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easy operation (Mitchell et al. 2001), and batch produc-
tion. To produce a variety of chemical and biological reac-
tions in a microfluidic device, the mobility of the merge, 
mix, and split for the chemical reactions can be controlled 
(Bokenkamp et al. 1998; Stroock et al. 2002; Hettiarachchi 
et al. 2007).

To create a micro-channel device, the selections of mate-
rials and machining method are critical. Materials com-
monly used of microfluidic channels include single-crystal 
silicon chips, glass, metals, and polymers. Single-crystal 
silicon has good thermal stability and chemical inertness, 
allowing high-precision three-dimensional (3D) struc-
tures to be produced. PMMA and poly-dimethylsiloxane 
(PDMS) are easily processed and low cost, making them 
very suitable for mass production. However, these materi-
als have low melting points and poor material strength. 
Glass materials are commonly used as biochips for bio-
logical applications due to their biocompatibility and ease 
of reuse. Therefore, glass-based chips are commonly used 
in research and development units. However, the brittle-
ness of glass make it difficult to process and control with 
precision. Therefore, the development of high-quality and 
high-precision micro-manufacturing methods for glass-
based materials is necessary (Zhang et al. 2004, 2006; Yang 
et al. 2001). Various techniques have been applied to con-
trol microfluidic channels, including mechanical machin-
ing methods such as micro-milling (Nakano et al. 2007), 
micro ultrasonic machining, and micro electrical discharge 
machining (EDM), lithographic and electrolytic etching 
(Menezes et al. 2010; Borghi et al. 2008), as well as energy 
beam technology such as ultra-short-pulse laser machining 
(Gattass and Mazur 2008).

Although lithographic and electrolytic etching is com-
monly used for fabricating the two-dimensional (2D) 
micro-channels, the fabrication of 3D microfluidic 

Abstract Microfluidic channels have been created for 
quartz material using micromechanical manufacturing tech-
nologies such as micro laser machining, micro ultrasonic 
machining, and ultra-precision machining. Ultra-precision 
machining has been used to manufacture cross-junction 
channels 14 µm wide and 28 µm deep with a three-dimen-
sional triangle cross-section. Micro laser machining has 
been used to manufacture U-shaped and -shaped micro-
fluidic channels. Deep holes and microfluidic channels with 
a high slenderness ratio (width/depth) can be obtained by 
using micro ultrasonic machining technology. These three 
machining techniques are compared with respect to surface 
profiles and machining quality.

1 Introduction

The rapid development of microfluidic channel has cre-
ated a new platform for fabricating controllable micro-
spheres via droplet formation (Leng et al. 2010; Anderson 
et al. 2009; Chu et al. 2007; Utada et al. 2005). Micro-
fluidic channel control technology for producing micro-
spheres have advantages such as good size controllability 
(Hisamoto et al. 2001), high reaction efficiency (Dittrich 
and Manz 2006), short process time (Brivio et al. 2006), 
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structures requires stacking and bonding, leading to 
increased complexity and cost (Liu et al. 2012). Femtosec-
ond laser technology has thus been used by many research 
groups for fabricating 3D microfluidic structures (Zheng 
and Lee 2005; Bhuyan et al. 2010; Queste et al. 2010; Liu 
et al. 2012).

Zheng and Lee (2005) used a CO2 laser along the move-
ment path of the beam to machining glass material removal. 
The formed groove was crack-free with a smooth bottom 
surface. Bhuyan et al. (2010) used a femtosecond laser to 
create the smallest tapered micro-channel in glass. The 
experimental results showed that the obtained microfluidic 
channels had a 2-µm diameter and aspect ratios of up to 40. 
Queste et al. (2010) manufactured microfluidic glass chips 
by using deep plasma etching, femtosecond laser ablation, 
and anodic bonding. The results showed that the obtained 
laser- and etching-cut microfluidic channels were 100 μm 
wide and 140 μm high, with a profile angle of 80°–85°. Liu 
et al. (2012) used a nanosecond laser to fabricate 3D micro-
fluidic glass channels. Six micro-channels are fabricated 
210 μm beneath the porous glass surface at pulse energies 
of 60, 120, 180, 160, 170, and 180 μJ, respectively, and 
three more micro-channels are fabricated 420 μm beneath 
the glass surface at pulse energies of 120, 160, and 180 μJ, 
respectively.

The fabrication of 3D microfluidic glass channels using 
laser processing is thus of interest. However, the rough-
ness of the channel surface and machining accuracy are 
poor with laser machining. This study compares the per-
formance of micro ultrasonic machining, ultra-short-pulse 
laser machining, and ultra-precision machining in fabricat-
ing 3D microfluidic channels in quartz.

2  Experimental methods

2.1  Materials and micro‑manufacturing methods

Material properties are the first consideration for 3D micro-
fluidic channels. The chosen material must have good 
chemical properties, such as biocompatibility and chemical 
stability. In addition, the quality and precision of micro-
manufacturing methods depend on the material. Quartz was 
selected as the substrate material in the present study due to 
its low coefficient of thermal expansion, good wear resist-
ance and biocompatibility, and high light penetration resist-
ance. The brittleness of quartz makes it difficult to process 
and precisely control, making it a good test material.

Micro ultrasonic machining, ultra-short-pulse laser 
machining, and ultra-precision machining were used to fab-
ricate 3D microfluidic glass structures.

2.2  Picosecond laser machining equipment 
and methods

Figure 1a shows the picosecond laser system (PL10100, 
Ekspla Co. Ltd.) used in the experiments. Its technical 
specifications are listed in Table 1. The laser parameters 
set for glass ablation were a 1064-nm wavelength, a pulse 
duration of 10 ps, a repetition rate of 50–100 kHz, a mini-
mum focusing spot diameter 15 µm, and the circular polari-
zation state, converted from the linear polarization state 
using a quarter-wave plate (QWP). The maximum incident 
pulse energy was chosen to be 0.2 mJ. The average output 
power was tuned from 0 to 10 W with adjustable power 
attenuation. A precision moving stage was mounted along 

Fig. 1  a Ultra-short-pulse laser machining system and b schematic diagram of laser workstation for micro channel manufacturing
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the 2-axis XY table translation on the horizontal plane with 
a maximum travel distance of 200 mm for each axis. The 
vertical moving stage had a maximum travel distance of 
100 mm with 1-μm position precision, as shown in Fig. 1b. 
To increase the machining accuracy, a charge-coupled 
device (CCD) camera connected to a computer was used to 
image the fabricated structure in real time.

In this study, a picosecond laser was used for manufac-
turing the desired geometry of microfluidic channels in 
quartz. The use of an ultrafast laser with a high repetition 
rate for processing quartz is favorable for surface cold-
ablation quality and processing efficiency. Microfluidic 
channels with U- and -shape geometries were fabricated.

2.3  Ultra‑precision machining equipment and methods

An ultra-precision machining system, shown Fig. 2a, 
effectively manufactures structures with high geometri-
cal accuracy and super smooth surfaces using a single-
point diamond. It has been adopted to manufacture opti-
cal components for light guide plates, column mirror 
plate gratings, and retro-reflective plates. Such applica-
tions require extremely high geometrical accuracy for 

the machining of mirror surface microstructures (V- and 
R-grooves) and the micro-prism array structures, and 
super smooth surfaces.

The machinery developed for such applications typically 
requires only one actuator drive system for the linear axis 
of motion, which is implemented by a super-precision lin-
ear motor. By synchronizing the 1-nm resolution feed X, Y, 
and Z axes and the work rotation C axis, versatile machin-
ing is possible. The specifications of the ultra-precision 
machining system are listed in Table 2. Figure 2b shows 
a close-up photograph of the ultra-precision machining 
system.

2.4  Five‑axis machine for ultrasonic‑vibration‑assisted 
milling and drilling

A five-axis machine combined with an ultrasonic-vibra-
tion-assisted machining chuck effectively manufactures 
structures in high-brittleness materials such as quartz and 
ceramics by using ultrasonic-vibration-assisted milling and 
drilling, as shown in Fig. 3a.

The rotational ultrasonic-vibration-assisted machin-
ing chuck was designed by the Metal Industries Research 
and Development Centre (MIRDC) (see Fig. 3b). The 
chuck total length and maximum diameter are 225 and 

Table 1  Specifications of picosecond laser machining equipment

Item Value

Wavelength 1064 nm

Average output power >10 W

Maximum incident pulse energy 200 μJ @ 50 kHz

Repetition rate 50–100 kHz

Pulse duration <10 ps

XYZ stage range 200 × 200 × 100 mm

Position accuracy ±1 μm

Fig. 2  a Ultra-precision machining system and b close-up view

Table 2  Specifications of ultra-precision machining equipment

Item Value

Maximum machining size 300 × 300 mm2

Microstructure dimensions Pitch 0.2–300 μm

Depth 0.1–120 μm

Dimensional accuracy ≦± 0.5 μm

Surface roughness (Ra) ≦20 nm
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128 mm, respectively. The transducer has a maximum 
amplitude in the axial direction at a resonance frequency 
of 21.9 kHz. In addition, simple harmonic motion is 
induced at a frequency of 19.8 kHz. The generator scans 
the frequency automatically before machining in the 
range of 18–22 kHz. Detailed specifications of the ultra-
sonic chuck and generator are shown in Table 3. The 
specifications of the five-axis milling machine are listed 
in Table 4. The five-axis dynamic milling and drilling, 
high speed, high efficiency, and low residual stress allow 
free-form surfaces to be created with good machining 
quality.

3  Results and discussion

3.1  Picosecond laser machining fabrication 
of microfluidic channels

Figure 4 shows the short-focusing lens and laser process-
ing experiment setup. Through the horizontal displace-
ment of the platform and a zoom displacement mecha-
nism, a U-shaped cross-section micro-channel can be 
manufactured.

During the laser machining process, the machining 
speed was controlled at 20 mm/s, the output power was 
5–10 W, and the pulse frequency was set to 50–100 kHz for 
process stability. In addition, third machining step from 1, 
3, to 5 are considered for the different focal length.

A V-shaped deep groove with a width of 20 μm and 
a deep of 400 μm was obtained at an output power of 
5 W, a pulse frequency of 100 kHz, a machining speed of 
20 mm/s, and a focal length of 160 mm, as shown in Fig. 5. 
However, this geometry of substrate is bed to do microflu-
idic channel by 1st process due to strongest intensity on the 
beam waist and multi-photons material interaction for the 
Gaussian distribution of laser energy.

The channel length, channel arrangement, chambers 
length and direction of entrances and exits affect the sin-
gle-phase low Reynolds number flow through the V-shaped 
grooves, Cross-section of a half circular microchannel 
(U-shaped microchannel) and Cross-section of a rectangle 
microchannel ( -shaped microchannel). To further evalu-
ate the effects of the laser power, machining path, and pro-
cessing order, U- and -shaped microfluidic channels were 
produced by spatially accumulating V-shaped grooves. The 
width and depth of the V-shaped groove were 6 and 5 µm, 

Fig. 3  a Five-axis milling machine, b ultrasonic-vibration-assisted machining chuck

Table 3  Specifications of ultrasonic chuck

Item Value

Length 225 mm

Maximum diameter 128 mm

Frequency 20 ± 2 kHz

Amplitude 3–10 μm

Maximum speed 8000 rpm

Runout <5 μm

Working voltage 100–220 V

Table 4  Specifications of five-axis milling machine

Item Value

Maximum machining size 750 × 600 × 500 mm

Minimum size of micro-holes Φ 0.05 mm (aspect ratio ≧10)

Dimensional accuracy ≦± 0.5 μm

Surface roughness (Ra) ≦20 nm
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respectively, at an output power of 10 W, a pulse frequency 
of 75 kHz, and a focal length of 12 mm. Figure 6a shows an 
optical micrograph of the cross section of the 3D U-shaped 

micro-channel. For investigating the cross sections of the 
3D U-shaped micro-channel, the horizontal and zoom dis-
placements were 5 μm/step × 3 steps and 3 μm/step × 4 
steps, respectively. The machining path was from left to 
right. The cross section of the U-shaped channel was more 
rounded. From the top-view scanning electron microscopy 
(SEM) image of the cross section shown in Fig. 6b, the 
width was 21 µm and the depth was 23.8 µm. There was an 
obvious crack at the inlet end due to edge effects, but the 
internal structure had good uniformity. Microcracks of less 
than 3 μm are acceptable for micro flow channels.

Figure 7a shows an optical micrograph of the cross sec-
tion of the 3D -shaped micro-channel. The horizontal 
and zoom displacements were 5 µm/step × 3 steps and 
3 μm/step × 4 steps, respectively. The machining path was 
from inside to outside. From the top-view SEM image in 
Fig. 7b, the width was 19.5 µm and the depth was 18.8 µm. 
There are some obvious cracks at the inlet end due to edge 
effects; however, the microcracks of less than 3 µm with 

Fig. 4  Experimental set-up 
of short-focusing lens adaptor 
for laser processing of micro-
channel

Fig. 5  Optical micrograph of cross section of V-shaped deep groove

Fig. 6  a Optical micrograph of cross section of U-shaped microfluidic channel. b Top-view SEM image of microfluidic channel
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good uniformity for the internal structure meet the speci-
fication requirements for micro flow channels. The experi-
mental result is almost similar to the case of laser-induced 
plasma-assisted ablation using a 532-nm laser introduced 

elsewhere (Zhang et al. 1998; Zhang and Midorikawa 
1999).

A top-view SEM image of the morphology of the inner 
wall is shown in Fig. 8. The inner wall of the microfluidic 
channel has a relatively high surface roughness and a lot of 
slag.

3.2  Ultra‑precision machining and micro ultrasonic 
machining fabrication of multi‑functional 
microfluidic channels

Top-view optical micrographs of 3D channels in quartz 
fabricated using ultra-precision machining and micro 
ultrasonic machining are shown in Fig. 9. The V-shaped 
diamond cutting tools had an included angle of 90° and a 
clearance angle of 7°–8°. A cross-junction channel with a 
width of 28 μm and a depth of 14 μm was obtained. The 
triangular cross section of the micro-channels (Fig. 10a) 
was obtained at a cutting depth of 1 μm, a cutting speed 
of 30 mm/min, and a temperature of 23 ± 0.1 °C. The 
microfluidic channel surface was very smooth, without 

Fig. 7  a Optical micrograph of cross section of -shaped microfluidic channel. b Top-view SEM image of microfluidic channel

Fig. 8  SEM image of inner wall of microfluidic channel

Fig. 9  Optical micrograph of 
microfluidic channel fabricated 
using micro ultrasonic and 
ultra-precision machining

Ultra-precision machining technology

500 m

Micro ultrasonic machining technology
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chipping and cracks. The micro-channel surface roughness 
(Ra) was less than 0.27 μm and good processing quality 
was obtained using ultra-precision machining. A 3D micro-
structure with much smoother sidewalls was obtained using 
ultra-precision machining, with a depth of 14–100 μm, as 
shown in Fig. 10b.

To make a deep hole and fabricate a microfluidic chan-
nel with a high slenderness ratio (width/depth) in quartz, 
micro ultrasonic machining technology can be used. A 
diamond tool vibrating at a high frequency hits the sur-
face of the workpiece in an abrasive slurry to force abra-
sive grains. High-slenderness-ratio microfluidic chan-
nels are machined into the quartz plate in the milling 
process. The machining parameters were: a rotational 
speed of 6000 rpm, a feed rate of 40 mm/min, and a tem-
perature of 25 ± 1 °C. A top-view optical micrograph 
of the microfluidic channels is shown in Fig. 11. The 
width and depth of the microfluidic channels are 1 mm 
and 350 μm, respectively. Many chips can be observed 
and the machined bottom surface is rough. The sidewalls 
have a much smoother surface than that of the bottom of 
the channel.

Deep holes were machined into the quartz plate in 
the drilling process. The 25-mm-thick plate of quartz 
was machined with ball end mills made of diamond. 
The machining parameters were: a rotational speed of 
6000 rpm, a feed rate of 8 mm/min, and a temperature 
of 25 ± 1 °C. A top-view optical micrograph of a 1-mm-
deep hole is shown in Fig. 12a. An aspect ratio of 25 was 
obtained with deep holes for producing very straight 
walls. However, many cracks and chips with sizes over 
30 μm were produced. The average abrasive grain size of 
the diamond tool was 15–37 μm. The chipping decreased 
when the rotational speed was increased to 8000 rpm, as 
shown in Fig. 12b. Similar results have been obtained for 
machining a 5-mm-thick Pyrex 7740 substrate (Kalek 
et al. 2007).

The experiment results were measured by microscope 
and captured the picture to calculate the chipping area. The 
measure values include hole diameter r, maximum chipping 
diameter R. Then the average chipping length L can be cal-
culated, and it could be expressed as follow:

(1)L = R− r = ((A− a)/π)1/2

Fig. 10  a Optical micrograph 
of cross junction microfluidic 
channel. b Top-view optical 
micrograph of 3D microfluidic 
channel in quartz

(a)

(b)

100μm

20μm

Cross-junction
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where A is the maximum chipping area, a is hole area, R 
means the maximum chipping radius, and r stand for hole 
radius. Figure 13 shows the machining parameters of ultra-
sonic drilling. The machining parameters were: a rotational 
speed of 6000, 7000, and 8000 rpm, a feed rate of 10, 20, 
and 40 mm/min. When the feed rate was increased from 10 
to 40 mm/min, the chipping was increased by around 30 %. 
However, it is very interesting to note that as the rotational 
speed was increased, the average chipping is about the same. 
Hence, for best surface quality, the feed rate should be low and 
the abrasive grain size of the diamond tool should be small.

4  Conclusion

This paper investigated the microfluidic channel fabrication 
process and compared picosecond laser machining, micro 

Fig. 11  Top-view optical micrograph of high slenderness ratio (width/depth) microfluidic channel in quartz

Fig. 12  Through-hole (1 mm in diameter) in 25-mm-thick quartz machined using with a rotational speed of 6000 rpm, feed rate of 8 mm/min, 
and 37-μm abrasive grains and b rotational speed of 8000 rpm, feed rate of 8 mm/min, and 15-μm abrasive grains

10 15 20 25 30 35 40
0.020

0.022

0.024

0.026

0.028

0.030

0.032

0.034

A
ve

ra
ge

 c
hi

pp
in

g 
L(

m
m

)

Feed rate (mm/min)

 Speed of 6000 RPM
 Speed of 7000 RPM
 Speed of 8000 RPM

Fig. 13  Average chipping as a function of feed rate at speed of 6000, 
7000, and 8000 rpm



1669Microsyst Technol (2017) 23:1661–1669 

1 3

ultrasonic machining, and ultra-precision machining for 
quartz material. Using picosecond laser and ultra-precision 
machining, the microstructure could be systematically con-
trolled by adjusting the machining parameters. Picosecond 
laser machining with a short focal length could produce U- 
and -shaped microfluidic channels. However, the surface 
roughness and surface quality were poor. The inner wall 
of the microfluidic channel has a relatively high surface 
roughness and a lot of slag. To achieve high surface qual-
ity, the micro-channel surface roughness (Ra) was less than 
0.27 µm was obtained by using ultra-precision machining. 
The microfluidic channel surface was very smooth, without 
chipping and cracks.

In addition, a deep hole with an aspect ratio of 25 was 
machined into quartz using micro ultrasonic machining. 
Chipping can be decreased by increasing the rotational 
speed and size of abrasive grains.
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