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Abstract

Microfluidics deals with behavior, precise control,
and manipulation of fluids at a micro scale. It has
become increasingly prevalent in various applica-
tions, such as biomedical applications, inkjet heads,
fuel cells, etc. The issue of mixing in microfluidic
channels is often crucial in design, fabrication, and
detection of microfluidic devices. In this paper, we
propose a new optical method to characterize diffu-
sive mixing in two types of microchannels (Y-type
microchannel and premixer gradient generator). In
order to measure the mixing of fluidic streams, we
use an optical method using a DVD pick-up module,
which is widely employed in optical storage systems
installed within PCs or laptops. By injecting fluores-
cent dye into a solution, we measure the fluorescent
intensities across the microchannels in order to visu-
alize and quantify diffusive mixing. Experimental
micrographs are compared with computational fluid
dynamics (CFD) simulations. We show that our pro-
posed optical scanner can be used as an alternative
measurement system with high performance and
cost-effectiveness in comparison with conventional
optical tools such as epifluorescent microscopes
and confocal microscopes.

Keywords: Microfluidics, Optical pick-up, Optical scanner,
Microchannel, Diffusive mixing

Introduction

Mirofluidics has become increasingly prevalent and
has found widespread use in various applications,
such as biomedical applications (diagnostics, thera-
peutics, and cell/tissue engineering)1-3, inkjet heads4,

and fuel cells5. Because of their scaled-down size,
microfluidic devices have significant advantages, in-
cluding lower consumption of reagents, fast response,
increased automation, and reduced manufacturing
costs6. However, reduced analytes in microfluidics
and the corresponding reduction in detection volumes
make it difficult to detect measurable properties of
the analytes. For example, electrochemical detection,
based on conductivity and potential difference, may
not fulfill its own function in microfluidic devices
because of such downscaling7. On the other hand, flu-
orescence detection has been used successfully with
microfluidic devices8 because of its superior selecti-
vity and sensitivity on a small scale3. Nowadays, epi-
fluorescent microscopes with high-resolution CCD
cameras and confocal microscopes with photomulti-
plier tubes (PMT) are generally used to detect and
observe microfluidic devices. However, because these
devices are costly and lack portability, we need cost-
effective and easily accessible platforms for use with
microfluidic devices. 

Some researchers have used optical storage techno-
logy as the detection mechanism of choice for the fluo-
rescence-based DNA chip. CD technology has been
proposed to build a detection system with equivalent
or even better performance than conventional scan-
ners9. Furthermore, a lab-on-a-chip (LOC) system has
been developed for application in DNA analysis using
a CD disk10,11. Recently, we developed an optical scan-
ner adopting a DVD pick-up module used in commer-
cial DVD drives and showed its feasibility for fluores-
cence measurement in DNA chips, thereby achieving
low cost, high sensitivity, and compact size12. In this
paper, we extend our previous work on the DVD pick-
up based optical measurement to characterize micro-
fluidic mixing in microchannels. Using fluorescent
dye, we measure the fluorescent intensity quantitative-
ly that represents fluidic patterns and the performance
of diffusive mixing in the Y-microchannel and gradi-
ent-generating microchannel and compare these ex-
perimental results with simulated computational fluid
dynamics (CFD) results. 

Results and Discussion

Fluorescent Detection in Microchannels
We first measured diffusive mixing for the fabricat-
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ed Y-microchannel using our proposed optical system.
Deionized (DI) water was introduced to one input
channel, and diluted Dylight 680 was introduced to
the other input channel with the same flow rate in the
microfluidic device; then, the mixture of the two flows
was observed using our proposed scanner. The over-
view image of the Y-channel was taken in the 10 μm
resolution mode, and detailed images were captured
in the 1 μm resolution mode with 4 mm intervals, as
shown in Figure 1(A). Linear gradient diffusions of
fluorescent dye were successfully displayed, and flu-
orescent intensities were evaluated from captured
images using image J. Gradients from the maximum
normalized intensity value (C0==1) to the minimum
value (C0==0) became smooth as the position of obser-
vation moved to the output of the microchannel, as
shown in Figure 1(B). Theoretically, the fluorescent
intensity of pure DI water can be assumed to be zero,
but DI water actually has some fluorescent intensity,
and the experimental results also showed that mini-

mum intensity in the Y-channel converged on a non-
zero value.

We also carried out similar experiments for a fabri-
cated premixer gradient generator with Christmas tree
structures. The gradient-generating microchannel uti-
lizes laminar flow and diffusive mixing to generate a
continuous combinatorial mixture of two different
solutions13,14. Figure 2 shows scanned fluorescent ima-
ges and micrographs in the fabricated gradient-gene-
rating microchannel. We measured continuous profiles
of fluorescence intensity by diffusive mixing at four
different points across the width (2,500 μm) of the mic-
rochannel. As with the case of the Y-microchannel, the
DVD pick-up based optical device can successfully
probe gradient generation by diffusive mixing in the
Christmas tree microchannel. Typical stair-like fluores-
cent patterns in the premixer gradient generator could
be detected in main channel, and these stair patterns
proceed smoothly as output to the main channel.

Comparison of Experimental Results 
with Simulation

The Y-channel is a T-type mixer and simply com-
bines two or more fluid streams that flow parallel to
each other in the microchannel, and mixing relies pure-
ly on molecular diffusion. Many good and comprehen-
sive experimental and numerical studies have been
conducted for the Y-channel15-17; therefore, this micro-
channel was selected as an ideal model to evaluate and
compare the performance of our proposed system.

We have used the commercial numerical tool FEM
Lab (Comsol Inc., USA) for simulation of the Y-chan-
nel. The inlet flow is laminar and fully developed, with
an average velocity of 350 μm/sec. A constant refer-
ence pressure of 0 Pa is set at the outlet. The equations
for the momentum balance are the stationary Navier-
Stokes equations with no-slip wall conditions:

-∇∙η(∇u++(∇u)T)++ρ(u∙∇)u++∇p==0
(1)

∇∙u==0

where η denotes the dynamic viscosity (kg/(m∙s)), u
is the velocity vector (m/s), ρ represents the fluid’s
density (kg/m3), and p denotes the pressure (Pa). The
fluid’s properties are not affected by the change in
concentration of the dissolved species. 

The mass flux is given by diffusion and convection,
and the resulting mass balance is as follows:

∇∙(−D∇c++cu)==0 (2)

where D denotes the diffusion coefficient (m2/s) and c
is the concentration (mol/m3). In this simulation, we
used D==0.84×10-9 m2/s for ethanol18, because fluo-
rescent dyes are very small molecules and the diffusion
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Figure 1. Experimental results for diffusive mixing in Y-
microchannel. (A) Overview scanned fluorescent image in 10
μm mode and detail image in 1 μm mode. (B) Concentration
profiles using intensities acquired from fluorescent images.
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coefficients for typical small molecules are around 1
×10-9 m2/s. At the outlet of the microchannel, the
mass transport is mainly driven by convection; that is,
the transport by diffusion is neglected in the normal
direction of the cross section of the microchannel.

Figure 3 describes the multiphysics simulation re-
sults for this microchannel, taking into account the
diffusion effect. We assumed that high concentration
medium (c==1) and pure DI water (c==0) flowed in
the Y-channel, and the distributions of concentration
were profiled according to the length of the micro-
channel in the diffusion region, with each 4-mm inter-
val as in the case of our experiments. The mixing
occurred on only the interfaces between two flows
because of the characteristics of laminar flow, and
more molecules were diffused as the measurement

point moved to the end of the microchannel. When
comparing the experimental results in Figure 1(B),
the simulation results showed good agreement except
that there are non-zero intensities at DI water regions
in the experiments. From these comparisons, the pro-
posed system showed its potential as a measurement
system to analyze diffusive mixing quantitatively. 

Discussion 
From our experimental and simulation results, we

showed the feasibility of using the proposed system to
analyze diffusive mixing patterns in the microchannel
quantitatively with the intensity of the fluorescent sig-
nal. However, it is very difficult to compare the ana-
lytical performance of the proposed system for micro-
fluidics with the analytical performance of the com-
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Figure 2. Scanned fluores-
cent images and intensity pro-
files for premixer gradient ge-
nerator using proposed scan-
ning system.
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mercial confocal microscope directly, because there
are many different parameters, such as optical path,
properties of the objective lens, existence of a pinhole,
etc. Therefore, in this study, we intended to compare
the performance of the two systems in an indirect and
simple manner. We defined a quality factor (Q.F.) as
the numerical aperture of the objective lens times the
sensitivity of the PMT detector 

Q.F.==NA×Sensitivity. (3)

We chose a commercial confocal microscope from

Carl Zeiss, Inc. (LSM 510, Germany), employed a
PMT detector, and constructed a table (see Table 1) to
compare the quality factors. Upon comparing these
parameters, we determined that the Q.F. of our pro-
posed system is between the minimum and maximum
values obtained from a confocal microscope, as shown
in Table 1. Therefore, we have demonstrated that our
proposed system is as effective as the commercial con-
focal microscope.

Conclusions

We proposed an optical detection method to charac-
terize diffusive mixing in a microchannel, based on
DVD optical pick-up. We demonstrated that a low-
cost optical scanner can be used effectively to exam-
ine microfluidic characteristics, and that it may be a
cost-effective alternative to expensive epifluorescent
microscopes. By comparing the concentration profiles
of the FEM Lab simulation with experimental results
using the standard diffusion microchannels, the opti-
cal system showed acceptable performance for detec-
tion of diffusive mixing, in line with the performance
of the confocal microscope. Recently, Blu-ray disk
(BD) and HD-DVD drives have been marketed by
major optical disk drives companies as next-genera-
tion high-density optical data storage devices that can
store several hours of HDTV movies. Therefore, we
can easily extend current fluorescent detection and
measurement techniques for characterizing microflu-
idic devices to those employing Blu-ray optical pick-
up. 

Materials and Methods

Optical Scanner Using a DVD Pick-up
Figure 4(A) shows a schematic diagram of the opti-

cal paths of a proposed optical scanner based on a
DVD optical pick-up. It uses two laser diodes of 650
nm (red) and 532 nm (green) wavelengths for the de-
tection of Cy3 and Cy5 fluorescent dyes, respectively.
Because the DVD pick-up module includes only a
650 nm laser diode, we added a commercial green la-
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Figure 3. Simulation results for diffusive mixing in Y-micro-
channel. (A) Distributions of concentration using multiphysics
simulation. (B) Concentration profiles from simulation results.

Table 1. Comparison between quality factors (Q.F.) of optical scanner and confocal microscope.

Laser sources/ NA Sensitivity Q.F.Objective lens (A/W)

Optical scanner Red laser (650 nm) 0.64 18,000 11,520
based on DVD pickup Green laser (532 nm) 0.66 18,000 11,880

1.5×O.L 0.35 24,000 8,400
Confocal microscope 10×O.L 0.55 24,000 13,200

20×O.L 0.8 24,000 19,200

Max: 1.063

Min: -0.0796
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ser diode into the system. There are two different opti-
cal paths; one is for auto-focusing and the other is for
fluorescent detection. One of the laser diodes generates
a laser beam of wavelength 650 nm or 532 nm. Most of
the radiation from the laser beam is reflected by a dich-
roic filter designed for transmission of the two laser
wavelengths; the part of the laser beam radiation pass-
ing through the dichroic filter is used to regulate the
laser power by a front monitor sensor. The laser beam
radiation transmitted through the dichroic filter is focu-
sed on the reflective layer, and the reflected beam is
finally focused onto a four-quadrant photodiode (PD)
after passing through two dichroic filters. The focus

error signal is calculated by using the intensities of the
four divided regions of the PD. The PD generates a
focus error signal whose magnitude is dependent upon
the distribution of the beam spot across its four divided
regions. The resulting servo signal is used to drive the
VCM actuator in such a way that the objective lens is
shifted to a point where its focal point falls upon the
spot center. The laser beam radiation that is focused
on the microchannel surface excites Cy5 dye (or Cy 3)
in solution, thereby causing the dye to emit a fluores-
cent signal of 670 nm (or 570 nm). The collimated emis-
sion beam is then refocused by a detection lens and
passes through a pinhole into the photomultiplier tube

DVD Pick-up Based Optical Detection       25

Figure 4. (A) Schematic diagram of optical path. (B) Two laser beams focused on microchannel surface through DVD objective
lens.
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(PMT). The analog electric signal from the PMT rep-
resents the intensity of the fluorescent signal. 

Figure 4(B) shows the DVD objective lens with a
numerical aperture (NA) of 0.64 and the lens actuator.
Both red and green laser beams can be focused on the
microchannel surface through the objective lens. The
emitted fluorescence and the reflective light from
microfluidic devices are detected by the photomulti-
plier tube to obtain high detection sensitivity, and a
dynamic autofocusing mechanism compensates for
any aberrations.

Fabrication Procedures for Microfluidic
Devices 

Figure 5 shows schematic diagrams that describe
procedures for fabricating microfluidic devices. We
fabricated a Y-shaped microchannel with 500 μm
width, 50 μm height, and 30 mm length and a premixer
gradient generator with Christmas tree structures using
soft lithography to investigate the performance of our
fluorescent scanner. A new silicon wafer was spin-
coated with negative photoresist (SU-8, MicroChem
Inc.), and the coated silicon wafer was soft-baked for
several minutes. The wafer was then exposed under
the mask using the aligner and was placed on a hot
plate for several minutes of post-exposure baking, fol-
lowed by a short relaxation time. Post-exposure baking

was followed by development at room temperature,
and the whole wafer was rinsed with isopropyl alcohol
(IPA) to clean residues from the wafer. A PDMS pre-
cursor (Sylgard 184 Silicone Elastomer, Dow Corning)
and a curing agent were mixed at the ratio of 10 to 1,
based on weight. Before the PDMS mixture was pour-
ed onto the fabricated master, the master was silanized
with (tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlo-
rosilane (Sigma Chemical Co., St. Louis, MO, USA)
to allow easier removal of the PDMS after curing.
The PDMS mixture was poured onto the master and
cured at 80�C for 2 hrs. Then, the cured PDMS chan-
nel was peeled off from the master, cut and punched
to connect microtubes, and bonded with a slide glass
after O2 plasma treatments.

Image Analysis and Other Experimental
Setup

In this study, we used DyLight 680 dye (Thermo Sci-
entific, USA), which corresponds to Cy 5.5 dye, in or-
der to observe fluorescent intensity in the microchan-
nel. Fluorescent intensities can be obtained directly
from the electrical signal in the PMT detector or can
be assessed from the captured images quantitatively
using Image J (NIH, USA) software. A precise micro-
syringe pump (NE-1000, New Era Pump Systems,
USA) was employed to control the flow rate in the
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Figure 5. (A) Schematics of Y-type microchannel and premixer gradient generator (Christmas tree microchannel). (B)
Fabrication process for microfluidic devices.
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microchannel through the microtubes. Figure 6(A)
shows the experimental system based on the DVD
pick-up module with two laser sources. Figure 6(B)
shows the fabricated Y-type microchannel attached to
the glass slide. The fabricated microfluidic devices are
installed on precise X-Y linear stages in a 1 μm or 10
μm resolution mode.
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Figure 6. (A) Experimental setup for optical scanner using a
DVD pickup. (B) Fabricated microchannel located on the
slide glass.
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