
INTRODUCTION

Many technical developments have been reported in the

field of microfluidics that are based on MEMS technology for

applications to biology and biotechnology1,2. The emergence

of plastic materials, such as polydimethylsiloxane and

polymethylmethacrylate, makes it much easier to fabricate an

individual microfluidic chip. However the problem of inte-

grating each microfluidic component on a single platform for

multi-functional applications remains to be solved3-5. Low-

temperature co-fired ceramic materials offer a promising

alternative to silicon, glass and polymeric substrates for the

fabrication of microfluidic devices and microsystems for bio-

medical applications. Low-temperature co-fired ceramic

materials are particularly suitable for use in harsh environments,

for high frequency and complex microfluidic devices. Recently

introduced low temperature co-fired ceramic-based microfluidic

devices clearly demonstrate the advantages of the easy cons-

truction of complex 3D structures and the low cost of produc-

tion6-9. Low-temperature co-fired ceramic is mechanically

robust and chemically strong compared to the plastic materials

that are commonly used for preparing biochips. It shows a

good compatibility with screen printing processes, which

makes it possible to integrate electronic circuits. Considering

the unique properties of the low-temperature co-fired ceramic

process, it could be a promising candidate for the integration

of microfluidic components in 3-dimensional structures.
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A ceramic-based microfluidic device including a passive mixer and a passive separator was fabricated via a conventional low temperature

co-fired ceramic process and photolithographic technique. In the mixing process, the configuration of a conventional diffusion-type

passive mixer with a 500 µm channel width and 50 µm height was used. The total length of the mixing channel was 15.8 cm. The

maximum mixing efficiency of the diffusion-type passive mixer was 97.3 % at a flow rate of 0.3 µL/min. In the separation process, six

branch channels were arranged at the end of the pinched segment for separating different sized particles from one another. The findings

confirmed that microbeads for a target channel were separated efficiently by controlling the hydrodynamic conditions of the microfluids.
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In this report, we provide a detailed description of a

ceramic-based chip integrated with a passive mixer combined

with separator and the methodology used in its fabrication. To

form a microchannel and a microcavity on an low-temperature

co-fired ceramic substrate, a novel photolithographic technique

using a photoimageable slurry was employed. Through this

technique, it was possible to controm the line width of the

microchannel to below 500 µm. Mixer design is critical to

microfluidic applications, because turbulent flow in a

microfluidic channel is almost impossible due to the limitations

in the geometrical factor in a microfluidic channel. In the

mixing area, a diffusion-type passive mixer with a conventional

configuration was used. The mixing efficiency was calculated

by tracing the change in fluorescence intensity from the inlet

to the outlet region. On the other hand, in the separation area,

a pinched segment configuration that was designed so as to

separate particles with different sizes, was employed10-12. As

reported earlier, a number of systems have been developed

for that purpose recently. The six branch channels were

arranged at the end of the pinched segment for separating the

particles. In addition, there was another inlet for the buffer

solution to control the hydrodynamics of the microfluids.

EXPERIMENTAL

To fabricate the ceramic-based microfluidic chip, low

temperature co-fired ceramic technology and thick film photo-

lithography were combined. The microfluidic device was
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mainly composed of Ca-modified amorphous cordierite

ceramic powders [(Mg,Ca)2Al4Si5O18] with an average particle

size of 2 µm. The process used in the fabrication of the ceramic-

based chip has been extensively described in a previous

publication13. The completed microfluidic device was bonded

with PDMS (Polydimethylsiloxane, Sylgard 184, Dow Corning

Corporation, USA) by plasma treatment (Cluster type PE-CVD

system) for the transparent cover of the ceramic-based chip.

We then made a hole in the polydimethylsiloxane to accommo-

date tygon tubes (S-54-HL, Harvard Apparatus, Holliston, MA)

in the inlet and outlet ports. The tygon tubes were connected

to syringes that injected the solution into the micro channel

pattern uniformly using a Micro pump (Pump 11 pico plus;

Harvard Apparatus, Holliston, MA).

Two types of solutions were prepared for the microfluidic

experiments. One was a 2 mM fluorescein (F2456; Sigma-

Aldrich, st. Louis, MO) solution in 18.3 Ω-cm Millipore water

and the other was deionized water without the fluorescein for

the optical quantification of mixing efficiency and separation.

The solutions were then injected into the micro channel through

a syringe pump at controlled flow rates ranging from 0.3 to

7.5 µL/min. The additional buffer solution in the separation

area was introduced to the microchip separator with a syringe

pump at controlled flow rates ranging from 0.3 to 5 µL/min.

Fluorescein-coated polystyrene microbeads with a diameter

of 1 µm were also used to observe the separation phenomena

after passing the suspension through the pinched channel

segment. The diffused fluorescence and micro-bead images

were observed by a SteREO Discovery V12 (Zeiss, Oberkochen,

Germany) microscope with a MacroFire charge-coupled

device (CCD) camera (Optronics, Goleta, CA).

RESULTS AND DISCUSSION

Mixing efficiency in a diffusion-driven passive mixer:

Fig. 1 (a) shows an overall image of the low-temperature

co-fired ceramic-based microfluidic device including two

microfluidic components, including the passive mixer and

passive separator. Magnified images of the pinched channel

and the mixing channel are shown in Fig. 1(b) and (c), respec-

tively. In the mixing zone, the microfluidic channel width was

500 µm and its height was 50 µm. The total length of the mixing

channel was 15.8 cm. In the separation channel, six branch

channels were arranged at the end of the pinched segment.

The channel width of the pinched segment, which was

connected to the outlet of the mixing channel and the inlet of

the 2nd buffer solution, was reduced to 100 µm so as to permit

the efficient separation of particles using only the hydro-

dynamic conditions. Main drain channel is constructed to be

broader than the others (branch A1 to A5) in order to reduce

flow resistance in the separation channels.

The Reynolds number (Re) is 0.1 to ca. 2.75 in this chip

geometry and it is nearly impossible to generate a turbulent

flow as described above. Therefore, mixing was only achieved

by the diffusion of two laminar flows in the 500 µm mixing

channel. The mixing efficiency could be calculated by measu-

ring the change in fluorescence intensity from the inlet to the

outlet. The mixing efficiency at the outlet is expressed by the

following equation:

Fig. 1. Optical image of low-temperature co-fired ceramic-based

microfluidic device
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where A, c0 and c∞ mean the cross sectional area of the channel,

the initial concentration (= 0) and the concentration of perfect

mixing (= 0.5), respectively. Concentration is calculated by

converting the fluorescence intensity transverse to the direction

of the liquid stream flow in the mixing channel into a gray

scale for extracting the numerical values. Fig. 2 shows the

raw image data for the fluorescence intensity from inlet to

outlet with the change in flow velocity. In the inlet region, a

clear interface between the fluorescein solution and deionized

water was observed because laminar flow was maintained

without mixing. However, the boundary of the laminar flow

was blurred as the result of the diffusion of two solutions at

the interface. The concentration gradient obtained from diffe-

rent flow rates was at a minimum when the flow rate was 0.3

µL/min, which was the minimum flow rate in this experiment.

This results indicate that the mixing in the microfluidic channel

was efficiently driven by the diffusion of the two solutions.

Fig. 3 shows the mixing efficiency calculated using eqn. 1

with the change in flow rate. At a flow rate of 0.3 µL/min, the

mixing efficiency was maximized, reaching a value of 97.3 %.

As the flow rates increased, the mixing efficiency decreased

linearly.

Separation of microbeads through the pinched channel:

In the low-temperature co-fired ceramic-based passive device,

the separation of microbeads was achieved by controlling the

flow rate distributions to each branch channel. The flow rate

at each branch was dependent on the flow rate of the buffer

solution that was injected into the pinched channel. Flow
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Fig. 2. Fluorescence intensity transverse to the direction of stream flow at

different mixing channel regions with the change in flow velocity.

The flow rate was (a) 0.3 µL/min, (b) 1 µL/min, (c) 2 µL/min and

(d) 7.5 µL/min

0 1 2 3 4 5 6 7 8

60

70

80

90

100

Flow rate ( L/min)µ

Fig. 3. Mixing efficiency with a change of flow rate from 0.3 to 7 µL/min

resistance by adjusting the width, depth, and length of the

pinched channel dimensions was a major factor in determining

the hydrodynamic behavior of the microbeads. Fig. 4 shows

the fluorescence image in the separation region with a change

in flow rate of the 2nd buffer solution. It was confirmed that

the main stream after passing through the pinched segment

was distributed differently as the result of the change in the

flow rates of the 2nd buffer solution. This suggests that passive

separation can be achieved by only the control of hydrodynamic

force.

Based on the microfluidic behavior in the pinched segment

with different hydrodynamic forces, an actual separation test

using micro-particles in the low-temperature co-fired ceramic-

based chip was performed. Fig. 5 shows that the separation

phenomena of 1 µm microbeads as a function of the flow rate

of the 2nd buffer solution. The flow rate of the main stream

including microbeads was fixed at 0.5 µL/min. When the flow

rate of the buffer solution was 0.5 µL/min, the microbeads

mainly passed through the branch 1, 2 and 3 channels (Fig. 5a).

On the other hand, when the flow rates of the buffer solution

were increased to 1 µL/min and 5 µL/min, the microbeads

passed through the branch 1 and 2 channels and the branch 1

channel, respectively [Fig. 5(b) and (c)]. It was concluded that

the behavior of the microbeads after passing through the

pinched channel was determined by competition between the

inertia and the hydrodynamic force caused by the introduction

of the buffer solution.

Fig. 4. Fluorescence image in the separation region with a change in flow

rate of the main stream after mixing and the 2nd buffer solution

Fig. 5. The motions of microbeads after passing through the pinched

channel under the different flow rates of buffer solution (a) 0.5 µL/

min, (b) 1 µL/min and (c) 5 µL/min

Conclusion

Low-temperature co-fired ceramic process combined with

photolithography was proposed for use in the fabrication of a

ceramic-based microfluidic device that included a passive

mixer and separator. Two types of solutions in the mixing area

were well mixed by diffusion at the interface of the laminar

flow showing a maximum mixing efficiency of 97.3 %. The

separation of microbeads in the ceramic-based device with a

pinched channel could be easily controlled by changing the flow

rate of the 2nd buffer solution. The findings confirm that the

efficiency of mixing and separation of ceramic-based microfluidic

devices was readily achieved using only passive operation.

Considering the unique properties of the low-temperature

co-fired ceramic material and its related process, it represents a

potentially promising candidate for the integration of a

microfluidic component in a 3-dimensional structure.
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