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Abstract. We have investigated laser surface processing of different materials
such as 3D-PCL, medical grade PDMS variety of metal and plastic samples with
fs laser pulses. It is reported the first attempts for performing micro modifications on 3D-PCL scaffolds surfaces by femtosecond laser irradiation.
PACS codes: 79.20.Ds

1

Introduction

Ultrafast laser processing is an advanced method for direct and selective surface
modification and functionalization of the surface of different materials. One of
the major advantages of the laser as a tool for material processing is the ability
to precise control where in the material and at what rate energy is deposited.
Confinement of deposited energy to desired regions on a material’s surface can
be achieved by controlling the laser’s spatial intensity profile. Furthermore, the
method is distinguished by precise control of process parameters, relative simplicity and flexibility of the work system and economically viable than other
conventional methods. Depending on the material properties and laser beam
parameters, the interaction of laser radiation with a particular material can be
predicted and optimized so as to cause a permanent (irreversible) change in
the surface properties (surface topography, crystalline structure and/or chemical
composition, polymerization) in order to increase its efficiency in view of the desired function. The unique aspect of this case for many applications, the surface
modifications of the material can vary in different range of scale (from micro to
nanoscale) on one hand and on the other to provide direct writing of complex
(2D) and (3D) structures. By appropriate selection of process, parameters can
be achieved significant miniaturization of the size of these structures. The laser
treatment is mainly based on the process of ablation, wherein the reaction of the
1310–0157 c 2017 Heron Press Ltd.
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laser energy with the material results in a removal of material above certain fluence (threshold laser fluence). This threshold value depends on simultaneously
on the properties of the material and the wavelength and pulse duration. Since
ablation is determined by the absorption of laser photons by the sample material,
the wavelength of the laser must be carefully selected for maximum utilization
of energy. On one hand, a high optical transparency of nanocomposites biocompatible polymers in the near ultraviolet (UV), visible (VIS) and near-infrared
(NIR) region of the electromagnetic spectrum, and on the other hand, the lasers
generating precisely in the same range the process parameters have to be extremely refined. Ultrafast laser treatment provides the most diverse possibilities
for modifying the surface properties of biocompatible polymers to increase the
efficiency of their properties or facilitate their functionalization.
Recently, femtosecond ultraviolet and infrared laser radiation is used much more
intense for surface processing and the formation of 3D structures in various polymers [1-6]. One part of these studies was aimed at establishing of threshold fluence of ablation in dependence on the number of overlapping pulses, and other
to study the influence of the density of the laser energy and the number of laser
pulses on the quality and depth of the received channels or craters. The efforts
are focused also on the study of changes in the structure and chemical composition and/or subsequent functionalization of polymers after laser treatment.
Micromilling and drilling, surface structuring, cutting and scribing have been
used on both, metals and dielectrics to create micromechanical devices (MEMS,
MOEMS), nozzles, solder masks and stencils, biomedical device, micro-optics
(micro-lenses, diffractive elements), photonics devices (optical waveguides,
telecommunications devices) and more [7]. The investigation of the postprocessing craters in the material samples is important for demonstrating the
effect of various laser parameters on micromachining process. The further analysis and interpretation of the results leads to understanding the laser ablation
phenomena, which occurs during a highly energetic laser irradiation of the material, and results in detachment of microparticles. The nature of the ablation
process in a femtosecond laser pulses regime differs from the ablation caused by
the nanosecond and picoseconds laser pulses. Since the development of modelocked lasers, ultrashort pulse durations became available, allowing measurements in the femtosecond range.
Numerous groups studied the ablation processes analytically and numerically.
Many models have been proposed to explain various aspects of the femtosecond
ablation process including ultrafast laser pulse absorption by solid targets, femtosecond heating, expansion, stress generation, defect capture and formation of
periodic surface structures on surfaces [8-10].
In spite of numerous investigations the fundamental mechanisms leading to the
material removal are still rather poorly understood. Several different ablation
mechanisms were identified in theoretical investigations including spallation,
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explosive boiling, and vaporization [11-14].
The present paper is organized as follow: Section 1 – Introduction; in Section 2
are described the methods and used materials; Section 3 gives the experimental
results followed by discussion; Section 4 ends the paper with conclusions.
2
2.1

Methods and Materials
Surface modification on 3D poly-(ε-caprolactone) (PCL) scaffold
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Figure 1. Images of the printed 3D-PCL scaffold sample: (a) Dino-Lite digital microscope image; (b) SEM image of non irradiated sample, ×200 magnification.

Figure 1. Images of the printed 3D – PCL scaffold sample: Dino-L
The woodpile structure of the printed samples has a cubic shape composed of
microscope
image (a), SEM image of non irradiated sample, x200
19 layers and 13 fibers. The obtained average diameter of the fiber is 209 µm.
The average distance between the fibers is approximately 148 µm and porosity
(b).
of 40%. In this study, 3D-PCL scaffolds with dimensions 5 × 5 mm in width and
3 mm in height have been printed for femtosecond laser irradiation application
(see Figure 1).
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in height have been printed for femtosecond laser irradiation
Figure 1).
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Table 1. Micromachining parameters
Wavelength
[nm]

Repetition rate
[kHz]

Pulse energy
[µJ]

Pulse width
[fs]

Process velocity
[mm/s]

520
800

1

650
500
300
100
50

35

10
50

Table 2. Materials and analysis
Metals

Sample
thickness
[mm]

Stainless steel
Aluminium
Nickel
Zinc
Copper
Brass

0.457
0.406
0.508
0.508
0.172
0.406

Plastics

Sample
thickness
[mm]

Polypropylene
Polycarbonate
Nylon
PTFE

1.524
0.762
1.587
1.029

Result analysis
Crater dimensions
Crater depth
Heat affected zone
Laser fluence
Ablation thresholds [J/cm2 ]

The samples have been mounted directly on the linear stages, in the laser focus.
The micromachining process has been scribing a straight line, approximately 1–
2 cm long, on the surface of the chosen material. The process has been applied to
each of the samples from “metals” group, using two different wavelength values.
The samples from “plastic” groups have been machined using a “fast” variation,
to prevent the significant heat damage on the surface of the samples, occurring
during low velocity regime.
In each setup variation, a parametric study with different laser pulse energy has
been conducted. The desired energy has been obtained by ND filter and varied
from 50 µJ to 650 µJ. The energy value has been confirmed by a power meter.
The evaluation of the experiment results is based mostly on the microscopic
images. The stereoscopic metallographic microscope (up to 200 magnification)
is used for crater dimensions, line width, heat affected zone range and debris
measurements.
2.3

Surface modification on medical grade PDMS

The present work concerns investigation on medical grade polydimethyl siloxane (PDMS) elastomer irradiated by fs-laser. The motivation of this case study is
based on the wide use of PDMS material in medicine and medical devices. Fur136
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thermore, it is a continuation of the work by [18-20]. The aim is to investigate the
capability of fs laser irradiation in the regime of 35 fs using the fs laser system
in our laboratory (Figure 3). Trenches on the PDMS-elastomer MED 4860 sur4860have
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2.42.4.Experimental
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Figure 2. Scheme of the experimental setup.
Figure 3. Scheme of the experimental setup.

137

E. Iordanova, G. Yankov, K. Garasz

Figure 3. Photo image of the fs-laser system of the experimental setup.

Figure 4. Photo image of the fs-laser system of the experimental setup.
3
3.1

Results and Discussion

III.

Results and Discussion

3D-PCL scaffolds

3.1.
3D – PCL
scaffolds
The irradiated
surfaces
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The processing of
the sample
has been The fluence values
performed
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6.37 surface
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surface
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as over
scaffolds.
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thelaser
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has heat
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focused.
Onsurfigure 5 can be seen
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rounding
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5a).
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around
the
modiclearly the potential of femtosecond laser irradiation for inducing surface
fied laser zones has been observed by increasing the laser energy and at constant
modifications
of 3D-PCL
scaffolds.
exposure time (figure
5c). Thisas
is not
the case for lower laser intensities (Figure 4a).
samples
have beenhave
irradiated
by laser
fluence of
F = 6.37 J/cm
At
lowThe
laser
intensities
been
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negligible
heat2 , distribution at the
exposure time of areas
1 s at 800
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It has been observed
thatcreated around the
surrounding
(figure
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of rims
working in low fluence regime the femtosecond laser interaction with PCL remodified
zones
has been
observed
byFemtosecond
increasingprocessthe laser energy and at
sults in cleanlaser
ablation
with minimal
heat affected
zones.
ing regime proceeds
withtime
plasma-induced
ablation.
leadsthe
to rapid
constant
exposure
(figure 5c).
ThisThis
is not
caseformation
for lower laser intensities
of plasma and vapor which leads to negligible heat affected zones. Thus, the ab(figure
5a). The samples have been irradiated by laser fluence of F = 6.37 J/cm2,
sence of collateral damage and very clean ablation.
exposure time of 1 sec at 800 nm central wavelength. It has been observed that
working
in low fluence regime the femtosecond laser interaction with PCL
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results in clean ablation with minimal heat affected zones. Femtosecond
processing regime proceeds with plasma – induced ablation. This leads to rapid
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The nature of ultra-short interaction processes where the photon energy is less
than the band gap of the material is the main reason for this phenomenon. The
laser photons at 800 nm have 1.55 eV energy while the most polymers have
photon energy from 4 to 7 eV. In the case of femtosecond ablation of polymers
the near IR photons are nonlinearly absorbed through multiphoton absorption.
This leads to multiphoton ionization, which enables precise micro structuring
[8].

Figure 4. SEM images of 3D-PCL scaffolds irradiated with: (a) F = 3.18 J/cm2 ; (b)
Figure
5. SEM
of 3D
PCL 2scaffolds
= 3.18
J/cm2
(a);
F = 4.78
J/cm2images
; (c) F =
6.37– J/cm
and time irradiated
of exposurewith
of 1 Fs at
800 nm.
Each
row
Frepresents
= 4.78 J/cm2
(b); F = on
6.37
andsame
timecondition.
of exposure 1 sec at 800 nm. Each
two positions
theJ/cm2
sample(c)
under
row represents two positions on the sample under same condition.
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multiphoton ionization, which enables precise micro structuring [8].
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The combination of rapid prototyping technique with laser assisted ablation allows clean ablation craters at the material surface. This could be applied for
improving surface properties like roughness and wettability thus enhancing the
cell adhesion and differentiation.
The experimental results obtained in this study indicate that precise control over
laser beam position on the material surface is required in order to achieve welldefined surface modification and to increase the level of precision of laser –
material micro processing. Furthermore, the laser parameters such as output
energy and exposure time enable to expand the laser system capabilities for better detailed studies of the optimal surface structure of the polymer for medical
applications.
3.2

Laser micromachining on metal and plastic

The theoretical ablation thresholds for metals have been calculated from the
equation below. Thin metal foils, as listed in Table 3, have been examined. The
ablation threshold have been calculated for the samples under study. The effects
of the laser pulse on ablation threshold, heat accumulation, ablation efficiency,
cold and hot ablation mechanisms and the amount of liquid phase occurring during the laser irradiation have been studied. The specific material parameters,
such as absorption rate and heat conductivity have been included as significant
variables
3
λna
Fth = (εb + εesc )
.
8
2π
Table 3. Theoretical ablation thresholds for metals [J/cm2 ]
Wavelength

Stainless steel

Aluminium

Nickel

Zinc

Copper

Brass

800 nm
520 nm

1.18
0.77

1.06
0.69

0.64
0.42

0.63
0.41

0.56
0.36

1.06
0.36

A broad parametric study has been obtained on metals. Figure 5 shows the results of laser scribing process on the surface of metal samples with pulse energy
from 50 µJ to 650 µJ. The study has been conducted at a wavelength of 800 nm
and pulse repetition rate of 1 kHz. The results are represented as crater size dependency on laser fluence, as calculated from pulse energy per laser spot area.
It can be seen clearly that the crater size increases nonlinearly by increasing the
power level. The obtained shape of most of the characteristics is typical for
femtosecond regime interactions. In the fs regime, an ablation threshold is visible between the first two measured points. The examined samples show that
metals with lower ablation thresholds (nickel, zinc, copper) are forming slightly
different, more linear characteristics, which is typical for a picoseconds regime.
The crater size is observed to be dependent on the material type and the sample
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thickness. The difference is visible on aluminum samples of different thickness,
at high fluences values. It can be concluded that the laser fluence has affected
the results more than reflectivity and heat conductivity of the materials.

Figure 5. The effect of the femtosecond laser fluence on the crater size in case of metal
samples at wavelength 800 nm.

The laser-matter interaction time has to be very short compared to the heat conduction time from electrons to the lattice, which is frequent for the femtosecond
interactions. The calculated theoretically ablation thresholds for the used materials are similar but usually lower than the experimentally obtained ones.

Figure 6. The effect of the fs laser fluence on the crater size in case of plastic samples at
wavelength 800 nm.
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A variety of results has been obtained for plastic materials (Figure 6). Most
plastics showed ablation thresholds above 2 J/cm2 . The crater size increases
more rapidly with the laser fluence. In the case of nylon and polycarbonate,
higher laser fluencies damaged the material causing local melting and deformations, thus generating insignificant results. Clean cuts and good machining
quality have been obtained with PTFE and polypropylene for each value of pulse
energy. In general, the bigger crater sizes have been obtained with the lower velocity. By moving the laser beam slowly on the surface of the material sample,
there is enough time to distribute the heat inside the material. Therefore, well
defined micromachining results have been obtained at a higher velocity, i.e. with
50 mm/s.
3.3

Medical grade PDMS

It is observed the creation of well-defined, good quality trenches after UV and
VIS fs-laser treatment (see Figure 7). The trenches depend on the wavelength,
laser pulse fluence and scanning speed. In all cases, a linear dependence of
the trench depth on laser fluence have been observed. Moreover, an increase of
the scanning speed results in a corresponding decrease of the depth due to the
reduce of laser pulses. The chemical changes induced by the laser irradiation are
analyzed into the bottom of the trenches by Raman spectrometer and compared
to that of the native material. Results of that analysis and more will be presented
in a separate article.

Figure 7. Optical images of the track produced by fs-laser treatment with 266 nm and
5000 pulses: A) before and B) after metallization with Pt.

Figure 8. Optical images of the track produced by fs-laser treatment
with 266 nm and 5000 pulses: A) before and B) after metallization with Pt
4

Conclusions

In summary, we have investigated laser surface processing of different materials
such as 3D PCL, medical grade PDMS variety of metal and plastic samples
IV.
Conclusions
with fs laser pulses. The effect of various processing parameters, e.g. laser

In summary, we have investigated laser surface processing of different ma
such as 3D PCL, medical grade PDMS variety of metal and plastic samples w
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pulse fluence, a number of overlapping pulses, different wavelengths, on the
morphology and composition of the laser modification.
It is reported the first attempts for performing micro modifications on 3D-PCL
scaffolds surfaces by femtosecond laser irradiation. The preliminary results are
utilized to explore the potential of femtosecond laser technique to create micro
topographical features by improving the surface porosity. This is a crucial factor
for cell–surface interaction. The creation of additional sample modification will
assess the mechanical properties of the produced matrices. This will provide a
path to enhance cell’s infiltration in volume for improved vascularisation.
The preliminary SEM investigations confirmed that the obtained surface modifications on 3D-PCL samples result in a minimum heat affected zones and collateral damage in the low fluence regime.
It will be interesting to perform an extended study on the cell cultivation on the
femtosecond laser modified surface. Furthermore, investigating the cell adhesion, proliferation and differentiation on 3D laser irradiated PCL scaffolds.
Femtosecond laser micromachining on metal and plastic materials have been
studied. Experiments have been conducted with various laser and machining
parameters. The results show very good efficiency and accuracy of the process,
as well as a high quality of the machined structures. It has been found, that the
size of the micromachining crater increases with the pulse energy, but decreases
along the lengthening of the laser wavelength. The crater size depends also on
sample thickness and increases more rapidly for plastics. The higher velocity of
the machining process results in generally smaller crater size. In the case of the
speed increases, the micromachining process is less dependent on the material
type and sample thickness. Depending on the material and machining type (cutting, drilling etc.), the heat-affected zone can cause local melting, deformation
inside and debris on the surface of the material. The experiment results have
shown that shortening the duration of the laser pulse to the range of femtoseconds significantly reduces the heat affected zone. Thus translates into the high
quality of the machined material of interest.
In the case of surface modification of the PDMS has been observed high transparency of the native PDMS especially in VIS and NIR range of the spectra.
The incubation occurs by an increase of the absorption during the laser irradiation. Furthermore, the efficient ablation of the PDMS starts after the incubation
occurred. Future research will present more detailed investigation on this case
study.
Acknowledgments
This work was performed and financially supported in the frame of the EU FP7
Project INERA “Research and Innovation Capacity Strengthening of Institute of
143

E. Iordanova, G. Yankov, K. Garasz
Solid State Physics, Bulgarian Academy of Sciences in Multifunctional Nanostructures”, Grant agreement No. 316309.
References
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