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Centrifugal microfluidic platforms or lab-on-discs (LODs) have evolved into a popular technology for
automating chemical and biological assays. LODs today enable scientists to implement and integrate
different operational units, including fluid mixing, droplet generation, cell-sorting, gene amplification,
analyte detection, and so forth. For an efficient design and cost-effective implementation of any
microfluidic device, including LODs, theoretical analysis and considerations should play a more important
role than they currently do. The theoretical analysis we will show is especially essential to the investigation
of detailed phenomena at the small length scales and high-speed typical for LODs where a wide range of
forces may be involved. Previous LOD review papers presented mostly experimental results with theory as
an afterthought. Hence, a review paper focused on the theoretical aspects, and associated computational
studies of LOD devices is an urgent need. In the present review paper, all previous computational studies
on LOD devices are categorized as single-phase flows, two-phase flows, network simulation, and solids.
For each of these categories, the governing equations and important formulas are presented and explained.
Moreover, a handy scaling analysis is introduced to aid scientists when comparing different competing
forces in LOD devices. We hope that by surveying and contrasting various theoretical LOD studies, we shed
some light on existing controversies and reveal where additional theoretical work is needed.
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1. Introduction

Microfluidics enables scientists to miniaturize, automate and
integrate  different biochemical processes, including
mixing,"® cell separation,™ valving,”” metering,” gene
amplification,®® etc. Besides conventional syringe pumps,
there are many other methods available to drive fluids
through the microchannels of a microfluidic device. These
methods include capillary driven microfluidics,">"* digital
microfluidics,**™*° surface acoustic wave driven
microfluidics,'® electrokinetic-based microfluidics®'” and
centrifugal microfluidics. Platforms using centrifugal
microfluidics are called lab-on-discs (LODs) or lab-on-CDs
(LOCDs).”® In a few studies, centrifugal and non-centrifugal
microfluidic devices were compared.'® The many advantages
of LODs that became evident from those comparative studies
have encouraged more and more scientists to focus on LOD
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devices. In LODs the fluid flow rates can span a range from
10 nL s ' to 100 uL s~ depending on the type of fluid, the
dimensions of the disc, and the rotational speed. This wide
range of flow rates makes this technique more amenable to a
wider range of applications in comparison with other
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methods like electrokinetic-driven systems.** Moreover, LOD
devices are capable of handling a wider variety of samples
(e.g., from milk to blood), because they are less prone to be
influenced by such things as pH, ionic strength, surface
adsorption, etc. In LODs, it is also easy to integrate different
operational units from the sample preparation to the
detection step and even to process and detect multiple
analytes in a single disc i.e., to multiplex.”

In microfluidics, a good design is a cornerstone of the
reduction in the number of required experimental
investigations and a faster route to the desired outcomes.
Theoretical analysis can ensure whether a design is feasible
or not and how efficient each design is. This way, one can
achieve the most efficient microfluidic device with a
minimum number of experimental trials and errors.
Analytical solutions for different theoretical models often
require too many oversimplifications such as reduction of
the problem to one dimension, assuming many properties to
be constant, and oversimplified and limited boundary
conditions. As a case in point, electroosmotic flow on
rotational platforms has mostly been studied from simple
theoretical analyses.”’® Because of oversimplifications,
these models are not able to predict accurately the real
situations in practical devices.

Computational analysis, mostly referred to as numerical
simulation is a powerful tool that can yield accurate solutions
for many LOD devices before their actual fabrication. In early
studies, computational modeling in microfluidics was limited
to single operational microfluidic units, but in more recent
studies, theoretical investigations are focused on microfluidic
systems integrating many operational units.>* They allow for
the study of transient (e.g., secondary flows in microscale
droplets while they pass through curvilinear microchannels®)
and fast phenomena, being particularly relevant to assess
phenomena that require otherwise complicated and
expensive measurements. Through the optimization of
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microfluidic design, and with some a priori studies, one can
ensure that the concepts are valid before going to fabrication
and testing. This approach reduces fabrication and material
expenses. Moreover, in comparison with analytical
techniques, researchers are not limited to oversimplified
problem statements or applying too many simplifying
assumptions for the physical problem at hand.*® These
computational methods mostly rely on the finite difference
method, the finite element method, and the finite volume
method. The finite difference method is the oldest numerical
method and is restricted to predominantly rectangular
shapes and simple variations. However, the ability of finite
element and finite volume methods for handling complicated
geometries with relative ease have made them popular
among researchers for different theoretical analyses.***” In
Fig. 1, we organize all types of simulations that have been
performed on LOD devices in distinct groups. This figure also
depicts the logical steps to be taken when going from initial
design to the fabrication and testing of a new LOD device. In
this process, scientists make an initial design of the LOD
device. Next, they use computational analysis of the whole
device or each operational unit separately to make sure the
device works efficiently. This initial design may be revised
several times before going on to fabrication and experimental
analysis. This process not only reduces the number of trials
and errors needed to get to the desired result but also helps
scientists to study the fluidic phenomena quantitatively.
Some of these phenomena, such as secondary flows in
serpentine microchannels, are very difficult to capture and
study experimentally.

Current reviews on LODs are mostly focused on specific
applications and are describing experiments rather than
modeling and design. Due to the high number of
contradictory reports in both simulation and experimental
studies (e.g., burst frequencies***®), we believe that a review
paper surveying and contrasting these various studies would
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Fig. 1 Previous computational studies on centrifugal microfluidic platforms.

shed some light on existing controversies and reveal where
additional theoretical work is needed. In Table 1, we list
important computational studies on LOD devices. More
details about these studies can be found in the next sections
of this review paper.

2. Physics of centrifugal microfluidic
devices

Unlike the majority of lab-on-a-chip (LOC) devices, that
require external laboratory gears (e.g., a syringe-pump or a
high DC power supply) for the generation of driving forces
for moving fluids, LOD devices constitute a pump simply by
rotating. The rotational force is typically generated by
commercially available and often cost-effective electric
motors.”* Like other fluidic systems, to characterize the fluid
flow regime in LODs, the Reynolds number - the
dimensionless parameter given by the ratio of inertia force to
viscous force - is used:

Finertia _ P Vangh
F, viscous H f

Re =

ey

where p¢ is the fluid density, V,,, is the mean velocity, Dy, is
the channel's hydraulic diameter, and g is the dynamic
viscosity. The Re number in all centrifugal microfluidic
devices is typically low, e.g., for a channel width of 100 um, a
liquid flow velocity of 1 mm s™, a fluid density of 1 g cm™
and a viscosity of 0.001 Ns m?, the Re number is 0.1. With
such low Re, almost all LOD devices operate in the laminar
flow regime in the microchannels. However, at the same
time, the flow regime of air surrounding the LOD is turbulent
due to the high speed of rotation of the disc.

In any centrifugal microfluidic platform, three different
forces play a role; the centrifugal force per unit volume (eqn
(2)), the Coriolis force per unit volume (eqn (3)), and the

1320 | Lab Chip, 2020, 20, 1318-1357

Euler force per unit volume (eqn (4)). The centrifugal force is
always radially outward, the Coriolis force is always
perpendicular to both the linear velocity and the angular
velocity vectors, and the Euler force is dependent on the
direction of the angular acceleration. In Fig. 2, the directions
of these forces are shown for two different fluid plugs; one
moving in the radial and one moving in the iso-radial
directions.

-

Fcentrifugal = _pfaj x (CB X ?) (2)
ﬁCoriolis = —2pp@ % ‘7f (3)
ﬁEuler = _prB xT (4)

= . o .
where V; is the velocity vector of any fluidic element, & is the
rotational velocity vector, and 7 is the radial position vector.

det

Noteworthy, in eqn (4), ;Euler is zero for LOD devices rotating
at constant angular velocities as this parameter is defined
according to the angular acceleration. In LOD devices,
fcemifugal plays a crucial role as the driving force.®

For rough calculations and basic designs, it is rather more
convenient to work with the scalar pressure differences
instead of the vector forces mentioned above. In all LOD
devices, the pressure difference (Ap) between two ends of a
radial channel filled with fluid can be calculated using eqn
(5)‘7,53

. . L d
An over-dot in eqn (4) denotes a time derivative (: —).

1 =
Ap = Epfa)2 x (r)? =ri?) = pp®FAr (5)

where r; and r, are the radially inward and outward ends of
the fluid column (Fig. 2), Ar = |r, — 4| is the length of the

(r2 +11)

fluid column, and 7 = is the average of r; and r,.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Important computational studies in centrifugal microfluidics
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Main fluidic function Governing equations

Computational
method

Applications and mechanisms at hand Ref.

Single-phase
flows

Fluid mixing

Temperature
manipulation

Cell/particle
separation

Conservation of momentum (eqn
(9)), conservation of mass (eqn
(10)) and convection-diffusion
equation (eqn (11))

Conservation of momentum (eqn
(9)), conservation of mass (eqn
(10)) and conservation of energy

(eqn (13))

Conservation of momentum (eqn
(9)), conservation of mass (eqn
(10)) and particle tracing (eqn

(14))

This journal is © The Royal Society of Chemistry 2020

Finite volume
method

Finite element
method

Finite element
method

Finite volume
method

Finite element
method

Finite element
method

Finite element
method

Finite volume
method

e Batch-mode mixing on a disc was 29
theoretically investigated

o Three different types of vortices were
detected while accelerating and
de-accelerating the disc

e It was shown that the smaller vortices
enhance mixing and reduce the time

needed to achieve a 90% mixing efficiency

e The simulations showed that said

vortices invert the flow direction as the
acceleration change from positive to

negative values and that, in turn, cause an
increased mixing

e Serpentine macromixing was 30
investigated both computationally and
experimentally

¢ Both centrifugal and non-centrifugal
platforms were studied

e Serpentine macromixing was 31
investigated computationally to find the
optimum design

¢ The effect of many parameters on

mixing, such as cross-sectional geometry

and rotational speed was investigated

e Batch-mode mixing in LOD devices was 32
investigated both computationally and
experimentally

e The simulations showed the generation

of three different vortices

e The best mixing chamber between four
different geometric configurations was

chosen

e The use of round turning channels 33
instead of rectilinear configurations was
computationally studied.

o The effects of rotational speed and

position of micromixer on the disc were
investigated

® A 90% mixing was achieved in less than

half the distance of the channel in
comparison with the conventional

geometries

¢ 3D computational simulation of reacting 19
flows in pressure-driven and centrifugal
microfluidic devices was investigated

o Different serpentine structures were

studied, and their performance for

Newtonian and non-Newtonian fluids in
centrifugal and non-centrifugal devices

was compared

e An LOD device for nested-polymerase 34
chain reaction (PCR) was designed

e The combination of convective and

radiative heat transfer mechanisms was
studied

e A fan within the set up was considered

for increasing the airflow

e Magnetized beads were used for the 35
separation of neutrophils from red blood

cells

e The neutrophils were previously

attached to the beads and then transferred

to the LOD

e Forces considered were magnetic force,
added mass force, drag force, and lift

force

Lab Chip, 2020, 20, 1318-1357 | 1321


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9LC00775J

Open Access Article. Published on 03 April 2020. Downloaded on 7/30/2025 3:11:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical review

Table 1 (continued)
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Main fluidic function

Governing equations

Computational
method

Applications and mechanisms at hand Ref.

Cell/particle focusing

Two-phase
flows

Valving

Microchamber filling

Droplet generation

1322 | Lab Chip, 2020, 20, 1318-1357

Conservation of momentum (eqn
(9)), conservation of mass (eqn
(10)) and particle tracing (eqn

(14))

Two-phase models (section 4)

Iterative method

(not mentioned
specifically)

Finite element
method

Finite element
method

Finite element
method
Finite volume
method

Finite volume
method

Finite volume
method

Finite volume
method

Finite volume
method

e Two different devices were designed

with destination chambers for

neutrophils, red blood cells, and excess
magnetic beads

e Particle tracing of magnetized beads was 36
done in a batch mode mixer on an LOD

e Magnetic force, centrifugal force, and

drag force were used in the calculations

¢ A new label-free particle separation 37
based on negative magnetophoresis was
studied

e A micromixer for mixing of diluted

blood and ferrofluid before particle

separation was also simulated

e Particle tracing included drag force,
centrifugal force, lift force, and magnetic

force

e Three different particle sizes of 6 um, 12
pum, and 22 pum, regarded as red blood

cells, white blood cells, and circulating

tumor cells were considered

e Healthy cells were separated from

abnormal cells with satisfactory results

e Serpentine microchannels on LOD 38
devices were simulated for particle

focusing without any other external forces

e The device allowed for focusing of

particles regardless of their size, ensuring

that after enough turns all the particles of

a kind were focused at the channel's

central region

e This mechanism was working at low

shear stresses, below the reported

threshold value for cell damage

e Capillary and siphon valves on an LOD 34
device were simulated for a nested-PCR

e A computational model was used to 39
investigate the behavior of liquids in a

specific capillary valve

e Two small microchannels were added to

a conventional capillary valve as a “guided
routing” valve

e The fluid direction was changed without
needing a reversal of the spinning

direction.

e A computational model was used to 40
study the detailed behavior of liquid and

air in a centrifugo-pneumatic valve in a
metering unit

e Fluid behavior in a specific chamber was 41
studied in detail

e By using deceleration, fluid could pass a
narrow throat in the proposed geometry

e Velocity and pressure distribution

during this process were provided
computationally

¢ Fluid meniscus movement while filling a 42
microchannel was captured and compared
with experiments

e A viable mechanism for forming 43
droplets was studied

e The droplets could also be used for the
encapsulation of cells

e The device demonstrates a way to

effectively select droplets based on their

size

This journal is © The Royal Society of Chemistry 2020
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Table 1 (continued)
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Computational
Main fluidic function Governing equations method Applications and mechanisms at hand Ref.
Finite element e The interaction and advection of 44
method droplets in a 2D space were
computationally studied
e The phase-field model was used to
simulate a slug-like motion of droplets
Network Pneumatic pumping  Network simulation formulas Numerical e The first network simulation was done 45
simulation (section 5) methods for in LOD devices for pumping liquids from

Automated serial
dilution

Timed valving and
pumping

Precise and compact
inertia-based

pumping

Optimization of
centrifuge-pneumatic
blood plasma
separation

Pneumatic siphon
valving and switching

Solids Stress and Eqn (61)
deformation in solids

In addition to the forces mentioned above, other forces
such as capillary force (especially applicable for capillary
valves), viscous force and inertial force can also play important
roles on LOD platforms. The pressure differences, as a result
of these three forces, are presented in eqn (6) to (8).”®

This journal is © The Royal Society of Chemistry 2020

solving PDEs and
calculating
integrals

Finite element
method

a radial outward position to a radial

inward position

e The comparison of simulations with
experiments was made for water, ethanol,
whole blood, and lysis buffer

e The pumping efficiency of 75% was
achieved for inward pumping over a radial
distance of 40 mm in 11 s

e The model included a shake-mode 46
mixer, two siphon valves, pneumatic
chambers, and actuated valving

o Network simulation was used to 47
characterize the timing concept in LOD
devices

e Network simulation was also employed

to study a siphon valve, including a timing
system, to show that the flow rate and

filling level of fluidic elements are in a

good agreement with experiments

e Network simulation was utilized to 48
investigate inertia pumping of liquids in a
compact and controlled way

e The first law of thermodynamics was

used together with a pressure loss

equation to derive a non-linear PDE

equation

e Regarding the simplifications such as
constant contact angle and fully filled
reservoirs, the simulations were mostly
underestimating the results

e Network simulation was used for 49
designing a pneumatic chamber to

separate plasma from whole blood

¢ This model also included

non-Newtonian behavior of whole blood

e Pneumatic chambers were connected to 50
siphon valves

e In this way one of the siphon-valve
limitations was eliminated; they could be
triggered at any rotational frequency

e Computational simulations were

presented for different connections of
pneumatic chambers and siphons

e A solution was proposed to achieve both 51
storage and dispensing of liquids on the

LOD without the need for separate
components or manual intervention

e The deformation and pressure of a

stretched elastic ring on an LOD device

were calculated computationally

APviscous = _Rhydq [6)
Apcapillary = 0K (7)
Apinertial = _Pfla (8)

Lab Chip, 2020, 20,1318-1357 | 1323
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Fig. 2 Schematic view of an LOD device and the three main forces
involved due to the rotation.

where ¢ is the fluid volumetric flow rate, Rpyq is the
hydrodynamic resistance, ¢ is the surface tension, « is the
curvature of the meniscus, [ is the length of a fluidic channel
filled with liquid, and a is the liquid acceleration.

3. Single-phase flows in centrifugal
microfluidic devices

The majority of the computational simulations of LOD
devices in the literature are focused on single-phase flows. In
this review paper, “single-phase flow” refers to a flow that
continuously occupies space within the microfluidic
channels.

In order to monitor the movement of such fluids on a
centrifugal platform, the conservation of momentum
(Navier-Stokes momentum equation) (eqn (9)) along with the
continuity equation (eqn (10)) should be simultaneously
solved.

a‘7f == . o4 f
Pyt (VevVe) = Vp+pVVitpg +f, - (9)

op _,
v (eeve) =0

(10)
where ?b is the volumetric force vector, which is the sum of
the centrifugal (eqn (2)), Coriolis (eqn (3)) and Euler (eqn (4))
forces generated by the rotation. It is important to note that
the transient terms on the left side of eqn (9) and (10) are
null for steady-state problems. Moreover, when the gravity
effect is considered to be negligible, the third term on the
right side of eqn (9) can be neglected.

The above-mentioned equations couple with other
equations when we want to simulate different phenomena
such as fluid mixing, gene amplification, and particle tracing
on centrifugal microfluidic devices. The equations and
formulas for these applications are elaborated in the
following sections.

1324 | Lab Chip, 2020, 20, 1318-1357
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3.1. Mixing in single-phase flows

Mixing is a very common process step that is needed in most
of the LOD devices. In conventional microfluidics, since Re is
low, viscous forces are dominant over inertial forces; thus,
fluid mixing in small LOD channels and chambers poses a
challenge. Many studies thus involve different approaches to
reduce the mixing length in microchannels to help fluids mix
fast and effectively.** In order to simulate mixing on LOD
devices, the convection-diffusion equation (eqn (11)) should
be used together with the previously mentioned equations for
single-phase flows (eqn (9) and (10)).>”

oCi -

o + V§-VCi = V-(DiVCi) + R; (11)
where D; is the molecular diffusion coefficient, C; is the
concentration of species i (the index of each species in the
fluid) and R; is the reaction rate; positive for the production
and negative for the consumption of species. R; is eliminated
from the equation if no chemical reaction takes place in the
system. In the case of steady-state, the first term on the left
side of eqn (11) is null. In order to quantify the mixing level,
it is usually necessary to define a specific variable 7 called

“mixing efficiency” or “mixing index”.*"

n

Z Ci — Cayerage
y n-1
i=1

n=1-CoV, CoV= (12)

Caverage

where, CoV is the coefficient of variation, and n is the
number of data points on which concentration C; is
calculated.

While several experimental and theoretical studies in this
regard are reported,’®® few have concentrated on
computational studies. Here we single out those works that
did carry out computational studies for mixing on LODs.

Ren et al. (2013) presented a simulation of batch-mode
mixing on a disc.>* These authors solved the governing
equations using the finite volume method to demonstrate
that the proposed micromixer, performs faster than
molecular diffusion mixing. They solved the continuity, the
momentum, and the convection-diffusion equations to
measure the mixing quality. As shown in Fig. 3(A), their
findings suggest that the rotation of the device employing
accelerating and de-accelerating cycles does create three
vortices: these include a large vortex in the ¢-r plane and two
smaller toroidal vortices that run in opposite directions in
the z-r plane. The smaller vortices in the z-r plane enhance
the mixing while reducing the time needed to achieve 90%
mixing efficiency. Furthermore, the simulations show that
said vortices invert the flow direction as the acceleration
changed from a positive to a negative value and that, in turn,
caused a further increase in mixing. In Fig. 3(B), we show the
sequential images of the movement of two colored aqueous
media within a mixing chamber. The rotational velocity is
initially zero and reaches 720 rpm within 3 s. Once the device
starts rotating in the depicted direction, the red medium

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Batch-mode mixing on LOD devices. (A) Visual representation of the primary vortex and the two toroidal vortices generated in the chamber
by Ren et al.?° Reprinted with permission from Elsevier. (B) The behavior of two liquids under acceleration. Black arrows show the rotation
direction of the chamber.?° Reprinted with permission from Elsevier. (C) The geometry of four different designs considered for batch-mode mixing
by Mortazavi et al.> Reprinted by permission from Springer Nature. (D) The standard deviation of species concentration over time for the most

desirable design.>? Reprinted by permission from Springer Nature.

moves towards the opposite direction due to the Euler
acceleration. However, the blue medium behaves differently
and moves along the direction of the rotation. Mortazavi
et al. (2017) also investigated the mixing by acceleration and
deceleration of a rotational unit, and explored this both
computationally and experimentally.®* They used the finite
volume method to solve the Navier-Stokes, the continuity,
and the convection-diffusion equations. The simulations
showed, as expected, the generation of a principal vortex in
the horizontal transverse section of the chamber, and two
Dean vortices through a vertical cross-section. The standard
deviation of the concentration at different points of the
chamber was used to quantify the quality of mixing, and the
simulations and experiments were run until the standard
deviation was less than 0.1. The proposed simulations and

This journal is © The Royal Society of Chemistry 2020

experimental data matched very well. It was concluded that
between the four different proposed geometries for obstacles
in the chamber (Fig. 3(C)), the design with three obstacles
yielded the optimal mixing time. The proposed design
showed an increase of 70-80% of the mixing rate. In
Fig. 3(D), we show the change of the standard deviation of
species concentration for the best design over time.

Besides batch-mode mixing, serpentine mixing structures
have also been investigated computationally to find their
optimum design for implementation on LOD devices. As
depicted in Fig. 4(A), in these micromixers, two different
fluids enter from two inlets and then mix in the serpentine
structure while the disc rotates. La et al. (2013) carried out
the first investigations about these micromixers, both
computationally and experimentally.®® They used the finite

Lab Chip, 2020, 20,1318-1357 | 1325
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Fig. 4 Serpentine micromixers in LOD devices (A) the device geometry considered by La et al.*° Reprinted by permission from Springer Nature. (B)
The concentration distribution and secondary vortices in a serpentine micromixer of rectangular cross-sectional geometry.>* Reprinted with

permission from Elsevier.

element method and solved the Navier-Stokes, the continuity,
and the convection-diffusion equations. They were able to
capture secondary flows in the turns of a microchannel
structure. Later, Shamloo et al. (2016) did further simulations
to find the optimum parameters for these micromixers.** They
considered different geometrical and operational parameters,
including the angle between the two inlet flows, the cross-
sectional geometry of the microchannels, the rotational speed
of the disc, as well as the number and configuration of the
turns in the serpentine structure. In Fig. 4(B), the concentration
distribution and secondary flows at different positions in the
serpentine micromixer are shown. The same team also worked
on the curved structures and explored the mixing efficiency as
a function of the distance of the micromixers from the center
of the disc.*® They found that mixing enhances by increasing
this distance. However, this improvement is not very significant
and is not recommended for small sized centrifugal platforms.
Moreover, they found that in comparison with conventional
serpentine structures, curved geometries provide better mixing
yet. Kuo et al. (2016) also used the same method to mix blood
plasma and DI water in serpentine microchannels on LOD
devices.>® Their finite element computational studies for a
rectangular serpentine channel showed a mixing efficiency of
97%, which was in agreement with their experiments.

Recently, Madadelahi and Shamloo (2018) presented a 3D
computational simulation of reacting flows in pressure-
driven and centrifugal microfluidic devices. The authors
considered  three  different  serpentine structures
[Fig. 5(A) to (C)] and compared the mixing efficiency for
Newtonian and non-Newtonian fluids in centrifugal and non-
centrifugal devices."” They used the finite element method to
solve the relevant equations. They also studied the effects of
rotational and non-rotational serpentine microchannels and

1326 | Lab Chip, 2020, 20, 1318-1357

compared them in great detail. They investigated different
parameters including mass flow rate of reacting species in
both LOC and LOD, aspect ratio of the cross-sections of the
channels [Fig. 5(D) to (F)], position of the channels in LOD
devices with respect to the center of rotation, angle of
fabrication [Fig. 5(G)] and geometry of the serpentine
microchannel in both LOC and LOD. It was concluded that
in both LOC and LOD, as the flow-rate (Newtonian and non-
Newtonian) increases, the chemical reaction yield decreases
as the reactants have less time to react and generate the
intended products. It was also shown that between the three
different channel designs, ie., rectangular, sinusoidal and
triangular, the rectangular channel produced the maximum
chemical yield [Fig. 5(H) and (I)] while preserving a minimum
magnitude of secondary flows. These secondary flows are
important parameters in fluid movement, mixing, and
inertial particle separation applications. In LOD devices, a
larger radial distance of the serpentine channel away from
the disc center resulted in a lower chemical yield, and a 45°
inclination angle of the serpentine channel with the disc
radius gave the best chemical product yield. These findings
hold for both Newtonian and non-Newtonian fluids. It was
also shown that for a rectangular structure, the maximum
production rate comes with aspect ratios of equal or greater
than unity.

3.2. Temperature evaluation

One of the many promising applications of LOD devices is
DNA amplification, a process that requires precise
temperature control of a reaction chamber.*'® Since LOD
platforms are rotating, for monitoring the temperature
distribution, need specific facilities

we like wireless
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Fig. 5 Schematic geometry of different LOD and LOC serpentine microfluidics devices: (A) rectangular, (B) sinusoidal, (C) triangular (D) vertical
rectangular cross-section (aspect ratio: 4-1), (E) square cross-section (aspect ratio: 1-1), (F) horizontal rectangular cross-section (aspect ratio: 1-4),
(G) fabrication angle and normal distance of the channels on a disc, (H) production factor versus aspect ratio in microchannels with a rectangular
cross-section and Re = 10 for a Newtonian LOC, and (I) production factor versus aspect ratio in microchannels with a rectangular cross-section
and Re = 10 for a Newtonian LOD.*® Reprinted with permission from Elsevier.

connections. Doing simulations can give scientists an
overview of temperature distribution together with the effect
of different parameters like chambers size, electrical power
needed for heaters, etc. without any sophisticated
experimental efforts. To facilitate such control in LOD
platforms, the conservation of energy equation (eqn (13))

This journal is © The Royal Society of Chemistry 2020

should be considered as the governing eqn.®
oT -
PiCp—; +PiCp [Ve-VT| - V-(kVT) = 0 (13)
where k is the thermal conductivity, C, is the heat capacity at

constant pressure, and 7 is the temperature. Although a great
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Fig. 6 Simulation of a PCR device: (A) the overall view of the device including microfluidic disc, radiative heater, heating element, cooling fan,
centrifugal microfluidic system and the computational domain for heat transfer, (B) different sections of the microfluidic device, and (C)
temperature distribution and streamlines for heating and cooling processes.>* Reprinted with permission from Elsevier.

number of experimental works demonstrate this
application,®*™®> few incorporate a computational analysis.
Naghdloo et al. worked on the simulation of an LOD device
proposed for nested-polymerase chain reaction (PCR) using a
combination of convective and radiative heat transfer
mechanisms.** In Fig. 6(A), we show different sections of
their system. Fig. 6(B) depicts the different subunits on the
disc, including mixers, siphon valves, capillary valves, and
reaction chambers. The authors solved the continuity
equation, the Navier-Stokes equation, and the convective-
diffusive equation. For the simulation of the heat transfer

1328 | Lab Chip, 2020, 20, 1318-1357

mechanisms, the energy equation was used to calculate the
temperature distribution between the heater and the device.
They also considered the turbulent k-¢ model for the
simulation of air surrounding the rotating disc. All the
equations were solved using the finite element method. The
stationary heat transfer and the stationary mixing model
computations were solved using the Petrov-Galerkin method,
while the axisymmetric transient heat transfer models were
resolved using the Runge-Kutta method. To validate the
accuracy of the mathematical model, the simulation was run
emulating a real LOD, and the data were compared. The

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9LC00775J

Open Access Article. Published on 03 April 2020. Downloaded on 7/30/2025 3:11:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

recorded velocity profiles closely resembled experimental
results from the literature. Moreover, to optimize serpentine
mixing channels on an LOD, a mechanism that involves the
addition of a fan set-up was considered for more active
control of the required temperature profile changes. The
presence of the fan allows for an increased airflow between
the heater and the surface of the disc, providing more
efficient active cooling. Fig. 6(C) shows the temperature
distribution during the cooling and heating steps. The
authors proposed that the device could outperform other
platforms for PCR automation with 50% less processing time
compared to that of previous studies.**

3.3. Particle tracing

Particle tracing in microfluidic devices has been used for
several different purposes. These applications include cell/
particle separation,®® cell/particle focusing,®”*® evaluation of
mixing units,”® and flow velocity.*””° The main advantage of
using LOD devices for particle/cell separation include low-
cost setup, the possibility of integration of multiple unit
operations, and the automation of the process. On the other
hand, the main disadvantage of using LOD devices for
particle/cell studies is the limited available space on the disc

View Article Online

Critical review

for the reservoirs and channels. This may cause serious
issues if we need to separate rare cells/particles, and a high
volume of sample is needed for detection.®*

Using a simulation for particle tracing is fast and
straightforward and can anticipate the particle/cell behavior.
Researchers should take into account that for the simulation
of particle tracing, different formulas are needed for different
forces. For some of these formulas, simplifying assumptions
and too ideal conditions are assumed. Moreover, particle-
particle interactions have not been considered in previous
simulations. This may cause another limitation, especially for
the anticipation of clogging in LOD devices and for the
methods relying on filtration.” Nevertheless, due to the
small size of particles/cells and the rotating platform of LOD
devices, simulations can help scientists to find the detailed
behavior of particles and cells under desired conditions.
Simulation studies, which are shown in the following section,
have presented an acceptable agreement with experiments.
Specifically, for methods that need costly reagents like
antibodies, they can play a crucial role by helping scientists
reduce the trial and error in their experiments.

From the theoretical point of view, the equation that
governs particle tracing, and that has been reported in the
literature, is given as follows:

Table 2 List of different forces applicable in particle separation and particle focusing on centrifugal platforms

Computational LOD studies

Force based on the corresponding

Force type formula Principles and applications formulas

Centrifugal force Eqn Centrifugal force here refers to centrifugal, Coriolis, and Euler. Centrifugal 35-38

(16)—(18) and Coriolis forces exist in all LOD devices, but the Euler force is zero at
constant angular velocity

Virtual mass (added or Eqn (19) This force is related to the interaction of a moving object and the fluid 35, 38

apparent mass) force surrounding that object

Drag force Is Drag force is a counter-acting force which exists on the surface of all 35, 38

described  moving objects in viscous (viscosity # 0) fluid flows
in Table 3

Magnus lift force Eqn (22) This force acts on the particle due to its rotation and is zero for creeping  No previous works have
flows used this force in

simulations

Saffman lift force Eqn (24) This is a lateral force that exists in all non-uniform fluid flows in which 35,37
shear flow is present and is at least one order of magnitude larger than
the Magnus lift force

Shear gradient lift Eqn (26) This force is due to the parabolic velocity profile of fluids in LOD No previous works have

force microchannels used this force in

simulations

Wall-induced lift force Eqn (27) This force is due to the interaction of solid walls of LOD microchannels No previous works have

and (28) with suspended particles/cells moving across the walls used this force in
simulations

Total lift force Eqn (29) This force is the summation of wall-induced lift force and shear-induced 38
lift force

Magnetic force Eqn (31) This force only acts on particles with magnetic properties (e.g., magnetic ~ 35-38
beads can be attached to targeted cells via specific binding to antibodies)

Gravity force Eqn (32) While applying on all particles, this force can be considered negligible No previous works have
based on the design of microfluidic device and the relative order of used this force in
magnitude simulations

DEP force Eqn (33) This force acts on particles and cells suspended in a non-uniform electric ~ No previous works have
field used this force in

simulations

Acoustic force Eqn (34) This force acts on particles and cells suspended in an acoustic field No previous works have

This journal is © The Royal Society of Chemistry 2020

used this force in
simulations
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mpX, = » F (14)
where m, i_s) the particle mass, X, is the particle position
vector, and F is the force vector affecting the particles.

In Table 2, we show different forces that may apply to
particles in an LOD device. In addition to those forces listed
here, Brownian motion may also affect particles. An
important dimensionless parameter known as the Peclet
number, Pe (eqn (15)), provides a measure for whether the
Brownian motion -when compared to convection- is
significant or not. The Pe number applies to both gases and
liquids and can be calculated based on:”?

__convection flux LV

Pe =~ diffusion flux D (15)

where L is the characteristic length, V is the characteristic
velocity of the fluid, and D is the diffusivity coefficient. In
most of the microfluidic theoretical studies,
motion can be considered negligible.”

Some of the forces listed in Table 2 are common to all
LOD devices due to the particle/cell-fluid interaction. These
forces include centrifugal, added mass, drag, and lift.
Although the gravity force applies to every mass, in most of
the LOD devices, it can be considered negligible based on the
device design and its scale. Magnetic, electric, and acoustic
forces are not that common yet, and specific designs are
needed for the utilization of these elements within LODs. In
the following sections, such forces and their related studies
are presented and discussed.

3.3.1. Centrifugal forces. The centrifugal force is one of
the leading forces acting on particles/cells in all LOD devices.
As previously mentioned, there are three major forces due to
the rotation of a platform: the centrifugal force, the Coriolis
force, and the Euler force. Considering a particle _\;vith a
concentrated mass of m;, moving with a velocity of Vv, at a
distance r from the rotational center, these three forces can
be defined as follows:

Brownian

= N T (oo
Fcentrifugal = —mpw X (w x r) = _gppdpsw X (CO X r) (16)
= L = T 3 =
Fcoriolis = —2mpw XV, = _gppdp XV, (17)
7 S T 35 -
Fguler = ~Mp@ X7 = — gppdp @ X =T (18)

Since in LOD applications, particles are usually submerged in
a liquid, we need to take buoyancy into account; for this, we
only need to substitute p, by (p, — pg) in eqn (16) to (18).
3.3.2. Added mass force. When a body moves inside a
fluid, an additional fluid-inertia-based loading appears on
the body. This is known as the “added mass”, “virtual mass”,
or “apparent mass.” This phenomenon occurs as a result of
the fluid, which rushes to open the way for the moving body
while filling the gap behind it. For a sphere, the apparent
mass is a scalar because of the symmetric geometry. eqn (19)

is used to calculate the added mass force on a spherical body

1330 | Lab Chip, 2020, 20, 1318-1357
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. . . av,
moving with an acceleration of TS
. 1 av,
Fo=-1 mp ¢dp’ i (19)

Therefore, if external forces acting on a sphere are expressed
as Z?‘, the combination of eqn (14) and (19) results in:
F+F, = mp%: Eﬁ = (mp +%npfdp3) % (20)
Eqn (20) reveals that any submerged sphere (particles or cells)
in LOD devices behaves as though its inertia is increased by
one-half of the mass of the fluid it moves along the way.”*

3.3.3. Drag force. All moving objects in a fluid flow,
experience a deterrent force parallel to the flow direction.
This force, known as the drag force, acts on the objects’
surface as a result of the pressure and the shear forces.””
Generally, in fluid mechanics, drag force for a moving body
can be calculated by eqn (21).”°

1 2
FD :Eprf XAXCD (21)
where Cp is a dimensionless parameter called the “drag
coefficient” and A is the projected area of the moving body
(the area on a surface projected to the flow). In many

computational simulations in microfluidics, the particles and
. dp’
cells are considered as spheres <A = n%). Based on the

d,V
particle’s Reynolds number (Re’ Pt

), different values
K
are suggested for the drag coefficient. In Table 3, we list the

values of these drag coefficients and the corresponding drag
forces.”” These formulas were initially calculated for particles
without any rotation. However, Zend et al used
computational simulations to investigate the effects of
particle rotation on drag force and concluded that this effect
is rather small.”® Thus, the equations in Table 3 can be used
for all rotational and non-rotational spherical particles in
LOD simulations.

3.3.4. Lift force. There are different kinds of lift forces that
can impact a particle's movement in an LOD device. They are
typically theoretically calculated for a solid sphere in a fluid
flow. In the following sections, four different kinds of lift
forces are introduced along with the applicable equations. In
the force scaling section (section 3.3.9) their relative
importance is discussed in greater detail.

3.3.4.1. Magnus lift force. When a particle rotates inside a
fluid with a uniform flow field and simultaneously rotates
with a particular angular velocity, the streamlines around it
will change in a way that pressure will increase on one side
and decrease on the other side of the particle. This
asymmetric pressure distribution due to the particle rotation
applies a lateral force on the particle, called the “Magnus lift
force.” For a solid sphere rotating in a low Reynolds uniform
flow, eqn (22) applies:*>%!

3
ndp

Fyagnus :Tpf(ﬁf_ﬁp) xQ (22)
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Table 3 Formulas for the calculation of drag force on a particle
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Range of the particle

Reynolds number <Re' = pdpl) Drag coefficient .
He formula Force formula  Explanations
10* < Re’ <0.2 G — 24 Fp = 3mudy, Ve Stokes formula-most of microfluidic studies in which re is low, use
P~ Re' this formula for the simulations
0.2 < Re’ < 500-1000 Cp = 24 Fp = 3mpud, Ve Schiller-Neumann formula (different researchers have used different
Re’ (1 +0.15Re’***") constant values in this correlation”)
(1 +0.15 Re"™*%)
500-1000 < Re’ < 2 x 10° Cp = 0.44 Fp = —
0.0551d,’psVy
2 x10° < Re’ Cp=0.1 Fp= These Re numbers are not applicable in microfluidic devices. In this

0.01251d,,"p¢Vy

where _‘;f is the fluid velocity, f/)p is the particle velocity, dj, is
the diameter of the particle and @ is the angular velocity of
the particle. As depicted in Fig. 7(A), this force is always
perpendicular to the relative velocity of the particle and its
rotational velocity. In the case of a rotational flow field in
which a particle rotates with an absolute rotational velocity of

Q,,Q in eqn (22) is calculated as:

L1
G =0~

s,V Ve (23)

Although the above equations were derived for low Reynolds
flows, Magnus forces do also exist in high inertia flows.*

The Magnus force does not appear in creeping flows (Re
< 1) but does appear in all rotating viscous and inviscid fluid
flows with a finite relative velocity. The reason for this is that
Magnus force appears due to the development of a
disturbance in the particle velocity due to the particle's
rotation and the fact that inertia is essential for a disturbance
to develop in a fluid flow.”*®*

3.3.4.2. Saffiman lift force. The calculations for lateral
forces on a solid moving sphere in a uniform flow was
extended by Saffman and co-workers.®” They used the
matched asymptotic expansion method in a simple
unbounded shear flow (constant shear rate and zero shear
gradient) and found that the shear can apply a lateral force
on particles. The difference in velocity and hence, the
difference in pressure on the two sides of particles leads to
the so-called “Saffman lift force.” Unlike the Magnus force,
this force is present even if the particle does not rotate and
can be estimated from:**%

ﬁSaffman = kdp2 (Vf - ‘7[)) (ﬂfp fY)% (24)

where y is the shear rate, and k is a constant. The correct
magnitude of this constant is (k ~ 1.615),*>%"%* which is
reported incorrectly in some references.”>®* In Fig. 7(B), we
show the direction of this force, which is always towards the
point where the fluid velocity is the largest. For the case of a
rotational particle, the following equation applies:**

This journal is © The Royal Society of Chemistry 2020

condition, the boundary layer surrounding the particle changes from
laminar to turbulent. Hence, the separation point moves to the rear
section of spherical particles, and the drag coefficient reduces

11
64

Fatfman = <kdp2(‘7f - ﬁp)(ﬂfﬂf?)%‘ Ttﬂfdpsyz) (Vi-Vyp)

T —
+3 peQpdy’
(25)

It is worth mentioning that the above equations are valid for
very low particle linear and angular velocities under two
conditions: either at very low shear or in highly viscous
fluids. Furthermore, although shear can cause particles to
rotate and hence exhibit a Magnus force, just an algebraic
summation of the Saffman and Magnus forces without any
empirical corrections can lead to enormous errors.*' As we
will learn in section 3.3.9, in these situations, scaling analysis
is most revealing. The simple condition of Q =y~ shows
that the Saffman force is at least one order of magnitude
larger than the Magnus force.®

3.3.4.3. Shear gradient lift force. Similarly to what we
explained in the previous section, when a particle or a cell
moves in a fluid with a parabolic velocity distribution (i.e.,
variable shear rate), the velocity on the two sides of the
particle differs. Consequently, the pressure on the two sides
of the particle or cell also varies; thus, as depicted in
Fig. 7(C), a force named “shear gradient force” directs the
particle towards the higher relative velocity side of that
particle. This force is expressed as:*

CSGP f Vmax2 dp3

o (26)

Fshearforce =

where V. is the maximum value of velocity profile in a
channel, Dy, is the hydrodynamic diameter of channel and Csg
is a dimensionless factor that depends on the Reynold number,
the particle dimension and the position of the particle.*®
3.3.4.4. Wall-induced lift force. Another kind of lift force is
due to the existence of the channel walls in which a small
spherical particle moves. In such a case, some different
considerations are in order. Firstly, the existence of the solid
walls creates a velocity gradient of fluid around the solid
particles, which based on the previous explanations about
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Fig. 7 The schematic representation of particle undertaking different forces: (A) Magnus lift force, (B) Saffman lift force, (C) shear gradient lift

force, and (D) wall-induced lift force (flow patterns copied from®°).

shear gradient lift force, can lead to lifting forces. Moreover,
the symmetric flow distribution around the particle can
dramatically change due to the nearby walls. This
asymmetric pressure distribution can cause a force pushing
the particle away from the walls (Fig. 7(D)). One must also
consider that in the region between the solid sphere and the
wall, fluid flow accelerates, and the pressure changes create a

1332 | Lab Chip, 2020, 20, 1318-1357

force toward the wall. Takemura et al. demonstrated that the
former force is dominant over the latter.®” This dominant
force is known as wall-induced lift force, which lets particles
to achieve a stable position in a microchannel.

Cox et al, for the first time, analyzed the migration
velocity of a spherical particle in a flow field near a single
vertical plane wall.*® Subsequently, Vasseur and Cox used a

This journal is © The Royal Society of Chemistry 2020
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singular perturbation technique to investigate the migration
velocity of a spherical particle at low Reynolds numbers
nearby a vertical wall.** They focused on the particles'
Reynolds numbers in the range of 0.03 to 0.136. In all cases,
a repellent force from the walls on the particles was reported.
They suggested eqn (27) for the calculation of the lift force
on a particle in a uniform fluid flow of V.*°

1

1 272 9 1
Fuwaltinduced = Cr, X §pr ndp®, CL == |1- —

L*¥? | L*
8 32 ’

=LXxRe (27)
( particle distance from the wall
where L= —
particle’s diameter

distance of the particle from nearby walls, and Cy, is the lift
coefficient. Zeng et al. performed a direct numerical
simulation to find the effects of a wall near a spherical
particle that is moving parallel to the wall's surface.’® In their
simulation, the authors considered Reynolds number in a
range from 0.5 to 300, and the particle-wall distance was
taken as between 0.75 and 4 times the sphere diameter. The
effect of particle rotation on the calculated lift was also
investigated, and it was concluded that like the drag force,
the effect of lift rotation on particles is rather small. In
Fig. 8(A), we show the wall-induced lift coefficient Cy, versus
L*, as found in these mentioned studies.

Besides eqn (27), the following equation has also been
suggested for the calculation of the lift force on particles in
near-wall regions.®®

) is the scaled

CWIp fVmaxzdp6

Dt (28)

Fyall-induced =

where V. is the maximum value of the velocity profile in
the channel, Dy, is the hydrodynamic diameter of the channel
and Cy; is a dimensionless factor that depends on the
Reynold number, the particle dimension, and the position of
the particle.®¢
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For the calculation of the total lift force as the summation

of wall-induced and shear-induced lift forces, Asmolov
introduced:**

FL = Fy*p fdp4 (29)
where y is the shear rate, and Fj represents the

dimensionless lift coefficient. By substitution of the shear
rate as a function of the maximum fluid velocity V., eqn
(29) transforms to eqn (30) wherein Dy, is the hydraulic
diameter.

prmaxzdp4

FL :FL th

(30)
In Fig. 8(B), we show the dimensionless lift coefficient as a
function of Re number and dimensionless distance x from
the channel centerline (L = Dy,/2 in this figure is the half of
the channel width).

Shamloo et al. (2018) proposed a mathematical model that
generates an accurate simulation for a microfluidic device
capable of carrying out particle focusing in LOD devices.*® In
Fig. 9(A), we show the geometry of the device made of a
serpentine channel on a disc through which flow is generated
by centrifugal forces. The authors considered three different
serpentine-angles (o in Fig. 9(A) = 75, 85, and 90 degrees)
and incorporated three different sizes of polystyrene particles
(8, 9.9, and 13 pm). The researchers in this study tried to use
a 3D direct numerical solution (DNS) approach by coupling a
finite element method solver and a MATLAB code to create a
perfect formula for the lift force. The Navier-Stokes and the
continuity equations were used to compute the pressure and
the velocity fields that surrounded the particles. To ensure
that the proposed model was accurate, the mentioned
equations were solved using two different approaches of the
biconjugate gradient stabilized (BiCGStab) method, and the
generalized minimal residual (GMRES) method. The
fundamental forces used in the model were the lift force, the
drag force (Table 3; Stokes equation), the added mass force,

10 5
A B
1 .
0 4
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10—2 | |ﬁ]
woe |
Vesseur & Cox o=
o " A -10| | —@—Re=30
A BN — @ -Re=200
—- - =1 +++f\-++ Re=1000
0l S 15
0.1 1 10 100 1000 0 0.2 0.4 0.6 0.8 1
e X/L

Fig. 8 (A) Wall-induced lift coefficient C_ vs. L*. The thick solid line is related to the analytical results from Vesseur & Cox®° and other lines are
related to Zeng et al.'s theoretical analysis®® (B) dimensionless wall-induced lift coefficient.®°
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Fig. 9 (A) The geometry of the LOD device for particle focusing. (B) Secondary flows and particles' trajectory in serpentines channels.>® Reprinted

with the permission of AIP Publishing.

the Coriolis force, and the centrifugal force. They mentioned
that using the centrifugal force is a much better option than
other methods such as using syringe-pumps, because of the
lack of an initial pulse in the liquid propulsion, ie.,
replacement of syringe pumps by centrifugal driving force
provides a closed fluidic system with a pulse-free inertial
liquid propulsion. One shortcoming addressed by the
authors, was the effect of secondary flows on particle
focusing, i.e., authors in this research considered low-depth
microchannels to avoid secondary flows, which can defocus
particles. The authors concluded that using o = 75 degrees
produces the highest velocity magnitude in the channel.
However, the channel with the angle of 90 degrees had the
best particle focusing performance compared to channels
with 75 and 85 degrees. Fig. 9(B) shows the particles’
trajectory under this condition.

3.3.5. Magnetic force. Paramagnetic beads suspended in a
fluid can be manipulated by external magnetic fields
generated by off-chip permanent magnets. This interaction
between the external magnets and suspended beads can be
used to control the beads within the fluid flow. Therefore,
these particles can be separated or focused on LOD devices.

1334 | Lab Chip, 2020, 20, 1318-1357

The paramagnetic beads can also be attached to different
cells, thus moving them along for cell separation devices.”*
Theoretically, the magnetic force can be calculated as:”%*
3
ndy® [ xp — Xm| -

F magnetic ™ (B-V)B (31)
where B is the magnetic flux density related to the external
magnetic field, x, and x, are the magnetic volume
susceptibility of the particles and the medium, respectively,
and g, is the vacuum permeability constant (x4, = 1.257 x 107°
N A™). In Table 4, we list the magnetic volume susceptibility
for some common materials.

Many experimental studies have been carried out on
paramagnetic bead manipulation.””*® However, only a few
simulations of such methods exist. Shamloo et al. (2016)
presented a computational model of a centrifugal
microfluidic device for the separation of neutrophils as the
target cells from red blood cells (RBCs) using magnetic
beads.* It is claimed that this method can be used for other
cell types as well. The authors used the finite volume method
to solve the conservation of mass and momentum together

This journal is © The Royal Society of Chemistry 2020
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Table 4 The list of magnetic volume susceptibility for some common particles and media

Material Blood Air Water Paraffin oil Fe;O, Al,O3 Silver Copper Nickel Iron Graphite
Volume -7.9%x10° 3.6x107 -9.05%x10° -8.8x10° 70 -18.1x10° -2.31x107° -9.63x10° 600 200000 -8.5x 10°°
susceptibility

Ref. 94 94 94 95 94 94 96 94 94 94 94

with the particle tracing equation. They considered drag,
magnetic, added mass, and Saffman forces in their
calculations, and neglected other forces. As seen in
Fig. 10(A) and (B), they presented two different kinds of
devices, one with two outlet chambers and one with three
outlet chambers. A diluted blood sample (RBCs and
Neutrophils attached to paramagnetic beads) was the inlet
flow for both devices. The device with three outlet chambers

could completely separate all target cells with a recovery
factor (the ratio of separated target cells to all injected target
cells) of 100%. The third chamber in this device is
considered to collect all available excess free magnetic beads.
In Fig. 10(C), we show the sequential particle tracing and
their separation on the LOD.

Grumann et al. (2005) used magnetized beads in a circular
chamber to enhance batch-mode mixing on an LOD device.**
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Fig. 10

(A) The geometry and dimension of the LOD device with two and three outlet chambers, (B) the location of the channels on a disc, and (C)

the sequential location of neutrophils (light blue), RBCs (dark blue) and free magnetic beads (red).>®> Reprinted with the permission of IOP Publishing.
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In Fig. 11(A), we show a schematic view of the system with
two inlets, a circular chamber, and an air vent. To identify
the best position for the magnets, the authors performed
simulations on the magnetic beads' trajectory within the
device. In this way, they experimentally investigated the value
of (}_B)-V)E for permanent bar-shaped magnets. According to
the linear correlation of magnetic force and (E-V)E, the
authors concluded that the magnet ends should be placed
near the central region of chambers. In Fig. 11(B), we show
the value of B for an arrangement of eight permanent
magnets. For the calculation of magnetic beads' trajectory,
these authors considered three forces in the particle tracing
formula, namely the magnetic force, the centrifugal force and
the Stokes drag force. These forces are shown in Fig. 11(A).
Moreover, a specific optimal range for the velocity and the
rotation frequency was determined for the LOD. The optimal
frequency was calculated to be around 6.5 Hz, which closely
matches the experimental evidence that suggested an
optimum range of 5-7 Hz validating the model's accuracy. At
speeds above and below this frequency, either the magnetic
or the centrifugal force dominated the other's effect, thus
diminishing the impact of the beads on the overall fluid
mixing.

Recently, Shamloo et al. (2019) used the magnetic force
for a negative magnetophoretic cell separation.’” In a finite
element model, these authors considered EMG-408 as a
ferrofluid to sort blood cells based on their sizes. They also
used a micromixer to mix the diluted blood sample by the
ferrofluid quickly. Fig. 12(A) shows the entire device and its
dimensions. In the particle separation simulations, the drag
force, the Saffman lift force, the centrifugal force, and the
magnetic force were utilized with three different particle sizes
of 6 um, 12 pum, and 22 pum, equivalent for the red, white,
and abnormal blood cells (like CTCs), respectively. As
demonstrated in Fig. 12(B), according to the simulations, the
normal cells are separated from abnormal cells with an
efficiency of ~100%. Although, in reality, the efficiency may
decrease, this computational simulation can sharply reduce
the number of trial and error experiments.

A permanent magnets
(fixed in lab-frame)

orbit of mixing
chamber
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3.3.6. Gravity force. Another force that can affect particles
and cells in LOD devices is the gravity force. For a particle
with a concentrated mass of m,, the magnitude of this force
is calculated as:

Faravity = ~mpg = ~ gppdp{g (32)
where § is the constant acceleration of gravity. For typical
LOD devices, similar to what we mentioned in section 3.3.1
for centrifugal forces, we should take the buoyancy effect into
account and replace p;, by (p, — ps) in eqn (32).

Based on the device design and the force scaling discussed
in section 3.3.9, the gravity force can often be neglected in the
analysis of LOD devices. To the best of our knowledge, there
is not any computational simulation of LOD devices using
gravity force. However, to highlight the potential of this
simple force for particle separation in LOD devices, consider
Fig. 13, where we show two different experimental studies
taking advantage of this force. In Fig. 13(A), we illustrate the
study by Galvin et al. (2013), who used channels inclined at 6
= 70° to the axis of rotation.’® In these devices, as the lift force
exceeds the weight buoyancy force, particles separate from the
surface and expose to higher local fluid velocity and convey to
the overflow. Researchers in this study used different types of
particles, such as coal and silica ultrafine particles, with
satisfactory results. In another study, Yeo et al. (2015) used a
swinging bucket with a special microchannel structure on a
centrifugal disc.’® This way, they could affect the rapid and
label-free separation of particles. As shown in Fig. 13(B), they
used a microfluidic device with two inlets, two outlets, and a
separation channel in which particles are separated based on
their size. The difference between the two inlets was just the
channel length, and hence different fluid flows due to the
different hydrodynamic resistance. The basic separation in
this device occurs during the short transition of the bucket
from its horizontal to its vertical position (in the first 2 s of
rotation). Then after about 10 s rotation, the separated
particles go into two different outlets. With this device, this
team managed to separate a mixture of 2 and 20 um particles

simulated bead B
trajectory @ v=6Hz

B

90mT

60mT

' 30mT

bead trajectory

Fig. 11 The concept of the centrifugal microfluidic platform utilizing permanent magnets. (A) Position of eight permanent magnets on the disc and schematic
of forces on a patticle. (B) Computed trajectory of magnetic beads while rotating.*® Reproduced with permission from the Royal Society of Chemistry.
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Fig. 13 Some examples of devices using gravity force for particle separation. (A) The schematic view of the centrifugal device with inclined
plates.®® Reprinted with permission from Elsevier. (B) The schematic of an LOD device with a swinging bucket structure.’®® Reprinted with the

permission of AIP Publishing.

with an efficiency above 90% and MCF7 cells from a blood
sample with an efficiency of 75%.

3.3.7. Dielectrophoresis force (DEP). Another force that
can be utilized for particle separation in LOD devices is the
DEP force. DEP is the induced movement of particles/cells
due to dielectric differences between fluid and particles in a
non-uniform electric field. The DEP force on a spherical non-
conducting particle can be calculated as:'**

- n &5 —ef =2
Fpep = ngRe (P_) dP3V|E| (33)

ep + 2e¢

Here, ¢ is the dielectric constant of the fluid, &f and &} are the

complex dielectric permittivity of the fluid and particle,

respectively defined by g+ — o—J%, where o is the electrical
w

This journal is © The Royal Society of Chemistry 2020

conductivity and j* = —1. Depending on the relative polarizability
of fluid and particle, particles move differently. In the case that
medium is more polarizable than the particles, particles move
toward the lowest electric field (negative DEP), and in case the
particles are more polarizable than the fluidic medium, they
move toward the highest electric field (positive DEP).**>*%

The DEP force has mostly been studied in non-centrifugal
devices,*"'** and is rarely used in the LOD. To the best of
our knowledge, there is not any computational simulation of
LOD devices using DEP force for particle separation.
However, to show the possibility of this force on LOD devices,
in Fig. 14, we show an experimental set-up by Martinez-
Duarte et al.'® As depicted in Fig. 14(A), for electrifying the
disc, a slip ring is used. Then in a very simple microfluidic
geometry [Fig. 14(B)] a DEP filter is put in the middle of a
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microchannel between the inlet and outlet chambers.
Researchers in this study used 3D carbon structures instead
of traditional planar metal electrodes to filter the particles of
interest. As a case in point, they could separate yeast cells
from latex particles with an efficiency of 100%.

3.3.8. Acoustic force. The last force we discuss here is the
acoustic force. The momentum transferred by acoustic waves
applies a radiation force on suspended particles.'”® The motion
of particles resulting from this force is called acoustophoresis,
and it may play a crucial role in on-chip cell/particle
separations.’””'® Most of the simulations in which acoustic
waves are used for particle separation have focused on surface
acoustic waves (SAW) on non-centrifugal platforms.'**°

The theory by which acoustic force is calculated is based
on perturbation expansion of pressure, velocity, and density
of the fluid in acoustic media. By using the scattering theory,
this force on small particles can be calculated by using the
acoustic potential energy given by eqn (34) to (37):""*

>
FRad = VURad (34)
nos(fi, 5 3
Urad = gdps (lefpz - szfvinz) (35)
k

fi=1- Fi (36)

2 pp Pt
fo= 7( ) (37)

pr +pf

where p is the external pressure of the acoustic field, Vi, is the
incident particle velocity, k, is the compressibility of the particle,

1
and k¢ is the compressibility of the fluid (k¢ = ; where ¢ is
£

sz

the speed of sound in the fluid). In eqn (35), the line over

expressions are time averages over one period, and p and V;, are
109,111

calculated by solving the following wave equation:
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To the best of our knowledge, there is not any experimental study
or computational simulation of LOD devices using
acoustophoresis. Hence, researchers looking for a virgin territory
may want to focus on this intriguing approach.

3.3.9. Scaling of different forces in centrifugal microfluidic
devices. In the previous sections, different forces applicable
to particle separation and focusing on LOD devices were
explained in detail. In both experimental and theoretical
studies, including computational simulations, a key point is
always to get a handle on the relative magnitude of different
forces at play in a given application. To that end, in Table 5,
we list several forces applicable to LOD devices with their
force types and their magnitudes.

Since the centrifugal force is the most important force in
any LOD device and since it plays such a crucial role, all the
different forces from Table 5 are compared with this force
and are listed in a separate column. In this way, one can
quickly ascertain which parameters mighty compete for
dominance against the centrifugal force. As a case in point,
according to Table 5, the earth's gravity force is not
important at high rotational speeds. According to Fig. 15,
based on the radial distance for rotation, it could start
playing a role at very low rotational speeds (~30 rad s ).

4. Two-phase flows in centrifugal
microfluidic devices

In multiphase flows, two or more phases flow together, e.g.,
the flow of water droplets in an oil-filled microchannel.
Within these flows, phases are classified as the continuous
phase and the dispersed phase. The former refers to the
fluid, which continuously occupies connected regions of

* CD center
sample of rotation
loading

hydrophobic

valve flow

rate sample

etrieval
carbon-DEP retney

filter

B

I m I

Fig. 14 Using DEP force for particle separation on a disc. (A) Different parts of the device for doing DEP filtration. (B) The sequence of passing of
the sample through the DEP filter.2°® Reproduced with permission from the Royal Society of Chemistry.
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Table 5 Different forces in LOD devices and their magnitudes
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Magnitude
Force Force type Force Force compared to centrifugal force
Centrifugal force Body force Fe o mpro” 1
Coriolis force Body force F oc mpVy0 iocﬁ
F. ro
Euler force Body force Focmpro F o
F, o?
Added mass force Surface force Fopdy’ av, F o Pt av,
dt Fe ppro? dt
Drag force Surface force F ot ped Ve F " KV
Fe. ppdpzra)2
Lift force® Surface force FoP fvrznaxdp4 F . Pprnaxdp
th F. Dﬁppr w?
Magnetic force Body force Focdp3\xp—xm|v|§|2 F |xp—xm\V}l§|2
F. ppr@?
Gravity force Body force F oc myg F w g
F. row?
12 )12
DEP force Body force Focdpsv‘E‘ - V‘E
e N
Fe ppyro?
Acoustic force Surface force — 3f, —5 F fi. = 3f, —5
Foedy®V(Likep? - 222 v,2 o V(kp? - L2, V2
P (2 fp 4 PtVin Fe pora?  \ 2 P 4 Pp¥m

“ The total lift force is used here. When it comes to the comparison of different lift forces, we should notice that the Saffman force is at least
one order of magnitude larger than the Magnus force, as stated in section 3.3.4.2. Hence in certain situations, the Magnus force can be

omitted in comparison to the Saffman force.*’

space, and the latter refers to the liquid, which occupies
disconnected regions of space. Among microfluidic devices
using two-phase flows, we can find some well-known
structures which are usually used to generate droplets.
Fig. 16 shows three different conditions of droplet generation
in three different common structures; coaxial, flow-focusing,
and T-junction microfluidic devices. These conditions are

To describe such regimes, the capillary number (eqn (40))
of the continuous phase and the Weber number (eqn (41)) of
the disperse phase are the two important dimensionless
numbers to consider. The former refers to the ratio of the
viscous force to the interfacial tension, and the latter refers
to the ratio of the inertial force to the interfacial tension.**'"?
Droplet generation takes place in the dripping phase in

usually referred to as “two-phase flow regimes”.'*> which interfacial tension dominates with both Cacp and
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Fig. 15 The comparison of the centrifugal force and the gravity force per unit mass of particles in LOD devices. The left diagram is the
magnification of the right one near the origin. As it is depicted, the intersection of the solid red line and the curves show the angular velocity in

which centrifugal force and gravity force have equal magnitudes.
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Fig. 16 Three different regimes of droplet generation (A-C: dripping, D-F: jetting and G-I: stable co-flow) in three different common structures;
coaxial, flow-focusing, and T-junction microfluidic devices. Yellow arrows show continuous and grey arrows show dispersed phase flows
(schematic figures from ref. 112). Reprinted with the permission of IOP Publishing.

Wepp relatively small. When the viscous force or the inertial
force overcomes the interfacial force, then the stable regime
starts and droplets stop forming."?

Fviscous o ’7CPVCP

Cacp = (40)
Furface tension o
Finertia pDPLVDP2
Wepp = = (41)
Fsurface tension o

where Vgp is the velocity of the continuous phase, Vpp the
velocity of the disperse phase, ¢ is the interfacial tension
between the two phases, #¢p is the viscosity of the continuous
phase, ppp is the density of the dispersed phase, and L
denotes the characteristic dimension of the system.

When working on droplet formation on a disc, the
comparison of the centrifugal force and the interfacial
tension force is most important. According to eqn (42), the
E6tvos number (Eo number) or Bond number (Bo number) is
defined based on the ratio of these two forces."™*

Bo — Fo — Fcentrifugal gravity _ ﬂdrCUZLZ

(42)

Fsurface tension o

where pq is the difference between the dispersing and the
continuous phase densities, r is the radius from the rotation
center and o is the rotation speed. Droplet movement can be
controlled by adjusting the Bond number, which itself is

1340 | Lab Chip, 2020, 20, 1318-1357

adjustable based on the characteristic length L (e.g., the
nozzle size) and the rotational speed.**

Besides, the droplets shown in Fig. 16, multiphase flows
can exhibit other different morphological configurations,
which are called “flow patterns” of the multiphase flow.
Knowing these patterns is important for choosing the
appropriate simulation model. In Fig. 17, we show these
different patterns, and their schematic together with the
pertinent computational models for their simulation.'*®

As we show in Fig. 17, three specific models are
potentially applicable in two-phase flows in LOD devices:
volume of fluid (VOF), level set, and phase-field. All of these
two-phase methods are time-consuming since they need
small time-steps to track the behavior of the meniscus.*?
Since LOD devices are not stationary platforms, it is not easy
to capture all the detailed phenomena, even under powerful
microscopes. For this reason, building detailed two-phase
simulations is well worth it. Otherwise, if the purpose is only
to deduce more general design parameters such as valve
sizes, using network simulation (discussed in the next
section) might be the way to proceed.

According to previous computational studies in literature, the
VOF model is the most popular two-phase computational model.
In this model, one equation for the conservation of mass and
one equation for the conservation of momentum are needed.**'*®
The following equations from the VOF model are for
incompressible two-phase fluids on a rotating reference frame."?

This journal is © The Royal Society of Chemistry 2020
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o, o L
= (peVe) +V-(peV V1) = ~VP+ V- (VW + VT )|

- pfO'VO.’Cp VO!CP
+pS + . (43)
f % (Pop +Pcp)  |Vace|
- L. R« )
S:—a)X(a)Xr)—ZwXVerer (44)
pe = acepcp + (1 — acp)pop (45)
He= acpfice + (1 — acp)fipp (46)

where ?/f is the flow velocity, acp and pcp are the volume
fraction and density of the continuous phase, respectively,
upp is the dynamic viscosity of the dispersed phase, and 7
denotes the radial vector from the center of rotation. The
source term due to the rotation is composed of three
contributions: centrifugal, Coriolis, and the Euler terms,
respectively, as shown in eqn (44). The last term on the
right-hand-side of eqn (43) is the term related to the
surface tension force, which is not considered in some of
the previous computational studies in the literature.*"**
The phase interface interface in this model can be tracked
by solving the continuity eqn (47) for volume fraction.
a(pace)

ot +V'(pfacp‘7f) =0

(47)
For two-phase flows, it is not needed to solve this equation
for all phases since it can be calculated from the fact that
the summation of all volume fractions is always equal to
unity. Eqn (48) is used to calculate the volume fraction of
the dispersed phase app for two-phase flows.

This journal is © The Royal Society of Chemistry 2020

number of phases 2
0(1':1 = O.’Dpzl_acp (48)

i=1

The level-set method is another method for the simulation
of two-phase flows, which can avoid smearing of the fluids
interface and can monitor the interface between the phases
more precisely than the VOF model. In this method, the
interface is detected as the zero value of a level set scalar
parameter known as ¢. This parameter can be defined as
eqn (49).'"
>0 if x € phasel

p(x.t)q =0
<0 if x € phase2

if x € interface (49)

For the evaluation of this level-set parameter, an advection
equation must be solved;'"®

aa_4:+ VepVi =0 (50)
For the condition in which some slug fluids are to be
mixed, other models are more appropriate, including the
coupling of Navier-Stokes equations with the phase-field
equations. In comparison with the level-set model, this
model involves more computational and time costs. The
coupled equations in the phase-field model are presented

as eqn (51) to (55). Besides those equations, the

conservation of mass (eqn (10)) must also be

considered.**™”

0 = - = = T

= (prV o) +V-(p:V Vo) = ~VP+V-[ue (VW 4+ VP )]
+yVB+S (51)
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Z—f + V¢V = V-(MVy) (52)
v = VGV + 5P ) 63)
pe= %ﬁpcp + #pnp (54)
K= 1T_ﬁﬂcp + #ﬂpp (55)

where f is the phase-field variable (f = 0 at the phase
interface and f = +1 at each of the two phases), ¢ is the
capillary width (based on the element size), y is the
chemical potential, yV¢ is the capillary force and M is the
mobility coefficient. 2 in eqn (53) represents the mixing
energy density, which can be calculated based on the

surface tension using eqn (56).*''®9
242
o= i_ (56)
3 ¢
As mentioned before, VOF 1is the most popular

computational method in two-phase LOD devices. Silva
et al. used this model for capillary valves.'” Later, Mark
et al. (2011) used the control volume method to simulate
the fluid behavior of centrifugo-pneumatic valves.*® These
valves were located at the end of a normal metering unit.
Using this model, they investigated the detailed behavior of
the fluid burst frequencies as well as the air pressure-time
variation in the outlet chamber. Volume fraction contours,
together with the air pressure variation, are shown in
Fig. 18(A). Later, Kazemzadeh et al. (2015) used this model
to study a mechanism of guided routing capillary valves.*
As shown in Fig. 18(B), two extended microchannels are
attached here to a conventional capillary valve, ie., an
auxiliary inlet and an auxiliary outlet. If the rotational
speed is less than the burst frequency, then the fluid does

g ﬂ;"
2 |

I

View Article Online
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not enter the chamber. However, if the rotational frequency
exceeds the second burst frequency (burst frequency of the
capillary of the auxiliary outlet) and is below the first
frequency (burst frequency of the capillary before the
auxiliary inlet), the fluid goes through the auxiliary outlet
on the left. If the rotational frequency exceeds the first
burst frequency, then the fluid goes directly to the chamber
on the right (towards the Coriolis force). As represented in
Fig. 18(C), the control volume-based VOF model captured
the details of meniscus behavior as a function of time.
Later on, as discussed previously, Naghdloo et al (2017)
simulated conventional capillary and siphon valves on a
rotational platform.*® The simulation was carried out using
the finite element method with a level set approach.
Although this model is less accurate than the phase-field
model, the lesser computational cost somewhat
compensates for this shortcoming.**

Fig. 19(A) and (B) show two different experimental studies
in which VOF models are used to capture the detailed
behavior of the meniscus of liquids. Fig. 19(A) is related to
the investigation of the uniform filling of a microchamber.
Uniform bubble-free chamber filling is essential in some
applications like gene amplification and detection.** As the
purple volume fraction contours indicate, the computational
simulations predict the fluid behavior with an acceptable
error. Recently, Fakhri et al. (2019) used the VOF model to
extract more details of liquid behavior in a particular type of
microchamber.** As shown in Fig. 19(B), they reported that
by deceleration, the fluid passes through the small throat
between the two connected chambers. Their model, based on
the control volume method, showed good agreement with the
experiments. Their model also provided velocity and pressure
distributions of fluid inside the chamber, which were not
easy to capture experimentally.

Besides the above studies, there are also a few pure
computational investigations on LODs using the VOF model.
Ren et al. (2016) presented a 3D model of a centrifugal device

B

8o

Guided Routing valve

GR junction

Side view of flow adjacent to

0.0050 s

semi-isometric view

A

Meniscus

Fig. 18 (A) Volume fraction contours together with air pressure variation in a centrifugo-pneumatic valve on an LOD device.*® Reprinted by
permission from Springer Nature. (B) Guided routing capillary valve mechanism presented by Kazemzadeh et al. depending on the magnitude of
rotational speed, fluid can be stuck, flow left or flow right.*® Reproduced with permission from the Royal Society of Chemistry. (C) The contours
show the sequential meniscus movement in the side and front views.*° Reproduced with permission from the Royal Society of Chemistry.
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Fig. 19 (A) Sequential comparison of the experimental (left column) and computational (right column) results for filling a microchamber.*?
Reproduced with permission from the Royal Society of Chemistry. (B) Contours of volume fraction in two different times during deceleration in
specifically connected chambers.** Reprinted by permission from Springer Nature. (C) Schematic of the multiphase system presented by Ren
et al.** (D) Schematic of the computational domain.** (E) Close-up view of the thread of continuous phase as indicated in blue progressing along
the microchannel after being pumped from the reservoir.** (F) Close-up view of general mesh grids of the junction.** (G) The sedimentation of
cell-encapsulated droplets at the separation junction.** Reprinted from MDPI.

for the emulsification and separation of different cells.*’
According to Fig. 19(C) to (F), the system comprises a two-layer
structure. The top layer has truncated chambers containing
different cell types and culture medium as the dispersed
phase. The bottom layer features circular chambers for an
encapsulating solution as the continuous phase. For simplicity,
the authors neglected the effect of gravity on the process of
droplet formation and sedimentation. They utilized the VOF
method, and the overall governing equations were discretized
to algebraic expressions through the finite volume method.
Furthermore, the droplet behavior was accounted for by using
the pressure-implicit with the splitting of operators (PISO)
algorithm, and a piecewise linear interface construction (PLIC)
strategy was used for the interfacial tension calculations. The
model was corroborated by comparing it to experiments. The
average velocity was calculated by taking into consideration
the rotational speed, the radial location of the fluid reservoirs,
and the channel geometry. The solution captured merged
droplets with an error of 3% in surface area compared with the
experimental data. As the last step, shown in Fig. 19(G), the
authors used the ratio of centrifugal force to Coriolis force for
droplet separation near the outlet of the device.

This journal is © The Royal Society of Chemistry 2020

The phase-field method has been used only in a few studies.
Lin et al. (2010), for example, used the phase-field method to
study bifurcation in LOD devices."”® This geometry, which is
shown in Fig. 20(A), is of particular use in CD-based enzyme-
linked immunosorbent assays (CD-ELISA). The authors defined
the different parameters shown in this figure and then used
analysis to capture their effects. The effect of the geometry
parameter S on the flow ratio A/B (shown in the schematic
figure) was also depicted for three different partition plates.
They also carried out experiments, which confirmed their
simulations. Later, Liu et al (2019) used the same method to
better optimize the mixing process in droplet microfluidic
devices."* They focused on investigating the effect of the Re and
Bo numbers. These authors designed a mathematical model for
the interaction and advection of droplets in 2D space. They
focused on the impact of Bo and Re numbers on the mixing
quality while all other parameters remained constant. In this
particular model, both Coriolis and Euler forces were taken into
consideration; the model was run using the finite element
method. To simulate the distribution of two bubbles once they
have collided, the particle tracking method was utilized within
the droplets. The phase-field method was used to simulate the

Lab Chip, 2020, 20, 1318-1357 | 1343
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(A) Schematic view of bifurcation studied by Lin et al. with corresponding parameters. They used this simulation to do many parametric

studies. One of these geometric parameters, as the ratio of two flows versus S is shown for three different partition plate angles.*?° (B) The
geometry and initial condition of droplets A and B considered by Liu et al.** Reprinted with the permission of AIP Publishing. (C) Collision process
of the droplets in an LOD device.** Reprinted with the permission of AIP Publishing.

slug-like motion of a droplet A moving from a channel to a
chamber and a droplet B that remains in a fixed position.
The reported results show a high degree of advection as
the Reynolds number ascends to the hundreds, and so does
the chaotic behavior of droplet A. In Fig. 20(B), we show a
schematic view of the geometry and the initial position of
droplet A (entering the chamber from the lower channel)
and droplet B in the chamber. The process of collision of
droplets is also illustrated in Fig. 20(C).

Alongside the comprehensive computational studies for
droplet-based LOD devices reviewed above, some other
researchers have used simple mathematical models to
predict droplet behavior in LOD experimental analysis.
Wang et al. (2013) considered an LOD device, including a
big channel (Fig. 21(A))."”?" An immiscible water-based
droplet was suspended in an oil medium in a way that the
water density was higher than the oil density. They used the
simple centrifugal force formula (eqn (2)) and replaced p¢
(ﬂUId density) with Ap = Pcontinuous phase ~ Pdispersed phase+ In
this way, the force can adapt different directions according
to the sign of Ap; it is outward for a water droplet (Ap < 0)
in oil and inward for air bubbles (Ap > 0) in oil. They
described how the physical dynamics of this concept could
be modeled in the same way as the normal case of a droplet
in the air but by replacing the droplet density p with pyater —
poil and the surface tension ¢ with the interfacial tension
Owater—oil- Then by balancing the centrifugal force and the

1344 | Lab Chip, 2020, 20, 1318-1357

drag force, they calculated the terminal velocity V of the
droplet as:

4rd (pwater ~Poil )
3 Cdpwater

V=ow (57)

where d is the droplet diameter and Cyq is the drag
coefficient. As depicted in Fig. 21(A); this technique was
used to eliminate air bubbles from a PCR process. For
thermal cycling in this study, researchers used two
heaters, at 60 °C and 95 °C together with a mechanical
structure, including a permanent magnet with a spring to
move the droplets between these two heaters (Fig. 21(B)).
They did not provide any mathematical model for this
part of the LOD but mentioned that at high speeds (1000
rpm), the centrifugal force on a small metal attached to
heater A, could overcome the magnetic and spring forces.
In this way, by changing the rotational speed, the
configuration of the device changes, and the droplet
moves between the two heaters for thermal cycling. Five
years later, Wang et al proposed another mechanical
structure to affect the movement between the two
temperature zones.'*> They used the Euler force for
droplet generation, metering, and droplet manipulations.
The system is shown in Fig. 21(C). As seen here, the
whole LOD device is able to rotate around a center O,
but the rectangular chip (grey in this figure) is also able

This journal is © The Royal Society of Chemistry 2020
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are different.’®* Reproduced with permission from the Royal Society of Chemistry. (B) Two configurations of the device at high speeds (>1000
RPM), the centrifugal force acting on the metal weight overcomes the magnet and spring forces.*?! Reproduced with permission from the Royal
Society of Chemistry. (C) Binary state on an LOD device that is able to swing around axis O'. the diagram of potential energy shows an even
functionality of the swinging angle. This device works based on the balance of centrifugal and Euler forces, which, according to the theoretical
diagrams, happened at 300 rpm and 3000 rpm st in this work.1??> Reproduced with permission from the Royal Society of Chemistry.

to rotate around point O'. Two stop nuts restrict the chip
swinging beyond angles o, and -c¢,. They calculated the
potential energy of the swinging structure based on a
simple dynamic analysis. As shown in Fig. 21(C), this is
an even function of the swinging angle. Since the Euler
force is in the 7' direction, the swinging is induced by the
momentum balance of centrifugal and Euler forces around
point o'. As depicted in the corresponding diagrams for
these two forces, at a speed of 300 rpm and an
acceleration of 3000 rpm s™', swinging kicks in. The
relation between acceleration and speed is given as:
do _ , [psr'rsing-ds

— — 58
a = fipsr'r cos p-ds (58)

where S is the whole chip area, and the other parameters
are shown in Fig. 21(C). The researchers also used this
method for two specific applications of DNA purification
and Bradford assay.'*?

This journal is © The Royal Society of Chemistry 2020

The detailed computational analyses explained in the
previous sections are not necessarily straightforward.
Although they can provide in-depth information about the
phenomena in all the different unit operations, they need
highly trained users with a background in programming and
enough run time. This run time is normally dependent on the
physics and computational domain and differs case by case;
normally, single-phase simulations are much quicker than
multiphase simulations, and the larger the computational
domain, the more time-consuming the simulations are.

5. Network simulation in LOD devices

Oh et al. (2012) introduced network analysis to pressure-
driven microfluidic devices."*® Fluid network simulation is
analogous to electronic circuit simulation, and each fluidic
element has an analog in an electrical network. In Table 6,
we summarize the analogy between fluidic and electric
components,'>*12*

Lab Chip, 2020, 20, 1318-1357 | 1345
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For cases where a highly detailed analysis of all
phenomena is not the target, network simulation represents
an alternative method for an overall, quick analysis. Although
it is quick and straightforward, only design parameters like
fluid flow rate, geometric dimensions, pressure, and valving
events can be established. In other words, it is not an
applicable method for some unit operations like cell/particle
separators. Another shortcoming of this method is its one-
dimensionality, i.e., until now, network simulations of LOD
devices in 2D and 3D computational domains have not been
undertaken.

An important application of network simulation is in the
design of micromixers. In case a buffer (flow rate Qg and
concentration Cg) is mixed with a sample (flow rate Qs and
concentration Cs), the volumetric concentration value after
full mixing (C) can be calculated as:

%] Qs

C = Cg + C
Qs +0Qs " Qp+0Qs

s (59)

If convection is negligible, for a complete mixing in a
liquid with diffusion coefficient D, time ¢p = ”’32 is required (w
= channel width), which is corresponding to mixing length
UT“’Z with a uniform flow velocity U. This length could be used
as a handy criterion of mixing channels in microfluidic
devices design. In Fig. 22, we show an example of designing
a serial dilution microfluidic network to have four different
target concentrations and flow rates on the outputs.>® As
depicted in Fig. 22(A), we initially make an overview of all the
microfluidic junctions and channels, writing down the
important parameters like the number of nodes (N), the
length of the channels (L), the volumetric flow rates (Q) and
concentrations (C). Then, using Table 6, we construct the
equivalent circuit of the device and write down the
conservation equations, including mass conservation, energy
conservation, the ideal gas law, non-Newtonian correlations,

Table 6 A quick review of the analogy between microfluidic devices and electric circuits for important parameters

View Article Online
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or other additional equations that are problem-specific
(Fig. 22(B)). To establish a balanced number of equations
and unknowns, we may have to accept logical values for some
of the none-critical unknowns in the device and then solve
the system of equations. In many of these kinds of
simulations reported in the literature, commercial software
packages like MATLAB Simulink have been used.*®** In the
final step, based on the calculated parameters like channel
dimensions, we can make an appropriate design of the device
(Fig. 22(C)). To achieve a successful design, we should take
the following essential points into account:

1. It is always preferred to use smooth structures in a
design unless non-linear or disturbances in fluid flow are
intentionally needed for a specific purpose like mixing.

2. Special attention is required to determine the length
and cross-sectional dimensions of microfluidic channels,
especially in LOD devices. Since, in microchannels, the
pressure drop is inversely proportional to the fourth power of
the cross-sectional dimension, the operational range of
possible pressure made by rotational speed should be
considered.

3. Unlike many other microfluidic devices, since in LOD
devices, a limited space is available, researchers may
arbitrarily adjust the cross-sectional dimensions, length,
shape, or even position of unit operations to optimize the
functionality, managing the space available on disc or even
appearance of the device.

4. The final design can be made by a powerful available
computer-aided design (CAD) software like AutoCAD,
Solidworks, CATIA, etc.

Here, before the fabrication, detailed computational
simulations may help researchers to validate the network
simulation and the functionality of the design.'*

Schwarz et al. (2016) adapted the network simulation
method for many LOD unit operations.'*® Two points are very
important in network simulation of LOD devices. First, LOD
devices exhibit not only viscous dissipation pressure losses

123,124

Microfluidic devices

Electronic circuits

Volumetric flow rate Q [m* s™']

Pressure drop Ap [Pa]

Hydraulic resistance Ry [Pa s® m™']

(values are listed in Table 7 for common channel shapes)
Hagen-Poiseuille's law: Ap = pin, = Pout = Q-Ryx
Microchannel segment (fluidic resistor)

Source-inlet and drain-outlet ports

Equivalent series-connected fluidic resistors:

Ruyeq = Ru1 + Ry

Equivalent parallel-connected fluidic resistors:

Rigeq = (Ru1 X Rip)/(Reas + Rz

Independent, constant fluid flow source

Independent, constant pressure source

Atmospheric pressure paem

Law of mass conservation: Y Q,, = 0 at a node

Law of energy conservation: Y p, = 0 in a closed path
Hydraulic capacitance Cy; [m® Pa™']:

AQ(t) = Cy dp/dt (AQ: stored volumetric flow rate change)

1346 | Lab Chip, 2020, 20, 1318-1357

Electric current I [A]
Voltage drop AV [V]
Electric resistance Ry [Q]

Ohm's law: V = 'Ry

Conductive wire (electric resistor)

Input and output terminals

Equivalent series-connected resistors: Rgeq = Rg1 + Re2

Equivalent parallel-connected resistors:

Rg,eq = (Rp1 X Reo)/(Re1 + Rp)

Independent, constant current source

Independent, constant voltage source

Earth or floating ground (GND)

Kirchhoff's current law (KCL): >"I;, = 0 at a node
Kirchhoff's voltage law (KVL): >V, = 0 in a closed path
Electric capacitance C [FJ: I(t) = Cg dV/dt

This journal is © The Royal Society of Chemistry 2020
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Fig. 22 An example of designing a serial dilution microfluidic network to have four different target concentrations and flow rates on outputs. (A) A
general overview of microfluidic junctions and channel path, (B) Equivalent circuit of the device, and (C) the appropriate design on the device

based on the calculated parameters.?®

like other LOC devices but also other pressure changes due
to the rotation of the platform. These pressure changes are
calculated based on the appropriate formulas that depend on
the geometry, fluid viscosity, fluid density, contact angle,
surface tension, position, etc. In Table 7, we list different
formulas for pressure terms in microchannel and chambers
on an LOD, together with some remarks for each. Second, in
many cases in LOD unit operations, all the microchannels
and chambers may not be filled entirely, and the filling level
plays a crucial role in the pressure magnitude and for
capturing the status of valves. The technique to use for
including this filling level in network simulation is based on
the wetting state signals between adjacent unit operations.
These signals reflect whether the respective connections are
wet (1) or dry (0). Hence, if the signal coming to a unit
operation changes or the volume of adjacent unit operation
gets filled or emptied, the wetting status changes. Examples
and more details of this technique are available in."**

According to Table 7, the following points should always
be taken into account:

1. The Coriolis force is not listed in the table for both
microchannel and chamber sections since its effect on
secondary flows can be negligible. However, if required, it is
possible to consider fluidic resistance by using fit functions
derived from 3D computational simulations.'?

2. Time-dependent variables like variable rotational speed
or temperature could be applied via corresponding time-
dependent signals.

3. In this method, we mostly demonstrate all channels
with either iso-radial or radial components. Although
channels in radial and iso-radial directions are more straight
forward, straight channels with arbitrary directions or curved
channels can also be processed in this method."*

4. The pressure at a vent is always equal to the ambient
pressure P,. In chambers without vent (pneumatic
chambers), this value could be varied during the simulation.
In case that the pneumatic chamber is not in contact with
liquid and the temperature is low, the liquid vapor pressure

This journal is © The Royal Society of Chemistry 2020

could be ignored, and the air pressure could be estimated by

the ideal gas law. In case that the vapor pressure value is not

negligible, one can use eqn (60).
nairRT

Vtotal

p pneumatic —

_Vliquid pvapor(T) (60)
where 7 is the number of moles, V is the volume, and R is
the universal gas constant.

5. We always assume that in LOD devices, the interface of
liquid in partially filled chambers has an iso-radial shape.

6. Regarding the space limitation on LOD devices, we may
have to consider complex geometries for chambers. If it
happens, we can easily use simple algebraic calculations
based on the CAD geometry and extract A(Viiquia) function.
This is the liquid column size in the chamber and is needed
to calculate the centrifugal pressure due to the liquid inside
the chamber.

7. For the Euler force acting on a chamber, both
acceleration direction and connected channel position are
important (as mentioned in the table). For counterclockwise
rotational acceleration, pguyeer has a maximum on the left
chamber wall then linearly vanishes on the right wall and vice
versa.

8. Inertia, capillary, and viscous forces are usually
negligible in chambers in comparison with the pressure
values in microchannels. However, we can check it with
detailed computational simulations and then, if needed, use
the same formula as the microchannels.

As an example of its utility, Fig. 23 shows the network
simulation of an LOD device by Zehnle et al. (2012).*> Their
work represents the first network simulation for LOD devices.
Fig. 23(A) illustrates the pumping of liquids from a radially
outward position to a radially inward position. At high
speeds, the flow goes to the compression chamber and
compresses the trapped air. The hydrodynamic resistance of
channels plays a crucial role here; with an outlet channel that
is larger (a lower hydrodynamic resistance) than the inlet
channel, at lower rotational speeds, gas pressure will

Lab Chip, 2020, 20,1318-1357 | 1347
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overcome the centrifugal pressure and drive the liquid back
to the collection chamber. They defined a pump efficiency
(’1 _ Vpumped
Viotal
determining the optimum spin frequency and geometrical
dimensions. In Fig. 23(B), we show the proposed design, and
Fig. 23(C) illustrates the corresponding network simulation.
As depicted here, each fluidic element in the simulation
corresponds to a specific channel or chamber. In this
network simulation, the black connection lines between
fluidic elements are related to the hydrodynamic ports for
transferring flow rate and pressure information, the blue
lines are related to the phase information (wet/dry) transfer
to adjacent elements, and green lines are for stimuli from a
signal generator (which depends on the rotational frequency).
This team considered viscous dissipation, centrifugal, Euler,
capillary, and inertial pressures in their calculations, using
the appropriate formulas listed in Table 7 for a square cross-
sectional geometry and assumed four equal contact angles
on the channel walls. They carried out their simulation and
experiments for water, ethanol, whole blood, and lysis buffer
and could achieve a pumping efficiency of 75% for inward
pumping over a radial distance of 40 mm in 11 s. In 2015,
this team broadened the concept for pneumatic siphon
valves®® and connected pneumatic chambers to siphon valves
to enable siphon triggering without rotational frequency
reduction. They used a similar methodology for their network
simulation models and to solve the equations. The
simulations were in good agreement with the experiments.
Schwemmer et al (2015) used an adaption of the
network simulation presented above for timed valving and
pumping units on LOD devices."” The timing was based
on the temporary storage of a liquid in a pneumatic chamber.
According to Fig. 24(A), a loading pressure is applied to fill
the first pneumatic chamber. After the first chamber
overfilled, a second chamber started filling. Then the
padding pressure was stopped. Subsequently, the pneumatic
pressure pushed out the liquid slowly since the flow rate
through the timing channel was limited by the viscous
dissipation pressure loss along the timing channel
(Fig. 24(B)). In the end, when the timing channel emptied
from the viscous liquid, the timer released by the sudden

), and wused network simulation for
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(A) The schematic view of the inward pumping mechanism. (B) The design of the LOD device. (C) The network simulation used in this
study.*® Reproduced with permission from the Royal Society of Chemistry.

release of pneumatic energy. This is because the viscosity of
air is much less than that of liquid (Fig. 24(C)). In the next
step, they connected this valving system to a siphon valve.
They used viscous, inertia, and capillary pressure formulas
for all fluidic elements (As discussed in Table 7). Moreover,
they considered centrifugal pressure for radial elements and
Euler pressure for iso-radial elements. They also used the
ideal gas equation for the pneumatic chambers and used the
volume integration for calculation of filling level of fluidic
elements. Finally, they solved the final equation using the
computational method and could calculate the fluid flow and
filling level of fluidic elements in a good agreement with
experiments. Later, Zehnle et al. (2017) used the network
simulation to design and optimize a centrifugo-pneumatic
blood plasma separation unit.*> As depicted in Fig. 24(D), a
pneumatic chamber was pressurized by centrifugal force.
Then RBCs were separated in a collection chamber in the
outer radial region. In the end, centrifugal pressure was
reduced in a way that pressurized air in the pneumatic
chamber guided the plasma to the plasma-collection
chamber. This device showed a successful separation of 14 pl
plasma from 40 pl of whole plasma (with hematocrit range
20-60%) in 43 s. For the network simulation, they not only
used regular pressure formulas from Table 7 for the
centrifugal, Euler, inertial, capillary, and pneumatic
pressures but also used a power-law model due to the shear-
thinning behavior of the whole blood. Although they
considered constant contact angles for capillary pressure
formula, their computational simulation showed an
acceptable agreement with experiments. Fig. 24(D) also shows
the comparison of computational and experimental results
for the filling level of the siphon (I1) and the pneumatic
chamber (12) versus time. A similar step-by-step example of
using network simulation in the design of pneumatic-based
unit operations is available in ref. 126.

Aseiaei et al (2019) used network simulation to study
controlled and compact inertial pumping on LOD devices.*® As
depicted in Fig. 24(E), they utilize the abrupt deceleration of
the centrifugal velocity to push the fluid radially inward. In
their network simulation, they considered the Euler pressure
for the chamber and capillary pressure plus viscous pressure
for the radial channel. For simplicity, they assumed a constant

This journal is © The Royal Society of Chemistry 2020
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Fig. 24 (A-C) Three steps of a timer designed by Schwemmer et al.*’ Reproduced with permission from the Royal Society of Chemistry. (D) A
plasma separation device designed based on a network simulation. The diagram shows the comparison of simulation and experimental results for
the filling level of the siphon valve (l;) and pneumatic chamber (,) together with rotational frequency over time.*® Reprinted with the permission
of AIP Publishing. (E) Schematic figure of the LOD inertia pumping simulated by Asiaei et al.*® Reprinted with the permission of IOP Publishing.

contact angle of 73.7° for water-PMMA. Moreover, to find a
suitable equation for the calculation of the fluid velocity due
to abrupt deceleration, they used the first thermodynamic law.
With these simplifications, the final non-linear differential
equation was solved using a Simulink code in MATLAB
software. They compared their results with experimental data
and found that the computational model mostly
underestimated some of the parameters such as the rotational
velocity required for transferring specific amounts of fluid.

This journal is © The Royal Society of Chemistry 2020

Recently, Juelg et al. (2019) used the network simulation
for serial dilution in an LOD device."® As demonstrated in
Fig. 25(A), the functionality of this device is based on
centrifugo-pneumatic chambers, as explained above. In the
first stage, the buffer (B) and sample (S) are loaded into a set
of chambers. Then by a sudden increase of the rotational
frequency, the buffer aliquots into five sub-volumes (B1-B5),
and the extra liquid goes to a waste chamber (w). In the next
step, sample and buffer go into a shake mode mixing

Lab Chip, 2020, 20,1318-1357 | 1351
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Fig. 26 The analytical treatment of the micro-dispenser actuated by centrifugation. (A) Schematic of the micro-dispenser inserted in a rotating
frame together with its actuation mechanism. The inset shows a section through the membrane and the tube. (B) The membrane un-stretched. (C)
A tube (of outer radius R) is sheathed in the stretched membrane, providing a hermetic sealing. (D) At a given speed, the membrane is stretched to
inner radius Ri> R, and liquid is released. (E) Example results from simulations, showing deformed membrane and color-coded radial pressure for

an opening membrane.>* Reprinted from Springer Nature.

chamber (M1), and subsequentially flow into the next mixers
for further dilution steps. Fig. 25(B) shows the network
simulation they proposed including a mixer with two
connected siphon valves, this network also includes radial
channels (RC), iso-radial channels (IC), pneumatic chamber
(PC), vented chamber (VC), the bottom part of mixing
chamber (TP), T-junction (TC) and venting elements (VE).
The authors solved the equations using Simulink MATLAB
and then, based on the final dimensions, designed their
device with Solidworks software.

In general, network simulation may be used for a quick and
overall analysis of LOD devices in advance of the device
fabrication itself. However, this method could lead to

1352 | Lab Chip, 2020, 20, 1318-1357

misconceptions for the analysis of an LOD device*® since this
approach is not able to provide detailed data such as the spatial
distribution of the fluid velocity. Hence, computational
simulations (as explained in the previous sections) are
suggested for more details, especially in 2D and 3D systems.

6. Solids computational analysis

Solid analysis as a part of LOD studies is another significant
aspect in which simulations can be utilized. These theoretical
studies mostly focus on fluid-solid interaction.

The general governing equation for a solid domain is eqn
(61), which is related to the conservation of momentum.**’

This journal is © The Royal Society of Chemistry 2020
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Vo's = psds (61)
where o is the solid stress tensor, dg is the local
displacement of the solid, and ps is the solid density.
Different constitutive relations between og and dg can specify
this equation for different problems."*®

Kazemzadeh et al. used elementary computational
analysis on an elastic material they used in the LOD
device as a proportional valve.” They identified two main
issues limiting the mainstream adoption of microfluidic
devices: (1) reliable long term liquid storage, (2) controlled
dispensing of liquid at low cost. To tackle this issue, these
researchers proposed a device capable of performing these two
important tasks at a very low cost (Fig. 26(A)). As shown in
Fig. 26(B) to (D), at a given rotational speed, an elastic
membrane will stretch on the LOD device and release an
amount of fluid controlled by the rpm of the disc. As seen in
Fig. 26(E), they used the finite element method to anticipate
the deformation and pressure of the elastic membrane-based
valve. Moreover, they investigated the long-term storage
capability of the system by doing accelerated life tests. By
employing available activation energies from the literature,
they used the Arrhenius equation (eqn (62)) to calculate the
equivalent real times."*°

k =Ae*'a (62)

In this equation, k is the rate constant, T is the absolute
temperature, A is the pre-exponential constant, and E, is the
activation energy of the reaction. The results showed an
acceptable rate of fluid loss, with an average of 0.37% after
14 days at 65 °C (i.e., equivalent to over 3 years at 23 °C) for
micro-dispensers filled with DI-water. Moreover, they
reported an average weight loss of 0.1% after one year at 27
°C for micro-dispensers filled with a 70% ethanol-solution.
This micro dispenser can make LOD devices more affordable
and portable and accelerate their commercialization.

Conclusion and outlook

Centrifugal microfluidic platforms or lab-on-discs (LODs)
have evolved into a popular technology for automating
chemical and biological assays. For their efficient design and
cost-effective implementation, theoretical analysis and
considerations should play a more important role. In the
present review paper, all computational studies on LOD
devices were categorized as fluidic and solid models with
corresponding subcategories. In each division, the governing
equations were introduced and explained. Moreover, network
simulation as a useful tool in the design of LOD devices was
explained, and a handy scaling analysis was introduced to
aid scientists when comparing different competing forces at
play in LOD devices. We hope that by surveying and
contrasting various theoretical LOD, studies we shed some
light on existing controversies and revealed where additional
theoretical work is needed. We conclude that although some

This journal is © The Royal Society of Chemistry 2020
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simulation studies have been carried out on specific
categories like mixing and cell/particle separation, many
other topics remain untouched. As a case in point,
dielectrophoresis phenomena on LOD devices have not been
studied by computational simulations. Moreover, acoustic
forces are not utilized on LOD devices yet. These forces can
be wused for different purposes, including cell/particle
separation, fluid mixing, and reciprocating flows in LOD
devices. Considering these gaps in the literature, our group is
working on studying gravity force, electrophoresis, and
acoustophoresis on rotational platforms.
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