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Abstract—Optical biosensors have become a powerful detection
and analysis tool for wide-ranging applications in biomedical research,
pharmaceuticals and environmental monitoring. This study carried out
the computational fluid dynamics (CFD)-based simulations to explore
the dispersion phenomenon in the micro channel of an optical
biosensor. The predicted time sequences of concentration contours
were utilized to better understand the dispersion development occurred
in different geometric shapes of micro channels. The simulation results
showed the surface concentrations at the sensing probe (with the best
performance of a grating coupler) in respect of time to appraise the
dispersion effect and therefore identify the design configurations
resulting in minimum dispersion.

Keywords—CFD simulations, dispersion, microfluidic, optical
waveguide sensors.

[. INTRODUCTION

PTICAL biosensors have become increasingly important

as an detection and analysis device for various chemical,
biological and medical applications [1]. A number of design
arrangements combining micro channels with electrical and
optical elements have been proposed to perform high-precision
downscale biochemical sensing assays with enhanced detection
sensitivities, reduced analysis time and test sample volume in
the study fields of healthcare, food, environmental monitoring,
clinical diagnostics and pharmaceuticals [2]-[5]. At the present
time, label-free bioassay technologies have attracted much
attention with different types of label-free biosensors formed to
achieve high sensitivity as compared to fluorescence based
measurements. Goral et al. developed a label-free resonant
waveguide grating biosensor system to sense ligand-directed
functional selectivity acting on G protein-coupled receptors [6].
Kumeria et al. also demonstrated a label-free reflectometric
interference spectroscopy microchip biosensor for recognizing
circulating tumor cells [7]. To provide a feasible alternative for
rapid screening of toxins in agriculture products and foods, Xu
et al. devised a label-free optical biosensor using gold nanorods
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as a sensing platform for detection of aflatoxin B1 [8]. Zhang et
al. manufactured an effective porous silicon microcavity on
silicon-on-insulator wafer with impressive sensitivity and fast
response for good DNA sensing performance [9].
Subsequently, Orgovan et al. illustrated the capabilities of
innovative optical waveguide lightmode spectroscopy to
monitor adhesion and spreading properties of primary
monocytes inaccessible from human blood with sensitivity
[10]. Zhang et al. used a photonic crystal structure in a
total-internal-reflection configuration to produce a label-free
biosensor for quick and accurate assays of Troponin I
concentrations (considered as a cardiac biomarker) in the blood
samples from patients during clinical settings [11].

The extent of portable fully-packaged optical biosensors has
been significantly condensed via integration of chip-compatible
sample handling structures [12]. The label-free grating coupler
sensors use a grating to stimulate the guided modes of a planar
waveguide with incident plane-polarized laser diffracted from
the grating and initiated to transmit through internal reflections
within the waveguide [13]. The sensors then measure changes
in the refractive index with high sensitivity attributable to the
deposition of biomolecules on the waveguide [14]. However,
the laminar velocity profiles in micro channel systems basically
cause substantial axial dispersion that can have an unfavorable
influence on radial concentration uniformity. Hence, the radial
variations in concentration can result in the mean concentration
over the channel cross section greater than the concentration at
the sensing surface in contact with the catalyst. For such a case,
the concentration difference is likely to cause inaccuracies in
the kinetic measurements [15]. In this study, the computational
analysis was utilized to investigate the dispersion behavior in a
grating coupled optical sensor having the new design of a cross-
shaped micro channel. Different geometric configurations of
the flow channel were tested to identify the conditions leading
to minimization of the dispersion effect.

II. DEVICE DESIGN AND FABRICATION

Fig. 1 demonstrates the schematics of optical sensors having
(a) the conventional micro channel and (b) the proposed cross-
shaped micro channel. The microfluidic channel was made of
cyclic olefin copolymer (COC) with the associated design and
fabrication methods described below.

In this research, we also proposed four modified models of
cross-shaped micro channels with the major difference in the
angles between two inlets. Fig. 2 illustrates the schematics of
optical sensors with the cross-shaped micro channel designs at

the angles of (a) 60°, (b) 90°, (c) 120° and (d) 180°, respectively.

In practice, COC is highly transparent, chemical-resistant and
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with a high MFI (melt flow index, which is an index indicating
how easy a thermoplastic polymer can melt and flow under a
prescribed condition [16]. A higher MFI also suggests that COC
has ideal properties for nanostructure transfer molding due to its
polymer nature with low viscosity and high fluid mobility [17],
[18]. The overall dimensions of COC sensor cover were 46 mm
long. 22 mm wide, and 2 mm thick. The size of conventional
micro channel was 29 mm (L) x3mm (W) x 0.2 mm (H),
while the extents of modified cross-shaped micro channel was
1I5mm (L) x3mm (W) x0.2mm (H). The optical sensor
consisted of three sections: a micro channel, one inlet and one
outlet for the liquid passage. It should be noted that the
modified sensor design adopted two inlets and two outlets for
minimizing the dispersion outcome. Micro channels were
fabricated using the stainless steel mold installed on an electric-
injection molding machine. Besides, the micro channel covers
were also fabricated from COC by a similar process to the
grating chips but replacing the stainless steel grating mold with a
metallic mold of the micro channel.
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Fig. 1 Schematics and picture of optical sensors having (a) the
conventional micro channel and (b) proposed cross-shaped micro
channel

III. EXPERIMENTAL APPARATUS

Fig. 3 exhibits the picture of the micro-flow visualization
system for probing the dispersion event inside the microfluidic
device. Two liquid samples were employed for studies:
deionized (DI) water and DI water solution containing
fluorescent dye (0.5% w/w Rhodamine 6G, Sigma-Aldrich). A
syringe pump (NE-1600, New Era Pump Systems) was used to
deliver controlled and continuous liquid sample flows into the
device. The species concentration distributions were then
characterized using the fluorescence technique with a 1-W
semiconductor laser (L-532-1000A, Sintec Optronics
Technology) having a beam diameter of ~1.0 mm and the wave
length of 532-nm as a given excitation source. A fluorescence
microscope (VMU-L, Mitutoyo) was utilized to acquire the
optical visualized images of the illuminated flow pattern with
high uniformity across the image plane. We used a 10xobject
lens (M plan APO NIR series, NA= 0.26, Mitutoyo) to gather
fluorescence emissions, as well as a 570-nm high-pass filter
(FGLS570 Thorlabs) to isolate the shorter wavelength emissions
from the comparatively weak fluorescent light for reducing the
background noises. A charge-coupled device (CCD) camera
(XC-HR57, SONY) was mounted on the microscope to snatch
optical images, which were further processed by means of a
data acquisition/analysis board (Domino Harmony, 64-bit, 66
MHz PCI, Euresys) and stored as a file on a personal computer.
In fact, a linear relationship ensues between the fluorescence-
dye concentration and the fluorescent intensity over a certain
range [19]. Consequently, an empirical calibration procedure
was utilized to transform the image intensities to concentration
values. Those captured images were converted to gray-scale
images with gray levels denoting fluid concentration contours.
The experimental results from the obtained images can enhance
the understanding of the dispersion flow process and establish a
measurement database for model validation.

(a)
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Fig. 2 Schematics of optical sensors with the designs of cross-shaped
micro channel at angles of (a) 60°, (b) 90°, (c) 120° and (d) 180°

IV. COMPUTATIONAL ANALYSIS

A theoretical model built in the ANSYS/Fluent® software
has been applied to examine the dispersion flow process in the
proposed optical biosensor with a cross-shaped micro channel
[20]. According to the experimental conditions, one test liquid
was a solution containing fluorescent dye in DI water, and the
other was DI water. In simulations, both fluids were treated as
the incompressible, laminar, miscible, uniform-property liquid
flows with the insignificant effects of gravity and temperature
variation over the calculation domain. The model was based on
the steady-state three-dimensional conservation equations of
mass, momentum and species concentration described below:

opw) Opup) _ ap 0| fou  Ou, @
ot ox, oy, ox;|"\ox, oy [
A A 3
9C L 2 ()= pc] (€)
ot ox; - Ox Ox

The above variable u; denotes the velocity component in the i
direction; moreover, p, p, 1, D and C are the pressure, density,
viscosity, binary diffusion coefficient and molar concentration
of the species. The physical properties of pure water were
applied to two test fluids with the associated p, # and D values
of 1000 kg/m?, 0.001 N-s/m?, and 10'° m?/s, respectively [21].

To characterize the transport behavior in the biosensor, the
flow velocities of the incoming test fluids were specified as a
uniform profile from the experiments or simulation conditions
with the molar concentration of one of the fluid prescribed to 0
(DI water) and the other to 1 (DI water with fluorescent dye),
respectively, at the inlets. The inflow velocity of the test fluids
retained at 14 mm/s (200pL/s), corresponding to the Reynolds
number (Re) of 80. In calculations, Re= pVD,/u, and Dy, is the
hydraulic diameter of the micro channel. A fixed pressure of 1
atm was set at the flow outlet. The no-slip condition and zero
normal gradients of pressure and concentration were imposed
on all solid walls of the optical sensor. The above mathematical
equations were further discretized into a set of cells using the
finite control volume approach with an iterative semi-implicit
method for pressure-linked equations consistent (SIMPLEC)
numerical scheme implemented to couple the flow velocity and
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pressure [22], [23].

V.RESULTS AND DISCUSSION

Numerical simulations were conducted via the CFD software
ANSYS/Fluent® to investigate the dispersion process inside the
micro channels at different angles of the optical sensors. Fig. 4
illustrates the numerical grids of a cross-shaped micro channel
at the angle of 90° for the baseline design. The mesh system
included three major portions: the cross-shaped micro channel,
inlet and outlet channels. Finer grids were placed in the areas
near the cross junction of the channel and the wall boundaries
with the mesh arranged to ensure orthogonality, smoothness
and suitable aspect ratios to evade numerical divergence. The
average cell length in the junction section was around 75 pm
with the smallest spacing of 5.6 um for resolving the steep
variations of flow properties. During transient calculations, the
normalized residual errors of flow variables converged to 107
with the mass balance check within 0.5% for each time step.
The calculated velocity profiles along the transverse line of the
cross junction at different grids (962536, 1299424 and 1780211)
and CFL (0.2 and 0.5) values indicated that satisfactory grid
independence could be achieved using a mesh setup of 1299424
grids with CFL= 0.5. A complete simulation for developing a
dispersion flow field over the time interval of ~60 s (with the
variation of steady surface concentrations at the sensing probe
under 1%) generally necessitates around 100 hours of central
processing unit (CPU) time on an Intel Core™i7 X900-3.47GHz
(32 GB RAM) high-performance workstation.

Fig. 4 Numerical grids of a cross-shaped micro channel at angle of 90°
in a stereogram view

Fig. 5 demonstrates the predicted time sequences of the
concentration iso-contours in (a) the conventional and (b) four
cross-shaped micro channels at the angles of 60°, 90°, 120° and
180° of optical sensors. The probes were located at the center of
the half width of the cross junction, as described in Fig. 2. To
explore the dispersion process in the sensors, DI water (marked
in a blue color) initially flowed through the micro channels at
the incoming velocities of 14 mm/s to attain a stable flow

condition. Afterwards, DI water with the dye (as the sample
fluid marked in a red color) was introduced instantly at /= 0+ to
replace the original pure water stream. The boundary of the
sample stream was visualized via the concentration contour of
C=0.5 (marked in a yellow color) in the dispersion progression.
For the case of the conventional micro channel, the sample fluid
flowed into the micro channel from the inlet of the biosensor,
progressively held more space during the time period of 0.2 —
15 s and reached to the outlet at 25s. Alternatively, throughout
the time interval of 0.2— 4s, the sample fluid, supplied from the
inlet of Fluid A, ran across the junction with a flow turning
thanks to the transverse blockage of pure water from the other
channel (Fluid B) and approached the outlet at 7= 8s. When the
sample fluid moved toward the junction, the fluid diffused with
time along the moving direction. Meanwhile, the flow turning
process around the junction tended to induce the non-uniform
fluid velocity distribution, and thereby distort the concentration
profile.

To assess the effectiveness of cross-shaped micro channels
in minimizing dispersion, Fig. 6 exhibits the predicted surface
concentrations at the sensing probe against time to appraise the
influences of the dispersion in (a) the conventional and (b) four
cross-shaped micro channels of the sensors. From the simulated
results, the surface concentrations for the cases of cross-shaped
micro channels essentially ascended to stable values in 9.2, 9.6,
10 and 10.8 s at the angles of 60°, 90°, 120° and 180°, whereas
the sensor with the conventional channel required 38 s to reach
its steady state. The sample stream met the DI water stream to
develop a vertical stagnation plane in the middle of the cross
junctions of the micro channels, the velocity of the sample fluid
was accelerated due to contraction of the cross-sectional area,
and in turn condensed the boundary layer thickness to achieve
better concentration uniformity at the sensing probe. Therefore,
dispersion was minimized owing to substantial decrease of the
needed time duration by around four times toward the stable
conditions when the design of cross-shaped micro channel was
adopted.
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Fig. 5 Predicted time sequences of concentration contours in (a) the
conventional; (b) four cross-shaped micro channels at different angles
of optical sensors
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Fig. 6 Predicted surface concentrations at the sensing probe against
time to appraise influences of dispersion in the conventional and four
cross-shaped micro channels of optical sensors

VI. CONCLUSION

In this investigation, we proposed a new optical sensor using
the design of cross-shaped micro channels to lessen dispersion.
The CFD analysis was conducted to resolve the predicted time
sequences of concentration contours for examining dispersion
characteristics in the development of the modified cross-shaped
micro channel pattern. To evaluate the influences of dispersion,
we inspected the predicted surface concentrations at the sensing
probe with respect to time. The simulated results revealed that
the sample stream encountered the pure water stream to form a
vertical stagnation plane in the middle of the cross junctions of
micro channels for causing flow acceleration of the sample
fluid, and thus reduced the boundary layer thickness to realize

better concentration uniformity. As compared to the sensors
with the typical micro channel, the proposed sensor design
having the cross-shaped micro channel is capable of performing
biological assays with less consumption amounts of
bio-samples within a shorter period of test time.
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