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Abstract: Microchannels based on microelectromechanical systems (MEMS) have received a lot
of interest in the microfluidics and biomedical fields over the past forty years. While their
applications have been multifarious, a comprehensive literature review focusing on their design, type,
and applications is not currently present in the literature. Researchers working on these elements of
microchannels will gain targeted knowledge from the current review on microchannels. Due to its
advanced properties, flexibility of mass, and small size, microdevice demand has been rising quickly,
particularly in industrial applications. The classification of microchannels and their uses are the main
focus of this work. These include but are not limited to molding, electroplating, lithography, lab-on-
a-chip, micromolding, micromachining, micromilling, laser ablation, lithography, microcontact
printing (pcp), hot embossing, electrochemical micromachining (EMM), and etching. In addition,
numerous hybrid techniques for microchannel manufacturing have been reported. So, in essence, this
review offers a range of advancements in microchannel manufacturing. The review also attempts to
present a qualitative analysis describing the various methodologies associated with microchannels in
terms of their design, shape, and flow regimes for applications such as pressure drop and transfer of
heat prediction. Additionally, depending on the precise uses needed, a number of materials, including
but not limited to ceramics, silicon, metals, and polymers, are utilized in the manufacture of
microchannels. On metallic substrates, polymers such as silicon, glass, and polymeric materials are
used. The biomedical industry uses polymeric and glass substrates instead of silicon substrates,
which are used for mechanical engineering and electronic applications. In addition to outlining
methods for choosing the best kind of microchannel, this paper also suggests important directions
for the future.

Keywords: MEMS, microfluidics, microchannels, fabrication, flow characteristics.

Introduction for the RF domain. In the mechanical domain, they are
] used in multiple mechanical devices, such as actuators and
An emerging technology called & valves. In the optical domain, they are used in multiple

microelectromechanical system (MEMS) is utilized to
create tiny devices using microfabrication methods .
MEMS devices can have a wide range of sizes but
typically fall between 100 nm and 1000 pm (or 1 mm).
Micro-Electro-Mechanical =~ Systems (MEMS) were
initially regarded as cutting-edge technology in various
physical domains, such as mechanical, acoustic, and RF.
Some of these include sensors, micromirrors, and switches

optical applications, such as sensors and microphones +®.

From such diversified spectrum of applications, it has
been evident that MEMS are useful candidates in medical,
chemical, and biological fields *'". Recent developments
in MEMS technology, in particular, have completely
changed trends in a variety of industries, including sports,
aerospace, biomedicine, electronics, home appliances,
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and automotive 2719, Microscale MEMS devices can run
independently or in conjunction with other hardware.
MEMS devices can have a relatively straightforward
construction with no movable parts or a highly
sophisticated  structure with numerous integrated
moveable components '"'?. Due to their cost-effective
advantages over conventional devices, such as their small
size, light weight, low power consumption, flexibility to
create them in batches, superior performance, and more
precise findings, MEMS devices have become
increasingly popular. These benefits have made
BioMEMS-based devices' applications in the biological
and biomedical domains particularly promising 2*27. For
particular uses a variety of BloMEMS-based devices have
been created 232, Microfluidics is a method for
manipulating fluids at submillimeter scales that have
shown a significant aptitude for advancements in
biological research and diagnostics. Due to its quick
sample handling and precise fluidic flow control,
microfluidic devices have superseded conventional
experimental techniques 3337, and hence, critical insight
is required into the design, manipulation, regulation, and
application of MEMS systems to further enhance the field.
As a result, a critical understanding of the design,
manipulation, regulation, and application of MEMS
systems is needed to advance the area. The recent
widespread development of microfluidics is a result of
science and technology. Little amounts of liquid can flow
through microfluidic systems. In a weaker system, the
flow can reach micro- and nanolitres (uL and nL).
Biosensing, labeling, immobilization, purification,
detection, and sample preparation are the main tasks
carried out by these systems. When compared to its
behavior at the micro- and nanoscales, fluid behaves very
differently at bigger scales. In essence, these systems
handle tiny amounts of fluids and are created at micro
sizes. Microfluidic systems employ microchannels %39,
Fluids always flow laminarly in microchannels at such
small volumes. Microfluidic devices may benefit greatly
from the use of surface tension. The fluid flow may not be
as predicted by traditional fluidic systems when the fluid's
volume is the same as that of the microchannels via which
the fluids are conveyed. Recent years have seen a lot of
study in this area with biological applications focus. This
decade's most significant advancement in MEMS and
NEMS in microfluidics has been transdermal drug
delivery (TDD) devices. The majority of this system is
made up of microchannels. The microfluidic device's
main component, microchannels, has a variety of inlet and
output holes for fluid flow (Fig. 1). Applications in many
disciplines, including biology, chemistry, physics, and
medicine are made possible by these devices 44D,
Different facets of microfluidic devices have been the
subject of numerous review publications **®). However,
no review of microchannels and their classifications has
yet been published focusing on their industrial relevance,
i.e., fabrication techniques most suited for large-scale
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Fig. 1: Diagram of straight microchannel.

industry and applications in the most prospective sectors.
To address this significant limitation, this review study is
conducted. Essentially, this study will invoke multiple
future studies to analyze their applicability at the
industrial level.

2. Classification of microchannels

Microchannels are channels with hydraulic sizes used
in microtechnology. Kandlikar and Grande have offered a
thorough historical perspective on the evolution of
microchannels and mini-channels *”. According to current
research, microchannels can be categorized based on a
number of factors, including the Knudsen number (Kn) 4>
57, All in all, the comprehensive review works along with
recent insights agree that geometry is of utmost concern
in the design of microchannels in terms of controlling
fluid flow parameters by modifying geometry
considerations %0, Specifically, staggered rectangular
baffles have been successfully implemented in
microchannel arrays to improve gas-liquid mass transfer
in terms of significantly altered volumetric mass transfer
coefficient D,

It is possible to divide microchannels into many types
and subtypes. The various types of microchannels
depicted in Fig. 2 are shown in green, yellow, and purple.
They can be used to resemble the letters of the English
alphabet. Some of these include J, Y, T, U, and S, which
can be formed to resemble any letter of the alphabet. Other
types of microchannels that can be designed include
square, round, triangular, double spiral, and double coil.
These are also curved, curvilinear, and sinusoidal.
Microchannels can thus be categorized based on their
designs and applications 2%, Figs. 3-5 show the
schematic diagram of different types of microchannels.
The parameters of various types of microchannels
(dimensions, length, channel type, material, fabrication
technique, fluid and fluid flow pattern, particles size,
velocity, current densities, temperature, heat fluxes, flow
rates, Reynolds numbers, simulation techniques,
mathematical analysis, and applications) developed by
various research groups are presented in a comparative
manner in Tables 1-6 "'73. The most frequent issues with
microchannel architecture are !7+179);

a) The inhomogeneous mixing

b) The uniform wall heat and laminar forced
convection

¢) The hydrodynamically growing flow
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d) Independence from a grid 1) Spontaneous capillary flow
e) Laser scanning procedure issue to regulate the m) Single-phase flow issues

f) Microchannel sizes

g) Boundary layer problem 2.1 Straight microchannels

h) Flow boiling in small hydraulic diameter channels
i)  Flow patterns, heat transfer, and pressure drop

j)  Population genetics in microchannels

k) Flows are frequently encountered in microdevices

Researchers have made considerable use of these
channels. These microchannels exhibit laminar flow and
are simple to construct. These channels' diameters can be
created down to the nanometer scale. Due to their

\A A A

Fig. 2: Classification of microchannels.
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Fig. 3: Diagram of various types of straight microchannels: (a) straight rectangular, (b) straight parallel, (c) straight
trapezoidal, (d) straight serpentine, (e) straight square, (f) straight ramified, (g) straight crossed, (h) straight oblique finned, and
(i) straight ratchet-like microchannels.

numerous uses, these microchannels have become more
significant over time. The majority of applications for
straight microchannels include the emulsification of
proteins, Proton-exchange membrane fuel cell, liquid and
gas transfer, hemodialysis, focusing behavior, particle
separation, and performance of flow boiling. Fig. 3
depicts various types of straight microchannels.

Using a straight microchannel emulsification system,
Saito et al. (2005) studied the emulsification of proteins.
They effectively prepared monodispersed emulsions using
proteins as an emulsifier 7”. The fabrication method
wasn't discussed in this study. Three-dimensional (3D)
multicomponent transport models were described by Liu
et al. in 2006. This PEMFC was developed with straight
gas microchannels. The PEMFC model's computational
field was exceedingly extensive. The production method
wasn't disclosed 7. Masuda et al. (2008) used straight
microchannels to construct a two-phase flow and 2D
simulator. The transference of water at the interface of
proton exchange membrane/ gas diffusion layers and gas
diffusion layers /gas flow channel was carefully examined
with a width of 3.2 millimeters, a length of 30 millimeters,
and air and hydrogen flow rates of 58 standard cubic
centimeters per minute and 22 standard cubic centimeters

per minute, respectively. The relative humidity was 75%
and the cell temperature was 30°Co. The rear plates and
separators were made of "SUS316 standard molybdenum
stainless steel," and the separators were plated in gold to
reduce electrical contact resistance and shield them from
corrosion. The GFC was rectangular and had dimensions
of 1.6 mm in width, 1.0 mm in depth, and 30 mm in length.
The fabrication process wasn't disclosed *9. In 2010,
Fazeli and Behnam employed fuel cells with zigzag and
straight wall catalyst-coated microchannels. According to
their analysis of mathematical modeling results, zigzag
channels exhibited better discrimination for hydrogen and
lower discrimination for carbon monoxide. Crisscross
microchannels were, therefore, better than these
microchannels. In this study, the production technique
wasn’t mentioned °”. Numerical simulation was
employed by Lu and Lu (2010) to resolve the issues with
ultra-filtration. To solve the issues with the filtration
process, they created a numerical simulation for mass
transfer from a porous membrane with parallel straight
microchannels that is several hundred nanometers in size.
Hemodialysis could benefit from the findings. In this
study, the fabrication method was not mentioned '°®. A
neuro-fuzzy technique was modified by Emiroglu et al.
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(2010) to forecast the ejection measurements of a side
weir in these microchannels. To calculate the flow rate
coefficient, they created an ANFIS model for these
microchannels. In this study, the fabrication methods were
not disclosed !''. Two alternative neural network
algorithms were utilized by Bilhan et al. (2010) for
horizontal outflow in a straight microchannel over
rectangular side weirs. The two methods that were looked
at for evaluating the discharge coefficient of the
rectangular side weirs were FFNN and RBNN. In this
study, the fabrication methods were not disclosed *?. To
calculate the flow rate, Emiroglu et al. (2011) created
another ANN technique. In this study, the fabrication
methods were not discussed 4V, Straight parallel and
straight serpentine microchannels with dimensions of 31.5
mm in length, 3.2 mm in width, and 6 mm in height were
employed by Masuda et al. (2011). The two pieces of
carbon fabric GDL and the two pieces of separator were
sandwiched together to create the cell pattern of the
channel. The divider was made from SUS 316 with a gold
plating to signify commercial MEA. By tightening the
channels' nuts and bolts, the channels were linked. The air
flow rate in the straight microchannel was 58 standard
cubic centimeters per minute with a current density of
0.15 Ampere per square centimeter. The air flow rate in
the parallel microchannels was 116 standard cubic
centimeters per minute, and the current density was 0.16
Ampere per square centimeter. The air flow rate was kept
at 78 standard cubic centimeters per minute while the
current density in the serpentine network was 0.16
Ampere per square centimeter. In these microchannels,
they investigated the relationship between the behavior of
water droplets and cell voltage. The findings showed that
water accumulation and flushing of the clogged water,
respectively, caused a drop and recovery of the voltage
Andriy and Yaroshchuk (2011) employed a mathematical
model for long-straight microchannels to analyze the
transference characteristics of an electrolyte solution. In
this study, the fabrication methods were not disclosed 6%,
Emin et al. (2011) employed straight open channels in a
different study to examine the discharge capacity of
rectangular side weirs in these channels. The
measurements were 12 m in length, 0.5 m in width, 0.5 m
in depth, and 0.001 in slope. The sidewall was made of
glass, while the channel was built with a steel bed. A
channel gate was constructed at the conclusion to regulate
the flow depth. Additionally, the water surface profile and
surface velocity streamlines were reported in their
investigation. Many hydraulic structures also utilized side
weirs as an emergency assembly. To redirect flow
horizontally, the side weir was typically anchored to the
side of a channel. In this study, the fabrication methods
were not disclosed 7?. Some researchers hypothesised in
1999, 2000, 1994, 2002, and 2003 that the surface
roughness in straight microchannels was responsible for
this association. These investigations 778D did not
mention the fabrication procedures.

152)

Many stage junctions for electronic packaging in these
microchannels were first proposed by Xie et al. (2014).
Utilizing computational fluid dynamics (CFD) in the
ANSYS 82183 it was possible to numerically analyze the
three-dimensional streamline flow transference of heat
with these junctions "®. The complexity of the focusing
behavior of sphere-shaped particles with the aspect ratio
for a wide range of Re in these microchannels was
investigated by Liu et al. (2014). The fabrication process
was disclosed. Direct numerical simulations (DNS) in
three dimensions (3D) were used to conduct the numerical
analysis 89, Liu et al. (2015) both computationally and
experimentally described the viscoelastic effects based on
the separation of particles and cells in these microchannels.
The fabrication technique has been documented 7. By
utilizing longitudinal vortex generators, Sabaghan et al.
(2016) investigated the 2-phase numerical modelling for
the flow of numerous nano-fluids and heat transference in
these microchannels (LVGs) 3?. The microchannel heat
exchanger with five-pointed various designs in straight
transverse microchannels was examined by Chai et al.
(2016) using 3D numerical simulations . Straight
microchannels were experimentally assessed for flow
boiling performance by Li et al. (2017) 139, J. Mathew et
al. (2020) compared flow patterns seen utilizing flow
visualization in straight microchannels '8¢, with the heat
transfer, pressure drop, and stability properties of the heat
sinks. In order to assess the cooling capabilities of
manifold and straight microchannel heat sinks, Piotr Zajac
(2021) performed a CFD simulation '¥7. Table 1 707277
81,86,97,108,119,130,141,152,163)’ various details about the
dimension, fluid and fluid flow patterns, particles size,
temperature, material, phase fluxes, heat fluxes, flow rates,
simulation procedure, and field of applications of these
microchannels by various researchers are offered.

2.2 Curved microchannels

Typically, curved microchannels have one curvature.
Fig. 4 depicts various types of curved microchannels.
Curved microchannels have been employed by
researchers in a variety of applications, such as heat
transmission, flow characteristics, mass transfer, and
elastic turbulence. Numerical modelling is used to study
these channels as well. Wang (1996) investigated the
buoyancy of force-driven modifications and the impacts
of heat flow in a spinning curved microchannel.
Numerical modelling was used to observe these flow
configurations 3%, For the purpose of determining the
transverse energy regime in curved microchannels, Fares
(2000) created a quasi-two-dimensional model '*¥. The
flow properties might be predicted using the numerical
model. By computing the friction factor "f' using the
standard NS equation in this microchannel, Yang et al.
(2005) evaluated the flow characteristics '*¥. Shen et al.
(2003) investigated the helicoidal heat transfer flow in a
concave open microchannel using 3D numerical
modelling. Importantly, it was established that the
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Fig. 4: Diagram of various types of curved microchannels: (a) curved rectangular, (b) curved spiral, (c) curved square, and (d)

curved circular microchannel.

turbulent flow was primarily continuous and disordered,
and the scientists subsequently used turbulence patterns
136,189-199) The line placement of the 2-layer streamlined
flow was reported by Yamaguchi et al. in 2004 for this
channel. There have been reports of the channels'
falsification '37. With the aid of the matching
eigenfunction expansion method, Khuri (2006) was able
to solve the Stokes flow in curved microchannels problem
199 For forced convection, Wang and Liu (2007) used
microchannels that were slightly curved 9. An
investigational examination of the unit cell approach for
the fluidic dynamics of gas and liquid combinations in this
channel was carried out by Kirpalani et al. (2008) and
examined the flow of curved channels from a 5x1072 cubic
meter storage container kept at 295 Kelvin temperature 139,
Seo et al. (2010) investigated secondary current velocity
in these channels. The transverse velocity in this
microchannel was well-defined using theoretical formulae.
The performance was really co-efficient for forecasting
how contaminants will mix in natural streams. Numerous
researchers have looked at the profiles of transverse-type
velocities 172%, By using numerical modelling, Ali et al.
(2010) investigated the non-Newtonian fluid flow
exposed to anastalsis waves in this channel. They
published their analysis of the heat transfer caused by the
anastalsis viscous fluid flow in this channel that same year.
The authors used the RK algorithm to get a precise
solution for the flow. Many fluid models have been
examined by many scientists using peristaltic tools 295219,
In order to solve the bi-harmonic equation, Che et al.
(2010) published a numerical technique of plug fluid flow
in these channels. For the stream functions, they created a
series solution 13%. Data from Emiroglu et al. 2!%2!7) were
utilized. The numerous linear and nonlinear regression
techniques, which had a root mean square error of 0.2926

and, 0.2054 correspondingly, were shown to produce a
worse approximation of the discharge coefficient during
the validation stage than ANN model 4. Numerous
studies have looked into discharge co-efficient estimation
based on simple lateral weir analysis 2'¥239 In a
mathematical model, a group of researchers (2011)
investigated the anastalsis transference of a thick fluid
down the curved channel Y. By using computational
fluid dynamics simulation, Xuan et al. (2011) investigated
mass transference of a 2-layer streamlined fluid flow in
this channel '?. In 2016, Renault et al. created a brand-
new curved microchannel architecture that enables
neuronal populations to generate axonal projection in a
single direction. This is an important use of these axons
and their rebuilding in relation to brain pathways 4. In
curved microchannels, elastic turbulences were
investigated by Li et al. (2017) 232, Below is a diagram of
the curved microchannel. A U-shaped Gaussian beam
microchannel is another name for it.

2.3 Curvilinear microchannel

Curved motion is the term used to describe a liquid's
wave motion in a curvilinear channel. Curves like this are
fixed curves. Curves can be numerous in curvilinear
microchannels. These channels require the fluid to flow in
both straight and curved patterns. There is not much
research on these microchannels. Most often, malignant
cells are separated via these microchannels. In order to
separate malignant cells from blood, Wewala et al. (2012)
examined the shape and simulation procedure of
ascending curvilinear channel. They separated cells using
the  inertia-focusing  method. @ They employed
computational fluid dynamics for the simulations (CFD).
The microchannel measured 150 pm, 55 pm, and 625 pum
in width, height, and radius, respectively. 100 x 10° m was
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the bare minimum inner radius. The channel had a length
of 14450 x 10 m and a maximum inner radius of 1150 x
10 m. Only one input and three outlets were needed for
the two ascending and descending microchannels to
cooperate '*¥. A unique design of ascending and
descending curvilinear microchannels was reported by
Wewala et al. (2013). The results of separating malignant
cells from blood were simulated and compared. The
malignant cells were estimated to be about 15 um in size.
The ascending microchannel, out of the two, was most
effective at separating malignant cells 39,

2.4 Coil microchannel

These microchannels are shaped like coils. They may
be turned several times, just like a spring. Systems for
cooling use them. This kind of microchannel has just been
researched by Schutte et al. (2016). Their research used a
condenser with cooling coil microchannels as the basis for

a cooling system. There was no mention of the fabrication
233)

2.5 Spiral microchannel

The shape of these microchannels is similar to a hair
spring. Their turns have radii that are bigger. Every
circular turn is centric. They are widely used in bio-
MEMS applications. These microchannels are employed
in a number of processes, including DNA hybridization,
particle separation, particle focusing, Dean flow, and
ultrafast plasma blood separation. DNA hybridization by
CD was explored by Peng et al. (2007), who found
advantages in the use of high sampling, multiple sampling,
and the hybridization rate. Spiral microchannels were also
used to complete analyses of antibody-antigen binding
and enzyme-substrate reactions °¥, Bhagat et al. (2008)
investigated the way that particles are separated in spiral
channels. For the investigations, they used Dean flows and
differential migration. They used CFD-ACE+ (ESI-CFD
Inc., Huntsville, AL) technology to analyze the spiral
microchannel they had designed. The microchannel
measured 100 m, 50 m, 3 mm, and 13 cm in width, height,
radius, and overall length, respectively. According to
Kuntaegowdanahalli et al. (2009), dean flow applied in
spiral channels allowed for the passive separation of
particles. The microchannel was 130 micrometers high,
and the particles that were to be separated ranged in size
from 10 to 20 um. Transient incompressible flows were
the method they employed 13!, In 2013, Nivedita et al.
looked into the growth of dean vortices in spiral
microchannels. They separated the cells. The relevance of
Dean flows was significantly improved by the spiral
channels, which also improved particle focusing '°”. Guan
et al. (2013) investigated particle separation. They made
use of helical channels with trapezoidal and rectangular
cross sections. Actually, this tactic was a method of size-
based separation. For the concentrating of particles with
improved separation resolution, they used a three-
dimensional  observational —approach '’®. Blood

components, blood samples, and their separation using
spiral microchannels were studied by Rafeie et al. (2016).
They developed the multiplexing of spiral channels to
achieve ultra-rapid plasma blood separation. The blood
flow rate measured for this study was 530 liter per minute.
This rate showed that the channel could handle blood flow
more quickly—one mm of blood in under a minute—than
previously thought . Dean vortices with secondary
flows were studied by Nivedita et al. in 2017 in these
channels 239,

2.6 Double spiral microchannel

In contrast to microchannels with a single spiral, these
microchannels have two distinct turns. Together, the two
spiral microchannels function as a single microchannel.
Clockwise and anticlockwise flows are separated in the
double spiral microchannel. Researchers use these
microchannels for a variety of purposes, such as
continuous particle separation, dielectrophoresis, particle
capture, addition, and transport, as well as the impact of
droplet deformation on fluid flow. In order to create
double spiral shapes for application in hybridization, Chen
et al. (2008) explored second generation 2D microarray
160.235 In double spiral microchannels, Zhu et al. (2011)
investigated the continual separations of particles in
diverse combination. The creation of double spiral shapes
DEP induced for the dis-aggregation of numerous
particles was the focus of this investigation. The
fundamental properties of the particles (size, charge,
conductivity) varied '¢V. For the 5- and 10-m particles,
respectively, the amendment feature for dielectrophoretic
velocity was remain fixed at 0.6 and 0.4 47149236231 A
potent technique for sorting and classifying particles
according to their size and polarizability is
dielectrophoresis. Their polarizability is influenced by the
frequency of the ac field, permittivity, and electric
conductivity. Based on electrode and insulator techniques,
these effects are comprehended 2382%®). In a double spiral
microchannel, Sun et al. (2012) investigated the
improvement and parting of tumorous cells '?. DuBose
et al. (2014) investigated how to separate bio-particles
based on their form and design in these channels. Using a
constructed model known as the Arbitrary Lagrangian-
Eulerian numerical model, they ran simulations to
comprehend the particle separation system and the
motions of the particles. A key parameter for the
identification of particles and perhaps a cell cycle
indicator was the form and architecture of the double
spiral microchannel 7>*2%_ A double spiral
microchannel was investigated by Xue et al. (2016) for the
adjacent motion of two-fold droplets train at small
Reynolds number. Droplet motion was employed to
addition and transference the tiny particles in these
channels, supply the lowest scale, release segments for the
analysis, catch cells for exposure, and deliver 25259, They
talked about the effectiveness of migration and the impact
of droplet deformation on motion in these channels 6.
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2.7 T-Shaped microchannel

The shape of these microchannels is a T in English. In
microfluidics, microchannels joined by T-junctions are
particularly prevalent and crucial. They can be used for
emulsification, gas supply systems, and mixing. The
majority of investigations on fluid flow in these
microchannels involve numerical models and micro
element image velocimetry studies 20270, In T-shaped
microchannels, Husny et al. (2006) investigated the
impact of elastic forces on drop formation. In this work,
the fabrication procedure was described. They came to the
conclusion that these T-shaped microchannels were
created by the resulting polydispersity and quantity of
secondary drops '°®. Graaf et al. (2006) modelled droplet
formation in a microchannel with a T shape. Different
flow rates and interfacial pressures were used to simulate
droplet formation '%7. Gat et al. (2010) looked at the Hele-
Shaw approach to use mathematical analysis to examine
the gas flows across a system of parallel microchannels
and shallow T-junctions. Parallel microchannels were
created by combining three T-junction microchannels %,
Santos and Kawaji (2010) conducted an experimental
analysis and mathematical analysis of the production of
two-phase flow slugs in a T-shaped microchannel. They
created slugs in the channel using the CFD application
FLUENT 6.2 '9. The combined effect of mixing and heat
transmission was described by Ebrahimi et al. (2014)
employing electroosmotic pressure flow past in these
channels. The Hele-Shaw approach was studied by Gat et
al. (2010) to observe the gas T-shaped microchannels. For
flow in a T-shaped microchannel, they conducted a
numerical 2D quasi-steady investigation '7Y. Zhuang and
Zhu (2015) used electro-osmotic pressure in T-shaped
microchannels to study the cumulative influence of the
flow of power law-driven fluids. They used the solutions
to the Poisson-Boltzmann and Laplace equations to
modify the Navier-Stokes equations. The shape and
optimization of bio-MEMS applications may benefit from
the findings of this work Y. By the use of the
mathematical technique (Nek-5000 codes) 2’», Andreussi
etal. (2015) examined the fluid flow regimes present in T-
shaped microchannels. In T-shaped microchannels,
Cardiel et al. (2016) studied the flow behavior of micellar
membranes. They provided important analysis for fluid
flow behavior, membrane behavior, proteins, and
thermodynamical phases of lipid membrane through
numerical modelling and experimental work. They
created a model that integrated the properties of the micro-
micellar membrane's (MM) diffusivity, viscoelasticity,
and local concentration gradient !7>?73-282), Fluid wetting
properties in these channels were compared by Omer et al.
(2017) 289,

2.8 Other types of microchannels

Other kinds of microchannels exist in the industry. Fig.
5 depicts other types of curved microchannels. Some
microchannels are exclusively intended to serve a single

function. Different kinds of microchannels were coupled
by Kashid et al. (2011) to comprehend the flow properties.
They made use of Concentric, Caterpillar, T-junction, and
Y-junction microchannels. According to the mixer type,
flow rate, flow ratio, microchannel design, and finally
fluid flow characteristics, the analytical results showed
different flow regimes 2%%. investigated the flow boiling
properties in microchannels. Their studies were
concentrated on 200 m wide and deep radial
microchannels. In comparison to straight microchannels,
there was less pressure decrease in these channels. The
pressure loss and flux in the channel were 16.03 kPa and
267.5 W/em2, respectively, as the flow rate gradually
increased up to 400 mL/min.

Table 6 153716216417 represents the different
information of the length, fluid and flow pattern, particles
size, temperature, material, Reynolds numbers, heat
fluxes, flow rates, simulational method, mathematical
modelling method, and applications of the channels used
by various researchers.

3. Fabrication of microchannels

Microfluidics and the biomedical industry are the two
principal uses of microchannels Y. As it is challenging to
create microchannels using standard engineering methods,
it is impossible to understand all the fabrication
procedures in a clear manner. In addition, a variety of
materials, including but not limited to ceramics, silicon,
metals, and polymers, are employed in the manufacturing
of microchannels depending on the specific uses desired.
Polymers including glass, polymeric materials, and silicon
are employed on metallic substrates 289, Instead of silicon
substrates, which are used for mechanical engineering and
electronic applications, the biomedical sector uses
polymeric and glass substrates. During fabrication of
microchannels following issues were found 28¢-289);

a) Bulge formation

b) Surface roughness

c) Irregular profile of the channels

d) Scanning times

e) Scanning velocity

f) Microchannels with higher aspect ratios could
not be demoulded defect free,

g) Broke off during fabrication

h) Integration with other devices

i) Compatibility issues

Microchannel fabrication

procedures, including:
a) Lab ona chip
b) Micromolding
c) Electroplating
d) Injection molding
e) Ultrasonic machining
f)  Electrochemical micromachining (EMM)
g) 3D Printing

involves a wvariety of
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Fig. 5: Diagram of miscellaneous microchannels: (a) Y-shaped, (b) concentric, (c) caterpillar, (d) ascending sinusoidal, (e)

descending sinusoidal channel, and (f) T-shape circular microchannel.

h) Laser Direct Writing

i) Laser micromachining

j)  Micromachining

k) Laser ablation

1) Microcontact printing (LCP)

m) Micro Total Analysis System

n) Rapid Prototyping

o) Hot embossing

p) Etching

q) Photolithography

r) Lithography

s) Micromilling

t)  Excimer laser micromachining

u) Femtosecond laser bulk micromachining

v) Lithography, electroplating, and molding (LIGA,
from the German lithographie, galvanoformung,

abformung)
w) Modified techniques combining the
aforementioned

Microchannel construction has also been accomplished
using hybrid techniques. The use of laser micromachining
as a potential channel fabrication method is expanding
quickly 29, For research and industrial use, quicker and
less expensive fabrication methods are required because
some of these procedures take a long time.

It is important to note that, with the exception of

micromilling, unconventional procedures are frequently
used in the production of microchannels. With the
exception of circular channels, which are essentially
manufactured on the interior of the base material, the
channels are produced on the exterior of the base material
285,290-297) Qther fabrication methods have been utilised in
several research, however much of this literature is
unavailable. The first investigation using the Mask and
Fill approach on SU-8 was conducted by Guerin et al. in
1997 2°®. On the surface of silicon and glass substrates,
channels were created by Papautsky et al. in 1998 2%, The
first electrospun polymeric microchannels were created
by Vempati and Natarajan in 2011 3%, Kee et al. (2011)
employed the PLIS technique for the creation of
microchannels ). The method of micromolding for
creating parylene channels was first described by Noh et
al. (2004) 392, The spacer approach was initially employed
for fabrication by Hakamada et al. (2007) 3%, Lee et al.
(1998) employed the low-energy ion beam etching
method for the first time 3°¥. The first study to fabricate
microchannels using plasma etching was Rossier et al.
(2000) 39, A road map for considerable advancement in
various facets of the thermal manufacturing of
microchannels was provided by Kandlikar and Grande in
2002 300,

Moreover, Wu and Cheng (2003) also created silicon
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microchannels with straight trapezoidal shapes. The
diameters used ranged from 25.9 to 291.0 pm. Wet etching
was used to create the microfluidic device °. On a PMMA
plate, Yamaguchi et al. (2004) mechanically constructed
curved microchannels. By employing a Robo-drill with a
flat end mill (¥200 x pm), the area was measured as 3mm
x 7mm 7, Similar implementations of curved
microchannels are also found in a recent work, where
microfluidics physics is explained from a theoretical
perspective to comprehend the accurate positioning of
particles in the fluid 3°7. T-shaped microchannels were
created utilising a polycarbonate substrate by Husny et al.
(2006). The stiff material polycarbonate offers excellent
optical transparency. The fabrication process employed
was the modified laser-LIGA procedure '%9. Particles
were separated in spiral channels by Bhagat et al. (2008).
The microchannel was 100 um wide, 50 pm high, 3 mm
in diameter, and 13 cm long overall. They created the
channels using a common soft lithography method.
Kuntaegowdanahalli et al. used a similar method in 2009.
The diameters of the particles to be separated ranged from
10 to 20 um, and the channel employed had a height of
130 pm 9, 2008 saw the fabrication of spiral and double
spiral patterns by Chen et al. In a clean room,
photolithography procedures involving photomasks were
carried out. The PDMS plate had a 2 mm thickness and a
92 mm diameter. The microchannels ranged in depth from
25 to 50 pm %0

Furthermore, a curving spiral microchannel made of
polydimethylsiloxane (PDMS) was also created in 2009
by Zhu and Xuan utilising the common soft lithography
method 7. Chu et al. (2010) created microchannels with
curved, rectangular  shapes. Using common
microelectromechanical techniques, the fabrication was
carried out on a silicon substrate in accordance with the
physical microstructure's properties 4. In double spiral
microchannels, Sun et al. (2012) investigated the
enrichment and separation of tumor cells. Standard soft
lithography was used to create the channels. They
employed a SU8-2050 master mold and silicon material
39%8) Straight oblique-finned microchannels  were
experimentally created by Law et al. (2014). The copper-
made MHS had a 25 mm X 25 mm surface area. Following
that, 40 parallel microchannels were created using the
wire cut electro-discharge machining technique. On MHS,
780 oblique fins in total were created '°7. In more recent
studies, it is emphasized that geometrical considerations
such as parallelization of microchannels and utilizing the
effect of flow area variation are vital in terms of
controlling multiphase flows and up-scaling from a design
perspective 330%310),

Similar straight rectangular microchannels were
created by Liu et al. (2015) using the traditional soft
lithography technique 3'Y. Yan et al. (2015) created
serpentine and rectangular straight microchannels. They
used the soft lithography approach to create
polydimethylsiloxane (PDMS) serpentine microchannels

100 Experimentally sinusoidal microchannels with

alternating secondary branches were created by Chiam et
al. (2016). The fabrication procedure of micro machining
was applied '*V. Zhang et al. (2016) created rectangular
microchannels that are perfectly straight. Wire electric
discharge machining (WEDM) was used to produce the
channels ®). Using an etching technique, Guo et al. (2016)
created experimentally straight, rectangular
microchannels. The microchannels’ manufactured depth
and breadth ranged from 50 nm to a few microns and 3
um, respectively 3. Curved rectangular microchannels
were created by Li et al. (2016). Throughout the
experiments, the radius of curvature was modified three
times. The microchannel's rectangular shape was curled at
a 120° angle. The microchannel measured 35 mm x 80
mm in size. Transparent plexiglass was utilised for
construction in order to facilitate interactions with light.
The channel was carefully built by connecting two PIV
pipelines of equal size that were both straight and curved,
without the use of any special techniques 9. In 2016,
Akhtar et al. created a square, straight microchannels by
micromachining with an exciplex laser. They created
oblique and circular channels using this method,
employing square and rectangular laser dots. The
waterway had a nearly 10 pm edge roughness and a
maximum width of 150 pm. This process turned out to be
an additional approach for directly milling MEMS
components and micro-fluidic channels 32,

Additionally, the splitting of more viscous fluid threads
in square, straight microchannels was studied by Cubaud
et al. (2016). This groundbreaking work demonstrated a
highly regulated thread route with the mechanical stability
of more viscous flows in multipart microchannels. These
channels were created using the etching process (typical
silicon-based microfabrication), and they all had
diameters of 250 um . In order to replace the outdated
traditional procedures, Ling et al. (2017) developed a
novel technique called the "Xurograhy Method" for
fabricating microchannels 3'3. The most recent
development in the production of microchannels is the use
of lasers. This method of manufacture is quicker, simpler,
and less expensive. However, there are several drawbacks
to this method. Microchannel manufacturing is an
extremely challenging and intricate procedure. The level
of accuracy needed for production necessitates thorough
investigation 3'4. Microchannels for hybrid electrolytes
were printed in three dimensions by Zekoll et al. (2018)
319, A method of 3D printed microchannels for bone
restoration was developed by Daly et al. (2018) 319, With
the inclusion of a controller cover, Serex et al.'s research
on 3D printing in microfluidics was conducted 3'”. Burtch
et al. (2018) developed a new subtractive approach for 3D
manufacturing microchannels 319

The primary methods for 3D manufacturing
microchannels  include  2-photon  polymerization,
extrusion printing, Inkjet, laser, and stereo-lithography 3!
Here, it is discussed how various strategies have limits.
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The 2-photon polymerization process has taken up the
most time for building complicated structures. The
restrictions in extrusion printing are poor resolution,
roughness, nozzle obstruction, and lower detection limits.
Inkjet printing cannot be used for channels less than 100
um or with poor precision or distortion. The constraints of
the laser 3D printing technology are low resolution,
optical clarity, and roughness. Stereolithography's limits
are its hardware and adhesive characteristics'
incompetence 329, The constraints on the micromilling
process are low stiffness and surface roughness 32V, The
lithography process involves replication, pattern registry,
curling, and material restrictions 322, The
photolithography procedure results in photo-resistance
and limited chemical compatibility 2. The geometrical
structure of microchannels is restricted during the
micromachining process 3%, The LIGA's limits are in the
kinetic and transportation of response rates 3%, The limits
of the micro total analysis system are time, space, and the
combination of micropumps, micro-valves, and
microchannels 39, ]. The lengthy cooling time required
by the hot embossing process is its main drawback 327
The material that can get stuck internally and some gels
that can impede this technique are the constraints of fast
prototyping 2.

Table 7 summarizes the numerical modeling method,
numerical modeling method, flow rate, heat flux,
Reynolds number, length, temperature, material, fluid
type/particle  size, simulation methodology, and
applications of various channels employed in

various investigations 58,73,79,88
90,100,107,131,137,144,146,147,156,160,162,166,173,329-331)

4. Applications of microchannels

Microchannels can be divided into many varieties
according to their specialised usage. optical properties,
molecule adsorption, surface charge, machinability,
thermal conductivity, and electro-osmotic flow. Aside
from these primary considerations, many other properties
are considered for applications of microchannels®*>%3), In
this section, the most important applications of
microchannels in terms of prospect and relevance to large
industrial scale are reported.

4.1 Microchannels used as radiation detector

A handful of studies have justified the use of
microchannels as radiation. Among the seminal studies on
the detection efficiency of microchannels, Blasé et al.
have studied the photon detection efficiency of
microchannel plates in the range of 2.5-20 MeV 339,
Leskovar (1977) also used microchannels to create a
powerful radiation detector. There were many
microchannel plates utilised in the detector. As a result,
the MCPs were used to measure the energy of ions,
electrons, neutrons, and photons (up to X-rays). The MCP
detector coupled high-resolution capacity with picture

intensity. As a result, the MCP's increased speed and
decreased noise were completely attributed to the usage of
microchannels *3%. Jagutzki et al. (2002) created yet added
an efficient radiation indicator to find photons and other
high-tech elements. Compared to its predecessor, this
detector was more adaptable and could analyze the
position and time of a single particle 339,

4.2 Microchannels used in creation of bubbles and
droplets

Numerous scientists produced bubbles and droplets
using microchannels. The T-shaped microchannel was
used by Garstecki et al. (2006) to produce bubbles and
droplets. These channels had heights and widths that
varied from 10 to 100 um. There was a flow of 0.01 to 1
uL/s 7. There are numerous more processes that utilise
microchannels to produce droplets and generate bubbles

37350 Chu and colleagues (2010) created bent
rectangular tubes. Using common
microelectromechanical techniques, the fabrication

procedure is carried out on a substrate made of silicon
based on the physical microstructure's properties 9. A
double spiral microchannel was created by DuBose et al.
(2014) using a common soft lithography technique. For
fabrication, they used polydimethylsiloxane (PDMS). The
microchannels have lengths of 50 pm, 100 pm, and 25 pm,
correspondingly 7.

4.3 Microchannels used as heat sinks

Throughout the last few decades, significant
advancements have been made in the field of
microchannel implementation as heat sinks 33233, Recent
review studies and original studies strengthen the view
that thermodynamic parameters such as air-side friction
factors and heat transfer correlations can be manipulated
based on the fin geometry 333%). Additionally, using
silicon microchannels, Petralia et al. (2015) created a
novel method for surface wettability for molecular
analytical applications. They made a connection between
the wettability and the microchannels' use in biomedicine
35D A coil microchannel was successfully implemented in
a condenser by Schutte et al. (2016). Gao et al. (2016)
looked at the price of making microchannels. The
industry's utilisation of microchannels is constrained by
their expensive fabrication costs. Because of their highly
compact design, MCHSs are used in the industry to handle
heat transfer acceleration more effectively. They applied
methods that have already been discussed, such as those
that Leith et al. (2010) *® and Lajevardi et al. (2011) 3
have documented. For the industry to advance,
manufacturing costs must be sufficiently low 9. The first
use of microchannels in the creation of microreactors to
comprehend the impacts of deactivation in the PROX
reaction was made by Laguna et al. (2016). The results
were exceptional and really helpful, and they can help
with the design of a future new prototype microreactor V.
In this regard, optimization of the design to maximize the
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efficiency of microchannel heat sinks has been rampant,
such as by implementation Harris Hawks algorithm 2
All in all, specific aspects of the microchannel are getting
attention in recent years, such as manipulating catalyst
activation-related mechanisms ¥, Some recent works
have also highlighted the implementation of
microchannels from the heat exchange perspective 39,
which is not discussed in detail in the current review.

4.4 Microchannels used in space shuttles

Many scientists employed these channels in space ships,
space crafts, and shuttles. Lee and Mudawar observed the
applied applications of these channels in 2016. To lower
the pressure in the crew H/inlet, X's the MCHS
collaborated with throttling valves and crew H/X. For
thermal management in space shuttles, this method has
been applied. It is believed that this use will reduce the
size and weight of space travel vehicles. Replace this
single-phase temperature control system with a two-phase
one 7.

4.5 Integration with other devices

Microchannels are passive devices. Microchannels can
be integrated with other kinds of stuff. A method was
developed by Babcock et al. (2017) to examine bacterial
contamination and antimicrobial resistance in these
channels 3¢9, Afzal et al. (2016-2020) simulated and
developed silver ascending and descending (ASMC,
DSMC) sinusoidal microchannels and
polydimethylsiloxane (PDMS) microchannels for the
implantation of varicose veins 366—370). Micropumps or
being a component of microfluidic and capillary circuits
are key applications of microchannels in microfluidics 37V,
Only the use of microchannels makes it possible to pump
micropumps. Micropumps come in a variety of varieties.
Micropumps for liquid and gas were researched by
Richter et al. in 1998. They discovered that microchannels
are necessary for the operation of micropumps. Gas or
liquid must entirely fill the microchannels. If there was no
leak in the system, the micropumps functioned properly
372, The cooling system of the microchannels employed in
micropump technology was researched by Singhal et al.
in 2004 373,

Mechanical and non-mechanical micropumps for drug
delivery via microchannels were researched, according to
Ashrafet al. (2011). To achieve minimum flow rates, drug
delivery requires microchannels. They talked about how
to combine series or parallel microchannels for pressure
and medication administration, as well as all different
types of micropumps, their structure, pressure
characteristics, and more “». The pressure-generating
liquid or gas is forced through the microchannels. The
flow properties of micropumps with microchannels have
received extensive attention. Micropumps have used
almost all forms of microchannels, although the most
common types are spiral, curved, and straight.
Piezoelectric 3%, phase change 37>, thermopneumatic 379,

electromagnetic 377, bimetallic 3’®, ion-conductive
polymer film (ICPF) 379, electrostatic 3’), and shape
memory alloy (SMA) 39 are some of the several types of
mechanical micropumps. Magnetohydrodynamic (MHD)
381)electrochemical 3%?), flexural planar wave (FPW) 383,
evaporation >, bubble 3#, electrohydrodynamic (EHD)
38electroosmotic  (EQ) 389 (straight rectangular
microchannel), and electrowetting (EW %7, micropumps
are examples of non-mechanical micropumps. For
flawless operation, microchannels have been utilised with
each of these micropumps. Material, construction method,
Reynolds number, dimensions, dean number, flow rate,
temperature, fluid type/particle size, and applications for
which these channels were employed, among other
information, are all discussed in detail by different
researchers are presented in Table 8 7+76144.38%),

5. Discussion

The key findings of this review are critically discussed
in this section. The sub-topics are the feasibility of
fabrication of microchannels in terms of materials and
with the relevancy of flow characteristics, channel design
in terms of relevant mechanical, structural,
thermodynamical, and fluid mechanics parameters, and
prospective grounds to develop microchannel research to
obtain a bigger impact in a large industry, and
experimental parameters relevant for designing and
implementing microchannels.

The flow characteristics in microchannels depend on a
number of factors, such as laminar flow, non-viscous fluid,
static pressure, the interaction of the fluid with the channel
walls, energy dissipation, incompressible fluid, and
microchannel design 3%,

In microfluidics, there are adaptable techniques for
creating microchannels *¥. Material choice is the most
crucial factor in manufacture. The materials that are
typically employed for the production of these channels
are glass, silicon, and polymers *®. Glass' high price is the
main barrier 7.

Due to their lower cost, greater durability, and ability to
facilitate quicker fabrication processes, polymers have
been suggested as an appealing replacement for glass and
silicon. A variety of polymers, such as
polydimethylsiloxane, polycarbonate (PC), polyvinyl
chloride (PVC), cyclic olefin copolymer (COC),
polymethyl methacrylate (PMMA), and polystyrene (PS),
can be utilised to create microfluidic chips (PDMS).
Microfluidic device prototyping is carried out quickly
using PDMS. Due to their low cost and ease of
manufacture, PDMS chips are frequently used in
laboratories and are especially popular in the academic
sector. Despite having excessively high oxygen and gas
permeability, they have the best optical transparency.
They have excellent robustness, non-toxicity, and
biocompatibility. The usage of PDMS chips has been
encouraged by these qualities *649
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Table 1. Straight microchannels

References Dimensions Fluid type/ Current density Temperature Material Flow rate Simulation Numerical Applications
particle size technique modelling
Saito et al. ™ 41 to44.1 pm Oil in water/ NR 25°C Silicon NR NR NR Protein as
Protein 40 and 10 Emulsifier
pm
Liuetal. 7V L=71.12x103 pm, | Ideal gas 0.5 to 1.2 Acm™ 353K NR NR NR 3D multi- PEM fuel cell
W=7.62x102 pm, component
H=7.62x102 pm Transport model
Masuda et al. 3¢ 30 x 3.2 x10°um Water 0.6 Acm? 30°C Glass 0.0009 L/s PEFC Multiphase Mass transport in
mixture model PEM/GDL and
GDL/GFC
Fazeli et al. ?7 30.4x10°u m Hydrogen NR 540 k Stainless-steel NR NR TOX and SR PEM fuel cell
Luetal. '® 1x10°um NR/0.3nm NR NR NR NR NR Half Channel Filtration process
model Haemodialysis
Emiroglu et al. "'” | 0.25x10°u m, Water NR NR NR NR Neuro fuzzy ANFIS model Discharge
0.50x10°u m, and technique coefficient
0.75x10°%u m
Bilhan et al. 3% L=0.15-1.50 x Water NR NR NR 10150 L/s Neural network FFNN and RBNN | Discharge co-
10°um, H=0.12 - technique model efficient
0.20 x10°um
Emiroglu et al. *” | L=0.25- Water NR NR NR NR Levenberg ANN model The ANN model is
0.75x10°%um, H= Marquardt better than the
0.12 - 0.20x10°um Technique regression model.
Masuda et al. 1% L=31.5x10% m, Water 0.15 Acm 30°C Carbon and SUS 0.0009 L/s NR NR PEFC water
W= 3.2x10°%u m 316 gold management
Yaroshchuk et al. NR Electrolyte NR NR NR NR NR Local Thermo- Diffusion potential
163) solution Dynamic field
equilibrium
Emiroglu et al. ™ L= 12x10°um, W= | Water NR NR Steel and glass 0.010-0.150 L/s NR NR Hydraulic structure
0.5x 10°um, D= Side wall
0.5x 10°um
Ometal. 7 NR Water NR 293K NR NR NR Finite Volume Heat transfer
method performance
Xieetal. ® L= 35x10% m, Water NR 311K Silicon 8.3 x10°-2.0x10° | CFD ANSYS 3D model Heat transfer
W= 35x10°u m L/s software performance
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Xieetal. ® L= 35x10°um, W= | Water NR 311K Silicon 0.0083 -0.02 L/s CFD ANSYS 3D model Heat transfer
35x10°um software performance
Liu et al. ™ L= 60x10°um, Glycerine- NR 70°C PDMS 4.16x10-7 L/sand | NR 3D DNS model Inertial
H=50 pm, W=50, water/15 um 8.3x10-7 L/s microfluidic
100, 200 and 300 devices
pm
Sabaghan etal. 82 | NR Water/15 pm NR 298 K Silicon NR CFD ANSYS SIMPLEC model Longitudinal
software Vortex Generators
Chai et al. 89 L= 10 x10°um, Water NR NR Silicon NR CFD ANSYS 3D simulation Heat transfer
W= 0.25x10°um, software performance
H= 0.35x10°um
Table 2. Straight rectangular microchannels.
References Dimensions (um) Fluid type /Particle Temperature Material Heat flux Flow rate (L/s) Simulation Numerical Modelling Applications
size (nm) (°C) (Kw/m?) Technique
Worner 2 NR NR NR NR NR NR CFD ANSYS | Finite difference method Laminar flow
Yadav et al. ¥ =231, W=713 water/170 NR Copper 100 and 200 NR 3D CFD Univariate search method Heat transfer
ANSYS performance
Muller et al. % L=35, W=377, H=157 water/0.5 25 NR NR NR NR Time-averaged second- Acoustophoretic
order perturbation model
Ma et al., 59 W=200, D=150 0il 25 PDMS NR NR NR 3D topology Flow topology
Liu et al. 7 L=30x10°, H=30x10° RBCs/ 1000 - 3000 NR NR NR 1.1x10” NR NR Separation of
particles
Zhang et al. ¥ 45 x 20 x 2x10° pm® Water 10 Copper 585,780 and | 8x107 NR NR Heat transfer
875 performance
Guo et al. ¥ L=5.5, W=5, D=1.6 Water 27 Glass NR NR NR Director over relaxation Liquid crystals
algorithm
Table 3. Different straight microchannels.
Reference Dimensions Fluid type/Particle | Temperature Material | Reynolds Flow Current Heat Simulation | Numerical Modelling Applications
size number Rate Density flux Technique
Straight Trapezoidal Microchannels
Wu Dia=25.9 -291 Water NR Si Re=1500- | NR NR NR NR Navier Stokes equation for Friction factor theory
pm 2000 analysis for laminar flow
Wu °P NR Water NR NR Re<100 and | NR NR NR NR NR Heat transfer

=777 -




A Review on Microchannel Fabrication Methods and Applications in Large-Scale and Prospective Industries

>100 performance
Liao *? NR Water NR NR NR NR NR NR NR Depth integral form of RANS Jacobian elliptical
functions
Kuppusamy | NR Water/ CuO 25 nm 300 K Si NR NR NR 10°w/m?> | CFD Navier Stokes equation with TGMCHS
%) analysis modelling using the Finite
Volume method.
Fani et al. NR Water/CuO 293 K Si 500 NR NR 430 NR Eulerian-Eulerian method Heat transfer
4 Kw/m? performance
Abed et al. L=95x10°um, Water/CuO 25nm 300 K NR 12000 NR NR 6 Kw/m®> | NR SIMPLEC algorithm Heat transfer
%) H=12.5x10°um Performance
Straight Serpentine Microchannels
Xiong etal. | L=30x10°um, Water 27°C Si Re =100 - 1x10°L/s | NR NR CFD NR Laminar flow
%) W=12x10°um, 200 simulation characteristics
H=2x10°um
Afzal et al. L=2.8x10°um Water NR NR 0.05<Re< | 2.2x10* NR NR CFD Viscosity modelled using Flow and mixing
%8) 200 L/s simulation Carreau-Yasuda and Casson **% | performance
Yan et al. D=20.5 um, Water 65°C PDMS Re<1 NR NR NR NR 3D numeric simulation of solute | Design of micro gas
100) W=100 pm dispersion chromatic column
and other devices
Ashrafi et L=4x10°um Water 298.3 K Plexiglas Re <650 7.5x10° | 0.8 A/em? NR NR Finite Volume technique to solve | PEMFC
al. 'o» s and 0L/s equation
teflonate
d carbon
paper
Straight Square Microchannels
Roudet et L= 0.24x10°um Water NR PMMA NR 8.3x10* NR NR NR Numerical simulation of bubble Heat exchanger
al. ' L/s formation to understand its reactors
dynamics and mechanism in the
microchannel
Dietrich et L= 5x10°um Water NR Resazuri Re =200 - 8.3x10* NR NR CFD Colourimetric technique Local characterization
al. 199 n dye 1500 L/s simulation of gas-liquid mass
transfer
Yao et al. 2h x 2h x 8nh NR NR NR Re =4410 - NR NR NR NR RNAS equation with closure Heat exchanger
104 250000 model for the Reynolds stress reactors and chemical
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reactor
Kaya '9 L=10.15pum Water 289 K NR NR NR NR 670,1000 | FLUENT 3D simulation and equations for | Heat transfer
, 1500 CFD Code incompressible, steady state and | characteristics
kw/m? laminar flow in the
microchannel solved
numerically
Straight Oblique Finned Microchannel
Fan et al. L=65 um Water 297K Silicon Re =50 - 0.006 L/s | NR 7.9 NR Numerical 3D conjugate heat Heat transfer
109 500 MW/m? transfer simulation characteristics
Law et al. L=10 um Water 29.5°C Stainless | NR 0.0016 NR 6- NR NR Heat transfer
107 steel L/s 120W/c characteristics
mZ
Law et al. 25x10°um x 25x | FC-72 dielectric 29.5°C Copper NR 0.0016 NR 14-42 NR NR Thermal management
109) 10°um fluid L/s W/cm? techniques
Law et al. L=23x10°um, FC-72 dielectric 29.5°C NR 0.00006 NR 14.9-70 ANSYS Reynolds averaged continuity Heat transfer
10 W=32x10°um, fluid L/s W/cm? and navier—Stokes equations characteristics
D=1.2x10°um solved using the RNG k—¢
turbulence
Straight Ratchet-like Microchannels
Chen et al. L=1.0t0 6.0 um | NR 375K NR NR NR NR NR CFD Direct Simulation Monte Carlo Thermal transpiration
1 simulations | method effects
Table 4. Sinusoidal and sinusoidal T-junction microchannels.
References Length Fluid type Temperature Material Reynolds Flow Rate Simulation Numerical Modelling Applications
number Technique
Sinusoidal Microchannels
Goldstein and 19 mm. Air 20°C Naphthalene | 500 to 3100. NR NR NR Heat transfer
Sparrow ''? plates characteristics
Nishimura and | L=14 mm, W=80 Water 25°C NR 30 <Re <300 NR NR NR Flow patterns and
Kojima "9 mm, D=3.5 mm mass transfer
characteristics
Nishimura and | L=14mm, Water 25°C. NR Re="50 2.5 ms NR Governing equations represented in Heat transfer
Matsune ' W=80mm, terms of dimensionless vorticity and characteristics
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D=3.5mm stream function
Rushetal. ' | L=30cm, Water 0.1°C Copper Re =200, 800 NR NR NR Heat transfer
Dia=6.9mm characteristics
Niceno and NR NR NR NR Re =175-200 NR NR Constant thermophysical properties Heat transfer
Nobile !0 were used to solve equations characteristics
Metwally and NR Water NR NR 10 <Re <1000 NR NR control volume finite difference Heat transfer
Manglik "7 method characteristics
Zniber et. al. NR NR NR NR NR NR NR Numerical simulation of analytical Heat transfer
1) solutions for various values of the characteristics
Hartmann number
Nilpueng and L=1m Air and water NR NR Re <3500 and NR NR NR Engineering
Wongwises 2% Re > 3500
Rosagutietal. | NR Water NR NR 5 <Re<200 NR CFD code Solution of the Navier Stokes and Heat transfer
121 ANSYS energy equations on an unstructured characteristics
mesh using the vertex-based finite
volume method
Xie et al. ' L=5 mm NR NR NR Re=100 - 1100 NR NR Finite volume method with SIMPLER | Heat transfer
algorithm characteristics
Yang and Liu | L= 100um, Dia=10 | Water 298 K NR Re<1 NR 2Dcode, Electric double layer (EDL) theory Electroosmotic flow
123) um COMSOL relating the electrostatic potential and | (EOF)
Multiphysics 3.3 | the distribution of counterions and co-
based on FEM ions in the bulk solution by the
Poisson equation
Tolentino et. L=1.5m, Water 300°C Plexiglass Re=200-1200 | NR NR Feasibility and advantages of the Flow visualization
al. 129 H=0.508m, and chaotic mixing promotion technique Study
W=0.381m aluminium
Chang et al. '® | L=194 mm, W=54 Water 65-120°C Fiberglass Re= 1500, 2000, | NR NR NR Heat transfer
mm, Th=0.1mm 5000, 10,000, characteristics
15000,.20,000,
25,000 and
30,000
Tolentino et al. | L=1.5 m, W=0.381 | Water NR Tempered Re <250 NR NR Experimental model Flow visualization
126) m, H=0.508 m glass study
Heidary and NR Copper-Water NR NR Re5<Re< NR NR Maxwell-Garnett's (MG model) Heat exchanger
Kermani 7 Nanofluid 1500
Lu et al. '?® L=183 mm, W=0.7 | Water-air 293 K NR NR 3.3x10°® m¥/s for NR Experimental model PEM fuel cells
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mm, D=0.4 mm

water 6.6x10°

m?/s for air

Chang et al. '® | NR Water NR NR NR NR NR NR Electroosmotic flow
(EOF)
Chiam et al. L=450 pm, D=600 | Water 10°C Copper Re =50-200 NR ANSYS Mesh 3-dimensional conjugate domain used | Heat flow and fluid
131 um, W=300 um in the simulations flow characteristics
Sinusoidal T-junction Microchannels
Solehati et al. L=10000um, Water NR NR Re=5-10 NR Auto-CAD 2010 | Solution of the mathematical model by | Mixing performance
132) W=500 um, H=500 using finite-volume based CFD of a micromixer
pm software.
Ozkan and L=100 pm W=100 NR NR NR NR 1.11m%s NR Iterative level set method for tracking Hydrodynamic
Erdem '*% um interface and shapes mixing performance
Table 5. Curved microchannels.
References Length Fluid type Temperature Material Reynolds Flow Rate Simulation Numerical Modelling Applications
number Technique
Curved microchannels
Fares ¥ NR Water NR NR NR NR NR Quasi two-dimensional model for River applications
simulation
Yang et al. 1 33 <R <53 mm, ‘Water NR NR Re <2300 NR NR The non-staggered grid technique was flow characteristics
0.5<W<1mm used to calculate the Navier Stokes
equation, and the algebraic equation
was solved by the SIP method
Shenetal. 3 | L=4.0m, W= Water NR NR NR NR NR The basic foundation for modelling Engineering
0.40m,H=0.6 m turbulent flow is the Navier—Stokes
equations, and therefore a statistical
approach was taken here.
Yamaguchi et =20 mm, W= Water NR PMMA Re=5 NR Fluent 6.0 Experimental method Flow characteristics
al. 137 200 um, D= 200 ANSYS
pm
Kirpalani et. D=1 and 3 mm Water Air 295K Glass NR Water 0-1.6 NR Experimental method flow characteristics
al. % x10%and 1.6
x10°8-
3.3x10°m%/s, Air
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0-.3x109%1.6
x10%-6.7x10°

m/s

Che et. al. 1 NR Air NR NR NR NR NR 2D analytical model (Finite Fourier Droplet-based
Transform method) to investigate the microfluidics
flow pattern
Bilhan et al. NR Water NR NR NR NR NR ANN model with root mean square Artificial neural
140) errors (RMSE) networks
Xuan etal. "2 | W=400 pum, Water NR NR NR NR CFD model The classical continuum model with Mass transfer
H=800 pm, ANSYS non-slip boundary characteristics
R=200 and
600pm
Renaultet. al. | W=10 um, H=5 NR NR PDMS NR NR NR A new axon diode design Directional axon
143) um, R=30 um guides
Curved Rectangular Microchannels
Chu et al. '*¥ L= 420 um, W= Water 297K Silicon Re= 80 - 876 1.8 x 107 m%s CFD model Experimental method and numerical Hydrodynamic
+2 um, H=+2 pm ANSYS simulation according to the Field characteristics
synergy principle
Guoetal. '™ | D=3nm Water NR NR Re=100-900 | NR CFD software NR Heat exchanger
ANSYS CFX
12.0
Li et al. 149 35 mm x 80 mm Water NR Plexiglass Re=24x10* | NR NR numerical simulations Flow development
Curved Spiral Microchannels
Zhu et al. 47 L=2.5 cm, W=50 | Water NR PDMS NR NR NR Simplified version of the model Continuous
um, D=100 pm developed by Kang et al. '4514 bioparticle separation
and flow cytometry
Curved Square Microchannels
Guo et al. %0 NR Water NR NR Re= 80 - 876 NR NR Field synergy principle Heat transfer
Characteristics
Curved Circular Microchannels
Kalteh et al. NR Water and NR NR Re =100 NR NR Two-dimensional Eulerian—Eulerian Heat transfer

151)

copper nano

two-phase model

characteristics
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particles
Table 6. Different-shaped microchannels.

References Dimension Fluid type Temperature Material Reynolds Flow Rate Velocity Simulation Technique Numerical Applications

/Particle size number Modelling
Curvilinear Microchannels
Wewala et al. | W=150 pm, H=55 Water /15 um NR NR Re=8.5, NR 0.105m/s | CFD ANSYS NR Cell separation
153) um, R=625 um 9.25 and

10.06
Wewala et al. | W=150 pm, H=55 Water and Air/ NR NR Re=8.5 NR 0.105 CFD ACE" ANSYS NR Cell separation
154) um, R=625 um 4,10 and 15 pm m/s
Spiral Microchannels
Peng et al. W=60 pm, D=92 mm | Water 70°C PDMS NR NR NR NR NR DNA
159) hybridizations
Bhagatetal. | L=13 cm, W=100 pm, | Water/1.9 mm NR PDMS Re=10 5, 10, and 20 NR CFD-ACE+ (ESI-CFD NR Separation of
156) H=50 pm, R=3 mm and 7.32 mm mL/min Inc., Huntsville, AL) particles
Nivedita et 250pmx100pum Water/polystyre | NR NR NR 3mL/min NR ESI CFD-ACE+ NR Separation of
al. 1% nelOpm particles
Guan et al. R=8 mm to 24 mm Water NR PDMS NR 1.0 mL/min to 8.0 NR Computational fluid NR Separation of
158) mL/min dynamics (CFD) particles
software COMSOL 4.2a
Rafeie et al. W=500 um, Hi= 70 Water 70°C PDMS NR 1.5 and 24 mL/min NR COMSOL NR Blood plasma
159 pum and Ho=40 um blood flow rate 530 Multiphysics® software separation
pL/min
Double Spiral Microchannels
Chen et al. D=25 pm, W=50 pum, Red-dyed 27°C PDMS NR NR NR NR NR Formation of
160) L=100 mm solutions Nucleic acid
microarrays

Zhuetal. ') | W=50 um, L=13 mm Water/ 20°C PDMS NR NR NR COMSOL® with the NR Separation of

polystyrenel0 MATLAB® interface particles

pum
Sunetal. ' | W=300 um, H=50 um | Water/5 and 15 NR PDMS 24,36,48, | 0.41 mL/min NR CFD software Fluent NR Separation of

pm 60 ANSYS particles
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DuBose etal. | W;=50 pm, W,=100 NR/polystyrene | NR PDMS NR NR NR C-iDEP Arbitrary Lagrangian | Separation of
164 pm, L=39 mm 3.5-6pm Eulerian (ALE) particles
method-based
numerical model
Xue et al. R=400, 1600, 2800 Water 27°C PDMS Re=0.13- | NR NR NR Direct numerical Chemical and
165) and 4000 um, W=400 0.38 simulations (DNS) biological
pm, H=100 pm of the two-phase applications
interfacial flow
T-shaped Microchannels
Husny et al. 27.5x275 pm Water NR Polycarbona | Re<<1 0.75 ml/min NR NR Simple analytical Elasticity on drop
166) te drop size prediction creation
method
Graaf et al. NR Oil and water NR NR NR 0.3 mL/min NR CFD software package Lattice Boltzmann Droplet
167) (CFD-ACE+) Simulations of Formation
Droplets
Gatetal. '® | NR NR NR NR Re<<1 NR NR COMSOL 3.4 Hele-Shaw scheme Viscous flow
to analyse steady analysis
compressible viscous
flows
Santos and Dy=113 pm, L=60 Water and gas NR NR NR NR 0.5 m/s CFD software FLUENT 3D VOF model Slug formation
Kawaji ' mm, D=119 pm 6.2
Xuetal. '™ L=2 cm, Area, 1000 x | Water 25°C PMMA Re<1 NR NR SIMPLER algorithm Analytical 2D model | Thermal mixing
500pum first built to describe
the heat transfer
processes
Ebrahimi et NR Water NR NR Re=10 NR NR FLUENT software Pseudo (artificial) Mixing and heat
al. b ANSYS compressibility transfer
method characteristics
Cardiel et al. H=80 pm, W=300 um, | CTAB, NaSal 60°C Silicon Re=0.07- | 0.016 mL/min NR NR NR Formation and
172) L=2 cm, L=2 cm and water 14 Re= flow
0.58-2.9 characteristics
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Table 7. Microchannels fabrication with various-shape.

References Channel type Dimensions Fluid type Material Temperature Flow rate Dean Reynolds Fabrication technique Application
/particle size number number

Wu and Cheng °” | straight trapezoidal R=25.9-291.0 Water Silicon NR NR NR Re=16 Wet etching Laminar flow
um characteristics

Yamaguchi et al. Curved L=20 mm, Purified water PMMA NR NR De <20 Re ~5and | Mechanically by a Laminar flow

137 W=200 pm, and fluorescein Re ~ 25 Robodrill with a flat end characteristics
D=200 um mill

Husny et al. 1% T-shaped 27.5x275 pm Glycerol-water | Polycarbo | NR 0.003 ml/min | NR Re>1 Laser-LIGA Drop formation

nate

Bhagat et al. Spiral W=100 um, Water PDMS NR 5,10 and 20 De=0.47 NR Standard soft Lithography | Separation of

173) H=50 pm, R =3 ml/min technique particles
mm, L=13 cm

Kuntaegow Spiral H=130 pm, Water/polystyre | PDMS 80°C 3 ml/min NR NR Standard soft Lithography | Separation of

danahalli et al. W=500 pm ne 10 um, 15 technique particles

156) um, and 20 pm

Chen et al.'®® Double spiral D=25 - 50 um, Red-dyed PDMS NR NR NR NR Photomasks in Formation of Nucleic

W=50 um, L=100 | solutions photolithography acid microarrays
mm

Zhu and Xuan Curved spiral L=2.5 cm, W=50 Water PDMS NR NR NR NR Standard soft Lithography | Continuous bio-

147) um, D=100 um technique particle separation

and flow cytometry

Chu et al. 149 Curved rectan-gular D=3 nm, L=+20 | Water Silicon 297k 11.3 ml/min 0<De< Re =80 - Standard Hydrodynamic
pm, W=+2 pm, 450 876 microelectromechanical characteristics
H=£2 um

Sun et al. '®? Double spiral W=300 pm, Water/5-15 um | Silicon NR 0.41 ml/min 2,3,4,5 24,36, 48, Standard soft lithography | Separation of
H=50 um polystyrene 60 particles

Law et al. 17 Straight oblique L=0.001 cm Water Stainless 29.5°C 100 - 200 Electro discharge Heat transfer

finned steel mL/min
machining characteristics

Liuetal. ™ Straight rectangular L= 60mm, H=50 Glycerin- PDMS 70°C 0.05 mL/min NR Re=0.3 Standard soft lithography | Inertial
um, W=50, 100, water/15 pm and Re = microfluidicdevices
200 and 300 um 4.2

Yan et al. ' Straight rectangular D=20.5 um, Water PDMS 65°C NR NR Re<1 Standard soft lithography | chromatic column

and serpentine W=100 pm, L= and other devices

10 mm, Dia=
100mm
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Chiam et al. 39 Sinusoidal L=450 pm, Water Copper 10°C. NR NR Re = 50— Micro machining Flow characteristics
W=300 pm, 200
D=600 pm
Zhang et al. ¥ Straight rectangular 45 x 20 x 2 mm® Water Copper 40°C 4.8 ml/min NR 124, 225 WEDM Heat transfer
and 313 performance
Guoetal. ¥ straight rectangular L=5.5 pm, W=5 Water Glass 27°C NR NR NR Etching Liquid crystals
um, D=1.6 um
Li et al. 14 Curved rectangular 35 mm x 80 mm Water Plexiglass | NR NR De=16.2 Re=2.4x Systematically joining Flow development
x10* 10*-1.4 x two PIV pipes characteristics
10°
Cubaud etal. ™ Straight square H =250 um NR Silicon NR NR NR Re<21 Etching Separation of fluid
threads
Table 8. Applications of microchannels.
References Channel type Dimensions Fluid Material Temperature Flow Rate Reynolds Fabrication Technique Application
type/Particle size number
Garstecki etal. 7 | T-shaped 10— 100 um Water PDMS 100°C 10x103 L/s <<1 Photolithography Bubble formation
Chu et al. '*¥ Curved L=2 pum, W=2 Water Silicon 297K 1.6x103 L/s 80 -876 Etching Engineering
rectangular pum, H=20 um
Dubose et al. ™ Double spiral L=50, 100 um, Phosphate and PDMS NR NR NR Soft lithography Electrical sorting
D=25 pm TWEEN 20 /5 pm mechanism
polystyrene
Lee and Mudawar | Straight L=1 mm, W=1 mm | Water Copper 19.41°C NR 57 NR Refrigeration
76) rectangular
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Fig. 7: Length and temperature illustration for different shaped but straight microchannels with applications.

Additionally, polymeric materials can also be used in
place of silicon. Polymeric components are commonly
employed because they are biocompatible, affordable, and
simple to manufacture. Many researchers employ
photolithography and conventional soft lithography
techniques. The main variables in the examination of flow
characteristics include the Dean number, flow rate, fluid
velocity, temperature, fluid type, heat flux, phase flux,
Reynolds number, and the material. For numerical studies,
simulation techniques are the most important significant
factor. Microchannels were utilized by Steinke and
Kandlikar to investigate the frictional effects of a single
phase in liquids. This microchannel work was significant
because it improved understanding of the flow properties
390) With regards to the enhancement of single-phase fluid
flow through microchannels, Liang et al. have recently
substantiated that such flow can be manipulated location-
wise, i.e., enhancement in the entrance region and
subsidization downstream 3°V. Additionally, experimental
studies on single-phase flow and difference from the
theoretical prediction in terms of Nusselt number have
been investigated in a recent review *?. A study on the
fluidic characteristics of water in straight and serpentine
microchannels with miter bends has been conducted by
Xiong et al. The results were extremely obvious; the bend
loss co-efficient was calculated and no eddies were seen
at low pressure for Reynolds numbers below 100. At tiny

scales in microfluidic systems, the study of flow
properties is extremely important @, To achieve a precise
relation, however, multiple experiments must be carried
out, and simulation and related theoretical work are also
required.

Particularly, straight microchannels are simpler to
construct because the fluid flows smoothly through them
and because of their straightforward flow properties. In
order for liquid to flow through the microchannels,
external micropumps are needed. Pressure, flow rate, and
temperature are just a few of the fluid flow parameters that
are meticulously measured for study. The link between the
Re number and frictional factor is the key aspect of fluid
flow in straight microchannels. According to the
Poiseuille theory of flow, straight microchannels
experience laminar flow at low Reynolds numbers, and
the pressure remains constant throughout the flow '*?. Fig.
7 provides a graphic representation of different parameters
of straight microchannels. The specific application in
which the channel was used is also shown in this graphical
representation. The applications shown by this illustration
are PEMFC, PEFC, heat transfer, and inertial
microfluidics, which have gained attention in recent years
due to simpler control mechanisms and economic design
393, The models used for numerical investigation are a
multiphase mixture, Semi-Implicit Method for Pressure
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Fig. 8: Length and temperature illustration for Sinusoidal Microchannels with applications.

Linked Equations-Consistent (SIMPLEC), and a three-
dimensional direct numerical simulation (3D DNS) model
for these microchannels.

Another important aspect of the investigation may be
the channel design. A popular design for straight
microchannels is a straight rectangular microchannel.

Straight microchannels like rectangular, parallel,
serpentine, trapezoidal, square, triangular, circular,
crossing, ramified, ratchet, and oblique finned

microchannels are only a few of the many configurations
available. The latter three of them are the most challenging
to manufacture, yet it is still useful to analyze how they
flow.

The liquid and gas flow for each of these systems is
influenced by the geometry, operating circumstances, and
design. Another important element for flow analysis is
temperature. Close to the tips, large temperature
differences in ratchet-like channels occur, and they get
smaller as you get further away. Fig. 7 displays a graphic
representation of the length and temperature of various
straight microchannels. The channel type and numerical
modelling technique are also displayed in the graph The
models and simulation methods used for numerical
investigation are SIMPLEC, 3D numerical conjugate
model and EKI simulation and 3D simulation, Monte
Carlo method respectively.

At relatively low pressure, sinusoidal microchannels
dramatically enhance heat transfer. Studies' numerical
results have been verified by comparison with those of

experiments. The analysis of the flow properties and heat
transmission in this kind of microchannel has been done
using simulations. A low-pressure drop considerably
enhances heat transmission in sinusoidal microchannels
125)

It is challenging to create sinusoidal microchannels and
connect them to the external circuit. Systems for cooling
are also employed sinusoidal microchannels in addition to
coil microchannels *%. Fig. 8 provides a graphic
representation of the length and temperature of sinusoidal
microchannels employed by various researchers. The
application in which each channel was used is also
displayed on the graph.

In a system, the curved microchannels and others are
typically regarded as heat-exchanger parts 3. Therefore,
rather than component optimization, these channels are
built based on system optimization and other important
criteria. Data-based analyses have shown that the friction
properties of microchannels with a plane and an uneven
surface differ significantly. Similar to ramified and ratchet
microchannels, the friction factor rises with roughness at
the same Reynolds number *%. As a result, current
research on curved and other unique microchannel shapes
is done at the component level.

This study promotes the design of these microchannels
and investigations of their flow properties by providing a
brief overview of their key features. A visual
representation of variously shaped microchannels
employed by various scientists is revealed in Fig. 9. The
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Fig. 10: Temperature, flow rate and Reynolds number illustration for fabrication of microchannels with applications.

application for which each channel was used is also
displayed on the graph.

There is no method that is incredibly easy, quick,
affordable, and reliable for the 3D production of
microchannels. MEMS technological advancements are
now addressing this significant issue. Silicon is used to
create a variety of microchannels for some industrial and
biological purposes, although it is not a good base material.
Microfluidic, micromechanical, and micro-optics are just
a few of the sectors that are advancing quickly. The flow
properties are extremely important for each of these
microchannels. A fluid flow may encounter resistance as
a result of frictional causes. Fig. 10 displays a graphic
representation of different parameters of various
microchannels created by various scientists. The material,
method of production, and application of the
microchannels are also shown in the graph.

In microchannel research, the experimental setup and
behaviour measurement are crucial factors. A glass slide
that is fastened to form a cover covers the microchannels
in order to protect them. The microchannel system may be
easily disassembled and cleaned thanks to this design.
Because of this, any kind of analysis can be carried out
during the experiment without taking the system apart. A
definite indication of fluid leakage from the sample has

been found in some testing of silicon microchannels. So,
at such a small scale, very careful effort is required *7. In
double spiral microchannels, the continuous separation of
particles in a heterogeneous mixture with charge was
studied by Zhu et al. In this study, conductivity was also a
factor, which led to the creation of curvature-induced DEP
for the separation of many particles. Size, charge, and
conductivity were the three main features that set the
particles apart '°), Many scientists, like DuBose et al.,
have studied how to separate bio-particles in double spiral
microchannels. To separate the particles, they used a label-
free synchronisation technique. Also suggested is the
notion of a potential marker for C-iDEP isolation of
contaminated cells 7. A sinusoidal T-junction
microchannel was examined by Solehati et al., Ozkanl,
and Erdem. This kind of microchannel has received very
little research 132133, This type of microchannel requires
more research 1%, Rafeie et al. looked at the blood sample
flow rate in spiral microchannels. The rate they employed
was 530 L/min '*. Kerhoas and Sollier looked at the
application of active and passive devices in microfluidics
for blood plasma separation 3°®. Additionally, these
gadgets are incompatible with the utilisation of blood
samples for medical purposes **?. In straight serpentine
microchannels, Ashrafi et al. looked into the dynamics of
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droplets '°D. Because straight serpentine microchannels
can operate at low temperatures, they were used. The
channels were simple to use and quite effective with little
fluid “99. The channels' poor performance when handling
big amounts of fluid points to the necessity for more
investigation. In  microchannels, flow boiling
characteristics were investigated by Recinella et al. Along
that line, Hong et al. emphasized on the aspect ratio of
parallel microchannels and their flow boiling criteria 40V,
After testing multiple configurations, they have concluded
that the large aspect ratio of microchannels dictates the
flow instability. Therefore, several structural and
thermodynamic parameters urge investigation from a
designer’s perspective such as aspect ratio and different
modes of boiling. In comparison, the same group has
established that there are several critical geometric
parameters such as channel height (and resulting variation
of liquid film thickness resulting change in bubble
coalescence) associated with flow boiling characteristics
in confined settings 4». Moreover, Vontas et al. have
shown that surface wettability is also an important
parameter when flow boiling is considered in
microchannels, where CFD modeling by using a
customized volume of fluid (VOF) solver demonstrated
that hydrophilic and hydrophobic surfaces can outperform
single-phase models (43.9% and 17.8%, respectively) 40,

Additionally, a number of researchers have created and
put to the test microchannels in theoretical ** and
numerical 33V investigations. They have established that

microchannels, including radial arrays %9, straight,
rectangular %% microchannels, and pin finned
microchannels 47, perform better when it comes to

dispersing a significant amount of heat **®. The outcomes
of trials conducted under comparable conditions were then
contrasted with those predicted by theory. The
comparisons were trustworthy and showed excellent
agreement 3%, Microchannels' geometric design has a
number of drawbacks, including issues with backflow and
sealing. Future studies should therefore examine ways to
improve the geometry and design of microchannels.

6. Challenges and future aspects

The usage of microfluidic devices in the biomedical
area is fraught with difficulties, including i) design, ii)
manufacture, iii) material selection, and iv) assuring
efficient and practical implementations.

The first consideration of the challenges of
implementing microchannels comes from a fabrication
and design perspective. The parameters of the

microchannels are the most crucial factor in this regard 4%%.

To maintain the flow rate, velocity, pressure, dosing
precision, material selection, ease of fabrication,
fabrication technique, reliability, and durability at the
lowest scale in microfluidic devices, the parameters must
be precisely met. Other important factors, however,
include low manufacturing costs, biocompatibility, the
right channel type for a given application, the right length

and diameter of the channel, flow pattern, flow boiling
characteristics, and heat transfer characteristics >*19.
Before applying a specific fabrication or design principle,
experimental analysis at the prototype level or simulation
with an in-house or commercial solver or analyzer is
required. Among the available analyzing methodologies,
CFD analysis by commercial solvers is a good choice for
examining the flow characteristics. Due to the
advancement of higher computational powers and the
development of sophisticated numerical solvers,
microchannels can be modeled with enhanced intricacy,
and particular parameters can be analyzed, such as slug
flow and related forces *%*'D. Furthermore, atomistic
simulation can be deployed to analyze nanoparticle-level
phenomena #1?), as depicted by Arjmanfard et al, who
implemented molecular dynamics simulation and showed
that the rate of base fluid flow and temperature can be
effectively manipulated by incorporating different sizes of
Fe nanoparticles '3,

Micropumps are one of the more complex parts that
have been documented in the literature for both
medication delivery and fluid movement through channels
414 However, due to some restrictions on commercial use
in the biomedical field, the integration of these devices is
extremely difficult. Therefore, the cost of manufacture
must be reasonable and appropriate.

Last but not least, most of these problems have recently
been addressed by research that uses polymeric materials.
The primary obstacles restricting the development of
microfluidic devices, according to the existing literature,
are broad variables including economy, marketing, skill in
the construction of microchannels, awareness, motivation,
and inspiration of researchers, as well as a lack of
cooperation “?. However, in the upcoming years, the
researchers can be optimistic that such factors will be
managed in an organized manner if not abolished due to
increased guidelines and collaboration between
multicultural and diversified groups.

7. Conclusions

This review presents a brief yet focused outlook on the
fabrication, applications, and prospects of microchannels
to critically determine their field of implementation in
large-scale and prospective industries. The major findings
are as below:

a) The flow properties of straight microchannels
have been extensively studied, and their
fabrication is quite simple.  Sinusoidal
microchannels are extremely challenging to build,
and it is challenging to analyze their flow
characteristics. Investigations require numerical
modelling and simulations. According to their
uses and market demand, all other microchannels
can be produced.

b) Microchannels are versatile and integrated
components in a significant number of biomedical,
industry-level applications. However, the most
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developed fields of applications are radiation
detectors, heat sink agents, integrated components
in nanodevice systems, and drug delivery agents.

¢) According to the requirements of industry and

biomedicine, the variety of microchannel kinds
may continue to grow. Heat transfer and fluid
flow management are accomplished through the
use of microchannels. It has been demonstrated
that microchannels are useful tools for studying
how cells function. Polymeric materials are
employed more frequently to  create
microchannels because of their biocompatibility
and potential for a wide range of applications.

d) From this discussion, it is substantiated that

microchannels are versatile in terms of their
applications. However, the most relevant and
prospective ones are in radiation, heat sinking,
and integration applications. With regards to the
existent technology, optimized heat sinking
technologies are still in high demand, and
therefore, customized microchannels will be
implemented at a larger scale over the next few
decades. However, in terms of prospective
applications, the next era will have revolutionary
usage of clean energy, and therefore, nuclear
reactors, fission, fusion, and related applications
will be upscaled. With this regard, a significant
portion of the research will be dedicated to
developing microchannel applications at a larger
scale in the industry in terms of radiation
detection, as they have already proven their
versatility in comparison with their rivals. Last
but not the least, sophisticated drug delivery and
nanodevices are implemented in a wide range of
biomedical fields due to the increasing demand
for addressing complex, chronic, and multifarious
carcinogenic diseases. Therefore, microchannels
will be significantly important in different aspects
of such sub-fields of research.
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