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ABSTRACT

The present work reports numerical simulation and experimental validation of novel designs of microfluidic mixers that can be employed for
biological mixing applications. Numerical simulations involving various geometrical models were performed for design optimization. The
effect of the presence of embedded obstacles was studied in detail, in order to understand the effect of channel occlusion on micromixing.
The mixing performance of various channel designs was compared, and crossover in the mixing performance of the designs was observed
in response to a change in the flow Reynolds number (Re). The improvement in micromixing efficiency was discussed in connection with
the variations in local values of the Reynolds number and Dean number. It was observed that the presence of obstacles contributes to a
significant increase in local Re in the vicinity of sharp-edged obstacles, thereby enhancing the efficiency of mixing. In addition, the local
Dean number is observed to increase significantly inside spiral microfluidic designs. We validate the optimized microfluidic mixer designs
by performing micromixing experiments and image analysis based on regions of interest along the length of the channels. Numerical pre-
dictions were observed to be in reasonable agreement with experimental results. Finally, we demonstrated the biological applicability of
an optimized micromixer design for on-chip detection of calcium levels in blood serum. The passive mixing designs presented in this
work are useful for chip-scale implementations of cell-drug biology, where some of the key cell signaling processes appear at second time
scales.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0007688., s

I. INTRODUCTION

Microfluidic principles are extensively employed in several
fields linked to biological and biomedical applications. Microflu-
idic devices are employed for numerous analytical applications
such as bio-sensing,1 gene amplification,2 and drug screening.3 A
large number of such implementations require efficient mixing of
samples performed on-chip. Numerous techniques of microfluidic
mixing are reported in the literature that can be broadly cate-
gorized as “active mixers” and “passive mixers.”4–8 Active mixers
exploit external energy sources such as thermal,9 acoustic,10 mag-
netic,11 and electrokinetic12 sources to improve the mixing effi-
ciency. Passive mixers avoid these complications by incorporating
complicated channel geometries so that adequate mixing is achieved

without the use of any external energy sources. Passivemixer designs
have advantages of lower cost, less complexity, and ease of fab-
rication compared to active mixer designs. Microfluidic flows are
mostly laminar, and the concepts of fluidic resistance and surface
area to volume ratio13,14 are strongly correlated with the perfor-
mance of microfluidic mixing devices. Rapid and efficient mixing
in microchannels is a challenge because diffusion is an extremely
slow process.15 The Reynolds number (Re) is a characteristic dimen-
sionless number that represents the strength of convective trans-
port to viscous effects. Viscous effects are predominant at low
Reynolds numbers.16,17 The limitation of minimal convective trans-
port can be overcome by making alterations in the channel geom-
etry so that chaotic advection or secondary flow vortices can be
induced.
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In the past few years, various types of passive microfluidic
mixers were proposed by numerous researchers to study micromix-
ing.18–33 Hossain et al.24 performed numerical simulation on three
types of passive micromixers. The results indicated that square
wave channels result in better mixing compared to zig-zag and
curved channel designs.24 Buchegger et al.25 designed a horizon-
tal multi-lamination micromixer with wedge-shaped inlet channels.
Micro T-mixers were designed, and their feasibility for rapid mix-
ing at low Reynolds numbers was investigated.30 Li31 designed a
three-dimensional, diagonal ridge micromixer (DRSRM) based on
the principle of splitting and recombination and chaotic advec-
tion. The diagonal ridge designs presented were responsible for
enhancing the mixing performance by stretching and generating
vortex flow.31 Lee et al.32 performed an experimental and numer-
ical investigation of micromixers where the effect of the num-
ber and size of elliptic barriers was investigated. Tsai and Wu33

reported an efficient passive micromixer where multidirectional
vortices were generated due to radial baffles and channel curva-
ture in a curved channel. The radial baffles and channel curva-
ture were responsible for multidirectional vortices and converging-
diverging flow, resulting in enhanced mixing efficiency.33 T and
Y shaped micromixers were also proposed in the literature.34–37

Wang et al. presented a case of the mixing of fluid streams in “Y”
type microchannels, using cylindrical-shaped obstacles for enhanc-
ing the mixing performance. The significant effect of proper place-
ment and position of obstacles was demonstrated at Reynolds num-
bers in the range from 0.5 to 60. The formation of vortex pairs
in T shaped microchannels was argued as the reason for enhance-
ment in the mixing performance.35 Shih-Jeh et al.38 designed a
microchannel with cylindrical obstacles and observed tooth notches
to improve the fluid mixing at Re values in the range 0.01–100. Yang
et al.39 proposed a three-dimensional Tesla structured micromixer
to achieve efficient mixing for a range of Reynolds number from
0.1 to 100.

We present novel designs of passive microfluidic mixers and
validate the mixing performance of these designs. Numerical sim-
ulations of various geometrical designs of microchannels such as
U-shaped, fish-shaped, and spirals were performed. We also per-
formed simulations of obstacle-laden and obstacle-less designs to
study the effect of channel occlusion on micromixing. Larger-scale
microchannel designs that incorporate microfabricated obstacles
were fabricated and tested. The experimental results based on opti-
mized channel designs indicate reasonable agreement in mixing per-
formance when compared with numerical predictions. We utilized
and optimized the micromixer design for on-chip imaging of serum
calcium, which is a key biomarker for several pathological condi-
tions. Although mixing in curved channel geometries is reported in
the literature, the combined effect of channel-laden obstacles and
channel curvature on the mixing performance is worthwhile to be
explored, and the reported design modifications contribute to fur-
ther enhancing the mixing efficiency. This argument forms the basis
of the present work. In addition, the proposed micromixing designs
are validated for biological applicability where direct colorimetric
and confocal imaging of serum calcium is performed. This is worth-
while, considering the fact that calcium regulation is a vital factor in
the case of many neurodegenerative diseases including Alzheimer’s
disease.

II. MATERIALS AND METHODS

A. Numerical modeling

1. Governing equations

The concentration field in the microchannels can be calcu-
lated by solving coupled field equations of mass and momentum
transport. In the present study, flow modeling is performed by con-
sidering fluids as incompressible Newtonian liquids. The fluid flow
model is described by the Navier–Stokes equation20 and continuity
equation, expressed as

ρ
∂U

∂t
+ ρ(U ⋅ ∇)U = −∇p + μ∇2

U + F, (1)

∇ ⋅U = 0. (2)

In the above equations, U represents the fluid velocity (m/s), ρ is the
fluid density, p is pressure (Pa), μ is the dynamic viscosity of the fluid,
and F represents body forces per unit volume. The concentration
field inside the microchannel can be represented by the convection–
diffusion equation, which is expressed as

∂c

∂t
+ (U ⋅ ∇)c = D∇2

c. (3)

The boundary conditions (on the channel walls) for which the
convection–diffusion equation is solved for the designed geometry
are

− n ⋅Ni = 0, Ni −Di∇ci +Uci = 0. (4)

In the above equations, n is the normal vector, N i is the mass flux
of the ith species, c represents the species concentration (mol/m3),
and D is the diffusion coefficient of the species (m2/s). Equation (4)
indicates that the mass transport perpendicular to the microchan-
nel surface is considered to be zero, a fairly reasonable assumption
considering non-porous channels. In the present study, a uniform
concentration of species was assumed at the inlets of the channel.
This means inlet conditions c = 1 and c = 0 were assumed for the
two inlets of the microchannel, and the proximity to the condi-
tion c = 0.5 was considered to be the case of ideal mixing. The
initial species concentration in the microchannel was assumed to
be zero. The designs studied in the present work were identified
based on the idea of mixing enhancement due to secondary flow
vortices resulting from the channel curvature and the presence of
micro-obstacles (which results in flow splitting and recombination).
Curved channel geometries can induce Dean vortices perpendicu-
lar to the direction of flow,40 where a smaller radius of curvature
results in higher values of Dean numbers. The Dean number can be

defined asDe = Re
√
Dh/2R, whereDh is the hydraulic diameter, R is

the radius of curvature of the microchannel, and Re is the Reynolds
number. The Dean number represents the ratio of centrifugal and
inertial forces to viscous force.41

2. Geometry and mesh optimization

The concentration field in the microchannels was numeri-
cally simulated using finite element software COMSOL 5.0. We
performed a mesh independence study to confirm that numerical
results are independent of the mesh number of elements (using
sequences such as 1×, 2×, 4×, and 8× number of elements). The flow
and concentration conditions at the channel inlets and boundaries
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were assumed as described in Sec. II A 1. These tests were performed
on spiral and obstacle-laden fish channel designs. The steady-
state simulation results corresponding to the fish-shaped design
and spiral-shaped design are included in Tables I and II, respec-
tively. The simulation results corresponding to varying mesh sizes
(1×–8×) are presented. We observed a negligible variation in the
calculated values of the concentration field, beyond a mesh size of
18 000 elements (approximate). In addition, the oscillations in the
concentration field (corresponding to 1× and 2×mesh density) cal-
culated close to the entrance to the main channel was minimized
beyond the mesh size of 18 000 elements. Hence, an optimized mesh
size of nearly 18 000 triangular elements was used for performing
all the simulations in the present study. We performed local refine-
ment of the mesh close to boundaries that define the obstacles (in
the case of the obstacle-laden design), smaller radius of curvatures
(in the case of the spiral design), and regions of flow expansion.
The mesh refinement was performed to track the larger gradients
of the concentration field close to the abovementioned boundaries.
The addition of numerical diffusion can occur in numerical simula-
tions due to the discretization of convective terms for determining
the concentration distribution. The degree of numerical diffusion
can be limited, utilizing higher-order discretization.42 In the present
simulations, higher-order discretization was used to minimize the
degree of artificial diffusion.

B. Experimental setup

Following numerical simulations, we fabricated optimized
designs—spiral-shaped and fish-shaped (obstacle-laden) channel
structures. Microfluidic designs were prepared by utilizing standard

soft-lithography techniques. Primarily, the silicon wafer was cleaned
and dehydrated. The cleaned wafer was coated with negative pho-
toresist SU-8 2050 at 3000 RPM to get the 50 μm thickness by
using a spin coater. Then, the SU-8 coated wafer was soft-baked
on a hotplate at 65 ○C for 3 min and 95 ○C for 6 min. Further-
more, the processed wafer was exposed inside the UV LED exposure
system (UV-KUB) to pattern the SU8 mold. The post-bake was per-
formed at 65 ○C for 2 min and 95 ○C for 6 min, and the master
mold was obtained after the development process. Once the mold
was prepared, PDMS (Sylgard 184 from Dow Corning and curing
agent) with the proportion of 10:1 ratio was poured onto the SU-
8 master mold after degassing under a vacuum oven. Curing was
performed for 60 min at 80 ○C by a thermal vacuum oven. PDMS
replicas were peeled off from the SU-8master mold and bonded with
glass slides after plasma treatment. Hill-shaped obstacles (Table I)
in the microfluidic channels were made of SU8, and the corre-
sponding portions in mask designs were light exposed parts of SU8
molded as a pillar. The schematic of the spiral design is presented in
Table II.

Micromixing experiments were performed using a multiple
syringe pump. We used red and yellow dye solutions to test the mix-
ing performance of the fabricatedmicrofluidic designs. Images of the
microchannel cross sections [along the length of the microchannel,
marked as c1–c5 in Figs. 1(b), 2(b) and 5(a–ii)] were captured using
a high-quality digital camera. These experiments were performed
using spiral-shaped and obstacle-laden fish-shaped channels. The
image color intensity was calculated using an image processing soft-
ware (ImageJ). The resulting values (experimental and numerical)
are normalized by using the formula C−Cmin

Cmax−Cmin
(where c represents

the dye concentration).

TABLE I. Mesh independency test using the fish-shaped channel design.

Number of elements Meshed channel Simulation results

4 623(1×)

9 330(∼2×)

18 529(∼4×)

36 984(∼8×)
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TABLE II. Mesh independency test using the spiral-shaped channel design.

Number of elements Meshed channel Simulation results

3 293(1×)

6 582(∼2×)

13 283(∼4×)

26 331(∼8×)

III. RESULTS AND DISCUSSION

A. 2D simulations

1. Case 1: Obstacle-less microchannels

The geometrical features of obstacle-less designs are presented
in Table III. Designs involving converging–diverging boundaries
are presented. The geometric dimensions of these channel designs
are indicated in Table III. In the case of corner-shaped and U-
shaped designs, the width of the channel inlet (w1) was 60 μm,
the total axial length of the channel from the inlet to the out-
let (l2) was 1260 μm, the maximum width of the mixing chamber
(w2) was 250 μm, and the length of one mixing chamber (l1) was
180 μm. The mixing chamber aspect ratio (w2/l1) in the case of
corner-shaped and U-shaped designs was chosen higher than 1 in
order to generate designs that allow rapid flow convergence and to
generate stronger secondary flow vortices in the chambers. How-
ever, this restriction was not imposed on fish-shaped designs as these
designs contained sharp wedges in the proximity of the converging–
diverging sections of the mixing chambers. In the case of fish-
shaped designs, all other geometric parameters (w1, l1, l2) remained
the same as in the case of the other two converging–diverging
designs.

Channel geometries include converging–diverging boundaries,
present at periodic intervals along the channel length. These designs
increase the length of fluid contact in the microchambers.43 In
addition, these convergence–divergence pathways form symmet-
ric vortices at the throat of each sub-channels, increasing local

convective transport in the microchambers. Numerical simulations
indicate that the mixing length increases with an increase in channel
inlet velocity (flow Reynolds number), and concurrently, the mixing
time reduces. However, this phenomenon occurs within a partic-
ular range of velocity and is dependent on the channel geometry.
Figure 1(a) presents the simulation results corresponding to various
types of obstacle-less channel designs.

Figure 1(b) demonstrates the difference between corner-, U-,
and fish-shaped designs, in terms of the peak concentration differ-
ence (ζ = Cmax − Cmin) corresponding to different chamber positions
[indicated as c1–c5 in Fig. 1(b)] along the channel. ζ represents the
difference between the steady-state values of the maximum (Cmax)
andminimum (Cmin) concentration corresponding to different posi-
tions along the channel. It is observed that the concentration dif-
ference (ζ) is almost close to zero at the outlet, indicating adequate
mixing in the channel. It can be noted that the ζ value in the case
of the fish-shaped channel design is significantly lesser, even with
an aspect ratio (w2/l1) less than 1. Therefore, the fish-shaped design
can be argued to be better compared to other designs. Channel cur-
vatures and a larger number of turning points compared to corner-
and U-shaped channels result in better mixing performance in the
case of a fish-shaped design.

2. Case 2: Obstacle-laden microchannels

In an effort to study the effect of obstacles on micromixing
performance, we simulated obstacle-laden channel designs by using
similar boundary and initial conditions, as described in Sec. II A 1.
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TABLE III. Schematics of obstacle-less microfluidic mixer designs.

Schematics of microchannel designs w1 l1 w2 l2

Width of Length of one Maximum width of Total axial length

Corner-shaped design the inlet mixing chamber the mixing chamber of the channel

Width of Length of one Maximum width of Total axial length
U-shaped design the inlet mixing chamber the mixing chamber of the channel

Width of Length of Maximum width of Total axial length
Fish-shaped design the inlet one mixing chamber the mixing chamber of the channel

FIG. 1. (a) Simulation results (steady-
state concentration field) of obstacle-less
channel designs corresponding to an
inlet velocity of 12 × 10−4 m/s [(a-i)–
(a-iii)]. (b) Variation in the concentration
difference (ζ) corresponding to chamber
positions (c1–c5) from the inlet. The cor-
responding distances from the inlet are
190 μm, 440 μm, 690 μm, 940 μm, and
1190 μm.

The simulation results are presented in Fig. 2(a). We observed that
the mixing performance of the microfluidic designs is improved by
the introduction of obstacles in the microchannels, and mixing time
is reduced as well, as summarized in Table IV.

The obstacles disrupt the fluid flow and reduce the diffusion
path. The direction of flow, from one fluid to another, is altered
due to the disruption of the velocity flow field. Therefore, obsta-
cles can generate additional secondary flow vortices in the channels,
improving the mixing performance. ζ values calculated in the case of

multiple obstacle-laden designs corresponding to various positions
(c1–c5) along the channel length are plotted as presented in Fig. 2(b).
The ζ value for a particular chamber position is reduced in the case of
obstacle-laden designs, indicating the effect of channel occlusion on
micromixing. Figure 3 presents the comparison between obstacle-
less and obstacle-laden designs, where the time evolution of concen-
tration profiles at the outlet of the fish-shaped channel is presented.
It is clear from Fig. 3 that the concentration profile becomes flat at
c = 0.5 at a faster pace compared to obstacle-less designs. Besides,
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FIG. 2. (a) Simulation results (steady-
state concentration field) of obstacle-
laden channel designs corresponding to
an inlet velocity of 12 × 10−4 m/s [(a-i)–
(a-iii)]. (b) Variation in the concentration
difference (ζ) corresponding to chamber
positions (c1–c5) from the inlet. The cor-
responding distances from the inlet are
190 μm, 440 μm, 690 μm, 940 μm, and
1190 μm.

TABLE IV. Mixing time of various microfluidic designs corresponding to an inlet
velocity of 12 × 10−4 m/s.

Corner-shaped U-shaped Fish-shaped
(s) (s) (s)

Obstacle-less designs 4 3.5 3
Obstacle-laden design 3 2.5 1.9

the performance of the fish-shaped design is observed to be consis-
tently better compared to other designs, which is understandable as
per the previous discussion. The integration of obstacles enhances
the mixing efficiency as observed by lower ζ values.

The simulation results presented in Fig. 2 correspond to
the inlet velocity of 12 × 10−4 m/s. The variation in the local
Reynolds number for the fish-shaped channel design is presented in
Fig. 4. The local Reynolds number in the obstacle-less fish-shaped

channel is calculated as 0.142, based on the center-width of the
channel [Fig. 4(a)]. The local Reynolds number in the obstacle-
laden fish channel is calculated based on varying hydraulic diameter
closer to a positioned obstacle, as presented in Fig. 4(b). A signifi-
cant variation in local Re can be observed near narrowed cross sec-
tions closer to obstacles. The introduction of micro-obstacles in the
fish-shaped channel results in a twofold increase in local Re close
to the sharp edges of the obstacle close to the channel boundary.
This results in enhanced local convective transport, consequently
resulting in increased efficiency of mixing. The increase in the effi-
ciency of mixing in the case of obstacle-laden corner- and U-shaped
designs can be explained along similar lines as identical obstacles
are introduced in these designs as well. The results from simulations
of obstacle-laden designs also confirm the observation that the fish-
shaped design performs better compared to the other two designs.
Therefore, in addition to the obstacle geometry, the outer geometry
of the microchamber is also observed to play an important role in
micromixing.

FIG. 3. Evolution of the concentration profile at the channel outlet in the case of the (a) obstacle-less fish-shaped channel and (b) obstacle-laden fish-shaped channel.
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FIG. 4. Local Reynolds number in (a) obstacle-less fish-shaped channel and (b) obstacle-laden fish-shaped channel.

FIG. 5. (a) (i) Schematics of the spi-
ral microchannel design, (ii) schematic
of positions along the channel length,
and (iii) simulation results (steady-state
concentration field) of spiral designs
corresponding to an inlet velocity of
22 × 10−4 m/s. (b) Time evolution of the
concentration profile at the spiral channel
outlet (C5).

3. Case 3: Spiral-shaped microchannels

We studied themixing performance of two-stage spiral channel
designs. The schematic of the spiral designs is presented in Fig. 5(a).
The inlet width of the channel (wc1) is 100 μm, the total axial length
from the inlet to outlet (lc2) is 1500 μm, the width of the spiral curve
(wc3) is 50 μm, the length of one mixing chamber (lc1) is 440 μm,
and the maximum width of the spiral chamber (wc2) is 470 μm, as
illustrated in Fig. 5(a–i).

The time evolution of the concentration profile at the outlet
of the spiral design is presented in Fig. 5(b). The mixing perfor-
mance of the spiral channel microfluidic design can be attributed
to secondary vortices. Secondary Dean flows play a significant role
in curved channel micromixing. The magnitude of counter-rotating
dean flows increases with an increase in the Dean number. The Dean
number corresponding to various curvature values of spiral design is
presented in Fig. 6. The strength of the secondary flow is the high-
est at the inner curvature of the spiral design where De = 0.105.
The primary reason for mixing is the increase in the fluid accel-
eration as fluid streams travel from the outer region to the inner
region of the curved channel route, where the radius of curvature is
small.44

Figure 7 depicts a comparison between the obstacle-laden fish-
shaped design and the spiral-shaped design. The mixing times for

a range of Reynolds numbers are presented. We observed that as
the Reynolds number increases, the mixing time decreases in a par-
ticular range of Reynolds numbers, which is in agreement with the
reported literature.21–24,44 Furthermore, an interesting contradiction
is observed when comparing the mixing performance of these two

FIG. 6. Dean number of the spiral-shaped geometry along with the spiral contour
corresponding to a Reynolds number value of 0.12.
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FIG. 7. Comparison between obstacle-laden fish-shaped and spiral-shaped chan-
nel designs corresponding to inlet flow Reynolds number values of 0.027, 0.03,
0.2, 0.27, and 0.3.

designs. The mixing time in the case of the spiral-shaped design is
lesser at a high Reynolds number. However, we observed the reverse
case at a low Reynolds number. At a low Reynolds number, the mix-
ing performance is higher in the obstacle-laden fish-shaped channels
in comparison with spiral designs. This effect can be attributed to
the combined effect of obstacles and converging–diverging bound-
aries that result in improved mixing at lower Re values. The effi-
ciency of mixing in the case of spiral design is mostly dependent on
secondary vortex flows. It can be interpreted that at low Reynolds
numbers, the mixing performance of spiral channel designs is lim-
ited on account of the limited strength of secondary vortices. The
effect of obstacles on the mixing performance is observed to be less
pronounced beyond a critical value of the Reynolds number. Hence,
it can be concluded that the obstacle-laden fish-shaped design is in
general efficient at lower flow velocities, an experimental require-
ment in the case of many on-chip cell culture designs.45 How-
ever, it should be emphasized that the overall dimensions of the
channel are important as well, as we have compared two differ-
ent types of mixing designs. The mixing efficiency of these designs
can be further improved by incorporating multiple obstacles of
different geometries or by increasing the number of spiral sec-
tions. The channel geometry should be selected as per the practical
requirement of flow conditions needed, as well as by analyzing the

FIG. 8. (a) Simulation results of the
obstacle-laden fish-shaped channel and
(b) steady-state concentration profile
of the 3D fish-shaped channel at the
extreme outlet of the channel. Inlet
velocity = 12 × 10−4 m/s.

FIG. 9. (a) Simulation results of the
3D spiral-shaped channel and (b)
steady-state concentration profile of the
spiral-shaped channel at the extreme
outlet of the channel. Inlet velocity
= 22 × 10−4 m/s.
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channel performance at the required range of inlet velocity/Reynolds
numbers.

B. 3D simulations

We performed simulations of 3D designs of obstacle-laden
fish and spiral geometry designs where the channel height assumed
was 50 μm. These simulations were performed with an identical
set of inlet, initial, and boundary conditions. Four node tetrahe-
dral elements were used for meshing the 3D domain for simula-
tions, and selective mesh refinement close to critical boundaries was
performed, as indicated in Sec. II A 2. 3D simulation results of a
fish-shaped design incorporating hill type obstacles are presented in
Fig. 8(a). The steady state concentration profile at the extreme outlet
of the channel is depicted in Fig. 8(b). The flat concentration pro-
file at the channel outlet corresponding to c = 0.5 (mol/m3) indicates

uniformmixing. It can be noted that the difference between the mix-
ing time of 2D and 3D fish-shaped channel designs is 0.3 s (1.9 s for
the case of 2D designs and 1.6 s for the case of 3D designs). A sim-
ilar trend is observed for the case of spiral channel designs (Fig. 9)
where the difference in mixing time between 2D and 3D designs is
0.3 s. However, it is observed that the 3D channel results indicate
effective mixing from cross sections much closer to the entrance, as
compared to 2D. This means the value of the concentration differ-
ence (ζ) is closer to zero from sections c1 (marked along the channel
in Figs. 2 and 5) onward.

IV. MICROMIXING EXPERIMENTS USING SPIRAL AND
OBSTACLE-LADEN FISH-SHAPED CHANNELS

In order to validate the mixing behavior of the simulated
microchannel designs, we performed experiments using fabricated

FIG. 10. (a) Fabricated micromixer. (b)
Microscopic grayscale image of dye–DI
water mixing in the microchannel. (c)
Micromixing in spiral sections from the
inlet to the outlet, corresponding to an
inlet velocity of 22 × 10−4 m/s. (d)
Micromixing in the obstacle-laden fish-
shaped channel, corresponding to an
inlet velocity of 12 × 10−4 m/s.

FIG. 11. Digital color images of yellow and pink dyes entering the obstacle-laden fish-shaped channel and mixing pattern in various sections: (a) images of enlarged ROIs
obtained from the various region of interest and (b) the corresponding contours to visualize the evolution of the yellow–green interface in the proposed channel.
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FIG. 12. Digital color images of yellow and pink dyes entering the spiral channel and mixing pattern in various sections: (a) images of enlarged ROIs obtained from the various
region of interest and (b) the corresponding contours to visualize the evolution of the yellow–green interface in the proposed channel.

FIG. 13. Normalized concentration values from simulation and experiments, corresponding to various positions of the microfluidic mixing chamber: (a) spiral-shaped design
and (b) fish-shaped design.

FIG. 14. Flow diagram of the osteoporosis experiment.

designs of spiral-shaped and obstacle-laden fish-shaped channels.
Figure 10 shows the results of color dye mixing in the microchannel
designs. In the case of both designs, it can be observed that effi-
cient mixing is achieved closer to the channel outlet. Furthermore, to

FIG. 15. On-chip calcium detection using the spiral micromixing design: (a) female
sample and (b) male sample.
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FIG. 16. Confocal imaging of serum cal-
cium by using calcium-sensitive fluro-4
dye. (a) Channel inlet that does not show
fluorescence. (b) Channel center where
the fluids are getting mixed. (c) Channel
outlet where visible dye fluorescence is
detected, which indicates the presence
of calcium in the serum sample.

visualize the mixing, the contour images from mixing experiments
were obtained corresponding to various regions of interest (ROIs)
along the path length of both channels, and the resulting contours
are depicted in Figs. 11 and 12. The results visibly indicate the mix-
ing pattern inside both channels. It can be observed from Fig. 11 that
the flow pattern is perturbed by the presence of the obstacles, result-
ing in efficient flow mixing in the channel. Similarly, the ROI along
the path length of the spiral channel (Fig. 12) indicates patterns
corresponding to efficient mixing.

We performed a quantitative comparison of simulation results
with micromixing experimental data. Experimental validation of
obstacle-laden fish- and spiral-shaped designs is presented in Fig. 13.
Normalized concentration (defined in Sec. II B) values correspond-
ing to different positions along the channel length are plotted. Exper-
imental replication is represented by the first, second, and third sets
in Fig. 13. No significant difference was observed between numerical
and experimental results, specifically when results corresponding to
the channel outlet are compared. The minor discrepancy between
theory and experiment could be attributed to flow development
effects and fluid properties.

V. MICROMIXING EXPERIMENTS FOR SERUM
CALCIUM DETECTION

We evaluated the performance of the optimized spiral mix-
ing design by performing biological experiments for serum calcium
detection. The preliminary recommended tests for the identification
of a prevalent bone disorder—osteoporosis—are serum calcium and
serum Alkaline Phosphatase (ALP).46 The principle of the on-chip
experiment is based on the fact that calcium in the alkaline solution
reacts with O-Cresolphthalein Complexone (O-CPC) to form a pur-
ple complex. In order to perform this test, we used real blood sam-
ples and centrifuged the samples to separate the serum at 2500 RPM
for 20 minutes. Furthermore, blood serum and o-cresolphthalein
complexone were injected into the two inlets as depicted in the flow
diagram (Fig. 14). The O-CPC reagent and sample (serum) would
flow through the spiral microfluidic channel, and the channel out-
let is imaged. The result of efficient mixing is a purple complex, as
presented in Fig. 15. The intensity of the color formed is directly
proportional to the amount of calcium present in the sample.

The color intensity obtained in our design was compared with
the pre-calibrated standard curve to quantify the levels of analyte
in blood. The serum calcium level in our tested device was 9 mg/dl
(female) and 9.5 mg/dl (male), which is well within the normal
range. Furthermore, confocal images from the channel inlet to the

outlet are depicted in Fig. 16. The inlet of the spiral microfluidic
channel does not show visible fluorescence because of samplemixing
close to the channel entrance. Green fluorescence is observed close
to the center and outlet of the microfluidic channel. The green color
in the confocal images indicates the presence of calcium in the serum
sample, thereby confirming the efficient mixing of blood serum and
o-cresolphthalein complexone inside the channel.

VI. CONCLUSION

The present study focuses on the evaluation of different types
of microfluidic mixing designs. We studied the effect of obstacles
on micromixing by performing numerical simulations and experi-
ments. It was observed that the presence of channel-laden obstacles
significantly impacts the mixing performance. Besides, the geometry
of the obstacle was observed to play a significant role, as an enhance-
ment in local values of Reynolds numbers up to twice the average
value was observed in the vicinity of shaper obstacles. Obstacle-laden
fish-shaped designs and spiral-shaped channel designs offer better
mixing performance owing to secondary flows, produced as a result
of the channel curvature and the presence of obstacles. We observed
interesting crossover in the mixing performance dependent on the
flow Reynolds number when comparing the obstacle-laden fish and
spiral channel designs. Numerical simulations indicatedmixing time
less than 2 s in the case of optimized designs.47 This is worthwhile in
designing on-chip cell assays, considering the cell-drug interaction
timescales. Furthermore, experimental validation using optimized
designs indicates reasonably good agreement with model predic-
tions. The mixing performance could be improved further using
a channel aspect ratio (maximum chamber width to depth ratio,
which is 5 in the present study) closer to 1. An optimized spiral mix-
ing design was utilized for on-chip calcium detection from blood
serum. Confocal microscopic experiments were performed, where
serum calcium was imaged at different locations along the length
of the spiral microfluidic design. The confocal results indicate the
presence of calcium in blood serum close to the channel outlet. This
highlights the utility of the proposed designs for on-chip bioimaging
applications such as monitoring serum calcium levels in Alzheimer’s
disease. The proposed designs could be utilized as micromixing
platforms for cell-based biosensing and immunoassays.
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