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Abstract This paper proposes an effective processing meth-
od for fabricating microchannels on the polycarbonate (PC)
substrate with CO, laser. The width of microchannel has close
relationship with CO, laser parameters including laser power,
laser moving velocity, and length of microchannel. In order to
optimize the width of the microchannel, the orthogonal exper-
iment method is successfully applied in this experiment with
Lo(3%) orthogonal test table. Then, the optimal machining pa-
rameters are obtained and a verified experiment is confirmed.
Finally, the optimal microcahnnels on the PC can be obtained
with the presented process parameters.

Keywords CO, laser - Polycarbonate substrate -
Microchannel - Orthogonal experiment method

1 Introduction

The technique of laser machining is popular and convenient in
the modern processing technology. CO, laser machining plays
an important role in laser technology application. Many ma-
terials have been successfully processed. El-Taweel et al. stud-
ied the Kevlar-49 composite materials which were processed
using CO, laser with the Taguchi technique [1]. Ghosal et al.
optimized penetration depth of CO, LASER-MIG hybrid
welding used for 5005 Al-Mg alloy [2]. Antonczak et al.
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described the influence of organobentonite clay on grooving
of polycaprolactam using CO, laser [3]. Wang et al. produced
three-dimension hard metal functional parts from commercial
available powders using the selective laser sintering technol-
ogy [4]. Teixidor et al. studied the effects of nanosecond laser
processing parameters on depth and width of microchannels
fabricated from PMMA [5]. Rahmani-Monfard et al. present-
ed a newly developed pre-defined three-dimensional PMMA
scaffold fabricated via CO, laser drilling technique [6].
Microfluidic chip technology is a kind of miniaturized total
analysis system and one of the most active areas. CO, laser
machining is a key important fabrication method and polymer
substance is the main material in the microfluidic devices. Li
et al. described a method which CO, laser fabricated polysty-
rene molds for PDMS microfluidic devices [7]. The influence
of the quality of PMMA with different processing parameters
was evaluated [8]. Eltawahni et al. optimized the CO, laser
cutting quality parameters for PMMA [9]. Sun et al. produced
a novel hybrid PMMA-PC microchip by bonding a PC cover
plate with a PMMA substrate containing microchannel which
is fabricated by CO, laser ablation [10]. A passive
three-dimension mixers with PMMA and PDMS were fabri-
cated with CO, laser machining [11]. Toossi et al. studied a
novel approach that thin metal electrode prototypes were pat-
terned using a low-power CO, laser cutter [12]. In order to
lucubrate the microfluidic devices, Chen et al. studied a re-
view about fractal design of microfluidics and nanofluidics
[13]. Chung et al. demonstrated the fabrication of flexible light
guide plate with CO, laser LIGA-like technology which in-
cluded the laser ablation of micro-groove PMMA master
mold, pouring PDMS to the mold and casting the
micro-groove microstructure for flexible light guide plate ap-
plication [14]. Li et al. studied the fabrication of droplet
microfluidic devices on polystyrene substrate using a CO,
laser system [15]. Prakash et al. proved the PMMA
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microchannel of two-pass laser processing is smoother than
that of single-pass laser processing [16]. Yang et al. studied a
prediction model of a CO, laser cutting experiment using the
progressive Taguchi neural network mode [17]. In recent
years, we have carried out a series of studies on CO, laser
machining technology [18-22].

As early as 2009, Qi et al. have processed the PC using
CO, laser direct-writing ablation [23]. But after them, the
research of PC is less in microfluidic devices. This paper stud-
ies a method of application of PC in the microfluidic chip
technology. In the study, in order to optimize the width of
microchannels, some microchannels are processed on PC
sheet using CO, laser with orthogonal experiment method.
The orthogonal experiment method is more convenient and
efficient than the traditional experimental methods. The opti-
mal parameters of CO, laser machining which include laser
power, laser moving velocity, and length of microchannel are
obtained. The parameters can make the width error of
microchannel becoming smaller.

In this paper, we study the influence of laser parameters on
the PC microchannels. The microchannels are processed by
CO, laser LCJG-1290 and a set of optimal parameters are
successfully obtained with the orthogonal experiment method.
This paper provides an important method for researching the
application of PC sheet in the microfluidic devices. The study
procedure is as follows: First, an answer which width error of
microchannel is found with a set of laser parameters.
Secondly, a Lo(3%) orthogonal test table is performed by or-
thogonal experiment method. Thirdly, the experiment datum
is processed and the optimal machining datum was obtained.
Finally, making a microchannel with optimal machining da-
tum verifies the authenticity of optimal datum.

2 Materials and methods
2.1 CO, laser machine system

The CO, laser (LCJG-1290, Nanjing Latron laser
Technology Co., Ltd. Jiangsu province) with a program-
ming system (NC system) is used in this study. Figure 1
shows the profile of CO, laser machine system. The
CO, laser has a wavelength of 10.6 um and sets the
operating voltage of 220 V. The predicted substrate is
flat on the Z-plantform and the machining process is
completed with different laser parameters. The different
laser parameters are controlled by the laser program-
ming system which combines computer and CAD tech-
nology. The CO, laser beam from the laser head which
includes a mirror, a focusing lens and the outlet of
auxiliary gas, is irradiated to the surface of the predict-
ed substrate.
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Fig. 1 CO, laser machine system

A predicted graphics is drawn by the CAXA software and
then it is imported into the software which controls laser ma-
chining. The relevant machining parameter is set in the con-
trolled system and the processes of trajectory data extraction,
trajectory planning, simulation and interference check are
completed automatically. The control plane of laser shows
the power control device, machining speed button, total power
indicator, emergency stop button, and servo power button.

2.2 Material details

PC is one of organic polymer materials which widely used the
fabrication of microfluidic chip. It is a kind of strong thermo-
plastic resin and possesses the characteristics of high transpar-
ency, excellent toughness, and very good dimensional stabil-
ity. The density of PC is 1.2 g/cm® and the temperature of the
glass transition is 148 °C. The transmittance of PC is about
89% in infrared spectral range. The surface of PC has the adust
phenomenon and generates tan fume in the process of CO,
laser machining. The PC decomposes into carbon dioxide gas,
phenol, and other components in the high temperature.

2.3 The temperature field model

Laser is a kind of electromagnetic wave with high energy and
good monochromaticity. When the laser beam irradiates to the
material surface, a part of energy of laser beam is absorbed
and another energy is reflected by the material. The material
produces thermal effect with materials absorbed the laser en-
ergy. With increase of temperature of material surface, the
material will present the decomposed phenomenon which in-
cludes molten, gasification, and evaporation. Finally, the hole
and channel are generated on the material surface. According
to the principle of conservation of energy, the equation is
defined as follows:

E=F absorption + Ereﬂection (1)
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Fig. 2 The shape of laser beam
irradiates to the material surface. a
The laser spot using laser burst
firing. b The shape of processed
microchannel

where £ is the energy of laser, Eypsorption 18 the energy of
material absorption and El.gection 18 the energy of material
reflection.

It is an assumption which an instantaneous point heat
source with irradiates on the surface of material. The initial
temperature is assumed as 0 °C, when the distance which is
from one point to heat source is R after the time ¢, the temper-
ature field 7 is shown:

%exp (%) @

cp(4mat)

T =

where the circle radius of temperature field is R=(x*+)” +
z2)1/2, a is the thermal diffusivity of material, A is the wave-
length, and Q is the thermal energy [24].

Equation (2) calculates the change of material temperature
and shows the circular temperature field with radius R. The
temperature of center of laser beam is the highest. The tem-
perature reduces with increase of the distance from the center.
Figure 2 shows the profile of CO, laser processed PC. The
shape which CO, laser beam irradiates to PC surface produce

t

Fig. 3 The micrographs picture of the PC sheet

is cone, as shown in Fig. 2a. With the movement of CO, laser
beam, the processed microchannel presents U-shape or
V-shape, as shown in Fig. 2b.

A combination of photochemical and photothermal pro-
cesses is the main role of CO, laser machining mechanism.
When CO, laser beam irradiates on PC surface, a part of
energy of laser beam is absorbed and another energy is
reflected by PC. The temperature of PC is rapidly increased
by the absorbed energy. With the increase of temperature, the
material properties of PC begin to change due to some chem-
ical bonds are broken. PC will first melt, decompose, and
vaporize. The decomposed PC is converted to carbon dioxide
gas, phenol, and other components with tan fume.

3 Results and discussion

3.1 Effect of laser parameters setting on width
of microchannel

A PC sheet is processed using CO, laser with laser
power of 4 W, laser moving velocity of 15 mm/s, and
length of microchannel of 100 mm. The widths of
microchannel exist error. The metallographic microscope
and scanning electron microscope (SEM) are applied to
observe the datum of experiment. Figure 3 shows the
micrograph picture of microchannel. In order to make
the width error of whole microchannel decrease, some

Table 1  Orthogonal levels and factors

Level Factor

A (laser power) (B (laser moving velocity) C (channel length)

W) (mm/s) (mm)
1 4 5 40
2 8 10 70
3 12 15 100
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Table 2 The

corresponding No A B C

parameters of

experiment of each 1 1 1 1

group 2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

experiments are completed. Compared with the results
of these experiments, the most optimal laser machining
parameters will be obtained.

For convenience, the orthogonal experiment method
is applied in the experiment and was presented by
Taguchi. The optimal conditions are obtained by a
few of experiments with the method. Laser power,
laser moving velocity, and length of microchannel
are defined for the main factors to influence of the
width error of microchannel in the experiment. A
Lo(3%) CO, orthogonal array laser cutting experiment
using orthogonal array experimental factors is per-
formed. Table 1 shows orthogonal levels and factors.
Table 2 shows the corresponding parameters of exper-
iment of each group.

3.2 CO; laser machining experiment

Next, the optimal experiment was completed with the
above orthogonal parameters. The predicted schematic
of microchannel of PC sheet in three dimensions was
drawn by Solidworks 2012 with the different laser pa-
rameters. Figure 4 shows the predicted schematic of
microchannel.

PC sheet

Fig. 4 The predicted schematic of microchannel
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Fig. 5 The schematic of microchannels of PC sheet

The nine microchannels of PC sheet were produced using
CO, laser with the different laser parameters. Figure 5 shows
schematic of microchannels. In the picture, the surface gener-
ated adust phenomenon and yellow material. The transmit-
tance of PC was very high. The microchannels were processed
by the parameters in Table 2. Three test points were selected in
each microchannel in postprocessing. The method could en-
sure the accuracy of measurements. Next, some numerical
methods were calculated for the microchannels of PC sheet.

3.3 Data analysis of the orthogonal method

Though the test of microscope, the datum of experiment is

represented in Table 3. In order to accurately calculate the

width error, processing stability H is defined as follows:
Smax_Smin

H=——"—
Smid ®)

where S,y 18 the maximum width of microchannel, S,,;, is the
minimum width of microchannel, and S,,;q is middle width of
microchannel.

Table 3  The factors response

No. A B C Processing
stability H (%)
1 1 1 1 32.1
2 1 2 2 20.8
3 1 3 3 37.2
4 2 1 2 17.8
5 2 2 3 13.7
6 2 3 1 6.3
7 3 1 3 332
8 3 2 1 335
9 3 3 2 22.5
T 30 27.7 239
T 12.6 22.6 20.3
T3 29.7 22 28
R 17.4 5.7 7.7
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Fig. 6 A factor response figure

In Table 3, T}, T», and T; respectively indicate the average
of factors in each level. The computational formula is defined
as follows:

i 2
=" @

where i is the number of level and / is the number factors [25].
R represents the sensitivity of the various factors and is
calculated by Eq. (5).

R = | Truax— T (5)

where T« and T, respectively show maximum and mini-
mum in whole array.

In Table 3, the range R represents the influencing results of
all factors. The maximum influence is laser power among all
parameters. The laser moving velocity is the minimum.

In order to clearly express the effect of factors in Table 3, a
factor response figure is presented. Figure 6 shows a factor
response figure. In the figure, the line is steeper and the influ-
ence of factor is greater. The line represents laser power is
close to the vertical, so it is the most sensitive factor for pro-
cessing improvement. A level combination of better parame-
ters for the CO, laser machining in the experiment is
A2B3C2. It says laser power of 8 W, laser moving velocity
of 15 mm/s, and length of microchannel of 70 mm.

3.4 Verify the optimal result

According to the above result, a verified experiment was com-
pleted using CO, laser machining with laser power of 8§ W,
laser moving velocity of 15 mm/s, and length of microchannel
of 70 mm. Figure 7 shows the SEM photo of optimal
microchannel on PC sheet using CO, laser machining. The

WD20 .7mm, 20 .0kV %200

Fig. 7 The SEM photo of optimal microchannel

picture has clearly shown the profile of microchannel.
Compared with initial microchannel, the microchannel was
smoother. According to the numerical computation, it proves
that the optimal parameter was better. The width error was
smaller. The result of experiment verified the method was
feasible.

4 Conclusions

Microchannels on the PC sheet are processed using CO, laser
LCJG-1290. The width error of microchannel is effected by
CO, laser parameters which include laser power, machining
speed, and length of microchannel. In order to optimize the
width of microchannel, the orthogonal experiment method is
successfully applied in this experiment with Lo(3*) orthogonal
test table. The result shows the degree of sensitivity of three
different CO, laser parameters is ranked as laser power >
length of microchannel > laser moving velocity. The optimal
parameters are laser power of 8 W, laser moving velocity of
15 mm/s, and length of microchannel of 70 mm. Finally, a
verified experiment confirms the authenticity of optimal da-
tum. In the experiment, the metallographic microscope and
SEM are applied for ensuring the accuracy of experiment. In
addition, a combination of photochemical and photothermal
processes of CO, laser plays an important role during the
process of CO, laser machining. With the increase of temper-
ature of PC, the phenomena including melting, decomposi-
tion, and vaporization are generated. This paper presents a fast
and efficient experiment for the fabrication of the microfluidic
chip on PC using CO, laser machining technology.
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