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ARTICLE INFO ABSTRACT

Keywords: Laser machining could be an alternative way for the fabrication of microchannels. In this study, laser machining

Microchannels of polymethylmethacrylate (PMMA) and polystyrene (PS) substrates were characterized in detail. A fabrication

PMMA method preventing leakage at PS microchannel inlets was developed. The effect of laser parameters (power,

z‘(’)lyslz‘:rne speed and frequency) on engraving was analyzed by scanning electron microscopy. Laser ablation mechanism of
2

both materials was explained through thermal analysis and material properties. Defocusing the laser beam was
also analyzed as an additional parameter affecting the channel profile. Two parameters affecting the resolution
were analyzed which are the minimum channel size that can be achieved by the laser beam and x-y stage of the
laser engraver for straight and complex microchannel geometries. The hydrophilicity of the surface before and
after laser machining was tested with contact angle measurements. The capabilities/limitations of machining
were revealed through some complex channel structures. Finally, a passive micromixer and a droplet generator

microfluidic devices were manufactured and tested, and promising results were obtained.

1. Introduction

After the invention of soft lithography in 1998 [1], microfluidics
research has increased dramatically. Yet, it still requires cleanroom
facilities for device fabrication, making it less accessible for a wider
population. Following numerous promising outputs of microfluidics
technology, new fabrication methods were developed to reduce the
complexity of microchannel fabrication. Xurography [2] proposed a
method that cuts a double-sided tape with razor blades by a cutter
plotter machine. In microwire molding, a wire with a diameter on the
order of a few microns is put on a substrate to form a mold, which is
followed by the casting process [3]. Micro milling is done on aluminum
or plastic slabs in micron-scale [4]. In pen microfluidics, the ink of a
pen is used as a mask layer, and the rest of the plastic sheet is exposed
to solvent vapor. The vaporized area swells out while the inked area
stays the same forming hollows on the surface, which are the micro-
channels [5].

Laser machining came up as an alternative method to provide
simplicity. The first laser machined microchannel was fabricated using
a UV excimer laser in 1997 [6]. Following it, a CO, laser source was
first employed in 2002 to machine microchannels [7]. Other laser
sources used to fabricate microchannels include femtosecond laser [8]

and Nd-yag laser [9]. Comparing all, CO, laser machining is advanta-
geous in terms of simplicity; the reason for searching an alternative
method to soft lithography. CO, laser ablation occurs through thermal
energy due to the wavelength of laser beam, being nearly 10 pm. Thus,
it is more suitable to process low heat conductive materials (nonmetals)
like polymers. Three different ablation mechanisms have been defined
for polymers: melt shearing, vaporization and chemical degradation
[10]. Of our interest, PMMA and PS ablation are performed by vapor-
ization and chemical degradation, respectively [11].

Studies, focusing on machining and processing of polymeric mate-
rials by CO, laser, are listed here. Theoretical and experimental com-
parisons were done for PMMA [12]. Paper machining for microfluidics
applications was shown in [13]. The effect of power and velocity of the
laser beam is among the most studied subjects [14-16], polycarbonate
[17,18] and polystyrene [19] microchannel machining were also
shown.

Here, the fabrication of microfluidics device is discussed in nu-
merous aspects. First, the microfluidic chip-to-world connection was
explained. A new method is developed for the PS inlet, which normally
has a leakage issue when directly connected to a tubing. The effect of
defocusing the laser beam is investigated and compared for both ma-
terials. Laser speed, power and frequency parameters are also
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Fig. 1. (a) Laser cut PS inlet, (b) PMMA inlet, (c¢) PMMA microfluidic chip, (d) a representative drawing that shows the integration of PMMA adaptor to the PS inlet

(e) PS microfluidics chip.

investigated. Surface roughness is investigated with scanning electron
microscopy (SEM) for both materials. Thermogravimetric analysis
(TGA) is done for both materials to elaborate on different features
presented in the laser ablation process. Resolution is handled in two
ways. One is the basic resolution that only enables to produce pre-
liminary straight microchannels, and the other is valid for all kinds of
designs. For sealing the channel, three different tapes are investigated,
and leakage pressures are found for different fluids. Since hydro-
phobicity of the channels is important for various applications, contact
angle measurements are performed before and after laser machining.
Finally, micromixer and droplet generator applications are done with
the laser machined PMMA and PS microchannels.

2. Experimental setup and method

Standard PMMA and PS sheets are ordered from a local supplier.
30 W CO, laser (Epilog Zing) is employed for material processing,
which has a 10.6 um wavelength infrared laser source. Throughout the
paper, power and speed parameters are given as percentage units.
Speed setting regulates the speed of the laser cutter head which is de-
termined as 25.5 mm/s in vertical and 27.1 mm/s in the horizontal axis
after the measurement at 100%. Laser pulse duration was measured
with a custom made setup as shown in the Supporting Information.
According to our findings, pulse duration of the laser is directly pro-
portional with power and inversely disproportional with frequency,
which is formulized as follows:

Pulse duration: P/f (@]

Here P denotes power in percentage unit and f denotes frequency in Hz.
The machining process in this study is carried out in the vector cutting
mode of the laser.

For the observation of the surface, SEM images was taken after the
gold coating of the plastic surface. Optical microscopy photos of the
devices were taken from the binocular of a stereomicroscope (KRUS)
with a cellphone. Thermal material characterization of PMMA and PS
was realized using thermo gravimetric analaysis (TGA) and differential
scanning calorimetry (DSC) at nitrogen environment. TGA-DTG ana-
lysis were carried out with EXSTAR S11 7300 thermogravimetry

analyzer by heating up the samples from 30 to 700 °C at 10 °C min~*

rate. DSC analysis were realized in TA instruments Q10 for 10 mg of
both samples using an aluminum pana from 30 to 280 °C at 10 °C min !
heating rate. Besides, simultaneous TGA/DSC measurements were car-
ried out with TA Instruments Q600 STD for investigation of absorbed
heat till the evaporation in both nitrogen and dry air environment at
10 °C min " ! heating rate. For calculation of the heat from DSC outputs,
numerical integration was done with custom written Python code by
using the numpy and pandas libraries. Contact angle measurement of
the laser machined surfaces were performed (dataphysics, OCA 30) and
compared with pre-machined surfaces. Surface roughness measure-
ments were carried out with an atomic force microscopy (AFM) device
(Asylum MFP-3D SPM) at 0.6 Hz scanning rate. The scanning was
realized in tapping mode using silicon nitride cantilevers with a tip
nominal radius of 8 nm (NCLV-A, Bruker) under ambient conditions.
Three different tapes were used to seal the microchannels, which are
cellophane, scotch crystal and Kapton.

In micromixer application, to observe the mixing of the fluids,
deionized (DI) water is mixed with yellow or blue food dye. When the
fluids are mixed, green color appears as an indication of mixing. Fluids
are sent through the microchannel with a computer-controlled pressure
pump (Elve Flow, OB1). The fluid is transferred to the microchannel
from the vials with silicon tubing (Cole-Parmer). A metal flat syringe tip
is inserted at the end of the tubing to disable collapsing at the channel
inlet.

Channel inlets and outlets are opened after the surface machining
that forms the microchannels. Since the connection is done with a soft
silicone tubing having cylindrical shape, inlets are cut out in circular
shape. One of the biggest issues that we encounter in this study is the
fluidic connection of the PS channels. The same issue does not occur for
PMMA channels. During the laser cutting of PMMA, the material does
not melt but only evaporates. Hence, designed circle is cut on PMMA
without any defect. Yet, melting takes place in laser cutting of the PS
[20]. The melted PS is frozen at noncircular shapes which results in an
inaccurate cylindrical shape that also has defects on the sidewall as
shown in Fig. 1(a). Therefore, cylindrical tubing does not fit well to the
PS inlet causing leakage. We overcome this issue with a novel method
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Fig. 2. (a) TGA, (b) DTG and (c) DSC thermograms of PMMA, PS.

by putting a PMMA piece on top of the PS inlet. A small square piece
less than 1 cm? is cut from PMMA, following the cutting-out of the
cylindrical part from the middle as shown in Fig. 1(b-d). The square
PMMA is stuck over the PS inlet with a double-sided tape. Since PMMA
enables a perfectly circular cut, the silicon tubing fits very well without
any leakage as shown in Fig. 1(e).

3. Results and discussions
3.1. Thermal characterization of the materials

TGA, DTG and DSC thermograms are shown in Fig. 2. As shown in
the literature previously, a single degradation step was observed for
PMMA and PS [21,22]. Ash contents of PMMA and PS were recorded as
0% and 2.8% respectively at 700 °C. As shown in Fig. 2(b), degradation
peaks are observed at 376.8 °C, 400.2 °C for PMMA and PS respectively.
With regards to DTGmax values, PS is more thermally durable than the
PMMA. As shown in Fig. 2(c), glass transition tempereture (Tg) of
PMMA and PS are 114.4 and 90.1 respectively that are consistent with
the previous literatue [23,24].

3.2. Investigation of laser ablation

The laser ablation is a thermal diffusion and evaporation process
with a special heat source, which is the laser beam focused on the

material [12]. Hence, the heat conduction of the laser ablation process
in a material can be given as follows:

8T

02 kot k

T
oy?

o
ox?

pepdT 1

(2)

Here T denotes the temperature at a point (x,y,z), I is the laser power, k
is thermal conductivity, p is density, and c, is specific heat. Once the
material reaches the evaporation temperature according to Eq. (2), it
leaves the surface taking all the absorbed energy. The amount of energy
to be absorbed for evaporation depends on the material properties. DSC
analysis of the both materials reveals the heat energy requirement for
evaporation. For detecting the thermal degredation while measuring
the absorbed heat simultaneously, TGA/DSC analysis is carried out
together. Therefore, simultaneous TGA/DSC measurement provides a
good platform in analaysis of the ablation process with a drawback that
is time scale. In pulsed laser ablation, heating and evaporation occurs in
the interval between the beginning and ending of the laser pulse, which
is on the order of milisecond for our case while it is around 60 min in
the DSC. The results of TGA/DSC analysis of both materials indicate
that the degredation process differs depending on to dry air and ni-
trogen environment as shown in Fig. 3. Since the laser ablation takes
place in air environment, TGA/DSC output in dry air environment re-
present laser machining process better. Intgeration of hetflow curve
over time axis from the room temperature to the point where the ma-
terials evaporations are complete, which are 403 and 522 °C for PMMA
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Fig. 3. Simultaneous TGA/DSC analysis of PMMA and PS (a) nitrogen environment (b) dry air environment.

Fig. 4. Effect of defocusing on microchannel profile. (al) 9 mm, (a2) 6 mm, (a3) 3 mm, (a4) 0 mm defocused engraving of the channels for PMMA; (b1) 9 mm, (b2)

6 mm, (b3) 3 mm, (b4) 0 mm defocused engraving of the channels for PS.

and PS respectively, produces the total heat energy to be absorbed.
Numerical integration gives 4263.1 and 4311.8 j/g for PMMA and PS
respectively. Although there is a significant difference in ablation
amount between the two materials, DSC measurement shows that the
heat requirement to be absorbed for evaporation is slightly different for
both materials. According to our experimental results, there is 20%
weight difference in ablation of PMMA and PS at 30% speed and power
and 1 kHz. The reason of the gap between the ablation ratios is due to
the quite different thermal conductivities of the both materials, which
are 0.21 Wm'K™!, 0.33 Wm'K™! for PMMA and PS respectively
[25,26]. Higher thermal conductivity leads to faster diffusion of the
absorbed laser energy inside the material. Therefore, the diffuse energy
waste inside the material instead of condensation to a point and indu-
cing ablation.

The thermal conductivity also defines the channel shape which is
wider in PS and deeper in PMMA. Higher thermal conductivity of PS

lead to more diffusion of heat and homogenous ablation in all direction.
On the other hand, lower thermal conductivity of PMMA reduces the
heat diffusion yielding ablation in the shape of laser beam. Fig. 3 clearly
illustrate the disparity of ablation in shapes for PMMA and PS. Our laser
has pulse duration is around 10™ s; for laser material processing in-
dependent from heat diffusion, ultra short pulse lasers are ideal that are
capable of even metal processing [27].

3.3. Effect of defocusing

The laser beam is normally focused on the workpiece to achieve
highly concentrated energy on a narrower area for better ablation.
Instead of cutting, our purpose is machining the surface, which removes
the need for a focused laser beam. The effect of defocusing was pre-
viously shown for PMMA [28]. Rising the workpiece from the focal
point towards the moving head by putting 3 mm thick plates to the
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Fig. 5. Profile and top view SEM images of PMMA and PS for various power (P), speed (S) and frequency (F) settings. All the scale bars are 100 um.

Speed:100%

Speed:20%

Power: 9%

Power: 10%

Fig. 6. Minimum channel sizes of PMMA and PS for preliminary and complex
designs. (al), (bl) are the minimum size that is valid for engraving simple
straight channels. (a2), (b2) are the minimum channel size that is valid for all
kind of complex designs.

under brings it to a defocused regime of the laser beam with a precise
millimetric control. The channel engraving is done at three different
heights from the focal point that are 3, 6 and 9 mm. Power, speed and
frequency rates are set to 3 W, 5 mm/s and 5 kHz, respectively. It can be
seen from Fig. 4 that the channel depth decreases, and the channel
width increases due to defocusing for both materials. Defocusing can be

used as an additional parameter to regulate the width/depth ratio of the
channels. Due to the Gaussian shape of the laser beam, the channel
profile is achieved in Gaussian shape as well. On the other hand, a
rectangular channel profile is possible with a previously fabricated
metal mask [29] on bulk material. It is also possible via the machining
of the spin-coated polydimethylsiloxane (PDMS) layer [30,31].

Since the channel profile geometry is important in some branches of
microfluidics like inertial microfluidics in trapezoidal [32], triangular
[33] shapes or biomimetic applications in semicircular [34] shapes,
defocusing might be a significant additional parameter of laser ma-
chining. Channel profile is also important for the switching of micro-
valves in microchannels. Some microvalves require smooth hemi-
spherical channel profile geometries rather than cornered to work
efficiently. Membrane valve [35] is a good example that cannot work
on the channels as shown in Fig. 4(a3, a4) that can only work on
smoother shapes. Yet, some microvalves do not have any specific shape
requirement and can work in all kinds of channel geometries [36] with
different advantages and disadvantages.

According to the SEM results, PS engraving ends up with very
smooth surfaces, unlike PMMA. PS ablation mechanism consists of two
steps as shown in Fig. 3 TGA/DSC. The ablation is via sublimation in
PMMA; hence, the material is directly evaporated from the solid phase,
skipping the intermediate liquid phase. Due to sublimation, the PMMA
surface is rougher after the ablation in comparison to PS, where 2.8% of
material remains after first melting and evaporation step. Since the
evaporation of the remaining material takes place in 395-522 °C range,
which is relatively high, it resolidies after laser pulse passes forming a
smooth surface. The molecular weight of the polymer has also an effect
on surface roughness [37]. It is shown that the surface roughness can be
improved by initial heating of PMMA [38].

3.4. Effect of power, speed and frequency on engraving

PS and PMMA are engraved at different settings of power, speed and
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Leakage pressure (mbar) of cellophane, Scotch Crystal and Kapton tapes in PMMA and PS microchannels for DI water, IPA and Silicon oil.

)

Cellophane Tape

Scotch Crystal

Kapton Tape

PMMA PS PMMA PS PMMA PS
DI water 900 500 1500 900 ~2000 1800
IPA 70 30 180 95 400 205
Silicon oil 850 480 1500 890 ~2000 1700

After

Fig. 7. Contact angle measurement of (a) PMMA and (b) PS before and after
laser machining.

Before

Table 2
Surface roughness of PMMA and PS before and after laser machining.

Samples Surface roughness (nm)

Before After
Polystyrene 3.319 *= 0.992 1.327 = 0.658
PMMA 1.205 + 0.243 8.816 * 2.653

frequency. At low frequency and high speed, the pulsed character of the
laser beam is seen on the surface. Fig. 5(a;, b;) show circular cavities
that are engraved by the laser where the speed is too high for pulse fired
to the surface with 10 ms periods which reveals the pulsed character of
the laser beam. When the speed is reduced to one-fourth of the previous
value as shown in Fig. 5(c;, d;), the periodic character of the laser
disappears at the same frequency.

The frequency of the laser affects the channel size. This observation
is clear in Fig. 5 when inspected from left to right in each line of sub-
figures. At the same speed and power settings, any rise in the frequency
ends up with a reduction in the channel size. Both materials present the
same feature with regard to frequency. Some groups investigated the
frequency in a different unit which is pulse per inch (PPI). Those groups
mainly focused on the surface properties related to PPI [30], but only
Prakash et. al. [39] investigated the effect on channel size, which as-
serts PPI as a non-effective parameter. However, our findings are dif-
ferent as shown in Fig. 5.

The additional experiment is carried out to better demonstrate the
effect of the frequency. Fig. S3 shows the ablation of PMMA at a wide
range of frequencies. As the frequency increases from 10 Hz onwards,
the hole size decreases due to the reduction of the pulse period of the
laser. Above 100 Hz, the heat-affected zone of each pulse starts to
merge. As the frequency increases, pulse duration decreases, reducing
the heating effect. This is apparent from the hole size in Fig. S3. With
increasing frequency, energy and period of the laser pulses decrease.

The laser pulses also do not completely overlap each other. Since the
energy is low, it cannot be so effective. In addition, the following pulse
does not hit the same point. It hits slightly next spot after a short period.
Therefore, at high frequency, the laser beam starts ablation which ends
rapidly and left that spot of the material hot. Hence, some of the energy
is consumed in heating since the energy is interrupted just after starting
the ablation. Then the surface is left to cool down convectively because
the laser head has already moved to the next position. Therefore, more
energy is wasted for heating instead of ablation at higher frequencies.
This fact causes shrinkage in the channel size as shown in Fig. 4 and Fig.
S3.

As another parameter, speed has two different effects on the abla-
tion process. One is the total amount of the energy transferred to the
surface, which changes with the speed as the energy parameter is set in
the power unit. When the same process is done at the same power but
different speed settings, the total energy transfer would be lower at a
higher speed setting which changes the ablation rate. The other effect is
about the overlapping of the laser pulses which is discussed above.

3.5. Resolution of machining

Minimum channel size is another important parameter in micro-
fluidic applications. For example, it defines the limitations of a micro-
chip in terms of sensitivity if it is to be used in a sensing application. A
channel used in a bacteria sensing application [40,41] should be nearly
three times smaller than a channel used in blood cell sensing applica-
tions [42,43]. Besides, channel size is critical for particle manipulation
[44] with inertial microfluidics or viscoelastic fluids [45]. Here are
shown two resolution values that are valid for different purposes. One is
true for only a simple linear channel, which is done by a single pass of
the laser. The other resolution value is true for all kinds of designs in-
cluding both simple and complex geometries. As shown in Fig. S4,
complex designs cannot be done properly above 20% speed settings.
When speed is too high, engraving does not match with the drawing
due to delays coming from the switching time of the laser beam. Thus,
100 pm height and 30 um width can be achieved for PMMA, and 50 um
height and 100 um width can be achieved for PS for single straight
channels; 200 pm height and 250 pm width can be achieved for PMMA
and 250 um height and 300 um width can be achieved for PS. Fig. 6
shows the results for PMMA and PS at 5 KHz.

3.6. Microchannel sealing

The sealing of the microchannel is a big issue and still open to
discussion. There are numerous ways in the sealing of hard plastic
channels for PS and PMMA [46]. It is generally the thermal bonding of
the same material over the machined piece. Sealing the microchannels
with tape is a new trend in the microfluidics community [47]. We have
adopted the tape sealing for the sake of simplicity, which deserves more
investigation. Three different types of transparent tapes are used and
tested at several conditions. Sealing performance, referring to pressure
resistivity, is investigated for different liquids for PMMA and PS. Ac-
cording to the results in Table 1, the best sealing is performed by
Kapton tape. Leakage pressure is nearly the same for silicon oil and DI
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Fig. 8. AFM images of PS and PMMA (a) before laser machining (b) after laser machining.

Fig. 9. Top views of different designs machined by the laser on PMMA surface.

water. Isopropyl alcohol (IPA) leaks at relatively lower pressure values
than the others. In addition, PMMA stands at higher pressure values
than PS. The pressure test is done using the chips shown in Table 1 that
are engraved at 10% power, 20% speed and 5 kHz frequency for PMMA
and PS.

3.7. Surface wettability

Hydrophobicity is also very important like surface roughness. A
contact angle measurement test is carried out for inspection before and
after laser treatment of the surface. The critical value for the contact
angle is 90°. A higher value indicates a hydrophobic surface char-
acteristic whereas a lower value implies a hydrophilic surface [48].
According to the results shown in Fig. 7, PMMA and PS surfaces are

Fig. 10. Passive mixer made of PMMA and PS where blue and yellow dye fluids
are mixed, giving green color.

hydrophilic before the laser treatment. The whole surface of 1 cm?
plastic pieces is processed at 10% power, 30% speed and 5 kHz fre-
quency settings. After laser processing, PMMA loses hydrophilicity
while PS gains hydrophilicity. Both materials are hydrophilic before
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PMMA

DI water

Fig. 11. Droplet generation experiment in a T-junction geometry for PMMA and
PS microchannels.

and after laser processing, which means microchannels engraved in to
PMMA and PS will be hydrophilic. We think that PMMA loses hydro-
philicity after machining due to direct sublimation during the ablation,
which increases surface roughness. Since surface roughness decreases in
PS following the laser machining due to resoldifying materials, it gain
hydroflicity.

3.8. Surface roughness

Surface roughness measurements were done with AFM whose re-
sults are given at Table 2 and Fig. 8. PMMA and PS substrates were
analyzed before and after the laser machining. According to the results,
surface roughness increases after the laser machining at PMMA which is
due to the fact that the PMMA directly sublimate during the ablation.
As the heat diffusion process is random in nanoscale like all the other
diffusion processes, the PMMA surface is etched randomly on the
atomic scale as well leading to higher surface roughness. In contrary to
PMMA, PS ablation consists of two steps of which the second one occurs
at higher temperature. Since the laser beam can not ablate the whole
material at the mentioned speed and power settings, there leave some
material at liquid state after laser passes which resolidify later. Hence
the remaining surface becomes planer then before ablation.

3.9. Applications

It is possible to fabricate all kinds of geometries with laser ma-
chining as long as we stay in the limits of the resolution. There are two
kinds of resolution: the resolution of the x-y stage and the minimum size
of the laser ablation of the channels. The precision of the laser ablation
is a few hundred pm. Yet, the maximum resolution of the x-y stage is
1000 dpi which is equal to 24 pm. These limits enable the edges of the
two ablation areas to be as close as 24 um with the line width no lesser

Applied Surface Science 534 (2020) 147642

than 100 pm. Several designs including intersections, curved and flat
turnings and intensive channels are machined as shown in Fig. 9.

Mixing of the fluids in a low Reynolds number is one of the biggest
issues of microfluidics. There are some active mixing methods [49-51]
that require additional components to the chip increasing complexity
and cost. On the other hand, passive mixing does not require any ad-
ditional components that work based on diffusion. Since diffusion needs
time in proportional to distance, a long channel is designed to provide
enough time for two fluids to mix. Here, two passive mixers are made of
PMMA and PS by laser machining as shown in Fig. 10. In the inter-
section, blue and yellow dyed fluids do not mix in the laminar flow
regime. While the fluids progress inside the channels, both start to mix,
forming green dye because of diffusion. At the region close to the outlet,
two fluids are totally mixed, which is evident from the green color
covering the whole channel. It can be seen PS is a good candidate for
applications requiring optical transparency.

Droplet formation is one of the most promising applications of mi-
crofluidics. Droplets can be set to nano to picoliters in volume [52],
which enables highly sensitive detection. From blood typing [53] to
PCR [54], several sensing applications can be added to the list [55]. In
addition to sensing applications, chemical synthesis is another area of
application that lowers the consumption of expensive reagents [56].
Therefore, a fabrication method should be able to make a microchannel
that is capable of producing droplets. In Fig. 11, the production of
microdroplets are shown for PMMA and PS microchannels. There is one
additional point. According to our previous experience of droplet for-
mation in PDMS microchannels, droplet generation is harder in PMMA
and PS microchannel. It is harder to find the right pressure values, and
it takes more time for steady-state. This is true at least for T-junction. Y-
junction might be better for droplet generation in laser cut plastic
channels as shown in [19].

4. Conclusion

We have shown that CO, laser machining of PMMA and PS might be
a good alternative of the clean room based fabrication methods over-
coming complexity and cost issues. The advantages and disadvantages
of the machining of both materials were revealed as follows: Due to the
melting step during the ablation of PS, a good sealing in the inlets of the
microfluidics chips cannot be achieved unlike PMMA. Therefore, a
method was developed to achieve a good sealing between tubings and
the inlet hole by attaching a PMMA piece via double-sided tape. Down
to 30/100 um width/height and 50/100 pm width/height can be
achieved for PMMA, PS with this laser machining method. We found
out that when the laser frequency increases, ablation efficiency de-
creases. In other words, lower frequencies ablate more material at the
same power setting. Sealing of the microchannel was made through the
tape as a low-cost alternative to other methods. Leakage tests were
performed for all tapes using different liquids. As a result, Kapton tape
gave the best sealing performance. IPA was the liquid hardest to work
with in terms of lower leakage pressure threshold. As SEM and stereo
microscopy photos revealed, PS was clear nearly as much as glass. The
only disadvantage of PS was the bubbles formed inside microchannel
during the ablation process. While the PMMA channel was not as op-
tically clear as PS, it had a better sealing performance with tape. In
addition, it does not require additional processes for the connection of
tubings to the inlet. Both materials showed a hydrophilic character
before and after laser machining. A passive micromixer and droplet
generator on a T-junction, which are among the most common micro-
fluidic techniques, were shown to test the application performance of
the laser machined PS and PMMA microchannels giving promising re-
sults.
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