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Lab-on-a-disk systems have become popular during the past two decades by accelerating the biomedical diag-
nostic process and chemical reactions. Mixing performance should be attended to because of its importance
in lab-on-a-disk systems. This paper investigates applying a voltage to the mixing performance in a centrifugal
serpentine three-dimensional micromixer. The finite element method is used for the simulation-based COMSOL
Multiphysics 5.6 program. Working fluid has the same properties as water in 298 K. The results indicate that
increasing angular velocity causes mixing quality to drop until the threshold angular velocity increases. Also, it
is observed that applying an electric field into the domain can improve mixing quality, and as a result, channel
length decreases; hence more patterns will be placed on one disk.
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1. INTRODUCTION

By reducing the sample volume, microfluidics has come
to the aid of various sciences, which investigate fluid flow
behavior through micro-channels and the technology of
producing microfluidic devices.!

Laboratory analyses, including DNA sequencing and
biochemical detections, have transitioned to being cost-
effective, yielding quicker responses, and requiring smaller
sample volumes through the adoption of lab-on-a-chip
(LOC) devices. This transformation owes much to the
integration of microfluidics and molecular biology, which
stand as pivotal and foundational technologies in the
advancement of LOC fields.?

In a LOC device, some components, such as microp-
umps, microvalves, micromixers, etc., are installed to con-
duct fluid into the chip channels and create the desired
reactions.’ However, the LOC device has many drawbacks,
such as the difficulty of multiplexing, bubble formation,
tubing requirement for fluid pumping, and difficulty han-
dling large volumes.* Centrifugal microfluidic platforms
diminish LOC’s mentioned problems.’

Lab-on-a-disc (LOAD) is a centrifugal microfluidic plat-
form that can contain several operation units such as
mixing,’ separation,” and valving® simultaneously on a
disk. LOAD system has several advantages, such as pump
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eliminations, assays on a disk, easy metering, and mixing
fluids. The usability of all fluids without considering phys-
ical properties and trapped bubbles elimination are some
of the other benefits of LOAD.? Despite these advantages,
the difficulty of working with less than 1nL and unidirec-
tional fluid flow consider significant drawbacks.*

LOAD system contains a motor that generates fluid
flow-driven forces, a disk-like CD mounted on the motor
shaft, and detection components. Pattern designing of
disk microchannels depends on their application, such as
point of care (POC) diagnostics,'” DNA amplification,!
biosensing, and biochemical.!> !*

In microfluidic systems, the flow structure and the con-
ditions governing it are fundamental. In the research,
important cases such as various geometry of the cross-
section of the channels and conditions such as peristaltic
flow and application of peristaltic wave on the microchan-
nel have been investigated. The channel also requires a
stimulus for fluid flow, so to improve mixing, the jet is
used in two categories: free jet and confined jet. But the
loading device does not need an external stimulus for fluid
ﬂOW.l4_l6

In all biomedical and biochemical applications, mix-
ing performance has a key role. The fluid flow within the
microchannel predominantly operates within the regime
of low Reynolds numbers, characterized by laminar flow
behavior. Thus, to achieve proper mixing, passive and
active micromixer have been used.!’

Passive micromixers have simple structures. They have
been preferred more because of no external driver input

J. Nanofluids 2023, Vol. 12, No. 8

2169-432X/2023/12/1987/008

doi:10.1166/jon.2023.2105 1987

I 05


http://www.aspbs.com/jon
http://www.aspbs.com/jon

I . TicLE

Numerical Simulation of Mixing Performance on the Rotating Electroosmotic Micromixer

requirement.'® Tonescu!® utilized the COMSOL Multi-
physics software, which operates on the Finite Element
Method (FEM), to analyze the mixing performance within
rotating microchannels of the LOCD type, taking into
account various cross-sectional dimensions. He investi-
gated seven-channel models with aspect ratios between
2 and 0.67 and hydraulic diameters between 200 and
240 pm. He reported that an appropriate model had
an aspect ratio of 0.67 and a hydraulic diameter of
200-222 pm.

Chaotic advection and diffusion are the basis of the
passive mixing process.?’ In passive micromixers, a mix-
ing operation is performed according to the channel’s
geometry and structure.?! Efficient mixing of two fluids
can be achieved by employing a conductive plate with a
curved arc shape, as opposed to a flat conductive plate
or other non-conductive obstacles, especially when deal-
ing with Newtonian fluids. Goodarzi et al.> employed
this approach. They conducted a comprehensive exami-
nation of various factors, including differences in radius
curves, span length, the number of curved arc plates sit-
vated within the channel, arrangement patterns, concav-
ity direction, and orientation angles, in relation to the
flow and mixing process. Babaie et al.,® introduced a
passive micromixer, which was modified by incorporating
convergent-divergent cross sections to enhance mixing effi-
ciency. The modification was implemented with the goal
of capitalizing on the concurrent occurrence of Dean vor-
tices and separation vortices. The investigation delved into
the influence of both amplitude and wavelength to ascer-
tain the optimal configuration for practical applications of
the serpentine-sinusoidal mixer. The researchers concluded
that placing convergent and divergent barriers sequentially
resulted in the production of stronger Dean vortices, ulti-
mately leading to an elevated level of mixing efficiency.

Conversely, external energy inputs like electric fields,
magnetic fields, and similar forces are prerequisites for
fluid mixing.?® Although an active micromixer’s structure
is more complicated and expensive than a passive one’s, it
has advantages such as a convenient layout, flexible con-
trol, and short mixing time.?* According to the currently
applied types: Direct current (DC), and alternating cur-
rent (AC),%® fluid flow in electroosmotic micromixers is
classified into two categories. One of the most popular
designs for passive micromixer channels is a spiral. Park
and Kwon?’ investigated numerical simulation of mixing
performance in a three-dimensional serpentine micromixer
(TSM), which channel designed in “L, C, and F” shape
mixing units. Experimental and computational simulations
indicate that obstacles in serpentine microchannels present
better mixing performance and obstacles contain grooves
in the channel’s wall, microbeads, and baffles.?*=" Steigert
et al.’! introduced centrifugal microfluidic platforms. In
LOAD platforms, the Coriolis and Euler forces, known as
inertial forces and angular frequency, are essential factors
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in mixing. La et al.®> recommend and evaluate a ser-

pentine micromixer in a lab-on-a-disk platform for bio-
chemical assays. They reach acceptable mixing quality by
their design which transverse secondary flow and emo-
tional effect play an important role in mixing performance.
Shamloo et al.** improved the mixing efficiency by mod-
ifying the channel curvature in a centrifugal micromixer
platform. Their design’s mixing quality numbers reported
about 90% better than rectilinear and straightforward
designs. The channel length is important because more pat-
terns will be placed in a disk by shortening it; therefore,
applying magnetic or electric fields into the system can be
effective. Xiong et al.** numerically investigated several
electrode pairs on a two-dimensional Koch fractal structure
mixing performance. They applied time-dependent sinu-
soidal alternating current to the electrodes and reported
that the number of electrode pairs directly affects mixing
quality. A novel three-dimensional Koch fractal structure
electroosmotic micromixer was employed by Xiong and
Chen.* They investigate the effects of fractal size, num-
ber of electrodes, electrode distance, and voltage range
on the mixing efficiency. A straight microchannel con-
tains a rhombus shape chamber in which four electrodes
are placed on channel walls employed by Jalili et al.’
They applied a sinusoidal electric field to the channel and
investigated mixing performance. Their simulation indi-
cates that mixing time decreases by applying an electrical
field, and mixing quality increases.

In this study, the amalgamation of two fluid flows pos-
sessing akin physical properties yet distinct concentrations
was examined employing the finite element method within
the COMSOL 5.6 software. To augment the mixing rate
and reduce the channel length, an alternative electric field
was administered to the electrodes. The impact of variables
such as voltage amplitude, angular velocity, the quantity
of electrode pairs, and diverse arrangements of electrode
pair distribution was evaluated.

2. THEORETICAL BACKGROUND

2.1. Geometry Principals

The desired micromixer was designed by Shamloo et a
and in this numerical simulation, four electrodes were
applied to it, as shown in Figure 1.

The curvature of the channel design induces the Coriolis
force and the Dean effect, resulting in an augmentation of
the secondary flow within the channel. This, in turn, leads
to an enhancement in mixing efficiency. The electric field
applied to the channel follows a time-varying sinusoidal
pattern, which accelerates the mixing process, enabling it
to occur in a shorter time and over a reduced distance from
the inlets.

1‘,33

2.2. Governing Equations and Dimensionless Numbers
Governing equations in this study are classified into three
parts related to fluid flow, electric field, and mass transfer.

1988
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Fig. 1. Schematic geometry of micromixer, dimensions (in mm).

For a Newtonian and incompressible fluid with constant
properties, Navier-Stocks momentum and continuity equa-

tions govern the low as:
du 5
PV ut Vp—pVu—f,=0 (1)

Vou=0 2)

where p, u, u, p, and f, denote fluid density, velocity
vector, dynamic viscosity, pressure, and volumetric force
vector. The volumetric force consists of Coriolis and Cen-
trifugal forces and per unit of volume expressed as below.

fh = fCemrifugal + fCoriolis =

in which @ and r are angular velocity and rotation radius,
respectively.

The Convection-Diffusion equation is employed to ana-
lyze particle motion and is expressed as follows:

3
a—j—}—V-(—DVc) —_u-Ve )

where D and ¢ denote diffusion coefficient, which is con-
stant and concentration, respectively.

The current micromixer field is based on Ohm’s law
expressed as the following equation.

V.- (—oVV)=0 ®)

p

—pw’r —2pou (3)

where o and V are conductivity and electric potential,
respectively. Finally, (—oVV) the expression represents
current density.

Mixing efficiency obtained as:

M.Q.=1— (6)
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in which M.Q., N, Cjs ¢ denote mixing quality, total num-
ber of sampling points, Normalized concentration, and
expected normalized concentration, respectively. The mix-
ing quality can differ from O to 1, in which 0 indicates no
mixing and 1 denotes full mixing.

The dimensionless Reynolds number (Re) signifies the
relationship between inertial forces and viscous forces,
providing insight into the regime of fluid flow. Specifically,
fluid flow is characterized as laminar at low Reynolds
numbers, while it transitions into a turbulent state at higher
Reynolds numbers.

_ pub,
o

in which u and D, are mean velocity and the microchan-
nel’s hydraulic diameter.

Hydraulic diameter obtained as:

D, = ®)
pll)

where A, and p, denote the channel’s cross-section area
and wetted perimeter.

In a curved microchannel, Dean number (De) is another
dimensionless group that is Reynolds number’s product
and the curvature ratio’s square root.

D,
De=Re | — 9
e e\/ZR 9)

c

Re (7)

where R, is the microchannel’s radius of curvature.

2.3. Boundary Conditions

In the study of fluid flow, the microchannel walls were
subject to the application of the electroosmotic slip veloc-
ity boundary condition. At the same time, constant zero-
pressure boundary conditions were imposed at both the
inlet and outlet. In this study, one of the simplicity assump-
tions is omitting the gravity effect. Working fluid has the
same properties as deionized water, in which density (p),
dynamic viscosity (w), relative permittivity (g,), constant
diffusion coefficient (D), the conductivity of the ionic
fluid (o) are 10°(kg/m*), 1 x 10~3(pa-s), 80.2, 1.67 x
107°(m?/s), 0.11845(S/M), respectively. Concentration at
inlet 1 assumed 1 (mol/m?®) and at inlet 2 assumed O
(mol/m?).3

Helmholtz—Smoluchowsky presented slip velocity as:

uy = 25 fogy (10)
I

slip =
where g, €, and & represent the fluid’s electric permit-
tivity and zeta potential exerted at walls.

Equation (11) indicates applied alternating current,
which is sinusoidal on electrodes and the insulated bound-
ary condition applied on all other boundaries is given as
Eq. (12):

V = Vysin Q7 ft + ¢) (11)
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DETAIL A

A

Fig. 2. Structured mesh generation centrifugal force-based serpentine
micromixer CSM.

Table I. Variation of mixing quality percentage with down-channel
length.
Total cell numbers M.Q.
167,936 98.9%
288,800 96.1%
441,408 94.4%
660,000 94.1%
—oVV-n=0 (12)
in which f is the frequency assumed at 12 Hz

and V, is the amplitude of the AC potential which
equals 5 V.

2.4. Numerical Modeling

The problem was simulated using COMSOL Multiphysics
software, version 5.6. The simulation methodology in this
software is founded on the finite element method (FEM).
To optimize computational efficiency and conserve mem-
ory resources, the simulation study is compartmentalized
into two distinct stages: stationary and time-dependent. In
the initial stage, the physics of fluid flow and chemical
species transport are resolved under the specified bound-
ary conditions. The outcomes of this stage serve as the
initial values for the subsequent phase. In the second
stage, a time-dependent electric field is computed and
integrated with the Navier-Stocks and diffusion-convection
equations.*

M.Q
e e
PSR
L)

®Numerical result of Shamloo et al.
¢ Numerical result of validation simulation

0 2 4 6 8 10
Down-channel length (mm)

(a)
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2.4.1. Grid Independence Analysis

Figure 2 depicts a structured mesh used in this study.
Grid independence was conducted to achieve good accu-
racy in the simulation. Four total cell numbers of 167,936,
288,800, 441,408, and 660,000 are used for this analy-
sis. Table I shows the average concentration at the outlet
against the total cell number. Small concentration changes
are negligible, increasing the number of cells from 441,408
to 660,000, 441,408 considered the best result. According
to the statistics provided by COMSOL 5.6, the average ele-
ment quality is 0.9912, the element volume ratio is 0.4187,
and the mesh volume is 0.7916 cubic millimeters (mm?).

3. RESULTS AND DISCUSSION

3.1. Validation

For the model validation, simulation results were com-
pared with numerical results presented by Shamloo et al.**
Figure 3(a) illustrates the comparison of mixing quality
against down-channel length in this numerical method and
numerical results simulated by Shamloo et al.¥ These
results are in good agreement with their results.

As shown in Figure 3(b), in the simulation performed by
setting the values of voltage, frequency, and angular veloc-
ity of 5 (V), 12 (Hz), and 250 (rad/s), respectively, the
mixing process is improved. The effective mixing length
of 10 (mm), which was reported in Shamloo et al.** Sim-
ulation reduced to 5 (mm). This causes more patterns to
be placed on the disk.

3.2. Effect of Different Parameters on M.Q.
3.2.1. Effect of Physical Parameters and Angular
Velocity on M.Q.

According to Shamloo et al.,’” no significant changes
in the mixing quality are observed by changing the
angle between two inlet channels. Also, in Ref. [33],
microchannel curvature is investigated, which leads to an
increase in dean flow, and subsequently, the mixing is
improved. Figure 4(a) demonstrates concentration contour

0.9 3 . °--®
0.8 ¥ o o’
07 . o
L 4 K] N
] 0.6 o o »
=4
: 0.5 -
= p ®
0.4
K
0.3 e o°
02 Y ’-" «++@ -+ Shamloo et al
0.1 . .". * Current work
: .

0 1 2 3 4 5 6 7 8 9 10
Down-channel length (mm)

(b)

Fig. 3. Mixing quality versus down-channel length for: (a) validation analysis, (b) current simulation.
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Fig. 4. Concentration contour and streamline at a cross-section at
10.7 mm distance from the center of rotation.
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Fig. 5. Angular velocity effects on mixing quality.

and secondary flow streamlines at the cross-section in the
distance of 10.7 (mm) from the center of rotation.

In the following section, the effect of angular veloc-
ity changes on the mixing quality is discussed. In order
to study the effects of different angular velocities on the
mixing quality from 10 to 250 (rad/s), the AC voltage
and frequency are set to 5 (V) and 12 (Hz), respectively.
Figure 4(b) depicts the results of the simulation.

As shown in Figure 5, increasing angular velocity from
10 up to 50 (rad/s) is associated with decreasing mix-
ing quality, we also see an increase in mixing quality by
increasing the angular velocity further than 50 (rad/s). It
should be noted that in the figures where the mixing qual-
ity is reported versus parameters, the mixing quality at the
outlet, which is 5 (mm), has been calculated.

Table II plots the result for the dimensionless Reynolds
and Dean numbers against angular velocity across the
investigated range. At the microchannel’s outlet, all data
was computed. By replacing R, =350 (wm) and D, =300
(um) in: De = Re,/D, /2R, we have D, = 0.65R,.

3.2.2. Effect of Voltage and Frequency Variation in the
Electric Field on M.Q.

In order to investigate the effects of different voltages on

mixing quality, AC voltage V|, changes from 0 to 10 (V)

while angular velocity and frequency are set to 250 (rad/s)

and 12 (Hz), respectively. The results of these changes are

Numerical Simulation of Mixing Performance on the Rotating Electroosmotic Micromixer

Table II. Evaluation of flow characteristics in relation to the angular
velocity.

o [rad/s] Re De M.Q. (%)
10 0.048 0.0312 99.3
20 0.372 0.2418 88.2
30 0.912 0.5928 74.5
40 1.621 1.0536 63.8
50 2.31 1.5015 57.9
60 3.82 2.483 59.8
70 4.98 3.237 62.2
80 6.07 3.9455 64.9
90 7.64 4.966 66.1
100 8.91 5.7915 68.4
150 31.86 20.709 79.6
200 55.73 36.2245 89.2
250 45.86 29.809 94.31
1
095 | ST - y
0.9 gt poeenestt
id
085
o 08§
=075
0.7 |
0.65 ;
0.6
0.55
0 1 2 3 4 5 6 7 8
AC Voltage (V)
(a)
1
0.95 e,
AT PO °
09 e
o .0
0.85 o
g 0.8 =
0.75 =
07§
0.65
0.6
0 2 4 6 8 10 12 14 16 18
Frequency (Hz)
(b)

Fig. 6. Mixing quality variation with different (a) AC voltage, and
(b) voltage frequency.

shown in Figure 6(a). Also, the angular velocity and volt-
age are adjusted to 250 (rad/s) and 5 (V), respectively,
to explore the influence and connection between alternat-
ing field frequency and mixing efficiency. The frequency
ranges between 0 and 16 (Hz).

Figure 6(a) demonstrates that the mixing quality
increases significantly by increasing voltage from 0 to
1 (V). Increasing the voltage from 1 to 5 (V) increases
the mixing quality at a lower rate than in the previous
range. With increasing voltage from 5 volts, no significant
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Fig. 7. (a) Three positions of two pairs of electrodes, (b) Fluid velocity streamline in a microchannel (Time = 0.21667 s).
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Fig. 8. Concentration at the outlet of the micromixer with different elec-
trode positions.

increase in mixing efficiency is observed. Moreover, at
5 (V), the mixing quality is 94%.

Figure 6(b) depicts the simulation findings. The graph
shows that the mixing efficiency improves as the frequency
increases. The alternating electric field changes slowly
when the frequency is low, resulting in the poor mixing
efficiency of the solution. The best mixing efficiency is
94.3 percent when the frequency is 12 (Hz). Due to the

mm

there is no further enhancement in the mixing efficiency
of the solution.

3.2.3. Effect of the Electrode Pairs Position on M.Q.
Three distinct places, I, II, and III, were studied to estab-
lish the suitable position for electrode pairs, as illustrated
in Figure 7(a). The electrodes’ lengths are supposed to be
identical; the angular velocity is 250 (rad/s), the voltage is
5 (V), and AC electric field is 12 (Hz). Figure 7(b) depicts
the streamline for fluid flow in these three types.

In Figure 8, the influence of electrode placement on
mixing quality is depicted. Upon comparing these three
concentration graphs within a central cross-section of the
outlet channel length, it is evident that the amalgamation
of positive and negative electrodes enhances mixing effi-
ciency. Consequently, due to the heightened concentration
at the output, position (II) proves to be more effective
than the other two.

3.2.4. Effect of the Electrode Pair Count on M.Q.

In order to assess how the quantity of electrode pairs
influences mixing effectiveness, a set of face-to-face two-
electrode pairs was employed. It was determined that using
an electrode pair of identical dimensions, with a voltage

4.25
3.25
‘2.25
11.25
1025
:-0.75
-1.75
2,75
-3.75
-4.75

Fig. 9. Placement mode for four electrode pairs.
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Fig. 10. Variation of M.Q. with the number of electrode pairs.

of 5 volts (V) and an alternating current frequency of
12 Hertz (Hz), would be appropriate. Furthermore, an
angular velocity of 250 radians per second (rad/s) was
maintained. The number of electrode pairs was incremen-
tally raised from one to four. Figure 9 illustrates the place-
ment of the electrode pair, while Figure 10 presents the
corresponding mixing efficiency.

The efficacy of the mixer experiences a boost with each
additional electrode pair. Concurrently, augmenting the
number of electrode pairs leads to an increase in vortices
within the channel. This significantly enlarges the region
of fluid mixing and enhances lateral flow. The elevation of
micromixer efficiency proves beneficial with an escalating
number of electrode pairs.

4. CONCLUSION

The rotating microchannel is used in this research to
present a novel form of active micromixer that enhances
the mixing efficiency of the fluid in the microchannel.
After doing several numerical simulation analyses, we
obtained the following results: Microchannel curvature
boosts the dean effect, resulting in secondary flow and bet-
ter mixing.

An improvement in mixing efficiency of up to 94 per-
cent can be achieved by adding an electric field. In addi-
tion, the efficient length it takes to attain this efficiency
is cut in half, which means that more patterns are gen-
erated on the disk, which is important for diagnostic
applications and chemical reactions. The critical rotational
speed at which the dominant mixing mechanism transi-
tions from diffusion to secondary flow is 50 (radians per
second), as we have discovered. When secondary flow
beyond this limit, diffusion loses out and mixing perfor-
mance improves as angular velocity increases gradually.
Augmented angular velocity induces a more vigorous sec-
ondary flow within areas post-threshold, culminating in
superior mixing. The mixing quality at the channel output
is improved by increasing the voltage and frequency in
the geometry employed to 5 (V) and 12 (Hz), respectively.
The number of electrode pairs and their placement were

Numerical Simulation of Mixing Performance on the Rotating Electroosmotic Micromixer

also analyzed, and it was discovered that increasing the
number increased the number of electrode pairs. To sum
up, research has been done in order to reduce the space
required by the mixing unit, which other operational units
can be integrated for applications such as DNA sequencing
and so on.
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