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Abstract

Magnetic particle separation in microfluidic systems is a method for enriching or iso-

lating biological entities such as cells or biomarkers of diseases using magnetic beads

that covalently bind to a target; it is compatible with lab-on-a-chip technology and

has potential to be integrated with other functional blocks. This thesis describes

the operation of a magnetic particle separator using a novel configuration of per-

manent magnets to provide higher separation efficiency with minimum trapping of

particles. The novel magnet configurations consisted of two (Double Magnet) or

four (Quadrupole) rectangular permanent magnets arranged around a microfluidic

channel. The magnet configurations guide magnetic particles along adjustable tra-

jectories by simply varying the separation distance between the magnets or their

aspect ratio. Influence of the salient geometrical parameters on the behaviour of the

trajectory was studied and experimental verifications are presented using particle

suspensions of 1 µm and 2.8 µm sized magnetic beads. In addition, it was discovered

that the magnetic beads gather along a line that can be uniquely positioned within

the fluidic cell leading to improved performance.

The performance of the magnetic separator was studied for five magnetic parti-

cle types by simulating 400 individual particle trajectories following an Eulerian-

Lagrangian model. The model incorporated experimentally found particle properties

such as size and susceptibility. Magnetic separation was performed in continuous

flow and pulse mode operation. In continuous separation a maximum separation
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efficiency of 35% and 55% was found experimentally for the Double Magnet and

Quadrupole configuration, respectively, and in pulse mode operation a separation

efficiency of more than 80% could be achieved in experiments and simulations.

Further, in order to improve the accuracy of the magnetophoretic force calculations,

the magnetic responsiveness of the particle types across a magnetic field range of

38 − 70 mT was studied using a particle tracking system and SQUID relaxometry.

The susceptibility of all particle types showed a magnetic field dependence and a

promising correlation between the two measurement techniques could be found.
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Chapter 1

Introduction

1.1 Microfluidics and micro total analysis systems

This work was aimed to develop a 3D model to predict the trajectories of individ-

ual magnetic beads in a magnetic field. The model was used to understand the

transport of the beads in a microchannel during magnetic separation. Simulations

and experiments are combined to perform a comprehensive study of the effects of

multiple parameters on the efficiency of magnetic particle separation.

The separation and sorting of biological material from complex mixtures represents

a critical task in a variety of biomedical applications including diagnostics, therapeu-

tics, and fundamental cell biology. As biological samples are often heterogeneous,

containing different populations of cells, vesicles, proteins, etc., techniques are re-

quired to isolate specific components.

One possible approach to sort heterogeneous mixtures is with the help of microflu-

idics. Microfluidics involves the techniques to actuate, control and manipulate small

volumes of fluids (10−9 to 10−18 litres) in channels, where the channel dimensions

are of microscopic scale (typically in the order of tens to a couple of hundred of

micrometres) [1]. Figure 1.1 shows a schematic and a photograph of a microfluidic

1
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device example from the literature [2].

Fluid flow

Fluid flow

Figure 1.1: Schematic and photograph of an example for a microfluidic device. The
device features channels with a width of 100 µm and a height of 50 µm. Figure has
been adapted from [2].

The science of miniaturization was initially fuelled by the microelectronics industry

during the development of miniature silicon-based electronic devices. Techniques

for silicon microfabrication and miniaturization were then extended to the fabrica-

tion of mechanical devices that became known as microelectromechanical systems

(MEMS) [3]. A later trend in MEMS technology was the development of devices

for applications in the medical and life science areas. The term biological microelec-

tromechanical systems (BioMEMS) was coined to describe devices and systems with

a biolocial application, although subsequently they did not all necessarily have the

components normally found in traditional MEMS devices. Hence, a broad definition

of BioMEMS would include some devices and applications made using the modern

implementation of microfluidics, which was developed by Manz et al. in 1990 [4].

With the reduced size came the concept of a micro total analysis system (µTAS)

or lab-on-a-chip (LOC). The two terms essentially mean the same and thus, are

used interchangeably in this work. Both can be regarded conceptually as a fluidic

equivalent of conventional silicon integrated circuits, which involve miniaturization

and integration of electronics. Instead of an electronic circuit, LOC and µTAS have

microchannels for guidance and manipulation of fluids. As the name suggests, an

ideal LOC or µTAS integrates multiple laboratory functions on a single microflu-
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idic device. This includes sample preparation, incubation, detection and analysis

procedures on a single device, no bigger than the size of a microscope slide [5, 6].

Consequently, labour intensive and expensive benchtop processes can be replaced

and eliminated. LOC can be thought of as the shrinking of an entire laboratory into

a miniature device. The LOC concept is schematically illustrated in Figure 1.2.

(a)

400 mμ

Fluid flow

(a) Filtering

(c) Sorting

(d) Analysing

(b) Mixing

3 mm

(b)

Figure 1.2: (a) Schematic illustration of a lab-on-a-chip, where laboratory processes
are integrated onto a microfluidic device. Figure has been reproduced from [7]. (b)
Conceptual example of a lab-on-a-chip device where various processes, e.g. filtering,
mixing, sorting and the analysis, are all integrated on a single device. Photographs
adapted from [8] and [9].

With the development of LOC and their integrated micro-scale fluidic systems, it

is now possible to manufacture inexpensive, fast and high-throughput biomedical

devices which need little sample volume and reagents. These benefits, however,

are not yet readily available at low-cost for many benchtop techniques [10, 11].

Therefore, LOC has shown considerable potential for a wide variety of bioanalysis

applications including: organic synthesis [12, 13], forensic analysis [14, 15], DNA

extraction [16, 17] and analysis [18], polymerase chain reaction (PCR) amplifica-

tion [18], chemical and biological assays [19], environmental monitoring [20, 21] and

various separation and detection techniques in analytical chemistry [22, 23].
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1.1.1 Microfluidics bio-sensors for point-of-care diagnostics

A biomarker is a measurable characteristic that reflects the severity or presence of a

disease state. In this thesis, the term biomarkers refers to molecules in body fluids,

typically proteins in blood [24].

Biomarkers are conventionally detected using immunoassays. Clinical immunoas-

says are traditionally based on 96-well microtiter plates and are widely used for the

quantification of target molecules in many applications such as clinical diagnostics,

pharmaceutical research, and basic biological investigations [25–27]. Immunoassays,

such as enzyme linked immunosorbent assays (ELISA) for the detection of pro-

teins [28] or quantitative polymerase chain reaction (qPCR) for the detection of

nucleid acids [29], have been established as gold standard detection technologies for

specific biomarkers. However, most conventional immunoassays involve time con-

suming and labour intensive protocols, because they include a series of washing,

mixing and incubation steps [30]. It often takes several hours, and in some cases

days, for a single assay to be processed [31]. Much of the time taken in immunoassays

is due to the long incubation time, because analyte molecules must rely on diffusion

to encounter antibodies on the surface where the conjugation occurs [32]. Moreover,

these protocols require highly trained personnel, bulky and expensive instruments,

and expensive reagents [33]. This ultimately makes this approach costly and due to

its size not well suited for point-of-care (POC) analysis.

However, there are POC diagnostic tests commercially available and to provide con-

text relevant to the thesis a few breakthrough examples will be discussed. A current

major class of such tests is the Lateral Flow Immunoassay test (LFT), which uses

a membrane or paper strip to indicate the presence of biomarkers such as pathogen

antigens or antibodies [34]. On a membrane, addition of a sample induces capil-

lary action which lets the sample migrate along the membrane. As the sample flows

across the membrane, it gathers detection reagents embedded in the membrane, and
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then flows over a band that contains capture molecules (antibodies). The captured

antibodies and detection reagent labelled analytes form a visible band which can be

interpreted by eye. This diagnosis is most notably used to test for pregnancy, infec-

tions with streptococcus, the flu or HIV [34]. LFTs are simple to perform and are

extremely versatile, consequently, they have found clinical, veterinary, agricultural,

food industry and environmental applications. The single-flow action, however, does

not mimic the multi-step procedures of laboratory-based assays that are crucial for

highly reproducible, quantitative, and sensitive results [35].

The other major class of successful POC tests is the blood glucose test, which almost

serves as a textbook example for a high-impact POC product that has improved di-

abetic patients’ lives, and now acts as a pillar of the entire diagnostics industry.

The glucose test is also performed on membranes, but is typically classified differ-

ently compared to lateral flow immunoassays as the analytical method is altogether

different. It uses signal amplification by a redox enzyme and is typically analysed

via an electrochemical readout [35, 36]. However, testing for glucose is somewhat

unique in a sense that the analyte concentration is in the range of millimole per

litre, which is well above the concentration of most biomarkers. Additionally, the

test typically needs to be taken multiple times a day, which outnumbers that of most

other biological tests.

With the advance in microfluidics technology, the miniaturized fluidic systems (LOC

or µTAS) became an attractive alternative for running multiplexed on-chip im-

munoassays due to the integration of various compatible components on a single

device, such as pumps, mixers or valves. Researchers have successfully developed

micropumps [37–40], microvalves [41], micromixers [42, 43] and other active as well

as passive microfluidic liquid handling components [44, 45]. With the integration

of these components on a single microfluidic bio-sensor, it is possible to perform

full sample analysis including continuous sampling [46], sample separation and mix-
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ing [4], and sample pre-treatment and pre-concentration [47]. Integrating and com-

bining multiple microfluidic components offers enhanced analytical performance,

high throughput, real-time detection, fast reaction rates and portability [48, 49];

making detection adaptable to POC applications.

For instance, Lee et al. [50] successfully developed an automated microfluidic biosen-

sor for the detection of breast cancer. The device uses multiple channels to detect

the interaction between anti-rabbit immunoglobulin G and rabbit immunoglobulin

G using a micro-arrayed immunoassay. The experimentally achieved sensitivity was

found to be 10−4 mg/mL (0.67 nM). The total time needed for the on-chip analysis

was approximately 8 hours.

Kong et al. [51] demonstrated a LOC design for the rapid detection of clenbuterol

which has been used to treat chronic breathing disorders but also for performance-

enhancing in bodybuilding. They performed an ELISA in the interrogation section

of the microchannel network. Pneumatic valves were utilized to control the intro-

ductions of different reagents. Under optimal conditions, 5 ng/mL could be detected

in less than 30 minutes.

Another example for the integration of a microfluidic device and biosensor is demon-

strated by Yao et al. [52]. They reported a fully automated microfluidic-based detec-

tion system for the rapid determination of insulin concentration based on a chemilu-

minescence immunoassay. The system is a double-layered PDMS device embedded

with interconnecting micropumps, microvalves, and a micromixer. The chemilumi-

nescence assay can detect insulin in the range of 1.5 pM to 391 pM in less than

10 minutes. These results were achieved with the help of magnetic microparticles,

which will be explained in the next section.
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1.2 Magnetic micro- and nanoparticles

Micron-sized magnetic beads are intensely investigated due to their physiologi-

cal properties and diagnostic potential, since they are very promising carriers for

biomarkers in biomedicine or bioanalysis, e.g. for drugs [53, 54], DNA [55, 56], an-

tibodies [57] or cells [58, 59], and due to their size can be seamlessly integrated in

microfluidic devices.

Magnetic beads usually consist of an ensemble of nano-sized ferromagnetic grains in

the order of 5− 15 nm, embedded in a nonmagnetic host matrix. The nonmagnetic

matrix seals the magnetic grains and prevents them from further chemical reactions

and degradation. The inner morphology of the particles, which is determined by

the size and the number of enclosed magnetic grains, influences the overall magnetic

behaviour [60, 61].

The ferromagnetic grains are generally an iron oxide, such as magnetite (Fe3O4)

or maghemite (γ − Fe2O3), because of a high saturation magnetization and non-

toxicity [62, 63]. Other magnetic materials such as cobalt, nickel and neodymium-

iron-boron may offer improved magnetic properties, however, these materials may

be toxic and/or susceptible to oxidation [64].

The nonmagnetic host matrix is often a polymer or silica. These materials allow

the production of a wide range of different particle sizes, ranging from as small as

6 nm to more than 20 µm and a uniform size distribution can be achieved [65–

67]. These polymer and silica hosts also permit a wide choice of possible surface

coatings, which ensure that the magnetic particles are compatible with biological

materials [56, 68, 69].

The loading of iron oxide within the beads occurs either as fixed dispersion of single

domain nano-sized grains within the host matrix or concentrated in the core of the

bead, as shown in Figure 1.3. If the magnetic grains are small enough and spaced

sufficiently far apart inside the host matrix, then the bead will behave superparamag-
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netically and will have a large induced dipole moment due to the collective response

of the magnetic grains. Due to their superparamagnetic behaviour the beads are

attracted to magnetic fields but do not retain any magnetism after removal of the

magnetic field, which will be explained in more detail in Section 2.3. This property

has revolutionized particle based separation because they can be easily manipulated

through the control of an external magnetic field [70].

(a) (b)

Figure 1.3: Two types of superparamagnetic beads. The iron oxide can either be
found as (a) nano-sized magnetic grains dispersed in a core with a surrounding
shell containing no magnetic material, or (b) a fixed dispersion of single domain
nano-sized magnetic grains within the nonmagnetic host matrix.

Further, magnetic beads have become popular mobile carriers due to their large

specific surface area (total surface area per unit of mass). Beads can be coated

with antibodies to bind to biomolecules and thereby providing a controllable means

of identifying a specific target species [71]. These antibodies are shown as surface

extensions in the schematic of Figure 1.4. Hence, the beads act as mobile reaction

substrates, able to directly interact with biological entities over a wide size range,

e.g. cells (1 − 100 µm), viruses (20 − 450 nm), proteins (5 − 50 nm) or genes (2

nm wide and 10− 100 nm long) [72–74]. Several excellent reviews on the synthesis

and the use of magnetic particles in medical and biological applications exist in the

literature [75, 76].
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Figure 1.4: Schematic of an immunomagnetically labelled magnetic beads. Antibod-
ies (red Y-shapes) are used to target specific biological cells or material (green cubes)
and bind them to the surface of the bead (blue sphere). Non-targeted molecules (yel-
low dodecahedrons) do not interact with the antibodies and thus are not bound to
the magnetic beads.

1.3 Cell separation in microfluidic systems for biomed-

ical applications

Cell separation underpins many discoveries in biology and is further enabling re-

search in areas as diverse as regenerative medicine [77, 78], cancer therapy [79] and

HIV pathogenesis [80]. Thus the ability to isolate and enrich a population of cells

extracted from their complex native environment is often the first processing step

in the analysis [78].

Numerous cell isolation and sorting techniques have been developed for clinical set-

tings that are based on the differences in cell size, shape, density or the cells’ dielec-

tric and magnetic properties [33, 81, 82].

Density-based separation techniques such as differential centrifugation techniques

are commonly used in laboratories and are also routinely used clinically [83]. Dif-
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ferential centrifugal separation relies upon sedimentation that is accelerated by cen-

trifugal force and requires a difference in density between the constituent phases.

Cells of different densities and volume in a suspension will settle at different rates,

with the larger and denser cells pelleting more rapidly [84]. Cell separation based

on differential centrifugation allows for the isolation of cells from a large initial cell

sample, which makes this technique particularly applicable for separations involving

the use of blood. Indeed, the most commonly used clinical cell separation method

is apheresis of whole blood to isolate mononuclear cells for treatment of a variety of

conditions, including leukaemia [85]. Furthermore, centrifugation is also widely em-

ployed for the isolation and purification of viruses, subcellular organelles, proteins,

and nucleic acids that are dissolved or dispersed in biologically relevant solvents [86].

In situations where cell size or density differences are not significant, however, effec-

tive cell separation of individual cell types is not straight forward using centrifuga-

tion. Problems can be overcome, however, by performing repeated centrifugations

using differing concentrations of centrifugation medium and differing angular veloc-

ities. By using this more elaborate approach, it is possible to isolate different cell

types from a complex mixture, such as disrupted solid tissues as demonstrated for

mouse liver [87]. However, although technically feasible, this is still challenging to

perform with high specificity. As such, centrifugation methods are generally used if

specificity is not absolutely necessary, as in apheresis, or as a pre-enrichment stage

to remove cells like red blood cells and platelets.

Advances in bioanalysis, along with the promise of POC and personalized medicine,

have increased the need to separate specific biological entities from their native

environment in order to prepare concentrated samples for subsequent analysis and

testing in both basic research and clinical applications. Thus, the need to separate

cells and other biological material is rapidly expanding toward the isolation of rare

target populations (cell abundance is less than 103 in 1 mL [88]), examples include
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the enrichment of circulating tumour cells (CTC), hematopoietic stem cells, and

circulating fetal cells (CFC) from blood [89, 90].

The low abundance of rare cell populations preclude the use of conventional benchtop

separation techniques, such as centrifugation, because of their low selectivity and

the impact of sample loss. In order to improve selectivity, cells can be labelled with

tags using antibody binding and isolated by other means.

The fluorescent-activated cell sorting (FACS) technique harnesses the ability to label

specific cells with fluorescent dye tags, which allows for cell sorting based on the

individual labelling profile of a particular cell population [91]. The cell suspension

is entrained in the centre of a narrow, rapidly flowing stream of liquid. The flow

is arranged so that all the cells are in a line with a large separation (relative to

their diameter) between each cell. A vibrating mechanism causes the stream of

cells to break into individual aerosol droplets. Just before the stream breaks into

droplets, the cells in the flow encounter a focused laser beam that scatters light

into a detector where the fluorescent signal of each cell of interest is measured.

Depending on the scattering and fluorescent profile, each cell encapsulated in an

aerosol droplet is then given an electric charge and then physically sorted using

electrostatic deflection plates [91]. Current state-of-the-art FACS devices typically

use up to seven lasers which enables them to sort six different types of cell based

on morphological and fluorescent cell signatures (e.g., cell surface labels, cell size,

or granularity) [33, 92].

Although still one of the most highly-used cell isolation platforms, a serious lim-

itation to FACS systems remains their price and complexity. The complexity of

operation also requires dedicated highly-trained personnel to ensure reliable cell

sorting efficiency and purities. It is reported in the literature that FACS systems

are susceptible to cross-contamination, clogging in the nozzle, require high reagent

consumption and have safety concerns due to the sorting of aerosol samples [93]. Ad-
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ditionally, even if modern flow cytometers offer sample rates of upwards of 50, 000

cells/s and multichannel detector analysis, it is not a feasible technique for process-

ing clinical samples (> 500 million cells). These limitations must be overcome to

enable more efficient clinical application and further commercialization.

Consequently, the next generation of cell sorting devices should ideally meet higher

standards of performance, versatility and convenience. They should include: faster

sorting rates, improved sorting accuracies, improved sorting purity, high cell recov-

ery, ability to process native biological fluids, ability to process diverse cell types,

enhanced capabilities for multiplexed sorting, simpler operating procedures enabling

fully automated systems, reduced hazardous risk by eliminating aerosols, reduced

cost and reduced size for operational convenience and portability.

With the rapid development in lab-on-a-chip technology, recent advances in mi-

crofluidics have been providing robust solutions for rare cell analysis. Microfluidic

devices capable of cell separation and sorting are emerging at an increased pace [94].

The ability to design advanced microfluidic networks in combination with both ac-

tuation and sensing/monitoring is driving novel concepts for advanced on-chip cell

studies, as well as new means to capture/retain, separate and/or concentrate cell

species from complex biological fluids. The advance in microfabrication technology

has made it possible to design microfluidic devices with design features that are

commensurate with single cells [95].

Current developments in cell separation and cell enrichment in microfluidic devices

encompass the employment of active separation methods, where cells are manip-

ulated by an external field, and passive separation methods which induce a force

onto the cells by controlled hydrodynamics. Most cell separation methods rely on

the use of active manipulation techniques, such as optical [96, 97], electrical [98],

acoustical [99], or magnetic fields [100–102]. There is also research in passive separa-

tion methods, where cells are separated solely based on hydrodynamics effects [103].
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This enables the sample preparation step to be avoided because no specific labelling

is needed (label-free separation). The various methods are summarised in Table 1.1

and each method with its advantages and disadvantages is briefly reviewed and

discussed below.

Table 1.1: Summary of the different separation methods.

Separation method Advantages Disadvantages

P
as
si
ve

Filtration
- Label-free
- No need for external

forces

- Risk of blockages
- Complex fabrication

Hydrodynamic
- Label-free
- No need for external

forces

- Complex chip design
- Flow needs to be

carefully controlled

Centrifugation - Label-free
- Large sample volumes - Lacking specificity

A
ct
iv
e

Optical

- Label-free
- Contactless
- Precise control over

individual particles

- External power supply
and laser needed

Electrical
- Label-free
- Electric force can

be adjusted

- Buffer solution needed
- External power supply

needed
- Joule heating

Acoustic - Label-free
- Contactless

- External power supply
needed

Magnetic
- Contactless
- Inexpensive magnetic

setup

- Requires magnetic
labelling

1.3.1 Passive particle separation

Passive separation systems consist of a variety of methods, such as inertial forces,

mechanical filtration, and immobilization, that do not solely rely on labels, particles

or biochemical markers [81]. Instead, these methods rely on the inherent physical

differences between particle groups (e.g., size, shape, compressibility, and density).

Since these techniques often do not require the addition of an attached particle or
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ligand (such as a fluorescent or magnetic particle tag), they are attractive methods

when affinity ligands are not available [104].

In the following, some of the most important passive particle separation techniques

for microfluidic devices are described.

1.3.1.1 Filtration separation

Filtration is based on particle size differences and selective segregation by dimen-

sioned pores. This method makes it easy to extract the liquid phase of a suspension

and is commonly used for blood applications with varying degrees of success [105–

107].

A major limitation of filters is that they often clog when trapping larger cells or

debris. This means that filter systems are only efficient for a certain time defined by

saturation (until clogging occurs). They are best suited for highly diluted samples

and for a given volume at low flow rates. For this reason, several designs of size-

based microfilters exist including membrane filters, pillar filters, weir filters and

crossflow filters [106]. The separation performance of different filter types have been

experimentally validated and reviewed by Ji et al. [106].

One of the most typical separation strategies in microfluidic filters uses micro-

fabricated pillars which are equally spaced, or a membrane containing an array

of micro-pores on the floor or the ceiling of the channel, which acts as a sieve, to

remove or enrich cells from a blood sample [108–111].

The simplest filter exploiting microchannels are weir filters that contain a dam or

barrier to retain particles. Sato et al. fabricated such a microfluidic weir filter

which halts the movement of particles through the chip without stopping the fluid

flow, after which assays or reactions can be performed on the particle surfaces [112].

Particles can also be trapped between two weirs, whereupon solutions can be drawn

over them, allowing solid phase extraction and chromatography techniques to be
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employed [113].

Crossflow filters, also known as tangential-flow filters, are derived from the concept

of pillar filters except that the pillars are placed tangential to the main flow direc-

tion. This method of filtration has a major advancement over early types of filters

such as weir, pillar, and membrane because they are less prone to clogging because

they behave more like a sieve than a conventional filter, where the fluid is directly

propelled into the filter [114]. Several cross-flow filter designs have been developed

for size-based sorting applications such as the separation of white blood cells from

whole blood, plasma from whole blood, and myocytes from non-myocytes [115, 116].

More recently, sophisticated grids with tiered (i.e., decreasing) spacing as a function

of distance or oscillating flow patterns have been used for sorting cells in a non-

binary fashion and to reduce the risk of clogging. Mohamed et al. developed a size

exclusion filter to isolate circulating fetal cells from maternal blood by arranging

multiple pillar filters in series with different spacings [117]. Later, McFaul et al. as

well as Preira et al. showed how structural ratchets can be used to sort cells based

on their size in combination with oscillatory applied pressures [118, 119]. Lately,

Yoon et al. demonstrated a µ-sieve which has a low oscillating frequency added

to the fluid flow. This made it possible to release unwanted polystyrene particles

trapped between the larger target polystyrene particles. With this structure, a high

separation efficiency as well as a high recovery rate could be achieved [120].

1.3.1.2 Hydrodynamic separation

Hydrodynamic cell separation techniques make use of the fluid flow and the laminar

flow profile alone to separate particles based on their size. Therefore, parameters

such as flow rate control through one or more inlets, the channel geometry, and the

configuration of outlets, dictates the flow character and ultimately the cell isolation

performance.
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Blom et al. developed an on-chip hydrodynamic chromatography device in which

particles were introduced into a channel and separated according to size [121, 122].

The separation principle is based on the parabolic profile caused by pressure-driven

flow, which allows smaller particles to migrate closer to the walls of the channel such

that they have a slower average velocity than larger particles that are farther from

the wall, thus achieving separation.

Yamada et al. used pinched-flow fractionation to sort different particle sizes [123].

Pinched flow fractionation occurs when a flow stream of cells is pinched by a narrow

channel cross-section such that cells are constrained and aligned against a side wall.

Smaller particles migrate closer to the side wall compared to larger particles and are

subsequently separated by size once the channel broadens since they follow different

stream lines. The technique was refined by asymmetric amplification of the flow in

the system [124], the incorporation of PDMS valves [125], and by replacing pressure-

driven flow with electroosmotic flow [126].

Separation methods, where hydrodynamic properties are combined with physical

obstacles, as used in filter separation techniques, are known as deterministic lateral

displacement (DLD). In DLD, cells navigate through an array of posts for sorting by

size. In these systems, control over sorting is given by the design of the array features

such that cells smaller than a critical radius move with the convective flow and cells

larger than a critical radius move in a direction dictated by the arrays [127]. Thus,

small particles follow the laminar flow streamlines through the chamber, essentially

weaving around the posts whereas larger particles, above a critical size, are unable

to follow the streamlines upon encountering a post, and are instead bumped in the

direction perpendicular to flow. Using a periodic array of microposts, in which each

row of posts is offset by a certain periodic distance, Huang et al. showed that smaller

cells could more easily traverse between obstacles than larger cells, enabling their

separation [128]. The critical sizes of cells and microposts were carefully evaluated
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by Inglis et al. [129] and have been used to isolate large cells, e.g. cancer cells or

leukocytes, from whole blood samples [130–132].

1.3.1.3 Microfluidic centrifugation separation

Centrifugation separation, as it is currently used in bulk cell separation techniques,

can also be integrated in microfluidic systems. Such centrifugal microfluidic devices

are commonly known as lab-on-a-disk (LOD) [133–135]. Centrifugation approaches

for cell separation in LOD include methods that utilize the physical centrifuga-

tion process on microfluidic platforms and the centrifugation effects due to Dean

flow [136].

Physical LODs are circular-shaped platforms containing a network of microchannels,

chambers and other features. As the platform resembles a compact disk (CD), it is

referred to as the centrifugal microfluidic CD or lab-on-a-CD [137]. A motor is used

to rotate the microfluidic CD, transporting fluid radially outwards through the mi-

crofluidic device, and manipulating fluid by means of various microfluidic functions

and features on the disc. The spinning disc platform is particularly advantageous in

biomedical applications where large samples based on their density are to be sepa-

rated [138, 139]. Amasia et al. demonstrated the separation of plasma from a large

sample of whole blood [140]. Similarly, isolation of white blood cells from whole

blood using density gradient techniques has also been shown [141, 142].

Physical centrifugation techniques enhance inertial forces. However, inertial forces

can also result in curved fluid channels. Typically, inertial forces emanate from

boundary effects of fluid flow adjacent to the walls of a microfluidic channel, causing

lift. Thus, in curved microfluidic platforms particles can be focused by balancing the

inertial lift force and Dean drag force [143]. Di Carlo et al. demonstrated that cells

could be differentially focused and sorted based on size under laminar flow using a

serpentine pattern [144]. A major benefit of this system is its high throughput (e.g.,
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1.5 mL/min) without additional sheath flow or sequential cell manipulation, which

is useful for processing native biological fluids [145].

As in the case of serpentine patterns, where cells can be focused into a single stream-

line, a spiral microfluidic channel can sort cells by size [146]. Russom et al. created a

system with a spiral channel that applied inertial forces to focus and sort cells [147].

Similarly, Hou et al. and Nivedita et al. utilized a spiral fluid channel to continuously

isolate CTCs from blood samples and separate blood cells, respectively [148, 149].

Guan et al. and Warkiani et al. demonstrated that a channel with a trapezoidal

cross section could further enhance the performance of a spiral microfluidic device

to focus and sort cells [150, 151].

Inertial forces do not only occur in curved channels, they also play a critical role in

straight microfluidic channels [143]. Parichehreh et al. were able to enrich nucleated

cell populations in blood using inertial forces in straight microfluidic channels of large

aspect ratios [152].

1.3.2 Active particle separation

Figure 1.5 shows the different active manipulation methods and visually depicts the

particle size regime to which the different methods have access to, as well as the

force range each method can apply.

1.3.2.1 Optical manipulation

Optical manipulation techniques present an effective method for controlling the three

degrees of spatial freedom for particles from tens of nanometers in size [154] to tens

of microns [155, 156]. Optical forces produced by a highly focused optical beam

impose scattering and gradient forces sufficiently large to manipulate micron-sized

objects (e.g. cells) [157].

Thus, optical forces have been used for cell manipulation or to trap cells in a liquid
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(a) (b)

Figure 1.5: Diagrams showing (a) the relative sizes of particles and the associated
technologies that provide access to manipulation in these size regimes and (b) the
relative forces to which different manipulation schemes have access. Figure repro-
duced from [153].

due to a mismatch in the refractive index between the cell and its surrounding fluid.

Optical manipulation is considered advantageous for biomaterial manipulation due

to its preservation of cell functionalities, if the laser intensity is below the level that

causes damage [158].

Optics has first being used to levitate and transport individual particles in a fluid

by Ashkin in 1970 [159]. Eventually, optical radiation forces were applied to cell

sorting by propelling single cells through a microfluidic channel, whereby the long

traversal times generally resulted in low throughputs [160]. However, recent in-

novations in miniaturized optical devices have reinvigorated the use of optics as

switches, which have made optics-based methods more feasible for fluorescent label-

based cell sorting [161–163]. Several groups have used focused optical beams to

impose switchable radiation forces on a continuous stream of focused cells for on-

chip sorting and cell characterization [161, 164]. Recently, Wu et al. developed a

pulsed laser fluorescence-based cell sorter that rapidly forms a stationary bubble due

to localized heating to controllably deflect target cells at 20, 000 cells/sec [165].



20 1.3. Cell separation in microfluidic systems for biomedical applications

However, optical techniques have limiting characteristics making them unsuitable

for many applications. First, optical manipulation can only exert forces in the

order of O(101) piconewtons [166], which removes this technique from many force

measurement platforms. Second, for many materials lasers often induce charging or

heating which is generally detrimental to system performance [167]. Third, sample

throughput is limited due to the need to have a focused beam. Finally, optical

techniques require the use of expensive, bulky equipment that is currently difficult

to integrate into LOC technologies and mobile units.

1.3.2.2 Electrical manipulation

Electrical forces can either be exerted on a particle in a uniform electrical field due

to the particle’s surface charge (electrophoresis) or on a dielectric particle when it

is subjected to a non-uniform field (dielectrophoresis).

Electrophoresis refers to the movement of suspended particles toward an oppositely

charged electrode in direct current (DC) fashion. Since most biomaterials have a

slight negative net surface charge due to chemical groups on their surface, they

migrate toward the positive electrode during electrophoresis [168]. Takahashi et al.

applied electrophoresis to sort cells on a microchip in which an upstream fluorescence

detector identified labelled cells for rapid electrostatic sorting downstream [169].

Yao et al. developed a similar device based on gravity that operated in an upright

orientation to process cells without convective flow [170]. A more recent example by

Guo et al. showed electrophoretic sorting with much higher throughput by sorting

water-in-oil droplets under continuous flow [171]. In this system, pre-focused cells

were encapsulated into droplets such that droplets containing single cells were sorted

from droplets containing no cells or multiple cells.

In contrast to electrophoresis, where particles move in a uniform electric field due to

their surface charge, dielectrophoresis (DEP) refers to the movement of particles in a
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non-uniform electric field due to their polarizability. This force does not require the

particle to be charged, but relies on an induced dipole moment across a cell [168].

Once exposed to an AC field, particles migrate either toward or away from the region

of strongest field intensity depending on the electrical permittivity of the particle and

the fluid. Particles with a higher permittivity than the fluid are attracted toward

the field maxima, which is known as positive DEP (pDEP) [82]. The opposite is

true for negative DEP (nDEP). The strength of the force depends on the medium

and particles’ electrical properties, on the particles’ shape and size, as well as on the

frequency of the electric field [168].

Since cells exhibit a dielectrophoretic force in the presence of an electric field and

because integrating electrical systems into a microfluidic device is straightforward

(drawing from the highly developed science of chip technology for MEMS) DEP has

become a popular choice for cell separation [172].

Huang et al. took advantage of the intrinsic dielectric properties of cells and suc-

cessfully sorted five different cell types based on their individual distinct dielectric

properties on a 5 × 5 microelectronic chip array [173]. Also, Cummings et al. de-

signed a microchip containing arrays of insulating posts where the resulting non-

uniform electric field across the posts exerted different magnitudes of force on cells

as they passed [174]. Later, this principle was used to generate non-uniform elec-

tric fields near insulating ridges on a microchip to filter and concentrate cells [175].

Vahey et al. introduced an isodielectric separation system for sorting cells without

labels [176]. In this system, cells experience dielectrophoretic forces that displace

them to their natural equilibrium point across a conductivity gradient to where their

net polarization vanishes (i.e. isodielectric point). With this principle, cells with

different conductivities are displaced along the gradient for efficient on-chip sorting.

Wang et al. developed a system using lateral nDEP, whereby a set of interdigitated

electrodes aligned along both sides of a microfluidic channel provides repulsive forces
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to organize cells at precise distances from the microfluidic channel walls, to enable

enhanced on-chip cytometry and sorting across five channels [177]. Doh and Cho

developed a microchip to separate viable from non-viable cells due to their dissimilar

polarizabilities, resulting in pDEP and nDEP, respectively [178].

An interesting extension of dielectric cell sorting uses field-flow fractionation (FFF),

which exploits a combination of approaches (e.g., gravitational, centrifugal, thermal,

magnetic, and electrical) to position cells at precise distances from the microchannel

floor and thus to distinct regions of the parabolic flow profile for separation by

flow [179]. Vykoukal et al. first developed a DEP FFF system to isolate stem

cells from enzyme-digested adipose tissue [180]. This system contained patterned

microelectrodes along the bottom of a microfluidic channel that exerted dielectric

forces in the opposite direction to gravity, which let the cell types levitate at different

heights based on their weight.

These advances hold promise for creating the next generation of cell sorting devices

that could also enhance clinical detection, analysis, and diagnosis using a single

microchip. However, the electrical permitivities of solvents are not always tunable,

such as in the case of cell media where specific salt concentrations and pH concentra-

tions are required. In addition, electric platforms can have deleterious effects such

as charging and heating.

1.3.2.3 Acoustic manipulation

Acoustic standing waves guide particles to regions of higher pressure. This movement

of an object in response to an acoustic pressure field is known as acoustophoresis.

The method takes advantage of a density and stiffness difference between the particle

and the surrounding fluid [181, 182]. Acoustical systems allow for the generation of

multiple pressure nodes in a system, without the need for additional structures to

create localized distortions to the field, as it is often required in common optical,
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electrical, and magnetic systems [99]. Localized pressure nodes can be created using

ultrasound sources and signals. Acoustic forces are contact- and label-free and thus

biocompatible because they do not affect cellular viability [82].

Acoustic standing waves were first used to sort cells by Johansson et al. [183], in

which fluorescently labelled cells detected by a camera triggered an ultrasound trans-

ducer that moved the cell from its initial streamline toward a pressure node, thereby

modifying its trajectory to the target outlet. More recently, an acoustic wave trans-

mitter has been integrated in a microfluidics system. Acoustic microfluidic tech-

nologies have provided new areas of development within analytical flow cytometry,

including cell sorting [92, 184] or particle trapping [185].

However, pressure nodes tend to be broad, weak, and exhibit higher order effects.

These characteristics allow control of large microparticles (> 10µm), but have re-

duced effectiveness on smaller particles, which are susceptible to Brownian diffusion.

Though this technique has developed into bulk fluid applications of spatial pattern-

ing of aggregates [186] and sized-based separation schemes [187], acoustophoresis

does not provide for precise, deterministic control of many useful microparticle sizes.

1.3.2.4 Magnetic manipulation

Magnetic separation (immunomagnetic separation) uses either a permanent magnet

or electromagnets to apply an external magnetic field to create a force on targeted

particles. It is normally facilitated by binding magnetic particles to specific biomark-

ers. Once the magnetic particle is attached, the biological material inherits the

magnetic properties of the magnetic particle. Magnetic forces can also be exerted

on magnetically responsive cells or biomaterial suspended in a ferrofluid. Hence, the

magnetic biomaterial (labelled or intrinsic) can be effectively manipulated, sorted,

captured or separated using an externally applied magnetic field.

Immunomagnetic separation actively applies a strong magnetic field, which can exert
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forces into the tens of nanonewtons and over a wide range of different particle sizes

(see Figure 1.5) [188, 189]. Most biological materials have a range of magnetic

susceptibility and are either diamagnetic or weakly paramagnetic. This separation

method has the potential to be selective and a high throughput can be achieved [190–

193].

Additionally, magnetism has the practical advantage of being biologically and chem-

ically inert. This is why magnetic separation has shown tremendous promise for

biomedical and bioanalytical applications [71, 72].

In the last decade, magnetic separation techniques have been conducted in mi-

crofluidic geometries, which combine the advantages of microfluidics and magnetic

microparticles. The combination of the two fields, microfluidics and magnetism, is

commonly known as magnetophoresis and will be discussed in more detail in the

next section (Section 1.4).

1.4 Magnetophoresis

Magnetophoresis is an active separation technique and is the main topic of this thesis.

Analogous to the term electrophoresis, magnetophoresis describes the behaviour of

a magnetic particle (see Section 1.2) moving through a viscous medium under the

influence of an external non-homogeneous magnetic field.

The term free-flow magnetophoresis describes the continuous separation of mag-

netic particles using the means of magnetophoresis while being pumped through a

microfluidic system as depicted in Figure 1.6 [194]. The appealing feature of free-

flow magnetophoresis is that under well-controlled conditions it provides a means for

non-invasive and low-cost particle separation due to its potential to be integrated on

a LOC. However, the full control of particle motion in direction and velocity remains

complicated, since particle properties and their magnetic response vary quite signif-
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icantly depending on the particle manufacturer and its manufacturing processes.
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Figure 1.6: A schematic of the magnetic particle separation principle in continuous
flow using magnetophoresis. Magnetic particles or magnetically labelled biomaterial
are deflected from the direction of laminar flow by the use of an external magnetic
field. Figure is not drawn to scale.

Magnetic separation typically uses functionalized magnetic particles with antibody

receptors that can recognize and associate with various biological materials by affin-

ity binding. The use of functionalized magnetic microparticles attached to biomark-

ers lead to a sensitive and relatively inexpensive cell separation method [71, 72]

which is a vital component for any magnetic separation device.

Magnetophoresis has gained a lot of attention in recent years due to its potential in

bioanalysis systems, e.g. detection of cancerous cells [59]. Numerous configurations

have been demonstrated over the course of the last decade including: capturing,

isolation and collection of target biomaterial from mixtures of substances [71, 195–

197].

Magnetic separation devices use an arrangement of permanent magnets or electro-
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magnets in proximity with the fluid handling parts; in its simplest form a test tube

is brought into proximity of a permanent magnet. This basic configuration can be

further developed into automated devices. In this thesis, magnetic separators will be

divided into two categories, namely batch (batch mode) and continuous (continuous

flow) magnetic separators.

1.4.1 Batch mode magnetophoresis

Magnetic cell separation is conventionally achieved using a test-tube arrangement

where the magnetically labelled cells are first immobilized using a magnet and sub-

sequently released (batch mode), as schematically shown in Figure 1.7.

(1) (2) (3) (4) (5)

Introduce 
paraticles

Incubate 
paraticles

Collect 
paraticles

Remove 
supernatant

Suspend 
paraticles

NS NS

Figure 1.7: A typical reaction or separation using magnetic particles, where (1) the
particles are introduced into the sample or reagent solution, (2) they bind to the
target analyte/reagent, (3) the particles are collected using an external magnet, (4)
the supernatant is removed, and (5) the particles are resuspended in fresh buffer
solution. Steps 3-5 may be repeated several times to ensure unbound material is
removed from the particle surfaces.

This type of cell separation was commercialised by Miltenyi Biotec in 1990 with the

development of magnetic activated cell sorting (MACS) [198]. In MACS, antibody

labelled magnetic particles are introduced into a cell suspension, where they bind

to the cell of interest. The suspension is then flushed through a high-gradient mag-

netic separation column. The column contains steel wool that is magnetised by the
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presence of an external permanent magnet, which traps the magnetically labelled

cells on the wool whilst the unlabelled cells pass through the column, thereby allow-

ing their separation. The magnets can then be removed, allowing the magnetically

labelled cells to be eluted from the column (see Figure 1.8). The cell suspension

either flows through the column due to gravitational forces or can be enhanced by

using a syringe plunger to push the suspension through. Miltenyi Biotec reports

the isolation of cells from up to 30 mL of anticoagulated blood in less than 30 min-

utes [199]. MACS is a well-established platform in both basic research as well as

clinical medicine, as a major attraction is its scalability and very low capital costs

relative to FACS [200]. Thus, the concept of MACS has been commercially devel-

oped by other companies [201].

NS NS

(a) (b)

Figure 1.8: Magnetic separation principle of MACS using a magnetic separation
column. (a) Unlabelled cells pass through the column, magnetically labelled cells
are retained within the high gradient magnetic column. The flow-through can be
collected as the unlabelled cell fraction. (b) After the magnetic field is removed,
the magnetically labelled cells can be eluted from the column. The magnetically
labelled cells can again be collected. Figure reproduced from [199].

However, MACS suffers from lost particles in the system. Due to the remnant

field in the magnetized columns it is hard to release all magnetic particles, which

negatively impacts the recovery rate. In cases of rare cell populations the recovery
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rate should be as high as possible. Additionally, the MACS systems developed by

Miltenyi Biotec still requires operator interaction and therefore is in a macroscopic

scale range for ease of manipulation. The concept of MACS, however, can be scaled

to micrometers and applied in LOCs or µTAS.

Choi and Ahn [202, 203], two of the pioneers in the field of magnetic cell separation

in microfluidic systems, investigated the design, fabrication and characterization of

a bio-separator composed of micro-machined serpentine and spiral electromagnets in

a fluid channel. They successfully immobilized antibody-coated magnetic micropar-

ticles (0.8−1.3 µm, Bangs Laboratories) from a bio-buffer solution in a 800 µm wide

and 250 µm deep channel (see Figure 1.9). They showed that efficient separation

can be achieved in a few minutes.

(a) (b)

(c) (d)

(e)

Magnetic particle with 
antibody

Target antigen

Antigens

Figure 1.9: Conceptual illustration of bio-sampling procedure. (a) Injection of mag-
netic particles, (b) separation and holding of particles, (c) flowing samples, (d)
immobilization of target antigen, (e) release of magnetic particles to biosensor of
bioreactor. Figure reproduced from [202].

Another example of integrated micro-MACS is presented by Deng et al. in which

arrays of nickel posts are manufactured on the bottom of a 150 µm wide and 50 µm
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deep microchannel. The nickel posts are 7 µm in height and a diameter of 15 µm and

were magnetized by an external magnetic field to rapidly trap magnetic particles

(Figure 1.10a). A high separation efficiency of more than 95% of the 4.5 µm sized

magnetic particles (Dynabeads M-450) was achieved when the particle suspension

was injected at a flow rate of 2 µL/min (ū ≈ 4.4 mm/s) [204].

Magnetic 
field

(a)

Magnetic field OFF Magnetic field ON

Magnetic 
pattern

After magnetic particles have 
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(b)

Figure 1.10: (a) Schematic outline of the micro-fabricated nickel post arrays using
soft lithography. An externally applied magnetic field magnetizes the nickel posts.
Cells labelled with magnetic particles are trapped within the post array. (b) Op-
erating principle and practical implementation of the cell sorting system proposed
by Saliba et al.. A hexagonal array of magnetic ink is patterned on the bottom of
a microfluidic channel. The application of an external vertically-aligned magnetic
field induces the formation of a regular array of magnetic particle columns localized
on top of the ink dots. The particle columns then capture Raji cells. Raji cells
are the first continuous human cell line from hematopoietic origin [205]. Images in
figure reproduced from [204] and [206].

Saliba et al. essintially used the same magnetic trapping principle and magnetic

particles as Deng et al., however, invented an unconventional immunomagnetic sep-

aration method as shown in Figure 1.10b [206]. Instead of labelling the target cells,

antibody conjugated magnetic beads were dynamically assembled into an array of

columns in the microfluidic channel with the help of the pre-patterned magnetic

traps on the substrate. As a result, when the sample flows through the channel,

cells with specific biomarkers are captured by the assembled magnetic particles. A

separation efficiency of > 94% was reported at a flow velocity of ū = 100 µm/s.
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This flow velocity corresponds to a cell throughput in the range of ten to hundred

cells/s and a flow rate of approximately 150 µL/min in the 500 µm wide and 50

µm high device. Recently, this device has been applied to CTC isolation by Svo-

bodova et al. [207, 208] where they achieved a 50% separation efficiency of human

breast cancerous cells (ratio of collected particles in target outlet to total collected

particles).

However, despite the advantages of using magnetic microparticles for performing

assays, these batch mode separation techniques suffer from requiring multiple, se-

quential reaction and washing steps that render the procedures laborious and time-

consuming, and often result in using relatively large volumes of potentially expensive

reagents [201]. Therefore, continuous separation, where magnetic particles are con-

tinuously pumped through a device and simultaneously sorted, is preferred.

1.4.2 Continuous magnetophoresis

Continuous magnetic separation offers the potential to eliminate some of the inef-

ficiencies of batch separation methods, allowing for an unremitting separation by

combining a continuous introduction and guidance of particles through a viscous

medium using continuous fluid flow. The problems encountered in the batch sepa-

ration, where multiple sequential steps are required, do not occur. On the contrary,

it allows for multiple staging and recirculation of sorted fractions. In this manner,

larger volumes can be processed while allowing continuous monitoring [59].

Various designs of continuous cell separators are reported in the literature. A com-

mon design directly integrates an electromagnet by micro-machining a wire in the

vicinity of the microfluidic channel. Magnetic particles are deviated via an external

magnetic field created by a current passing through the wire [209–212].

Pekas et al. [209] fabricated a fully integrated micromagnetic particle diverter in a

microfluidic system. The resulting magnetic force deflects particles across a flow
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stream into one of the two channels at a Y-shaped junction, as shown in Fig-

ure 1.11(a)-(b). At a flow rate of 6 nL/min (ū ≈ 1 mm/s), 85% of the micron-sized

particles (Bangs Laboratories) flowed down the desired channel, compared to 50%

when the diverter was inactive. Derec et al. [210] described a similar design for a

magnetophoretic bio-diverter, where a copper wire runs either side of the Y-shaped

microfluidic channel (see Figure 1.11(c)). One wire was capable of producing a mag-

netic field between 2 − 7 mT with a magnetic field gradient ranging from 3 − 70

T/m within the channel. The dimensions of the etched channel were 100 µm in

height and 300 µm in width. 5 µm sized magnetic particles (PMPEG-5.0COOH,

Kisker-Biotech) were used to label tumour cells. The device successfully purified

a mixture of two different cell types by removing the labelled tumour cells. Only

7% of the initial magnetically labelled tumour cells were obtained in the outlet of

the nonmagnetic side, when a withdrawal rate of 0.8 µL/min was applied to both

outlets.

Siegel and Shevkoplyas [211, 212] fabricated a microfluidic channel with a 40 µm×

40 µm cross-section, which has two metal wires either side. Passing an electrical

current through one of the two wires generated a magnetic field up to 2.8 mT and

a magnetic field gradient up to 40 T/m, which enabled magnetic particles of 6

µm diameter (Bangs Laboratories) to be pulled to either side of the channel. By

turning the electromagnets either side of the central microfluidic channel on and

off, the particles alternated the direction of their movement. This electromagnetic

switch could sort the magnetic particles within 1 − 30 seconds, depending on the

applied current.

Although electromagnets have the advantage of being easily and rapidly switched

on and off, offering system flexibility, integrating them into micro-devices often

requires numerous and expensive lithography and etching techniques [70, 196]. This

makes the fabrication process prone to errors and cumbersome. Electromagnets also
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(a)

(b) (c)

Figure 1.11: (a)-(b) Top and cross-sectional view of a micromagnetofluidic diverter.
Magnetic particles in the flow stream are magnetized and deflected by an external
magnetic field. The magnetic field is applied by a current passing through one of the
inlaid wires. As a consequence, particles are diverted into one of the desired channel.
(c) Microfluidic bio-diverter with a Y-shaped junction. The copper appears in grey,
and the copper-less channel-like regions appear in white. The central channel is
used for the microfluidic flow (shown by the arrow), while the other channels serve
to interrupt the copper and generate a narrow copper band framing the central
channel. Figure reprinted with permission of Elsevier [209] and Springer [210].

suffer from Joule heating problems that have the potential to damage live cells if

too extreme. For this reason, currents may need to remain in the milliamp region,

therefore limiting the fields generated to 0.01− 0.1 Tesla [213].

An easy way to avoid these disadvantages is by using soft-magnetic element systems,

where external biasing is used to magnetize embedded elements or hard-magnetic

element systems that essentially have the same structure but do not require current

biasing. Such systems are normally referred to as high gradient magnetic separation

(HGMS) devices.

Multiple research groups are working on such HGMS devices. For example, Inglis

et al. [214, 215] and also more recently Kim et al. [216] presented a microseparator

where a ferromagnetic wire array had been inlaid in the bottom substrate of the mi-

crochannel to continuously isolate magnetically labelled white blood cells and CTCs

from peripheral blood, respectively. Both groups labelled their cells with immuno-
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magnetic nanoparticles (50 nm) via specific antibody binding. The microchannel

used by Kim et al. is an asymmetric Y-junction where the centre channel is 1 mm

in width and 50 µm in depth with the two outlet channels being 800 µm and 200

µm wide, respectively (see Figure 1.12a). The externally applied magnetic field

of 0.2 T generated a magnetic flux gradient of < 40 kT/m around the microscale

ferromagnetic wires. Experimental results showed that under these conditions the

microseparator isolated up to 90% of CTCs from human peripheral blood at a flow

rate of 5 mL/h (ū ≈ 27.8 mm/s). The overall isolation procedure was completed

within 15 min for 200 µL of blood. Park et al. [217] further developed and improved

the design by Kim et al.. Instead of having an array of ferromagnetic wires at an an-

gle compared to the flow direction, they fabricated an inlaid array of chevron shaped

ferromagnetic wires at the bottom of the microdevice, as shown in Figure 1.12b. A

separation efficiency of 93% at a flow rate of 140 µL/min (ū ≈ 15.6 mm/s) for the

separation of CTCs from human whole blood cells is reported. The time needed to

isolate 400 mL of whole human blood only took 10 minutes.

Jung and Han [218] presented a method for the lateral-driven continuous magne-

tophoretic separation of red and white blood cells from peripheral whole blood,

based on their intrinsic magnetic properties. The separation is achieved using a

high-gradient magnetic field, caused by a ferromagnetic wire array inlaid on a glass

substrate. The wire array creates an even lateral magnetophoretic force on the whole

area of the microchannel, which improved the separation efficiency and throughput.

When the flow rate and external magnetic flux were 20 µL/h (ū ≈ 21.3 µm/s)

and 0.3 T, respectively, the microseparator continuously separated out 93.9% of red

blood cells and 89.2% of white blood cells from the whole blood.

Earlier, Han et al. [219, 220] showed a HGMS microseparators that could separate

93.5% of red blood cells and 97.4% of white blood cells from blood at a flow rate of 5

µL/h (ū ≈ 77.2 µm/s). They again only used the native magnetic properties of red
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(a)

(b)

Figure 1.12: (a) Perspective view of the CTC microseparator, including the inlaid
ferromagnetic wire array. The magnetic force acting on the CTCs is induced by a
high magnetic field gradient generated near the ferromagnetic wire array with an
external magnetic field. (b) Schematic diagram showing the working principles of
a microdevice for separation of CTCs using lateral magnetophoresis and immuno-
magnetic nanobeads. Figure reprinted with permission of American Chemical Soci-
ety [216] and Electronics and Telecommunications Research Institute Journal [217].

and white blood cells, without additional markers or labelling. The magnetophoretic

microseparator incorporated a nickel wire running along the centre of a microfluidic

channel, as shown in Figure 1.13a. The channel featured three outlets that were

used to separate red and white blood cells from diluted whole blood in continuous
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flow. The nickel wire was magnetised by an external magnetic field (0.2 T), such

that as the cells passed through the chamber the red cells (paramagnetic) were

attracted towards the wire, forcing them towards the centre of the chamber and

therefore out of the middle outlet. However, the white cells (diamagnetic) were

repelled by the field towards the outer edges of the chamber, exiting the chip via

the upper and lower outlets, thereby achieving separation (see Figure 1.13b). Qu

et al. [221] demonstrated a similar device in which a nickel wire was situated inside

the chamber of a microfluidic device and used to separate red and white blood cells

by their respective attraction and repulsion.

(a) (b)

Figure 1.13: (a) Illustration of Han and Frazier’s magnetophoretic microseparator.
The design incorporates a 50 µm wide nickel wire, which is magnetized by a 0.2
T strong external magnetic field. (b) Red and white blood cells were separated
based on their intrinsic magnetic properties. Red and white blood cells in a water
or plasma behave like paramagnetic and diamagnetic particles, respectively. Figure
reproduced from [219].

Xia et al. [222] integrated a micro-fabricated comb shaped HGMS geometry on one

side of a microfluidic channel. When magnetised by an external permanent magnet

they found that the comb structure could locally concentrate the gradient of the

applied magnetic field to pull magnetic particles from one laminar flow path to

another, and thus selectively remove them from a continuously flowing biological

fluid, as depicted in Figure 1.14. The comb structure provided a magnetic field of

0.018− 0.025 T and a field gradient of at least 50 T/m (≈ 55− 250 T/m) across the

200 µm wide and 50 µm deep microfluidic channel. This device was used to remove
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1.6 µm sized magnetic particles (Bangs Laboratories) as well as magnetically labelled

Escherichia coli (E. coli) bacteria. In their study, 130 nm magnetic particles were

used to label E. coli bacteria. Quantification of the separation efficiency for the

microfluidic separation device revealed that 92% of the magnetic particles exited

the collection outlet at a flow rate of 40 µL/h (ū ≈ 1.1 mm/s) when suspended in

phosphate buffered saline (PBS), whereas when mixed in isotonic saline with red

dye the separation efficiency dropped to 83% at a flow rate of 25 µL/h (ū ≈ 0.7

mm/s). E. coli cells suspended in PBS were separated with an efficiency of 89% and

when suspended in isotonic saline 53% could be isolated for flow rates of 30 µL/h

and 25 µL/h, respectively.

Figure 1.14: Schematic depiction of the combined micromagnetic separation device
for separating E. coli that contains a microfabricated layer of soft magnetic NiFe
material adjacent to a microfluidic channel with two inlets and outlets. Inset shows
how magnetic particles flowing in the upper source path are pulled across the laminar
streamline boundary into the lower collection path when subjected to a magnetic
field gradient produced by the microfabricated NiFe layer located along the lower
side of the channel. Figure reprinted with permission of Springer [222].

Afshar et al. [223] used multiple sharp tips on either side of the fluid channel (200

µm wide, 100 µm high and 10 mm long) to control, immobilize and release particles

in a controlled manner and to continuously separate magnetic particles by size (see

Figure 1.15). The magnetic tips that served as field concentrators were powered by

an external electromagnet. A coil current of 120 mA generated a magnetic field of



Chapter 1. Introduction 37

about 5 mT between the open ends of the yoke with an estimated field gradient of

approximately 90 mT/mm perpendicular to the flow direction. Two different types

of superparamagnetic particles with a diameter of 1.05 µm (MyOne, Dynabeads) and

2.8 µm (M270, Dynabeads) were used to characterize the system. The high field

strength around the tips allowed for efficient particle manipulation. In particular,

mixtures of 1.05 µm and 2.8 µm sized particles were reported as separated with an

efficiency of 70% − 80% when run under continuous conditions with a flow rate of

22 µL/h (ū ≈ 0.3 mm/s).

Figure 1.15: (a) Magnetic actuation system comprising an electromagnet (coil), a
magnetic yoke and soft-magnetic poles, integrated with the microfluidic chip. Figure
reproduced from [223].

HGMS devices, however, can suffer from poor particle recovery because the embed-

ded magnetic elements might retain a residual magnetization which causes particle

trapping. Instead of having embedded magnetic elements and structures integrated

in the microfluidic device and then magnetized by an external magnetic field, it is

possible to generate the required non-uniform magnetic field simply using external

permanent magnets. Permanent magnets may not give the flexibility of varying

the magnetic strength nor can they be completely switched off, like electromagnets,

but they are inexpensive and able to produce a strong magnetic field without being

bulky.
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One of the earliest adopters to use permanent magnetic elements was Zborowski

et al. [224, 225]. The group of Zborowski et al. has been developing FFF devices

that have typically employed quadrupole magnetic fields to provide the lateral forces

necessary to radially move magnetic particles in an axial flow [226–228]. The mag-

netic quadrupole configuration exerted a radially outward force on the magnetically

labelled cells within a cylindrical column (see Figure 1.16a). The quadrupole gen-

erated a maximum magnetic field of 0.76 T at the channel wall, and a magnetic

gradient of 0.17 T/mm in the radial direction. The circular flow splitter (diameter

≈ 4 mm) separated labelled CTCs to a purity of 99.6% when started with an ini-

tial concentration of 20% at a flow rate for the cell sample of 0.1 − 0.75 mL/min

(ū ≈ 0.1 − 1 mm/s). The idea of using a quadrupole arrangement of magnets has

been further developed by Kennedy et al. [229], where a quadrupole magnetic flow

sorting device is modelled, designed, manufactured and tested for the successful

sorting and isolation of pancreatic islets. The separation efficiency had not been

reported but can be assumed similar to the one described by Zborowski et al. as

channel geometry and magnetic flux density are similar.

Pamme et al. [230, 231] demonstrated the use of a single off-chip permanent mag-

net to continuously sort magnetic particles of different sizes (2 µm and 4.5 µm sized

particles from Micromod and Dynabeads, respectively) from a mixture of both mag-

netic and nonmagnetic particles (6 µm polystyrene beads, Polysciences Inc.) and

also successfully separated magnetically labelled macrophages and tumour cells. The

particles were sorted in a rectangular 6 × 6 mm separation chamber with a depth

of 20 µm (see Figure 1.17) based on their different magnetic mobility. The chamber

had 16 outlets and depending on how far a particle was deflected by the cylindrical

magnet would exit through a different outlet. Different sizes of particles were sep-

arated with an efficiency of 75% at a flow rate of 2.5 µL/min, which resulted in a

flow velocity of ū ≈ 0.3 mm/s in the separation chamber.
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(a) (b)

Figure 1.16: (a) Schematic representation of a circular quadrupole flow sorter. The
arrows indicate direction of the fluid flow. (b) Simplified cross section of a circular
quadrupole flow sorter. The mixed cell/particle suspension is introduced in inlet
a’ while buffer fluid is introduced in inlet b’. The radially directed magnetic force
leads to the movement of the labelled cells in the radial direction towards exit b,
while the unlabelled cells are unable to move in the radial direction and leave the
channel through exit a. Figure reproduced from [225] and [229]

1.4.2.1 Diamagnetic repulsion

A less commonly used method for particle manipulation exploits diamagnetic repul-

sion, because diamagnetic repulsive forces are much weaker compared to paramag-

netic (superparamagnetic) attractive forces. However, by applying very high mag-

netic fields and field gradients such as those generated by superconducting magnets,

diamagnetic repulsion forces have been used to manipulate large diamagnetic ob-

jects [232]. The repulsive effect of diamagnetism, however, can be greatly enhanced

by suspending the diamagnetic particles in a paramagnetic solution, which then al-

lows the use of electromagnets and strong permanent magnets, rather than bulky

and expensive superconducting magnets.

Kimura et al. [233, 234] demonstrated the micro-patterning of cells and particles
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Figure 1.17: Concept of continuous magnetophoresis to separate magnetic particles
of different sizes. Magnetic particles are pumped through the flow chamber. The
applied magnetic field deflects the particles perpendicular to the direction of flow.
Depending on the particle size and magnetic mobility, they exit the chamber through
a different outlet. Reprinted with permission from [230].

suspended in aqueous paramagnetic solutions. The suspensions were placed atop a

magnetic field modulator constructed from alternating layers of iron and aluminium.

By applying an external magnetic field of approximately ≈ 1 T, the field modulator

generated a magnetic field, which alternated between 0.2 T and ≈ 1 T every 300

µm. The alternating magnetic field caused the 20 µm sized particles and cells to

migrate, forming periodic lines above the iron layers where the field was weakest.

Winkleman et al. [235] described the fabrication of a fluidic device for separating

diamagnetic particles of different sizes and densities. The basis for the separation

is the balance of the magnetic and gravitational forces on diamagnetic materials

suspended in a paramagnetic medium. Diamagnetic particles with a wide size range

from 5 µm to 5 mm were suspended in a paramagnetic solution and continuously

pumped through a funnel shaped fluid device. The funnel was exposed to an inho-

mogeneous magnetic field, exerted by two permanent magnets (0.4 T at the magnet

surface) with their like poles facing. The magnetically exposed particles in the cham-

ber were levitating at different heights depending on their density and thus exited

different outlets of the fluidic device.

A similar approach for guiding differently sized particles towards different outlets
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based on their varying repelling force was also used by Pamme et al. [236–238]. The

group reused their initial microfluidic chamber design, which had previously been

used to sort superparamagnetic particles, but rather than using superparamagnetic

particles, they suspended diamagnetic particles of 5 µm and 10 µm in diameter in

a paramagnetic solution. The particles are no longer attracted, but repelled by the

magnetic field when continuously passing through the microfluidic chamber. Full

resolution of the two particle population was achieved when the flow rate did not

exceed 20 µL/h (ū ≈ 46 µm/s). The same group also demonstrated the application

of simultaneously trapping magnetic and diamagnetic particles [237, 239]. Herein,

a mixture of 2.8 µm sized superparamagnetic particles (M270, Dynabeads) and 10

µm sized diamagnetic polystyrene particles (Megabeads) were prepared in a para-

magnetic liquid and pumped through a silica capillary (100 µm inner diameter).

A magnet assembly of two permanent magnets on either side of the capillary with

their opposite poles facing, formed a magnetic barrier. The magnetic field, trapped

superparamagnetic particles in the area with the highest flux density, whereas dia-

magnetic particles were pushed towards the area with the lowest flux density, as

schematically depicted in Figure 1.18. This led to the formation of two distinct

particle plugs. A 100% separation between the two particle types could be achieved

at a maximum flow rate of 10 µL/h (ū ≈ 0.35 mm/s). At higher flow rates, the drag

force on the diamagnetic particles was too large to successfully trap them.
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Figure 1.18: Schematic of simultaneously trapping superparamagnetic and diamag-
netic particles. Superparamagnetic particles (red) and diamagnetic particles (grey)
in a paramagnetic medium are pumped through a capillary and trapped by a pair of
magnets. The superparamagnetic particles are attracted to the region between the
magnets, while the diamagnetic particles are repelled and unable to pass through
this magnetic barrier. Figure adapted from reference [239].
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Table 1.2: Summary of different continuous magnetophoretic separation techniques. The table compares magnetic field prop-
erties, fluid dynamic settings and channel dimensions. The separation performance is given in the column: Separation. If no
information could be found to the corresponding property, it is indicated with a hyphen.

Magnet Fluid Channel

Magnet design |B| ∇|B| Width Height Flow rate Velocity Separation Reference
[T] [T/m] [µm] [µm] [µL/h] [mm/s] efficiency

Electromagnet
0.016 100-1000 18 6 0.36 0.93 85% [209]

0.002-0.007 3-70 300 100 48 0.44 93% [210]
0.0028 40 40 40 10 1.74 − [211] [212]

Soft-magnetic
element

0.08 5000 − 15 − − 40% [214], [215]
0.2 40000 1000 50 5 0.03 90% [216]
− − 3000 50 8400 15.56 93% [217]
0.3 − 360 100 20 0.15 93.9% [218]
0.2 − 360 50 5 0.078 93%− 97% [219], [220]
0.3 − 149− 287 73 13.8 0.24 93.7% [221]

Comb magnet 0.018− 0.025 55− 250 200 50 25− 40 0.69− 1.11 83%− 92% [222]
0.018− 0.025 55− 250 200 50 25− 30 0.69− 0.83 53%− 89% [222]

Magnetic tip 0.013− 0.016 25 200 50 25 0.69 20% [222]
0.005 90 200 100 22 0.61 70− 80% [223]

Quadrupole 0.76 170 9500 9500 6000− 45000 0.02− 0.14 99.6 [225], [226]
0.7− 1.4 − 15900 63500 − − − [229]

Bar magnet 0.25 100− 200 6000 25 200 0.37 75% [230], [231]

Superconducting
magnet

1 2000− 3000 − − − − − [233], [234]
0.4 20 16000 6000− 15000 − − − [235]

7− 10 34.7− 49.5 6000 20 − − − [236]
7− 10 34.7− 49.5 6000 20 20− 100 0.05− 0.23 − [237]
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1.5 Numerical particle trajectory simulation

In this section, the various models for particle trajectory simulation will be discussed.

The accurate prediction of the dynamical behaviour of discrete particles released

in a contiuous flow of fluid is key for a better understanding and optimisation of

several branches of science and technology, e.g. microfluidics, chemical processing,

combustion processes or dust precipitation [240–242].

From a theoretical point of view, magnetic particle separation (magnetophoresis) is

essentially a two-phase flow problem, where dispersed flow consists of discrete parti-

cles (droplets, bubbles, solids, etc.) moving in a continuous phase (air, water, etc.).

To model the motion of dispersed particles in a continuous phase, two approaches

are generally considered, namely the Lagrangian and Eulerian method.

The Lagrangian method considers particles as a discrete phase and tracks the path-

way of each individual particle. The detailed particle motion behaviour, which

facilitates a better understanding of the physical phenomena, can be revealed by

solving the Newtonian motion equations in Lagrangian coordinates while solving

continuity and momentum equations for the continuum phase [243, 244]. By study-

ing the statistics of particle trajectories, the Lagrangian method is able to predict

the detailed particle distributions [245, 246]. This requires considerable computa-

tional effort, which is why efficient algorithms for Lagrangian particle tracking in

fluid flow are an ongoing research topic. To date, a number of algorithms have been

implemented in discrete particle simulations. The reader can refer to [247–249] for

the historical development of the subject.

Conversely, the Eulerian approach treats the particle phase as a continuum and

develops its conservation equation on a control volume basis [250–252]. Individual

particle trajectories no longer explicitly appear, but are handled at a conceptual

level, where a continuous scalar field (mostly particle concentration) represents the

particle positions [245, 246].
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The performance of magnetophoretic microsystems for bioapplications can be mod-

elled in advance of fabrication to determine system parameters that optimize the

separation or capture efficiency of a target biomaterial. To date, several research

groups have studied and modelled magnetic transport and separation at the mi-

croscale. Since magnetic separation deals with dilute magnetic particle dispersions,

where the particles are only a few micrometres in diameter, the Lagrangian strategy

is predominately used to model magnetophoresis [253, 254]. Eulerian particle meth-

ods have been explored as an alternative to Lagrangian particle tracking to model

the varying particle concentration for sub-micron particles where the Brownian dif-

fusion has a significant impact [255–257].

Furlani et al. [258–260] developed magnetic particle transport models based on the

Lagrangian approach to study the particle transport of magnetic particles and the

continuous separation of white and red blood cells in a magnetophoretic microsys-

tem. The presented microsystem consists of a linear array of permalloy elements

embedded beneath a microfluidic channel with a rectangular cross section and di-

mensions of 30 mm, 1 mm and 120 µm for length, width and height, respectively.

They assumed an applied external magnetic field of 0.5 T to magnetize the embed-

ded magnetic elements. Analytical expressions were derived for the field distribution

within the microchannel, and the magnetic force on the particles. The model was

used to predict the magnetic response of magnetic particles and the separation of

red and white blood cells. A successful separation was predicted when the cells had

at least 60 seconds to interact with the magnetic structure.

Sinha et al. [261, 262] and Nandy et al. [263] studied the magnetophoretic trans-

port of magnetic particles in a straight microchannel when a magnetic point dipole

is placed adjacent to the microfluidic channel. Explicit mathematical expressions

for the fluid velocity and the magnetic force are derived. The model was used to

characterize the capture efficiency of the magnetophoretic separator. The analysis
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showed that the capture efficiency of the magnetophoretic separator depends on two

dimensionless numbers that compare the magnetic force and particle drag. The two

numbers incorporate all physical design parameters and operating conditions, such

as flow rate, particle size, magnetic strength and microchannel geometry. Sinha et

al. [262] also validated the model using 1 µm sized particles (PFCM-4056, Kisker-

Biotech). The non-uniform magnetic field was established by an electromagnet with

a tapered tip, that approximated the point dipole, and an adjustable current coil.

The tapered tip was placed in close proximity to the microchannel and could gener-

ate a maximum magnetic flux of 30 mT closest to the tip, which reduced to 10 mT

at a distance of 1 mm away from it.

Similarly, Modak et al. [264], simulated the trajectories of the magnetic particles in

a T-shaped microchannel under the influence of a magnetic dipole. The capturing

efficiency was found to be a function of different nondimensional parameters, which

incorporate dipole strength, residence time, particle launching position, etc.

It is important to note that the aforementioned studies only considered a two di-

mensional (2D) model and are all assuming one-way coupling between the parti-

cles and a prescribed fully developed flow field. Only a few authors have studied

magnetic particle transport in microfluidic systems taking into account two-way

particle-fluid coupling wherein momentum is transferred from the particles back to

the fluid phase. Khashan and Furlani [265, 266] have studied theoretical particle

and fluid transport systems comparing the simplified one-way coupling with the

two-way coupling model. The model predicts the bead separation dynamics and

capture efficiency using a Lagrangian approach and computational fluid dynamics.

Their analysis concluded that, while one-way particle-fluid coupling enables rapid

calculation, two-way coupling should be modelled whenever more accurate results

are needed or particle concentrations are high. Most of the two-way coupling stud-

ies, however, have been limited in that they only consider point dipole magnetic
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field sources [264, 267, 268].

More recently, multiphysics packages, e.g. ANSYS or COMSOL, have been used

to simulate trajectories of magnetic particles in fluid dynamic systems. Finite ele-

ment methods (FEM) and the increasing computational power make it possible to

simultaneously simulate multiple physical effects, such as magnetic and fluid dy-

namic forces, in highly complex geometries. For example, Tóth et al. [269] studied

magnetic particle trapping on a Fe-Ni grid by simulating hydrodynamic and magne-

tophoretic processes in COMSOL Multiphysics. Radulović et al. [270] investigated

separation methods to separate magnetic microspheres of different sizes with radii

between 1 µm and 10 µm. Magnetic field and force on the particles, as well as the

fluid dynamics, were simulated in a 2D model in COMSOL.

Haverkort et al. [271] performed computational simulations of blood flow and mag-

netic particle motion to optimise magnetic drug targeting in cardiovascular diseases.

For this purpose, they reproduced the complex model of a coronary artery and a

carotid artery in ANSYS to investigate the capture efficiency of magnetic particles

within the artery when a strong external magnetic field is applied.

Computational simulations make it possible to study the feasibility or performance

of magnetic separation devices before starting experiments or entering clinical trials.

Simulations are useful to investigate the influence of different factors independently,

and for optimisation. However, the multiphysics packages may enable accurate 3D

modelling, but are often lacking control over key parameter values and the models

often make incomplete assumptions about material properties that result in inaccu-

rate predictions.
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1.6 Motivation

This work was initiated after discussions with a research group and clinicians at

the John Radcliffe Hospital in Oxford. It was proposed that a continuous flow

magnetic separator could be used for the separation and removal of a specific vesicle

from a mixed vesicle sample obtained from pre-eclampsia patients. Pre-eclampsia

occurs in up to 3% of pregnancies and is one of the leading causes of maternal

mortality in both developed as well as developing countries. It leads to the death

of approximately 50, 000 women annually [272]. It is a life threatening condition to

both mother and child. It results in other symptoms such as high blood pressure,

stroke, protein in urine, clotting disorder and a non-functional placenta which would

affect the nutritional requirements of the baby [272, 273].

During normal pregnancy, the placenta sheds cellular vesicles into the maternal

blood as part of a normal process of turnover and repair, but these vesicles are sig-

nificantly elevated in pre-eclampsia and it has been hypothesized that the increased

levels of cellular micro- and nano-vesicles in human fluids are associated with a wide

range of diseases such as pre-eclampsia, cardiovascular disease, cancer, sepsis, HIV

and diabetes [274].

The key to managing pre-eclampsia is early detection and diagnosis. In addition to

a diagnosis based on patient symptoms, it is also possible to monitor the aforemen-

tioned vesicles and biological cells within the body which serve as a biomarker. For

example, the variations in the physical structure of the nano-vesicles (30− 100 nm)

and micro-vesicles (0.1− 1 µm) found in blood plasma can serve as indicators of a

disease [274].

The isolation, detection and characterization of these vesicles will provide more in-

sight on these diseases and help in providing appropriate treatment methods. How-

ever, the placental derived vesicles in the maternal plasma samples are found to be

less then 1% of the total vesicle population. The pre-dominant vesicle component
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are lipoprotein vesicles, which represent 98% of all vesicles and platelet vesicles. The

situation is an even greater problem in other diseases where the disease associated

particles are of unknown origin and could represent a very small proportion of the

vesicle population. The rare occurrence of disease associated vesicles presents a chal-

lenge for current established detection methods such as light scattering techniques.

Furthermore, cellular vesicles and lipid vesicles are of the same dimensions. This

makes it difficult to use physical based separation method for this application. Cur-

rently, ultracentrifugation is used, but the procedure is time consuming and relies

on the use of complicated and expensive equipment often handled by specialized and

trained personnel.

The separation of such cellular vesicles with the help of magnetic particles and an

externally applied magnetic field seems to be a very promising technique to isolate

magnetically labelled biomarkers for various reasons given above. The use of exter-

nal permanent magnets not only allows for portable and automated devices but also

makes device manufacturing easier. However, permanent magnets create a unidirec-

tional force causing particles to eventually collide with one of the inner walls of the

fluidic channel. Particles being driven towards a surface are likely to be trapped in a

region where the fluid velocity is zero because of the no-slip condition at the channel

walls, and in some cases experience a binding force if the wall surface is oppositely

charged. Such conditions adversely affect the particle throughput and continuous

separation; this undesired particle loss is rarely mentioned in the literature.

The separation of placentile derived microvesicles was the initiator of this work on

magnetic separation, but not the sole focus. This study extends to the separa-

tion of other biological entities including cells which, being significantly larger than

microvesicles, require additional factors to be taken into account.
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1.7 Aims and objectives

One of the objectives of this project was to understand how magnetic particles

move when placed in a non-uniform magnetic field. This will facilitate the design of

more efficient biomedical magnetic separators which can separate particles from a

continuous flow without a large number of particles getting lost in the system. Such

designs highly depend on the knowledge of the properties of the magnetic particles.

Knowing the magnetic responsiveness of the particles, namely the magnetophoretic

mobility, helps to predict their trajectory when suspended in a liquid medium and

exposed to a magnetic field. The performance of continuous separation devices can

be affected by particle variations and typically requires a different set of system

parameters for each particle type in order to achieve the desired separation results.

This makes the use of such continuous separation systems complex for clinicians.

Therefore, a robust and easy to use separation device is needed that enables the

usage of various particle types without compromising the performance of diagnostic

assays for clinicians. Additionally, the device should be able to isolate a bio-entity

in extremely low concentrations in larger sample volumes such as might be required

when screening for disease in samples of urine.

Here, characterization of commercially available magnetic particles has been used to

improve the accuracy of the particle trajectory model. The trajectories of magnetic

microparticles in a microfluidic separation channel under continuous and pulse flow

condition using two novel magnet configurations have been analytically studied. The

model incorporated the experimentally found magnetic bead properties in order to

represent the magnetic particle response as realistically as possible. Furthermore,

the model has been extended to a three dimensional (3D) problem, which allows

the simulation of more elaborate magnet designs and offers more flexibility for the

trajectory simulations.

Theoretical investigations paired with experimental validation is rare in the liter-
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ature. Thus, the new magnetic configurations are simulated and experimentally

tested to validate the model and to verify the simulated magnetic field pattern.

Confidence in the exact field pattern allows better control of the beads in the region

where they are separated by use of an external permanent magnet, and provides

accurate field data for calculating the resultant magnetophoretic forces.

The results of this work will help others make more accurate particle separation pre-

dictions and the novel magnet designs can be applied to continuous magnetic particle

separation in order to contribute to the further development and improvement of

inexpensive µTAS or LOC.

It is acknowledged by the author that although previous research has shown promis-

ing results, the opportunity for progression is large. For instance, more robust de-

vices need to be developed that do not rely on accurately set flow rates or well

known particle mobilities. Ease of manufacturing of such separation devices is also

a vital point for the proliferation of this very promising field. Especially, the field

of analytical simulation is seen to have a huge potential because it can remove the

need to laboriously fabricate and test different microfluidic channels and magnetic

separation designs.

1.8 Outline

After an introduction and a literature review of magnetic particle separation and its

key features, the theory of magnetophoresis in microchannels as well as the mod-

elling approach is described in Chapter 2. Chapter 3 outlines the materials used

in the experiments and describes the experimental procedures. In Chapter 4, the

magnetophoretic mobility and susceptibility of five commercially available magnetic

bead types are studied. In Chapter 5, the fluid dynamics within a rectangular duct

and the hydrodynamic focusing is analytically as well as experimentally investigated.
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Chapter 6 presents two new magnetic configurations and the effect on the generated

magnetic field by varying key design parameters is identified. Chapter 7 discusses the

separation efficiency of the previously introduced magnetic configurations by com-

paring numerical particle trajectory simulations and experimental results. Chapter 8

summarizes all key findings and gives an outlook for future research.

1.9 Contribution

In this thesis, three key contributions in the field of magnetic particle separations

are given. First, the susceptibility of magnetic micron sized beads are characterized

using two independent studies and their field dependence has been proven. Second,

the results of the susceptibility study have led to the development of a more accurate

model for magnetic separation; combining FEM, particle tracking techniques and ex-

perimentally determined bead properties. The model serves as a tool for predicting

magnetic particle trajectories which will help optimise future magnetic separator

designs. Third, with the help of the model, two novel magnet configurations are

investigated in detail and experimentally verified. The magnet configurations not

only attract superparamagnetic particles but also exhibit a repelling force. This

phenomenon has not previously been reported in the literature as a means to guide

magnetic particles along specific trajectories. The proposed magnetic separator us-

ing the novel magnet configurations is shown to be successful in separating magnetic

particles with a separation efficiency of 35% and 80% in continuous and pulsed mode

operation, respectively.



Chapter 2

Fundamentals of magnetophoresis

and its simulation

2.1 Introduction

In this chapter the fundamentals of microfluidics and magnetism, the two main fields

involved in magnetophoresis, will be explained and their basic mathematical models

will be derived. Additionally, the numerical methods to simulate the magnetic field

using FEM are shown.

This chapter is by no means exhaustive. Further details on fluid dynamics and

magnetism, as well as finite element methods, can be found in many published

textbooks (e.g. [275–278]).

2.2 Fluid motion in microfluidic systems

In general, the flow field inside a fluid channel can be described by the incom-

pressible Navier-Stokes equations, which represent the conservation of momentum

53
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(Equation 2.1) and conservation of mass (Equation 2.2) [276]:

ρf

(
∂u

∂t
+ (u · ∇)u

)
= −∇p+ ηf∇2u (2.1)

∇ · u = 0 (2.2)

where u, ρf , ηf and ∇p are the velocity vector, the fluid density, fluid dynamic

viscosity and pressure gradient, respectively. Equation 2.1 assumes the fluid to be

incompressible and isotropic (Newtonian fluid), which means the fluid’s density ρf

as well as its viscosity ηf can be approximated as constant. The different terms in

Equation 2.1 correspond to the inertial forces, the convection force, pressure forces

and diffusion forces applied to the fluid.

The steady-state continuity equation for an incompressible flow (Equation 2.2) re-

flects the fact that mass is conserved. It states that the rate at which mass enters a

system is equal to the rate at which mass leaves the system.

To completely characterise the flow field described by the Navier-Stokes equations

(Equation 2.1 and Equation 2.2), also a set of boundary conditions is needed. The

boundary conditions need to include the pressure difference on the in- and outlets

of the domain as well as the velocities of the bounding surfaces (if these are moving

in the frame of reference). In this work, the geometry is assumed to be a rectan-

gular duct with no moving side walls and a no-slip condition (Dirichlet boundary

condition) with the fluid velocity specified at the inlets and pressure prescribed at

the outlets:

u = 0 on Γ (2.3)

where Γ represents the boundaries of the domain, i.e. the channel’s side walls. The

velocity at the different inlets is assumed to be uniform across the entire area but

will be varied in its magnitude.
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2.2.1 Steady unidirectional flow in a rectangular duct

On the micro-scale, laminar flow is typically achieved [1]. Whether a flow regime is

laminar or turbulent can be determined by calculating the dimensionless Reynolds

number, which represents the ratio of inertial force to viscous force [275]:

Re =
ρfufDH

ηf
(2.4)

Here, uf is the fluid velocity (in one direction) and DH is the hydraulic diameter

(characteristic length) of the fluid channel. For a rectangular duct, the hydraulic di-

ameter, DH is given by the ratio between the cross section and the wetted area [279]:

DH =
4A

W
(2.5)

with the cross sectional area A and the wetted perimeter W of the cross section. For

a rectangular cross section, A and W can be described as [279]:

A = w0h0 (2.6)

W = 2(w0 + h0) (2.7)

where w0 and h0 are the width and the height of the rectangular fluid channel. In

this work the hydraulic diameter is DH ≈ 0.7 mm.

Going from a turbulent to a laminar regime, or vice versa, does not occur abruptly

but is a continuous transformation process without a clear transition point. In

the literature, a transition threshold of Re ≈ 2300 is normally given as a rule of

thumb [276].

In most circumstances in microfluidics, the Reynolds number is around unity or

even one order of magnitude smaller, ruling out turbulent flows in the channel (here,

1.4 ≤ Re ≤ 3.7). At low Reynolds numbers the flow is dominated by viscous drag
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rather than inertial forces, and is characterized by a continuous and ordered fluid

motion in contrast to turbulent flow which is irregular. [280]. For these conditions

the entrance length is defined as the distance between the inlets and the point that

the flow becomes fully developed (time invariant or steady). This distance is directly

proportional to the Reynolds number and can be estimated by [281]:

LH ≈ 0.06DHRe (2.8)

The maximum entrance length LH for the highest Reynolds Number used in this

thesis is approximately 155 µm, which is more than 100 times smaller, than the

channel length of the devices used in this thesis (see Chapter 3).

For a unidirectional flow that is assumed to be steady-state and fully developed,

the inertial force (∂u/∂t) and the convective terms (u · ∇u) are all equal to zero

and thus, can be omitted. Without the nonlinear convection and time dependence,

the Navier-Stokes equation (Equation 2.1) can be simplified. The resulting linear

equations governing the velocity distribution in the fluid are [276]:

ηf∇2u = ∇p (2.9)

Equation 2.9 together with the continuity equation (Equation 2.2) are known as

the Stokes equations. An analytical solution to Equation 2.9 using the Dirichlet

boundary conditions given in Equation 2.3 can be found for a number of simple

geometries. In the absence of moving beads in the fluid, the hydrodynamics of a

rectangular microfluidic channel in the limit of laminar flow is standard textbook

material. The solution to Equation 2.9 gives the so called Poiseuille flow for a channel

of rectangular cross section and can be mathematically expressed by the following
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infinite Fourier series summation [275]:

uf (x, y) =
4h2

0

ηfπ3

(
−dp
dz

) ∞∑
k=0

(−1)k×

1−
cosh

[
(2k+1)πx

h0

]
cosh

[
(2k+1)πw0

2h0

]
 cos

[
(2k+1)πy

h0

]
(2k + 1)3

(2.10)

where h0 and w0 are the height and the width of the fluid channel and dp/dz describes

the pressure drop along z. The pressure driven velocity profile across a cross section

of a rectangular microchannel is shown in Figure 2.1.

Figure 2.1: Schematic of a 3D velocity profile of a unidirectional flow in a rectangular
duct of a viscous fluid. In this analytical calculation the width (w0) and the height
(h0) of the channel is set to 500 µm and the fluid channel’s length (l0) is set to 10
mm.

2.2.1.1 Hydraulic resistance in microfluidic systems

In Section 2.2.1 the pressure-driven, steady-state flow of an incompressible Newto-

nian fluid through a straight channel is studied. It is found that a constant pressure

drop results in a constant flow rate. This result can be summarised in the Hagen-

Poiseuille law [282]:

∆p = RHQ̇ (2.11)
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where ∆p is the pressure drop along the channel, Q̇ the resulting flow rate through

the channel and RH a proportionality factor known as the hydraulic resistance. The

hydraulic resistance is due to viscous dissipation of mechanical energy into heat

by internal friction in the fluid. For a straight and rigid channel of length l0 and

rectangular cross-section (w0 × h0), the hydraulic resistance can be approximated

as [282]:

RH ≈
12ηf l0

h3
0w0 [1− 0.63(h0/w0)]

(2.12)

Equation 2.12 assumes that the fluidic channel is perfectly straight and that its cross

section is not changing along its length, which is true for all the microfluidic systems

analysed in this work.

Typically, the fluid flow is subject to a no-slip boundary condition at the walls and

thus the actual hydraulic resistance will depend on the perimeter as well as the cross-

section area. With the miniaturization of microfluidic systems, their surface area to

volume ratio increases. This leads to a high hydraulic resistance and thus results in

a high back pressure when liquids are pumped through the system. This high back

pressure can cause difficulties in the introduction of fluids in microfluidic systems

and therefore, should be taken into consideration when microfluidic channels in LOC

systems are designed [282].

2.2.2 Particle laden flow in microfluidic systems

Particle laden flows refer to a multiphase flow in which one of the phases is continu-

ously connected and the other phase is made up of small, immiscible, and typically

dilute particles. The above discussion on fluid motion in microfluidic systems does

not take a discrete phase into account. When particles are added to the flow, they

will alter the fluid properties and it is necessary to determine if this effect is signifi-
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cant.

Depending on the volume fraction of the dispersed phase, the particle laden flow

needs to be modelled differently. The particle volume fraction, υp, is described by

the ratio [283]:

υp =
Vtot
Vunit

(2.13)

where Vtot is the total volume of the solid phase in the unit volume Vunit. If the

concentration of particles is high (υp > 10−3), the particle-particle interaction and

its effect on the fluid (four-way coupling) must be modelled. For intermediate con-

centrations (10−6 < υp < 10−3), particle-particle interaction may be neglected but

the particles still have an effect on their surrounding fluid (two-way coupling). For

low concentrations (υp < 10−6), the fluid flow is not considerably influenced by the

particle flow (one-way coupling) [284].

In most microfluidic cases, the particles occur in low concentrations and are very

small, hence the dynamics are governed primarily by the continuous phase. The be-

haviour of the particles in a fluid flow can be characterised by the Stokes number,

Stk, which is defined as the ratio of the characteristic time of the particles to a

characteristic time of the flow [276]:

Stk =
τpuf
Dp

(2.14)

where uf is the velocity of the fluid, Dp is the hydraulic diameter of the particle and

τp is the relaxation time of the particle, which is given by [276]:

τp =
ρpd

2
p

18ηf
(2.15)
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where ρp and dp are the particle’s density and diameter.

The Stokes number is a measure of flow tracer fidelity, which means it gives infor-

mation about how well particles follow the fluid flow. For large Stokes numbers (Stk

� 1), particles will detach from the flow and the particle motion is weakly affected

by the flow, whereas for small Stokes numbers (Stk � 1) the particles follow the

streamlines closely, which means the particles are in quasi equilibrium with the sur-

rounding flow.

In the present work, a dilute concentration (υp ≤ 10−6) and a small Stokes number

(Stk ≈ 10−3) can be assumed. Thus, the flow does not depend on the particle dy-

namics and therefore can be solved in an uncoupled way. This allows calculating the

particle laden flow according to Equation 2.9 and independently from other particle

movements (see Section 2.4.1).

2.2.3 Hydrodynamic focusing

Hydrodynamic focusing is a widely used technique in microfluidics [285, 286]. It

involves the reshaping of a central stream by varying the pressure of the two sheath

flows, as schematically shown in Figure 2.2. This way, one can achieve precise control

of the focused sample stream width and position, which is of crucial importance to

magnetic particle separation because of the non-uniform nature of the magnetic

force. Due to the planar nature of most microfluidic devices only two-dimensional

hydrodynamic focusing will be considered here. To mathematically express the width

of the sample stream the model for hydrodynamic focusing in a rectangular channel

by Lee et al. [287] will be followed here. The model uses the mass conservation

principle for incompressible fluids, which states that the volume flow at inlets and

outlets must be the same, i.e. the central inlet channel must equal the volume of

fluid passing through the focused stream, and the sum of the volume flows passing

through the three individual inlet channels must be the same as the total fluid
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Figure 2.2: A schematic of the three inlet channel of the microfluidic device display-
ing hydrodynamic focusing of a sample flow Q̇c by varying the two sheath flows Q̇s1

and Q̇s2.

passing though the main channel [287]:

Q̇c = wch0ūc (2.16)

Q̇c + Q̇s1 + Q̇s2 = w0h0ū0 (2.17)

where Q̇c, Q̇s1 and Q̇s2 are the volume flow rates of the centre sample stream and

the two sheath flows, respectively. The parameter wc describes the width of the

focused sample stream and the two velocities ūc and ū0 are the mean velocity of the

hydrodynamically focused flow and the mean velocity in the main channel.

By rearranging the two equations (Equation 2.16 and Equation 2.17) the relationship

between the width of the hydrodynamically focused stream and the channel width

can be expressed as [287]:

wc
w0

=
1

γ
· Q̇c

Q̇c + Q̇s1 + Q̇s2

(2.18)
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where the unknown velocity ratio γ = ūc/ū0 needs to be found. The two mean

velocities, ūc and ū0, can be determined by integrating Equation 2.10 along x and

y, and the velocity ratio γ can then be expressed as [287]:

γ =
ūc
ū0

=
1−

(
192h0
π5wc

)∑∞
k=0

1
(2k+1)5

sinh[(2k+1)πwc/2h0]
cosh[(2k+1)πw0/2h0]

1−
(

192h0
π5w0

)∑∞
k=0

tanh[(2k+1)πw0/2h0]
(2k+1)5

(2.19)

Based on Equation 2.19, the hydrodynamic focusing effect does not solely depend

on the relative flow rates of the sheath and sample flows but is also dependent on

the aspect ratio, h0/w0, of the microfluidic channel and the width of the hydrody-

namically focused stream, wc. Thus, an implicit formula for wc can be obtained. For

the case where the aspect ratio is close to zero (h0/w0 << 1), a velocity ratio of

γ ≈ 1 can be assumed [288].

2.3 Magnetism

Substances which are magnetized by a magnetic field are called magnetic materials.

The term magnet, however, is typically used for objects that produce their own

persistent magnetic field even in the absence of an external magnetic field. Only

certain classes of materials can actually do this. Most materials, however, produce a

magnetic field in response to an applied magnetic field. This phenomenon is generally

known as magnetism. There are various kinds of magnetism, and all materials exhibit

at least one of them [289].

The magnetism of materials originates from the magnetic moment of electrons in

the atom; electron momentum gives rise to magnetic dipole moments. The total

magnetic moment of the atom is then given by the vector sum of all its electronic

moments [290]. In a bulk magnetic material the net magnetization M is the vector

sum of all the magnetic moments of the atoms per unit volume of the material.

However, this does not mean that all the magnetic moments in the entire material
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will point in the same direction. Rather what happens is the magnetic pattern is

a patchwork of different domains with each domain having its own magnetization

vector arising from an alignment of atomic moments within the domain as shown

in Figure 2.3. Due to this anisotropic alignment of magnetization vectors across

different domains, magnetic materials are usually not spontaneously magnetized

but exist rather in a demagnetized state, where the overall resultant magnetization

vector M is normally zero. However, by applying an external magnetic field H these

domains can align in the direction of the external field and enhance the overall

macroscopic magnetic response in the material. How quickly and with what ease the

domains align and whether or not their new alignment remains after the external

magnetic field has been removed is material dependent and will be discussed in

Section 2.3.3.

Figure 2.3: Schematic picture of magnetic domains. Arrows represent the direction
of the magnetization in the different domains.

2.3.1 Magnetic field

A magnetic field arises whenever there is electrical charge in motion. This can be

due to an electrical current flowing in a conductor or produced by a permanent

magnet [291, 292]. In the latter case, the magnetization of a material, as discussed
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in the previous section (see Section 2.3), is expressed in terms of density of net

magnetic dipole moments in the material and can be defined as [292]:

M =
m

V
(2.20)

where m and V are the total magnetic dipole moment and volume of the mate-

rial, respectively. The magnetization can also be described by the following linear

relation [292]:

M = χH (2.21)

where H is the applied magnetic field and χ is the susceptibility of the magnetic

material. The magnetic susceptibility of a material describes the ease of magnetiza-

tion in an external magnetic field.

When a magnetic material is placed in a magnetic field, H, the response of the

medium is its magnetic induction. The extent to which a medium responds to the

magnetic field depends on the relative permeability of the material. In many media

the magnetic flux B can be assumed to be a linear function of H [292]:

B = µ0µrH (2.22)

where µ0 and µr are the permeability of free space (4π × 10−7 N/A2), relative

permeability of the material, respectively. The relationship between the magnetic

flux density B, the magnetization M and the magnetic field H is given by [292]:

B = µ0(H + M) (2.23)
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If one replaces the magnetization M (Equation 2.21) in Equation 2.23 one gets the

following expression [292]:

B = µ0(1 + χ)H (2.24)

2.3.2 Magnetic hysteresis and saturation

Considering χ to be a constant in Equation 2.21, even though a good approximation

at low fields, is an inappropriate assumption for most magnetic materials. First, the

relationship between M and H is generally nonlinear, approaching a finite satura-

tion magnetizationMS. This represents a condition where magnetic moments within

the material are aligned in the direction of the magnetic field H. Second, the mag-

netization M is not necessarily a unique function of H. The magnetization curve

displays a hysteresis loop, because not all domains return to their original orienta-

tions when H is decreased after the saturation magnetization value is attained. This

phenomenon is illustrated in Figure 2.4. Key parameters of the hysteresis loop are

H

M

HC

MR

MS

Figure 2.4: Magnetic hysteresis cycle. The magnetic material will retain a magnetic
moment, MR, even in the absence of an external field, which essentially creates a
new permanent magnet. Only at a coercive field, HC , the net magnetic moment of
the material will return to zero.

the remanent magnetization or remanence MR, which is the residual magnetization

after the external field is removed and the coercivity HC , which is the magnitude of
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the field that must be applied in the negative direction to bring the magnetization

back to zero.

2.3.3 Magnetic materials and properties

Magnetic materials encompass a wide variety of materials and their macroscopic

magnetic behaviour can be classified into ferro- or ferrimagnetic, paramagnetic and

diamagnetic. They are grouped according to their magnetic dipole orientation and

bulk magnetic susceptibility, which is schematically shown in Figure 2.5. The differ-

ent kinds of magnetism will be briefly discussed in the following subsections.

(a) Ferromagnetism (b) Ferrimagnetism (c) Paramagnetism

Figure 2.5: Overview and comparison of the different types of magnetism. The
magnetic dipole orientation defines the magnetic type.

2.3.3.1 Ferromagnetic and ferrimagnetic materials

Ferromagnetic and ferrimagnetic materials are the ones normally thought of as mag-

netic, because these materials are the only ones that can retain a significant mag-

netization and become magnets. The magnetic moments interact strongly with an

applied magnetic field and their orientation remains stable even after removal of the

external field. Thus, ferromagnetic materials exhibit a large and positive magnetic

susceptibility (χ� 0).

Different classes of spontaneous magnetization have been identified when there are
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multiple magnetic moments, whose magnitude and arrangement can be different

and arranged anti-parallel. In the case of ferromagnetism, all magnetic moments

are aligned parallel to one another, which results in a strong positive interaction

between neighbouring moments, whereas in the ferrimagnetic case some magnetic

moments are anti-aligned resulting in a weaker net magnetization M, as shown in

Figure 2.5a and Figure 2.5b [293].

The ease with which the different domains can change their direction differs widely

between the different ferro- and ferrimagnetic materials. However, this wide variety

of magnetic materials can be rather sharply divided into two groups. If a small ap-

plied field suffices to produce saturation, the material is said to be magnetically soft

(e.g. iron, iron-silicon alloys or low-carbon steels). Other materials, which require a

very large field to saturate are called magnetically hard (e.g. neodymium magnet,

Alnico or Strontium ferrite) [290, 293, 294]. The difference can be best seen in their

hysteresis loops as depicted in Figure 2.6.

H

M

(a) Soft magnetic

H

M

(b) Hard magnetic

Figure 2.6: Hysteresis loop for ferromagnetic material. (a) A soft magnetic be-
haviour and (b) a hard magnetic behaviour.
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2.3.3.2 Paramagnetic materials

Like ferromagnetic species, paramagnetic materials contain magnetic moments which

align when exposed to a magnetic field such that they form a weak net magnetic

moment, which means their magnetic susceptibility is small and positive (χ > 0).

However, unlike ferromagnetic materials, they do not exhibit magnetic remanence

upon removal of the field as the individual magnetic moments of the different do-

mains become randomized due to thermal agitation and do not interact with each

other. Thus, paramagnetic materials are only magnetized in the presence of an exter-

nally applied field, and once the field is removed the magnetization is lost [289, 293].

2.3.3.3 Superparamagnetic materials

Even if its name suggests a subtype of paramagnetism, superparamagnetism is actu-

ally a special form of magnetism with characteristics from both ferromagnetism and

paramagnetism. When the length scale of the magnetic material becomes smaller

than a critical size (10 − 20 nm), the ferro- or paramagnetic grains can essentially

be considered as individual magnetic domains and their magnetization is a single

magnetic moment [295]. At this scale, the available thermal energy becomes of the

same order as the magnetic energy, causing the magnetic moment to immediately

align randomly in space, after the magnetic field has been removed. Therefore, the

coercivity and remanence is substantially equal to zero and thus, no hysteresis can

be observed [296–298].

This behaviour can be described by the Néel relaxation time which describes the

time needed for a magnetic moment to change its orientation [299]:

τ = τ0 · exp
( ΛV

kBT

)
(2.25)
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where the different parameters Λ, V , kB and T are the magnetic anisotropy energy

density, grain volume, Boltzmann constant and the temperature, respectively. The

height of the energy barrier is given by ΛV and kBT is the thermal energy. τ0 is the

material characteristic time scale, normally in the order of 0.1− 1 nanoseconds.

The magnetic susceptibility of these commercially available beads is typically in the

range of 0.01− 1.5 [194, 300–302].

2.3.3.4 Diamagnetic materials

Diamagnetic materials exhibit a net magnetization which is opposite to the direc-

tion of the externally applied magnetic field and thus, are repelled by the applied

magnetic field. That means, diamagnetic materials have a small negative magnetic

susceptibility (−1 < χ < 0) [290]. Examples for diamagnetic materials are gold,

copper or water [294].

The opposed magnetic moment of diamagnetic substances is generally a very weak

effect and loses its opposing magnetization after removal of the applied magnetic

field.

2.4 Theory of magnetophoresis

Magnetophoresis is the combination of fluid dynamics (Section 2.2) and magnetism

(Section 2.3).

A magnetic particle that is in suspension in a liquid and is being exposed to a mag-

netic field, experiences a set of forces. However, the magnetic force and the Stokes

drag force are the most dominant forces relevant to this thesis. Other forces such

as, gravity, buoyancy and also Saffman forces can be neglected for the microscopic

particles used because of their small size (1 µm −2.8 µm) compared to the channel

dimensions (0.4 × 3 mm) and the time-scales involved [303–305]. Thus, Newton’s
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second law of motion can be written as [306]:

Vpρp
∂up
∂t

= Fm + Fd (2.26)

where Fm and Fd describe the two dominant forces, the magnetic force and the

Stokes drag, respectively. The two parameters Vp and ρp describe the particle vol-

ume and its density. Thus, the product of the two is the mass of the particle.

The magnetic force on a magnetized object Fm can be expressed in multiple ways [307]:

Fm = Vpχp(H · ∇)B (2.27)

=
Vpχp
µ0

(
B · ∇

)
B (2.28)

where Vp and χp are the volume and the effective susceptibility of the particle,

respectively. Equation 2.28 is most commonly used in the literature and will also be

used throughout this thesis.

If the particle is suspended in a viscous fluid, Equation 2.28 needs to be slightly

modified since the susceptibility of the surrounding medium should be taken into

account [59]:

Fm = ∆χVp

(
∇|B|2

2µ0

)
(2.29)

where ∆χ = χp − χf describes the difference in relative magnetic susceptibility be-

tween the magnetic particle (χp) and the surrounding medium (χf ).

It is important to note here, that Equation 2.27-2.29 assume a constant magnetic

field across the volume of the particle and the magnetic media to be linearly polariz-

able, for which the magnetic susceptibility χp is independent of the applied magnetic

field. In general, this is a valid assumption for all materials in a sufficiently weak

field.
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In the case of micrometre sized spherical particles at low Reynolds number, Stokes

regime is found to be applicable (see Section 2.2.2) and the Stokes drag force in

Equation 2.26 can be assumed as [276]:

Fd = −6πηfrp∆u (2.30)

where rp is the particle’s radius, ηf the viscosity of the medium the particle is

suspended in, and ∆u = uf − up is the relative velocity between the particle and

the fluid.

For micro-sized particles, a terminal velocity is reached in a matter of microseconds,

in which case it is appropriate to assume [308]:

Fm = −Fd (2.31)

From this simplified equation of motion (Equation 2.31) and the two equations,

Equation 2.29 and Equation 2.30, one obtains the magnetically induced terminal

velocity of the particle:

up =
∆χpVp
6πηrp︸ ︷︷ ︸
Material
properties

·
(
∇|B|2

2µ0

)
︸ ︷︷ ︸
Magnetic field
properties

(2.32)

An interesting interpretation of the expression given in Equation 2.32, is that it

depends on a purely material related term and a field related term; it is a product of

particle and suspending viscous medium properties and the applied magnetic field

properties. The two factors of this product can be defined as the magnetophoretic
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mobility of the particle νp and the magnetophoretic driving force S, given by:

νp =
∆χVp
6πηrp

(2.33)

S =
∇|B|2

2µ0

(2.34)

The magnetically induced terminal velocity (Equation 2.32) can be used to model

the trajectory of a single magnetic particle in a magnetic field with the help of the

Lagrangian particle tracking scheme, which will be discussed in the next section.

2.4.1 Lagrangian particle tracking

The Lagrangian tracking scheme is based on Newton’s equation of motion (Equa-

tion 2.26) and maps the positions of a single particle at discrete time steps. The

mathematical expression for the tracking scheme can be given by:

x(t+ δt) = x(t) + upδt (2.35)

in which x(t) is the location vector of the particle at time t, up is the instantaneous

particle velocity vector (see Equation 2.32) and δt is an incremental time interval,

small enough so that the particle velocity vector up is essentially constant during the

finite time step δt. In solving the equation of motion (Equation 2.31) in a Lagrangian

approach, the trajectory of single magnetic particles can be simulated. Thereby, time

step, δt, needs to meet the Courant-Friedrich-Lewy (CFL) condition to guarantee

accuracy and computational stability of the particle trajectory solution [309]:

uipδt

ω
≤ 1 (2.36)

where uip, δt and ω are the velocity vector of the ith particle, the time marching step

and the grid size of the simulated magnetic field, respectively. The simulation of the



Chapter 2. Fundamentals of magnetophoresis and its simulation 73

magnetic field, using FEM, is the subject of the next section.

2.5 Mathematical formulation of finite element equa-

tions for magnetostatic problems

All macroscopic electromagnetic phenomena are governed by a set of equations,

known as the Maxwell’s equations. For the magnetostatic problem, where the mag-

netic field is time-invariant and the electric field can be neglected, the magnetic field

must satisfy the following differential equations [310]:

∇×H = J (2.37)

∇ ·B = 0 (2.38)

B = µ0µrH (2.39)

where H, B and J are the magnetic field intensity, the magnetic flux density and the

current density, respectively. The magnetic flux density can be expressed in terms

of its vector potential Φ [310]:

B = ∇×Φ (2.40)

Substituting Equation 2.40 into Equation 2.37 with the aid of Equation 2.39 yields

the second-order differential equation [310]:

∇×
(

1

µ0µr
∇×Φ

)
= J (2.41)
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problems

Assuming the magnetic permeability is isotropic and independent of the magnetic

field, Equation 2.41 can be written as Poisson’s equation [310]:

∇2Φ = ∆Φ = µ0µrJ in Ω (2.42)

where ∆ is the Laplace operator and the vector potential Φ needs to be a real

function in the problem domain Ω with boundary ∂Ω. This boundary value problem

can be further formulated as a variational expression [311]:

E(Φ) =
1

2

∫
Ω

(
∇Φ · ∇Φ

µ0µr
−Φ · J

)
dΩ (2.43)

However, the vector potential Φ in Equation 2.43 is formulated as a continuous

function, which FEM cannot deal with. Therefore, the continuous problem in Equa-

tion 2.43 is broken into a discrete physical representation consisting of a finite num-

ber of regions or finite elements.

The discretization of the domain Ω is normally the first step in FEM. One of the

most commonly used approaches for two-dimensional (2D) and three-dimensional

(3D) problems, is to divide the domain into a mesh of triangles or tetrahedra, re-

spectively. These basic building blocks, triangle or tetrahedral, are called elements

and are depicted in Figure 2.7. In each element the unknown function Φ is repre-

sented by a trial function Φ̃, where the desired field in each element is approximated

with a 2nd order quadratic polynomial [311]:

Φ̃(x, y, z) = a0 +a1x+a2y+a3z+a4xy+a5yz+a6xz+a7x
2 +a8y

2 +a9z
2 (2.44)

The parameters ai are unknown values, which need to be found. In order to obtain

these values, field quantities are calculated for 10 points of each element, shown

in Figure 2.8. The solution to these points, which solves Equation 2.42, can then
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Figure 2.7: Typical finite elements: (a) triangular element and (b) tetrahedral ele-
ment.
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Figure 2.8: Points for which the magnetic vector potential will be calculated in
the FEM. Field quantities inside the tetrahedral are calculated using a 2nd order
quadratic interpolation scheme.

be obtained by minimizing the energy functional (Equation 2.43) with respect to

the values ai and subject to the given boundary conditions and user defined initial

conditions. This calculation is done at each node in every tetrahedral which results in

a large, sparse matrix equation, which can be solved using standard matrix solution

techniques. Proof can be found in [312].
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problems

2.5.1 Error estimation of the finite element method

Even though FEM has evolved into one of the most widely used techniques for find-

ing approximate solutions to differential equations it suffers from one major problem.

The very act of subdividing the domain Ω provides the opportunity for discretiza-

tion errors. First, discretization errors occur because the finite element model is,

by definition, incapable of reproducing every one of the infinite solution patterns

that the problem domain can assume. Second, the construction of these subsets of

the domain is not a trivial task, since the mesh must satisfy nearly contradictory

requirements: it must conform to the shape of the object or simulation domain; its

elements must be neither too large nor too numerous; it may have to grade from

small to large elements over a relatively short distance; and it must be composed of

elements that are of the right shapes and sizes. Such a mesh is known as a regular

mesh and is achieved by keeping the aspect ratio of its elements below a positive

constant ϑ [278]:

θ =
%out
%in
≤ ϑ (2.45)

where %out and %in are the outer and inner diameter of the element (triangle or tetra-

hedral), respectively. If ϑ is small, normally ϑ ≤ 5, the mesh quality is considered

to be sufficient. The literature demonstrates that the accuracy of finite element so-

lutions on triangular meshes degrades as angles are allowed to approach 180◦ [278].

Figure 2.9 visually illustrates these effects. The three triangulations are each using

200 triangles to render a paraboloid. It can be seen that the mesh of Figure 2.9b,

where the mesh is composed by long thin triangles with no angle greater than 90◦,

only performs slightly worse than the isotropic triangulation in Figure 2.9a. How-

ever, when the angles approach 180◦ as shown in Figure 2.9c, the solution gets more

distorted.
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(c) Obtuse angle triangles

Figure 2.9: Visual illustration of how large angles negatively effect the result of the
FEM solution. The left hand side of each subfigure shows the mesh used to render
the 2D parabolic function (right hand side). Each mesh has exactly 200 triangles
where a) contains isotropic triangles, b) has sharp angle triangles and c) is made of
obtuse angle triangles.
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problems

2.5.1.1 Adaptive mesh refinement algorithm

The difference between the exact solution Φ and the nummerical approximation Φ̃

is the discretization error [313]:

ε = ‖Φ− Φ̃‖? (2.46)

The discretization error can be given in any given norm, which is indicated by the

asterisk, but always depends on the number of elements in the mesh; i.e. the finer the

mesh, the smaller the discretization error. Adaptive mesh refinement is an approach

to minimise the discretization error by locally refining the mesh where errors are

particularly high. This process is then repeated until an end criteria is reached, e.g.

the required accuracy is met or the maximum number of iteration steps is reached.

Figure 2.10 schematically illustrates the adaptive mesh refinement algorithm. Mul-

Generate initial mesh

Calculate output 
(magnetic flux density)

Solve fields using the 
Finite Element Method 

Calculate local 
solution error Refine mesh

End criteria
reached?

Adaptive meshing cycle

Yes

No

Figure 2.10: Box flow diagram of an adaptive mesh refinement algorithm used in
various FEM programs.

tiple adaptive mesh refinement algorithms are described in the literature [313, 314];
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e.g. more mesh points are placed in areas where the gradient of the solution is high-

est or the mesh is refined according to the change in the derivative at the element

boundaries [315, 316]. Another approach, which will be used in this thesis, is using

the residuals in the elements [317]:

εe = ∆Φ̃− J (2.47)

The parameter εe indicates how well the original equations are locally satisfied by

the approximate solution. The generated mesh is required to meet acceptable energy

error estimate [311]:

ξe =
|εe|
E(Φ̃)

(2.48)

where ξe is the local energy error in element e and E(Φ̃) describes the total energy

in the discrete system, which for the FEM approximate solution can be formulated

as the following (also see Equation 2.43) [311]:

E(Φ̃) =
1

2

∫
Ω

(
∇Φ̃ · ∇Φ̃

µ0µr
+ Φ̃ · J

)
dΩ (2.49)

The ξe values act as an energy error estimate criteria and are used for adaptive mesh

refinement. Summing the local errors in each element and dividing the sum by the

total energy leads to a global percentage error energy [311]:

ξ =

∑n
e=1 |εe|
E(Φ̃)

× 100 (2.50)

Equation 2.50 is used as a stopping criteria in order to terminate the refinement

process.
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2.6 Statistical data analysis

Part of the analysis in this thesis includes statistical testing. The basis and the con-

cepts of the analysis are introduced here, but will be used later in the thesis.

In general, all processes are affected by chance to a certain degree. Thus, every

single measurement will be affected by small variances because of experimental er-

rors. These random effects also occur in engineering problems because fabrication

and other procedures are prone to small variations. The magnetic particles are not

immune to these random variations due to small uncontrollable differences in their

composition or shape.

A common aim of statistical analysis is to produce information (e.g. mean or vari-

ance) about a certain population. A population is any well defined collection or set

of values. This sense of the term population differs from the sense in which most

social scientists use the term, as social scientists tend to view collections of people

or objects as defining a population.

Since testing an entire population can be very lengthy, one often makes inferences

(generalizations) where a subset of the population (statistical data sample) is cho-

sen to represent the population. This process is also known as statistical interfer-

ence [318]. Selecting a statistical sample has its pitfalls, but the challenges of sam-

pling will not be discussed here. There is a large body of work on sampling in the

literature which the interested reader can consult [318–321].

The sample mean (Equation 2.51) and the sample variance (Equation 2.52) for a

sample with N observations can be expressed as [318]:

x̄ =
1

N

N∑
j=1

xj =
1

N
(x1 + x2 + · · ·+ xN) (2.51)

s2 =
1

N − 1

N∑
j=1

(xj − x̄)2 =
1

n− 1

[
(x1 − x̄)2 + · · ·+ (xN − x̄)2

]
(2.52)



Chapter 2. Fundamentals of magnetophoresis and its simulation 81

The variables xj are considered independent random variables, each corresponding

to one randomly selected observation. Note that the sample mean (Equation 2.51)

and sample variance (Equation 2.52) are estimates of the population mean and pop-

ulation variance. With increasing sample size N the difference between the sample

and the population moments can be neglected. In this work, the statistical samples

are the different particle types. Every observation of a single particle is assumed to

be an independent random variable, which means the occurrence of one observation

does not affect the probability of occurrence of another observation [322].

2.6.1 Significance testing

Once sample data has been gathered through an observational study or quantita-

tive research, statistical inference allows evidence in favour of a claim or hypothesis

about a population statistic from which the sample has been drawn to be tested.

The methods of inference used to support or reject claims on a sample data are

known as significance tests.

Every significance test begins with a null hypothesis H0. The null hypothesis rep-

resents a theory that has been assumed, either because it is believed to be true or

because it is to be used as a basis for arguments.

The alternative hypothesis Ha is a statement of what a statistical hypothesis test

aims to establish.

The conclusion once the test has been carried out is always given in terms of the

null hypothesis. Either H0 is accepted (which does not necessarily mean that the

null hypothesis is true) except for a small error probability α, called the acceptance

level, or H0 is rejected in favour of Ha. Hence α is the probability of rejecting a

hypothesis although it is true (Type I error). The choice of α is up to the person

who performs the test. Common values are α = 5% or α = 1%.

In deciding which test is appropriate to use, it is important to consider the type
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of variables, i.e. whether the variables are categorical, ordinal or interval and what

distribution the variables have [306, 323]. In this study, the mean values of differ-

ent magnetic particle samples will be tested using a one-way analysis of variance

(ANOVA) with an acceptance level α = 5%. The one-way ANOVA is used to deter-

mine whether there are any statistically significant differences between the means

of three or more independent groups. Specifically, it tests the null hypothesis H0:

H0 : µ1 = µ2 = · · · = µn (2.53)

where the different µi are the different means of the separate groups and the index

n the number of groups. If, however, the one-way ANOVA returns a statistically

significant result, the alternative hypothesis Ha is accepted, i.e. there are at least

two group means that are significantly different from each other. At this point, it is

important to state that the one-way ANOVA cannot tell which specific groups are

significantly different from each other, only that there are at least two. To determine

which specific groups differ from each other, a post-hoc test needs to be performed.

Whenever the one-way ANOVA is used the following assumptions are made:

• The sample means x̄ in each group are normally distributed. A normal distri-

bution can usually be assumed for samples where the number of observations

is large (N ≥ 30) due to the central limit theorem [306, 324].

• There is homogeneity of variances, meaning the variances in each group are

equal.

• Independence of observations, which is already assumed when using Equa-

tion 2.51 and Equation 2.52.

In this work, the ANOVA test will be used to compare the susceptibility values at

different magnetic field strengths of two groups of magnetic beads. The two groups
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use different measurement approaches to determine the susceptibility of the bead

population.



Chapter 3

Experiments and simulations

3.1 Introduction

This chapter describes the setups and procedures used for the experiments and MAT-

LAB simulations in this thesis. A detailed description of the particle suspensions,

microfluidic channels and chambers will be given here, such that the experiments

can be repeated.

3.2 Particle suspension

Commercially available superparamagnetic SiMAG-Silanol and ScreenMAG-Silanol

beads of 1 µm in size were obtained from Chemicell [325]. Dynabeads MyOne, M270

and M280 were purchased from Thermo Fisher Scientific, UK. MyOne beads have a

nominal diameter of 1.05 µm, whereas M270 and M280 beads have a nominal diamter

of 2.8 µm [326]. Both manufacturers (Chemicell and Dynabeads) ship their beads

already in suspension with an initial starting concentration as given in Table 3.1.

Prior to the suspension preparation, the Dynabeads were washed three times fol-

lowing the protocol by Thermo Fischer. The washing solution used was phosphate

buffered saline (PBS) with 0.01% w/v BSA and 0.01% v/v Tween-20. First, 1 mL

84
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Table 3.1: List of all bead types used in the experiments. The bead diameter and
bead concentration listed is as given by the manufacturer.

Bead Type Size Supplier Concentration
[µm] [beads/mL]

ScreenMAG-Silanol 1.0± 0.15 Chemicell GmbH 9× 1010

SiMAG-Silanol 1.0± 0.15 Chemicell GmbH 9× 1010

Dynabeads MyOne 1.05± 0.05 Thermo Fisher Scientific 7− 10× 109

Dynabeads M280 2.8± 0.08 Thermo Fisher Scientific 6− 7× 108

Dynabeads M270 2.8± 0.08 Thermo Fisher Scientific 6− 7× 108

of bead suspension was added to an equal volume of washing solution in an Ep-

pendorf tube and vortexed for 5 seconds. Next, the Eppendorf tube was placed

on a Neodyminum magnet (25 mm × 25 mm × 5 mm ) for at least 1 minute to

pellet the beads. With the beads pelleted, the supernatant was removed. Next,

the magnet was removed from the Eppendorf tube and the washed Dynabeads were

re-suspended in deionized water. This procedure was repeated twice more.

To prepare the different bead suspensions, 1 mL of washed bead suspension was

diluted either by 8 mL, 7.5 mL or 5.5 mL of deionized (DI) water, depending on

the initial bead concentration, to approximately produce whole number multiples of

ten in concentration. From this concentrated bead suspension 1 mL was taken and

diluted with 9 mL of DI water. This subsequent dilution step was performed multiple

times in order to achieve concentrations which differ by one order of magnitude,

ranging from 105 to 109 beads/mL. Between every dilution step, the suspension was

vortexed for at least 30 seconds to make sure the beads were fully suspended and

evenly dispersed. Note that the volume of the beads was assumed to be negligible

in this dilution process. This is a valid assumption because the volume fraction of

beads in the as-supplied bead suspension is in the order of O(10−4). Finally, 0.1%

w/v of Pluronic F-127 and 0.01% v/v of Tween-20 was added to prevent the beads

from sticking together and adhering to the microfluidic channel surface. All the

chemicals used to make the suspensions are listed in Table 3.2 and are all commonly
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used in the literature for particle separation and sample preparation [204, 223, 231,

237, 239, 327, 328].

Table 3.2: List of the chemicals used in the experiments to prepare the particle
suspension.

Chemical Supplier
PBS Life Technologies
Tween-20 Thermo Fisher Scientific
Pluronic F-127 Sigma-Aldrich

3.2.1 SEM imaging of magnetic beads

To visualize the beads and to verify their size distribution, the particles were imaged

using Scanning Electron Microscope (SEM) in the secondary electron mode. In this

study an FEI™ Quanta™ 600 SEM was used; the accelerating voltage was set to 10

kV to minimise charging effects during imaging.

The samples for the SEM analysis were prepared as follows: 20 µL of bead suspension

with a concentration of 106 beads/mL was pipetted on a 15 cm silicon wafer, that had

prior to the experiment been oxygen plasma treated to make its surface hydrophilic.

The wafer was spun at 2000 rpm for 30 seconds, leaving a distribution of beads on

the surface of the silicon wafer. Then, a 5 nm thick gold layer was vapour deposited

to enhance conductivity.

3.3 Microfluidic devices and chambers

Four different fluid devices are used throughout the work described in this thesis.

The different devices are either channels, which allow a flow, or hydrostatic cham-

bers. Each device will be described here and referenced back in the various chapters.
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3.3.1 Microfluidic hydrodynamic focusing device

The device used for the hydrodynamic focusing was produced at Pusan National

University in South Korea (PNU), using standard microfabrication techniques (soft

lithography). The device comprised two fluid channels with three inlets and three

outlets, as shown in Figure 3.1. These channels will be referred to as PNU 3in3

throughout this thesis. The main channel section had length of 35 mm and width

of 500 µm. The three inputs had width of 200 µm. By having three input channels,

hydrodynamic focusing is possible, which allows for precise control of the middle

inlet stream (sample stream).

Figure 3.1: Schematic view of the microfluidic hydrodynamic focusing device, pro-
duced at Pusan National University using soft lithography. The design is symmetric
with three inlets and outlets on either end. The three inlet channels allow for hy-
drodynamic focusing.
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3.3.2 Microfluidic separation device

In addition to the PNU 3in3 device another microfluidic device was obtained which

was better suited for bead separation studies. A custom designed microfluidic chan-

nel was manufactured by iBidi GmbH in PDMS, to be more convenient for bead

separation and hydrodynamic focusing of the injected beads. The design was based

on a standard iBidi geometry of µ-Slide III 3in1 modified to a µ-Slide III 3in3 with

three inlets and three outlets. The device had the following dimensions: length 24

mm, width 3 mm and depth 0.4 mm. The three inlets and three outlets allowed for

hydrodynamic focusing at the inlet, and collection of the three separate fluid streams

at the outlet. A schematic of the customized iBidi device is shown in Figure 3.2.

(a) (b)

Figure 3.2: A schematic of the customized iBidi µ-slide, with a length of 24 mm, a
width of 3 mm and a depth of 0.4 mm. (a) Top view of the microfluidic separation
device. (b) 3D model of the iBidi µ-Slide III 3in3.

3.3.3 Microfluidic counting slide

To observe beads, a FastRead 102 microscope counting slide (Immune Systems,

UK) was used. The FastRead 102 is a disposable plastic device composed of a

set of 10 easy-to-fill fluid observation chambers, as depicted in Figure 3.3. Each

observation chamber has a depth of 100 µm and a counting grid etched into its
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surface, as illustrated in the magnification section of Figure 3.3. The counting grid

has a dimension of 5 mm × 2 mm and is divided into 10 squares. Each square is

further divided into 16 smaller squares.
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Figure 3.3: Schematic illustration of a FastRead 102. The magnifying glass shows a
close up view of a single observation chamber.

3.3.4 Hydrostatic fluid chamber

It is convenient to use a single observation chamber for easy access by the permanent

magnet. Either a FastRead 102 slide can be cut down or a simple hydrostatic fluid

chamber can be constructed from simple components. The hydrostatic fluid chamber

shown in Figure 3.4 was assembled from standard glass microscope slides and No.

1.5 glass cover slips, purchased from Agar Scientific Ltd. To create the chamber,

two thin strips of cover slip were first cut using a diamond-tipped scribe and then

bonded to the face of the bottom microscope slide using varnish (Rimmel London,

60 seconds). The top microscope slide was then bonded before leaving the device to
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cure for a minimum of two hours. Once the device was cured, the aqueous suspension

of magnetic beads was drawn into the channel via capillary action and then sealed

around all edges with varnish to ensure that it was water-tight.

1 2

3 4

2 cm

Figure 3.4: Fabrication procedure of the hydrostatic fluid chamber. (1) Glass mi-
croscope slides are cut in squares. (2) Standard glass cover slips are cut in thin
strips and glued to the bottom microscope slide using varnish. (3) Another cut mi-
croscope slide is bonded to the top of the structure. (4) After the chamber is filled
with a particle suspension, the chamber is sealed around all edges and openings with
varnish.

These single chambers could be rapidly and reproducibly made and used minimal

amounts of the suspension, making them suitable for use in the equilibrium position

experiments (see Section 3.9). The only drawback, compared to the FastRead 102

slides, was that there is no patterned grid for counting or locating beads.

3.4 Magnetic field measurement

The magnetic flux density of a N42 neodymium bar magnet with dimensions 42 mm

× 8 mm × 10 mm (Magnets4U, UK) was measured using a hand-held Hall sensor

(5170 Gauss/Tesla Meter, F.W. Bell). The Hall probe was constructed from a thin
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sheet of semiconductor with output connections perpendicular to the direction of

current flow. When subjected to a magnetic field, the Hall probe responds with an

output voltage proportional to the magnetic flux density.

The flux density of the bar magnet was measured by moving the transversal Hall

probe away from the magnet along its centreline to 48 mm from its surface. The

Hall probe was mounted on a precision translational moving stage and was manually

moved in step sizes of 0.1 mm. The Hall probe was maintained perpendicular to the

flux lines in order to maximise the output signal.

The Double Magnet configuration was measured in the same way. For the Double

Magnet configuration two rectangular N42 Neodymium magnets (20 mm × 6 mm ×

1.5 mm) were arranged on top of each other, leaving an air gap of 2 mm in between.

The Hall probe was kept in the centre plane between the two magnets. The probe

was moved from the centre point between the two magnets up to 17 mm away from

the outer edge of the two magnets with a step size of 0.5 mm.

Prior to each measurement, the Hall sensor was re-calibrated inside a zero flux

chamber. Photographs of both measurement setups, for the single bar magnet as

well as the Double Magnet configuration, are presented in Figure 3.5.

Moving stage

Hall sensor 
probe

Hall sensor

Bar magnet

30 mm

(a) Single bar magnet setup measurement

Hall sensor probe

Double Magnet 
configuration 

Moving stage

30 mm

(b) Double Magnet configuration measure-
ment

Figure 3.5: Setup to measure the magnetic flux density of different magnet config-
urations: (a) single bar magnet. (b) double magnet configuration.
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3.5 Magnetophoretic mobility experiment

To compare the mobility of individual magnetic microparticles, a cell tracking ve-

locimetry (CTV) setup was assembled to enable measurements of the magnetophoretic

velocity of single beads in stationary liquid (DI water) within a region of known

magnetic field. The magnetic beads were optically observed in a FastRead 102 mi-

croscope counting slide (see Section 3.3.3). The rectangular grid structure, which

is etched onto each observation chamber, allows determination of the exact view

location within the chamber and thus the precise distance between the magnet and

the currently observed bead. The magnetic beads moving towards the magnet were

video recorded using an inverted microscope (Leitz Wetzlar, Germany) with a long

working distance 20× objective lens (Comar Optics, Cambridge, UK) and a CCD

camera (µEye Imaging Development Software, Germany). The resolution of the in-

verted microscope system allowed the clear viewing of individual beads of 1 µm to

2.8 µm in diameter. The recorded trajectories of individual beads moving towards

the magnet were analysed off-line using the freely available software ImageJ. The

magnetically induced velocity was calculated using the open source particle tracking

plug-in MTrackJ.

Prior to the measurement, the beads had been diluted to a suspension of 0.9−1.4×

105 beads/mL as described in Section 3.2. The concentrations were confirmed by

observing the number of beads on the counting grid of the observation chamber.

Visual inspection of previous experiments had shown that such low concentrations

successfully avoid bead interaction [329]. Before each experiment, bead suspensions

were sonicated in an ultrasonic bath for at least five minutes to break up aggregates

and fully suspend the beads. A volume of 20 µL of the sonicated suspension was

pipetted into an observation chamber assisted via capillary action. Once the beads

had become stationary, an external magnetic field was applied by accurately posi-

tioning an N42 neodymium (NdFeB) magnet (42 mm × 8 mm × 10 mm) adjacent
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to the FastRead 102 counting slide. The FastRead 102 counting slide was cut down

in size in order to be placed at a minimum distance of 10 mm from the magnet.

When the magnet was moved 40 mm away from the chamber’s edge the motion of

the beads was observed to be negligible and was thus used as the magnet parking

position. The permanent magnet was attached to a high precision translation stage,

which allowed accurate movement of the magnet to different positions from the

counting grid, while keeping the view location within the chamber stationary. This

configuration enabled the magnetic field experienced by the beads to be accurately

adjusted. A photograph of the CTV setup is shown in Figure 3.6.

30 mm

High precision 
translation stage

Cut FastRead 102 slide

Bar magnet

Figure 3.6: Setup to measure the magnetically induced velocity. The magnet (42
mm × 10 mm × 8 mm) is mounted on a high precision translation stage to move
the magnet with respect to the observation chambers.

3.6 SQUID measurement

For the purpose of simulating the bead trajectories accurately, it is necessary to

know their magnetic susceptibility. The susceptibility of magnetic beads was inde-

pendently measured using a SQUID measurement system (Quantum Design Mag-

netic Property Measurement System MPMS-XL). A sample (1 − 30 mg) of the
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different magnetic bead types listed in Table 3.1 was dried in an oven at 65◦ C.

The dry beads were placed in a sample capsule. The sample capsule was put in a

straw (sample holder) and both ends were filled with empty capsules in order to

keep the sample capsule at an appropriate height within the holder. The sample

holder was sealed and attached to the SQUID probe. The probe is lowered into the

SQUID measurement system where a magnetic field up to ±5 Tesla was applied

at a stabilised temperature of 300 K. The different sample preparation steps are

depicted in Figure 3.7. The results of the SQUID measurements and discussion are

in Section 4.4.

Capsule loaded 
with magnetic 
particles 
(sample capsule)

Empty capsule

(1) (2) (3)

Straw loaded with 
sample capsule 
(sample holder)

Figure 3.7: Different steps to prepare the SQUID sample. (1)-(2) The dried particles
are placed in an empty capsule, which will be the sample capsule. (3) The sample
capsule is then put in a straw (sample holder). To have the sample capsule at a fixed
height within the straw, both ends are filled with empty capsules and sealed with
tape. The straw is attached to a SQUID probe and then lowered into the SQUID
measurement system. Figure is not drawn to scale.

3.7 Hydrodynamic focusing

The hydrodynamic focusing was numerically simulated and experimentally verified.

A detailed description of the numerical and experimental setup is given here.
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3.7.1 Hydrodynamic focusing simulation

In order to simulate the fluid dynamics in the microfluidic channel, a three di-

mensional (3D) symmetric geometry, representing the entrance of the iBidi µ-slide

microfluidic channel (see Section 3.3.2), including the three inlets, was modelled

in ANSYS Design Modeller (see Figure 3.8a). The model was meshed by a fine

hexahedral mesh with 464, 558 elements and 91, 424 nodes. Increasing the number

of points beyond this was found to have no noticeable impact on the output of the

model (i.e. grid independence). Figure 3.8b shows the top half of the meshed model.

Only the top half of the channel is computed due to symmetry, which is equivalent

to a symmetry boundary condition at y = 0.

Inlet 1
Inlet 2

Inlet 3

Outlet

(a) (b)

Figure 3.8: 3D model of the entrance of the microfluidic iBidi channel used for
the simulation of the hydrodynamic focusing. (a) Modelled entrance of the channel
including the three inlet channels. The arrows indicate the simulated direction of
flow. (b) 3D mesh model used for the finite element method simulations of the
hydrodynamic focusing effect. The model was hexahedral meshed with 464, 558
elements and 91, 424 nodes. The model represents only the upper half of the entrance
(y > 0), with the bottom half simulated using a symmetry condition.

All liquids were modelled as water at room temperature with no-slip boundary

conditions applied to all side-walls. Thus, all walls were set to no flux and the

diffusion constant to 2.2× 10−11 m2/s (self-diffusion of water). Only the continuous

liquid phase was modelled and the effect of the suspended particles was neglected

due to their size and low concentration (υp < 10−6). This allowed solutions of the
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flow in the microfluidic channel in an uncoupled manner (see Section 2.2.2), i.e. only

the fluid phase was simulated using an Eulerian approach. The three inlets were

treated as laminar inflows with a set flow rate. The outlet is pressure controlled and

set to atmospheric pressure. The model equations were solved by finding a steady

solution for the velocity field of all flows.

3.7.2 Hydrodynamic focusing experiment

The hydrodynamic focusing experiments were performed to test the viability to

accurately focus the inlet sample stream in two different fluid channel designs; PNU

3in3 and iBidi µ-Slide III 3in3. Both designs are described in Section 3.3.1 and

Section 3.3.2 and used in the study described below.

The three inlets were connected to three 1.0 mL glass syringes (BD Biosciences,

UK) using 0.5 mm inner diameter flexible hard plastic (PTFE) tubing (Microfluidic

ChipShop) to introduce the flows to the device. Silicone tubes with an inner diameter

of 0.76 mm (Microfluidic ChipShop) were used as a sleeve to connect the hard

plastic tubes with the syringe and microfluidic device via its respective interface.

The interface of the two devices either required an intermediate tube or a Male

Luer fluid connector (Microfluidic ChipShop). Figure 3.9a shows the interface and

tubing connections of the iBidi µ-Slide III 3in3. Syringes were mounted on Harvard

Apparatus syringe pumps (Harvard Apparatus, Standard Infuse/Withdraw Syringe

Pump 11 Plus).

The outlet channels were either connected by tubing to a single external collection

pot or directly connected to separate 500 µL collection tanks (Microfluidic Chip-

Shop) mounted on the iBidi µ-Slide III 3in3 device. In the case where tubing was

used, to avoid siphoning effects care was taken to keep the ends of the tubes below

height of the microfluidic device while having the tubing ends submerged in water

at all times, as shown in Figure 3.9b.
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10 mm

iBidi µ-Slide III 3in3 3in3 fluid channel

Silicon sleeves Hard plastic tubes

Male Luer fluid 
connector

(a)
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Inlets

Outlets

Flow 
direction

(b)

Figure 3.9: (a) Connections and tubing for the µ-Slides III 3in3. Flexible hard
plastic tubes were used to introduce the fluid to the device. Silicone sleeves were
mounted on a Male Luer fluid connector to interconnect the hard plastic tubes. (b)
Setup of the hydrodynamic focusing experiment. Fluid is introduced through the
three inlets and leaves the device through the three outlets. The ends of the outlet
tubes were submerged in a single collection pot to avoid siphoning effects at low
flow rates.

The three syringe pumps allowed independent control of the sheath and sample

sample flow rate. In order to make the focusing effect visible, DI water was used

as the sheath flow and ink (Pelikan, Royal Blue 4001) diluted in water was used as

the inlet sample stream. The DI water was filtered prior to the experiment using

a Millipore syringe filter (Whatman GE Healthcare) with a pore size of 1.0 µm to

reduce the risk of blocking the channels during the experiment.

Prior to any experiments it was necessary to coat the inside walls of the microfluidic

device with a surfactant. This step was absolutely crucial to reduce the risk of air

bubbles getting stuck in the device. A 10% w/v ratio (with water), of Sigma-Aldrich

F-127 non-ionic surfactant was used for this purpose (Sigma-Aldrich). This solution

was flushed through the device before each experiment for 10 minutes at a flow rate

of 1 mL/min. The microfluidic device was then filled with DI water, assuring no

air bubbles were trapped. Trapped air bubbles could be conveniently flushed using

higher flow rates.
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Before images of the hydrodynamic focusing effect were taken, the experiment was

run for at least 30 seconds, in order to establish steady state. Images were taken

with a CCD camera (µEye Imaging Development Software, Germany) mounted on a

stereo microscope (Optika SZM-1 LED stereo microscope) with a 4× magnification.

3.8 Magnet configurations

Two magnet configurations, Double Magnet and Quadrupole, were used for mag-

netic bead enrichment. All configurations used N42 Neodymium (NdFeB) magnets

(First4Magnets® ,UK) with a dimension of 20 mm × 6 mm × 1.5 mm.

3.8.1 Double Magnetic configuration

The Double Magnet configuration shown in Figure 3.10 consisted of two NdFeB

magnets. Both magnets were placed on the same side of the microfluidic separation

device such that the edge of the magnets was 1.65 mm away from the microfluidic

channel edge. The two magnets were arranged in an attractive configuration, with

both magnetizations pointing in the same direction, while having the microfluidic

separation device clamped in between. The vertical separation between the two

magnets was adjusted to be 2.6 mm. In order to have a 2.6 mm vertical separation

and thus have the centre of the fluid channel along the y direction, a microscope

slide was inserted as a spacer between the iBidi µ-Slide and the bottom magnet. The

two magnets were conveniently aligned by eye, being held in place by the attractive

magnetic force. The magnets and the spacer were robustly held in position with

respect to the microfluidic channel, as shown in Figure 3.10b.
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3in3 fluid channel

Double Magnet 
configuration

iBidi µ-Slide III 3in3

(a) Top view

Double Magnet 
configuration
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x

(c) Cross section schematic

Figure 3.10: Experimental setup of the Double Magnet configuration. Two perma-
nent magnets (20 mm × 6 mm × 1.5 mm) were located adjacent to the 3in3 fluid
channel with the iBidi µ-Slide III 3in3 held in between. (a) Top view of the Double
Magnet configuration. (b) Side view of the Double Magnet configuration (c) 2D
slice diagram (z = 0) of the Double Magnet configuration. The permanent magnets
(grey) were configured in attraction, with their magnetization vectors M pointing
in the same direction. The microfluidic channel (light blue) was located to the right
of the dipole configuration and was centred along y by using a microscope glass slide
(turquoise) as a spacer.

3.8.2 Quadrupole configuration

The Quadrupole configuration shown in Figure 3.11 featured four NdFeB magnets,

basically two Double Magnet configurations on either side of the 3in3 fluid channel.

Each Double Magnet had its magnetization in the same direction (i.e. in attraction),

but the two Double Magnets were configured repelling each other. In order to

overcome the repelling force and to have a horizontal separation of 3.5 mm, an acrylic

glass frame was made to keep the magnets in place (not shown in Figure 3.11).

As for the Double Magnet configuration described above (see Section 3.8.1), a micro-

scope glass slide was inserted between the iBidi µ-Slide III 3in3 and the two bottom
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magnets in order to keep the 3in3 microfluid channel centred along the y direction,

as shown in Figure 3.11b.

iBidi µ-Slide III 3in3

3in3 fluid channel Quadrupole magnet 
configuration

(a) Top view

iBidi µ-Slide III 3in3

Quadrupole magnet 
configuration

Microscope glass 
slide

(b) Side view

M1

M2

M3

M4

iBidi µ-Slide III

glass slide

y

x

(c) Cross section schematic

Figure 3.11: Experimental setup of the Quadrupole configuration. Four permanent
magnets (20 mm × 6 mm × 1.5 mm) were located next to the 3in3 fluid channel
with two magnets on either side of the 3in3 fluid channel and with the iBidi µ-Slide
III 3in3 clamped in between. (a) Top view, (b), side view and (c) 2D slice diagram
(z = 0) of the Quadrupole configuration. The permanent magnets, iBidi µ-Slide III
3in3 and spacer, to keep the channel centred in y direction, are indicated by different
colours; i.e. grey, light blue and turquoise, respectively.

3.9 Static gathering points experiments

To verify the magnetic field pattern of the Double Magnet configuration and the

existence of the static gathering point beyond the magnets, a specially made setup

was built, as shown in Figure 3.12. The setup had several degrees of freedom for

flexibility, allowing the magnet height (Section 3.9.1) and the vertical separation

between the two magnets (Section 3.9.2) to be varied.

In these experiments, two N42 NdFeB magnets (First4Magnets® ,UK) with a length,
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Figure 3.12: Experimental setup to verify the static gathering points of the Double
Magnet configuration. Magnets and microfluidic chamber are mounted onto L-
brackets which can be accurately adjusted using precision lateral translation stages.
The degrees of freedom of the setup are shown in the close up schematic. The
schematic is not drawn to scale.

width and height of 20 mm, 6 mm and 1.5 mm, respectively, were mounted onto alu-

minium holding blocks using Araldite® adhesive. The holding blocks were screwed

onto L-brackets and could be removed to change the magnets. The L-brackets were

mounted onto precision linear translation stages for accurate control of the verti-

cal gap and height of the Double Magnet configuration, as shown in Figure 3.12.

Nonmagnetic materials were used to minimise the distortion of the magnetic field;

the holding blocks and L-brackets were fabricated from aluminium and the fasteners

were brass. The holding blocks and L-brackets were manufactured by the Oxford

University workshop based on schematics drawn by the author. The schematic di-

agram in Figure 3.12 shows the Double Magnet configuration and illustrates the

direction of movement of the magnets as well as the location of the fluid chamber.

In all experiments, a hydrostatic chamber was chosen to visualize the beads’ static

gathering positions, because these experiments did not require continuous sample

flows. The hydrostatic chambers were prepared according to Section 3.3.4 and then

filled with bead suspensions before being mounted onto the L-bracket. Suspensions
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of all considered bead types (see Table 3.1) were used in the experiments, where

the concentration was varied between ≈ 106 beads/mL to ≈ 108 beads/mL (υp ≈

10−8−10−4). These high concentrations were chosen, in order to make the gathering

positions clearly visible.

Initially, the L-bracket, with the hydrostatic cover slip chamber, was positioned

away from the magnets so that the beads within the chamber did not have any

significant interaction with the field. The cover slip chamber was then slowly moved

towards the magnets using the horizontal positioning stage. Moving the chamber

slowly caused the beads to be repelled away from the magnets towards the position

of static equilibrium, therefore increasing the concentration along the equilibrium

line. When the chamber was correctly placed, the setup was left for two minutes to

ensure the beads have reached their static gathering point and no further observable

growth in particle agglomeration could be seen. A microscope (Optika SZM-1 LED

stereo microscope) with a lower magnification (maximum magnification of 4×) gave

a better visualisation of the overall structure of the formed band.

Pictures were taken with the CCD camera (µEye Imaging Development Software,

Germany) attached to the microscope (Optika SZM-1 LED stereo microscope) and

the gathering position was measured as being the distance from the centre axis of

the equilibrium band to the edge of the magnets. The experiment could be repeated

with the same chamber after 5 minutes of sonication to break up agglomerations.

3.9.1 Magnet height variation

In order to increase the height of the magnet, multiple N42 neodymium magnets

with dimensions 20 mm × 6 mm × 1.5 mm were stacked on top of each other on

both sides of the L-brackets. In this manner, the assembled magnets can increment

in height between 1.5 mm and 6.0 mm.

The vertical separation between the two magnet stacks was kept at 2 mm and only
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the height of each magnet stack was varied. In order to ensure the 2 mm gap,

microscope cover slips were used as spacers because the attractive force between

the two magnet stacks was sufficient to close the gap without spacers, which would

make the separation distance uncertain when the attractive force was significant.

3.9.2 Magnet vertical separation variation

The vertical magnet separation was increased from 2.6 mm to 5.8 mm in 0.2 mm

intervals, by adjusting the L-brackets using the precision linear translation stages.

At every separation the particles were left for at least two minutes allowing them to

reach their new position of static equilibrium.

3.9.3 Magnet geometry

The Double Magnet configuration described in Section 3.8.1 was also investigated

with tapered magnets such that the magnet flux density varies along the length

of the magnet. For this experiment two 20 mm × 6 mm × 1.5 mm N42 NdFeB

magnets were tapered by manually grinding and polishing down the 1.5 mm dimen-

sion, beginning halfway along the length of the magnet as shown in Figure 3.13.

The thickness of the magnet at the end of the taper was approximately half the

non-tapered thickness (≈ 0.75 mm). The magnet tapering was carried out by re-

moving material by filing and polishing by hand whilst the sample was supported

between steel templates to achieve the desired angle and shape; manufactured by

the Department of Engineering Science Mechanical Engineering workshop, Univer-

sity of Oxford. The results of the magnet configuration variations are presented in

Section 6.2.
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Figure 3.13: Tapered magnet attached to an aluminium holding block

3.10 Magnetic particle trajectory simulation

The trajectory of a magnetic bead when being exposed to a magnetic field was sim-

ulated in two steps. First the magnetostatic field of the two magnet configurations

used in this thesis (i.e. Double Magnet configuration and Quadrupole configuration,

see Section 3.8) was modelled and simulated using the commercially available FEM

software package ANSYS Maxwell. The simulated magnetic field was exported to

a uniform mesh, stored in a 3D array in which the position and values in the array

represent the localised magnetic flux density. The box flow diagram in Figure 3.14

shows the modelling process and where data was exchanged between different soft-

ware packages.

3.10.1 Magnetic field simulation

The magnetic B field of the two magnet configurations was numerically simulated

using ANSYS Maxwell. Maxwell uses FEM to solve the Maxwell’s equations (see

Equation 2.37-2.39 in Section 2.5). A boundary box, surrounding the magnet con-

figuration, is used to limit the simulation domain, Ω, i.e. the region over which the

set of equations was solved. The box was assumed to be filled with air and was

sufficiently large that no boundary effects influenced the results.
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Figure 3.14: Box flow diagram of the modelling and simulation process. The mag-
netic flux density was calculated using ANSYS FEM solver. Based on the FEM
results, the discrete particle trajectories were then simulated in MATLAB.

The simulated domain was first divided into tetrahedral sub-domains (elements) to

form the mesh for the FEM analysis. ANSYS Maxwell employs multiple automated

meshing algorithms using default physics controls to ensure a high quality mesh suit-

able for the defined simulation. It also has an adaptive mesh refinement algorithm

built in, which automatically refines the mesh as described in Section 2.5.1.1. In this

work, a global percentage energy error (see Equation 2.50) of 0.1% was normally

chosen as a stopping criteria for the adaptive refinement algorithm; setting a lower

value did not show a significant improvement in the computed solution and grid

independence was observed. As further confirmed, the corresponding mesh met the

mesh regularity criteria (θ ≤ 5) as set in Equation 2.45, where the elements’ mean

aspect ratio was θ̄ = 4.6.

3.10.2 Discrete particle trajectory simulation

After the magnetic field of the magnet configuration had been simulated in ANSYS

Maxwell, the trajectories of the beads were calculated in MATLAB. The trajectory

calculation was split into two steps; calculation of the magnetophoretic driving force
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(see Equation 2.34) and discrete particle simulations using the Lagrangian particle

tracking scheme (see Equation 2.35).

3.10.2.1 Magnetophoretic driving force calculation

The computed magnetic flux density was imported into MATLAB (see Figure 3.14).

Since FEM computes the magnetic field values on discrete nodes of a tetrahedral

mesh, the values were mapped onto a regular equispaced 3D grid in MATLAB for

further processing. In the MATLAB model, the distance between neighbouring grid

points was kept fixed in all directions and was chosen to be equal to the smallest

element of the mesh in the FEM analysis. This ensured that the detail in the

magnetic field simulation was accurately captured. It was found that the smallest

elements were normally in the order O(10−5) m. Values of grid points which did

not fall on the mesh directly, were interpolated using a second order polynomial

interpolation method. Based on the numerically simulated magnetic flux density

B, the magnetophoretic driving force for both magnet configurations was calculated

at every single point of the imported grid. In order to numerically calculate the

magnetic driving force, the derivative of the FEM results was taken by applying the

forward numerical differencing approximation [330].

Since the gradient was taken on a finite grid, the computed magnetophoretic driv-

ing force suffered from numerical irregularities, as depicted in Figure 3.15. These

irregularities were reduced by applying a total variance denoising smoothing algo-

rithm. This algorithm was found to be the most appropriate and effective smoothing

algorithm given the variance of the magnetic field and the noise level.

3.10.2.2 Lagrangian particle tracking

Based on the numerically simulated magnetophoretic force, individual particle tra-

jectories were simulated using a Lagrangian bead tracking scheme. The time step,



Chapter 3. Experiments and simulations 107

Distance [mm]
0 2 4 6 8 10

M
ag

ne
to

ph
or

et
ic

 d
riv

in
g 

fo
rc

e 
[T

-A
/m

m
2
] ×107

0

0.5

1

1.5

2

Figure 3.15: Simulation of the magnetophoretic driving force suffered from numerical
irregularities due to the finite differentiation of the magnetic flux density (prior to
smoothing).

δt in Equation 2.35, needs to be smaller than 10 ms in order to meet the CFL con-

dition (see Equation 2.36) because of the chosen grid length (O(10−5) m) and fluid

velocity (O(10−3) m/s). Here, the time step was set to 1 ms for accuracy.

At every time step, the bead’s terminal velocity (see Equation 2.32) was recalcu-

lated. In order to increase computing efficiency, the initial magnetophoretic driving

force matrix was pre-conditioned. The pre-conditioning reduced the dimension of

the initial magnetophoretic driving force matrix to a 5 × 5 × 5 matrix (minimum

dimension for spline interpolation), which improved the speed of the interpolation

algorithm. This dimension reduction reduced the computing time by a factor of

≈ 5.
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3.11 Magnetic separation efficiency

3.11.1 Separation efficiency simulation

The separation efficiency of the two magnet configurations described above (see Sec-

tion 3.8) was evaluated using a Monte Carlo method where 400 single bead trajecto-

ries were simulated. Each bead trajectory was sampled as described in Section 3.10.

The sample size was estimated by using a maximum variance scheme where an un-

derlying binomial distribution of the outcome was assumed and a confidence interval

of 95% was used [306].

Due to symmetry, the beads were randomly distributed across the upper half of the

fluid channel. Depending on the magnetic configuration the beads were assumed

to be introduced through the centre inlet (inlet 2) or one of the sheath flow inlets

(inlet 1 or inlet 3) for the Double Magnet or Quadrupole configuration, respectively

(see Figure 3.16). The starting point of the bead was along the streamlines of the

corresponding inlet in a region where the magnetophoretic driving force had dropped

to 10% of its maximum possible value. This occurred at a distance c = 15 mm away

from the x−y plane (z = 0). The starting positions of the beads for the two different

magnet configurations are depicted in Figure 3.16.

For the simulation, the vertical magnet gap (see Figure 6.1) was set to a = 2.6 mm

for both magnet configurations. The Double Magnet configuration was simulated

to be placed 4.6 mm away from the centre of the fluid channel (y = 4.6 mm), such

that the gathering points aligned within the fluid channel but 0.5 mm away from

the channel’s side wall pointing to one of the sheath flow exits. In the case of the

Quadrupole configuration, the magnet pairs were symmetrically placed around the

fluid channel, with a horizontal gap of b = 3.5 mm.
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Figure 3.16: Schematic showing where beads are introduced and released from in the
magnetic particle separation simulation for the two magnet configurations: (a) and
(b) show the release position of the beads for the Double Magnet and Quadrupole
configuration, respectively. The beads were assumed to be released downstream of
one of the three inlet at a distance c = −15 mm in the z direction across the high-
lighted plane Π shown in (c). The hydrodynamic focusing ratio between the three
inlets was assumed to be 1. Due to symmetry around the y axis, bead trajectories
were only simulated in the upper half of the fluid channel’s cross section.

3.11.1.1 Continuous mode simulation

Devices can be operated in continuous flow or pulsed flow. The advantage of using a

pulsed mode is to flush beads that are trapped in the channel, but this mode increases

the complexity of the system. When simulating continuous mode operation, bead

trajectories were aborted as soon as the bead touched any inner side wall and the

next trajectory iteration was started. The beads touching the inner surface of the

channel were considered as trapped and thus lost, as they were not expected to exit

the system; these beads will have an impact on the separation throughput.

The flow rates were varied, ranging from 3.3 µL/min (ū = 0.046 mm/s) to 125

µL/min (ū = 1.74 mm/s) at each inlet, whilst the ratio between all inlet flow rates

was kept at 1.
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3.11.1.2 Pulse mode simulation

In the pulse mode simulation, beads in close proximity to the inner surface were

regarded as trapped (due to their small velocity), but could still move along the

surface because of magnetophoresis. Therefore, bead trajectories were not aborted,

but were simulated for different time intervals (60 seconds, 100 seconds and 200

seconds). At the end of each time interval, the beads were assumed to leave the

system along their streamlines. This was considered a simulation of flushing, which

will recover the trapped beads. Pulse mode is only applied for the Quadrupole

configuration.

3.11.2 Separation efficiency experiment

The magnetic separation efficiency of the Double Magnet and Quadrupole config-

uration in continuous mode, and in the case of the Quadrupole configuration in

pulse mode, was experimentally verified. The geometry parameters of the two mag-

net configurations described in Section 3.8 were set as stated above in this section

(Section 3.11.1).

The inlets of the iBidi µ-Slide III 3in3 microfluidic device were connected to three 1

mL glass syringes (BD Biosciences, UK) mounted on Harvard syringe pumps using

0.5 mm inner diameter flexible tubing to introduce the flows to the device. The

syringes were connected to the interface of the device as shown in Figure 3.9a in

Section 3.7.2. The outlet channels were connected to three 0.5 mL collection pots

(Microfluidic Chip Shop, Germany) mounted on the fluid device, which were capped

after each experiment and removed for further analysis (i.e. bead concentration

measurement).

To demonstrate the separation efficiency of magnetic beads from a sample, a bead

suspension of 1 µm sized magnetic beads (SiMAG-Silanol, Chemicell) with a bead

concentration of 106 beads/mL (υp ≈ 10−7) was prepared. The suspension was dyed



Chapter 3. Experiments and simulations 111

with blue ink (Pelikan, Royal Blue 4001) such that the sample liquid was coloured

blue to enable the hydrodynamic focusing to be viewed clearly. The surfactant

Pluronic F-127 (Sigma-Aldrich) at 0.1% weight to volume ratio was added to the

bead suspension to prevent adhesion of beads to the fluid channel surfaces and also

a mixture of DI water and 0.1% of F-127 was used to flush the channel for 5 minutes

prior to each experiment. The two sheath flows, used to focus the bead containing

sample flow, was also a mixture of DI water and 0.1% of F-127.

The bead suspension was injected through the centre inlet or one of the sheath flow

inlets of the device for the Double Magnet configuration or Quadrupole configura-

tion, respectively. The flow rates at each inlet were adjusted in order to fill, but

not overspill, their respective exit channel. Thereby, the inlet flow rate ratios were

kept as close to 1 : 1 : 1, whilst maintaining the hydrodynamic focusing. The inlet

and outlet channels of the device were observed with a CCD camera (µEye Imaging

Development Software, Germany) mounted on a low magnification microscope to

observe the hydrodynamic focusing.

In the continuous mode, the experiment was run for at least five minutes, to achieve

steady state and collect enough sample volume. For the pulse mode operation,

magnetic beads in suspension were introduced for 30 seconds followed by a 60 second

pause, where all flows were stopped and the beads given sufficient time to gather.

This cycle was repeated 10 times, before flushing the microfluidic channel with a

flow rate of 1 mL/min for 10 seconds.

The bead concentrations for the collected samples for the separation experiments

were measured using a BD Accuri C6 flow cytometer. A volume of at least 30 µL

was analysed with a flow rate of 8 µL/min. The cytometer flow rate was verified to

be constant by analysing a DB Trucount tube at the beginning and at the end of

the measurement. The findings and discussion are presented in Chapter 7.



Chapter 4

Magnetophoretic mobility

4.1 Introduction

In Chapter 2, the concept of magnetophoretic mobility was introduced as a fun-

damental property of a particle or cell and is equally applicable to materials that

are diamagnetic, paramagnetic, or ferromagnetic, depending on the relationship be-

tween the applied field and the particle’s susceptibility. Magnetophoretic mobility

is the basic concept which enables the design of magnetic separation systems and

provides a tool for the operation and evaluation of the magnetic separation process.

The increasing interest in using magnetic beads as carriers to perform cell separa-

tion tasks has also fuelled the industry of magnetic particles. Different low cost

and easily functionalizable microbeads are now commercially available from various

manufacturers. However, depending on their fabrication process, and the variability

in these processes, the magnetic beads can vary significantly in respect of their ma-

terial properties (e.g. size distribution or iron content). The extend to which beads

deflect when being exposed to an external nonhomogeneous magnetic field highly

depends on these properties (see Equation 2.32). This makes the full control of sin-

gle bead trajectories in free-flow magnetophoresis highly sensitive to small variations

112
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of intrinsic parameters. In order to have a separation device with high collection

efficiency and discrimination it is essential to know the magnetic responsiveness of

the magnetic beads.

As explained in Section 2.4, Equation 2.32 can be split into two independent terms,

magnetophoretic mobility νp and magnetophoretic driving force S, given in Equa-

tion 2.33 and Equation 2.34. Previous work on free-flow magnetophoresis attempted

to keep S constant over the distance the particle travelled in order to have a constant

magnetic migration velocity up and thus improved control of the particle move-

ment [225, 331, 332]. A challenging task, however, is to find the exact value of

the particle’s magnetophoretic mobility νp, since it depends on multiple material

properties and is therefore highly dependent on the particle manufacturer. Differ-

ent values for the magnetic susceptibility of iron oxide particles can be found in the

literature [333–335]. Researchers have attempted to characterize the magnetic prop-

erties of the micron-sized beads directly; Fonnum et al. [300] as well as Shevkoplyas

et al. [212] determined the beads’ magnetic response based on their magnetization

curves (hysteresis loops). A different approach was used by Zborowski [331] and also

Häfeli [301], where they measured the magnetophoretic velocity, using cell tracking

velocimetry (CTV), to then work out the magnetophoretic mobility of single mag-

netic beads and their magnetic susceptibility. Yet, it is highly desirable to arrive at

a definition of the magnetophoretic mobility as a property that is independent of a

particular magnetic system and provides means of calculating motion of a magnetic

particle for any field geometry.

Given the importance of the magnetophoretic mobility, the following chapter will

describe a method to experimentally evaluate the magnetophoretic mobility of single

superparamagnetic beads using a CTV system. Additionally, the magnetic suscepti-

bility of the beads is measured using a superconducting quantum interference device

(SQUID). In this study, five different types of magnetic beads from two different
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manufacturers (Table 4.1) are investigated and representative measures including

mathematical relationships will be provided.

Table 4.1: Physical characteristics of magnetic beads: density, iron content and
diameter (dM) as stated by the manufacturer [326, 336]. The diameter (dp) is inde-
pendently measured for comparison, by dynamic light scattering(1) or by analysing
scanning electron microscopy(2) images.

Bead Manufacturer Density Iron content Diameter
type [g/cm3] [wt. %] dM [µm] dp [µm]
ScreenMAG Chemicell 2.25 40 1.0 0.77± 0.42(1)

SiMAG Chemicell 2.25 40 1.0 1.12± 0.97(1)

MyOne Dynabeads 1.8 26 1.05 1.05± 0.03(2)

M280 Dynabeads 1.4 12 2.8 2.79± 0.05(2)

M270 Dynabeads 1.6 14 2.8 2.75± 0.07(2)

4.2 Magnetophoretic mobility of superparamagnetic

beads

To compare the mobility of different single beads, their drift velocities in stationary

fluid (deionized water) is observed, similar to the work of Häfeli et al. [337]. Unlike

Ref [337] where beads were kept at a constant distance from the magnet, in this

work the magnetophoretic velocity was optically measured at different distances

away from the magnet. This new approach allows evaluation of magnetic field

dependence of the bead’s properties.

The magnetophoretic movements of single magnetic beads in an observation cham-

ber are observed under an optical microscope. The observation chamber used (see

Section 3.3.3), had a counting grid etched to its surface, which helped determine the

viewing location of the beads within the observation chamber as well as the distance

to the magnet. The distance dm between the bar magnet and the counting cham-

ber could be adjusted and the magnetically induced velocity was measured for the
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magnet positioned at 10 mm, 12 mm, 14 mm and 16 mm away from the counting

grid. These four positions will also be referred to as A, B, C and D, respectively.

Note, that dm describes the distance to the magnet’s surface. A schematic diagram

of this experimental setup is depicted in Figure 4.1. For a more detailed description

of the experiment see Section 3.5 in Chapter 3.

Observation chamber

x

y

up N S

Magnet

dm

Figure 4.1: Schematic drawing showing the experimental setup used to determine
the magnetically induced velocity of magnetic particles. The distance dm is varied
step wise from 10 mm to 16 mm with a step size of 2 mm. The figure shown here is
not drawn to scale. The experimental setup can be seen in Section 3.5.

The beads were tracked moving in the x direction towards the magnet over a distance

of 55 µm, which was equivalent to one traverse of the field of view of the microscope

camera. The magnetically induced velocity of single beads was measured for each

bead type in Table 4.1 and for all four magnet positions. Beads travelling at the

top or the bottom of the observation chamber were discarded in the measurement,

to avoid including data from beads that were clearly interacting with the chamber

surface. Also bead agglomerations were ignored from this particular analysis.

The magnet dimensions were much larger than the observation chamber. Thus, a

uniform magnetic field along the width (y direction) and height (z direction) of the

observation chamber was assumed and edge effects could safely be neglected. The

magnetic field of the bar magnet was investigated, as outlined in the next section.
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4.2.1 Properties of the static magnetic field

The magnetic flux density of the bar magnet, under which the particles are influenced

in the observation chamber, was simulated and measured to confirm its magnetic

field (see Section 3.4). The magnetic flux density map of the bar magnet is shown

in Figure 4.2.

8 mm

x

y

Observation 
chamber

Figure 4.2: Modelling of the magnetic field generated by a N42 Neodymium magnet
(42×8×10 mm) simulated in FEMM. The red box shows the position of the obser-
vation chamber and the two (open) arrows indicate that the magnet was attached
to a movable stage.

Figure 4.3 shows how the magnetic flux density decayed when moving away from

the magnet surface along its centre line. The magnetic flux density was measured

using a Hall probe and plotted on a log-linear graph to determine if the behaviour

was exponential. The two straight line fits in Figure 4.3a revealed that the data

points were best modelled as two separate exponential functions, as determined by

the gradient of the two straight lines. From this observation an empirical formula

was derived and compared to the ANSYS model. All three curves showed a good

agreement, as given in Figure 4.3b, and confirmed that the more computationally

convenient empirical formula was a good approximation to the magnetic field.

In the region of interest, which was within a distance of dm = 10 mm to dm = 16 mm

away from the magnet surface, the flux density was found to drop from 70 mT to
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Figure 4.3: Characterization of the magnetic flux density of a N42 Neodymium
bar magnet (42 × 8 × 10 mm) in logarithmic and linear form. (a) The flux den-
sity measurement is fitted with two individual exponential curves and plotted on
a logarithmic scale. (b) The flux density measurement is compared to the ANSYS
simulation and a fitted function with two exponential terms and plotted on a linear
scale. The measurement is taken along the centre line of the magnet, starting at the
surface of the magnet to 48 mm away, with a step size of 0.1 mm. The error bars
are calculated by taking the standard deviation of 14 independent measurements at
specific distances away from the magnet surface.

38 mT and the corresponding flux gradient was found to change from 8.3 mT/mm

to 3.4 mT/mm, respectively. Within this region of interest, the fitted exponential

curve was a good approximation to the measurements, as shown in Figure 4.4. The

difference between the measurement and the fitted line in the area of interest was

found to be no more than 0.6%. The different positions of interest are labelled with

A, B, C and D. The labels correspond to dm = 10 mm, dm = 12 mm, dm = 14 mm

and dm = 16 mm, respectively.

Ideally, the magnetophoretic driving force S (see Equation 2.34), which is the prod-

uct of the magnetic B field and the field gradient dB/dx, would be constant since

this implies that the velocity of the magnetically attracted beads will be constant

too. This was not possible with the setup used here, due to the shape and small size

of the magnet. However, the magnetophoretic driving force could be approximated

to be constant across the field of view (55 µm) since the maximum change in the
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Figure 4.4: Characterization of the magnetic flux density of a N42 Neodymium
magnet (42×8×10 mm) between 10 mm and 16 mm away from the magnet surface.
The letters A, B, C and D indicate the positions at which the magnetophoretic
velocity of the particles are measured. The four positions are equivalent to dm = 10
mm, dm = 12 mm, dm = 14 mm and dm = 16 mm, respectively.

magnetic field strength at the different magnet positions dm was only 1.5%, and

could thus be neglected.

4.2.2 Size characterization of superparamagnetic beads

The magnetophoretic mobility highly depends on the particle size. Therefore, the

superparamagnetic beads were all imaged using standard SEM techniques (see Sec-

tion 3.2.1 in Chapter 3). The SEM images allowed for a clear inspection of the

beads’ shape and size distribution. Figure 4.5 shows SEM images of each of the

bead types used in this thesis. Further SEM images of the different bead types can

be found in Appendix A.

A clear visual difference between the two manufacturers can be seen in Figure 4.5.

While all Dynabeads particles (see Figure 4.5c-4.5e) were approximately spherical

in shape with a highly uniform size distribution, the Chemicell particles (see Fig-
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(a) Chemicell ScreenMAG (b) Chemicell SiMAG

(c) Dynabeads MyOne (d) Dynabeads M280

(e) Dynabeads M270

Figure 4.5: SEM images of superparamagnetic particles of different types and from
different manufacturers. (a) and (b) show 1 µm sized ScreenMAG and SiMAG beads
by Chemicell. (c), (d) and (e) show 1 µm MyOne, 2.8 µm M280 and 2.8 µm M270
Dynabeads, respectively, from Thermo Fisher Scientific. Note the irregular shape of
the Chemicell beads compared to those supplied by Dynabeads.
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ure 4.5a-4.5b) did not show monodispersity nor did they have a spherical shape.

Similar SEM images of Chemicell SiMAG particles can also be found in a paper by

Herrasti et. al. [338]. In order to determine the mean diameter of the Chemicell

particles, their size was measured using dynamic light scattering (DLS). The mea-

sured mean diameter and standard deviation of the particles are listed in Table 4.1.

The measured values for the Dynabeads particles are consistent with those stated

by the manufacturer and found in the literature [300, 326]. Additionally, Dynabeads

particles showed a narrower size distribution compared to their Chemicell counter-

parts. The coefficient of variation of the measured size distribution of Dynabeads

particles (see Table 4.1) was below the value given by the manufacturer, i.e. < 3%

for the M280 and M270 beads and < 5% for the MyOne beads. The measured

size variation for the Chemicell particles was 55% and 87% for ScreenMAG and

SiMAG particles, respectively, i.e. higher than the 10%− 20% stated by Chemicell

GmbH [336]. Measuring the diameter of the Chemicell particles, however, depends

on the particle orientation in the DLS instrument due to their non-spherical shape.

This may lead to a larger size variation.

4.2.3 Magnetically induced velocity on superparamagnetic

beads

In Figure 4.6-4.10 the movement of the different bead types for all four magnet

positions (A, B, C and D) is shown. The various pictures show a sequence of

superimposed images of a single bead travelling towards the magnet. The direction

of the particle movement is indicated by the arrow. The time interval, ∆tp, between

each particle position was 0.3 s, except for the Chemicell’s ScreenMAG particles

where a larger interval of 0.6 s was chosen due to their lower mobility. These

time intervals allowed a clear visualization of the different bead positions in a weak

magnetic field, while keeping the particles within the viewing region at stronger
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magnetic fields.

It can be seen, that the beads travelled larger distances in equal time intervals as

they got closer to the magnet (dm decreased). All beads were equidistant for the

given time interval and discrete magnet position, which confirmed the assumption

that the change in the magnetic field across the field of view of the microscope (55

µm) could be neglected.

(a) Position: D (b) Position: C (c) Position: B (d) Position: A

Figure 4.6: Image superposition of the magnetically induced velocity of Chemicell’s
ScreenMAG beads measured at discrete distances away from the magnet. The time
interval between different superimposed images was 0.6 s. The distance between
the magnet and the observation chamber was incrementally reduced (from left to
right) to dm = 16 mm, dm = 14 mm, dm = 12 mm and dm = 10 mm. These
distances corresponded to the four magnet position D, C, B and A, respectively. At
each magnet position, the same bead was being tracked, but varied between magnet
position.

Figure 4.11 shows the magnetically induced drift velocities of the five bead types

at the discrete magnet positions A, B, C and D plotted against the distance to

the magnet surface dm. For comparison, the five bead types ScreenMAG, SiMAG,

MyOne, M280 and M270 experienced a gravity induced velocity of 0.2 µm/s, 0.5

µm/s, 0.3 µm/s, 1.8 µm/s and 2.1 µm/s, respectively. On average, the magnetically
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(a) Position: D (b) Position: C (c) Position: B (d) Position: A

Figure 4.7: Image superposition of the magnetically induced velocity of Chemicell’s
SiMAG beads measured at discrete distances away from the magnet. The time
interval between different superimposed images was 0.3 s. The distance between the
magnet and the observation chamber was incrementally reduced (from left to right)
to dm = 16 mm, dm = 14 mm, dm = 12 mm and dm = 10 mm.

induced drift velocity was at least one order of magnitude larger than the gravity

induced velocity. As also seen in Figure 4.6-4.10, the particles’ velocity increased

when moving the magnet closer.

The magnitude of the magnetophoretic mobility, νp, was calculated according to

Equation 2.33. The magnetophoretic driving force at the various positions of the

magnet was estimated by using the fitted exponential curve to the measured mag-

netic flux density. The magnetic mobilities of each bead type was determined for

the discrete magnet positions (A, B, C and D) and are depicted in Figure 4.12.

Despite the fact that the drift velocity in Figure 4.11 showed an increase as the

magnetic microparticles approached the magnet, their mobility in Figure 4.12 ap-

peared to be less sensitive to distance dm from the magnet and one can assume that

the beads did not reach their magnetic saturation (see Figure 4.16 in Section 4.4).

Figure 4.13 shows the histograms of the measured mobilities for all particle types.
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(a) Position: D (b) Position: C (c) Position: B (d) Position: A

Figure 4.8: Image superposition of the magnetically induced velocity of Dynabeads’
MyOne beads measured at discrete distances away from the magnet. The time
interval between different superimposed images was 0.3 s. The distance between the
magnet and the observation chamber was incrementally reduced (from left to right)
to dm = 16 mm, dm = 14 mm, dm = 12 mm and dm = 10 mm.

Except for Dynabeads’ M270 (Figure 4.13e), all histograms have a clearly defined

peak, but they also show a large variance in magnetic mobility. The averaged magne-

tophoretic mobilities for each of the five bead types, as well as their averaged particle

diameter, was used to derive the magnetic susceptibility, tabulated in Table 4.2.

4.3 Magnetophoretic mobility of superparamagnetic

bead agglomerates

As soon as superparamagnetic microparticles are exposed to an external magnetic

field they become magnetized, which causes them to form chains if they are in

close proximity to each other. This chain formation could be seen during the mag-

netophoretic mobility study of single beads described in the previous section (see
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(a) Position: D (b) Position: C (c) Position: B (d) Position: A

Figure 4.9: Image superposition of the magnetically induced velocity of Dynabeads’
M280 beads measured at discrete distances away from the magnet. The time interval
between different superimposed images was 0.3 s. The distance between the magnet
and the observation chamber was incrementally reduced (from left to right) to dm =
16 mm, dm = 14 mm, dm = 12 mm and dm = 10 mm.

Section 4.2). These bead agglomerations have a different magnetophoretic mobil-

ity compared to single beads due to their increased magnetic force and change in

Stokes’ drag. The change in mobility also has an effect on the magnetic separation

process and thus needs to be treated differently in magnetic separation simulations

that consider agglomerates.

Chains of magnetic beads are evaluated for their velocity as they pass through the

observation chamber. As the chains self-assemble along the direction of the magnetic

field lines, it is possible to establish drift with either orientation of the chain, by using

a different configuration of the permanent magnet.

The orientation of the chain is in the same direction as the pole axis of the magnet

and the magnetic field lines, but drift is in the direction of increasing magnetic

energy density, i.e. towards the magnet. The magnetic field lines and magnetic

energy density gradient do not necessarily point in the same direction, as illustrated
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(a) Position: D (b) Position: C (c) Position: B (d) Position: A

Figure 4.10: Image superposition of the magnetically induced velocity of Dynabeads’
M270 beads measured at discrete distances away from the magnet. The time interval
between different superimposed images was 0.3 s. The distance between the magnet
and the observation chamber was incrementally reduced (from left to right) to dm =
16 mm, dm = 14 mm, dm = 12 mm and dm = 10 mm.

in Figure 4.14.

The hydrodynamic drag force on a chain depends on its length and orientation. The

hydrodynamic resistance of elongated bodies, however, is more complicated to deter-

mine than for a simple sphere. No exact solutions for bead chains have been reported

in the microfluidic literature to the author’s knowledge and therefore approximate

methods were employed here for elongated bodies. Since the hydrodynamic drag

mainly depends on the body aspect ratio or, in this case the number of beads, the

chain of beads moving in axial or lateral direction in low Reynolds number flow can

be adapted as a longitudinal elliptic body, with a circular cross-section equal to the

diameter of the spherical bead, 2rp, and the long axis equal to the length of the

number of beads in the chain, n× 2rp. Using this approximation the hydrodynamic

resistance acting on a chain of particles moving in parallel or orthogonal to its long
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Figure 4.11: Magnetically induced drift velocities of each of the five investigated
bead types measured at four different distances dm from the magnet face.

axis can be approximated as follows [276, 339]:

F‖ = 4πηfrpu

[
n2 − 1(

2n2−1√
n2−1

)
· ln
(
n+
√
n2 − 1

)
− n

]
(4.1)

F⊥ = 8πηfrpu

[
n2 − 1(

2n2−3√
n2−1

)
· ln
(
n+
√
n2 − 1

)
+ n

]
(4.2)

where F‖ and F⊥ describe the drag force of the chain when its long axis is aligned

Table 4.2: The experimentally found mean magnetophoretic mobility (ν̄p) and av-
erage susceptibility (χ̄p) obtained for the five observed types of superparamagnetic
microparticles using magnetophoresis. Experiments were performed in deionized
water over a magnetic field range of 38 mT to 70 mT.

Particle type Number of ν̄p χ̄p
particles analysed [mm3/T·A·s] [−]

ScreenMAG 238 0.017± 0.01 0.51± 0.11
SiMAG 359 0.091± 0.03 1.53± 0.56
MyOne 46 0.028± 0.01 0.46± 0.13
M280 248 0.053± 0.01 0.12± 0.02
M270 92 0.082± 0.02 0.19± 0.04
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Figure 4.12: Magnetophoretic mobility of each of the five investigated bead types
measured at four different distances dm from the magnet face (10 mm, 12 mm, 14
mm and 16 mm).

in parallel or orthogonally to its moving direction, respectively. The parameter ηf

describes the dynamic viscosity of the fluid. The two equations above, Equation 4.1

and Equation 4.2, only apply for n ≥ 2.

By using Equation 4.1 or Equation 4.2 in the proposed magnetophoresis model one

can estimate the magnetophoretic mobility of chains with different lengths. In a

first approximation, it was assumed that the total magnetic moment of a chain is

given by the summation of all magnetic moments of the beads in the chain. In

other words, dipole interaction between neighbouring beads was considered to be

negligible compared to changes in the drag force.

In order to explore the effect of Stokes’ drag upon the mobility of chains of mi-

crobeads and to demonstrate the models proposed, two magnetic orientation config-

urations were investigated experimentally. Videos of beads that had formed chains

were recorded and their magnetically induced velocity was measured. The bead

concentration was increased (1.8 × 107 beads/ml) compared to the measurements

aiming to study isolated beads in order to increase the number of agglomeration
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(a) Chemicell ScreenMAG
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(b) Chemicell SiMAG
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(c) Dynabeads MyOne
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(d) Dynabeads M280
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(e) Dynabeads M270

Figure 4.13: Histogram of the magnetophoretic mobility distribution of the five
investigated bead types. The histograms show the mobility distribution of all bead
measurements taken at A, B, C and D. The number of observations vary for the
different bead types, see Table 4.1. The medians of the distributions is estimated at
0.017 mm3/T ·A · s, 0.091 mm3/T ·A · s, 0.028 mm3/T ·A · s, 0.053 mm3/T ·A · s and
0.082 mm3/T ·A · s for the ScreenMAG, SiMAG, MyOne, M280 and M270 particle
type, respectively.
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(a) Parallel alignment (b) Perpendicular alignment

Figure 4.14: A schematic and photographs of magnetic bead agglomerates travelling
towards a permanent magnet. In configuration (a) the magnetic field lines are
parallel to the direction of the magnetically induced velocity. Bead chains are formed
along the direction of the magnetic field lines and the chain drifts in the direction
of increasing magnetic energy density. In configuration (b) the long axis of the
magnet is rotated by 90 degrees, perpendicular to the observation chamber, and the
magnetic pole axis is rotated. The field lines and travelling velocity are perpendicular
to each other. The microbead chains form along the magnetic field lines but drift
orthogonally to the long axis of the chain. The sequential images at the bottom
of (a) and (b) show a bead chain at three time intervals (t0 < t1 < t2) travelling
towards the magnet.

examples.

To compare the mobility of chains of different length with the model described above

it was sufficient to only consider a normalized terminal velocity. The normalized

velocity was obtained by dividing the chain velocity by the magnetic drift velocity of

a single bead. Due to this normalization the different bead types, given in Table 4.1,

could be directly compared to each other.

Figure 4.15 shows the experimental data compared to the model for both magnet

orientations, and confirms that the longitudinal elliptical body approximation is a

sufficiently accurate predictor of the drift velocity for chains of different bead lengths.
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(a) Parallel alignment
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(b) Perpendicular alignment

Figure 4.15: The normalized ratio of the magnetophoretically induced velocity per
chain of magnetic beads to the magnetophoretically induced velocity of a single
magnetic bead travelling towards a magnet (a) parallel and (b) perpendicular to
the field lines. The dotted curves represent the data calculated from the proposed
model.

Table 4.3 lists the number of chains observed for each chain length. The longer the

chain the smaller the number of observations since chains of longer length occurred

less often.

Table 4.3: Number of chain observations for each integer chain length.

Chain Parallel Perpendicular Chain Parallel Perpendicular
length alignment alignment length alignment alignment

1 84 11 8 1 7
2 29 8 9 0 3
3 22 8 10 0 1
4 9 8 11 1 0
5 5 7 12 0 0
6 3 0 13 0 0
7 0 0 14 1 0

4.4 Magnetization of superparamagnetic beads

In order to obtain independent and consistent magnetic information for all bead

types given in Table 4.1, their magnetization curve was measured using a SQUID.
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The SQUID has become a widely used instrument for determining moment of mag-

netization as a function of an externally applied magnetic field and is also used for

studying the magnetic properties of superparamagnetic particles such as the mag-

netic susceptibility and saturation magnetization [290]. The SQUID relaxometry

technique and the apparatus used for the measurements reported have been de-

scribed in detail in other literature [290, 340, 341]. Thus, only a brief explanation is

given here. The SQUID sensor measures the magnetic moment by magnetizing the

sample using an applied magnetic field pulse ranging from −5 T to 5 T in amplitude

and with a frequency of 0.5− 4 Hz. Further details of the use of the SQUID sensor

and sample preparation is given earlier in Section 3.6.

Figure 4.16 and Figure 4.17 show the hysteresis loops for the different bead types for

various applied magnetic fields, ranging from ±75 mT up to ±1 T. The hysteresis

loops directly give the magnetization of each of the five types of beads at a specific

applied magnetic field and incorporate all magnetic properties of the bead sample.

From these curves the saturation magnetization, MS, as well as the remanence,

MR are estimated. Additionally, the magnetic susceptibility of the bead sample, χ,

can be obtained by taking the ratio of the sample magnetization and the applied

magnetic field. In the magnetization study the subscript p in the susceptibility

parameter χ is dropped, since the magnetic response is measured not only on a

single bead but rather on a sample which contains a large number of beads.

Figure 4.16 shows that the samples started saturating at a magnetic flux density of

≈ 0.1 T. The difference in saturation magnetization for each type originates from

the different iron oxide content.

In order to get a more accurate resolution at a lower flux density range, another set

of hysteresis loops was recorded, where the applied magnetic flux density reached

from −75 mT to 75 mT, as shown in Figure 4.17a-4.17b. This range was chosen

because the beads in the mobility study described above (see Section 4.2.3) were
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Figure 4.16: Magnetization curves of the different bead types within an applied
magnetic field range of ±1 T. (a) Magnetization curves of Chemicell bead types.
(b) Magnetization curves of Dynabeads bead types. The curves were measured with
a Quantum Design MPMS-XL SQUID magnetometer at room temperature (300 K).

also exposed to the same magnetic flux densities.

In Figure 4.17c and Figure 4.17d a closer view of the same magnetization curves

presented in Figure 4.17a and Figure 4.17b is shown, where the magnetic field range

was ±6 mT. From these figures, the remanence was observed to be no more than 953

A/m, which is a value comparable to what is found in the literature; i.e. Shevkoplyas

et al. [212] or Hien et al. [342]. It was assumed that the SQUID system had no

significant measurement offset, such that the values obtained for sample remanence

are reliable. To verify this assumption, an empty sample (i.e. air) was measured

for the purpose of calibration. The hysteresis loop of the air sample is shown in

Figure 4.18. One can see that the magnetic response was of the order of O(10−5),

i.e. at least five orders of magnitude smaller than the magnetic response of the

bead samples. Therefore, the impact of potential offset errors when determining

remanence of the beads could be neglected.

Magnetic remanence stems from thermally blocked magnetic moments of the incor-

porated iron oxide nano-sized particles [300]. Research papers on magnetic separa-

tion frequently discard the remanence of the magnetic particles, because its value
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Figure 4.17: Magnetization curves of the five different bead types. The curves
were measured with a Quantum Design MPMS-XL SQUID magnetometer at room
temperature (300 K). (a) Magnetic response of the Chemicell particles in applied
magnetic fields ranging from ±75 mT. (b) Magnetic response of the Dynabeads
particles in applied magnetic fields ranging from ±75 mT. (c)-(d) Magnified view of
the magnetization curves ranging from −6 mT to 6 mT.

is assumed to be significantly smaller than the applied magnetic field. However,

not taking remanence into account may compromise the susceptibility parameter as

concluded by Shevkoplyas et. al. [212]. Using all data points along the hysteresis

loop to determine the susceptibility as a function of the applied magnetic field takes

all magnetic parameters and conditions into account, including remanence.

Using the measured hysteresis loops given in Figure 4.17 the susceptibilities were

determined at four different magnetic fields over the range of 38 − 70 mT, corre-

sponding to the magnetic flux density at positions A, B, C and D of the mobility
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Figure 4.18: Magnetization curve of an air filled sample in the range of ±75 mT. Air
shows a diamagnetic behaviour with no remanence. This calibration measurement
confirms that the measured remanence of the magnetic bead is no artefact.

measurement for single beads reported in Section 4.2. From these four values the

mean was calculated for comparison with the average susceptibility values reported

in Table 4.2. The magnetic properties such as susceptibility and the saturation

magnetization, obtained from the SQUID data are summarized in Table 4.4.

Table 4.4: Measured magnetic susceptibility of the different bead types using
SQUID.

Particle type MR [emu/g] MS [emu/g] χ̄ [−]
(|B| ≈ 0 T) (|B| ≥ 1 T) (|B| < 70 mT)

ScreenMAG 0.05 19.2 0.66± 0.12
SiMAG 0.42 34.7 1.22± 0.21
MyOne 0.02 10.1 0.27± 0.06
M280 0.06 4.7 0.12± 0.02
M270 0.01 6.9 0.18± 0.04

The mean susceptibility values and the saturation magnetization found here, com-

pare well with the results found in Section 4.2 and also what has been stated in the

literature [300–302, 331]. Additionally, they show that the magnetophoretic mobility
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measurement is a promising technique to determine the susceptibility of magnetic

particles.

4.5 Comparison of the susceptibility based on the

mobility and magnetization study

Two independent results for the susceptibility of the magnetic particles were ob-

tained by the two studies described in Section 4.2 and Section 4.4.

Figure 4.17 reveals that assuming a linear relationship between magnetization and

applied field is only a simplified model, even at weak magnetic fields. The observed

monotonic increase in magnetophoretic mobility with increasing distance from the

magnet (see Figure 4.12) implies that the mobility is a function of the externally

applied magnetic field due to the susceptibility dependence. This dependence is not

accounted for in a simplified model, where the susceptibility is assumed constant,

and in some circumstances might need to be taken into consideration. Table 4.5 and

Table 4.6 compare the different susceptibilities for both measurement approaches at

all four magnet positions A, B, C and D. It can be seen that for every bead type

the susceptibility increased when the magnetic field decreased, which is equivalent

to moving from magnet position A to magnet position D.

The susceptibility values of the two measurement approaches (magnetophoresis and

SQUID) were compared pairwise at each magnetic field strength. In Table 4.5 and

Table 4.6 it can be seen that most susceptibility values were within one standard

deviation of the values obtained by the magnetophoresis study at the same B-field.

This suggests that the samples are from a population with similar mean. However,

the susceptibility values of the MyOne beads consistently overestimated the sus-

ceptibility by more than one standard deviation compared to their corresponding

values from the SQUID measurement. In order to have reliable susceptibility esti-
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Table 4.5: Measured bead susceptibility obtained from the magnetophoretic mobility
study (Section 4.2). For each bead type, four susceptibility values for different
magnetic fields are listed. The magnetic fields correspond to the four observed
magnet positions A, B, C and D, or equivalently to a distance 10 mm, 12 mm,
14 mm and 16 mm away from the magnet surface, respectively. Additionally, one
standard deviation of the observed measurements is given. χ̄p indicates that the
values are averaged over all particle measurements at a specific location.

Bead type
χ̄p

70 mT 56 mT 46 mT 38 mT
ScreenMAG 0.39± 0.13 0.45± 0.12 0.53± 0.16 0.65± 0.20
SiMAG 0.98± 0.27 1.22± 0.31 1.44± 0.24 1.64± 0.48
MyOne 0.34± 0.09 0.33± 0.08 0.54± 0.14 0.58± 0.10
M280 0.11± 0.02 0.11± 0.02 0.13± 0.02 0.15± 0.03
M270 0.14± 0.04 0.19± 0.03 0.21± 0.06 0.22± 0.02

Table 4.6: Measured particle susceptibility obtained from the magnetization study
(Section 4.4). The susceptibility is measured at four different magnetic fields for
each bead type, similar to Table 4.5.

Bead type
χ

70 mT 56 mT 46 mT 38 mT
ScreenMAG 0.52 0.62 0.71 0.81
SiMAG 0.96 1.14 1.31 1.48
MyOne 0.22 0.26 0.30 0.34
M280 0.09 0.11 0.13 0.15
M270 0.14 0.16 0.19 0.22

mates, more beads would need to be observed. The comparison of the susceptibility

values of the two measurement approaches made it evident that the CTV system

is a sensitive approach to determine the susceptibility of magnetic beads within an

environment (i.e. fluidic channel) relevant to their intended application.

Across all particle types, an increase in susceptibility could be seen when decreas-

ing the magnitude of the magnetic field. The observed increase in susceptibility,

however, could be due to simple statistical variation. Therefore, the change in sus-

ceptibility at each magnet position would need to be tested for significance.
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In order to compare the four measured susceptibility values of one particle type with

each other, two approaches were used. The first analysis tested whether or not there

was a significant change in susceptibility using an analysis of variance (ANOVA).

The second analysis tested for the likelihood of susceptibility being constant by

applying a regression analysis. Additionally, a scaling analysis was performed in

Section 4.5.3 to see the impact of the various parameters influencing the particle’s

mobility and to compare the simplified model, where the susceptibility was assumed

constant with a variable susceptibility model.

4.5.1 Analysis of variance

A difference between the mean susceptibility of magnetic beads in varying magnetic

fields was observed. The aim of the experiments described in this section was to

determine if these differences in susceptibility within each bead type were statisti-

cally significant. In order to test for equality of the measured susceptibility means, a

balanced one-way analysis of variance test was performed on the data of the magne-

tophoresis study (see Section 4.2.3). The null hypothesis of the test assumed that all

measured susceptibility means at the four magnet positions and within each bead

type are equal at a significance level of 5%. The alternative hypothesis assumed

that at least one susceptibility mean was different from the others. Whenever more

than two sample populations are compared, the ANOVA test is a more conservative

approach, as it results in fewer false positives (Type I error) compared to multiple

two-sample t-tests. The ANOVA test assumes a normal distribution of the different

sample groups [343].

The p-values of the analysis were all in the order of O(10−7) or less (p-value ≤

7.6× 10−7); this suggests a rejection of the null hypothesis for all particle types. In

general, the low p-value implies that at least one mean value differs from the others

but no information on which one. In order to determine which pairs of suscepti-
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bility means were statistically significantly different, the confidence intervals of the

different susceptibility sample groups had to be compared. Figure 4.19 shows the

box plot diagrams for all five bead types where the notches (angled lines) represent

the upper and lower bound of the 95% confidence interval. If the notches of the

different boxes are not overlapping, one can conclude with 95% confidence that the

true medians do differ.

In most cases, as seen in Figure 4.19, the confidence intervals did not overlap when

comparing two successive susceptibility values, e.g. χ̄Ap with χ̄Bp or χ̄Bp with χ̄Cp .

This implies that the two susceptibility values do not significantly differ and the

null hypothesis is accepted. However, when comparing χ̄Ap with χ̄Dp all bead types

showed a statistically significant difference, which means the null hypothesis was

rejected in favour of the alternative hypothesis. Therefore, the detected increase of

the beads’ susceptibility is with 95% certainty due to the change in susceptibility

when the beads are exposed to a weaker magnetic field and not simply a statistical

phenomena.

4.5.2 Regression analysis

In this analysis two models, a linear model and a constant, are fitted to the measured

susceptibility data using an ordinary least square regression. This way it is possible

to see if an increasing trend in susceptibility is more likely compared to a constant

susceptibility. Figure 4.20 shows the two fitted models for all bead types.

Considering Figure 4.20, the linear model (green lines) more accurately captures the

trend of the increasing susceptibility when the distance to the magnet surface, dm,

in the magnetophoresis study is increased. In order to confirm this, the residuals of

both regressions were plotted on a normal probability plot, as shown in Figure 4.21.

The residuals deviated more strongly from a normal distribution for the constant

susceptibility model than for the linear model. This does, by no means, imply
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that the linear model is the correct model to use in order to predict the particles’

susceptibility at weak magnetic fields, but it is a strong indication that the positive

trend of the susceptibility is not just an artefact of the large variation of measured

magnetophoretic mobilities.

4.5.3 Numerical scaling analysis

Based on Equation 2.32 it is intuitive that rp, χp, η and H or B all influence the

magnetically induced velocity.

If the bead is sufficiently far away from the magnet, meaning dm is large compared

to the relevant magnet dimension, the magnetic field can be approximated as H ≈

lmwmhmM/d3
m. Thus, the derivative of H2 with respect to dm can be approximated

as dH2

dx
≈ (lmwmhmM)2/d7

m.

By multiplying the induced drift velocity described in Equation 2.32 with ∆tp/rp

one obtains a dimensionless normalized travelling distance X̂p for a certain time

interval ∆tp. The travelling distance is scaled by the bead radius and can also be

expressed as a linear function, using a dimensionless design parameter, Θ:

X̂p = |up| ×
∆tp
rp

= κΘ (4.3)

where κ is a dimensionless scaling constant and the design parameter, Θ, can be

described as follows, using the analytical expression for the magnetic field described

above:

Θ =
µ0χpVp∆tp

12πηr2
p

× (lmwmhmM)2

dm
7 (4.4)

Equation 4.3 describes how far a certain bead moves, measured in bead radii, in

a given time interval. A linear dependence between the dimensionless normalized

magnetically induced travelling distance and the design parameter, Θ, can be seen.
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Furthermore, Equation 4.3 also shows the impact of different parameters, e.g. mag-

netic beads travel further when their susceptibility is increased whereas the distance

from the magnet has a significant opposite effect. Thus, Equation 4.3 agrees quali-

tatively with what has been observed experimentally (see Section 4.2.3).

Due to the linear dependency between X̂p and Θ, all points should collapse onto

a straight line, when the measured bead properties are inserted into Equation 4.4.

Figure 4.22 compares the dimensionless normalized magnetically induced travelling

distance of the scaling law with the experimental results. In Figure 4.22a a constant

susceptibility was assumed (see Table 4.2) whereas in Figure 4.22b the susceptibility

was adjusted according to the magnetic field (see Table 4.5). Figure 4.22b shows

a stronger linear trend compared to Figure 4.22a. This makes it evident, that over

the analysed distance of 6 mm, the susceptibility is influenced by the magnetic field

magnitude and should be adjusted accordingly.

4.6 Discussion

A clear difference in magnetophoretic mobility could be seen between the anal-

ysed magnetic particle types (see Figure 4.12). In the case of single magnetic beads,

Chemicell SiMAG beads exhibited the largest magnetophoretic mobility, followed by

the Dynabeads M270, Dynabeads M280, Dynabeads MyOne and Chemicell Screen-

MAG beads. The different magnetophoretic mobilities for the Dynabeads was at-

tributed to their different size and iron content (see Table 4.1). The two types of

Chemicell beads supposedly have the same magnetic properties, given their size and

iron content stated by the manufacturer. The difference in mobility certainly arises

from their measured size difference. In the case of Chemicell beads, additional fac-

tors, such as their non spherical shape, helps to explain the discrepancy between the

two manufacturers.
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The variation in magnetically induced velocity, and thus mobility, of one bead type

from the same manufacturer cannot be attributed to variation in bead diameter alone

because the measured size distribution of Dynabeads particles (< ±3%) resulted

only in a drift velocity variation of ±6%. However, velocity variations of 17%−33%

were measured. This conclusion is in contrast to the findings of Xu et al. where

the spread of the different magnetically induced velocities was mostly attributed

to the bead size distribution [344]. Another factor that could have added to the

velocity variation are measurement errors. The dominant error in the experimental

measurements can be attributed to uncertainty in determining the exact position

of the beads when observed with the video camera. Measurement errors, however,

are considered to be insufficient to account for the variation. Measurement errors

do increase when the magnetic force is weak, because errors in determining distance

have a more significant effect when the total distance travelled by the particle is

small, but estimates predict that this measurement error should not exceed 1%.

Thus, the observed variation in magnetic mobility reported is significantly attributed

to varying iron content in this study. The variation in iron content was estimated to

be between 12% and 25% based on the measurements. In the literature, iron content

of 11.8% and 25.5% for Dynabeads’ M280 and Dynabeads’ MyOne, respectively, are

reported [300]. However, data on statistical variation in iron content between single

magnetic beads is not available and might differ between different manufactured

batches [345]. Due to the complex structure of the magnetic particles it is unlikely

that every particle will exhibit the exact same magnetic responsiveness. The different

uncertainties and variations make the accurate prediction of bead trajectories more

challenging, which has a negative effect on the separation efficiency for continuous

separation. For separation performed in test tubes, these uncertainties only weakly

influence the separation efficiency, as they only have an effect on the separation

time.
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In this study, sedimentation of the magnetic beads due to the action of gravity

was neglected without introducing measurement error. This is because the forces

due to magnetism and gravity were configured to be orthogonal in the experiments.

The drift velocity of the beads due to the magnetic force was determined over a

tracking distance of 55 µm using a microscope and imaging camera. Calculations of

the sedimentation rate of different bead types predicted the beads sediment between

2−16 µm whilst being observed, which is consistent with observations made with the

captured video of bead transport. Only data from beads that were clearly suspended

in the channel was used. Additionally, if the beads were to sink towards the bottom

of the counting slide (of channel thickness 100 µm) then the drag on the beads would

approximately triple (see Section 7.3) and thus reduce the magnetophoretic velocity

by the same factor. However, velocity variations of less than 33% were measured.

Therefore, interactions between the magnetic beads and the bottom surface of the

counting slide could be discounted in these measurements.

The susceptibility for the analysed bead types of the two measurement methods,

magnetophoresis study and SQUID measurements, showed similar trends with de-

creasing applied magnetic field. The determined susceptibility values also showed a

good agreement with values stated by the manufacturer and in the literature. In the

literature, the susceptibility ranges between 0.26 and 1.4 for MyOne beads [300, 346],

between 0.14 and 0.76 for M280 beads [300, 347, 348] and a value of ≈ 0.17

for the M270 beads [346, 349]. The susceptiblity of Chemicell beads is less fre-

quently reported in the literature, but susceptibilty is quoted between 0.03 and

1.5 [301, 302, 329, 350]. Also the susceptibilities of other bead types stated in the

literature appear to be in the same range [212, 262, 351], i.e. the susceptibility

values determined in this study are consistent with those previously published in

the literature. One further explanation for the variation in particle susceptibility is

potential variability in the manufacturing process. It is reported in [212] that mag-
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netization curves are not routinely measured by the manufacturer for each batch

of superparamagnetic beads produced. This might be because magnetic separa-

tion is conventionally performed in test tubes with strong permanent magnets and

consistent susceptibility is not necessary.

The monotonic increase of susceptibility with decreasing magnetic field can be seen

across all particle types and in both measurement methods (magnetophoresis study

and SQUID measurements) and has been found to be a consequence of a magnetic

field dependent magnetization of the magnetic particles. The magnetization curves

in Figure 4.17 reveal that the linear relationship M = χH between magnetization

and applied field is a simplification and might only be a valid approximation for

magnetic fields |B| ≤ 6 mT, based on the observations in Figure 4.17c and Fig-

ure 4.17d. In addition, the remanence of the magnetic particles may contribute to

the behaviour of the beads at even lower magnetic fields and should not be neglected

as discussed by Shevkoplyas et. al. [212]. At larger magnetic fields, the data pre-

sented in Figure 4.16 should be considered to account for the non-linear behaviour

of the susceptibility. Many publications in the literature [59, 230], however, neglect

remanence and the magnetic field dependence of the susceptibility, which can lead

to modelling errors.

4.7 Conclusion

In this chapter, the magnetic responsiveness of five different magnetic bead types

were tested using two different approaches. The magnetophoretic drift velocity of

single magnetic beads as well as bead complexes was studied using a simple particle

tracking system and the magnetization of the same beads measured using SQUID

relaxometry. Based on the observed drift velocity one can determine the overall

magnetic responsiveness of the particles. The consistent values of the suscepti-
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bility obtained between the magnetophoresis analysis and those from the SQUID

measurement suggest that particle tracking is a viable technique for determination

of susceptibility of superparamagnetic microspheres over a range of magnetic flux

densities. Unlike average magnetic susceptibility data obtained from SQUID, the

particle tracking system can characterize the magnetic properties of single particles.

Additionally, the particle tracking system is also capable of validating drift velocities

of assembled bead chains being aligned in parallel or perpendicular to their direction

of movement.

The magnetophoretic mobility of individual particles was measured over a range of

38− 70 mT using a permanent magnet. The monotonic reduction in mobility of the

magnetic particles as they approached the permanent magnet was attributed to a

reduction in susceptibility with increasing magnetic field strength. The same nega-

tive correlation between the magnitude of the magnetic field and the susceptibility

of the magnetic particles was observed by analysing hysteresis curves of particle

samples, obtained from SQUID measurements. The change in mobility results from

the non-linearity of the magnetic susceptibility with respect to the applied magnetic

field. In cases where the trajectory of magnetic particles needs to be determined

accurately, the observations in this study conclude that a constant susceptibility

does not lead to accurate calculations and instead the non-linear behaviour of the

susceptibility should be taken into account. A constant susceptibility can only be

assumed when the magnetic particles interact over a narrow magnetic field regime,

but the susceptibility value should still account for the magnitude of the applied

magnetic field.

The comparison of the commercially available magnetic beads also highlights the

differences of their physical properties and make it evident that some magnetic par-

ticle types are potentially more suitable for continuous magnetic separation. A high

magnetic mobility with a narrow distribution is desirable because separation time
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and reproducibility are often limiting factors in continuous magnetic separation. A

high magnetophoretic mobility ensures that even at short interaction time the par-

ticles separate. A narrow magnetophoretic mobility distribution allows for accurate

magnetic bead trajectory predictions and will enhance separation efficiency. Dyn-

abeads M270 magnetic microspheres meet the above criteria and are therefore the

best choice for magnetic particle separation based on this study. Chemicell beads,

on the other hand, do not have a uniform size distribution, nor are they spherical in

shape. This would make cell separation prone to error, because a large distribution

in bead diameter and shape not only varies their magnetophoretic mobility but also

influences the number of cells each particle can have attached.
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Figure 4.19: The different box plots show the susceptibility distribution at different
magnet positions for all particle types. The distribution arises from the fact that
the susceptibility is calculated based on the data from the magnetophoretic mobility
study. The central mark (red line) indicates the median, the bottom and top edges of
the box indicate the 25th and 75th percentiles and the whiskers extend to the most
extreme data points of the susceptibility sample distribution. The notches (in blue)
represent the upper and lower bound of the 95% confidence interval. An overlap
of one or multiple notches indicate that the medians of those specific susceptibility
sample groups are considered to be statistically identical within a confidence level
of 95%.
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Figure 4.20: Regression analysis for the calculated susceptibility data. The black cir-
cles shows the individually determined susceptibility values at the different distances
away from the magnet. The data is regressed against two models. A constant model
y = C where parameter C is estimated (red line) and a linear model y = mx + b
where parameter m and b are estimated (green line). The regression is done using
an ordinary least square estimator.
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Figure 4.21: Residuals of the regression analysis for two assumed models. The first
model assumes the susceptibility to be constant (constant model) whereas the second
model assumes the susceptibility to be a linear function (linear model).
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(a) Constant susceptibility

(b) Magnetic field adjusted susceptibility

Figure 4.22: Dimensionless normalized magnetically induced travelling distance plot-
ted against the dimensionless design parameter Θ. In (a) the susceptibility is as-
sumed to be constant (Table 4.2). In (b) the susceptibility is assumed to be magnetic
field dependent and adjusted accordingly (Table 4.5). The dimensionless scaling con-
stant κ is found by fitting a straight line using an ordinary least square algorithm.
Here κ is set to 1.1 and 1.2 in (a) and (b), respectively. The time interval ∆tp is set
to 0.6 s for the Chemicell ScreenMAG particles. For all other particle types a time
interval of 0.3 is chosen.



Chapter 5

Hydrodynamic flow in a microfluidic

device

5.1 Introduction

The hydrodynamic flow in the two microfluidic devices described in Section 3.3.1

and Section 3.3.2 was numerically modelled using the simulation software ANSYS

Fluent and experimentally tested and verified. Here, only results for the microfluidic

separation device (see Section 3.3.2) are presented, since this device will be used

further throughout this thesis.

5.2 Hydrodynamic flow in a microfluidic separation

device

The solution to the Stokes equation (Equation 2.9) in a straight and rigid channel

is the pressure-driven, steady-state flow, also known as Poiseuille flow. Figure 5.1

shows the 3D velocity profile of the Poiseuille flow across the rectangular cross

section of the microfluidic separation device at a Reynolds number of approximately

150
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Re ≈ 0.3. The dimensions of the fluid channel in the simulation were set equal

to the actual dimensions of the microfluidic separation device (iBidi µ-Slide III

3in3) as described in Section 3.3.2. In Figure 5.1 the analytical solution based on

Equation 2.10 as well as the numerical simulation is shown. For the numerical

simulation, however, only half of the channel height was computed.
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Figure 5.1: Velocity profile across half the cross-section of the microfluidic separation
device at Re ≈ 0.3. The continuous profile shows the analytical solution. The
black dots are the results of the numerical solution computed with ANSYS Fluent.
For the numerical simulation, only half of the channel height is simulated due to
symmetry. The channel dimensions are representative of the microfluidic separation
device (iBidi µ-Slide III 3in3) described in Section 3.3.2. Note, that the cross section
of the microfluidic separation device has a large aspect ratio, which the illustration
does not represent accurately.

This particular flow profile is of major importance for the understanding of liquid

handling and thus particle manipulation in suspension in microfluidic systems. A

main characteristic of the fluid dynamics is the parabolic flow through a rectangular

channel and the resultant zero velocity at the internal surfaces of the channel (no-

slip) as described in Chapter 2. The flow profile in the rectangular case remains

constant along a large part of the channel’s wide width, but parabolic across the

short height. The shape of the velocity profile, and whether it has a parabolic shape
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in all directions or tends towards a plug-like form (similar to the electroosmotic

flow [352]), depends on the aspect ratio (h0/w0) of the channel [287]. The plug-like

flow profile seen here is also well documented in the literature for different channel

cross sections [275, 282].

The magnetic beads experience a force from the magnetic field and a force from the

fluid. The pull towards the magnet must be sufficient for the magnetic beads to be

separated from the main sample flow and drawn into the sheath flow, whilst beads

should be prevented from arriving at the internal surfaces of the fluidic channel.

Beads at the channel surfaces will experience almost zero drag and thus will not

flow out of the fluidic device. Such beads will be considered as lost, as they are

difficult to recover using continuous flow at low flow rates. In order to minimise

beads arriving at an internal surface and to control their path through the device,

the fluid stream can be manipulated using hydrodynamic focusing as described in

the next section.

5.3 Hydrodynamic focusing in a microfluidic sepa-

ration device

The hydrodynamic focusing effect was simulated and experimentally tested for dif-

ferent flow rates as well as different inlet flow rate ratios. The inlet flow rate ratio

describes the ratio between the inlet flow rate of one of the sheath flow channels to

the inlet flow rate of the centre channel. In this work, the two sheath flows were

always identical.

Figure 5.2 shows a comparison of the numerical simulations and the experiments

of the hydrodynamic focusing for different flow rates. In order to make the sample

stream visible, the water was dyed with black ink. It can be seen that the simulations

accurately represent the experimentally found results for different aspect ratios,
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which also verifies the results of the numerical simulation.

It was found that higher flow rates and thus also higher Reynolds numbers, produced

a more narrowly focussed sample stream. This effect is also visible in the numerical

simulation.

Table 5.1 lists the measured sample stream width determined by experiment result

and the corresponding flow conditions. The Reynolds numbers ranged within two

orders of magnitudes (O(10−1)− O(101)). It was assumed that the range of values

of Reynolds number were sufficiently low to provide laminar flow conditions. In

general, all values of Reynolds number relevant to this thesis could be considered as

sufficiently low to provide laminar flow.

The data in Table 5.1 is also visually shown in Figure 5.3. Figure 5.3 shows the

width ratio between the sample stream width and the width of the fluid channel

for four inlet flow rate ratios at various sample flow rates. As predicted by the

model described in Equation 2.18, a non-linear relationship was observed where the

focus width of the sample flow decreased rapidly with increasing flow ratio. The

experimental results, as well as the simulation, compare well with the theoretical

values.

From the experimental results presented in Table 5.1 and Figure 5.3, as well as

Equation 2.18, it can be seen that the width of the focused stream mainly depends

on the inlet flow rate ratio but not the overall volumetric flow rate.

5.3.1 Entrance length

Where a fluid enters a channel, or where several flow streams are brought together

at the entrance region of a microfluidic device, as it is the case in hydrodynamic

focusing, the following question arises: At which distance LH down-stream from

the entrance point is the laminar flow a fully developed steady-state Poiseuille flow

profile as described in Section 5.2. The entrance length LH is calculated according to
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Table 5.1: Experimentally measured width of the hydrodynamically focused sample
stream and the corresponding flow conditions, such as flow rates, Reynolds number
and back pressure, calculated for the iBidi separation device geometry. The flow
rate of the two sheath flows are kept the same. The Reynolds number and back
pressure are calculated according to Equation 2.4 and Equation 2.11, respectively.

Sample flow Sheath flow Reynolds Back Sample stream
rate rate number pressure width

[µL/min] [µL/min] [−] [Pa] [mm]
10 10 0.29 0.96 1.20
10 20 0.49 1.59 0.72
10 30 0.68 2.23 0.54
10 40 0.88 2.87 0.44
20 20 0.59 1.91 1.04
20 40 0.98 3.19 0.65
20 60 1.37 4.47 0.48
20 80 1.76 5.74 0.38
50 50 1.47 4.78 1.02
50 100 2.44 7.97 0.61
50 150 3.42 11.16 0.44
50 200 4.40 14.35 0.36
100 100 2.93 9.57 0.93
100 200 4.88 15.94 0.61
100 300 6.84 22.33 0.45
100 400 8.79 18.70 0.36
200 200 5.86 19.14 0.94
200 400 9.77 31.89 0.62
200 600 13.67 44.65 0.44
200 800 17.58 57.41 0.40

Equation 2.8 (see Chapter 2). In the microfluidic iBidi separation device, where the

hydrodynamic diameter was calculated asDH ≈ 0.7 mm, the entrance length LH did

not exceed 0.7 mm for all the flow rates tabulated in Table 5.1. For lower flow rates

this entrance length was also smaller. Typically used flow rates in this thesis were

between 50 µL/min and 400 µL/min which results in an entrance length of LH ≈ 21

µm and LH ≈ 165 µm, respectively. Thus, the velocity profile was fully developed

and remained steady a short distance from the entrance of the fluid separation device,

which had a total length of 24 mm. Also particles in suspension could be assumed to
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travel at a constant velocity down-stream when being magnetically manipulated, as

long as the magnet was located 0.7 mm or further down-stream from the entrance.

5.4 Conclusion

The micromachined microfluidic iBidi separation device, designed and fabricated on

a plastic susbstrate, which met the requirements for hydrodynamic focusing as well

as for particle separation, was validated based on its fluid dynamic properties.

The flow field inside the microfluidic device was modelled numerically. The simulated

velocity profile inside the rectangular duct met the theory and was in line with the

vast literature published on this topic. Due to the straight shape and the rigid

rectangular cross section of the channel, analytical results would have been sufficient

for the analysis presented in this chapter. The numerical model approach adopted,

however, gives more flexibility for future analysis and can easily be extended to

consider more complex channel designs.

Changing the flow rate alters the pressure drop along the channel, back pressure and

the magnitude of the fluid velocity but not the path of the streamlines. This means

a laminar regime could be assumed for all flow rates simulated and experimentally

tested, which was also suggested by the Reynolds number calculated.

Hydrodynamic focusing was verified with the use of microscopic visualization of

water sheath flow and dye containing sample flow. The width of the focused stream

was measured for different volumetric inflow ratios and magnitudes. Experimental

data matched the proposed model and were also in-line with the numerical results.

The results presented here can be compared to a similar study presented by Lee et

al. [287]. They successfully demonstrated the hyrodynamic focusing effect within

a micro flow cytometer device and compared the normalized width of the hydro-

dynamically focused stream to the same model used in this thesis. They reduced
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the focused stream width within a 500 µm wide fluid device to approximately 20

µm. The channel used in their work was six times smaller than the 3 mm wide

channel used in this thesis, but the aspect ratio as well as the Reynolds number are

comparable. Thus, the normalized width of the hydrodynamically focused stream

presented in their work for the different volumetric inflow ratios compares well with

the model and the normalized focused stream width presented here.

The symmetric hydrodynamic focusing works well in a wide channel with the sheath

flows in the same horizontal plane. In a single plane, however, hydrodynamic focus-

ing is intrinsically problematic due to the lack of vertical focusing. The non-uniform

(parabolic) velocity distribution of vertically spread beads is known to cause com-

plications in particle separation [353]; because beads near the top or the bottom

channel wall will experience almost zero flow rate and thus will be effectively stuck

in the system. This problem could be solved by using an axis-symmetric focusing

device, which consists of two concentric capillaries [354–356]. However, in practice,

such structures are a challenge to fabricate using photolithography based microfab-

rication techniques. As a result, the mass production of such devices might not be

cost effective. Another approach is to use Dean vortices to focus the beads orthogo-

nal to the sheath flow [357, 358]. This requires the centre inlet to be curved and also

requires high velocities (Re >> 1) to have a noticeable focusing effect. For these

reasons an axis-symmetric hydrodynamic focusing was not explored further in this

work. Not focussing the beads in both directions orthogonal to the central flow has

a predicable impact on the efficiency of the microfluidic separation device.
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Figure 5.2: Comparison of the hydrodynamic focusing between the simulation and
the experiment for different inlet flow rate ratios. The inlet flow rate ratio between
the sheath and the sample flow ranges from 1 to 4, whereas the centre sample flow
is kept at 100 µL/min. The sample flow is dyed with black ink for visibility. The
directions of the flow streams are indicated by the arrows.
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Figure 5.3: The normalized width ratio of the sample flow (wc/w0) plotted against
multiple volumetric inlet flow rate ratios for different sample flow rates. The flow
rates of the sample stream are 10 µL/min, 20 µL/min, 50 µL/min, 100 µL/min and
200 µL/min and the sheath flow rates are set according to the volumetric inlet flow
rate ratio Q̇c/Q̇s. The channel’s height to width ratio is h0/w0 = 0.13. The error
bars show one standard deviation of the measured width of the sample stream for
the different sample flow rates.



Chapter 6

Magnetic separation configuration

6.1 Introduction

A key objective was to design a novel magnet configuration that would enable con-

tinuous separation of magnetic particles of variable susceptibility while reducing

particle interactions with the side walls of the microfluidic channel.

As seen in Chapter 1, magnetic separation configurations typically use a strong rare-

earth magnet or an electromagnet in close proximity to the channel to attract and

repel paramagnetic and diamagnetic particles, respectively. In either case, the force

is always unidirectional; meaning all particles are either attracted or repelled from

the magnet. The magnet configurations presented here had the ability to attract

and repel superparamagnetic particles.

6.2 Magnet configurations

The two magnet configurations incorporated two or four bar magnets, which were

placed at the side of the microfluidic channel, as depicted in Figure 6.1. The result-

ing forces on magnetic particles applied to their separation process was novel. Both

configurations used N42 Neodymium magnets of dimension 20 mm × 6 mm × 1.5

159
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Double Magnet 
configuration

x

y

z

Microfluidic channel

2mm

(a) Double Magnet configuration
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Figure 6.1: 3D schematic of the two magnet configurations used in this thesis. (a)
shows the Double Magnet configuration and (b) the Quadrupole configuration and
how the magnets are placed around the microfluidic channel. The dimensions of the
magnets are 20 mm × 6 mm × 1.5 mm.

mm (First4Magnets® ,UK), which could be machined conveniently to change their

shape. The two geometries are referred to as Double Magnet and Quadrupole con-

figuration throughout this thesis. All numerical results for the magnetic B field and

the magnetophoretic driving force were obtained by using the previously described

techniques for FEM and smoothing.

6.2.1 Double Magnet configuration

The Double Magnet configuration shown in Figure 6.1a was the most basic geometry

used here. Two magnets were placed on top of each other in an attractive configu-

ration, with both magnetizations pointing in the same direction. The microfluidic

channel is located along the x axis to the right of the magnet configuration as de-

picted in Figure 6.2. The three geometric parameters of the system and their ratios,

shown in Figure 6.2, were used to quantify the distribution of the magnetic field and

force; height h and width w of the magnets and their vertical spacing a. The impact

of varying two ratios was studied here: h/w (aspect ratio) and a/w (relative gap).

As a conservative magnetic field (∇ ·B = 0), an intrinsic property of the magnetic

flux density is the formation of complete closed flux loops around the magnet. The

spatial distribution of the flux loops is a function of the number, position and magne-
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Figure 6.2: 2D slice diagram (z = 0) of the Double Magnet configuration used
to generate the external magnetic field for separation. The rectangular permanent
magnets (grey) are set up in attraction, with the magnetization in the negative
y direction as indicated by the magnetization vector M. The parameters w, h
and a describe the width, the height (thickness) and the separation of the two
magnets. The microfluidic channel is located (light blue) to the right of the magnet
configuration. The schematic is not drawn to scale.

tization orientation of the magnets, and represents the vector field of the magnetic

flux density B. In Figure 6.3 the magnetic flux density and its field lines of the

Double Magnet configuration is shown. The field lines formed loops around each

individual magnet as well as around the whole magnet configuration. Due to the

field lines looping around each individual magnet their superposition resulted in a

region where magnetic flux density was zero (|B| = 0 at point 2 in Figure 6.3)

because of their opposing direction. Also, local flux density extrema (maximum or

minimum) were generated where ∇|B| = 0 (point 1 and point 3 in Figure 6.3).

Magnetic particles experience no force in a magnetic field if either the magnitude

of the flux density is zero (|B| = 0) or there is no field gradient (∇|B| = 0), i.e.

they are in a region of zero or a local minimum in magnetic energy density. In

Figure 6.4 the magnetic flux density of the Double Magnet configuration is plotted

along the x axis, starting at x = y = z = 0. Three points are indicted in Figure 6.4

where these conditions were met. Such points where no horizontal magnetic force is

exerted are useful to trap or gather magnetic beads. One location, where particles

experience no force was in the exact centre of the Double Magnet configuration for

x = 0, labelled as 1 in Figure 6.3 and Figure 6.4. This point has already been
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Figure 6.3: Modelling of the magnetic flux density B of the Double Magnet config-
uration in the plane z = 0 when the vertical separation a = 3 mm. The positions
where the magnetic driving force is zero, and thus magnetic beads experience no
horizontal magnetic force, are indicated by the points 1 , 2 and 3 .

exploited to trap magnetic beads [359]. At 2 , where |B| = 0, beads will not gather

due to the gradient and thus should be avoided if the goal is to accumulate beads.

The gathering point where ∇|B| = 0, point 3 , on the other hand, appears to be a

stable gathering point and will be further investigated in this study.

The stable gathering point at 3 was important for trapping and manipulating

magnetic beads because any small disturbance to a bead’s position will result in a

restorative force to return it to the same point. This is best illustrated when plot-

ting the magnetic force along the x axis, as shown in Figure 6.5a. The change in

sign of the force resulted in regions where particles either experience an attractive

or repulsive force. The direction in which superparamagnetic particles are mov-

ing, depending on their position, is also schematically illustrated in Figure 6.5b. In

the following sections, different geometry parameters of the Double Magnet config-

uration (see Figure 6.2) and their influence on the gathering point outside of the

magnet, point 3 , will be investigated.
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Figure 6.4: (a) Magnetic flux density and (b) flux density gradient of the Double
Magnet configuration with a vertical separation a = 3 mm. The magnetic flux
density is simulated and measured along the x axis, as indicated in the inset, starting
at x = y = z = 0 mm. Due to symmetry, only the positive x axis is shown. Points
1 , 2 and 3 indicate the positions where beads experience no horizontal magnetic
force.

6.2.1.1 Effects of magnet aspect ratio

For the Double Magnet configuration, Figure 6.6 shows the simulated magnetophoretic

driving force along the x axis, for different aspect ratios h/w ranging from 0.25 to

3. In this particular study, the magnet width w and vertical separation a were kept

constant at 6 mm and 2 mm, respectively, while the thickness, h, of the two magnets

was varied keeping h the same for both magnets.

From Figure 6.6 it can be seen that the gathering point 3 moved further away

from the magnets with increasing aspect ratio. This also lowers the magnetophoretic

driving force in the vicinity of the gathering point. At higher aspect ratios (h/w ≥

3), the gathering point disappeared because the magnet separation compared to their

height became insignificant and the Double Magnet configuration can be regarded

as approaching a single magnet.

The setup described in Section 3.9 was used to verify by experiment the behaviour

of the gathering points for different aspect ratios (see Section 3.9.1). Figure 6.7

shows the experimental results revealing how the gathering position moved along
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Figure 6.5: (a) Magnetic force on a single Dynabead M270 bead along the x-axis
when being exposed to the Double Magnet configuration. The arrows indicate the
region where the particle experiences an attractive (red arrow) or a repulsive force
(green arrow). The magnet configuration parameters are assumed to be 6 mm,
1.5 mm and 2.6 mm for the magnet width, magnet height and vertical spacing,
respectively. (b) Schematic of the direction of movement of superparamagnetic beads
when being exposed to the magnetic field of the Double Magnet configuration.

the x axis away from the magnets when the aspect ratio was increased for different

magnetic bead types. The experimental observations affirmed the simulated results

and it appeared that the gathering position and magnet aspect ratio had a linear

relationship over the range investigated.

6.2.1.2 Effects of vertical separation between magnets

Figure 6.8 shows the evolution of the magnetophoretic driving force, as a function

of the relative gap a/w. The aspect ratio h/w of the magnet was kept constant at

0.25 (w = 6 mm and h = 1.5 mm) and only the separation a was varied.

The position of the stable gathering point was again moved along the x axis away

from the Double Magnet configuration when the vertical separation between the

two magnets was increased. This can be better seen in the magnified section in

Figure 6.8 by the moving intercept of the curves with the force = 0 line. Increasing

the magnet separation resulted in both a lower magnetic flux magnitude and gradient
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Figure 6.6: Magnetophoretic driving force of the Double Magnet configuration along
the x axis for different aspect ratio h/w ranging from 0.25 − 3. The shaded area
indicates the overlap of the magnets along the x direction. The inset shows the
line along which the magnetophoretic driving force is simulated. When the force is
positive a magnetic bead will be pushed away from the magnets (to the right) and
toward the magnets when negative. This change from right to left establishes the
stable gathering points. Note that a larger aspect ratio moves the gathering point
away from the magnet configuration.

outside of the magnets. This in turn led to a lower magnitude and gradient of the

magnetophoretic driving force in and around the particle gathering region and thus

the separating power was decreased.

Experimental observation of the gathering point for different magnetic bead types

again revealed a linear relationship between the relative vertical gap, a/w, and

the gathering point position, as shown in Figure 6.9. The gathering point of all

bead types increased as the relative gap between the magnets increased, and the

experimental values will be a good fit to the positions determined by the model.

Figure 6.10 shows the result of a similar experiment to that presented in Figure 6.9,

however, only one bead type (Dynabeads M270) was used for significantly different

concentrations. Based on Figure 6.10, changing the concentration appeared to have

no effect on the position of the stable gathering position when varying the relative

magnet separation ratio.
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Figure 6.7: Observed behaviour of the position of the static gathering point outside
of the Double Magnet configuration as a function of the magnet aspect ratio h/w
while keeping a = 2 mm. The data is collected by experiment. The error bars are
computed from different measurements of bead suspension of the same bead type
but different bead concentrations.

6.2.1.3 Effects of tapered magnets

As seen previously in Section 6.2.1.1 and Section 6.2.1.2, changing the thickness

or the vertical separation between the magnets, alters the strength of the magne-

tophoretic driving force as well as the position of the static gathering point. By

tapering the magnets, these two effects can be combined. Tapering the magnets

could also be used to gradually reduce the magnetophoretic driving force at the

tail-end of the magnets in order to gently release particles into an exit flow that

would otherwise be at risk of being trapped.

The two magnet shapes considered here that incorporate a taper are shown in Fig-

ure 6.11. The taper was either on the inner faces (Figure 6.11a) or the outer faces

(Figure 6.11b), beginning halfway along the length of the magnets. In these dia-

grams, the channel flowed from left to right (z direction) whilst the magnetic force

on the particles was predominantly in the x direction. Different tapering angles, θ,
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Figure 6.8: Magnetophoretic driving force of the Double Magnet configuration along
the x axis at y = 0 for different separation ratios a/w ranging from 0.2 to 1. The
shaded area indicates the region between the magnets along the x direction. In-
creasing the separation between the magnets moves the gathering point away from
the magnets and reduces the magnetophoretic driving force.

were modelled assuming the starting magnet to be a N42 Neodymium magnet with

dimensions 20 mm × 6 mm × 1.5 mm. The vertical separation was set to a = 2.6

mm. There are many tapered geometries that could be explored, but these simple

structures were selected here for evaluation purposes.

In Figure 6.12 it can be seen that for both taper options, a larger tapering angle

resulted in a lower magnetophoretic driving force around the static gathering posi-

tion. This effect was more pronounced for the magnets which were tapered on the

inner faces. This is due to the fact that the magnet separation increased with the

taper.

The particle gathering positions were also affected by the taper, either pushing the

gathering point out for magnets with inner tapers or pulling the gathering point in

for magnets with outer tapers (see magnified section in Figure 6.12).

The inner taper configuration, shown in Figure 6.11a, was evaluated experimentally

(see Figure 6.13). There was a clear difference in the static gathering position

between the non-tapered and the tapered half of the magnet faces. An observable
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Figure 6.9: Experimental results of the observed gathering positions for different
magnetic bead types and vertical separation ratios a/w. The error bars for each
particle type are calculated from repeated measurements with different bead con-
centrations.

monotonic increase in the gathering position as the magnets became thinner, as well

as a reduction in the particle concentration, could be observed.

6.2.2 Quadrupole configuration

A second Double Magnet was added to create a Quadrupole configuration, where

the microfluidic channel was assumed to be always in the centre of the geometry. A

2D schematic of the Quadrupole configuration is shown in Figure 6.14.

The magnetic field generated by the Quadrupole configuration, is shown in Fig-

ure 6.15. Due to the arrangement of the magnets, the magnetic field was symmetric

with respect to the origin of the coordinate system. Similarly to the Double Magnet

configuration, the Quadrupole arrangement showed areas where the magnitude of

the magnetic flux density was zero (|B| = 0) because of oppositely directed field

lines. There was also a region where the magnetic field gradient was equal to zero

(∇|B| = 0).
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Figure 6.10: Experimental observations of the gathering positions at different verti-
cal separation ratios a/w for Dynabeads M270 at three particle suspension concen-
trations.

The Quadrupole configuration, compared to the Double Magnet, had a higher mag-

netophoretic driving force and its gathering points, where no horizontal force acted

on magnetic particles, ran along the z axis for a range of horizontal magnet sep-

arations b. This configuration leads to a potential increase in particle throughput

due to two factors (i) the increased force and (ii) beads can be introduced through

both sheath flow channels. However, as with the Double Magnet configuration,

beads also feel a force in the vertical direction which is undesirable and larger in the

Quadrupole configuration. These vertical forces cause the particles to drift to the

top or bottom of the channel where they potentially get stuck. Thus, an optimal

spacing between the two Double Magnets needed to be determined.

6.2.2.1 Effects of horizontal separation between magnet pairs

The magnetic Quadrupole configuration is subject to the same geometric constraints

as the Double Magnet configuration. Figure 6.16 shows the magnetophoretic force

along the x axis for the range of aspect ratios h/w and relative gap ratios a/w
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Figure 6.11: Diagrams of the tapered magnet configurations: (a) inner taper (b)
outer taper. The taper begins halfway along the length of the magnets and finishes
at half the non-tapered thickness of the magnets. Schematic is not drawn to scale.

previously considered in the Double Magnet configuration analysis.

Figure 6.16a shows that for large aspect ratios (h/w > 1) the stable gathering

position became unstable, where magnetic particles no longer drift to a specific

area but move in opposite directions. This can be seen by the sign change of the

magnetophoretic driving force. At the same time, small aspect ratios (h/w = 0.1)

reduced the horizontal driving force because the magnetic B field and its gradient

became smaller. Similarly, an increasing relative gap ratio, a/w, weakened the

magnetic flux density and its gradient and thus, lowered the magnetophoretic driving

force. Furthermore, the unstable gathering points, associated with |B| = 0, are

pushed toward the centre of the geometry as a/w increases and eventually (a/w ≥ 1)

are within the 3 mm wide fluidic channel (see Figure 6.16b).

However, besides the two ratios discussed above, the magnetic Quadrupole config-

uration introduces a nondimensional distance ratio b/a (see Figure 6.14), which is

also considered here. For this reason, the magnetophoretic driving force was calcu-

lated in the area of the fluid channel (x = ±1.5 mm and y = ±0.2 mm) for different

ratios b/a. Here, the vertical separation a was kept at 2 mm and only the horizontal

distance b between the two double magnet configuration was changed. Due to the

width of the iBidi channel (wf = 3 mm), for distance b < 3 mm the magnet edges
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(a) Inner taper

(b) Outer taper

Figure 6.12: Simulation of the magnetophoretic driving force for magnets with dif-
ferent angles of tapers. Taper angle is varied by changing the magnet thickness at
the end of the taper between ht = 0.75 mm and ht = 1.5 mm. (a) Shows the magne-
tophoretic driving force when the magnets are tapered on the inside. (b) Shows the
magnetophoretic driving force when the magnets are tapered on the outside. The
magnets are simulated as N42 Neodymium magnets with original dimensions of 20
mm × 6 mm for length and width, respectively, and 1.5 mm for non-tapered height.

overlap with the channel and introduce an attractive force in their proximity. This

would cause some beads at the edge of the channel to migrate toward the magnets.

As this is an undesirable effect the analysis only considers values where b ≥ 3. Fig-

ure 6.17 shows the vectors of the magnetophoretic driving force for the Quadrupole

configurations at z = 0 for ratios b/a ranging from 1.5 to 3.

As the horizontal distance between the magnets increased, the absolute force de-
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Figure 6.13: Static particle gathering band for the Double Magnet configuration
using two tapered N42 NdFeB magnets. The magnets’ original dimensions were 20
mm × 6 mm × 1.5 mm. The taper begins half way along the magnet and reduced
the magnet thickness to half of its original thickness (ht ≈ 0.75 mm). There is an
increase in the static equilibrium distance with decreasing magnet thickness.

creases, i.e. the driving force in x and y direction reduced. Thus, there is a trade-off

between horizontal and the undesirable vertical driving forces. In this study, the

best choice of distance b was determined by optimising the horizontal force so that

beads move in the x direction toward their gathering position in the quickest pos-

sible manner. Given the physical limitation of the iBidi channel, which limits a to

2.6 mm, the optimal value of b was 3.5 mm.

6.3 Gathering line formation

In this section the formation of the gathering line is explored for different bead types

using the magnetic field of the Double Magnet configuration. Bead suspensions with

a high concentration (106 − 108 beads/mL) are required to make the gathering po-

sitions clearly visible. This is in contrast to the model developed in Chapter 2 for

a diluted bead suspension, which determined trajectories of individual beads in the

separation device. The aim here was different, and was to understand the dynamics

and behaviour of the gathering process which requires the higher bead concentra-
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Figure 6.14: 2D slice diagram (z = 0) of the Quadrupole configuration used to
generate the magnetic field for separation. The rectangular permanent magnets
(grey) are set up in attraction, with their magnetization in the negative y direction.
The microfluidic channel is located (light blue) in the centre of the two double
magnet configurations. The parameters w, h and a describe the width, height
and vertical separation for each pair of magnets (as previously defined). A new
parameter b is the horizontal separation of the magnets as indicated in the picture.
The schematic is not drawn to scale.

tions. Indeed, concentrated suspensions may occur in some separation applications,

where higher throughput is required or applications that require particles to be

trapped. Since no flow was required in this study, all experiments presented in this

section were carried out in hydrostatic fluid chambers (see Section 3.3.4). As will be

considered later, the gathering process is relevant to devices that use a pulse mode

operation.

In the experiments here, all bead types formed an elongated elliptical band of high

concentration around the stable gathering position that was visible by eye. The

beads were densely packed in the centre of the ellipse with ends that tapered into

narrow streams of reducing density. The particle band formed within a few seconds

after the magnet configuration had been put in place. After less than 15 min, the

particle band had mostly developed and no longer changed significantly over time,

as shown in Figure 6.18. However, an absolute steady state, where no beads could

be observed moving anywhere, could not be reached even after 12 hours.

The elliptical formation was attributed to the finite length of the magnets; the end

effects of the magnets created a magnetic field gradient along the length of the



174 6.3. Gathering line formation

2.85e-001 :>3.00e-01
2.70e-001 :2.85e-001

2.40e-001 :2.55e-001
2.55e-001 :2.70e-001

2.25e-001 :2.40e-001
2.10e-001 :2.25e-001
1.95e-001 :2.10e-001

<2.0e-004 :1.50e-003

1.80e-001 :1.95e-001
1.65e-001 :1.80e-001
1.50e-001 :1.65e-001
1.35e-001 :1.50e-001
1.20e-001 :1.35e-001
1.05e-001 :1.20e-001
9.00e-001 :1.05e-002
7.50e-002 :9.00e-002
6.00e-002 :7.50e-002
4.50e-002 :6.00e-002
3.00e-002 :4.50e-002
1.50e-003 :3.00e-002

Density Plot: |B| Tesla

Magnet

Magnet

Magnet

Magnet

|B|=0
|B|=0

∆

2mm

x

y

|B|=0

Figure 6.15: Modeling of the magnetic flux density B of the Quadrupole configura-
tion at z = 0 when the vertical separation a = 2.6 mm. Three positions where the
magnetic particles experience no horizontal magnetic driving force are indicated by
point 1 , 2 and 3 .

magnets (in the z direction) which cannot be neglected. There was a maximum B

field at the middle of the magnets (z = 0) where particles migrated toward. This

resulted in a higher density of beads in the vicinity of z = 0, and the elliptical shape.

The width of the elongated elliptical bands (wb), measured as the minor axis of the el-

lipse, widened when the vertical separation between the two magnets was increased,

while the major axis of the ellipse remained approximately constant in length; this

behaviour is shown in Figure 6.19. Figure 6.19 also confirms that the gathering po-

sition moved when the vertical separation was increased (see Section 6.2.1.2 above).

The increase in the width of the elliptical band was observed for each bead type con-

sidered. The band width at different separation distances was consistent for each

bead type analysed, as shown in Figure 6.20. At larger relative separation distances

(a/w > 0.8), the differences in width between the particle types deviated more sig-

nificantly. This, however, was a result of the increased measurement uncertainty at

larger separation distances.

When a paramagnetic bead experiences an external magnetic field, it will become

magnetized and acquire a net magnetic dipole moment. Taking note of the direction
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Figure 6.16: Simulation of the magnetic driving force along the x axis for different
aspect and relative gap ratios. (a) Aspect ratio h/w ranging from 0.1 − 3. (b)
Relative gap ratio a/w ranging from 0.2−1.0. The blue shading indicates the width
of the 3 mm wide iBidi µ-slide III 3in3. Positive force (green arrows) implies beads
moving from left to right, negative force (red arrows) implies beads moving to the
left.

of the B field, the increase in width is attributed to the fact that adjacent beads

repel each other when in the same plane because their induced dipoles point in a

direction orthogonal to that plane. Thus, all beads compete for the space around

them and become stationary when forces are balanced. Evidence of the formation

of a regular lattice of single beads in a plane can be observed when using a lower
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(a) b = 4 mm

(b) b = 5 mm

(c) b = 6 mm

Figure 6.17: 2D vector field of the magnetic driving of the Quadrupole configuration
across the iBidi µ-slide cross-section at z = 0. The vertical gap a is kept constant at
2.6 mm and only the horizontal distance b is varied. From (a) to (c) the horizontal
distance is increased from 4 mm to 6 mm. The vectored data shows how the magnetic
driving force is reduced in x and y directions when b increases.

concentration of beads (see Appendix C). As the separation between the magnets is

increased, the induced magnetic dipole in the beads decreases and it is assumed that

this allows a wider spacing between the beads and hence a wider elliptical band.

Since individual beads repel each other, the widening effect of the elliptical band

appears to be more prominent at higher concentration, as seen in Figure 6.21. At

higher particle concentrations (> 1010), particle agglomerates are more likely to

occur. It could be seen that all bead suspensions naturally formed agglomerates

in the vicinity of the gathering positions when particle interactions were significant.
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Figure 6.18: Elliptical band of beads after different time intervals. The elliptical
bands are formed using the Double Magnet configuration, which is placed to the
left. In order to make the band visible a bead suspension of Chemicell SiMAG
beads with a concentration of 108 beads/mL was necessary.

The induced magnetic field causes neighbouring beads to aggregate when their dipole

moments are aligned. This results in chains of beads aligned in the direction of the

magnetic field lines toward the regions of higher magnetic field [360]. However,

larger bead chains become unstable and collapse, forming larger and more complex

aggregates [361], as seen in Figure 6.22. It is intuitive that these aggregates appear

larger in size the closer they are to the centre of the equilibrium band. The higher

density of beads is most likely to result in beads occupying a volume rather than

competing for space in a plane. Examples of the aggregate patterns formed make it

evident that forces due to bead interaction should be included when the density is

high.
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Figure 6.19: Overlay of three separate images visualising the formation of an ellip-
tical band of magnetic beads (Chemicell SiMAG) around the gathering position at
different vertical separations of the magnet: (A) a = 3 mm (a/w = 0.5), (B) a = 4
mm (a/w = 0.66) and (C) a = 5 mm (a/w = 0.83). Both the position of the static
equilibrium and width of the band (wb) increase with the magnet separation. To
make the bead band visible, a bead concentration of approximately 108 beads/mL
was necessary.

6.3.1 Gathering of particle agglomerates

In order to see whether aggregates have an effect on the elliptical band, suspensions

of beads were pre-aggregated into large clusters by the temporary application of an

external magnet. Figure 6.23 shows that pre-aggregated beads form narrower bands

around the equilibrium position; the difference in the width of the band is more

noticeable at larger vertical magnet separations (Figure 6.23c-6.23d).

The differences in the width of the band between the pre-aggregated and regular

suspension is due to the relationship between the force on the beads and the random

size of the aggregate. A larger cluster has a greater volume of magnetic material,

resulting in a higher magnetic force. At the same time, a larger cluster induces a

larger magnetic dipole, which can exert a larger repelling force. Thus, the width
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Figure 6.20: Width of the elliptical bead band around the equilibrium position of
the Double Magnet configuration. The width of the elliptical band, measured as the
minor axis of the ellipse, increases with increasing vertical magnet separation a. All
particle suspensions use a concentration of ≈ 108 particles/mL.

of the particle band is dependent on an equilibrium between the magnetic forces of

the external field and the resultant induced magnetic field of the differently sized

agglomerates. The relationship between the exerted magnetic force, the number of

beads in the aggregate and mutual magnetisation, results in a complex network of

connecting beads. This leads to a variation in the induced field that increases with

the size of the aggregates [362]. Consequently, larger aggregates form a narrower

band, with gaps between neighbouring aggregates. Larger spacing between the

aggregates can be seen in Figure 6.23c compared to Figure 6.23a, indicating that

the local field generated by the bead clusters was more influential when the magnet

separation, a, was larger. What is certainly clear, is the fact that the beads did not

compact into the tightest possible volume due to interaction with their neighbours.
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Figure 6.21: Width of the elliptical particle band around the equilibrium position
for different particle suspension concentrations. The particle suspension is made of
Dynabeads M270 particles with a particle concentration between 106 particles/mL
and 108 particles/mL.

6.4 Discussion

The magnet configurations formed a stable gathering line outside of the magnet

assemblies, where particles migrated toward. Initially, it might be thought that

the magnetic beads should form a thin line due to the forces from the magnets.

This is because any finite force on the bead, however small, would result in a drift

velocity according to the equilibrium between the magnetic force and Stokes drag.

The formation of a thick particle band demonstrates that particle interations should

not be neglected at high particle concentations. The induced magnetic dipole fields

of the beads caused other beads that were in close proximity to form a chain along

lines of flux when their dipole moments align. At high bead concentrations, as seen

in Chapter 4, more complicated 3D structures were formed and easily observed [206,

363, 364]. When beads are side-by-side, they no longer agglomerate but repel each

other, which prevents them from approaching any closer. At lower concentrations

when beads are able to arrange in a plane, the beads form a regular array with
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Figure 6.22: Close up view of the elliptical band of beads. The beads around the
equilibrium position form agglomerates, larger in size in the centre of the elliptical
band. The particles do not form a regular arrangement, but rather varying separa-
tion. The band was formed using Dynabeads’ M270 with a concentration of ≈ 108

particles/mL. The field lines of the applied magnetic field are pointing out of the
plane.

an equilibrium distance between them. Clusters, in contrast, experience a larger

repelling force between each other than single beads, which increases the equilibrium

distance between them. The experimental results of the pre-aggregated suspensions

support this interpretation because larger areas between aggregates devoid of beads

could be seen.

Separation of biological entities for diagnostic purposes benefit when they are able

to give a reliable result in a short time. The particle band, which separates the beads

from the sample flow, typically formed within a few seconds. The band was visible

by eye and did not appear to change significantly after 15 minutes in a hydrostatic

environment. The time needed to gather the beads was within the time frame of

other recently published batch separation processes, where separation times between

2− 30 minutes have been reported [199, 365]. The separation kinetics, however, are

more complex when the beads are of different size or have a cell attachment, which
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Figure 6.23: Experimental comparison of the gathering band formation between a
fully suspended bead suspension (right hand side) and pre-aggregated bead suspen-
sion (left hand side). The vertical magnet separation a is increased from a = 3.2
mm to a = 4 mm in (a) to (c) and (b) to (d), respectively.

influences the gathering time [366–368].

The magnetic fields of the two proposed magnet configurations have the unique

property, i.e. paramagnetic particles can experience a repelling force, which is nor-

mally only exploited for diamagnetic objects (see Section 1.4.2.1). The advantage

of using diamagnetic objects is that many biological entities are diamagnetic (e.g.

white blood cells), which enables a label-free separation. However, the diamagnetic

effect is weak, with susceptibilies five order of magnitude smaller compared to the

superparamagnetic beads used in this thesis [236, 239, 369, 370]. To demonstrate a

similar separation efficiency with diamagnetic entities compared to what is achieved
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with paramagnetic particles, larger particles (5− 20 µm) suspended in a paramag-

netic salt solution or ferrofluids have been used [371–374]. Another approach is to

apply higher magnetic fields (up to 10 T) using superconducting magnets [236, 238].

However, most diamagnetic separation demonstrations reported in the literature

could have achieved the same direction of magnetophoretic force by switching to

paramagnetic particles and placing the magnet on the other side of the channel. If

the magnet, however, can only be placed on one side of the channel due to geometry

or fabrication restrictions and only a pushing force allows separation, the Double

Magnet configuration provides an effective alternative to diamagnetic separation.

In the literature, diamagnetic repulsion has also been used for particle focusing using

two magnets with their like poles facing [375–378]. The Quadrupole configuration

can be used to achieve a similar focusing effect but for paramagnetic particles. It

is expected that the Quadrupole configuration has the ability to achieve a stronger

focusing effect over a wider distance than reported in [378], which allows for higher

flow rates and thus quicker particle focusing.

Magnetic particle separation, however, has often been performed in a purely attrac-

tive manner, rather than repulsive. The Double Magnet configuration achieved a

maximal attractive magnetic drive force of 1.5 TA/mm2 given the constraints of

the fluid channel. This is comparable to other magnetic separation devices where a

permanent magnet is used; e.g. Xia et al. [222] achieved 0.8− 3.6 TA/mm2, Pamme

et al. [196, 379] reported ≈ 4 − 8 TA/mm2 and Afshar et al. [223] estimated the

driving force of their design to be 7 − 20 TA/mm2, respectively. HGMS systems

presented by Han et al. [219, 220] and Furlani [259] (see Chapter 1) report driving

forces between 50 − 77 TA/mm2, which was achieved by integrating the magnetic

structure into the fluid device and thus being in close proximity to the particle sus-

pension. However, the integration of the magnetic components makes the channel

fabrication more cumbersome.
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6.5 Conclusion

Two new magnetic separation geometries were presented and analysed. Both config-

urations generated a magnetic field where the force vector on a paramagnetic bead

changed its sign depending on position. This is novel compared to previous magnet

configurations where particles experience a force in one direction only. The change

in vector sign creates a line where magnetic beads experience no horizontal mag-

netic force and thus gather. Beads assembling along a gathering line as part of the

separation process is a unique feature introduced in this thesis, which has potential

for increasing separation efficiency.

The geometry parameters of the magnetic configurations determined the position

of the gathering regions and also the magnitude of the magnetophoretic driving

force. To establish a high driving force in the x direction and thus short separation

time, the vertical gap a between the magnets should be as small as possible. Due

to the thickness of the iBidi µ-slide, the vertical separation a of the magnets was

limited to a minimum of amin = 2.6 mm. For the Quadrupole configuration, the

additional parameter b (horizontal gap between the two magnet pairs) maximised

the horizontal driving force when being set to b = 3.5 mm.

The aspect ratio simulations concluded that magnets with low aspect ratios had

a stronger separating power; i.e. thin rather than bulky bar magnets were more

suitable, which also had the benefit of keeping the device compact. The relative

vertical magnet separation simulations were important in providing a straightfor-

ward method for manipulating the position of the isolated beads. Varying the mag-

net separation could be used to adjust the particle trajectories during continuous

flow. Likewise, the simulations of the tapered magnets showed the possibility of

continuously altering the particle trajectories. Additionally, the reduction in the

magnetophoretic driving force as the taper increased could be useful for releasing

the separated beads back into the free-flow of the stream and thus avoiding trapping
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beads.

The Quadrupole configuration exerted approximately three times higher magne-

tophoretic driving force compared to the Double Magnet configuration. In cases

where the separation time needs to be short or a high throughput is required, the

quadrupole configuration is more suitable.

A study using the Double Magnet configuration showed that beads did not gather

into a thin line, but rather formed an elliptical band with a finite width which could

be seen by eye. This implies certain constraints on the design of the fluid channels.

Therefore, the outlet channel, through which the magnetic particles ultimately exit,

needs to be of a sufficient width in order to receive all the beads in the gathered band.

Since the maximum width of the elliptical band varies with the bead concentration,

the dimensions of the exit channel will be a function of concentration.



Chapter 7

Magnetic particle separation

simulation

7.1 Introduction

As discussed previously, magnetic particles can be manipulated using an external

magnetic field, when in a surrounding liquid; this is known as magnetophoresis (see

Chapter 4). The manipulation of magnetic beads allows for sorting or separation.

In this chapter, the effect of an external magnetic field on the trajectory of magnetic

beads was simulated using the Lagrangian tracking scheme. Due to the assumed low

particle concentration and small particle size, inter-particle forces could be neglected

and one-way coupling could be assumed. A detailed description of the modelling

approach can be found in Section 3.10.

186
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7.2 Continuous separation of the two novel magnet

configurations

The separation efficiency of the two presented magnet configurations (see Chap-

ter 6) was simulated and experimentally verified. Two separation strategies were

introduced and investigated: continuous mode and pulse mode.

The separation efficiency of both magnet configurations are evaluated by using a

Monte Carlo method where 400 individual bead trajectories were simulated, as de-

scribed in Section 3.10 and Section 3.11. Depending on the magnet configuration,

the beads were introduced through the centre inlet (inlet 2 in Figure 7.1a) and

assumed to leave outlet 1, or through the sheath flow inlets (inlet 1 and inlet 3

in Figure 7.1b) and exit through outlet 2 for the Double Magnet or Quadrupole

configuration, respectively.

The performance of the two magnet configurations used with the microfluidic separa-

tion device was determined by their collection efficiency ζ, which could be formulated

in either absolute or relative terms. The absolute separation efficiency, ζa, is defined

by the fraction of magnetic particles that enter the separation channel and leave

the channel through the designated exit, whereas the relative separation efficiency,

ζr, takes the ratio of the number of particles exiting the designated channel over

the total number of particles from all exits. The two separation efficiencies can be

mathematically expressed as follows:

ζa =
Nk
out

Nin

(7.1)

ζr =
Nk
out

Nout

(7.2)

whereNin andNout are the total number of particles entering and leaving the system,

respectively and Nk
out is the number of particles leaving the designated exit k. In this
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Figure 7.1: Schematic showing where magnetic beads are introduced into the iBidi
separation device and where they expect to exit for the two different magnet con-
figurations. (a) In the case of the Double Magnet configuration, magnetic beads
are introduced through the centre inlet (inlet 2) and are considered separated if
they exit through outlet 1. (b) For the Quadrupole configuration, magnetic beads
are introduced through the two sheath flows (inlet 1 and inlet 3) and are expected
to exit the device through outlet 2. The green shading indicates where beads are
considered separated for each configuration.

study, the relative separation efficiency are simply referred to as separation efficiency

if not stated otherwise.

7.2.1 Magnetic separation using the Double Magnet config-

uration

The separation efficiency of the novel Double Magnet configuration presented in

Chapter 6 was simulated as described in Section 3.11.1. In the simulation, magnetic

particles entered the iBidi µ-Slide III 3in3 separation device through inlet 2 and
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were considered to be separated as soon as they had moved into the highlighted

area (green highlight) in Figure 7.1a and had reached the end of the fluid channel.

Bead trajectories that touched the inner surface of the channel were terminated and

those particles were considered to be trapped in approximately zero flow rate due

to the no-slip boundary condition.

The individual trajectories of beads moving along the separation device were com-

puted. Figure 7.2 shows the initial and final position of the magnetic beads across

the channel cross-section, after their trajectory simulation had completed or termi-

nated. Only the top half of the fluid channel (|y| ≤ 0.2] mm) was simulated. The

different colours show beads (i) which reach the end of the channel and are success-

fully separated (green), (ii) reach the end of the channel but do not get separated

(blue), (iii) get successfully separated but get trapped at the top of the channel

surface (orange) or (iv) do not get separated and get trapped (red).

Considering Figure 7.2 it is evident that a limited number of beads were separated.

Only beads entering at specific positions across the inlet (green circles) were drawn

into the buffer flow without terminating at one of the internal surfaces of the channel;

there was a unique area of success across the inlet cross section, which was also flow

rate dependent. The reason why some beads were trapped was due to the vertical

forces acting on the beads, causing them to drift upward toward the no-slip boundary

condition at the channel wall. Thus, beads that touch the surface no longer move

forward and are considered as trapped

Figure 7.3 presents the simulated separation efficiency and bead throughput of the

Double Magnet configuration for the different magnetic bead types at different con-

tinuous flow rates. The susceptibilities were set to the values found in the bead

magnetization study (see Section 4.4) and also adjusted according to the local mag-

netic field strength during the simulation.

It can be noted in Figure 7.3, that the separation efficiency and the particle through-
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Figure 7.2: Scatter plot of the starting and end position of the bead trajectories
for different flow rates ranging from 30 µL/min to 300 µL (ūp ≈ 0.4 − 4.2 mm/s)
in (a)-(d). The open circles represent the starting position and the filled circles
show their final position. The simulation is for the Double Magnet configuration
while the particles have the properties of Chemicell SiMAG beads. The different
colours correspond to the following: green-beads reach the end of the channel and
get successfully separated, blue-beads reach the end of the channel but do not get
separated, orange-beads get successfully separated but get trapped at the channel
surface and red -beads do not get separated and get trapped. Higher separation
efficiency is indicated by a large number of solid green beads compared to the total
of solid green and blue beads.

put were inversely proportional. Also, using beads of higher magnetophoretic mo-

bility improved the separation efficiency, with reduced throughput; i.e. there was a

trade-off between the separation efficiency and throughput. For example, to have a

separation efficiency of approximately 80%, which is comparable to separation effi-

ciencies found in the literature, about 30% of the introduced beads can be collected

at the designated outlet (see Figure 7.3).
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Figure 7.3: (a) Continuous separation efficiency and (b) throughput of the Double
Magnet configuration for different bead types and flow rates. The flow rates range
between 10 µL/min (ūp ≈ 0.14 mm/s) to 375 µL/min (ūp ≈ 5.2 mm/s). The bead
properties are set to the physical properties found in Chapter 4.

The results obtained by simulation were verified experimentally for various flow

rates, as described in Section 3.11.2. In these experiments SiMAG-Silanol beads

(Chemicell) were used because they have a high magnetophoretic mobility (see Chap-

ter 4) and sediment more slowly than Dynabeads M270. As described in Chapter 3,

a bead concentration of 106 beads/mL (υp ≈ 10−7) was used for the suspension,

which is considered as a low concentration because υp < 10−6 (see Chapter 2.2.2).

Observations recorded with the CCD camera show a visible separation in the ex-

periment and that the magnetic beads are continuously deflected by the magnet

from the central sample flow into the buffer flow, as shown in Figure 7.4. This

demonstrates that separation of magnetic beads was achieved.

The separation efficiency of the separation configuration using the Double Magnet

was determined by analysing the collected outlet samples using flow cytometry.

At flow rates ≤ 30 µL/min (ūp ≈ 0.4 mm/s), no beads were detected at any of

the three outlets. Therefore, a higher flow rate (> 30 µL/min) was needed for a

viable throughput. Measuring the samples at the three outlet channels at total

flow rates > 150 µL/min indicated that more than 55% of magnetic beads had not
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Figure 7.4: Gathering and streamlines of superimposed images of magnetic beads
(Chemicell SiMAG) during the continuous magnetic separation experiment with the
Double Magnet configuration. Magnetic beads are introduced through inlet 2 and
expected to exit the device through outlet 1. Images (a)-(d) show the streamlines
of the magnetic beads at different positions along the iBidi fluid channel when a
flow rate of 150 µL/min is applied. The flow direction at the inlets and outlets is
indicated by the bold arrows in (a) and (d).

been sufficiently deflected from the main sample flow and thus, not separated. These

beads travelled through the device along their streamlines and exited through outlet

2, as depicted in Figure 7.5. This shows that an interaction time with the magnets

of approximately ≈ 10 seconds was not sufficient to draw the particles from the

sample into the buffer flow. A more detailed view of the continuous separation in

Figure 7.5 can be found in Appendix B.

As expected from the numerical simulations, the separation efficiency of the Double

Magnet configuration was found to be negatively correlated with the total flow

rate (see Figure 7.5). The results of the experimental separation efficiency for the

Double Magnet configuration, however, were 10% − 15% higher compared to the
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Figure 7.5: Experimental results of continuous separation efficiencies with the Dou-
ble Magnet configuration for different flow rates. The flow rates stated here are the
sum of all inlet flow rates while keeping their inlet flow rate ratios at 1 : 1 : 1 across
the different inlets. The experiment has been repeated 3 times for all shown flow
rates.

simulation at corresponding flow rates. The better performance is most likely due

to the fact that in the experiment, beads had a tendency to agglomerate and were

then deflected more quickly than individual beads; this is an effect not currently

modelled. The samples collected for the flow cytometer were ultrasonicated prior

to the measurement to break up bead agglomerates, and therefore would have been

counted as individual beads in the sample analysis. For flow rates > 375 µL/min

(ūp ≈ 5.2 mm/s), the separation efficiency of the model and the experiments were

comparable, because the fluid dynamics becomes the dominant factor whereas the

effect of agglomerates were less significant.

The clearly visible separation, apparent in the photograph of Figure 7.4, suggests

that an even higher separation efficiency should be obtained compared with that

determined from the bead count, i.e. the beads appeared to be strongly gathered

due to the dark band in the image, but the flow cytometer measurements did not

support the anticipated separation efficiency. Further examination using higher
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magnification revealed beads and agglomerations stuck at the top or the bottom of

the channel due to the vertical magnetic forces, leading to a bold band of stationary

beads. It is assumed that the distribution of the beads across the entire area of cross-

section of the inlet channel and possible misalignment of the magnets contributed

to the lower than expected performance.

Based on the observations in the experiments the effect of bead agglomerates as well

as magnet displacement errors was simulated as discussed in the following sections.

Further, the influence of a cell cargo attached to a magnetic bead was investigated.

7.2.1.1 Effects of magnetic bead agglomerates

As soon as superparamagnetic beads are exposed to a magnetic field, they become

magnetized and start attracting other magnetic particles in their vicinity. This

causes beads to form agglomerates as can be observed in the magnetophoretic study

for magnetic bead agglomerates (see Chapter 4). Even when starting from a fully

suspended sample at low concentration (≈ 106 beads/mL), bead agglomerates can

quickly form and bead-bead interactions can occur if beads happen to be close

enough. Therefore, in order to understand the behaviour of more complex suspen-

sions the trajectories of bead aggregates also needs to be studied.

The bead agglomerate model presented in Section 4.3 showed that the drag force on

a chain of beads did not increase linearly with the number of beads, but its magnetic

force did. This model was implemented in the simulation. Bead chains of up to 5

beads were studied here. Figure 7.6 shows the separation efficiency and throughput

for different agglomerate sizes and flow rates.

Larger clusters experienced a higher magnetophoretic drift velocity (see Section 4.2.3),

which explains the increasing relative separation efficiency in Figure 7.6a. It was

noted, however, that the increased magnetically induced velocity also caused larger

clusters to get stuck at the inner surface of the fluid channel which led to a lower
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Figure 7.6: (a) Magnetic separation efficiency and (b) throughput for different bead
agglomerates using the Double Magnet configuration. The flow rates range between
30 − 375 µL/min (ūp = 0.4 − 5.2 mm/s) in the main channel. Bead agglomerates
which have crossed the x = −0.5 mm line without colliding with an inner surface
are considered to be separated. The bead properties for a single magnetic bead are
set equal to the properties of a 1.0 µm sized SiMAG-Silanol (Chemicell) particle.

overall particle throughput (see Figure 7.6b).

7.2.1.2 Effects of magnet displacement error relative to the microfluidic

separation device

The specific flux density patterns seen in Chapter 6 are only valid as long as the

microfluidic separation device (see Section 3.3.2) is correctly positioned, i.e. placed

along the central plane (y = 0) between the two magnets. If the microfluidic sep-

aration device is placed either side of this central position such that y ≥ 0.7 mm,

the gathering points vanish. Therefore, care needs to be taken when the device is

assembled requiring sub-millimetre accuracy. Figure 7.7 shows a schematic of the

critical vertical displacement used in this study of misalignment error. Misalignment

of the two magnets in the horizontal x − z plane, such that the two magnets are

offset relative to each other, is less likely because the magnetic attraction force pulls

the two magnets automatically into alignment with one exactly above the other.

Thus, a horizontal magnet misalignment was not considered here.
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Figure 7.7: Schematic of vertical misalignment of the microfluidic separation de-
vice from its central plane (y = 0) position. The parameter δ is the distance the
microfluidic channel is misplaced out of the centre.

Performance with displacement errors of the channel in the y direction at values

of δ = 100 µm, δ = 300 µm and δ = 500 µm was simulated; offset errors greater

than 0.5 mm were regarded as unlikely. The B field inside the fluid channel was no

longer symmetrical about the x axis due to the relative displacement of the channel

compared to the magnets. Bead trajectories were simulated across the entire cross-

section of the centre inlet channel (channel 2), with twice as many beads as in the

previous simulations. Figure 7.8 shows the separation efficiency and the particle

throughput for different flow rates and different channel offsets.
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Figure 7.8: (a) Magnetic separation efficiency and (b) bead throughput for flow
rates ranging between 30− 375 µL/min (ūp = 0.4− 5.2 mm/s) in the main channel.
The plot shows the results for a vertical displacement of the magnets of δ = 0 µm,
δ = 100 µm, δ = 300 µm and δ = 500 µm.

The results in Figure 7.8 suggest that a small positive misalignment (|δ| > 0) is ad-
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vantageous for the magnetic separation process at low flow rates (Q̇ ≤ 100 µL/min),

while at higher flow rates (Q̇ > 100 µL/min) the effect of the misalignment becomes

almost insignificant. This behaviour is caused by the fact that at higher flow rates

beads have less time to interact with the magnets.

It is interesting to see that at small flow rates the relative separation efficiency is

not a monotonic decreasing function with respect to the parameter δ. Due to the

complex force pattern, different offset values of δ result in different relative separation

efficiencies for different flow rates. The separation efficiency is dependent on what

percentage of the cross-section of the fluid channel lies above or below the y = 0

symmetry plane. The more the fluid channel is displaced from its symmetry position

(upwards or downwards), the larger the force on the beads in the vertical direction.

There is a trade-off between the number of beads separated and the number of

trapped beads. A larger offset does not necessarily impact the separation efficiency,

but has a strong influence on throughput.

Since the uncertainty of the particle trajectories increases with a larger displacement

error, the fluid channel should be carefully positioned at y = 0.

7.2.1.3 Effects of a cell cargo attached to a magnetic bead

For magnetic cell separations, a cell is attached to the magnetic beads as a cargo.

Such biological cargo is normally nonmagnetic, or only weakly para- or diamagnetic,

compared to the superparamagnetic bead [370, 380, 381].

For a cell bound to a magnetic bead, the model given in Equation 4.1 and Equa-

tion 4.2 predicts a smaller magnetophoretic drift velocity, and thus mobility, for the

bead complex as a whole compared to a single magnetic bead. Wise et al. found that

the magnetophoretic mobility of 1.05 − 2.8 µm sized magnetic beads with a single

1.0 µm sized nonmagnetic spherical particle attached is reduced by 15− 25% [368].

The mobility of the bead complex is further reduced with increasing number of at-
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tachments of nonmagnetic particles and their diameter. Additionally, Wise et al.

compared the magnetophoretic mobility of Dynabeads MyOne microspheres, when

attached to single living and dead E. coli bacteria. Such cell-bead complexes were

observed to travel at a velocity approximately 49% (living) and 75% (dead) of that of

a single bead with no cell cargo. In all cases observed, the nonmagnetic attachment

aligned behind the magnetic bead in the direction of travel to reduce drag [368].

Figure 7.9 shows the relative separation efficiency and throughput for Dynabeads

MyOne microspheres when they have a living or dead cell bound to them. For com-

parison, the data is also presented for an individual Dynabeads MyOne microsphere

with no cell cargo attached.
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Figure 7.9: (a) Magnetic separation efficiency and (b) throughput for different total
flow rates, ranging between 30 − 375 µL/min (ūp = 0.4 − 5.2 mm/s) in the main
channel for beads with a viable or non-viable E. coli bacteria attached to a magnetic
bead. The simulation is done for the Double Magnet configuration with the bead
and mobility properties set to the experimentally found properties for Dynabeads
MyOne in Chapter 4 and by Wise et al. [368].

7.2.2 Magnetic separation using the Quadrupole configura-

tion

The Quadrupole configuration has potential for improved separation efficiencies due

to its higher magnetophoretic force compared to the Double Magnet configuration
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(see Section 6.2.2). However, there are higher vertical (y direction) forces, causing

more beads to become trapped in the system. In order to investigate the vertical

forces, three different magnet geometries for the Quadrupole configuration were

modelled; simple bar magnet, tapered magnet and parabolic magnet. The three

magnet geometries are shown in Figure 7.10(a). Figures 7.10(b)-7.10(c) show the

simulated separation efficiencies and the corresponding particle throughput of the

various magnet shapes derived from the models. The trajectories were simulated

as outlined in Section 3.11.1 with the particles introduced in inlet 1, and separated

from the sample flow into channel 2, as shown in Figure 7.1b.

Each magnet geometry in Figure 7.10(a) generates a different magnetic flux field and

magnitude. The parabolic magnet generates a smaller horizontal magnetic driving

force than the tapered or bar magnet and therefore has a lower separation efficiency

across most flow rates, however, the parabolic shape reduces vertical forces on the

magnetic particle, which improves particle throughput, as shown in Figure 7.10(b)-

7.10(c). For example, at a flow rate of 100 µL/min (ūp ≈ 1.4 mm/s), a continuous

separation efficiency of 100% and a 17% particle throughput was predicted in the

simulation with the parabolic magnet geometry, whereas no beads could be recovered

when simulating the tapered or bar magnet geometry under the same flow conditions.

For comparison, the tapered and bar magnet geometry achieved a continuous relative

separation efficiency of 100% at a flow rate of 225 µL/min (ūp ≈ 3.1 mm/s), but

the particle throughput was reduced to 14.5% and 13.7%, respectively.

With increasing flow rate, the separation efficiency of all three magnet geometries

reduced. The reduction in separation efficiency was most significant for the parabolic

magnet geometry. This, on the other hand, increased the throughput of beads which

could be collected and recycled through another separation cycle.

Compared to the simple Double Magnet configuration (see Figure 7.3), all three

Quadrupole simulations could achieve a maximum separation efficiency of 100%
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Figure 7.10: (a) Shows the different magnet geometries used to assemble the
Quadrupole configuration. Only one side of the Quadrupole configuration is shown
for simplicity. Simulation of (b) the relative magnetic separation efficiency and (c)
throughput in continuous flow for Quadrupole configurations with three different
magnet geometries. The flow rates range between 10 µL/min (ūp ≈ 0.14 mm/s) to
375 µL/min (ūp ≈ 5.2 mm/s). The bead properties are set to the physical properties
of Chemicell SiMAG beads, found in Chapter 4.

with higher throughput at higher flow rates, which essentially reduces separation

processing time. This evaluation was for separation of Chemicell SiMAG beads.

The magnetic separation efficiency and throughput were, as with the Double Mag-

net configuration, negatively correlated. Therefore, the simulations predict again a

trade-off between the continuous separation efficiency and bead recovery for each

Quadrupole configuration.
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The continuous separation of the Quadrupole configuration with bar magnets was

also tested experimentally, as described in Section 3.11.2. Figure 7.11 shows the

streamlines of the magnetic beads in continuous flow. A maximum separation ef-

ficiency of 55% was achieved when run continuously at a flow rate of 39 µL/min

(ūp ≈ 0.5 mm/s).

Magnetic beads 
exit through outlet 2

Stream of 
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Magnetic beads 
getting pushed 
to the centre

Bead laden 
sheath flow 
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Figure 7.11: Gathering and streamlines of superimposed images of magnetic beads
(Chemicell SiMAG) during the continuous magnetic separation experiment with
the Quadrupole configuration. Images (a)-(d) show the streamlines of the magnetic
beads at different positions along the iBidi fluid channel. The position of the various
stages of the separation process is indicated by the black rectangles. Magnetic beads
are introduced through inlet 1 only, for simplicity, and are expected to exit the device
through outlet 2. The flow direction at the inlets and outlets is indicated by the
bold arrows in (a) and (d).

As seen from the simulations and experiments, the Quadrupole configuration has

the ability to continuously isolate magnetic beads and has proved more success-

ful compared to both the experiments and simulations using the Double Magnet

configuration. The experimentally found separation efficiency of the Quadrupole

configuration for the tested flow rate was approximately half of what has been pre-
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dicted by the simulations. The visually observed separation in the experiments led

to the conclusion that beads were getting separated, but could not be collected. It

was assumed that beads were getting trapped in the channel, because they moved

towards areas of low fluid velocity at the surface of the channel. Therefore, the

impact of beads approaching the inner surface of the fluid channel needed further

attention, which is the topic in the next section.

7.3 Wall effects on the motion of a single particle

In the evaluations so far, the throughput was affected by beads becoming stuck

at the fluid channel’s inner surface, due to the undesirable vertical magnetophoretic

forces. Thus, the motion of a rigid sphere in the vicinity of an internal wall might be

relevant to this study. Therefore, the effect on the bead’s motion when approaching

a single plane wall was considered here.

rp

lw

gw

up

(a)

rp

lw

gw
up

(b)

Figure 7.12: Spherical beads moving in proximity to a single plane wall experience
different hydrodynamic forces when they move (a) along or (b) towards the wall.

Beads can move either along or towards the solid wall as shown in Figure 7.12. In

either case, the hydrodynamic forces on the object change when the object moves in

close proximity to the wall. In order to account for this effect, the magnetophoretic

drift velocity should be adjusted. This is done by adding a correction factor, β, to
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the Stokes drag [382, 383]:

FD = 6πηfrpuβ (7.3)

Faxen worked out the influence of a single plane wall for spherical particles moving

parallel to the wall and Brenner developed the model of a sphere moving towards

a solid wall. The two Stokes’ law correction factors for a spherical particle moving

parallel (β‖) or perpendicular (β⊥) to a plane wall can be given by [382, 383]:

β‖ =
1
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16
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rp
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)(
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)5 (7.4)

β⊥ =
4

3
sinh(ϕ)

∞∑
n=1

n(n+ 1)

(2n− 1)(2n+ 3)
× (7.5)[

2 sinh(2n+ 1)ϕ+ (2n+ 1 sinh(2ϕ))

4 sinh2(n+ 0.5)ϕ− (2n+ 1)2 sinh2(ϕ)
− 1

]

where the particle radius is denoted by rp and the distance of its midpoint from the

plane by lw, as depicted in Figure 7.12. The parameter ϕ is given by the following

relationship:

ϕ = cosh−1(lw/rp) (7.6)

Figure 7.13 shows the two correction factors, β‖ and β⊥, for a spherical particle

moving at different distances away from a single wall. It can be seen that the

correction factor approaches a constant value (β‖ ≈ 3) when the particle is moving

in close proximity to a wall (Figure 7.13a), whereas in the perpendicular case, the

drag force correction factor increases infinitely (Figure 7.13b). This means that a

rigid spherical particle in a viscous fluid can never make contact with a solid surface

in a finite time. In practice, this is due to the lubrication force when the distance

approaches zero [383–385].
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Figure 7.13: Wall correction factors for different distances from a plane surface for
when a rigid sphere is moving (a) parallel or (b) perpendicular to the surface.

Particles that are travelling close to an internal surface of the microfluidic channel

slow down in velocity because of the no-slip condition of the parabolic velocity profile

of the fluid. Due to their finite size, as shown in Figure 7.14, the mean velocity of

a particle which is at the channel’s surface can be approximated by integrating

Equation 2.10 along the diameter of the particle. The thin layer of liquid between

the particle and wall that might be present in practice is assumed to be negligible

compared to the particle diameter.

It was found that the bead’s mean velocity, when moving along the wall, is more

than 100 times smaller than the mean fluid velocity in the channel. Consequently,

it takes at least 100 times longer for these beads to exit the separation device. This

confirms the observation found through experiment, i.e. beads can be assumed as

trapped on the time scale of continuous flow operation.

However, it could be shown experimentally that beads could be flushed out of the

device if a flow rate of 10 mL/min or higher was used. Theoretically, flow rates as

high as 112 mL/min remained in the laminar flow regime in the channel since the

Reynolds number was below its critical value of Re ≈ 2300. Beads were therefore

assumed to be flushed out of the system due to drag forces rather than eddies caused
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rp

Figure 7.14: A spherical particle in a flow field in close proximity to a planar will
experience a higher drag force due to its finite size.

by turbulence. At a flow rate of 10 mL/min, which is approximately 50− 100 times

faster than the flow rates used in continuous separation (see Section 7.2), beads

attached to the surface experience a mean velocity of 1.2 mm/s. The drawback of

such high flow rates is, however, that the majority of beads would have an insuffi-

cient magnet interaction time (< 0.15 seconds) and would pass straight through the

separation device with minimal response to the magnet. Consequently, such high

flow rates would not be viable for continuous separation. A pulse mode of operating,

where particles are gathered and flushed in alternating cycles is therefore proposed

in the next section.

7.4 Magnetic separation in pulse mode

Due to the low separation efficiency compared to previously published separation

devices [386], as well as the small particle throughput found in continuous separation

for both magnet configurations (Double Magnet and Quadrupole), a pulse mode

strategy was applied. In this strategy, the flow was paused before flushing the fluid

channel with a high flow rate. While the flow rate was paused, magnetic beads had

time to migrate to the gathering line. Beads attached to an inner surface of the

fluid channel may no longer experience sufficient drag to move along the channel (z

direction), but they are exposed to the magnetic field. This means, they are still
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moving perpendicular to the channel long axis due to magnetophoresis, however,

their drift along the channel wall is reduced by a factor of β‖ ≈ 3, as explained

above (see Figure 7.13a); these beads are gathering but not making progress along

the channel.

The high flow rate during flushing, on the other hand, was able to move beads which

were in contact with a surface and regarded as stuck in continuous separation. The

flushing flow rate was still kept in the laminar regime, where it could be assumed

that no turbulence occurs and that all beads follow their streamlines perfectly. This

allowed recovery of most beads in the system and increased particle throughput.

The separation efficiencies of both magnet configurations, Double Magnet as well as

Quadrupole configuration, were simulated for different pulse cycles between particle

gathering (|Q̇| ≈ 0) and particle flushing (|Q̇| >> 0), as described in Section 3.11.

The fluid channel was assumed to be filled with particle laden fluid when the fluid

flow was switched off (Q̇ = 0), and the particles were left for different time inter-

vals. The consequences of beads being distributed over a volume of fluid when the

channel was full was simulated by releasing a number of particles at different z po-

sitions along the length of the channel. The particles at each z slice were randomly

scattered across the cross section of the channel, which was assumed to model the

random distribution of particles when the channel was filled with particle suspen-

sion. Figure 7.15 shows the pulse separation efficiency at different positions along z

for various pause intervals; 60, 100 and 200 seconds. The throughput is not shown

here, because it was assumed that all particles are recovered when flushing. In this

case, the relative separation efficiency is equivalent to the absolute efficiency. The

wall effects, described in Section 7.3, were also incorporated in the simulation.

The simulations show that the longer the time intervals, the more beads reached

their stable gathering points, which improved the separation efficiency. The time

interval required to maintain a high separation efficiency, however, increased when
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(a) (b)

Figure 7.15: Separation efficiency of the (a) Double Magnet and (b) Quadrupole
configuration in pulse mode operation when releasing particles across the channel’s
cross section at different z slices. Only half the length of the fluid channel (z ≥ 0) is
simulated due to symmetry as indicated by the insets. The properties of the beads
are set to the properties of Dynabeads M270 found in Chapter 4.

releasing particles in the z direction further away from z = 0 because the magnetic

field became weaker. Outside of the impact zone (−10 mm < z < 10 mm) the

magnetic field decayed quickly and its gathering points vanished. Magnetic beads

outside of the impact zone (z > 10 mm) during the pause cycle were not efficiently

separated.

The increasing separation results for the Double Magnet configuration at |z| ≈ 11

mm is worth noting. This is due to the increased magnetic flux density around

the magnet edges, which makes the particles migrate more quickly to their stable

gathering points.

7.4.1 Magnetic separation efficiency experiment in pulse mode

The pulse mode was experimentally tested for the Quadrupole configuration only,

because this configuration was shown to be more efficient in separating magnetic

beads, compared to the Double Magnet configuration. Figure 7.16 shows the ex-

perimentally found absolute separation efficiencies of the Quadrupole configuration
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when run in pulse mode and continuous flow. The bar plot depicts the percentage

of collected beads at each of the three channel outlets for three measurements, i.e.

continuous flow, pulse operation and a control measurement run in continuous mode

with no magnets. An absolute magnetic bead separation efficiency of up to 90% was

achieved when run in pulse mode with a pulse interval of approximately 90 s. This

results compared well with the pulse mode simulations where an absolute separation

efficiency of 94% was predicted with a pause interval of 100 s.
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Figure 7.16: The separation efficiency of the Quadrupole configuration in continuous
and pulsed mode compared to the control when no magnets is present. A flow rate
of 39 µL/min (ūp ≈ 0.5 mm/s) is used in the continuous mode.

When the separation device was flushed at 1 mL/min, a back pressure of ≈ 34 Pa

was estimated. The Harvard syringe pumps used in the experiments are capable of

applying a linear force of 155 N, which is sufficient to overcome the increased back

pressure and maintain the accuracy of the flow rate settings. Additionally, a very

high back-pressure might have an adverse impact on the device structure or tubing

joints. However, no evidence of such issues were observed during the experiments

reported in this thesis.
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7.5 Discussion and Conclusion

The separation efficiency for continuous flow of the Double Magnet configuration

as well as for pulse flow in the Quadrupole configuration were investigated. The

magnet configurations were designed to remove or concentrate magnetic particles

from a sample suspension, the use of a gathering line is novel in this context.

In continuous mode, low magnification viewing had implied a good separation of

the magnetic beads when using the Double Magnet and Quadrupole configuration

setup. However, the maximum achieved continuous separation efficiencies were 35%

and 55% for the Double Magnet and Quadrupole, respectively. These efficiencies

are at the lower end of what has been previously reported in the literature, where

separation efficiencies from 40% to over 90% have been achieved (see Table 1.2).

Analysis by flow cytometry highlighted that, at the flow rates used, many beads

passed through the device without being sufficiently deflected from the sample flow.

For these beads the interaction time with the magnets was not sufficient even if

comparable with reports in the literature [222, 230]. The deflection of the particles

is coupled to the interaction time, which is a function of the applied flow rate. When

the flow rate increases, the interaction time of the magnetic particles with the B

field decreases, resulting in a smaller deflection. This negative correlation between

flow rate and deflection (or relative separation efficiency) has been reported in the

literature and verified in this chapter [387].

In the experiments a higher relative separation efficiency was obtained than pre-

dicted by the simulation. The discrepancy between the experiment and simulation

was explained by simulating possible scenarios, such as different particle mobilities,

particle agglomeration or misalignment of the microfluidic channel. It was seen in

the experiments that beads, gathering at the surface of the fluid device, attract

other beads and form clusters (see Section 6.3) which occasionally broke off when

they became large. These bead interaction forces are not accurately represented in
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the simulation, but contributed positively to the separation efficiency in the experi-

ments. Most likely, a combination of these scenarios occur in the experiment, which

explains the difference in relative separation efficiency of 10%− 15%. However, the

difference in performance between simulation and experiment became less relevant

at flow rates > 375 µL/min.

The particle trajectory simulations showed that beads drift toward the top or bot-

tom surface of the fluidic channel where they eventually move with almost zero

velocity along the channel due to the parabolic velocity profile arising from the no-

slip boundary conditions. However, the wall effect, i.e. increased drag, that was

included in the mathematical model had a negligible effect on the results of the

separation experiments when compared to the model without increased drag. These

wall effects may only become relevant to particles that in effect stick to the surface of

the channel. Particles in close proximity to a wall experience different electrostatic

surface interactions; i.e. electric double layer forces and van der Waals forces. These

surface forces need to be discussed because they may cause particle sticking.

Electrical double layer forces are associated with particles whose diameter is below

5 µm [388]. An electrical double layer exists when ions build up a layer of charge on

an oppositely charged surface. Thus, particles experience an attractive force when

their ion layers have opposing charge and conversely, are repelled when the ions have

the same charge. However, for particle adhesion, the electrostatic double layer force

can at best be of the same order of magnitude as the van der Waals force [389].

Thus, it is usually sufficient to only consider van der Waals forces in the case of

adhesion. Van der Waals forces, however, are only the dominant adhesion forces if

the particle is a few nm away from the other surface. In the research described, the

particles needed to be 20 − 50 nm away from the channel surface in order for the

electrostatic forces to be stronger than the magnetic forces in vertical direction. In

cases where the magnetic bead and internal surfaces are oppositely charged it will
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be necessary to treat the channel with an appropriate surfactant.

Particles stuck to the inner surface of the channels in the absence of the magnetic

field were not observed in the experiments. Furthermore, particles in suspension did

not agglomerate when no magnetic field was present but were fully suspended in the

liquid. This concludes that particles as well as the fluid channel surface had the same

double layer charge arrangement and therefore, repel each other. The thickness of

the double layer (Debye length) depends on the pH value but can be assumed to be

between a few and several hundred nm. Even if a thickness of a couple hundred nm

is assumed, particles that are 1 µm away from the surface have already slowed down

by a factor ≈ 100 compared to the mean fluid velocity in the channel because of the

parabolic velocity profile. For these reasons, electrostatic attraction of the beads to

the channel surface was not seen to be the limiting factor for particle throughput

but the low velocities at the channel walls was an issue. That is why both magnet

configurations suffer from beads experiencing almost zero flow conditions when close

to the inner surface of the channel.

In the simulation of continuous separation for single beads, a throughput of ≈ 30%

was achieved for all bead types while keeping the relative separation efficiency be-

tween 80% and 90%. Pamme et al. reported an experimentally determined bead

throughput for M270 Dynabeads of approximately 16% when counting the beads

leaving different outlets [390]. Their experiment can be compared to the simulations

in this thesis, where a simulated throughput of 10% to 17% could be achieved with

the Double Magnet and Quadrupole configuration using M270 Dynabeads.

The starting position of the beads introduced into the channel is a critical parameter

in continuous separation and can only be fully simulated through the 3D model. In

practice, beads injected into the inlet channel using a syringe pump are most likely

evenly distributed across the inlet cross-section. Despite the use of hydrodynamic

focusing, beads will be subject to different forces and velocities. These differences
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are responsible for the trapping and loss of particles in the fluidic device. There is

an optimal injection pattern for every continuous flow rate used, i.e. where particles

need to be introduced into the system to be separated without getting trapped.

If a more localised introduction of the beads were used in practice, the particle

throughput and separation efficiency would be increased. In order to launch particles

with such control, a 3D hydrodynamic focusing method should be considered, similar

to that used in flow cytometry or described by Zborowski et al. [226, 391, 392].

Reducing the height of the channel could also have a beneficial effect for the particle

throughput. If the height is reduced to only a couple of tens of micrometers, such

that the diameter of the beads is only one order of magnitude smaller than the

channel dimensions, beads would experience a larger fluid drag force when close to

an internal surface and will more likely be recovered during continuous separation.

In order to recover all the injected magnetic particles a pulse mode of operation

was introduced, where fast and slow flow rates were alternated. The study was

restricted to Quadrupole configuration, due to its better performance. When oper-

ating in a pulsed mode, higher separation efficiency was predicted by simulation and

confirmed in the experiments. In the experiments, a separation efficiency of 80%

was achieved, which is an improvement compared to the continuous separation. The

achieved separation efficiency of the pulse mode is also comparable to the literature

(see Table 1.2)) where similar separation results were achieved within 10− 15 min-

utes [216, 217]. The throughput, however, exceeds most current separation devices,

where values in the order of microlitre per minutes are commonly reported. Only

the group of Zborowski et al. reported similar throughputs with values in the or-

der of microlitre per minutes, but their fluid channel was approximately 1.5 times

wider [226]. The simulations showed that an increase in pause time (slow flow rate)

positively affected the absolute separation, since it allows a longer interaction time

for the beads to be gathered. Since the magnetic field of the Quadrupole configu-
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ration decays at a distance away from the magnet assembly, the pause time needs

to be sufficiently long for those particles which are released outside of the magnetic

interaction zone. Thus, a longer pause time has a positive effect on the separation

efficiency, since it ensures enough time for the formation of the elliptical band around

the gathering line. Once established, the width of the elliptical band was found to be

less sensitive to time (see Section 6.3). The band width was dependent on the par-

ticle packing, which is governed by magnetic dipole interactions between individual

particles and agglomerates, as shown in Appendix C. However, the band width did

not exceed 1 mm even at a particle concentration of 108 beads/mL and, therefore,

the particle packing would not have a detrimental impact on particle separation for

the fluid channel geometry used in this study as the channel is sufficiently wide.

This chapter also showed that by tapering or physically shaping the magnets one

can alter the magnetic flux to have the unique separating magnetic field along the

entire length of the microfluidic device (no magnet edge effects), which will further

improve the separation efficiency of the Quadrupole in pulse mode.
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Summary and Outlook

8.1 Summary of achievement

The aim of this project was to develop a model to accurately simulate the trajec-

tories of single superparamagnetic microbeads in an external magnetic field to have

a platform which can test and evaluate designs of magnetic separation devices. The

model incorporated experimentally determined bead properties in order to best rep-

resent their behaviour in an applied magnetic field. The magnetic field was modelled

in ANSYS and the magnetophoretic motion of the beads was simulated using a 3D

Lagrangian tracking scheme. The trajectory simulations were used to analyse the

separation efficiency of two novel magnet configurations under continuous flow and

pulse flow mode. The simulations were also tested experimentally, which yielded

benchmarks for validating the magnetophoretic particle transport model on a prac-

tical microfluidic platform.

In Chapter 1, an overview of the research area was given and the key concepts of mi-

crofluidic devices were defined. Further, various particle manipulation methods and

their reported separation performance were summarized and critically compared. A

similar summary and comparison was also given in the context of numerical mod-

214
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elling approaches to simulate magnetic particle trajectories.

In Chapter 2, the physical concepts of fluid flow, magnetism, magnetic forces and

magnetic deflection were outlined. In addition, statistical data analysis techniques

that are used later in the thesis were explained.

Chapter 3 outlined the utilised materials and showed all chip designs used in the

experiments. The chosen materials and devices were justified. Additionally, all pro-

cedures necessary to repeat the practical and numerical experiments were described

in this chapter.

In Chapter 4, the magnetic responses of five commercially available beads were mea-

sured at different magnetic field magnitudes. Further, the chapter included SEM im-

ages of the beads to confirm their size distribution. The study concluded that even if

Chemicell’s SiMAG beads showed the highest magnetophoretic mobility, Dynabeads

M270 are preferable for magnetic separation processes where an accurate control is

needed, which is of particular importance in continuous separation to minimise par-

ticle loss.

Chapter 5 successfully demonstrated the hydrodynamic focusing effect within a mi-

crochannel. The hydrodynamic focusing effect was verified by simulations and ex-

periments for different flow rates and flow rate ratios while remaining laminar flow.

The sample stream could be accurately positioned and its width could be reduced

to 4% of the channel width.

Chapter 6 presented two magnet configurations for magnetic separation, i.e. Double

Magnet configuration and Quadrupole configuration. It was discovered that both

configurations exhibit regions where magnetic particles experience no lateral mag-

netic force but formed a focussed band. The aim of the magnet configuration study

was on controlling the region in which the beads are isolated and what effect dif-

ferent magnet configuration parameters have on the focussing band. The study has

successfully demonstrated isolation of hydrodynamically pre-focused magnetic beads
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into controlled regions with various particle types. The formation of the focussing

band was also studied for different particle types, particle concentrations and time

intervals.

In Chapter 7, the separation efficiency of both magnet configurations was simulated

using a 3D Lagrangian tracking scheme and experimentally verified. The model

simulations showed that the Double Magnet configuration, under continuous flow

conditions, could achieve a relative separation efficiency of 100% at a flow rate of

10 µL/min or smaller. If the flow rate was increased, the relative separation effi-

ciency was found to decrease. There also was a negative correlation between rela-

tive separation efficiency and particle throughput, i.e. improving throughput was

detrimental to relative separation efficiency. Regarding throughput, simulations pre-

dicted that 85% of all the introduced particles can be recovered at a flow rate of

Q̇ = 375 µL/min. The Double Magnetic configuration was also experimentally eval-

uated in this study. The experimentally determined separation efficiencies approx-

imately matched the simulation results. Different scenarios were considered, which

indicated that multiple effects and their combination play a role during magnetic

separation.

The particle separation efficiency and throughput can be improved using a Quadrupole

magnet configuration operating in pulse mode. An absolute separation efficiency of

80% could be achieved in the experiments and was confirmed by simulations. The

pulse mode also had the advantage of minimising the number of beads lost in the

system. This is especially important for biological separation where the targeted

entities appear in small quantities such as required in the diagnosis of pre-eclampsia

which is dependent on the small number of placental derived vesicles in the maternal

blood plasma referred to in the thesis.

Existing clinical purification systems, e.g. the KingFisher Flex system by Ther-

moFisher Scientific or the MagNA Pure System by Roche, use tube based batch
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processes. These systems offer a fully automated solution to purify a range of sam-

ples (e.g. whole blood or body fluids). Such systems perform multiple washing steps

and particle isolation in a 96-well microtiter plate in 40−60 min. The separation con-

figurations presented in this thesis only perform the particle isolation step, but with

the two proposed operation modes, continuous or pulsed, the sample throughput is

at least one order of magnitude larger compared to the commercially available batch

separation systems mentioned above. The tube based systems are limited by the 96-

well microtiter plates which have a working volume of 200−300 µL. This makes the

presented approach particularly useful to processing large sample volumes contain-

ing low concentrations of biomarkers, e.g. urine samples. To date, pre-eclampsia is

detected by traces of proteins found in urine. Therefore, the proposed magnetic sep-

aration device could already have an application for detecting pre-eclampsia when

combined with the antibody binding molecule for placentile derived vesicles devel-

oped at the JR Hospital in Oxford [393].

The achieved separation efficiency, in particular in pulsed mode, is comparable with

what has been previously reported in the literature (see Table 1.2). Research groups

that have reported a separation efficiency of 90% or higher have mostly soft magnetic

elements or use an electromagnet integrated into the fluid channel. This makes the

fabrication process of the fluid channel more complex and thus potentially prone to

errors and irregularities. With the separation geometry presented in this thesis, the

magnet configuration can be kept separate from the fluid channel while keeping the

ability to guide and focus magnetic beads along a predefined trajectory. The width

of the focussing band where magnetic beads migrate to is independent of the beads

used and thus, the magnetic separation process is less prone to variations in bead

properties.

Having a robust and easy to use diagnostic assay that can process large sample

volumes has been one of the key objectives of this thesis. The proposed magnetic
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separation system is relevant to processing sample volumes up to ≈ 100 mL/h.

Further, the two magnet configurations with their focussing band achieved a robust

magnetic particle separation in a test environment. However, the loss of beads within

the fluid channel remained a problem and needs to be addressed in the future to

enable a more practical separation device.

In order to have an easy to use diagnostic assay that can potentially be used by

clinicians also requires an easy setup and analysis process. The reduced fabrication

costs ultimately allow for a disposable separation device, which will reduce the risk

of sample contamination between separation processes and make the handling of the

device easier. Thus, the device developed in this thesis would be best suited for the

use by a laboratory technician since setting up the device still requires training. In

order to also have the device used by clinicians, the device would greatly benefit

from integrated downstream sample analysis and tests. So far, solutions for routine

assays have automated the sample preparation, but no system exists to the author’s

knowledge that also performs sample analysis. Therefore, having the analysis inte-

grated on the same device would be a further step towards a POC device that could

eventually be used by patients.

It is further acknowledged by the author that the proposed device has only been

tested with magnetic particle suspensions and buffer solutions and not on real clini-

cal samples. Clinical samples are far more complex mixtures but the basic principles

of operation will remain the same.

While the modelling method developed here was developed for magnetophoretic

separations, on the wider scale the method could also be applied to similar on-

chip continuous flow devices that involve the lateral deflection of particles flowing

through liquid via the use of an external forces. A variation on microparticle device

application could be the detection of specific proteins on the surface of cells by us-

ing antibody binding of magnetic nanoparticles (rather than micron-sized beads) to
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these surface proteins. The exact number of magnetic nanoparticles bound to the

cell would not be of relevance due to the gathering band.

The magnetic separation configuration could also be used to promote a chemical

reaction on different reagents attached to the surface of mobile magnetic particles

by moving the magnetic particles laterally across different solution streams. The lat-

eral movement of the particles can be controlled by controlling the gathering band,

which can be adjusted by machining the magnets.

Additionally, the method reported in this thesis for determination of magnetic sus-

ceptibility could be used by manufacturers of magnetic particles for quality control

of their magnetic beads.

8.2 Future Work

The devices proposed here could be a valuable alternative for magnetic separation

by guiding particles along a customized path, with high potential for further de-

velopment in a cascade of downstream analysis of the sorted particles. In order to

move toward a commercial application, using the proposed magnet configurations,

certain components of the existing design need further investigation.

8.2.1 Simulation of suspension with higher order agglomer-

ates

It has been shown in this work that different effects, e.g. particle agglomerations, can

reduce the separation efficiency. In future analysis, the model should be extended to

enable particle suspension simulations which include a distribution of higher order

agglomerates. This would allow determination of the impact on separation efficiency

of agglomerates in a particle suspensions.
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8.2.2 Magnetic microparticle synthesis

Magnetic microparticles, which are the central element of the magnetic separation,

should be investigated more thoroughly. Only when their physical structure is fully

understood, can one make accurate predictions about their magnetic behaviour.

Especially, the iron content and its variation among different particles leads to vari-

ability in the performance of magnetic particle separation. Scanning electron micro-

scope or transmission electron microscope can give further insight into the particle

structure. However, in order to optimise the properties of magnetic particles for

continuous flow separation it is better to synthesise the particles in house or obtain

them through a collaboration with an external group, as reported in reference [331].

There is a significant interest in the synthesis of superparamagnetic microparticles

for a range of applications [394–396].

8.2.3 Optimisation of magnet geometry and configuration

This work has shown that it is possible to guide magnetic particles along a well-

defined trajectory by using a Double Magnet or Quadrupole configuration. However,

vertical forces negatively affected the particle separation efficiency. It has been shown

that by physically shaping the magnets, (e.g. by tapering), vertical forces can be

reduced and the gathering points can be adjusted for specific microfluidic channel

geometries. This work has demonstrated the effect of tapered magnets and paraboli-

cally shaped magnet edges, but further optimisation is possible. Future work should

analyse different tapering angles and parabolic magnet shapes, as well as their com-

bination, to generate a magnetic field which bests suits the purpose of continuously

separating magnetic beads, while maximising bead throughput.

With the Double Magnet or Quadrupole configuration in place, magnetic beads

align in specific areas, and can be guided along defined trajectories. This opens the

potential to manipulate by magnetophoresis the beads along complex trajectories
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to per perform specific tasks, e.g. transferring across a multilaminar flow to initiate

a chemical reaction or binding biomarkers to the magnetic beads.

8.2.4 Localised particle injection

The particles’ trajectory is influenced by their initial release positions. The varia-

tion in position results in different magnetic drift forces and interaction time with

the magnet and is mainly responsible for particles getting trapped in the system. A

more accurate localized particle injection, using 3D flow focussing prior to particles

entering the channel, could improve reproducibility and increase their separation ef-

ficiency, especially in continuous particle separation where the interaction time with

the magnet is key. Beads could be accurately injected into the inlet channel through

a nozzle. Figure 8.1 shows a sweet spot where beads should be continuously injected

in order to avoid particle-wall interaction. However, in order to achieve a high sep-

aration efficiency, position, velocity and magnetophoretic mobility of the particles

need to be optimised. For a commercial application, the ease of use is important.

The prototype presented in this thesis took half an hour or more to setup and the

bead collection process required significant practice. With further development, it

would be entirely possible to fabricate a disposable separation device requiring min-

imal setup, and in which the buffer and bead suspensions can be injected under

automation, being drawn and delivered to solution reservoirs. This would remove

some of the labour intensive steps in diagnostic protocols such as the ELISA analy-

sis, and promote the integration of other microfluidic based systems. This could lead

to more complex diagnostic biochemistry being performed on very low concentration

of target biomarkers, and offer cheap, fast and highly specific sensors.
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Figure 8.1: Preferred initial release position of magnetic beads to achieve a high
continuous separation efficiency in a double magnet configuration. The different
colours correspond to the following: green−beads get successfully separated and
blue−beads are trapped in the system. The open and filled circles represent start-
ing and end position of the beads, respectively. This figure shows the continuous
separation at Q̇ = 10 µL/min.
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Appendix A

Magnetic bead imaging

A.1 SEM images of magnetic beads

All magnetic bead types were imaged using scanning electron microscopy (SEM).

The SEM images were used to visualize the particles’ shape and to estimate their

size distribution. The following pictures show the SEM images of the various particle

types. Similar images can be found in the literature [338].
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274 A.1. SEM images of magnetic beads

(a)

(b)

Figure A.1: SEM images of magnetic Chemicell beads. (a) Chemicell ScreenMAG
beads. (b) Chemicell SiMAG beads.
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(a)

(b)

(c)

Figure A.2: SEM images of magnetic Dynabead microspheres. (a) Dynabeads My-
One. (b) Dynabeads M280. (c) Dynabeads M270.



Appendix B

Magnetic bead separation

B.1 Magnetic bead separation in continuous flow

Experimental results of the continuous separation using the Double Magnet config-

uration. The flow rate ratio was kept as close as possible to 1 : 1 : 1 for all flow

rates.

Figure B.1: Comparison of the magnetic bead separation efficiency in continuous
flow. The bar plot shows the relative separation of the iBidi µ-Slide III 3in3 with
and without the double magnet configuration in place. The flow rate is the sum of
all inlet flow rates.
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Appendix C

Superparamagnetic microspheres in

an external magnetic field

C.1 Interaction between single superparamagnetic

microspheres

Magnetic particles induce a magnetic dipole when exposed to an external magnetic

field. The induced magnetic dipoles of the particles all point in the same direction.

Thus, the magnetic particles experience a repellent force (Fp∗) between each other.

This phenomena can be seen in Figure C.1 where the single magnetic particles

have all approximately the same distance to each other. The inset in Figure C.1

schematically shows the repelling force between two particles.

C.2 Interaction between superparamagnetic agglom-

erations

The magnetic particles formed mostly chains but also more complicated 3D struc-

tures when being exposed to an external magnetic field, as seen in Figure C.2. The
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278 C.2. Interaction between superparamagnetic agglomerations

Hext

M

Fp1 Fp2

M

Hext

Figure C.1: Magnetic particles (Dynabeads M270) induce a magnetic dipole once
they are exposed to an external magnetic field (Hext). The induced dipoles of the
particles point all in the same direction (out of plane). This causes a repelling
magnetic force between all magnetic particles, which prevents them from touching
each other. The inset schematically shows the induced magnetic dipole (M) and
the direction of the repelling force, Fp∗, the two particles experience when getting
closer.

fact that the chains and larger agglomerates go out of focus shows that the particles

align along the field lines of the external magnetic field Hext.
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Hext

(b)

(a) 10× magnification

Hext

(b) 20× magnification

Figure C.2: (a) Magnetic particles interact with each other and form chains or more
complicated 3D structures. (b) Magnified view of the framed section in Figure C.2a.
The particle agglomerates are mostly out of focus since they align along the field
lines of the external magnetic field, Hext, which points out of plane.


