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Abstract 

Magnetic particles are widely used in Lab-On-a-Chip (LOC) devices for several applications, 

as it offers several advantages over other separation techniques. Using the externally applied 

magnetic field, various magnetic and nonmagnetic species can be manipulated in microfluidic 

format. Herein numerical studies are carried out for magnetophoretic separation in various 

continuous flow bio-separators. Eulerian-Lagrangian approach is considered for solving the 

particle-laden flow in the microchannels. A numerical code is developed based on SOLA-an 

explicit finite difference technique to solve coupled mass and momentum equations for the 

liquid phase. A staggered grid is used to describe the field variables. The diffusion terms and 

the advection terms are discretized using central differencing scheme. Both the stability criteria 

and the Courant-Friedrich-Lewy criteria have been satisfied to calculate the time increment for 

solving the continuum phase; the time increment ensures that a fluid element never cross a 

single cell in one-time step.  

Initially, using the developed code, separation of two different type magnetic microspheres are 

studied in a micro-scale magnetic split flow thin fractionation (SPLITT) device for single phase 

background fluid medium. The device is characterized in terms of capture efficiency (CE) and 

separation index (SI) for each types of particles collected at their designated outlets. This study 

confirms the significant impact of operating parameters in capturing the microspheres at the 

outlets. Influence of the outlet positions in capturing the magnetic microspheres in a SPLITT 

and field flow fractionation (FFF) device is also carried out. This study confirms that, among 

the two devices, the FFF yields an overall better performance when the designated outlet widths 

are same for the given operating conditions. Next, a hybrid microfluidic device comprising of 

SPLITT, Field flow fractionation (FFF) and free flow magnetophoresis is proposed for 
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separating magnetic and nonmagnetic particles and characterized through CE and SI. From this 

study it is found that the influence of operating parameters, are very sensitive in capturing the 

magnetic microspheres but are not significant in separation of nonmagnetic microspheres.  

Thereafter influence of geometry in capturing the magnetic and nonmagnetic particles is 

observed for the hybrid free flow magnetophoretic device. This study confirms that position of 

outlets has significant effect on particle separation, as geometry can change the particle 

trajectory.   

Keywards: Lab-On-a-Chip, Microfluidics, Magnetophoresis, Split flow thin (SPLITT) 

fractionation, Field flow fractionation (FFF), Free flow magnetophoresis. 
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Chapter one: Introduction 

1.1 The concept of Lab on a Chip 

The concept of lab-on-a-chip (LOC) or micro-total analysis system (μ-TAS) was introduced 

first in 1990 [1], which realized miniaturization of chemical, mechanical, fluidic, electro-

mechanical or thermal systems for analytical applications. As a result of miniaturization, the 

processing power increases and/or the economic cost reduces. This miniaturization has given 

rise to many new areas like microfluidics-based biosensors, microreactors, and micro-

actuators. μ-TAS are used for analyte identification and/or quantification purposes. 

Microreactors are used for chemical synthesis or energy production. Microfluidics concerns 

about the precise control of fluids with sufficiently low volumes of micro to nanolitre range, 

with the channel dimensions of tens to hundreds of micrometers. At the macroscale fluid flow, 

volume forces usually dominate, whereas, in microflows, surface force and surface interactions 

dominate. Manipulation of fluids at the micro scale with precise control over targeted 

concentrations, fulfil much of the world’s requirements [2].  

The LOC technology speeds up the analysis and reaction times because of short diffusion 

distances, high surface to volume ratios, fast heating, and small heat capacities. This 

technology is field-deployable, and allows drastic reductions in reagent and energy 

consumptions and the amount of waste produced. It also ensures better process control (due to 

the faster response of the system), compactness (because of the integration of multiple 

functionality and small volumes). Massive parallelization becomes possible because of 
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compactness, which allows high-throughput analysis and safer platform for chemical, 

radioactive or biological studies because of the integration of functionality, smaller fluid 

volumes, and stored energies. 

A continuous effort is being made for improving global health [3] by scientists and researchers. 

The LOC technology possibly will become a significant part of these efforts by the 

development of numerous point-of-care testing devices [4], when the technology will be 

completely developed. Personalized medication is another feat of healthcare technology that 

will leverage on the emergence of fast, affordable microfluidic diagnostic devise. The LOC 

technology assures the researcher that this technology can be the key to develop such important 

new diagnostic instruments. The main intention of these researchers throughout the globe is to 

develop such LOC devices which will help the healthcare providers in poorly prepared health 

centers to conduct diagnostic tests such as immunoassays and nucleic acid assays without 

major laboratory supports. 

Microfluidics ensures a viable solutions for chemical and biological challenges in the 

analytical devices; for instance, handling of small volumes of sample like proteins or DNA 

solutions [5,6], in vitro applications like selective separation of target analytes [7,8,9], point-

of-care or in-the-field detection application or tumour cells separation from a mixed cell 

population such as peripheral blood, or bone marrow in metastasis research [10] – all have 

become possible because of the recent advent in microfluidic technology.  

1.2 Magnetic materials and magnetism 

Magnetic force can play an important driving role in clinical diagnosis or in healthcare 

applications like separation of ferromagnetic impurities from boiler water or removal of 
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magnetic coloured impurities from kaolin clay [11,12]. Application of magnetic field in Lab-

On-a-chip devices is increasing day by day, due to its benefits over other external fields like 

electrical field, acoustic field, etc. For transporting, sorting or separation, use of the electric 

field in microfluidics is a widely used technique for long times, though magnetic field offers 

several advantages over the electric field. If electric field is used in the microfluidic 

environment, bio-species can be affected by Joule heating, surface charges, pH and ionic 

concentrations, etc. Magnetic field eliminates all these demerits. Nowadays, the magnetic field 

is also widely used in microfluidics, not only for manipulating the magnetic particles or 

magnetically loaded bio-entities but also for manipulating the nonmagnetic particles. 

Applications of the magnetic field includes separation, mixing, pumping etc.  

Due to the movement of an electric charge, like current flows in a coil of wire, magnetism 

arises. There are certain materials which exhibit magnetism or respond to a magnetic field even 

though no free current is flowing through them. Magnetism for such materials thus originates 

from the spinning of an electron as well as from the orbital motion of electrons around the 

nucleus. Magnetism is fundamentally manifested as the magnetic force noticed as mutual 

attraction or repulsion between certain materials, and the space in which this force can be 

observed is referred to as the magnetic field. As the magnetism is originated from the 

movement of electric charge, magnetic field strength H in SI units are expressed as Am-1. The 

magnetic induction B is the response of a given material or free space to the externally applied 

magnetic field. There is a relationship between the magnetic induction, permeability of the 

material ( ) and magnetic field strength as  

= B H               …..(1.1) 
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If a magnetic material is placed within an externally applied magnetic field, the orientations of 

the individual dipole moments are changed and the material gets magnetized.  

The magnetic moment m of a magnetic dipole is a vector, relating the torque τ acting on the 

dipole in a magnetic field of magnetic induction B 

= B m               …..(1.2) 

For relating the magnetic properties of a material to the magnetic induction, the magnetization 

M, due to any individual electronic or atomic moments m existing in the sample, can be 

expressed as the magnetic moment per unit volume: 

V

1

V
= M m               …..(1.3) 

The degree of magnetization depends upon the strength of the applied magnetic field and the 

materials. Any material, whether magnetic or not, can be determined by a quantity called 

magnetic susceptibility χ, which describe the material’s magnetic behaviour. This magnetic 

susceptibility gives the magnetic response of a material through a relationship, as  

= .M H               …..(1.4) 

Where M is the magnetization of the magnetic material, H is the applied magnetic field 

strength (Am-1). Magnetic susceptibility can also be measured using magnetic permeability of 

free space and relative susceptibility (μ0 = 4π×10-7 NA-2). The relative susceptibility can be 

expressed as  

0

r


 =


            ……(1.5) 

Relative permeability of a material is the ratio of permeability of a specific medium to the 

permeability of free space can be expressed as  
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r

0

 =



             …...(1.6) 

There are different types of magnets which can be used in microfluidic applications. Use of 

these magnets is application-specific. For instance, for getting the magnetic field in a discrete 

manner, (i.e., with a provision of switching “on” or “off”) only electromagnet [13] with a soft 

iron core can be used. Similarly, if the continuous magnetic field is required then permanent 

magnet [14,15] is essential. Both types of magnets offer some merits and demerits. Like soft 

or electromagnet can generate Joule heating, whereas by using permanent magnet, there will 

be no possibility of Joule heating. The permanent magnet cannot be used in a discrete manner 

though it can provide rapid, easy, highly selective, and inexpensive separation. In different 

research articles, it is found that for generation of the magnetic field, iron oxide or steel bar or 

different ferromagnetic wire [16] or different alloy (Nd-Fe-B [17,18],) can be used. According 

to the susceptibility, the magnetic materials can be divided into diamagnetic, ferromagnetic 

and paramagnetic ones. Due to negative magnetic susceptibility, diamagnetic particles try to 

move towards the regions of minimum magnetic field strength. On the contrary, paramagnetic 

particles are attracted towards the magnetic field, as it has positive magnetic susceptibility. 

Ferromagnetic particles are strongly attracted by magnetic fields. Superparamagnetic particles 

– a special type of paramagnetic particles with no magnetic memory – behave as magnetic 

when subjected to an imposed magnetic field, but return to nonmagnetic state after removal of 

the magnetic field.  

Red blood cell (due to the presence of paramagnetic haemoglobin) and magnetostatic bacteria 

(that create intracellular chains of magnetic nanoparticles) show magnetic characteristics. But 

all other type bio-entities do not have any intrinsic magnetic characteristics. Therefore, for 

magnetic separation of those nonmagnetic entities, one requires them to bind to the micro or 
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nano magnetic particle through some functional attachment [19]. These are often achieved to 

specific and/or nonspecific binding through chemical or physical routes. Using ferrofluids 

(solution of nano magnetic particles in one fluid medium) is another option for 

magnetophoretic separation of nonmagnetic bio-entities. Inside magnetic field, ferrofluid 

move towards the magnet and nonmagnetic entities move towards the opposite side [20]. If the 

number of magnetic flux density remains constant in a space then the magnetic field is 

homogeneous otherwise it is inhomogeneous. Application of homogeneous magnetic field is 

from magnetohydrodynamic pumping to NMR spectroscopy, while the inhomogeneous 

magnetic field is widely used for separation or sorting purposes. 

1.3 Magnetic bead 

Magnetic bead, the spherically-contoured matter, can be viewed as encapsulated magnetic 

nanoparticles in an organic or aqueous carrier medium as shown in Fig. 1.1. A magnetic bead 

consists of magnetic nanoparticle core surrounded by the nonmagnetic coatings for selectively 

binding the biomaterial of interest (e.g., a specific cell, protein, or DNA sequence). The size 

of the beads can be varied from a few nanometers to micrometers. When these beads are used 

for separating different bio-species like DNA, bacteria, Circulating Tumor Cell (CTC), etc., 

they need to be bonded with the required nonmagnetic bio-species. Therefore, the surface of 

the beads should be functionalized for making a covalent bond with the bio-species. For these 

types of therapeutic applications, the bead matrix should have the capability of 

biocompatibility, biodegradability, stability and required size to reach specific target locations 

[21,22]. When these beads come under a magnetic field, they remain insensitive to the 

biochemical environment. As iron has the highest magnetic moment among different 

ferromagnetic transition metals, frequently, iron oxide is used as the nanomagnetic particle 
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fillers in the beads. When a magnetic material is placed in the magnetic field of strength H, 

produced by the free current, it induces a magnetic dipole moment M. Then the corresponding  

 

 

 

 

 

 

 

magnetic induction may be written as B = μ0(H + M), where μ0 (=4π ×10−7 N A-2) denotes the 

permeability of free space. Atomic structure and temperature command the magnetic quality 

of the material. In terms of their volumetric magnetic susceptibility (χ), M can be roughly 

assumed to vary with the H as M=χH, which describes the magnetization induced in a material 

by the magnetic field.  

1.4 Immunoassay 

Immunoassay is an analytical method, which employs the immunochemical binding between 

antibodies and antigen [23]. Such assays are developed, based on the exclusive ability of an 

antibody to bind with high specificity to an antigen [24] and widely used for diagnosis, 

chemical analysis, and screening [25]. For measuring the amount of antigen present in a 

solution, an immunoassay often requires the use of a marker or a labelled material. 

Immunoassays offer several advantages like they are 

a) Stable, soluble and abundant. 

b) Simple to manufacture and immobilize. 

c) Available with single binding (monoclonal) or multiple binding (polyclonal) receptors. 

Fig. 1.1 Schematic diagram of a bead consisting of magnetic nanoparticles surrounding a 

polymeric core. 

Polymeric core 

Magnetic core  
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d) Available in monovalent fragments apart from bivalent, Immunoglobulin G (IgG), and 

polyvalent, Immunoglobulin M (IgM). 

e) Able to bind with natural and man-made chemicals, bimolecular, cells and viruses. 

f) Highly specific and have high binding constants between an antibody and its target. 

Immunoassays can be classified into two major groups like heterogeneous and homogeneous 

assays. Heterogeneous formats necessitate separation of surface-bound and free labels before 

quantifying the assay signal. On the other hand, homogeneous assays do not require this type 

of separation step. Therefore, homogeneous assays faster, simpler, and more suitable for 

automation. Also, homogeneous immunoassay needs fewer handling steps compared to a 

heterogeneous assay. In lab-on-a-chip devices, small dimensions help in reducing the time 

needed for the reactions, and the low quantities of reagents can result in a cutdown of costs of 

the immunoassay.  

Magnetic bead-based immunoassays 

Magnetic immunoassay uses magnetic bead in replacement of conventional enzymes (ELISA), 

radioisotopes, for detecting analytes. The magnetic immunoassay comprises of the specific 

binding of an antibody to its antigen, where a magnetic label is conjugated to one element of 

the pair. This type of immunoassay offers various merits like, it can be conducted in a liquid 

medium, where other methods like ELISA require a stationary medium for the desired target 

to bind before the secondary antibody. As the immunoassay can be conducted in a liquid 

medium, more accurate measurements can be obtained. Also, the detection can occur in many 

different techniques. The most basic form of detection is to run a sample through a gravity 

column that contains a polyethylene matrix with the secondary antibody. The targeted 

compound is bounded to the antibody contained in the matrix, and any residual substances are 
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washed out using a chosen buffer. The magnetic antibodies are then passed through the same 

column and after an incubation period, any unbound antibodies are washed out using the same 

method. The results obtained from the captured antibodies on the membrane is used to quantify 

the target compound in solution. This method is used to detect viruses in plants. 

Magnetic bead-based assays have several applications in bio-medical field. Among various 

toxins, Staphylococcal enterotoxin B (SEB) is formed by the Gram-positive bacterium 

Staphylococcal aureus. The SEB is the responsible agent of certain food poisons. Therefore, 

quick and precise identification of SEB during either surveillance or in response to a biothreat 

is required. For detecting this the magnetic bead-based immunoassays can be used. Alefantis 

et al., [26] developed an improved method to detect the SEB, based on an SEB-specific and 

two-antibody system – one antibody bound to a magnetic bead while the other was labeled 

with Alexa Fluor 647. Using the assay, they purified 100 pg of recombinant SEB, as well as 

SEB from the culture supernatant of several strains of methicillin-resistant S. aureus were 

detected. This assay provides enrichments over existing assays by the reduction in assay time 

length, assay sensitivity, ease of use, and application to automated high-throughput analysis.  

1.5 Magnetophoresis 

Magnetophoresis is the manipulation of magnetic, nonmagnetic or magnetizable (such as a 

hemoglobin-bearing red blood cell) materials in a fluid medium. When a magnetic particle or 

magnetic particle-attached species are separated in a nonmagnetic fluid medium, it is called 

positive magnetophoresis. On the other hand, if nonmagnetic species are separated using a 

magnetic field in a magnetic fluid medium, it is called negative magnetophoresis. First 

magnetophoresis was studied in 1977 [27]. Magnetic fields are very useful for clinical 

applications as it has no side effects. The US Food and Drug Administration, approved human 
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exposure limit to static magnetic fields are 4 Tesla (T) for the entire body raised [28] and 5T 

for a limb [29]. Magnetic separation is one of the simplest and fastest method of separation 

with respect to other separation methods. With respect to electrophoresis, magnetophoresis has 

several advantages like inside samples there is no chance of generation of heat. Therefore, for 

soft particles like cells, DNA or other cell composites, magnetophoretic separation is non-

invasive. As a result, magnetic beads can be attached with those nonmagnetic soft particles 

like cells, DNA or other cell composites [30,31] to modify surface chemistry, physical 

properties and further multifunctional capabilities for separation. As the magnetic field has the 

capability to penetrate different materials from a safe distance, it can be used to manipulate 

 

 

targeted bio-species without direct contact. These different advantages accelerate the use of 

magnetophoresis in microfluidic separation [32,33] protocol. Some biological entities like, red 

blood cells, “magnetic” bacteria have intrinsic magnetic properties. Therefore, these type 

species can be separated with the help of a magnetic field. Most of the bio-species does not 

possess any intrinsic magnetic property. Hence, to separate those non-magnetic species using 

a magnetic field, one requires some special arrangement. The special arrangement includes 

Magnetic Nano 

Particle 

Antibody 

Quantum 

Dots Antibody 

Target Cell 

Fig. 1.2 Schematic view of magnetic particles, target cells and antibody conjugate. 
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generation of magnetic property surrounding that species artificially. Artificial generation of 

magnetic property surrounding a non-magnetic species can be done by attaching magnetic 

micro or nano beads with the parent non-magnetic species as shown in Fig. 1.2. Therefore, 

both the magnetic as well as non-magnetic species can be separated easily by magnetophoresis. 

If the species have an intrinsic magnetic property, it can be separated without using any micro 

or nano bead attachment and this type of separation can be referred to as direct separation. 

However other type of species which does not have any intrinsic magnetic property requires 

the special arrangement of micro or nano magnetic bead attachment, after which the species 

can be separated by using an external magnetic field gradients. This type of separation can be 

referred to as an indirect mode of separation. Also, nonmagnetic species can be manipulated 

in magnetic fluid through remote manipulations of their magnetic chaperons. 

There are many applications of magnetophoretic separation, for example, attachment of 

magnetic bead on the cell [34], separation of Fetal Nucleated Red Blood Cell from Maternal 

Blood [35], fractionation of a stem and progenitor cell (SPC) population [36], separation of 

MCF-7 breast cancer cells [37], elimination of rabbit apoptotic spermatozoa from insemination 

sample [38], separation of protein by using silica-coated superparamagnetic nanoparticles [39], 

capture and separation of target protein by using aptamer modified magnetic beads [40], 

capturing of cancer biomarker proteins [41], sorting of JM (human lymphocyte cell line) cells 

by using anti-CD4 immunomagnetic beads [42], or superparamagnetic bead-based fast 

isolation by AFLP [43]. 
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1.6 Microfluidic techniques for separation 

Separation is one of the most important applications of microfluidic technology. There are 

many techniques available for separating targeted particles or cells. Separation may be 

performed by continuous or segmented carrier flow configurations in the microchannel. 

Continuous flow separation configuration offers advantages over segmented flow type, like in 

the former type, the separation parameters can be adjusted at once and separation efficiency 

can be monitored in real-time [44]. Besides there is high throughput and potential for scale-up 

operations. If separation is performed without using any external force (except the pumping 

mechanism that drive the flow), it is referred to as a passive mode of separation where 

separation is performed by the various microfluidic flow phenomenon and with a variation of 

the geometry of the microfluidic channel. The passive separation may take place by using 

obstacle induced separation [45], hydrodynamic filtration [46], inertia and dean flow [47], 

pinched flow fractionation [48]. On the other hand, if any external force field like magnetic, 

electrical, acoustic, optical, etc is applied for accelerating the separation, it is referred to as an 

active mode of separation. Separation of the targeted species can be performed in a single 

carrier flow medium or in a two-phase carrier flow medium. For example, separation of 

targeted tumor cells from nontargeted ones can be done in a single carrier fluid medium. 

Likewise, separation is done with the external force field for single carrier fluid configuration, 

like Field Flow Fractionation (FFF), Split-Flow Thin Fractionation (SPLITT) and Free Flow 

Magnetophoresis, etc.  Separation in binary phase medium in microfluidic configurations is 

also gaining recent traction. [49].  
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1.6.1 Field flow fractionation (FFF) 

The massive expansion of analytical methods in the lab on a chip or micro total analytical 

systems requires excellent separation techniques of biological species. There are several 

techniques for separation of magnetic or nonmagnetic particles; one of the most important 

technique is field flow fractionation (FFF). J. Calvine Giddings in 1966 first illustrates about 

FFF method [50]. FFF devices are basically  elution-based active type of microfluidic devices 

which takes help from some external force field, imposed transverse direction, to achieve axial 

separation of target species in the flow. This separation technique offers several advantages 

[51,52] like (a) wide variation of separation speed, (b) the entire sample can be recovered and 

fractions can be collected for additional methods of analysis (c) various FFF sub-techniques 

permit analysis of macromolecules with molecular weights (d) parallel processing with 

multiple separation channels is possible, (e) batch fabrication with reduced costs, (f) potentially 

disposable systems, etc. Depending on the particle size, FFF techniques are sometimes 

categorized as: (i) normal [53] for small particles (<0.5µm), (ii) steric [54] for medium (0.5-

10µm) ones and (iii) cyclical [55] for large (>10µm) particles. In normal FFF (Fig 1.3(a)), 

macromolecules and sub-micrometer particles gravitate under an externally imposed force and 

accumulate on the wall (or exit through their designated channels). However, smaller, sub-

micrometer particles exhibit a small “stand-off” distance from the wall due to Brownian 

fluctuation, which counters the imposed external force (e.g., the magnetic force). The 

Brownian motion predominates for particles of size of 40nm or less [56]; therefore, the smaller 

particles will be more affected by the Brownian motion and move further away from the 

accumulation wall. This, coupled with the fact that the axial velocity in the channel increases 

as one moves away from the wall, renders a finite “slip” of the smaller particles in the 
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downstream direction with respect to the larger particles. Hence, the smaller particles are found 

to collect at the downstream of the larger particles.  For particles of larger size (0.5–10 µm), 

steric mode of FFF plays a role (as shown in Fig. 1.3 (b)). Since the particle size is well above 

the 40nm threshold, Brownian diffusion is negligible, and field-induced segregation leads to 

particle build-up on the wall. However, larger particles in such situation protrude out to a 

greater extent (than the smaller ones) in the shear layer near the wall. This leads to a larger 

fluidic drag on the larger particles than that on the smaller ones, leading to an axial separation 

between the particles. The larger particles move into streamlines faster than the smaller one, 

which is the opposite situation of the normal mode. This is why it is also referred to as a 

reversed FFF mode. For even larger particles (>10µm), i.e., the hyper layer FFF, hydrodynamic 

lift force becomes important, and particles with different sizes experience different lift forces, 

therefore stabilizing at different stand-off distances from the wall [57]. The steep velocity 

gradient in the flow, as a consequence separates the particles axially as the particles move 

through the separator (see Fig. 1.3(c)). Here separation does not entirely depend on size but 

also on other material properties of the element such as profile and deformability. 

Field flow fractionation (FFF) devices have a wide range of applications, good resolution, and 

versatility. Different fields that can be used in separating particles in FFF are like flow FFF 

[58], hollow-fiber FFF [59], sedimentation FFF [60], Gravitational FFF[61], Thermal FFF 

[62], Electrical FFF [63], Magnetic FFF (MgFFF)[64], Dielectric FFF (DIFFF)[65], etc.  

In magnetophoretic FFF, magnetic bead-analyte conjugates with different magnetophoretic 

mobility are segregated along the axial length of the channel – particles with the larger 

magnetophoretic mobility segregates near the wall of high field gradient at the upstream 

location while those having lower magnetophoretic mobility collect at the downstream location 
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(see Fig. 1.4). By suitably arranging the outlets along the separation wall, the particles of 

different mobilities can be segregated in a continuous flow system. Relative magnetophoretic 

mobility of different beads would depend not only on their size, but also on magnetic properties 

(e.g., magnetic susceptibility). In the magnetic FFF device, a transverse magnetic field gradient 

is established in the microfluidic channel that causes the particles to move towards one wall, 

and eventually escape through the designated channel outlet.  

 
 

 

a 

(b) 

(c) 

(a) 

 

F 

F 

F 

Fig. 1.3 Different FFF operating modes under a transverse force field (shown by the 

blue arrow). Based on particle size different mechanisms of separation of particles in 

FFF (a) normal, (b) steric and (c) hyper layer mode. 
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1.6.2 Split flow thin fraction (SPLITT) 

Split flow thin fraction (SPLITT) is a variant of field flow fractionation. SPLITT is one 

preparative scale continuous flow separation technique, where the separated particles leave the 

device in more than one number of co-flowing streams as shown in Fig. 1.5. The SPLITT 

channel consists of more than one inlet and outlet, separated in the transverse direction by thin 

separators, thus forming a ribbon-like a channel. The sample containing a mixture of analytes 

and carrier fluid is fed into the channel through a single inlet, while the other inlets carry buffer 
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Fig. 1.4 Schematic of the magnetic field flow fractionation device. 
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Fig. 1.5 Schematic of the microchannel for magnetophoretic Split Flow Thin Fractionation 

device. 
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solution. Under the external force field, the separation is achieved when the analytes obtain 

differential migration velocity across the streamlines. An ideal binary separation happens when 

each analyte type elutes separately through the two different outlets that are separated by a 

splitter wall. In addition to the externally applied primary forces e.g., the gravitational, 

centrifugal, magnetic, or electric, for driving the separation, secondary forces like lift forces 

may influence the overall separation process [66,67,68,69,70,71,72,73,74]. SPLITT 

fractionation allows a more compact design (co-flowing outlet streams can be laid over a 

shorter width instead of bifurcation or branching needed for sorter or FFF designs), they are 

effective only for separating target moieties from large sized non-targeted ones (> 1µm, so that 

its diffusional transport-induced cross contamination to non-designated outlet is minimal). 

Researchers have attempted for separating micro-sized particles using the SPLITT device. 

These have wide applications in biology, medical, environmental fields.  

1.6.3 Free flow magnetophoresis

 

Free flow magnetophoresis is a variant of SPLITT device, nonmagnetic particles-analyte 

conjugates are separated from one or more types the magnetic particle-analyte conjugates in a 

single device. Like the SPLITT or FFF, the magnetic is imposed transverse to the flow 
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direction as shown in Fig. 1.6. In this type of separation protocol, different types of magnetic 

and nonmagnetic particles are introduced into the microchannel through a single inlet. As the 

particle suspension enters the zone of magnetic influence, particle trajectories segregate out 

depending upon their levels of magnetophoretic mobility, based on their magnetic property or 

size. Intuitively, the nonmagnetic particles follow the fluid flow direction, not affected by the 

magnetic field. Complete separation in this process warrants that each particle type ensues 

through their designated outlets. 

1.7 Societal Impacts 

Microfluidic technology offers significant contributions in clinical, biomedical, industrial 

environmental fields. As a result, the technology has become very popular. It is clear that 

miniaturization helps the society a lot, irrespective of the underlying physics for building 

functional units. Still, some of the commitments of the technology have yet to be fulfilled, as 

it is one developing area. 

The field of microfluidics is a consistently growing area since it is consistently getting better 

accessibility and applicability to a range of areas facilitating better living, ranging from 

environmental monitoring to low-cost biomedical assays. Lab-on-a-chip devices deploying 

various immunomagnetic separation systems can significantly cut down the costs of 

undertaking the interventions [2]. Microfluidic bioseparation devices can impact, in a 

beneficial way, the point-of-care diagnostics industry and basic healthcare services [75]. Such 

devices have also significant potential for mass deployment of environment monitoring and 

invigorating environmental consciousness. With the advent of wireless technology and internet 

of thing (IoT), development in microfluidic biosensor can lead to widespread, interconnected, 
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intelligent environmental monitoring systems that is expected to buttress societal wellness and 

sustainability in an unprecedented scale.   At the individual level, the greatest benefit to human 

life will perhaps come in the form of the lab-on-a-chip based, wearable sensors offering 

protective care at the individual level – also known as personalized medication [76]. Food and 

water quality monitoring through microfluidic sensor is another means that integrates the 

microfluidics technology very well in the social framework [77].   

 

 

 

 

 

 

 

 

 

 

 

 

 



 



20 | P a g e  

 

Chapter two: Literature review and scope of present 

work 

2.1 State of the art 

In the microfluidic protocol, magnetophoretic separation is one important aspect, in which 

different magnetic and nonmagnetic species can be separated using magnetic field in 

continuous flow configuration. There are several applications of the magnetophoretic 

separation using various methods. Details of the applications and characterizations of the 

magnetophoretic separation for continuous flow configurations studied previously are 

discussed below. 

Several researchers have demonstrated proof-of-concept and prototype operation of magnetic 

separators that follow the principle of magnetic separation, trap, flow sorter or flow 

fractionation for a single-phase flow in the background medium. Magnetophoretic 

fractionation is an important tool in lab-on-a-chip devices deploying micro total analytical 

systems (µ-TAS). In a microfluidic immunomagnetic flow-fractionation platform, target 

biological entities (e.g., DNA, protein molecules or biological cells) are selectively bound to 

functionalized magnetic particles of different magnetophoretic mobility and the bead-analyte 

conjugates are subsequently separated using a suitably designed magnetic field for downstream 

processing, e.g., purification, detection [78] or separation [79, 80, 81, 82, 83]. Such devices 

may be deployed not only in highly selective biosensors but also for rendering point of care 

diagnostics and personalized medication [84]. Several techniques of microfluidic separation 

are in use for separating cells, nucleic acids of other biological entities based on the 
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difference/contrast in their physical properties with respect to the background fluids or the non-

target entities in the background fluid. Microfluidic separators have relied on physical 

manipulation of target moieties using hydrodynamic technique [85], acoustic [86, 87], optical 

[88, 89], dielectric [90- 94] forces, besides magnetic tweezing [95]. However, such 

hydrodynamic filtration techniques offer some limitations also, which comprises poor 

separation resolution [96], an intricate chip design due to microstructures [97], and inadequate 

isolation markers [98]. Magnetophoretic separation has several merits over other active modes 

of separation. For example, inertial and acoustic separations do not work well when the density 

contrast of the target and non-target entities is small. Acoustic waves may also lead to 

mechanical damage to a living organism, e.g., leading to cell lysis [99]. Likewise, 

electrophoretic separation entails Joule heating in the fluid and/or charge-induced damage to 

analyte samples [87,88]. Magnetophoretic separation, on the other hand, uses a static magnetic 

field, which is not harmful to living species. This aspect is particularly important for biological 

applications like magnetophoretic cell separation, which needs to be non-invasive. Besides, 

the magnetic field can penetrate various non-conductive materials like plastic, glass or even 

living tissue; magnetic particles exhibit stark magnetic contrast with respect to most biological 

entities. Therefore, biological entities can be manipulated in a microchannel irrespective of the 

intervening medium once they are biochemically conjugated to magnetic microspheres.  

In a trap design, the magnetic particles and bio-conjugated analytes are separated from the host 

stream and may be collected at the side-wall of the channel [100]. Based on this principle, Choi 

et al. developed a magnetic bead-based, filter less bio-separator with planar electromagnet 

surfaces for bio-molecule sampling and detecting applications. Choi et al., [13], in another 

study, designed, fabricated and tested a new planar bio-magnetic bead separator on a glass 
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chip. The separator is made of micromachined semi-encapsulated spiral electromagnets and 

fluid channels, which is separately fabricated and then bonded. They tested the device with 

super-paramagnetic beads of mean diameter 1 μm. While these traps can have high capture 

efficiency [9], they are better suited for batch operation only. Continuous in-line operation 

warrants flow sorting devices, where the magnetic particles (and the conjugated moieties) are 

magnetically deflected/diverted inside the microchannel in a transverse direction (with respect 

to the flow); the particle trajectories are altered in a way that they are collected in a separate 

steady outflow stream.  

Several sorter designs have been proposed in the literature. While most designs offer 

bifurcating outlets of the channels [101, 102], some [103] proposed trifurcating microchannel 

design for on-chip separation of magnetic particles. Carr et al.[104] used a magnetic field to 

build an apparatus for parallel and multiplexed bioassay sorting with a chamber that had the 

possibility to collect 25 different output fractions. Sorter design offers an effective means of 

in-line purification and enrichment of magnetic bead-bound analyte [105-107]. Modak et al. 

[108] characterized the separation efficiency in a T-channel sorter and argued that a cascade 

of such separators can be employed to have multiplicative enrichment of sample. In a notably 

different configuration, Kirby et al. [109] used both centrifugal and magnetophoretic forces on 

a rotating microfluidic platform (also known as lab-on-a-CD) for separating particles according 

to their physical properties (e.g., size and magnetization), the distribution of the magnetic field, 

and the programmable spin speed of the microfluidic chip. Mizuno et al., [42] presented a 

simple microfluidic system to perform continuous two-parameter cell sorting based on size 

and surface markers. Immunomagnetic bead-conjugated cells were initially sorted based on 

size by utilizing the hydrodynamic filtration (HDF) scheme, introduced into individual 
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separation lanes, and simultaneously focused onto one sidewall by the hydrodynamic effect. 

They successfully achieved the continuous sorting of JM (human lymphocyte cell line) cells 

using anti-CD4 immunomagnetic beads and confirmed that accurate size- and surface marker-

based sorting has taken place. In addition, the sorting of cell mixtures was performed at 

purification ratios higher than 90%.  

Some works are also found in the literature for increasing the capture efficiency of 

magnetophoretic separators. Capture efficiency can be increased by increasing the aspect ratio 

of embedded soft-magnetic elements inside the microchannel or alternatively, by decreasing 

the spacing between the magnetic elements [110]. A key finding in that study was that the total 

capture efficiency increased with the addition of the first few elements to the array, but then 

remains essentially constant as more elements were added. This implies that scale up for high 

throughput separation can best be realized by parallelizing the process, i.e. by replacing a single 

channel with a large number of magnetic elements with a parallel arrangement of shorter 

channels having fewer elements. Separation of magnetically-labeled bioparticles can be 

enhanced using integrated soft-magnetic elements [111]. The elements were fixed and intersect 

the carrier fluid (flow-invasive) with their field oriented in the transverse direction to the flow. 

The bioparticles were magnetized using a bias field to produce a particle capture force. 

Multiple stair-step elements were used to provide efficient capture throughout the entire flow 

channel. In contrast to conventional systems, wherein the elements were integrated into the 

walls of the channel, restricts efficient capture to limited regions of the channel due to the 

short-range nature of the magnetic force. This severely limits the channel size and hence 

throughput. Flow-invasive elements overcome this limitation and enable microfluidic bio 

separation systems with superior scalability. However, the trap and sorter designs are not 
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capable of fractionating two or more types of magnetic particles and therefore could not offer 

simultaneous selective isolation of two different types of target analytes from a suspension of 

non-target entities. 

In magnetophoretic separation, the magnetic particles are always attracted towards the region 

of larger magnetic field strength. As the particles gravitate towards a dipole in a 

magnetophoretic configuration, the force-field further increases, and the particles eventually 

get trapped, often in a narrow zone of influence. This can limit the selective separation of 

magnetic particles of different magnetic mobility. A special class of microfluidic separation 

that relies on negative magnetophoresis, overcomes this challenge. In this method, 

nonmagnetic particles are suspended in a magnetic liquid (e.g., ferrofluid), such that these 

particles migrate towards the regions of lower magnetic field (i.e., away from the dipole) as 

they move through the separation channel [112]. The technique has been adopted to achieve 

controlled manipulation [113] and rapid separation [114] of nonmagnetic particles and cells. 

An additional advantage of this technique is that it enables label-free detection of non-magnetic 

biological entities since one does not need to “tag” magnetic particles to the biological moieties 

to impart magnetophoretic mobility [115]. However, magnetophoretic fractionation of more 

than one moiety from the background fluid without a magnetic label is not possible in this 

method. Zhu et al., [116] extended this technology to combine both positive and negative 

magnetophoresis based on ferrofluids, which could separate mixtures of magnetic and non-

magnetic particles, or even particles whose magnetophoretic mobility differ even marginally. 

Cheng et al., [117] presented an analytical model that can predict the three-dimensional (3D) 

transport of non-magnetic particles in magnetic fluids inside a microfluidic channel coupled 

with permanent magnets. Zeng et al., [20] utilized a pair of permanent magnets to continuously 
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separate diamagnetic particles and cells in ferrofluid flow through a straight microchannel. The 

first magnet was placed close to the microchannel for focusing the particle mixture to a single 

stream without the use of a sheath flow. The second magnet, which was offset from the first 

magnet and placed farther from the channel, to displace the aligned particles to dissimilar flow 

paths for a continuous sorting. This idea was demonstrated through the separation of 3 μm and 

10 μm-diameter polystyrene particles, where the effects of both flow speed and distance of the 

magnet are examined. Using the same technology Tarn et al., [118] explored the potential of a 

microfluidic continuous flow particle separation system based on the repulsion of diamagnetic 

materials from a high magnetic field. Two particle sizes (5 and 10μm) were examined in two 

concentrations of MnCl2 (6 and 10%). The larger particles were repelled to a greater extent 

than the smaller ones, and the effect was greatly enhanced when the particles were suspended 

in a higher concentration of MnCl2. However, use of ferrofluid as host liquid in a bio-separation 

application would warrant additional constraint of its biocompatibility, and may also pose 

limitations in downstream optical or magnetic detection of the separated fractions. 

Pamme and Manz [119] developed a continuous magnetophoretic system, where a microsphere 

suspension containing 2 and 4.5 µm diameter magnetic and 6 µm diameter nonmagnetic 

(polystyrene) particles were separated into three distinct streams containing predominantly 

each type of particle alone. Particles escaped through different outlets depending upon their 

size and the position of the magnet. Pamme et al. [120], separated magnetic particles from 

mixtures of magnetic particles by on-chip free-flow magnetophoresis. In a continuous flow 

environment, the magnetic particles were deflected from the direction of laminar flow by a 

perpendicular magnetic field depending on their magnetic susceptibility, size and the fluid flow 

rate. In this process, particles of 2.8 and 4.5 μm diameters were completely separated from 
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each other reproducibly. Liu et al., [121] investigated the separation of two types of magnetic 

particles (4.5 and 2 μm in diameter). They studied the motion of the particles of varying sizes 

when actuated using an alternating traveling magnetic field produced by four-phase conductors 

on the chip. Magnetic particles of different sizes migrate with different speeds under the same 

magnetic field. By carefully choosing the frequency of the magnetic field, different magnetic 

particles separated in the microfluidic system. Adams et al. [122] used micro-fabricated 

ferromagnetic strips of various designs in a flow channel to separate two different targets 

moieties into separate fractions from the background non-targeted cells.  

Field flow fractionation (FFF) is an advanced version of magnetic sorting where a bi-dispersed 

or poly-dispersed suspension of particles (or particle-analyte conjugates) can be selectively 

separated into streams of monodispersed particles, based on their physical and magnetic 

mobility in the host fluid [123]. FFF offers the advantages of simultaneous separation and 

measurement, and hence, is useful in biomolecules and cell separation and diagnosis [124] and 

biosensors [125]. Modak et al. [126] numerically studied the separation of the magnetic 

microspheres of two different sizes in an FFF device under a crossways magnetic field. For 

variations of particle size, susceptibility, magnetic dipole strengths, positions, fluid viscosity, 

and flow velocity, they measured the capture efficiency and separation index at the exits. In 

another study Modak et al., [127] observed how the geometry of a micro-channel affects 

separation phenomenon in FFF device. Vickrey et al., [64] evaluated the separation capability 

by defining the theoretical basis of the parameters of force on each particle and normal FFF 

parameters. There many force fields which can be used to separate the particles in a 

microchannel but in magnetic FFF, magnetic dipole moment generates in the particles which 

help in their interaction and separate them due to the magnetic field. This phenomenon was 



27 | P a g e  

 

examined by Williams et al. [128]. Carpino et al., [129] found a quadrupole magnetic FFF 

system as a potential and an influential separation device for magnetic particles. 

Split flow thin fraction (SPLITT) is a derivative of the field-flow fractionation (FFF), where 

the separated particles leave the device generally in three or more co-flowing streams separated 

in the transverse direction. While this type of separation allows a more compact design (co-

flowing outlet streams can be laid over a shorter width instead of bifurcation or branching 

needed for sorter or FFF designs), SPLITT separators are effective only for separating target 

moieties from large sized non-target ones (> 1µm, so that its diffusional transport-induced 

cross contamination to non-designated outlet is minimal). Several researchers have attempted 

separation of micro-sized particles using the SPLITT device. This technique has widely used 

in biology, medical, environmental applications [130-136]. Several studies attempted design 

improvement of magnetic SPLITT devices. Zhang et al. [137] developed a general approach 

to optimize flow-rates in a SPLITT device for particle separation. Williams et al. [138] found 

the influence of small splitter imperfections on the resolution of migrating particles. Zhang and 

Emerson. [139] observed the key deviations between the predicted and experimentally 

observed transport behavior of particles in a SPLITT device. Fuh et al. [17] analyzed the 

performance of a magnetic SPLITT fractionation device for magnetic particles of different 

susceptibilities. They reported that a SPLITT separator not only invokes design complications, 

but the device had restricted operational simplicity [140].  

One primary challenge in a magnetic SPLITT device is that the transverse separation between 

the outflowing streams are typically less than 500 µm, which makes the separator vulnerable 

to cross-contamination if the operating parameters are not chosen accurately. It is therefore 

very crucial to operate a SPLITT separator at a desirable condition so that the throughput is 
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maximized and non-specific cross-over is minimized. Researchers have tried to address these 

practical difficulties by appropriate physical dimensioning of the inlet and outlet splitting 

planes [140]. Hoyos et al. [141] used Halbach array to create a localized magnetic field that 

can provide an enhanced magnetic selectivity for transverse separation of the magnetic 

particles [142]. In another study Hoyos et al., developed a continuous magnetic sorting process 

based on the quadrupole magnetic field centered on an annular flow channel, using the 

conceptual framework of split-flow thin (SPLITT) fractionation. To eliminate the variability 

inherent in working with a heterogenous cell population, they developed a set of monodisperse 

magnetic microspheres of a characteristic magnetization, and magnetophoretic mobility, 

similar to those of the cells labeled with a magnetic colloid.  

2.2 Gap areas 

Going through the literature related to microfluidic separation using various configurations, it 

is observed that there are certain areas in which more studies will be required for better 

understanding of the phenomena involved. The identified gap areas from the study are as 

follows. 

1. The literature lacks a comprehensive characterization of the operating regimes of a magnetic 

SPLITT micro separator to separate magnetic particles (and the bio conjugated entities) of 

different mobilities. It is very crucial to find out the optimum operating regime for a magnetic 

SPLITT device to selectively isolate the different mobility microspheres simultaneously. 

Along with the operating parameters it is also very significant to find the optimum channel 

geometry for the maximum channel effectiveness.  
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2. While FFF design is less compact, SPLITT designs are more vulnerable to cross-

contamination. It is therefore essential to maintain the separation throughput and minimize the 

non-specific crossover in SPLITT device by appropriately designing the microchannel and the 

magnetic field. Free flow magnetophoresis can separate different magnetic particles with 

nonmagnetic particles simultaneously. The existing separation protocols can only perform 

separation based on the presence or absence of magnetization, and therefore, the simultaneous 

sorting of multiple targets at high levels of purity, recovery, and throughput remains a 

challenge. System throughput can also be tuned by changing the channel layout. Although the 

literature is replete with studies on FFF, SPLITT and free flow magnetophoretic devices, there 

is no report on integrating features of all the designs to develop a hybrid separator in our 

knowledge. Both the former three types of designs are found to offer narrow operating 

windows for which the capture efficiency and separation indices are in an acceptable range. It 

is intuitive from these prior studies that, operating the FFF or SPLITT or free flow 

magnetophoretic devices with magnetic and nonmagnetic particles are extremely sensitive to 

any slightest variation of parameters. Also, the geometry of the device is one influential 

parameter in separating the target analytes, especially for the nonmagnetic particles; however, 

this attribute is not investigated thoroughly in the literature. Therefore, it is very important to 

design a hybrid device that can work combining the FFF, and SPLITT and free flow 

magnetophoresis and obtain optimum operating parameters and channel geometry for getting 

maximum isolation. 
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2.3 Objectives of the thesis 

Keeping in consideration the state of art on the research in the field of magnetic particle 

transport in microfluidic environments, and the aforementioned gap area in relevant research, 

the present study aims at prescribing a new class of approach for separation of magnetic and 

nonmagnetic microspheres in Lab on a chip (LOC) devices. The objectives of the present work 

focus the followings. 

1. Isolation of particles from a bi-dispersed suspension of magnetic particle-analyte 

conjugates into a pair of co-flowing streams in a Magnetic SPLITT device is studied. 

Herein, a numerical study is carried out for describing the influence of hydrodynamic 

and magnetic forces on the transport and capture of the microspheres in the device. The 

device is characterized in terms of capture efficiency and separation indices.  

2. Influence of the channel geometry of the SPLITT and FFF devices are also very crucial 

in separation. The impact of the geometry on capture efficiency and separation index 

are observed by fixing the operating parameters.   

3. A numerical study is carried out for characterizing one hybrid microfluidic device, 

which works on the principle of split-flow thin (SPLITT) fractionation, field flow 

fractionation (FFF) and free flow magnetophoresis mechanisms. The objective of the 

proposed hybrid free flow magnetophoretic device is to separate two different types of 

magnetic and one type of nonmagnetic particles from each other simultaneously. The 

impact of magnetic and hydrodynamic forces on transport and separation of the three 

different types of magnetic and nonmagnetic particles are analyzed in terms of capture 

efficiency and separation indices for different operating parameters.  
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4. The microchannel geometry also plays a very significant role in the separation process. 

The flow passage and the position of the outlets will vary with the variation of 

microchannel geometry. With the variation of channel layout, the particle trajectories 

will also vary, which will lead to the variation of capture efficiency and separation 

index under a fixed operating regime. Therefore, one objective of the present study is 

to find out the impact of channel geometry on separation, for getting maximized capture 

efficiency and separation index in the hybrid microfluidic device. 

 

With the above identified objectives, the essential background regarding magnetophoresis has 

been summarized in chapter three, with an emphasis on the transport behaviour of the magnetic 

microsphere in a flow and magnetic field. The obtained results for the magnetic and 

nonmagnetic particle separation are analyzed in various continuous flow configurations in 

chapter four. Finally, chapter five concludes the thesis summarizing the findings from the 

work, and proposing the recommendation for future works along with closure remarks. 
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Chapter three: Methodology 

3.1 Background 

In this chapter, numerical simulation of four different techniques of magnetophoretic 

separation of microparticles in flow through microfluidic configurations are carried out. First, 

the separation technique on split flow thin (SPLITT) fractionation is studied. Secondly, a 

simple representative case of field flow fractionation (FFF) is studied for comparison with the 

split flow thin (SPLITT) fractionation. More advanced techniques like, hybrid free flow 

fractionation leveraging magnetophoresis techniques are studied afterwards. Specific 

description of each system, studied in the work, is provided in the following sections.  

3.2 Configurations of particle tracking in continuous flow  

The configurations of the SPLITT, FFF and hybrid free flow fractionation devices used for the 

study are described in the following section. 

Split flow thin fractionation (SPLITT) device 

Figure 3.1 shows the schematic diagram of the SPLITT device of length L and width W through 

which a steady pressure-driven flow is envisaged. The device comprises of three inlets, viz., 

I1, I2 and I3 and three outlets viz., O1, O2 and O3. The co-flowing inlet or outlet streams are 

separated by two inlet splitters (IS) and two outlet splitters (OS), respectively. All the splitters 

have finite thickness (W/8) and length (~L/6). The IS1 and IS2 allow parallel streams of liquid; 
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inlets I1 and I2 carry buffer solutions, while I3 carries a dilute suspension of magnetic 

microspheres of two different magnetophoretic mobilities. The separating section comprises a 

flow channel 

 

spanning the width W of the channel and a length 2L/3 where the three streams from the inlet 

side pass to the outlet ports. A magnetic line dipole is placed at a location (Xmag, Ymag) as shown 

in Fig. 3.1, creating a magnetic field gradient in such a manner that the particles experience a 

magnetophoretic migration in the transverse direction, collecting at the outlets O1 and O2. The 

third outlet O3 is designed to flow the buffer and not any particles. With the correct orientation 

and magnitude of magnetic field, the particles with larger magnetophoretic mobility should 

exit through the outlet streams O1 while the other type of particle is expected to separate out 

through O2 (Fig 3.1). 

Fig. 3.1: Schematic of magnetophoretic split flow thin (SPLITT) fractionation device. Here, 

L and W are the channel length and height; the line dipole P is placed at Xmag and Ymag; red 

particles possess larger magnetophoretic mobility than the purple ones). IS1,2 and OS1,2 denote 

the inlet and outlet splitters, respectively. 
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Field flow fractionation (FFF) device 

 

 

Figure 3.2 shows the schematic diagram of the Field Flow Fractionation (FFF) device of length 

L and width W through which a steady pressure-driven flow is envisaged. The device comprises 

of one inlet, viz., I and three outlets viz., O1, O2 and O3. A dilute suspension of magnetic 

microspheres of two different magnetophoretic mobilities enter the channel from the inlet I. 

The separating section comprises a flow channel spanning the width W of the channel and a 

length L where the stream from the inlet side pass to the outlet ports. Two magnetic line dipole 

are placed at a location (X1mag, Y1mag) and (X2mag, Y2mag) as shown in Fig. 3.2, creating a 

magnetic field gradient in such a manner that the particles experience a magnetophoretic 

migration in the transverse direction, collecting at the outlets O1 and O2. The third outlet O3 is 

designed to flow the buffer and not any particles. With the correct orientation and magnitude 

of magnetic field, the particles with larger magnetophoretic mobility should exit through the 

outlet streams O1 while the other type of particle is expected to separate out through O2 (Fig. 

3.2). 

Magnetic line dipole 

P2 (X2mag, Y2mag) 

O1 

O3 I 

O2 
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Small Particle 
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w 
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Fig. 3.2 Schematic diagram of a Field Flow Fractionation (FFF) device. 
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Figure 3.3 illustrate the schematic diagram of the hybrid free flow magnetophoretic separator 

that has a length L and width W through which a steady pressure-driven flow is analyzed. The 

device comprises of two inlets (I1 and I2) and three outlets viz., O1, O2 and O3. A homogeneous 

aqueous buffer suspension carrying three different particle types of equal number density is 

introduced through inlet1 whereas inlet2 allows only the aqueous buffer solution. For 

generating a magnetic field gradient in the channel, a magnetic line dipole is positioned at a 

location (Xmag, Ymag) (see Fig. 3.3) in such a manner that the magnetic particles experience a 

magnetophoretic 

 

movement in the transverse direction, eventually leading them through the outlets (O1, O2 and 

O3). 

3.3 Theoretical formulation for particle transport  

Particle trajectory in a fluid medium is influenced by fluidic drag force by the host fluid. When 

any external force field like magnetic field is applied, particle trajectory is also influenced by 

the applied external field. Therefore, interplay between the drag and the externally applied 

Fig. 3.3: Schematic of magnetophoretic hybrid device and the computational domain; the 

magnetic dipole P is placed at (Xmag, Ymag); red dots denote particles having larger 

magnetophoretic mobility than the turquoise ones; black dots denote nonmagnetic particles; 

alteration in the flow passage is created by varying the dimensions of the rectangular blocks 

(solid walls) B1, B2, B3, B4 and B5. 
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force confirm the mobility of the particle in a single fluid medium. The present section of the 

chapter, discusses in details about the theoretical formulation for particle trajectory in a single 

fluid medium under externally applied magnetic field. 

3.3.1 Forces on a magnetic particle in the flow 

Particles that are transported in a dilute suspension through a microchannel under the influence 

of a magnetic field experience magnetic body force (Fm), the drag force (Fd) exerted by the 

fluid (since the particle tends to move with a finite velocity relative to the fluid), the 

gravitational force (Fg), the thermal Brownian force (FB) [143]. The equation of motion of a 

single particle can be cast in the form of Newton’s second law as: 

m d g B
4 3

3

 = + +
 

 
 
 

F F F +F
Vd p

a p
dt

                          …..(3.1)  

Magnetic force 

The magnetic force on a superparamagnetic spherical micro particle, when suspended in a 

dynamic fluid medium under influence of a magnetic field generated by a line dipole, can be 

expressed as [144] 

( )3
m 0 0

4 1
π

3 2
0 ef

a μ χ f= F H .H                              …..(3.2) 

H0 is the local undistorted value of H, µ0 (= 4π ×10-7 NA-2) denotes the permeability of free 

space. The effective magnetic susceptibility χeff [145] of the particle is deduced from its 

intrinsic susceptibility i, considering the distortion of the imposed magnetic field due to the 

existence of the particle itself, such that 

( )1 3

i

i
χ =
eff



+
                                 …..(3.3) 

The magnetic field and its gradient in the microchannel are produced by a line dipole of 
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strength (P), placed near O1 (at a location (Xmag, Ymag) as shown in Fig. 3.1, 3.2 and 3.3). In a 

practical bio-MEMS device, such field can be realized practically by embedding pairs of 

parallel conductors, carrying currents in opposite directions, and buttressing the field by a soft 

magnetic core. With respect to the virtual origin of the line dipole, the produced magnetic field 

H at any location (r, φ) can be expressed as 

( )e sinφ e cosφr φ2

P

r
= −H                                   …..(3.4) 

Here it is assumed that a magnetic particle to be a dimensionless point entity. The magnetic 

force exerted on the particle, when it is under the influence of the line dipole is 

( ) ( )
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' '
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  = +
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F ,                     …..(3.5) 

Where ' = − magx x X , ' = − magy y Y denote the positions of a particle w.r.t. the origin of the line 

dipole. 

Fluidic drag force 

The viscous drag force can be represented by [63] 

( )6π pd
a K

wall
= −F V V              …..(3.6) 

The values of the wall drag coefficient Kwall for drag forces parallel and perpendicular to the 

wall are  

1
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−
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= −  
 

,                                                    …..(3.7) 

where,  denotes the ratio of the particle diameter to its distance from the wall [146]. However, 

the other fluid flow mechanisms, like viscoelasticity, capillary effects, and electrokinetic 

effects may complicate the flow phenomena since their non-linearity increases in small scales. 
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Gravity force 

The gravitational force can be expressed as [147]  

( )g V= − −F gpρ                         …..(3.8) 

Where Fg represents the gravitational force, V, ρp, ρ and g represents the volume of the particle, 

density of particle and fluid, and acceleration due to gravity respectively. If viscosity of the 

flowing fluid is 0.00089 Pa-S and particle have velocity of 1 mm/s then the fluidic drag force 

on a micron size microsphere is ~8.4×10-12 N. If density of microsphere is 1800 kg/m3 and 

fluid is 1000 kg/m3 then gravitational force on the particle become ~0.033 ×10-15 N. Therefore, 

gravitational force become very less than drag force, as a result gravitational force can be 

neglected.  

Brownian force 

Thermal Brownian force can be expressed as  

 12 /d Ba k T dt =BF R ,                        …..(3.9) 

where Rd is a uniform random number vector whose value is between 0 and 1, kB the Boltzmann 

constant, T the absolute temperature and dt is the time interval over which the Brownian force 

is resolved.  

Brownian force become insignificant when particle size exceeds 40 nm [56]. The 

dimensionless dipole strength  

3 2 2

0 0

, 9
=

b
M ND

a
P

K T

  H
                                            …..(3.10) 

compares the magnetic energy interaction between the particles in an external magnetic field 

and thermal energy. For example, for a suspension of particles with a = 0.5 μm, χ = 0.1 

subjected to a field strength H0 = 2000 A/m at room temperature, the dimensionless dipole 
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strength becomes 100, which clearly indicates that the magnetic interactions between particles 

greatly exceeds the thermal energy, implying that Brownian motion does not play a significant 

role. 

3.3.2 Equation of motion for microparticle transport in continuous flow configuration 

A 2 μm diameter polystyrene (density ~ 1800 kg/m3) particle has very low mass of ~7.5 pg. 

Due to very small mass of the microsphere, impact of the inertia force on the microsphere is 

very negligible. The particle inertia force can be ignored for the small particle mass unless the 

particle acceleration exceeds an unbelievably large value (~1000m/s2), which is rather unusual 

for the design of microfluidic channel and the flow regime investigated herein. Among the 

various other forces described above only drag force and magnetic force play significant role 

in magnetophoretic transport of microsphere in the present thesis. Therefore, considering the 

salient forces on a microparticle, Eq. (3.1) can be recasted as  

1
p m

6πa K
wall


= +V V F .                                  …..(3.11) 

The instantaneous position of any particle can be found by integration of Eq. (3.11) after 

imposing the initial position of the particle.  

The magnetic field and its gradient in the microchannel are produced by a line dipole of 

strength (P), at a location (Xmag, Ymag) as shown in Fig. 3.1, 3.2 and 3.3. In a practical MEMS 

device such field can be generated by embedding pairs of parallel conductors, carrying currents 

in opposite directions, and buttressing the field by a soft magnetic core [148]. The 

instantaneous position of a particle cluster can be computed from integration of the particle 

velocity, i.e., 
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( ) 0

0

t

pxx t V dt x= +  …..(3.12a) 

( ) 0

0

t

pyy t V dt y= +  …..(3.12b) 

Where x0 and y0 are the initial position of the particle cluster. 

3.3.3 Governing equations  

The drag force on particles is influenced by the continuum phase (the host buffer liquid) 

velocity. Transport of the liquid through the channel follows the conservation of mass and 

momentum which are expressed as   

( ). 0


+  =


V
ρ

t
 , and                                                                       …..(3.13) 

( ) ( ). .τ
dt


+  = − +  −


V VV Fp    ,                           …..(3.14) 

where v denotes the viscous stress tensor, expressed as  

( ) ( ) ( )
T 2

τ . Iυ
3

=  +  −  
 

V V V  .                               …..(3.15) 

The last term in Eq. (3.14), originates from the reaction of the viscous drag force Fd (on the 

particle by the fluid, as evaluated from Eq. (3.6)), while   denotes the local particle density 

[149].  

3.3.4 Boundary conditions 

The fluid enters the computational domain in a plug flow velocity profile. The length of the 

computational domain for all the channels are assumed to be sufficient for achieving a fully 

developed flow, while a pressure boundary condition is imposed at the exit. At all the walls 

no-slip boundary condition is assumed. 
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The boundary conditions considered for the different parameters at the known locations of the 

computational domain can be summarized as 

(i) For the SPLITT device (Fig. 3.4(a)): 

 

At inlets (I1, I2 and I3) (x=0) 

0avu U ,v= =  

At bottom wall (y=0, x=0 to L) 

0,0 == vu  

At top wall (y=W, x=0 to L) 

0,0 == vu  

At all the walls of every bock (B1, B2, B3 and B4) 

0,0 == vu  

At outlets (O1, O2 and O3) 

00, p p = =  

(ii) For the FFF device (Fig. 3.4(b)):  

 

 At inlet I1  (x=0): , 0avu U v= =  

 

At outlets  O3 (x=L): 00v , p p= =

 

  
O1 and O2 (see Fig 3.4): 00u , p p= =  

  

At top wall (y=W): 0,0 == vu  

At all the walls of every block constituting the bottom wall of the channel (B1, B2 and B3): 

0,0 == vu   
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(iii) For the hybrid free flow magnetophoretic device (Fig. 3.5): 

 

 

At inlets (I1 and I2) (x=0) 

Fig. 3.4 Schematic showing the boundary conditions of (a) SPLITT device and (b) FFF 

device.  
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Fig. 3.5 Schematic showing the boundary conditions of the hybrid free flow 

magnetophoretic device. 
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0avu u ,v= =  

At the walls (every wall of block 1,2, 3 and 4) 

0,0 == vu  

At top wall (y=W) 

0,0 == vu  

At bottom outlet (O1) and  

00 p pu ,= =    

The outlets at right side (O2, O3)  

00,p pv = =  

3.4 Numerical Technique 

Particle-laden flow inside the micro-channel is solved using a Eulerian-Lagrangian approach. 

A numerical code based on SOLA [150], an explicit finite-difference technique, has been 

developed to solve the coupled mass and momentum equations for the liquid phase. A 

staggered grid is used to describe the field variables like velocity, pressure and fluid properties. 

The axial and transverse velocities are specified at the scalar cell faces, while the pressure is 

specified at the cell-centers. A single layer fictitious cell is used as boundary cells of the fluid 

region. Considering the low Reynolds number involved in the flow (also verified during the 

simulations), the highest cell Peclet number (ρux/μ) is well below than 1. Therefore, the 

diffusion terms and the advection terms are discretized by central differencing scheme [151]. 

Although the final solutions are sought under a steady state, Eulerian-Lagrangian solutions for 

the continuum and the dispersed phases are advanced through a sequence of time marching 

and iteration, until the flow field and the particle trajectories of two consecutive time steps 

converge. Both the stability criteria and the Courant-Friedrich-Lewy criteria have been 

satisfied to calculate the time increment for solving the continuum phase; the time increment 
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ensures that a fluid element never cross a single cell in one-time step. Lagrangian tracking of 

the particles in the flow-field has been used to solve the dispersed phase (homogeneously 

distributed suspension of magnetic microspheres). The particles entering through the inlet at a 

flux of Npart (for each particle type) are modeled as a finite number of discrete particle clusters 

(of each particle type) entering every dtL second. Trajectory of each particle cluster is traced 

by time integration of instantaneous velocity for each particle type in a “frozen” continuum 

flow field. The integration time step dtL is so chosen that a particle does not move by more 

than 1% of the scalar cell residing at a particular time step. Number of particles in each such 

type of cluster can be computed from: 

( ) ( )C part n LN N / k 4 1 dt =    W          …..(3.16) 

First the fluid phase is solved for a steady velocity profile using the Eulerian approach, and 

then particle tracking is done in a ‘frozen’ flow-field. Calculation of the momentum interaction 

between the particles and the fluid requires evaluation of particle density   at each location 

within the domain. The location of each cluster of particles is calculated at every time plane of 

Lagrangian tracking. Based on the instantaneous positions of the particle clusters, the number 

Ni,j of such particle clusters present in each vector cell (used in the Eulerian solution of the 

flow field) is calculated (see the schematic in Fig. 3.6). Thus, in the discretized form of 

momentum equation, the particle number density in the computational cell (i,j) is evaluated as  

c i. j

i, j
i j

N N

x y
 =

 
.   …..(3.17) 

Once the total reaction of drag force in a vector cell (i,j) is calculated by summing the drag 

forces on all the particles residing in the cell, the fluid phase is solved again to account for the 
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particle-to-fluid interaction. Particle tracking is done once again in the modified flow field. 

The iterative process of solving the fluid and dispersed phases continues until the largest 

difference in the magnitude of drag forces at each cell computed in two successive iterations 

falls below a preset convergence criterion.  

A non-uniform Cartesian mesh system with hyperbolic size distribution is deployed. The 

grid clustering ratio and mesh size are chosen adequately to resolve the sharp velocity gradients 

near the walls and close to the location of the magnetic dipole where particle velocity becomes 

large. 

 

3.4.1 Solution Methodology 

The governing equations are solved using explicit finite difference technique in the SOLA 

method of incompressible fluid flow solution. The algorithm of solution is as follows: 

(i) The entire data of the physical dimensions of the computational area and the input 

conditions (e.g. inlet fluid flow, fluid properties, particle flow rate, and particle 

properties) are specified. 

dxi 

dyj 

Fig. 3.6: Basis of computing  (particle number density). Total number Ni,j of particle clusters 

residing in the (i, j)th.cell can be computed by Lagrangian tracking of all the particle clusters. After 

knowing the value of  Ni,j,  can be calculated from Eq. (3.17). 

kth. particle cluster at tn-dtL 

kth. particle  

cluster at tn
 kth. particle cluster at tn+dtL

 

(k+1)th. particle clusters 

(k-1)th. particle cluster 
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(ii) The numerical mesh is generated and the variables are initialized. 

(iii) Following the stability and CFL criteria the time increment is computed. 

(iv)  The momentum conservation equations with appropriate boundary conditions are used 

for advancing the velocity field. 

(v) The continuity equation is used for the corrections of the velocity and pressure fields. 

(vi)  Steps from iii to v are repeated, till the convergence of the fluid phase variables is 

achieved. 

(vii) Solution for the particle trajectories using Lagrangian tracking and computation of the 

momentum exchange between the phases is carried out. 

(viii)  Solution of Lagrangian particle phase and Eulerian liquid phase in sequence are 

repeated, with updating the interphase source terms till convergence is achieved. 

3.4.2 Discretization Scheme 

The explicit finite differencing technique is used for discretizing the transient transport 

equations. The fluid properties such as density, viscosity is calculated at the cell faces by linear 

interpolation between the corresponding property values at the adjacent cell centers (as shown 

in Fig. 3.7). The source term is considered to be constant throughout the volume of each cell. 

The discretized form of continuity and momentum equation for the control volume around ui,j 

can be expressed as: 

Continuity equation: 

                     …..(3.18) 0
)()(

1,,,1,
=

−
+

− −−
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vv
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uu
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jiji
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U-momentum equation: 

 

V-momentum equation: 

…..(3.19)        
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 The above equations can be directly used for the evolution of , and   provided the 

other variables in the discretized equations are at nth time level. This excludes the pressure 

terms in the equation, which should be at (n+1)th time level. In absence of pressure terms at 

(n+1)th time step, it is required to use the pressure terms of the nth time level to solve the 

velocity. But, as the velocity and pressure at the same time level are to correspond, the solution 

with the pressure of the previous time level only yields a provisional or approximate value of 

the velocity ( ). Therefore, 

[CONVX+CONVY]= [DIFFX+DIFFY] 

+[DIFFX+DIFFY]n-[CONVX+CONVY]n 
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= - +  [DIFFX+DIFFY]n-  [CONVX+CONVY]n    ….(3.21)     

 

Fig. 3.7 Shows the velocity and pressure at the cell faces and centers respectively. 

The continuity and momentum equations are solved for the time (tn+t) by explicit method, 

using the estimate of the pressure, velocity over the computational domain at the nth time-step, 

tn. While the x- and y-momentum equations allow for updating the values of u and v with time, 

the pressure p cannot be updated through time-marching, as the continuity equation does not 

have a transient term for the incompressible flow. The resulting velocity field for the advanced 

time (tn+ t) does not, for obvious reason, satisfy the continuity equation, since the pressure 

field assumed in the momentum equations is not correct. The required pressure correction 

could only be done through the continuity equation, which did not contain any pressure term. 

The pressure correction needs to be done iteratively by imposing the constrain of the zero-mass 

divergence. For each cell, the mass divergence  
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 is computed using the most recently corrected values of the velocities. The pressure correction,  

( ) ( ) ( ) ( ) ( ) ( )
1 1 1 1

1 ( ) ( -1)

i , j

i , j

v s v s v s v s

p
t

dx i dx i dx i dx i dy j dy j dy j dy j







=

 
+ + + 

− 

,    …..(3.23) 

 required to set the absolute value of i,j below a small pre-assigned number (.001 in this case), 

which is calculated from the equation where,  is an over-relaxation factor that was used to 

accelerate the convergence. The value of  can vary between 1.0 and 2.0, however a value 

around 1.8 is recommended for better convergence. 

The change in pressure within a cell is used to correct the associated x-velocity components at 

the scalar cell faces as follows: 

 
( )

i , j i , j i , j i , j i , j i , j
v v

t t
u u p p u p

dx i dx ( i )


 

 
 = + − = +           …..(3.24) 

 1 1 1[ - ] = u
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− − −

 
= − −          …..(3.25) 

Where the symbol ~ denotes the incorrect field variable. 

Similarly, for the v-velocities we can get the relationship between the correct and provisional 

values in terms of the pressure correction term as: 

( )
i , j i , j i , j

v

t
v v p

dy j





= +    and

( )
1 1

1
i , j i , j i , j

v

t
v v p

dy j



− −


= −

−
                     …..(3.26) 

The cell pressure is also corrected as 

= +i, j i. j i, jp p p  

Once the entire flow at the tn+t time-step is made to satisfy the mass continuity equation, and 

a correct pressure field is obtained, these values of velocity and pressure are used again to solve 

the field variables for the next time-step. Thus, the solution is made to proceed in time until 
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the ratio 
( ) ( )

t

nn



variablevariable
1

−
+

 for all the field variables fall below the preset convergence 

criteria. 

The time increment has to be chosen correctly in order to have numerical stability in the 

solution since the method implements an explicit finite difference technique. The time 

increment is governed by two limitations: namely the Courant-Friedrichs-Lowy (CFL) 

condition and the restriction on the basis of grid Fourier number. 

According to the CFL criteria, the fluid elements cannot move more than one cell in either 

direction in one-time increment. Therefore, the time increment must satisfy the condition for 

governing equation and species concentration equation. 
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for all i, j.               …..(3.28) 

Typically, the time increment is chosen as to be one third to one fourth of the minimum cell 

transit time. However, under cases where there are additional source terms in the equation, the 

time increment may have to be further reduced. 

3.4.3 Grid independence test 

The numerical results have been tested for their independence of the grid sizes that have been 

selected for discretization of the governing equations. A non-uniform grid (shown in Fig. 3.8), 

based on a hyperbolic mesh size distribution, is used to resolve the sharp gradients near the 
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walls and close to the location of the magnetic dipole. Simulations are performed with different 

mesh sizes to obtain grid independent results for both the fluid flow and the particle 

trajectories. 

The following grid distributions have been chosen for the different configurations, based on 

the grid independence test as shown in Fig. 3.8. Following a grid independence study, a 15090 

mesh configuration is chosen for the present simulations.  
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3.4.4 Solution Steps 

The numerical code is executed in the following sequence. 

(i) All the data related to the physical dimensions of the computational domain, the inlet fluid 

flow, the inlet fluid properties, the inlet particle cluster flow, the inlet particle properties and 

convergence criteria are fed into the code.   

(ii) The numerical mesh in the channels are then set up and the variables are initialized. 

(iii) The time increment for the (n+1)th time-step, δt, is computed following the stability criteria 

as described earlier. 
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Fig. 3.8: Grid structure for the flow simulations for the (a) FFF, (b) SPLITT and (c) hybrid 

free flow magnetophoretic devices. 
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(iv) The discretized continuity and momentum conservation equations are then solved to obtain 

the corresponding field variable at the (n+1)th time step, using the field variables and fluid 

properties obtained at the nth time step and appropriate boundary conditions. 

(v) The velocity and pressure fields are corrected through the continuity equation. 

(vi) The particle trajectories are subsequently solved. 

(vii) The gradients of field variables (velocity, concentration) are computed to check the 

convergence. 

(viii) The properties values are calculated for the increased time step. 

(ix) The time step is advanced as in (iii) and step (iv) onwards are repeated. 

(x) At suitable intervals of time, the field variables are sorted in output files. 

(xi) The entire procedure is continued iteratively until a steady state converged solution is 

obtained. 

(xii) Finally, the flow velocity, particle velocity, particle tracking, electromagnetic force and 

field are calculated at the steady state. 

3.5 Validation  
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Fig. 3.9 Particle trajectories from different initial positions (x0, y0) mapped from the present 

numerical code (dashed line) and the analytical results (continuous line) obtained by Nandy et 

al. [8]. 
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Particle trajectories are mapped using the present code and compared with the particle 

trajectories obtained by Nandy et al.[8] (as shown in Fig. 3.9) for validating the numerical 

code. For comparing the particle trajectory results, operating parameters were considered 

following Nandy et al. [8] (a = 1 μm, χeff = 1.0, μ = 8.9 × 10-4 Pa-s, u0 = 0.01 m/s, W = 150 

μm, L = 0.0055 m, Xmag = 3.75 mm, Ymag = -0.00003 mm). Nandy et al.[8] assumed a fully 

developed flow profile in their study, and a one-way particle–fluid interaction. For comparing 

the particle trajectory results, a fully developed velocity profile with a very dilute particle 

loading (Npart = 10 m-2s-1) at the inlet is assumed for the study. Figure 3.9 shows the comparison 

of four particle clusters trajectories which are released from y = 0.1W, 0.3W, 0.7W and 0.9W. 

Figure confirms that the particle trajectory of the present simulation well matches with the 

study of Nandy et al.[8]. 
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Chapter four: Results and Discussions 

4.1 Background 

Particle trajectory and their capture in SPLITT fractionation device is first discussed, followed 

by a comparison between the SPLITT and FFF for a given range of operating parameters. 

Finally, a hybrid and free flow magnetophoretic devices are also characterized numerically for 

prescribing the optimum operating regime. The following section of the chapter discusses in 

details about the particle trajectories and their capture efficiency and separation index values 

obtained from simulations carried out under different devices for under externally applied 

magnetic field. 

4.2 Operating regime for the Split flow thin (SPLITT) fractionation device 

4.2.1 Flow field 

Particle trajectory in the SPLITT device is a strong function of the velocity distribution of the 

fluid and hence the flow profile within the microfluidic separator is first investigated. Because 

of the mutual particle-fluid momentum coupling (through the fluid drag and its reaction), the 

flow is expected to be influenced by not only the pressure gradient (which causes the flow), 

but also the magnetophoretic mobility of the particle and the imposed magnetic field.  The 

salient operating parameters that can influence the particle trajectory are the magnetic dipole 

strength (P), particle diameter (a) and magnetic susceptibility (χ), fluid viscosity (μ) and flow 

velocity (Uav). A base case is chosen initially to represent a sample description of particle 

transport and separation (see Table 4.1); subsequently the device performance is also analyzed 
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over a wider range of the operating parameters (see Table 4.1) to arrive at the optimal operating 

conditions.  

Table 4.1: Base values and ranges of variation of operating parameters for the study of 

particles trajectory 

 

 

 

 

 

 

 

 

 

 

 

The dipole position is Xmag= 6 mm, Ymag= −1.5 mm (i.e., at 1.5 mm below the bottom wall) for 

all the cases studied. Figure 4.1 (a) describes the velocity profile of fluid at base values for 

different parameters. Axial variations of velocity magnitude throughout the channel along 

three imaginary lines AA, BB and CC, passing through y = 0.25, 1.0 and 1.75 mm (i.e., along 

the mid-planes of I1 – O1, I2 – O2 and I3 – O3, respectively) are reported in Fig 4.1(b). Figure 

4.1(a) shows that the fluid streams entering through the three inlets with plug profiles morph 

into fully developed profiles within a length of x = 0.7 mm. The mid-plane velocities of the 

three inlet streams assume a maximum value of ~0.016 m/s at a location of x = 0.7 mm. Beyond 

x = 1 mm, the three streams mix; the velocity is reduced due to increased flow area (as the inlet 

splitter plates IS1 and IS2 are no longer present). Streams entering through I1 and I3 are found 

to focus towards the central stream (Fig. 4.1(a)), leading to increased flow velocity along the 

central stream (I2-O2). This is corroborated by the axial variation of velocities in Fig. 4.1(b); 

Parameters Base value 

(unit) 

Ranges of variation 

(unit) 

L 0.006 m Not varied 

W 0.002 m Not varied 

 1000 kg/m3 Not varied 

Uav 0.0106 m/s 0.004−0.1 m/s 

μ 0.001Pa-s 0.0003-0.0036 (Pa-s) 

a1 2 µm 0.5−3.0 µm 

a2 1.3 µm 0.2−1.9 µm 

χeff,1 and 

χeff,2 

0.1 0.025-0.25 

P 4 Am 0.2−6.6 Am  

Xmag 6 mm Not varied 

Ymag −1.5mm Not varied 

Npart 5×105 m-2s-1 Not varied 
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the velocities along the lines AA and CC are found to dip in the common flow area to a 

minimum value of ≈ 0.0055 m/s, while that along BB increases to a maximum value of 0.012 

m/s. The downward deflection of the stream I3 is particularly significant for the particle 

trajectories. It is intuitive that the particles (released from I3) would move in a downward 

direction - thus experiencing greater magnetic force that helps in their transverse transport.  

 

 

Velocity field in the early part of the separator section (1 mm  x  2.5 mm) gradually 

approaches parallel flow producing a nearly parabolic axial velocity profile at x = 3 mm. 

Beyond x = 4.0 mm, velocity profile again changes at the upstream of the outlet splitter plates 

OS1 and OS2 where the influence of flow splitting in the three outlets begins to generate 

transverse velocity components. Because of the wall shear in the separator section, a larger 

fraction of the flow takes place through the middle section of the channel; average flow 

velocity at the upstream ends of O1 and O3 are therefore smaller than that ahead of O2, and the 

outflow through O2 exceeds the outflow through O1 or O3. Fig. 4.1(b) clearly indicates that the 

peak velocity at the mid-plane of O2 (0.0166 m/s) is higher than the same at O1 and O3 (0.01495 

(b) 
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Fig. 4.1 (a) Host fluid velocity profile, and (b) the axial variation of axial velocity throughout 

the channel along AA, BB, and CC for the base case operation (see Table 4.1). 
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m/s for each). This also explains the fact that despite having the same flow rates at the three 

inlets (average flow velocity in each of them is 0.0106 m/s), the flow rates at the outlets differ. 

4.2.2 Particle Trajectory 

Figure 4.2 shows the simulated trajectories of 100 large (radii a1 = 2 µm, denoted by red lines) 

and 100 small (radii a2 = 1.3 µm, green lines) magnetic particle clusters that are released 

uniformly from the inlet I3 (i.e., 0.0015  y  0.002 m) through SPLITT flow devices for the 

base operating parameters (see Table 4.1). The number of particles in each cluster is so chosen 

that a particle influx rate for each type particle is maintained as 5×105 m-2s-1. From the particle 

trajectories in Fig. 4.2 it is observed that the outlet O1 captures 68 large particle clusters (along 

with 4 small particles clusters) while the O2 captures 68 small particles clusters (with 9 large 

particles clusters mingled with it). The remaining clusters of large particles are trapped on the 

outlet splitter wall OS1 intervening O1 and O2, and small ones collect at the upper wall of OS2.  

 

The larger particles experience higher magnetophoretic velocity than the smaller particles do. 

General trend of the particle trajectories indicates that initially, when the particles are far away 

from the dipole, they tend to move along the flow streamlines as the fluid drag dominates over 

Fig. 4.2 Particle trajectories in the magnetophoretic SPLITT device for the base case as 

shown in Table 4.1. 
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the magnetic force. But as the particles are advected towards the outlets, magnetic force 

becomes dominant over the drag force. Due to the difference in magnetophoretic mobility of 

the two types of particle clusters, they develop different transverse velocities. This coupled 

with the axial velocity of the flow and relative positions of the outlets segregate the particle 

clusters into outlet different regions of the flow.  

4.2.3 Capture Efficiency and Separation Index 

Having mapped the flow field and particle trajectories in the separator, the performance of the 

device is evaluated under the base operating condition. The performance parameters are 

defined following the target objective of the device, which is to separate the two different 

particle clusters in the streams flowing through their designated outlets. For a given 

combination of different operating parameters (e.g., P, a, Uav, χeff, and μ), not every particle 

entering the microchannel escape through the designated outlets. For example, it can be 

counted from Fig. 4.2 that 68 of the 100 particle clusters of larger mobility are collected at the 

(either trapped in the wall of or flowing out through) outlet O1 while 68 of the 100 smaller 

clusters are collected at (trapped or flowing out through) the outlet O2. It is worth noting that 

the collection of particles on the left (vertical) faces of the outlet splitters and on the channel 

wall at the upstream of the outlet splitters (i.e., x < 5.1 mm) are not accounted in computing 

the performance parameters. Therefore, the efficacy of the device in separating a fraction of 

the incoming particles at the designated outlet is quantified in terms of Capture Efficiency 

(CE), which is defined as,   

1
1

Number of  particle clusters of  larger mobility collected at O

Number of  particle clusters of  larger mobility entering the separator
CE =  and                  …..(4.1) 

2
2

Number of  particle clusters of  smaller mobility collected at O

Number of  particle clusters of  smaller mobility entering the separator
CE =                      
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In the above metric, the SPLITT device (Fig. 4.2) records CE1 = 68% and CE2 = 68%. 

However, the overall device performance is not reflected in the CE figures alone. It may be 

noticed that the outlet O1 collects 4 clusters of smaller magnetophoretic mobility, besides the 

68 clusters of larger mobility. Same situation arises for the outlet O2, where 9 clusters of larger 

mobility are also mixed with the 68 clusters of smaller mobility. Therefore, the extent (or 

purity) of separation is not perfect (i.e., 100%) at both the outlets. The purity of separation is, 

therefore, best quantified by separation index (SI) at both the outlets, defined as: 

1

1
1

Oat  collected clusters particle ofnumber  Total

Oat  collectedmobility larger  of clusters particle captured ofNumber 
=SI , and                 …..(4.2) 

2

2
2

Oat  collected clusters particle ofnumber  Total

Oat  collectedmobility smaller  of clusters particle captured ofNumber 
=SI    

Therefore, it ensues from Fig. 4.2 that the two outlets of the SPLITT device record separation 

indices of SI1 = 94% and SI2 = 88%.  

4.2.3.1 Effects of operating parameters on CE 

It has been shown before [108] that the particle trajectories depend on the operating parameters 

e.g., the dipole strength, particle size and susceptibility, fluid viscosity and velocity. Hence, 

the capture efficiency and separation index are also expected to be functions of these operating 

parameters [108]. The trajectory of magnetophoretic motion of a particle in the pressure-driven 

flow ensues from a competition between the drag force (Fd ~ 6πaμUav) and the magnetic force 

(Fm ~ 4/3πa3χeffP
2) [8]. Intuitively, the ratio of magnetic force to drag force, represented by a 

group variable Π = (a2χ P
2/μUav), is expected to influence the capture efficiency and separation 

index of the device. Figure 4.3 shows the variations of CE1 and CE2 as functions of Π1 = 

(a2χeff,1P
2/μUav) and Π2 = (a2χeff,2P

2/μUav), respectively. Every parameter of the two group 

variables have been changed individually within the parametric range shown in Table 4.1, 
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keeping all others parameters constant at their base values. All the points in the plots showing 

variations of CE1 with Π1 (Fig. 4.3(a)) and CE2 with Π2 (Fig. 4.3(b)), obtained by varying each 

of the parameters P, χ, a, μ and Uav, are found to merge with each other. Figure 4.3(a) shows 

that CE1 remains nearly zero until Π1 exceeds a threshold value of 1.4×10-7 A2m5/N, when the 

lowermost particles (cluster) of larger magnetophoretic mobility gets marginally captured at 

the outlet O1. For Π1> 1.4×10-7 A2m5/N (i.e., for an increased P, a or  eff or decreased μ or 

Uav) a greater magnetic influence on the particles causes a greater number of clusters of larger 

mobility to collect at O1 (see Fig. 4.3(a)). The base case (corresponding to the operating 

parameters described in Table 4.1) corresponds to Π1 = 4.0×10-7 A2m5/N for which CE1 = 68% 

was observed. This increasing trend continues until CE1 shows a maximum (73%) at Π1 = 

4.4×10-7 A2m5/N (denoted as Π1,peak in Fig. 4.3(a)). Beyond Π1,peak , more and more particles 

get trapped on the lower wall of the separator ahead of the outlet O1 due to the increased 

magnetic attraction. This progressively reduces the number of particle clusters that are 

collected at the outlet O1. Finally, the CE1 value drops down to zero beyond Π1 = 9.6×10-7 

A2m5/N, when none of the clusters of larger magnetophoretic mobility are collected at O1. 

Likewise, CE2 also exhibits an increasing trend at low Π2 values (see Fig. 4.3(b)), peaking at 

Π2 = 1.53×10-7 A2m5/N (denoted in Fig. 4.3(b) as Π2,peak), and then declining at higher Π2. For 

the particle clusters of lower mobility, the collection port (O2) is located closer to the original 

particle stream. Therefore, the CE2 peak is observed at a lower value of Π2 (than the Π1 for the 

CE1 peak). Beyond Π2,peak , the value of CE2 decreases monotonically, since the magnetic force 

in this regime overwhelms the fluid drag, pulling a larger number of the particle clusters below 

O2, so that they are either collected at O1 or on the lower wall. The base case of operating 

parameters (see Table 4.1) corresponds to Π2 = 1.69×10-7 A2m5/N falls in this regime. Finally, 
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beyond Π2 74.6 10−   A2m5/N, CE2 drops down to zero, when none of the smaller particles 

is collected at O2. It is evident from Fig. 4.3 that one would prefer to operate the device such 

that the Π1 and Π2 values are close to their optimum values that produce the highest CE1 and 

CE2. From Fig. 4.3 it is apparent that the ratio (Π1,peak / Π2,peak) is approximately 2.86, while 

that chosen as the base case (Table 4.1) is approximately 2.36. 

While the operating ranges of both the group variables Π1 and Π2 can be simultaneously 

controlled by altering P, μ or Uav, the ratio Π1 / Π2 (= rm) can be tuned close to the optimum 

value (Π1,peak / Π2,peak) by suitable choice of the individual properties of the particles (i.e., 

particle diameter and effective susceptibilities). It implies that by varying the particle 

properties (i.e., a and χeff) in a selective manner their relative mobilities are so influenced that 

rm attains the optimum value Π1,peak/ Π2,peak. These two properties can be grouped as  

β* = a2 χeff,                     …..(4.3) 

for a particular particle type.  

The other three variables in the definition of Π (i.e., P, μ and Uav) has been separately clubbed 

together as  

γ = P2/ (μUav),                     …..(4.4) 

such that, 

Π1 = γβ*1, and Π2 = γβ*2.                   …..(4.5) 
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4.2.3.2 Effects of operating parameters on SI 

It may be worth noticing that the capture efficiency of a particle type depends solely on how 

the operating parameters influence the trajectory of the specific particle type. However, the 

separation index for a particular particle type would also depend on the trajectories of the other 

particle type. Figures 4.4(a) and (b) show the variations in the separation indices for the two 
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Fig. 4.3 Particle capture efficiencies (a) CE1 as a function of Π1 (a1
2χeff,1P

2)/(μUav) and (b) 

CE2 as a function of Π2 (a2
2χeff,2P

2)/(μUav) for the SPLITT device. Results show that all the 

parametric plots collapse on a single curve, representing how CE values depend upon 

different parameters (dipole strength P, magnetic susceptibility χ, particle size a, fluid 

viscosity μ and fluid velocity Uav). 
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types of particle clusters plotted as functions of the group variables Π1 and Π2, respectively. 

Unlike the plots for the CEs, the SI vs Π plots do not collapse on single curve for variation of 

all the five parameters. However, the SI vs Π plots obtained by varying the constituent 

parameters of γ nearly merge (see Figs. 4.4(a) and (b)). Figure 4.4(a) shows that for 1.68× 10-

7 < Π1 < 3.64×10-7 A2m5/N (with β*1 and β*2 corresponding to the base values described in 

Table 4.1), only the particles with larger mobility would reach the outlet O1 leading to SI1 = 

100%. At larger values of Π1, attributed either to an increased P or a decreased Uav or μ, SI1 

decreases monotonically due to the premature capture of the larger-mobility particle clusters 

before their designated outlet. This is also aggravated by the unwanted carry-over of the lower-

mobility particles in O1 (see inset (C1) of Fig. 4.4(a)). 
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For the particles of lower mobility, Fig. 4.4(b) show that the SI2 value is initially low due to 

partial carryover of the higher-mobility particles at O2 (see inset (C2) of Fig. 4.4(b) for the 

corresponding particle trajectories). At larger Π2 values, the unwanted carry-over of larger 

mobility particles to the outlet O2 decreases (as more of them are diverted to O1), while the 

capture of smaller-mobility particles at O1 goes up (resulting in a decline of SI1). Beyond Π2 = 

1.88×10-7 A2m5/N, no larger-mobility particle enters the outlet O2 and the SI2 = 100% persists 

at the highest range of Π2 considered for the study. The situation differs when the particle 

property parameter β*, i.e., a and χeff are varied selectively. For example, an increase of a1 or 

χeff,1 leads to an increase of Π1 over its base value but at the same time the corresponding Π2 

remains at its base value; thus it increases the rm. Therefore, the plots of SI1 vs Π1 (Fig. 4.4(a)) 

with varying a1 and χeff,1 (while keeping the other parameters constant at their base values) 

differ from the previous three plots (obtained by varying P, μ or Uav). The same trend is 

C2 

C6 

C4 

(b) 

Fig. 4.4 Particle separation indices (a) SI1 as a function of Π1 (=β*1γ) and (b) SI2 as a 

function of Π2 (=β*2γ). SI plots are segregated nearly to two basic trends: one for the 

constant β* (i.e., varying γ) case and the other for constant γ (i.e., varying β*) case. Here, 

β* = a
2
χeff  and γ = P

2
/( μUav). 
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observed for the SI2 vs Π2 plots (Fig. 4.4(b)) for varying a2 and χeff,2, which differ from the 

corresponding plots under varying P, μ or Uav. Both Figs. 4.4(a) and (b) show that the SI vs Π 

plots nearly overlap when a and χeff are varied, giving a wide range of Π where SI values exceed 

70%. On either side of this region, the SI values flag. In Fig. 4.4(a), the drooping trend of SI1 

at the lower Π1 regime (e.g., 2×10-7 < Π1<4.0×10-7 A2m5/N) can be explained from the fact 

that as Π1 decreases, rm approaches unity; as the mobility contrast between the particles 

diminishes, they become harder to segregate (see inset (C3) of Fig. 4.4(a) where rm ~ 1.18; the 

corresponding CE and SI figures can be found in Table 4.2). The same effect (of decreased SI2 

with rm approaching unity) is observed when Π2 is on the higher side (e.g., 2.5×10-7 < Π2 

<4.4×10-7 A2m5/N) because of increased a2 or χeff,2 (see inset (C4) of Fig. 4.4(b)). For 7×10-7 

A2m5/N < Π1 resulting from an increase of a1 or χeff,1 beyond the base value, the SI1 drops (Fig. 

4.4(a)) as fewer number of larger mobility particles are captured at O1. Inset (C5) of Fig. 4.4(a) 

shows a condition where only 8 numbers of larger mobility particle clusters are captured at O1 

(the remaining are collected prematurely on the separator wall); 4 number of smaller mobility 

clusters (same as observed in the base case, Fig. 4.2) are still collected at the same outlet, 

bringing down the SI1 from the base value (see Table 4.2). Similar situation arises for 

Π2<1.7×10-7 A2m5/N in Fig. 4.4(b) (for smaller values of a2 or χeff,2); the magnetic force gets 

weaker such that fewer number of smaller-mobility clusters are collected at O2 while the same 

(as in the base case) number of larger mobility particles are still collected alongside (see inset 

(C6) of Fig. 4.4(b)); this brings down the SI2 value at the lower Π2 regimes. Thus, while Fig. 

4.3 suggests that the CE figures are best represented by the group variable Π, it is evident from 

Fig. 4.4 that the SI values are better represented as function of the product of the group 

variables γ and β*; the SI vs Π plots clearly separate into two basic trends: one for constant β 
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(i.e., varying γ) and the other for constant γ (i.e., varying β*). Both Figs. 4.3 and 4.4 serve as 

the basis for selection of particle properties (i.e., β*1 and β*2) and the operating parameters 

(i.e., γ) so as to operate the SPLITT device in the regime of best possible capture efficiencies 

and separation indices for both the particle types. 

Table 4.2: Parameters for different insets (C1, C2, C3, C4, C5, C6) shown in Fig. 4.4 a 

and b.* 

 C1 C2 C3 C4 C5 C6 

P (A-m) 4 4 4 4 4 4 

a2 (µm) 1.3 1.3 1.3 1.9 1.3 0.3 

a1 (µm) 2 2 2 2 2.9 2 

χ eff,1 0.1 0.1 0.05 0.1 0.1 0.1 

χ eff ,2 0.1 0.1 0.1 0.1 0.1 0.1 

μ (Pa-s) 0.0005 0.0019 0.001 0.001 0.001 0.001 

Uav  (m/s) 0.01067 0.01067 0.01067 0.01067 0.01067 0.01067 

Π2 (A2m5/N) 3.38×10-7 8.89×10-8 1.69×10-7 3.61×10-7 1.69×10-7 9.0×10-9 

Π1 (A2m5/N) 8.0×10-7 2.1×10-7 2.0×10-7 4.0×10-7 8.4×10-7 4.0×10-7 

rm 2.36 2.37 1.18 1.10 5.32 44.44 

O1 

N11 12 23 19 68 8 80 

N21 55 0 4 71 4 0 

CE1 (%) 12 23 19 68 8 80 

SI1 18 100 83 49 67 100 

O2 

N12 0 61 60 9 0 9 

N22 8 45 68 22 68 7 

CE2 (%) 8 45 68 22 68 7 

SI2 100 42 53 71 100 44  

* Note: Nij = Number of ith. particles collected at jth. outlet, where i=1, and 2 denote particles 

with larger and smaller mobilities respectively, and j denotes the outlet (j= 1 for O1 and j=2 

for O2) 
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4.2.3.3 Influence of β* and  on the SI 

In order to identify the influence of individual group parameters β* and  on the separation 

indices under the base condition (i.e., 1 = 4.0×10-7 A2m5/N and 2 = 1.69×10-7 A2m5/N), SI1 

and SI2 are plotted as functions of  in Fig. 4.5. The values of β*1 and β*2 are accordingly 

varied (shown in the secondary x axis in Fig. 4.5) to maintain the fixed values of 1 and 2. It 

is evident from the plots that at small values of  (i.e., large β*1 and β*2), the SI1 increases and 

SI2 decreases sharply with increase in . The separation indices assume nearly constant values 

(SI1~ 94% and SI2 ~88%) beyond  ~ 3.03×105 A2m3/N. Separation indices of the SPLITT 

device for  < 3.03×105 A2m3/N is vulnerable to any small deviation of the operating 

parameters, and therefore, should be avoided for reliable performance of the device. Also, the 

fact that SI1 is greater than SI2 for the regime of constant SI (i.e.,  > 3.03×105 A2m3/N) has 

another implication: if out of the two target moieties to be separated, one demands a better 

purity of the separated streams, it needs to be functionalized with the magnetic particles having 

larger magnetophoretic mobility.

 

Fig. 4.5 Variation of SI1 and SI2 as functions of  for 1 = 4.0×10-7 A2m5/N and 2 = 

1.69×10-7 A2m5/N (corresponding to the base values). The corresponding *1 (= 2.37 *2) 

is plotted along the secondary x axis.  

SI1 

SI2 

* 
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The foregoing analysis optimizes the operating parameters of a standard SPLITT configuration 

to achieve a desirable range of capture efficiencies and separation indices. It is important to 

note that these performance parameters of the SPLITT device would also be influenced by the 

geometry of the device, e.g., the position, spacing and widths of the outlets, shape and positions 

of the separator plates, dipole position, etc. Therefore, complete design specification of 

SPLITT device would also warrant, over and above the present analysis, a detail study on the 

influence of the geometric parameters, which is left as future exercise. 
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4.3 Influence of geometry of channel on SPLITT device performance and 

comparison with the same for an FFF device 

The salient difference in the FFF and SPLITT devices exists in the geometry of the outlet plane. 

While in FFF, the designated outlets for larger and smaller particles lay on the lower wall of 

the channel, for SPLITT device the two outlets occupy the main flow outlet (at x = L). Varying 

the relative dimensions of the individual outlets, therefore, offer avenues for altering the 

performance of both FFF and SPLITT devices. In this section, the influence of outlet flow 

channel widths for a SPLITT and FFF device is compared. The throughputs of the different 

sized particles through respective outlets are observed for different outlet dimensions. Heights 

of the outlet one, two and three of the SPLITT device are represented by LS,O1, LS,O2 and LS,O3  

respectively (see Fig. 3.4). Salient operating conditions (which partly differs from those used 

for the SPLITT devices so far) for the SPLITT and FFF devices are summarized in Table 4.3.  

Table 4.3. The base values of different parameters of the present study for FFF and 

SPLITT device. 

Parameters Values Parameters Values 

a1 (µm) 1 µ (Pa-s) 0.001 

a2 (µm) 2 Uav(m/s) 0.014 

χeff,1 0.1 Xmag (m) 0.002 

χeff,2 0.1 Ymag (m) -0.002 

𝜌 (kg/m3) 1000   

4.3.1 SPLITT Device 

Since the relative heights of the outlet ports alter the fluid fractionation (fraction of flow 

coming out from a particular device in a specific outlet) in the channel, is found that the outlet 

heights become one influencing parameter in capture efficiency and separation index. LS,O1, 

LS,O2 and LS,O3 are varied keeping total outlet height constant (LS,O1 + LS,O2 + LS,O3 = 0.15 mm). 

Figure 4.6 shows how the capture efficiency is varied with increase and decrease of LS,O1, LS,O2 
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and LS,O3. Figure 4.6(a) shows with increase LS,O1, CE1 increases but CE2 decreases. Whereas, 

it is also noticed from the results that with increase LS,O2, CE2 increase but CE1 decrease. From 

these two results it is observed that at some value of LS,O1 and LS,O2, CE1 and CE2 is maximum. 

Here one behaviour of the particles is noticed that is CE1 is increasing more rapidly than CE2. 

This is 
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Fig. 4.7 Variation of particle trajectories for different channel outlet length (a) LS,O1 = LS,O2 = 

LS,O3=0.5 mm (b) LS,O3=0.2 mm, LS,O1 = LS,O2 =0.65 mm. 
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because some smaller particles are escaping through LS,O3 continuously. Figure 4.6(b) shows 

with increase in LS,O3, CE1 and CE2 both decreases. At the same time, with variation of LS,O1 

and LS,O2 equally, CE1 and CE2 increases. This is because when LS,O3 increases then LS,O1 and 

LS,O2 decreases proportionately. Therefore, particles do not get sufficient space for escaping 

through LS,O1 and LS,O2. From Fig. 4.7 it can be seen that with increase LS,O1, LS,O2 and decrease 

LS,O3, CE1 and CE2 increases. In this figure it is noticed that with increase LS,O1 and LS,O2 more 

number of particles are escaping through the respective outlets. As a result, CE1 is increased 

from 54 to 80 % and CE2 from 49 to 95 % similarly SI1 remains constant at 100 % at both the 

cases and SI2 increases from 83 to 98 %. From the above results it is found that at LS,O3 = 0.2 

mm and LS,O1 = LS,O2 = 0.65 mm the maximum CE1(80 %) and CE2 (95 %) can be obtained 

with very high SI1(100 %) and SI2 (98 %) also. 

4.3.2 FFF device   

It is observed that as length of outlet1 (LF,O1) is increased, initially CE1 increased but this 

increasing trend tapered off beyond LF,O1 = 1.6 mm. As more flow is diverted through the outlet 

1 for an increased LF,O1, more particles (even the smaller ones) escape through outlet1, thus 

pushing up the CE1. However, CE2 decreases with increasing LF,O1 as more of the smaller 

particles start to be collected in outlet 1 leading to a decrease in CE2. SI1 is also affected because 

of this unwanted escape of the small particles through outlet 1 (see Figs. 4.8 and 4.9 (a)). The 

reverse trend (increasing CE2 and decreasing CE1) is observed with increase of LF,O2 as the 

flow (and resulting drag) would tend to carry even some of the larger particles to outlet 2. From 

Fig. 4.9 (a) it may be observed that for LF,O1 = 1.8 mm, LF,O2 = 0.6 mm one gets very high CE1 

(= 94 %) and SI2 (100 %), but CE2 (45 %) and SI1 (88 %) are lower. On the other hand, Fig. 

4.9(b) shows that CE1 88 %, CE2 81 %, SI1 100 %, SI2 100 %. Between the 
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Fig. 4.8. Variation of CE1 and CE2 with length of outlet O1, LF,O1 when LF,O1+ LF,O2 = 2.4 

mm. 

 

 

Fig. 4.9 Particle trajectories in different outlet length (a) LF,O1 = 1.8 mm, LF,O2 = 0.6 mm and 

(b) LF,O1 = LF,O2 = 0.6 mm. 

two cases described in Fig. 4.9 the FFF device will yield an overall better performance for 

LF,O1 = LF,O2 = 0.6 mm. The choice of operating conditions (the length ratios for the outlets) 

would also depend on the relative importance of collecting larger number of particles vis a vis 

collecting them unmixed. 
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4.4 Influence of operating regime in particle separation in hybrid free flow 

magnetophoretic microfluidic device 

Having characterized the flow and particle separation in a SPLITT device in detail, and 

carrying out a brief comparison between the performances of FFF and SPLITT device under 

different outflow channel dimensions, we now aim at characterizing the performance of a 

magnetophoretic hybrid free flow magnetophoretic microfluidic device having two inlets and 

three outlets for immunomagnetic isolation of three different species from a continuous flow. 

The hybrid device works on the principle of split-flow thin (SPLITT) fractionation, field flow 

fractionation (FFF) mechanisms and free flow magnetophoresis. Transport of the magnetic 

particles in the microchannel has been predicted and influence of the salient operating 

parameters on the performance of the separator is studied by characterizing the particle 

trajectories, and their capture and separation indices. Finally, an optimum operating regime is 

identified that yields the maximum capture efficiency and separation index. 

Table 4.4: Base values and the range of the operating parameters (a1 and a2 are magnetic, 

while a3 is nonmagnetic particle) 

Parameters Base value 

(unit) 

Ranges of variation 

(unit) 

L (m) 0.006  Not varied 

W (m) 0.002  Not varied 

 (kg/m3) 1000  Not varied 

Uav (m/s) 0.01  0.003-0.023  

μ (Pa-s) 0.001 0.0003-0.0013  

a1 (µm) 2  1.1-3.7  

a2 (µm) 1  0.1-1.8  

a3 (µm) 0.5  0.05-0.6  

χeff,1  0.1 0.01-0.34 

χeff,2 0.1 0.01-0.34 

P (Am) 4  0.5-3.0 

Xmag (mm) 6  Not varied 

Ymag (mm) −1.5 Not varied 
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Npart (m
-2s-1) 5×105  Not varied 

 

4.4.1 Particle tracking 

Figure 4.10 depicts the particle trajectory of 100 number of large (of diameter 2 μm and 

represented by red lines) and small (of diameter 1 μm and represented by cyan lines) magnetic 

and one type of nonmagnetic (of diameter 0.5 μm and represented by black lines) particles at 

base operating regime as shown in Table 4.4. The particles of each type are released inside the 

microchannel through I1 (i.e., 0.0015 ≤ y ≤ 0.002 m). For maintaining the particle influx rate 

of 5×105 m-2s-1 inside the channel of each type of particle, the number of particles in each 

cluster is so chosen. Inside the channel, particles are influenced by the fluidic drag and 

magnetic force. The results show that all the 100 number of large magnetic particles along with 

8 out of 100 number of small magnetic particles are captured at O1 (see Fig. 4.10). Among the 

rest of the small magnetic particles, 81 particles are captured at O2 and the remaining 11  

 

particles are captured at O3. Inside the 100 number of nonmagnetic particles, 16 are captured 

at O2 and remaining are captured at O3. Since the sizes of the magnetic particles are different, 

 

  

 

 

O1 

O2 

O3 
I1 

I2 

Fig 4.10 Particle trajectory of two different types magnetic microspheres (Red and turquoise 

ones) and one nonmagnetic microsphere (Black) inside the device at base operating regime 

as shown in Table 4.4. 
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the mobility of the particles varies due to magnetic and fluidic drag forces. Also, non-magnetic 

particles are only influenced by the drag force. The drifting velocity of the particles vary, which 

results in particles of different types being captured through a single outlet. This implies that a 

mixture of large and few small magnetic particles are captured at O1 and a mixture of the 

nonmagnetic and small magnetic particles are captured at O2 and O3 as shown in Fig. 4.10. 

4.4.2 Separation of magnetic and nonmagnetic microspheres 

Figure 4.10 shows the trajectory of three different types of microspheres in the microfluidic 

device under the base operating regime. The basic objective of the present study is to separate 

three different types of particles simultaneously through their designated outlets i.e. large 

magnetic particles through O1, small magnetic particles through O2 and the nonmagnetic 

particles through O3. Depending upon the drifting velocity obtained by the particles, they try 

to escape through non-designated outlets as shown in Fig. 4.10. Therefore, the device 

performance is characterized here by capture efficiency (CE) i.e., the ratio of number of 

particle clusters (large magnetic, small magnetic and nonmagnetic) collected at their 

designated outlets (i.e., O1, O2 and O3, respectively) to the number of the corresponding particle 

clusters that has entered into the channel. Thus, 

1
1

Number of  particle clusters of  larger mobility collected at O

Number of  particle clusters of  larger mobility entering the separator
CE =  

2
2

Number of  particle clusters of  smaller mobility collected at O

Number of  particle clusters of  smaller mobility entering the separator
CE =    …..4.6 

3
1

Number of  particle clusters of  nonmagnetic collected at O

Number of  particle clusters of  nonmagnetic entering the separator
CE =  
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In the above format of CE, the microfluidic device record 100% CE1, 81% CE2 and 83% of 

CE3 as can be viewed from Fig. 4.10, for base operating conditions. This suggests that all the 

incoming particles of the three type are not escaping through their designated outlets, as Fig. 

4.10 shows that 8 small magnetic particles with large magnetic particles are escaping through 

O1, 16 nonmagnetic particles with 81 small magnetic particles are escaping through O2 and 11 

small magnetic particles with 84 nonmagnetic particles are escaping through O3. Therefore, 

the extent of the purity of separation is not perfect at the outlets (O1, O2 and O3). In separating 

three different type particles, one unavoidable circumstance is the intermixing of different type 

particles during escaping through separate outlets. Total performance of the microfluidic 

device cannot only be justified by only CE due to the intermixing phenomenon. For a complete 

characterization of such type device, it is also very crucial to know the extent of intermixing 

of the particles in the outlets. Which can be achieved by considering the separation index (SI) 

for each type of particles. To quantify how good the purity of the separated streams is, 

separation index (SI) of the device is also evaluated as follows: 

 1
1

1

Number of  captured particle clusters of  larger mobility collected at O

Total number of  particle clusters collected at O
SI =  

2
2

2

Number of  captured particle clusters of  smaller mobility collected at O

Total number of  particle clusters collected at O
SI =    

…..4.7

 

3
3

3

Number of  captured particle clusters of  nonmagnetic collected at O

Total number of  particle clusters collected at O
SI =  

The extent of the intermixing for Fig. 4.10 can be expressed as SI1 = 93%, SI2 = 83% and SI3 

= 88%. 
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4.4.2.1 Effect of operating parameters on CE 

In the free flow magnetophoresis inside the hybrid microfluidic device for a pressure driven 

background flow configuration, trajectory of magnetic particles depends upon magnetic (Fm ~ 

4/3πa3χeffP
2) and fluidic (Fd ~ 6πaμUav) force whereas, the trajectory of nonmagnetic particles 

depends only upon fluidic force (Fd ~ 6πaμUav). Hence capture efficiency (CE) and separation 

index (SI) becomes a function of the magnetic and fluidic force. Therefore, a group variable Π 

(= a2χP2/μUav) consisting of the magnetic and drag force, expected to be a function of CE and 

SI for the magnetic particles. Whereas CE and SI for the nonmagnetic particles are expected to 

be a function of fluidic group variable ξ {=(a3μUav)}, as they do not respond to the magnetic 

parameters.  

Figure 4.11 (a) expresses the variation of CE1 versus Π1 (= a1
2χ1P

2/μUav). Inside the group 

variable, every parameter is varied keeping other parameters at their base values, as shown in 

Table 4.4. From Fig. 4.11 (a) it is observed that curves for the variations of every parameter 

are merging with each other. Figure 4.11 (a) also depicts that when the Π1 exceeds the value of 

1.8×10-8 A2m5/N, the value of CE also starts to increase above its near-zero value, as a gradual 

increase in the marginal capture of larger magnetophoretic mobility particle begins at O1. Π1 

increases with an increase in either a, P or χeff, that leads to an increase in particle 

magnetophoretic mobility. Otherwise, Π1 increases with any decrease in either Uav or μ, and  
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that decrease the particle fluidic influence which leads to a greater number of large particles 

get captured at O1 (see Fig. 4.11 (a)). This increasing trend continues until the maximum value 

of CE1 (100%) is reached when the value of Π1,peak is 8.1×10-8 A2m5/N. Beyond this value of 

Π1,peak, CE1 decreases as a greater number of large magnetic particles get captured before O1 

due to increased magnetic influence or decreased fluidic influence. This trend ends at Π1 = 
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Fig. 4.11: (a) Large magnetic particle and (b) small magnetic particle capture efficiency, CE1 

and CE2 as a function of Π1 {=(a1
2χeff,1P

2)/(μUav)} and Π2 {=(a2
2χeff,2P

2)/(μUav)} respectively 

for the microfluidic device. Results confirmed that CE values depend upon different magnetic 

and fluidic operating parameters (dipole strength P, magnetic susceptibility χ, particle size a, 

fluid viscosity μ and fluid velocity Uav), since all the parametric plots collapse on a single 

curve. 
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3.364×10-7 A2m5/N, when CE1 drops down to zero, due to non-capture of large magnetic 

particles at O1. 

Figure 4.11 (b) shows the variation of CE2 with a variation of Π2 (= a2
2χ2P

2/μUav). The trend 

of the curve in Fig. 4.11 (b) is similar to that of Fig. 4.11 (a), initially CE2 increases and then 

decreases beyond Π2,peak. Maximum CE2 is observed when Π2,peak is 2.25×10-8 A2m5/N. After 

Π2,peak, CE2 decreases because when fluid velocity or fluid viscosity increases, a greater 

number of small magnetic particle try to escape through O3 otherwise, they try to escape 

through O1, when P, a or χeff is increased. Finally, the decreasing trends end beyond the Π2 

value of 88 10−   A2m5/N, when no small magnetic particle get captured at O2. From Fig. 

4.11 (a) and (b) it is also observed that Π1,peak > Π2,peak, this may be because of the position of 

O2. From Fig. 4.11 (a) and (b), it is evident that the user would prefer to operate the device 

such that the value of Π remain close to the Πpeak.  

Figure 4.12 shows the variation of CE3 for the nonmagnetic particles with a variation of fluidic 

group variable ξ {=(a3μUav)}. The nonmagnetic particles are not be influenced by the magnetic 

force since it has no intrinsic magnetic property. As a result, there are no effect of P and χeff on 

CE3. Intuitively, a group variable ξ {=(a3μUav)} is considered here without any magnetic 

parameter, as nonmagnetic particles are influenced only by drag force (Fd ~ 6πaμUav). As the 

magnetic dipole is placed transverse to the flow direction, outside the channel, the magnetic 

particles try to cross the streamlines towards the magnetic dipole. Whereas, the nonmagnetic 

particles try to travel along the streamlines, as a result, there are no cross-stream migration of 

the nonmagnetic particles from the streamlines. They try to follow the streamlines of the fluid  
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flow and also try to escape through O3 not affected by the magnetic force. From Fig. 4.12 it 

can be observed that CE3 is nearly invariant with ξ and its value is 83%, not 100%, this is due 

to the presence of an obstacle at the path from I1 to O3 (can be seen in Fig. 3.3) which results 

in escaping of 17 number of nonmagnetic particles through O2. 

4.4.2.2 Effect of operating parameters on SI 

The capture efficiency of a particle depends upon its own trajectory only, whereas the 

separation index of the particle depends also on the trajectories of all other types of particles. 

Figure 4.13 (a) and (b) represents the variation of SI1 and SI2 with Π1 and Π2 respectively. 

From Fig. 4.13 (a) and (b) it is observed that all of the curves are not merging into a single one, 

unlike the CE curves in Fig. 4.11, when individual operating parameters are varied keeping the 

other parameters at their base values. For the SI curves, two different trends are found in Fig. 

4.13 (a) and (b), one is for magnetic particle size (a) and particle magnetic susceptibility (χeff) 

and another is for other operating parameters (P, Uav and μ). Therefore, from these trends, two 
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Fig. 4.12 Depicts nonmagnetic particle capture efficiency CE3 as a function of ξ 

{=(a3μUav)} for the microfluidic device. Results show that all the fluidic parametric plots 

collapse on a single curve, showing, how CE values depend upon different operating 

parameters (particle size a, fluid viscosity μ and fluid velocity Uav). 
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different group variables can be defined as β* (=a2χeff) and γ (=P2/Uavμ) so that Π can be 

expressed as  

Π= β*γ                                    …..(4.8) 

Figure 4.13 (a) and (b) show that the constituent parameters of the two-group variables merge 

with each other. From Fig. 4.13 (a) it is noticed that up to the value of 7.5×10-8 A2m5/N for Π1, 

SI1 remains at 100% as only large magnetic particles get captured at O1, for the curve of γ 

variation for a constant β1* (=4.0×10-13 m2). Beyond that value of Π1, SI1 decreases, due to the 

escape of other types of particles through O1. This is because, as the Uav and μ increases, Π1 

decreases and drag force increases, which results in an increasing number of the small particles 

are being captured at O2 instead of O1, increasing the SI1. When P increases Π1 also increases, 

which results in an increase in the influence of magnetic force on the magnetic particles and a 

greater number of small particles get captured at O1.  

From Fig. 4.13 (b) it is observed that when the value of Π2 increases beyond 4.9×10-9 A2m5/N, 

SI2 increases for the curve of γ variation. This is because when P increases, large magnetic 

particles, which was initially captured at O2 would now try to escape through O1. This results 

in an increase in SI2. When Uav and μ decrease, Π2 increases, and the large magnetic particles, 

which previously captured at O2 now are captured at O1. This trend of the curve remains the 

same until Π2 reaches the value of 2.025×10-9 A2m5/N, when maximum SI2 is obtained at 83%. 

Beyond that value of Π2, SI2 again decreases. This is because, with a decrease in Uav and μ and 

an increase in P, small magnetic particles try to escape through O1 with large magnetic 

particles. Since the trajectory of the nonmagnetic particles remains almost unchanged 

throughout the variations, therefore the relative impacts of their trajectories on SI1 and SI2 

remain unchanged. 
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When the parameters of the other group variable β*, i.e. a and χeff , are varied, its situation 

differs from the situation of γ variation. For instance, when the two-parameter a and χeff 

increases, Π1 and Π2 also increase, as a result ratio of Π1/ Π2 increases. Therefore, in the Fig. 

4.13 (a), plot of β*1 (varying a1 and χeff1, keeping the other parameters constant at their base 

values) differ from the plot of γ (obtained by varying P, μ or Uav). Similar phenomenon 

observed in the plots of SI2 vs Π2 during variation of a2 or χeff,2, in comparison to the plots of 

γ. In Fig. 4.13 (a) and (b) it is noticed that both the curve for β* during variation of a and χeff 

merge with each other.  

Therefore, Fig. 4.11 recommends that the CE figures can be represented by the group variable 

Π, whereas Fig. 4.13 suggests that the SI values are better represented as a function of the 

product of the group variables β* and γ for the magnetic particles. Since the SI vs Π plots 

clearly discrete into two basic trends: one for constant γ (i.e., varying β*) and the other for  
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constant β* (i.e., varying γ). Both Figs. 4.11 and 4.13 serve as the basis for selection of the 

magnetic particle properties and the operating parameters (i.e., β*) so as to operate the 

microfluidic device in the regime of best possible capture efficiencies and separation indices 

for both the magnetic particle types. 

Figure 4.14 shows the variation of SI3 with ξ. Here also all the individual parameters are varied 

keeping other parameters at their base values. Like Fig. 4.13, here also two different trend of 

SI curve is obtained, one is for Uav and μ, and the other one is for a. Since nonmagnetic particles 

does not react in magnetic field, influence P and χ are neglected for the present study. When 

a3 is varied other parameters remain at their base values. With increase of a3, ξ increases and 

drag force on the particles also increases, which influence only the nonmagnetic particles to 

escape from the device by following the streamlines of the fluid flow, therefore, no change in 
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Fig. 4.13 (a) Large and (b) small magnetic particle separation index SI1 and SI2 as a function 

of Π1 and Π2. Results clearly separate out two basic trends as one for β* (=a2χeff) and the other 

is γ (=P2/Uavμ). 
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SI3 is observed. Whereas, when Uav and μ increases ξ increases, which influence the trajectories 

of magnetic and nonmagnetic particles, as a result SI3 varies. With increase in Uav and μ drag  

 

 

 

force on the magnetic particles increases, meanwhile the influence of magnetic force on the 

magnetic particles remain unchanged. Which results in small magnetic particles, previously 

try to escape through O2, now escape through O3 decreasing the SI3. From Fig. 4.14 it is 

observed that up to the value of 4.0×10-12 Pam2of ξ, SI3 remains at its maximum value (100%), 

after which it is decreases.  

In comparison to Fig. 4.13, where two different group variables (β* and γ) obtained from the 

result (based on the curves merged for individual parametric variation), here a and γ*(=Uavμ) 

can be considered due to same reasons. Where γ* is function of Uav and μ. Therefore, ξ can be 

expressed as  

ξ = aγ*                              ……..(4.9) 
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Fig. 4.14 Smallest nonmagnetic particle separation index SI3 as a function of ξ. Results clearly 

separate out two basic trends as one for a3 and the other is for γ* (=Uavμ). 

 



87 | P a g e  

 

4.5 Influence of channel geometry on separation of the hybrid free flow 

magnetophoretic microfluidic device 

Having characterized the particle separation in the hybrid free flow magnetophoretic 

microfluidic device for getting the optimum operating parameters, now objective is to observe 

the influence of channel geometry on the performance of the magnetophoretic hybrid device. 

Transport of the magnetic and nonmagnetic particles in the microchannel are predicted based 

on the influence of the channel geometry and also noticed the impact of channel geometry on 

the performance of the separator in terms of capture efficiency and separation index. Finally, 

an optimum channel geometry is identified that yields the maximum capture efficiency and 

separation index. 

4.5.1 Particle transport for the base case 

Simulations are conducted for a given set of particle and flow parameters (see Table 4.5), while 

the salient device geometry is chosen as described in Table 4.6 (see also Fig. 3.3). Figure 4.15 

shows trajectories of 100 large (2 µm radius, denoted by red lines) magnetic particle clusters, 

100 small (1 µm radius, denoted by cyan lines) magnetic particle clusters and 100 nonmagnetic 

(0.5 µm radius, denoted by black lines) particle clusters released from Inlet I1 (i.e. 0.0015 ≤ y 

≤ 0.002 m). Initially, at the entry region of the channel all three types of particle clusters 

primarily experience the fluid drag force, as the magnetic force is relatively weak there due to 

large distance from the dipole. As the particles are advected downstream nearer to the line 

dipole, magnetic particles experience stronger magnetic force in the transverse direction, and 

the particles begin to show deviation towards the dipole.  
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Larger magnetic particles exhibit higher magnetophoretic mobility than the smaller ones. On 

the contrary, the nonmagnetic particles experience only the drag force and therefore, they 

follow the streamlines. Because of the combined drag and magnetic force fields, the particles 

are fractionated at their designated outlets. It is evident from Fig. 4.15 that 4 large and 49 small 

clusters of magnetic particles are captured in the outlets O1 and O2 receives 42 small magnetic 

particle clusters along with 19 nonmagnetic ones. Outlet O3 receives 80 number of 

nonmagnetic particle clusters along with 9 clusters of small magnetic particles. 

 

Table 4.5: Values of the fluid and particle parameters considered for the study 

 Fluid and Particle Parameters 

a1(μm) a2(μm) a3(μm) P (A-m) μ (Pa-s) χ1 χ2 Uav(m/s) 

Values 2 1 0.5 1.7 0.001 0.1 0.1 0.016 

 

Table 4.6: Geometrical parameters considered for the study* 

Parameters Base values (mm) Range (mm) Parameters Base values (mm) Range (mm) 

H1 0.25 0.25-0.5 L1 1.0 Constant 

H2 0.75 0.75-0.5 L2 4.5 3.5-5.1 

H3 0.75 0.75-0.5 L3 1.0 0.4-2.0 

H4 0.25 0.25-0.5 L4 1.0 Constant 

H5 0.45 0-0.45 L5 1.6 Constant 

* Hi and Li denote the height and length of different sections of the channel; Ii and Oi denote 

the inlet and outlet dimensions as indicated in Fig. 3.3.  Overall device dimension: L= 6 mm 

and H= 2 mm; the line dipole P (Fig. 3.3) is placed at Xmag= 5 mm and Ymag = – 0.7 mm. 

Fig. 4.15 Particle trajectories in the magnetophoretic hybrid free flow magnetophoretic 

device for the base case (Tables 4.5 and 4.6).  
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4.5.2 Capture Efficiency and Separation Index 

The intended performance of the device is to collect the maximum number of particle clusters 

in their designated outlets with very little intermingling; larger magnetic particle clusters 

should be collected at outlet O1 and the smaller should collect at outlet O2, while the 

nonmagnetic particles are designated to outlet O3. Therefore, the performance of the device for 

separating the incoming particles at their designated outlets can be quantified in terms of 

Capture Efficiency (CE), as explained in Eq. 4.6.  

Intermingling of different particles is practically unavoidable, leading to the possibility of 

collection of a few clusters of particles other than the designated ones at a particular outlet. 

Therefore, the performance of the device cannot be justified with CE alone. To quantify how 

good the purity of the separated streams is, separation index (SI) of the device is also evaluated 

from Eq. number 4.7. As an extension to previous work, here it is intended to realize the effect 

of channel geometry on the capture efficiency (CE) and separation index (SI). In the previous 

study a wide parametric variation carried out in terms of a group variable Π (= (a2χP2/μUav)). 

Here main focus is the effect of the key channel dimensions on the device performance, while 

all the parameters are kept at their base value (as listed in Table 4.5). 

4.5.2.1 Effect of channel geometry  

Figure 3.3 shows the schematic diagram of the hybrid device with the channel dimensions. 

Layout of the flow passage can be altered by adjusting the relative locations and widths of the 

inlets and outlets. The objective of the present study is to identify how these salient design 

parameters can influence CE and SI of the device. In the present simulation, the variation is 

achieved by changing the transverse dimensions of the blocks B1, B2, B3, B4 and B5, and the 
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longitudinal dimensions of the blocks B2 and B3 (see Fig. 3.3). The total length (L) and width 

(H) of the separator chip and the dipole position (Xmag, Ymag) are, however, kept fixed at their 

base values throughout the simulation. Figure 4.16 describes the effect of variation of the flow 

passage area (i.e., channel volume per unit depth) on the device performance. Starting from 

the base configuration (Table 4.6 and Fig. 4.15) the heights of blocks B2 (H2) and B3 (H3) are 

simultaneously decreased in steps of 500 m and those of B1 (H1) and B4 (H4) are equally 

increased, keeping the widths of the inlet I2 and outlet O2 unchanged. This way, the flow 

passage is progressively dilated; at the same time the separation between the dipole and the 

flow passage decreases. As can be seen from Figs. 4.15, 4.16(a) and (b), nonmagnetic particle 

clusters, which experience only drag force (and therefore follow the streamlines emanating 

from inlet I1), are directed through O3. With increased H1 and H4 a greater number of 

streamlines from I1 passes through O3. As a result, CE3 increases slightly with the passage area 

(Fig. 4.16(c)). At the same time, due to decrease of H2 and H3 the lower bound of the flow 

passage is pushed down. This leads more number of small magnetic particles, which previously 

passed out through O2, to now escape through O1 (see Figs. 4.16(a) and (b)). This results in a 

reduction of CE2 and SI2 (Fig. 4.16(c) and (d)). Also, due to increased H4, and reduction in H3, 

trajectories of the large magnetic particles deviate downward, thereby trapping most of those 

particles on the wall of B2. The base value of O1 is so chosen that 4 clusters of large magnetic 

particles escape through O1. Lowering the values of H2 and H3 further aggravates the situation. 

The values of CE1 and SI1 decrease to zero below a flow passage area of 6.83×10-6 m2. 
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Figure 4.17 shows the variation of CE and SI due to the change of the position of O1. This is 

achieved by simultaneously increasing L2 and decreasing L3, or vice versa, by equal magnitude, 

so that O1 remains constant. Figures 4.17(a) and (b) show the particle trajectories for L2 = 

0.0041 m and 0.0035 m, respectively. When L2 is decreased from its base value of 0.0045 m 

to 0.0041 m (accordingly, L3 is increased from 0.001 m to 0.0014 m), the outlet O1 is shifted 

upstream by 400 m. Under this condition, most of the large magnetic particles are found (Fig. 

4.17(a)) to collect at the outlet O1, yielding a large CE1 (~84%) and SI1 (90%). At the same 

time, with decreased L2 more of the smaller magnetic particles, which were transported to the 

outlet O1 in Fig. 4.15, now collect at the outlet O2. This leads to an increased CE2 over the base 

case. When L2 is decreased further to 0.0035 m (see Fig. 4.17 (b)), some of the large particles 

skip the outlet O1 and collect at outlet O2. This reduces both CE1 and SI2 as compared to the 

(a) (b) 

(c) (d) 
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1 

Fig. 4.16 Particle trajectories for (a) H1 = H4= 0.0005 m and H2= H3= 0.0005 m, and (b) H1 = 

H4= 0.0004 m and H2= H3= 0.0006 m. Variation of CE (c) and SI (d) with the passage area of 

the channel. Area of the passage is increased by simultaneously reducing the heights of blocks 

B2 (H2) and B3 (H3) in steps of 500 m and increasing those of B1 (H1) and B4 (H4) equally. 

Vertical dotted lines denote the base case (blue), case-a (red) and case-b (green). 
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case of Fig. 4.17 (a). The trajectories of nonmagnetic particles in Figs. 4.17 (a) and (b), and 

their corresponding CE and SI values do not alter much from the base case. Figures 4.17 (c) 

and (d) graphically show the influence of L2 on CE and SI, where a peak of CE1 at L2 = 0.004 

m is observed yielding CE1 = 97% and SI1 = 100%.  On either sides of L2 = 0.004 m CE1 

decreases; while SI1 remains close to 100% for smaller value of L2 and decreases sharply for 

L2>0.004 m. Figure 4.17 (b) also shows that CE2 remains high (~ 100%) for L2<0.004 m and 

decreases monotonically at higher L2. CE3 and SI3 are found almost constant – with increase or 

decrease of position of O1 there is no effect on CE3 and SI3 because nonmagnetic particles only 

follow streamlines from I1. In the subsequent section of the paper, we choose L2 = 0.004 m, 

since it simultaneously offers high values of CE and SI for all the three types of particles.  

 

(b) (a) 

Fig. 4.17 Particle trajectories for (a) L2 = 0.0041 m and (b) L2 = 0.0035 m. Variation of CE (c) 

and SI (d) with the position of the O1 (shown in terms of L2). Vertical dotted lines denote the 

base case. 
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Once the optimum position of the O1 is found, we next evaluate the influence of the relative 

widths of the other two outlets on the performance of the separator. Figure 4.18 shows how 

CE and SI vary with the outlet widths O2 and O3 while their combined width remains constant 

– thus an increase in O2 (with respect to the base case) is accompanied by an equal decrease in 

O3. L2 and L3 are chosen at their optimized values of 0.004 m, and 0.0015 m, while all other 

dimensions remain as per Table 4.6. Figures 4.18(a) and (b) show the particle trajectories for 

O3 = 350 and 700 m, respectively (base value of O3 is 500 m). The corresponding trends of 

CE and SI are plotted in Figs. 4.18 (c) and (d). Comparing the trajectories of Figs. 4.18 (a) and 

(b) with Fig. 4.15, it is apparent that the particle separation between the O2 and O3 is largely 

influenced by the flow fractionation. With increased O3, more of the nonmagnetic particles try 

to escape through O3; CE3 gradually increases and eventually saturates at 100% (Fig. 4.18 (c)). 

However, with increased O3 (and accompanying reduction of O2) more clusters of the smaller 

magnetic particles also tend to flow out through it. This leads to a reduction in CE2 and SI3. 

Similarly, for low value of O3, more clusters of nonmagnetic particles are collected through 

O2, resulting in a reduction in CE3 and SI2. These relative widths of O2 and O3 do not seem to 

affect trajectories of the large magnetic particles. As a result, CE1 and SI1 remain constant, 

close to their optimized values observed from Fig. 4.17. From the plots of Figs. 4.18 (c) and 

(d), we choose O3 = 520 m and O2 = 480 m as the best performance point (marked by the 

blue vertical dotted lines in the figures). 
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Finally, the influence of the width of the block B5 is evaluated with the other geometries 

corresponding to the optimum condition observed in Figs. 4.18 (c) and (d) marked by the blue 

dotted lines. Figure 4.19 shows the variation of CE and SI with variation of H5. Figure 4.19(a) 

shows that both CE1 and CE2 increase with H5. As the height of the block B5 increases, both 

types of magnetic particles (large and small) are diverted closer to the dipole. This increases 

the average magnetic force on them, enhancing the particle capture. The optimized channel 

geometry in Fig. 4.18 is obtained for H5 = 450 µm, for which the largest values of CE and SI 

are also observed in Fig. 4.19. The plots also show a nearly invariant CE3 in Fig. 4.19 – 

nonmagnetic particles are not affected by magnetic field, therefore, bringing them closer to the 

magnetic field (by increasing H5) does not eventually alter their capture efficiency. The SI1 

remains saturated at ~100% throughout the range of H5, indicating no trace of the smaller 

(b) (a)

a) 

(c) (d) 

Fig. 4.18 Particle trajectories for (a) O3 = 0.00035 m, O2 = 0.00065 m and (b) O3 = 0.0007 

m, O2 = 0.0003 m. L2 (= 0.004 m) and L3 (= 0.0015 m) are chosen from the optimum 

values observed in Fig. 2.14. Variation of CE (c) and SI (d) with the relative widths of 

outlets O2 and O3. 
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particles in O1. For the conditions investigated in Fig. 4.19, the optimum value of H5 is found 

to be 450 µm.  

Table 4.7: Optimum values of the geometrical parameters  

Parameters Values 

(mm) 

Parameters Values 

(mm) 

Parameters Values 

(mm) 

H1 0.25  L1 1.0  I1 0.5  

H2 0.75  L2 4.0  I2 0.5  

H3 0.75  L3 1.5  O1 0.5  

H4 0.25  L4 1.0 O2 0.52  

H5 0.45  L5 1.6  O3 0.48  
 

 

 

 

Table 4.7 summarizes the optimized geometry for the hybrid separator while the particle 

trajectory for the optimized channel geometry is shown in Fig. 4.20. The optimum 
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Fig. 4.19 Variation of CE (a) and SI (b) with H
5
. Vertical dashed lines denote the best 

configuration for the range of study described in Table 4.7. 

 (a) (b) 

Fig. 4.20 Particle trajectory at optimized channel geometry. 

O1 

O2 

O3 I1 

I2 



96 | P a g e  

 

configuration yields CE1 = 97%, SI1 = 100%, CE2 = 88%, SI2 = 90%, CE3 = 90%, SI3 = 88%. 

These are significantly higher than the previously reported capture efficiencies in FFF [126] 

and SPLITT (section 4.2) configurations. It is important to note that this optimized device 

performance is achieved with a lower dipole strength (P =1.7 A-m) as compared to the 

previously used dipole strength (P = 4 A-m). Thus, the hybrid separator clearly offers a better 

collection and separation performance, and at the same time offers separation of three different 

types of particles. 
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Chapter five: Conclusion and scope of future work 

5.1 General conclusions 

In the present thesis, the transport and separation of magnetic and nonmagnetic microspheres 

are characterized numerically in terms of various operating and geometric parameters. The 

transport and separation phenomenon of the microspheres are prescribed for different single-

phase fluid flow configurations at microscale. Different types of microfluidic separation 

techniques are considered in the present thesis such as magnetic Field-flow Fractionation 

(FFF), Split-Flow Thin Fractionation (SPLITT), Hybrid microfluidic fractionation, and Free 

flow magnetophoresis. Separation of the superparamagnetic microspheres and nonmagnetic 

microspheres are characterized in terms of Capture Efficiency (CE) and separation index (SI) 

for each particle type. The transport and separation of the magnetic and nonmagnetic 

microspheres are prescribed numerically using a Eulerian-Lagrangian model of dispersed flow. 

After an extensive parametric study of the particle separation the following conclusions are 

arrived at:  

✓ Operating regime for the Split flow thin (SPLITT) fractionation device 

Magnetophoretic separations of magnetic microspheres having two different magnetic mobilities 

have been investigated in microfluidic Split Flow Thin Fractionation (SPLITT). The magnetic and 

flow parameters were varied for a given geometrical configuration. 
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• The capture efficiencies CE1 and CE2 for the two types of particles are found to vary 

exclusively as functions of Π1=(a2χeff,1P
2/μUav) and Π2=(a2χeff,2P

2/μUav), respectively. 

• Within the operating regime investigated, both CE1 and CE2 exhibit an increasing trend 

at low Π, peaking at an intermediate value and then declining at higher Π. Outside the 

operating regime, the CE values are found to be negligible. 

• For the particle clusters of lower mobility, the collection port (O2) is located closer to 

the original particle stream. Therefore, the CE2 peak is observed at a lower value of Π2 

than the Π1 for the CE1 peak. 

• Unlike the plots for the CEs, the SI vs Π plots do not collapse on single curve for 

variation of all the five parameters. However, the variation of separation index for each 

particle type can be grouped in terms of a common parameter γ = P2/Uavμ (which 

influences the trajectories of both the particle types) and the particle-specific parameter 

β* = a2χ (which influences each particle type independently). SI values are better 

represented as function of the product of γ and β*; the SI vs Π plots clearly separates 

into two basic trends ─ one for constant β* (i.e., varying γ) and the other for constant γ 

(i.e., varying β*). 

✓ Influence of geometry of channel on SPLITT device performance and comparison 

with the same for an FFF device  

Magnetophoretic separations of magnetic microspheres having two different magnetic mobilities 

has been investigated in microfluidic Split Flow Thin Fractionation (SPLITT) and Field Flow 

Fractionation (FFF) device configurations. The outlet lengths in both the devices are varied to 



99 | P a g e  

 

investigate their impacts on capture efficiency and separation index for a given operating (flow and 

magnetic) conditions. 

• Among the two outlets for collecting two different types of particles, when length of 

one outlet increases, CE of the corresponding outlet increases, whereas, CEs of the 

remaining outlets decrease. The trend is similar for both FFF and SPLITT 

configurations. 

• Between the two devices, the FFF yields an overall better performance when the 

designated outlet widths are same for the given operating conditions. The choice of 

operating conditions (the length ratios of the outlets) also depends on the relative 

influence of colleting larger number of particles vis-à-vis collecting them unmixed. 

✓ Influence of operating parameters on separation in hybrid free flow 

magnetophoretic microfluidic device 

• Like in SPLITT device, the capture efficiencies CE1 and CE2 for the two types of 

magnetic particles are found to vary exclusively as functions of Π1 (=a1
2χeff,1P

2/μUav) 

and Π2 (=a2
2χeff,2P

2/μUav), respectively for the hybrid free flow magnetophoretic 

device.  

• Within the operating regime investigated, both CE1 and CE2 increase with  Π1 and Π2 

at their low values, attain maxima at intermediate values of Π and eventually drop down 

to zero at higher Π. 

• The capture efficiency CE3 for the non-magnetic particles remained insensitive to its 

radius, flow velocity and fluid viscosity. 
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• The SI1 and SI2 vs Π plots do not collapse on single curve for variation of all the five 

parameters. The variation of separation index for each particle type can be grouped in 

terms of a common parameter γ = P2 /Uavμ (which influences the trajectories of both 

the particle types) and the particle specific parameter β* = a2χ (which influences each 

particle type independently). 

• Unlike the plots for the CE3, the SI3 vs ξ plots do not collapse on single curve for 

variation of all the three parameters. However, the variation of separation index for the 

non-magnetic particle type, can be grouped in terms of a common parameter γ* = Uavμ 

(which influences the trajectories of both the particle types) and the particle size a3. SI3 

values are better represented as function of the product of γ* and a3; the SI3 vs ξ plots 

for the non-magnetic particle type clearly separates into two basic trends ─ one for 

constant γ* (i.e., varying a) and the other for constant a (i.e., varying γ*). 

✓ Influence of channel geometry on separation in hybrid free flow magnetophoretic 

device 

The numerical study identifies the optimum channel geometry for best performance of the hybrid 

free flow magnetophoretic device to separate biological entities on a microfluidic platform 

practically for BioMEMS applications. Both CE and SI of the device are found to be strongly 

affected by the channel geometry. The effect of each salient geometrical parameters of the separator 

on CE and SI offers the design bases for the best device performance. For the optimized channel 

geometry reported here, higher CE and SI values are obtained even with relatively lower dipole 

strength than those observed in our previously reported studies on FFF and SPLITT configurations. 

The proposed hybrid magnetic separator, therefore, offers an improved design for immunomagnetic 

separation for biomedical applications.  
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The thesis provides a detailed study of magnetophoretic separation in different continuous flow 

configurations. The conclusions are obtained from the study can be used in developing the 

design bases for practical magnetophoretic bio-separator.  

5.2 Recommendations for future work 

In the present work, the impact of magnetic particle-particle interaction on separation has been 

neglected from the present study, since the particle suspension considered here is dilute. 

However, for denser particle suspensions, inter-particle interaction, can have an impact on 

particle trajectory and fluid flow. Different models of particle-particle interaction [152] may 

be considered as a future extension of the work. Besides, all the studies carried out in the 

present thesis pertains to pressure driven flow. The same can be extended for electroosmotic 

flow (EOF) and combined EOF and pressure-driven flows. 

The studies on magnetophoretic separation carried out in the present thesis is entirely carried 

out computationally. The findings need to be validated experimentally in a future work. Based 

on the current simulations results, proof-of-concept microfluidic platform may be fabricated 

and experiments may be carried out in future. Also, different types of studies are carried out 

for separation in single-phase fluid flow configurations. Interesting phenomenon can be 

observed for magnetophoretic particle extraction in two phase flow configurations. Thus, the 

present computational model offers an appropriate platform for embarking on the several 

theoretically rich and practically useful future works. 
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5.3 Closing remarks  

The microfluidic system consists of a series of basic mechanisms: a method of introducing 

reagents and samples (probably as fluids); methods to manipulate these fluids throughout the 

channel, and for combining and mixing them; and various other applications (such as detectors, 

separators for most microanalytical work etc.). A continuous effort is being given for 

developing and improving the manufacturing techniques to produce low-cost microfluidic 

devices in increasing quantities and making economically feasible, for using such devices as 

disposable items. A significant aspect of the commercial development of microfluidics is the 

development of advanced technology for fabricating the microfluidic devices. Therefore, it is 

necessary to develop advanced manufacturing processes for rapid and mass reproducible 

production of microfluidic devices. In this regard two particularly important contributions have 

been the application of soft lithography technique in PDMS as a method for fabricating 

microfluidic devices [153] and also, the development of a simple process of fabricating 

pneumatically activated mixers, valves and pumps using the same procedures [154]. Another 

challenge in developing the magnetophoretic microfluidic separator will be to fabricate the 

chip-embedded micro-electromagnets and their energization accessories. Silicon-based 

technology has been shown effective in fabrication of microelectromagnets [155]. The 

advanced manufacturing technologies make possible the fabrication of microfluidic devices, 

that can test new ideas in a time period much shorter (typically less than 2 days from design to 

working device) than by using silicon technology (typically, for non-specialists, a month or 

more). Low-cost, paper or polymer-based open surface microfluidic platforms are also 

emerging in a big way, since they have drastically reduced production cost and time [156]. 
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Therefore, microfluidics with new methods of fabrication has been successfully able to exploit 

certain fundamental differences between the physical properties of fluids moving in macro and 

micro scale channels [157]. The advancements in microfabrication techniques permit for 

further reducing the lab-on-a-chip devices from micron to nanometre regime. Meanwhile, 

much of the non-traditional physics is still to be exposed and many thrilling applications of 

lab-on-a chip devices are yet to be exploited. 
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