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Abstract: Today, microfluidics has become a revolutionary interdisciplinary topic with considerable
attention in a wide range of biotechnology applications. In this research work, a numerical investi-
gation of a microfluidic micromixer is carried out using a hybrid actuation approach with different
micropillar shapes and gaps. For this purpose, COMSOL Multiphysics v.5.6. is used with three dif-
ferent physics, such as thermoviscous acoustic physics to solve acoustic governing equations, lami-
nar physics to solve fluid flow governing equations, and diluted transport species to solve mixing
governing equations. The simulations were carried out at different Reynolds numbers such as 2, 4,
6, 8, 10, and 12 with an oscillation frequency of 15 kHz. The results were in the form of acoustic
characteristics such as acoustic pressure, acoustic velocity, acoustic stream, mixing index, and fluid
flow behaviour at various Reynolds numbers. The results revealed that the inclusion of micropillars
improved the mixing performance and strength of the acoustic field, resulting in an improvement
of the mixing performance compared to the case without micropillars. In addition, the mixing per-
formance is also investigated at different Reynolds numbers, and a higher mixing index is investi-
gated at lower Reynolds numbers. Moreover, it was also investigated that blade-shaped micropillars
with 0.150 mm gaps deliver the best results compared to the other cases, and the maximum and
minimum values of the mixing index are 0.97 and 0.72, respectively, at Reynolds number 2. The
main reason behind this larger mixing index at low Reynolds numbers is due to the inclusion of
micropillars that enhance the diffusion rate and contact area, leading to the homogenisation of the
heterogeneous fluids in the microchamber. The obtained results can be extremely helpful for the
design and modifications of a hybrid microfluidics micromixer.

Keywords: micromixing; acoustic streaming; acoustofluidics; microfluidics; mixing index

1. Introduction

Today, microfluidics has become a revolutionary interdisciplinary topic with consid-
erable interest in a wide range of bioengineering applications such as mixing, sorting,
separation, detection, and reaction [1]. Microfluidic devices are the best replica of a con-
ventional lab due to their unique abilities, such as small sample consumption, and exact
control of fluid particles on the microscale [2]. In addition, microfluidics have unique
properties, such as high surface area to volume ratios and rapid mass and heat transfer,
which have paved the way for innovations in a variety of scientific and commercial fields,
promising increased efficiency, portability, and cost-effectiveness in a wide range of ap-
plications [3]. In microfluidic devices, the manipulation of fluid particles can be chal-
lenged through microchannels with dimensions ranging from micrometres to millimetres
[4]. The high degree of mixing of biofluids and biochemicals is a crucial feature in many
microfluidic devices, aiming to obtain a homogeneous mixture between two different het-
erogeneous components under laminar flow conditions with minimum fabrication com-
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plexity [5]. Over the decades, numerous studies have been carried out, and several micro-
fluidic micromixers have been proposed. Moreover, the extensive literature shows a wide
categorisation of microfluidics micromixers into two major types, active and passive mi-
cromixers, based on the external energy supply to operate [6].

Active micromixers need external sources such as electric fields, acoustic fields, mag-
netic fields, and photothermal effects to operate and control the mixing fluids [7]. These
sources cause disturbance in the flow fluid pattern, leading to the enhancement of heter-
ogeneous fluid species transport [8]. Such a kind of disturbance enhances the interfacial
area between two different heterogeneous fluids. In addition, the main advantages of us-
ing the active actuation approach are higher mixing, which is best suitable for precise con-
trol, and a complex mixing pattern for various biofluids and chemicals [9]. Some draw-
backs are also studied, as the active actuation approach needs some external source or
force that consumes power and requires more space and cost compared to the passive
approach and can interfere with the chemical and biological properties of fluids [10].
Chandan Kumar et al. [11] developed a numerical model to simulate transportation phe-
nomena in microfluidic systems with fluorescent and ferrofluid dye that was induced by
the nonuniform magnetic source. Masoud Rahimi et al. [12] demonstrated the impact of
ultrasound waves on the mixing performance of a type micromixer. They used piezoelec-
tric transducers to generate vibrations. Habib Jalili et al. [13] examined the optimisation
of effective parameters and their impact on mixing quality in a 2D active-type micromixer.
Yanwen Gong et al. [14] investigated the concentration field and flow distribution in the
microchannel and observed two different circulation flows and four various rotating vor-
tices produced in the expansion micromixer chamber by inducing AC electric fields. Siyue
Xiong et al. [15] proposed a novel type of rhombic electro-osmotic micromixer using the
principles of both convergence and divergence with microelectrodes to enhance mixing
performance. They examined the performance of the micromixer by changing the angle
and the combination of various rhombic elements. Bappa Mondal et al. [16] numerically
investigated the mixing and flow characteristics of a charged heterogeneous micromixer
for an electro-osmotic flow with obstacles both in the top and bottom walls. Kasavajhula
Naga Vasista et al. [17] examined the electro-osmotic mixing attributes of fluid flow by a
hydrophobic microchannel with interfacial slips subjected to different surface charges.
They also developed a theoretical framework to solve the Poisson-Boltzmann equation.

On the other hand, passive micromixers do not depend on any external energy source
for fluid manipulation and actuation purposes [18]. In addition, the passive-type micro-
fluidics micromixer is more reliable and robust because of its simplicity and cost-effec-
tiveness [19]. In a passive mixer, the geometrical characteristics of the microchannel are
utilised in many microfluidics systems due to its larger system stability [20]. Moreover,
mass transfer is also dominated in the passive microfluidics system by molecular diffusion
and convection shortening the diffusion paths [21]. Passive micromixers were used to cre-
ate nanoparticles in continuous, batch, or semi-batch modes [22]. On the other hand, some
disadvantages are also studied due to a lack of precise control; mixing efficiency is also
limited in a passive-type micromixer, and there have been some design constraints to ob-
tain higher mixing performance. ZhenghaoWang et al. [23] reported 3D PDMS microflu-
idics micromixers based on splitting—stretching and then recombined fluid streams in or-
der to enhance diffusion that increases mixing with low Reynolds numbers. Yice Shao et
al. [24] examined the impact of microchannel width, applied voltage, and waveform on
fluid mixing and flow characteristics numerically and experimentally. They used a pas-
sive approach to investigate the mixing performance of a micromixer. Kevin Ward et al.
[25] explored a novel approach to improve mixing within microfluidic devices for various
applications. They also used ridges or slanted walls and varied the various geometrical
configurations and patterns to evaluate the mixing performance of the microfluidic device
using numerical simulations. Jae Bem You et al. [26] developed a Y-shaped turbulent mi-
crofluidics micromixer made of PDMS and glass substrate in order to investigate mixing
performance using experimental and numerical approaches. Xueye Chen et al. [27] used
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the fractal principle with a multi-objective genetic algorithm and multi-objective optimi-
sation of the cantor fractal baffle microfluidics micromixer to investigate the mixing per-
formance at different Reynolds numbers. Farahinia et al. studied the optimal design of the
passive T-mixer, which involved the prescribed pattern of barriers and furrows with var-
ious geometrical configurations using a numerical approach. Min Xiong et al. [28] con-
ducted a topology optimisation in order to enhance the mixing performance for microflu-
idic micromixers based on the Tesla valve principle.

Today, the acoustic wave-based approach has been widely applied in order to facili-
tate microfluidics due to its flexible control, short mixing distance, and intensive kinetic
of biofluids [29]. Acoustic radiation and acoustic streaming are the two main phenomena
that are used in microfluidics. The acoustic radiation force refers to the time-averaged
force resulting from the time-harmonic nature of acoustic waves. On the other hand, the
averaged flow produced by the non-linear interaction of the harmonic acoustic fields is
known as acoustic flow [30]. In addition, some microstructures or microbubbles were
added to the microchannel to improve acoustic mixing and mixing efficiency [31]. As a
result, adaptable acoustic-facilitated micromixers have been used in a variety of domains,
including materials synthesis, cell manipulation, and enzyme bioassay [32].

The mixing efficiency is an important parameter for measuring the proper mixing of
heterogeneous biofluids and biochemicals [33]. There are several factors such as the total
flow rate, the flow rate ratio, and other geometrical features that influence the mixing per-
formance in microfluidics systems, although higher flow rates result in a shorter contact
area in the microchannels and shorter mixing times [34]. On the other hand, a lower flow
rate ratio might result in thinner layers that are wrapped by the sheath flow in a flow focus
area and thus a shorter diffusion in lengths. Moreover, geometrical shapes in microfluidic
channels are also influenced by mixing performance [35]. There are two common kinds of
mixing geometry in passive microfluidics systems that greatly rely on the laminar diffu-
sion mechanism, consequently limiting their mixing effectiveness. Most researchers have
explored numerous geometrical modifications to enhance the interfacial area in order to
increase and improve mixing performance [36]. Generally, two kinds of microchannels (T-
shape and Y-shape) are widely used for mixing purposes in microfluidics systems. Fengli
Liu et al. [37] proposed a new type of micromixer based on flexible artificial cilium that is
actuated by a magnetic field. They used the cilium structure in a circular microchamber,
which was then compared with pure diffusion, and observed that up to 80% of a 60 mi-
crolitre fluid in the chamber was fully mixed after 2 min under a magnetic flux of 22mT
for 20 min. A more comprehensive literature review of the active and passive actuation
approach is listed in Table 1.

Table 1. Summary of various micromixer designs.
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According to the current literature, it has been concluded that the actuation of fluid
particles in microfluidic systems, especially for mixing applications, is necessary to im-
prove the performance of the system. In addition, most of the authors used passive ap-
proaches, such as different geometrical configurations and parameters, to reduce the en-
ergy consumption and miniaturised microfluidics system. The authors have worked on
different design configurations such as a Y-shape, a T-shape, a zig-zag, a circular chamber
with micropillars, Tesla-based microchannels, cross-shape channels, cantor fractal baffle
shape micromixers, a fractal tree shape with asymmetric microchannels, etc. On the other
hand, some authors used active actuation approaches such as electromagnetic, acoustic,
and photothermal to manipulate the fluid particles, especially for mixing applications.
Moreover, it has also been examined that much less work has been conducted on the hy-
brid approach in which the combination of active and passive approaches is used for mix-
ing applications. A hybrid microfluidic approach might offer numerous advantages to
generate more versatile and efficient microfluidic systems, such as increasing the control
and precision of the flowing fluid, reducing energy consumption, flexibility, and versatil-
ity, enhancing mixing performance, etc. In addition, the hybrid microfluidics micromixer
may effectively solve the backflow issues and achieve robust backflow-free micromixing
due to its precise mixing control, making this study more attractive in the point-of-care
testing (POCT) application. Thus, there is great potential exists in using a hybrid approach
in the design, development, and research of microfluidic systems for controlling and ma-
nipulating fluid particles, especially for mixing applications.

The main objective of this research work is to numerically evaluate the mixing per-
formance of the microfluidic micromixer with different micropillar shapes and different
micropillar gaps using the hybrid actuation approach. The nature of acoustic streaming
velocity, acoustic velocity, and acoustic pressure were also investigated in the presence of
micropillars with different gaps at different Reynolds numbers. Subsequently, based on
these characteristics, mixing performance was evaluated due to acoustic streaming and its
impact on species transport. The findings from this study also demonstrated how the pro-
posed hybrid microfluidic micromixer can enhance the mixing index between two differ-
ent heterogeneous species. The results obtained in this study can be extremely helpful for
the design and modifications of microfluidic micromixers for the high-quality mixing of
fluids.

2. Materials and Methods

This section describes the research scheme in which three different stages are devel-
oped to carry out current research work. In the first stage, a selection of conceptual designs
of microfluidic micromixers is finalised with suitable geometrical features. The schematic
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diagrams of four different microfluidics micromixer designs are shown in Figure 1. In the
second stage, numerical simulations are performed using a hybrid actuation approach
based on chosen micromixer designs. In the third stage, findings from numerical simula-
tions are analysed and compared with previous studies for validation purposes.

2.1. Micromixer Design and Performance Parameters

Figure 1 describes the four different designs of microfluidic micromixers with geo-
metrical features. The four geometries are differentiated by different micropillar shapes
inside the microchamber. Figure 1a is a plane micromixing chamber with no micropillars.
Figure 1b represents a micromixing chamber with circular-shaped micropillars that in-
crease the acoustic streaming, leading to higher mixing performance. Similarly, Figure 1c
represents the third micromixer design with hexagonal-shaped micropillars that help to
attain a homogeneous mixing of two different heterogeneous fluid components at laminar
flow conditions. Figure 1d represents the fourth micromixer design with blade-shaped
micropillars that generate more vortices around the walls of the micropillars. The edges
of blade-shaped micropillars help to increase the mixing performance of two different
heterogeneous fluids.

However, the performance of the micro-mixer is measured in terms of the mixing
index and concentration of two different heterogeneous fluid components at the outlet of
the micromixer. The mixing index is measured based on the statistical approach. It is de-
termined at any cross-section of the microchannel width from the concentration of the
standard deviation of the heterogeneous fluid species using the following relation [23]:

2
M=1- |27 (1)
Gmax

N WA @

o =ve(l—c) ®)

where o is the standard deviation, ci is the concentration species of two different heter-

ogeneous fluids, c is the mean concentration of two different heterogeneous fluids, and
o,,. is the value of the maximum standard deviation of the two various species of heter-

ogeneous fluids at a specified cross-section of the micromixer channel.
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Figure 1. Four different geometries of micromixers: (a) plane-mixing chamber; (b) mixing chamber
with circular micropillars; (c¢) mixing chamber with hexagonal micropillars; and (d) mixing chamber
with blade-type micropillars.

2.2. Computational Domain and Meshing

In this research work, numerical simulations of four different micromixer designs are
carried out to investigate the mixing performance using the hybrid actuation approach.
The numerical scheme is used to solve the 2D computational domain of the micromixer,
which has three microchannels, two inlets, one outlet, and one mixing chamber containing
micropillars, as shown in Figure 2. The blue and red arrows indicate two different liquids
and the green arrow indicates mixed liquid in the outlet. For numerical simulations, COM-
SOL Multiphysics is used. Furthermore, the meshing of micromixer models is also per-
formed using COMSOL Multiphysics, as shown in Figure 3. The observed total number
of elements and nodes are 47,057 and 24,893, respectively. The overall mesh quality lies in
an acceptable range.

Micropillars

Microchannel 2

|

Microchannel 3

1

= | Qutlet

Q00000000000
CQO00000000C0Q0
Q000000000000
0000000000000 0

Triangular Wedges

Figure 2. Two-dimensional computational domain for numerical simulations.
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Figure 3. Micromixer mixing for numerical simulations.

2.3. Mathematical Modelling

Mathematical modelling generally describes the behaviour of acoustic phenomena
and their interaction with flowing fluids in an acoustic mixing inside the microchannels.
Acoustic mixing is a technique that uses acoustic waves to generate motion in the flowing
fluid. In this section, a detailed description and mathematical relations of governing equa-
tions needed for the simulation of acoustic mixing are discussed. The governing equations
related to mass and momentum conservation, such as the continuity equation and the
Navier-Stokes equation, are described, respectively. In addition, there are three different
numerical models: the thermoviscous acoustic model in which governing equations are
obtained from linearised Navier-Stokes equations and can be used to solve continuity and
momentum in the microchannels, the laminar flow model that solves the flow governing
equations, and the transport-diluted species model that is used to determine mixing in-
dex. Furthermore, the boundary conditions applied on the micromixer have also been
elaborated.

2.3.1. Mass and Momentum Conservation

The governing equations related to mass and momentum conservation, such as the
equation of continuity and the Navier-Stokes equations for compressible Newtonian flu-
ids, are given below [45].

op
——+V =0 4
Py x(pv) )

Pt PRV ==Y+ V3 + ¥ (V<) ®)

where p is the fluid density, u isthe dynamic viscosity of the fluid, [ represents the
viscosity ratio, p and v describes the pressure and velocity of the flowing fluid, re-
spectively.

2.3.2. Thermoviscous Acoustic Model

The thermoviscous acoustic model generally describes the behaviour of acoustic
waves with flowing fluids considering both viscous and thermal effects. This model plays
an important role in predicting the behaviour of acoustic waves accurately in a system
where viscous and thermal effects are involved. The thermoviscous acoustic model is use-
ful for solving coupled partial differential equations, such as the Navier-Stokes equation
for flowing fluid coupled with the governing equations, which involved heat conduction
and acoustic wave equations. The governing equations for the thermoviscous acoustic
model in the frequency domain are given below [46].
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o =—p1+u(Vu, +(Vu,) )—(gu—ug)(qu,)l ®)
P =p,1(brp,—a,T) ©9)

T
pt:p+pb’ ut=u+ub, ];:a[’(]p_i_Tb (10)

».C,

where @ wis natural frequency, u represents the dynamic viscosity, U, is wave veloc-

ity, T describes the fluid temperature, C, is the specific heat capacity at a constant pres-

sure, 3, describes the compressibility of the fluid at a constant temperature, and a, is

the coefficient of thermal expansion.

2.3.3. Laminar Model

The laminar model represents a mathematical approach that is used to describe the
behaviour of flowing fluid in a laminar condition. The governing equations related to the
laminar model are given below [47].

P2xVyu2=Vx[-p21+K|+F (11)

pPVxu2=0 (12)

where K describes the thermal effect in the force of the flowing fluid and F is the external
volume exerted in the fluid.

2.3.4. Transport-Diluted Species Model

The transport-diluted species model is generally used to describe the mixing of two
different chemically active species. In this work, the transport-diluted species model is
used to solve the advection—diffusion equations after considering the consumption rate
and production of reactants and products, respectively. The governing equations for the
transport of diluted species in the frequency domain are given below [48].

Vxj +uxVe, =R, (13)

Ji= _Divci (14)

Here, ¢ is the concentration of species, D is the diffusion coefficient, R represents the
reaction rate for the reactant species, and j is the mass flux factor that describes the diffu-
sive flux vector.

2.4. Numerical Scheme and Boundary Conditions

In this work, numerical simulations of hybrid microfluidics micromixers are carried
out, and governing equations are solved using the finite element method (FEM) in COM-
SOL Multiphysics. A detailed description of the numerical methodology is shown in Fig-
ure 4. There are three different schemes, such as the thermoviscous acoustic scheme that
is used to solve acoustic-related equations, the laminar scheme that is used to solve fluid
flow equations with laminar behaviour, and the transport-diluted species scheme that is
used to determine the mixing performance of the system. The walls of the microchannel
were assumed to be solid walls and stationery with no slip and zero velocity conditions.
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Thus, the flowing fluid at both inputs is assumed to be fully developed and uniform with
a volumetric flow rate of 5 uL/min and an oscillation frequency of 15 KHz. Moreover,
simulations of the optimum micromixer design are also carried out at different Reynolds
numbers to examine the flow behaviour inside the microchamber. The pressure boundary
condition is set to zero at both inlets and absolute pressure at the outlet. Similarly, the
concentration of two different species was set at 1 mol/m? at one inlet and zero at another
inlet. Table 2 lists the material properties of working fluids water and ethanol such as
density, dynamic viscosity, specific heat capacity ratio, thermal expansion, thermal diffu-

sivity, etc.
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= Import in COMSOL interface

.
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= Define physics according to given problem

= Define material properties
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Figure 4. Numerical research methodology flowchart.
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Table 2. Material properties of water and ethanol.

Properties Water Ethanol
Viscous dynamic viscosity 890 uPas 1200 pPas
Specific heat capacity 4180 J/KgK 2570 J/KgK
Density 997 Kg/m? 789 Kg/m?
Speed of sound 1497 m/s 1144 m/s
Compressibility 447 x 1010 1/Pa 1.1 x 109 1/Pa
Specific heat capacity ratio 1.012 113
Thermal conductivity 0.61 W/mK 0.614 W/mK
Thermal expansion coefficient 2.74 x 104 1/K 1.09 x 103 1/K
Thermal diffusivity 1.464 x 1077 m?/s 7 x 108 m?/s
Bulk dynamic viscosity 2.47 mPas 1.2 mPas

3. Mesh Independence Study

Optimal mesh density plays a crucial role in getting an accurate solution. Meanwhile,
the accuracy of the solution, as well as computational cost, are greatly dependent on the
number of elements in the mesh. In this research work, a mesh independence study is
conducted at different refinement levels until a solution stability point is achieved. The
details of different refinement levels are listed in Table 3. To examine the study of mesh
independence, the mixing index is computed with different mesh refinement levels. Fig-
ure 5 describes the graphical representations of the mixing index with varying different
levels of mesh refinement. The main goal of this mesh independence study is to determine
the accuracy of the simulation solution. A mesh refinement level of 5 is used for the cur-
rent study, and the total number of elements and nodes are 47,057 and 24,893, respec-
tively, with an average value of skewness of 0.84. It can be clearly seen in Figure 5 that
after the refinement level of 5, there is no major difference in the results. Thus, the mesh
refinement level of 5 is considered the best mesh that lies within the acceptable range for
current simulations considering the accuracy of the solution at appropriate computational
cost.

Table 3. Description of the mesh independence study.

Mesh Refinement

Level Number of Elements Number of Nodes Mixing Index
1 32,797 17,762 0.760
2 36,760 19,744 0.711
3 38,622 20,675 0.783
4 41,444 22,086 0.798
5 47,057 24,893 0.820
6 60,397 31,563 0.821
7 76,933 39,831 0.821
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Figure 5. Variation of the mixing index with different mesh refinement levels.

4. Results and Discussion

This section describes the details of discussions on the numerical simulation out-
comes such as the characteristics of acoustic field, acoustic streaming, and fluid mixing
with different micropillar shapes and micropillar gaps and their impact on the mixing
performance of hybrid microfluidics micromixers.

4.1. Acoustic Field
4.1.1. Effect of Micropillar Shapes

In this section, the characteristics of acoustic fields, such as acoustic pressure and
acoustic velocity, are discussed for different micropillar shapes. Figure 6 represents the
variation of the acoustic pressure and acoustic velocity for different micropillar shapes. It
can be seen in the graphical representations that the presence of micropillars in the micro-
chamber results in a significant increase in acoustic pressure and acoustic velocity. The
maximum value of acoustic pressure and acoustic velocity can be observed for the pres-
ence of blade-shaped micropillars compared to other shapes. Similarly, the lowest value
can be observed without micropillars. On the basis of these observations, it can be exam-
ined that micropillars increase the strength of the acoustic field, resulting in enhancing the
mixing performance of the micromixer. Furthermore, the contours of the acoustic pressure
and acoustic velocity are shown in Figures 7 and 8. It can be examined in Figure 7 that the
acoustic excitation is more localised near the microchamber wall in the absence of mi-
cropillars, while with the addition of micropillars, the acoustic field provides more surface
area and field strength near the micropillar wall. Similarly, the velocity field is also shown
in Figure 8.
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Figure 6. Graphical representation of the acoustic pressure and acoustic velocity with different mi-

It is evident in Figure 8 that the presence of micropillars generates more streaming
velocity near the micropillar wall, resulting in small vertexes, which is helpful in enhanc-
ing the mixing performance. Higher streaming can be seen for the microchamber with
blade-shaped micropillars. The maximum value of the acoustic field, such as acoustic
pressure and acoustic velocity, is observed for blade-shaped micropillars compared to
other micropillar shapes. Based on these observations, it can be examined that the inclu-
sion of micropillars, especially the blade shape in the microchamber, can be significantly
considered to intensify the mixing of two different heterogeneous fluids.
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Figure 7. Acoustic pressure for different micropillar shapes: (a) no micropillars; (b) circular-shaped
micropillars; (c) hexagonal-shaped micropillars; (d) blade-shaped micropillars.
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micropillars; (c) hexagonal-shaped micropillars; (d) blade-shaped micropillars.
4.1.2. Effect of Micropillar Gaps
This section describes the effect of micropillar gaps on acoustic fields, such as acous-
tic pressure and acoustic velocity. Figure 9 describes the graphical representations of the
acoustic pressure and acoustic velocity with different micropillar gaps. It can be seen in
the graphical representations that the acoustic pressure and acoustic velocity increased
with the decrease in micropillar gaps. Furthermore, the blade-shaped micropillar has
larger values of acoustic pressure and acoustic velocity than the other designs. Moreover,
the maximum and minimum values of acoustic pressure and acoustic velocity are noted
at micropillar gaps of 0.15 mm and 0.25 mm, respectively.
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Figure 9. Variation of acoustic pressure and acoustic velocity with different micropillar gaps.

The main reason behind this increase in acoustic pressure and acoustic velocity with
decreasing gaps is due to a larger surface area and more boundaries to hit. Thus, denser
micropillars intensify the field strength, resulting in an enhancement of mixing perfor-
mance. It was also noted that compared to the other micropillars, the blade-shaped mi-
cropillars with a 0.150 mm gap generate a stronger acoustic field and, according to the
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computed results, the magnitude of acoustic pressure and acoustic velocity is approxi-
mately three and four times that of the case with no micropillars, respectively. The acous-
tic pressure and acoustic velocity distribution with different micropillar gaps are also
shown in Figures 10 and 11.
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Figure 10. Distribution of acoustic pressure with different micropillar gaps: (a) 0.150 mm, (b) 0.175
mm, (c) 0.200 mm, (d) 0.225 mm, (e) 0.25 mm.

A stronger acoustic pressure field can be observed with a 0.150 mm micropillar gap
compared to the others. Similarly, a less acoustic pressure field can be observed in the case
of a 0.250 mm micropillar gap. The reason behind this higher field strength is because of
a larger surface area and more boundaries to hit, which results in increasing the diffusion
of fluids and mixing performance. The distribution of acoustic velocity can also be seen in
Figure 11. Higher small vertexes and acoustic velocity fields generated in the case of a
0.150 mm micropillar gap compared to the other cases. It can also be noted that fewer
acoustic fields are generated near the wall in the case of a 0.150 mm gap compared to the
other cases. The reason behind this strong acoustic field near the micropillars is due to a
larger surface area and more boundaries in the microchamber than in the other cases.
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4.2. Fluid Mixing

In this section, the fluid mixing phenomena with different micropillar shapes and
micropillar gaps and their effect on mixing performance are discussed. Although the
physics behind the mixing of two different heterogeneous fluids is entirely complicated,
the degree of mixing can be quantified by measuring the degree of folding and stretching
of fluids, as well as the simultaneous diffusion of species [49]. The process of stretching
and folding in the case of two different heterogeneous fluids is followed by the collapse
of stretched layers into smaller components, together with the simultaneous diffusion of
species [50]. One of the key goals of this study is to intensify the mixing of two different
heterogeneous fluids. The hybrid approach is one of the best ways to attain homogeneous
mixing of two different heterogeneous fluids by employing acoustic streaming as an ac-
tive approach and micropillars as a passive approach. The interfacial region near the wall
of the micropillar is then significantly stretched and folded by intense microvortices that
create lamellar structures. The mass diffusion rate of two different heterogeneous fluids
intensifies due to the larger contact area in the presence of micropillars.

4.2.1. Effect of Micropillar Shapes

The quality of mixing can be quantified by determining the mixing index, which is
given by Equations (1)—(3). Figure 12 shows the graphical representation of the variation
of the mixing index for different micropillar shapes. Due to the hybrid approach and in-
clusion of micropillars, a higher mixing index can be observed compared to those without
micropillars. In addition, among all shapes, the blade-shaped micropillars obtain a higher
mixing index than the other shapes. The reason behind this higher mixing index is due to
providing more contact area and boundaries in the case of blade-shaped micropillars com-
pared to other cases. The concentration distribution of two different species can be seen
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in Figure 13. It can be clearly observed that the maximum and minimum diffusion of spe-
cies concentration are the cases of blade-shaped micropillars and no micropillars, respec-
tively.

The magnitude of the mixing index for the cases of blade-shaped micropillars and no
micropillars are 0.97 and 0.72, respectively. Because of the laminar flow nature of micro-
fluidics systems, mixing occurs due to the diffusion of molecules. Thus, the inclusion of
micropillars provides more contact area and generates more small vertices, resulting in
enhancing the mixing performance. On the basis of the observations and computed find-
ings, the presence of micropillars provide higher mixing performance.

Mixing Index

No Micropillars Circular Shape Hexagonal Shape Blade Shape
Micropillar Shape

Figure 12. Variation of the mixing index for different micropillar shapes.
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Figure 13. Distribution of species concentrations: (a) no micropillars, (b) circular micropillars, (c)
hexagonal-shaped micropillars, (d) blade-shaped micropillars.
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4.2.2. Effect of Micropillar Gaps

In this section, the effect of micropillar gaps on the mixing performance of microflu-
idic micromixers is investigated. Figure 14 represents the graphical representation of the
variation of the mixing index by varying the micropillar gaps. It is evident that the mixing
index increased linearly by decreasing the micropillar gaps. The higher mixing index can
be observed for a 0.150 mm gap, while the lower mixing index can be observed for a 0.250
mm gap. The reason behind this larger value is due to the larger contact area and more
boundaries to hit in the case of smaller micropillar gaps. On the other hand, among all
micropillar shapes, the higher value of the mixing index can be noted in the case of blade-
shaped micropillars. The reason behind this larger value in such a case is due to a larger
contact area and intense microvortices near the micropillar walls compared to other
shapes. Furthermore, the distribution of species concentrations with different micropillar
gaps is also shown in Figure 15. The lower diffusion of species transports, as well as mix-
ing, can be clearly observed in the case of a 0.250 mm micropillar gap. Similarly, a higher
mixing and diffusion rate can be observed in the case of a 0.150 mm micropillar gap. The
main reason behind this larger mixing index with small micropillar gaps is due to the
larger contact area, resulting in generating more microvortices.
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Figure 14. Variation of the mixing index with different micropillar gaps.

In a comparative examination of the performance of different micropillar shapes and
micropillar gaps, it was investigated that the presence of micropillars in the microchamber
of the microfluidics system is significant in improving the mixing performance of two
different heterogeneous fluids. In addition, blade-shaped micropillars with a 0.150 mm
gap deliver the best outcomes and perform better as compared to the other cases. As dis-
cussed earlier, this is due to employing a hybrid actuation approach and a higher diffusion
rate of species concentrations. Finally, it is concluded that the proposed hybrid microflu-
idic micromixer can be used for high-quality mixing and reaction kinetics.
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Figure 15. Distribution of species concentration with aifferent micropillar gaps: (a) 0.150 mm, (b)
0.175, mm (c) 0.200 mm, (d) 0.225 mm, (e) 0.25 mm.

4.3. Flow Field
Effect of Reynolds Number

This section describes the effect of various Reynolds numbers such as 2, 4, 6, 8, 10,
and 12 on the mixing performance of microfluidics micromixers. Figure 16 describes the
graphical representations of the variation of the mixing index by different Reynolds num-
bers. It can be observed that the mixing index decreased linearly with the Reynolds num-
ber, but non-linear behaviour has been noted for the case with no micropillars; at first, it
increased, and then it decreased. The maximum mixing performance is observed at Reyn-
olds number 2, while the minimum mixing performance is examined at Reynolds number
12. Similar behaviour has been observed in [51], where they investigated the maximum
mixing performance index at Reynolds number 1 x 1073, corresponding to a flow velocity
of 0.05 mm/s, and the lowest mixing performance index at 2 x 10-, corresponding to a
flow velocity 0.1 mm/s. The main reason behind this linear decrease in mixing perfor-
mance is the inclusion of micropillars, which help to properly homogenise the heteroge-
neous fluids in the microchamber. Moreover, the non-linear behaviour in the case of no
micropillars is also observed due to improper mixing in the microchamber. Furthermore,
the contours of distribution of flow velocity distribution at different Reynolds numbers of
microfluidic micromixers are also presented in Figure 17. It can be observed that the max-
imum flow velocity is obtained at a Reynold number of 12, while the lowest flow velocity
is observed at a Reynolds number of 2. The maximum and minimum magnitudes of flow
velocity are 0.00146 m/s and 2.58 x 10-* m/s, respectively.
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Figure 16. Graphical representations of the mixing index at different Reynolds numbers.

Moreover, streamlines in the case of the 12 Reynolds number is stronger compared
to other values that cause a lower contact area and lower contact time for the mixing of
different fluids, while lower Reynolds number values provide more contact area and con-
tact time for the proper mixing of fluids. Finally, it is investigated that better mixing is
observed at lower Reynolds numbers with fewer micropillar gaps for blade-shaped mi-
cropillars.
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Figure 17. Distribution of the species concentration in different Reynolds numbers.
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In addition, a comparison study has also been conducted in order to compare the
mixing performance of the present work with the current literature on various microflu-
idic micromixers listed in Table 4. It is evident that people conducted performance analy-
sis on various types of microfluidics micromixer designs, but the present proposed micro-
mixer design has a better mixing index of 0.97. Furthermore, the mixing index can be im-
proved based on these findings.

Table 4. Comparison study with the current literature.

Flow Rates/Re Mixing Index References
7.5 %1073 to 150 x 102 0.96 [52]
0.1 to 100 0.85 [22]
<60 uL/min 0.93 [23]
2 mL/min 0.89 [40]
2-12 0.97 Present Study

5. Conclusions

This paper investigated the performance of a microfluidic micromixer using a hybrid
actuation approach, such as active (acoustic) and passive (inclusion of micropillars in the
microfluidics chamber). The simulations were performed for four different micromixer de-
signs such as circular-shaped micropillars, hexagonal-shaped micropillars, blade-shaped
micropillars, and without micropillars. Additionally, different micropillar gaps such as
0.150 mm, 0.175 mm, 200 mm, 225 mm, and 250 mm were also used to investigate mixing
performance. The detailed conclusions drawn from this study are described below.

1. The performance of microfluidics micromixers is greatly affected by the inclusion of
micropillars compared to the case with no micropillars. The presence of micropillars
in the microfluidic chamber increases the microvortices and strengthens the acoustic
field.

2. Similarly, the shapes of micropillars are also impacted by the flow characteristics and
the mixing performance of the microfluidic micromixer. Various micropillar shapes
such as circular, hexagonal, and blade were investigated and compared to the case
with no micropillars. The inclusion of blade-shaped micropillars delivers the best
outcomes compared to the other shapes.

3. The performance of the microfluidic micromixer was also investigated with different
micropillar gaps and found that the mixing performance increased with the decreas-
ing of micropillar gaps. The reason behind this increment in performance is due to
larger surface areas and more boundaries to generate higher microvortices and
strengthen the acoustic field near the micropillar walls. The maximum performance
was achieved with a micropillar gap of 0.150 mm.

4. It was also investigated that mixing performance and flow characteristics are signif-
icantly affected by altering the Reynolds numbers. It was revealed that the mixing
performance increased with decreasing Reynolds numbers. The maximum and min-
imum values of mixing performance were achieved at Reynolds numbers of 2 and
12, respectively.

5. The maximum and minimum magnitude values of 0.97 and 0.70 for the mixing index
are achieved, respectively, with the inclusion of blade-shaped micropillars and a
0.150 mm micropillar gap.

6. On the basis of the current research work, further work is required for the optimisa-
tion of hybrid microfluidics micromixers based on various micropillar arrange-
ments. In addition, an analysis of the acoustic structure with different materials and
geometrical parameters is also required to examine the structural stability and
structural strength of the micropillars.
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