to improve cell growth
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into poly (L-lactide) (PLLA), poly(vinyl alcohol) (PVA) or
poly(e-caprolactone) (PCL) nanofiber scaffolds. It was
shown that with fs laser radiation clean structures with small
heat affected zones (HAZ) could be generated and used to
optimize cell population. Pulsed CO,-Lasers were also used
to control structures in PCL nanofiber scaffolds and also to
stack and bond thin porous nanofiber sheets together to form
organ shaped 3D-scaffolds [14].

In this work, laser processing of polyamide (PA) nano-
fiber scaffolds as model systems with different laser sources
was investigated. The aim is to find easy to handle and cost
effective laser processes for cutting and structuring of nano-
fiber scaffolds. It was evaluated, if picosecond (ps) and na-
nosecond (ns) lasers with different wavelengths can be an
alternative to complex fs laser systems [10-13] without re-
ducing the quality of the laser generated features signifi-
cantly. Excimer lasers are used with great success in precise
micro structuring of polymers [15, 16]. For changing of the
surface properties of textile fibers excimer lasers are used
[17, 18]. Therefore, the argon fluorine excimer laser was
tested as a possible source for nanofiber processing in this
work

One suggested approach for the clinical use of nanofiber
nonwovens is to cut small pieces or flakes with dimensions
of less than 1 mm out of the fiber mats [19]. A suspension of
these flakes can be introduced into the body by injection. It
is also suggested to use these 2D flakes as a starting point to
build 3D nanofiber scaffolds [19]. These flakes can be pro-
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duced in a noncontact way by laser cutting, if the heat af-
fected zone and debris contamination is negligible and if the
mechanical properties of the flakes are not degraded. To fa-
cilitate the production of flake suspensions, cutting of wet
nanofiber mats is proposed. Alternatively, it was suggested
to produce the flake suspension by laser cutting of nano-
fibers immersed in water, in saline or in a culture medium.
Therefore, the feasibility of cutting and structuring of nano-
fiber nonwovens in dry, wet and immersed states was inves-
tigated.

2. Material and methods

2.1 Electrospinning

Through the electrospinning process, it is possible to
produce polymer fibers from dissolved polymers in an elec-
tric field. Depending on the process parameters, fibers of dif-
ferent lengths and diameters in the nanometer range are pos-
sible. In the current work, Polyamide 6.6 (Sigma Aldrich)
was dissolved in a blend of 50% acetic acid (Carl Roth) and

50% formic acid (Carl Roth) to a concentration of 15% (w/v).

The commercial electrospinning device “Nanospider”
(Elmarco) was used for the electrospinning process. The
process was carried out at 80 kV with a working distance of
the electrodes of 240 mm. The temperature was kept at 22°C
and the relative humidity was about 30%.

2.2 Laser systems
A Nd: YAG based picosecond laser system with follow-
ing specifications was used (Tab. 1).

Table 1 Data of the picosecond laser

Picosecond laser (Coherent: Talisker)

Wavelength 355 nm 532 nm
Pulse duration 15 ps

Max. pulse energy 20 pd 40 pJd
Max. pulse repetition rate up to 200 kHz
Beam quality M? <1.3

Focal spot diameter 14 um 23 um
Focusing angle (full) ~3.1°

Alternatively, a Nd: KGW based fs laser was used in the
same micromachining workstation (Tab. 2).

Table 2 Data of the femtosecond laser

Femtosecond laser (Light conversion: Carbide)

Wavelength 343 nm 515 nm
Pulse duration 229 fs

Max. pulse energy 16 uJd 26 pld
Max. pulse repetition rate up to 60 kHz
Beam quality M2 <1l.2

Focal spot diameter 14 ym 23 um
Focusing angle (full) ~3.1°
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A galvoscanning system (Nutfield) guided the laser
beam across the sample. The sample could also be moved
using a computer-controlled x-y-z stage. The beam is fo-
cused by f-theta lenses (f = 100 nm @532 nm, f = 103 nm
@ 355 nm). Spot sizes are about 14 um at 355 nm and
23 pm at 532 nm.

A 355-nm nanosecond laser (Tab. 3) was used in a dif-
ferent micromachining workstation, in which the sample is
moved on an X-y-z- stage in a fixed laser beam path. Focal
spot diameter is about 11.6 pum.

Table 3 Data of the nanosecond laser

Nanosecond laser (Nexlase)

Wavelength 355 nm
Pulse duration 1.9 ns
Max. pulse energy 53 pld
Pulse repetition rate up to 200 Hz
Beam quality M? <2
Focal spot diameter 11.6 um
Focusing angle 6.9°

In the excimer laser experiments a mask is illuminated
by the laser beam and a demagnified image of the mask is
produced on the sample (Tab. 4).

Table 4 Data of the excimer laser

ArF Excimer laser (Coherent Compex)

Wavelength 193 nm

Pulse duration 20 ns

Max. pulse energy <1l mJ @ sample sur-
face

Max. pulse repetition up to 100 Hz

rate

The laser processed structures were evaluated by optical
microscopy (Olympus BX50), confocal optical microscopy
(OPM Messtechnik KFM) and scanning electron micros-
copy (LOT Phenom, FEI Quanta 3D FEG)

For comparison, also laser processing of bulk polyamide
was performed (PAG6.6 plate, thickness 1 mm and PA6.6 film,
thickness 17 um, from Goodfellow).

3. Results and discussion
3.1 Dry nanofiber nonwovens

Ablation with solid state UV laser radiation

To determine ablation thresholds for ns-, ps- and fs-UV-
solid state laser radiation the dry polyamide 6.6 nanofiber
fleece samples were irradiated at the focal plane of the fo-
cusing lens. Typical ablation spots obtained with the ps-UV
laser are shown in Fig. 1. The thresholds are determined by
applying the D2-method [20, 21] for single pulse and in sev-
eral cases also for multi pulse ablation. The diameters D of
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the laser ablated spots were measured with optical micros-
copy or SEM. For three solid state UV lasers, the D2 results
are shown in Fig. 2 as a function of the applied fluence.

Fig. 1 Single pulse (ps-UV laser) ablation spot diameters. Left:
F=11.6 J/cm2, Right: 0.9 J/cm2
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Fig. 2 Single pulse ablation threshold measurements of polyam-
ide nanofibers with different UV laser sources. D? of the ablated
areas is plotted as a function of the laser fluence. The extrapola-
tion of the linear fits to zero provides the ablation thresholds Fin.

Table 5 Single pulse ablation thresholds (fluence and in-
tensity) and thermal thresholds (fluence) for UV
solid state lasers]

Laser Fn / ltn /1010 Fen, ¢/

J/cm? W/cm? J/cm?

355 nm, 0.48 0.025 2.1
1.9 ns
355 nm, 0.12 0.8 2.1
15 ps
343 nm, 0.05 21.8 0.5
229 fs
355 nm, 1.5 10 >3,5
15 ps, PA
bulk

For the ns-UV and the fs-UV laser sources two fluence
ranges are found, represented by two linear fits (Fig. 2). For
the ps-UV laser only few data points in the high fluence re-
gion could be measured due to the limited pulse energy of
the laser source. The fluence range with the smaller slope
characterizes the area of the predominantly non-thermal ab-
lation of the material [21, 22]. Around 355 nm wavelength
the photon energy of about 3.49 eV is higher than the energy
e.g. of C-N single bonds in polyamide of 3.16 eV so that also
photochemical ablation is possible. The threshold fluence F

288

characterizes the minimum fluence to achieve material re-
moval. For the fs-UV laser, the threshold fluence Fy, is the
smallest with 0.05 J/cm2. For ps-UV and ns-UV processing
Fw is 0.12 and 0.48 J/cm?, respectively (Tab. 5). The focal
diameter of 14 pm is the same for the fs- and ps-UV-beams.
Larger diameters of the ablated regions were obtained with
fs-pulses than with ps-pulses (Fig. 2). The higher intensities
and the lower threshold fluence enable a better utilization of
the Gaussian beam wings, which leads to larger structural
diameters in fs-UV ablation than for ps-UV ablation at the
same fluences.

For all UV solid state laser sources, the diameters of the
ablated structures are larger than the spot sizes on the sample
surfaces. This behavior has also been observed in different
experiments [11, 23, 24] for processing of other electrospun
nonwovens with fs-lasers.

The squares of the measured diameters of the fs-UV and
ns-UV processing show a second linear slope fluence range
which characterizes thermal ablation (Fig. 2). For fs-UV
processing, the thermal threshold fluence Fun: is about
0.5 J/cm2. For ns- and ps-single-pulse ablation, Fi: is ap-
proximately 2.1 J/cm2.

Previous investigations with polyamide bulk material
[25] showed a distinctly higher threshold fluence of approx.
1.5 J/lem? for samples of 1 mm thickness. For polyamide
films with a thickness of 17 um, Fn = 4.5 J/cm? was deter-
mined. The values determined for Fi, and Fin, : are important
for the processing of the nanofiber nonwovens to minimize
thermal damage by optimizing the laser fluence used. Sin-
gle-pulse ablation can already produce structures of up to
30 um depth. So, for typical thicknesses of 40 um to 80 um
of the PA nonwovens laser structuring by single-pulse or
few-pulse ablation is suitable.

For laser structuring of the nonwovens to optimize the
cell growth or for cutting of scaffold flakes in the submilli-
meter range thermal damage or contamination of the sam-
ples with debris should be avoided. The HAZ was deter-
mined qualitatively from SEM images of cutting edges (Fig.
3).

To prevent contamination of the nonwovens with abla-
tion products from nearby supporting structures, the samples
were cut in a free-hanging way. There was no supporting
structure below the sample and the flakes have to be cut with
a single entity (Ne=1). Otherwise, the flakes, which have not
yet been completely cut, could fold away and become dam-
aged or influence the cutting process in a non-controllable
way. The fluences used in Fig. 3 were chosen, that cuts with
one entity were possible. The ns-UV laser cut was made with
a fluence of 21.6 J/icm? well above the thermal threshold of
2.1 Jlcm?. For the ps-UV-laser, a fluence of 1.42 J/icm?
slightly below the thermal threshold of 2.1 J/cm? was suffi-
cient for a cut with one entity. For the fs-UV laser the fluence
of 4.14 J/cm? above the thermal threshold of 0.5 J/cm? was
necessary for a cut with Ng =1. So, instead of processing
with the same fluences for the different laser sources, com-
parable line energies LE = f*Q/v (f: repetition rate, Q: pulse
energy, v: scanning speed) were chosen to compare the suit-
ability of the different lasers for cutting of free hanging PA
nonwovens with one entity.
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Fig. 3 Laser cuts obtained with one laser scan. The red arrows and
lines indicate the zone beside the laser cut where the nanofiber
structure is changed. Left: ns-UV laser (pulse energy 23 pJ, flu-
ence 21.6 J/em?. v = 1 mm/s, frep = 200 Hz, line energy

LE=4.62 puJ/um); Center: ps-UV laser (1.42 J/cm?, 50 mm/s,

100 kHz, 4.14 pJ/pm); Right: fs-UV laser (F=4.74 J/cm?,

100 mm/s, 60 kHz, 4.38 pd/um).

Width of affected zone / pm

F/J/em?

Fig. 4 Width of the nonwoven region with changed appearance in
the SEM as a function of ns-UV laser fluence.

The ns-UV-processing showed laser affected zones
along the cuts. A region along the cutting edge can be ob-
served where the typical nonwoven structure (Fig. 3, red ar-
rows) is changed. The extent of this region is fluence-de-
pendent and increases with increasing laser fluence (Fig. 4).
An explanation could be a partial melting of thinner fibers
within the nonwoven, which solidify in a denser structure.
Also, a contamination with very small debris particles can-
not be excluded. After ps-UV- and fs-UV laser processing
the cutting edges have only small zones of a few micrometer
width with changed appearance of the nonwovens. No con-
tamination with debris was detected (Fig. 3)

To determine ablation rates for the ps- and fs- lasers the
depth profiles and the extensions of the laser ablated struc-
tures were measured and the ablated volumes were calcu-
lated by evaluating confocal microscopy images (Fig. 5).
The nonwoven volumes ablated by single pulses are shown
in Fig. 6 as a function of fluence. For comparison, the data
obtained with bulk PA material are included.
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Fig. 5 Confocal image and depth profile for a typical single pulse
nonwoven ablation site.
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Fig. 6 Ablation rates as a function of fluence for the nonwovens
and the PA bulk material.

For all solid state laser sources the ablated nonwoven
volume increases with the fluence. The volumes ablated by
the ps-UV and fs-UV-lasers lasers are nearly identical within
the experimental errors. A greater average depth was ob-
tained with ps-UV radiation than with fs-UV radiation.
However, due to the significantly larger ablation diameters
for the fs-UV laser, the ablation rates turn out to be similar.
For bulk material, the ablation rates are about two orders of
magnitude smaller.

To estimate the density pnw Of the nonwovens, samples
with 2 cm x 2 cm areas were balanced. The thickness of the
samples (about 80 um) was measured by confocal micros-
copy. It was found that pnw is about 0.09 g/cm3. For bulk PA
6.6 a density pg of 1.13 g/cm?3 was determined. The porosity
prw [26] of the nonwoven PA 6.6 was calculated by
prw=(p& - pnw)/pe and found to be about 92 %.

The high ablation rates for the nanofiber samples are
probably due to the high porosity, the lower ablation thresh-
olds (Tab. 5), and the light diffusion into the porous
nonwovens. Together, these effects result in ablation in a
more extended area than in the bulk material. To obtain sim-
ilar ablation rates as for the ultrashort UV lasers the ns-UV-
laser must be operated at higher fluences.

Excimer laser processing of dry PA nonwovens

In addition to the processing with solid-state laser pulses
of different pulse durations, experiments were also carried
out with an ArF excimer laser. Typical PA nanofiber fleece
ablation sites obtained by the excimer laser are shown in Fig.
7 for three different fluences. For comparison, in Fig. 7 also
the ablation of PA bulk material is shown.
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Fig. 7 Nanofiber fleece ablation spots after 50 excimer laser
pulses. Top: F =14 mJ/cm?, 33 mJ/cm2and 43 mJ/cm2, Below:
Enlarged sections as indicated by the white squares. Bottom: PA
bulk ablation, F = 430 mJ/cm2.

To estimate the ablation thresholds for excimer laser pro-
cessing of the fleece material structures were processed with
different fluences and analysed by optical microscopy. The
fluence between the smallest, with visible ablation, and the
highest, without visible ablation, is taken as the ablation
threshold. In Fig. 8 the data are collected and compared with
the results obtained with bulk PA 6.6.

0.05

0,045 F- # Bulk Material
0,04 F } B Fiber Material
i, 0,035 F
=
2 003 | E 3
5 3
3 0,025 F
2 E
9 002 F &
& o015 E 3
001 F ¥ .
£ [ |
0,005 |- d m
(1] L
0,1 1 10 100

No. of pulses (N)

Fig. 8 Estimated thresholds for excimer laser ablation of PA nano-
fiber fleece and PA bulk material for single and multi-pulse abla-
tion.

Single pulse and multi pulse ablation thresholds for the
PA bulk material are higher than the thresholds for the nan-
ofiber material. Probably, the polymer bonds in the nano-
fibers are partly weakened by the electrospinning process.
Also, light scattering in the fiber mats may result in a more
effective interaction between the laser photons and the pol-
ymer than in the bulk material. The decrease of the ablation
threshold with the number of laser pulses is due to creation
of absorbing sites by the first laser pulses. A similar incuba-
tion behaviour was observed by Kriiger et al. [27] for
248 nm ablation of polycarbonate, while for polyimide and
polyethylene terephthalate no incubation was observed.
Sharp edges of the ablated spots on the nanofiber fleece are
obtained (Fig. 7). On the bottom of the areas irradiated by
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50 pulses at a fluence of 14 mJ/cm?, a change in the fiber
structure was observed. The nanofibers tend to collapse and
to form thicker fibers. This tendency increases with increas-
ing fluence. In contrast, PA bulk ablation (Fig. 7, bottom) is
possible with sharp edges and with no observable thermal
damage.

Yip et al. [28] studied 193 nm ablation on PA 6 textile
fibers of about 15 pm diameter. For fluences above 13
mJ/cm? they observed ripple formation on the fibers. Com-
parable to the nanofiber merging observed in this work the
tiny ripples on the textile fibers merge together with increas-
ing number of pulses. The penetration depth of 193 nm radi-
ation in nylon 6 is about 0.5 um [29] and larger than the di-
ameters of the nanofibers. Taken into account the results of
Ref. [29] it is expected that the temperature throughout the
nanofibers increases above the melting temperature already
at moderate fluences, while for the thicker textile fibers only
a surface layer is molten.
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Fig. 9 Ablation depth for excimer laser ablation of PA nano-
fiber fleece for two different fluences and for PA bulk material.
The repetition rate was 100 Hz.

For the PA nanofiber fleece, it was found that the abla-
tion depth is increasing with the fluence, but that it is not
increasing within the experimental errors with increasing
pulse numbers (Fig. 9). For PA bulk material, the ablation
depth increases linear with the number of pulses. It is as-
sumed that the surface structure of the fleece is altered al-
ready by the first laser pulses. The applied intensity of the
following pulses is not sufficient to ablate the changed sur-
face. So, nonwoven ablation control by the number of ex-
cimer pulses is hard to achieve.

Ablation with green fs and ps lasers

In addition to nanofiber processing with laser sources in
the UV range, investigations were carried out in the green
wavelength range at 515 nm and 532 nm with pulse dura-
tions of 229 fs and 15 ps, respectively. The ablation thresh-
olds are derived from the data shown in Fig. 10 and are col-
lected in Tab.6. For single pulse ablation of dry nonwovens,
similar ablation thresholds were determined as for UV laser
processing (Tab. 5): Fn= 0.14 J/cm? (532 nm, 15 ps), Fin =
0.07 J/emz (515 nm, 229 fs). Thus, the effect of direct bond
breaking by UV photons seems to have little effect on the
ablation threshold. For the green wavelengths, the thermal
thresholds Fu: of 2.9 J/cm2 (532nm, 15ps) and 1.1 J/cm?
(515 nm, 229 fs) are estimated from the data shown in Fig.
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10. The “green” thermal ablation thresholds are
higher than those in the UV range.
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Fig. 10 Single pulse ablation threshold measurements of polyam-
ide nanofibers with 515nm fs- and 532nm ps-laser.

Table 6 Single pulse ablation thresholds (fluence and in-
tensity) and thermal thresholds (fluence) for

green solid state lasers.

Laser Ftn / len / Ftnt /

J/cm2 1019 W/cm?| J/cm?

532 nm, 15 ps 0.14 0.93 2.9
515 nm, 229 fs 0.07 31 1.1

The diameters of the structures produced with green fs-
pulses are slightly larger than those produced with green ps-
pulses. The wings of the fs beam profile contribute to the
ablation in an extended area because of the higher intensity
for these pulses (Fig. 10).

Although the focal spot sizes of the green and the UV
laser are different (UV: 14 um, green: 23 um) it was found
that the sizes of the ablated structures with the green ps laser
are comparable to the sizes obtained with the ps-UV laser.
So, it turns out that it is not possible to achieve finer struc-
tures on the nanofiber nonwovens with UV laser light than
with green laser radiation. It is assumed, that the interplay of
wavelength dependent light scattering in the strongly inho-
mogeneous mats with fiber diameters and spaces in the
range of the wavelengths and different ablation thresholds
result in larger laser affected areas for UV laser sources.

During cutting or structuring of PA nonwovens with the
green lasers, small HAZs of less than 5 pm (532 nm, 15 ps)
and less than 2 um (515 nm, 229 fs) are formed (Fig. 11).
The cuts shown were obtained with a single scan line
(Ne =1). The applied line energy LE was similar for both la-
Sers.

The ablation rates for the green ps-laser and the green fs-
laser are nearly identical and higher than those for the UV
solid state lasers. This is consistent with the calculated opti-
cal penetration depth a;}f obtained by evaluation of the
measured hole depths h per pulse. A phenomenological
Lambert-Beer model [30, 31] was used to calculate a;flf:

- F
h= ag-In (a) )

F is the fluence and F, the threshold fluence. Where pos-
sible, the data have been analyzed for the low fluence range
(2*Fin < F < 0.5 Fwy) and for the high fluence range (F >
2*Fwy). In the high fluence range, the penetration depth for
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the green fs and the green ps laser is about 27 pum. In the low
fluence range, the penetration depth is about 12 pum.

Fig. 11 SEM images of dry nanofiber flake cuts obtained with one
scan line. The white squares indicate the magnified areas shown
below. Left: ps-laser ablation, A=532 nm, F=0.81 J/cm?,

v=200 mm/s, frep=200 kHz, LE= 4pJ/um. Right: fs-laser abla-
tion, 515 nm, 0.79 J/cmz2, 50 mm/s, 60 kHz, 3.6 pJ/pum.

For the ps-UV laser, in the high fluence range, the pene-
tration depth is about 14 um, while for the fs-UV-laser the
corresponding penetration depth is only 5.5 pm. As men-
tioned above, because of the bigger ablation spot diameters
for the fs-UV laser, the ablated volumes are similar for these
lasers (Fig. 6). For PA 6.6 bulk material the multi pulse ther-
mal threshold was estimated to be higher than about 3.5
Jlcmz. So, a penetration of less than 0.9 um in the high flu-
ence range and less than 0.2 um in the low fluence range was
estimated. Because of smaller ablation spot diameters and
smaller penetration depths, the ablated volumes of the bulk
material are much smaller than those for the nanofiber
nonwovens.

The 355 nm photon energy Ep of 3.49 eV is higher than
the C-N-bond energy of 3.16 eV in the PA 6.6 polymer, so
that ablation by direct bond breaking is possible. For the 515
nm (E,=2.41 eV) and 532 nm (E, =2.33 eV) the photon en-
ergy is not sufficient for C-N bond breaking, so that nonlin-
ear absorption is necessary for ablation.

So, comparing Fig. 3 and Fig. 11 it is obvious that, with
moderate fluences, high cutting edge qualities can be
achieved with the UV and also with the green ultrashort
pulse lasers. The UV ns-laser cuts are of a somewhat re-
duced quality. The green ps-laser is an efficient tool for pre-
cise cutting of dry PA nonwoven and favourable because of
the less complexity compared to the fs- and the UV lasers.

Using mask imaging the 193-nm excimer laser is useful
for larger area processing of dry nonwovens, however the
fluence must be carefully controlled to avoid thermal effects
in the irradiated areas (Fig. 7).
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3.2 Wet nanofiber nonwovens

In certain application scenarios, it is necessary to pro-
duce nanofiber scaffolds from wet samples, e.g. cutting of
populated nonwovens when they are soaked with a nutrient
medium, with a PBS solution or with deionized water. To cut
wet nanofiber nonwovens the samples were placed in deion-
ized water for 30 min. Then, the samples were taken out of
the water, drops were removed, and then the wet nonwovens
were immediately processed by the laser. The Ablation
thresholds are obtained from D2 (F) measurements as shown
in Fig. 12. The results are collected in Table 7.
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Fig. 12 Determination of single pulse ablation thresholds for wet
nanofiber fleece samples

Table 7 Single pulse ablation threshold for wet PA nano-
fiber fleece. *: Data taken from [25] , **: this work
Laser Fin / ltn /
J/cmz2 101%W/cmz2
355 nm, 1.9 ns ** 1.24 0.12
355 nm, 15 ps * 0.16 1.06
515 nm, 229 fs ** 0.127 30.5
532 nm, 15 ps ** 0.5 0.93

The ablation thresholds for the wet nonwovens are
higher than those obtained for ablating dry samples (Tab. 5
and Tab. 6).

Fig. 13 SEM Images of processed wet nanofiber flakes. Left: ns-
UV-ablation F=37.1 J/cm?, v=1 mm/s, fre;=200 Hz, number of la-
ser scans Ne=1, line energy LE=8.4 pJ/um; Center: ps-UV-abla-
tion (5.4 J/cmz, 200 mm/s, 200 kHz, Ne=1, 8.0 p/um); Right: fs-
UV-ablation (8.61 J/cm?, 100 mm/s, 60 kHz, Ne=1, 7.5 pJ/um).

In Fig. 13, cutting results of wet samples with the differ-
ent UV solid state lasers operated at similar line energies LE
are shown. Compared to dry UV laser processing, larger la-
ser affected zones are formed at the cutting edges after “wet”
processing with ns-UV, ps-UV and fs-UV irradiation. It also
appears that the top layers of the nonwovens tend to delam-
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inate and to curl after wet cutting. This has already been ob-
served in ps-UV processing [32]. The fine fiber structure of
the nonwovens in the curls is changed. Comparing the re-
sults shown in Fig. 3 for processing of dry nonwovens with
those shown in Fig. 13 for wet samples, it is obvious that the
presence of water in the wet samples strongly changes the
cutting process. The wet samples were processed with inten-
sities of about 2*10'° W/cm? (ns), 2*10' W/cm? (ps) and
4*10%2 W/cm2 (fs). These intensities are close to or above the
intensity at which the transmission of pure deionized water
drops by laser-induced breakdown (cf. Fig. 16), plasma ab-
sorption, beam scattering and deflection by cavitation bub-
bles. Also the threshold for laser induced breakdown (LIB)
may decrease by increased laser absorption due contamina-
tion of the water by fiber ablation debris. As mentioned
above, the dry PA nanofiber nonwovens have a porosity of
about 92 % and take up water of about 13 times of the their
own weight. The water intake of the PA 6.6 polymer itself is
small (2.3 % within 24 h, according to the specifications of
the supplier of bulk PA), so the water mainly fills the spaces
between the nanofibers. Probably, the bigger fraction of the
laser energy is absorbed in the water filled spaces and the
fibers are partly shielded from direct laser irradiation. It is
known that the destruction or lysis of biological cells under
a water layer [33] by ns laser radiation is mainly due to cav-
itation bubbles created by LIB in the water above the cell
layer. Thus, it is assumed that similar processes driven by
LIB occur in laser cutting of wet nanofiber nonwovens. Cav-
itation bubble dynamics are also typically accompanied by a
temperature increase [34]. Also the remaining laser energy
absorbed at fluences below the ablation threshold will in-
crease the temperature and can contribute to partly melting
and collapsing of fibers along the cut edges. So, higher
thresholds for processing of wet nonwovens are attributed to
water absorption.

It has to be considered, that during preparation for the
scanning electron microscope the fiber samples cut in the
wet state have to be dried. Drying of the nonwovens is ac-
companied by a certain shrinking of the samples, but we did
not observe the formation of curls after drying of wet sam-
ples cut mechanically by a scalpel. So the curls observed in
Fig. 13 are probably formed during the laser process.

There are only small differences in the morphology of
the cut edges for the wet samples (Fig. 13) obtained with the
ns-, ps,- and fs-laser and nearly the same line energy. This is
an indication that cutting of wet nonwovens is driven by LIB
in the water surrounding the nanofibers. On the contrary, the
cuts of the dry nonwovens (Fig. 3) are generated by direct,
pulse duration dependent, laser ablation of the polyamide.

For structures generated with the ps-UV laser, e.g. holes
or channels, even at moderate fluences partly fusion of the
fibers in the upper layers were observed on the bottom of the
structures. The different surface texture could possibly coun-
teract a successful cell colonization. Using the fs-UV laser
fiber fusion is strongly reduced. Even smaller thermal laser
effects on the fiber morphology have been observed for pro-
cessing with the green fs-laser. As seen in Fig. 14 there is an
intact structure with a slightly reduced packaging of the fi-
bers on the bottom of the fabricated structure, but with neg-
ligible thermal damage. Like the results in the UV range (Fig.
13), a small laser affected zone is formed on the cutting
edges.
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Fig. 14 Laser generated grooves in wet fleece samples. Left:
green fs-radiation (F=1.93 J/cm2, fiep=60 kHz, Vscan=400 mm/s);
Right: magnified image of the marked area.

The ablation rates for the green laser sources with up to
8000 um3/ pulse (Fig. 15) are well below the rates for dry
processing (Fig. 6). There are only small differences be-
tween ps- and fs-processing. For ns-UV processing of wet
samples higher fluences must be applied to achieve similar
ablation rates. This tendency was also observed for dry sam-
ples (Fig. 6).

The smallest diameter of ablation spots of about 10 um
for “wet “cutting was obtained with the green ps-laser. For
comparison, the green fs-laser produced minimum spot sizes
of about 33 um. In general, the ablation depths for wet pro-
cessing are smaller than those for dry processing.
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Fig. 15 Ablated volumes of wet samples as a function of fluence.
3.3 Immersed nanofiber nonwovens

For special applications [19] it is necessary to produce
nanofiber flakes from nonwovens immersed in liquids as nu-
trient media, PBS solutions or deionized water.

To evaluate useful fluence and intensity ranges for struc-
turing and cutting of immersed PA nanofiber samples the
transmission of deionized water (Fig. 16) was measured for
the UV laser wavelengths 355 nm (ns- and ps-laser) and
343 nm (fs-laser). The laser beams were guided through a
10-mm water column in a fused silica petri dish. As indi-
cated in Fig. 16 in the low intensity range several data were
taken with the water column out of focus. In these cases, the
laser spot size on the water surface was used for intensity
calculations. For higher intensities of the ns- and ps-laser the
focus was placed about 3 mm below the water surface and
the focal spot size was taken for intensity calculations.

293

°
(R ] [
! . . - ]
1,0 =5 L L s %% e 4 ‘kﬁu%‘@?‘u
- ®
°
0,8 om
" I ]
S Water! L
g 0,6 1 + ns-laser, focus under water surface | |
E | M ps-laser, focus under water surface
kS ® ps-laser, out of focus [ 8
=
= 0,4 | ® fs-laser, out of focus ll
|

Water |
0,2 |
.

0,0

1,0E+05 1,0E+06 1,0E407 1,0E+08 1,0E409

Intensity / W/ecm?

1,0E+10 1,0E+11 1,0E412

Fig. 16 Transmission of a column of deionized water of 10 mm
height for different UV solid state laser. The beam paths are indi-
cated in the figure.

For moderate intensities below 1*10* W/cm? the linear
absorption is negligible. Above this limit, the transmission
of the ps- and fs- UV-laser beams become unstable and drops
rapidly. This is attributed to laser-induced breakdown in wa-
ter followed by plasma absorption and disturbing the beam
by cavitation bubble formation. The threshold intensity for
the optical breakdown estimated here for the ps- and fs- UV
laser beams is in the same order of magnitude as those found
by Vogel et al. [35] for 532nm-60ps pulses
(2.8*10" W/cm?), and lower than those observed for 580
nm-300 fs pulses (48*10*W/cm2). For ps- and fs-UV lasers
no threshold data were available for direct comparison, it is
assumed that the ultrashort pulses at the UV wavelengths
used in this work will lead to a more efficient multiphoton
absorption and therefore to a lower optical breakdown
threshold compared to the thresholds for green wavelengths.

For the ns-, ps- and fs-UV solid state lasers used in this
work the maximum power is 0.07 MW, 1.7 MW and
206 MW respectively. The critical power for self-focusing is
given by [36] with the intensity dependent refractive index
n = no+n2*I:

3.77-A%
8Ny ny (2)

To our knowledge for water, no data for n, are published
for ns (355 nm), ps (355 nm) and fs (343 nm) laser radiation.
Wilkes et al. [37] measured n, = 1.9%10%6 cm?/W for 815 nm,
90 fs pulses and n, = 1.7*10°® cm2/W for 403 nm, 250 fs
pulses. Assuming the 403 nm n; value critical powers of 0.8
MW and 0.77 MW are estimated for 355 nm and 343 nm. So,
for the ns-UV laser no self-focusing is expected. For the ps-
UV-laser weak self-focusing is possible, while the fs-UV-la-
ser will show strong self-focusing.

For the green ps- and fs-laser wavelengths, the maxi-
mum peak powers used in this work are 2.6 MW (ps) and
253 MW (fs). Critical powers for self-focusing are estimated
by 1.9 MW at 532 nm and 1,7 MW at 515 nm, assuming
nz = 1.7*10% cm?/W. So, self-focusing is negligible for the
green ps-laser. The green fs-laser will be affected by self-
focusing [38].

For the intended applications, a long working distance
between the focusing lens and the water surface and hence a
low numerical aperture is required. A liquid layer thickness
of a few mm above the nanofiber fleece sample is necessary.

Pt =
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The liquid surface will be in the narrow section of the beam
with high intensities. In case of the fs-laser the focus position
and the optical breakdown position be will lifted by self-fo-
cusing to a position closely under the water surface away
from the nanofiber sample. Clean cutting or structuring with
the UV- and green fs laser wavelengths of immersed nano-
fiber flakes is therefore hard to achieve in this setup [39]. So,
in this work structuring of immersed fiber samples were
done only with the ps-UV- and the green ps-laser and with
the ns-UV laser. The change in the focal position by the wa-
ter layer of thickness ho above the sample was considered by
lowering the sample stage by

1
Az = ho-(a—l) 3)
with the refractive index of water at the laser wavelength
[38].

Fig. 17 Laser cuts of immersed nanofiber nonwovens. Left:
ns-UV laser F=47.3 J/cmz, frep:200 HZ, Vscan=0.2 mm/s, NE:5;
Center: ps-UV laser (4.2 J/cmz, 200 kHz, 10 mm/s, NE=40);
Right: green ps-laser (3.15 J/cm?, 200 kHz, 5 mm/s, NE=40). The
features at the right side of the dotted lines are due to SEM sam-
ple preparation. (see text)

SEM images of laser cuts under immersed conditions are
shown in Fig. 17. The cutting edges obtained with the ns-UV
(Fig. 17, left) show some unravelling of the fibers, but oth-
erwise only a small laser affected zone is formed.

Cutting edges obtained with the ps-UV-laser are shown
in Fig 17 (center). During drying of the sample for electron
microscopy some shrinking of the nanofiber flakes on the
SEM sample holders was observed, which is attributed to the
SEM preparation and not to the laser process. As indicated
by the dotted lines in Fig. 17, the bottom fiber layer stick on
the adhesive film while the top layers contract by a few mi-
crometres. The nonwoven shows a small laser affected zone
but no unravelling of the fibers.

The cuts produced by the green ps-laser (Fig. 17, right)
show the clearest edges without a significant laser affected
zone.

For further improvements of cutting immersed nanofiber
nonwovens laser filamentation has to be tested for the fs-
lasers, where the power is much higher than the critical
power for self-focusing [40, 41].

The 193-nm excimer laser is not well suited for nano-
fiber flake ablation under saline or nutrient solutions. For a
0.9% sodium chloride solution the linear absorption coeffi-
cient is 81 cm® corresponding to a penetration depth of
123 pm [42], which is much smaller than the thickness of
the liquid layer used for these applications. In pure water
(absorption coefficient 0.012 cm™, penetration depth
8.3 cm), ablation is possible but easily hindered by contam-
ination of the water through the material removal process.
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4. Conclusion

For structuring or cutting or of small PA nanofiber flakes
with dimensions smaller than a few millimeters laser af-
fected zones must be reduced to a minimum. For dry nano-
fiber flakes this can be done with green ps- or fs- laser pulses.
Because of the simpler technology, the ps-lasers are more
economical for these purposes. For less demanding cutting
processes for nanofiber nonwovens the use of UV ns-laser
or green ns-lasers has to be investigated further. In terms of
ablation rates and minimum structure sizes or laser affected
zones, there is no advantage in using ps-UV - or fs-laser
pulses.

The best processing quality of wet nanofiber samples
soaked with liquids used in cell culturing is obtained with
green fs-laser pulses. The ablation rates for the green fs- and
the green ps-lasers are comparable. In contrast to the abla-
tion of dry samples cutting edges on the wet samples show
forming of curls of a few um width along the edges.

Optimum processing quality for immersed PA nanofiber
fleece was obtained with the green ps-laser.

Currently, cell cultivation experiments with human 3T3-
fibroblasts are under way to identify optimum laser gener-
ated geometric structures for efficient cell growth with re-
spect to further development of 3D electrospun nanofiber
scaffolds.
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