
Journal of Manufacturing Processes 73 (2022) 260–268

Available online 23 November 2021
1526-6125/© 2021 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

Fabricating plasma bonded microfluidic chips by CO2 laser machining of 
PDMS by the application of viscoelastic particle focusing and 
droplet generation 

M. Tahsin Guler * 

Department of Physics, Kirikkale University, 71450 Kirikkale, Turkey 
UNAM—National Nanotechnology Research Center, Institute of Materials Science and Nanotechnology, Bilkent University, 06800 Ankara, Turkey   

A R T I C L E  I N F O   

Keywords: 
CO2 laser machining 
Microfluidic chip 
Plasma bonding 
Viscoelastic focusing 
Droplet generation 

A B S T R A C T   

In this study, direct CO2 laser machining of microchannels onto PDMS slabs and plasma bonding for sealing have 
been shown to provide the fastest method to fabricate PDMS microfluidic chips. Due to resolidification, the ashes 
and dust remains that cover the PDMS slab surface following this ablation process change the surface chemistry 
and prevent plasma bonding. Removing these remnants on the surface has been shown to be only possible via 
attaching and detaching a tape to the surface. The effect of laser frequency, speed and power settings has been 
investigated over the entire possible range with regards to channel geometry. The best laser settings were 
determined and the resulting output channels were examined under SEM and optical microscopes. PDMS spin 
coating after laser machining has been proposed as a pre-treatment process to improve the geometrical features 
of the channel. Water-in-oil droplet generation in the T-junction, as well as microparticle focusing in viscoelastic 
fluid – used to sample enrichment– have been shown as examples of applications that benefit from precise direct 
laser machined microchannels.   

1. Introduction 

Polydimethylsiloxane (PDMS) is the primary material used to fabri-
cate microfluidic chips because of superior features such as trans-
parency, good bonding to several substrates, biocompatibility, easy 
casting, easy curing and flexibility. Therefore, the great majority of the 
environmental components of microfluidic chips, like pumps [1] and 
valves [2], are PDMS compatible. Nonetheless, the soft lithography 
technique [3], the gold standard for fabrication of PDMS microchannels, 
requires cleanrooms that are not available to many researchers. Some 
alternatively developed techniques remove the need for cleanroom ac-
cess, like xurography [4], 3D printing [5], micro milling [6] and laser 
machining [7]. 

In xurography, first developed by Bartholomeusz et al., [8], a cutter 
plotter mounted with a razor blade cuts out channels on a spin coated 
PDMS film, which is then sealed with PDMS slabs from both sides via 
plasma bonding [4]. This method offers a rapid prototyping of channels 
down to 100 μm wide and 75 μm deep via an ultra-low cost plotter 
machine. However, PDMS is very prone to tearing by the razor; in 
addition, the plotter makes too many errors around the corners, which 

limits the use of this method. 
Currently, as the most popular rapid prototyping technique, 3D 

printing offers some solutions for microchannel manufacturing as well. 
Among the 3D printed microchannel fabrication methods, the one 
creating PDMS micro channels through casting of a 3D printed mold can 
achieve channels having a minimum width of 200 μm [9]. While these 
printers have resolution better than 200 μm, the channel quality falters 
dramatically in realizing smaller size channels [10]. Because only the 
stereo lithography or digital light processing-based 3D printers are 
capable of making molds that are similar to standard microfluidic molds 
for PDMS casting [11], the 3D printing method is less accessible due to 
the relatively high cost of the 3D printer devices which have such a 
feature. In addition, the master mold requires surface treatment in order 
to peel off the casted PDMS [12], which is an additional complexity with 
this method. 

Mechanical micromachining is also a good alternative for fabrication 
of PDMS microchannels. A metal working piece is machined with a 
micro miller to engrave channels on it. Then, the machined metal piece 
is replicated using a polymeric material. The polymer-based replica is 
used as a master mold for PDMS casting to form the microfluidic 
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channels [13]. The micro milling enables machining of microchannels 
down to 100 μm wide and 50 μm high with an affordable CNC milling 
machine. 

Ultra-short pulse lasers, like femtosecond lasers, are capable of 
engraving many materials including glass [14] and can produce 3D 
channel geometry in glass [15]. Rather than manufacturing polymer 
channels, femtosecond lasers are more suitable for machining channels 
in harder materials like quartz [16], given that the CO2 laser can already 
realize polymeric channels in an easier and cost-effective way. It takes 3 
h for hydrofluoric acid (HF) etching following laser processing to finish 
the machining of a microchannel that fits on a standard glass slide [17]; 
additionally it leaves a very rough surface after etching that needs pol-
ishing [18]. 

Since many different laser sources are available, the parameters used 
– as well as minimum channel dimensions – vary in the laser machining 
of PDMS microchannels. Femtosecond laser machining provides a width 
down to 1 μm for 3D channels [19]. While enabling dimensions as low as 
soft lithography, femtosecond lasers are very expensive and require 
complicated optical setups. It also requires further chemical treatment to 
finish the channel fabrication process, such as running HF flux through 
the channel following the laser machining to finish the fabrication 
process. An ultra violet (UV) excimer laser, as a relatively more cost 
effective option than the femtosecond laser, provides channel widths of 
around 100 μm by machining a spin coated PDMS layer [20] on a PDMS 
slab [20]. CO2 lasers, as cost effective and fully automated devices, are 
the most suitable type for rapid prototyping purposes that enable 
channel widths of 100 μm by machining a PDMS layer on an acrylic 
sheet [21]. In addition, it takes less than 1 min to finish a microchannel 
that can fit to a glass slide, unlike femtosecond lasers that need a few 
hours to finish the machining of such a device. 

Among other rapid fabrication methods, laser machining comes to 
forefront within the microfluidic community as a widely adopted 
method. Giving promising results in thermoplastic engraving [22], CO2 
laser machining has been used to create microfluidic chips for several 
applications, including on-chip prothrombin time (PT) measurement 
[23], cytometry [24], droplet generation [25], electrophoresis [26], 
passive microfluid mixing [27], concentration gradient generators [28], 
nanofibers [29] and fuel cells [30]. 

CO2 laser machining of PDMS is less common than laser machining of 
thermoplastic materials for microchannel fabrication due to bonding 
issues. As the photo-ablated material resolidifies over the working piece, 
the physical and chemical character of the surface is totally changed, 
and this prevents plasma bonding. One previous study showed laser 
machining of spin coated PDMS film to make microchannels by sug-
gesting a special range of laser parameters that produce relatively low 
ashes during the ablation [31], but the plasma bonding performance of 
the laser-machined PDMS was not shown. Another study that focused on 
producing microchannels from spin coated PDMS film through double 
PDMS to PDMS casting carried out laser ablation over the acetate sheet. 
Reversing the PDMS coated acetate sheet over the glass slide sandwiches 
the PDMS film, which blocks the ashes covering the PDMS surface and 
therefore facilitates plasma bonding [21]. 

PDMS film laser machining produces rectangular profile micro-
channel the depth of which is regulated through the thickness of the 

PDMS film via the spin coating rate. Although being a rapid prototyping 
method, PDMS film laser machining includes some cumbersome steps 
such as PDMS spin coating, curing, reversing the PDMS layer over a glass 
slide, bonding the machined layer to a PDMS slab, and gently peeling off 
the acetate sheet from the PDMS layer without tearing. 

Producing microchannels by laser machining of bulk PDMS slabs has 
none of these impractical processes such as molding, casting, spin 
coating etc. So far, a few studies have focused on the direct machining of 
bulk PDMS with a CO2 laser. Holle et al. [32] just investigated the effect 
of laser parameters, power and speed on the channel dimensions and 
profile. Fogarty et al. [33] optimized the machining parameters to make 
a capillary electrophoresis microfluidic chip by contact bonding the 
PDMS to glass. The contact bonding is a reversible sealing method for 
PDMS microchannels, which works only at very low fluidic pressure, is 
very vulnerable to the external forces that a microfluidic chip can 
possibly face. Yuen et al. employed a tacky bonding method, which is a 
bonding method that uses an uncured PDMS spin coated substrate that is 
cured after combining the channel and the substrate [34]. This dirty 
bonding method only creates an all PDMS microfluidic chip since a 
PDMS substrate is mandatory for sealing the PDMS microchannels. 
Thus, advantages of using a glass substrate like easy material deposition 
for fabricating electrodes [35] or MEMS [36], are given up. 

This current study provides a complete guide to make a microfluidic 
chip by direct laser machining of a PDMS slab that takes only 10 min to 
produce the chip from scratch. Fig. 1 illustrates the general steps of the 
fabrication procedure of a microfluidic chip with this method. A simple 
approach to remove the ashes and debris inherited from the ablation 
process is presented that enables plasma bonding to create high pressure 
resistant and durable microfluidic chips. Thus, laser ablation, which is 
the only method providing direct carving of channels onto bulk PDMS, 
presents the fastest method for fabrication of PDMS microfluidic chips. 
In addition, this study presents geometric characteristics of the channel 
top and the channel edge along the laser machining direction, as well as 
intersections of the channels, in detail. Also, a method to improve the 
channel surface smoothness is shown, which provides more optical 
clarity for better visual inspection. Droplet generation and micro parti-
cle separation in viscoelastic fluid used can be achieved with the 
microfluidic chips produced by this method. 

2. Materials and methods 

2.1. Preparation of materials 

PDMS (Sylgard 184, Dow Corning) was prepared in a 1/10 (w/w) 
ratio with its curing agent by vigorously mixing a total of 30 + 3 g. After 
degassing the mixture, it was poured onto a 5 inch glass Petri dish and 
cured at 100 ◦C for 12 h. Then, it was peeled off the Petri dish by gentle 
separation. 

A solution of 1000 ppm hyaluronic acid (HA) (molecular weight =
1.5 MDa – NewDirections) was prepared by mixing it with a magnetic 
stirrer at 20 rpm for 2 days. Fifty microliters of 6 μm diameter mono 
disperse polystyrene (PS) micro beads (Polysciences, Inc.) were added 
into 2 ml of HA solution and taken into a syringe. 

Fig. 1. Illustration of the microchannel fabrication method. CO2 laser automatically machines the channels directly on the PDMS slab according to the computer 
aided design (CAD) file and, Ashes and debris are removed from the PDMS surface via a tape to facilitate plasma bonding. 
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2.2. Laser machining of the PDMS slab 

A CO2 laser (Epilog Zing 30 W, USA) was used in vector cutting mode 
to engrave the microchannels onto the PDMS surface. The upper surface 
of the PDMS slab was machined with the laser, not the one in contact 
with the glass petri dish during the curing on the hot plate. The laser had 
a 30 W output power (P) 51 mm focal length with a 27.1 mm/s hori-
zontal and 25.5 mm/s vertical speed (S) of operation configured in 
percentage units from the user interface i.e. 3 W when the laser power 
was set to 10%. The power and speed settings are given in percentage 
units throughout the remainder of this study. In addition, the frequency 
(f) range was between 10 and 5000 Hz. The pulse duration of the laser 
was shown to be f− 1 × P [27] where f was the frequency and P the 
power. The focal point of the laser was set via the lever hanging over the 
mobile head carrying the laser focus lens. While the laser had its own 
function for the up–down motion of the platform, it was not used for 
arranging the defocusing ratio for two reasons: one was that it was not 
controlled quantitatively, and the other was that once it was used, the 
x–y position was lost. Therefore, for defocusing the laser, a small lever 
jack was placed on the laser platform and the working piece was put 
over the lever jack, which was moved towards the focus lens by lifting 
the lever jack up. 

2.3. Cleaning 

After laser machining of the channels, the PDMS slabs were cleaned 
using two methods: one was by sonication in an acetone bath, which is a 
10-minute process that was followed by washing with DI (deionized) 
water and baking on a hot plate for 1 min at 100 ◦C. The other was by 
attaching and detaching tape (Scotch Crystal 610, 3M) to and from the 
surface of the slab to lift the ashes and debris from around the channels. 
The findings show that tape cleaning outperformed the solvent cleaning 
method. Also, a mini rotary brush (Dremel) was employed to clean the 
PDMS surface after laser machining. 

2.4. Spin coating of PDMS 

The PDMS was spin coated on the machined PDMS slab at 5000 rpm 
for 2 min at an acceleration rate of 2000 rpm/s. The spin coating, which 
was aimed at removing the surface roughness of the channels, was 
performed following the optional cleaning. After the spin coating pro-
cess, the laser machined PDMS slab was left on the hot plate to be cured 
at 100 ◦C for 2 h. 

2.5. Microscopy 

SEM images were obtained after the samples were coated with 10 nm 

of gold. The fractures imaged on the objects by SEM were due to 
cracking of the gold layer formed over the soft PDMS. Inverted micro-
scope images were produced by a Zeiss Axio microscope mounted with 
its original camera or a high speed camera (Phantom Miro e2). Stereo 
microscope images were obtained with a cell phone camera (Xiaomi 
Redmi Note 5) through a binocular microscope (Kruss). 

2.6. High speed camera and image processing 

A high-speed camera was fitted to the inverted microscope and run at 
300 or 7104 frames per second (fps) sampling rates to investigate the 
viscoelastic particle focusing at low and high flow rates. The recorded 
video file was investigated with a custom written Python code mainly 
using the OpenCV library. Using background subtraction, which was 
followed by some other image processing techniques to track particles 
and reduce the noise, lateral particle positions and stacked images of 
particle trains were obtained. 

2.7. Simulation 

Finite element model (FEM) simulations were performed using 
COMSOL at normal mesh settings. The channel inlet was configured 
with a fully developed flow at a constant rate of 6 μl/min, while the 
outlet was configured with 0 atm constant pressure conditions. The 
simulation noise was determined via an imaginary particle sweep [37] 
by measuring the pressure fluctuations of a point inside the channel that 
gave 0.7% uncertainty to the results of the calculations. 

3. Results and discussions 

As the laser has a Gaussian beam profile, the channel machined by 
the laser on the PDMS slab had a Gaussian shape as well. 

3.1. The effect of machining parameters on channel quality 

Two hundred and fifty-two combinations of different power, fre-
quency and speed settings – scanning the entire range of possible values 
for each parameter – were tested to analyze the machining quality. The 
outputs were evaluated in terms of the interior smoothness of the 
channel, whether to have a straight channel edge, or straight top, etc. 
According to Table 1S, which gives the results of the test, it was 
impossible to fabricate a smooth surface microchannel in the low fre-
quency region. The machined channels lacked either a straight channel 
edge or top in this region. Fig. 1S shows all the kind of outputs achieved 
by the laser machining of microchannels on PDMS that went towards the 
generation of Table 1S. 

The laser cutter performed perfectly straight channels in terms of 

Fig. 2. SEM image from a) top perspective and b) cross section of the laser machined PDMS microchannel at 5 kHz, 14% P and 100% S settings. c) Inverted mi-
croscope image of the microchannel filled with 6 μm PS particles suspended in DI water solution. 
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smoothness and geometry at the highest frequency region. The best 
channels that have the smoothest channel surface were achieved at the 
highest frequency as well as the highest speed settings. The height and 
width of the channel can be tuned by adjusting the power while using 
the highest frequency and speed values. Fig. 2(a) shows the smoothness 
of the channel interior using the SEM image as well as the channel cross 
section in Fig. 2(b). Fig. 2(c) shows the inverted microscope image of PS 
microbeads suspended in DI water during the flow through the channel. 
Therefore, microchannel machining used the highest speed and fre-
quency, as well as low power settings to provide high quality channels 
allowing precise visual inspection. 

3.2. Tuning the channel dimension through the machining parameters 

3.2.1. Power 
Channel width and height depends on the total laser energy that is 

transferred to the PDMS working piece, which is proportional to the 
power and inversely proportional to the speed. Here, the width and 

height of the channels that are given in Fig. 2S were machined at the 
favored setting regimes, which were the highest speed and frequency at 
several power rates. Fig. 3 shows the SEM image of the machined 
channels from a cross-sectional viewpoint. Also, the flow velocity profile 
of water was calculated in COMSOL for several sized microchannels that 
are given in Fig. 3S. Results showed that the channels engraved at lower 
than 20% power rate were useful for conventional microfluidic appli-
cations, whereas at higher power rates the channel cross section became 
sharper. Fig. 4S shows the outputs from the top perspective introducing 
the channel surface features. At higher power rates, the channel lost 
smoothness becoming rougher while the opposite occurred at lower 
power rates, which is another point in favor of low-power machining. 

The results show that lowering the laser power decreased the cur-
vature of the channel which enhanced the operability with regards to 
general microfluidic applications. 

3.2.2. Defocusing 
Laser machining was carried out by putting a working piece on the 

Fig. 3. SEM photo of the cross section of the channels machined at 100% speed, 5 kHz frequency, and a) 100% power b) 75% power c) 50% power d) 20% power e) 
15% power and f) 12% power settings. 

Fig. 4. SEM picture of channels machined with a defocused laser beam at 5 kHz, 100% speed, and 60% power settings. Cross sectional top view outputs are shown for 
several defocused rates: a) 1.5 mm b) 3 mm c) 4.5 mm d) 6 mm. 
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Fig. 5. Comparison of solvent and tape cleaned surfaces of PDMS slabs with their plasma bonding performances after laser machining. SEM image of PDMS slab a) 
immediately after laser machining the channel b) after cleaning with sonication in IPA and water bath for 5 min c) surface cleaned with the tape following the solvent 
cleaning process, the optical microscope image of the PDMS slab d) immediately after laser machining the channel e) after cleaning with sonication in IPA and water 
bath for 5 min f) following the solvent cleaning process the tape cleaned PDMS surface, the optical microscope image of tape cleaning (left side) and only solvent 
cleaning (right side) g) laser machined PDMS surface h) plasma bonded microchannel filled with red food dye dissolved in DI water that shows the right side with 
leakage due to the ashes that remained on the PDMS surface and which blocked plasma bonding to the glass substrate. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Comparison of laser machined channel surface before and after PDMS spin coating. PDMS spin coated SEM images of a) channel surface b) cross section c) 
inverted microscope image of channel filled with 6 μm diameter PS beads suspended in DI water SEM image of channel after PDMS spin coating from d) top 
perspective e) cross section f) inverted microscope image of the channel after PDMS spin coating filled with 6 μm diameter PS beads suspended in DI water. Here the 
channel machining was carried out at 40% power, 100% speed and 5 kHz frequency settings. 
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exact focal point of the laser to achieve the highest possible intensity in 
the laser beam on the smallest area and ensure the maximum cutting 
performance. As the concern of this study was to carve microchannels 
rather than cutting, defocusing can be used as an additional parameter 
to tune the aspect ratio of the channel geometry. Elevating the working 
piece towards the focal lens brought the PDMS to a defocused area of the 
laser beam. Some previous works present engraving of channels on 
thermoplastic using a defocused laser beam [38]. Machining of the 
PDMS with a defocused laser beam gave similar results to the thermo-
plastic materials in terms of dimensions, where the enlarged beam, due 
to defocusing, induced wider and lower channels. The defocusing 
feature enabled increasing lateral channel dimensions in contrast to 
focused machining. Since the pulsed laser ablation mainly goes verti-
cally down through the working piece, which makes ablation limited in 
the horizontal direction, it is significant when tuning channel di-
mensions in the horizontal aspect. The measurements of channel size at 
a defocused range between 1.5 and 6 mm for the two different regimes is 
given in Fig. 5S. Also, Fig. 4(a to d) illustrates the variation of channel 
dimension as well as surface smoothness of the channels across the 
defocused range with SEM images. 

Fig. 4 shows SEM pictures of channels machined with a defocused 
laser beam at 5 kHz, 100% speed, and 60% power settings. The effect of 
the defocused laser beam on channel geometry was investigated by 
lifting up the working piece towards the focal lens in 1.5 mm steps. 
Results showed that the aspect ratio of the channel can be tuned by 

arranging the distance between the working piece and the focusing lens. 
Fig. 6s also shows the calculated flow profile inside these channels given 
in Fig. 4. 

3.3. The effect of cleaning on plasma bonding quality 

Ablated material resolidifies over the PDMS surface during the laser 
machining of the channels. Therefore, some remnants are present both 
inside the channels and over the surface of the PDMS slab, as shown in 
Fig. 5(a) and (d). That debris need to be removed for two reasons: to 
facilitate plasma bonding between the machined PDMS and substrate, 
and to prevent channel clogging. So far, the main obstacle in making 
microfluidic chips from CO2 laser machined PDMS has been the plasma 
bonding, which is impossible due to the modified surface morphology 
and chemistry of the PDMS after laser machining. None of the conven-
tional cleaning methods adopted in microfluidic labs, which are air flux, 
water flush, rotary brush or sonication with solvents, can remove the 
debris over the PDMS surface, as shown in Fig. 5(b) and (e). As a result of 
inadequate cleaning of the PDMS surface, bonding fails and that leads to 
leakage during fluid flow through the channel as shown in Fig. 5(h). 
Failure to remove the ashes and debris from the PDMS surface has been 
the main reason for employing different materials instead of PDMS to 
create microfluidic chips through direct laser machining. 

A practical way that enables the removal of ashes and debris 
remaining after laser ablation involves the use of tape to provide a clean 

Fig. 7. Improvement of channel structure via PDMS spin coating. a) Optical microscope image of laser machined channels crossing each other from top view. b) 
Optical microscope image of cross section along the channel. The channels were engraved at 40% power, 100% speed and 5 kHz frequency settings. 
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surface that enables perfect plasma bonding. By attaching and detaching 
a tape several times using a fresh part of the strip each time, all the 
remnants covering the PDMS surface can be removed. Fig. 5(c) and (f) 
shows optical microscope images of the PDMS surface after tape clean-
ing. A direct comparison of tape-cleaned and solvent-cleaned sides of the 
same chip show the difference between the both methods more clearly. 
As shown on the left side of Fig. 5(g, h) the tape-cleaned side is pretty 
clear and well sealed through plasma bonding, while the right side is not 
so clean of ashes and not well sealed, giving rise to leakages. Testing the 
sealing achieved by tape cleaning and the resulting plasma bonded 
microfluidic chips was done by successfully pumping water through the 
channels at 2 bar (the limit of the pressure pump) for 1 h. When only 
solvent sonication cleaning was used, the start of leakage from the 
plasma bonded microfluidic chip was only a matter of time. 

One should note that tape cleaning is necessary for plasma bonding 
although ultrasonic cleaning is not. However, during the flow experi-
ment, furthermore ultrasonic cleaned microfluidic chips show better 
performance against clogging. Tape cleaning's inadequacy of reaching 
the channel interior while ultrasonic cleaning explains the fact very 
well. Therefore, it is recommended to apply solvent cleaning before or 
after the tape cleaning to have better flow performance. 

3.4. Enhancement of channel surface quality 

The laser ablation leaves a rough surface that is unfavorable for 
optical operations of the microfluidic chips. Particle detection via light 
scattering [39], cell deformability measurement [40], and imaging flow 
cytometry [41] are some of the applications of microfluidic chips that 
require good optical transparency. To improve surface roughness of the 
laser-engraved channels, a spin coating technique was applied that puts 
an extra uncured PDMS layer over the channels. Fig. 6(a) and (d) clearly 
shows the contrast between the PDMS spin coated and non-treated laser- 
engraved surfaces. The PDMS spin coating dramatically improved the 
surface roughness as well as reducing the curvature of the channel top 
forming a flatter top that is shown in Fig. 6(b) and (e). The thickness of 
the spin-coated PDMS layer is nonuniform and variates depending on 
the curvature. It can be up to 80 μm in the channel deep, 8–15 μm over 
the channel walls, and 20 μm on a flat surface at 2000 rpm, which can be 
further attenuated with upraising speed [42]. The optical performance 
of this pre-treatment was observed under an inverted microscope as 

Fig. 8. Water in oil droplet generation in the laser machined T-junction.  

Fig. 9. Viscoelastic focusing of 6 μm diameter PS particles in straight microchannels are shown with stacked images and histograms. a) Inlet at 0.5 μl/min flow rate 
shows beads randomly distributed along the lateral axis b) outlet at 0.5 μl/min shows beads aligned into the middle of the channel by elastic lift force c) inlet at 10 μl/ 
min shows beads randomly distributed along the lateral axis d) outlet at 10 μl/min shows distorted focusing due to inertial effects overcoming the elastic lift force. 
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shown in Fig. 6(c) and (f). According to this figure, PS bead inside the 
channel has clearer view, which enables better monitoring of the par-
ticles flowing through the channel. 

The surface finish quality of the laser machining depends on the 
parameters like speed, power, and frequency. In the lowest power and 
the highest frequency and speed settings, the surface roughness is the 
lowest; towards the other end of these settings, surface roughness gets 
worse. Although PDMS spin coating is not mandatory especially for the 
channels fabricated with a good surface finish, it is recommended for 
improving the surface roughness since it is in favor of better flow and 
optical monitoring performance. 

3.5. Smoothing the channel height variation 

Depending on the processing parameters and design, the intersection 
domains of the channels crossing each other become bigger than the rest 
due to double ablation. Spin-coated PDMS fills these hollows elevating 
those deeper areas towards approximate general channel level. Yet it is 
not possible to totally align too deep and shallow areas, as PDMS is spin- 
coated on both areas. It also works to smooth the wavy and indented 
channel top that is inherited from the laser ablation associated with the 
processing parameters, and independent from the design. Fig. 7(a) 
shows a design consisting of two channels crossing each other. Fig. 7(b) 
shows the old indented tops and the new straight channel tops, as well as 
the old hollows at the intersection points of the channel, which is then 
filled by the spin coated PDMS. 

Indentations at the channel top arising from the pulsed character of 
the laser have been flattened with the spin coated PDMS layer. As seen in 
this figure, the hollows or enlarged spaces in the intersections of the 
channels have been dramatically improved by the PDMS spin coating. 

3.6. Applications 

The performance of the direct laser machined microchannels in 
generating droplets and focusing viscoelastic microparticles showed 
great potential for further applications. Microfluidic chips fabricated in 
10 min achieved the tasks very well, as discussed below: 

3.6.1. Droplet generator 
Droplet-based systems are one of the most fundamental topics in 

microfluidics, and they have been implemented in several fields, 
including particle synthesis [43] and detection [44]. Droplet generator 
incubator microchannels were manufactured using the 5 kHz, 50% 
speed and 30% power settings. As nanoliter droplets are among the most 
commonly used ones in microfluidic, the channel dimensions are 
specially designed to easily generate this size. Fig. 8 shows nanoliter 
droplet generation performance at the T junction of the channels. By 
arranging the flow rates of the water and oil, the frequency and size of 
the droplets are tuned as shown in the figure below. The inverted mi-
croscope images show that the droplet size and frequency can be finely 
tuned by regulating the flow rates of water and oil. The figure shows that 
the ratio of the flow rates between the oil and water determines how 
much volume the water will occupy along the channel. On the other 
hand, the total flow rate arranges the frequency of the droplet as well as 
its speed throughout the channel. Those parameters are significant with 
regards to sample volume and sampling speed where the sample is 
carried out inside the water droplets. 

3.6.2. Viscoelastic focusing 
Viscoelastic focusing of particles has recently gained popularity in 

microfluidic community addressing a significant issue such as the sep-
aration [45] or detection [46,47] of particles through aligning them on a 
single stream without using any other technique. A 5 cm-long micro-
channel with a width of 145 μm and a height of 70 μm was machined at 
17% power, 100% speed and a frequency of 5 kHz. 6 micrometer 
diameter PS microbeads were suspended in an HA solution and sent to 

the channel through a syringe pump at several flow rates. Randomly 
distributed beads in the entrance were focused into the middle of the 
channel by elastic force, which is dominant up to a flow rate of 5 μl/min, 
while advancing along the channel. Videos S1 and S2 show the dynamic 
plot of the high-speed camera outputs from the outlet of the micro-
channel at 0.5 μl/min and 10 μl/min respectively. At higher flow rates, 
the inertial lift force overcomes the elastic force and particle focusing 
decays [48]. Fig. 9(a, b) shows the channel inlet and outlet at 0.5 and 10 
μl/min flow rates via stacked images achieved by the particle trains. 
Aligning the particles into the middle favors not only the detection or 
sensing application, but also enables sample purification and enhance-
ment thorough separation. All these bonus features come thanks to 
straight narrow channel geometry and a fluidic property without 
employing any external parts. 

4. Conclusions 

The fastest method for fabrication of PDMS microfluidic chips is via 
direct laser machining, which is the only method for engraving bulk 
PDMS that provides a design to plasma bond fabrication in 10 min. The 
only obstacle in making a plasma bonded microfluidic chip through 
direct laser machining was the debris left on the surface formed by the 
laser machining process. These remnants were effectively removed 
using a tape that could not have been achieved with other known 
techniques. The highest frequency and speed with the lowest power 
settings provided the best channel features. As the channel height and 
width is directly proportional to power, the laser machined channels 
lose interior smoothness as the dimensions increase. A simple pre- 
treatment method – PDMS spin coating of the laser machined channel 
– was shown to be effective in smoothing out the channel interior sur-
face, which also decreased the aspect ratio of the channel. Defocusing 
the laser beam onto the working piece also means that the aspect ratio 
arrangement can be used as an additional machining parameter. The 
fabricated microfluidic chips showed high accuracy in droplet genera-
tion and viscoelastic particle focusing applications. With 1000 dpi res-
olution and down to a possible 32/12 μm height/width minimum 
channel size, this method offers high precision at a very low cost. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jmapro.2021.11.016. 
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