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: Abstract
i Electro-osmotic micromixers represent an active class of
: micromixers that utilize alternating current (AC) on
: electrodes. In this work, an electroosmosis-based
Use your device to scan micromi>_<er has b_een_ d_esigned to mix two distinct fluit_js;
i an electric potential is imposed across the electrodes with
i an operating frequency of 8 hertz and maximum value of
: 0.1 V. To achieve higher efficiency, the sidewalls of the
: micromixer are fitted with rectangular-shaped barriers.
: The simulation results based on this structure show that
: the micromixer achieves an outstanding efficiency of the
: order of 98%, thereby proving its vast potential in useful
: applications in a broad spectrum of disciplines in the areas
: of microfluidics, bioengineering, and biomedical sciences.
i The influence of manipulating the frequency and potential
: on the electrodes on the efficacy of mixing has been
investigated and the results presented accordingly.
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1. INTRODUCTION

Over the last few years, microfluidic and nanofluidic systems have emerged as
highly potent tools in life sciences and chemistry that initiated immense
enhancement in numerous diagnostics as well as therapeutic processes [1-9].
Micromixers are among the most basic building blocks of these systems. They
were originally intended to blend samples homogenously as well as efficiently
on the scale of the micrometers. Because of the advancements in technology,
micromixers of diverse types have been established to meet any kind of
application [10]. Because of the advancements in technology, numerous types of
micromixers have been designed to meet an extensive spectrum of application
areas. The devices are commonly used in numerous different arenas such as
medical detection [11-13], biological engineering [14], chemical reactions,
material synthesis, cell culture, drug development and screening, biomolecular
interactions, and use in environmental protection [10].

Two main categories of micromixers are passive and active [15]. Passive
mixing in micromixers takes place by virtue of channel geometry and shape
utilizing barriers and split and recombine characteristics of the specific channel
designs [16]. Passive micromixers are of interest due to easier fabrication and
less energy consumption but can be mixed gradually for high viscosity and low
diffusion requirement [12]. On the other hand, active micromixers promote the
mixing of fluids by employing external energy from mechanical, thermal,
acoustic, magnetic, or electrical. These active mechanisms supply energy into
the fluid, generating turbulence, increasing diffusion, and allowing greater
control of the mixing rate. Active micromixers are more complex than passive
designs. However, they have faster and more precise mixing, which is
particularly desirable for applications where reagents or fluids with varying
properties need to be mixed rapidly and thoroughly, making them a good choice
[17, 18].

Electrokinetic flow is a unique class of electric body force-driven flow or flow
subjected to electric body force governed by electric field. Effective
micromixing of fluids that generate one of the basic operations in microfluidic
devices can facilitate a broad variety of applications ranging from biochemical
reaction to medical diagnostics. Electro-osmotic micromixers are active
micromixers that draw on an electric field as an external power source. The
basic working principle is the interaction between an electric field with low-
frequency AC and the inherent charge in the electric double layer (EDL), which

Journal of Optoelectronical Nanostructures. 2025; 10(3): 71- 87 72



Design and Simulation of a High-Performance Electroosmotic Micromixer...

creates the electro-osmosis effect. It causes a force in the positively charged
fluid along the channel walls in the electric-field orientation [19].

In this current research work, we conduct a numerical analysis of a
micromixer in microfluidics using finite element method. This electroosmosis
based ring-type micromixer is designed for mixing of two disparate fluids. In
order to achieve maximum efficiency of this mixer device, sinusoidal electric
potential is systematically applied between the electrodes with peak value 0.1 V
using an operating frequency of 8 hertz. The efficiency of the micromixer is
optimized using the semi-circular barrier design of the micromixer. The
simulation based on this arrangement demonstrates that the micromixer has an
incredibly high mixing efficiency of an impressive 98% earmarking its vast
potential to be utilized in highly productive form in an enormous number of
disciplines in conjunction with the field of microfluidics, biochemistry, and
biomedical sciences. The systematic analysis of the influence of altering the
input frequency and potential on the electrodes on the efficiency of the mixing is
also undergone and the results are discussed accordingly.

2. GOVERNING EQUATIONS
In an electroosmotic micromixer, the flow field is described by solving Navier-
Stokes and continuity equations. Navier-Stokes equations of incompressible
flow describe the dynamics of channel flow of fluids as follows [20]:
p 2 —Vn(Vu + (V™) + pu- Vu+Vp = 0 Q)
V-u=0
The dynamic viscosity is represented by the symbol # and is essentially a
measurement of a fluid's internal resistance to flow (SI unit: kg/(m-s)), u shows
the velocity of the fluid (SI unit: m/s), p denotes the density of the fluid, an
important physical parameter measuring the mass of the fluid per unit volume
(SI unit: kg/m3), and p denotes the pressure inside the micromixer and measured
in units of Pascals (Pa), and this pressure plays an important role in
understanding the forces at play in the system. The mixed fluid having
undergone the processes appropriate to it in order to be rendered homogeneous
in nature is seen to move freely from the specified right end boundary through
which it becomes possible to state that total components of stress in a direction
normal to the boundary are of vanishing nature and thus point to the absence of
any net stress perpendicular to such a boundary, an essential requirement to
ensure that the stability and coherence of the fluid dynamics in this boundary be
maintained [20]:
n-[—pl+ n(Vu+ (Vu)")] =0 @)
Most solid surfaces carry an electrostatic surface charge when in contact with
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an electrolyte. Because of the spontaneous surface charge that is present, there is
an emergent charged liquid phase on the liquid-solid interface. Electrical double
layer is caused by the charge-bearing objects present on the surface in contact
with the bounding solution. Electrical double layer is a region of very small
thickness located on the fluid-structure interface. The EDL typical thickness is
known as Debey length Ap.

gegk, T

v J 2n?zle?

A
®)

where ¢ represents solution dielectric constant, & denotes vacuum
permittivity, kp indicates Boltzmann constant, T shows temperature, n; is bulk
concentration of iy ion, z; is valence of i ion, and e is charge at the beginning.
Debey length is very small, typically 10 nm, compared to hydraulic diameter of
microchannel. Electric potential in thin EDL drops from zeta potential to zero
[21].

The resulting electroosmotic flow causes motion of the charged liquid within
the restrictions of the electric double layer when an external electric field is
imposed. The mechanism subjects the positively charged liquid near the wall
surface to an imposed force that results in fluid flow in the direction of the
electric field. Viscous transport in this specific direction is facilitated by
perpendicular velocity gradients. In the absence of counterforces, the velocity
profile reaches the state of near-uniformity over the cross section perpendicular
to the wall. This theory replaces the approximation of the thin electric double
layer with the use of the Helmholtz-Smoluchowski equation as a representation
of an electroosmotic velocity-tangential electric field component correlation
[22].

u="eE, @
E.:=FE—(E-n)n

Here, &w = goer denotes the permittivity of the fluid (F/m), {o indicates the wall
channel zeta potential. E; is the tangent to the surface electric field (E) at the
fluid-charged interface. E shows the total electric field vector. n signifies the
unit normal vector. The scheme of Fig. 1 presents the effect of electric force
field on the fluid flow. Under the influence of an alternating electric voltage
inserted between the electrodes, the walls of the channel acquire a negatively
fixed surface charge density through the action of the negative zeta potential and
due to the process of neutralization that occurs in the EDL. The positive counter
ion is seen in the electric double layer as a byproduct of neutralization. Due to
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interaction between the positive counter ionic charge within the EDL and the
imposed tangential electric field, electroosmotic slip is produced in the direction
of the local electric field. Because of the distribution of electrodes that is shown
in Figure 2, the electroosmotic flow direction on each side of an electrode is
opposite and the direction of electroosmotic flow on the two opposite channel
walls is similarly opposite.

[ _e
T PP DD DBDE

Electroosmoticionic flux

DD PP DD A«DD DD
. .

Tangential electric field

Electrodes

I
P~ D~ DD

Fig. 1. Schematic of the electric force field on the fluid flow showing formation of
electroosmotic phenomenon

This equation is valid everywhere excluding at the entrance and outlet. With
the assumption there are no concentration gradients in the ions carrying the
current, it is achievable to represent the current balance in the channel by
applying Ohm’s law in supplement to the current density balance equation [20]:

V-(—oVV)=0 5)

here o signifies conductivity (S/m) and the expression within parentheses

shows the current density (A/m?)

The potentials that are applied on the electrodes are sinusoidal in time with the
same maximum value (VO = 0.1 V) and the same frequency (8 Hz), but with
opposite polarities. The potentials at the electrodes are +VO0sin(2=nft), where f is
the frequency of the signal and t is the time, (see Figure 2). All other boundaries
are insulated. The insulation boundary condition prescribes the normal electric
field component to be zero.

—oVV n=10 (6)

At the top half of the inlet (Figure 1), the fluid concentration is cO and at the
bottom half of the inlet, the concentration is zero. Hence, the concentration
exhibits a sudden jump from zero to cO at the center of the inlet boundary.
Mixed solution exits at the right outlet by convective flow and all other
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boundaries of the proposed micromixer are insulated. Species transport in the
system can be expressed by the convection—diffusion equation. In the channel,
the convection-diffusion equation for the concentration of the solutes in the fluid
was described:

%-FV'(—DVC):R—H'VC @
Here c signifies the concentration, D indicates the diffusion coefficient, R
represents the reaction rate, and It shows the concentration gradient, and u is
the flow velocity. In this specific model, we have assumed R to be zero because
the concentration does not get affected by any chemical reaction.
To assess the degree of mixing, or to estimate the efficiency of mixing, the
efficiency of mixing, Q, at any cross-section of the microchannel is measured by
Equation 8[21]:
Jleo— colds (8)
where ¢ indicates the concentration of the species along the channel width, c.
signifies in the direction of the concentration of the species in the fully mixed
state (i.e. = 0.5), and co shows the concentration of the species in the fully
unmixed state or pure condition (i.e. co =0 or 1)

3. MODEL GEOMETRY

A schematic of the proposed micromixer was shown in Figure 2(a). A sinusoidal
electric potential of 0.1 V with frequency 8 Hz was utilized. The justification of
choosing the frequency of 8 Hz, is due to the recent study [23]. On the whole,
the mixing enhances with the increase in the field parameters such as frequency
and applied voltage. The impact of the frequency in changing the field
influences the outcome. Efficiency in mixing is based on the actuation
frequency in the case of using an alternating field. This is because the reality
that in flows of low Reynolds numbers there is no possibility of chaotic mixing
because of the absence of turbulence but the electric frequency is able to toggle
the flow between stable and unstable zones creating a mixing force. In order to
simulate the conceptualized micromixer and perform numerical implementation,
COMSOL Multiphysics 5.4 was used. The three physics of Laminar Flow,
Electric currents, and diluted-species transport were coupled in order to perform
the simulation. Fig. 2(b) shows the physics and boundary conditions of the
micromixer.
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The fluid properties are enumerated in Table 1.

Table 1. Values of the designed micromixer [24, 25]

Parameter Value Explanation
p 1000 Kg/m?® Density of fluid
n 10 % Pa.s Viscosity of the fluid
Uo 0.1 mm/s Velocity of the inlet
€T 80.2 Relative permittivity of the fluid
C -0.1V Zeta potential
o 0.118[S/m] Conductivity value of the ionic solution
D 10 Mm?/s Diffusion coefficient
Co 1 mol/ m® Initial concentration of the fluid
257 .“"l“ ' : ! : ! ! ' : I~

| Electrodes -

- |
o] Inlet O Outlet —

“107 -Vo Vo -

20 Obstacles

-30 -20 -10 o 10 20 30 40

2 Laminar flow
u
Outlet (pressure=0) Pae = V.n(Vu+ (Vu)") + pu-Vu+Vp =0

Electriccurrents
Electric Potential —aVWW:n=0

i a Transport of dilute species
Concentration outflowy Z¢ +V-(—DVc) =R —u-Vc

| No flux (blue wal | ot

Fig. 2. (a) Schematic view of the proposed micromixer with symmetric
electrodes on the wall of the mixing chamber and four rectangular-
shaped obstacles embedded on the walls of the micromixer (b) physics
and boundary conditions of the micromixer
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4. RESULTS AND DISCUSSION

4.1. Simulation of the electric field profile, concentration and mixer efficiency
Figure 4 shows streamline inside the micromixer at three-time steps: (a), t = 0.28
s, and (b), t = 0.34 s, when the alternating electric field is at peak magnitude.
This particular demonstration elucidates the phenomenon of electroosmotic
recirculation in the fluid medium, which causes a deep agitation on the flow
dynamics, and this agitation is manifested mostly in the form of rotating vortices
that are strategically positioned in close proximity to the electrodes.
Furthermore, it clarifies the fact that the electroosmotic recirculation of the fluid
efficiently imposes the intense agitation of the flow, which is normally depicted
as rotating vortices that are located near the electrodes. The basic mechanisms
that are at the core of attaining operational mixing involve a complicated
interaction involving the repetitive stretching and folding of fluid elements,
which is coupled with diffusion processes that occur at small scales.

For the proposed micromixer, an external voltage is applied in a systematic
manner to generate electric fields, which induce fluid motion or aid in the
process of mixing by several mechanisms. Figures 5(a) and 5(b) are the
graphical representation of electric potential (xVV0) and the resulting electric
field for the electroosmotic micromixer, respectively. As can be mentioned and
are evident from simulations, the maximum values for both electric potential
and electric field distribution are in close proximity to the electrodes, and
therefore the significance of their spatial arrangement in the overall performance
of the micromixer.

Figure 6(a, b, c, d, e, ) show the concentration levels achieved at a steady
state. By introducing the AC electric field, an improved mixing is can be seen,
which is attributable to the alternating vortices characteristically implanted
within the flow dynamics. From the complete graphical depiction provided, one
may safely accomplish with a reasonable degree of certainty that the
concentration levels obtained at the output have fluctuations that are directly
relative to the frequency of the applied electric field.

Figure 7 is used to demonstrate the species concentration outlines at the outlet
of the microchannel at some specific points in time, which are properly
recognized in the figure legend for clarity and reference. Figure 8 gives a
detailed clarification of the efficiency of mixing across the entire cross-sectional
width of the channel, which has been thoroughly assessed at a number of
different time points that are likewise spelled out in the figure legend, thereby
giving a comprehensive overview of the complicated mixing dynamics that
occur within the microchannel at various times of the mixing process. It is
worthwhile to observe here that, due to the inherently random nature of the
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perturbation given to the system, the mixing efficiency profile adheres to a
highly non-uniform trend that can be observed across the various instances
considered. All of these results go to corroborate the statement that a high level
of mixing efficiency can be obtained by using the proposed mixer, as has been
established in this comprehensive study. On the basis of Equation (8) as a basis
for computation, the efficiency of mixing the fluids is found to reach a high
level of nearly 98%, thereby showing the success of the proposed model. Table
2 shows the micromixer's performance against previously published
electrokinetic micromixers based on key metrics.

Time=0.28125 s Streamline: Velocity field
Hm

(a)

Fig. 4. Fluid streamlines within an electroosmotic micromixer at (a) t =0.28 s,
and (b), t = 0.34 s, when the AC electric field is applied
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Time=0.25 s Surface: Electric potential (V)
Hm T T T T T T T T T
25 1 0.1
(a)
20 7 0.08
15 7 0.06
10 —
0.04
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(o} .
0
5 .
-0.02
-10 - -
15 -0.04
20l | -0.06
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20| . 8
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10} . s
S
sk _ 4
10 N 3
-1S - .
2
-20 -
1
25| .
301 1 1 1 1 1 1 1 [_—
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Fig. 5. (a) Simulation of electric potential (£V0) for the electroosmotic
micromixer (b) alongside electric field at t= 0.25 s
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Time=0.28125 5 gyrface: Concentration (molim®) Streamline: Velocity field
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Fig. 6. Concentration plot of the micromixer: (a) time = 0 s, (representing the
steady-state solution devoid of an electric field) (b), time = 0.06 (c) time:
0.15s, (d) time: 0.21s, (e) time: 0.28s, and (f) time: 0.34s
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Line Graph: Concentration (mol/m?)
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Fig. 7. Concentration profiles of species at the outlet of the microchannel at various
temporal instances (as denoted in the figure legend)
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Fig. 8. Simulation of mixing efficiency across the channel's cross-section at distinct
times
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Table 2. Our proposed micromixer's performance against previously published
electrokinetic micromixers based on key metrics

. . Operating
Mixer Type & I\/I.|>§|ng Conditions Key Key Limitation
Ref. Efficiency Advantage
(V. 9)
L\’/';:?:ZW Performance
This Work >98% 0.1V, 8Hz o %e' optimized for
P specific (V, f)
fabrication
SizNg4
Electroosmotic >90% 5\ 8 Hz insulating High voltage,
micromixer [21] ’ layer on Joule heating
electrodes
induced-charge Complex multi-
electrokinetic ~94% N/A Rapid mixing phase
[25] electronics
E_Iectropsmotlc ~99% 13V, 8 Hz C_;qod Complgx
micromixer [10] efficiency electronics

4.2. The impact of variation of frequency on mixer efficiency

At very low frequencies the flow can become so steady that chaotic advection is
diminished. At the high frequency ranges, the electric field changes fast and ions
might not get enough time to fully respond. Figure 9 illustrates the mixer
efficiency in the with and without the presence of obstacles cases through the
modification of the frequency used. From what can be seen, in both cases, in the
frequency range of 4 Hz the efficiency is low and by raising the frequency to 6
and 8 Hz it has a near 98% value. Raising the frequency any further reduces the
mixer efficiency.
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Fig. 9. Profile of the influence of changing the applied frequency on mixer efficiency.

4.3. The influence of variation of potential on mixer efficiency

Increasing the voltage in electrokinetic devices can affect mixing efficiency but
depends on the device design and on the particular mechanism of mixing. But in
simple laminar electroosmotic flow, raising the voltage alone is not likely to
significantly improve the mixing unless accompanied by other measures (e.g.,
obstacles, asymmetrical geometries). As shown in Fig. 10, in both cases of with
obstacles and without obstacles, when the voltage is below 0.1 V, the mixing
efficiency of mixer increases with increasing the electric potential on the
electrodes. While, for voltages above 0.1 V, a maximum mixing efficiency
(98%) can be achieved.

100 [ ' — . i &

—

90 .

Be i \O_

3 80 - -
|
Q

= B T

o 70 F ]

E - — With obstacles -

= 60 [ — Without obstacles .

50 7

| 1 1 1 1 17

0.02 0.05 0.1 0.2 0.3 0.4

Applied potential (V)
Ei

g. 10. Profile of the influence of changing the applied potential on mixer efficiency
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5. CONCLUSION

Micromixers can be reflected as one of the most important devices in
micromachines and have played a vital role in a different array of applications
that encompass, but are not limited to, biomedical diagnosis, chemical analysis,
drug delivery, and etc. The phenomenon of electroosmotic flow as an active
mixing, has attracted more attention in developing the perfect mixing
performance of microfluidic systems. In this study, a micromixer that operates
based on the electroosmosis has been designed to mix two different fluids; a
sinusoidal electric potential is imposed across the electrodes, by a peak value of
0.1 V and a systematic operating frequency of 8 hertz. In an effort to further
enhance the operational efficiency of the micromixer, rectangular-shaped
obstacles have been incorporated along the sidewalls of the micromixer. Based
on the structural configuration established in this research, the simulation results
show that the micromixer attains an efficiency approximately 98%, thereby
underscoring its substantial potential for the applications across a diverse
spectrum of disciplines, particularly the fields of microfluidics and biomedical
sciences.
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