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ABSTRACT
In this paper, micro-fabrication of bio-degradable polymer-

PDMS via an ultra-short pulsed (USP) laser is reported for po-
tential applications in biomaterial, biomedicine, and tissue engi-
neering. Thin layer PDMS separation has been presented with a
minimum of about 20 µm thickness and a 3-dimensional PDMS
micro-channel network has also been shown. The surface con-
dition and thickness of the separated PDMS layer are examined
using SEM and surface profilometre. This work on using USP
laser for separation of bio-degradable polymer is the first of its
kind, and it shows great potential biomedical application for tis-
sue microprocessing and separation.

1. INTRODUCTION
Recently laser micro-fabrication of bio-degradable polymers

is of great interests for tissue engineering since it can create com-
plex micro structures resembling a natural tissue environment
and its unique capability for precise and clean processing for
different materials gives it a continuously increasing importance
in many applications [1]. Meanwhile, bio-degradable polymers
which would naturally degrade and disappear in tissue over a de-
sired period of time is another advantage for tissue engineering
because it can provide a highly interconnected structure to pro-
vide enough space for cell culture and micro-channels for nutri-
ents and oxygen supply. Commonly used bio-degradable poly-
mers such as PLGA (poly (lactic-co-glycolic acid)) and PDMS
(poly-dimethyl-siloxane) have unique features such as control-
lability of mechanical properties, ability to tailor degradation

rates, ability to not invoke an inflammatory or toxic response and
metabolized in the body after fulfilling its purpose, leaving no
trace [2, 3]. These properties make them ideal for medical uses
and applications especially in the areas of controlled drug deliv-
ery and in the forms of implants and devices for bone and dental
repairs.

Since traditional methods such as thin film deposition, pho-
tolithography, replica molding and etching are not suitable for
the micro-fabrication of bio-degradable polymers, great efforts
have been devoted to developing new micro-fabrication tech-
niques, such as laser micro-fabrication [4–6]. Compared with
traditional methods, laser micro-fabrication has great advantages
and potentials for applications in many scientific and engineer-
ing fields, such as biomedical engineering and tissue engineer-
ing [7,8]. Laser wavelength can vary from deep ultra-violet (UV)
to infrared (IR), which can be used to control the manner of mate-
rial processing for different materials. Moreover, the processing
depth can be controlled because the optical penetration depth of
tissue depends on the wavelength. The ability to focus the laser
beam down to micro level provides the means for precise laser
processing in extremely small dimensions.

Currently one of the popularly used lasers for micro-
fabrication of bio-degradable polymers is USP laser. Compared
with general long pulsed or continuous wave laser system, short
pulsed laser has a very important advantage to remove pre-
cise amount of materials with minimum thermal damage to the
surrounding materials, especially for patient recovery in tissue
micro-fabrication [9]. Ultra-short pulses in the range of picosec-
onds down to femtoseconds make it possible to process dielec-
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Figure 1. Experimental setup of USP laser 3-D micro-fabrication.

tric materials such as bio-degradable polymer [10, 11], due to
avalanche ionization and multi-photon effects [12]. If the in-
cident photon energy flux of laser pulses is above the optical
breakdown threshold of the material, the material is dissociated
directly into plasma. This plasma-induced ablation process has
minimized heat transfer from the target to the surrounding ma-
terial because the power duration is ultra short and the energy
is absorbed mainly by the ablation process. This important fea-
ture makes USP laser micro-fabrication very attractive for bio-
degradable polymer materials, since thermal damage to the non-
machined part can be minimized and the ablation is extraordinar-
ily clean and precise [13].

In the last decade there has been a marked and steady growth
in the number of patients recovering from post-burn and post-
traumatic by graft tissues implantation. However, graft tissues
often have to be modified into a particular form before implanta-
tion including separating or removing layers of the tissue, or cut-
ting the layer into a specific size or shape. For instance, the tissue
may have to be separated into layers, as the tissue in its entirety
may not be necessary or appropriate for implantation. In treat-
ment of burn wounds, it may be necessary only to implant the
epidermal layer of a skin allograft. Furthermore, surgical treat-
ment is frequently limited by the scarcity of adequate soft tissues
available for reconstruction [14]. How to utilize the donated tis-
sue as best as possible is still a big challenge because techniques
using a mechanical cutter or surgical knife to separate a tissue
into layers or cut the tissue into portions are often imprecise and
can result in damage to the underlying layers or surrounding tis-
sue respectively. Traditional continuous wave lasers will gener-
ate substantial heat during application, which can be transferred
to the surrounding tissue and may result in melting or charring
of the tissue. Nevertheless, the USP laser has great advantages
and potentials in the separating or cutting of tissues for its unique
feature, and it is of great interests for tissue microprocessing and
separation.

Compared with real tissue test, bio-degradable polymer like
PDMS is a good material to demonstrate the possibility of tis-
sue separation by USP laser because real tissue like human skin
is hard to obtain and manipulate. In this paper, direct writing
of PDMS using a USP laser for PDMS separation and micro-

fabrication is investigated. Firstly, the laser parameter for PDMS
separation has been studied and an extensive coverage of thin
layer PDMS separation is presented with a minimum of about
20 µm thickness separated. The surface condition and thickness
of the separated PDMS layer are studied using Scanning Electro
Microscopy(SEM) and surface profilometer. Then a multi-width
micro-channel network structure fabricated by USP laser direct
writing is presented to give a potential vision of developing ar-
tificial vasculature for the development of tissue engineering by
USP laser. This work on using USP laser for direct writing and
separation of bio-degradable polymers is the first of its kind, and
it shows great potentials for industrial and biomedical applica-
tions of USP laser.

2. METHODS & MATERIALS
2.1 EXPERIMENTAL SETUP

The micro-fabrication setup for PDMS separation consists
of four main parts: USP laser system, beam delivery system, 3-
axis motorized high speed high precision translation stages, and
whole control system. The Raydiance UPS laser system spon-
sored by MTF (Musculoskeletal Transplant Foundation) consists
of seed box, amplifier box and chiller.

The beam delivery system consists of digital power meter,
beam blocker, astigmatism correction periscope (mirror), plume
evacuator system and objective lens (Mitutoyo M Plan Apo NIR
20x, N.A.= 0.40, f = 20 mm) for micro-fabrication. The whole
control system consists of RayOST M laptop control for laser con-
trol, 3-axis stage control, applications programming interface
(API) and LabViewT M drivers. Figure 1 shows the experimental
setup for the USP laser micro-fabrication. All the experiments
were conducted in free space.

In this study, the laser wavelength is 1552 nm and pulse du-
ration is about 1.2 pico-seconds. The laser was set to operate
at a repetition rate between 1 Hz to 500 kHz and pulse energy
between 1-5 µJ in order to perform laser micro-fabrication of
PDMS. The measured focus spot diameter is about 8 µm in free
space. About 50% power loss is found in the lens system.

2.2 SAMPLE PREPARATION
There are several kinds of bio-degradable polymers, such

as PDMS (poly-dimethyl-siloxane), PLGA (poly (lactic-co-
glycolic acid.)) and polylactic acid (PLA). In this study PDMS
is used for the USP laser micro-fabrication experiment and the
PDMS samples are prepared by Dow Corning Sylgard Elastomer
184 Kit.

To prepare PDMS samples, take proper amount of PDMS
base and curing agent by weighing scale (10 : 1). Mix well to
a milky color consistency. Thorough mixing of the PDMS com-
ponents is essential for good curing. Improper mixing would
leave behind un-reacted curing agent with detrimental bonding
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Table 1. Test of laser parameters for PDMS separation focusing 1 mm
inside the PDMS.

results. Bubbles degrade the optical qualities of cured PDMS
so bubbles should be removed before curing. Then the mixture
will be put into the vacuum chamber to evacuate the bubbles.
Most of the trapped bubbles from mixing of the components will
eventually rise to the top of the liquid and stay in vacuum can
help remove the bubbles more quickly and completely. PDMS
is optically clear at a wide range of wavelengths after curing. In
addition, the curing time and temperature used can determine the
refractive index (RI) of the material. In this study the degassed
PDMS assembly is placed on hotplate at 65◦C for 4 hours upon
completion of the curing cycle and PDMS sample is ready for
experiment.

2.3 MICROSCOPY & MEASUREMENTS
The micro topography and quality of the separated PDMS

layers surface and the channels fabricated by USP laser were ob-
served and characterized with an upright digital microscope and
SEM. A surface profiler (DEKTAK 3030) was used to obtain the
thickness of separated PDMS layers.

3. RESULTS & DISCUSSION
3.1 LASER PARAMETERS FOR PDMS ABLATION

Multiple pulses were needed to separate the PDMS into lay-
ers and to fabricate micro channel network. The factors that in-
fluence the quality and feature size of machined PDMS thin layer
include the laser pulse energy and repetition rate. To generate a
good PDMS separation with least thermal damage, different laser

Figure 2. Effect of pulse energy on PDMS separation with same repeti-
tion rate (20 kHz).

parameters have been chosen to find the optimal laser parameters
for PDMS separation.

In this study, repeated line scan is used with 2 µm space
apart for overlapping to get an area scan. The stage moving
speed, which refers to the rate at which the USP laser moves
across the surface of a material, is 10 mm/s and alternatively, the
repetition rate and stage moving speed can be considered to be
combined as the scanning velocity and the scanning velocity can
be expressed as pulses per unit length. Described in units, for
the constant stage moving speed (10 mm/s), scanning velocity
may be between 0.2 pulses/µm and 50 pulses/µm if the repetition
rate varies from 2 kHz to 500 kHz. Different pulse energies and
repetition rates have been tested. Firstly, the laser focus point is
adjusted to about 1 mm deep under the PDMS surface, then a set
of different repetition rates (2 kHz, 5 kHz, 10 kHz, 20 kHz, 50
kHz, 100 kHz, 500 kHz) with the same pulse energy (5 µJ) have
been tested, and another set of different laser pulse energies (1.5
µJ, 2.0 µJ, 2.5 µJ, 5.0 µJ) with the same repetition rate (20 kHz)
has also been tested.

Table 1 shows the test results of different sets of repetition
rates and pulse energies with the same stage moving speed (10
mm/s) for PDMS separation and every sample has been scanned
only once for the area scan. As shown in the table, repeti-
tion rate is another important parameter for continuous ablation
and PDMS separation in the area scanning, which is different
from single pulse ablation testing. Lower repetition rate and
lower pulse energy can not generate continuous ablation and the
PDMS can not be separated completely, although sporadic abla-
tion spark can be seen during the experiment. In the other way,
too denser pulse or higher pulse energy will generate carbonized
particles simultaneously with the ablation. As shown in Fig. 2,
with the same repetition rate (20 kHz), the pulse energy of 5 µJ
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Figure 3. The ablation layer inside a PDMS block with 5 kHz & 2 µJ for
laser parameters.

for PDMS separation is too strong and 2 µJ is proper for PDMS
separation. From the experiments with different parameters of
laser, results show that higher repetition rate or pulse energy
will generate more thermal effect and the ablated surface will
turn darker with more carbonization generated. Meanwhile, even
the energy flux is above the threshold plasma-induced ablation,
lower repetition rate or pulse energy is hard to generate continu-
ous ablation for PDMS separation which is different from single
pulse ablation.

Plasma-induced ablation is a nonlinear process in the target
that is achieved when a specific material irradiance threshold is
exceeded. The plasma-induced ablation threshold is defined by
the generation of a critical free-electron density. Although exten-
sive experimental and theoretical research have been performed
[15,16], the dependence of plasma-induced ablation threshold on
the pulse duration and irradiance is still an open question. In gen-
eral, if the focused laser energy flux in excess of 1011(W/cm2),
it will result in an optical breakdown in solids and the excitation
of plasma-induced ablation [17, 18]. The focus spot size of the
UPS laser beam can be calculated by

d =
2.44∗λ∗ f

φ
(1)

where λ is the wavelength of the laser; f is the focus length of
the lens; φ is the diameter of the incident laser beam. For the
current laser system, λ is 1552 nm; focus length f is 20 mm; the
diameter of the incident laser φ is about 10 mm. The calculated
focus spot diameter by Eq.(1) is about 7.6 µm and the measured
focus spot diameter in free space is about 8 µm which is bigger
than the calculated value.

The energy flux in the focus can be calculated by

q =
E ∗ (1−R)

Tp ∗ (π∗D2/4)
(2)

(a) PDMS thin layer peeling by
tweezers.

(b) Separated PDMS layers.

Figure 4. Separated PDMS thin layers (100 kHz, 2 µJ).

Table 2. Thickness of the separated thin PDMS layer (20 kHz 2 µJ).

where q is the energy flux for each pulse, E is the pulse energy,
Tp is the pulse duration, D is the diameter of laser beam spot and
R is the percentage of the total beam energy loss in the optical
system and inside the PDMS.

When the laser beam passes through the PDMS, the refrac-
tion and scattering of the PDMS will influence the focus length
and spot size of the laser beam, then the energy flux has been
changed. If the pulse energy (E) is preset as 5 µJ and the pulse
duration (Tp) is 1.2 pico-second. In the PDMS separation exper-
iment, the laser beam is focused about 1 mm inside the PDMS.
The PDMS is semi-transparent, and the energy attenuation is
about 15% for a piece of PDMS with 1 mm thickness. The total
losses of beam energy include the energy loss in the optical sys-
tem and the energy loss inside the PDMS, so totally R is about
57.5% when focusing about 1 mm inside the PDMS. Considering
the calculated focus spot diameter (7.6 µm) in free space, the re-
fractive index of PDMS is about 1.45 and the focus spot size (D)
1 mm inside the PDMS after refraction will be about 3% larger
than in free space. So considering all the energy losses and the
focus spot diameter change, the energy flux in the focus area 1
mm inside the PDMS can be calculated by Eq.(2) and it is about
3.7× 1012(W/cm2), which is enough for optical breakdown of
PDMS materials and excitation of ablation. In this study, consid-
ering the plasma-induced ablation threshold and the optimal pa-
rameters for PDMS separation focusing 1 mm inside PDMS, 20
kHz and 2 µJ is one set of the proper parameters for PDMS sep-
aration experiment with continuous ablation for separation and
less thermal effect and for this set of parameters, the energy flux
with 1 mm inside the PDMS is about 1.5×1012(W/cm2).
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(a) Multi-width micro channel
network structure.

(b) The same structure with red
dye flow.

Figure 5. Multi-width micro channel network structure by USP laser di-
rect writing (20 kHz, 2 µJ).

3.2 THIN LAYER USP LASER SEPARATION OF PDMS
SAMPLES

After obtaining the optimal parameters for PDMS separa-
tion, a group of thin layer separations of PDMS samples have
been accomplished to give a demonstration of possible tissue
separation and to find a limit of thickness of the separated PDMS
layer. For each sample, firstly the USP laser beam is focused
on the surface of the sample and before the separation a certain
depth was adjusted to let the USP laser focus under the surface of
the PDMS sample so that a thin layer of PDMS will be separated.

As shown in Fig. 3, the ablation line width between two
separated PDMS layers before peeling apart is about 20 µm. This
is bigger than the focus spot size because for this PDMS sample,
the ablation surface in the PDMS block has been scanned for
three times to separate the two layers thoroughly with this low
repetition rate and pulse energy and besides, the vibration of the
stage movement also widens the line.

Figure 4(a) shows the peeling processing after separation
and Fig. 4(b) shows the two separated thin PDMS layers by USP
laser (20 kHz, 2 µJ). Table 2 shows the thickness measurement
results of separated PDMS thin layer (20 kHz 2 µJ) by a sur-
face profiler (DEKTAK 3030). The average thickness of thinnest
PDMS layer achieved is about 20 µm, pushing to the limit of
ablation scanning line width.

Such thin layer separation of PDMS can provide a potential
application for tissue separation because the thickness of sepa-
rated pieces of PDMS is in the same range of tissue thickness.
For the separation of PDMS, there is a limitation for the depth
inside the PDMS even though PDMS is very clear, because the
deflection and scattering of the PDMS particles will reduce the
power when the laser beam passes through to the focus point,
and this limitation for PDMS separation has been measured to
be about 4-5 mm for current laser parameters (20 kHz 2 µJ) and
this depth limitation is big enough for tissue separation because

(a) The ablated surface inside a
PDMS micro channel.

(b) The left center junction of the
micro channel network.

Figure 6. SEM images of the multi-width micro channel network struc-
ture.

tissues like epidermis and dermis is about 60-100 µm and 100-
780 µm thick respectively [19], although they are not transparent
as PDMS. We also found that the requirement for the surface flat-
ness is pretty important for the PDMS separation. For a PDMS
sample with uneven surface, the laser beam spot will be defo-
cused resulting a reduced fluence when it is incident on uneven
surface.

3.3 3-D MICRO CHANNEL NETWORK
As shown in Fig. 5, a multi-width micro channel network

structure has been successfully fabricated with USP laser direct
writing (20 kHz, 2 µJ). Repeated line scanning is used with the
same 2 µm space apart for overlapping to generate the channel
width. The scanning velocity is 10 mm/s and the channel is about
3.5 mm under the surface of a PDMS block. In Fig. 5, the chan-
nel sizes are between 50 µm and 200 µm. This kind of 3-D micro
fluidic structures is hard to achieve by conventional fabrication
method and it has great potentials on developing artificial vas-
culature for the development of tissue engineering. Furthermore,
the width and depth of the channel are controlled by the computer
programming and are easy to change for the whole structure.

Figure 6(a) shows the ablated surface profile inside one of
the channels in Fig. 5 by SEM and shows the roughness of the
ablated surface is about 10 µm. Figure 6(b) shows the first left
center junction of the channel network in Fig. 5 by SEM. Some
of the residue and particles generated by the ablation are still in-
side the channels after flushing with water, so the channels shown
in Fig. 6 have not been treated with other methods which may
smoothen the surface of the channels [7].

4. SUMMARY
USP laser micro-fabrication techniques for fabricating bio-

degradable polymers were demonstrated and reported. This work
involves thin layer separation and 3-D micro channel fabrication
of PDMS for potential applications in biomedical and tissue en-
gineering. The thinnest PDMS layer separated is about 20 µm
thick and the channel width of the micro channel network struc-
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ture fabricated varies from 50 to 200 µm. Little thermal damage
was observed in the laser fabricated features. This demonstrates
a great potential application in the separating or cutting of tissues
by USP laser without thermal damage and in the developing of
artificial vasculature for tissue engineering.
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