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 Abstract 

Microfluidic devices for manipulating fluids are 

widespread and finding uses in many scientific and 

industrial contexts. Their design often requires 

unusual geometries and the interplay of multiple 

physical effects such as pressure gradients, 

electrokinetics, and capillarity. These circumstances 

lead to interesting variants of well-studied fluid 

dynamical problems and some new fluid responses. 

We provide an overview of flows in microdevices with 

focus on electrokinetics, mixing and dispersion, and 

multiphase flows. We highlight topics important for 

the description of the fluid dynamics: driving forces, 

geometry, and the chemical characteristics of 

surfaces. 

Keywords:electro-osmosis, low-Reynolds-number 

hydrodynamics, microdevices, mixing, nanofluidics 

        1. Introduction 

The manipulation and control of fluids at 

small scales, a research field associated with 

microfluidics, is a compulsory requirement 

for the development of Lab-on-a-Chip 

devices . Microfluidic devices have emerged 

as transformative platforms across diverse 

scientific and industrial domains, enabling 

precise handling of minute fluid volumes 

with unprecedented control. The ability to 

confine liquids inside channels narrower than 

a strand of hair has opened new avenues for 

experimentation, where reagents last longer 

because only tiny amounts are needed, 

analytical steps that once took hours can 

finish far earlier, and entire workflows that 

previously spanned a benchtop can be 

condensed into a compact lab-on-a-chip 

arrangement . 

The origins of microfluidics can be traced to 

the recognition that fluid behavior at the 

micrometer scale differs fundamentally from 

macroscopic flows. At these dimensions, the 

Reynolds number—the ratio of inertial to 

viscous forces—is typically very low, 

resulting in laminar flow regimes where 

mixing is governed primarily by diffusion 

rather than turbulence. This characteristic, 

while posing challenges for rapid mixing, 

offers opportunities for precise control over 

chemical reactions and biological assays. The 

influence of surface forces becomes 

increasingly dominant as surface-area-to-

volume ratios increase, making the chemical 

characteristics of channel walls central to 

device performance. 

This review provides an overview of the fluid 

dynamics underlying microfluidic systems, 

with particular emphasis on three key areas: 

electrokinetic phenomena, mixing and 

dispersion, and multiphase flows. We 

examine the driving forces that propel fluids 

through microchannels, the geometric 

considerations that shape device design, and 

the chemical properties of surfaces that 

govern interfacial interactions. By 

synthesizing insights from the foundational 

literature, we aim to provide a comprehensive 

framework for understanding and 

engineering flows in small devices. 

2. Historical Background of the Study 

mailto:anveshanaindia@gmail.com
http://www.anveshanaindia.com/


AIJREAS                 VOLUME 9,  ISSUE 12 (2024, DEC)                      (ISSN-2455-6300)ONLINE 

Anveshana’s International Journal of Research in Engineering and Applied Sciences 

 

Anveshana’s International Journal of Research in Engineering and Applied Sciences 
EMAILID:anveshanaindia@gmail.com,WEBSITE:www.anveshanaindia.com 

52 

The development of microfluidics as a 

distinct field of study is intrinsically linked to 

advances in microfabrication technologies. 

Microfabricated integrated circuits 

revolutionized computation by vastly 

reducing the space, labor, and time required 

for calculations, and microfluidic systems 

hold similar promise for the large-scale 

automation of chemical and biological assays 

. The concept of a "lab-on-a-chip" emerged 

from the vision of integrating multiple 

laboratory functions onto a single 

miniaturized device, enabling rapid, cost-

effective, and high-throughput analysis. 

Early work in the field drew heavily on 

insights from fluid dynamics, electrokinetics, 

and surface chemistry. The pioneering 

research of Stone, Stroock, and Ajdari 

provided a foundational framework for 

understanding engineering flows in small 

devices, highlighting the interplay of 

pressure gradients, electrokinetics, and 

capillarity that characterizes microfluidic 

systems . Their work identified the key 

physical phenomena that distinguish 

microfluidic flows from their macroscopic 

counterparts: the predominance of viscous 

forces over inertial forces, the importance of 

surface charge and electroosmotic effects, 

and the unique challenges of mixing and 

dispersion in low-Reynolds-number 

environments. 

The late 1990s and early 2000s witnessed an 

explosion of interest in microfluidics, driven 

by applications in biomedical diagnostics, 

chemical synthesis, and environmental 

monitoring. The development of soft 

lithography techniques, particularly using 

polydimethylsiloxane (PDMS), 

democratized access to microfluidic 

fabrication and enabled rapid prototyping of 

complex channel geometries. This period 

also saw the emergence of electrokinetic 

methods as powerful tools for fluid 

manipulation, offering advantages over 

pressure-driven flows in terms of plug-like 

flow profiles, reduced dispersion, and 

compatibility with miniaturized systems. 

In the Indian context, research in 

microfluidics has gained momentum in 

recent decades, with applications spanning 

healthcare diagnostics, water quality 

monitoring, and pharmaceutical 

development. The convergence of expertise 

in fluid mechanics, materials science, and 

biotechnology has positioned India as an 

emerging contributor to the global 

microfluidics landscape. However, 

challenges related to infrastructure, funding, 

and interdisciplinary collaboration continue 

to shape the trajectory of microfluidics 

research in the country. 

3. Need of the Study 

The study of microfluidic flows is essential 

for several compelling reasons. First, the 

widespread adoption of microfluidic devices 

in scientific and industrial contexts demands 

a thorough understanding of the fluid 

dynamics that govern their operation. From 

point-of-care diagnostics to drug discovery 

platforms, the performance of these devices 

hinges on the precise control of fluid 

behavior. Without a robust theoretical and 

computational framework, device design 

remains an empirical and often inefficient 

process. 

Second, the integration of multiple physical 

effects—pressure gradients, electrokinetics, 

capillarity, and thermal gradients—creates 

complex fluid responses that are not fully 
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captured by classical fluid dynamics. The 

interplay of these forces gives rise to 

phenomena such as electroosmotic flow, 

dielectrophoresis, and electrowetting, each 

with distinct scaling laws and operational 

regimes. Understanding these phenomena is 

critical for optimizing device performance 

and expanding the range of achievable 

functionalities. 

Third, the emergence of lab-on-a-chip 

technologies has transformative potential for 

healthcare, environmental monitoring, and 

chemical synthesis. These devices enable 

rapid, low-cost analysis with minimal sample 

consumption, addressing critical needs in 

resource-limited settings. However, realizing 

this potential requires overcoming 

fundamental challenges related to mixing, 

dispersion, and multiphase flow control. 

Advances in computational modeling and 

experimental characterization are essential 

for addressing these challenges. 

Finally, the growing complexity of 

microfluidic systems—incorporating 

deformable particles, non-Newtonian fluids, 

and complex channel geometries—

necessitates the development of advanced 

numerical techniques. As applications 

increasingly involve biological samples such 

as cells and circulating tumor cells, the need 

for accurate and efficient computational 

methods has never been greater . The 

integration of machine learning approaches 

with traditional computational fluid 

dynamics promises to accelerate device 

design and optimization, but significant 

challenges remain. 

   4. Objectives 

The objectives of this study are as follows: 

1. To examine the fundamental fluid 

dynamics governing flows in microdevices, 

including the governing equations and key 

dimensionless parameters such as the 

Reynolds number, Péclet number, and 

capillary number. 

2. To analyze the role of electrokinetic 

phenomena—including electroosmosis, 

electrophoresis, and dielectrophoresis—in 

fluid and particle manipulation. 

3. To investigate the challenges and strategies 

for mixing and dispersion in low-Reynolds-

number flows, including passive and active 

micromixing approaches. 

4. To explore the dynamics of multiphase 

flows in microchannels, including droplet 

generation, manipulation, and coalescence. 

5. To evaluate the influence of channel 

geometry and surface chemistry on fluid 

behavior and device performance. 

6. To assess computational approaches for 

modeling microfluidic flows, including finite 

element methods, lattice Boltzmann 

methods, and emerging machine learning 

techniques. 

7. To provide a roadmap for future research 

in microfluidics, highlighting key challenges 

and opportunities for innovation. 

  5. Fundamental Fluid Dynamics in 

Microdevices 

The behavior of fluids in microchannels is 

governed by the Navier-Stokes equations, 

which express the conservation of mass and 

momentum in fluid dynamics. The 

incompressible form of these equations is 

given by: 

$$\nabla \cdot \boldsymbol{u} = 0$$ 

$$\rho 

\left[\frac{\partial\boldsymbol{u}}{\partial 

t} + (\boldsymbol{u} \cdot 
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\nabla)\boldsymbol{u}\right] = -\nabla p + 

\mu \nabla^2 \boldsymbol{u} + 

\boldsymbol{f}$$ where       u       is the fluid 

velocity field, ρ is the fluid density, p is 

pressure, μ is the fluid dynamic viscosity, and       

f       is the body force density . 

At the micrometer scale, the Reynolds 

number (Re = ρUL/μ, where U is a 

characteristic velocity and L is a 

characteristic length) is typically very small, 

often less than unity. This implies that inertial 

forces are negligible compared to viscous 

forces, and the flow is laminar. The absence 

of turbulence simplifies the mathematical 

description but introduces challenges for 

mixing, as fluid streams do not undergo 

chaotic advection. 

The low-Reynolds-number regime gives rise 

to several distinctive features of microfluidic 

flows. First, flows are generally reversible in 

the absence of time-dependent boundary 

conditions, a property that has implications 

for device operation and control. Second, the 

dominance of viscous forces means that 

pressure-driven flows exhibit parabolic 

velocity profiles, with the maximum velocity 

at the channel center and zero velocity at the 

walls. This shear flow can lead to dispersion 

of solute species, affecting the resolution of 

separation processes. 

For non-Newtonian fluids, the Navier-Stokes 

equations must be modified to account for the 

dependence of viscosity on shear rate or the 

presence of elastic stresses. Inertial 

microfluidics, which operates at finite 

Reynolds numbers, exploits the balance 

between inertial lift forces and viscous drag 

to achieve particle focusing and separation . 

This approach has gained prominence for 

applications such as flow cytometry, liquid 

biopsy, and blood fractionation, where 

passive manipulation of cells and particles is 

required. 

The introduction of channel curvature 

generates secondary flows known as Dean 

vortices, which can enhance mixing and alter 

particle trajectories. The interplay between 

inertial forces and curvature-induced 

secondary flows creates complex migration 

patterns that can be harnessed for particle 

separation and focusing. 

 6. Electrokinetic Phenomena in 

Microdevices 

Electrokinetic phenomena arise from the 

interaction between an applied electric field 

and excess charge residing within the 

electrical double layer (EDL) at liquid-solid 

interfaces . When microchannel materials 

such as glass or elastomers are exposed to 

aqueous electrolytes, surface ionization 

produces fixed charges that recruit counter-

ions from the bulk solution. These charges 

organize into a compact Stern layer and an 

adjacent diffuse layer, constituting the EDL. 

The electric potential defined at their 

boundary, the zeta potential (ζ), plays a 

central role in determining both the strength 

and direction of electrokinetic transport. 

             6.1 Electroosmotic Flow 

Electroosmotic flow (EOF) originates from 

the action of an axial electric field on counter-

ions within the diffuse layer of the electrical 

double layer, with viscous coupling 

transferring this motion to the surrounding 

liquid . Unlike pressure-driven flows, EOF 

produces a plug-like velocity profile, where 

the fluid moves with nearly uniform velocity 

across the channel cross-section. This 

characteristic is advantageous for 

maintaining spatial resolution and separation 
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performance, as dispersion due to shear is 

minimized. 

The electroosmotic mobility is determined 

primarily by the zeta potential at the channel 

wall, making surface chemistry a critical 

design parameter. By engineering the zeta 

potential through surface treatments or 

coatings, researchers can tune the magnitude 

and direction of EOF to achieve desired flow 

patterns. 

             6.2 Electrophoresis and 

Dielectrophoresis 

Electrophoresis (EP) refers to the migration 

of charged species relative to the fluid under 

an applied electric field, a mechanism central 

to capillary electrophoresis and related high-

resolution separations . The electrophoretic 

velocity is proportional to the electric field 

strength and the zeta potential of the particle, 

with the direction determined by the sign of 

the particle's charge. 

Dielectrophoresis (DEP) arises under 

spatially nonuniform electric fields, where 

field gradients induce forces even on 

electrically neutral particles. In this case, 

polarizable particles experience a net force, 

allowing their selective trapping or 

directional steering based on differences in 

dielectric response rather than net charge 

alone . DEP has found extensive applications 

in particle manipulation, including trapping, 

sorting, and concentration of cells and 

biomolecules. 

The scaling of these phenomena diverges 

significantly: EOF and EP scale linearly with 

the electric field, while DEP scales with the 

gradient of the electric field intensity and the 

third power of particle radius. This 

divergence dictates the practical dominance 

of each mechanism under different operating 

conditions . 

             6.3 Electrokinetic Instabilities and 

Mixing 

Electrokinetic instabilities arise when electric 

fields interact with conductivity gradients, 

charge heterogeneity, or non-Newtonian 

fluid behavior. These instabilities can 

generate vortical flows that significantly 

enhance mixing, breaking the diffusion-

limited mixing characteristic of low-

Reynolds-number flows . 

Electrokinetic micromixing strategies can be 

broadly categorized as active or passive. 

Active mixers use time-dependent (AC or 

DC field switching) or time-independent (DC 

field) external electric fields to achieve 

mixing, while passive mixers achieve mixing 

in DC fields simply by virtue of their 

geometric topology and surface properties, or 

electrokinetic instability flows . Chaotic 

mixing is particularly valuable for achieving 

efficient mixing under high Péclet number 

regimes. 

         7. Mixing and Dispersion 

Mixing of analytes and reagents is a critical 

step in realizing lab-on-a-chip applications. 

This step is difficult due to the low Reynolds 

numbers flows in microscale devices, where 

turbulence is absent and mixing relies 

primarily on molecular diffusion . The Péclet 

number (Pe = UL/D, where D is the 

molecular diffusivity) characterizes the 

relative importance of advection and 

diffusion. At high Péclet numbers, advection 

dominates and mixing is inefficient without 

additional mechanisms. 

Various schemes to enhance micromixing 

have been proposed, including both active 

and passive approaches. Active mixers 
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employ external energy sources, such as 

electric fields, acoustic waves, or magnetic 

fields, to induce chaotic advection. 

Electrokinetic-based mixers, including 

electrowetting-on-dielectric (EWOD), 

dielectrophoresis (DEP), and electroosmosis 

(EO), offer advantages such as no moving 

parts and compatibility with miniaturized 

systems . 

Passive mixers rely on geometric features—

such as channel bends, obstacles, or 

grooves—to generate secondary flows and 

enhance mixing. Curved channels induce 

Dean vortices that promote cross-stream 

mixing, while staggered herringbone mixers 

create chaotic advection through repeated 

splitting and reorientation of fluid streams. 

The effectiveness of passive mixers depends 

on the Péclet number, with optimal 

performance typically achieved at 

intermediate values. 

Dispersion, the spreading of solute species 

due to shear and molecular diffusion, is a 

related challenge in microfluidic systems. 

Taylor dispersion occurs when a solute is 

transported in a shear flow, with the 

combination of shear and transverse diffusion 

leading to an enhanced effective diffusivity. 

Minimizing dispersion is essential for 

maintaining sharp concentration gradients 

and achieving high-resolution separations. 

Computational fluid dynamics (CFD) plays a 

central role in designing and optimizing 

micromixers. Finite element methods are 

widely used to solve the Navier-Stokes 

equations and the advection-diffusion 

equation, enabling prediction of flow fields 

and concentration distributions . The 

selection of numerical techniques depends on 

the specific application and the complexity of 

the physical model required. 

     8. Multiphase Flows 

Multiphase flows, involving the interaction 

of immiscible fluids, are ubiquitous in 

microfluidic devices. Droplet-based 

microfluidics, where droplets suspended in 

an immiscible carrier phase are used as 

isolated reaction domains, has emerged as a 

powerful platform for chemical and 

biological assays. The droplet format 

maintains sample identity without dilution 

and uncontrolled spreading, and cross-

contamination is far less likely . 

             8.1 Droplet Generation and 

Manipulation 

Droplet generation in microchannels 

typically relies on shear forces or surface 

tension gradients at the interface between 

immiscible fluids. The droplet size is 

determined by the flow rates of the dispersed 

and continuous phases, channel geometry, 

and fluid properties. Electrokinetic 

approaches offer precise control over droplet 

operations, including directed transport, 

coalescence, division, and internal mixing . 

The electrokinetic velocity of a droplet arises 

from the combined contributions of the 

electrophoresis of the droplet itself and the 

electroosmotic flow of the surrounding 

medium . The net effect depends strongly on 

interfacial charge, which can be tuned 

through surfactants or pH adjustments. The 

balance between EOF and EP determines 

both the sign and magnitude of droplet 

motion, enabling pH-dependent separation 

and other advanced manipulation strategies. 

             8.2 Droplet Coalescence and 

Splitting 
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Electrocoalescence, the merging of droplets 

under an electric field, is a key process for 

initiating reactions or combining reagents. 

The application of an electric field induces 

charge redistribution at the droplet interface, 

leading to attractive forces that overcome the 

stabilizing effects of surfactants. Once 

droplets are in contact, the interface ruptures 

and coalescence occurs. 

Droplet splitting, or division, can be achieved 

through geometric constraints or active 

control. Electric fields can be used to induce 

droplet deformation and breakup, enabling 

precise control over droplet volume. These 

operations are essential for implementing 

complex assays where sequential reactions or 

sample partitioning is required. 

            8.3 Microfluidic Bioreactors 

Microfluidic bioreactors leverage the 

advantages of microfluidics for cell culture 

and tissue engineering. Bearing superiorities 

such as dynamic fluidic stimuli on cells, 

sufficient nutrient and gas supply, and timely 

removal of waste, microfluidics within 

bioreactors have been widely applied in the 

fields of clinical and biomedical engineering  

The hydrodynamics of microfluidics within 

bioreactors significantly impact the 

physiological behaviors of cells, including 

differentiation, proliferation, and migration. 

The design of bioreactors must account for 

flow field homogeneity, efficient mass 

transport, and the provision of constant 

fluidic stimuli. Microfluidics-prepared multi-

dimensional scaffolds, ranging from zero-

dimensional particles to three-dimensional 

blocks, serve as functional units that support 

cellular encapsulation, adhesion, and 

differentiation . 

        9. Computational Methods for 

Microfluidic Flows 

Numerical modeling has played a pivotal role 

in advancing microfluidics, offering deeper 

insights into the microscale phenomena 

governing device operation . Computational 

approaches have simultaneously supported 

the proliferation of on-chip technologies, 

enabling the design and optimization of 

devices for diverse applications. 

             9.1 Finite Element Method 

The finite element method (FEM) is a well-

established numerical technique widely used 

for solving partial differential equations in 

fluid dynamics . In Eulerian FEM, the 

physical domain is discretized into small 

finite elements, each with a specific shape 

and a fixed number of nodes, where the 

solutions are approximated using piecewise 

shape functions. FEM has been extensively 

applied to solve the Navier-Stokes equations 

for microfluidic flows, offering flexibility in 

handling complex geometries and boundary 

conditions. 

The selection of numerical techniques 

depends on the specific application and the 

complexity of the physical model. For 

particle-laden flows, FEM can be coupled 

with structural solvers to capture fluid-

structure interactions (FSI). Fluid-structure 

interaction methods can be categorized as 

monolithic, where fluid and structural 

equations are solved simultaneously, or 

partitioned, where different numerical 

methods are used for fluid and structure . 

             9.2 Lattice Boltzmann Method 

The lattice Boltzmann method (LBM) is an 

alternative numerical technique that has 

gained popularity for microfluidic 

simulations. LBM solves the Boltzmann 
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equation on a discrete lattice, capturing the 

evolution of particle distribution functions. 

This approach is particularly suited for 

complex geometries and multiphase flows, 

offering advantages in parallelization and 

boundary condition implementation. 

             9.3 Smoothed Particle 

Hydrodynamics 

Smoothed particle hydrodynamics (SPH) is a 

meshless method that represents the fluid as 

a collection of particles. SPH has been 

increasingly applied to microfluidic 

problems, particularly for systems involving 

free surfaces, fluid-structure interactions, or 

complex interfaces . The meshless nature of 

SPH simplifies the handling of large 

deformations and topological changes. 

             9.4 Machine Learning Approaches 

The application of machine learning (ML) to 

microfluidics is a nascent but rapidly 

growing field. ML algorithms can be used to 

accelerate simulations, optimize device 

geometries, or infer physical parameters from 

experimental data. However, adoption in 

inertial microfluidics remains limited 

compared to conventional microfluidics, and 

significant challenges must be overcome . 

         10. Future of Microfluidic Devices 

The future of microfluidic devices will be 

shaped by several emerging trends. The 

convergence of electrokinetics with 

sophisticated integrated platforms and hybrid 

powering schemes promises to expand 

microfluidic capabilities into previously 

inaccessible domains for analytical chemistry 

and diagnostics . Electrokinetic strategies 

will continue to unlock new analytical 

capabilities and influence the way microscale 

systems are designed. 

Artificial intelligence and machine learning 

are poised to transform the field, enabling 

data-driven design and optimization of 

microfluidic devices. As microfluidic 

systems evolve to include more complex 

channel geometries and are applied to more 

complex biological samples, standard 

numerical techniques will become 

inadequate for managing the increased 

complexity, and novel computational 

approaches will be needed . 

The integration of microfluidics with 

emerging technologies such as organ-on-a-

chip platforms, personalized medicine, and 

point-of-care diagnostics will drive further 

innovation. Microfluidic bioreactors will 

continue to play a pivotal role in tissue 

engineering and regenerative medicine, with 

advances in hydrodynamic modeling and 

scaffold design enabling more sophisticated 

culture systems. 

The development of sustainable and low-cost 

microfluidic platforms, including cellulosic 

microfluidic devices, will expand access to 

diagnostics in resource-limited settings. 

Understanding fluid flow within porous 

cellulosic materials will be essential for 

optimizing device performance and reducing 

reliance on extensive experimental work . 

         11. Conclusion 

Microfluidic devices for manipulating fluids 

are transforming scientific and industrial 

practice, enabling precise control over fluids 

at the micrometer scale. Their design requires 

an understanding of unusual geometries and 

the interplay of multiple physical effects, 

including pressure gradients, electrokinetics, 

and capillarity. This article has provided an 

overview of flows in microdevices, focusing 
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on electrokinetics, mixing and dispersion, 

and multiphase flows. 

The fundamental fluid dynamics of 

microdevices are characterized by low-

Reynolds-number flows, where viscous 

forces dominate and turbulent mixing is 

absent. Electrokinetic phenomena—

including electroosmosis, electrophoresis, 

and dielectrophoresis—offer powerful, non-

mechanical means to manipulate fluids and 

particles. Mixing and dispersion remain 

central challenges, addressed through a 

combination of passive geometric features 

and active external forcing. Multiphase 

flows, particularly droplet-based systems, 

provide versatile platforms for chemical and 

biological assays. 

Computational methods have played a 

pivotal role in advancing our understanding 

of microfluidic flows. Finite element 

methods, lattice Boltzmann methods, and 

emerging machine learning approaches 

enable the design and optimization of 

increasingly complex devices. The future of 

microfluidics lies in the integration of 

multiple functionalities, the adoption of 

intelligent design approaches, and the 

expansion of applications in healthcare, 

environmental monitoring, and beyond. 
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