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Abstract Cyclic olefin copolymer (COC) has high chemi-
cal resistance with low water absorption and good optical
transparency in visual and near UV range, which is a prom-
ising material for the polymer-based microfluidic systems.
A comprehensive method for the rapid prototyping of COC
based microfluidic system using CO, laser ablation was
proposed in this study. The COC substrate was fabricated
by injection molding with a commercial injection molding
machine, then CO, laser was used for direct laser ablation
of microchannels on the surface of COC substrate, to seal
the laser ablated microchannels, the thermal compression
bonding method for COC-based substrates was also pro-
vided in this research. The profile of the microchannels was
carefully studied with different laser ablation power and
scan speed, microfluidic device fabricated using the pro-
posed method were also presented in this research.

1 Introduction

Over the past decade, polymer materials have been widely
used for the fabrication of microfluidic devices in biologi-
cal (Macosko et al. 2015; Sackmann et al. 2014), medical
(Chang et al. 2015; Warkiani et al. 2016) and chemical
(Yiicel et al. 2015; Zhou and Lin 2014) fields. Compare
with glass, quartz or silicon with corresponding fabrica-
tion methods inherited from microelectronics, polymer
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materials have the advantages of low-cost, wider variety of
fabrication method (hot embossing, replica molding, laser
ablation and etc.), disposable, and ease of surface modifica-
tion. Some of the most frequently used polymer material in
microfluidics includes polymethyl methacrylate (PMMA)
(Battle et al. 2014), polycarbonate (PC) (Ogonczyk et al.
2010), polystyrene (PS) (Hu et al. 2014) and polydimethyl-
siloxane (PDMS) (Lyu et al. 2014).

Cyclic olefin copolymer (COC) is another promising
material for the fabrication of polymer-based microfluidic
devices, compared with other polymer materials, COC
has a better chemical resistance to hydrolysis, acetone and
acids (Geschke et al. 2006) with a low water absorption
(<0.01%) (Nunes et al. 2010), another crucial property of
the COC is the high optical transparency in visual and near
UV range (300-1200 nm).

Compare with the conventional photolithography (Chen
et al. 2011), hot embossing (Wang et al. 2016), injection
molding (Iwai et al. 2014) and replica molding (Iwai et al.
2014) methods for the fabrication of polymer-based micro-
fluidic devices, CO, laser ablation is a direct, low-cost,
and rapid alternative. During laser ablation, the focused
laser beam scan along the predesigned route on the surface
of the polymer substrate, since the process is purely ther-
mal, the polymer material will melt down, decompose, and
evaporate, finally formed the microchannel with a Gaussian
profile. CO, laser has been previously used for the fabri-
cation of PMMA (Chung and Tu 2013; Hong et al. 2010;
Mohammed et al. 2015), PS (Li et al. 2012), glass (Nieto
et al. 2015), and paper-based (Spicar-Mihalic et al. 2013)
microfluidic devices. Attempts have been made to provide
numerical simulation of CO, laser ablation on COC/COP
(Yi et al. 2008), or using micro-milling (Ogilvie et al. 2010)
to fabricate COC-based microfluidic system. Rajeeb et al.
used the hot embossing method for the fabrication of COC
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based microfluidic devices with silicon mold made with
DRIE (deep reactive ion etching), Steigert et al. conducted
the replica molding of COC-based microfluidic device
using the SU-8 lithography with the epoxy mold. However,
the fabrication process of COC-based microfluidic devices
using CO, laser has not been intensively studied before.

In this study, for the first time, a comprehensive fabri-
cation approach for the COC-based microfluidic devices
using CO, laser ablation will be provided, which include
the characterization of microchannel profile under differ-
ent laser scan power and speed, and a thermal compression
bonding method to seal the microchannels of COC sub-
strates. For demonstration, microfluidic device fabricated
using the proposed method is also presented in this study.

2 Materials and methods
2.1 Fabrication of blank COC substrate

COC pellet was obtained from TOPAS Advanced Poly-
mers, Inc (KY, USA), with the model number 8007F-04.
The preliminary drying process of the pellet was conducted
in a vacuum oven (Thermo VT 6025, MA, USA) at 100 °C

Fig. 1 a Heaters’ temperature
setup on barrel during the injec-
tion molding process of COC
substrates using the injection
molding machine. b Image

of the inject molded COC
substrates
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Fig. 2 Schematic of the laser
ablation system setup for the
fabrication of microchannels on
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for 2 h (at the atmospheric pressure) to remove the moisture
which may cause the hydrolysis reaction in the followed
injection molding process. During the injection molding
process, the injection pressure was set at 75 MPa with a
back pressure of 10 MPa and a screw speed of 150 rpm on
an injection molding machine (HAITIAN MA 900 II, Zhe-
jiang, China). The temperature settings of the heaters at dif-
ferent sections on barrel are shown in Fig. la. After cooling
and demolding, the 1 mm-thick blank COC substrates with
diameter of 50.8 mm by 76.2 mm were fabricated (shown
in Fig. 1b).

2.2 Laser ablation process

The CO, laser ablation equipment (HTE-1206, Hantone
CNC Equipment, Shandong, China) has the wavelength
of 10.6 pm with the maximum power output of 80 W;
the highest scanning speed of this laser ablation equip-
ment is 500 mm/s, and the focal length of the laser head
is 60 mm with the diameter of 60 pwm for the focused
spot. During the laser ablation process (shown in Fig. 2),
the CO, laser beam was focused on the surface of COC
substrate, causing the material to melt down, decom-
pose and evaporate, the Gaussian heat distribution of the
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Fig. 3 Schematic of the cus-
tom-made thermal compression
bonding system setup, insert:
the COC substrate and cover
plate was sandwiched between
two glass cover slips during the
bonding process

Upper heating

Lower heating

laser beam result in a Gaussian-like profile of the ablated
microchannel.

2.3 Thermal compression bonding

The laser ablated microchannels need to be sealed after the
fabrication process for the followed biological or chemical
applications, in this study, we proposed a simple and direct
thermal compression bonding method to bond another
layer of COC substrate to seal the fabrication microchan-
nels. The thermal compression bonding method proposed
in this study for the COC-based microfluidic devices is
purely a physical processing approach, without any require-
ment for the chemical adhesives, which chemical adhesives
may cause the contamination of the fluid sample inside the
microchannel in the process of using.

A custom-made pneumatically driven thermal compres-
sion machine was used for the sealing of COC chipsets
(shown in Fig. 3). During the thermal compression bonding
process, the COC substrate with the laser ablated micro-
channel and a COC-based cover plate (both with the size
of 25.4 mm by 76.2 mm, cleaned with ultra-sonic bath in
DI water) were sandwiched between two glass cover slips
with the same size for the protection of the contact surface
during the thermal compression molding process (insert in
Fig. 3). After that, the chipsets (two COC layers and two
glass cover slips) were placed between the upper and lower
heating plate, then start the heating and compression pro-
cess simultaneously, the temperature at both heating plates
(shown in Fig. 3) was set at 100 °C (with the ramp rate
of 20 °C/min) with the compression pressure of 0.5 MPa
(with the ramp rate of 0.1 MPa/min) on the chipsets. After
temperature and compression reached the set values, the
system was hold for 45 min to allow the long-chain poly-
mer molecules on the contacted surface to entangle with

Pneumatically driven system

Glass layer
/COC layer

—Glass layer

each other for a secured bonding. After the holding period,
the electrical power on both heating plates was turned off
for a natural cooling, the compression pressure could be
removed with a rate of 0.5 MPa/min after the temperature
on chipsets is lower than 45 °C. The secured bonding is
achieved when the natural cooling of the chipsets reached
the room temperature (24 °C). For piping, the silicone
tubes (Silastic Laboratory Tubing 7-5224, Dow Corning
Corporation) with outer diameter of 2 mm was used for the
inlet and outlet ports.

The bonding temperature and pressure for the COC-
based microfluidic devices are flexible due to size (width,
depth and length) of microchannels fabricated on the sur-
face of substrates. For a long and shallow microchannel,
high temperature/pressure during the bonding process
may cause the swell or even collapse of the microchan-
nel; on the other hand, for a wide and deep microchannel,
if the temperature or pressure setting is not high enough,
the bonding between two polymer plates is not secure
which may cause the fluid leak during the high-through-
put test.

Figure 4a shows the laser ablated COC substrate
(25.4 mm by 76.2 mm) and cover plate, Fig. 4b shows the
T-shape droplet generator fabricated using the proposed
fabrication method (photo taken by Canon 500D DSLR),
the continues phase is mineral oil and the disperse phase is
DI water dye with cresol red. For the microchannel fabrica-
tion, the power of the laser was set at 30 W with the scan
speed of 250 mm/s to conduct the laser ablation process on
the surface of COC substrate. During the thermal compres-
sion bonding process, the COC substrate with laser ablated
microchannels was bonded with another COC cover plate
(with laser ablated through holes for inlet and outlet ports)
with the bonding temperature of 100 °C and bonding pres-
sure of 0.5 MPa.
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Fig. 4 The CO, laser ablated droplet generator fabricated on the surface of COC substrate. a COC substrate with laser ablated microchannels
and cover plate with laser ablated through holes. b The image of the fabricated COC-based T-shape droplet generator

(a)

e
15.0XV LED

(b)

Fig. 5 The SEM images for the laser ablated microchannels on COC substrate

3 Result and discussion

For detailed characterization of the fabricated micro-
channels on COC substrates, the SEM images for the
laser ablated microchannels (shown in Fig. 5) were taken
by S-4700 field emission scanning electron microscope
(Hitachi, Ltd., Japan). The microchannel shown in Fig. 4a,
b was laser ablated on the surface of 1 mm-thick COC sub-
strate with the power of 14 W and scan speed of 250 mm/s,
with the channel width around 300 pwm and depth around
200 pm. The bulges can be observed on both side of the
microchannel, which caused by the ejection of molten poly-
mer and re-solidification of the ejected polymer material on
both side of the microchannel during the laser ablation and
natural cooling process.

@ Springer

Figure 6a, b shows the cross section profile of the micro-
channel measured by OLS4100 3D laser confocal micro-
scope (Olympus corporation, Japan), the microchannel
shown in Fig. 6 was fabricated with the laser power of
12 W and scan speed of 300 mm/s, the width and depth and
microchannel is 199 and 213 pm, respectively. The burgle
height on each side of the microchannel is 58 and 43 pm,
respectively. Furthermore, the width and depth of the
microchannels fabricated under different laser power and
scan speed were also measured using the 3D laser confocal
microscope, which the result was plot in Fig. 7.

Figure 7 shows the width and depth of the microchan-
nels fabricated under different laser power and scan
speed, since the CO, laser ablation process is purely ther-
mal, the laser power higher than 38 W or the scan speed
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Fig. 6 The profile of the (a)
microchannel measured by 3D

laser confocal microscope. a

The images of the laser ablated

microchannel obtained from

confocal microscope. b The

cross-section profile of the laser

ablate microchannel on COC

399

299 199 100

lower than 200 mm/s can easily cut though all the thick-
ness of the 1 mm-thick COC substrate, and the microchan-
nel can hardly be observed with laser power lower than
7 W, thus the range of the laser power used in this study
is from 7 to 38 W with the scan speed ranges from 200 to
500 mm/s (500 mm/s is the maximum speed limitation of
the instrument).

Due to the Gaussian-like cross section profile and the
existence of bugles, the depth and width of the micro-
channel defined in this study is shown in the insert in
Fig. 7. Figure 7 shows the width and depth of the micro-
channels under different laser power and scan speed,
generally, the width and depth increase with higher laser
power because more energy was transferred to polymer
substrate for the formation of bigger molten pool under
higher laser power, which result in a wider and deeper
microchannel. We can also observe from Fig. 7 that, the
width and depth of the microchannel will decrease with
higher scan speed of the laser head, since higher scan
speed lowered the average duration of stay for radiated

spot on the laser scan route, which less thermal energy
was transferred during the ablation process and finally
result in a smaller molten pool.

By choosing the laser ablation power and scan speed,
microchannel with desired dimension can be achieved on
the surface of COC substrate. The minimum width and
depth can be achieved in this proposed method is around
223 and 132 pm, respectively. The minimum feature can
be achieved using the proposed method is limited from
the CO, laser equipment, this 3-axis CNC based laser
ablation system has limited scan speed (maximum speed
is 500 mm/s), and the focus point need to be manually
adjusted using a gauge with the variation of the substrate
thickness, thus the laser may not well focused on the sur-
face of the polymer material during the ablation. Since the
proposed fabrication method of the COC based microflu-
idic devices is a low-cost technique, the size of the micro-
channels can be achieved using the proposed method is
suitable for the applications in biological field in most
cases.
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Fig. 7 The depth and width of the microchannel under the different
laser ablation power and scan speed. a The width of the microchan-
nels under different laser ablation power and scan speed. b The depth
of the microchannels fabricated using different laser power and scan
speed

4 Conclusion

A comprehensive fabrication method for the low-cost
and rapid prototyping of COC based microfluidic system
using CO, laser ablation was proposed in this study. The
blank substrates were obtained from injection molding,
and the CO, laser equipment was used for the ablation of
microchannels on the surface of COC substrates, and the
depth and width of the microchannels were carefully stud-
ied under various laser power and scan speed. A thermal
compression bonding approach was also provided for the
simple and adhesive free sealing of the microchannels

@ Springer

fabricated on COC substrate. The microfluidic device for
the demonstration of the proposed fabrication method was
also provided in this study.
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