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ABSTRACT

Efficient mixing in microfluidic systems remains a formidable challenge due
to the inherently laminar flow characteristics at the microscale, where Reynolds
numbers are typically below one. The absence of turbulence in microchannels
confines mixing primarily due to molecular diffusion—an inherently slow process
that limits the performance of microfluidic devices in various applications including
chemical synthesis, biological assays, and medical diagnostics. This thesis presents a
comprehensive investigation into the design, analysis, and performance optimization
of electroosmotic micromixers with novel geometric configurations to enhance
mixing efficiency at the microscale.

The research explores four innovative microchamber geometries: circular,
diamond, diamond split-and-recombined (DSAR), and square split-and-recombined
(SSAR) designs. For each configuration, a systematic numerical analysis examines
the effects of critical design parameters and operational conditions on mixing
performance. The key parameters investigated include chamber dimensions, inlet
velocity, AC voltage amplitude, frequency, electrode length, and phase difference
between electrode potentials. The numerical approach employs finite element
modeling with appropriate mesh refinement and validation against experimental data
from the literature to ensure the accuracy and reliability of the results.

The circular chamber micromixer investigation reveals that smaller chamber
diameters (20 um) produce superior mixing through enhanced electroosmotic vortex
interactions, achieving an efficiency of approximately 98% under optimal conditions
(energy requirement: 500mV). Diamond chambers, designed with flat walls to
facilitate electrode fabrication, demonstrate improved mixing performance through
effective stretching and folding of fluid interfaces, reaching efficiencies of up to 99%
with optimal parameters (energy requirement: 500mV).

A significant advancement is introduced through the novel diamond split-and-
recombined (DSAR) configuration, which incorporates internal obstacles to
synergistically combine passive and active mixing mechanisms. This design creates
complex flow patterns through forced separation and recombination of fluid streams,
achieving mixing efficiencies exceeding 99% with optimal obstacle dimensions (15
um) and electrode configurations (energy requirement: 300mV). Further innovation is

demonstrated with the square split-and-recombined (SSAR) design featuring non-



aligned inlet-outlet channels, which substantially enhances mixing through induced
recirculation patterns while simplifying fabrication. By optimizing electrode polarity
arrangements and operational parameters, the SSAR configuration achieves mixing
efficiencies of up to 99.36% at significantly reduced operational voltages (energy
requirement: 250mV).

Comparative analysis shows that split-and-recombined micromixers (DSAR
and SSAR) outperform conventional circular and diamond designs, with the SSAR
achieving the best balance between mixing performance and fabrication simplicity.
The voltage required for peak efficiency decreased from 500 mV in baseline designs
to 300 mV in the DSAR and 250 mV in the SSAR, reflecting 40% and an additional
16.7% reduction in energy demand, respectively. Optimal inlet velocity remained
within 100-150 pm/s for all designs, while the SSAR exhibited the widest frequency
stability range and greatest operational flexibility, confirming the superior
electrokinetic efficiency of split-and-recombine geometries.

This research contributes significantly to the field of microfluidics by
demonstrating how strategic integration of electroosmotic actuation with optimized
chamber geometries can dramatically enhance mixing performance at the microscale.
The insights gained from this work have important implications for the development
of more efficient lab-on-a-chip devices, particularly for applications requiring rapid
and homogeneous mixing of reagents, biological samples, or nanoparticles under

controlled microfluidic conditions.
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Chapter -1

Introduction, Scope of Work, and Outline of Thesis

1.1 Background and Importance of Micromixers

The field of microfluidics emerged in the 1990s, coinciding with
advancements in micro-electro-mechanical systems (MEMS) technology and lab-on-
a-chip (LOC) platforms. These innovations facilitated the development of novel fluid-
handling devices operating at previously unexplored dimensions. Initially,
applications were predominantly concentrated in chemistry, biology, and
biomedicine, where researchers recognized the potential benefits of miniaturization.
The unprecedented operational scale of these early MEMS devices necessitated a
dedicated field of study focused on understanding fluid behavior at the microscale,
thus giving rise to microfluidics as a distinct discipline.

Microfluidics specifically examines the behavior and manipulation of fluids—
both liquids and gases—when confined to channels with dimensions typically ranging
from 10 to 500 micrometers. Since its inception, the field has expanded its presence
across numerous domains, including drug design in life sciences, regulation and
monitoring of chemical reactions, and development of diagnostic equipment in
biomedicine. This versatility stems from the considerable advantages offered by
microscale operations compared to traditional macroscale approaches: cost-
effectiveness, portability, reduced sample consumption, faster analysis times, and the
ability to investigate various physical, chemical, and biological phenomena under
precisely controlled conditions.

Despite the diversity of microfluidic applications, a common thread
connecting most processes is the fundamental requirement for effective mixing.
Liquid samples and reagents, frequently require homogenization before utilization in
subsequent procedural stages within microdevices. This mixing necessity spans
numerous applications, from homogenizing solutions in chemical reactions to

combining solutions nanoparticles for targeted drug delivery, mixing liquid samples
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containing enzymes and proteins in biological processes, and facilitating the

production of nanoparticles.

1.2 Motivation and Needs for Micromixers

The process of mixing, while seemingly straightforward at the macroscale
where mechanical agitation readily achieves homogeneity, becomes considerably
more challenging at the microscale. This difficulty arises from several inherent

characteristics of microscale fluid dynamics:

1. Laminar Flow Regime: Microfluidic devices typically operate at low
Reynolds numbers, resulting in laminar flow where fluid layers tend to flow

parallel to one another with minimal lateral mixing.

2. Boundary Layer Effects: The proportionally thicker boundary layers at the

microscale significantly influence flow behavior.

3. Surface-to-Volume Ratio: The dramatically increased surface-to-volume
ratio at the microscale enhances surface-related phenomena that affect fluid

movement and mixing.

4. Diffusion Limitations: At the microscale, mixing primarily relies on
molecular diffusion, which is characterized by diffusivity values of most
liquids in the range of 10 to 10! m*/s—exceedingly low magnitudes that

lead to extended mixing durations.

Given these challenges, the pursuit of efficient microscale mixing is motivated
by the desire to leverage the numerous advantages offered by microfluidic systems
compared to their macroscale counterparts. For instance, microfluidic systems enable
the manipulation of samples in minute quantities, which is particularly valuable for
costly, hazardous, or scarce materials such as DNA. Additionally, microdevices
facilitate high-quality separation and detection processes, resulting in reduced analysis
times while maintaining advantageous characteristics such as compact size,
portability, and ease of disposal.

A micromixer refers to a microchannel system designed to introduce multiple
fluids into a primary channel to facilitate their mixing. The dimensions of
conventional microchannels typically range from 10 to 500 micrometers in width and

depth, while the length of the micromixer may extend to several millimeters or more.
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The predominant influence of molecular diffusion in microscale mixing often
necessitates relatively lengthy channels to achieve desired mixing outcomes.

The ability to seamlessly integrate micromixers into various other processes
within a single integrated system further enhances their appeal. The multitude of
benefits associated with advancing microfluidic devices makes the optimization of

micromixers a highly compelling area of study with significant practical implications.

1.3 Electroosmotic Flow in Micromixers

Electroosmosis represents a fundamental electrokinetic phenomenon wherein
liquid motion is induced by an applied electric field across a surface with electric
charge characteristics. This effect manifests when the surface of a microchannel—
typically constructed from materials such as silicon, glass, or polymer—develops an
electric double layer (EDL) upon contact with an ionizable liquid under the influence
of an applied electric field.

The EDL consists primarily of two distinct regions:

1. A layer of immobile counter-ions redistributed on the boundary surface
of the microchannel in contact with the liquid (Stern layer)
2. A diffuse layer of mobile counter-ions in the liquid vicinity of the solid
surface (Gouy—Chapman layer)

When an external electric field is applied in the vicinity of the microchannel
(either along the channel or at a certain angle), the mobile ions in the diffuse layer
(Gouy—Chapman layer) experience electrostatic and viscous drag forces. This force
subsequently drags the surrounding liquid along with the ions, generating fluid flow
without mechanical moving parts.

Electroosmotic flow is governed by the Helmholtz-Smoluchowski equation,
when EDL thickness < 100 times the characteristic dimension of the microchannel. It
relates the electroosmotic velocity to the applied electric field, the zeta potential at the

wall, and the properties of the fluid as u = —&lE/ i, where u is the electroosmotic

velocity, ¢ is the permittivity of the fluid, { is the zeta potential at the wall, E is the
applied electric field, and u is the dynamic viscosity of the fluid.

The zeta potential, representing the electric potential at the shear plane of the
EDL, is a critical parameter determining the magnitude and direction of

electroosmotic flow. This potential can be manipulated through surface modifications
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or the application of external potentials to control fluid flow patterns within

microchannels.

1.4 Advantages of Electroosmotic Micromixer
Electroosmotic micromixers possess several distinctive characteristics that
make them particularly advantageous for microscale mixing applications:

1. Simpler Geometry: Electroosmotic micromixers can employ relatively
simpler and shorter microchannel designs to achieve comparable mixing
efficiency as passive micromixers, which often require complex geometrical
features.

2. Precision and Operational Control: The direction and magnitude of
electroosmotic forces can be precisely controlled by adjusting the magnitude
and direction of the applied electric field and selecting appropriate electrolyte
compositions. This allows for dynamic control over the mixing process.

3. Absence of Moving Mechanical Components: Unlike some other active
mixing approaches, electroosmotic micromixers generally lack moving
mechanical parts such as microstirrers, reducing complexity and enhancing
reliability.

4. Compatibility with Microscale Systems: Electroosmotic flow can be readily
integrated with other microfluidic operations, such as pumping and separation,
facilitating comprehensive system functionality.

5. Energy Efficiency: Electroosmotic micromixers typically require relatively
low power to operate, making them suitable for portable and point-of-care
applications.

These advantages position electroosmotic micromixers as a promising
approach for addressing the challenges of efficient microscale mixing, particularly in

applications where precise control over the mixing process is desirable.

1.5 Objectives and Scope of the Study

The primary aim of this research is to design, analyze, and evaluate the
performance of electroosmotic micromixers with varied geometries and electric
potential configurations. Through systematic numerical investigations, this study
seeks to address several research gaps in the field of microfluidic mixing, which will

be comprehensively reviewed in Chapter 2. The specific objectives of this study are:
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1.

Design and analyze novel electroosmotic micromixer geometries that
enhance mixing efficiency through strategic electrode placements and
chamber configurations. This includes the development and investigation of
circular, diamond, diamond split-and-recombined (DSAR), and square split-

and-recombined (SSAR) mixing chamber designs.

Optimize operational parameters to maximize mixing performance while
minimizing energy consumption. This involves systematic parametric studies
to determine optimal:

o Inlet velocity ranges

o Electric potential amplitudes

o AC frequency characteristics

o Electrode configurations and dimensions

o Mixing chamber geometries and specific dimensions

Characterize mixing mechanisms in different chamber geometries to
elucidate the fundamental physics governing electroosmotic mixing processes,
including vortex formation, chaotic advection, and interface stretching

phenomena.

Evaluate performance metrics across various design configurations and
operational conditions to establish comprehensive performance criteria and

design guidelines for practical applications.

The scope of this research encompasses:

e Design variations including microchamber geometries, obstacle sizing,
electrode configurations, and inlet and outlet channel arrangements

e Parametric studies of electric field characteristics (AC frequency
ranges, amplitude variations, phase shifts)

e Mixing performance evaluations using both qualitative visualization
and quantitative metrics

e Practical implementation considerations including fabrication feasibility

and integration potential
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This study employs computational fluid dynamics (CFD) simulations using
COMSOL Multiphysics to predict and analyze the mixing behavior of different
electroosmotic micromixer designs. The numerical approach allows for the systematic
investigation of multiple design parameters and operational conditions without the
time and resource constraints of physical prototype fabrication and testing. This
computational approach provides valuable insights that can guide subsequent
experimental work, potentially reducing development costs and accelerating the path
to practical implementation.

It is important to note that while experimental validation is beyond the
scope of the current study, the numerical models are developed with careful
consideration of real-world physical constraints and validated against established
theoretical principles. The findings from this research establish a foundation for future
experimental investigations and practical applications of electroosmotic micromixers
in various fields including biomedical diagnostics, chemical synthesis, and lab-on-

chip technologies.

1.6 Structure of the Thesis

This thesis is organized into eight chapters that systematically present the
research methodology, findings, and implications. This chapter (Chapter 1) presents
the background and significance of micromixers, introduces electroosmotic flow
principles, and outlines the research objectives and scope. Chapter 2 thoroughly
addresses the literature review and research gaps, providing a comprehensive
overview of micromixing techniques, electroosmotic flow fundamentals, and
advances in electroosmotic micromixer designs, and identifies specific research gaps
in the current literature that this study aims to address. Chapter 3 deals with
mathematical formulation and numerical procedure. It establishes the mathematical
models governing electroosmotic flows and mixing processes, and details the
numerical approaches employed for simulation and analysis, including mesh
generation strategies and validation procedures. The subsequent four chapters are
dedicated to individual four problems:

Chapter 4 introduces the Circular Mixing Microchamber as the initial
problem of this research work. It examines the proposed circular electroosmotic

micromixer design, discusses the rationale behind geometric configurations and
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electrode arrangements, and presents a systematic analysis of operational parameters
influencing mixing performance.

Chapter 5 investigates the Diamond Mixing Microchamber. It examines the
performance of a diamond-shaped mixing chamber, comparing its characteristics with
the circular design and investigating the effects of geometric and operational
parameters on mixing efficiency.

Chapter 6 deals with the Diamond Split and Recombined Electroosmotic
Micromixer (DSAR). It presents an advanced design that incorporates obstacles
within the diamond mixing chamber to create a split and recombined flow pattern,
analyzing the synergistic effects of electrokinetic actuation and flow manipulation.

Chapter 7 considers Square Split-and-Recombined Electroosmotic
Micromixer (SSAR). Introduces a novel square-shaped mixing chamber design with
offset inlet-outlet microchannels, investigating its performance characteristics and
comparing it with previously studied geometries.

Chapter 8 is the conclusive chapter. It synthesizes key findings combining all
four problems, highlights the contributions to the field of electroosmotic micromixers,
and suggests avenues for future research and practical applications.

Each chapter is designed to build upon the preceding content, forming a
cohesive narrative that progresses from fundamental principles to practical
implementation considerations. The thesis aims to provide both theoretical insights
and practical design guidelines for the development of efficient electroosmotic

micromixers for a wide range of microfluidic applications.
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Literature Review and Research Gaps

2.1 Overview of Micromixing Techniques

Efficient mixing at the microscale presents unique challenges primarily due to
the laminar flow regime that dominates microfluidic systems. In this regime,
characterized by Reynolds numbers typically below 100, turbulent mixing is absent,
and molecular diffusion becomes the primary mechanism for mixing. However, the
inherently slow nature of diffusion necessitates alternative approaches to enhance
mixing efficiency in microfluidic devices. This section provides a comprehensive

overview of the diverse techniques employed to overcome these challenges.

2.2 Classification of Micromixers

Micromixers are broadly classified into two categories based on their
operational principles: passive and active micromixers. This fundamental
classification was established in seminal works by Nguyen and Wu (2004) and further
refined by Hessel et al. (2005) and Bayareh et al. (2020).

Passive Micromixers rely solely on channel geometry modifications and flow
energy to enhance mixing without external energy inputs. The effectiveness of these
mixers derives from their ability to increase interfacial area between mixing fluids and
create recirculation zones through surface modifications. Mixing in passive devices
occurs primarily through:

1. Molecular Diffusion: The natural process where molecules move from
regions of higher concentration to regions of lower concentration.

2. Chaotic Advection: A process where fluid elements are stretched and folded
through geometric manipulations, significantly enhancing the interfacial area
between fluids and consequently accelerating diffusion.

Passive mixers are particularly advantageous when working with fluids having
relatively high diffusion coefficients (10 to 10'° m?/s) as noted by Vatankhah and
Shamloo (2018) and Mondal et al. (2019).
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Active Micromixers employ external energy sources in conjunction with fluid
pumping energy to enhance mixing. These devices prove especially valuable when
diffusion coefficients of working fluids are extremely low (10'° to 10'! m%¥s).
External energy sources employed in active micromixers include:

1. Magnetohydrodynamic forces
2. Acoustic excitation

3. Thermal activation

4. Electrokinetic mechanisms

The architectural designs of active micromixers are typically simpler and
shorter than their passive counterparts, facilitating easier cleaning processes.
However, they require the strategic integration of energy sources within the vicinity

of the microchannel.

2.3 Passive Mixing Methods
Passive mixing techniques leverage channel geometry and flow characteristics
to enhance mixing without external energy input. Several key approaches have been

developed and refined:

2.3.1 Mixing by Chaotic Advection

Chaotic advection represents a complex yet effective approach for mixing
intensification in laminar flow regimes. The concept was pioneered by Aref (1984),
who conducted a two-dimensional numerical analysis demonstrating enhanced mixing
through chaotic advection in an idealized stirred tank. Subsequent numerical studies
by Aref and Balachandar (1986) established that chaotic advection could be
developed even at low Reynolds numbers, with their findings experimentally verified
by Chaiken et al. (1986).

The patterns observed in these studies revealed concentric structures termed
“whorl” and “tendril” patterns, indicative of chaotic advection. Building upon these
foundational insights, numerous researchers have proposed microscale mixer designs
to leverage chaotic advection for enhanced mixing efficiency, including works by Liu
et al. (2000), Song et al. (2003), and more recently, Vatankhah and Shamloo (2018)
and Tripathi et al. (2021).

The essence of chaotic advection can be understood as the stretching of fluid

layers in directions deviating from the original flow direction, as articulated by Aref
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(2002) and further elaborated by Hardt and Schonfeld (2007). However, the
inherently laminar nature of microscale flows presents challenges in altering flow
path directions to induce chaotic advection.

To overcome this limitation, researchers have explored diverse microchannel
designs that force the original flow field to change course, thereby generating chaotic
advection effects. These designs include:

1. Serpentine Channels: Wang et al. (2021) demonstrated enhanced mixing in
serpentine configurations through induced secondary flows.

2. Zigzag Structures: Tsai and Lin (2019) investigated how abrupt direction
changes in zigzag microchannels promote chaotic advection.

3. Spiral Channels: Tripathi et al. (2021) examined how curved geometries in
spiral configurations generate Dean vortices that enhance mixing.

4. Tesla Structures: Hong et al. (2004) explored specialized Tesla-inspired
geometries that create flow separation and recirculation zones.

5. Integrated Obstacles: Chen and Zhao (2017) studied how strategically placed
obstacles disrupt laminar flow patterns to enhance mixing.

6. Twisted Channels: Yousefi et al. (2024) investigated three-dimensional flow
effects in twisted channel configurations.

While these passive mixers demonstrate considerable effectiveness, they
commonly exhibit limitations including reduced efficiency at very low Reynolds
numbers (below one), significant pressure drops, cleaning challenges after use, and

fabrication complexities.

2.3.2 Multilamination and Split-Recombine Designs

Another passive approach involves the repeated splitting and recombination of
fluid streams to reduce diffusion distances. This technique has been extensively
investigated by researchers including Kim et al. (2005) and Hossain et al. (2017), who
demonstrated that such designs can achieve mixing efficiencies exceeding 96% even
at low Reynolds numbers.

The split-recombine principle operates by dividing the flow into multiple
streams, redirecting them through different paths, and then recombining them. This
process increases the interfacial area between different fluid streams and reduces the

characteristic diffusion length, significantly enhancing mixing efficiency.
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2.3.3 Surface Modification Approaches

Surface modifications represent another passive strategy to enhance mixing.
Grooved surfaces, as studied by Rasouli et al. (2015), can induce helical flows that
promote mixing by creating transverse velocity components. Their investigations
showed that T-shaped micromixers with strategically placed grooves could increase
mixing efficiency by up to 43.8% compared to basic designs.

Similarly, Heo and Suh (2005) demonstrated that channels with periodically
attached blocks underneath can significantly enhance stirring at specific parametric
values, with optimal performance achieved when the block height is approximately

0.8 times the channel width and positioned at a stagger angle of 45 degrees.

2.4 Active Mixing Methods
Active mixing methods employ external energy sources to disrupt laminar
flow patterns and enhance mixing. Various approaches have been developed, each

with distinct mechanisms and applications:

2.4.1 Pressure-Driven Micromixers

Pressure-perturbed mixing represents one of the earliest active approaches
documented in the literature. Deshmukh et al. (2000) pioneered this approach with a
simple Y-junction design incorporating a planar positive displacement micropump to
generate pulsatile flow. By alternately pushing and stopping fluids in the inlets, they
created interface lengthening between the two liquids, which could be controlled
through the duty-cycle and frequency of the pulses.

Building upon this foundation, Glasgow and Aubry (2003) conducted a
systematic study of pressure-perturbation methods in T-shaped microchannels. Their
investigations encompassed nine different cases across three methodologies, revealing
that pulsatile flow at two inlets with a 180° phase difference yielded optimal mixing
performance.

Further advancements were achieved by Niu and Lee (2003), who introduced
multiple side channels for generating periodic perturbations. Their design induced
stretching and folding of fluid layers in the main channel through velocity pulsing
from the side microchannels, significantly enhancing mixing.

More recently, Zhang et al. (2019) expanded the application to include both
Newtonian and viscoelastic fluids in a microchannel with a T-junction inlet and

sudden expansion mixing section. They found that for viscoelastic fluids at Reynolds
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number 0.002 and Weissenberg number 1, mixing efficiency reached up to 82%,

exceeding that of Newtonian fluids under identical conditions.

2.4.2 Acoustic-Driven Micromixers

Acoustic streaming has been effectively utilized to enhance mixing in various
microscale devices. Liu et al. (2002) demonstrated that air bubbles in liquid can serve
as actuators under ultrasonic sound wave stimulation, with the bubble-liquid interface
functioning as a vibrating membrane. This vibration induces frictional forces that
generate convective flow around the bubble, promoting mixing. Their studies
identified optimal excitation frequencies around 5 kHz, with higher frequencies
potentially proving harmful to biological samples.

Building on similar principles, Ahmed et al. (2009) employed a bubble
trapped in a horseshoe-shaped obstacle positioned at the center of two different
concentration fluid streams. By exciting the bubble with acoustic waves, they
achieved remarkable mixing with an estimated mixing time of approximately 7
milliseconds.

Wang et al. (2008) further explored acoustic excitation by investigating
frequency effects in a Y-channel design with a dedicated mixing chamber. Their
findings indicated that while very low (0.5 kHz) and very high (10 kHz) frequencies
produced minimal mixing enhancement, the 1.0-5.0 kHz range generated both single
and multiple bubbles within the mixing chamber, significantly disrupting local flow
and enhancing mixing.

A different approach was taken by Luong et al. (2010), who developed
surface-acoustic-wave-driven micromixers using electrodes to generate acoustic
waves transverse to the flow direction. Their comparison of parallel and focusing
interdigitated electrode configurations revealed superior performance for the focusing
design at equivalent applied voltages, with mixing efficiency proportional to the
square of the applied voltage magnitude.

While acoustic approaches offer effective mixing without direct fluid contact,
they face limitations related to heating issues at higher operational frequencies,

restricting their applicability for heat-sensitive biological fluids.
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2.4.3 Magnetic-Field Driven Micromixers

Magnetic actuation provides another effective approach for generating chaotic
flow patterns to enhance mixing. Fu et al. (2010) conducted both experimental and
numerical investigations of the interaction between DI water-based ferrofluid and DI
water in a Y-shaped microchannel under magnetic fields generated by DC
electromagnets. Upon application of the magnetic field, they observed uniform
expansion of the nanofluid toward the DI water, forming numerous small finger-like
structures at the fluid interface. These structures continuously evolved over time,
increasing the interfacial length between the fluids and achieving 95% mixing
efficiency within just 2 seconds.

Nouri et al. (2017) employed permanent magnets with a Y-shaped
microchannel to characterize the mixing of FesOs nanofluid with DI water. Their
results demonstrated a significant enhancement of mixing efficiency and reduction in
mixing length with the application of magnetic fields. They also found that increasing
nanoparticle mass fraction improved mixing performance up to the magnetization
saturation level of the ferrofluid, achieving maximum efficiency of 90% with a 2000G
magnet.

A different approach was explored by Veldurthi et al. (2015), who
investigated a design incorporating a cylindrical mixing chamber and a microrotor
actuated by magnetic fields. At a rotational speed of 1500 rpm, they reported
approximately 90% mixing efficiency and demonstrated practical application through
single-step loading of rifampicin (an anti-tuberculosis drug) on TiO: nanoparticles.

Jeon et al. (2017) focused on magnetohydrodynamics-driven mixing of
phosphate-buffered solution and reagents, examining the effects of electrode shape,
size, and configuration arrangements. Their findings highlighted the significant
influence of electrode configurations on mixing efficiency due to their varied effects

on flow field patterns.

2.4.4 Thermal-Field Driven Micromixers

Thermally actuated disturbances have been effectively employed as external
energy sources for enhancing microscale mixing. Darhuber et al. (2003) pioneered the
use of temperature gradients to induce wavy helical patterns, significantly increasing
the interfacial length between mixing fluids and reducing mixing time by a factor of

three. Their portable microdevice achieved effective mixing using minimal power
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from small battery-operated voltages (2-3V) while consuming very small sample
volumes.

Huang et al. (2012) utilized non-uniform AC electric fields to induce
electrothermal forces on the flow field, generating vortices that enhanced mixing
efficiency. Their comparative analysis with obstacle-based passive mixers of
equivalent dimensions revealed that their electrothermal micromixer achieved similar
mixing quality with a pressure drop 3000 times lower, with maximum mixing quality
reaching 99.18% while maintaining minimal temperature increases.

Zhang et al. (2016) numerically analyzed mixing enhancement through
asymmetric planar AC electrodes with an underlying thin film resistive heater. Their
results showed that the temperature gradient from external heating created chaotic
flow patterns with continuous stretching-folding characteristics that significantly
improved mixing efficiency.

Kunti et al. (2017) examined a hybrid semi-active semi-passive micromixer
featuring a wavy bottom surface to increase contact length between fluid streams,
combined with AC-actuated asymmetric electrodes at the bottom and symmetric
electrode pairs at the top surface. Their findings indicated that mixing efficiency and
flow rate depended on AC voltage amplitude, frequency, microchannel depth, and the

configuration of active microelectrode pairs.

2.5 Electroosmotic Micromixer Designs

Electroosmotic micromixers have undergone significant evolution, with
researchers exploring diverse designs to enhance mixing efficiency while minimizing
energy consumption and simplifying fabrication. This section examines key
advancements in electroosmotic micromixer designs, focusing on electrode

configurations, channel geometries, and operational strategies.

2.5.1 Planar Electrode Configurations

Chen and Zhang (2003) pioneered the use of microelectrodes on channel walls
by introducing four microelectrodes on the outer walls of a central loop to induce
electroosmotic flow. Their analysis of particle traces revealed folding and stretching
of material lines within the micromixer, contributing to chaotic-like mixing

characterized by a positive Lyapunov exponent. This groundbreaking work
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demonstrated the potential of strategically placed electrodes to enhance mixing
efficiency.

Building upon this foundation, Chen et al. (2013) investigated an AC electro-
osmotic (AC-EO) micromixer utilizing face-to-face, asymmetric pairs of planar
electrodes. Their design featured a larger rectangular top electrode and a smaller
bottom electrode with two protrusions, generating unique three-dimensional flow
patterns that achieved mixing enhancement factors ranging from 290 to 360. They
further demonstrated practical applications by successfully hybridizing single-
stranded DNA and mixing Escherichia coli with RNA stains.

Huang et al. (2007) developed a novel patterned AC electroosmotic flow
design using various electrode configurations to generate in-plane microvortices.
Their device operated with AC signals below 20 V and 10 kHz, achieving
significantly faster mixing times compared to direct diffusion—2 minutes for
stationary fluids and 0.86 seconds for flowing fluids with viscosity ratios of 450. This
approach offered enhanced mixing efficiency with shorter mixing lengths, particularly

for flows with low Peclet numbers (Pe <3 x 10?).

2.5.2 Electrode Geometry Innovations

The geometry of electrodes significantly influences flow patterns and mixing
efficiency. Kim et al. (2009) investigated devices utilizing AC electroosmotic flow
with arrays of planar asymmetric microelectrodes in diagonal or herringbone shapes
for simultaneous mixing and pumping. Their results demonstrated superior pumping
performance and enhanced mixing capabilities with the herringbone electrode
configuration compared to reference designs.

More recently, Wu and Chen (2019) explored fractal electrode designs,
examining the effects of fractal electrodes, length ratios of electrode pairs, and
electrode positioning on mixing efficiency. By utilizing a Cantor fractal design with
strategically arranged electrode pairs, their micromixer achieved mixing efficiency of
up to 95.2% in one second at 5V and 8Hz, significantly outperforming traditional
electrodeless designs.

An innovative approach was proposed by Xiong et al. (2021), who introduced
a rhombic electroosmotic micromixer (REM) utilizing convergence-divergence
structures to enhance mixing. Their design leveraged potential differences between

microelectrodes to create uneven flow patterns that disturbed fluid streams and
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increased mixing efficiency, achieving over 99% mixing efficiency with optimized
parameters including asymmetric potential differences, 10 V AC voltage, and two sets

of rhombic units.

2.5.3 Temporal Activation Strategies

The temporal characteristics of electrode activation provide additional control
over mixing processes. Cheng et al. (2018) applied three types of periodic potentials
on electrodes fixed to the wall of a T-shaped micromixer, analyzing mixing efficiency
at different frequencies. Their findings revealed that mixing efficiency fluctuated with
time at lower frequencies, with fluctuations diminishing as frequency increased. They
identified an optimal frequency of 200 Hz for the applied voltage functions.

Cho et al. (2012) introduced a novel method using aperiodic time-varying
electrokinetic perturbing flows in a crisscross micromixer. By employing an aperiodic
oscillating source derived from the Sprott system to modulate the perturbing electric
potential, they induced irregularly alternating flow recirculation structures that
enhanced mixing through repeated stretching and folding of species streams. Their
approach achieved average mixing efficiency exceeding 90% with optimized

parameters.

2.6 Channel Geometry Innovations
While electrode configurations play a crucial role in electroosmotic mixing,
channel geometry also significantly influences mixing performance. Researchers have

explored various channel designs to enhance electroosmotic mixing effects:

2.6.1 Constriction and Expansion Designs

Lim and Lam (2012) investigated a micromixer based on periodic
electroosmotic flow through constrictions, combining numerical and experimental
approaches to verify their model’s accuracy in predicting operating parameters like
AC amplitude and frequency. Their work highlighted the importance of considering
the electromigration effects of charged fluorescent dye for accurate simulations and
determination of optimal operating conditions.

Afzal and Kim (2015) studied a micromixer featuring a convergent-divergent
channel with sinusoidal walls, effectively coupling space-periodic characteristics with
pulsatile flow. By analyzing mixing behavior using parameters like Reynolds and

Strouhal numbers, they investigated the impact of sinusoidal pulsing on mixing
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efficiency, achieving a high mixing index of 0.92 within just two periods of the
sinusoidal walls.

More recently, Gong and Cheng (2023) presented a micromixer integrating
inertial and electroosmotic flow with a contraction-expansion structure activated by
AC electric fields. Their design generated multiple vortices that enhanced lateral flow,
achieving optimal mixing quality (0.997) at an inflow velocity of 0.2 mm/s, voltage of

0.1 V, and channel length of 70 pm, with a pressure drop of only 1.58 Pa.

2.6.2 Zigzag and Serpentine Configurations

Chen and Yang (2007) investigated electroosmotic flow mixing in zigzag
microchannels with sharp and flat corners. Their research revealed that flat-corner
geometry enhanced mixing performance and prevented the accumulation of residual
liquid or bubbles. The velocity gradient created a “racetrack effect” that increased
diffusion rates, with numerical results indicating a mixing index of approximately
88.83%.

Building on these findings, Chen et al. (2022) combined a passive micromixer
with a cosine channel wall with an active electroosmotic micromixer incorporating
electrode pairs. Their design achieved fluid mixing through vortices induced by
electroosmosis, with mixing efficiency reaching up to 96%. They found that more
mixing units and a high amplitude-to-wavelength ratio resulted in effective mixing,
with a phase shift of 3n/4 coupled with four microelectrodes generating a high volume

of electroosmotic vortices.

2.6.3 Chamber-Based Designs

Keshavarzian et al. (2018) enhanced mixing through electroosmotic
phenomena using a microelectrode system with electrodes aligned in a mixing
chamber integrated within a T-shaped micromixer. They investigated various design
patterns based on different arrangements of microelectrodes on the inner and outer
loops of an annular mixing chamber, identifying an optimal cross-like pattern that
maximized mixing efficiency.

Jalili et al. (2020) conducted numerical investigations of an electroosmotic
micromixer with a rhombus-like mixing chamber, optimizing parameters including

inlet velocity, phase lag, frequency, and voltage amplitude. Their findings suggested
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that once optimized parameter values were established, the obstacle shape inside the
mixing chamber did not significantly affect mixing quality.

Seo et al. (2012) investigated a novel electrokinetic micromixer with a ring-
type channel for rapid mixing. Their design combined two fluids in a ring-shaped
mixing chamber from separate inputs, with four microelectrodes on the outside wall
actuated by sinusoidal electric potentials. When evaluating concentration values based
on frequency and zeta potential, they found optimal mixing with a frequency of 4 Hz
and zeta potential of -0.1 V, with mixing performance improving as the applied

voltage increased.

2.6.4 Other Recent Geometric Innovations

Zhang et al. (2023) proposed an active electroosmotic micromixer with twin
diamond-shaped chambers and sawtooth structures to improve mixing efficiency by
providing more space and increasing local velocity. Through optimization of
parameters including fluid inlet velocity, AC voltage amplitude, frequency, and
geometric dimensions, their micromixer achieved 99.9% mixing efficiency under
specific conditions (velocity of 0.1 mm/s, voltage of 0.3 V, frequency of 3 Hz).

Khoshnod et al. (2024) carried out a comprehensive numerical investigation
on a diamond-shaped electro-osmotic micromixer featuring four microelectrodes
embedded within the inner diamond obstacle, creating an efficient split-and-
recombine configuration. To further enhance mixing performance, rigid baffles were
introduced near the inlet, and the geometric parameters were optimized using the
Taguchi approach coupled with Response Surface Methodology (RSM). This
optimization yielded an improvement of approximately 10.6% in the mixing index.
Additionally, the study examined the effects of inlet velocity, AC frequency, applied
voltage, and phase lag, reporting a maximum mixing efficiency of nearly 99.4% under
optimal operating conditions.

Shahsavandi et al. (2025) numerically investigated a three-inlet electro-
osmotic micromixer featuring dual circular obstacles with electrodes mounted on their
surfaces. The geometric and positional parameters of the obstacles were optimized
using the Taguchi method and Response Surface Methodology, achieving 2.5% and
5% improvements in the average mixing index and efficiency, respectively. Applying
a m/2 phase lag and 0.5 V potential yielded an 88.4% mixing index, demonstrating

efficient electrokinetic control and reduced pressure drop.
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Saravanakumar et al. (2024) introduced a novel direct current electroosmosis
(DCEO) micromixer with hexagonal cross-section channels—an uncommon practice
in standard microfabrication. Their design leveraged DC actuation for active mixing
without moving parts or driving circuitry, generating robust and stable helical vortices
that achieved approximately 98.5% mixing efficiency within one second and 99.8%
within two seconds in a channel only 1000 um long.

Bahrami et al. (2023) developed an innovative electroosmotic micromixer
incorporating fin-shaped electrodes within the mixing chamber. Their investigation
examined the impact of electrode angle, electrode height, inflow velocity, alternating
current, and frequency on mixing index and pressure drop. They found that optimal
efficiency was attained with an electrode height of 5 um and electrode angle of 60°,
while the coefficient of performance exceeded that of reference mixers when the
electrode height was 2.5 um and electrode angle was 90°.

Poorreza (2025) performed a detailed numerical analysis of an electro-osmotic
micromixer incorporating triangular-shaped electrodes subjected to a sinusoidal
potential of 0.1 V at 8 Hz. The alternating electric field induced periodic vortices and
electroosmotic recirculation, effectively enhancing fluid deformation and mixing. The
optimized configuration achieved a mixing efficiency of approximately 96%,
underscoring the critical influence of electrode geometry on electrokinetic mixing

performance.

2.7 Surface Modification Approaches
Surface modification represents another strategy for enhancing electroosmotic
mixing by creating spatially varying zeta potentials or introducing conductive

elements that interact with applied electric fields.

2.7.1 Heterogeneous Surface Charges

Wang et al. (2007) investigated mixing enhancement through spatial zeta
potential variations with opposite signs to the homogeneous surface, creating
circulation zones within the bulk flow. Their study analyzed the effects of
heterogeneous patch numbers, applied external voltage strength, and zeta potential on

mixing efficiency. They found that adding four blocks with height half of the channel
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width boosted mixing efficiency from approximately 50% to about 90% for a given
channel length.

Wu and Liu (2005) introduced a micromixer that manipulates local flow fields
through modulation of local {-potential, achieving over 90% mixing efficiency in a 5
mm long microchannel. Their work represented the first demonstration of
temporal/spatial {-potential modulation for microfluidic mixer applications, offering a
novel approach to enhancing microscale mixing.

Nayak (2014) examined electroosmotic flow in micro and nanochannels,
finding that heterogeneous surface potential patches along channel walls induced
strong recirculation vortices that increased mixing performance. These vortices
generated robust pressure gradients that enhanced mixing efficiency, with streamlines

near the patches following convoluted paths that contributed to effective mixing.

2.7.2 Conductive Surface Elements

Wu and Li (2008) investigated the mixing effect of induced-charge
electrokinetic flow in a microchannel with embedded conducting hurdles. Their
numerical modeling and experimental validation demonstrated that flow circulations
caused by induced non-uniform zeta potential distribution along conducting obstacle
surfaces significantly enhanced mixing between different solutions. Among the three
hurdle shapes studied, rectangular hurdles produced the strongest mixing effect, with
additional conducting hurdles in series further improving performance.

Shamloo et al. (2017) focused on a T-shaped micromixer with conducting
hurdles, investigating parameters including inlet angle, hurdle arrangements, and
geometry for improved mixing. Their results indicated that two conducting hurdles
provided optimal mixing, with specific angles (45° for two hurdles, 90° for three
hurdles, and 22.5° for four-hurdle setups) yielding maximum mixing indices. They
concluded that a triangular chamber with circular conducting hurdles represented the
optimal geometry for enhancing mixing efficiency.

Nazari et al. (2020) studied an induced-charge electrokinetic micromixer
utilizing electrically conductive plates to induce vortices and improve the mixing
index. By investigating various parameters including mounting, length, orientation,
position, arrangement, and number of conductive plates, they demonstrated that
increasing the plate angle from 0° to 40° improved mixing performance from 67.2%

to 94.3%.
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2.8 Combined Approaches

Deng et al. (2018) employed topology optimization to design electrode
patterns for efficient micromixing over short channel lengths. Their approach coupled
Navier-Stokes equations with charge transportation to optimize electrode patterns and
achieve optimal electroosmotic micromixer performance for laminar microflow,
demonstrating the capability to achieve complete mixing with customized electrode
designs.

Farahinia et al. (2021) designed a micromixer utilizing a combination of
electroosmotic and pressure-driven flows in a heterogeneous microchannel. Their
three-segment design incorporated heterogeneous patches of non-uniform electric
charge in the middle section to induce mixing. They discovered that the asymmetric
degree of the charge pattern significantly influenced mixing efficiency—more so than
absolute wall charge values—and that even with conventional zeta-potential surfaces,

proper mixing could be achieved through strategic arrangement of charge patterns.

2.9 Challenges and Gaps in Current Research

Despite significant advances in electroosmotic micromixer designs, several
challenges and research gaps remain that warrant further investigation. Addressing
these issues is essential for realizing the full potential of electroosmotic mixing in

practical applications.

2.9.1 Integration and Fabrication Challenges
The fabrication of electroosmotic micromixers presents several technical
challenges:

1. Electrode Integration: Incorporating electrodes within microchannels while
maintaining electrical isolation and proper connection to external power
sources remains challenging. As noted by Wu et al. (2022), who demonstrated
AC electroosmotic flow in a lab-on-a-foil electric device, the integration of
electrodes in flexible or unconventional substrates requires specialized
fabrication approaches.

2. Surface Charge Control: Precise control and patterning of surface charges
for heterogeneous zeta potential designs present fabrication difficulties.
Current methods often lack the spatial resolution and long-term stability

required for consistent performance.
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3.

Scalability: While many designs demonstrate excellent performance in
laboratory settings, scaling these designs for mass production while

maintaining cost-effectiveness and reliability remains an ongoing challenge.

2.9.2 Performance Limitations

Several performance limitations have been identified in existing

electroosmotic micromixer designs:

1.

Energy Efficiency: Many designs require relatively high voltages to achieve
satisfactory mixing, raising concerns about energy efficiency and potential
electrolysis effects. Optimizing energy consumption while maintaining mixing
performance represents an important research direction.

Joule Heating: The application of electric fields in conductive media
inevitably generates Joule heating, which can affect both mixing performance
and sample integrity, particularly for temperature-sensitive biological
materials. Alipanah et al. (2021) investigated heat transfer effects in
trapezoidal micromixers, emphasizing the importance of maintaining suitable
temperatures for cell health due to Joule heating.

Mixing Time: While electroosmotic mixers often achieve high mixing
efficiency, the time required to reach this efficiency may still be longer than

desired for certain applications, particularly those requiring high throughput.

2.9.3 Theoretical and Computational Challenges

Several theoretical and computational challenges persist in the analysis and

design of electroosmotic micromixers:

1.

Complex Multiphysics Modeling: The coupled nature of electric fields, fluid
dynamics, and concentration transport presents challenges for accurate
numerical simulation. Comprehensive models must account for interactions
between these phenomena, including non-linear effects and time-dependent
behavior.

Non-Newtonian Fluid Behavior: While recent studies have begun addressing
non-Newtonian effects in electroosmotic mixing, a comprehensive
understanding of viscoelastic and shear-dependent behaviors remains limited.

Mehta et al. (2022) and Haque et al. (2021) have made important contributions
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in this area, but further investigation is needed, particularly for complex

biological fluids.

Optimization Methodologies: The design space for electroosmotic
micromixers is vast, encompassing geometric parameters, electrode configurations,
and operational conditions. Developing systematic optimization methodologies to

navigate this complex parameter space efficiently remains challenging.

2.9.4 Application-Specific Requirements
Different applications impose specific requirements on micromixer
performance:

1. Biological Compatibility: Electroosmotic micromixers intended for
biological applications must address concerns related to electrical effects on
cells and biomolecules, as well as the biocompatibility of materials and
surface treatments.

2. Chemical Reaction Enhancement: Applications involving chemical
reactions require consideration of reaction kinetics in relation to mixing
dynamics, with optimal mixing strategies potentially varying based on reaction
characteristics.

3. Integration with Analytical Systems: Incorporating electroosmotic
micromixers into comprehensive microfluidic analytical systems requires
consideration of interface compatibility, control systems, and overall system

performance.

2.9.5 Research Opportunities
Based on the identified challenges and gaps, several promising research
directions emerge:

1. Hybrid Mixing Approaches: Combining electroosmotic mechanisms with
other mixing strategies (passive geometrical features, acoustic excitation, etc.)
may yield synergistic improvements in mixing performance. The work by
Chen et al. (2022) combining passive cosine channel walls with active
electroosmotic elements represents a step in this direction, but further
exploration of hybrid approaches is warranted.

2. Smart and Adaptive Mixing Systems: Developing systems capable of real-

time adjustment of electric field parameters based on feedback from mixing
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performance could enhance efficiency across varying conditions and sample
properties.

Novel Electrode Materials and Configurations: Exploring alternative
electrode materials and innovative spatial arrangements could address
fabrication challenges while improving performance. Continued investigation
of fractal patterns, as initiated by Wu and Chen (2019), and three-dimensional
electrode configurations present particular promise.

Comprehensive Parametric Studies: While numerous studies have examined
specific parameter effects, comprehensive investigations spanning the full
range of geometric, electrical, and fluid parameters would provide valuable
design guidelines for application-specific optimization.

Advanced Numerical Methods: Developing more efficient and accurate
numerical methods for simulating electroosmotic mixing, particularly for
complex geometries and non-Newtonian fluids, would accelerate the design
and optimization process.

The systematic addressing of these research gaps and opportunities will

significantly advance the field of electroosmotic micromixers, enabling more

efficient, reliable, and application-specific designs for a wide range of microfluidic

systems.

Out of the exhaustive research opportunities discussed above, identified from

an extensive literature survey of over 300 papers, this thesis focuses on the following

critical aspects:

1.

The design and optimization of novel electroosmotic micromixer geometries,
specifically examining four distinct configurations: circular chamber, diamond
chamber, diamond split-and-recombined (DSAR), and square split-and-
recombined (SSAR) with non-aligned inlet-outlet arrangements.

The systematic investigation of operational parameters, including inlet
velocity (50-500 um/s), voltage amplitude (50-500 mV), AC frequency (2-18
Hz), and electrode configurations to maximize mixing efficiency while
minimizing energy consumption.

The elucidation of mixing mechanisms in these chamber geometries
establishes a fundamental understanding of electroosmotic vortex formation,
chaotic advection, and their synergistic effects with geometric features like

obstacles and chamber shapes.
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4. The development of comprehensive design guidelines for the practical
implementation of electroosmotic micromixers in various microfluidic
applications.

These specific objectives address the most significant research gaps identified
in the literature while providing a structured approach to advancing the field of

electroosmotic micromixing, as detailed in Chapter 1.

2.10 Closure

This chapter has presented a comprehensive review of micromixing
techniques with particular emphasis on electroosmotic mixing approaches. Through
systematic examination of the literature, significant research gaps have been identified
in the areas of chamber geometry optimization, electrode configuration, and
operational parameter optimization for electroosmotic micromixers. Based on these
gaps, specific research objectives and involved problems have been formulated to
address the most promising opportunities for advancement in the field.

The subsequent chapters will build upon this foundation, beginning with
Chapter 3, which details the mathematical formulation and numerical procedures
employed in this research. The mathematical models governing electroosmotic flow
and species transport phenomena, along with the computational approaches for
solving these coupled equations, will be presented to establish the theoretical
framework for the systematic investigations of different micromixer configurations in

Chapters 4 through 7.
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Mathematical Formulation and Numerical
Procedure

3.1 Electroosmotic Flow Principles

Electroosmotic flow (EOF) represents a fundamental electrokinetic
phenomenon that has gained significant attention in microfluidic applications due to
its ability to generate fluid motion without mechanical moving parts. This section
explores the theoretical foundations, governing equations, and key parameters that
influence electroosmotic flow behavior in microchannels.

The electroosmotic phenomenon originates from the formation of an electric
double layer (EDL) at the interface between a solid surface and an electrolyte
solution. When a solid surface contacts an electrolyte solution, the surface typically
acquires an electric charge through various mechanisms including:

1. Tonization or dissociation of surface groups (e.g., silanol groups on glass
surfaces can dissociate to form negatively charged surfaces)

2. Adsorption of ions from the solution onto previously neutral surfaces

3. Adsorption of polyelectrolytes, ionic surfactants, or charged
macromolecules

4. Isomorphic substitution of atoms within the surface crystal structure
The charged surface attracts counter-ions (ions of opposite charge) from the

electrolyte solution while repelling co-ions (ions of the same charge). This
redistribution of ions near the surface creates the electric double layer, which consists
of two primary regions:

1. Stern Layer: A compact layer of immobile counter-ions directly adjacent to
the surface, tightly bound by electrostatic forces.

2. Diffuse Layer: A region extending from the Stern layer into the bulk fluid
where counter-ions are concentrated but mobile, with their concentration
decreasing exponentially with distance from the surface.

The interface between these two layers is known as the shear plane, and the

electric potential at this plane is termed the zeta potential (). The zeta potential is a
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critical parameter in electroosmotic flow as it directly influences the velocity and
direction of the flow when an electric field is applied.

The thickness of the EDL is characterized by the Debye length. The Debye
length typically ranges from a few nanometers in high ionic strength solutions to
several hundred nanometers in dilute solutions, making it significantly smaller than

typical microchannel dimensions (tens to hundreds of nanometers).

3.2 Factors Affecting Electroosmotic Flow
Several factors significantly influence electroosmotic flow characteristics in

microchannels, these are discussed below.

3.2.1 Zeta Potential Variations
Spatial variations in zeta potential along channel surfaces can dramatically
alter flow patterns. As demonstrated by Zhang et al. (2006), heterogeneous zeta
potentials can generate complex flow structures:
o Symmetrically wavelike slip zeta potentials tend to produce symmetrical
secondary electroosmotic flows
o Wave-like zeta potentials with varying phases or amplitudes generate
asymmetrical vortices
o Wave-like zeta potentials with different wave numbers create asymmetrical
recirculation patterns
These zeta potential variations can be deliberately engineered to enhance
mixing, as shown by Wang et al. (2007), who improved mixing efficiency from
approximately 50% to about 90% by adding four rectangular blocks with alternating

zeta potentials along the channel.

3.2.2 Electric Field Characteristics
The nature of the applied electric field—whether DC or AC, uniform or non-

uniform—significantly affects electroosmotic flow behavior:
1. DC Electric Fields: Traditional electroosmotic flow utilizes DC fields to

generate uniform plug-like velocity profiles in channels with homogeneous
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surface properties. However, as noted by Usefian and Bayareh (2019), DC
fields can produce stronger vortices compared to AC fields under certain
conditions.

2. AC Electric Fields: Alternating current fields introduce time-dependent flow
patterns that can enhance mixing. Chen et al. (2013) demonstrated that AC
electroosmotic (AC-EO) micromixers with asymmetric electrode pairs can
generate unique three-dimensional flow patterns, achieving mixing
enhancement factors between 290 and 360.

3. Field Frequency: The frequency of AC electric fields plays a crucial role in
determining flow behavior. Huang et al. (2014) showed through numerical
simulations that symmetric/asymmetric circulation zones could be generated
by switching the phase-shift arrangement of microelectrodes, with the mixing
performance being affected by AC frequency among other parameters.

4. Field Amplitude: The amplitude of the applied voltage directly influences
mixing efficiency. Sasaki et al. (2010) demonstrated that higher applied
voltages led to more rapid mixing in AC electroosmotic flow mixers, while
Usefian et al. (2019) showed mixing efficiency increasing from 21% to
95.56% when applying DC electric fields with voltages ranging from 0 V to
40 V.

3.2.3 Fluid Properties
The characteristics of the fluid being transported also impact electroosmotic
flow. These characteristics are:

1. Tonic Concentration: Li et al. (2019) investigated electroosmotic flow in
DNA-grafted hard PDMS channels, finding that EOF velocity was size-
dependent at low ionic concentrations and independent of size at high ionic
concentrations. Additionally, Peng and Li (2015) observed that extremely high
ionic concentrations (exceeding 1 M) significantly reduced EOF mobility,

hindering channel entry.
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2. Non-Newtonian Behavior: The rheological properties of non-Newtonian
fluids introduce additional complexity to electroosmotic flows. Lv and Chen
(2022) found that mixing performance was better for shear-thinning fluids
compared to shear-thickening fluids, while Usefian et al. (2019) observed that
circulation zones exhibited much greater intensity in shear-thinning fluids.

3. Viscoelasticity: The time-dependent response of viscoelastic fluids affects
electroosmotic flow patterns. Chen et al. (2023) used the Oldroyd-B
constitutive model to describe viscoelastic fluids like polyacrylamide (PAA)
solutions, finding that the Weissenberg number significantly influenced flow

rate and mixing efficiency.

3.3 Governing Equations

3.3.1 Fluid Dynamic Equations
The flow dynamics of incompressible fluids in microchannels can be
described by the continuity equation and the Navier-Stokes equations:

Vi=0 3.1)

p(% +(u.Vi )] =—Vp+ uV%ii +F, (3.2)

where i is the velocity vector (m/s), p is the fluid density (kg/m?), p is the pressure

(Pa), u is the dynamic viscosity (Pa‘s), F, represents the electrokinetic body force

(N/m?) and ¢ implies time (s).

3.3.2 Electric Field Equations
The electric field within the microchannel is described by the Laplace

equation for the electric potential:
Vig=0 (3.3)
where ¢ is the electric potential (V).

For cases involving time-dependent electric fields, such as AC electroosmotic

flow, the applied potential takes the form:
¢ ==x¢,sin(2x ft +6) 3.4
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where ¢, is the amplitude of the applied potential (V), f is the frequency (Hz), ¢ is

time (s), and € is the phase angle (radians).
When considering the electric double layer (EDL) formation at solid-liquid

interfaces, the Poisson equation provides a more comprehensive description of the

Vi =—Le (3.5)

€,
where y is the electric potential due to the charged surface and EDL (V), p, is the net
charge density (C/m3), &is the relative permittivity of the medium, and ¢,is the
permittivity of vacuum (8.854 x 107'2 F/m). The charge density p, is related to the ion

concentration distribution through:
pe:FZZici (36)
where F' is Faraday's constant (96,485 C/mol), z, is the valence of ion species i, and

¢, is the concentration of ion species i (mol/m?).

3.3.3 Ion Transport Equations
The distribution of ions within the electrolyte solution is governed by the
Nernst-Planck equation, which accounts for ion transport through diffusion,

electromigration, and convection:

oc, zF

—+V:|-DV¢,——D.cVy+iic. |=0

at ( i i RT i1 l// tj (37)
where D, is the diffusion coefficient of ion species i (m?/s), R is the universal gas

constant (8.314 J/(mol-K)), and T is the absolute temperature (K).

3.3.4 Species Transport Equations
For analyzing the mixing performance of micromixers, the transport of a non-

reactive scalar concentration field is modeled using the convection-diffusion equation:

%w'(ca):v-(mc) (3.8)
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where c is the concentration of the species (mol/m?) and D is the diffusion coefficient
(m?/s). The mass diffusivity of the Newtonian fluid for this study is assumed to be

1x10°"" m?/s.

3.3.5 Electroosmotic Force and Velocity

In the Helmholtz-Smoluchowski framework, for thin electric double layers
compared to the channel dimensions, the electroosmotic flow can be modeled using a
slip velocity boundary condition rather than directly incorporating the electroosmotic
body force in the Navier-Stokes equations. The electroosmotic slip velocity is given
by:

_ N

w0 = P 3.9
U u ) (3.9)

where i, 1s the electroosmotic slip velocity (m/s), ¢ is the zeta potential (V), and
V ¢ represents the tangential gradient of the electric potential along the surface.

For cases where the EDL thickness is not negligible compared to the channel
dimensions, the full Poisson-Nernst-Planck-Navier-Stokes (PNPNS) system must be

solved, with the electroosmotic body force expressed as:

E=pV¢ (3.10)

3.4 Boundary Conditions
Appropriate boundary conditions are essential for accurately modeling
electroosmotic flow and mixing phenomena. This section details the boundary

conditions applied to the governing equations described above.

3.4.1 Hydrodynamic Boundary Conditions
For fluid flow, the following boundary conditions are applied:
Inlet Condition: At the inlets, either a constant velocity or pressure is

specified:

<y

zﬁln or p:pm (311)
Outlet Condition: At the outlet, either a pressure condition or stress-free

condition is applied:
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P=Pye OF n-(=pl+u(Vii + (Vi)' ))=0 (3.12)
where n is the unit normal vector to the boundary.
Wall Boundary Condition: For walls without electroosmotic effects, the no-
slip condition is applied:
=0 (3.13)
For walls with electroosmotic effects, the Helmholtz-Smoluchowski slip
velocity condition is used:

€606

v, 14
u ¢ (3.14)

i =—

3.4.2 Electric Field Boundary Conditions
The electric field boundary conditions depend on the specific electrode
configuration:
Electrode Surfaces: At electrode surfaces, a prescribed potential is applied:
D= Duppiica (3.15)
For time-dependent potential applications (AC electroosmotic flow):
¢ =x¢,sin(27 ft + 0) (3.16)
Insulating Walls: For electrically insulating walls, a zero normal current
density condition is applied:
n-Vg=0 (3.17)
Inlet and Outlet Boundaries: Typically, electrical insulation conditions are

also applied at inlet and outlet boundaries:

n-Vg=0 (3.18)

3.4.3 Concentration Field Boundary Conditions

For species concentration, the following boundary conditions are used:

Inlet Condition: At inlets, specified concentrations are prescribed. For a two-
inlet micromixer with different solutions:

c=c atinletl

(3.19)

c=c, atinlet2
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Typically, normalized concentrations of 1 and 0 are used for the two inlets to facilitate
analysis of mixing performance.
Outlet Condition: At the outlet, a convective flux boundary condition is

applied, assuming no diffusive flux in the normal direction:

n-DVe=0 (3.20)

Wall Boundary Condition: At wall boundaries, a no-flux condition is
typically applied:

n-(DVc+iic)=0 (3.21)

3.5 Performance Metrics

Several metrics are employed to evaluate the performance of electroosmotic
micromixers:

Mixing Efficiency: The primary performance metric is the mixing efficiency

(1), which quantifies the degree of homogenization achieved:

2
nz[l— 2 JxlOO% (3.22)

max

where o’ is the variance of the concentration distribution at a given cross-section:
1
2 _ = =2
o= AJ.A(C c)'dA (3.23)

and o, is the maximum possible variance corresponding to completely unmixed

max

fluids:
ol =c(l-¢) (3.24)

with ¢ being the mean concentration.

Relative Mixing Efficiency: To isolate the effect of electroosmotic actuation,
the relative change in mixing efficiency with respect to the steady state (without
electric field) is also calculated:

An=n-1n, (3.25)

where 7,1s the mixing efficiency at the fully developed steady state (z = 0 s).
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Both of the above-mentioned performance metrics (mixing efficiency and
relative mixing efficiency) are utilized to comprehensively evaluate and compare

different micromixer designs and operating conditions.

3.6 Numerical Methods and Solution Procedure
The coupled system of partial differential equations governing electroosmotic
flow and mixing requires robust numerical methods for accurate solutions. This

section outlines the numerical approaches employed in this study.

3.6.1 Finite Element Method

The finite element method (FEM) is utilized as the primary numerical
approach for discretizing and solving the governing equations. FEM offers several
advantages for microfluidic simulations, including:

1. Ability to handle complex geometries

2. Flexibility in implementing boundary conditions
3. Natural treatment of second-order derivatives

4. High accuracy for smoothly varying solutions

In the FEM framework, the computational domain is discretized into a
collection of elements (typically triangular or tetrahedral), and the governing
equations are transformed into their weak form. The solution variables are
approximated using basis functions defined on these elements, resulting in a system of
algebraic equations.

For the velocity and pressure fields, we employ the Taylor-Hood elements
with quadratic basis functions for velocity (P2) and linear basis functions for pressure
(P1). This combination satisfies the Ladyzhenskaya-Babuska-Brezzi (LBB) stability
condition, preventing spurious pressure modes.

The electric potential and concentration fields are discretized using quadratic
(P2) basis functions to ensure an accurate representation of gradients, which are

particularly important for electroosmotic flow calculations.
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3.6.2 Simulation Workflow

The numerical simulations follow a structured workflow designed to

efficiently and accurately capture the electroosmotic mixing phenomena:

1.

Geometry creation: The micromixer geometry is created based on the design
parameters, including channel dimensions, electrode configurations, and
obstruction features.

Mesh generation: A computational mesh is generated following the strategy
described in Section 3.4, with appropriate refinement in regions of interest.
Steady-state initialization: A steady-state solution without electric field
activation is obtained to establish the initial flow field and concentration
distribution.

Transient simulation: Using the steady-state solution as the initial condition,
a time-dependent simulation is performed with activated electric fields to
capture the electroosmotic mixing process.

Post-processing and analysis: The simulation results are analyzed to evaluate

mixing performance, flow characteristics, and other quantities of interest.

3.6.3 Computational Approach

The computational approach is specifically tailored to the challenges of

electroosmotic mixing simulations:

Two-Stage Solution Strategy: To reduce computational requirements, a two-

stage solution strategy is implemented:

1.

Stage 1: A fully developed steady-state solution is obtained by solving the
continuity, momentum, and convection-diffusion equations without electric
field effects.

Stage 2: Using the results from Stage 1 as initial conditions, a time-dependent
simulation is performed, incorporating the electric field equations along with
the Navier-Stokes and convection-diffusion equations. This stage captures the

electroosmotic effects and mixing enhancement.
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Solver Settings: The MUMPS direct solver is employed with a memory
allocation factor of 1.2. For the non-linear solver, a Newton method with a damping
factor of 0.9 is used. The relative tolerance for convergence is set to 107,

Discretization Schemes: The following discretization schemes are employed:

e Quadratic (P2) elements for velocity field

e Linear (P1) elements for pressure field

e Quadratic (P2) elements for species transport and electric potential

Time Stepping: An adaptive time-stepping scheme is implemented with the
following characteristics:

o Initial time step: 0.001 s

e Minimum time step: 0.0001 s

e Maximum time step: 0.01 s

o Time step adjustment based on solution behavior and convergence rate

For simulations with AC electric fields, the time step is further restricted to
ensure adequate resolution of the voltage oscillations:

e Maximum time step < 1/(20f), where f is the AC frequency

3.6.4 Parametric Study Approach
To thoroughly investigate the behavior and performance of electroosmotic
micromixers, systematic parametric studies are conducted. The parameter space
explored includes:
Geometric Parameters:
e Mixing chamber diameter/dimensions
e Electrode size and positioning
e Channel aspect ratio
e Obstruction geometry and placement
Electric Field Parameters:
e Voltage amplitude
e AC frequency

o Phase difference between electrode pairs
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e Electrode polarity configurations
Flow Parameters:
o Inlet velocity
o Fluid properties (viscosity, density, diffusion coefficient)
e Reynolds number
e Péclet number
This comprehensive approach enables the identification of the key parameters
influencing mixing performance and the development of optimized micromixer

designs.

3.7 Mesh Generation and Independence Study

The accuracy and reliability of numerical solutions depend significantly on the
quality and resolution of the computational mesh. This section describes the mesh
generation strategy and the mesh independence study conducted to ensure that the

numerical results are independent of the spatial discretization.

3.7.1 Mesh Generation Strategy

A structured mesh with unstructured triangular elements is employed for
discretizing the computational domain. The mesh is generated with the following
considerations:

1. Refinement near walls and electrodes: Higher mesh density is applied near
walls and electrodes to accurately resolve the steep gradients in the electric
field and velocity.

2. Refinement in mixing regions: Areas where intense mixing is expected, such
as after obstacles or in the vicinity of electrode pairs, are refined to capture the
complex flow patterns and concentration gradients.

3. Graded mesh transition: Smooth transitions between regions of different
mesh densities are ensured to maintain solution accuracy and stability.

4. Aspect ratio control: The aspect ratio of mesh elements is controlled to

prevent highly elongated elements that could degrade solution accuracy.
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5. Mesh quality metrics: Additional quality metrics including skewness and
orthogonal quality are monitored to ensure overall mesh quality.

The mesh is generated using a dedicated mesh generation algorithm that

creates an initial coarse mesh and progressively refines it based on geometric features

and anticipated solution characteristics.

3.7.2 Mesh Independence Study and Mesh Structure

To ensure that the numerical results are independent of the spatial
discretization, a systematic mesh independence study is conducted. This involves
creating a series of progressively refined meshes and comparing the solutions
obtained on these meshes.

For the circular electroosmotic micromixer with cross-reciprocal electrodes as
shown in Figure 3.1(a), six different mesh densities were evaluated, designated as G1,
G2, G3, G4, G5, and G6, consisting of 1578, 2386, 5038, 9158, 11536, and 12736
domain elements, respectively. The mesh independence study was performed using
the following operating conditions:

o Inlet velocity: u, =300 um/s; Voltage amplitude: ¢,= 100 mV
e AC frequency: f= 8 Hz; Mixing chamber diameter: D = 20 pum
e Length of the main channel: L = 80 um

Table 3.1 shows the mixing efficiency at the micromixer outlet for different
mesh densities. For each grid size (Gn), the percent error is computed considering the

finest grid (G6 with 12736 elements) as the reference value, that

is, % error =100 x |77(Gn) - 77(G6)| /n(G6)% . The results indicate that the difference in

mixing efficiency between mesh G5 (11536 elements) and G6 (12736 elements) is
negligible (0.01%). Therefore, mesh G5 was selected as the optimal mesh for the
simulations, balancing computational efficiency with solution accuracy. The mesh
distribution of the selected mesh (G5) of the computational domain is shown in Figure

3.1(b).

39



Chapter — 3: Mathematical Formulation and Numerical Procedure

D

Electrode 1 <

 Electrode 2

Inlet 1

. Outlet
(a) Inlet 2 = e

Electrode 3 7 N Electrode 4

(b)

Figure 3.1 Circular electroosmotic micromixer with cross-reciprocal electrodes:
(a) Schematic diagram, (b) Grid structure of the computational domain with
mesh G5 for mesh study with z = 300 um/s, ¢,= 100 mV, /= § Hz.

Table 3.1 Mixing efficiency versus grid numbers at the micromixer outlet.

Grid  Number of domain elements Mixing efficiency (n) % Error in n
Gl 1578 0.56082 4.12%
G2 2386 0.57162 2.27%

G3 5038 0.57751 1.26%
G4 9158 0.58018 0.81%
G5 11536 0.58481 0.01%
G6 12736 0.58489 0.00%

For the square split-and-recombined electroosmotic micromixer (SSAR)
shown in Figure 3.2(a), a similar mesh independence study was conducted with mesh
sizes MG1, MG2, MG3, MG4, and MGS5 having 4432, 5044, 9687, 11798, and 13286
grid elements, respectively. The mesh independence study was performed using the
following operating conditions:

o Inlet velocity: u, =200 um/s; Voltage amplitude: ¢,= 100 mV
e AC frequency: f'= 8 Hz; Mixing chamber length: L; = 30 pm
e Micromixers’ total length: L = 80 um; Obstacle length L, = 20 um
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Table 3.2 shows the mixing efficiency at the micromixer outlet for different
mesh densities. The results indicate that the difference in mixing efficiency between
mesh MG4 (11798 elements) and MGS5 (13286 elements) is negligible (0.01%).
Therefore, mesh MG4 was selected as the optimal mesh for the simulations, balancing
computational efficiency with solution accuracy. The corresponding mesh distribution
plot for the selected mesh (MG4) of the computational domain is shown in Figure
3.2(b).

Table 3.2 Mixing efficiency versus grid numbers at the micromixer outlet.

Grid  Number of domain elements Mixing efficiency (1) % Error in n
MG1 4432 0.74134 1.11%
MG2 5044 0.74791 0.24%
MG3 9687 0.74865 0.14%
MG4 11798 0.74958 0.01%
MGS5 13286 0.74968 0.00%

(@

Inlet-1
Inlet-2

p-Electrode

Outlet

(b)

Figure 3.2 Square Split And Recombined (SSAR) electroosmotic micromixer with cross-
reciprocal electrodes: (a) Schematic diagram, (b) Grid structure of the computational domain

with mesh MG4 for mesh study with =200 pm/s, ¢, =100 mV, f=8 Hz.
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It is important to note that mesh independence studies were conducted for each
distinct geometry investigated in this research, with appropriate mesh densities

selected based on similar convergence criteria.

3.8 Validation of Numerical Models
Validation of the numerical models is essential to establish confidence in the
simulation results. This section describes the validation studies conducted to verify

the accuracy of the numerical methods employed in this research.

3.8.1 Validation of Electroosmotic Flow Model

The electroosmotic flow model was validated by comparing numerical
predictions with analytical solutions for simple channel geometries. For a straight
rectangular channel with uniform zeta potential and DC electric field, the velocity
profile from the numerical simulation was compared with the Helmholtz-
Smoluchowski analytical solution. The numerical results showed excellent agreement

with the analytical solution, with relative errors below 1% throughout the domain.

3.8.2 Validation against Experimental Data

For more complex geometries and flow conditions, validation against
experimental data is necessary. The numerical model was validated by comparing
simulation results with experimental and numerical measurements from the literature.

Specifically, first the concentration distribution in a T-microchannel with
homogeneous surface charge with experimental data of Biddiss et al. (2004) at exit,
with an applied electric field strength of 70 V/cm and 280 V/cm (Figure 3.3(a)).
Secondly, the concentration distribution in a microchannel with two axisymmetrically
placed conducting triangle-shaped constrictions was compared with the experimental
and numerical data of Wu and Li (2008) (Figure 3.3(b)). The comparison was made at
an axial distance of 500 um in the downstream direction, with an applied electric field
strength of 50 V/cm. Lastly, the concentration plot of a one-ring micromixer by
Shamloo et al. (2016) at the outlet (Figure 3.3(c)). These comparisons between the

present numerical results and the experimental and numerical data show a good
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agreement between the numerical and experimental concentration profiles, validating
the accuracy of the numerical approach for the present modeling of electrokinetically

driven micromixing processes.
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Figure 3.3 Numerical verification against the published results: (a) experimental concentration
results of Biddiss et al. (2004) for applied electric field 70 and 280 V/cm; (b) experimental and
numerical concentration results of Wu and Li (2008) for applied electric field S0 V/cm at 500 pm
offset distance; (c) numerical concentration results of Shamloo et al. (2016) at the outlet of the
micromixer.

To further assert the quantitative accuracy, the percentage deviation between
the present and reference data has been plotted as an inset in the respective figures,
computed using the relation Error (%) = 100 X |(Cum — Cref) / Crefl, Where cnum and Cret
represent the present numerical and reference (experimental or published numerical)

concentrations, respectively. The average percentage error between the experimental

results of Biddiss et al. (2004) and the present numerical predictions is 2.25% for an
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applied electric field strength of 70 V/cm and 5.17% for 280 V/cm, while the
corresponding maximum deviations are 4.50% and 14.5%, respectively. The
comparison with the experimental data of Wu and Li (2008) shows an average error
of 3.38% and a maximum deviation of 13.87%. For the numerical model validation
against Shamloo et al. (2016), the average deviation is 1.39%, with a maximum
deviation of only 2.99%. These quantitative results demonstrate that the present
numerical model accurately captures the electrokinetically driven micromixing

behavior, with deviations well within acceptable limits for microfluidic simulations.

Additional validation was also performed by comparing the numerically
predicted mixing efficiency and velocities with numerical and analytical
measurements for various mixer geometries and operating conditions. In all cases, the
numerical predictions fell within the experimental uncertainty bounds, further

confirming the reliability of the numerical approach.

3.9 Closure

This chapter has presented a comprehensive overview of the mathematical
formulation and numerical procedures employed in this research. The governing
equations for electroosmotic flow and species transport have been established,
including the Navier-Stokes equations for fluid dynamics, the Poisson equation for
electric potential distribution, and the convection-diffusion equation for species
concentration. The boundary conditions, performance metrics, and numerical solution
approach using the finite element method have been detailed to provide a robust
framework for the investigations that follow.

The numerical methodology is consistently applied throughout the subsequent

chapters to analyze four distinct electroosmotic micromixer configurations.
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Mixing Enhancement in an AC Electroosmotic
Micromixer with a Circular Mixing Microchamber

4.1 Introduction

In this chapter, an attempt is made to enhance mixing in microfluidic systems
through the implementation of an AC electroosmotic micromixer with a circular
mixing microchamber. This design leverages the principles of electrokinetics to
induce chaotic advection and improve mixing efficiency, even in low Reynolds
number flows characteristic of microfluidic devices.

The circular mixing microchamber represents a novel geometric configuration
that, when combined with strategically placed electrodes and AC electric fields, can
potentially overcome the limitations of traditional micromixer designs. By introducing
time-dependent electroosmotic flows, this approach aims to disrupt the highly ordered
laminar flow typically observed in microchannels and promote rapid mixing of fluid
species.

This chapter will provide a comprehensive examination of the proposed
micromixer design, including its theoretical foundations, numerical modeling, and
performance analysis under various operating conditions. Through this investigation,
we seek to contribute to the growing body of knowledge on electrokinetic
micromixing and offer insights into the design and optimization of more efficient

microfluidic mixing devices.

4.2 Relevant background works

The field of microfluidic mixing has seen significant advancements over the
past two decades, with researchers exploring various strategies to overcome the
challenges posed by laminar flow regimes in microscale devices. This section
provides a critical review of the relevant literature, focusing on the development of
electrokinetic micromixers and the evolution of design strategies aimed at enhancing

mixing efficiency.
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Microfluidic devices have gained significant attention in recent years due to
their wide-ranging applications in biomedical analysis, chemical synthesis, and
environmental monitoring (Hessel et al., 2005; Chin et al., 2007). A critical
component of these devices is the micromixer, which facilitates the rapid and efficient
mixing of fluids at the microscale. However, achieving effective mixing in
microfluidic systems poses unique challenges due to the laminar flow regime
typically encountered at such small scales (Soleymani et al., 2008).

Among active mixing techniques, electrokinetic approaches have gained
significant attention due to their ability to generate complex flow patterns without
moving parts. Green et al. (2000) conducted pioneering work on AC electroosmotic
flow, elucidating the fundamental mechanisms of fluid motion induced by non-
uniform AC electric fields. This laid the groundwork for subsequent research on
electrokinetic micromixers.

Chen et al. (2013) developed an AC electroosmotic micromixer using
asymmetric pairs of planar electrodes, demonstrating improved mixing performance
through the generation of localized vortices. Huang et al. (2007) further advanced this
concept by introducing a multi-electrode configuration that enhanced mixing
efficiency for both stationary and continuous fluid flows.

Recent research has focused on optimizing electrokinetic micromixer designs
through advanced modeling and simulation techniques. Deng et al. (2018) employed
topology optimization to determine optimal electrode patterns for electroosmotic
micromixers, showcasing the potential for computational methods in device design.
Nazari et al. (2020) conducted a comprehensive geometrical study on an induced-
charge electrokinetic micromixer, highlighting the importance of electrode placement
and configuration.

While various geometries have been explored for micromixer designs, the use
of circular mixing chambers in electrokinetic systems remains relatively unexplored.
Bagherabadi et al. (2019) investigated the effect of chamber aspect ratio on mixing
efficiency in rectangular electrokinetic mixers, suggesting that chamber geometry
plays a crucial role in device performance. However, the specific advantages and
challenges associated with circular mixing chambers in the context of AC

electroosmotic mixing have not been thoroughly addressed in the literature.
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4.3 Research Gaps and Opportunities

Despite the significant progress in electrokinetic micromixer development,

several research gaps remain:

Limited understanding of the interplay between circular chamber geometry

and AC electroosmotic effects on mixing efficiency.

Lack of comprehensive studies on the optimization of electrode placement and

AC signal parameters in circular mixing chambers.

Insufficient exploration of the non-linear characteristics of electroosmotic

flows in complex geometries.

Need for more robust numerical models that accurately capture the

multiphysics nature of electrokinetic mixing processes.

This literature review highlights the need for further investigation into AC

electroosmotic micromixers with circular mixing chambers, setting the stage for the

objectives and approach of the present study.

4.4 Objectives of the Study

Based on the identified research gaps and the potential advantages of circular

mixing chambers in electrokinetic micromixers, this study aims to address the

following objectives:

1.

Design and analyze an AC electroosmotic micromixer incorporating a circular

mixing microchamber to enhance mixing efficiency in microfluidic systems.

Investigate the influence of key geometric parameters, particularly the
diameter of the circular mixing chamber, on the mixing performance of the

proposed device.

Evaluate the effects of operational parameters, including inlet velocity, AC
voltage amplitude, and frequency, on the mixing efficiency and flow

characteristics within the circular chamber.

Develop a comprehensive understanding of the non-linear electrokinetic
phenomena and their interaction with the circular chamber geometry to

optimize mixing performance.

47



Chapter —4: AC Electroosmotic Micromixer with a Circular Microchamber

5. Identify optimal operating conditions and design guidelines for the proposed
micromixer to achieve maximum mixing efficiency across a range of flow

rates relevant to microfluidic applications.

6. Assess the potential advantages and limitations of the circular mixing chamber
design compared to conventional rectangular geometries in the context of AC

electroosmotic mixing.

7. Contribute to the broader understanding of electrokinetic mixing mechanisms
in complex geometries and provide insights for the design of more efficient

microfluidic mixing devices.

By addressing these objectives, this study aims to advance the field of
electrokinetic micromixing and provide valuable insights for the development of next-

generation microfluidic devices with enhanced mixing capabilities.

4.5 Design and Concept of Circular Mixing Microchamber

The proposed AC electroosmotic micromixer with a circular mixing
microchamber represents a novel approach to enhancing mixing efficiency in
microfluidic systems. This section details the design considerations, conceptual
framework, and potential advantages of incorporating a circular geometry into the

mixing chamber.

4.5.1 Geometric Configuration

The micromixer design consists of the following key components:

e  Main microchannel: A straight channel with two inlets and one outlet,
providing the primary flow path for the fluids to be mixed. The length (L)
and width (W) of the microchannel are fixed at 80 ym and 10 um,
respectively.

o Circular mixing microchamber: A circular chamber positioned at the
center of the micromixer, designed to induce complex flow patterns and
enhance mixing. The diameter (D) of the mixing chamber is varied from
20 um to 40 um to investigate its impact on mixing efficiency.

o Electrode configuration: Two pairs of symmetrically cross-reciprocal
microelectrodes positioned on the peripheral wall of the circular chamber

at /4 and 3n/4 radians.

48



Chapter —4: AC Electroosmotic Micromixer with a Circular Microchamber

Figure 4.1 presents a schematic diagram of the proposed micromixer design,

illustrating the arrangement of these components.
D

Electrode 1 « ! , Electrode 2

Inlet 1

d Outlet
Inlet 2 = uHe

Electrode 3 7 N Electrode 4

Figure 4.1 Schematic diagram of the AC electroosmotic micromixer with circular mixing
microchamber, depicting the main microchannel, inlets, outlet, circular mixing chamber, and
electrode positions.

4.5.2 Rationale for Circular Chamber Design
The incorporation of a circular mixing chamber offers several potential
advantages over traditional rectangular geometries:

1. Symmetry and uniformity: The circular geometry provides radial symmetry,
potentially leading to more uniform mixing across the chamber.

2. Elimination of corner effects: The absence of sharp corners reduces the
likelihood of dead zones or regions of stagnant flow, which can impede
mixing in rectangular chambers.

3. Enhanced vortex formation: The curved walls of the circular chamber may
facilitate the formation and propagation of electroosmotic vortices, promoting
chaotic advection.

4. Optimized electrode placement: The circular geometry allows for strategic
positioning of electrodes to maximize the impact of electroosmotic effects on
fluid motion.

5. Potential for scale-invariant behavior: The circular design may exhibit
similar mixing characteristics across different size scales, offering flexibility

in device fabrication and application.

4.5.3 Electrokinetic Actuation Mechanism

The mixing enhancement in the proposed device relies on the principles of AC
electroosmosis. When an alternating electric field is applied to the electrodes, it
induces time-dependent electroosmotic slip velocities at the fluid-solid interface.

These slip velocities generate complex flow patterns within the circular chamber,
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disrupting the traditional laminar flow with parallel streamline patterns and promoting

mixing through chaotic advection.

The key features of the electrokinetic actuation mechanism include:

Time-varying electric field: The application of an AC signal with a
frequency (2—18 Hz) and a voltage amplitude (100-500 mV) creates a
dynamic electric field within the chamber.

Induced charge electroosmosis: The interaction between the applied
field and the electrical double layer (EDL) at the electrode-fluid
interface results in induced charges and subsequent fluid motion.
Vortex generation: The symmetrical arrangement of electrodes
promotes the formation of counter-rotating vortices within the circular
chamber.

Chaotic advection: The time-dependent nature of the AC field leads to
periodic stretching and folding of fluid elements, enhancing mixing

through chaotic advection.

4.5.4 Theoretical Considerations

The behavior of fluid within the circular mixing chamber under AC

electroosmotic actuation can be described by a combination of electrokinetic and fluid

dynamic principles. The key governing equations, as detailed in Chapter 3, include:

1.

2
3
4.
5

Navier-Stokes equations for incompressible flow

Continuity equation

Poisson equation for electric potential distribution
Helmbholtz-Smoluchowski equation for electroosmotic slip velocity

Convection-diffusion equation for species transport

The circular geometry introduces additional complexities in solving these

equations, particularly in terms of boundary conditions and the representation of

electric field distributions. These challenges necessitate careful consideration in the

numerical modeling and analysis of the proposed micromixer.

4.5.5 Design Parameters and Variables

The performance of the AC electroosmotic micromixer with a circular mixing

chamber is influenced by several key parameters:
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Geometric parameters:
o Diameter of the circular chamber (D)
e Width of the main microchannel (W)
e Length of the micromixer (L)
o Electrode size and positioning
Operational parameters:
o Inlet velocity (uo)
e AC voltage amplitude (¢o)
e AC frequency (f)

. Fluid properties:

e Viscosity ()
e Density (p)
o Diffusion coefficient of species (D;)

. Electrical properties:

e Electrolyte conductivity (o)
e Dielectric constant (¢)

e Zeta potential at the wall-fluid interface ({)

The interplay between these parameters and their impact on mixing efficiency

forms the basis of the investigation presented in this chapter. By systematically

varying geometric and operational parameters while maintaining constant fluid and

electrical properties, the study aims to optimize the micromixer design for enhanced

mixing performance. The values of these parameters are summarized in Table 4.1.

Table 4.1 Constant properties and initial parameters employed in numerical

modeling.

Symbol Description Values

p Fluid density 1000 kg/m?

yri Dynamic viscosity of fluid 1.0 x 1072 Pa-s

K Conductivity of the fluid 118.45 x 102 S/m
€o Permittivity of vacuum 8.854x1012 F/m

&r Relative permittivity of fluid 80.2

o Zeta potential -100 mV

D; Diffusion coefficient of fluid 1.0x107'" m?/s
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Co Initial concentration of fluid species 1 mM
f Alternating voltage frequency 2-18 Hz
do Voltage amplitude 100-500 mV

4.6 Results and Discussion

This section presents a comprehensive analysis of the performance of the AC
electroosmotic micromixer with a circular mixing microchamber. The results are
derived from numerical simulations based on the established theoretical model and
computational framework, supported by validation studies (both experimental and
numerical) described in Chapter 3.

An additional key observation from the electroosmotic micromixer with cross-
reciprocal electrodes—supported by insights from both literature and the present
investigation across all four configurations—reveals that vortex generation plays a
pivotal role in enhancing overall mixing performance. The interaction between the
alternating electric field and the induced flow field leads to the formation of counter-
rotating vortex pairs within the mixing chamber. These vortices create localized
recirculation zones that continuously stretch and fold the concentration interface
between incoming fluid streams, thereby intensifying convective transport. The
periodic disruption of flow symmetry caused by vortex motion accelerates diffusive
mixing and promotes greater concentration uniformity throughout the domain. The
enhancement becomes particularly prominent at frequencies where the electroosmotic
and convective time scales are optimally synchronized, resulting in strong fluid
deformation and rapid homogenization. This vortex-driven mechanism provides a
clear physical explanation for the observed improvement in mixing efficiency and
offers critical guidance for determining the optimal combinations of geometric design
and operating parameters governing flow and electric field interactions.

Hence, the following discussion primarily focuses on the effects of geometric
and operational parameters on mixing efficiency, flow characteristics, and overall

device performance.

4.6.1 Effect of Mixing Chamber Diameter on Micromixing Performance
The diameter of the circular mixing chamber significantly influences the

micromixing performance of the proposed device. This section presents a
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comprehensive analysis of the effect of chamber diameter on mixing efficiency, fluid
dynamics, and electrokinetic phenomena.

To investigate the impact of mixing chamber diameter, a set of selective
parameter values are chosen with varying chamber diameters. The simulations are
conducted with diameters ranging from 20 pm to 40 pm, while maintaining constant
inlet velocity (uo = 100 pm/s), voltage amplitude (¢o = 100 mV), and frequency (f'= 8
Hz). The 20 um diameter chamber was initially considered as the base case. It is
crucial to note that once fabricated, the geometry of the micromixer cannot be altered,

emphasizing the importance of determining the optimal size during the design phase.
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Figure 4.2 Spatial distribution of species concentration and fluid streamlines in circular mixing
microchambers of varying diameters. (a) D =20 pm, (b) D =25 pm, (¢) D =30 pm, (d) D =35 pm,
and (e¢) D = 40 pm. Simulation parameters: inlet velocity (#) = 100 pm/s, AC voltage amplitude
(¢0) =100 mV, frequency (f) = 8 Hz, at a time () = 0.575 s.
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Figure 4.2 presents the concentration and streamline profiles within the

micromixer for different chamber diameters at # = 0.575 s. Key observations from this

analysis include:

n [%]

Mixing Mechanisms: At the inlet section, interfacial diffusion is the primary
mixing mechanism. Within the mixing chamber, mixing is predominantly
driven by the alternating pull and push of fluid streams, induced by the
electrical field generated by the AC electrodes.

Vortex Formation: Four distinct vortices are observed within the mixing
chamber for all diameters, spanning from one electrode to the neighboring
electrode. These vortices vary in size over time but remain symmetrical about
the y-axis.

Diameter-Dependent Mixing: As the chamber diameter increases, the mixing
of fluid species decreases. This trend is attributed to the reduced electric field
strength within larger chambers, as the distance between electrodes increases.
Lateral Displacement: Smaller chamber diameters lead to increased lateral
displacement of vortices in the main channel. This enhanced displacement
results in closer streamlines at the intake and exit zones of the smallest
diameter mixing chamber, altering the fluid velocity distribution.

Electric Field Effects: The decrease in chamber diameter intensifies the
electric field strength between electrodes, contributing to stronger
electrokinetic effects. This intensification significantly enhances the
generation of chaotic motion within the laminar flow field, particularly for the

smallest chamber diameter.

40

An |%]

0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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Figure 4.3 Temporal evolution of mixing efficiency for circular mixing microchambers with
diameters ranging from 20 to 40 pm. (a) Absolute mixing efficiency vs. time. (b) Relative mixing
efficiency with respect to steady state vs. time. Simulation parameters: inlet velocity (u#0) = 100
pm/s, AC voltage amplitude (¢0) = 100 mV, frequency (f) = 8 Hz.

To quantitatively assess the micromixer’s performance, the mixing efficiency
at the microchannel exit was calculated for all time steps of the numerical study.
Figure 4.3 illustrates the variation of mixing efficiency with time for different
chamber diameters. The results reveal several important findings:

1. Diameter-Efficiency Correlation: The mixing efficiency consistently
decreases as the mixing chamber diameter increases. This trend is observed
throughout the simulation period.

2. Temporal Evolution: The relative mixing efficiency with respect to steady
state (Figure 4.3b) demonstrates that smaller chamber diameters achieve
steady-state mixing more rapidly.

3. Optimal Performance: The 20 pm diameter chamber consistently achieves
the highest mixing efficiency throughout the simulation period. This optimal
diameter effectively balances the intensification of electrokinetic effects with
the residence time of fluid elements within the mixing chamber.

4. Chaotic Motion Enhancement: The utilization of an alternating current
sinusoidal time-varying electric field applied to the electrodes significantly
enhances the generation of chaotic motion within the laminar flow field. This
effect is particularly pronounced for the smallest chamber diameter.

5. Laminar Flow Disruption: The increased volume of chaotic motion and
vortices in smaller chambers effectively breaks the highly ordered laminar

flow, thus enhancing the overall mixing efficiency of the micromixer.

Based on this comprehensive analysis, it can be conclude that the 20 um
diameter chamber offers the optimal mixing performance for the proposed
micromixer design. This configuration maximizes the benefits of strong electrokinetic
effects, enhanced vortex formation, and efficient laminar flow disruption. The
selection of the 20 um chamber diameter as the optimal design parameter has
significant implications for the remainder of this study. All subsequent analyses and

optimizations have been conducted using this fixed chamber diameter, allowing us to
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focus on other critical parameters such as fluid flow characteristics and electric field
properties.

This rigorous approach to design optimization ensures that the proposed
micromixer achieves the highest possible mixing efficiency while maintaining

practicality for potential fabrication and implementation in microfluidic systems.

4.6.2 Influence of Inlet Velocity

To identify the suitable range of inlet velocities for efficient mixing,
simulations were conducted for velocities ranging from 50 pm/s to 500 pum/s, while
maintaining constant chamber diameter (D = 20 pm), voltage amplitude (¢o = 100
mV), and frequency (f'= 8 Hz). Figure 4.4 presents the mixing efficiency and relative
mixing efficiency change with respect to steady-state for different inlet velocities.
Figure 4.5 illustrates the concentration and streamline profiles within the micromixer

for different inlet velocities at 7 = 0.55 s.

100
60 |
80+
40
60 _— . T emavesaiomie o
c\? i 20+
= 40F <
== -u,= 50pm/s -----u,=200 pm/s Coee-cu,=50pm/s  — — u, =200 pm/s
—u,=100 pm/s —--= u,=250 pm/s 20 === u,=100 pm/s e u, =250 pm/s
U e u, =150 pm/s - - - - u, =500 um/s —u,=150 pm/s ----- u, =500 pm/s
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
ts] 1 [s]
(2) (b)

Figure 4.4 Effect of inlet velocity on mixing efficiency [D = 20 pm, ¢o = 100 mV, f= 8 Hz|: (a)
Mixing efficiency versus time for various inlet velocities, and (b) Relative mixing efficiency
change with respect to steady state for different inlet velocities.
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H

Figure 4. 5 Concentration and streamline profiles for various inlet velocities at r = 0.55 s [D = 20
pm, ¢o = 100 mV, f= 8 Hz|: (a) uo = 50 pm/s, (b) uo = 100 pm/s, (¢) ue = 150 pm/s, (d) uo = 200
pm/s, (e) uo =250 pm/s, and (f) uo = 500 pm/s.

Key findings from the analysis of Figures 4.4 and 4.5 include:

1. Optimal velocity range: The velocity range of 100 pum/s < uo < 200 um/s
appears to be critical, indicating a balance between fluid inertia,
electroosmotic forces, and species diffusion within the mixing microchamber.

2. Non-linear behavior: The relationship between inlet velocity and mixing
efficiency is non-linear, contrary to expectations based on previous literature.
After an initial decrease, there is a rapid increase in mixing efficiency with
increasing velocity, with the rate of change varying for different velocities.

3. Mixing efficiency: The highest mixing efficiency of 94.15% is achieved at uo
= 100 pm/s. The mixing efficiencies at the end of the simulation time for inlet
velocities of 50, 100, 150, 200, 250, and 500 pm/s are 93.94%, 94.15%,
87.48%, 92.12%, 77.71%, and 22.50%, respectively.

4. Relative mixing efficiency: The maximum change in mixing efficiency
relative to the steady-state solution (53.92%) occurs at uo = 200 um/s. The
relative mixing efficiency changes for inlet velocities of 50, 100, 150, 200,
250, and 500 pm/s are 7.56%, 31.43%, 39.75%, 53.92%, 45.78%, and 3.94%,

respectively.
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5. Vortex formation: Four primary vortices are generated due to the applied AC
field at low inlet velocities. The volume of these vortices within the
microchannel decreases with increasing inlet fluid velocity.

6. Secondary vortices: Within the optimal velocity range (100 um/s < uo < 200
um/s), secondary vortices are observed near the upper wall of the mixing
chamber. These secondary vortices enhance the stretching and folding of fluid

streams, resulting in increased mixing at higher intake volumes.

The presence of an optimal velocity range and the observed non-linear
behavior suggest a complex interplay between fluid inertia, electroosmotic forces, and
species diffusion within the mixing chamber. The formation of secondary vortices
within this range further supports the existence of a balance between these forces,
contributing to enhanced mixing performance.

These results underscore the importance of carefully selecting the inlet
velocity to optimize mixing performance in the proposed device. The identified
optimal range provides a guideline for future designs and applications of similar

micromixers in microfluidic systems.

4.6.3 Impact of AC Voltage Amplitude

The amplitude of the applied AC voltage significantly influences the strength
of induced electroosmotic flow and, consequently, the mixing performance in
microchannels. To investigate this effect, simulations were conducted for voltage
amplitudes ranging from 100 mV to 500 mV, considering inlet velocities of 100 um/s,
150 um/s, and 200 um/s, while maintaining a constant frequency of 8 Hz, as presented

in Figures 4.6 and 4.7.
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Figure 4.6 Mixing efficiency as a function of voltage amplitude for various inlet velocities at 7z =
1.0s.

Figure 4.6 illustrates the mixing efficiency variation with potential amplitude
at the simulation endpoint (¢ = 1.0 s) for different inlet velocities. The results reveal a
non-linear relationship between mixing efficiency and voltage amplitude. For an inlet
velocity of 100 um/s, the mixing efficiency peaks at 97.59% with a 300 mV potential
amplitude. In contrast, at 150 um/s, the maximum mixing efficiency of 97.97% is
achieved at 500 mV. For 200 um/s, the highest efficiency of 93.88% occurs at 200
mV.

These observations indicate that the optimal voltage amplitude varies
depending on the inlet velocity, suggesting a complex interplay between
electroosmotic forces and fluid inertia. The non-linear relationship implies that
increasing voltage does not always lead to improved mixing, as excessive

electroosmotic forces may overpower fluid inertia and species diffusion.
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Figure 4.7 Temporal evolution of mixing efficiency for voltage amplitudes ranging from 100 mV
to 500 mV at inlet velocities of (a) 100 pm/s, (b) 150 pm/s, and (c) 200 pm/s.

Figure 4.7 presents the temporal evolution of mixing efficiency for various

voltage amplitudes and inlet velocities. Several key observations emerge:

1.

Higher voltage amplitudes generally yield better mixing efficiency throughout

most of the simulation duration.

Increasing inlet velocity leads to more pronounced fluctuations in mixing

efficiency, likely due to the intensified competition between inertial forces and

electrokinetic effects.

Mixing efficiency curves for higher voltages show rapid initial increases,

followed by oscillations that gradually stabilize.

At lower velocities (100 um/s), the mixing efficiency curves are smoother,

indicating a more stable mixing process.

The fluctuations in mixing efficiency become more prominent at higher

velocities, possibly due to rapid variations in inertial forces under the influence of
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electrokinetic effects. This phenomenon underscores the importance of considering
the entire simulation duration rather than relying solely on endpoint measurements
when optimizing mixer design.

These findings suggest that while higher voltage amplitudes generally improve
mixing, the optimal choice depends on the inlet velocity and desired stability of the
mixing process. For applications requiring consistent mixing performance, a moderate
voltage amplitude might be preferable, especially at higher inlet velocities. The results
highlight the need for careful tuning of operational parameters to achieve optimal

mixing in microfluidic devices.

4.6.4 Effect of AC Frequency

The frequency of the applied AC signal significantly influences the
electroosmotic flow patterns by determining the rate of polarity switches on the
microelectrodes. To investigate this effect, simulations were conducted (as shown in
Figures 4.8 and 4.9) for frequencies ranging from 2 Hz to 18 Hz, maintaining a
constant voltage amplitude of 500 mV. The study considered inlet velocities of 100

um/s, 150 um/s, and 200 pm/s.
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Figure 4.8 Mixing efficiency as a function of AC frequency for inlet velocities of 100, 150, and 200
pm/s atf=1s.
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Figure 4.8 illustrates the mixing efficiency at the simulation endpoint (z = 1.0
s) for various frequencies and inlet velocities. The results reveal a complex
relationship between frequency and mixing performance, with no monotonic trend
observed. The highest overall mixing efficiency of 98.84% is achieved at 4 Hz for an
inlet velocity of 150 um/s. Also, for an inlet velocity of 150 um/s, the mixing

efficiency is relatively consistent.
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Figure 4.9 Temporal evolution of mixing efficiency for frequencies f=2—18 Hz and inlet velocities
of 100, 150, and 200 pm/s.

To gain deeper insights into the transient behavior, Figure 4.9 presents the
temporal evolution of mixing efficiency for different frequencies and inlet velocities.
Lower inlet velocities (100 um/s) exhibit smoother mixing efficiency curves with
fewer fluctuations across all frequencies. In contrast, higher inlet velocities (200

um/s) show more pronounced oscillations in mixing efficiency, particularly at lower
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frequencies. This observation indicates a stronger influence of inertial forces at higher
velocities, leading to increased fluctuations in the mixing process.

A frequency of 12 Hz appears to provide the most stable mixing performance
across all inlet velocities. At this frequency, mixing efficiencies of 97.55%, 96.40%,
and 94.66% are achieved for 100 pum/s, 150 um/s, and 200 pm/s, respectively.
Notably, the mixing efficiency corresponding to the 12 Hz frequency remains above
94.66% for all inlet velocities in the range of 100-200 um/s. This suggests that 12 Hz
offers a good compromise between mixing efficiency and stability across various flow
rates.

Interestingly, frequencies above 12 Hz generally lead to a deterioration in
mixing efficiency. This phenomenon can be attributed to excessively rapid polarity
switches, which may hinder effective mixing by not allowing sufficient time for the
establishment of stable electroosmotic flow patterns.

The study also reveals that the smoothest transitions in mixing efficiency
curves for inlet velocities of 100, 150, and 200 um/s correspond to frequencies of 10,
12, and 12 Hz, respectively. This finding underscores the importance of selecting an
appropriate frequency to minimize fluctuations in the mixing process, particularly at
higher flow rates.

These results highlight the critical role of AC frequency in optimizing mixing
performance. While lower frequencies can achieve higher peak efficiencies, they may
also lead to more unstable mixing processes, especially at higher inlet velocities. The
complex interplay between frequency, inlet velocity, and mixing efficiency
emphasizes the need for careful tuning of these parameters to achieve optimal
micromixer performance.

In conclusion, this study provides valuable insights into the design and
operation of AC electroosmotic micromixers. By carefully selecting the AC frequency
and considering its interaction with inlet velocity, researchers and engineers can
develop more efficient and reliable microfluidic mixing devices for a wide range of

applications.
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4.6.5 Optimal Conditions for Micromixer Performance
The comprehensive analysis of various parameters influencing the
micromixer’s performance has yielded insights into the optimal conditions for

achieving maximum mixing efficiency. Table 2 summarizes the key findings:

Table 4.2 Optimal parameters and maximum mixing efficiencies.

Parameter Optimal Value Maximum #
Chamber Diameter 20 pm 94.15%

Inlet Velocity 100-200 pum/s 94.15% (at 100 um/s)
Voltage Amplitude 300 mV (for 100 um/s) 97.59%

500 mV (for 150 um/s) 97.97%
200 mV (for 200 um/s) 93.88%

4 Hz (for 150 pm/s) 98.84%

It is important to note here that the optimal parameters are interdependent, and
the maximum mixing efficiency can vary based on the combination of parameters
used. The results in Table 4.2 indicate that the smallest mixing chamber diameter (20
um) provides the best mixing efficiency due to increased electric field strength and
enhanced chaotic motion. An inlet velocity range of 100-200 pum/s demonstrates a
balance between fluid inertia, electroosmotic forces, and liquid diffusivity, with peak
performance at 100 um/s. Voltage amplitude optimization varies with inlet velocity,
with the highest efficiency (97.97%) observed at 500 mV for 150 pum/s. The AC
frequency study revealed that 4 Hz yields the overall maximum mixing efficiency
(98.84%) at 150 um/s, while 12 Hz provides consistently high efficiency across the
optimal velocity range.

These findings underscore the interdependence of parameters in optimizing
mixer performance. The combination of a small mixing chamber, moderate inlet
velocity, appropriately tuned voltage amplitude, and optimal AC frequency creates an
environment conducive to enhanced chaotic advection and efficient mixing at the

microscale.
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4.6.6 Potential Challenges and Limitations

While the circular mixing chamber design offers several potential advantages,

it also presents certain challenges that must be addressed:

1.

Fabrication complexity: The circular geometry may require more sophisticated
microfabrication techniques compared to rectangular designs.

Flow distribution: Ensuring uniform flow distribution from the inlet channels
into the circular chamber may require careful design considerations.

Electric field non-uniformity: The curved electrode surfaces may lead to non-
uniform electric field distributions, potentially affecting mixing performance.
Scaling effects: The optimal chamber diameter may vary with flow rate and
fluid properties, necessitating careful optimization for specific applications.
Integration with other microfluidic components: The circular design may pose
challenges in seamlessly integrating the mixer with other rectangular
microfluidic elements.

By addressing these challenges through careful design and optimization, the

proposed AC electroosmotic micromixer with a circular mixing chamber has the

potential to offer significant improvements in mixing efficiency for a wide range of

microfluidic applications.

4.7 Conclusion

This chapter presents a comprehensive investigation into the design and

performance of an AC electroosmotic micromixer with a circular mixing

microchamber. Through systematic numerical simulations and analysis, the effects of

various geometric and operational parameters on mixing efficiency have been

explored. The key findings and conclusions of this study are as follows:

1.

Electroosmotic Mixing Mechanism: The continuous change in a potential
difference between time-varying voltage signals at the micro-electrodes
disrupts the highly lamellar-ordered flow lines around the micro-electrodes in
the microscale domain. This perturbation varies throughout the transient
process, disrupting the lamellar diffusive mixing of species concentration and
enhancing the mixing ability of the microscale mixer.

Microchamber Geometry: A smaller mixing chamber diameter (20 pum)

resulted in superior mixing performance. This improvement is attributed to the
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reduced linear distance between cross-reciprocal-mounted micro-electrodes,
which intensifies the electroosmosis force within the micro-chamber.

Inlet Velocity: An optimal range of inlet velocities (100-200 um/s) was
identified, balancing fluid inertia, electroosmotic forces, and species diffusion
to achieve efficient mixing. Interestingly, the relationship between inlet
velocity and mixing efficiency is not monotonic for this micromixer design, as
evidenced by the highest mixing efficiency achieved at 150 um/s.

AC Voltage Amplitude: Higher voltage amplitudes generally improve mixing
efficiency, with electrokinetic disturbances becoming more prominent at
higher voltage amplitudes. A voltage of 500 mV provided the best overall
performance across different velocities, demonstrating the importance of this
parameter in optimizing mixing.

AC Frequency: The AC-frequency variation is associated with the number of
directional (polarity) switches of voltage amplitude on micro-electrodes for a
specified time period of the transient study. A frequency of 12 Hz offered the
most stable mixing performance across all inlet velocities, with mixing
efficiencies consistently above 94.66%. This finding provides a wide range for
operational control of inlet velocity in various microfluidic devices.

Overall Performance: The micromixer achieved a maximum mixing
efficiency of 98.84% at an inlet velocity of 150 um/s, corresponding to a
frequency of 4 Hz and a voltage amplitude of 500 mV. This result further
asserts that the relationship between velocity and mixing efficiency is complex
and not simply inversely proportional to the present structure of the

micromixer.

These results demonstrate the potential of circular mixing microchambers in

enhancing electroosmotic mixing. The ability to achieve high mixing efficiencies

(>94.66%) across a range of inlet velocities (100-200 um/s) at 12 Hz and 500 mV

provides operational flexibility for various microfluidic applications. This flexibility

is particularly valuable in the design and implementation of lab-on-a-chip devices and

other microfluidic systems where precise control over mixing is crucial.

The present investigation offers a new basis for the advancement of simple

electroosmotic micromixers utilizing circular mixing microchambers. It contributes to

the expansion and projection of concepts for future research in the domain of
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electroosmotic micromixing involving mixing microchambers. Future work could

focus on several areas:

1. Optimizing electrode configurations to further enhance mixing efficiency.

2. Exploring pulsed AC signals to potentially achieve even higher mixing rates.

3. Investigating the performance of the mixer with different fluid properties to
broaden its applicability.

4. Conducting experimental validation of these numerical results to bridge the

gap between simulation and practical implementation.

In conclusion, this study contributes significantly to the growing body of
knowledge on electrokinetic micromixers. By elucidating the complex interplay
between geometric parameters, operational conditions, and mixing efficiency, it
provides valuable insights for the design and optimization of efficient mixing
strategies in microfluidic devices. The findings herein lay a solid foundation for future
advancements in microscale mixing technologies, potentially impacting fields ranging
from chemical analysis to biomedical diagnostics. Future work could focus on further
refining these parameters, exploring potential synergistic effects, and investigating the
scalability of these optimal conditions for larger or more complex microfluidic
systems. Additionally, the robustness of these optimal conditions under various fluid
properties and environmental factors could be examined to broaden the applicability

of this micromixer design.
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Chapter -5

Mixing Enhancement in an AC Electroosmotic
Micromixer with a Diamond Mixing Microchamber

5.1 Introduction

Building upon the circular mixing chamber design presented in Chapter 4, this
chapter investigates an alternative geometric configuration—a diamond mixing
microchamber—to reduce the fabrication difficulties associated with curved walls and
enhance mixing efficiency in electroosmotic micromixers at the same time. By
utilizing a diamond-shaped chamber with strategically placed electrodes and AC
electric fields, this design aims to overcome limitations identified in the circular

configuration while maintaining the benefits of electrokinetic actuation.

5.2 Relevant background works

The field of microfluidic mixing has seen significant advancements over the
past two decades, with researchers exploring various strategies to overcome the
challenges posed by laminar flow regimes in microscale devices. This section
provides a critical review of the relevant literature, focusing on the development of
electrokinetic micromixers and the evolution of design strategies aimed at enhancing
mixing efficiency.

Among active mixing techniques, electrokinetic approaches have gained
significant attention due to their ability to generate complex flow patterns without
moving parts. Green et al. (2000) conducted pioneering work on AC electroosmotic
flow, elucidating the fundamental mechanisms of fluid motion induced by non-
uniform AC electric fields. Chen et al. (2013) developed an AC electroosmotic
micromixer using asymmetric pairs of planar electrodes, demonstrating improved
mixing performance through the generation of localized vortices. Huang et al. (2007)
further advanced this concept by introducing a multi-electrode configuration that

enhanced mixing efficiency for both stationary and continuous fluid flows.
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Recent research has focused on optimizing electrokinetic micromixer designs
through advanced modeling and simulation techniques. Deng et al. (2018) employed
topology optimization to determine optimal electrode patterns for electroosmotic
micromixers, showcasing the potential for computational methods in device design.
Nazari et al. (2020) conducted a comprehensive geometrical study on an induced-
charge electrokinetic micromixer, highlighting the importance of electrode placement
and configuration.

While various geometries have been explored for micromixer designs, the use
of diamond mixing chambers in electrokinetic systems remains relatively unexplored.
Bagherabadi et al. (2019) investigated the effect of chamber aspect ratio on mixing
efficiency in rectangular electrokinetic mixers, suggesting that chamber geometry
plays a crucial role in device performance. However, the specific advantages and
challenges associated with diamond mixing chambers in the context of AC

electroosmotic mixing have not been thoroughly addressed in the literature.

5.3 Research Gaps and Opportunities

While Chapter 4 established the performance characteristics of circular mixing
chambers in electroosmotic micromixers, several specific research opportunities
remain for diamond-shaped geometries. In particular, there is limited understanding of
how the sharp corners and linear walls of a diamond chamber affect electroosmotic
flow patterns and mixing efficiency compared to curved geometries. This chapter
addresses these specific knowledge gaps through systematic investigation of a

diamond mixing chamber design.

5.4 Objectives of the Study

Building upon the investigation of circular mixing chambers in Chapter 4, this
chapter aims to: (1) Design and analyze an AC electroosmotic micromixer with a
diamond mixing chamber; (2) Determine the effect of diamond chamber side length
on mixing performance; (3) Evaluate the influence of operational parameters on the
diamond configuration; (4) Compare the performance with the circular design from
Chapter 4; and (5) Establish optimal operating conditions for the diamond chamber

design.
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5.5 Design and Concept of Diamond Mixing Microchamber

The proposed AC electroosmotic micromixer with a diamond mixing
microchamber represents a novel approach to enhancing mixing efficiency in
microfluidic systems. This section details the design considerations, conceptual
framework, and potential advantages of incorporating a diamond geometry into the

mixing chamber.

5.5.1 Geometric Configuration

The micromixer design consists of the following key components:

e Main microchannel: A straight channel with two inlets and one outlet,
providing the primary flow path for the fluids to be mixed. The length (L)
and width (W) of the microchannel are fixed at 80 um and 10 pm,
respectively.

e Diamond mixing microchamber: A diamond chamber positioned at the
center of the micromixer, designed to induce complex flow patterns and
enhance mixing. The side length (L;) of the mixing chamber is varied from
20 pm to 40 um to investigate its impact on mixing efficiency.

o Electrode configuration: Two pairs of symmetrically cross-reciprocal
microelectrodes positioned on the peripheral wall of the diamond chamber
at +n/4 and +3n/4 radians.

Figure 5.1 presents a schematic diagram of the proposed micromixer design,

illustrating the arrangement of these components.

p-Electrode

Inlet-1
Inlet-2

Outlet

L

Figure 5.1 Schematic diagram of the AC electroosmotic micromixer with diamond mixing
microchamber, depicting the main microchannel, inlets, outlet, diamond mixing chamber, and
electrode positions.
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5.5.2 Rationale for Diamond Chamber Design
The incorporation of a diamond mixing chamber offers several potential
advantages over traditional rectangular geometries:

1. Symmetry and uniformity: The diamond geometry provides positional
symmetry at the central position of the diamond wall across both the x and y
axis, potentially leading to more uniform mixing across the chamber.

2. Elimination of curved walls: The absence of curved walls reduces the
likelihood of failure and complexity of mounting electrodes on curved walls,
which can impede the fabrication process in curved wall chambers.

3. Enhanced vortex formation: The diamond structure of the mixing chamber
may facilitate the formation and propagation of electroosmotic vortices,
promoting chaotic advection.

4. Optimized electrode placement: The diamond geometry allows for strategic
positioning of electrodes to maximize the impact of electroosmotic effects on

fluid motion.

5.5.3 Electrokinetic Actuation Mechanism

The mixing enhancement in the proposed diamond chamber micromixer
operates through the same AC electroosmosis principles described in Chapter 3,
Section 3.1. When alternating electric fields are applied to the electrodes positioned
on the diamond chamber walls, they induce time-dependent electroosmotic slip
velocities that generate complex flow patterns within the chamber. These patterns
disrupt the laminar flow regime and promote mixing through chaotic advection. The
specific geometry of the diamond chamber introduces distinct flow characteristics
compared to the circular chamber examined in Chapter 4, particularly in terms of flow

redirection at the angled walls and electric field distribution at the corners.

5.5.4 Theoretical Considerations

The behavior of fluid within the diamond mixing chamber is governed by the
same set of electrokinetic and fluid dynamic principles detailed in Chapter 3, Sections
3.1-3.3. The governing equations for the Navier-Stokes equations, Poisson equation,
and convection-diffusion transport remain applicable, with boundary conditions

adapted to the diamond geometry.
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5.5.5 Design Parameters and Variables

The performance of the diamond chamber micromixer is influenced by the
same categories of parameters described in Chapter 4, Section 4.5.5, including
geometric parameters, operational parameters, and fluid/electrical properties. For this
investigation, the side length of the diamond chamber (Ly) replaces the diameter as the
key geometric parameter, while all other parameters remain consistent with those
listed in Table 4.1 of Chapter 4. All fluid properties and initial operational parameter
values employed in this study are identical to those used for the circular chamber

investigation.

5.6 Results and Discussion

This section presents a comprehensive analysis of the performance of the AC
electroosmotic micromixer with a diamond mixing microchamber. The results are
derived from numerical simulations based on the theoretical model and computational
methods along with the appropriate validation studies (both experimental and
numerical) described in Chapter 3. The discussion focuses on the effects of various
geometric and operational parameters on mixing efficiency, flow characteristics, and

overall device performance.

5.6.1 Effect of Mixing Chamber Side Length on Micromixing Performance

The side length of the diamond mixing chamber significantly influences the
micromixing performance of the proposed device. This section presents a
comprehensive analysis of the effect of chamber side length on mixing efficiency,
fluid dynamics, and electrokinetic phenomena.

To investigate the impact of mixing chamber side lengths, a set of selective
parameter values is chosen with varying chamber side lengths. The simulations are
conducted with side lengths ranging from 20 pm to 40 pm, while maintaining
constant inlet velocity (uo = 100 pm/s), voltage amplitude (¢o = 100 mV), and
frequency (f= 8 Hz). The 30 um side length chamber was initially considered as the
base case. It is crucial to note that once fabricated, the geometry of the micromixer
cannot be altered, emphasizing the importance of determining the optimal size during

the design phase.
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Figure 5.2 Spatial distribution of species concentration and fluid streamlines in diamond mixing
microchambers of varying side lengths. (a) Ls =20 pm, (b) Ls = 25 pm, (¢) Ls =30 pm, (d) Ls; =35
pm, and (e) Ly = 40 pm. Simulation parameters: inlet velocity (#s) = 100 pm/s, AC voltage
amplitude (¢0) = 100 mV, frequency (f) = 8 Hz, at a time () = 0.8625 s.
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Figure 5.2 presents the concentration and streamline profiles within the

micromixer for different chamber side lengths at # = 0.8625 s. Key observations from

this analysis include:

1.

Mixing Mechanisms: In the inlet section, interfacial diffusion is the primary
mixing mechanism. Within the mixing chamber, mixing is predominantly
driven by the alternating pull and push of fluid streams, induced by the
electrical field generated by the AC electrodes.

Vortex Formation: Four distinct vortices are observed within the mixing
chamber for all side lengths, spanning from one electrode to the neighboring
electrode. These vortices vary in size over time but remain symmetrical about
the y-axis.

Side Length Dependent Mixing: As the chamber side length increases, the
mixing of fluid species decreases. This trend is attributed to the reduced
electric field strength within larger chambers, as the distance between
electrodes increases.

Lateral Displacement: Smaller chamber side lengths lead to increased lateral
displacement of vortices in the main channel. This enhanced displacement
results in closer streamlines at the intake and exit zones of the smallest side
length mixing chamber, altering the fluid velocity distribution, pushing more
fluid from the lower half to the upper half of the microchannel and vice versa,
ultimately enhancing the mixing.

Electric Field Effects: The decrease in chamber side length intensifies the
electric field strength between electrodes, contributing to stronger
electrokinetic effects. This intensification significantly enhances the
generation of chaotic motion within the laminar flow field, particularly for the

chamber with the smallest side length.

To quantitatively assess the micromixer’s performance, the mixing efficiency

at the microchannel exit was calculated for all time steps of the numerical study.

Figure 5.3 illustrates the variation of mixing efficiency with time for different

chamber side lengths. The results reveal several important findings:

1.

Side-Length-Efficiency Correlation: The mixing efficiency consistently
decreases as the mixing chamber diameter increases. This trend is observed

throughout the simulation period.
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2. Temporal Evolution: The relative mixing efficiency with respect to the
steady state (Figure 5.3b) demonstrates that the smaller side length of the
chamber achieves mixing more rapidly.

3. Optimal Performance: The 20 pm side length chamber consistently achieves
the highest mixing efficiency throughout the simulation period. This optimal
side length effectively balances the intensification of electrokinetic effects
with the residence time of fluid elements within the mixing chamber.

4. Chaotic Motion Enhancement: The utilization of an alternating current
sinusoidal time-varying electric field applied to the electrodes significantly
enhances the generation of chaotic motion within the laminar flow field. This
effect is particularly pronounced for the smallest side length of the mixing
chamber.

5. Laminar Flow Disruption: The increased volume of chaotic motion and
vortices in smaller chambers most effectively breaks the highly ordered

laminar flow, thus enhancing the overall mixing efficiency of the micromixer.
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Figure 5.3 Temporal evolution of mixing efficiency for diamond mixing microchambers with side
lengths ranging from 20 to 40 pm. (a) Absolute mixing efficiency vs. time. (b) Relative mixing
efficiency with respect to steady state vs. time. Simulation parameters: inlet velocity (u0) = 100
pm/s, AC voltage amplitude (¢0) = 100 mV, frequency (f) = 8 Hz.

Based on this comprehensive analysis, it can be concluded that the 20 um side
length mixing chamber offers the optimal mixing performance for the proposed
micromixer design. This configuration maximizes the benefits of strong electrokinetic
effects, enhanced vortex formation, and efficient laminar flow disruption. The

selection of the 20 um side length mixing chamber as the optimal design parameter

has significant implications for the remainder of this study. All subsequent analyses
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and optimizations have been conducted using this fixed side length of the mixing
chamber, allowing us to focus on other critical parameters such as fluid flow
characteristics and electric field properties.

This rigorous approach to design optimization ensures that the proposed
micromixer achieves the highest possible mixing efficiency while maintaining

practicality for potential fabrication and implementation in microfluidic systems.

5.6.2 Influence of Inlet Velocity

To identify the suitable range of inlet velocities for efficient mixing,
simulations were conducted for velocities ranging from 50 um/s to 500 um/s, while
maintaining constant chamber side length (Ls; = 20 um), voltage amplitude (¢o = 100
mV), and frequency (f'= 8 Hz). Figure 5.4 presents the mixing efficiency and relative
mixing efficiency change with respect to steady-state for different inlet velocities.
Figure 5.5 illustrates the concentration and streamline profiles within the micromixer

for different inlet velocities at £ = 0.92917 s.
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Figure 5.4 Effect of inlet velocity on mixing efficiency [Ls = 20 pm, ¢o» = 100 mV, f= 8 Hz|: (a)
Mixing efficiency versus time for various inlet velocities, and (b) Relative mixing efficiency
change with respect to steady state for different inlet velocities.

Key findings from the analysis of Figures 5.4 and 5.5 include:

1. Optimal velocity range: The velocity range of 100 pm/s < uo < 200 pm/s
appears to be critical, indicating a balance between fluid inertia,
electroosmotic forces, and species diffusion within the mixing microchamber.

2. Non-linear behavior: The relationship between inlet velocity and mixing

efficiency is non-linear, contrary to expectations based on previous literature.
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After an initial decrease, there is a rapid increase in mixing efficiency with
increasing velocity, with the rate of change varying for different velocities.

3. Mixing efficiency: The highest mixing efficiency of 94.478% is achieved at
uo = 50 pum/s. The mixing efficiencies at the end of the simulation time for
inlet velocities of 50, 100, 150, 200, 250, and 500 um/s are 94.478%,
92.021%, 88.042%, 92.818%, 79.924%, and 23.981%, respectively.

4. Relative mixing efficiency: The maximum change in mixing efficiency
relative to the steady-state solution (54.959%) occurs at uo = 200 pm/s. The
relative mixing efficiency changes for inlet velocities of 50, 100, 150, 200,
250, and 500 um/s are 8.306%, 29.658%, 40.695%, 54.959%, 48.379%, and
5.788%, respectively.

5. Vortex formation: Four primary vortices are generated due to the applied AC
field at low inlet velocities. The volume of these vortices within the
microchannel decreases with increasing inlet fluid velocity.

6. Secondary vortices: Within the optimal velocity range (100 um/s < uo < 200
um/s), secondary vortices are observed near the upper wall of the mixing
chamber. These secondary vortices enhance the stretching and folding of fluid

streams, resulting in increased mixing at higher intake volumes.

The presence of an optimal velocity range and the observed non-linear
behavior suggest a complex interplay between fluid inertia, electroosmotic forces, and
species diffusion within the mixing chamber. The formation of secondary vortices
within this range further supports the existence of a balance between these forces,
contributing to enhanced mixing performance.

These results underscore the importance of carefully selecting the inlet
velocity to optimize mixing performance in the proposed device. The identified
optimal range provides a guideline for future designs and applications of similar

micromixers in microfluidic systems.
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Figure 5. 5 Concentration and streamline profiles for various inlet velocities at = 0.92917 s [Ls =
20 pm, ¢o = 100 mV, = 8 Hz|: (a) uo = 50 pm/s, (b) uo = 100 pm/s, () uo = 150 pm/s, (d) us = 200
pm/s, (e) uo =250 pm/s, and (f) uo = 500 pm/s.
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Figure 5.6 Mixing efficiency as a function of voltage amplitude for various inlet velocities at # =
1.0s.
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5.6.3 Impact of AC Voltage Amplitude

The amplitude of the applied AC voltage significantly influences the strength
of induced electroosmotic flow and, consequently, the mixing performance in
microchannels. To investigate this effect, simulations were conducted for voltage
amplitudes ranging from 100 mV to 500 mV, considering inlet velocities of 100 pm/s,
150 pm/s, and 200 um/s, while maintaining a constant frequency of 8 Hz, as presented
in Figures 5.6 and 5.7.

Figure 5.6 illustrates the mixing efficiency variation with potential amplitude
at the simulation endpoint (¢ = 1.0 s) for different inlet velocities. The results reveal a
non-linear relationship between mixing efficiency and voltage amplitude. For an inlet
velocity of 100 um/s, the mixing efficiency peaks at 98.585% with a 300 mV
potential amplitude. In contrast, at 150 um/s, the maximum mixing efficiency of
98.213% is achieved at 500 mV. For 200 um/s, the highest efficiency of 94.599%

occurs at 500 mV.
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Figure 5.7 Temporal evolution of mixing efficiency for voltage amplitudes ranging from 100 mV
to 500 mV at inlet velocities of (a) 100 pm/s, (b) 150 pm/s, and (c) 200 pm/s.
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These observations indicate that the optimal voltage amplitude varies
depending on the inlet velocity, suggesting a complex interplay between
electroosmotic forces and fluid inertia. The non-linear relationship implies that
increasing voltage does not always lead to improved mixing, as excessive

electroosmotic forces may overpower fluid inertia and species diffusion.

Figure 5.7 presents the temporal evolution of mixing efficiency for various

voltage amplitudes and inlet velocities. Several key observations emerge:

1. Higher voltage amplitudes generally yield better mixing efficiency throughout
most of the simulation duration.

2. Increasing inlet velocity leads to more pronounced fluctuations in mixing
efficiency, likely due to the intensified competition between inertial forces and
electrokinetic effects.

3. Mixing efficiency curves for higher voltages show rapid initial increases,
followed by oscillations that gradually stabilize.

4. At lower velocities (100 um/s), the mixing efficiency curves are smoother,
indicating a more stable mixing process.

The fluctuations in mixing efficiency become more prominent at higher
velocities, possibly due to rapid variations in inertial forces under the influence of
electrokinetic effects. This phenomenon underscores the importance of considering
the entire simulation duration rather than relying solely on endpoint measurements
when optimizing mixer design.

These findings suggest that while higher voltage amplitudes generally improve
mixing, the optimal choice depends on the inlet velocity and desired stability of the
mixing process. For applications requiring consistent mixing performance, a moderate
voltage amplitude might be preferable, especially at higher inlet velocities. The results
highlight the need for careful tuning of operational parameters to achieve optimal

mixing in microfluidic devices.

5.6.4 Effect of AC Frequency

The frequency of the applied AC signal significantly influences the
electroosmotic flow patterns by determining the rate of polarity switches on the
microelectrodes. To investigate this effect, simulations were conducted (as shown in

Figures 5.8 and 5.9) for frequencies ranging from 2 Hz to 18 Hz, maintaining a
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constant voltage amplitude of 500 mV. The study considered inlet velocities of 100

um/s, 150 um/s, and 200 um/s.
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Figure 5.8 Mixing efficiency as a function of AC frequency for inlet velocities of 100, 150, and 200
pm/s at£=1s.

Figure 5.8 illustrates the mixing efficiency at the simulation endpoint ( = 1.0
s) for various frequencies and inlet velocities. The results reveal a complex
relationship between frequency and mixing performance, with no monotonic trend
observed. The highest overall mixing efficiency of 99.085% is achieved at 2 Hz for an
inlet velocity of 150 um/s. For all three inlet velocities, the mixing efficiency remains
relatively inconsistent. However, the mixing efficiency has a minimum deviation
corresponding to 12 Hz frequency, which is 0.391%, whereas corresponding to 10 Hz
frequency the deviation is only 0.654%. The maximum mixing efficiency
corresponding to 10 Hz and 12 Hz frequency is 97.924% and 97.255% respectively
for 100 with an inlet velocity of 150 pm/s.

82



Chapter —5: AC Electroosmotic Micromixer with a Diamond Microchamber

(%)

u,=100 pm/s [. —u,= 100 pm/s —u, =100 pm/s
30} == u,=150 pm/s | == u,=150 pm/s | == u,= 150 pm/s
T e u,=200pm/s e u,= 200 pm/s o u, =200 pm/s

0.0 0.2 0.4 0.6 0.8

1.0 0.0 0.2 0.4 0.6 0.8
1(s)

1.0 0.0

0.2

0.4

0.6 0.8 1.0

(%)

u, =100 pm/s [.... : —u,=100 um/s T... . == u,=100 um/s
== u,=150 pm/s | i ——u,=150pm/s [ ¥ —u, =150 um/s
---------- u, =200 pm/s s g, =200 pm/s e u, =200 pm/s
20 s s s H s s s s H s s s s H s
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1(s)

(%)

u,=100 um/s [. —u, =100 pm/s —u, =100 um/s
== u,=150 pm/s | % == u,=150 um/s | ¥ == u,= 150 pm/s
~~~~~~~~~~ u, =200 pm/s s g, = 200 pm/s = u, =200 pm/s
20 s N N ! s s " " ! N N " L H N
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

1(s)

Figure 5.9 Temporal evolution of mixing efficiency for frequencies f=2-18 Hz and inlet velocities
of 100, 150, and 200 pm/s.

To gain deeper insights into the transient behavior, Figure 5.9 presents the
temporal evolution of mixing efficiency for different frequencies and inlet velocities.
Lower inlet velocities (100 um/s) exhibit smoother mixing efficiency curves with
fewer fluctuations across all frequencies. In contrast, higher inlet velocities (200
um/s) show more pronounced oscillations in mixing efficiency, particularly at lower
frequencies. This observation indicates a stronger influence of inertial forces at higher
velocities, leading to increased fluctuations in the mixing process.

A frequency of 12 Hz appears to provide the most stable mixing performance
across all inlet velocities. At this frequency, mixing efficiencies of 97.255%,
96.956%, and 96.864% are achieved for 100 pm/s, 150 pm/s, and 200 pm/s,

respectively. Notably, the mixing efficiency corresponding to the 12 Hz frequency
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remains above 96.864% for all inlet velocities in the range of 100200 um/s. This
suggests that 12 Hz offers a good compromise between mixing efficiency and stability
across various flow rates.

Interestingly, frequencies above 14 Hz generally lead to a deterioration in
mixing efficiency. This phenomenon can be attributed to excessively rapid polarity
switches, which may hinder effective mixing by not allowing sufficient time for the
establishment of stable electroosmotic flow patterns.

The study also reveals that the smoothest transitions in mixing efficiency
curves for inlet velocities of 100, 150, and 200 um/s correspond to frequencies of 10,
12, and 14 Hz, respectively. This finding underscores the importance of selecting an
appropriate frequency to minimize fluctuations in the mixing process, particularly at
higher flow rates.

These results highlight the critical role of AC frequency in optimizing mixing
performance. While lower frequencies can achieve higher peak efficiencies, they may
also lead to more unstable mixing processes, especially at higher inlet velocities. The
complex interplay between frequency, inlet velocity, and mixing efficiency
emphasizes the need for careful tuning of these parameters to achieve optimal
micromixer performance.

In conclusion, this study provides valuable insights into the design and
operation of AC electroosmotic micromixers. By carefully selecting the AC frequency
and considering its interaction with inlet velocity, researchers and engineers can
develop more efficient and reliable microfluidic mixing devices for a wide range of

applications.

Table 5.1 Optimal parameters and maximum mixing efficiencies.

Parameter Optimal Value Maximum »
Chamber Side Length 20 um 92.022%

Inlet Velocity 100-200 pm/s 92.818% (at 200 pm/s)
Voltage Amplitude 300 mV (for 100 um/s) 98.585%

500 mV (for 150 pm/s) 98.213%
500 mV (for 200 pm/s) 94.599%

AC Frequency 2 Hz (for 150 um/s) 99.085%
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5.6.5 Optimal Conditions for Micromixer Performance

The comprehensive analysis of various parameters influencing the
micromixer’s performance has yielded insights into the optimal conditions for
achieving maximum mixing efficiency. Table 2 summarizes the key findings:

It is important to note here that the optimal parameters are interdependent, and
the maximum mixing efficiency can vary based on the combination of parameters
used. The results in Table 5.2 indicate that the smallest mixing chamber side length
(20 um) provides the best mixing efficiency due to increased electric field strength
and enhanced chaotic motion. An inlet velocity range of 100-200 um/s demonstrates a
balance between fluid inertia, electroosmotic forces, and liquid diffusivity, with peak
performance at 100 um/s. Voltage amplitude optimization varies with inlet velocity,
with the highest efficiency (98.585%) observed at 300 mV for 150 pm/s. The AC
frequency study revealed that 2 Hz yields the overall maximum mixing efficiency
(99.085%) at 150 pum/s, while 12 Hz provides consistently high efficiency, with
minimum deviations across the optimal velocity range.

These findings underscore the interdependence of parameters in optimizing
mixer performance. The combination of a small mixing chamber, moderate inlet
velocity, appropriately tuned voltage amplitude, and optimal AC frequency creates an
environment conducive to enhanced chaotic advection and efficient mixing at the

microscale.

5.6.6 Potential Challenges and Limitations
While the diamond mixing chamber design offers several potential
advantages, it also presents certain challenges that must be addressed:
1. Flow distribution: Ensuring uniform flow distribution from the inlet channels
into the diamond chamber may require careful design considerations.
2. Electric field non-uniformity: The electrode surfaces may lead to non-uniform
electric field distributions, potentially affecting mixing performance.
3. Scaling effects: The optimal chamber size may vary with flow rate and fluid

properties, necessitating careful optimization for specific applications.
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4.

Integration with other microfluidic components: The diamond design may
pose challenges in seamlessly integrating the mixer with other rectangular or
circular microfluidic elements.

By addressing these challenges through careful design and optimization, the

proposed AC electroosmotic micromixer with a circular mixing chamber has the

potential to offer significant improvements in mixing efficiency for a wide range of

microfluidic applications.

5.7 Conclusion

This chapter presents a comprehensive investigation into the design and

performance of an AC electroosmotic micromixer with a diamond mixing

microchamber. Through systematic numerical simulations and analysis, the effects of

various geometric and operational parameters on mixing efficiency have been

explored. The key findings and conclusions of this study are as follows:

1.

Electroosmotic Mixing Mechanism: The continuous change in a potential
difference between time-varying voltage signals at the micro-electrodes
disrupts the highly lamellar-ordered flow lines around the micro-electrodes in
the microscale domain. This perturbation varies throughout the transient
process, disrupting the lamellar diffusive mixing of species concentration and
enhancing the mixing ability of the microscale mixer.

Microchamber Geometry: A smaller mixing chamber side length (20 um)
resulted in superior mixing performance. This improvement is attributed to the
reduced linear distance between cross-reciprocal-mounted micro-electrodes,
which intensifies the electroosmosis force within the micro-chamber.

Inlet Velocity: An optimal range of inlet velocities (100-200 um/s) was
identified, balancing fluid inertia, electroosmotic forces, and species diffusion
to achieve efficient mixing. Interestingly, the relationship between inlet
velocity and mixing efficiency is not monotonic for this micromixer design, as
evidenced by the highest mixing efficiency achieved at 150 um/s.

AC Voltage Amplitude: Higher voltage amplitudes generally improve mixing
efficiency, with electrokinetic disturbances becoming more prominent at
higher voltage amplitudes. A voltage of 500 mV provided the best overall
performance across different velocities, demonstrating the importance of this

parameter in optimizing mixing.
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5. AC Frequency: The AC-frequency variation is associated with the number of
directional (polarity) switches of voltage amplitude on micro-electrodes for a
specified time period of the transient study. A frequency of 12 Hz offered the
most stable mixing performance across all inlet velocities, with mixing
efficiencies consistently above 96.864%. This finding provides a wide range
for operational control of inlet velocity (100-200 um/s) in various microfluidic
devices.

6. Overall Performance: The micromixer achieved a maximum mixing
efficiency of 99.085% at an inlet velocity of 150 pm/s, corresponding to a
frequency of 2 Hz and a voltage amplitude of 500 mV. This result further
asserts that the relationship between velocity and mixing efficiency is complex
and not simply inversely proportional to the present structure of the

micromixer.

These results demonstrate the potential of diamond mixing microchambers in
enhancing electroosmotic mixing. The ability to achieve high mixing efficiencies
(>96.864%) across a range of inlet velocities (100-200 um/s) at 12 Hz and 500 mV
provides operational flexibility for various microfluidic applications. This flexibility
is particularly valuable in the design and implementation of lab-on-a-chip devices and

other microfluidic systems where precise control over mixing is crucial.
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Chapter -6

Enhanced Micromixing in a Diamond Split and
Recombined (DSAR) Electroosmotic Micromixer

6.1 Introduction

Building upon the diamond-shaped mixing chamber design presented in
Chapter 5, this chapter introduces an advanced configuration—a Diamond Split and
Recombined (DSAR) electroosmotic micromixer—that incorporates obstacles within
the diamond chamber to create a split and recombined flow pattern. By integrating
principles from passive split-recombine mixers with active electrokinetic actuation,
this design aims to achieve synergistic enhancement of mixing efficiency through

combined flow manipulation and electroosmotically-induced chaotic advection.

6.2 Relevant background works

Building upon the comprehensive literature review presented in Chapter 2, this
section focuses specifically on research developments pertinent to the Diamond Split
and Recombined (DSAR) electroosmotic micromixer design.

The integration of obstacles within microchannels to enhance mixing has been
explored by several researchers in the context of passive micromixers. Jeon and Shin
(2009) studied the effect of obstacles in electroosmotic micromixers, demonstrating
that strategically placed obstacles can disrupt fluid streamlines and promote mixing.
Their work showed that obstacles create localized flow disturbances that increase the
interfacial area between fluid streams, but did not explore the synergistic potential
with electroosmotic actuation.

The concept of split and recombine (SAR) mixing, particularly relevant to the
present DSAR design, was pioneered by Schonfeld et al. (2004), who demonstrated
that repeatedly dividing and recombining fluid streams could significantly increase
the interfacial area available for diffusive mixing. Xia and Wan (2008) further
developed this approach by creating a multi-layer SAR mixer that achieved efficient

mixing within a compact footprint by exploiting vertical splitting and horizontal
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recombination of fluid streams. However, these studies focused exclusively on
passive mixing mechanisms without incorporating electrokinetic effects.

In the realm of active micromixers, Chen et al. (2016) made significant
progress by developing a system that integrates electroosmotic flow with passive
mixing elements. Their work demonstrated the potential for synergistic enhancement
of mixing efficiency through the combined effects of electrokinetic actuation and
geometric flow manipulation. Similarly, Gong et al. (2018) investigated an AC
electroosmotic micromixer with patterned electrodes and passive structures, showing
improved mixing performance compared to either approach alone.

Of particular relevance to the present study, Yasui et al. (2011) examined the
effects of nanobead embedments in electroosmotic microchannels, finding that these
structures created local non-uniformities in the electric field that enhanced mixing.
Their work suggests that strategically placed obstacles can interact with electrokinetic
phenomena to create complex flow patterns beneficial for mixing.

Despite these advancements, the specific combination of a diamond-shaped
mixing chamber with internal obstacles in an AC electroosmotic system remains
unexplored. While Bagherabadi et al. (2019) investigated rectangular electrokinetic
mixers with obstacles, their work did not address the unique flow dynamics that may
arise in diamond geometries with strategically placed obstacles. Similarly, Bhopte et
al. (2018) studied obstacle-based passive micromixers but did not examine the
potential synergies with electrokinetic actuation.

The present study builds upon these foundations by investigating the DSAR
design, which combines the geometric advantages of the diamond mixing chamber
established in Chapter 5 with the principles of split-recombine mixing and
electroosmotic actuation to potentially achieve enhanced mixing performance through

synergistic mechanisms.

6.3 Research Gaps and Opportunities

While Chapters 4 and 5 established the performance characteristics of circular
and diamond mixing chambers in electroosmotic micromixers, the specific integration
of obstacles within these chambers to create split-and-recombine effects remains
unexplored. In particular, there is limited understanding of the synergistic interaction
between obstacle-induced flow manipulation and electroosmotic actuation in diamond

geometries. This chapter addresses these specific knowledge gaps through a
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systematic investigation of a Diamond Split and Recombined (DSAR) electroosmotic

micromixer design.

6.4 Objectives of the Study

Building upon the investigation of diamond mixing chambers in Chapter 5,
this chapter aims to: (1) Design and analyze a Diamond Split and Recombined
(DSAR) electroosmotic micromixer that integrates obstacles within the diamond
chamber; (2) Investigate the influence of obstacle size on mixing performance; (3)
Determine the optimal electrode configuration for the DSAR design; (4) Evaluate the
effects of operational parameters on the synergistic combination of obstacle-induced
flow splitting and electroosmotic actuation; (5) Elucidate the underlying mixing
mechanisms in the DSAR configuration; and (6) Compare the performance with the

basic diamond chamber design from Chapter 5.

6.5 Design and Concept of Diamond Split and Recombined (DSAR) Micromixer
The proposed Diamond Split and Recombined (DSAR) electroosmotic

micromixer represents an evolution of the diamond mixing chamber design presented

in Chapter 5. This section details the design considerations, geometric configuration,

and conceptual framework underlying the DSAR micromixer.

6.5.1 Geometric Configuration

The DSAR micromixer design consists of the following key components:

e  Main microchannel: A straight channel with two inlets and one outlet,
providing the primary flow path for the fluids to be mixed. The length (L)
and width (W) of the microchannel are maintained at 80 pm and 10 pm,
respectively, consistent with the design presented in Chapter 5.

o Diamond mixing microchamber: A diamond-shaped chamber positioned
at the center of the micromixer, with a fixed side length (Ls) of 30 um.

e Obstacles: Diamond obstacles are positioned at the center of the diamond
chamber, extending from the top to the bottom of the chamber. The
obstacle length (L,) is varied from 0 um (no obstacle) to 25 um to
investigate its impact on mixing performance.

o Electrode configuration: Two pairs of symmetrically positioned

microelectrodes located on the peripheral walls of the diamond chamber.
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The electrode length (L) is varied from 2 pm to 10 pm to examine its
influence on electroosmotic actuation and mixing efficiency.

Figure 6.1 presents a schematic diagram of the DSAR micromixer design,

illustrating the arrangement of these components.
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Figure 6.1 Schematic diagram of the AC electroosmotic micromixer with Diamond split and
recombined (DSAR) mixing microchamber, depicting the main microchannel, inlets, outlet,
diamond mixing chamber, and electrode positions.

6.5.2 Rationale for DSAR Design

The incorporation of obstacles within the diamond mixing chamber is

motivated by several considerations:

1.

Enhanced flow manipulation: The obstacles create a split and recombine
effect by dividing the incoming fluid streams and forcing them to flow around
the obstacle before recombining, thereby increasing the interfacial area
between the fluids and promoting mixing.

Synergistic combination of passive and active mixing: The DSAR design
integrates passive mixing elements (obstacles) with active electrokinetic
actuation, potentially leading to synergistic enhancement of mixing
performance through complementary mechanisms.

Disruption of laminar flow patterns: The obstacles introduce additional
perturbations to the flow field, helping to disrupt the laminar flow structure
and promote chaotic advection within the mixing chamber.

Localized intensification of electric field-based microvortices: The
presence of obstacles increases the overall regions of induced zeta potential,
increasing the number of microvortices, and potentially enhancing

electroosmotic effects in critical areas of the mixing chamber.
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5. Controlled vortex formation: The obstacles influence the formation and
positioning of electroosmotically-induced vortices, potentially optimizing their

contribution to the mixing process.

6.5.3 Electrokinetic Actuation Mechanism

The mixing enhancement in the DSAR micromixer is achieved through a
combination of obstacle-induced flow manipulation and AC electroosmotic actuation.
Building upon the electrokinetic principles described in Chapters Table 5.1 Optimal
parameters and maximum mixing efficiencies. 82 and 5, the DSAR design
incorporates obstacles that split incoming fluid streams and force them to flow around
the obstacle before recombining. This process increases the interfacial area between
fluids while electroosmotically-induced vortices further enhance mixing through
chaotic advection. The interaction between these two mechanisms potentially leads to

synergistic enhancement of mixing performance.

6.5.4 Design Parameters and Variables

The performance of the DSAR micromixer is influenced by the same
parameter categories described in Chapters 4 and 5, with the addition of obstacle
length (Lo) as a key geometric parameter. All fluid and electrical properties remain

consistent with those used in previous chapters, as detailed in Table 4.1 of Chapter 4.

6.6 Results and Discussion

This section presents a comprehensive analysis of the performance of the
DSAR electroosmotic micromixer based on numerical simulations. The discussion
focuses on the effects of various geometric and operational parameters on mixing

efficiency, flow characteristics, and overall device performance.

6.6.1 Effect of Obstacle Size on Micromixing Performance

The size of the obstacle within the diamond mixing chamber significantly
influences the micromixing performance of the DSAR micromixer. This section
presents an analysis of the effect of obstacle length (L,) on mixing efficiency, fluid
dynamics, and electrokinetic phenomena.

To investigate the impact of obstacle size, simulations were conducted with
obstacle lengths ranging from 0 um (no obstacle) to 25 pum, while maintaining

constant diamond chamber side length (Ls = 30 um), electrode length (L. = 2 um),
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inlet velocity (uo = 100 pm/s), voltage amplitude (¢o = 100 mV), and frequency (f = 8
Hz).

Figure 6.2 presents the concentration and streamline profiles within the

micromixer for different obstacle lengths at t = 0.775 s.
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Figure 6.2 Spatial distribution of species concentration and fluid streamlines in Diamond split
and recombined (DSAR) mixing microchamber of varying obstacle sizes. (a) L, =0 pm, (b) L, =5
pm, (¢) Lo =10 pm, (d) L, = 15 pm, (e) L, = 20 pm, (f) L, = 25 pm, Simulation parameters: inlet
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velocity (u#0) = 100 pm/s, AC voltage amplitude (¢o) = 100 mV, frequency (f) = 8 Hz electrode
length (L:) =2 pm, at a time (¢) = 0.775.

In Figure 6.2, the concentration and streamline profiles reveal several

important observations:

1.

Flow splitting and recombination: The introduction of obstacles within the
diamond chamber clearly demonstrates the splitting of fluid streams as they
encounter the obstacle, followed by recombination downstream. This effect
becomes more pronounced with increasing obstacle length.

Vortex formation: In the absence of obstacles (Figure 6.2a), four primary
vortices are observed within the mixing chamber, consistent with the findings
from Chapter 5. As obstacle length increases, the vortex patterns are
significantly modified, with the formation of additional, smaller vortices in the
regions adjacent to the obstacles,

Streamline disruption: Larger obstacles (Figure 6.2e-f) cause more
significant disruption of the streamlines, forcing fluid elements to take more
circuitous paths through the mixing chamber and potentially enhancing mixing
through increased path length and interfacial area.

Concentration gradients: The concentration profiles indicate more effective
mixing in configurations with moderate obstacle lengths (Figure 6.2d-e), as
evidenced by the more uniform concentration distribution at the outlet. Very
small obstacles (Figure 6.2b) show limited improvement over the basic
diamond chamber, while excessively large obstacles (Figure 6.2f) appear to
impede fluid flow and may reduce the effectiveness of electroosmotic

actuation.

To quantitatively assess the impact of obstacle size on mixing performance,

Figure 6.3 presents the temporal evolution of mixing efficiency for different obstacle

lengths.
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Figure 6.3 Temporal evolution of absolute mixing efficiency for Diamond Split and Recombined
(DSAR) mixing microchamber with obstacles size ranging from 0 to 25 pm. Simulation
parameters: inlet velocity (1s) = 100 pm/s, AC voltage amplitude (¢s) = 100 mV, frequency (f) =8
Hz, electrode length (L, =2 pm).
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The mixing efficiency profiles in Figure 6.3 provide several key insights:

1. Optimal obstacle length: An obstacle length of 20 um achieves the highest
mixing efficiency throughout most of the simulation period, reaching
approximately 84% efficiency at the end state. This represents a significant
improvement over the basic diamond chamber (0 um obstacle) which achieves
approximately 75% efficiency under the same conditions.

2. Non-monotonic relationship: The relationship between obstacle length and
mixing efficiency is non-monotonic, with performance initially improving as
obstacle length increases from 0 pum to 20 pm, but then declining for larger
obstacles (25 pum). This suggests the existence of a critical obstacle size that
optimally balances flow splitting/recombination effects with electroosmotic
actuation.

3. Temporal response: The configurations with moderate obstacle lengths (10-
20 um) not only achieve higher ultimate mixing efficiencies but also reach a
steady state more rapidly, indicating enhanced mixing kinetics.

4. Performance degradation with excessive obstacle size: The significant
decrease in mixing efficiency observed with the 25 um obstacle suggests that

excessively large obstacles may impede fluid flow and restrict the
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development of electroosmotically-induced vortices, counteracting the

benefits of the split and recombine effect.

The observed enhancement in mixing performance with the optimal obstacle
length (20 pm) can be attributed to several factors:

o Effective balance between flow obstruction and electroosmotic actuation

e Creation of optimal flow path lengths for fluid elements traversing the mixing
chamber

e Formation of secondary vortices that complement the primary
electroosmotically-induced vortices

o Increased interfacial area between fluid streams due to the split and recombine
effect

o Enhanced strain and stretching of fluid elements as they navigate around the

obstacle

These findings demonstrate that the introduction of appropriately sized
obstacles within the diamond mixing chamber can significantly enhance mixing
performance compared to the basic diamond chamber design. However, obstacles
influence the electric field distribution. This distribution can also be altered by
introducing variations in electrode lengths. Therefore, we will exclude the most
unfavorable mixing efficiency cases (i.e., no-obstacle configuration and the largest
obstacle case) in the subsequent section, which examines the impact of electrode

length on mixing performance.

6.6.2 Effect of Electrode Length on Mixing Performance

The length of the electrodes positioned on the peripheral walls of the diamond
chamber plays a crucial role in determining the strength and distribution of the
electroosmotically-induced flow field. This section investigates the influence of
electrode length (L.) on the mixing performance of the DSAR micromixer,
considering its interaction with obstacle size.

Simulations were conducted for electrode lengths ranging from 2 pm to 10
um, in combination with obstacle lengths of 5 um, 10 pm, 15 um, and 20 um, while
maintaining constant inlet velocity (uo = 100 pm/s), voltage amplitude (¢o = 100 mV),
and frequency (f= 8 Hz).
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Figure 6.4 presents the concentration and streamline profiles for selected

combinations of electrode length and obstacle size at 1 = 0.725 s..
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Figure 6.4 Combined spatial distribution of species concentration and fluid streamlines in
Diamond split and recombined (DSAR) mixing microchamber of varying obstacle sizes and
electrode length. Simulation parameters: inlet velocity (#0) = 100 pm/s, AC voltage amplitude
(¢0) =100 mV, frequency (f) =8 Hz, at a time () =0.725s.

In Figure 6.4, the concentration and streamline profiles reveal the complex
interaction between electrode length and obstacle size:

1. Electroosmotic actuation strength: Longer electrodes (10 pm) generate
stronger electroosmotic flows, as evidenced by the more pronounced vortices
and greater disturbance of the concentration field compared to shorter
electrodes (2 um).

2. Synergistic effects: The combination of longer electrodes with optimal

obstacle sizes (15 um) appears to produce synergistic enhancement of mixing,
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with more uniform concentration distributions at the outlet than either feature
alone.

3. Vortex characteristics: The size, position, and strength of the
electroosmotically-induced vortices are significantly influenced by both
electrode length and obstacle size, with longer electrodes generally producing
larger, more powerful vortices.

4. Flow field complexity: The interaction between obstacle-induced flow
splitting and electroosmotic actuation creates complex flow patterns,
particularly with longer electrodes, which may contribute to enhanced chaotic

advection and improved mixing.

To quantitatively assess the relationship between electrode length and mixing
performance, Figure 6.5 presents the mixing efficiency as a function of electrode

length for different obstacle sizes.
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Figure 6.5 Absolute mixing efficiency versus electrode length (L. for diamond mixing
microchamber with obstacle sizes ranging from 5 to 20 pm. Simulation parameters: inlet velocity
(u0) =100 pm/s, AC voltage amplitude (¢0) = 100 mV, frequency (f) = 8 Hz.

The results demonstrate several important trends:

1. Positive correlation: For relatively larger obstacle sizes (15 and 20 pm),
increasing the electrode length generally leads to improved mixing efficiency,

indicating that stronger electroosmotic actuation enhances the mixing process.

2. Obstacle-dependent response: The sensitivity of mixing efficiency to

electrode length varies with obstacle size. For the 15 pm obstacle, mixing
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efficiency increases significantly with electrode length, reaching
approximately 97% with 10 um electrodes. In contrast, the 5 um and 20 pm

obstacles show more modest improvements with increasing electrode length.

3. Optimal configuration: The combination of 15 um obstacle length and 10 um
electrode length achieves the highest mixing efficiency among all tested
configurations, suggesting this represents an optimal balance between flow

splitting/recombination and electroosmotic actuation.

4. Diminishing returns: For the 5 pm and 10 um obstacles, the benefit of
increasing electrode length appears to plateau beyond 4 um and 8 pm,
suggesting that there may be limits to the improvements achievable through

electrode lengthening, depending on the obstacle configuration.

The enhanced performance observed with longer electrodes can be attributed

to several factors:

e Increased area for electroosmotically induced slip velocity generation
o Stronger and more extensive electrokinetic vortices
e Greater penetration of electroosmotic effects into the central regions of the
mixing chamber
e More effective interaction between electroosmotic flows and obstacle-induced
flow patterns
o Enhanced disruption of laminar flow structure through stronger electrokinetic
actuation
These findings indicate that the combination of appropriately sized obstacles
(15 um) with extended electrodes (10 pum) provides the most effective configuration
for the DSAR micromixer, achieving significantly higher mixing efficiency than
either feature alone. This optimal configuration will be used as the basis for

subsequent investigations of operational parameters.

6.6.3 Identification of Suitable Inlet Velocity

The inlet velocity significantly influences the balance between convective
transport, diffusive mixing, and electrokinetic effects in the DSAR micromixer. This
section investigates the effect of inlet velocity on mixing performance, focusing on
the optimal geometric configuration identified in the previous sections (obstacle

length L, = 15 um, electrode length L. = 10 um).
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Simulations were conducted for inlet velocities ranging from 50 pm/s to 500
pum/s, while maintaining constant voltage amplitude (¢o = 100 mV) and frequency (f =
8 Hz). Figure 6.6 presents the concentration and streamline profiles for different inlet

velocities at £ = 0.975 s.
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Figure 6.6 Concentration and streamline profiles for various inlet velocities at = 0.975 s [L, = 15
pm, ¢o = 100 mV, f= 8 Hz]: (a) uo = 50 pm/s, (b) uo = 100 pm/s, (c) uo = 150 pm/s, (d) uo = 200
pm/s, (e) uo =250 pm/s, and (f) uo = 500 pm/s.

The concentration and streamline profiles reveal several important

observations:

1. Velocity-dependent vortex formation: At lower velocities (50-100 pm/s),
well-defined vortices are observed both upstream and downstream of the

obstacle, contributing to effective mixing. As velocity increases, the
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Figure

downstream vortices become less prominent, while the upstream vortices
become compressed against the obstacle.

Flow penetration: At lower velocities, the electroosmotically-induced flow
patterns penetrate farther into the main channel, affecting a larger portion of
the fluid domain. This effect diminishes with increasing velocity as inertial
forces begin to dominate.

Residence time effects: Lower velocities provide longer residence times
within the mixing chamber, allowing more time for diffusive mixing and
electrokinetic effects to act on the fluid elements.

High-velocity limitations: At very high velocities (500 pm/s), the flow
becomes predominantly convective, with minimal influence from
electroosmotic effects, resulting in poor mixing as evidenced by the distinct

separation between the two fluid streams at the outlet.

To quantitatively assess the effect of inlet velocity on mixing performance,

6.7 presents the temporal evolution of mixing efficiency and the relative

mixing efficiency change with respect to steady state for different inlet velocities.
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Figure 6.7 Effect of inlet velocity on mixing efficiency [L, =15 pm, L. = 10 pm, ¢» =100 mV, f=8
Hz]: (a) Mixing efficiency versus time for various inlet velocities, and (b) Relative mixing
efficiency change with respect to steady state for different inlet velocities.

In Figure 6.7, The mixing efficiency profiles provide several key insights:
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1. Optimal velocity range: The highest mixing efficiencies are achieved within
the velocity range of 50-150 pum/s, with the 100 um/s configuration reaching
approximately 97% efficiency at steady state.

2. Enhanced performance at intermediate velocities: Unlike the basic
diamond chamber, the DSAR micromixer shows consistently superior
performance (both mixing rate and efficiency) at intermediate velocities (100
um/s), suggesting that the obstacle-enhanced design is effective as the number
of vortices generated is maximized.

3. Relative enhancement: The relative mixing efficiency change with respect to
steady state (Figure 6.7b) shows that the 150 pm/s and 200 pm/s
configurations achieve the greatest improvement relative to their steady-state
baseline, indicating that the DSAR design is particularly effective at
enhancing mixing at these moderate velocities.

4. Sharp decline at high velocities: Beyond 200 pm/s, mixing efficiency
decreases rapidly, with the 500 um/s configuration achieving only about 22%
efficiency. This decline is more pronounced than in the basic diamond
chamber (25%), suggesting that the obstacle-based design is more sensitive to

velocity variations.

The superior performance of the DSAR micromixer at moderate velocities can

be attributed to several factors:

e Enhanced interaction between obstacle-induced flow patterns and
electroosmotic effects when convective transport is less dominant

e More effective development of vortices both upstream and downstream of the
obstacle

e Increased residence time allows for more complete development of the split
and recombine effect

e QGreater influence of secondary flows and vortical fluid motion

e More effective stretching and folding of fluid elements due to the combined

action of obstacles and electroosmotic actuation

These findings suggest that the DSAR micromixer is particularly well-suited

for applications requiring high mixing efficiency at moderate flow rates, such as
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chemical reactions with slow kinetics or biological assays requiring gentle fluid

handling.

6.6.4 Impact of AC Voltage Amplitude

The amplitude of the applied AC voltage directly influences the strength of the
induced electroosmotic flow and, consequently, the mixing performance of the DSAR
micromixer. This section investigates the effect of voltage amplitude on mixing
efficiency, focusing on the optimal geometric configuration (obstacle length L, = 15
um, electrode length L. = 10 um) and the velocity range identified as most effective
(100-200 pm/s).

Simulations were conducted for voltage amplitudes ranging from 50 mV to
300 mV, considering inlet velocities of 100 pum/s, 150 um/s, and 200 um/s, while
maintaining a constant frequency of 8 Hz. Figure 6.8 illustrates the mixing efficiency
as a function of voltage amplitude at the simulation endpoint (¢ = 1.0 s) for different

inlet velocities.
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Figure 6.8 Mixing efficiency as a function of voltage amplitude for various inlet velocities at 7 =
1.0s.

In Figure 6.8, The results reveal several important trends:

1. Positive correlation: For all inlet velocities, mixing efficiency generally
increases with voltage amplitude, indicating that stronger electroosmotic
actuation enhances the mixing process in the DSAR micromixer.

2. Velocity-dependent response: The sensitivity of mixing efficiency to voltage

amplitude varies with inlet velocity. At lower velocities (100 um/s), a
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relatively modest voltage (100 mV) is sufficient to achieve near-complete
mixing (>97%). In contrast, higher velocities (200 pum/s) require higher
voltages to achieve comparable performance.

3. Optimal voltage-velocity combinations: The highest mixing efficiency
(99.3%) is achieved with 300 mV at 100 pm/s, while 300 mV provides the
best performance of 97.9% and 97.5% at 150 um/s and 200 pm/s
respectively. This shows that using 300 mV cuts energy requirements by 40%
to achieve similar mixing levels compared to using 500 mV in setups without

obstacles (like diamond and circular chamber configurations).

To examine the temporal evolution of mixing efficiency under different
voltage conditions, Figure 6.9 presents the mixing efficiency as a function of time for

various voltage amplitudes and inlet velocities.
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Figure 6.9 Temporal evolution of mixing efficiency for voltage amplitudes ranging from 50 mV to
300 mV at inlet velocities of (a) 100 pm/s, (b) 150 pm/s, and (c) 200 pm/s.
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The temporal evolution profiles provide additional insights:

Enhanced mixing Kkinetics: Higher voltage amplitudes not only improve
ultimate mixing efficiency but also accelerate the mixing process, as
evidenced by the steeper initial slopes of the mixing efficiency curves for
higher voltages.

Fluctuation characteristics: At higher velocities and voltages, the mixing
efficiency exhibits more pronounced oscillations, reflecting the dynamic
competition between convective transport and electroosmotic effects.
Steady-state behavior: For lower velocities (100 um/s), the system reaches a
stable steady state more rapidly and with fewer fluctuations compared to
higher velocities, particularly at moderate to high voltage amplitudes (150-300
mV).

The enhanced performance observed with higher voltage amplitudes can be

attributed to several factors:

Stronger electroosmotic slip velocities at the electrode surfaces

More powerful vortices capable of overcoming convective transport

Enhanced chaotic advection due to stronger time-dependent flows

More effective interaction between electroosmotic flows and obstacle-induced
flow patterns

Greater penetration of electrokinetic effects into the main channel

These findings highlight the importance of voltage amplitude as a key

operational parameter for optimizing the performance of the DSAR micromixer. The

ability to achieve near-complete mixing (> 99%) with moderate voltages (300 mV) at

practical flow rates (100 pm/s) demonstrates the effectiveness of the DSAR design in

enhancing microfluidic mixing through the synergistic combination of electroosmotic

actuation and obstacle-induced flow manipulation. Furthermore, the DSAR design has

proven to be more energy-efficient compared to the two previous cases (diamond and

circular mixing chamber design with no obstacle).

6.6.5 Effect of AC Frequency

The frequency of the applied AC signal determines the rate of polarity

switching at the electrodes and significantly influences the electroosmotic flow
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patterns within the DSAR micromixer. This section investigates the effect of
frequency on mixing efficiency, focusing on the optimal geometric configuration
(obstacle length L, = 15 pm, electrode length L. = 10 um) and voltage amplitude (300
mV).

Simulations were conducted for frequencies ranging from 2 Hz to 18 Hz,
considering inlet velocities of 100 um/s, 150 pum/s, and 200 pum/s. Figure 6.10
illustrates the mixing efficiency as a function of frequency at the simulation endpoint

(= 1.0 s) for different inlet velocities.

100
98 |
96 |
94 |
92 F
)
S o
=
88 |
86 |
—.—y, = 100 p.l’l‘ll‘ﬁ
sl — & -5, =150 um/s
i - u,= 200 pm/s
8‘} L . 1 1 L L L 1 L

0 2 4 6 8 10 12 14 16 18 20

S (Hz)

Figure 6.10 Mixing efficiency as a function of AC frequency for inlet velocities of
100, 150, and 200 pm/s atz=1s.

The results reveal several important observations:

1. Complex frequency dependence: The relationship between frequency and
mixing efficiency is non-monotonic, with multiple local maxima and minima
observed across the frequency range. This complex behavior suggests intricate
interactions between the time-dependent electroosmotic flows and the
obstacle-induced flow patterns.

2. Velocity-specific optimal frequencies: Each inlet velocity exhibits distinct
optimal frequencies for maximum mixing efficiency. For 100 pm/s, the
highest efficiency (99.5% and 99.3%) is achieved at 4 Hz and 8 Hz; for 150
um/s, optimal performance (99.4%) occurs at 4 Hz; and for 200 um/s, the best
results (98.2) are observed at 6 Hz.
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3. High performance at moderate frequencies: Across all velocities, the
frequency range of 6-10 Hz generally provides high mixing efficiency,
suggesting this represents a practical operating range for the DSAR
micromixer.

4. Consistent performance at specific frequencies: At 6 Hz, all three velocity
conditions achieve high mixing efficiency (>98%), indicating that this

frequency may offer operational flexibility across different flow rates.

To gain deeper insights into the transient behavior, Figure 6.11 presents the

temporal evolution of mixing efficiency for different frequencies and inlet velocities.
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Figure 6.11 Temporal evolution of mixing efficiency for frequencies f = 2-18 Hz and inlet
velocities of 100, 150, and 200 pm/s.
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In Figure 6.11, the temporal evolution profiles provide additional insights:

Frequency-dependent mixing dynamics: Lower frequencies (2-4 Hz)
generally exhibit larger amplitude fluctuations in mixing efficiency,
particularly at higher inlet velocities, indicating less stable mixing processes.
Stabilization effect of moderate frequencies: The frequency range of 6-12
Hz tends to produce smoother mixing efficiency curves with smaller
fluctuations, suggesting more stable and reliable mixing performance.

Initial mixing rate: Moderate frequencies generally lead to more rapid initial
increases in mixing efficiency, potentially beneficial for applications requiring
quick mixing responses.

Steady-state behavior: For velocities of 100-200 um/s, a frequency of 10 Hz
achieves both stable and efficient steady-state performance with minimal
fluctuations, while at higher frequencies (=12 Hz), a smoother transition is

attained, and a reversal in the mixing trend with velocity is observed.

The complex frequency dependence observed in the DSAR micromixer can be

attributed to several factors:

Resonance effects between the electrode switching frequency, the
characteristic timescales of fluid motion and species diffusion timescale
within the mixing chamber

Interaction between the frequency-dependent electroosmotic vortices and the
obstacle-induced flow patterns

Time-dependent stretching and folding of fluid elements under the influence
of both obstacle effects and oscillating electrokinetic flows

Vortex formation and dissipation cycles that may synchronize or interfere with
the applied AC signal

Varying degrees of penetration of electroosmotic effects into the main channel

at different frequencies

These findings highlight the importance of frequency selection in optimizing

the performance of the DSAR micromixer. The identification of frequency ranges that

provide high and stable mixing efficiency across different inlet velocities (particularly

around 10 Hz) offers valuable guidance for practical implementation of this

micromixer design.
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6.6.6 Optimal Conditions for DSAR Micromixer Performance
Based on the comprehensive parametric analysis presented in the preceding
sections, we can identify the optimal conditions for maximizing the performance of

the DSAR electroosmotic micromixer. Table 6.1 summarizes the key findings:

Table 6.1 Optimal parameters and maximum mixing efficiencies for the DSAR

micromixer.

Parameter Optimal Value Maximum Mixing Efficiency

Obstacle Length 15 um 84% (with L.=2 pm, uo = 100 um/s, ¢o = 100
mV, f=8 Hz)

Electrode 10 pm 97.25% (with L, = 15 um, uo = 100 pm/s, go =

Length 100 mV, f'= 8 Hz)

Inlet Velocity 100 pm/s 99.3% (with L, = 15 pm, L, = 10 um, ¢o = 300

(uo) mV, /=8 Hz)

Voltage 300 mV (for 100 um/s) 99.3%

Amplitude

300 mV (for 150 pum/s) 97.7%
300 mV (for 200 um/s) 97.5%

AC Frequency 4 Hz and 8 Hz (for 100 > 99%
um/s)

4 Hz (for 150 um/s) >99%

6 Hz (for 200 pm/s) > 98%

These optimal conditions are interrelated, and the maximum mixing efficiency
can vary based on the specific combination of parameters employed. The results
indicate that the DSAR micromixer can achieve exceptionally high mixing efficiency
(> 99%) under optimal conditions, representing a significant improvement over the
basic diamond chamber design presented in Chapter 5.

The key insights from this optimization study include:

1. Geometric optimization: An obstacle length of 15 pm (approximately 50% of
the diamond chamber side length) and an electrode length of 10 um provide

the optimal geometric configuration for maximizing mixing efficiency.
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2. Operational parameters: An inlet velocity of 100 pm/s, combined with a
voltage amplitude of 300 mV and a frequency of either 4 Hz or 8 Hz, yields
the highest mixing performance (>99% efficiency).

3. Enhanced performance: Under optimal conditions, the DSAR micromixer
achieves substantially higher mixing efficiency (99.3%) compared to the basic
diamond chamber presented in Chapter 5 (maximum efficiency of 99.1%
under its optimal conditions).

4. Operational flexibility: The DSAR design maintains high mixing efficiency
(>96%) across a broader range of operational parameters, particularly with
respect to frequency variations, offering flexibility for practical applications.

5. Energy efficiency: The ability to achieve near-complete mixing at moderate
voltage amplitudes (300 mV) suggests potential energy savings compared to

alternative micromixer designs requiring higher actuation voltages.

These findings demonstrate that the integration of optimally sized obstacles
within a diamond mixing chamber, combined with appropriately configured
electrodes and operational parameters, can substantially enhance mixing performance
in electroosmotic micromixers. The DSAR design effectively leverages the
synergistic benefits of obstacle-induced flow manipulation and electrokinetic
actuation to achieve exceptional mixing efficiency under practical operating

conditions.

6.6.7 Potential Challenges and Limitations
While the DSAR micromixer demonstrates exceptional performance under
optimal conditions, several challenges and limitations must be considered for practical

implementation:

1. Fabrication complexity: The introduction of obstacles within the diamond
chamber increases fabrication complexity compared to the basic design.
Precise positioning and dimensioning of the obstacles are critical for achieving
optimal performance, potentially requiring advanced microfabrication
techniques.

2. Electrode integration: The elongated electrodes (10 um) identified as optimal

may present challenges for integration and electrical connection within a
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practical microfluidic device, potentially requiring specialized fabrication
approaches.

3. Sensitivity to parameter variations: The DSAR design exhibits complex
dependencies on multiple parameters, with optimal performance occurring
within specific ranges. This sensitivity may necessitate precise control of
operational conditions in practical applications.

4. Scaling considerations: The optimal geometric parameters identified in this
study may not scale linearly with overall device dimensions, potentially
requiring re-optimization for different scale implementations.

5. Material limitations: The performance of the DSAR micromixer depends on
the electrokinetic properties of the channel surfaces and electrodes, which may

vary with different materials or fabrication techniques.

Addressing these challenges will require careful design considerations,
advanced fabrication techniques, and potentially the development of robust control
systems for maintaining optimal operational conditions. Despite these challenges, the
significant performance advantages offered by the DSAR design warrant further

investigation and development for practical microfluidic applications.

6.7 Conclusion

This chapter presents a comprehensive investigation into the design and
performance of a Diamond Split and Recombined (DSAR) electroosmotic
micromixer, which integrates obstacles within a diamond mixing chamber to enhance
mixing through the combined effects of electrokinetic actuation and flow
manipulation. Through systematic numerical simulations and analysis, we have
explored the effects of various geometric and operational parameters on mixing

efficiency, leading to the following key findings:

1. Enhanced Mixing Mechanism: The DSAR micromixer leverages a
synergistic combination of obstacle-induced flow splitting/recombination and
AC electroosmotic actuation to achieve exceptionally high mixing efficiency.
The obstacles disrupt laminar flow patterns and create additional interfacial
area between fluid streams, while the electroosmotic effects generate time-

dependent vortices that promote chaotic advection.
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2. Optimal Geometric Configuration: An obstacle length of 15 um
(approximately 50% of the diamond chamber side length) and an electrode
length of 10 um represent the optimal geometric configuration for maximizing
mixing performance. This configuration achieves a balance between flow
obstruction, split-recombine effects, and electroosmotic actuation that

significantly enhances mixing efficiency.

3. Operational Parameter Optimization: Under optimal conditions (inlet
velocity of 100 um/s, voltage amplitude of 300 mV, and frequency of 4 Hz or
8 Hz), the DSAR micromixer achieves near-complete mixing (99.3%
efficiency), representing a significant improvement over the basic diamond

chamber design presented in Chapter 5.

4. Energy Efficiency: The DSAR design requires substantially lower voltage
amplitudes (300 mV vs. 500 mV) to achieve optimal performance compared to
the basic diamond chamber, representing a 40% reduction in voltage
requirements. This enhanced energy efficiency has significant implications for

the integration of DSAR micromixers with low-power microfluidic systems.

5. Operational Flexibility: The DSAR micromixer maintains high mixing
efficiency across multiple frequencies and a range of inlet velocities, offering
greater flexibility for practical applications compared to the basic diamond

chamber design.

These findings demonstrate that the DSAR design represents a significant
advancement in electroosmotic micromixer technology, offering substantial
improvements in mixing efficiency, energy efficiency, and operational flexibility. The
integration of optimally sized obstacles within a diamond mixing chamber effectively
leverages the benefits of both passive (obstacle-induced) and active (electroosmotic)

mixing strategies, resulting in enhanced performance across multiple metrics.
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Chapter - 7

Analysis of a Square Split-and-Recombined (SSAR)
Electroosmotic Micromixer with offset Inlet-Outlet
Microchannels

7.1 Introduction

Building upon the Diamond Split and Recombined (DSAR) micromixer
design presented in Chapter 6, this chapter introduces an advanced configuration—a
Square Split and Recombined (SSAR) electroosmotic micromixer with non-aligned
inlet-outlet microchannels. This design aims to enhance mixing efficiency while
offering improved compactness and fabrication ease through the use of flat walls and
perpendicular turns. By increasing the mean flow path while maintaining the benefits
of obstacle integration and electrokinetic actuation, the SSAR design represents a
further evolution in electroosmotic micromixers’ design and development.

The SSAR electroosmotic micromixer represents an advancement in
micromixer design, combining the benefits of electrokinetic actuation present in
DSAR with increased compactness of design and a further improvement in fabrication
ease. It also provides increased steady-state mixing by increasing the mean flow path,
which may lead to reduced active energy requirements while attaining the same
mixing efficiency level as that of the DSAR electroosmotic micromixer.

This chapter presents a comprehensive analysis of the SSAR electroosmotic
micromixer, focusing on the influence of key geometric parameters (obstacle size and
electrode length) and operational conditions (inlet velocity, voltage amplitude, and
frequency) on mixing performance. Through systematic numerical simulations, we
aim to elucidate the underlying mixing mechanisms, identify optimal design
configurations, bring down the operational cost by reducing the active energy (voltage
amplitude) cost to make it energy efficient and establish guidelines for maximizing

mixing efficiency and minimizing the energy requirements in practical applications.
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7.2 Relevant background works

Building upon the comprehensive literature reviews presented in previous
chapters, this section focuses specifically on research developments pertinent to the
Square Split and Recombined (SSAR) electroosmotic micromixer with non-aligned
inlet-outlet microchannels.

The concept of non-aligned or offset inlet-outlet arrangements in microfluidic
devices has received limited attention despite its potential benefits for mixing
enhancement. Zhou et al. (2020) investigated an electroosmotic micromixer with an
asymmetrically designed mixing chamber, demonstrating that geometric asymmetry
can enhance fluid layer interactions and improve mixing performance compared to
symmetric configurations. However, their work did not specifically address square
geometries or the integration of obstacles with offset channels.

Square mixing chambers offer several advantages for microfabrication due to
their planar features and straight walls. Chen and Cho (2022) proposed a novel
micromixing scheme by introducing a chaotic field inside a square chamber with a
main T-shaped microchannel. By incorporating two pairs of meandering electrodes on
the upper and lower walls, they achieved high mixing efficiency, demonstrating the
potential of square geometries for effective electroosmotic mixing.

The integration of obstacles within microchannels has been explored by Seo et
al. (2018), who analyzed split and recombine (SAR) circular-type electroosmotic
microscale mixers with different obstacle shapes. Their findings indicated that
obstacles enhance mixing through stretching and folding of the fluid flow field, but
they did not investigate the potential synergies with non-aligned channel
arrangements.

Particularly relevant to the present SSAR design is the work of Lim and Lam
(2024), who demonstrated a T-shaped micromixer with constrictions. Their study
showed that phase-lagged AC potential could create crescent patterns that increase the
contact interface between fluid streams, suggesting potential benefits from
manipulating flow paths in electroosmotic systems.

The concepts of energy efficiency and compactness in microfluidic systems
were addressed by Saravanakumar et al. (2024), who designed a direct current
electroosmosis (DCEQO) micromixer with hexagonal cross-section channels. Their
approach achieved high mixing efficiency within a compact footprint, highlighting the

importance of geometric optimization for practical applications.
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Despite these advancements, the specific combination of a square mixing
chamber with obstacles and non-aligned (offset) inlet-outlet microchannels remains
unexplored in the context of AC electroosmotic actuation. The SSAR micromixer
investigated in this chapter builds upon these foundations and the findings from
previous chapters to potentially achieve enhanced mixing efficiency with improved

compactness and energy consumption characteristics.

7.3 Research Gaps and Opportunities

While previous chapters have established the performance characteristics of
circular, diamond, and DSAR mixing chambers, the potential benefits of a square
chamber with non-aligned inlet-outlet channels remain unexplored. Specific research
opportunities include: (1) Investigating the effect of offset channel arrangement on
mean flow path and mixing efficiency; (2) Examining how square geometry affects
fabrication ease and system compactness; and (3) Determining whether this design

can achieve comparable mixing performance with reduced energy requirements.

7.4 Objectives of the Study

Building upon the micromixer designs investigated in Chapters 4-6, this
chapter aims to: (1) Design and analyze a Square Split-and-Recombined
electroosmotic micromixer with non-aligned inlet-outlet microchannels; (2)
Investigate how the offset channel arrangement affects flow patterns and mixing
performance; (3) Determine the optimal geometric and operational parameters for the
SSAR configuration; (4) Evaluate the potential benefits in terms of energy efficiency
and fabrication simplicity; and (5) Compare the performance with previously studied

designs to establish comprehensive design guidelines.

7.5 Design Concept of SSAR with Offset Inlet-Outlet Channels

The proposed Square Split and Recombined (SSAR) electroosmotic
micromixer represents an evolution of the DSAR electroosmotic micromixer design
presented in Chapter 6, combining geometric innovation with electroosmotic
principles. This section details the design rationale, geometric configurations, and

conceptual framework underlying the offset SSAR electroosmotic micromixer.

7.5.1 Geometric Configuration

The SSAR micromixer design consists of the following key components:
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e Square mixing microchamber: A square-shaped chamber positioned at the
center of the micromixer, with a fixed side length (Ls) of 30 um. This
represents a rotation of the diamond chamber design from Chapter 5 by 45°,
converting it into a square orientation.

e Obstacles: Square obstacles positioned at the center of the square chamber,
extending from the top to the bottom of the chamber. The obstacle length (L,)
is varied from 0 um (no obstacle) to 25 um to investigate its impact on mixing
performance.

o Offset inlet-outlet microchannel: One straight channel with two inlets and
one straight channel with one outlet placed in an offset position at square
mixing chamber walls, providing the connecting flow path for the fluids to be
mixed. The length of each connecting channel (L.) and width (W) of the
microchannel are maintained at 25 pm ((making total linear length the same,
25 + 30 + 25 = 80 um) and 10 pm, respectively, consistent with previous
designs.

e [Electrode configuration: Two pairs of symmetrically positioned
microelectrodes located on the peripheral walls of the square chamber. The
electrode length (L.) is varied from 2 pm to 9 pm to examine its influence on

electroosmotic actuation and mixing efficiency.

Figure 7.1 presents a schematic diagram of the offset SSAR micromixer

design, illustrating the arrangement of these components.

L
i
Inlet-1 -
Inlet-2 u-Electrode

Outlet

Figure 7.1 Schematic diagram of the AC electroosmotic micromixer with Square split and
recombined (SSAR) mixing microchamber, depicting the offset connecting microchannel, inlets,
outlet, square mixing chamber, and electrode positions.
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7.5.2 Rationale for SSAR Design

1.

The design improvement achieved by rotating the diamond mixing chamber
by 45° to attain the square split and recombined mixing chamber and
offsetting the connecting inlet-outlet microchannel is motivated by several
considerations:

Enhanced mean flow path: The offset design increases the mean flow path of
the fluid while maintaining the linear length of the micromixer, thereby further
increasing the interfacial area between the fluids and promoting mixing.
Reduction of electric energy consumption: The SSAR design integrates
increased mean path leading to enhanced passive mixing without losing effects
of obstacles and active electrokinetic actuation as in the DSAR micromixer,
potentially leading to synergistic enhancement of mixing performance through
aided complementary design-led strategy, resulting in reduced active energy
consumption.

More compact design: The proposed SSAR micromixer has a reduced overall
width (30 pum) compared to the width (30N2 pum) of the DSAR micromixer,
improving the compactness of the design without affecting the cross-
reciprocal positioning of microelectrodes and hence the electric field
distribution and associated electroosmotic effects in critical areas of the
mixing chamber.

Fabrication considerations: The use of flat walls, perpendicular turns, and
straight channels facilitates easier manufacturing compared to curved or

angular designs.

7.5.3 Electrokinetic Actuation Mechanism

The SSAR micromixer employs the same electrokinetic actuation principles

described in Chapter 6, with electroosmotic slip velocities generated at electrode

surfaces in response to applied AC electric fields. The interaction between obstacle-

induced flow splitting and electroosmotic actuation creates complex flow patterns that

enhance mixing through increased interfacial area and chaotic advection. The square

geometry and offset channels modify these flow patterns compared to previously
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studied designs, potentially affecting the formation and interaction of

electroosmotically-induced vortices with obstruction-induced flow splitting.

7.5.4 Design Parameters and Variables

The performance of the SSAR micromixer is influenced by the same
parameter categories described in Chapters 4-6, including geometric parameters,
operational parameters, and fluid/electrical properties. For this investigation, the
square chamber geometry and offset inlet-outlet arrangement represent key geometric
modifications, while the obstacle length (L,) and electrode length (L.) remain
important design variables. All fluid and electrical properties remain consistent with

those used in previous investigations, as detailed in Table 4.1 of Chapter 4

7.6 Results and Discussion

This section presents a comprehensive analysis of the performance of the
SSAR electroosmotic micromixer based on numerical simulations. The discussion
focuses on the effects of various geometric and operational parameters on mixing

efficiency, flow characteristics, and overall device performance.

7.6.1 Effect of Obstacle Size on Micromixing Performance

The size of the obstacle within the square mixing chamber significantly
influences the micromixing performance of the SSAR micromixer. This section
presents an analysis of the effect of obstacle length (L,) on mixing efficiency, fluid
dynamics, and electrokinetic phenomena.

To investigate the impact of obstacle size, simulations were conducted with
obstacle lengths ranging from 0 um (no obstacle) to 25 pum, while maintaining
constant square chamber side length (Ls; = 30 um), electrode length (L. = 2 pm), inlet
velocity (#o = 100 pm/s), voltage amplitude (do = 100 mV), and frequency (f = 8 Hz).

Figure 7.2 presents the concentration and streamline profiles within the

micromixer for different obstacle lengths at t = 0.9625 s.
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Figure 7.2 Spatial distribution of species concentration and fluid streamlines in Square split and
recombined (SSAR) electroosmotic micromixer of varying obstacle sizes. (a) Lo =0 pm, (b) L, =5
pm, (¢) Lo =10 pm, (d) L, = 15 pm, (e) L, = 20 pm, (f) L, = 25 pm, Simulation parameters: inlet
velocity (u#0) = 100 pm/s, AC voltage amplitude (¢o) = 100 mV, frequency (f) = 8 Hz electrode
length (L:) =2 pm, at a time () = 0.9625 s.

In Figure 7.2, the concentration and streamline profiles reveal several

important observations:

[um—

Flow splitting and recombination: The introduction of obstacles within the
square chamber demonstrates the splitting of fluid streams as they encounter
the obstacle, followed by recombination downstream. This effect becomes

more pronounced with increasing obstacle length.
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2. Vortex formation: In the absence of obstacles (Figure 7.2a), four primary
vortices are observed within the mixing chamber. As obstacle size increases,
the vortex patterns are significantly modified, with the formation of additional,
smaller vortices in the regions adjacent to the obstacles.

3. Streamline disruption: Larger obstacles (Figure 7.2e-f) cause more
significant disruption of the streamlines, forcing fluid elements to take more
circuitous paths through the mixing chamber and potentially enhancing mixing
through increased path length and interfacial area.

4. Concentration gradients: The concentration profiles indicate more effective
mixing in configurations with moderate obstacle lengths (Figure 7.2d-e), as
evidenced by the more uniform concentration distribution at the outlet. Very
small obstacles (Figure 7.2b) show limited improvement over the basic square
chamber, while excessively large obstacles (Figure 7.2f) appear to impede
fluid flow and may reduce the effectiveness of electroosmotic actuation.

5. Many of these findings are consistent with our earlier observations noted in

the previous chapter.

To quantitatively assess the impact of obstacle size on mixing performance,

Figure 7.3 presents the temporal evolution of mixing efficiency for different obstacle
lengths.
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Figure 7.3 Temporal evolution of absolute mixing efficiency for Square split and recombined
(SSAR) electroosmotic micromixer with obstacle sizes ranging from 0 to 25 pm. Simulation
parameters: inlet velocity (x,) = 100 pm/s, AC voltage amplitude (¢0) = 100 mV, frequency (f) =8
Hz, electrode length (L, =2 pm).
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The mixing efficiency profiles in Figure 7.3 provide several key insights:

Optimal obstacle length: An obstacle length of 20 um achieves the highest
mixing efficiency throughout most of the simulation period, reaching
approximately 89% efficiency at the end state. This represents a significant
improvement over the basic diamond chamber (0 pum obstacle) which achieves
approximately 75% efficiency under the same conditions.

Non-monotonic relationship: The relationship between obstacle length and
mixing efficiency is non-monotonic, with performance initially improving as
obstacle length increases from 0 um to 20 wm, but then declining for larger
obstacles (25 pum). This suggests the existence of a critical obstacle size that
optimally balances flow splitting/recombination effects with electroosmotic
actuation which is consistent with the findings from Chapter 6.

Temporal response: The configurations with moderate obstacle lengths (10-
20 um) not only achieve higher ultimate mixing efficiencies but also reach a
steady state more rapidly, indicating enhanced mixing kinetics, which is
consistent with the findings from Chapter 6.

Performance degradation with excessive obstacle size: The significant
decrease in mixing efficiency observed with the 25 um obstacle suggests that
excessively large obstacles may impede fluid flow and restrict the
development of electroosmotically-induced vortices, counteracting the
benefits of the split and recombine effect, which is again consistent with the

findings from Chapter 6.

The observed enhancement in mixing performance with the optimal obstacle

length (20 um) can be attributed to several factors:

Effective balance between flow obstruction and electroosmotic actuation
Creation of optimal flow path lengths for fluid elements traversing the mixing
chamber

Formation of secondary vortices that complement the primary
electroosmotically-induced vortices

Increased interfacial area between fluid streams due to the split and recombine
effect

Enhanced strain and stretching of fluid elements as they navigate around the

obstacle
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The optimal obstacle length of 20 pm represents approximately 66.66% of the
square chamber side length (30 um), suggesting a design guideline for similar SSAR
micromixers. As found in the previous chapter (i.e., Chapter 6), obstacles and
electrode length, both influence the electric field distribution. Therefore, as we did in
the previous chapter, we will exclude the most unfavorable mixing efficiency cases
(i.e., no-obstacle configuration and the largest obstacle case) from the subsequent

section that examines the impact of electrode length on mixing performance.

7.6.2 Effect of Electrode Length on Mixing Performance

The length of the electrodes positioned on the peripheral walls of the square
chamber plays a crucial role in determining the strength and distribution of the
electroosmotically-induced flow field. This section investigates the influence of
electrode length (L.) on the mixing performance of the SSAR micromixer,

considering its interaction with obstacle size.
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Figure 7.4 Combined spatial distribution of species concentration and fluid streamlines in square
split and recombined (SSAR) mixing microchamber of varying obstacle sizes and electrode
length. Simulation parameters: inlet velocity (u#) = 100 pm/s, AC voltage amplitude (¢o) = 100
mV, frequency (f) = 8 Hz, at a time (#) = 0.98333 s.
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Simulations were conducted for electrode lengths ranging from 2 um to 9 um,

in combination with obstacle lengths of 5 pum, 10 pm, 15 pm, and 20 um, while

maintaining constant inlet velocity (uo = 100 pm/s), voltage amplitude (¢o = 100 mV),

and frequency (f = 8 Hz).

Figure 7.4 presents the concentration and streamline profiles for selected

combinations of electrode length and obstacle size at £ = 0.98333 s.In Figure 7.4, the

concentration and streamline profiles reveal the complex interaction between

electrode length and obstacle size:

1.

Electroosmotic actuation strength: Longer electrodes (9 pum) generate
stronger electroosmotic flows, as evidenced by the more pronounced vortices
and greater disturbance of the concentration field compared to shorter
electrodes (3 um).

Synergistic effects: The combination of longer electrodes with optimal
obstacle sizes (20 pm) appears to produce synergistic enhancement of mixing,
with more uniform concentration distributions at the outlet than either feature
alone.

Vortex characteristics: The size, position, and strength of the
electroosmotically-induced vortices are significantly influenced by both
electrode length and obstacle size, with longer electrodes generally producing
larger, more powerful vortices, which is consistent with findings in Chapter 6.
Flow field complexity: The interaction between obstacle-induced flow
splitting and electroosmotic actuation creates complex flow patterns,
particularly with longer electrodes, which may contribute to enhanced chaotic

advection and improved mixing.

To quantitatively assess the relationship between electrode length and mixing

performance, Figure 7.5 presents the mixing efficiency as a function of electrode

length for different obstacle sizes.
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Figure 7.5 Absolute mixing efficiency versus electrode length (L.) for square mixing
microchamber with obstacle sizes ranging from 5 to 20 pm. Simulation parameters: inlet velocity
(u0) =100 pm/s, AC voltage amplitude (¢o) = 100 mV, frequency (f) = 8 Hz.

The results demonstrate several important trends:

1. Positive correlation: For relatively larger obstacle sizes (15 and 20 pm),
increasing the electrode length generally leads to improved mixing efficiency,
indicating that stronger electroosmotic actuation enhances the mixing process,

which is consistent with Chapter 6.

2. Obstacle-dependent response: The sensitivity of mixing efficiency to
electrode length varies with obstacle size. For the 15 pm obstacle, mixing
efficiency increases significantly with electrode length, reaching
approximately 94% with a 9 pum electrode, though the slope of mixing
efficiency corresponding to the 20 um obstacle is less than that of the 15 um
case. The mixing efficiency is consistently higher than that of the 15 um
obstacle, and it also reaches approximately 96% with the same electrode size
of 9 um. In contrast, the 5 um and 20 pum obstacles show more modest

improvements with increasing electrode length.

3. Optimal configuration: The combination of 20 um obstacle length and 9 pm
electrode length achieves the highest mixing efficiency among all tested
configurations, suggesting this represents an optimal balance between flow

splitting/recombination and electroosmotic actuation.
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4. Diminishing returns: For the 5 um and 10 pm obstacles, the benefit of
increasing electrode length appears to plateau beyond 5 um and 8 pm,
suggesting that there may be limits to the improvements achievable through

electrode lengthening, depending on the obstacle configuration.

The enhanced performance observed with longer electrodes can be attributed

to factors as discussed in Chapter 6.

The findings indicate that the combination of appropriately sized obstacles (20
um) with extended electrodes (9 um) provides the most effective configuration for the
SSAR micromixer, achieving significantly higher mixing efficiency than either
feature alone. This optimal configuration will be used as the basis for subsequent
investigations of operational parameters, also, this is not totally consistent with

Chapter 6, where the optimal obstacle size found was 15 um.

7.6.3 Identification of Suitable Inlet Velocity

The inlet velocity significantly influences the balance between convective
transport, diffusive mixing, and electrokinetic effects in the SSAR micromixer. This
section investigates the effect of inlet velocity on mixing performance, focusing on
the optimal geometric configuration identified in the previous sections (obstacle

length L, = 20 pum, electrode length L. =9 pum).

Simulations were conducted for inlet velocities ranging from 50 pm/s to 500
um/s, while maintaining constant voltage amplitude (¢o = 100 mV) and frequency (f =
8 Hz). Figure 7.6 presents the concentration and streamline profiles for different inlet

velocities at £ = 0.83333 s.
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Figure 7.6 Concentration and streamline profiles for various inlet velocities at # = 0.83333 s [L, =
20 pm, ¢o =100 mV, =8 Hz|: (a) uo =50 pm/s, (b) uo =100 pm/s, (¢) uo = 150 pm/s, (d) uo = 200
pm/s, (e) uo =250 pm/s, and (f) o = 500 pm/s.

The concentration and streamline profiles reveal several important

observations (which are primarily consistent with Chapter 6:

1. Velocity-dependent vortex formation: At lower velocities (50-100 pm/s),
well-defined vortices are observed both upstream and downstream of the
obstacle, contributing to effective mixing. As velocity increases, the
downstream vortices become less prominent, while the upstream vortices
become compressed against the obstacle.

2. Flow penetration: At lower velocities, the electroosmotically-induced flow
patterns penetrate farther into the main channel, affecting a larger portion of
the fluid domain. This effect diminishes with increasing velocity as inertial

forces begin to dominate.
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3. Residence time effects: Lower velocities provide longer residence times
within the mixing chamber, allowing more time for diffusive mixing and
electrokinetic effects to act on the fluid elements.

4. High-velocity limitations: At very high velocities (500 pm/s), the flow
becomes predominantly convective, with minimal influence from
electroosmotic effects, resulting in poor mixing as evidenced by the distinct

separation between the two fluid streams at the outlet.

To quantitatively assess the effect of inlet velocity on mixing performance,
Figure 7.7 presents the temporal evolution of mixing efficiency and the relative

mixing efficiency change with respect to steady state for different inlet velocities.

60

20____.'V . N s 5 .. .
= = u,= 50 pm/s u, =200 um/s see s w,= 50 pmss , =200 pm/s

u, =100 pm/s  —--— 1, =250 um/s 20 ===, =100 pm/s e i, =250 pm/s
o E— u, =150 pm/s - - - - u, =500 pm/s #, =150 ym/s  ----- u, =500 um/s
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1(s) £(s)
@ (b)

Figure 7.7 Effect of inlet velocity on mixing efficiency [L, =20 pm, L. =9 pm, ¢» = 100 mV, f=8
Hz]: (a) Mixing efficiency versus time for various inlet velocities, and (b) Relative mixing
efficiency change with respect to steady state for different inlet velocities.

In Figure 7.7, The mixing efficiency profiles provide several key insights:

1. Optimal velocity range: The highest mixing efficiencies are achieved within
the velocity range of 50-150 pm/s, with the 100 um/s configuration reaching
approximately 96% efficiency at steady state.

2. Enhanced performance at low velocities: Likely of DSAR micromirer the
SSAR micromixer also shows consistently superior performance at moderate
velocities (100 um/s), suggesting that the obstacle-enhanced design is
particularly effective as the number of vortices generated is maximized.

3. Relative enhancement: The relative mixing efficiency change with respect to

steady state (Figure 7.7b) shows that the 150 pm/s and 200 pm/s
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configurations achieve the greatest improvement relative to their steady-state
baseline, indicating that the SSAR design is particularly effective at enhancing
mixing at these moderate velocities, which is again consistent with DSAR
micromixer investigated in Chapter 6.

4. Sharp decline at high velocities: Beyond 200 um/s, mixing efficiency
decreases rapidly, with the 500 um/s configuration achieving only about 24%
efficiency. This decline is a bit less pronounced than in the DSAR chamber,
suggesting that the SSAR design is relatively more stable than the DSAR

design due to velocity variations.

The superior performance of the SSAR micromixer at moderate velocities can

be attributed to factors as described in Chapter 6 for the DSAR micromixer.

These findings suggest that the SSAR micromixer is well-suited for
applications requiring high mixing efficiency at moderate flow rates, and it is almost
as efficient as the DSAR micromixer, although it has a more compact design than the

DSAR micromixer.

7.6.4 Impact of AC Voltage Amplitude

The amplitude of the applied AC voltage directly influences the strength of the
induced electroosmotic flow and, consequently, the mixing performance of the SSAR
micromixer. This section investigates the effect of voltage amplitude on mixing
efficiency, focusing on the optimal geometric configuration (obstacle length L, = 20
um, electrode length L. = 9 um) and the velocity range identified as most effective
(100-200 pm/s).

Simulations were conducted for voltage amplitudes ranging from 50 mV to
250 mV, considering inlet velocities of 100 um/s, 150 pm/s, and 200 pm/s, while
maintaining a constant frequency of 8 Hz. Figure 7.8 illustrates the mixing efficiency
as a function of voltage amplitude at the simulation endpoint (¢ = 1.0 s) for different

inlet velocities.
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Figure 7.8 Mixing efficiency as a function of voltage amplitude for various inlet velocities at 7z =
1.0s.

In Figure 7.8, the results reveal several important trends:

1. Positive correlation: For all inlet velocities, mixing efficiency generally
increases with voltage amplitude, indicating that stronger electroosmotic
actuation enhances the mixing process in the SSAR micromixer, which is
consistent with the DSAR micromixer investigated in Chapter 6.

2. Velocity-dependent response: The sensitivity of mixing efficiency to voltage
amplitude varies with inlet velocity. At lower velocities (100 pm/s), a
relatively modest voltage (150 mV) is sufficient to achieve near-complete
mixing (>99%). In contrast, higher velocities (200 pum/s) require higher
voltages to achieve comparable performance.

3. Optimal voltage-velocity combinations: The highest mixing efficiency
(99.2%) is achieved with 200 mV at 100 pm/s, while 250 mV provides the
best performance of 98.24% and 97% at 150 pum/s and 200 pm/s respectively.
This shows that using 250 mV further cuts energy requirements by
approximately 16.67% to achieve similar mixing levels compared to using 300

mV in setup i.e., the DSAR micomixer.

To examine the temporal evolution of mixing efficiency under different
voltage conditions, Figure 7.9 presents the mixing efficiency as a function of time for

various voltage amplitudes and inlet velocities.
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Figure 7.9 Temporal evolution of mixing efficiency for voltage amplitudes ranging from 50 mV to
250 mV at inlet velocities of (a) 100 pm/s, (b) 150 pm/s, and (c) 200 pm/s.
The temporal evolution profiles provide additional insights, which are

primarily similar to those of the DSAR micromixer:

1. Enhanced mixing Kinetics: Higher voltage amplitudes not only improve
ultimate mixing efficiency but also accelerate the mixing process, as
evidenced by the steeper initial slopes of the mixing efficiency curves for
higher voltages.

2. Fluctuation characteristics: At higher velocities and voltages, the mixing
efficiency exhibits more pronounced oscillations, reflecting the dynamic
competition between convective transport and electroosmotic effects.

3. Steady-state behavior: For lower velocities (100 um/s), the system reaches a
stable steady state more rapidly and with fewer fluctuations compared to
higher velocities, particularly at moderate to high voltage amplitudes (150-250
mV).
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The enhanced performance observed with higher voltage amplitudes can be
attributed to several factors:
o Stronger electroosmotic slip velocities at the electrode surfaces
e More powerful vortices capable of overcoming convective transport
o Enhanced chaotic advection due to stronger time-dependent flows
e More effective interaction between electroosmotic flows and obstacle-induced
flow patterns

e Greater penetration of electrokinetic effects into the main channel

These findings highlight the importance of voltage amplitude as a key
operational parameter for optimizing the performance of the SSAR micromixer. The
ability to achieve near-complete mixing (>99%) with moderate voltages (150 mV) at
practical flow rates (100 um/s) and good mixing (>97%) with high voltages (250 mV)
for higher flow rates (150-200 pm/s) demonstrate the effectiveness of the SSAR
design in enhancing microfluidic mixing. Furthermore, the SSAR design is found to

be more compact and energy-efficient compared to the DSAR micromixer.

7.6.5 Effect of AC Frequency

The frequency of the applied AC signal determines the rate of polarity
switching at the electrodes and significantly influences the electroosmotic flow
patterns within the SSAR micromixer. This section investigates the effect of
frequency on mixing efficiency, focusing on the optimal geometric configuration
(obstacle length L, = 20 um, electrode length L. = 9 um) and voltage amplitude (250
mV).

Simulations were conducted for frequencies ranging from 2 Hz to 18 Hz,
considering inlet velocities of 100 um/s, 150 pm/s, and 200 pm/s. Figure 7.10
illustrates the mixing efficiency as a function of frequency at the simulation endpoint

(t = 1.0 s) for different inlet velocities.
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Figure 7.10 Mixing efficiency as a function of AC frequency for inlet velocities of 100, 150, and
200 pm/s att=1s.

The results reveal several important observations:

1. Complex frequency dependence: The relationship between frequency and
mixing efficiency is non-monotonic, with separate plateaus observed across
different velocities. This behavior suggests intricate interactions between the
time-dependent electroosmotic flows, the obstacle, and mixing chamber
design-induced flow patterns.

2. Velocity-specific optimal frequencies: Each inlet velocity exhibits distinct
optimal frequencies for maximum mixing efficiency. For 100 pum/s, the
highest efficiency (99.2%) is achieved at 6 Hz; for 150 pm/s, optimal
performance (98.99%) occurs at 14 Hz; and for 200 um/s, the best results
(98.99) are observed at 16 Hz.

3. High and consistent performance at moderate frequencies: Across all
velocities, the frequency range of 8-12 Hz generally provides high mixing
efficiency (= 96%), suggesting this represents a practical operating range for

the SSAR micromixer.

To gain deeper insights into the transient behavior, Figure 7.11 presents the

temporal evolution of mixing efficiency for different frequencies and inlet velocities.

134



Chapter — 7: SSAR Electroosmotic Micromixer with Non-aligned Inlet-Outlet Channels

7(%)

40 [ u, =100 pm/s [ u,=100 pm/s [~ f — i, =100 pm/s
30t —-— u,=150 pm/s | —-— =150 pm/s | —-— u,=150 pm/s
e g, =2000pmds e =200 pm/s | e u, =200 pm/s
20 " " . H . " . . H R " " " H R
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 L0 0.0 0.2 0.4 0.6 0.8 1.0

3(%)

—u, =100 pm/s [ u, =100 pm/s [ == u,=100 pm/s

== u,=150 pm/s | =-= u,=150 pm/s | u, =150 pm/s
s g, =200pmis p e w,=200pmss e u, =200 pm/s
20 - L . L - L - L L L L L L L -
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

t(s)

(%)

—u, =100 pm/s [ u, =100 pm/s [

1, =100 pm/s

== u,= 150 pm/s | —-= u,= 150 pm/s | i == U, =150 um/s
s g, =200pm/s ¢ e u,=200pm/s e u, =200 pm/s
20 I I I L L I L I L I I I I 1 L
0.0 (.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

t(s)

Figure 7.11 Temporal evolution of mixing efficiency for frequencies f = 2-18 Hz and inlet
velocities of 100, 150, and 200 pm/s.

In Figure 7.11, the temporal evolution profiles provide additional insights:

1. Frequency-dependent mixing dynamics: Lower frequencies (2-4 Hz)
generally exhibit larger amplitude fluctuations in mixing efficiency,
particularly at higher inlet velocities, indicating less stable mixing processes,
which is consistent with the DSAR micromixer investigated in Chapter 6.

2. Stabilization effect of moderate frequencies: The frequency range of 10-14
Hz tends to produce smoother mixing efficiency curves with smaller
fluctuations, suggesting more stable and reliable mixing performance.

3. Initial mixing rate: Moderate frequencies generally lead to more rapid initial
increases in mixing efficiency, potentially beneficial for applications requiring

quick mixing responses.
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4. Steady-state behavior: For velocities of 100-200 um/s, a frequency of 10 Hz
achieves both stable and efficient steady-state performance with minimal
fluctuations, while at higher frequencies (>14 Hz), a smoother transition is

attained, and a reversal in the mixing trend with velocity is observed.

The complex frequency dependence observed in the SSAR micromixer can be
attributed to several factors that are primarily consistent with the DSAR micromixer

from a physics point of view.

These findings highlight the importance of frequency selection in optimizing
the performance of the SSAR micromixer. The identification of frequency ranges that
provide high and stable mixing efficiency across different inlet velocities (particularly
around the 8-12 Hz range) offers valuable guidance for the practical implementation

of this micromixer design.

7.6.6 Optimal Conditions for SSAR Micromixer Performance
Based on the comprehensive parametric analysis presented in the preceding
sections, we can identify the optimal conditions for maximizing the performance of

the SSAR electroosmotic micromixer. Table 7.1 summarizes the key findings:

Table 7.1 Optimal parameters and maximum mixing efficiencies for the SSAR
micromixer.

Parameter Optimal Value Maximum Mixing Efficiency

Obstacle Length 20 um 88.37% (with L= 2 um, uo = 100 pum/s,
$o =100 mV, f=8 Hz)

Electrode Length 9 pm 96.07% (with L, = 20 um, uo = 100
pm/s, go = 100 mV, f'= 8 Hz)

Inlet Velocity 100 um/s 96.02% (with L, = 20 um, L. = 10 pm,
¢o=250mV, f=8 Hz)

Voltage Amplitude 200 mV (for 100 um/s)  99.23%

200 mV (for 150 pm/s) 98.53%
250 mV (for 200 um/s)  96.36%
AC Frequency 4-10 Hz (for 100 pm/s) >99%
4-14 Hz (for 150 pm/s) >98.5%
12-16 Hz (for 200 pum/s) > 98%

These optimal conditions are interrelated, and the maximum mixing efficiency
can vary based on the specific as well as limited-range combinations of parameters

employed. The results indicate that the SSAR micromixer can achieve exceptionally

136



Chapter — 7: SSAR Electroosmotic Micromixer with Non-aligned Inlet-Outlet Channels

high mixing efficiency (> 99%) under optimal conditions, representing a significant
consistency with the DSAR chamber design presented in Chapter 6, but the SSAR
design is found to be more compact and energy-efficient compared to the DSAR

micromixer.

The key insights from this optimization study include:

1. Geometric optimization: An obstacle length of 20 um (approximately
66.67% of the diamond chamber side length) and an electrode length of 9 um
provide the optimal geometric configuration for maximizing mixing
efficiency.

2. Operational parameters: An inlet velocity of 100 pm/s, combined with a
voltage amplitude of 250 mV and a frequency range of 4-10 Hz, yields the
highest mixing performance (>99% efficiency).

3. Operational flexibility: The SSAR design maintains high mixing efficiency
(>96%) across a broader range of operational parameters, particularly with
respect to frequency variations (8-12 Hz for all velocities in the cogent range),
offering flexibility for practical applications.

4. Consistent performance at less energy and compact design: Under optimal
conditions, the SSAR micromixer achieves approximately consistent mixing
efficiency (99.23%) compared to the DSAR chamber presented in Chapter 6
(maximum efficiency of 99.3% under its optimal conditions), but the design is
more compact, and the energy required to attain this level is less than that of

the DSAR micromixer.

These findings demonstrate that the integration of optimally-sized obstacles
within a square mixing chamber, combined with appropriately configured electrodes
and operational parameters, can substantially enhance mixing performance in
electroosmotic micromixers. The SSAR design effectively leverages the synergistic
benefits of obstacle-induced flow manipulation and electrokinetic actuation to achieve

exceptional mixing efficiency under practical operating conditions.

7.6.7 Potential Challenges and Limitations
While the SSAR micromixer demonstrates exceptional performance under
optimal conditions, several challenges and limitations must be considered for practical

implementation, which is primarily similar to that of the DSAR micromixer design
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investigated in Chapter 6. But the SSAR design is 1/V2 times more compact and

16.67% more energy-efficient compared to the DSAR micromixer.

7.7 Conclusion

This chapter presents a comprehensive investigation into the design and

performance of an offset Square Split and Recombined (SSAR) electroosmotic

micromixer, which integrates obstacles within a square mixing chamber to enhance

mixing through the combined effects of -electrokinetic actuation and flow

manipulation. Through systematic numerical simulations and analysis, we have

explored the effects of various geometric and operational parameters on mixing

efficiency, leading to the following key findings:

1.

Enhanced Mixing Mechanism: The SSAR micromixer leverages a
synergistic combination of obstacle-induced flow splitting/recombination and
AC electroosmotic actuation to achieve exceptionally high mixing efficiency.
The obstacles disrupt laminar flow patterns and create additional interfacial
area between fluid streams, while the electroosmotic effects generate time-

dependent vortices that promote chaotic advection.

Compact Geometric Configuration: An obstacle length of 20 pm
(approximately 66.67% of the square chamber side length) and an electrode
length of 9 um represent the optimal geometric configuration for maximizing
mixing performance. Also, this configuration design is 1/42 times more

compact compared to the DSAR micromixer.

Operational Parameter Optimization: Under optimal conditions (inlet
velocity of 100 pm/s, voltage amplitude of 250 mV, and frequency of 4-10
Hz), the SSAR micromixer achieves near-complete mixing (>99% efficiency),
representing a consistent result with the DSAR chamber design presented in

Chapter 6.

Energy Efficiency: The DSAR design requires substantially lower voltage
amplitudes (250 mV vs. 300 mV) to achieve optimal performance compared to
the DSAR chamber, representing a 16.67% reduction in voltage requirements.
This enhanced energy efficiency has significant implications for the

integration of SSAR micromixers with low-power microfluidic systems.
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5. Operational Flexibility: The SSAR micromixer maintains high mixing
efficiency across a range of frequencies and a range of inlet velocities,
offering greater flexibility for practical applications compared to the DSAR

chamber design.

These findings demonstrate that the SSAR design represents a significant
advancement in electroosmotic micromixer technology, offering substantial
improvements in mixing efficiency, energy efficiency, and operational flexibility. The
integration of optimally-sized obstacles within a square mixing chamber with offset
inlet-outlet microchannels effectively leverages the benefits of both passive (obstacle-
induced) and active (electroosmotic) mixing strategies, resulting in enhanced

performance across multiple metrics.
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Chapter - 8

Outcome Summary, Contribution and Future Scope

8.1 Overall Outcomes of the Present Investigations

A comprehensive investigation of four distinct electroosmotic micromixer
designs has been conducted systematically, progressing from basic to advanced
configurations to achieve enhanced mixing efficiency. Beginning with a fundamental
circular chamber design, the research methodically evolved through diamond
geometry, diamond split-and-recombined (DSAR), and finally square split-and-
recombined (SSAR) configurations, each representing a significant advancement in
mixing performance and practical implementation.

From the detailed parametric investigations conducted across all four
micromixer designs, I have synthesized the key findings into comprehensive
comparative tables. Table 8.1 presents a comparative analysis of the essential design
features, performance metrics, and optimal parameters for all four micromixer

configurations.

Table 8.1 Comprehensive Micromixer Design Evolution and Performance Comparison.

Optimal Design  Circular Diamond
Feature Chamber Chamber DSAR SSAR
Maximum 7 (%)  98.84 99.09 99.60 99.36
Microchamber 1, _ L,=20 L,=30,L,=15 L,=30,L,=20
dimensions (pum)
Electrode length 5 5 10 9
(um)
Voltage (mV) for 5, 500 300 250
maximum 7
Velocityrange 1, 150 100 150
(hm/s)
AC frequency
(Hz) 12 2 4 and 8 6
Primary mixin Electroosmotic Enhanced Synergistic Extended flow
24 & . interface obstacle-vortex  path with obstacle
mechanism vortices . . . : .
stretching Interaction Interaction
Curved walls Angled walls Complex Flat walls and
Fabrication with electrode  with improved P straight channels
. . . obstacle >
considerations mounting electrode . . for simplified
Integration .
challenges placement fabrication
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As evident from Table 8.1, there is a clear progression in mixing efficiency
from the initial circular chamber design (98.84%) to the advanced SSAR
configuration (99.36%), with the DSAR design achieving the highest overall
efficiency (99.60%). This improvement correlates with increasingly sophisticated
geometric features and their interaction with electroosmotic phenomena. The circular
chamber relied primarily on electroosmotically-induced vortices, while the diamond
chamber enhanced mixing through better interface stretching along its linear walls.
The DSAR and SSAR designs introduced obstacles that created split-and-recombine
effects that worked synergistically with electroosmotic actuation.

The design evolution also reveals important trends in optimal operational
parameters. The voltage requirement for maximum efficiency decreased significantly
from 500 mV for the circular and diamond designs to 300 mV for the DSAR and 250
mV for the SSAR configuration, indicating progressive improvement in energy
efficiency. The optimal velocity remained within the 100-150 um/s range across all
designs, while optimal frequency showed design-specific values with the SSAR

design offering the widest operational range.

Table 8.2 quantifies the incremental improvements observed through each
design iteration, providing a clear measure of the benefits achieved through each

evolutionary step.

Table 8.2 Performance enhancement progression across design generations.

Performance Metric Circular Diamond DSAR Overall

— Diamond — DSAR — SSAR Improvement
Mixing efficiency . 545 +0.51 0.24 +0.52
increase (%)
Reduction in required
voltage (%) 0 40 16.67 50
Improvement in - .

. Limited (2 Moderate . Significantly
frequincy stability Hz) (4 Hz) Wide (+6 Hz) expanded
range
l;grl;ml:g)t:i(;n Moderate Slight Significant Net

P 3 « improvement increase improvement improvement
reduction

*Frequency range where mixing efficiency remains within 2% of maximum.
**Qualitative assessment based on geometric features and fabrication requirements.

Table 8.2 demonstrates that the most substantial improvement in mixing
efficiency occurred in the transition from diamond to DSAR geometry (+0.51%),

while the most significant reduction in voltage requirements was achieved in the
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DSAR design (40% reduction) and further improved in the SSAR configuration
(additional 16.67% reduction). The frequency stability range—representing the span
of frequencies over which the micromixer maintains near-optimal performance—
widened considerably across design generations, with the SSAR design offering the
broadest operational flexibility.

The fabrication considerations improved overall from the initial circular
design to the final SSAR configuration, despite a slight increase in complexity with
the DSAR design due to obstacle integration. The SSAR design, with its
perpendicular walls, straight channels, and non-aligned configuration, represents a
significant advancement in terms of fabrication practicality while maintaining
excellent mixing performance.

For practical implementation, it is essential to identify the optimal design and
operational parameters based on specific application requirements. Table 8.3 provides
application-focused recommendations derived from the comprehensive parametric

studies conducted across all four designs.

Table 8.3 Optimal design selection for application-specific requirements.

Appll.c ation Sult.able Optimal Parameters Expected Performance
Requirement Design
Highest mixing L,=15pm, L, =10 um, uo =100 >99.5% mixing

efficiency DSAR um/s, ¢o =300 mV, f=4 Hz efficiency

L,=20 pum, L, =9 pm, uo = 150

. o .
Energy efficiency SSAR um’s, do = 200 mV, f= 8 Hz >98% n with 200 mV
Fabrication SSAR Lo=20um, L, =9 um, uo =150  Flat walls, perpendicular
simplicity pum/s, go =250 mV, f= 10 Hz turns with >98% #

. Consistent performance
Operational Lo,=20 um, L, =9 um, uo = 150
stability SSAR um’s, go = 250 mV, £= 12 Hz over 4-14 Hz frequency

range

L,=20 pum, L, =9 pm, uo = 200

Higher flow rates SSAR um/s, go = 250 mV, f= 14 Hz

>94% 5 at 200 pm/s

Table 8.3 highlights that while the DSAR design achieves the highest absolute
mixing efficiency, the SSAR configuration offers superior performance in terms of
energy efficiency, fabrication simplicity, and operational stability. Also, SSAR design
remains competitive for applications requiring higher flow rates, where it maintains
good mixing efficiency (>98.9%) at velocities up to 200 um/s, which is further
efficient in terms of relative mixing efficiency gain of 60%, offering the most

effective utilization of electrical energy.
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These comparative analyses demonstrate the significant advancements
achieved through the systematic design evolution pursued in this thesis. The
progression from basic circular geometry to advanced split-and-recombined designs
has yielded highly efficient electroosmotic micromixers with mixing efficiencies
approaching 100%, while simultaneously addressing practical implementation
considerations such as energy efficiency, fabrication complexity, and operational

stability.

8.2 Contributions and Future Scope of the Present Work

This research has made significant contributions to the field of microfluidic
mixing through systematic design innovation, comprehensive physical analysis, and
practical implementation considerations. The work has advanced both fundamental
understanding and practical application of electroosmotic micromixers, establishing a
foundation for next-generation microfluidic systems.

e Novel Micromixer Architectures: The research introduced a series of
progressively optimized electroosmotic micromixer designs—circular,
diamond, DSAR, and SSAR configurations—that demonstrated significant
performance improvements from 94.15% to 99.60% mixing efficiency. The
innovative integration of split-and-recombine mechanisms with electroosmotic
actuation created synergistic enhancement effects, while the development of
flat-walled geometries addressed practical fabrication challenges. This
systematic evolution of designs bridges the gap between theoretical
performance and practical implementation.

e Electrokinetic Flow Control Advancement: The research established
fundamental relationships between chamber geometry and vortex formation,
characterizing the impact of electrode placement, polarity arrangements, and
obstacle integration on flow patterns. The investigation revealed complex non-
monotonic relationships between operational parameters and mixing
efficiency, particularly for AC frequency. These findings significantly advance
the understanding of electroosmotic flow control in complex geometries and
provide design principles for enhancing chaotic advection in microchannels.

e Parametric Optimization Framework: Through comprehensive numerical
investigations, the research established a systematic framework for optimizing

electroosmotic micromixers. The identification of geometry-specific optimal
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parameters for chamber dimensions, electrode configuration, operational
velocities, voltage amplitudes, and AC frequencies provides valuable design
guidelines for different application requirements. The discovery of velocity-
specific voltage requirements and frequency optima offers energy-efficient
operation strategies for practical microfluidic systems.

o Fabrication-Oriented Design Innovation: The progression from curved
geometries to flat-walled designs with strategic electrode placement addressed
key fabrication challenges in electroosmotic micromixers. The SSAR design
with non-aligned inlet-outlet channels offers an excellent combination of high
performance (99.36% efficiency) and fabrication simplicity. The established
relationships between geometric parameters and mixing efficiency enable
designers to make informed trade-offs between performance and
manufacturability.

e Comprehensive Mixing Enhancement Strategies: The research
demonstrated multiple complementary approaches to mixing enhancement,
including chamber geometry optimization, obstacle integration, electrode
configuration tuning, and operational parameter adjustment. The DSAR design
proved that obstacles could work synergistically with electroosmotic effects to
improve mixing beyond what either approach could achieve alone. The
identification of optimal phase differences in AC signals introduced an
additional control parameter for fine-tuning mixing performance without
increased power consumption.

e Application-Specific Design Guidelines: The research provides tailored
guidelines for different microfluidic applications, identifying parameter
combinations that optimize performance for specific flow rate requirements.
The energy-efficient designs with low voltage requirements (200-300 mV)
make these micromixers suitable for portable and point-of-care diagnostic
devices. The established operational parameters for high-throughput mixing
applications support the development of more effective and reliable

microfluidic analytical systems.

This research has systematically addressed the challenges of microscale
mixing through innovative design and comprehensive optimization, yielding highly

efficient electroosmotic micromixers that combine performance excellence with
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practical implementation considerations. The contributions span fundamental physical
understanding, design methodology, and application-oriented guidelines, establishing
a strong foundation for future advancements in microfluidic systems.

Future extensions of this work could take several promising directions.
Experimental validation through prototype fabrication and performance
characterization would provide valuable verification of the numerical predictions.
Advanced geometric designs incorporating three-dimensional electrode arrangements
and cascaded mixing elements could further enhance performance, while material
innovations including biocompatible electrodes and functional surface coatings might
expand application possibilities. System integration research focusing on component
interfacing and comprehensive lab-on-chip platforms would address implementation
challenges, and application-specific studies targeting biological fluid mixing,
chemical reaction enhancement, and multi-phase systems would broaden the impact
of these innovations. As microfluidic technologies continue to advance, these
electroosmotic micromixer designs offer promising foundations for next-generation
analytical, diagnostic, and synthesis platforms with enhanced capabilities and

practical feasibility.
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