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Due to their low cost, small size, and high-speed performance, biochips are often used in various bio-
experiments. Compared with polymer-based biochips, glass-based substrates are less sensitive to heat
and organic environments. This study presents a hybrid processing approach that uses laser microma-
chining (LMM) and precision glass molding (PGM) techniques to mass-produce glass-based biochips. A
silicon carbide (SiC) mold with an outside diameter of 20 mm was used to hot emboss biochip channels
measuring 200 wm wide and 185 wm deep. This study also identifies the optimal conditions for glass
molding when processing soda-lime glass for biochip applications, and discusses the influence of the
major processing parameters on biochip channel depth. This study uses the Taguchi method to assess the
Micro channel effects of several molding parameters on larger-the-better performance characteristics. The experiments
Biochip in this study consider the effects of several molding parameters, such as molding temperature, pressing
Glass force, moving speed, temperature holding time, and vacuum environment, to achieve optimum charac-
teristics for biochip channels. Orthogonal array analysis indicates that the optimal process parameters
includes a 620 °C molding temperature, 1 kN pressing force, 5 mm/min moving speed, 60 s temperature
holding time, and a vacuum-free environment. This study also investigates the surface roughness of glass
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biochip channels.
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1. Introduction

Biochips combine advanced micro electro mechanical sys-
tems (MEMS) and optoelectronic techniques. Biochips are smaller,
lighter, and cheaper than traditional instruments. As a result,
biochips offer more advantages than traditional experimental
methods without biochips, improving efficiency and reducing
sample consumption. Biochips are usually made out of polymer
materials, such as polydimethylsiloxane (PDMS) and polymethyl-
methacrylate (PMMA), but these polymer materials are not suitable
for all organic environments. Compared with the polymer-based
biochips, glass-based substrates have better heat tolerance, ther-
mal stability, and chemical stability, and are suitable for organic
environment and wide-spectrum transmission. Therefore, glass-
based biochips have been widely used in bio-experiments.

Some literatures presented several methods for fabricating glass
materials, including LMM, CNC milling, ultra-precision diamond
turning, ultrasonic vibration machining, chemical wet etching, and
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precision glass molding (PGM) as summarize in the following:
Cheng et al. (2005) developed a debris-free laser direct-writing
method to fabricate glass chip. In this approach, the overall devel-
opment time is within hours, but the cross-sectional profile of
biochip bottom is circular not rectangular, and the biochip channels
are less than 100 pwm wide or deep. Yuen et al. (2000) employed a
CNC milling pyrexglass microvalve in a totally integrated microflu-
idics system to analyze sample preparation, biochemical reaction,
and detection/quantitation steps for DNA analyses. Although a CNC
machined microvalve system is easy to fabricate and does not
require a clean-room, the minimum width of the biochip chan-
nels it can produce is limited by the diameter of the end mill.
Moriwaki et al. (1992) used ultrasonic vibration to achieve the
ultraprecise ductile cutting of soda-lime glass. The grooving experi-
ments in their study showed that this method increased the critical
depth of the cut for ductile cutting and transferred the surface
profile of the diamond cutting edge to the cut groove compared
to the conventional cutting. Liu et al. (2005) evaluated the cut-
ting performance of soda-lime glass using an ultra-precision lathe
with a single-crystal diamond tool. Their experimental results indi-
cate that ductile cutting can be achieved when the undeformed
chip thickness is less than a critical value. Even if ultra-precision
diamond grinding and ultrasonic vibration machining can manu-
facture glass, they are slow processes. In these methods, the surface


dx.doi.org/10.1016/j.jmatprotec.2011.10.013
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
mailto:msyz@itrc.narl.org.tw
dx.doi.org/10.1016/j.jmatprotec.2011.10.013

634 C.-Y. Huang et al. / Journal of Materials Processing Technology 212 (2012) 633-639

profiles are limited by tools, which wear out over time. Matsumura
and Ono (2008) discussed a cutting process using ball end mills for
machining microgrooves on glass. Orthogonal grooves 15-20 pum
deep and 150-175 wm wide were machined in a feed of the cut-
ter for each groove, achieving crack-free glass milling. However,
like the ultra-precision diamond grinding and ultrasonic vibration
machining methods, the surface profiles are limited by tools and
milling wears out the tools. Iliescu et al. (2007) fabricated a through
hole in 500 wm thick Pyrex glass wafer using chemical wet etch-
ing. Iliescu et al. (2008) presented and analyzed the main factors
contributing to the wet etching of Pyrex glass. One problem of the
chemical wet etching is that chemical solutions, such as HF solu-
tion, cause environmental pollution. Tsai et al. (2008) confirmed
the feasibility of the elasto-viscoplastic model for glass based on
the molding temperature. This model can be used in the FE analy-
sis of the prediction and modification of properties of the final lens
products. Yan et al. (2009) used microstructure arrays as molds for
hot-press glass molding experiments and achieved good geometri-
cal transferability. Zhou et al. (2010) investigated the manufacture
of aspherical lenses using the glass molding technique. Experimen-
tal and simulation results show that a nonisothermal glass molding
press is an effective way to improve the molding efficiency of dies
and prolong their service life. The glass molding technique is an
ideal process for mass-production, but the mold, usually made by
precision diamond grinding technique, is very expensive.

This study presents a hybrid processing approach that combines
laser micromachining (LMM) and precision glass molding (PGM)
techniques to mass-produce glass-based biochips. The advantages
of LMM are its small processing dimensions (30 wm), short pro-
cessing time, and lower cost than the precision diamond grinding
technique. This study uses the Taguchi method to assess the effects
of several molding parameters on performance. This paper also
determines the effects of several molding parameters, such as
molding temperature, pressing force, moving speed, temperature
holding time, and vacuum-free environment, on the optimum
biochip channel characteristics. This study also discusses the sur-
face roughness of glass biochip channels.

2. Experiment details—micro-channels fabrication
2.1. Mold materials

The molds used in glass molding processes must have high
stiffness and no adhesion characteristics. As a result, common
materials for these molds include stainless steel, silicon carbide
(SiC), tungsten carbide (WC), and glassy carbon (GC). After the
LMM of micro-channels for glass molding processes, the surface
exhibits residual metal particles and recasting regions of metal
based substrates, such as WC and stainless steel. Fig. 1 shows

Mold for Biochip

(WC)

Recast Layer

Table 1
The thermal properties of SiC.

Properties Silicon carbide
Density (g/cm?) 3.21
Melting point (°C) 2730
Thermal conductivity (W/(cmK)) 3.6

Table 2

The properties of soda-lime glass.

Properties Soda-lime glass
Glass transition temperature, Tg (°C) 573

Coefficient of thermal expansion (ppm/K), ~100-300°C 9

Refractive index at 20°C (np) 1.518
Dispersion at 20°C, 104 x (ng —nc) 86.7

recasting regions and residual metal particles of WC and SiC mate-
rials after LMM processing.

Compared with two types mold material, the SiC has uniform
surface due to material structure is powder sinter. Therefore, this
study adopts a SiC mold. Table 1 summarizes the thermal properties
of SiC materials, as described by Park (1998). Commercial soda-lime
glass substrate is much cheaper than other types of glass, and is
used in many bio-experiments. Table 2 lists the properties of com-
mercial soda-lime glass, as described by Seward and Vascott (2005).
The transition temperature (Tg) of commercial soda-lime glass is
573 °C, making it easy to form biochips using the PGM processes.

2.2. Hybrid processing methods

2.2.1. Laser micromachining (LMM)

SiC material is a brittle and non-conductive material. Thus, it is
difficult to process SiC using traditional mechanical methods such
as end mill milling and electrical discharge machining (EDM). In
additional, due to SiC’s high absorption of laser wavelength and
high pulse energy, the LMM technique can quickly fabricate various
structures on the mold’s surface. Lau et al. (1995) proposed that
laser was effective tools in shaping composite materials which has
peculiar properties including anisotropy, low thermal conductivity
and the abrasive nature of the reinforcing phases. Liu et al. (2011)
proposed that laser drilling produces much higher etch rates than
conventional dry etching in SiC substrates by UV laser. Because of
these fabrication advantages, the experiments in this study used
the LMM process to fabricate the biochip structure on SiC material
for PGM processes. Fig. 2 illustrates the LMM system. An AVIA 355-
14 ultraviolet (UV) laser system with wavelength of 355 nm was
adopted in this study. Table 3 shows the specifications of the UV
laser system.

Fig. 1. Profile of mold (after LMM).
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Fig. 2. Sketch of laser micromachining.
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0. Jum

Fig. 6. Structure of mold on SiC. (a) Optical photo and (b) 3D profile.

hot-embossing method to form the glass components. The PGM
process has several advantages, including a short cycle time for
molding processes, high accuracy, and high freedom for compo-
nents profile. High-precision molding allows the mass-production
of high-quality optical components. The experiments in this study
used a GMP-207-HV (Toshiba Machine Co. Ltd.) optical glass mold
press machine for PGM. Fig. 3 is a flowchart of the PGM process,
cited from Toshiba (2011). The steps of PGM processing are illus-
trated as follows:

(a) Loading glass material onto mold.

(b) Vacuuming inside of the chamber.

(c) Purging inside of the chamber by nitrogen gas.

(d) Heating mold and glass material to specified temperature by
infrared lamps.

(e) Vacuuming inside of the chamber.

(f) Clamping molds and pressing glass material.

0. Oum 18680. 4
15000. 0

10000. 0

Table 4
Factors and levels for glass molding process.
Control factor Level 1 Level 2 Level 3 Level 4
Temperature (°C) 590 600 610 620
Pressing force (kN) 0.4 0.6 0.8 1.0
Speed (mm/min) 5 10 15 20
Temperature holding time (s) 20 40 60 80
Vacuum environment Without With
Table 5
Parameters of LMM.
Parameter Value
Laser power 8.8W
Pulse width 8us
Frequency 70kHz
Speed 2000 mm/s
Machining path Crosshatch and bidirectional
Passes 60

Laser machining area

Fig. 8. Sketch of laser machining area.

(g) Cooling down molds with nitrogen gas.
(h) Un-loading molded samples from molds after cooling to the
specified temperature.

2.2.3. Optimization performance characteristics—Taguchi method
This study uses the Taguchi method to assess the effects of
several molding operational parameters on the larger-the-better
performance characteristics. The Taguchi method is a useful tool
for designing quality systems, as it provides a simple, efficient, and
systematic approach to optimize performance, quality, and cost.
Taguchi parameter design can optimize performance by adjusting

Fig. 7. Experimental results of micro channel structure on soda-lime glass.
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Fig. 9. The results of Taguchi method.

design parameters and reducing the sensitivity of the system per-
formance to sources of variation, as described by Yang and Tarng
(1998) and Ghani et al. (2004). Orthogonal arrays based on the
Taguchi method can determine the effect of several parameters.
To reduce crack phenomenon of the molding processes on glass
substrates, the molding temperature was set above the soda-lime
glass transfer temperature (573 °C). In this case, the molding tem-
perature varied from 590 to 620°C. If the temperature exceeded
620°C during the PGM heating step, soda-lime glass broke easily.
Exceeding the pressing force also caused the glass substrates to
crack. Therefore, the range of pressing force was set from 400 to
1000 N in this experiment. After an initial experiment to decide the
range of factors, the levels of control factors are shown in Table 4.

3. Experimental

Fig. 4 is a flowchart of the experiment. The diameter of the sili-
con carbide mold used to hot emboss the biochip was 20 mm. The
micro structure was formed on the SiC surface using LMM process-
ing. Table 5 shows the experimental parameters of LMM. After the
LMM process, the surface profile and microstructure of mold were
measured by three dimensional confocal microscopes (KEYENCE,
VK-9700). The SiC mold was then used to fabricate glass based
biochips using the Taguchi method and PGM. This study also ana-
lyzes the effects of PGM processing parameters, such as molding
temperature, pressing force, moving speed, temperature holding
time, and vacuum environment.

Fig. 5 shows the relationships between temperature and mold-
ing pressing force for PGM process with respect to cycle time. The
molding process includes four steps: (A) temperature stabilization
time, (B) holding time, (C) molding time, and (D) cooling time.
After the temperature stabilization time, the temperature of mold
and preform achieved the setting temperature. The holding time
increased as the preform size increased, leading to a more uniform
temperature. In the molding time, the machine presses the preform
to form the profile. The cooling time proceeds until the component
cools to 200°C. One cycle time of PGM process was approximately
17 min for biochip fabrication.

4. Analysis results and discussion

Fig. 6 shows the mold profile measurement results by confocal
microscope. The micro-structure profile of the mold was read-
ily apparent after laser machining. Fig. 7 shows the profile of the
biochip micro channel structure on soda-lime glass after PGM pro-
cessing. These experimental results reveal a uniform bottom and
vertical side.

The quality of the biochip was evaluated in terms of surface
roughness and geometric dimensions. The flow rate and volume
of bio-samples in bio-experiments depended on the dimensions
of the micro channels. Accurate micro channel dimensions in a
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Fig. 10. Break mold and defect channels. (a) Break mold, (b) break channel on glass
and (c) defect channel.

biochip can increase experimental accuracy, and a smooth surface
can avoid residual bio-samples. During PGM processing, the surface
roughness of the biochip depends on the SiC mold. In this study, the
roughness of the mold was 0.7 um (Ra). After PGM processing, the
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Fig. 11. SiC molds measured by confocal microscope and SEM.

average roughness of soda-lime glass surface was 0.73 um (Ra) and
standard deviation is 0.035 pm. Fig. 8 shows a sketch of the laser
machining area. The protruding structure in this figure is the non-
laser machining area, showing that the surface roughness depends
on the initial SiC surface roughness. The depth of the biochip chan-
nels depended on the fill rate, which in turn is related to stable PGM
process.

This study uses Taguchi orthogonal array analysis to determine
the relationship between with PGM parameters and biochip chan-
nel depth. Fig. 9 plots these relationships. Because the liquidity
of glass increases at higher temperatures, it is easy to form the
biochip. However, exceeding molding temperature leads to the
crack phenomenon, as Fig. 10 shows. Residual stresses fractured
the soda-lime glass; therefore, the molding pressing force could
not exceed 1000 N. Due to lager force can against lager resistance
of glass to get deeper channel during PGM processing. When the
force below 1000 N, increasing force leads more depth channel.

In PGM processing, the moving speed also affect the channel
depth: the depth increases as the speed decreases. Because the
moving speed increasing causes faster deformation of glass, the
flow-ability of glass decreases. Fig. 9 shows the optimum mov-
ing speed for obtaining the maximum depth was 5mm/min. A
longer temperature holding time was necessary to obtain a uniform
temperature and decrease cracking during the molding process.
However, excessive time caused the energy waste and let channel
depth unstable. To evaluate the error bar in Fig. 9, the optimum

temperature holding time was set at 60s. The molding machine
using in this research fills nitrogen gas when the setting is
vacuum-free environment. Therefore, the heating method includes
convection not only radiation and conduction. So the vacuum-free
environment obtained deeper biochip channels. Fig. 9 also shows
that the temperature is more important than other parameters,
while speed is the least important.

Fig. 10 shows a picture of the mold when the overloading tem-
perature or force of PGM processes breaks the SiC mold. Fig. 10(a)
shows the break of mold, and (b) depicts micro channels formed
with a defective mold. After repeated molding, the SiC mold which
is the powder sinter will fall off; in this case, the bottoms and sides
of channels produce disproportionate surface, as Fig. 10(c) shows.

The Taguchi method can predict experimental results with opti-
mal parameters. An analysis of Fig. 9 shows that the optimal
parameters are level 4 for temperature, level 4 for pressing force,
level 1 for speed, level 3 for temperature holding time, and level 1
for vacuum environment. Table 6 lists the optimal parameter set-
tings, where Tis temperature (°C), Pis pressing force (kN), Vis speed
(mm/min) and Vac is assisted vacuum of PGM processing.

The following formula predicts experiment result:

D=A+(Ted—A)+ (P4 —A)+ (V1 —A)+(HT3 — A) + (Val — A)

where D is the optimal depth of the biochip channels, A is the aver-
age of Taguchi orthogonal array results, Te4 is level 4 temperature,

Table 6

Optimum parameters.
T(°C) P (kN) V (mm/min) Holding time (s) Vac. Depth (pum)
620 1 5 60 Without 185.68
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Fig. 12. Glass biochip.

P4 islevel 4 pressing force, V1 is level 1 speed, HT3 is level 3 holding
time, and Val is level 1 vacuum environment.

The Taguchi orthogonal array and results of PGM experiments
show that the average Taguchi orthogonal array results are as fol-
lows:

A

future, structures such optical elements could be combined with
glass biochips to increase their usefulness and versatility.

1296 +13.8 +17.53 + 8.88 +14.89 + 17.38 + 33.25 + 40.57 + 29.62 + 45.1 + 32.18 + 28.12 + 46.72 + 40.9 + 126.3 + 154.85

—41.44

Therefore, the optimal biochip channel depth can be obtained
as follows:

D = A+ (Ted — A) + (P4 — A) + (V1 — A) + (HT3 — A) + (Val — A)
= 41.44 + (50.75 — 41.44) + (16.66 — 41.44) + (12.90 — 41.44)
+(16.65 — 41.44) + (15.61 — 41.44) = 154.03

Table 6 shows the optimal parameter settings for PGM process-
ing based on the Taguchi method. The biochip channel depth was
185 wm, which was deeper than predicted, because the depth of
biochip increased quickly above 610°C.

The bio-experiments are various types, and diverse functions
lead different design patterns of biochip. The LMM method can
quickly and easily fabricate various patterns on a mold. Fig. 11
shows various SiC biochip molds made by LMM. Fig. 12 shows a
glass biochip measuring 7 mm wide and 17 mm long. The biochip
channel measured 200 pm wide and 185 pm deep. Since biochip
micro channels are generally smaller than 200 pum, the results of
this paper are applicable to biochip channels.

5. Conclusion

Micro structures were fabricated on a SiC mold using LMM,
and this mold was then used to form biochips through the PGM
process. This study uses the Taguchi method to determine the
optimal parameter settings. Taguchi orthogonal array results show
that the optimal parameters included a 620°C temperature, 1 kN
pressing force, 5mm/min speed, 60s temperature holding time,
and a vacuum-free environment. These optimal parameters formed
micro channels measuring 200 wm wide and 185 pm deep, with a
surface roughness of 0.7 wm (Ra). The micro channels were formed
on glass biochips measuring 7 mm wide and 17 mm long. In the
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