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a b s t r a c t

Fabrication of three-dimensional microfluidic channels in glasses by water-assisted ablation with femto-
second laser pulses was investigated. The experimental results showed that formation of the photoin-
duced microchannels by femtosecond pulses depended on the incident laser power and the scanning
speed. For the same scanning speed, the shape of cross-section of channels changed from ellipse to circle
with increasing the laser power. Under the optimum condition of laser processing, we fabricated two lay-
ers of microfluidic channels with diameter of about 8 lm inside glass. The distance between two layers of
microchannels was about 20 lm.

Crown Copyright � 2008 Published by Elsevier B.V. All rights reserved.
1. Introduction

Microfluidic components including microcell, microchannels
and micropump can be applied in a variety of fields such as bio-
chemical analysis, medical inspection, new drug development,
and environment monitoring [1]. Commonly, microchannels are
achieved by UV lithography [2], wet etching [3] and then the bond-
ing technology [4]. Although these techniques have been well
established, these methods are tedious to form three-dimensional
(3D) microstructures. With the rapid development of ultrashort-
pulse technology, femtosecond laser pulses provide a unique
micromachining tool that allows the surface or bulk of a transpar-
ent material to be modified with micrometer precision. A tightly
focused femtosecond laser pulse can deposit energy into a trans-
parent material through high-order nonlinear absorption, produc-
ing 3D-localized material ablation either on the surface or in the
bulk. Femtosecond laser direct writing is suitable for rapid proto-
typing. Therefore, many researchers have paid much attention to
the fabrication of microfluidic components with femtosecond laser
pulses.

Marcinkevicius et al. demonstrated femtosecond laser-assisted
3D microstructure of H-shaped channel in silica glass that was car-
ried out in two steps: writing a preprogrammed pattern to the sil-
ica volume by using laser pulses to produce uniformly distributed
damage spots and then etching the glass in a 5% aqueous solution
of HF acid [5]. Masuda et al. produced 3D microstructures such as
microcells and microchannels inside the photosensitive glass by
focused femtosecond laser pulses irradiation, followed by chemical
etching with a HF acid solution of modified regions [6]. In 2001, Li
008 Published by Elsevier B.V. All r
et al. have drilled micro-holes from the rear surface of silica glass in
contact with distilled water [7]. When distilled water was intro-
duced into the hole, the effects of blocking and redeposition of ab-
lated material were greatly reduced and the aspect ratio of the
depth of the hole was increased. No postfabrication such as heat
treatment or wet etching is needed, nor are toxic chemicals used.
Furthermore, the method avoids multiples bonding steps that are
heavily utilized in planar microfabrication. Using this method,
many researches have been carried out to fabricate different
microstructures in recent years [8–11]. To date until now, how-
ever, there are very few reports on the fabrication of multilayers
microchannels inside glass or other materials.

In this paper, we present our experimental results of microflu-
idic channels fabricated in glass by water-assisted ablation with
femtosecond laser pulses. The experimental results showed that
formation of the photoinduced microchannels by femtosecond
pulses depended on the incident laser power and the scanning
speed. In the processing procedure, we first fabricated a micro-
channel that was perpendicular to the glass surface by focusing
the laser beam onto the rear surface of the glass, which was in con-
tact with distilled water. After water flows into the channel due to
the capillary phenomenon, we fabricated two layers of microchan-
nels by moving the focal spot along the horizontal direction.

2. Experimental setup

Fig. 1 shows the schematic diagram of the experimental system
for the laser microfabrication. A regeneratively amplified Ti:sap-
phire laser system was used, which delivered pulses with duration
of 30 fs (FWHM), center wavelength at 800 nm and repetition rate
of 1 kHz. The laser beam was focused onto the glass sample by a
microscope objective. The energy of the incident pulses could be
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Fig. 1. Schematic setup for fabrication of a 3D microfluidic channels.
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continuously varied by a variable attenuator. A mechanical shutter
was employed to select the appropriate ablation time. The glass
sample with a thickness of 0.6 mm was mounted on a computer
controlled 3D translation stage with a resolution of 0.04 lm.

We first focused the laser beam on the rear surface of the glass
sample that was in contact with distilled water by the microscope
objective (20�, NA = 0.45) and translated the glass along the z
direction step by step as shown in Fig. 1. By scanning the focal
point at constant speed towards the front surface, a channel was
fabricated. After that, the sample was moved in the xy plane to
form other hollow microchannels. The images were captured by
the CCD camera.

3. Results and discussion

By varying the power of the incident beam and the scanning
speed, we investigated the influence of pulse energy and scanning
speed on processing quality. We first made a straight channel
about 40 lm length in the vertical direction by moving the sample
along the z direction, where the average power of the incident
beam was kept at 10 lW, and then translated the sample along
the y direction to fabricate the hollow channels. Fig. 2 shows the
dependence of the maximum length of the photoinduced micro-
channels on the laser average power when the scanning speed
was kept at 0.5 lm/s. From Fig. 2, we can see that the maximum
Fig. 2. Dependence of the maximum length of the photoinduced microchannels on
the laser average power when the scanning speed was kept at 0.5 lm/s. The inset
shows the fabricated microchannels, where laser average power was set at (a)
20 lW, (b) 16 lW, (c) 12 lW, (d) 8 lW and (e) 4 lW, respectively.
length of the photoinduced channel increased with the increase
of the laser power, and when laser power was increased to
12 lW, the length of channels didn’t increase any longer. In addi-
tion, we can see that the higher laser power was, the larger diam-
eter of the channels was. Therefore, high pulse energy was
disadvantageous to fabricate the high quality channels. We also
investigated the dependence of the maximum length of the photo-
induced microchannels on the scanning speed when the laser aver-
age power was kept at 5 lW. The results are shown in Fig. 3, from
which we can see that a longer channel was able to be fabricated at
a slower scanning speed. If the scanning speed was too rapid, the
dust and ablated debris have no enough time to disperse in water,
so a block was formed in the channels and impeded removal of the
plume. In addition, we found that these channels have the same
width, and it didn’t depend on the scanning speed. Therefore, slow
scanning speed was favorable for fabricating long channels. In a
word, pulse energy and scanning speed had distinct influence on
the processing quality.

Note the inset of Figs. 2 and 3, the thick black area was channels
formed under the fabrication condition described above, while the
thin white line was not but filamentous damage track induced by
the femtosecond laser. In the channel processing, accompanied
by the inflow of water, the channel could elongate continuously.
Once the ablated debris could not eject effectively, the length of
the channels no longer increased and the filamentous damage
track occurred rather than channels.

In addition, we have observed the shape of cross-section of the
channels. The scanning way of the channels was the same as the
above experiments. The cross-section was perpendicular to the y
direction. In general, the cross-sectional profile of the fabricated
microchannels showed an elliptical shape [12,13]. For instance, a
cross-section is shown in Fig. 4a, where laser power was set at
10 lW and scanning speed was 0.5 lm/s. When the laser power
was increased from 10 lW to 35 lW, however, the shape of
cross-section of the channels became from ellipse to circle, as
shown in Fig. 4. With the increase of the laser power, the aspect ra-
tio of the microchannel cross-section increased, and the cross-sec-
tional shape of the microchannels became into circle from ellipse.
This is probably because ablated materials in the channels confined
the penetrative depth of the laser pulses. When the power was in-
creased, the diameter of the channels increased, which made the
ablated materials easily flow out from the channels. Therefore, la-
ser pulses penetrated further into the glass and ablated more glass
in the laser propagation direction.
Fig. 3. Dependence of the maximum length of the photoinduced microchannels on
the scanning speed when the laser average power was kept at 5 lW. The inset
shows the fabricated microchannels, where the scanning speed was set at (a)
10 lm/s, (b) 5 lm/s, (c) 2 lm/s, (d) 1 lm/s and (e) 0.5 lm/s, respectively.



Fig. 4. The images of cross-section of the photoinduced microchannels for different laser powers: (a) 10 lW, (b) 25 lW and (c) 35 lW.
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To confirm the fabricated microchannels in the glass were hol-
low structures, we observed the fabricated E-shaped microstruc-
tures for two cases: (a), the microstructures filled with water,
and (b), the microstructures without water. From Fig. 5, we can
see that the microstructures filled with water and the microstruc-
tures without water showed bright and dark patterns, respectively.

In the fabrication process, the ablation debris ejection and effi-
cient dispersion into water were critical. Therefore, choosing
appropriate laser energy and scanning speed were required to fab-
ricate 3D microchannels. According to the experimental results de-
scribed above, the laser average power and the scanning speed
Fig. 5. Top view of the fabricated E-shaped microstructures insid

Fig. 6. Procedure and microscopic photographs of a 3D microchannels fabricated in the g
Microscopic photographs of the fabricated microchannels on the first layer (b) and the
were set at 5 lW and 0.2 lm/s, respectively. As shown in Fig. 6a,
we first translated the sample along the z direction to fabricate
the channel. Accompanied by the inflow of water, the channel
elongated continuously. When the channel reached a length of
50 lm, we closed shutter and moved the sample in the opposite
direction to the 30 lm length position. After the distilled water flo-
wed into the channel and dispersed the debris of the sample, we
translated the sample along the x and y direction to fabricated
the square wave-shaped microchannel. Next, we moved the sam-
ple and fabricated another symmetrical microchannel in the sec-
ond layer. The distance between the first layer and the second
e the glass: (a) filled with water and (b) unfilled with water.

lass by femtosecond pulses: (a) the procedure for fabricating the 3D microchannels.
second layer (c) inside the glass.
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layer was about 20 lm. During the machining process of micro-
channels, the dust and debris dispersed in the water and flowed
out of the hole constantly, so the true hollow channels could be
fabricated. Fig. 6b and c show two microscopic photographs of
the 3D microchannels. We could see clearly that two layers of
microchannels filled with water were fabricated inside the glass.
The diameter of microchannels was about 8 lm. In order to show
the fabricated microchannels were inside the glass, we ablated
two grooves on the front and the rear surface, respectively.

4. Conclusion

In summary, we investigated the fabrication of 3D microfluidic
channels inside glass by water-assisted ablation with femtosecond
laser pulses. Two layers of microchannels with diameter of about
8 lm were fabricated in the glass sample. It is expected that this
technique will be applied to the fabrication of 3D microfluidic com-
ponents including microcell, microchannels and micropump.
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