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Abstract
This paper demonstrates a novel and low-cost method for fabricating microchannel on polycarbonate (PC) sheet using CO2

laser. In the work, many microchannels are processed by CO2 laser beam of two-pass. Three sheets with different films are

researched for increasing the cleanliness of PC sheet surface after CO2 laser processing. The experimental results show the

surface of PC sheet with transparent wallpaper is most clear, but it has very large influence on width and depth of

microchannel. In the next experiment, Taguchi method is used for optimizing CO2 laser processing parameters for

decreasing the deviation of width and depth of microchannel. In the study, smaller-the-better signal-to-noise ratio is

calculated. The result shows laser power is maximum influence factor and microchannel length is minimum influence

factor on the deviation of width and depth of microchannel. The optimal processing parameters are laser power of 8 W,

laser moving velocity of 15 mm/s and microchannel length of 100 mm. A verified experiment is preformed using the

optimal processing parameters.

1 Introduction

Microfluidic chip technology is a kind of miniaturized total

analysis system which can perform various functions in the

biochemical engineering. In the resent years, many

research results on application of microfluidic chip have

been successfully obtained by some researchers (Hansen

et al. 2014; Liu and Shum 2013; Chen et al.

2013a, b, 2016a, 2017a, b; Huang et al. 2013; Chen and Li

2016; Chen and Zhang 2018; Chen and Zhao 2017). With

the utilization of microfluidic chip increasing year by year,

the fabrication of microfluidic chip is also particularly

important. Rötting et al. (2002) described low-cost micro-

fabrication technologies in modern life-sciences. Noso-

novsky et al. studied the roughness optimization for

biomimetic superhydrophobic surfaces (Yang et al. 2017).

In the study, Dependence of the meniscus force on

roughness, previously ignored, is considered in the paper

and it is found that with increasing roughness meniscus

force can grow due to scale effect. Yang et al. proposed a

rapid and simple fabrication approach to achieve helical

microfluidic channels with circular cross section using

template-assisted method in this article based on rope

coiling effect in the extrusion process of a desktop 3D

printer (Lin et al. 2017). Lin et al. created microfluidic

channels for quartz material using micromechanical man-

ufacturing technologies such as micro laser machining,

micro ultrasonic machining, and ultra-precision machining

(Do et al. 2014). In the experiment, these three machining

techniques are compared with respect to surface profiles

and machining quality. Do et al. demonstrated a simple

technique, based on a combination of a low cost one-

photon elaboration method in a very low absorption regime

(LOPA) and a tightly focusing optical system, to fabricate

submicrometer 2D and 3D structures (Li et al. 2012). This

direct laser writing technique based on the LOPA approach

is potentially a breakthrough: it is very simple, compact

and low cost, while it allows to achieve the same results as

those obtained by the two-photon absorption technique.

About selecting material of microfluidic chip, polymers

with the advantages of low cost and easy fabrication

become more popular than the conventional materials like

silicon and glass (Sun et al. 2008).

PC is an organic polymer material and one of most

widely used in the field of fabricated microfluidic chip. The

recent years, there are many researchers studying the fab-

rication and application of PC sheet. CO2 laser processing
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is a popular and convenient machining method for fabri-

cation of microfluidic chip of polymer material. As early as

2008, Sun et al. have studied a novel hybrid PMMA-PC

microchip by bonding a PC cover plate with a PMMA

substrate containing microchannel which is fabricated by

CO2 laser (Qi et al. 2009). Next, Qi et al. also successfully

processed PC using CO2 laser direct-writing ablation

(Antończak et al. 2013). Antończak et al. described the

influence of organobentonite clay on grooving of poly-

caprolactam using CO2 laser (Syrcos 2003). After them, the

research of PC substrate is less in microfluidic chip. This

paper studied a novel fabricated method for processing

microchannel of PC microfluidic chip.

Taguchi method is a statistical experimental planning

method and may improve the experimental efficiency (Jeng

et al. 2001; Hsu and Chen 2007). The optimal conditions of

multiple variables are obtained by the very economical

Taguchi method. It only requires a few experiments to

analyze the signal-to-noise (S/N) ratio using variance

analysis. The recent years, some research results are

obtained using Taguchi method in microfluidic chip (Ta

et al. 2015; Yang et al. 2012; Cortes-Quiroz et al. 2009;

Chen et al. 2016b). The past few years, we also have car-

ried out a series of studies of microfluidic chip on CO2

laser processing technology (Qi et al. 2009; Antończak

et al. 2013; Syrcos 2003; Jeng et al. 2001; Hsu and Chen

2007; Ta et al. 2015; Yang et al. 2012; Cortes-Quiroz et al.

2009; Chen et al. 2016b, c, d, e; Chen and Hu 2017).

In this paper, a novel method are studied for fabricating

PC microchannel using CO2 laser. The surface of two-pass

laser processing microchannel is smoother than that with

single-pass laser processing due to the heat energy scat-

tering (Prakash and Kumar 2015). In the experiment, all

microchannels are processed by CO2 laser beam of two-

pass. It is generally known that the tan substrate may attach

on the PC surface during CO2 laser processing. So the work

fist studies the influence of different films on the

microchannel profile and PC surface after CO2 laser pro-

cessing. After comparing strengths and weaknesses of

different films, a group of experiment is performed using

Taguchi method and then the optimal CO2 laser processing

parameters which decrease the deviation of width and

depth of microchannel are obtained. Finally, the optimal

CO2 laser processing parameters are applied in a verified

experiment.

2 Materials and methods

2.1 CO2 laser machine system

The CO2 laser (LCJG-1290, Nanjing Latron laser Tech-

nology Co., Ltd. Jiangsu province) with the wavelength of

10.6 lm and the operating voltage of 220 V is used in this

work. The predicted sheet is put on the working table of

CO2 laser and is processed by the laser programming

system with laser parameters. The pulsed laser beam irra-

diates on the surface of predicted sheet by the laser head

with a mirror, a focusing lens and the outlet of auxiliary

gas.

A predicted graphics is designed by the CAXA software

and then it is imported into laser programming system.

Figure 1 shows the schematic diagram of CO2 laser pro-

cessing PC sheet. The relevant processing parameters

include distance between the sheet surface and the lens,

laser scanning times, laser power, laser moving velocity

and microchannel length. In the paper, distance between

the sheet surface and the lens is fixed at 7.5 mm.

2.2 Material detail

PC is an organic polymer material and widely used for

fabricating microfluidic chip. It is one of strong thermo-

plastic resin. It possesses the characteristics of high trans-

parency, excellent toughness and very good dimensional

stability. The density of PC is 1.2 g/cm3 and the heat dis-

tortion temperature is 150 �C. The transmittance of PC is

about 89%. The surface of PC has the adust phenomenon

and generates tan fume in the process of CO2 laser

processing.

3 Experiment

3.1 Two-pass laser processing experiment on PC
sheet with different films

Two-pass laser processing on PC sheet has some advan-

tages than the single-pass laser processing on PC sheet. The

profile of two-pass laser processing microchannel is wider

and deeper than the profile of single-pass processing

microchannel. During CO2 laser processing on PC sheet,

the surface products tan fume. It affects the clearness of PC

Fig. 1 The schematic diagram of CO2 laser processing progress
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surface and roughness of microchannel. In order to

decrease the influence of tan substrate on clearness of PC

surface and roughness of microchannel after CO2 laser

processing, some groups of experiments are designed and

performed. During CO2 laser processing, a film is attached

to PC sheet surface. In the experiment, two kind of films

are selected. One is a transparent wallpaper and another

film is plastic wrap of daily use. Three groups of experi-

ments with different films are performed on PC sheet. Nine

microchannels of each experiment are fabricated by nine

different laser parameters including laser power, laser

moving velocity and microchannel length. Figure 2 shows

the profiles of three PC sheets. Figure 2a shows PC sheet

with the transparent wallpaper. Figure 2b shows PC sheet

with plastic wrap of daily use. Figure 2c shows PC sheet

without any film. Comparing three sheets, the profile of PC

sheet with the transparent wallpaper is more clear than

other two PC sheet. PC sheet with plastic wrap of daily use

has some residual plastic wrap and some black ablation

phenomenon on the surface of microchannel. The edge of

PC sheet without film has tan substrate and the surface is

not clear.

In order to research the microchannel profile, width and

depth of microchannel with different film are studied at the

same processing parameters. Figure 3 shows the width of

microchannel with different films. Figure 3a shows the

width of microchannel with transparent wallpaper. Fig-

ure 3b shows the width of microchannel with plastic wrap

of daily use. Figure 3c shows the width of microchannel

without any film. The transparent wallpaper is thicker than

the plastic wrap of daily use. So the transparent wallpaper

has a greatest impact on the width of microchannel. The

microchannel surface with plastic wrap of daily use has

obvious residue of plastic wrap, it makes the surface of

sheet less smooth. However, the edge of microchannel

without film has resolidified materials. But the

microchannel is most smooth than other two microchannel

with films.

The films on PC sheet surface also affect the depth of

microchannel surface. Figure 4 shows the cross-section of

microchannels. Figure 4a shows the depth of microchannel

with transparent wallpaper. Figure 4b shows the depth of

microchannel with plastic wrap of daily use. Figure 4c

shows the depth of microchannel without any film. The

depth of microchannel with transparent wallpaper is most

shallow in three groups of experiments. The edges of

microchannel with films have less resolidified materials.

Though the above comparison, a suggestion of CO2

laser processing PC sheet is presented. In order to decrease

the effect of films on the microchannel, the microchannel

without any film is fabricated by the CO2 laser. When the

edge of PC sheet is processed, the transparent wallpaper is

attached to the surface of PC sheet.

3.2 Datum analysis of Taguchi method

Taguchi method is a popular and resource-saving experi-

mental method. In the experiment, the optimal CO2 laser

processing parameters including laser power, laser moving

velocity and microchannel length are obtained by the

Taguchi method. The design of related parameters are

shown in Table 1. The L9 orthogonal array of laser pro-

cessing experiment is shown in Table 2. All straight

microchannels are processed and then three measurement

points are selected in each microchannel. The datum of

width and depth are obtained by metallographic

microscope.

The more smooth of microchannel surface is the better.

The deviation of width and depth of microchannel using

Taguchi method is smaller-the-better. The signal-to-noise

(S/N) ratio is calculated by the following Eq. 1.

g ¼ � 10 � log10

1

n

Xn

i¼0

y2
i

 !
; ð1Þ

where g is the S/N ratio, yi is experimental data and n is the

measuring number.

L indicates the average of factors in each level. The

computational formula is defined as follow:

Fig. 2 The profiles of three PC sheets. a PC sheet with the transparent

wallpaper, b PC sheet with plastic wrap of daily use, c PC sheet

without any film
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L ¼
P

gi

3
; ð2Þ

where Rgi is the summation of datum of the same factor

and level.

e represents the sensitivity of various factors and is

calculated by Eq. 3.

e ¼ Lmax � Lmin; ð3Þ

where Lmax, Lmin respectively shows maximum and mini-

mum in whole array.

All datum of widths of microchannels are obtained by

metallographic microscope. Table 3 shows the width of

three measurement points and the S/N ratio. The S/N ratio

is calculated by Eq. 1.

Table 4 is a very clear S/N ratio factor response table.

The level data of each factor is calculated by Eq. 2 and the

main effects are presented by Eq. 3. For most convenient

Fig. 3 The width of microchannel with different films. a The width of microchannel with transparent wallpaper, b the width of microchannel

with plastic wrap of daily use, c the width of microchannel without any film

Fig. 4 The cross-sectional images of microchannels with different films. a The depth of microchannel with transparent wallpaper, b the depth of

microchannel with plastic wrap of daily use, c the depth of microchannel without any film

Table 1 Orthogonal levels and

factors
Level Factor

A (laser power)(W) B (laser moving velocity)(mm/s) C (microchannel length)

(mm)

1 4 5 40

2 8 10 70

3 12 15 100

Table 2 The corresponding

parameters of each group

experiment

No. A B C

1 1 1 1

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
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observing the relationship of datum in Table 4, a factor

response graph with different levels is shown in Fig. 5.

Though observing the datum, the following phenomenons

are acquired: the maximum and minimum influence is A

factor and C factor respectively. It says laser power is

maximum influence factor and microchannel length is

minimum influence factor for width of microchannel. A

level combination of better parameters for CO2 laser pro-

cessing in the experiment is A2B3C3. It says laser power of

8 W, laser moving velocity of 15 mm/s and microchannel

length of 100 mm.

The calculated method of depth of microchannel is same

as the calculated method of above width. All above com-

putational formula also use in the next calculation of

datum. Table 5 shows the depth of three different mea-

surement points and S/N ratio.

Table 6 is the S/N ratio factor response table. For most

convenient observing the relationship of datum in Table 6,

a factor response graph is shown in Fig. 6. Though

observing the datum, the following phenomenons are

acquired: the maximum and minimum influence is A factor

and C factor respectively. It says laser power is maximum

influence factor and microchannel length is minimum

influence factor for depth of microchannel. A level com-

bination of better parameters for CO2 laser processing in

the experiment is A2B3C3. It says laser power of 8 W,

laser moving velocity of 15 mm/s and microchannel length

of 100 mm. The result is same as the above consequence of

width.

3.3 Verifying the optimal result

The above result shows the optimal CO2 laser processing

parameters using Taguchi method. Many analyses of

experiment results ensure the accuracy of experiment

datum. Next, a verified experiment with the optimal

parameters is performed by CO2 laser on PC sheet. The

processing parameters are the distance between the sample

surface and the lens of 7.5 mm, laser power of 8 W, laser

moving velocity of 15 mm/s and microchannel length of

100 mm. A straight microchannel is designed and then a

two-pass laser processing is performed on PC sheet. The

experiment sheet is cleaned by ultrasonic cleaning machine

and three different measurement points are selected on the

microchannel. Figure 7 shows the picture of optimal

microchannel. Figure 7a shows the width of microchannel

and Fig. 7b shows the depth of microchannel. In the pic-

ture, the microchannel surface is smoother than the initial

microchannel. According to the numerical computation, it

Table 3 The width of three different measurement points and the S/N

ratio

No. A B C Width S/N (dB)

1 1 1 1 126.97 100.61 125.6 - 41.46

2 1 2 2 191.22 152.08 166.03 - 44.63

3 1 3 3 178.58 164.21 167.47 - 44.61

4 2 1 2 120.12 124.3 110.3 - 41.46

5 2 2 3 244.61 275.02 235.79 - 48.04

6 2 3 1 199.53 244.41 251.13 - 47.34

7 3 1 3 120.02 141.16 117.2 - 42.04

8 3 2 1 539.94 316.82 447.89 - 52.95

9 3 3 2 244.26 277.81 248.34 - 48.21

Table 4 The S/N ratio factor response table

Factor Level 1 Level 2 Level 3 Main effects

A - 43.57 - 41.65 - 47.25 5.6

B - 45.61 - 48.54 - 44.77 3.77

C - 47.73 - 46.72 - 44.9 2.83

A1 A2 A3 B1 B2 B3 C1 C2 C3
-50

-48

-46

-44

-42

S/
N
(d
B
)

Factor

Fig. 5 A factor response graph with different levels

Table 5 The depth of three different measurement points and S/N

ratio

No. A B C Depth S/N (dB)

1 1 1 1 79.57 83.72 57.22 - 37.43

2 1 2 2 226.04 251.13 200.91 - 47.11

3 1 3 3 111.61 164.84 177.24 - 43.74

4 2 1 2 79.57 74.06 71.17 - 37.50

5 2 2 3 319.61 207.89 402.01 - 50.11

6 2 3 1 301.57 340.43 334.87 - 50.27

7 3 1 3 78.18 65.59 80.97 - 37.53

8 3 2 1 254.02 332.24 383.93 - 50.31

9 3 3 2 305.55 472.96 297.19 - 51.31
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proves the optimal parameter is better. The width error is

smaller. The result of experiment verifies the method is

feasible.

4 Conclusions

This paper proposes a low-cost and highly efficient

method for fabricating microchannel of PC microfluidic

chip using CO2 laser. In the work, three sheets with

different films are studied for increasing the cleanliness of

PC sheet surface after CO2 laser processing. With

observing the difference of microchannel with different

films, the profile of PC sheet with transparent wallpaper is

most clear. But the transparent wallpaper has a very large

influence on width and depth of microchannel. In order to

decrease the effect of different films on the microchannel,

a suggestion of CO2 laser processing PC sheet is pre-

sented. The microchannel without any film is fabricated

by CO2 laser, and then the transparent wallpaper is

attached to the surface of PC sheet for processing the

edge of PC sheet. In the next experiment, Taguchi method

is used for optimal CO2 laser processing parameter on

decreasing the deviation of width and depth of

microchannel. Taguchi method is a convenient and fast

experimental method for optimal experiment. In the study,

the smaller-the-better signal-to-noise (S/N) ratio is cal-

culated. The result shows laser power is maximum

influence factor and microchannel length is minimum

influence factor for the profile of microchannel. The

optimal processing parameters are laser power of 8 W,

laser moving velocity of 15 mm/s and microchannel

length of 100 mm. Due to the stability of physical and

chemical properties of PC substrates, different brands do

not have difference except the size. However, the influ-

ence of size on the experimental result is ignored. The

molecular weight and absorption of CO2 radiation of PC

substrate in the experiment are similar with that of other

brand. So the influence of the factors on the experiment is

ignored. The obtained parameters are universal for all

PCs. The study may contribute to the progress of fabri-

cated PC substrate using CO2 laser in the field of

microfluidic chip.

Table 6 The S/N ratio factor response table

Factor Level 1 Level 2 Level 3 Main effects

A - 42.76 - 37.49 - 46 8.51

B - 45.96 - 49.18 - 45.31 3.87

C - 46.38 - 43.8 - 43.79 2.59

A1 A2 A3 B1 B2 B3 C1 C2 C3

-50

-48

-46

-44

-42

-40

-38

-36

)
Bd(

N/S

Factor

Fig. 6 A factor response graph with different levels

Fig. 7 The picture of optimal microchannel. a The width of microchannel, b the depth of microchannel
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