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ABSTRACT 

 

Macro scale magnetic separation of pure biological particles from a complex biological 

sample is a key technique performed in clinical and research settings. This thesis 

focuses on the development of a microfluidic based magnetic separator for biological 

applications.  The work presented covers design, simulation, fabrication and testing of 

the magnetic separator.   

 

The magnetic separator design consists of a micron-sized channel fabricated in a 

biocompatible polymer, containing one inlet and three outlets. Close to the channel wall 

are soft permalloy elements. The external magnetic flux is provided by the permanent 

magnets situated on either side of the channel. Theoretical aspects of the design are 

discussed and special attention is paid to investigating the effects of the magnetic and 

fluidic forces acting within the microdevice.  

 

Fabrication of the magnetic separator was carried out in the Microsystems Engineering 

Centre, Heriot Watt University and at Epigem Ltd., Redcar, U.K. The manufacturing 

processes investigated include methods for rapid prototyping and UV-photolithography. 

CO2 laser ablation and powder blasting of PMMA were investigated as rapid 

prototyping techniques. Using UV-photolithography magnetic separators were realised 

in PDMS and in SU-8.  Soft permalloy elements were fabricated using UV-LIGA and 

the correct permalloy ratio (Ni80Fe20) evaluated. Ultimately three magnetic separation 

systems have been successfully fabricated based on the different fabrication approaches. 

 

Magnetic separation on chip was successfully demonstrated for all three devices 

fabricated. Flow cytometry a highly accurate method of particle counting and analysis 

was used to verify the separation efficiency. Experimental testing results have shown 

that magnetic and non-magnetic beads can be separated with high efficiency.  
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Chapter 1 Thesis objectives and layout 

 

3.1 Introduction 

 

Over the past two decades, microsystems technology has enabled the miniaturisation of 

many laboratory processes, especially in the fields of biology and medicine.  The origin 

of this paradigm shift can be traced back to research studies carried out towards the 

miniaturisation and integration of analytical protocols for chemical applications [1.1]. 

Since the first Micro Total Analysis System (µTAS) proposed by Andreas Manz in the 

late 1980s [1.2], the “Lab On a Chip” (LOC) concept has been extended to life science 

applications and the resulting devices are often referred today as Bio-Mechanical 

Electrical Systems (Bio-MEMS).  

 

Using Bio-MEMS technology many sample processing networks can be incorporated 

into one device with high packing density. For example, a typical microsystem can have 

a variety of components such as microchannels, micropumps, mixers, reaction and 

detection chambers integrated directly into one instrument platform [1.3]. Each 

microcomponent can therefore have a specific function, for example, a special chamber 

for cell separation followed by a polymerase chain reaction (PCR) chamber for nucleic 

acid amplification.  An elegant embodiment of such a device was described by Easley et 

al., in 2006 [1.4], the microfluidic genetic analysis system (MGA) was designed to 

detect infectious pathogens from whole blood and nasal aspirate.  The MGA system 

carries out DNA purification, PCR, DNA separation by electrophoresis followed by 

detection using laser-induced fluorescence in less than 30 minutes. 

 

Microfluidic channels are the fundamental element of LOC devices.  They can be used 

to obtain measurements from complex fluids with high efficiency and speed, both of 

which are critical for LOC diagnostic systems [1.5] [1.6].  Fluid behaviour in 

microfluidic systems has certain characteristics that can be quite useful in biology. For 

example, in microfluidic systems, flow is typically laminar with a Reynolds number 

(Re) <10
2
 therefore one of the features of flowing fluids at this scale is the lack of 

mixing. In larger reaction vessels fluids mix convectively but at the microscale two 

fluid streams can flow in parallel.  A slight mixing only occurs at the interphase 
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between the fluids caused by diffusion.  Figure 1-1 shows an experiment carried out by 

Takayama et al., [1.7] which illustrates how laminar flow can be beneficial in 

bioresearch.  The aim of the experiment was to investigate mitochondrial movement 

within the cell.  Using laminar flow streams epithelial cells were exposed to green and 

red mitochondria FM dyes.  After 2.5 h the dyes mixed demonstrating the movement of 

mitochondria within the cell. MEMS technology has been applied to many other 

valuable laboratory techniques such as, immunoassays, blood chemistry measurements 

and flow cytometry [1.6].  All of these are commonly used everyday in diagnostics and 

bioresearch.   

 

In medicine, the demand for Point of Care (POC) diagnostics that provide quick 

analysis of different biological substances has grown rapidly.  POC testing could 

provide same day test results, therefore patients would be treated quickly, while still at 

the clinic.  One day it may be possible to have POC systems that can provide results 

with sensitivity, reducibility and specificity levels better than that of conventional 

laboratory techniques. Examples of current POC systems include glucose test, 

pregnancy and fertility tests and tests for drugs of abuse.  There is also the possibility of 

developing new methods to measure a patient’s response to treatment, for example in 

administering antibiotics.  Also using microarray gene chips to study a person’s DNA 

and ability to metabolise drugs, personalised drug therapy is fast becoming a reality. 

POC systems could also be applied to work in the developing world, for example in 

malaria and HIV detection.  As with other point of care tests, these systems must be low 

cost, simple to use, reliable, accurate and easily interpreted, but also well suited to the 

medical, social and environmental contexts of the developing countries [1.6].   

 

Lab on chip technology is well established in academia and industrial research settings 

however the number of commercial lab on chip systems available is still low.   

Currently the key applications for lab on chips are, according to market size:  in vitro 

diagnostics, drug discovery, biotechnology and environmental engineering.  In 2009 the 

market of microfluidic devices exceeded 1 billion dollars, which is expected to grow to 

3 billion dollars in 2014.  In vitro diagnostics makes up 15 % of this market and is 

showing the largest annual growth. Yet in each field lab on chip technology must 

compete with the current state of the art in terms of performance and cost.  To do this 

microfluidics must offer new opportunities and advantages most of which are 

highlighted in Table 1.1.  Bar a few exceptions not many lab on chips have made the 
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transition from research to end user product. The most successful commercialised 

microfluidic analysis system is the lateral flow test (LAT).  LATs serve a wide field of 

applications examples include pregnancy and ovulation tests, blood glucose tests, 

cardiac marker tests, drugs of abuse, blood coagulation and detection of infectious 

agents such as HIV.  They have a simple operation principle based on capillary action 

through a wettable material with antibody/antigen recognition for detection.  Figure 1.2 

illustrates the basic operating schematic for LATS and a LAT for detection of HIV 1 

and 2 [1.8]. 
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3.2 Motivation  

 

Cell or biomolecule separation from a given medium is often considered one of the 

most challenging and complex tasks in biology. In that regard, magnetic separation 

along with other separation techniques such as fluorescent activated cell sorting (FACS) 

has emerged as a core technique in cell separation research. The method has many 

interesting and useful applications in various areas of biology including molecular 

biology, cell biology, biotechnology, immunology and microbiology. 

Conventional magnetic separation uses a high gradient magnetic field (typically 2 

Tesla) to separate and purify magnetic and non-magnetic particles. Most biological 

particles e.g. nucleic acids, proteins and cells do not have a magnetic moment and will 

therefore not react to a magnetic field. In these circumstances separation is achieved by 

the binding of target biological particles to highly specific antigen coated 

superparamagnetic beads. Once the target biomolecules are immobilised on the beads, 

they can be manipulated and transported using magnetic fields produced from either a 

permanent magnet or electromagnet. Superparamagnetic beads also have the advantage 

of having a high surface area, which results in a higher recovery of target molecules and 

a high detection signal. The simplest bench-top set-up for this kind of magnetic 

separation includes the use of a test tube containing the sample mixed with beads and an 

external permanent magnet. The magnetic field is applied and the beads with the bound 

biological target molecules are retained against the side of the tube while any unbound 

particles are decanted in the supernatant. This process is known as positive selection 

strategy. The opposite of this technique where non-target particles are bound to the 

beads is known as negative selection.  

There are however a few biological particles, which have a weak intrinsic magnetic 

moment and can potentially be separated without the use of superparamagnetic beads. 

These include magnetotactic bacteria; deoxygenated hemoglobin within red blood cells 

(RBCs) [1.18] and nucleated RBCs (NRBCs); haemozoin contained in RBCs infected 

with species of the malaria causing parasite Plasmodium [1.19] and haemocyanin, the 

oxygen carrying metallo-proteins found in the haemolymph of molluscs and some 

arthropods [1.20]. 
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Magnetic separation was chosen as a research topic for this thesis because of its large 

versatility in separating different species of biological particles. Figure 1.3 illustrates the 

potential applications of the microscale magnetic separator, which motivated the 

research for low cost and novel fabrication techniques for a micro-scale magnetic 

separator. Magnetic separation and other methods of cell separation are discussed 

further in chapter two.  

 

 

!
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1.2.1 Rare cell separation 

Normal human whole blood consists of red blood cells (RBCs) (5-9 x10
9 

ml
-1

), white 

blood cells (WBCs) (5-10 x 10
6
 ml

-1
) and platelets (2.5-4 x10

8
 ml

-1
) [1.21]. Circulating 

tumor cells (CTCs) and fetal cells in blood are good examples of rare cells where highly 

sensitive methods of cell separation are required. The extreme diversity of blood raises 

serious challenges for the separation of these rare cells with high purity. There is also a 

non-negligible possibility that a large amount of rare cells are being lost in the various 

discrete steps of separation and analysis. Emerging cell separation strategies based on 

MEMS technology hope to overcome the challenges in rare cells separation by 

integrating the processes of rare cell separation, preparation and analysis into a lab-on-

a-chip device.  
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1.2.1.1 Circulating tumour cells 

CTCs enter the bloodstream after shedding from a primary tumour site. They are 

transported through the circulation to distant organs where they can initiate blood- 

borne metastasis. Cancer metastasis directly accounts for nearly all cancer related 

deaths. CTCs are extremely rare and are estimated to exist in advanced cancer patients 

at about 1 CTC per billion blood cells [1.22].  Despite their scarcity CTCs have been 

detected in breast, lung and prostate cancers but never in sufficient numbers for routine 

diagnostic tests. Over the past decade different microfluidic approaches have been 

investigated either based on the size [1.23] or capture using magnetic fields [1.24].  

Efficient separation of CTCs from blood could allow them to be used as biomarkers for 

quantification of resistance or sensitivity to new cancer drugs. 

 

1.2.1.2 Non-invasive prenatal diagnosis (NIPD) 

Amniocentesis and Chorionic Villus Sampling (CVS) are today the gold standard 

methods used to obtain fetal genetic material for prenatal diagnosis. Both procedures are 

hugely invasive, as they involve the removal of fetal material from around the 

developing fetus. Once obtained, the material is analysed for cytogenetic, molecular and 

biochemical abnormalities [1.25]. The associated risks with such procedures include 

bleeding, leakage and infection of the amniotic fluid and miscarriage. Amniocentesis 

leads to miscarriage in approximately 1% of cases and CVS in around 1-2% of cases 

[1.26][1.27]. These percentages are quite significant as approximately 20,000 

amniocenteses and 5,200 CVS are conducted every year in the UK [1.28].  The 

existence of fetal cells in maternal circulation provides a unique opportunity for the 

development of techniques for NIPD.  

 

The rarity of fetal cells in maternal blood makes their separation a formidable challenge. 

The absolute number of fetal cells has yet to be established but their frequency has been 

estimated to be between one to two fetal cells per ml of maternal blood [1.29]. Most 

research in fetal cells separation has been focused today on three types of fetal cells: 

trophoblasts, leukocytes, and NRBCs, also called erythroblasts [1.30]. Trophoblasts are 

large epithelial cells and play a vital role in the development and function of the 

placenta. The first noted record of trophoblasts crossing the placental barrier was made 

in 1893 by Schmorl [1.31], who found them in the lungs of women who had died from 

pre-eclampsia. The use of trophoblasts for prenatal diagnosis has the major drawback 

that they can sometimes be multinucleated or anucleated and also have a 1% risk of 
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placental mosaicism, which could lead to misdiagnosis [1.30]. Walknoska et al. first 

demonstrated the existence of fetal leukocytes in maternal circulation, in 1969 through 

the detection of a Y chromosome signal in maternal blood [1.32]. Since then fetal 

leukocytes have been shown to persist in maternal blood and are believed to play a role 

in some autoimmune diseases [1.33]. NRBCs are one of the earliest cellular stages in 

erythropoiesis. They are mononuclear with a small round condensed nucleus, have a big 

nucleus to cytoplasm ratio and a limited lifespan of 90 days once in maternal circulation 

[1.30]. The one major concern when isolating NRBCs is the possibility that some of 

these cells could be of maternal origin [1.34]; therefore confirmation of fetal origin 

must be achieved with 100% confidence before diagnosis. A separation technique that 

would allow the capture and further processing of fetal NRBCs would therefore allow 

great leap in NIPD [1.35].  

 

1.2.2 Lab on a Chip for NIPD 

This project formed part of a larger project developed within the 3DMintegration Grand 

challenge. The project aimed to develop a LOC for NIPD that would be used routinely 

by obstetricians in point of care settings.  The microsystem proposed by Kavanagh and 

Kersaudy-Kerhoas during 3DM encompassed a disposable cartridge with integrated 

modules for separation, preparation and analysis of fetal genetic material from maternal 

whole blood as shown in Figure 1.4.  The first stage of separation involves the removal 

of plasma from maternal blood. The plasma will then be analysed for cell free fetal 

DNA (cffDNA) and screened for pregnancy indicator proteins on chip. cffDNA is used 

today to determine fetal sex, underlying genetic causes of hemolytic disease of the fetus 

and newborn (HDFN) and as an indicator of pregnancy associated disorders such as pre-

eclampsia [1.36] [1.37] [1.38]. Pregnancy indicator proteins such as pregnancy 

associated plasma protein A (PAPP-A) are used as screening methods where low levels 

of PAPP-A are associated with certain fetal chromosome abnormalities and increased 

risk of pre-eclampsia [1.25, 1.39].  

 

After a RBC debulking stage the magnetic microseparator would be used to separate 

NRBCs from WBCs. Separation could be performed by positive selection using 

magnetic beads coated in antibodies towards fetal cell surface antigens or by 

deoxygenating the blood and separating the NRBCS based on their intrinsic magnetic 

properties. The use of fetal cells for NIPD has the main advantage of providing a 
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complete genetic make up of the fetus thereby providing a greater diagnostic potential. 

The origin of each NRBC recovered from maternal blood must be confirmed before 

performing analysis to assure reliable results. Morphological properties of fetal NRBCs 

have been used to differentiate them from other cells. Fetal hemoglobin (HbF) and Y 

chromatin staining by fluorescent in situ hybridization (FISH) has also been used to 

identify fetal NRBCs. However the use of the Y chromatin markers limits the detection 

to only male fetuses [1.40]. One recent development is the use of light-scattering 

spectroscopy. Lim at al. used a Confocal Light Absorption and Scattering Spectroscopic 

(CLASS) microscopy system to differentiate between cord blood NRBCs and adult 

NRBCs [1.41]. 

 

The fetal NRBCs, once successfully isolated, will enter the fetal cell preparation 

module, which will consist of regions for cell lysis, nucleic acid purification and PCR. 

The device must also be self-calibrating and carry all the necessary reagents to run 

positive and negative controls. All of the components of LOC will be for single use and 

can be disposed, to prevent cross-contamination of fetal cells. The LOC platform is 

designed for use with an “independent reader” that would contain optical and electrical 

components for interpretation of results. Sample contact with the reader would be 

avoided to prevent misdiagnosis. Bio-MEMS technology has the potential to greatly 

enhance future prenatal genetic diagnostic applications and may one day eliminate the 

need for invasive procedures. 
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3.3 Thesis Objective 

 

This thesis focuses on the development of a microscale magnetic separator using low-

cost microfabrication techniques. The device aims to act as a stand-alone device but 

could also be integrated into a lab on chip such as the NIPD chip. The device is to be 

multifunctional and to address certain current separation challenges in biology as 

discussed in the previous section. The main objectives were to: 

 

1. Perform a comprehensive literature survey covering different techniques of biological 

particle separation off- and on- chip, with particular emphasis on magnetic separation 

strategies.  

 

2. Design a microscale magnetic separator taking into consideration the best 

configuration for the microchannel and external magnetic field in order to achieve the 

highest magnetic field gradient within the microchannel. 

 

3. Fabricate the device using microfabrication techniques; this included selecting 

biocompatible substrates and the best microfabrication technique. The materials used in 

the magnetic separator were selected carefully to guarantee the biocompatibility and 

low cost fabrication. 

 

4. Electroform the NiFe elements using the high precision UV-LIGA technique to 

achieve the precise element and microchannel configuration required in the design.  

Perform microstructural characterisation to investigate the surface and structural quality 

of the NiFe elements and the optimum current density to achieve the desired permalloy 

ratio (80:20).  

 

5. Evaluate the performance of the fabricated devices for label based magnetic 

separation using superparamagnetic and non-magnetic beads and for label free magnetic 

separation using mouse blood.  The magnetic separator must have high separation and 

recovery efficiency to perform well in a LOC for NIPD 
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3.4 Outline of Thesis 

 

Following this introduction chapter the remainder of the thesis is divided into six 

chapters: 

 

Chapter 2 contains the literature review on bio-particle separation. A detailed 

background is presented of magnetic separation in microfluidic devices.  

Biocompatibility of microfluidic materials is also addressed. 

 

Chapter 3 outlines the fluidic and magnetic design considerations involved in the 

conception of the microscale magnetic separator. This chapter also introduces and 

discusses the magnetic materials used in this thesis. 

 

Chapter 4 covers the fabrication of the first generation device at MISEC cleanroom 

HWU.  Fabrication of the second-generation device in collaboration with our industrial 

partner Epigem ltd., Redcar, U.K. is also summarised. Different microfabrication 

techniques investigated during the course of this project are outlined.  

 

Chapter 5 introduces the UV LIGA process and describes the electrodeposition and 

characterisation of the NiFe elements. 

 

Chapter 6 presents the performance testing of the microscale magnetic separator. 

Experimental set up is described for the separation of magnetic and non-magnetic 

particles. The device efficiency is determined using flow cytometry. 

 

Chapter 7 presents the main conclusions from prior chapters on the magnetic separator.  

Challenges encountered during the project are also discussed and solutions outlined. A 

final section on future work describe areas for improvement of the magnetic separator  
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Chapter 2   Literature review 

 

2.1  Introduction 

 

The ability to sort and detect a wide range of biological particles from a complex 

biological specimen is an essential process in clinical and research settings. Frequently 

used biological samples include blood, urine, saliva, tissue biopsies and spinal fluid. 

Analysis of a single cell or homogenous population of cells from a biological system 

can lead to a greater understanding of how that system functions, which can help to 

provide clues as to how a system will react to a new drug [2.1] [2.2]. Macroscopic 

techniques based on inertial forces such as filtration and centrifugation have been used 

successfully for decades.  The demand for more precise and sophisticated techniques of 

bioparticle separation has lead to the development of fluorescent activated cell sorting 

(FACS) and magnetic activated cell sorting (MACS) which are now well established in 

many laboratories [2.3]. This chapter describes some of the most current and highly 

used methods of bioparticle separation as outlined in Figure 2.1.  The chapter ends with 

a discussion on the most common polymeric materials used in the manufacture of 

microfluidic devices. Biocompatibility of these materials, an important issue in LOC 

devices, is also outlined. 

 

2.2  Cell size and density based separation techniques 

 

2.2.1 Centrifugation  

One of the most commonly used methods of bio-particle separation based on size and 

density is centrifugation. During this process centrifugal forces created cause particles 

within a centrifugation tube to move away from the rotation axis, thereby allowing their 

separation from the suspending fluid. In more complex biological mixtures such as 

blood, density gradients have been applied to purify a particular type of cell; this 

technique is known as differential centrifugation. In this method solutions are used 

which increase in density from top to bottom of the centrifugation tube, either 

continuously or in steps. An example of a commercially available density gradient 

medium is Percoll™ used for the centrifugation of cells and viruses (Figure 2.2) 
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Abstract 

At present the successful diagnosis of fetal 

abnormalities relies on the analysis of fetal genetic 

material obtained through invasive procedures such as 

amniocentesis and chorionic villus sampling (CVS). 

These procedures are expensive, time consuming and 

have the potential to cause harm to both the fetus and 

mother. A review of current diagnostic techniques in the 

field of prenatal care is presented. State of the art 

developments in fetal cell separation from maternal blood 

are discussed. A novel device concept that uses 

Microelectromechanical System (MEMS) manufacturing 

methods and magnetic field filtration is described.   

 

Introduction 

Over the last 50 years prenatal genetic testing for fetal 

abnormalities has become a well established obstetric 

practice. Prenatal testing is important as it can help 

parents prepare psychologically for having a child with an 

abnormality and plan for possible complications during 

birth, for some congenital diseases there is also the 

possibility of treatment. Confident diagnosis of genetic 

abnormalities can be made from the analysis of fetal DNA 

obtained through procedures such as amniocentesis and 

chronic villus sampling (CVS). Both procedures are 

however exceptionally invasive, time consuming and are 

associated with increased risk of maternal complications 

and fetal loss [1,2]. The miscarriage rate after such 

procedures ranges from 0.5% to 2%. This combination of 

increased risk to the fetus and delayed results poses a 

difficult choice for many women. 

Therefore, the development of non-invasive methods 

to obtain fetal genetic material is a long sought after goal 

in prenatal diagnosis. Recently, part of this goal has 

become a clinical reality in the determination of fetal sex 

and rhesus D status using cell-free fetal DNA (cff-DNA) 

derived from maternal plasma.  In spite of this success, the 

use of cff-DNA is limited to the detection of fetal genes 

completely absent from the maternal genome and cannot 

be used in the diagnosis of single gene defects or in 

chromosome abnormalities [3]. 

For over a century it has been known that fetal cells 

can pass through the placental membranes and enter the 

maternal circulation. The use of fetal cells for non-

invasive prenatal diagnosis (NIPD) has the main 

advantage of providing a complete genetic make up of the 

fetus free from maternal contamination [3, 4]. Yet their 

use for prenatal diagnosis was not considered feasible 

until 1969 when Walknowska et al. detected the presence 

of Y-chromosome positive lymphocytes in a sample of 

peripheral blood from a mother carrying a male fetus [5]. 

Most research in NIPD has focussed on three main types 

of fetal cells; trophoblasts, leukocytes and erythroblasts. 

This work concentrates on the separation of erythroblasts 

as they have a short lifespan (~90 days) in maternal 

circulation; consequently there is no possibility of 

isolating cells from a previous pregnancy [6]. Today, over 

30 years later, the reliable separation of fetal cells from 

maternal blood for non-invasive prenatal diagnosis still 

remains elusive. 

The focus of this paper is to present a novel technique 

for the isolation of fetal erythroblasts from maternal 

blood. Firstly, this paper will review current separation 

techniques. State of the art separation techniques for fetal 

cell enrichment from maternal blood will then be 

discussed. The design concept and fabrication process of 

magnetic based separation will then be outlined. Finally, a 

summary of the main challenges and expectations of 

device performance will be contained within the 

conclusions section. 

 

Current Separation Strategies  

The rarity of fetal cells in maternal blood has made 

their separation very challenging. Although the absolute 

number has yet to be established their frequency has been 

estimated to be two fetal cells per ml of maternal blood. 

This provides quite a technical challenge since normal 

human whole blood consists of red blood cells (RBCs) (5-

9 x10
9
ml

-
1), white blood cells (WBCs) (5-10 x 10

6
 ml

-
1) 

and platelets (2.5-4 x10
8
 ml

-
1) [7, 8]. Today the most 

commonly used techniques for fetal cell enrichment are 

step density gradient centrifugation, fluorescent activated 

cell sorting (FACS) and magnetic activated cell sorting 

(MACS). Typically these techniques are usually applied in 

combination e.g. centrifugation followed by FACS or 

MACS. Fig.1 displays the process of step density 

centrifugation of maternal blood. 

 

 

 

 

 

 

 

 

 

 Figure 1: Step density centrifugation of maternal blood. 

 

FACS involves the labelling of antibodies with a 

fluorescent dye while MACS involves coating magnetic 

beads with antibodies [6].  In FACS, target cells are 
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During centrifugation, particles will travel in the gradient and be retained in the medium 

that has a density equal to their buoyant density; this position is known as the isopycnic 

position of a particle [2.4]. Problems with centrifugation include the generation of 

aerosols, which can be a potential risk of infection, cell damage and cell loss of up to 40 

± 10% [2.5]. Centrifugation can also be labour intensive and time consuming, as 

samples have to be balanced carefully during loading [2.6]. 

 

2.2.2 Centrifugal microfluidics 

Centrifugal microfluidic platforms or lab on discs offer a unique and integrated 

mechanism of fluid handling that is particularly appealing for in vitro diagnostic 

applications. In centrifugal microfluidics liquid transport is achieved by the outwards-

directed centrifugal force fH. The force and therefore the fluidic flow can be controlled 

accurately by fine-tuning the frequency of rotation ` and the flow resistance of the 

microchannel walls [2.8]. A large range of flow rates from a few nLs
-1

 to 1 mLs
-1

 can be 

achieved. Valves commonly employed in lab on a disk are capillary valves and 

hydrophobic valves. Capillary valves are based on breaking the meniscus at the corner 

of a microchannel, while hydrophobic valves use a hydrophobic coating to stop liquid 

flow [2.9]. Both of these valves can be opened by rotation of the disc increasing the 

centrifugal pressure load of the liquid plug [2.8].  

 

Mixing is accomplished usually by active agitation on lab on a disc either by shake 

mode mixing from switching the direction of rotation or by the inclusion of magnetic 

microbeads. Mixing can also be done on continuous liquid flows based on the Coriolis 

force fc in radially directed microchannels. When the channel is rotating the Coriolis 

force fc acts perpendicularly to generate a transverse liquid force [2.8]. The Coriolis 

force can also be used for liquid switching in Y-shaped microchannels depending on the 

direction of rotation the liquid can be guided either to the left or right branching 

channel. Fluids can also be guided using hydrophobic area to deflect the flow [2.10]. 

 

The high level of integration possible has led to centrifugal platforms being developed 

for blood plasma separation [2.11], ELISA based assays [2.12], determination of 

alcohol concentration in blood [2.13] protein crystallisation assays [2.14]. PCR and real 

time PCR have also been demonstrated on a centrifugal microfluidic platform.  Focke et 

al. demonstrated a platform made from cyclic olefin polymer (COP) foil and a by hot 
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embossing using a polydimethylsiloxane (PDMS) mold as shown in Figure 2.3. Using 

the foil disk, amplification of DNA sequences from MRSA bacteria was successfully 

carried out in a modified commercially available thermocycler [2.15] [2.16]. Centrifugal 

microfluidic platforms are a heavily research area, a number of useful and informative 

reviews are available in the literature [2.17] [2.18]. 
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2.2.3 Filtration 

Cell separation by filtration has the advantage of not requiring cell surface markers, a 

useful property for the isolation of cells that have no specific cell surface markers. In 

2000, Vona and co-workers developed a new filtration based technique called Isolation 

by Size of Epithelial Tumour Cells (ISET) for the separation and characterisation of 

CTCs from peripheral blood samples [2.19]. In comparison to other blood cells, 

epithelial tumour cells are larger in size allowing them to be filtered from blood. 

Various tumour cell lines, such as MCF-7 (human breast adenocarcinoma) and HeLa 

(human cervix epitheloid carcinoma), as well as fetal trophoblasts have been used to 

validate the technique [2.20]. The main attractions of the ISET method are its high 

sensitivity, its ability to separate cells without damaging cell morphology and the 

avoidance of labelling cells with antibodies. Cells collected from ISET also prove 

suitable for downstream analyses by PCR.  

we developed the approach of microthermoforming by soft
lithography (mTSL) that applies elastic positivemoulds known from
conventional soft lithography.23,24 A master tool is castwith PDMS
which is used as mould insert for microthermoforming. Due to the
flexibility of both the cast PDMS mould and the foil, demoulding
is possible even with orthogonal walls and without the need
for draft angles or bevels.25 This feature is crucial for facilitation
and acceleration of construction and fabrication of master tools.

In this paper we explain how such cartridges (disks) can be
fabricated by the mTSL approach. Furthermore, we demonstrate
genotyping by real-time PCR on a centrifugally actuated micro-
fluidic disk. The assay is performed with pre-stored specific
primers and probes as well as clinical, genomicDNA samples that
were isolated and purified from swabs of patients infected with
methicilin-resistant strains of Staphylococcus aureus (MRSA).

The microfluidic cartridges are particularly designed for inte-
gration in a slightly modified commercial thermocycling device
(Rotor-Gene 2000 by Corbett Research Pty Ltd, now Qiagen
GmbH). This standard lab instrument is thus ‘‘upgraded’’ by
microfluidic process integration and automation. The approach
of upgrading commercial laboratory equipment is intended to
drastically facilitate development and commercialisation of lab-
on-a-chip applications and is expected to largely increase market
acceptance. In fact, researchers and developers usually engineer
both a microfluidic chip and an appropriate processing or
readout instrument.26,27 Also most manufactures of commercial
lab-on-a-chip systems like Agilent (2100 Bioanalyzer) or 3M
(Integrated Cycler) chose the same approach so far. Examples for
the upgrading approach28,29 are hardly found although
commercial devices like thermocyclers, fluorometers or lab
centrifuges could efficiently be enhanced by microfluidics.

Experimental setup

Disk design

Our foil cartridges (Fig. 1a) are circularly shaped disks and
designed for centrifugal microfluidics. Each disk comprises four

identical and independent segments. Each segment (Fig. 1b) has
an inlet chamber that is connected to a sloping feed channel with
finger-like metering chambers. Distribution of the sample liquid
can be improved by the slope of the channel. As a consequence,
metering chambers become wider with decreasing length in order
to keep the metering volume constant.

On the outer diameter, there are eight reaction wells and
a reservoir for waste liquid. Each metering chamber is separated
from the adjacent reaction well by a passive, centrifugo-pneu-
matic valve.30 Air displacement by liquid flow is realised by
a closed-loop ventilation. The full disk diameter is 130 mm.

The disks are designed for application in a Rotor-Gene 2000
thermocycling instrument. Its heating and cooling mechanism is
based on convection of hot and cold air, respectively. Therefore,
the disks require through holes to allow for sufficient air circu-
lation (Fig. 1a). In its standard configuration, up to 72 PCR
microtubes are inserted in a rotary holder that constantly rotates
around an axis. Real-time detection of fluorescence signals takes
place under rotation and is realised by excitation from under-
neath and a sideward detection unit. The modification of the
instrument refers to an additional relay to increase the rotational
speed discretely from standard 6.6 to 27.2 Hz. Further, the
microtube holder is replaced by a custom-made, light-weight
adaptor for fixation and alignment of microfluidic disks in the
device (Fig. 2).

Fabrication process

In order to fabricate a microfluidic cartridge, a computer aided
design (CAD) is generated (AutoCAD, Autodesk). The CAD
drawing is transferred to a milling machine (Minimill, Minitech)
to process a 4.0 mm thick polymethylmethacrylate (PMMA)
plate.31 The milled PMMA master is cast with a special grade of
PDMS (Elastosil RT-607, Wacker Chemie) and cured at 80  C
for 30 minutes (Fig. 3a). After demoulding, the PDMS mould
has a thickness of 3.5 mm plus the elevated (positive) structures
of the milled (negative) PMMA master. In order to obtain

Fig. 1 Design of the foil cartridge. (a) Photograph of a foil disk (reaction wells are highlighted with a dye, contours of through holes for air flow are
indicated as dashed lines); and (b)CAD drawing of a segmentwith microfluidic elements, sense of rotation ~uand characteristic geometries (widthsA and
B, length L, and cross-section C–C0).

2520 | Lab Chip, 2010, 10, 2519–2526 This journal is ª The Royal Society of Chemistry 2010
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2.2.4 Filtration on chip  

Micro-separation devices based on particle size frequently consist of an array of pillars 

or obstacles within a microfluidic channel. Fluid containing a heterogeneous population 

of particles is usually pumped through such a device and depending on the design of the 

filter, target particles can be collected upon exit or are retained at certain locations in the 

system. The microscale dimensions of the channels ensure that the fluid flow is laminar 

resulting in predictable and reproducible cell movement. An example of filtration on 

chip demonstrated by Mohamed et al. is shown in Figure 2.4. The chip aimed to 

separate cells based on their size and deformation characteristics [2.21] [2.22]. The 

device contains four segments of successively narrow channels of 15, 10, 5 and 2.5 µm 

spacing with a depth of 5 µm. Fabrication was carried out in PDMS using 

micromachined silicon as a mould. Preliminary testing was first done using blood 

spiked with neuroblastoma cells and later with goose RBCs as a model for fetal NRBCs 

as they are nucleated and alike in size. Unfortunately this device suffered from clogging 

of the microposts by cells. To help resolve this problem, a centrifugation step was 

employed before testing to reduce the concentration of RBCs. Cell viability and 

nonspecific adhesion of cells to channels walls remain a concern. Separation by 

filtration on chip has the major drawback of being a non-continuous flow method. 

Therefore this type of device cannot be easily integrated with other modules.  
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2.2.5 Deterministic lateral displacement (DLD) 

DLD was first developed and tested by Huang et al., in 2004 [2.23].  The chip consists 

of a microfluidic channel containing rows of microposts where each row is shifted a 

distance from the other as shown in Figure 2.5. Filtration is achieved by the width of the 

flow stream and partly by spacing between each post. Blood is pumped through the 

device under laminar flow at a small angle relative to the chip. Cells that are smaller 

than the width of the flow stream, such as RBCs and platelets, stay within the stream. 

Cells larger than the critical diameter of dc = 20% ! 2w (w is the distance between each 

post) such as CTCs, NRBCs and WBCs, which encounter a micropost, are displaced out 

of the stream into the buffer stream, thereby allowing their separation [2.24] [2.25].  

The device has also demonstrated separation of submicron particles such as DNA. 
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2.2.6 Hydrodynamic separation  

Microfluidic blood separation devices have been developed based solely on the 

biophysical properties of blood at the microscale such as WBC margination and plasma 

skimming. These biomimetic devices are deeply grounded on early work of the blood 

microvascular system [2.27]. In 2005 Shevkoplyas et al. [2.28] demonstrated a device 

based on the intrinsic flow properties of blood for the separation of nucleated cells such 

as WBCs. The device mimics the margination of WBCs arising from an axial migration 

of RBCs.  Collisions with RBCs lead to the displacement of WBCs towards the vessel 

wall; WBCs can then be diverted away from the main flow through extraction channels 

and collected.   

 

Blood plasma separation can also be achieved in microchannels taking advantage of an 

effect known as plasma skimming. A blood plasma separator designed by Maïwenn 

Kersaudy-Kerhoas at Heriot-Watt University is presented in Figure 2.6. The device was 

designed to be the first module of a LOC for NIPD as described in chapter one.  Blood 

plasma separation is achieved through the applications of bio-physical laws in 

microchannels, which ensures laminar flow and the presence of a particle-free layer 

[2.29] [2.30]. The design presented here exploits two main hydrodynamic effects: the 

Zweifach-Fung bifurcation law and blood flow focusing after a constriction. 

Constrictions inducing a high-shear stress zone, which act to focus the blood cells, are 

integrated along the main channel. After each constriction, a bifurcating region is placed 

to extract the plasma; this is repeated four times along the length of each side of the 

main microchannel. The plasma extraction channels have a serpentine design to 

minimise the footprint of the channel. Blood is introduced into the chip by means of one 

inlet and passes along the length of the channel towards the three outlets. The central 

outlet collects the cells while the plasma exits through the other two outlets. The blood 

plasma separator is designed as a continuous flow system, where cells and plasma can 

be continuously collected or directed to different modules such as the micromagnetic 

separator proposed in this thesis or a PCR module on chip. The resulting device is 

capable of high efficiency plasma separation of human blood at high flow rates. The 

purity of the plasma-extracted on-chip has been demonstrated by PCR, cell free DNA 

can be repeatedly amplified directly from extracted plasma without the need for DNA 

purification [2.31]. 
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2.3  Optical based separation techniques 

 

2.3.1 Optical Tweezers 

Optical tweezers use a tightly focused laser beam to trap and move particles ranging in 

size from a few nm to µm. The technique was first developed by Ashkin et al., 1986 

[2.32] to trap and move bacteria and viruses. Applications of optical tweezers in biology 

have been numerous. Using optical tweezers a wealth of information has been 

discovered about the nanomechanical properties of biomolecules such as how DNA is 

compacted within our cell nucleus [2.33] and the movement of motor proteins on 

microtubule networks. In these cases a dielectric bead is often attached to the molecule 

of interest acting as a sort of handle allowing the manipulation of these very small 

biological molecules [2.33]. Optical tweezers are a non-contact method of particle 

manipulation, which helps reduce the risk of sample contamination.  
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2.3.2 Laser micro-dissection (LCM). 

LCM is an extremely useful technique for the separation of specific single cells or other 

bio-molecules from a wide range of starting samples such as cell smears, paraffin and 

cryosections, and cytospins. In this technique a pulsed UV-A laser beam is connected to 

a regular microscope and focused through the objective lenses to a micron size 

diameter. At the focal point forces are generated allowing unwanted material to be 

photo-fragmented into molecules and atoms. This photochemical process is known as 

cold ablation as no heat is transferred to the surrounding medium. Consequently, cells, 

bio-molecules such as DNA and proteins are not damaged and can be used in 

downstream processes. In traditionally LCM a thin polymer film is placed in direct 

contact with a frozen or fixed tissue section.  The laser beam activates the polymer 

thereby transferring the selected cell out of the tissue and onto the polymer film [2.35].  

Particles can also be ‘catapulted’ up into a collection device using the build-up of 

photonic pressure force behind the particle; this technique is known as Laser Pressure 

Catapulting (LPC).  LCM has been combined with PCR on chip for single cell PCR in 

this case cells are directly catapulted up onto the PCR chip [2.36]. LCM is 

tremendously valuable technique especially where there is only a small amount of 

starting sample available and when contamination free handling of samples is vital as in 

forensics. However the collection of a single cell using micromanipulation is difficult 

and requires experience in cell manipulation. 

 

2.3.3 Flow cytometry  

Flow cytometry, the counting and examination of microparticles in a fluid, is perhaps 

the oldest and still most popular method for cell analysis [2.37].  Using flow cytometry 

multiple parameters can be measured of individual cells from a heterogeneous 

population. Besides cell counting and analysis the technique has other applications such 

as immunophenotyping, ploidy analysis and GFP expression levels.  A typical flow 

cytometer is shown in Figure 2.8 and consists of a light source, usually a laser, light 

collection optics, fluidic and electrical systems.  Lasers used in flow cytometry can be 

gas (argon, neon and helium-cadmium) lasers, solid state lasers and dye lasers. Flow 

cytometry works by capturing the light emitted from individual cells as they pass in 

single file through a laser beam.  The cells pass through the laser beam in single file 

because of hydrodynamic focusing by the fluidic system; this is accomplished by 
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injecting the sample stream into a flowing stream of sheath fluid. As a cell passes 

through the laser beam it diffracts light in all angles. Forward scatter and side scattered 

light is collected during flow cytometry. The extent of the forward scatter is roughly 

proportional to the size of the cell while side scatter is an indication of internal cell 

complexity such as cytoplasmic granules and nuclear shape. Detectors quantify the 

light, which converts intensity into voltage [2.38].   

 

2.3.4 Fluorescent Activated Cell Sorting (FACS) 

The sorting capability of a flow cytometer has been adapted from the inkjet graphic 

printing technology and involves the electrostatic deflection of droplets. Once inside the 

cytometer the cells pass one at a time through a vibrating exit nozzle; the vibrations 

produce single droplets containing individual cells [2.39]. As the droplet passes through 

an array of laser beams and optical detectors, a photomultiplier tube detects the 

fluorescence emitted by the fluorochromes.  Based on the fluorescent signal the droplet 

is then given either a positive or negative charge. Charged droplets then pass through a 

pair of high voltage deflection plates, which attract the droplet of opposite charge into 

its appropriate collection or waste container. In flow cytometry and FACS, 

measurements are made on each separate particle in the suspension and are not just an 

average of the whole cell population. Cells separated by FACS can also be kept sterile if 

required; an essential condition if the cells are to be cultured. Unfortunately most flow 

cytometers and FACS are not simple instruments and require specially trained 

personnel. Samples must be prepared before analysis to ensure a suspension of single 

particles, otherwise the fluid may not flow smoothly and the system could get blocked 

[2.38]. Other disadvantages of flow cytometry and FACs include the cost of the 

equipment and intrinsic cell fluorescence, which can render the distinction between 

positively labelled and negative cells difficult.  
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2.3.5 Optical fractionation in microchannels 

Optical separation of particles in microchannels usually consists of arrays of optical 

light traps forming optical lattices [2.41]. The optical gradient forces also known as a 

potential energy landscape can act to divert particles out of the flow direction based on 

their optical affinity.  Particles with a high optical affinity i.e. those with a large 

refractive index and size experience larger forces while other particles remain 

unaffected by the optical lattice [2.41].  Optical fraction has proved useful for separating 

colloidal particles [2.42] and yeast cells [2.43]. Miniaturized FACs (µFACS) has also 

been demonstrated on chip [2.44] to sort living GFP expressing HeLa cells with no 

damage to cell viability.  Multi-parametric sorting of cell expressing different 

fluorescent tags could be possible via µFACs. However the need for lasers reduces the 

portability of these systems. 
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2.4  Electrical separation 

2.4.1 Electrophoresis  

Electrophoresis is a well-known and established technique in biology.  The technique is 

defined as the movement of charged particles in a uniform electric field.  Today 

electrophoresis is used commonly for example to separate different length DNA 

fragments in an agarose gel matrix or to separate proteins based on size using 

polyacrylamide gel electrophoresis (PAGE).  DNA electrophoresis was one of the first 

biological techniques to be miniaturised for lab on chip applications [2.45]. DNA 

electrophoretic modules are often integrated with PCR modules and have been covered 

extensively in recent literature [2.46 - 2.49].  

 

2.4.2 Dielectrophoresis (DEP) 

DEP is the term used to describe the motion of dielectric or neutral particles caused by 

polarization effects in a non-uniform AC electric field.  Depending on their intrinsic 

electrical properties such as capacitance and conductance, cells can be separated, moved 

and trapped using DEP. The intrinsic cell properties are different for each cell type and 

depend on factors such as membrane complexity and cellular activation [2.50]. DEP 

forces arise from induced dipoles in cells when they are exposed to non-uniform electric 

field. By adjusting the field frequency or amplitude of the DEP device cells can be 

manipulated. Bioparticles can undergo positive DEP (pDEP) or negative DEP (nDEP).  

pDEP occurs when the bioparticle is more polarisable compared to the surrounding 

medium and its dipole aligns with the electric field. This results in the particle being 

drawn into regions where there is maximum electric field intensity. On the other hand in 

nDEP, the particle is less polarisable compared to the medium surrounding it and its 

dipole aligns against the electric field. This results in the particle being repelled into 

from regions of high electric field intensity in negative DEP (nDEP) [2.51].   

 

Early DEP devices were designed to be stop flow in nature where particles are separated 

into two subpopulations and held within channels using DEP. Combining DEP with 

parabolic flow in microchannels has allowed the advancement of devices capable of 

continuous particle separation. DEP microelectrode arrays act to separate and levitate 

the particles while the parabolic flow moves the particles along leading to a continuous 
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separation, this approach is known as DEP field-flow fractionation (DEP-FFF). 

Efficient separation is based on a balance of nDEP, gravitational and hydrodynamic lift 

forces that a cell experiences [2.51 - 2.54]. Sometimes cells can have DEP properties 

quite close to each other therefore making separation difficult to achieve. This DEP can 

also be performed using cell labels of different dielectric properties.  In 2005 Hu et al., 

demonstrated a continuous flow device for marker specific sorting of Escherichia coli 

using DEP. Using DEP activated cell sorting (DACS) it was possible to sort cells at 

rates of 10,000 cells/sec thereby enriching for rare cells 200 fold [2.55]. The technique 

offers a robust label-free mechanism of cell separation.   

 

 

 

!

"#$%&'! 6)Q! GRF! 8'+.&./#01! 02! :#0+.&/#-,'8)! RSTL???) ,1(2"(,-$) =-$+'>) "$--3) &1$) -$<('&'$4) '*)

4(++$1$2')$8/(-(71(/%)#$(9#'3)=#G)c)#Y>)4/$)'*)&)7&-&2"$)*+)RST)-$<('&'(*2:)#.41*4.2&%(")-(+')&24)

3$4(%$2'&'(*2)+*1"$35)J&%(2&1)+-*0)$23/1$3)&),&1&7*-(")<$-*"('.),1*+(-$)&24)'#$)1$3/-'(29)+-/(4(")

+*1"$) =?+-/(4>) 41&93) '#$) "$--3) &-*29) '#$) %("1*"#&22$-5) Q$--3) &') 4(++$1$2') #$(9#'3) $;,$1($2"$) &)

4(++$1$2')<$-*"('.),1*+(-$)=PD)d)PG>)*0(29)'*)'#$)+-/(4)%*<(29)+&3'$1)&')(2"1$&3(29)4(3'&2"$)+1*%)

'#$)"#&22$-)0&--3!FD5EGI5)R6Q!)=1(9#'>)/3$3)RST)7&11($1)$-$"'1*4$3:)"$--3)&1$)4$+-$"'$4)*/')*+)'#$)

3&%,-$)3'1$&%)(2'*)'#$)"*--$"'(*2)3'1$&%)(+)'#$.)#&<$)RST)1$3,*23(<$)-&7$-)FD5EEI5)

 

 

 

 

 

 

 

 

 

 

the A C power with specific voltage and frequency applied
on the microelectrode, positive D EP force can be generated
to capture the viable cells so that negative D EP force can be
generated to repel the non-viable cells. To extract the
protein from the nucleus, the purification process of the
nuclei was required. A fter a standard boiling thermal cell
l ysis process, the nuc le i can be re leased from the
membranes. The transportation direction of the pneumatic
micro-pump can be reversed by applying the compressed
air from the other air inlet. Similarly, the nuclei can be
captured on the surface of the microelectrode array by the
positive D EP force while the A C power with different
frequency was applied onto the microelectrode. F inally, the
nuclei of the target cells can be separated and collected by
using the developed chip.

By utilizing different operation sequence of the pneu-
matic microvalves (as shown in Table 1), the viable and
non-viable cell samples can be separated into two different
reservoirs. Four stages were ut i l ized to achieve the
separation and collection of both the viable cells and
nuclei. F irst, the microvalve #1 and 3 can be actuated while
compressed air was injected (stage 1). The flow direction
can be controlled and guided the non-viable cell samples

into non-viable cell collection chamber. A fter the release of
the viable cells from the microelectrode array region,
microvalve #1, 2 and 4 were actuated to guide the viable
cells flow into the viable cell collection chamber (stage 2).
For the purpose of D N A/protein extraction, the thermal
cell-lysis process was employed, and the nuclei and other
organelles can be transported to the microelectrode array
region using the micro-pump. The plasma membrane and
other organelles can also be collected while microvalve #1
and 4 were actuated (stage 3). F inally, the collection of
target nuclei can be completed after the actuation of
microvalve # 2, 3, and 4.

2.2 Mathematical model

D EP forces can be used for the movement of particles/cells
in a non-uniform electric field as a tool for cell/particle
separation and manipulation. It was first used for manipu-
lation of suspended particles in an organic medium (Pohl
1958). Particles/cells may be moved, trapped, collected,
aligned, or even rotated using induced dipole moments
generated by microelectrodes. When particles/cells are
suspended in a spatially non-uniform electric field, the
applied electric field induces a dipole moment in the
particles/cells. The interaction of the electric field with
the induced charges on either side of the dipole generates a
net force. Due to the inhomogeneous nature of the electric
field, if the particle/cell is more polarizable than the
medium surrounding it, the dipole aligns with the electric
field and there is a net motion towards the region with a
higher electric field. This effect is called “positive D EP.”
Conversely, if the particle/cell is less polarizable than the
surrounding medium, the dipole aligns against the electric
field and the particle is repelled from the higher electric
field region, resulting in a so-called “negative D EP.”

Table 1 Operation sequence of the pneumatic microvalves during
different stages

Stage # M icrovalve #

M icrovalve
#1

M icrovalve
#2

M icrovalve
#3

M icrovalve
#4

Stage 1 • •
Stage 2 • • •
Stage 3 • •
Stage 4 • • •
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Fluid

h
1

h
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h
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h
4

F
DEP

F
DEP

F
DEP

F
DEP

F
Fluid

F
Fluid

F
Fluid

F
Fluid

Cell

V 
Fluid

h
1

h
2

h
3

h
4

F
DEP

F
DEP

F
DEP

F
DEP

F
Fluid

F
Fluid

F
Fluid

F
Fluid

Cell

F ig. 2 Schematic illustration of
cells experiencing positive D EP
forces
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f luid f low. T hus, the max imum f low velocity for cell def lection
(25) is given by

vmax  
9   m R e  f C M  

6 4  
r 2 U 2

a 3sin  
. [3]

B ecause the dev ice was operated such that the f low velocity did
not exceed vmax, the approaching, labeled E . coli were def lected
into the collection channel, whereas the unlabeled clones were
not def lected and continued their f low into the waste channels.
A ssuming  m  80  0, U  7.4 V , and a  20  m, the D E P forces
on the labeled and unlabeled E . coli were calculated to be  388
and 4.6 p N , respectively. A t a tot al volumetric f low rate of 300
 l  h per microchannel w ith   0.002 kg m  1 s  1 for 20%

glycerol (26), the f luid velocity is  v  3 mm  s near the
electrodes. A s a result, the v iscous drag forces on the labeled and
unlabeled E . coli cells were  368 and 57 p N , respectively. T hus,
using these operating conditions in conjunction w ith shallow
angles between the f luid velocity and electrodes, the D E P force
was designed to be insuf ficient in def lecting the unlabeled cells
but large enough to selectively def lect the labeled cells.

Microfluidics. T he D A C S dev ice operates at low R eynold’s num-
bers, in the range of 0.1  Re   v L    1, where v denotes the
characteristic f low velocity and L denotes the characteristic
length determined by the channel geometr y. T he f luid density
and dynamic v iscosity are given by  and  , respectively. T o
max imize the purity per formance at the collection channels, we
introduce the concept of a ‘‘buf fer f low.’’ T he idea is analogous
to hav ing a ‘‘sheath f low’’ in F A C S; however, the buf fer f low
ser ves a dif ferent function. In F A C S, the sheath f low surrounds
the cell mixture and ser ves to lower the shear stress on the cells
and to align the cells in single file (i.e., hydrodynamic focusing).
T he buf fer f low in the D A C S geometr y is inverted such that the
cell mixture f lanks the buf fer f low ( F ig. 1). T he cell mixture was
introduced f rom the side channels while buf fer solution of the
same density and conductiv ity was introduced through the
central inlet channel, creating an in itial cell concentration profile
that is devoid of any cells in the buf fer stream at the collection
channel. In the absence of an electric field, all D E P-responsive
particles followed the streamlines and entered the waste channel

( F ig. 2A ). W hen the electrodes were energized, the D E P parti-
cles were selectively def lected into the buf fer stream ( F ig. 2 B).
Particles moved f rom the sample stream into the buf fer stream
because of n D E P def lection near the edges of the electrodes
where the gradient of the electric field was max imal. Similarly,
unlabeled E . coli were unable to enter the collection channel,
because B rown ian dif fusion across the streamline that separates
the cell mixture and the buf fer stream was negligible. T he
average lateral dif fusion length for cells in the microchannel is
roughly a few microns and thus insuf ficient for the unlabeled
cells to cross the streams and enter the collection channel. A s a
result, the unlabeled cells remain in the cell mixture and f low
through the waste channel. C onversely, using mixtures of D E P-
labeled and unlabeled cells, only the labeled cells were collected
ef fectively, and thus high purity and rare cell recover y were
achieved w ithout compromising the throughput in each micro-
channel. Several design parameters inf luencing the D A C S per-
for mance cou ld be optim ized for a particu lar vo lumetr ic
throughput. In particular, these parameters include (i) the ratio
of stream velocities, (ii) the angle of electrodes, (iii) the w idth of
the collection channel, and (iv) the separation dist ance between
the sample and buf fer stream inter face and the collection
channel centerline.

DACS Enrichment of Rare Bacterial Cells. U nlabeled f luorescent E .
coli cells introduced at the dev ice inlet ( F ig. 3A ) followed the
streamlines and passed into the waste stream at the outlet ( F ig.
3B). In the absence of dielectrophoretic labeling of the t arget
cells,  99.9% of cells followed the streamlines into the waste

Fig. 1. O p era tio n al principle o f D A CS. (A) Th e D A CS co nce p t: Cells e n t erin g
in t h e sa m ple stre a m are o nly d e fl ect e d in t o t h e collectio n stre a m if t h ey are
la b ele d w it h a dielectro p h ore tically resp o nsive la b el. (B) Sch e m a tic vie w o f t h e
electro d e re gio n o f t h e microch a n n els w it h sa m ple a n d b u f f er inle ts, as w ell
as w ast e a n d collectio n o u tle ts.

Fig. 2. O p tical micro gra p hs o f t h e st a biliz e d fl o w a t t h e inle t a n d o u tle t
ch a n n els. (A) Th e u nla b ele d cells f ollo w t h e stre a mlin e a n d e n t er t h e w ast e
ch a n n els, a n d t h e dif f usio n o f t h e cells in t o t h e b u f f er stre a m is minim al. (B)
Se q u e n tially ca p t ure d im a g es o f p olystyre n e b e a ds m ovin g u n d er t h e in fl u-
e nce o f DEP d e fl ectio n . Q u a dru p ole electro d es g uid e t h e b e a ds t o t h e ce n t er
o f t h e microch a n n el. To t al volu m e fl o w ra t e is 240  l  h . A p plie d volt a g e is 20
V p e a k-t o-p e a k a t 500 k H z .
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2.5  Magnetic separation 

 

Magnetic separation was first applied in the mining industry to separate metal ores from 

dirt by use of a large magnetic field.  The underlying principle of magnetic separation is 

based on what is called magnetophoresis, which is defined as the motion of magnetic 

particles relative to a fluid under the influence of a magnetic field [2.56]. Today the 

technique has been successfully applied in many aspects of chemistry, biology and 

medicine. Perhaps the most success has been in biomedical and biological research. 

Magnetic separation has been demonstrated to be a highly sensitive technique for 

separating rare cells, preprocessing and concentration of biomolecules such as DNA for 

subsequent analysis and cell counting.  Over recent years there has been a growing 

interest to integrate magnetic field based separation techniques into LOC based devices. 

Compared to electrical based separation techniques, magnetic manipulation is generally 

not affected by pH, ionic concentration, surface charge and temperature [2.57].  

Additionally magnetic fields have never been reported to damage biological particles 

therefore magnetic separation is very suitable for the gentle separation of cells. Most of 

the work for magnetic separation on chip has been aimed at the development of devices 

for processing of magnetically tagged biomaterials while relatively little effort has been 

made to design devices capable of separating untagged particles or even capable of 

separating both. The main reason for this is that the difference in the native magnetic 

properties of biological particles is not large or specific enough to allow for efficient 

label free separation. Therefore ferromagnetic or superparamagnetic particles/beads 

coated in cell binding molecules must be used to achieve cell separation.  This chapter 

section aims to provide a brief introduction into macro-scale magnetic separation before 

describing magnetic separation on chip using both magnetically tagged and label free 

approaches.  Both active systems using on chip electromagnets and also passive systems 

using permanent magnets are covered. 

2.5.1 Magnetic beads 

Magnetic separation using beads relies on the interaction of the target biomolecule with   

reactive groups on the surface of the beads as shown in Figure 2.10. The coating of 

beads with biological molecules that will interact with target cells and biomolecules 

provides a controllable means of manipulation [2.58]. Hence magnetic separation is 

generally a two-stage process, firstly the biomolecule or cell must be labelled with the 

magnetic bead and secondly the labelled bodies must be separated from the unlabelled 
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bodies. Magnetic beads are commercially available ranging from 50 nm to a few mm. 

Their popularity is based on their high surface to volume ratio, versatility and ease of 

manipulation from an external magnetic "eld [2.57].  Beads typically contain iron oxide 

particles in a biocompatible matrix of latex, polystyrene or dextran. Inorganic coatings 

such as silica have also been developed [2.58]. This surface coating can be 

functionalised for a particular application by attaching different reaction groups for 

example antibodies, antigens (biotin and avidin), and single stranded DNA molecules as 

shown in Figure 2.10 [2.59]. Secondly the coating protects the inner magnetic core from 

the surrounding aqueous environment and can prevent leakage of the core into the 

environment [2.58]. 

 

 

 

"#$%&'! 6)(S! T.$1'/#-! :'.@8! -.1! :'! 2%1-/#01.,#8'@! .1@! %8'@! 20&! .! ?.&#'/<! 02! :#0-5'3#-.,!

&'.-/#018)!^(*%*-$"/-$3) 3/"#) &3)RZ6)*1) &2'(7*4($3) "&2) 7$) &''&"#$4) '*) '#$) 3/1+&"$) *+) 7$&43)

?(9/1$)&4&,'$4)+1*%)FD5EHI5))

 

 

Most of these microparticles are superparamagnetic and therefore have no magnetic 

memory. Having no magnetic memory avoids the presence of a remanent magnetic field 

and consequently prevents aggregation of the beads once the external magnetic field is 

removed. Dispersion of the beads after removal of the magnetic field is important, as 

often the beads have to be removed from the target, obviously this is a lot easier if the 

beads have not formed a dense aggregate. Also smaller beads are used more for this 

same reason for large targets such as cells often more than one bead will bind to the 

target cells. Aggregation can lead to non-specific cell entrapment and therefore better 

off avoided if possible [2.59]. 

 

Magnetic separation has also been combined with optical detection methods for 

‘magnetic enzyme linked immunosorbent assays (MELISA)’. Generally ELISA is 

Electrical insulation is realised by spin-coating with poly-
imide18 or by putting down a layer of silicon oxide.18,21,22

Ferromagnetic materials such as permalloy17,26,27 or nickel16

are used for permanent magnets or as cores for electro-
magnets. Planar electromagnets consisting simply of a current
carrying wire, can be fabricated easily by depositing a
conducting material, such as copper,20,23 gold18,25,28,29 or
aluminium.19,24 Joule heating, wire insulation and connection
to an external power supply must all be considered when

designing an electromagnet. More complex magnets with a
core and a wire wound around it, require further fabrication
steps, often with sacrificial layers.25,31–33 Choi and Ahn have
been pioneering in this field. In order to trap magnetic particles
in flow they developed several integrated electromagnets
including a meandering permalloy-core, copper-wire design,31

as well as serpentine27 and spiral26 copper-wires with a semi-
encapsulated permalloy. Integrated electromagnets were also
fabricated as coils for NMR on chip.22–25,34

Another approach to obtain precise control and strong
gradients in a microchannel is to micropattern magnetically
susceptible features in close proximity to the microchannel and
to magnetise these with an external magnet.28,35 For example,
Deng et al. fabricated Ni posts at the bottom of a PDMS
channel36 and Inglis et al. patterned narrow nickel strips on the
bottom of a microchamber.16 These features were then
magnetised with external NdFeB magnets.

Manipulated material

Magnetic materials

In some applications, small bars of steel37 or permalloy11,17

have been used inside microfluidic chambers. Most commonly,
however, magnetic particles are employed, as reviewed
recently.38,39 These range in size from a few nm to many mm.
The majority of these particles are superparamagnetic, i.e. they
have no magnetic memory. Although much is now commer-
cially available, the development of new types of magnetic
particles and their surface modification are still an area of
ongoing research.40–43

Superparamagnetic particles are available with carboxyl
groups or amino groups on their surface. Biomolecules such as
DNA strands or antibodies can then easily be attached to the
particle surface. Many companies offer particles with the
desired biomolecule already immobilised (Fig. 4). Popular
suppliers of such particles include Dynal (www.dynalbiotech.
com), Micromod (www.micromod.de), Bangs Laboratories
(www.bangslabs.com), Polysciences (www.polysciences.com),
Seradyn (www.seradyn.com) and Estapor (www.estapor.com).
Dynal’s Dynabeads are by far the most commonly used
superparamagnetic particles, due to their spherical shape and
highly uniform size distribution. Two sizes of Dynabeads are
available, 2.8 mm and 4.5 mm diameter. The magnetic core
comprises only a small fraction of the particle volume.44

Particles with a higher magnetite content have a stronger

Fig. 3 Fabrication steps for a micro-electromagnet with wires and
core, redrawn with permission from ref. 30.

Fig. 4 Surface functionalised particles can be used for a wide variety
of biochemical reactions.
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performed in microwells coated with antibodies. MELISA has the same underlying 

principle except antibodies are immobilized on magnetic beads rather than in 

microwells [2.60, 2.61]. 

 

Magnetic particles have mostly been used for in vitro applications but there is growing 

interest in the use for in vivo applications such as cancer treatment and chronic pain 

treatment. Targeted drug delivery could be made possible using magnetic nanoparticles. 

The drug can be attached to a biocompatible magnetic nanoparticle carrier and injected 

into the patient.  The penetrable nature of magnetic field into human tissue allows the 

nanoparticles to be controlled externally and concentrated at specific sites. The drug can 

then be released by heating, enzymatic cleavage, or changes in pH and taken up by the 

nearby cells. This has huge applications in cancer treatment, as most chemotherapy is 

non-specific in that a side effect of the drug is the damaged to normal healthy cells as 

well as to the malignant cells.  Strong anti-inflammatory drugs, which again can be 

damaging to healthy tissue, could be targeted to joint areas in rheumatoid arthritis 

patients [2.58].  Magnetic particles are being trialled in many exciting new technologies 

therefore strict measures have to be in place to ensure their safe use. One part of this 

safety requirement must ensure the particles are biocompatible and do not induce 

toxicity. 
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2.5.2 Macro-scale magnetic separation. 

Macro-scale magnetic separation usually relies on magnetic beads to achieve separation.  

An external permanent magnet is used to retain labelled biomolecules inside a column 

while any unlabelled biomolecules will be washed away. Removing the magnetic field 

allows the biomolecules to be collected for analysis [2.56] [2.62].  The process can 

either be done by positive selection of the targeted biomolecule or by negative selection 

using reactive groups that will bind and remove the unwanted material. Often this 

approach can be better as the target biomolecule does not have to be detached from the 

magnetic bead after separation. Two examples of commercially available magnetic 

separation kits are MACS! (magnetic activated cell sorting) technology from Miltenyi 

Biotech and Dynabeads® FlowComp™ system developed by Invitrogen. Compared to 

FACs, magnetic separation has the advantages that it is cheaper and does not require 

specially trained personal to operate however the sorting method has a poorer yield and 

purity compared to FACS. Furthermore only one cell parameter at a time can be 

measured with magnetic separation unlike FACS where up to eight parameters can be 

obtained simultaneously. Large shear forces can also cause the bound cells to be 

damaged when they are being pulled through the solution [2.63] [2.64]. Macro-scale 

magnetic separation is often a batch process and therefore discontinuous, 

miniaturisation of the technique opens up the possibility of making it a continuous 

separation process that can be integrated with further downstream analysis. Figure 2.11 

illustrates the basic strategies for macro-scale magnetic separation using magnetic beads 

 

Large scale label free magnetic separators have had limited success mainly due to their 

inability to generate large scale magnetic flux gradients on label free cells [2.65]. This 

fact combined with very low native magnetic properties of biological species, has led to 

very poor success with macro-scale systems. In 2008 Huang et al., demonstrated one 

example of label free magnetic separation to separate NRBCs from maternal blood. 

Following enrichment using a DLD chip to remove mature RBCs, a Miltenyi magnetic 

column was used to separate the remaining NRCs from WBCs. Following separation 

NRBCs were then identified by staining with May-Giemsa using an automated scanner. 

Using this method 37.68 NRBC/mL and 37.20 NRBC/mL were isolated in singleton 

and abnormal pregnancies, respectively [2.24]. However these figures do not take into 

account the possibility that some of these NRBCs may be of maternal origin. The 
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various aspects of large scale magnetic separation is well covered in the literature, with 

several review papers available [2.62]. 
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2.5.3 Magnetic separation on chip 

This section reviews the development of magnetic separation on chip. The section is 

divided based on the magnetic separation strategy applied i.e. labelled or label free 

separation. Magnetic separation on chip can be performed in batch and continuous 

separation modes.  In batch mode bio-particles labelled with beads are retained against a 

microchannel wall, the magnetic field is removed or switched off and the target bio-

particles are flushed out of the device. Continuous separation has the advantage of 

allowing easier integration with other LOC modules. During continuous flow separation 

magnetic forces are used to divert magnetically labelled particles towards a certain 

fluidic trajectory away from non-magnetic particles thereby achieving separation. 

Continuous flow methods of separation not just restricted to magnetic based are 

reviewed in [2.66]. Both passive devices using permanent magnets as well as active 

systems employing electromagnets are discussed. 

 

 

2.5.3.1 Magnetic separation on chip using magnetic beads. 

In 2004 and 2006 Pamme et al., presented device for continuous magnetic sorting of 

different sized magnetic and non-magnetic particles.  The particles are diverted from a 

laminar flow stream using an external permanent magnet exerting a magnetic field 

perpendicular to the channel. The deflected particles collected into different exits 

depending on their size and magnetic susceptibility by the use of spacers. The technique 

was capable of separating superparamagnetic particles of 2.8 µm and 4.5 µm in 

diameter with magnetic susceptibilities of 1.1 x 10
-4

 and 1.6 x10
-4

 m
3
 kg

-1
 [2.67] [2.68].  

Later the device was used to separate magnetically labelled large macrophage cells from 

smaller HeLa cells [2.69].  Magnetically labelled bacterial cells have also been 

separated in continuous flow from RBCs [2.70] used a H-shaped separator 

manufactured in PDMS with an integrated NiFe comb positioned adjacent to the 

microchannel wall. The device achieved separation efficiencies of approximately 50% 

at very low flow rate of 25 µl/hr, increasing the number of magnetic particles used to 

label the bacterial cells increased efficiency to 78%.  Both devices are classed as passive 

magnetic separation on chip and are shown in Figure 2.12.  

 

A similar device presented by Yang el al. used an external electromagnet to achieve 

magnetic separation on chip. The ‘blood cleansing device’ was designed for the 
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separation of yeast from blood [2.71]. The cells were separated from blood using 

magnetic labels coated in antibodies against yeast antigens. The device was constructed 

in PDMS cast from SU-8 and positioned inside a C-shaped electromagnet as shown in 

Figure 2.13. 
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The relatively large channel dimensions 0.5 mm x 0.2 mm enabled the device to work at 

relative high flow rates of 20 ml/h compared to other microfluidic devices enabling 

processing of 10 ml of diluted blood in 30 min. The highest separation efficiency of 

90% was achieved was achieved at 15 V. The device is hoped to have applications in 

the treatment of blood sepsis, for cleansing a patients blood before reintroduction into 

the patient.  Further investigation is warranted for efficient removal of the beads before 

such clinical use. 

 

Microelectromagnets on chip have also been used to separate magnetic beads. These 

structures are often of coiled [2.72] or serpentine [2.73] [2.74] architecture and are 

positioned normally underneath the microchannel. The coils are generally made from 

electroformed copper and sometimes combined with a soft magnetic material such as 

NiFe to increase the magnetic field [2.75]. A major problem using microelectromagnets 

is the heating of the coil, which limits the device application.  Over heating of the 

device is disastrous for biological samples leading to protein denaturation and cell 

damage. A chip by Song et al., with built-in cooling channels is described in [2.76]. The 

chip was capable of maintaining temperature within the biocompatible range of 37 oC 

allowing separation of magnetically labelled Jurkat cells. Furthermore 

microelectromagnets generate relatively small magnetic fluxes (mT) compared to 

permanent magnets. One advantage is that electromagnets can simply be switched off 

whereas permanent magnets have to be removed from the chip, which can be awkward 

if embedded. 

 

 

2.5.3.2 Label free magnetic separation on chip 

To date, Han and Frazier have developed the most successful microfluidic chips for 

label free magnetic separation and have published a number of papers on the subject 

[2.65] [2.77] [2.78] Figure 2.14 illustrates the microfluidic chips presented by Han and 

Frazier. The chip design consists of a bifurcating microchannel with an inlet and three 

outlets, an electroformed nickel wire occupies the middle of the main channel. An 

external magnetic flux of 0.2 T was provided by two permanent magnets that are 

positioned on one side of the microchannel. The wire acts to locally amplify the 

magnetic field originating from the permanent magnets providing a field gradient along 

the cross section of the channel. The resulting force leads to particles being attracted to 

or repelled from the wire according to their magnetic nature while the fluidic force 
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carries the particles along towards the correct exit channels.  RBCS were deoxygenated 

using a 10:1 dilution of 3 mM sodium hydrosulphite to blood making them 

paramagnetic. RBCs therefore exit through the central outlet while WBCs through the 

two lateral outlets. The chip is a hybrid device containing borosilicate glass and SU-8 

photoresist. The bottom and top of the device is made of glass while the channel 

features are defined in SU-8. One proposed application of the device was for the 

enrichment of circulating breast cancer cells (BCCs) from blood.  The device was tested 

for flow rates ranging from of 2.5 µl/h to 20 µl/h. The highest separation efficiency of 

94.8% of BCCs was achieved at 2.5 µl/h.   

 

A later design aimed at improving separation efficiency at higher flow rates 

implemented a cascade system [2.79]. The biggest change from previous designs is the 

increased number of separation stages and the introduction of 100 µm high permalloy 

structures inside a hydrofluoric etched glass microchannel.  The multiple separation 

stages improved efficiency by providing more space for RBCS to be attracted to the 

permalloy by reducing saturation of the collecting channels with RBCS that are 

separated first. The overall result was an improvement in separation efficiencies at 

higher flow rates of 28.8 ml/h; efficiency of 89.5 ±!0.20% was obtained.  ! 

 

In 2006 and 2007 Furlani, presented a design and background theoretical work for label 

free magnetic separation on chip [2.80]. The aim of the device is the same as for the 

Han and Frazier chips i.e. to separate deoxygenated red blood cells from white blood 

cells based on their intrinsic magnetic properties. The structure of the proposed device 

is shown in Figure 2.15.  Instead of an internal metallic wire, an array of permalloy 

posts is positioned externally with respect to the microchannel wall. When a bias field is 

applied the post are magnetised and give rise to high magnetic field variations. Furlani’s 

work is only theoretical and therefore fabrication issues have not been investigated nor 

have separation efficiencies been demonstrated. The microchannel configuration 

presented requires the outlets to be out of the wafers plane, which could be problematic 

for fabrication and integration with other lab on chip modules. Furthermore the 

proposed permalloy posts are suggested to be part of the microchannel wall as no 

distance between them is considered, this could lead to large imperfections in the 

channel wall affecting fluidic flow and overall device performance. The microchannel 

dimensions are also relatively large, the width of the channel is 600 µm therefore a 

possibility exists that a particle may have to travel the whole width of the microchannel 
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before being separated.  In the devices presented by Han and Frazier the longest path a 

particle needs to travel is reduced since there are outlets located both centrally and 

laterally. 
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2.6  Manufacture of microfluidic devices 

 

The fabrication of microfluidic devices can utilise many different materials such as 

glass, polymers and silicon. The earliest devices were constructed from glass or silicon 

substrates as the underlying fabrication processes could be adapted and modified from 

the IC industry. However, for the analysis of biological samples the use of glass or 

silicon is often inappropriate as polymers can offer the following benefits: 

 

• Good biocompatibility 

• Reduced cost 

• Permeability of some polymers to gas 

• Optical transparency 

• Easy machinability e.g. laser ablation  

• Surface modification and functionalisation possible 

• Range of acceptable thermal and electrical properties [2.83]. 

  

The reduction in cost has been main driving force in the switch from glass/silicon 

materials to polymer materials in LOC devices. Glass based microfluidic devices have 

an approximate cost of US$ 20 per chip compared to polymer devices (PMMA or 

PDMS) that have an estimated cost of US$ 0.47 per chip.  Devices made from polymers 

also have the potential for rapid manufacturing turnaround time of 2 hrs compared to up 

to 80 hrs for glass based devices [2.84].  In contrast to other MEMS based devices, all 

components of microfluidic chips should be disposable to eliminate risk of sample 

contamination.  Also devices can be relatively large and require more material per 

device consequently there must be a reduction in cost of single device fabrication 

[2.85].  

 

2.6.1 Polymeric materials used in microfluidic devices 

Consideration must be taken when choosing a polymer for manufacturing microfluidic 

devices. Some important polymer properties include mechanical strength, 

hydrophobicity, surface charge, biological and chemical compatibility. The 

requirements are obviously dependent on the application of the device for example 
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polycarbonate is often chosen in polymerase chain reaction (PCR) chips due to the high 

temperature requirement [2.86]. Organic solvents cannot be used as working fluids for 

example in devices manufactured from PMMA. Generally microfluidics devices for 

biology or chemistry are required to be optically transparent. Since each material has 

different properties and consequently different advantages and disadvantages, Table 2.2 

highlights some of the pros and cons of the most commonly used materials in 

microfluidic applications.  One of the major drawbacks of polymers is autofluorescence, 

which is higher than in glass. Autofluorescence can be a problem in fluorescent-based 

detection methods of biomolecules. 

 

Based on their glass transition temperature (Tg) polymers can be classified as 

elastomers, duroplastics (thermosets) or thermoplastics. [2.48]. Plastics refer to 

polymers, which contain additives such as fillers, plasticizer and stabilizers [2.87].  

• Elastomers have weakly cross-linked polymer chains therefore these materials 

can be stretched under external stress and will regain their shape once the stress 

is removed.  They do not melt before their decomposition temperature is 

reached.  Elastomers such as PDMS are typically used for low volume 

manufacturing of microfluidic devices.  

• Thermosets also known as duroplastics can be liquid or solid at room 

temperature. Upon curing or exposure to radiation the polymer chains undergo 

an irreversible chemical reaction and begin to cross-link. Thermosets are strong 

and rather inflexible and do not soften before their decomposition temperature 

therefore they cannot be reshaped. Examples of thermoset materials are 

photoresists used in lithography, SU-8 is the most popular photoresist for 

microfluidic applications. Polyimide is also a member of this family, which is 

gaining recognition for its use in flexible microelectrodes.   

• Thermoplastics have weakly linked polymer chains but they can be softened and 

molded at temperatures between their glass transition and decomposition points.  

No curing takes place at these temperatures so thermoplastics can be remolded if 

required. Although a certain amount of thermal degradation does occur 

depending on how many times the polymer is reused. Some examples of 

thermoplastics are PMMA and polycarbonate (PC) [2.85, 2.87].  
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2.6.2 Polymer biocompatibility 

Biocompatibility is a very important issue in the development and commercialisation of 

BioMEMS devices. In 1995 the International Organisation for Standardisation (ISO) 

developed a set of standards for the biological evaluation of medical and BioMEMs 

devices known as the ISO-10993. The standards are mostly relevant to implantable, 

surface and external communication medical devices, which would come into direct 

contact with humans during clinical trials. The ISO-10993 standards do not pertain to 

LOC and POC devices that do not contact or penetrate the skin [2.88]. However 

polymeric materials that have already been tested for biocompatibility and are ISO 

10993 compliant would hold their biocompatibility when implemented in microfluidic 

devices. The ISO 10993 set is comprised of 20 sub-parts which can be can be found on 

the ISO website (www.iso.org). Microchannel walls must meet the requirements of 

good biocompatibility to reduce nonspecific absorption of biomolecules and cell 

adhesion. The higher surface to volume ratio in the micro-scale environment results in 

an increase in interactions between device surfaces and biomolecules that would not 

normally occur on the macro-scale. Therefore the functioning of polymer microfluidic 

devices depends chiefly on their surface properties especially when it comes to 

biological applications. The main factors relevant to the biocompatibility of 

microfluidic devices are set out in Table 2.3.  

 

The most common polymer response to a biological environment is swelling and 

leaching. Both phenomena are caused by the mass transfer of the biological fluid into 

the device material. Microcracks can form from swelling and can affect the mechanical 

properties of the device. Leaching occurs when biological sample transfers back into the 

biological environment from the device material carrying material particles [2.85].  

Biofouling and clogging of microchannels can be major problem leading to sample loss 

and poor biomolecule separation thus reducing device reliability and performance. In 

this project three different biocompatible polymers have been used in fabrication of the 

magnetic separator: these are PMMA, PDMS and SU-8.  

 

 

 

 

 

!
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2.6.3 Poly(methyl methacrylate) (PMMA) 

PMMA has been widely used to fabricate microfluidic devices. The material also has 

the trade names of Plexiglass, Acrylite and Lucite. It is thermoplastic and serves as a 

replacement for glass for a variety of applications [2.89]. PMMA is ISO 10993 

compliant and therefore has a good degree of biocompatibility, which can be improved 

via surface modification of the polymer such as chemical modification and oxygen 

plasma treatment. Properties of PMMA are highlighted in Table 2.2. Laser ablation of 

PMMA is by far the most popular method for rapid prototyping of microfluidic devices.  

  

2.6.4 Poly(dimethyl siloxane) (PDMS, Silicone) 

PDMS is a highly biocompatible, ISO 10993 compliant silicone elastomer with 

desirable properties (Table 2.2) that make it a popular choice for microfluidic devices.  

Advances in soft lithography techniques have largely driven the use of PDMS in 

microfluidic devices and several kind of PDMS based devices have been reported these 

include protein detection chips, mammalian and bacterial cell culture devices, cell 

capture devices and microvalves [2.89-2.91]. Popular fabrication techniques using 

PDMS include micro-contact printing, hot embossing and replica molding [2.92].  
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2.6.5 SU-8 

SU-8 is a negative tone epoxy based photoresist developed by IBM that has many 

attractive properties for microfluidic systems. The resist is known for its chemical 

resistance [2.93], mechanical strength and good optical properties [2.94].  High aspect 

ratio features and multilayer channel fabrication are also obtainable using SU-8 [2.95]. 

Structures over 1 mm have been fabricated in SU-8 [2.96] and aspect ratios of 190:1 

[2.97].  SU-8 has not as yet reach the standards for ISO 10993 compliance, more studies 

need to be carried out to meet the full requirements before the material can be used in 

implantable medical devices. Nonetheless for the purpose of LOCs SU-8 is considered a 

biocompatible material [2.98] [2.99, 2.100], [2.101]. SU-8 has been employed in many 

microfluidic devices such as cantilever biosensors, micro-interferometer chips [2.102], 

PCR and electrophoresis chips, protein and DNA array chips, thermal flow sensors 

[2.103]. 

 

The main components of SU-8 are a Bisphenol A Novolak epoxy oligomer known as 

EPON SU-8 resin (Shell Chemical), triarylsulfonium hexa!uroantimonate salt 

photoinitiator (CYRACURER UVI, Union Carbide) and gamma-butyrolactone (GBL-

Alfa Aesar). An oligomer of the EPON SU-8 resin is shown in Figure 2.16, each 

molecule has eight reactive sites, which offer a high degree of cross-linking after 

exposure to UV radiation. During exposure the photoinitiator breaks down forming 

hexa!uoroantimonic acid and leads to protonation of the eight epoxides on the EPON 

oligomer. Upon application of heat, the protonated oxonium ions will react with any 

neutral epoxides in a series of cross-linking reactions. The high degree of cross-linking 

gives SU-8 good mechanical and thermal stability after fabrication [2.95]. 

 

SU-8 is available in many different formulations, depending on the thickness required 

the SU-8 with the correct density and viscosity must be chosen.  The range in SU-8 

allows for the fabrication of microstructures with a wide choice of thicknesses from 1 

µm (SU-8 2) to 400 µm (SU-8 100).  The major disadvantages when processing SU-8 is 

its difficulty to remove after curing and its high coef"cient of thermal expansion (CTE) 

compared to substrate materials such as glass and silicon which have CTE values of 

near 3 ppm/
o
C [2.95]. Hence SU-8 structures can experience relatively high stress 

during processing.  
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2.7  Summary 

 

One of the main driving forces into MEMS based separation strategies comes from the 

demand for an increased sensitivity for the separation of rare cells such as CTCs, stem 

cells or fetal cells in maternal blood. This chapter has described the core techniques 

used routinely for bio-particle separation in many biology labs.  Emerging lab on a chip 

based bio-particle separation techniques have also been presented. The biocompatibility 

of different polymer materials used in the manufacture of the magnetic separator is also 

addressed.  The examples and considerations presented in the sections on magnetic 

separation have lead to a first design proposal, which is presented in the next chapter. 

 

 

 

 

 

 

Topical Review

(1) Spin-coating photoresist 

(3) Masked irradiation

(4) Development, baking 

(2) Soft baking

Figure 1. Photolitographic steps with the negative photoresist SU-8.
The picture at the bottom shows SU-8 25 micropillars with 5 µm
diameter and aspect ratio 8. (Spin coating 5 s at 500 rpm followed
by 60 s at 900 rpm. Soft bake 3 min at 65 !C, 12 min at 95 !C, slow
cooling. Exposure 30.5 s with Karl Süss MJB3 Mask Aligner,
vacuum contact. Hard bake 1 min at 65 !C and 4 min at 95 !C, slow
cooling. Development 4 min 20 s.)

structures. Low shrinkage during polymerization is necessary
for dimensional accuracy and to avoid film stress. Good
wetting and adhesion of the resist to various substrates, good
solubility in safe solvents for development, high thermal
stability, good storage stability, low health and environmental
hazards, wide process latitudes and low price are also
required.

There are a number of commercially available photoresists
suitable for HAR applications. Diaplate and Ordyl
P-50100 are acrylate-based negative photoresists. A positive
variant is the novolak resin SPR 220-7. These systems are
commercialized in solution form for spin-coating applications.
Alternatively, thick photoresists are available in dry film
format, such as Riston R" [41], Ordyl BF 410 [42], Etertec R"

5600 [43], DF 4615 [44] and DFR-15 [45]. Some advantages
and disadvantages of each system have been recently described
[46].

Undoubtedly, the favourite photoresist for HAR
lithography is SU-8 [47]. Although initially formulated
for photolithography, the use of SU-8 has now been
successfully extended as a resist for x-ray, e-beam and
two-photon lithography. Its high chemical and mechanical
stability after processing enables direct application of SU-8
as a mould material for the fabrication of electroplated
structures (LIGA technology [48–51]), and for soft lithography
with thermosetting elastomers, for example in PDMS-based
microfluidics [18]. It can also be used as a mask for prolonged
reactive ion etching of an underlying Si wafer, leading to
features with higher aspect ratios and vertical sidewalls.

Lithographic fabrication of SU-8 low-aspect-ratio
millimetre and micrometre-sized structures is now well

O O O O

O O O O

O O O O

OOOO

Figure 2. Chemical structure of the Bisphenol A Novolak epoxy
oligomer contained in SU-8 formulations. Eight reactive epoxy
functionalities allow a high degree of cross-linking after
photoactivation.

established. However, HAR processing still faces important
challenges, especially when lateral feature dimensions are
shrunk. A good number of works have been recently published
which deeply analyse processing problems, and clever
solutions have been proposed. The following sections present
an overview of the characteristics, processing particularities
and structures obtained with this resist.

2. Chemical characteristics of the SU-8 photoresist

SU-8 is a negative tone, chemically amplified resist. It contains
acid–labile groups and a photoacid generator. Irradiation
generates a low concentration of a strong acid which will
act as a catalyst of the cross-linking process. Subsequent
heating of the polymer activates cross-linking and regenerates
the acid catalyst. As a consequence, the sensitivity of
the resists is significantly increased. In particular, the
main components of SU-8 are a Bisphenol A Novolak
epoxy oligomer (EPON R" SU-8 resin, Shell Chemical) and
up to 10 wt% triarylsulfonium hexafluroantimonate salt
(CYRACURER" UVI, Union Carbide) photoacid generator.
Upon irradiation, the photoacid generator decomposes to form
hexafluoroantimonic acid that protonates the epoxides on
the oligomer. These protonated oxonium ions are available
to react with neutral epoxides in a series of cross-linking
reactions after application of heat [52]. Each monomer
molecule contains eight reactive epoxy sites (figure 2), and
therefore high degree of cross-linking can be obtained after
photothermal activation giving a negative tone. This results
in high mechanical and thermal stability of the lithographic
structures after processing. In fact, fully cross-linked SU-8 has
a glass-transition temperature around #200 !C, degradation
temperature #380 !C and a Young’s modulus E #4–5 GPa
(table 1).

The first SU-8 products were introduced commercially
by MicroChem in 1996. The resist is available in a wide
range of formulations to cover a film thickness range from
2 to 300 µm in a single coating process or to 3 mm by
multicoating processes [53]. The SU-8 series is formulated
with gamma-butyrolacton as a solvent. SU-8 films with
thickness below 2 µm can be obtained by diluting the resist
solution with the solvent. More recently, a new generation of
SU-8 resist, the SU-8 2000, has also become commercially
available. This series is formulated with cyclopentanone as

R82
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Chapter 3  Design of a microscale magnetic separator 

 

3.1  Introduction 

 

The aim of this thesis is to design, fabricate and test a microscale magnetic separator 

that could be used in the separation of paramagnetic and diamagnetic particles. This 

chapter focuses on the design element of the separator. In order to design the microscale 

magnetic separator an investigation into physical events occurring during separation 

was performed to gain insight into the fundamental behaviour of the device. Finite 

Element Method analysis was performed using the Magnetostatics and the 

Incompressible Navier-Stokes application modes of COMSOL Multiphysics 3.5 

software. Special attention was also paid to the biological requirements of the system 

such as, for example the biocompatibility of materials.  

 

3.2  Conceptual device design 

 

The conceptual device design features a microfluidic channel surrounded on either side 

by an array of electroformed soft permalloy elements as shown in Figure 3.1. An 

external magnetic flux is provided by permanents magnets placed on either side of the 

microfluidic channel. The magnetic flux aims to magnetise the elements, which give 

rise to a magnetic force on the particles as they flow through the microchannel. The 

microchannel bifurcates at the end of the array, allowing thereby the enrichment of 

particles, which will travel into a specific sub-channel depending on their magnetic 

susceptibility. The permalloy elements are spaced at regular intervals and span the 

entire length of the channel ending just before the bifurcating region. The design 

includes a thin isolation gap between the permalloy elements and the microchannel to 

eliminate contact of the bio-particles with the permalloy as it is not a biocompatible 

material. The gap also reduces any distortions that may arise in the fluid flow from 

discontinuities in the channel wall if the permalloy elements were part of the channel 

wall. This configuration aims to achieve good magnetic forces within the channel and 

reduce the transversal traveling path needed for particles to achieve separation. The 

design consists of one sample inlet and three outlets for sample collection, as separation 

occurs on the wafer plane.   
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The main forces acting on the bio-particles during separation are the fluidic forces 

resulting from the pressure driven flow of the syringe pump and the magnetic forces of 

the permanent magnet amplified by the NiFe elements. The fluidic force is responsible 

for pushing the particles along the length of the microchannel. The magnetic force acts 

transversally across the entire width of the channel and moves particles either   towards 

the channel wall or towards the middle of the channel depending on the difference of 

the magnetic susceptibility between the particle and its surrounding medium.  Table 3.1 

outlines the design considerations for each component of the magnetic separator. The 

following sections of this chapter describe the physical considerations behind the design 

of the separator. 
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3.3  Equations of motion 

 

The movement of particles in magnetic based microfluidic systems are governed by two 

key factors.  These are the fluidic and magnetic forces given these forces the motion of 

a particle can be predicted using Newton’s Law; 

 

!!

!"!

!"
!! !!! ! !!! ! 

>?@#3,0.!'()!

 

 



 

 59 

where !!and !!are the mass and velocity and !!and !!are the magnetic and fluidic 

forces. Other factors, which may influence a particles trajectory, include gravity and 

interparticle effects such as van der Walls force [3.1].  In order to simplify the model 

presented in this work the following basic assumptions were made: 

  

• intercellular actions cause no disruption to forces within the microchannel 

• there are no interaction between cells and microchannel wall 

• cell number does not a!ect the !uid density, viscosity and velocity "eld 

• magnetic "eld does not a!ect the !uid !ow 

• cells have density and volume but these properties are lumped in a point 

• A cells position and motion does not disturb the !uid !ow 

 

Often the effects above are ignored in the literature focussing just on the dominant 

magnetic and fluidic forces. 

 

 

3.4  Fluidic design considerations 

 

This section gives a brief description of the most important fluidic aspects in the design 

of the magnetic separator. The fluidic flow within the device is pressure driven using a 

syringe pump. This mechanism was chosen as it offers a continuous method of 

pumping, the flow rate can be set on the pump offering a constant force.  Using a 

syringe pump allows the magnetic separator to be easily integrated within other 

components to form a lab on chip system.    

 

3.4.1 Reynolds number 

Reynolds number (Re) is the most commonly used dimensionless number in 

microfluidics.  Microfluidic devices employ fluids with Re low enough such that inertial 

forces are deemed irrelevant [3.2]. Fluidic properties are driven by viscous forces rather 

inertia forces and the ratio of these two forces is represented by Re: 
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where vf is the velocity of the !uid !owing in the microchannel, D is the characteristic 

length of the microchannel, ! and ! are respectively the density and the dynamic 

viscosity of the !uid [3.3]. In the case of fluids flowing through microchannels the 

characteristic length is the hydraulic diameter; 
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where A is the cross sectional area and P is the wetted perimeter (perimeter of the 

channel cross section).  In the proposed design the microchannel has a width w of 50 

µm and a height h of 50 µm.  These values can therefore be substituted in Equation 3.3 

to obtain a hydraulic diameter of 50 "m. 
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The fluids used in testing the device are biological buffers containing magnetic and non-

magnetic beads or diluted blood; in these circumstances hydrodynamic values close to 

those of water at room temperature can be taken for ! and ! which is 10
3 

kg m
-3

 and 10
-3 

kgm
-1

s
-1

, respectively [3.4].  The actual viscosity and density of whole blood are quite 

complex to measure and would require further rheological investigations [3.5]. The 

fluid velocity is related to the pressure difference between the inlet and the outlets; 

microfluidic devices typically have flow velocities ranging from 1 µm s
-1 

to 1 cm s
-1

.  

Therefore, assuming a flow velocity of 1 mm s
-1

 and according to the parameters 

estimated so far the Reynolds number for this device is Re = 0.05.  The motion of the 

pressure driven fluid is in low Reynolds number (0.05) affirming viscous forces 

overwhelm inertial forces. Flow in the microchannel follows a Stokes flow regime with 
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a typical linear parabolic shaped velocity profile.  Therefore laminar flow with no 

turbulence is anticipated in the microchannel.  

 

3.4.2 Fluidic force 

Assuming a spherical shape for the test beads and the blood cells in the device, the drag 

force exerted by the fluid flowing with a velocity vf  can be written as: 
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where ! is the dynamic viscosity of the fluid, Rp is the radius of the particle, vp and vf the 

velocity of the particle and fluid respectively. The fluidic force acts like a drag force, 

which only exists when the velocity of the particle is different from the local fluid 

velocity. This means that equilibrium is reached when a particle travels with the same 

velocity as the fluid.  A counter force is exerted therefore on the particle by the fluid 

whenever an external force such has the magnetic force generated by the magnetic 

separator tries to accelerate the particle 

 

3.4.3 Behaviour of particles in microfluidic channels 

Extensive studies have been carried out investigating the movement of particles in 

microchannels under laminar flow. The particles used in testing the magnetic separators, 

described later in chapter six can be classified as 

 

• rigid spherical particles (magnetic and non-magnetic polystyrene beads) and  

• deformable asymmetric particles (red blood cells). 

 

)

Figure 3.2 illustrates the behaviour of different particles under laminar flow in straight 

microchannels with dimensions below 300 µm. At a flow velocity of 1 mm s
-1

 the 

expected Re for the proposed magnetic separator design has been calculated to be 0.05. 
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At this very low Re where Stokes flow is often referred to as Stokes creeping flow and 

inertial forces are deemed irrelevant. In this flow rigid spherical particles follow 

streamlines with no transversal drift between streamlines [3.6]. The viscous lift force is 

dependent on the shape and deformability of the particle and the difference in density 

between the particle and the fluid [3.7].  Deformable asymmetrical particles such as 

RBCs experience a viscous lift force and are therefore pulled towards the centre of the 

microchannel resulting in a cell free layer near the wall of the channel [3.8][3.9]. The 

particle maintains a stationary orientation with the flow as shown in Figure 3.2 (A). At 

higher yet still low Re numbers (!1) in the presence of inertia rigid spherical spheres 

have been known to migrate towards the channel centre leaving a particle free layer 

[3.7]. Deformable asymmetrical particles also undergo margination but do so by 

flipping around themselves in the case of RBCs this movement is referred to as 

tumbling shown in Figure 3.2 (B) [3.8]. Rigid spherical particles at higher Re (100 or 

more) but still in the laminar regime experience additional forces such as the Saffman 

lift force and the Magnus force, which can also act on deformable particles for example 

fast rotating RBCs [3.6] [3.7]. 
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3.5  Design considerations related to magnetism 

 

Throughout the thesis the quantities for magnetic expressions are given in the SI system 

and are listed in Table 3.2. The magnetic dipole is the fundamental element in 

magnetism and can be represented as a pair of closely spaced magnetic poles as shown 

in Figure 3.3.   
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A magnetic dipole contains a magnetic dipole moment ! and is measured in Am
2
.  

Magnetisation !!! is defined as the density of magnetic dipole moments over a certain 

space region. The magnetic flux density or the magnetic induction (!) can be described 

as the number of field lines per unit area. It is a measure of the quantity of magnetism 

and takes into account the strength and extent of the magnetic field !!). Magnetic flux 

density can be expressed by the constitutive relation: 
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where µ0 is the permeability of free space,  ! the applied magnetic field and ! the 

magnetisation. The expression can be simplified when the material is linear, 

homogenous and isotropic, where both !!and ! are proportional to the magnetic field !  
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and  
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where µ and !! are the magnetic permeability and susceptibility of the material The 

magnetic permeability of a material (µ) includes the magnetic susceptibility and the 

magnetic permeability of free space (µ0) such that 
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[3.10, 3.11]. In the case of non-linear, inhomogenous and anisotropic materials the 

expressions have to be modified and are summarised in Table 3.3.  

!
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!
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3.5.1 Magnetic materials 

Magnetic materials can be classified into one of the following categories according to 

their magnetic susceptibility (!): diamagnetic, paramagnetic, ferromagnetic, 

antiferromagnetic and ferrimagnetic as illustrated in Figure 3.4 (A). Diamagnetic 

materials, which constitute most of the periodic table, have no net magnetic moment 

and are often called non-magnetic materials. When subjected to a magnetic field these 

materials give rise to a bulk magnetisation, which oppose the field.  The result is that 

diamagnetic materials (!< 0) are repelled from magnetic fields, i.e. they are forced 

towards minima of magnetic field strength. Paramagnetic materials have a net magnetic 

moment at the atomic level. Coupling between neighbouring moments is weak, 

although in the presence of a magnetic field, these moments tend to align.  

Paramagnetic materials (! > 0) are therefore attracted to magnetic fields. Examples 

include magnesium and molybdenum. Ferromagnetic materials also have a net magnetic 

moment at the atomic level and have a very strong coupling between neighbouring 

moments, which gives rise to spontaneous alignment of the moments in regions called 

domains.  Exposed to a magnetic field these domains undergo further alignment. 

Antiferromagnetic and ferrimagnetic materials have orientated atomic magnetic 

moments that are antiparallel to one another. Ferromagnetic materials such as iron, 

cobalt and nickel have ! >>0 and are strongly attracted to magnetic fields. In the case of 

antiferromagnetic materials the moments are equal and therefore there is no net 
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magnetic moment. Ferrimagnetic materials neighbouring moments are unequal and 

there is a net magnetic moment e.g. the mineral magnetite [3.10, 3.12] 
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Ferromagnetic magnetic materials are further divided into two classes: soft and hard 

magnetic materials. Soft magnetic materials are characterised by a high permeability 

and a low coercivity, which makes them easy to magnetise and demagnetise.  Other 

characteristics, which are important when choosing a soft magnetic material, are 

saturation magnetisation and resistance. Saturation magnetisation is important whenever 

flux confinement and focusing are required.  Resistance and coercivity are important in 

high-frequency applications where eddy current loss and hysteresis losses are to be 

minimised. Soft magnetic materials are often used to direct or amplify magnetic fluxes 

across certain regions. Therefore the inclusion of a soft magnetic material into the 

design of the magnetic separator permits the local amplifications of a bias magnetic 

field along a confined space such as a microchannel. The key magnetic properties in this 

A. 

B. 
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design are the permeability and the saturation magnetisation. A high permeability 

allows for an easy magnetisation of the material by a bias external !eld, while a huge 

saturation magnetisation determines how much of the bias !eld will be ampli!ed. The 

most commonly used soft magnetic materials include soft iron, nickel iron (NiFe) and 

soft ferrites; these materials have applications in devices such as inductors, transformers 

and electromagnets [3.10]. 

 

Hard magnetic materials are characterised by a high coercivity (Hc > 10,000 A m
"1

) and 

a low permeability.  The latter property makes them hard to magnetise and demagnetise. 

These materials are generally referred to as permanent magnets as once magnetised, 

they stay magnetised.  Permanent magnets are often used as the source of magnetic field 

in electronic and communications equipment, medical equipment and data storage 

devices.  The difference between soft and hard magnetic materials is best illustrated by 

a hysteresis loop as shown in Figure 3.4 (B).  The magnetic induction (magnetisation) B 

is plotted as a function of the magnetic field strength H [3.10]. The hysteresis loop 

provides important information on a magnetic material: 

 

1.   Origin point, the specimen is unmagnetised.  An initial magnetisation occurs as   

a magnetic field H is applied. The flux density follows the initial curve until H 

reaches a value where the curve flattens off as saturation is reached. 

2.   The magnetic saturation point occurs when the material can no longer absorb the 

magnetic field. At this point almost all of the domains are aligned. Increasing the 

magnetic force produces little or no change in the magnetic flux density.  

3.    Reducing H to zero, B does not return to zero but has a remanence Br this is 

called the retentivity point. This is the level of magnetic memory or residual 

magnetism of a material once the magnetic force has been removed. Some of the 

domains have stayed aligned. 

4.   Coercivity (Hc) is the force required to remove residual magnetism of a material. 

The negative force has switched some of the domains so that the flux within the 

material becomes zero. 

5.    The material becomes saturated again in the opposite direction as the magnetic 

force in the negative direction is increased. 

6.    The magnetic force is back at zero, the amount of magnetic memory at this point 

is equal to that in the positive direction. 

7.   The magnetic force increases back in the positive direction and the flux density 
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returns to zero. The curve will not return to the origin of the plot as some force 

is required to remove the residual magnetism [3.13]. 

 

Soft magnetic materials have a small hysteresis loop, where Hc is small as these 

materials are magnetised with no little or no hysteresis.  Hard magnetic materials have a 

larger Hc, which illustrates that it is hard to change the magnetisation of these materials 

[3.10].  Throughout this thesis both ferromagnetic and paramagnetic magnetic materials 

have been used. Table 3.4 highlights the different classes of magnetic materials with 

examples and relative permeability included. 

 

!"#$%&'()&*"+,%-./&/$"001./"-.2,&21&3"-%4."$0(&&!"#$%&"'"()%'&*+,-&./01/2 

5$"00& 56"4"/-%4.0-./& 78"39$%&

:%$"-.;%&

9%43%"#.$.-<&

=µ 4>&

3,45-"64%)78&& 94$:&)+;%&4,45-"64%)78&

-")%+7"$0&

<"8;;-& 1&

=7"-"64%)78& <%+:&>%"?$:&-"64%)78&& @7A-;)B&

C")%+&

D7$E%+&

F,((%+&

G0HHHI/&

G0HHHH1&

G0HHHH/&

G0HHHH1&

J"+"-"64%)78& 3%)&-"64%)78&-,-%4)&")&

)B%&"),-78&$%E%$K&

A7647*78"4)&-"64%)7A-0&

L$;-7-7;-&

=%,M:6%4")%'&N@FA&

10GGGGO&

P%++,-"64%)78&

QR"+'&-")%+7"$S&

D)+,46$:&-"64%)780&&

R76B&8,%+87E7):0&

T,>&(%+-%"#7$7):0&

U+,4&

378?%$&

F,#"$)&

VGGG&

WGG&

OVG&

P%++,-"64%)78&

QD,*)&-")%+7"$S&

D)+,46$:&-"64%)780&&

T,>&8,%+87E7):0&

R76B&(%+-%"#7$7):0&

J%+-"$$,:&Q37IGP%OGS& IGGG&

L4)75*%++,-"64%)78& 3,45-"64%)78&74&

(+%A%48%&,*&-"64%)78&

*7%$'K&-,-%4)A&"+%&%X;"$&

"4'&"$764&74&,((,A7)%&

'7+%8)7,40&3,&-"64%)78&

-,-%4)0&

Y"46"4%A%&,M7'%& &

P%++7-"64%)78& Y"64%)78&-,-%4)A&"4)75

("+"$$%$&"4'&;4%X;"$&

B"E%&"&4%)&-"64%)78&

-,-%4)0&&

Y"64%)7)%&QP%/9ZS& V&

D;(%+("+"-"64%)78& P%++,-"64%)78&-")%+7"$&

A;A(%4'%'&74&'7%$%8)+78&

-")+7M0&

Y"64%)78&#%"'A& &

 



 

 69 

3.5.2 Source of magnetic field 

Magnetic cell separation on chip can be challenging, as it can be difficult to obtain the 

correct field strength, gradient and configuration across the small space of a 

microfluidic channel.  The choice and position of the magnets must be carefully 

considered.  Permanent magnets and electromagnets can either be positioned outside the 

chip or be integrated into the chip using microfabrication techniques.  Integrating the 

magnet on chip has the greater advantage of having more control over the magnetic 

field strength and configuration, while having the magnets outside is low cost [3.12]. 

The decision was made to use external off chip permanent magnets as they can provide 

a strong bias field for an indefinite period of time without any energy consumption, as 

opposed to electromagnets. With the exception of fluidic pumping this makes the 

proposed microsystem totally passive, a preferred choice for microfluidic diagnostic 

devices. Furthermore no temperature related issues have to be considered, since no heat 

is unintentionally delivered to the chip via Joules losses in the electromagnets and the 

entire device operates constantly at room temperature. Microfabricated electromagnets, 

on the other hand, suffer from a large !eld strength reduction and are also subjected to 

overheating due to increased current densities, if a given field strength is to be 

maintained. The field strength of permanent magnets is however not tuneable as in the 

case for electromagnets, but this is not important for our device since a constant bias 

!eld is only needed to ensure good magnetic excitation of the NiFe elements.   

 

Two external locations for the permanent magnets were considered; firstly the magnets 

could be stacked and the microchannel sandwiched in between and secondly the 

magnets could be placed on either side of the microchannel as shown in Figure 3.5. 

Positioning the magnets in a stacked position must take into account the final device 

thickness, which could be greater than 2 mm once fabricated. In order to efficiently 

magnetised the magnetic elements, the permanent magnets should be positioned as 

close as possible to the elements. Placing the magnets at the sides of the device provides 

the best solution. This position allows the greatest flexibility to reduce the distance 

between the permanent magnet and the magnetic elements. In this configuration 

magnetic separation occurs in the wafer plane.  

 

Initially sintered neodymium magnets of different dimensions were purchased online.   

However the dimensions of these magnets were too large for the design of the separator 
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and the correct dimensions were difficult to source. Sintered magnets cannot be 

micromachined as they are prone to chipping and cracking making it difficult to cut the 

magnets to the required dimensions.  Therefore the decision was made to use bonded 

permanent magnets, which could be micromachined.  Bonded magnets are fabricated by 

blending a magnetic powder with resins, rubbers or plastics. The compound is then 

shaped by extrusion or molding techniques such as compression and injection molding. 

The most common bonded magnets are ferrite based, fabricated from a fine powder of 

sintered BaFe12O19 (1 µm particle diameter). Although bonded magnets have a reduced 

performance compared to their sintered counterparts, they can be more easily machined 

as they are less brittle. 

!
!

"#$%&'! ()*! +'&,-.'./! ,-$.'/! 01.2#$%&-/#1.)! !"#$%&'( )&*+#,&,"( +#-,&".( /0"1( +#-,&"0$(

.&)#*#"2*(.#,'/0$1&'(0,34&"/&&,(5"2)6(#,'()&*+#,&,"(+#-,&".()2.0"02,&'(2,(&0"1&*(.0'&(27(

"1&(+0$*2$1#,,&8(542""2+69(

 

 

Stacked
Permanent 

Magnet

Microchannel

Stacked
Permanent 

Magnet

Electroformed Permalloy 
Elements

Electroformed Permalloy 
Elements

Permanent 
Magnet

Permanent 
Magnet

Microchannel



 

 71 

Bonded magnets can also be made from samarium-cobalt powder and NdFeB powder 

commonly referred to as Magnequench [3.10]. A requirement of the design was that the 

strongest magnetic flux density generated from the permanent magnets was parallel to 

the length of the microchannel, in other words the poles of the magnet should be 

positioned at the longest face and the magnet to be magnetised through the narrow 

width. Therefore a small block of non-magnetised bonded neodymium was sourced 

from Magnetic Applications Ltd. and machined at HW mechanical workshop using a 

lapping device to the correct dimensions (18 x 5 x 5 mm). The machined rectangular 

pieces were then sent back to Magnetic Applications Ltd., where they were magnetised 

along the 5 mm width as shown in Figure 3.6. Table 3.5 outlines the quoted magnetic 

properties of bonded neodymium supplied by Magnetic Applications Ltd.  
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A Gauss meter held in position by an XYZ stage was used to confirm the magnetic flux 

density originating from the bonded neodymium magnetised by Magnetic Applications 

Ltd. The position of the permanent magnets relative to the microchannel is very 

important as it is well known the magnetic flux decays quite rapidly with distance from 

the surface of permanent magnet, as shown in Figure 3.7 [3.12].  Measurements were 

taken at midpoint position (8 mm) along z and in 0.5 mm increments by moving the 

magnet away from the sensor. The readings taken from the Guass meter were compiled 

and are presented in Figure 3.8. Analytical and experimental data match well. These 

measurements indicate that the field decays exponentially over time from the surface of 

the magnet quite fast and the magnets should be positioned as close as possibly to the 

NiFe elements. Magnetic flux density readings obtained from the bonded magnets were 

comparable to sintered neodymium magnets. 
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3.5.3 NiFe elements 

The function of the integrated NiFe elements running alongside the microchannel is to 

focus and locally amplify the bias magnetic field coming from the external permanent 

magnets. The nickel alloy Ni80Fe20, also called permalloy was chosen to form the 

elements because of its excellent magnetic properties, which includes a high saturation 

flux density, good relative permeability and near zero magnetostriction (the magnetic 

properties are not affected by film stress).  These specific attributes have led to 

permalloy been used in the manufacturing of sensors [3.14], actuators [3.15], inductors, 

microvalves and other magnetic systems [3.16-3.18]. The other most common magnetic 

alloys used in MEMS are orthonol (Ni50Fe50) and supermalloy (Ni80Fe15Mo5).   

 

The specific properties important in the design of the magnetic separator are the 

permeability and the saturation magnetisation. A high permeability allows for an easy 

magnetisation of the soft material by an external bias !eld, while a huge saturation 

magnetisation determines how much of the bias !eld will be ampli!ed. The magnetic 
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properties of permalloy are well covered in the literature and are summarised in Table 

3.6. In this table theoretical values [3.10] and experimental values are listed [3.19].  

Experimental values are specified for direct current (DC) electroplating technique. 

Differences between experimental and theoretical values can be explained by the effect 

of the manufacturing on the material properties. The integration of soft NiFe elements 

has advantages over integrated electromagnets in that they consume no power and 

therefore generate no heat that may transfer to the sample.  They provide also more field 

and force for a given volume of material compared to electromagnets [3.10]. The 

electrodeposition process and characterisation of NiFe elements are described in chapter 

five. The field generated by the NiFe elements is also subjected to the same spatial 

decay as in the permanent magnets.  Data presented in Figures 3.10 to 3.13 focus on the 

response of the permalloy elements to the external permanent magnets. Figure 3.9 

displays the reference frame for the simulated plots. 
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Figure 3.10, Figure 3.11 Figure 3.12 illustrate simulated plots of the magnetic flux 

density distribution  (y-direction) within the microchannel region. In Figure 3.10 the 

permanent magnet is set 1 mm away from the outer edges of the NiFe elements. The 

width of the isolation gap between the edge of the micochannel wall and the inner edge 

of the NiFe elements varies from 25 !m, 50 !m, 75 !m, 100 !m, 150 !m, 200 !m to 

250 !m. The greater the isolation gap the greater reduction in magnetic flux density in 

the microchannel. There is also a decrease in field from the channel walls to the middle 

of the channel to a few tens of mTesla. 
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In Figure 3.12 the width of the isolation gap is set at 25 !m and the distance between 

the permanent magnet and outer edge of NiFe elements varies from 1 mm, 1.5 mm, 2 

mm to 2.5 mm. The magnitude of the peaks are not equal, this represents the bending of 

the streamlines around the magnet. These plots show a decrease in magnetic flux 

density with increasing distance of the permanent magnet from the elements. The 

increased distance leads to inefficient saturation of the elements by the permanent 

magnet. Therefore the elements and permanent magnets should be positioned, as closely 

as possible by the manufacturing process to the microchannel edge. Increasing the 

dimensions of the NiFe elements is not effective as this will increase the overall 

footprint of the device and reduce the magnetic field gradient within the microchannel 

as the magnetic field variations will then follow the larger scale of the NiFe structures.  

 

Figure 3.13 and Figure 3.14 represent plots of the magnetic flux density in the x-

direction along the length of the microchannel.  The distance of the elements and 

permanent magnet to the microchannel are again varied with respect to each other. The 

x component of magnetic flux density is very minor compared to the y component and 

on average almost zero with very minor oscillations. Therefore the effect of the x 

component on a particle will be negligible. The peaks of the field correspond to the 

edges of each element and the null values to the middle of each element due to bending 

of the streamlines originating from the magnetised permalloy elements. 

 

!
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3.5.4 Magnetic force 

The magnetic force acting on particles within the microchannel is the key to separation 

in the device. Any particle emerged inside the magnetic field created from the magnetic 

flux density of the external permanent magnets and amplified by the NiFe elements will 

be subjected to the magnetic force. The fluidic force is only responsible for transporting 

the particles through the microchannel and into the outlets for collection and subsequent 

analysis. The magnetic force directs the particles into the correct outlet channel. 

Schematics of the magnetic and !uid forces acting on a particle in the microdevice and 

the reference frame are shown in Figure 3.15  
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The magnitude of the force acting on a particle depends on four parameters; the volume 

of the particle (V), the difference in magnetic susceptibilities (!"), between the particle 

("p) and surrounding buffer medium ("b), and the strength and gradient of the applied 

magnetic field [3.12]. This is represented in Equation 3.11. 
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The magnetic susceptibilities of the diamagnetic particles and a diamagnetic medium 

are both negative. The term !" (!" = "p - "m) can therefore be either positive or 

negative. Consequently the particle could be repelled from or attracted to the magnetic 

field. In this case the values of the magnetic susceptibilities are usually very close 

together and as a result the force on the particle is not strong enough to cause 

separation. On the other hand when a diamagnetic particle (!p < 0) is placed in a 

paramagnetic medium, (!m > 0) then !" is always negative and the particle is repelled 

from the magnetic field towards the field minima. The larger "m the stronger the force is 

repelling the particle away from the field. A paramagnetic particle (!p > 0) can behave 

like a diamagnetic particle if placed into a strongly paramagnetic medium, ("m > !p > 0). 

In this case !" is negative and particle is repelled from the magnetic field.  

 

3.5.4.1 Magnetic force on a RBC  

A relevant example of magnetic separation of paramagnetic and diamagnetic particles 

are deoxygenated RBCs from WBCs. The magnetic susceptibility of the medium or 

plasma, which the cells are suspended in, is an important element for separation. The 

magnetic forces arising on cells subjected to high magnetic field gradients are 

proportional to the difference in the susceptibilities of the cells and of the medium they 

flow in. The expression for the magnetic force on a cell is given in Equation 3.12 

[3.20] [3.21]. 

 

 

!! ! !! !! ! !! !!!!!"# !!!!!!!"# 

!"#$%&'()*+,-)

 

 

Where !! is the magnetic permeability of the medium, !! and !! the magnetic 

susceptibility of the cell and medium, V is the volume of the cell, and !!"# the 

magnitude of the magnetic field.  

 

Therefore if a cell has a magnetic susceptibility high enough such that !c " !f > 0, the 

RBCs will behave as paramagnetic particles even if their susceptibility is lower than 0, 

and will move accordingly under the action of the magnetic #eld in the device.  

Magnetic susceptibility values reported in the literature for deoxygenated RBCs and 
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WBCs are !deoxy rbc = -3.9 x 10
-6

, !wbc = -9.2 x 10
-6

 respectively[3.5] [3.22, 3.23]. 

Plasma has a magnetic susceptibility of !f = -7.7 x 10
-6

. Forces of opposite sign 

therefore act differently on deoxygenated RBCs and WBCs, directing them in opposite 

directions. The current microchannel configuration in respect to the NiFe elements and 

permanent magnets ensure the channel region is characterised by a strong and relatively 

uniform bias field with huge spatial variations as illustrated in Figure 3.11 and Figure 

3.12. This appears to be an ideal configuration for the effective separation of 

paramagnetic and diamagnetic particles.  

 

 

3.6  Separation 

 

A summary of the forces involved during the separation process is outlined in Figure 

3.16.  Once a paramagnetic particle such as a magnetic bead reaches the microchannel 

wall or a diamagnetic particle reaches the centre of the channel it is considered 

separated. The magnetic force will keep directing a paramagnetic particle against the 

wall, while the fluidic force drags the particle down along the length of the 

microchannel (x-direction) towards the exits. A common problem in microfluidic 

devices is however the stiction of particles (in particular cells) to channel walls which 

can impede the movement of particles along the channel.  This results in a torque on the 

separated particle, which will roll along the channel wall until reaching the lateral 

outlet.  

 

In the middle of the channel the y component of the magnetic force is null, and 

increases toward the channel walls and NiFe elements.  Separated diamagnetic particles 

in the centre of the microchannel will no longer be exposed to the magnetic force, 

although this position is metastable. Only if a diamagnetic particle moves away from 

the midline of the channel the magnetic force will act on it and the particle will be 

repelled returning to the middle of the channel establishing a state of equilibrium.  The x 

component of the fluidic force decreases towards the channel edges according to the 

parabolic velocity profile. Therefore paramagnetic particles in the middle of the channel 

move faster under the strong fluidic force in the x direction compared to those at the 

channel walls. A paramagnetic particle approaching closer towards the channel walls 

will slow down as the fluidic force decreases allowing the magnetic forces to act for 
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longer. 
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The separation time of a particle in the microchannel is highly dependent on the 

particles starting position (on the yz plane) as it enters the channel.  For example a 

paramagnetic particle entering the microchannel a few microns from the channel wall 

will easily be separated while a paramagnetic particle starting from the midline of the 

channel has to travel half the width of the channel before reaching the wall. 

Paramagnetic particles starting at the middle of the channel will therefore take a longer 

time to be separated compared to those already close to the channel wall.  Separation 

must be ensured for particles starting from any point in the cross section of the 

microchannel to guarantee the functionality of the design. Since the fluidic force will 

keep dragging the unseparated particles, the length of the microchannel must be 

considered to guarantee separation for any starting position. In other words, the channel 

has to be long enough to guarantee that the weak magnetic forces acting on particles 

flowing along the midline of the channel are able to push these particles towards the 

channel walls, before reaching the outlets. As the fluidic force decreases from the 

midline of the channel towards the channel walls, these time/space considerations are 

Neodymium 
Magnet

NiFe Elements Syringe Pump

Bias magnetic 
field

Local amplification of 
magnetic field

Fluidic force

Combination of fluidic & magnetic forces results in the 
separation of diamagnetic & paramagnetic particles
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Ff,y: reaction to magnetic force (Fm,y)

Result of magnetic field in microchannel -
Fm,x: smooth oscillations
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not linear. Finite element analysis was then employed again to perform calculations on 

how far the particles will travel along the channel length under the action of all forces.  

Figure 3.17 displays a graph of the separation length versus starting distance from the 

channel wall, i.e. the position along the channel width where a paramagnetic particle 

starts the separation path under the fluidic and magnetic forces. Various values are used 

for the average fluid velocity; 0.5 mm s
-1

,
 
0.75 mm s

-1
, 1 mm s

-1
, 2 mm s

-1
 and 5 mm s

-1
. 

The bias magnetic field is 0.3 T. 

 

Similarly Figure 3.18 shows the separation length versus starting distance from the 

channel wall for various magnetic field values; 0.3 T, 0.4 T, and 0.5 T with a fluid 

velocity of 1 mm s
-1

. The graphs indicate that the average fluid velocity has a big impact 

on separation distance while the bias magnetic field does not. The reason for this is the 

bias magnetic field mainly serves as excitation for the NiFe elements.  A slower fluid 

velocity would allow the particles to spend more time in the microchannel giving the 

magnetic forces a longer period of time to act and therefore an expected greater 

separation efficiency. 

 

The width of the microchannel is set to 50 µm. This dimension was chosen based on a 

number of factors. Firstly, the average diameter of a WBC is 10 µm, the microchannel 

should be large enough to host and focus large particles of this size.  Secondly the 

channel diameter is kept small enough so that the strong magnetic force observed near 

the channel walls is retained. Limitations of a narrower width are the need to have a 

clear separation zone between magnetic and non-magnetic particles. The microchannel 

needs to be wide enough to have a separation zone in the middle (non-magnetic 

particles) and two separation zones (magnetic particles) on the lateral channel walls. 

Also having a channel with a width less than 50 µm would result in a reduced gap 

between the elements either side of the microchannel. If the gap is too small between 

the elements the magnetic field they produce will be uniform along the y-axis thereby 

cancelling the magnetic field contribution in this direction to the magnetic force 

expression. 
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3.7  Optimisation of design 

 

During the project certain enhancements that aim to improve the performance of the 

original device were considered. Firstly the isolation gap between the array of integrated 

thirty Ni80Fe20 elements and the sidewalls of the fluidic channel were reduced from 250 

µm to 10 µm and 25 µm.  The biggest change to the original design is the addition of a 

central splitting structure running along the length of the channel creating two smaller 

sub-channels as shown in Figure 3.19.  The function of the splitter is to prevent particles 

occupying the central region where the magnitude of the magnetic force is at its lowest.  

 

The splitter acts to divide the flow into the side channels as shown in Figure 3.20. A 

peak velocity profile of 1.8 mm s
-1 

can be observed, the central part of the graph 

represents the splitter. The chromatic plot of Figure 3.21 illustrates the y velocity profile 

at the edge of the splitter before the bifurcation.  The edge of the splitter affects the 

velocity profile by adding converging y components to the centre of the channel. The 

effect of this converging flow is to focus diamagnetic particles by dragging them 

towards the middle outlet channel. A diverging y-velocity is induced by the bifurcations 

acting to push paramagnetic particles into the two lateral outlets. Fabrication of the 

optimised microscale magnetic separator had started towards the end of the project with 

our industrial partner at Epigem Ltd, and is discussed in chapter four. In Figure 3.22 the 

approach behind the design of the microscale magnetic separator is presented. 
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3.8  Summary 

This chapter has given a detailed background into the design of the microscale magnetic 

separator. Fluidic and magnetic design considerations are discussed and a brief review 

of the principles and properties of magnetic materials have been presented. In summary 

the critical design features are the distance of the NiFe elements and permanent magnet 

from the microchannel walls. These features must be kept as close as possible to the 

microchannel to ensure the generation of a strong magnetic field for separation.  The 

chosen final dimensions of the conceptual and optimised device are outlined in Table 

3.7. The designed device couples magnetic and fluidic forces at the microscale to 

achieve separation. Diamagnetic particles will exit through the central outlet and 

paramagnetic particles through the two lateral outlets, making the device a viable 

contender for a variety of bio-applications. 
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Chapter 4  Manufacture of a microscale magnetic separator 

 

4.1  Introduction 

 

In this chapter, the fabrication of the magnetic separator is outlined. The chapter first 

describes the fabrication approaches using methods for rapid prototyping such as 

powderblasting and laser ablation. The fabrication of the first generation device using 

UV-LIGA and soft lithography techniques is then outlined. Assembly and packaging of 

the separator and the challenges encountered are discussed.  The chapter also describes 

the preliminary work undertaken in the manufacture of the second-generation magnetic 

separator in the Fluence cleanroom, Epigem Ltd, Redcar.  

 

4.2  Rapid prototyping of the magnetic separator 

 

Microfluidic devices made from polymeric materials such as PMMA can be easily 

microfabricated and mass-produced using rapid prototyping techniques. This section 

describes the fabrication of the magnetic separator in PMMA using two methods of 

rapid prototyping: powderblasting and laser ablation. 

 

4.2.1 Powderblasting of PMMA 

The first approach explored as a rapid prototyping method was powderblasting also 

known as abrasive jet machining (AJM). Powder blasting is a relatively fast and 

inexpensive method of micromachining microchannels [4.1], and MEMS components 

[4.2] in a wide variety of materials such as silicon, glass and ceramics. The technique is 

attractive for rapid prototyping and MEMS device development due to its high etch 

rates, material flexibility and low operational costs [4.3]. The three main classes of 

materials used in powder blasting are brittle materials, ductile materials (metals) and 

elastomers. The technique involves directing a particle jet at a target substrate through a 

mask. The particles are accelerated using high-pressure airflow and hit the target at 

speeds up to 200 m s 
-1

.  The etching process is the sum of many single particle impacts. 

In the case of brittle materials, the impact of alumina particles leads high compressive 



 

 92 

and shear stresses resulting in deformation of the impact area. In turn the material 

deformation leads to high tensile stresses that results in the formation of lateral and 

radial cracks. These cracks then extend towards the surface causing large amounts of 

material to be lost from the surface [4.4]. The powderblasting process is shown in 

Figure 4.1. The whole procedure is performed inside a ventilated box, to reduce the 

contamination of the working area with the powder. Particles that can be used in our 

system are alumina (Al2O3) ranging in size from 3 to 30 µm.  

 

Mask materials for powder blasting must have slow erosion rate therefore ductile 

materials and elastomers are the best choice. Copper (0.25 mm thick) was used as a 

mask substrate  because of its high wear resistance against powder blasting. The desired 

features were laser machined in the copper by Kun Li at the Institute of Manufacturing, 

Cambridge University. In total three 40 mm x 40 mm masks were required for 

fabrication, the first mask was used to machine the cavities for the magnets, the second 

mask was used to machine the microchannel in the PMMA base layer. The final mask 

was used to machine inlet/outlet holes in the lid layer.  The mask is positioned securely 

over the PMMA substrate and held in place on the stage with blue tape as shown in 

Figure 4.2. Voids under mask must be avoided otherwise particles will get in under the 

mask and damage the PMMA. A thin intermediate protection layer of PDMS can be 

used to reduce this occurrence. During powderblasting the PDMS area exposed to the 

particles would be easily removed.  

 

All powderblasting was conducted using a MISEC custom-built powderblasting unit 

containing commercially available components (Nema series, Texas Airsonic). As a 

general rule of thumb in powderblasting the particle size to be used should be at most a 

third of the feature width, in this case the microchannels are 100 µm wide so 30 µm 

alumina particles available at the time were used. Using an air pressure of 60 psi the 

alumina particles were blasted with four nozzles passes over the PMMA at a 90
o
 angle. 

The target stand-off distance was 10 cm measured along the nozzle axis. A profiler 

meter (Dektak) measured the feature depth as approximately 120 µm. After blasting the 

PMMA was blown with the air gun, followed by a clean in IPA to remove any powder 

residues.  
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The resulting features were then examined by light microscopy, SEM and AFM 

presented in Figure 4.3 and Figure 4.4. The powderblasted microchannels have steep 

sidewalls and a flat bottom section however the quality of the manufactured channels in 

terms of surface finish is poor. The results from AFM analysis of powder blasted 

PMMA is presented in Figure 4.4 and values for surface roughness are given in Table 

4.1. The resulting channel walls have a high degree of roughness. The rough 

characteristic of powder blasted surfaces is due to the nature of the erosion process and 

is therefore much higher compared with other micromachining techniques. Hence the 

resulting channel walls formed during powder blasting could cause problems and have 

an effect on the device performance. The surface roughness can be tuned using smaller 

alumina particles, annealing at high temperatures (> 750 
o
C), while etching with acids 

such as HF has been found to increase the surface roughness by entering the cracks and 

widening them [4.4]. Another disadvantage is alumina particles often become 

embedded after powderblasting contaminating the microchannels, which could also 

affect the device performance [4.5] [4.6].  Due to these reasons the powderblasting 

process was not continued for rapid prototyping of the magnetic separator.!
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4.2.2 CO2  laser ablation of PMMA 

Klank et al. first used a CO2 laser set up to manufacture microfluidic channels in 2002. 

Before this UV lasers such as excimer lasers were used commonly to fabricate 

microstructures in plastics [4.7] [4.8].  However due to the relative high cost of these 

systems, CO2 lasers have become more popular.  

 

An Epilog Mini 18 laser system was used to directly ablate microchannels on the 

surface of PMMA. CO2 lasers are the best choice for speed, accuracy when cutting and 

surface smoothness. Most plastic materials are absorptive at the CO2 wavelength of 10.6 

µm and transparent to visible and near infrared.  PMMA is an excellent polymer choice 

for laser ablation because of its high transparency, low heat capacity with a low heat 

conductance therefore any heat absorbed results in a rapid rise in temperature [4.9]. 

Microchannel geometry is realised by moving the laser beam in the X and Y direction. 

The movements of the laser are controlled by a 2D CAD computer software package; 

this allows a high flexibility in changing the design of the microfluidic chips. The 

completed design is then sent to the laser system for automatic machining. During the 

process a continuous high intensity laser beam is focused onto the PMMA resulting in 

its vaporisation at the focal point.  This vaporisation is key as if the PMMA were to 

melt this could lead to blockage of structures after resolidification [4.10] [4.11]. The 

volatiles generated during the thermal decomposition of PMMA in air are mostly the 

monomer MMA and CO2 [4.12]. 

 

The profile of the microchannel can be engineered through careful choice of the optical 

parameters for the laser and thermophysical properties of the polymer [4.9]. Laser 

power, speed and number of passes control the depth of the microchannels while the 

width is defined by the laser spot size [4.13]. The minimum laser spot size is 12.5 µm 

however it is difficult to achieve channels with cross sections less than 100 µm. By 

moving the focal plane only wider channels are achieved. Cross-sections of 

microchannels manufactured by laser ablation typically show a Gaussian profile due to 

the energy of the laser beam having a Gaussian distribution. 
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One problem with laser ablation is the resulting interaction of the PMMA with the 

intense laser light. This leads to a change in the surface profile, chemistry and charge 

compared to the original PMMA state. Craters found on the surface of the PMMA after 

CO2 laser ablation are shown in Figure 4.5. Huang et al., (2010) attributed the crater-

like profile to the formation and movement of bubbles during laser cutting. During 

ablation bubbles form in what is known as the transitional layer between the 

liquid/vapourised layer and the solid PMMA layer.  After ablation the bubbles start to 

move from the transitional layer towards the surface of the ablated PMMA.  The 

PMMA starts to solidify quickly causing bubbles on the surface to burst creating a 

cratered surface.  Some reports have linked the generation of bubbles to the type of 

PMMA with some brands more prone to bubble formation compared to others [4.9]. 

 

After laser ablation the PMMA substrates are cleaned before bonding using IPA and 

deionised water and then dried with a nitrogen gun. This cleaning step is important to 

remove any impurities and debris left over from the laser machining process. Many 

methods have been tested for bonding of PMMA substrates these include; thermal, 

microwave, solvent and hot press bonding methods [4.14].  At a very basic level 

PMMA can be glued together using a biocompatible adhesive or double-sided sticky 

tape [4.15] [4.10].  The PMMA sheets are bonded in this study using a low pressure 

thermal bonding technique developed by Dr. Iqbal Mohammed at MISEC.  Low-

pressure thermal bonding guarantees the structural integrity of the PMMA and avoids 

channel blocking [4.16]. The resulting chips can be tested immediately after thermal 

bonding as shown in Figure 4.5. The results of testing the prototype PMMA chips are 

presented in chapter six. 
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4.3  Microfabrication of a microscale magnetic separator using 

photolithography 

 

Photolithography has its roots in the early stages of the integrated circuit industry. The 

technique involves the exposure of a radiation sensitive material such as a photoresist, 

which has been deposited on top of a substrate to a radiation source either UV or X-ray 

through a mask. This creates a pattern of the mask structures on the photoresist. The 

material is then placed into a developing solution and the exposed areas are either 

developed away (positive resists) or remain on the substrate (negative resists). The UV-

LIGA process was used to fabricate the NiFe elements. UV-LIGA is a German 

acronym, which stands for Lithographie (lithography), Galvanoformung 

(electroforming) and Abformung (replication).  Using photolithography microfluidic 

channels with almost vertical sidewalls can be fabricated. The straightness of the walls 

depends on the UV transparency of the mask and the reaction kinetics of the photoresist.  

The width of the microchannels is determined by the mask and the height by the 

thickness of the photoresist layer.  

 

This section describes the use of photolithography for the manufacture of the magnetic 

separator. In brief photolithography was used to  

  

1. Create a mold in AZ 9260 for the electroforming of NiFe in both SU-8 and 

PDMS devices. 

2. Form microchannels, enclose and bond microchannel lids in SU-8 device.  

3. Produce a AZ 9260 mould for PDMS casting in PDMS device. 

4. Generate a circuit layer using S1830 and SU-8 cavities, microchannels and bond 

lids in the Epigem device. 

 

The flowchart in Figure 4.6 summarises the materials used in photolithography and for 

which device they were used. 
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4.3.1 Mask design. 

Masks used in UV photolithography can be made either using soda lime glass or quartz 

with the pattern defined in chrome or emulsion depending on the application. Using 

these types of masks very small features (10 µm) with fine smooth sidewalls can be 

produced. Glass and quartz masks also have excellent flatness, an important property 

when using contact mode exposure, as the whole mask must come in contact with the 

photoresist. The main advantage of using quartz is that it has a lower co-efficient of 

thermal expansion compared to glass and as a result, of this quartz masks do not expand 

as quick during UV exposure. Also quartz is very transparent to UV radiation, therefore 

a quartz mask is recommended when smooth and fine features are required. However 

the cost of quartz masks does not make them practical for prototyping and a cheaper 

alternative besides using soda lime glass are flexi film masks. These masks are made 

usually from polyester film and were used in this project. They are good for prototyping 
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work however the resulting patterned resist can have a reduced feature quality as 

polyester films are only about 90% transparent to UV radiation, the remaining 10% of 

light is scattered at the interface of the film and substrate. Polyester masks normally 

have to be held down to keep them flat using a vacuum. The mask designs used in this 

project were created using the L-Edit and AutoCAD software packages.  

 

4.3.2 Substrate preparation 

Substrate preparation is a crucial step in micro manufacturing for achieving high device 

yields. Substrates must be thoroughly cleaned to remove any contaminants; failure to do 

so can result in problems further downstream for example poor adhesion between 

substrates and photoresist layers. Glass and polyimide substrates were cleaned in an 

ultrasonic bath containing 100 mM NaOH (Sigma Aldrich) and 0.1%  (v/v) Decon 90 

(Fisher) for 30 minutes. The substrates were then rinsed with deionised water and 

returned to the ultrasonic bath for 30 minutes.  The purpose of this step is to remove any 

contaminant oil, grease or protein based deposits. Following this substrates were rinsed 

in acetone to remove any remaining organic impurities followed by an IPA rinse to 

remove contaminating acetone. The substrates are finally dried with a nitrogen gun. 

When processing SU-8 directly on glass a dehydration bake was performed at 200 
o
C in 

an oven to finish off the preparation. SU-8 should be applied straight away after the 

substrate has cooled back to down to room temperature before water can reabsorb onto 

the surface. 

 

4.3.3 Deposition of metallic seed layer 

In order to make the substrate electrically conductive for subsequent electroforming, 

metallic seed layers must be deposited onto the substrate. The two key requirements for 

the seed layers are (i) electrical continuity and (ii) low sheet resistance.  Seed layers are 

deposited by physical vapour deposition (PVD) methods such as sputtering and electron 

beam (e-beam) evaporation.  Figure 4.7 shows inside the chamber of an Edwards FL500 

thermal evaporator system used to deposit thin layers of metal at Epigem. The process 

works by directing an electron-beam at the source material contained within a crucible 

causing it to melt and evaporate. In MISEC the crucible is made from tungsten, which 
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has melting point of 3410 
o
C this ensures the crucible does not melt which is critical in 

producing high purity metallic seed layers.   
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Seed layers are typically made of more than one type of metal; the first layer is often 

made of titanium or chromium and acts as an adhesion layer between the substrate and 

the top conductive seed layer, such as copper. The top seed layer must have a high 

conductivity and be capable of passing a large uniform current. Photoresists generally 

have good adhesion to aluminium, chromium and titanium and poor adhesion to noble 

metals such as gold and platinum. Using the MISEC evaporator tens of nanometre thick 

layers of titanium and copper were the most common deposited in this project. Table 

4.2 summarises the seed layers used in this project. SU-8 proved to have excellent 

adhesion to titanium seed layers, allowing 400 µm deep channels to be fabricated in a 

single layer using SU-8 100 as shown in Figure 4.8 and Figure 4.9.  
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Of all the metallic seed layers used, copper displayed the worst adhesion for SU-8.  

However copper demonstrated the best adhesion for NiFe in comparison to the other 

conductive seed layers tested. The copper seed layer is also a good sacrificial layer 

because of the high etching selectivity between copper and NiFe [4.17].  Therefore the 

copper seed layer was etched before applying SU-8. Sometimes a 

titanium/copper/titanium sandwich was used if the seed layer was not going to be etched 

away after electroforming.  In this case, a thin layer of nickel was electroplated at a low 

current intensity, which proved to have sufficient NiFe adhesion. The main drawback of 

e-beam deposition in the MISEC evaporator is that it is quite time consuming.  The 

evaporator must go to a high vacuum of 2 x 10
-5 

mbar, which normally takes a few 

hours before evaporation can begin. In the case of titanium deposition evaporation can 

start when the chamber reaches a vacuum of 5 x 10
-5 

mbar as titanium acts as a getter of 

oxygen causing the vacuum to increase quickly.  
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4.3.4 Fabrication of mold for NiFe electroforming. 

AZ 9260 is a commercially available positive photoresist manufactured by Clariant, 

USA.  This resist was chosen as the mold material for electroforming due to its ease of 

use, good adhesion properties and processing capabilities.  SU-8 could also have been 

used as a mold in electroforming however, after the hard baking and the electroplating 

process, the stripping of SU-8 resist becomes extremely difficult. The adhesion of SU-8 

to the seed layer materials like copper is very poor and very often, surface treatments 

are required to improve its adhesion [4.18], [4.19].  

 

AZ 9260 consists of a resin known as a Novolac, which is made from phenol and 

formaldehyde, the photoactive compound is DNQ (diazonaphthoquine) and the solvent 

component of the resist is PGMEA (Propylene Glycol Methyl Ether Acetate).  Solvent 

reduces the viscosity of resists allowing them to be spin coated onto the substrate AZ 

9260 is applied to the substrate by spin coating. The required thickness of the final resist 

film is determined by a) the actual properties of the resist such as its viscosity, 

percentage solids and surface tension and b) the parameters that are chosen for the spin 

process, for example, the rotational speed. Resists can be deposited onto the wafer on 

the spin chuck by either static or dynamic dispense. Static dispense is done when the 

wafer is stationary; normally 1ml of resist per inch diameter of the substrate is sufficient 

for a good coating. Dynamic dispense refers to dispensing the resist while the substrate 

is rotating slowly this approach is quite good when the substrate or resist has poor 

wettability. After coating the substrate was allowed to relax for a few minutes on the 

spin chuck especially in the case of thick AZ films. 

 

After a short relaxation time, the resist must be softbaked to reduce the solvent 

concentration. The softbake time depends on the thickness of the substrate and of the 

resist. Too short or too cool a softbake can lead to problems, which include: adhesion of 

the photomask to the resist during contact exposure, foaming caused by the release of 

nitrogen gas during exposure, and bubbling during subsequent thermal processes. On 

the other hand too hot and too long a softbake can start to decompose the photoactive 

compound in positive resists, resulting in a low development rate. The very low solvent 

concentration also causes the resist to become very brittle and prone to cracking. The 

AZ 9260 is ready for UV exposure once it has cooled back down to room temperature.  

Exposure was performed through an emulsion on polyester mask using a Tamarack 
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Mask Alignment and Exposure System 152R in contact mode to improve the verticality 

of the mold sidewalls.  

 

Upon exposure to UV light, the photoactive compound DNQ is converted into a 

carboxylic acid. Such a process coincides with the release of nitrogen and the absorption 

of water from the resist surface. This photochemical reaction weakens the resist making 

it soluble in the developing solution. The results for UV lithography of a positive resist 

such as AZ 9260 are displayed in Figure 4.10 and Figure 4.11. After exposure the AZ 

must be allowed to rehydrate otherwise the development rate will be slow and features 

will have poor contrast. In the case of air humidity at 45%, rehydration can take a few 

seconds for a film 1 to 2 µm thick, while films thicker than 10 µm need over an hour.  

The process of rehydration cannot be sped up by exposing the resist to a water saturated 

ambience, as this will cause the resist to swell and leads to problems with bubble 

formation during exposure. The last step in the photolithographic process is the 

development of the exposed resist layer in dilute AZ developer (3:1 ratio of deionised 

water to developer). Gentle agitation on a magnetic stirrer was used for thick layers. 

Table 4.3 displays the optimised process parameters for 20, 40 and 60 !m thick AZ 

9260 layers.  A pre-bake at 65
O
C for 30 seconds was performed for each thickness to 

help reduce thermal shock. Following development the AZ 9260 is dried with a nitrogen 

gun to remove any remaining debris. The next manufacturing step is electroforming of 

the NiFe elements as laid out in chapter five. 
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4.3.5  Fabrication of SU-8 based magnetic separator 

SU-8 microchannels of various cross-sectional dimensions have been fabricated as 

shown in Figure 4.12 and 4.13.  Parameters were first optimised using plain glass 

wafers or Ti coated glass wafers prior to electroforming as SU-8 is not easily stripped 

from a wafer without damaging the NiFe elements. Once these parameters were 

determined they just had to be adjusted slightly when using wafers with the 

electroformed NiFe elements. Depending on the substrate that is used, the UV exposure 

dose will be slightly different. Highly reflective coatings under SU-8 result in the 

material experiencing a greater dose of UV light than with absorptive substrates. In this 

case the SU-8 is exposed by the incident and reflective radiation. Therefore the bottom 

of the microchannel will be also exposed by UV light reflected from the Ti metallic 

seed layer. This can result in over exposure of the resist and therefore failure of the 

microchannels to form. The fabrication parameters used for a 50 µm thick SU-8 50 

layer are outline in Table 4.4. Microchem recommended parameters are given as a 

comparison to the optimised parameters. These were initially used as a guide during 

process optimisation. Recipes for different SU-8 formulations are given in Appendix A. 

 

Good wetting of the substrate is essential in order to obtain stable SU-8 coatings.  SU-8 

is a fairly hydrophobic material and therefore its adhesion is poor to hydrophilic 

inorganic substrates. There are many commercial primers available such as OmniCoat 

for coating substrates before application of SU-8.  OmniCoat is applied by spin coating 

and forms a thin organic layer with low surface energy for improved wetting of SU-8 

[4.20] OmniCoat was used in this project but seemed to make little difference to 

adhesion.  

 

SU-8 is dispensed at the centre of the wafer at 70 rpm for 10 s using the bulb end of a 

Pasteur pipette. SU-8 50 is rather viscous and can be difficult to apply to the wafer 

using a pipette. Warming the SU-8 up in a 40
o
C waterbath helped with dispensing the 

resist. Spreading was done at 400 rpm for 10 s.  Thicker grades such as SU-8 100 

require a longer spreading time.  Following spin coating the SU-8 is allowed to relax on 

the spin chuck. This allows the resist time to reflow and helps reduce small edge beads.  
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The next step is soft-baking; as with other resists SU-8 is soft baked to remove most of 

the solvent content and to improve adhesion to the substrate, accompanied by shrinkage 

of the SU-8 film [4.20] All SU-8 baking stages were done a level hotplate. The soft 

baking parameters have to be carefully chosen, too high a soft bake temperature or too 

long can lead to thermal cross-linking of the SU-8 before exposure. If this happens the 

microchannels will not develop.  Too low or too short can leave SU-8 with a high 

solvent content, this remaining solvent will then evaporate off during the post exposure 

bake (PEB) resulting in high film stress.  The SU-8 was exposed in contact mode to 

pattern the microchannel structures.  An I-line filter was used during exposure to cut out 

wavelengths shorter than 350 nm as SU-8 absorbs strongly wavelengths shorter than 

350 nm. Not using a filter results in the top part of the SU-8 film being over exposed 

compared to the bottom.  

 

The PEB continues the polymerisation process of the exposed areas further stabilising 

the cross-linking density. PEB bakes were also carried out in two temperature stages. 

Firstly the wafer was baked at a low temperature of 55 
o
C to prevent thermal shock of 

the SU-8, then the SU-8 was move to another hotplate set at 65 
o
C. Performing baking 

at lower temperatures for longer times gave better results compared to higher PEB 

temperatures for shorter times. Development of SU-8 was done with EC solvent 

(PGMEA) in a Petri dish using moderate mechanical agitation on a magnetic stirrer to 

increase the development rate.  Stirring during development enhances the diffusion of 

EC solvent into the unexposed SU-8 (non-cross linked) areas and the diffusion of 

solvated SU-8 polymer back out into the EC solvent. Following this wafers were 

cleaned by immersion in IPA for 1 minute, removed and dried with a nitrogen gun. Any 

undeveloped SU-8 will turn the IPA milky, if this occurred the wafer was returned to 

EC solvent to be developed further. SU-8 should not be cleaned in acetone, this will 

result in stress cracks as the acetone absorbs heat from the resist causing it to contract.  

 

The wafers were diced into individual chips as shown in Figure 4.12 using a diamond 

saw from the Physics Department, Heriot Watt University.  During the dicing process 

some of the SU-8 would delaminate from the wafer, then would be washed away by 

blade cooling fluid, reducing the yield of usable chips from the wafer.  The next stage in 

the fabrication process is the packaging and assembly of the chips.  
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4.3.6 Photolithography with SU-8  

The previous section described the optimised parameters for fabrication of 

microchannels in SU-8.  This section outlines some of the challenges encountered with 

processing of SU-8 during the optimisation process. The main challenge encountered 

during the SU-8 optimisation process was film stress, which often resulted in 

delamination of the SU-8 from the substrate and surface defects as shown in Figure 

4.14. A cause and effect diagram for delamination and cracking of SU-8 structures is 

presented in Figure 4.16. 
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The soft baking parameters greatly influence film internal stress during processing. 

Therefore the optimum baking times must be determined for each variety of SU-8 and 

the thickness required to achieve the correct solvent content.  Underbaking leaves large 

amounts of solvent in the film, as a consequence bubbles can form during PEB and high 

aspect ratio (HAR) features can collapse that have too high solvent at the bottom. Also 

the contrast can be reduced between exposed and unexposed areas due to an increase in 

lateral diffusion of the acid generator [4.20]. The evaporation rate of solvent during SU-

8 soft baking is controlled by the diffusion coefficient of the solvent. Initially solvent 

content is very high and uniform throughout the resist and can evaporate quickly at the 

start of soft baking. A solvent gradient starts to form as the solvent content and rate 

evaporation decrease.  At high temperatures this resulted in the formation of a ‘skin’ on 

top of the SU-8 as the solvent has evaporate completely from the surface of the film 

while inside the solvent level is still high [4.20].  This skin formation leads to the 

appearance of wrinkles on the surface of the resist during PEB as the remaining solvent 

from deeper within the resist tries to evaporate (Figure 4.14 top right). The problem was 

not solved by greatly increasing the time of soft baking as eventually the SU-8, will 

begin to undergo thermal cross-linking and structures will not develop once this has 

occurred.   

 

Another stress-inducing factor is the difference in thermal expansion between SU-8 and 

the substrate.  This can problematic when manufacturing with SU-8 especially on 

wafers with large uniform areas that are unexposed. To help reduce stress auxiliary 

structures can be included into the mask design. Different substrates can also be used 

instead of glass (CTE = 3 ppm/
o
C) [4.21] such as Kapton® polyimide (20 ppm/

o
C) 

[4.22], which has a coefficient of thermal expansion nearer to SU-8 (CTE = 52 ppm/
 o

C) 

[4.23].  Hence the SU-8 soft baking process is better done in a two stage baking process. 

 

Variance in exposure dose uniformity is another important parameter that can affect 

stress build-up and adhesion. Uneven UV doses caused by poor contact during exposure  

can lead to different rates of cross-linking between regions on the resist [4.24].  Also the 

generation of T-profile sidewalls instead of vertical sidewalls can occur if the top part of 

the SU-8 is irradiated with a higher dose of UV compared to the bottom part caused by 

Fresnel diffraction. Figure 4.15 illustrates this phenomenon. During exposure with UV 
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light SU-8 absorption increases brought on by the photoactivation chemical changes 

occurring in the resist.  This results in a steady drop in light intensity through the SU-8 

film as the UV light enters the resist from top to bottom resulting in the top receiving 

more UV light than the bottom [4.20] 
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4.3.7 SU-8 based adhesive bonding 

One of the key challenges in manufacturing microfluidic devices is achieving a good 

seal to enclose the microchannels.  Using photolithography based processes the most 

popular methods for enclosing microchannels are described in Figure 4.17. Adhesive 

bonding uses an intermediate layer to bond two surfaces together. The adhesion material 

is usually an epoxy, a UV-curable epoxy, a polymer or a photoresist. SU-8 is a 

commonly used as an adhesion layer to bond microfluidic devices [4.21][4.25][4.26]. 

Using SU-8 adhesive bonding enables low temperature bonding of microfluidic devices. 

The method can be done at relatively low temperatures, compared to other more 

bonding traditional techniques such as anodic or thermocompression. Unlike anodic 

bonding adhesive bonding does not give hermetic sealing, however this is not required 

in microfluidic devices. After the microchannel structures have been patterned, 

developed, cleaned and inspected for blockages, the next stage is to package the 

channels. In this work SU-8 was used as an adhesive layer to bond glass and polyimide 

lids to patterned wafers.  The advantage of using SU-8 over other materials as the 

adhesive is that it forms a strong bond by self crossing linking.  Also three out of four 

walls would then be SU-8, the fourth wall being the Ti seed layer. 
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Glass wafers or polyimide sheets were cleaned as indicated in section 4.3.2. A 50 µm 

thick SU-8 adhesive layer was applied to a clean glass wafer or polyimide substrate by 

spin coating. Adhesive layers from 5 µm to 50 µm were testing for bonding. Depending 

on the thickness required for the adhesion layer the correct SU-8 viscosity and the spin 

speed were adjusted accordingly.  Bonding parameters were first optimised using SU-8 

microchannels without the NiFe elements. Thicker adhesive layers of SU-8 bonded 

better by compensating any thickness non-uniformities in the structural layer.  Thin 

bonding layers (<10 µm) gave poor results probably because there is too little SU-8 to 

form a close bond with the structural layer and any that does cannot withstand any 

residual stress in the bond. Polyimide proved to be a good substrate for the lid as it was 

easy to remove from the microchannels if bonding failed. Also inlet and outlet holes 

could be made easy in the polyimide using a biopsy punch (Kai Medical).  Applying 

SU-8 to polyimide or glass that already has holes results in the resist withdrawing from 

around the holes leading to an uneven layer of SU-8.  

After spin coating the wafer was allowed to relax to help the SU-8 reflow. The wafer 

was then partly softbaked and allowed to cool to 70
o
C.  SU-8 glass transition 

temperature is 65
o
C [4.25] consequently the resist is still soft enough for bonding. 

Bonding temperatures were initially investigated from 50
o
C to 75

o
C, with exposure 

doses from 700 to 1200 mJ/cm
2
. The overall best result for bonding was achieved at 

70
o
C. Temperatures lower than the glass temperature of 65

o
C lead to bonding failure as 

the SU-8 cannot flow enough to compensate for thickness non-uniformities. Also too 

high a temperature of 75
o
C and above the SU-8 has too low a viscosity, which causes 

the SU-8 to be more likely to flow into the microchannels and block them. Once the 

wafer had cooled to 70
o
C it was brought into contact with the patterned microchannel 

wafer.  Since this adhesion layer of SU-8 is not patterned alignment is not critical 

during bonding. The bonded wafers are then exposed with UV through the adhesive 

layer to initiate cross-linking.  The wafer stack was then placed between two silicon 

wafers and back onto the hotplate at 55
o
C. An upper aluminium plate was then placed 

on top.  The bonding pressure was adjusted by placing weights on top of the upper 

aluminium plate. The silicon wafers are used to help remove any surface unevenness 

from the hotplate and aluminium top sheet. Once the PEB time was complete the 

hotplate was switched off the wafer left to cool slowly to room temperature.  

The bonding quality was inspected by light microscopy. The seal was also tested for 

leaks using coloured ink.  Altough SU-8 is hydrophobic the coloured ink flowed  in the 
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microchannels relatively easy by capillary action. Bonding parameters that gave the best 

results are summarised in Table 4.5.  

 

Two main problems were encountered when bonding with SU-8 as an adhesive layer. 

These are the filling of the channel with the adhesive layer of SU-8 and the formation of 

voids.  There was a trade off between keeping the temperature low enough to prevent 

the viscosity of SU-8 from decreasing rapidly and leading to channel filling and too 

high a temperature resulting in poor bond quality and void formation.  The  main 

problem areas were the channel inlets/outlets and the bifurcating region. The inlets and 

outlets were prone to filling with SU-8 while the bifurcating region was more prone to 

void formation.  The most successful bonding results were obtained when auxillary 

moat structures that surround the microchannels were included in designs. The moats 

function by filling with any superfluous SU-8 and by balancing thickness irregularities 

in the bonding layer. Figure 4.18 shows some of the results obtained 
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Microchannels with or without NiFe can be bonded successfully but it is the 

reproducibility and the yield that are the limiting factors in this method. Including moat 

structures to surround the microchannels does increase yield of successful bonds by 

reducing channel filling.  However moats structures have to be positioned close to the 

microchannel (200 µm) to have both the NiFe and moats combined in one design is 

therefore not possible.  Instead square auxiliary structures were tested and positioned 

randomly around the magnetic separator design. These structures actually had a dual 

function as very effective stress relief structures, however they did little to prevent 

channel filling with SU-8. The whole process of patterning the microchannels and 
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adhesive bonding takes up to three hours for one wafer; this is not including time spent 

electroforming the elements.  
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4.3.8 Fabrication of PDMS based device. 

PDMS is a very pliable material therefore NiFe elements cannot be fabricated directly 

on top.  Firstly the NiFe elements were electroformed on the glass substrate. Following 

this the microchannels were fabricated using PDMS casting to create a PDMS glass 

hybrid device.  

 

4.3.8.1 PDMS soft lithography 

The commercially available Sylgard® 184 PDMS (Dow Corning) was used to create 

microchannels by soft lithography. The kit contains a pre-polymer base and a 

crosslinking agent, which are mixed in a 10:1 ratio, respectively. Ensuring a good 

mixture of both components results in the creation of large number of small bubbles. To 

remove these quickly the PDMS can either be degassed using a centrifuge, or placed in 

ultrasonic bath maintained at room temperature (a warm ultrasonic bath will result in 

the PDMS curing). The PDMS can be left to sit at RT for a few hours without curing 

while preparing the microchannel master mold.  

 

The elastomeric properties of PDMS allow the material to conform to smooth non 

planar surfaces easily. One of the simplest ways to create a mold is to pattern a 

photoresist such as SU-8 or AZ 9260 using photolithography. AZ 9260 was used to 

create the master mold for PDMS casting over SU-8 for the following reasons; AZ is 

relatively easy to process compared to SU-8 and can be easily stripped using acetone, 

which is useful if the mold fails; this also allows the glass substrate to be reused. AZ has 

slightly positive sidewall profile as shown in Figure 4.19. This allows the mold to be 

removed easily and without damage. PDMS will adhere to SU-8 molds if the SU8 is not 

salinized beforehand.  Depending on the required height of the microchannels the AZ 

9260 spin parameters and subsequent processing parameters are the identical for the 

fabrication of the mold for electroforming as outlined in Section 4.3.4  Additional care 

should be taken during the development and cleaning of the AZ mold as the NiFe 

elements can become damaged and lift off.  Once developed the mold is carefully 

inspected to ensure there are no breaks in the features, which would lead to blocked 

channels after casting.  The mold is then placed into a holder made from Tough Set 

plastic and the PDMS poured over and allowed to cure for 48 hours at room 

temperature. The permanent magnets have been superglued into position before pouring 
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over the PDMS. If no air bubbles are present in the PDMS baking on a hotplate can 

reduce the curing time. Having no bubbles is desirable as they can interfere with the 

quality of the PDMS layers. Baking times included a pre-bake at 55
o
C for 20 mins 

followed a hard bake at 80
o
C for 10 mins.  Temperatures higher than 100

o
C are not 

recommended for PDMS baking as positive resists are known to soften at temperatures 

between 100 and 130
o
C. The wafer must also be allowed to cure on a level horizontal 

area to prevent flowing of the PDMS.  Surface levelness of the hotplate or lab bench 

was checked before curing the PDMS. As the PDMS cures a change occurs in its 

physical properties, PDMS becomes more viscous and gel-like until it is transformed 

into a flexible solid elastomer. If making basic microfluidic devices i.e. those without 

integrated metallic components the cured PDMS can be removed from the mold and 

bonded to different substrates as described in the next section of the chapter.  In the case 

of the magnetic separator the PDMS was not removed from the mold, AZ 9260 was 

removed using a sacrificial etching step.  
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4.3.8.2 Bonding of basic PDMS devices 

PDMS can be reversibly or irreversibly bonded to glass or another PDMS layer. 

Reversible bonding of PDMS is achieved through weak Van der Waals forces, which 

are watertight and can withstand pressure up to 5 psi. Silicone tape or double sided tape 

can be used to bond PDMS to a support structure such as glass wafer or PMMA. 

Irreversible bonding involves exposing PDMS to oxygen plasma. Plasma treatment 

activates the surface of the PDMS by generating hydrophilic silanol groups (Si–OH) 

through oxidation of hydrophobic methyl (CH 3) groups.  Oxygen plasma treatment is 

carried out in specialised machines, which are expensive and require high maintenance. 

[4.28]. Substrates must be aligned inside the chamber without breaking the vacuum 

using special alignment and bonding stages. Once joined the layers are irreversibly 

bonded due to the formation of covalent bonds (–O–Si–O–).  MISEC does not have an 

oxygen plasma machine but a hand held portable corona gun (Model BD-20AC, 

Electro-Technic Products Inc.) was purchased to aid with bonding of PDMS devices. 

 

A plasma or corona is created from the ionisation of surrounding air by the gun 

electrode at high potential. Bonding is carried at atmospheric pressure and therefore 

requires no vacuum pump. Cured PDMS is carefully removed from the microchannel 

mold using a scalpel and tweezers. The inlets and outlets are punched in the PDMS 

using a dermal biopsy punch (Kai Medical GmbH).  The PDMS is then cleaned with 
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IPA and the channels are checked for blockages.  This inspection is important as any 

tiny particles could impede the flow in the device leading to a pressure build-up and 

then device failure by leakage.  Also sealing of the PDMS layers by oxygen plasma 

works best when the layers are completely dry, free from contaminants and not 

mechanically stressed.  The substrates to be bonded are placed on a flat non-conducting 

surface side by side.  The gun has no power settings and is therefore difficult to 

quantitate the level of treatment. PDMS is a very hydrophobic material and the extent of 

contact angle reduction is proportional to the dose of plasma [4.28].  The contact angle 

of native PDMS has been reported to be 109
o 
[4.29] and 105

o
 [4.28]. 

 

To help quantify the treatment required for bonding, contact angle measurements were 

taken using de-ionised water on native PDMS.  The drop shape analysis plug in for 

ImageJ was used to characterise the drops.  The power was set to medium (at this 

setting the gun produced the most stable corona) and time was varied. The electrode is 

passed back and forth over the substrates during treatment. The best results were 

obtained for 30 seconds treatment; the results are shown in Figure 4.21. Untreated 

PDMS has a contact angle of 105.76 ± 1.5, after 30 s the contact angle of PDMS was 

improved to 46.65 ± 0.77. It was noted that the PDMS could reverse back to its 

hydrophobic state after treatment. Therefore this process must be done very quickly as 

the surfaces of the PDMS will reconstruct quickly in air and lead to bonding failure.  

The substrates are then pressed together and left for at least over an hour. During 

treatment the gun produces ozone and therefore can only be used in well-ventilated 

areas. Also the gun generates some problems of RF interference and therefore should 

not be used around sensitive electronic lab equipment. 
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4.3.8.3 Sacrificial etching of AZ 9260 

To create the microchannels in the magnetic separator the AZ 9260 was removed like a 

sacrificial layer, similar to that shown in Figure 4.17. After the PDMS has cured the 

sacrificial layer can be removed by immersion in a solvents such as acetone, IPA or by 

using AZ developer. Dissolving the sacrificial layer can be slow as diffusion is the only 

transport mechanism for the solvent [4.11] therefore it was important to investigate the 

effect of different solvents and AZ developer on PDMS. Chemical immersion tests were 

carried out on approximately 1 cm
2
 pieces of PDMS. The chemicals used in the test 

were acetone, isopropanol (IPA), 100% ethanol, AZ developer and distilled water as a 

control. Each PDMS fragment was weighed before immersion in the chemicals and then 

at time points up to 4 hours after immersion. The results of the chemical immersion 

tests are given in Figure 4.22.  After 4 hours PDMS immersed in acetone and IPA had 

the greatest percentage weight gain compared to other solutions of 13.8 ±!0.63 % and 

14.9 ±!0.93 % respectively.  The acetone fragment had the quickest weight gain after 

30 minutes of 10.27 ± 0.57%. PDMS immersed in AZ 9260 only had a percentage 

weight gain slightly higher than distilled water after 4 hours of 0.88 ± 0.046 %. Values 

are presented as a percentage mean ±! standard error from weight measurements of 

PDMS fragments at each time point (n = 3 individual PDMS fragments).   

 

AFM analysis was performed to investigate structural or microtexture degradation, 

which may have occurred during immersion. AFM 3D surface rendered images of 

PDMS immersed in water and AZ developer are presented in Figure 4.23. The AFM 

analysis did reveal some micro-degradation had occurred which may have been caused 

by slight swelling of the PDMS while immersed in AZ developer. However the 

damaged is minimal compared to the percentage weight gain from immersion in acetone 

or isopropanol. Table 4.6 presents the surface roughness values for the immersion tests. 

From the results of the immersion tests AZ developer was chosen to remove the AZ 

photoresist. A blanket exposure is performed to weaken the AZ 9260 resist making it 

soluble in AZ developer. First the inlets and outlets are punched into the PDMS using a 

biopsy hole punch. The PDMS devices still in the holder are then immersed in AZ 

developer in an ultrasonic bath until the AZ 9260 has been stripped leaving the open 

PDMS microchannels.  After etching of the AZ 9260 is complete the corona gun is used 

again to render the inside of the microchannels more hydrophilic thereby increasing the 

wettability of the channels. This time the long wire tip is placed gently inside each of 

the inlets and outlets for 30 secs. The generated corona from the tip of the electrode runs 
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along the length of the microchannel thereby by treating the inner channel walls. Plasma 

treatment also acts to ‘clean’ the PDMS by removing surface contaminants. Figure 4.24 

displays the PDMS microchannel surrounded by NiFe elements on either side. The 

testing of PDMS based device is described in chapter six. 
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4.4  Fabrication of the second generation device design at Epigem 

 

Epigem specialise in the production of cost effective microfluidic components using a 

photolithography-based technique. Thereby enabling rapid and high volume 

manufacture of microfluidic devices.  The key difference in the design between the first 

and second-generation is the inclusion of a splitter. The splitter runs the entire length of 

the microchannel thereby creating two smaller subchannels. The main aim of the splitter 

is to prevent particles occupying the central region of the channel where the magnetic 

forces are at their weakest. The isolation gap between the microchannel and the edge of 

the NiFe elements is also greatly reduced from 250 µm to 25 µm and 10 µm. During 

discussions with Epigem some slight amendments to the design dimensions were 

recommended, mainly to help improve fabrication of the device; these are outlined in 

Table 4.7. In these amendments the width of the splitter was increased from 10 µm to 

50 µm.  Having a splitter with a thickness of 50 µm and width of 10 µm could lead to 

failure of the structure due to the high aspect ratio.  Additionally circular shaped 

elements were included in the event of problems occurring during photolithography 

with corners of the square shaped elements.  

 

4.5  Fabrication process 

The materials Epigem use in the fabrication of their microfluidic device are SU-8 and 

PMMA, therefore these materials were used in the fabrication of the second-generation 

device. The SU-8 used by Epigem is a unique formulation developed in-house for 

improved uniform coating of the SU-8 to substrates. The final solid content of the SU-8 

is 63 % (w/w). Before use the resist is also gravity filtered through a 1 µm pore filter 

over 24 hours to remove any particles, which may have contaminated the SU-8. A 

smaller filter pore is not recommended, as this will remove the essential components of 

SU-8.  Good coating of the substrate with SU-8 is critical as Epigem typically use 

square PMMA sheets (150 mm x 150 mm).  Square substrates can be challenging to 

coat as sometimes the corners of the substrate do not get covered, improving the 

wettability of SU-8 with a coating additive helps eliminate this problem. Oxygen 

plasma treatment was also done between all subsequent steps to activate the PMMA and 

SU-8 surfaces for good wettability and adhesion between layers. Larger square 

substrates allow the manufacture of many microfluidic chips on the one sheet thereby 

increasing chip yield. In the case of the magnetic separator 16 chips were made per 
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sheet.  PMMA is also a more cost effective and practical alternative to glass for 

industrial manufacturing. 
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Using their well-established photolithography technique microfluidic channels based on 

the design of the magnetic separator can be rapidly manufactured as shown in Figure 

4.25. This figure shows that microstructures of various dimensions (10 µm to 300 µm) 

can be fabricated with ease. The structures appear to be stress free with good adhesion 

to the PMMA substrate.  However these channels lack the electroplated NiFe therefore a 

manufacturing method had to be developed to allow the integration of the elements.  

This chapter section describes the method developed at Epigem to achieve this. 

 

The fabrication process developed at Epigem was divided into four main stages; 

 

1. Fabrication of the circuit layer for NiFe electroforming. 

2. Creation of the microchannel features using SU-8. 

3. Electroforming of the NiFe elements. 

4. Device packaging. 



 

 131 

Two photomasks were used in the fabrication: the first defined a circuit design for the 

electrodeposition and to create the bottom wall of the microchannel, the second mask 

also defined the circuit design but this time the channel features were included.  This 

allowed the microchannel to be fabricated entirely in SU-8, which is desirable in 

microfluidic systems for bio-applications. Figure 4.26 displays the two polyester masks 

used during fabrication at Epigem. The polyester masks were ordered as more cost 

effective alternative to quartz or soda lime glass.  These polyester masks were laminated 

to a glass support preventing bending and flatness issues during light exposure. More 

importantly the masks were laminated so they could be used in alignment frames for the 

Tamarack (PRX1000-20) exposure system. Accurate alignment of the features is critical 

due to the close proximity of the NiFe elements to the microchannel wall. Parameters 

for laminating a flexi mask to a glass substrate are in Appendix A. 
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4.5.1  Fabrication of the circuit layer for NiFe electroforming. 

The first step was to create the desired circuit pattern as shown in Figure 4.26 using 

mask 1. This was achieved by depositing a chromium (5 nm)/silver (100 nm) seed layer 

onto an oxygen plasma treated (100 W, 1 m at 20 sccm) PMMA sheet (150 x 150 x 2 

mm) using electron beam evaporation. Next the positive photoresist Microposit S1813 

G2 (Rohm and Haas, USA) was spin coated on top of the seed layers. The resist was 

then softbaked and patterned using UV photolithography according to the parameters in 

Table  4.7. A delay of 10 minutes was allowed before exposure for the resist to 

rehydrate. 

 

The exposed regions of the seed layers were then wet chemical etched using the 

standard Cr and Ag etchants revealing the circuit pattern in chromium and silver. The 

resist acts as a protective layer protecting the metal seed layers underneath from the Ag 

and Cr etchant. This step was performed so there would not be a metallic seed layer 

visible underneath the bottom of the microchannel, which may interfere with optical 

analysis of the separation. S1813 G2 was then removed by performing a blanket 

exposure followed by development in chemical developer and an IPA wash. The circuit 

layer was then inspected visually by light microscope to ensure continuity of the layer. 

White light interferometry was also used to obtain surface profiles and to determine the 

thickness of the seed layers.  Figure 4.27 displays the results of the etched circuit layer 

on PMMA. The results of the photolithography and wet etching are quite good and the 

dimensions of the circuit layer are close to the actual dimensions.  
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4.5.2  Creation of the microchannel features using SU-8. 

Following the fabrication of the circuit layer the first layer of SU-8 was applied using 

spin coating to form the bottom of the microchannel and cavities for electroforming.  

Applying a layer of SU-8 at this stage ensures all the walls of the microchannel will be 

made of SU-8 confirming uniform wetting and surface charge.  Soft baking was 

performed in an oven (OV200 SFEX, Genlab Ltd.) using the recommended two step 

process for SU-8 of 65 
o
C and 95 

o
C, followed by slow cooling down to room 

temperature. A Tamarack mask aligner (PRX1000-20) in vacuum contact mode was 

used to align the features of the Cr/Ag seed layer with mask one. After post exposure 

bake the PMMA sheet was again allowed to cool to room temperature before 

proceeding with the application of the second SU-8 layer.  

 

Spincoating and softbaking steps were repeated to coat a second layer of SU-8, and the 

second mask was used to define the channel wall, splitter and cavities for 

electroforming.  After post exposure bake, both layers were developed simultaneously 

in a single step using EC solvent (PGMEA) and rinsed in IPA. Gentle agitation was 

important during development to ensure the PGMEA penetrated into both layers.  The 

parameters for the SU-8 layers are also found in Table 4.7. The results from this 

fabrication stage can be seen in Figure 4.28. The highly reflective circuit layer meant 

that some areas of the microchannels experienced a higher dose of UV compared to 

areas where the underlying layer is absorptive. This resulted in the cross-linking of 

these areas as the resist is exposed to the incident and reflected radiation. The exposure 

dose parameters therefore had to be carefully optimised to achieve a balance between 

over-exposure of the SU-8 near the circuit layer and under exposure of the resist further 

away. In both exposure stages alignment of the features were critical and alignments 

marks were used as a guide. However problems occurred as the backing glass substrate 

is not the exact size required for the alignment frame resulting in the vacuum breaking 

during alignment. The alignment of the features would be improved by using a specially 

fabricated mask on quartz or glass. Following this stage the SU-8 layered PMMA sheets 

are now ready for NiFe electroforming. 
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4.5.3 Electroforming of the NiFe elements. 

Once the channel features are defined the next fabrication stage is the deposition of 

NiFe, which form the magnetic elements. Epigem do not have any tanks set up for 

plating. A NiFe tank was not set up due to the cost of materials.  Chapter five outlines 

the fabrication and characterisation of NiFe done at HW for the first generation design.  

Therefore a larger tank could be set up in the future based on the preliminary 

electroforming data presented in chapter five. 

 

4.5.4 Device packaging 

A specialised adhesive bonding procedure developed by Epigem Ltd., was performed to 

seal the PMMA sheets after electroforming.  The patterned microchannels, when testing 

the initial limitations of the photolithography process were bonded and packaged. The 

SU-8 coated sheets are aligned in a bonding jig before being loaded into the thermal 

bonder. After bonding, inlet and outlet holes and spaces for the two permanent magnets 

were created by super-precision drilling.  Finally the laminated PMMA sheets are diced 

into individual chips as shown in Figure 4.29. The final dimensions of these chips are 

33 mm x 23 mm. The chip can be connected to fluidic fittings via a custom made 

Fluence™ baseboard designed by Epigem Ltd 
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4.6  Summary 

Manufacture of the magnetic separator in different biocompatible materials has been 

described in this chapter. Methods for rapid device prototyping are first described at the 

beginning of the chapter. CO2 laser ablation of PMMA proved the most successful as a 

rapid prototyping method. Using this method many devices can be manufactured in a 

high turn around time compared to powderblasting. The fabrication of the first 

generation device design in SU-8 is described; afterwards the fabrication procedure was 

optimised for glass, metallic and polyimide substrates.  Working with SU-8 proved to 

be difficult resulting in a slow device turnaround. The main problem encountered during 

fabrication was resist stress and poor bond yield.  A PDMS based device was also 

fabricated using soft lithography and sacrificial etching technique. The chapter 

concludes with a description of the preliminary fabrication of the second-generation 

design at Epigem. The devices fabricated and used in testing are outlined in Figure 4.30 
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Chapter 5 Electroforming of permalloy elements 

 

 

5.1  Introduction 

 

This chapter outlines the fabrication of the permalloy elements for both the first and 

second generation designs.  The experimental set up of the NiFe plating cell is described 

and experimental results are presented and discussed for DC electroforming of NiFe. 

The chapter concludes with a discussion on the quality of the coatings of the 

electrodeposited NiFe and a summary of the results. 

 

 

5.2  Electroforming of permalloy (NiFe) 

 

Electroforming uses the technique of electroplating to create metal structures produced 

through a mold onto an electrically conductive substrate. NiFe DC electroforming 

principles are alike to other electrodeposition processes in that direct current flows 

between two electrodes immersed in a conductive solution of metallic salts. Current 

flows from the anode (pure nickel sheet) causing metallic ions to dissolve into the 

electrolyte solution. The metallic ions absorb onto the exposed surfaces of the 

photoresist patterned cathode leading to it being covered in NiFe.  This reaction is 

possible because of the divalent metallic cations within the solution [5.2] [5.3]. The 

electroplating process is well suited to fulfill the requirements of high yield and cost 

effectiveness required by MEMS manufacturing. Advantages of electroplating over 

other methods of metallic deposition such as PVD include: 

 

• Rapid deposition rate 

• Capability to handle complex geometries using a mold 

• Low cost  

• Low energy requirement 

• Tailoring of the properties of the deposited materials by controlling the current 

density and solution parameters. This characteristic has been used in this chapter 

in the deposition of NiFe [5.4]. 
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NiFe baths typically contain electrolytes of nickel and iron either as sulphates [5.5], 

chlorides [5.6] [5.7] or sulphamates. Sulphate and chloride baths typically operate at 

low current densities (2 A/dm
-2

) and sulphamate based baths operate at higher current 

densities (11 A/dm
-2

) and at higher temperatures (85
o
C) [5.8].  

 

5.2.1 Experimental set-up of NiFe plating bath 

The NiFe plating bath shown in Figure 5.1 was custom made for this project and is 

sufficient for preliminary experiments. The experimental set-up consists of a 10-litre 

beaker containing the NiFe electrolyte solution. The instruments used in the set up of 

the bath are summarised in Table 5.1. The anode at positive potential is a Ni sheet of 

1mm thickness. The cathode, at negative potential is the conductive substrate to which 

the NiFe will be deposited. The substrate is positioned in a special holder made of 

polyurethane (TUFSET). Polyurethane is ideal for this electroplating bath as it will not 

erode and contaminate the bath. The inter-electrode distance was set at 10.5 cm. The 

plating bath has a lid made of PMMA to reduce environmental contamination and to 

reduce evaporation of the electrolyte solution.  

 

The chemistry and conditions of the NiFe electrolyte solution and their functions used 

to fabricate NiFe elements are outlined in Table 5.2.   To achieve the required 

permalloy ratio in the deposits baths typically contain forty times more Ni than Fe [5.9]. 

As well as the metallic salts, baths contain boric acid, additives and leveling agents such 

as saccharin, coumarin and tartaric acid which all act to improve the properties and 

characteristics NiFe deposits [5.9].  Saccharin has stress altering properties. Wetting 

agents such as sodium dodecyl sulfate (SDS) improve the wettability of the resist 

surface. This is especially necessary for plating structures with a high aspect ratio, as 

SDS will allow the electrolyte to penetrate into microstructures.  Wetting agents also 

help lower the surface tension of the plating surface therefore hydrogen bubbles do not 

stick to the surface when they are formed during plating.  SDS has also been shown to 

reduce the surface roughness and improve thickness uniformity of NiFe films [5.10]. 

Ascorbic acid was added to the bath to help inhibit the oxidation of Fe
2+

 to Fe
3+

 thereby 

preventing the formation of hydroxide complexes, which leads to the precipitation of 

Fe(OH)3 [5.11]. An excess of ferric ions can lead to decreased current efficiency, 

increased stress, and possible loss of brightness.  The components of the bath were 

weighed out and allowed to mix with deionised water overnight on a hot-plate stirrer set 
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at 25 ºC.  The bath was stirred slowly as not to introduce too much oxygen into the 

solution. NiFe baths can also be constantly rinsed with nitrogen gas to prevent Fe 

oxidation [5.12]. 
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The pH of the bath should be always maintained between 2.5 to 3.0 and the temperature 

between 25 
o
C and 30 

o
C. The pH of the electrolyte solution increases during the normal 

operation of the bath and was therefore measured frequently. After plating the 

photoresist is chemically removed using acetone and if required the metallic seed layer 

is stripped using the appropriate etchant. If the bath is idle for a day or more the anode 

is removed from the bath to prevent excess acids being depleted by reacting with the 

anode [5.13].  
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5.2.2 DC electroforming of NiFe 

DC electroforming of NiFe was used to electroplate various different compositions of 

NiFe. As mentioned earlier the ratio of particular interest in this project is the permalloy 

ratio of is 80% Ni, 20% Fe. The NiFe electroforming process is controlled by 

calculating the area to be plated and the amperes-hours required to plate a specific 

height at a specific current density according to Faraday equation: 
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where J is the current density (A/cm
2
); MW is the molecular weight of nickel (58.71 

g/mol); t is time in seconds (s); !Ni is the density of nickel (8.9 g/cm
3
); F is the Faraday 

constant for the magnitude of electric charge per mole of electrons (96488 C/mol) and 

nel is the number of electrons (2). 

 

The final thickness of the electroformed NiFe should be close to the final height of the 

microchannel. This would ensure optimum amplification of the magnetic field 

throughout the channel region. The deposition rate was calculated using Equation 5.1 

for flux densities ranging from 10 – 30 mA/cm
2
.  The DC current densities in Figure 5.2 

were applied for the required times to achieve specific heights.!  Prior work in [5.14] 

demonstrated that a current density of 13 mA/cm
2
 for 10 !m thick film was the best 

current density when DC plating to achieve the required 80:20 ratio for the set up bath 

composition. Therefore this current density and height was used as guidelines. !!

 

 

During the co-deposition of Ni and Fe, Fe deposits preferentially, this phenomena is 

seen in the deposition of several alloy systems and is known as anomalous co-

deposition [5.9]. The anomalous co-deposition nature of NiFe was first described by 

Brenner and refers to the preferential deposition of a less noble metal Fe to a more 

noble metal Ni [5.14] An explanation for this behavior is believed to be due to the rise 

of pH at the cathode during the co-deposition of hydrogen where the increase in pH 

inhibits the deposition of nickel.  The results of NiFe electroforming are shown in 

Figure 5.3. 
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5.3  Characterisation of electroformed NiFe. 

 

Microstructural characterisation studies were performed to investigate: 

 

• The surface and structural quality of the NiFe elements. 

• The correct current density for plating the required NiFe ratio of 80:20 for 

different thicknesses. 

• The grain size within the deposits. 

 

Separate substrates with NiFe were prepared for characterisation prior to inclusion 

within the magnetic separator. The electroplated films were analysed by white light 

interferometry, SEM and energy-dispersive X-ray spectroscopy (EDX) and AFM. 

 

5.3.1 White light interferometry  

A Zygo Viewmaster 5200 series was used to measure the actual deposition rate of the 

NiFe during deposition. After patterning the AZ 9260 a starting reference measurement 

was taken to determine the depth of the plating area.  At the end of the plating process 

the wafer was removed from the bath and the height of the plated film measured. The 

wafer was not placed back into the bath if the height was not reached because the 

formation of nickel oxide on the surface of the deposit reduces any subsequent adhesion 

of further deposited material. The AZ 9260 photoresist was stripped away using 

acetone, a subsequent Zygo measurement was also recorded at this point. This was 

mainly done to record the final height of the plated NiFe and the final distance between 

NiFe elements between which the microchannel has to be aligned. This measurement 

was necessary as overexposure of the AZ positive photoresist can lead to an increase in 

size of the features thereby reducing the spacing between elements making alignment of 

the microchannel potentially more difficult.  Figure 5.4 illustrates 3D plots obtained 

using the Zygo before and after NiFe plating. 



 

 150 

 
!"#$%&'()*'+,"-&'."#,-'"/-&%0&%12&-%3)'!"#$%&'#&(#$)''*+,*-#./0123#4&,')5,5,6#'7*#4)85'5*9#(&+#

*%*4'+&(&+:5,6#;'&$#%*('<=# #.('*+#$%)'5,6#'7*#./#$7&'&+*959'# 59#9'+5$$*-#>95,6#)4*'&,*#'&#+*8*)%#

'7*#?5@*#*%*:*,'9#;'&$#+567'<=#AB%5C>*#$%&'9#&(#$%)'*-#?5@*#*%*:*,'9#;B&''&:#$),*%<=##D$)45,6#

(&+#'7*#:54+&47),,*%#4),#B*#9**,#B*'E**,#'7*#*%*:*,'9='

'

#

5.3.2 SEM analysis 

SEM characterisation was used to reveal the structure of the plated NiFe elements and 

to examine the surface roughness and grain size. Surface roughness has been 

demonstrated to be an important parameter to be taken into account when electroplating. 

A smoother and more uniform substrate surface results in the deposited NiFe having 

smaller surface roughness and material coercivity, the last property being affected by 

other parameters such as stress, grain size and material defects [5.15]. The films were 

imaged using the Focused Ion Beam (FIB) SEM in the Mechanical Engineering 

Department at Heriot-Watt University.  This SEM has the advantage that samples can 

be examined in low or high vacuum mode. Samples still on their conductive seed layers 

were analysed in high vacuum while NiFe deposits without their seed layers were 

examined in low vacuum mode. Analysis at low vacuum reduces charging of the 

samples and the overall destructive effect of the SEM. On the other hand imaging at 

high vacuum results in better images. SEM images of the NiFe elements are shown in 

Figure 5.5.  The elements surface looks relatively smooth and free of imperfections.  

The vertical space between the elements is where the microchannel will be formed. A 
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higher magnification (6500x) of the surface of the deposits allows a closer look at the 

grain size of the NiFe deposits. Flynn et al., reported the grain size in DC 

electrodeposits is approximately 57 nm based on the average height value from AFM 

scans [5.16] from this image the grain size of the NiFe looks to be quite small and in 

this region.  AFM analysis was performed for closer investigation of grain size and is 

described in section 5.3.4. 
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5.3.3 SEM-EDX analysis 

Alloy composition has a major influence on the properties of the NiFe deposits 

therefore an SEM (FEI Quanta 650 FEG ESEM) with EDX capacities (Aztec/Inca) was 

used to investigate the composition of the electroplated films. The deposits contain just 

nickel and iron and are free from any other metallic contamination. Three EDX readings 

were taken at different points from the surface of each deposit, the average of which 

was plotted to form the graph in Figure 5.6. An example of an EDX spectrum is given 

in Figure 5.7. Variation of the DC current density results in anomalous co-deposition 

[5.14] [5.11]. The deposited films follow the trend as previously described in the 

literature where, with increasing current density the iron content of the films decreases. 

For a current density from 10 to 30 mA/cm
2
 the average iron composition decreases 

from 31.05 wt% to 9.2 wt% for 10 !m, 30.23 wt% to 6.65 wt% for 30 µm and 30.39 
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wt% to 12.35 wt% for a 50 µm thick layer.  An explanation for the change of the iron 

concentration as a function of thickness of the deposited material is given further on. 

The target permalloy composition of Ni80Fe20 was reached at approx. 21 mA/cm
2
 for 10 

and 30 !m layer and 26 mA/cm
2
 for the 50 !m layer.  The Fe content of the deposits 

decreases as the current density increases, indicating that the current density has more 

an effect on Ni deposition rate than on the Fe deposition rate [5.17]. 
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The deposition of alloys into molds especially for high aspect ratio features can result in 

compositional gradients throughout the deposit [5.18].  This is caused by transport 

limitations, which reduce the cation concentration at the electrolyte-deposit interface. 

The anomalous deposition nature of the NiFe bath that requires very dilute 

concentrations of metallic salts to be used, exacerbates such transport limitations [5.9]. 

In 2006 Buchheit et al., analysed NiFe deposits formed using DC and pulse waveform 

with wavelength dispersive spectroscopy (WDS) based microprobe to create line scan 

plots. The measurements revealed a decreasing Fe concentration as a function of 
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increasing deposit thickness.  The Fe content gradually falls from approximately 20 

wt% to 18.5 wt% in the initial 75 % of the deposition time. The steady decrease in Fe 

content can be related to the oxidation of Fe electrolyte. In the final remaining 

deposition time the Fe content decreases even further to below 10 wt%. It has been 

suggested that the sudden sharper decrease in Fe content occurs as the deposition 

process begins to over-plate the mold. Hence the total plating area is increased thereby 

dropping the local current density. Ni is less sensitive to current density changes 

because it is present in the bath in higher concentrations, therefore its concentration 

increases at the expense of Fe [5.9]. Achieving a uniform distribution of permalloy 

throughout the deposit can therefore be challenging. The composition gradient of NiFe 

was not measured throughout the deposits as it is assumed the low aspect ratio of the 

mold would not lead to a gradient problem.  An investigation of EDX readings taken 

from the top and bottom of a 10 and 30 !m sample plated at a current density of 30 

mA/cm
2
, revealed no significant difference between the top and bottom of the 10 !m 

and 30 !m samples as shown in Figure 5.8. If a gradient measurement was required then 

a FIB SEM such as the one in Mechanical Engineering at Heriot-Watt University 

equipped with an EDX reader would be ideal. A trench in the deposit could be ablated 

using the FIB and then EDX readings could be taken at certain depths to investigate 

whether or not there is a gradient in the deposit. 

 

 

The limitation with EDX is if the deposit is very thin as in the case for 10 µm layers 

there is the chance of exciting the metallic seed layers. Despite this neither Cu nor Ag 

seed layers were ever detected during analysis. If EDX measurement is not suitable then 

the Fe content can be measured by dissolving deposits in a 1:1 ratio of nitric acid: water 

and analyzing this solution using a spectrophotometer [5.17]. 
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5.3.4 AFM analysis 

The magnetic properties of a ferromagnetic material are influenced by grain size and 

crystal structure [5.16].  Surface roughness has been demonstrated to be an important 

parameter to be taken into account when electroplating. A fine grain size results in the 

surface of element being smoother.  The smoother more uniform the seed layer surface, 

results in deposited NiFe having smaller surface roughness and material coercivity 

[5.15][5.16].  This results in an increase in the permeability of the material and therefore 

an enhancement in its magnetic properties. As coercivity is affected by other parameters 

besides grain size; stress, surface smoothness and material defects, have to be controlled 

[5.15]. 

 

AFM analysis was therefore carried on the electroformed NiFe elements for a closer 

investigation of the grains.  AFM is an excellent technique for measuring grain structure 

on surfaces as it has high contrast. This allows 3D topographic images to be produced 

therefore grain boundaries can be more easily identified. The AFM scans revealed the 

topography of the NiFe elements on a nickel titanium seed layer. Scans were performed 

on 10 µm thick NiFe samples plated with current densities of 7, 13 and 20 mA/cm
2
.  An 

AFM scan was also performed of a nickel titanium seed layer for comparison. Figure 

5.9 displays the resulting 3D topographic scans.  The scan size was 1 µm x 1 µm.  The 

surface of the elements looks relatively smooth with few imperfections. Grains appear 

less coarse at higher current densities.  The average root mean square for roughness is 

presented Figure 5.10 in for each sample in Figure 5.9.  The NiFe electroformed at 20 

mA/cm
2
 appears to have the smallest grain size. Cross-sectional analysis plots from this 

film shown in Figure 5.11 also indicate that this layer is the smoothest and most 

uniform. Table 5.3 summaries the data obtained in the cross-sectional plots, the 

horizontal and vertical distance parameters obtained were measured for the largest 

grain-like structure. 
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5.3.5 Stress in permalloy films 

Stress in permalloy films can exist in two forms; differential thermal stress and residual 

stress. Thermal stress occurs as a consequence of bath heating during electrodeposition 

[5.4]. Residual stress within permalloy deposits has been one of the main reasons 

limiting the functionality of magnetic MEMS devices. Often film stress leads to 

deformation of microstructures, reduced fatigue life of components and can increase the 

chances of corrosion and cracking. The damaging action of stress in electrodeposits can 

also lead to adhesion failure resulting from the deformed deposits parting from the 

surface of the substrate. If substrates are very thin stress can also lead to deformation of 

the whole assembly [5.19].  

 

Controlling stress can be challenging and needs to consider the reliability and integrity 

of NiFe deposits [5.6].  The thicker NiFe deposits 30 & 50 !m were more difficult to 

plate and experienced high levels of stress which would result in delamination of the 

deposit from the metallic seed layer leading to complete adhesion failure.  There seems 

to be a consensus in the literature that residual stress is caused by epitaxy.  That is the 

layers of atoms are deposited in a particular way so the electrodeposit has to be either in 

compression or tension to fit [5.19]. The lattice mismatch between the NiFe and the 

copper seed layer falls under the conditions of assumed epitaxy (the deposit continues 

the structure of the substrate).  The greater the misfit of lattice parameters between the 

NiFe deposit and seed layer the greater the strain energy. Therefore instantaneous high 

tensile stresses have always been found at the initial stages of deposition caused by the 

influence of the metal structure of the seed layer on the lattice of the NiFe deposit [5.4]. 

Tensile stress can be related to the deposits being smaller in dimension than the 

previous laid down layer. This influence can persist to some degree through the 

thickness of the deposit leading to adhesion failure.  Plating a thin Ni layer (couple 

microns) in the large MISEC Ni tank under a low current density of 1 mA/cm
2
 or using 

a Ni seed layer did not greatly help to reduce stress.  Plating initially at a low current 

density may have helped to prevent burning out of the seed layer before plating at 

higher densities. Burning & peeling of seed layers can occur in high current density 

areas [5.19]. It was noted that plating at higher current densities resulted in deposits 

with less evident stress. The fact that the content of Fe also reduces at higher current 

densities indicates that the deposition of Fe plays a role in residual stress. The higher Fe 

concentrations in the deposits the higher the stress levels [5.17].  
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Deposits plated from chloride baths as in the case of the NiFe elements often have 

higher internal stress compared to sulfamate baths [5.11]. Stress can be reduced using 

an additive such as saccharin and the stress changing activities (i.e. tensile to 

compressive stress) of saccharin have been well reported in the literature [5.6] [5.20]. In 

2006 Zhang et al., studied the effect of saccharin on a low concentration chloride NiFe 

bath (Ni
2+

/Fe
2+

 = 13.8:1) with a current density of 0.5 A/dm
2
.  The amount of saccharin 

varied ranged from 1 g/l to 3 g/l. A large decrease in stress was observed at lower 

saccharin content, with no further changes after the addition of higher amounts of 

saccharin. The resulting deposits had a composition of 81% Ni 19%Fe, which was not 

influenced by saccharin concentration [5.6].  

 

 

5.4  Coating Defects 

 

In order to obtain quality deposits the electroforming process was carefully monitored 

and controlled. During deposition of the NiFe important process conditions include;  

 

• Chemistry of the electrolyte 

• Temperature of the electrolyte  

• Solution level 

• pH 

• Concentration of additives  

• Impurity levels [5.21]. 

 

Impurities both organic and metallic are the most common cause of coating defects, 

these can lead to deposits to be brittle, stressed and pitted. The most common defects 

that occurred during electroplating are listed in Table 5.4. These challenges have been 

addressed and have been partially or fully solved. Pitting of the deposits occurred 

without adequate agitation. Hydrogen bubbles that evolve as a result of side reactions 

within the electrolyte adhere to the surface of the cathode.  When this happens ions 

cannot deposit on the surface of the cathode resulting in a pit or cavity forming in the 

deposit.  Pitting is totally undesirable as the overall core area is reduced and the pits act 

as miniature air gaps increasing the levels of leakage flux. To elevate pitting an 

overhead stirrer was employed which gave better agitation within the 10 L beaker.  The 

addition of SDS also helped to reduce the occurrence of pitting in NiFe deposits. 
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5.5  Summary 

 

This chapter covers the processing steps for the manufacture of the NiFe elements. The 

NiFe elements are electroformed and the photoresist removed using wet etching. 

Characterisation of the electroformed elements was done using white light 

interferometry, SEM, EDX and AFM.  The required permalloy ratio is reached at 

approx. 21 mA/cm
2
 for 10 and 30 !m layer and 26 mA/cm

2
 for the 50 !m layer. The 

plating cell of Figure 5.1 is sufficient for preliminary experiments. However reliable 

and repeatable manufacturing would require the set up of a bath with filtration for 

reduction of contaminants.  
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Chapter 6 Testing of the microscale magnetic separators 

 

6.1 Introduction 
 

The aim of the magnetic separator is to segregate magnetic and non-magnetic particles 

with high separation efficiency.  The separator has been considered either as a stand-

alone device or as one that, in the future, could be integrated into the NIPD system.  The 

separator is designed to perform in three modes: positive, negative and label free. In the 

positive selection mode, the target biological particles are bound to magnetic beads and 

separated from the rest of the particles through the influence of the magnetic field. In 

the negative selection mode, it is the unwanted biological particles bound to magnetic 

beads that are separated The label free mode exploits the difference in the inherent 

magnetic susceptibility of blood cells to separate and guide them to the right 

microfluidic outlets. This chapter focuses on the testing of the fabricated microscale 

magnetic separators. Experimental techniques are described for the separation 

experiments. Magnetic, non-magnetic beads and mouse blood have been used as test 

samples. Methods for counting of particles and data analysis are also outlined. Results 

are presented from the testing of the PMMA prototype, the PDMS based device and the 

Epigem device. Separation and recovery efficiencies are also measured for each device. 

 

6.2 Experimental set-up and reagents 
 

This section describes the characteristics of the chips tested, the experimental set-up and 

all the reagents used during device testing.  Preparation of the test samples, and 

pretreatment of the microchannels prior to testing with blood and beads are described.  

These steps are necessary to reduce interactions of the particles with each other as well 

as with the microchannel wall.  

6.2.1 Microscale magnetic separators tested  

Following on from fabrication, the separation efficiency of three microscale magnetic 

separators was determined using magnetic and non-magnetic beads. Label free 

separation of blood was also attempted using the Epigem chip. Table 6.1 outlines the 
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characteristics of the devices tested including a brief summary of the features and 

samples used.  

 

6.2.2 Fluid connections and tubing 

Fluidic connections used depended on the chip type and are shown in Figure 6.1. 

Nanoport™ connectors (N-333 Upchurch Scientific) were used with the PMMA 

prototypes and the PDMS device. The Nanoports™ were securely glued over 

inlets/outlets devices using superglue (LOCTITE).  A nut-based connector with a 

collapsible ferrule (Cheminert) was employed for the Epigem chip. In-house connectors 

were also fabricated using PDMS mix, rubber O-rings and coned ferrules as shown in 

Figure 6.1.  For the latter, the tubing was first inserted into the ferrule and glued to hold 

securely in place. The surface of PDMS was cleaned with IPA and dried with nitrogen 

gun. A rubber O-ring was placed over the inlet/outlet and secured using some PDMS 

mix. Once this had cured the tubing and ferrule were inserted into the O-ring. PDMS 

mix was carefully dispensed over the structure using a Pasteur pipette. The connector 

was allowed to cure for 24 hours before testing. A fluidic connector is also required to 

connect the syringe tip to the tubing. To accomplish this a female luer connector to 

female adaptor (Upchurch Scientific P659) was used with a Fingertight fitting for 1/16” 

OD tubing (Upchurch Scientific F-120). 
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The polytetrafluoroethylene (PTFE) tubing used had an outer diameter of 1.6 mm (1/16 

inch) and an inner diameter of 0.5 mm (Vichi).  This tubing was found to be sufficient 

when testing the PMMA prototype.  In the case of the PDMS and Epigem devices, the 

beads tended to settle to the bottom of this tubing, as the flow rates used for these 

devices were quite low. Tubing with a smaller internal diameter of 0.25 mm was better 

suited for testing the PDMS and Epigem chips.  
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6.2.3 Experimental reagents 

A list of the experimental reagents used during testing is outlined in Table 6.2; the 

application of each reagent is also listed.  All reagents were from Sigma Aldrich unless 

otherwise stated. Samples tested for magnetic separation were magnetic and non-

magnetic beads, and mouse blood. All buffers were prepared using ultrapure sterile 

water. Care was taken not to accidently introduce bubbles into the buffers, which can 

cause channel blockages during testing.  
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6.2.4 Magnetic and non-magnetic test beads  

Magnetic and non-magnetic beads were used in the testing of all devices.  The magnetic 

beads were 5 µm in diameter and consisted of an iron oxide core coated in a polystyrene 

shell with epoxy surface groups. Non-magnetic beads were composed entirely of 

polystyrene with epoxy surface groups and their diameter was 3 µm. The beads were 

supplied in a suspension of ethanol and stored at 4
o
C.  
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6.2.5 Preparation of the beads 

Beads were first prepared by washing them three times in sterile water to remove all the 

storage ethanol (5 % solids).  To prepare an even ratio of non-magnetic to magnetic 

beads the beads were first diluted in buffer. Consequently non-magnetic beads were 

diluted 1:1000 (1 µl beads to 1000 µl buffer) and magnetic beads 1:200 (5 µl beads to 

1000 µl buffer) prior to mixing. The beads were then mixed in a 1:1 ratio (v/v), 

typically 500 µl to 500 µl for a final test volume of 1 ml. The expected number of beads 

is therefore 3.65 x 10
5
 per ml. After the final wash step the beads were resuspended in a 

buffer composed of 100 mM glycine and 150 mM NaCl at pH 8.3. The beads were then 

left to incubate on a rotator overnight at room temperature. The function of the glycine 

is to bind with epoxy groups on the surface of the beads in order to reduce non-specific 

absorption of the beads to each other and the microchannel walls. The isoelectric point 

(pI) of glycine is 6.1. Using a buffer with a pH 8.3 ensures therefore that all beads and 

the microchannel walls are negatively charged.  This is important as it helps keep 

electrostatic attraction to a minimum. The use of a low ionic running buffer of 50 mM 

NaCl helped also to increase this effect. 

6.2.6 Mouse blood preparation 

Whole mouse blood containing the anticoagulant ethylenediaminetetraacetic acid 

(EDTA) was purchased from Sera Laboratories International Ltd. (U.K), and stored at 

4
o
C until used. Before use the blood samples were mixed gently and filtered off chip 

with a Pre-Sep filter of 30 µm pore size (Miltenyi Biotech) to remove any clots.  

Typically 1 ml of blood suspension was freshly prepared per chip run. The blood was 

washed with equal volume Dulbecco’s PBS without CaCl2 and MgCl2 in a sterile 

Eppendorf. Cell attachment proteins require the divalent cations Mg
2+

 and Ca
2+

 

therefore reducing the amount of divalent cations available helps to prevent cell 

adherence. The blood was then centrifuged at 500 x g for 5 minutes and the supernatant 

removed. 50 mM sodium nitrite (NaNO2) was added to 1 ml mark and incubated for 20 

minutes at room temperature.! 
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6.2.7 Chip pre-treatment  

The chips were put through a number of pretreatment steps before testing. Firstly the 

channels were flushed with ultra pure sterile water to remove any chemical residues that 

may have been left over from fabrication.  In the testing of magnetic and non-magnetic 

beads the chips were also flushed with the glycine-NaCL buffer, to reduce non-specific 

absorption of the beads to the microchannel walls and to each other.  In preparation for 

blood testing the chips were flushed with a buffer containing 1% BSA in iDPBS.  BSA 

is a protein solution containing albumin, which acts as a blocking agent to prevent non-

specific absorption of blood proteins to microchannel walls. The aim of this step is 

again to reduce cell adhesion to the channel walls. In both cases the chips were 

incubated with the buffers for a minimum of 30 minutes.  

 

6.2.8 Experimental set-up 

The experimental set-up for testing the microscale magnetic separators is illustrated in 

Figure 6.3. The set-up consisted of a syringe pump (Aladdin, WPI, USA), the test chip, 

and a microscope (Olympus Stereo SZX10). The syringe pump was used to introduce 

the samples into the devices via PTFE tubing and fluidic connections.  A syringe pump 

offers a reliable method of pumping small volumes into a microfluidic chip by using a 

motor to push on the syringe. Appendix B lists the syringe diameter for the pump.  The 

sample then flows through the microfluidic network subjected to the magnetic field 

provided by the bonded neodymium magnets. A microscope with CCD camera is used 

to observe the separation at the bifurcation region and to monitor the chip for any 

blockages.  The optical field of view for the high power lense on the microscope was 

only one third of the microchannel length therefore the separation was mostly viewed at 

the bifurcating region.  
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After the pre-treatment steps, the chips and beads are now ready for the microfluidic 

experiments.  One millilitre of test sample was prepared and loaded into a 2.5 ml 

syringe (BD Plastipak). A metallic ball was placed inside the syringe, which was 

controlled by an external magnet to reduce sedimentation of the beads at low flow rates.  

The syringe was then loaded and secured into position on the syringe pump. The tubing 

was connected to the chip via its connectors.  Samples were run firstly without the 

magnets in position.  In both the PMMA prototype device and the Epigem chip the 

magnets can be easy removed for this stage and re-inserted into the chip afterwards.  In 

the case of the PDMS based device, a device was fabricated consisting of just the 

microchannel network.  The magnets were positioned 1 mm from the microchannel 

edge in all devices.  The sample was run at the desired flow rate as outlined in Table 6.3 

until approximately 50 µl was collected in each tube. The samples from each outlet 1, 2 

and 3 were collected into individual Eppendorf tubes, which were secured in place with 

parafilm (Fisher Scientific).  The collection tubes were then removed and replaced with 

fresh tubes at each outlet. The syringe was allowed to run for a further three channel 

volumes to dispel beads left over in the device from the previous run. These are beads, 

which have passed the bifurcation stage. After this period, the collection tubes were 

replaced again with fresh tubes and the outlet tubing with fresh PTFE tubing. The flow 

rate was then increased to the next desired value.  This process was repeated until the 

experiment was completed. Performing the runs in this manner avoided the inlet tubing 

from being disconnected from the syringe or device. This has the advantage of helping 

to reduce introducing dust or airbubbles into the system as discussed later in section 6.7 

If a blockage occurred the chip was discarded and replaced with a new chip. A limited 

number of chips were available during the study therefore using the same chip for each 

flow condition was necessary.  The number of chips used for design is given in Table 

6.1 
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6.3 Fluidic streamlines 

 

Coloured milk and ink were used as test fluids to view the fluidic flow streams 

occurring naturally in the microchannel without the presence of the magnetic field. Milk 

is mainly composed of an emulsion of fat globules in water and has been used in 

microfluidic devices as a blood simulator. The flow streams from different samples can 

be observed in Figure 6.4. Laminar flow patterns are seen in both the Epigem device 

and in the PDMS device.  
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6.4 Detection and analysis of separated particles 
 

Following a separation run the detection and analysis of the separated particles was 

performed to determine the separation and recovery efficiency of each device. This 

involved counting the number and type of particles found in each outlet. Firstly attempts 

were made to count the particles manually using a haemocytometer. A flow cytometer 

in the biology department at HW was then used for a more accurate measurement of the 

separated particles. 

6.4.1 Manual counting using haemocytometer 

Manual counting of cells using a haemocytometer is common practice in biological 

laboratories. The technique is especially employed in counting cell number for tissue 

culture.  The device consists of a microscope slide onto which a 3 mm x 3 mm grid is 

patterned as shown in Figure 6.5.  Normally a coverslip is then placed over the grid 

leaving a 0.1 mm space between the slide and coverslip. C-chips (Labtech International, 

UK) are disposable haemocytometers, which consist of grid already enclosed by a 

coverslip.  The haemocytometer works by simply counting the cells or beads in one or 

more 1 mm x 1 mm grid using a clicker to keep record. Figure 6.5 (insert) shows an 

image of magnetic beads in the C-chip after a separation run. The number of beads/cells 

per ml can be calculated using the Equation 6.1. 
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where number is the average count per square, df is the dilution factor, vf is the volume 

of the square counted.  The large number of beads makes it difficult to count manually 

with high accuracy. Further dilutions could be made but this would only introduce more 

statistical error. Also identifying magnetic and non-magnetic beads in each outlet was 

difficult using the haemocytometer. Therefore an alternative and more statistically 

accurate method of particle counting were sought. 

 

 

 



 

 175 

 

 

 

 

!"#$%&' ()*' +,-."/' 0"1/21345&' .3&62-7826&8&%)'!"#$ %&'()*(+$ ,-#,$ %&(.*.).$ &/$ ,$ +-*0$ &/$ (*(#$

1,-+#$ 2$ 33$ 4$ 233$ .5',-#.6$ 7,381#$ *.$ 1&,0#0$ 9*,$ )"#$ .,381#$ *(:#%)*&($ ,-#,.6$ ;#%&9#-#0$

.,381#.$ /-&3$#,%"$&')1#)$ ,-#$ 1&,0#0$&()&$ )"#$"#3&%<)&3#)#-6$ !"#$('3=#-$&/$=#,0.$ *.$ )&&$

"*+"$ )&$ %&'()$3,(',11<6$>,+(#)*%$ ,(0$ (&(?3,+(#)*%$ =#,0.$ %,($ (&)$ =#$ 0*.)*(+'*."#0$ =<$ #<#$

@*(.#-)A6$

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 176 

6.4.2 Counting by flow cytometry 

Flow cytometry is a highly sensitive method of particle counting. Bead counting and 

identification were carried out by flow cytometry using a Partec Cyflow SL system at 

the biology department, HW. The operating principle of flow cytometry has been 

discussed in Chapter 2.  The system in the biology department is equipped with a blue 

solid-state argon laser (488 nm) for particle interrogation. In these experiments flow 

cytometry readings were acquired for four samples: 

 

1. Inlet sample 

2. Outlet 1 (Magnetic particles) 

3. Outlet 2 (Non-magnetic particles) 

4. Outlet 3 (Magnetic particles) 

 

 

The flow cytometer (FC) requires a sample volume of 1 ml, therefore 50 µl of each 

sample was diluted 1:20 with PBS. Samples were quickly vortexed to resuspend any 

beads, which may have sedimented before each count. Counts were taken for each 

outlet sample per run. Both forward scattered and side-scattered light from the argon 

laser was measured.  Particle size is determined from the degree of forward scattering 

and internal complexity from the amount of side-scattered light. A threshold was set to 

exclude any particle fragments less than 1 µm from data acquisition.    

 

6.4.3 Analysis of flow cytometry data 

The Partac FloMax software was used for data acquisition.  Data produced during a run 

is presented in the form of 1D histograms and 2D scatter plots as shown in Figure 6.6. 

The 1D histograms represent cell count over forward scatter based on particle size (FSC 

relative size; plots B and D) or side scatter based on particle internal complexity (SSC 

relative granularity; plots C and E). The 2D scatter plot is a combined plot of forward 

scatter (FSC relative size) on the X-axis and side scatter (SSC relative granularity) on 

the Y-axis (plot F).  Each dot on the plot represents a bead. Plotting the data as a 2D 

histogram allows information about the complexity of the population to be shown. 

Regions of interest (ROI) or ‘gates’ can be drawn around different populations to direct 

the analysis software to these sites. Three ROI were used in these experiments, R1 
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represents the magnetic beads, R2 the non-magnetic beads and R3 the total bead 

population in the sample.  A small percentage of particles in R3 are not included in the 

R1 and R2 gates, this portion represents most probably debris or bead aggregates, which 

can be seen in Figure 6.6 (A). On average this portion represented 9.9 ± 3.4 % (standard 

deviation of 48 independent FC runs) of particles over all FC runs.  
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The separation efficiencies of each device were tested at fluid velocities ranging from 1-

5 mm/s. The beads counts from each outlet are used to determine the separation 

efficiencies of the three devices. The separation efficiency is defined as the percentage 

of correct bead type in each outlet. 
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A high sample recovery is paramount in microfluidic separation devices. Sample loss in 

microfluidic devices is undesirable especially in applications involving rare cell 

detection e.g. fetal nRBCs in maternal blood. To determine the amount of beads 

recovered during testing and not trapped in the devices the average number of beads an 

inlet count was implemented.  A total of 150 µl of prepared test sample (expected total 

volume which would be collected in all three outlets) was brought up to 1 ml for flow 

cytometry.  The average total bead inlet count over three flow cytometry runs were 

recorded as 8.26 x 10
4
 ± 4.47 x 10

3
. This value was then used to calculate the total bead 

recovery efficiency for each device.  The recovery efficiency for magnetic and non-

magnetic beads was also calculated. 

   

 

 

!"#$%"&'!!"!! ! ! !
!"#$%&#!!"#$%#!!"#$%!!!!!!"#$!

!"#$%&#!!"#$%!!"#$%!!!!!!"#$!
!!!!""!! 

 

!"#$%&'()*+-)

 

 

 

 

 

 

 

 



 

 179 

6.5 Separation efficiency of the magnetic separators 
 

The test fluid velocities were chosen according to the results obtained through the 

fluidic model presented in Chapter 3.  Changes in the external bias field did not 

significantly affect separation unlike the average fluid velocity, which has a deep impact 

on the separation process. The slower the beads are traveling in the microchannel the 

longer they are exposed to the magnetic force, allowing therefore a greater opportunity 

for beads to enter their correct exit pathways.  The corresponding flow rate and 

Reynolds number were then calculated for each device; these results are compiled in 

Table 6.3.  The Reynolds number varies greatly from 0.03 to 1. The transition threshold 

between laminar and turbulent flow is in the order of 1000 to 2000 for microchannels 

[6.1] thereby confirming laminar flow behaviour in these devices.  

 

The behaviour of the magnetic and non-magnetic beads is expected to follow that of 

spherical rigid particles in microchannels. In the absence of inertia, viscous forces are 

dominant and spherical rigid particles follow streamlines, whereas deformable 

asymmetric particles such as blood cells are pulled towards the centre of the 

microchannel. In the presence of inertia however, the opposite phenomenon has been 

documented [6.2] [6.3]. 
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6.5.1 Separation efficiency of the PMMA prototype device    

The PMMA devices were fabricated as quick prototypes with the aim to demonstrate 

magnetic separation on chip. The chips were fabricated using laser ablation and thermal 

bonding.  The design of these chips is based on the first generation design without the 

inclusion of the NiFe elements. An image of a PMMA prototype with magnets and 

fluidic connectors is shown in Figure 6.7. 
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The PMMA prototypes were tested at flow rates of 144 µl/hr and 288 µl/hr, 

corresponding to fluid velocities of 1 and 2 mm/s respectively. It was found that there 

was no leakage of the devices at these flow rates; however, during testing of the chip at 

720 µl/h (5 mm/s), leakage occurred across the chip width, thus hampering testing of 

the PMMA prototypes at this fluid velocity. Figure 6.8 displays the calculated 

separation efficiencies based on the number of beads recovered in each outlet. Testing 

without the magnets (Figure 6.8 A) in place showed that the relative percentage of 

beads recovered from each outlet differ at both fluid velocities. At 1 mm/s the average 

percentage of magnetic beads recovered over the three outlets is 34.35 ± 6.21 %, this 

increases to 56.85 ± 4.35  % at 2 mm/s.  The reverse is noted for non-magnetic beads, at 

1 mm/s 48.43 ± 4.12 % and at 2 mm/s 36.20 ± 4.53 % of beads recovered over the three 

outlets are non-magnetic.  The difference could be due to imperfections in the fluidic 

flow caused by the rough cratered sidewall of the PMMA channel. However it is not 

possible to assert that this is the only contributing factor. The relative percentage beads 

not counted in either the R1 or R2 gate is higher at 1 mm/s compared to 2 mm/s. 
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Therefore the differences observed could easily be caused by an artefact of these 

particular flow cytometry runs.  

 

Testing the chip with the magnets in position led to an observable change in the bead 

type exiting through each outlet. In principle the magnetic beads should exit through 

outlets 1 and 3 and non-magnetic beads through outlet 2. This pattern can be seen in 

Figure 6.8 B, which is in contrast to the pattern shown in Figure 6.8 A. Therefore it can 

be concluded that separation of the magnetic and non-magnetic beads has occurred on 

chip. In comparison to the separation data without the magnets in place at 1 mm/s there 

has been an almost two-fold increase in the relative percentage magnetic beads 

recovered in O1 and O3. In the case of the non-magnetic beads a 1.5 fold increase in 

beads is observed in O2. However at 2 mm/s there is little change in the percentage of 

magnetic beads recovered with or without the magnets over O1 and O3. At higher fluid 

velocities a greater fluidic force is exerted on the beads pushing them down the length 

of the channel. It is not clear whether the change in separation efficiency is due to the 

increase in fluid velocity. Nonetheless O2 shows the percentage of non-magnetic beads 

has significantly increased in comparison to O2 without the magnets in position and 

follows the same pattern as O2 at 1 mm/s.   

 

The PMMA chip was also tested without the action of the syringe pump. Instead 

capillary pumps were integrated on chip by patterning an array of pillars at the end of 

each outlet as shown in Figure 6.9. The capillary pumps worked well to draw fluid into 

the chip however the fluidic force generated from these pumps was not strong enough to 

over the magnetic field to force the beads into the channel for separation. Beads 

remained trapped by the magnetic force at the inlet to the channel as shown in bottom 

right panel of Figure 6.9. 
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6.5.2 Separation efficiency of the PDMS based device 

The PDMS device is based on the first generation design. The chip contains permanent 

magnets and NiFe elements on either side of the microchannel. The permanent magnet 

is approximately 1 mm from the edge of the microchannel and the isolation gap 

between the microchannel and the NiFe elements is 250 µm. Some chips were 

fabricated with a smaller isolation gap of 10 µm as shown in Figure 6.2.  However these 

chips could not be thoroughly tested, as they were prone to leakage. This is probably 

due to the proximity of the NiFe, which may have weakened the bond strength between 

the PDMS and glass substrate. A PDMS chip is shown in Figure 6.10 with magnets and 

fluidic connectors.  PDMS devices were tested at fluid velocities of 1, 2 and 5 mm/s for 

a direct comparison with the other devices.  These velocities correspond to flow rates of 

5.4, 10.8 and 27 µl/hr.  The device performance was tested with 

 

• no magnets 

• magnets, no permalloy elements 

• magnets and permalloy elements.  

O1 O2 O3
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The PDMS chips could be tested successfully at fluid velocities of 1 and 2 mm/s (5.4 

and 10.8 µl/hr).  Testing the device at higher fluid velocity (27 µl/hr) led to bond failure 

and leakage of the sample from the microchannel. Once this occurred the beads would 

become trapped in under the PDMS layer.  Figure 6.11 shows beads trapped under 

PDMS after bond failure. The problem was accentuated in the presence of the magnetic 

field as the magnetic beads would weaken the bond between layers further as they 

migrated under the PDMS layer towards the NiFe elements and permanent magnet. This 

was a problem as many beads were lost hampering thereby the complete testing of the 

device, until the device was no longer functional. 

 

The results of testing of this chip are presented in Figure 6.12. Without the magnets in 

position (Figure 6.12A) the relative percentage magnetic and non-magnetic beads is 

comparable over the three outlets for each velocity. 
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The even distribution of bead types through all outlets suggests a uniform flow rate 

across the channels. For the three fluid velocities tested the average percentage of 

magnetic beads collected from combined outlets was 48.7 ± 6.15 % and non-magnetic 

beads 40.12 ± 5.32 %. Testing of the PDMS device with the magnets (Figure 6.12 B) 

and the magnetic elements (Figure 6.12 C) resulted in a clear change in the bead type 

exiting through each outlet. The highest separation efficiency was achieved at 2 mm/s 

for testing of the device with just the magnets alone and with the magnetic elements 

included. At this fluidic velocity a high percentage of non-magnetic beads were 

correctly found in O2, 87.21 % for magnets alone and 86.27 % for magnets and 

magnetic elements.  Around only 3 % magnetic beads were found in O2 at this fluid 

velocity.  In the O1 and O3 fractions more magnetic beads were recovered while testing 

the device with the NiFe elements and magnets (69.89 % O1 and 66.78 % O3) 

compared to the test run with the magnets alone (57.06 % O1 and 61.71 % O3) 

suggesting that the presence of the NiFe elements have had an enhanced affect on the 

separation. At 1 mm/s the separation of non-magnetic beads into O2 was still elevated, 

however separation of the magnetic beads is not as effective.  This indicates that the 

magnetic beads may be becoming retained within the microchannels and not exiting the 

device. The bond failure of the device at 5 mm/s meant that very little of the test beads 

were recovered from the device. Therefore the separation efficiency of the PDMS 

device at this velocity could not be fully assessed.   
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6.5.3 Separation efficiency of the Epigem chip 

The Epigem chip was designed according to the specifications outlined in chapter three. 

The main difference between this chip and PDMS chip is the addition of the splitter in 

the middle of the main microchannel.   The proposed position of the NiFe elements is 

closer to the microchannel wall.  Due to manufacturing constraints the chip was not 

completely finished and the NiFe elements are unfortunately missing from the device. 

Therefore chips fabricated without the elements were tested as shown in Figure 6.13. 
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7.5.3.1 Magnetic and non-magnetic beads 

Magnetic and non-magnetic beads were separated successfully from each other using 

the Epigem chip. The Epigem magnetic separators were also tested at fluid velocities of 

1, 2 and 5 mm/s for a direct comparison with the other devices.  These velocities 

correspond to flow rates of 7.2, 14.4 and 36 µl/hr, respectively.  Quantification of the 

FC data for each fluid velocity is shown in Figure 6.14. The chips were first tested 

without the magnets in position (Figure 6.14A). Without magnetisation both magnetic 

and non-magnetic beads excited through all outlets. In the presence of the magnetic 

field (Figure 6.14B) the beads were deflected from their laminar flow path and towards 

the correct outlets.  A fluid velocity of 5 mm/s had the highest separation efficiency, 

with 73.84 ± 2.57 % of magnetic beads exiting through O1 and O3.  Only 4.47 % of 

magnetic beads were found in the O2 fraction. Also through O2, 85.49 % of non-

magnetic beads exited, while 18.53 ± 3.65 % of the non-magnetic beads were found in 

O1 and O3.  The separation efficiency was reduced at lower fluid velocities of 1 and 2 

mm/s with approximately four times more magnetic beads found in the O2 for each 
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velocity. Figure 6.15 shows an example of testing at 2 mm/s (14.4 µl/hr). At this flow 

velocity the magnetic beads are becoming trapped by the magnetic field gradient 

leading to a build up of beads at O1 and O3 and at the splitter edge. Near the channel 

walls the velocity is lower while the magnetic field gradient is at a maximum. The 

magnetic force experience by a bead will therefore dominate the hydrodynamic force. 

The build up of magnetic beads at the edge of the splitter over time forms a large 

aggregate of magnetic and non-magnetic beads. As the aggregate size increases the 

outer boundary is further away from the wall, which results in shearing of beads or of 

chunks of beads from the aggregate. The dislodged beads exit through O2 thereby 

increasing the number of beads in this fraction. This may explain the reduction in the 

separation efficiency at lower fluid velocities 
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7.5.3.2 Mouse blood test 

Label free magnetic separation of blood cells was attempted on the Epigem chip using 

mouse blood as shown in Figure 6.16.  Blood is a heterogeneous suspension of cells in 

an aqueous solution called plasma and therefore is an extremely complex fluid.  Whole 

blood has a viscosity of 4.5-5.5 mPa at 37
o
C and is characterised as a non-Newtonian 

fluid.  In the absence of the magnetic field blood cells are expected to behave as 

asymmetrical deformable particles inside the magnetic separator. At the microscale, 

blood exhibits unique flow characteristics that can be used in separation. For example, 

the blood plasma separator module of the LOC for NIPD exploits two main 

hydrodynamic effects; the Zweifach-Fung bifurcation law and the blood flow focusing 

after a constriction [6.3]. 

 

In order to achieve label free magnetic separation of RBCs from WBCs the RBCs must 

be fully deoxygenated, rendering them paramagnetic. Early work by Pauling and 

Coryell [6.4] established that the change in magnetic properties of RBCS is due to the 

metalloprotein haemoglobin and its oxygen binding properties. In its oxygenated form, 

the interactions between the iron atom and the heme group are covalent whereas in its 

deoxygenated form the interactions are ionic with four or five unpaired electrons present 

making it paramagnetic [6.5].  
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RBCS were rendered paramagnetic as described in section 6.2.6.  During the blood 

preparation the plasma component of blood was removed after centrifugation and 

replaced with isotonic 50 mM sodium nitrite solution.  Sodium nitrite is a reducing 

agent that interacts with heme proteins and metallic ions rendering the RBCs 
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paramagnetic.  The external magnetic field provided by the permanent magnet should 

act to draw the RBCs closer to the microchannel walls of the magnetic separator while 

diamagnetic particles such as WBCs are forced away towards the splitter walls. Thus in 

theory RBCs should exit the device through outlets one and three and WBCs through 

outlet two following the identical path of magnetic and non-magnetic beads. The 

separation tests were again performed at fluid velocities of 1, 2 and 5 mm/s.  After a 

separation run the number of RBCs was counted in each outlet using a haemocytometer 

as shown in Figure 6.17.  
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During testing RBCs did not appear to move towards the source of the external 

magnetic field.  No obvious separation of the RBCs was visible. Figure 6.18 presents 

the number of RBCs/ml in each outlet after different fluid velocities with and without 

the presence of an external magnetic field.  In the presence of the magnetic field the 

number of RBCs in O2 should decrease whereas the number of RBCs in O1 and O3 

would increase.  No significant decline in the number of RBCs exiting through O2 with 

or without the magnetic field was observed.   Although O3 showed a significant rise in 

the number of cells collected with the magnetic field compared to without the magnetic 

field (Student T-test: 1 mm/s p=0.038, 2 mm/s p=0.029, 5 mm/s p=0.022), however this 

was not reciprocated in O1. 
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The total RBC count collected over the three outlets is presented in Figure 6.19, and 

shows that the average number of cells does not differ greatly between testing runs with 

or without an external magnetic field.  The increase in O3 may suggest that minor 

separation may have occurred on chip however it is not possible to conclude fully that 

label free magnetic separation of RBCs has occurred on chip.  The inclusion of the 

permalloy elements in the Epigem device would have greatly enhanced the magnetic 

field strength in the channel resulting in a higher magnetic force acting on the RBCs.  
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6.6 Recovery efficiency of the magnetic separators 
 

The recovery efficiency of each bead type was also calculated for each device and 

results are presented in Figure 6.20. Even in the absence of a magnetic field the 

recovery efficiency of each bead type for all devices tested is never 100 %. This 

indicates that beads have become lost or trapped within the devices due to other factors 

not associated with any magnetic trapping effect. The variations in bead recovery 

efficiencies without the magnets is owing to factors such as non-specific adhesion of the 

beads to the walls of the collection tubes, pipette tips, microchannel walls and 

sedimentation of beads in syringe during loading.   

6.6.1 Recovery efficiency of the PMMA device 

The PMMA device had the lowest recovery efficiency of all the devices tested with 

20% or less of non-magnetic and magnetic beads being recovered as shown in Figure 

6.20 (A and B).  The pronounced reduction in beads recovered in the PMMA prototype 

may be also be a direct effect of channel wall surface roughness. An increase in 

microchannel surface roughness has been shown to promote adhesion between particles 

and the wall surface.  Consequently beads may be becoming trapped forming aggregates 

in and around the microchannel wall and reservoirs reducing the overall efficiency of 

the device.  

6.6.2 Recovery efficiency of the PDMS device 

In the absence of an external magnetic field, at fluid velocities of 1 and 2 mm/s the 

PDMS device had greater than 50 % recovery for each bead type.  At 5 mm/s the 

recovery efficiency for both bead types declined to almost 30 % due to leakage of the 

beads at this flow rate (Figure 6.20 A and B).  Testing the PDMS device with the 

magnets in position at a 1 mm/s led to almost a 3-fold reduction in magnetic beads 

recovered compared to testing without the magnets (Figure 6.20 A).  This reduction 

suggests the magnetic beads are becoming trapped at some point during testing. The 

recovery of non-magnetic beads does not seem to be greatly influenced by magnetic 

field as shown in Figure 6.20 B. Increasing the fluid velocity helped lead to a growth in 

magnetic beads recovered to over 50 %. The decline in both beads recovered at 5 mm/s 

is further amplified with the magnets in position. Magnetic beads further damaged the 

weakened PDMS wall as they travelled towards the source of the magnetic field.  
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6.6.3 Recovery efficiency of the Epigem device 

Without the external magnets, the Epigem device had the highest of both bead type 

recovered followed by the PDMS device. As in the case of the PDMS device, the 

recovery efficiency of both bead types without the external magnets did drop at higher 

fluid velocity of 5 mm/s. Unlike the PDMS device the Epigem chip did not suffer from 

leakage problems. This decline at 5 mm/s was also observed when testing with the 

magnets in place.  Therefore this decline is most likely not attributed to magnetic field 

trapping and is probably a result of bead sedimentation in the syringe during device 

loading.  To reduce this occurrence a metallic ball was placed inside the syringe to 
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provide agitation.  Ideally during testing of microfluidic devices, samples should be 

continuously mixed on a rocker to prevent settling of the beads.  

 

Testing with the magnets in position lead to an overall reduction in both magnetic and 

non-magnetic beads recovered.  The falling recovery efficiencies imply a great deal of 

beads is becoming trapped within the device.  A potential problem area for bead 

trapping was identified at the inlets/outlets as shown in Figure 6.21.   
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A small build-up of beads is observed at the inlet whereas large dense aggregates of 

beads are found at outlets 1 and 2.  At the inlets/outlets the fluid velocity is not expected 

to be as high compared to inside the microchannel. Therefore the magnetic force on a 

bead overcomes the depleting fluidic drag force leading the formation of bead 

aggregates.  As the aggregate size increases it is possible that non-magnetic beads are 

becoming caught in the amassed collection of beads. The effect is multiplied at the 

outlet 1 and 2 due to their close proximity to the magnets in comparison to the inlet. 

Removal of the magnetic field leads to dispersion of the beads though the collection 

tubes demonstrating the lack of magnetic remanence. Repositioning the outlet positions 

further away from the magnets or converging the channels together into one outlet could 

reduce this build up beads. 

 

Trapped 
magnetic beads

Direction 
of flow

Direction 
of flow

Outlet Inlet
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6.7 Channel blockages 
 

Blockage of microfluidic channels with dust and air bubbles is a common occurrence in 

microfluidic experiments. Channels can also become blocked by bead and cell 

aggregates. Blockages obstruct flow and reduce separation efficiency. During testing the 

most common problems occurred from dust and airbubbles. Bead aggregation was 

reduced by coating in glycine overnight and by introducing a filter between the syringe 

and PEEK tubing. The filter would have also helped to remove any dust that may have 

contaminated syringes etc. Therefore bead aggregation was not a major problem during 

testing.  Beads did however become trapped in dust particles further blocking of the 

channel. Dust can enter the channels during manufacturing processing steps and for 

example during assembly of the Epigem Fluence baseboard. The presence of dust and 

air bubbles and the resulting effect on fluidic flow in the system are shown in Figure 

6.22. Priming the inlet with buffer first can reduce the occurrence of air bubbles 

entering the system. This was accomplished by pumping buffer into the connection 

cavity until full with liquid. The tubing and the matching connector were then carefully 

screwed and tightened into place. This technique could be done for both the PMMA 

prototype chip and the Epigem chip, which has detachable tubing connectors. The 

PDMS chip tubing connectors are fixed with PDMS and therefore this is not possible. 

Buffers could also be degassed under vacuum before being used in the chip.  

 

The simplest solution for removing blockages caused dust was to reverse flow using the 

syringe pump. To do this tubing from each outlet as placed in an Eppendorf tube 

containing buffer and the withdraw option was selected on the syringe pump. Stubborn 

trapped particles could be removed by pumping 1 M NaOH and/or 70 % chilled ethanol 

through the system. Following these clean outs the channel was then flushed with sterile 

water to remove all the NaOH and ethanol. Sometimes bubbles could be removed by 

attaching a syringe to an outlet and slowly drawing the fluid through the system. 
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6.8 Conclusions 

 

This chapter has presented the experimental testing results for fabricated magnetic 

separators.  Magnetic and non-magnetic polystyrene beads were used as test samples to 

determine the separation efficiencies of each device. The separation was characterised 

without the external magnets and with the magnets in position. Without magnetisation 

magnetic and non-magnetic beads followed their laminar flow paths, with both particle 

types exiting through all outlets.  In general magnetic and non-magnetic beads were 

distributed evenly across each outlet fraction, indicating that the flow rate was uniform 

across all channels. In the presence of permanent magnets the beads were directed from 

their source stream into the correct outlets. Figure 6.23 and Figure 6.24 represents the 

separation efficiencies of all the magnetic separators.  Besides the separation efficiency 

other factors have to be considered in order to evaluate the overall performance of each 

device.  These include separation time, and sample recovery efficiency of each device. 

Table 6.4 highlights the overall performance of each device.  
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In terms of separation efficiency the Epigem device performed well in both positive and 

negative selection modes.  The highest separation efficiencies of 73.84 % and 85.49 % 

for magnetic and non-magnetic beads respectively were achieved at 5 mm/s.  Both 

PDMS devices performed better in negative selection mode with high separation 

efficiencies greater than 80 %.  In positive selection mode the PDMS device with 

integrated elements had a higher separation efficiency of almost 10 % compared to the 

device without the elements. Although the PDMS and Epigem chips showed the highest 
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separation efficiency the flow rates of these devices are too low to be used in routine 

applications. The PDMS device cannot function at a higher flow rates due to bond 

failure leading to high sample loss.  

 

While Epigem chips have been shown to be capable of handling flow rates of up to 20 

ml/hr with ease [6.3] [6.6], a trade off between separation efficiency and sample 

handling/testing time would arise in our magnetic separator.  The effect of higher flow 

rates on the separation efficiency could not be investigated due to a limited number of 

devices manufactured.  The Epigem device did suffer from poor bead recovery (20 % or 

less) caused by bead aggregation at outlet 1 and 2, repositioning the outlets would 

eliminate this problem.  

 

The PMMA prototype also had low bead recovery however the chip operates at the 

highest flow rates therefore allowing a higher volume of sample to be processed in a 

faster time compared to the other devices.  The PMMA prototype performed did 

satisfactory in terms of separation efficiencies. Although the separation efficiency was 

not even across both magnetic bead outlets  (O1 – 75.76 % magnetic beads and O3 - 

57.03 % magnetic beads at 1mm/s, O1 - 47.31 % magnetic beads and O3 – 60.58 % 

magnetic beads at 2 mm/s) with one outlet having higher separation efficiency over the 

other.  Imperfections in the fluidic flow caused by the rough channel walls could also be 

responsible for this occurrence.  In the non-magnetic bead outlet (O2) the separation 

efficiency was 73.05 % at 1 mm/s and 78.37 % at 2 mm/s, therefore the PMMA 

prototype would be more suitable to operate in a negative magnetic selection mode. 

Experimental testing results have shown magnetic separation has been successfully 

achieved in all devices tested although with different levels of separation and bead 

recovery efficiencies. 
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Chapter 7 Conclusions and Future Work 

 

7.1  Conclusions 

 

The main objective of this thesis was to research and develop a microscale magnetic 

separator for biological applications, based on the controlled movement of magnetic 

particles immersed in a microfluidic network.  Magnetic beads have been used to target, 

label and separate biological particles such as DNA, proteins and cells [7.1]. This is 

made possible by the development of surface functionalised magnetic beads that can 

selectively transport a target bio-particle [7.2]. The thesis is divided into seven chapters 

and describes the design, fabrication and testing of a microscale magnetic separator. 

 

Chapter one identifies the key motivation for the fabrication of the microscale magnetic 

separator. The potential clinical applications of the microscale magnetic separator, 

which were motivation for this project are highlighted in Table 7.1.  The device 

described in this thesis has the potential to be used for both negative and positive 

magnetic separation modes as well as for the separation of blood cells in their native 

state without tagging. The separator is envisioned to act as a stand-alone separation 

device or one that could be to be integrated into a lab-on-chip system. 
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A comprehensive literature review of current and emerging methods of bio-particle 

separation was presented in chapter two.  The chapter discussed size and density based 

methods of bio-particle separation as well as non-inertial based methods such as DEP 

and optical separation. Special emphasis was placed on bio-particle separation using 

magnetic fields with an outline of the types of magnetic beads available for separation. 

Macro-scale magnetic separation typically used in biological labs was first reviewed, 

followed by a description of magnetic separation on chip including passive and active 

systems. Finally the biocompatibility of different polymer materials used in the 

manufacture of the magnetic separator was addressed.  

 

The fundamental fluidic and magnetic equations used in the design of the microscale 

magnetic separator were laid out in chapter three. The microsystem features a unique 

design consisting of a micron-sized channel with one inlet to introduce the sample and 

three outlets. An array of soft permalloy elements is integrated adjacent to both 

sidewalls of the fluidic channel. The elements span the entire length of the 

microchannel enabling efficient separation along the entire channel.  An isolation gap 

between the elements and the microchannel wall eliminates permalloy biocompatibility 

issues. This is in contrast with most other microscale magnetic separators [7.3] [7.4] 

[7.5] [7.6] where metals such as nickel, copper and ferromagnetic materials have been 

integrated directly into the microchannel raising concerns for biocompatibility. 

 

Two external permanent magnets provided the source of the bias magnetic field in our 

device. The external magnetic field generated by the permanent magnets magnetises the 

elements, which, in turn, produce their own non-uniform field distribution along the 

microchannel. The external bias magnetic field is more than enough to saturate the 

permalloy elements, as it is several orders of magnitude greater than the coercivity of 

permalloy.  The local field within the microchannel produces a force on magnetic 

particles as they flow through the microchannel.  Simulations were performed to predict 

the magnetic flux density generated by the NiFe elements and fluidic behavior in the 

device. Results of the simulations allowed the completion of the design by determining 

the optimum configuration of the permanent magnets (1 mm) and magnetic elements 

(10 µm) from the microchannel walls. The length of the channel (1.6 mm) for efficient 

separation was determined from simulations. The designed device couples magnetic and 

fluidic forces at the microscale to achieve separation.  Diamagnetic particles exit 

through the central outlet and paramagnetic particles through the two lateral outlets. 
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A second-generation design is also presented and fabrication at Epigem Ltd had begun 

on this design towards the end of the project. An additional feature of this design is the 

splitting structure at the centre of the main microfluidic channel that runs along the 

length of the channel creating thereby two sub-channels. The function of the splitter is 

to prevent cells occupying the central region where the magnetic forces are at their 

lowest. The splitter ends in correspondence to the bifurcating region, where the edges of 

the splitter act to focus the fluid flow by inducing converging and diverging transversal 

velocity components, respectively, in proximity of the splitter edges and of the channel 

walls. 

 

Chapter four presents the fabrication of the magnetic separator in different 

biocompatible materials. Three magnetic separation systems were fabricated and tested; 

a PMMA prototype, a PDMS based device and the Epigem device.  CO2 laser ablation 

and powder blasting of PMMA were investigated as methods for rapid prototyping.  

Ultimately CO2 laser ablation was chosen over powder blasting for its ease of use, rapid 

manufacturing time, reduced cost and design flexibility. Nonetheless UV 

photolithography emerged as the key technique used in the manufacture of the magnetic 

separator.  Using photolithography device fabrication was carried out using both 

positive (AZ 9260) and negative (SU-8) photoresists.  AZ 9260 was used to create a 

mold for NiFe electroforming prior to fabrication of the microchannels. Following the 

NiFe electroforming, the microchannel was fabricated in SU-8 or in PDMS. The 

channel height was chosen based on the thickness of the electroformed permalloy. This 

ensures that magnetic beads at different heights through the channel are exposed to a 

similar magnetic field gradient. The channel height does not influence the separation 

efficiency but does affect the volumetric flow rate. 

 

The chapter concluded with a description of the preliminary fabrication of the second-

generation design at Epigem.  The addition of a splitter and a reduction of the isolation 

gap are the main differences between the first and second-generation designs. The 

splitter functions to stop particles occupying the central region of the microchannel as 

the magnetic forces are at their weakest along the midplane.  A critical design feature of 

the magnetic separator is the distance of the NiFe elements and permanent magnet from 

the microchannel walls. Reducing the width of the isolation gap keeps these features as 

close as possible to the microchannel to ensure the generation of a strong magnetic field 
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for separation.  A fabrication process has been developed at Epigem and magnetic 

separators have been fabricated without the NiFe elements. Epigem are not set up for 

NiFe electroforming therefore the elements could not be included in the devices. 

 

Chapter five covers the processing steps for the fabrication of the NiFe elements.  The 

theory behind DC electroforming process is outlined and the deposition rate of nickel 

was determined using the Faraday equation.  A description is given of the NiFe plating 

cell. The electroformed elements were characterised using white light interferometry, 

EDX, SEM and AFM.  White light interferometry was used to monitor the NiFe 

deposition rate and final height of the elements.  EDX analysis was used to investigate 

the composition of the electroformed NiFe elements.  The anomalous co-deposition 

nature of NiFe was experimentally verified. The NiFe deposits with the target permalloy 

ratio of 80:20 were DC electroformed with a current density 21 mA/cm
2
 for 10 and 30 

!m layer and 26 mA/cm
2
 for the 50 !m layer.  

 

SEM and AFM analysis were performed to characterise surface roughness. Surface 

roughness and grain size are important because of their impact on domain formation. 

The finer the grain size the smoother the NiFe surface. Imperfections in the surface can 

act as minor air gaps altering the magnetic response of the alloy or producing magnetic 

"ux hot spots. The RMS roughness for current densities of 5, 13 and 20 mA/cm
2 

(30, 26 

and 22 % Fe content) was measured to be 11.6, 8.5 and 7.2 nm respectively. NiFe 

samples electroformed at lower current densities tended to have a rougher surface 

compared to those plated at higher current densities.  

 

Chapter six presents the results of the experimental testing for the fabricated magnetic 

separators.  Magnetic separation was successfully demonstrated for the three devices 

fabricated.  This chapter describes the testing set-up in detail and results are presented 

for each device using magnetic and non-magnetic beads as test samples.  In theory the 

magnetic separator was designed to have 100% separation efficiency; this value was 

calculated based on the percentage of the correct bead type in each outlet. Flow 

cytometry a highly accurate method of particle counting and analysis was used to count 

and identify the bead type recovered from each outlet. In the absence of the permalloy 

elements testing revealed that the permanent magnets alone were sufficient to separate 

magnetic and non-magnetic beads. The low permeability of the medium permits good 
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pairing between the applied field and the magnetic beads and the low susceptibility of 

the non-magnetic polystyrene beads allowing a high degree of selectivity. 

 

Label free separation of blood was attempted on chip using the Epigem device.  RBC 

separation did not occur with high efficiency nevertheless the results suggest that minor 

separation may have occurred.  The statistical accuracy of the results could be improved 

by using a more accurate method of particle counting such as flow cytometry rather than 

manual counting using the haemocytometer.  Completion of the Epigem device with the 

integration of the permalloy elements would have greatly improved the separation 

efficiency.  

 

The devices were also tested without magnets; doing so allowed the total number of 

beads recovered without the external magnetic field to be determined. In the case of 

three devices the amount of beads recovered was reduced, the greatest loss of beads was 

observed in the PMMA prototype and the Epigem device. The loss of beads did not 

affect the magnetic separation as quantification of flow cytometry counts revealed 

magnetic separation had occurred on chip.  

 

7.2  Challenges encountered 

 

The challenges encountered during this thesis are summarised in Table 7.2.  Fabrication 

of the magnetic separator proved the most challenging aspect during this project.  The 

major challenge in the fabrication of the magnetic separator was how to integrate the 

numerous components through a simple, quick and inexpensive manner to form a 

complete magnetic separation system on chip.  Components of the magnetic separator 

include the two external permanent magnets and the electroformed permalloy elements. 

During the project microfluidic systems consisting of plain channel structures were 

successfully manufactured and packaged using different biocompatible materials e.g. 

SU-8 polyimide hybrid devices. However the integration of the permalloy elements 

added a level of complexity to the manufacturing process. DC electroforming was 

chosen to manufacture the NiFe elements as it allowed control over the permalloy ratio. 
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Consequently material selection and corresponding fabrication process were chosen 

based on their compatibility with the permalloy UV-LIGA process.  Accurate alignment 

of the channel between the permalloy elements was important during fabrication. 

Therefore fabrication of the microchannels using a photolithography-based approach 

was very suitable. 

 

Fabrication of the magnetic separator was first attempted using SU-8.  Microchannels 

with and without NiFe elements have been fabricated using SU-8 and the process 

successfully optimised for glass, metallic and polyimide substrates.  SU-8 is a 

challenging resist to work with and numerous problems were encountered during 

fabrication.  The main problem encountered was high resist stress and poor bond yield.  

Resist stress resulted in surface defects and delamination of the SU-8 from the substrate. 

These problems have been solved during the course of the project however, due to the 

slow device turnaround time and low device yield, an alternative fabrication method 

was sought. 

 

PDMS soft lithography was chosen as an alternative fabrication route. Combining the 

permalloy element UV-LIGA process with PDMS casting is technically difficult 

because of alignment of the microchannel with the permalloy elements. PDMS layers 

containing the microchannel features were cast using AZ 9260 as a mold.  Bonding of a 

patterned PDMS layer to the glass substrate containing the NiFe elements would require 

a special alignment tool. Specialised oxygen plasma machines would allow plasma 

treatment and alignment of substrates for irreversible bonding. 

 

To resolve this problem a sacrificial etching technique was then developed to remove 

the AZ 9260 from under the cured PDMS.  Immersion of the PDMS in AZ developer 

did not result in significant swelling of the material as shown by the chemical 

immersion tests. Although this fabrication method is suitable for preliminary device 

testing, this method would not be suited for the mass manufacture of the magnetic 

separator. Challenges in electroforming such as surface defects were resolved by the use 

of additives and active monitoring of NiFe bath.  Stress did occur during electroforming 

of the NiFe and the addition of saccharin at low levels helped control stress.  

 

The main challenge encountered during testing was the occurrence of blockages in the 

channels. Blockages were mainly caused by bubbles, dust or bead aggregation, which 
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probably entered the chip during fabrication and/or assembly of the devices prior to 

testing. Measures were employed to reduce the occurrence of such blockages included 

pre-treatment of the beads and channel walls to reduce electrostatic interactions. Blood 

cell adhesion was not a problem during testing of the Epigem chip.  The main reason for 

this is probably the removal of the blood plasma, prior to deoxygenation of the blood 

with sodium nitrite. Clotting factors, proteins present in plasma are responsible for clot 

formation. Although the mouse blood was purchased with the anti-coagulant EDTA 

blood clotting has still been known to occur in the presence of ant-coagulants. Using 

PBS without magnesium and chloride, which blood is often diluted with, will reduce the 

occurrence of cell adhesion, as many cellular adhesion molecules are dependent on 

these ions. As mentioned previously bead loss not related to magnetic field trapping was 

a problem during testing. Bead sedimentation during loading was a contributing factor; 

to prevent this in the future the syringe would have to be continuously rotated during 

loading. 

 

7.3  Future work 

 

Future work on the microscale scale magnetic separator would involve the completion 

of the Epigem chip by integrating the NiFe elements. Improvements to the design would 

be made brought on by testing of the chips fabricated. Firstly repositioning the outlets 

further way from the magnets would increase the bead recovery.  Furthermore one of 

the major drawbacks of the Epigem chips was the very low flow rate at which the 

devices operated. As discussed previously the Epigem chips are capable of handling 

flow rates well over 500 times faster.  A compromise between flow rate and magnetic 

separation efficiency would have to be sought.  Increasing the width of the channels 

would decrease fluidic resistance. Although increasing the channel length would also be 

necessary as the fluid velocity has a big impact on the separation efficiency.  There is 

also the option of incorporating elements made from a material with a higher 

permeability than permalloy e.g. supermalloy [7.7] [7.8].   

 

Another possibility would be a cascade design as shown in Figure 7.1 although this 

would increase the chip footprint and add another level of complexity during device 

fabrication. The current Fluence baseboard could also be replaced with a similar 

platform just containing the magnets and magnetic elements thereby reducing the cost 

of the device. There would be no need for fluidic channels in the platform as the main 
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microchannel would still be constructed of SU-8/PMMA but just simply plugged into 

position for a separation run.  Fluidic connections would go directly into the chip 

therefore no fluid would pass through the platform. This eliminates the possibility of 

sample cross contamination which could result in false positives.  
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Appendix A Fabrication 

 

 

A.1 SU-8 preparation 

 

Most of the SU-8 used for this project was formulated in house following the recipe in 

Table B.1. SU-8 100 was the only variety purchased from Microchemicals 

International.  Firstly the SU-8 resin is weighed out and then ground up in a coffee 

blender until it reaches a fine powder.  The resin is then added to a Duran bottle and the 

gamma-butyrolactone (Alfa Aesar) is added, the mixture is then placed in an ultrasonic 

bath until the resin is completely dissolved. The photoinitiator (Cyracure UVI-6974) is 

then added and the mixture returned to the ultrasonic bath for mixing. 
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A.2 Protocol for fixing flexi polyester masks to a glass backing. 

1. Clean both the mask and glass substrate with ethanol and an air gun. 

2. Plasma treat the glass substrate and mask (backside of mask) for 1 m at 100 W, 

20 sccm. 

3. Spincoat on a UV curable transfer adhesive at 1500 rpm for 30 secs. 

4. Bake in an oven at 80 
o
C for 10 m. 

5. Make an envelope from cleanroom paper by sellotaping at one side make sure it 

is big enough to fit the mask and glass substrate.  

6. Align glass and mask and place in envelope 

7. Carefully pass envelope through laminator with no heat on. 

8. Remove cleanroom paper and clean glass gently with ethanol to remove any 

excess adhesive. 

9. UV expose through glass substrate for 600 secs. 

10. Bake at 80
 o
C for 30 m. 

11. Allow to cool to RT. 

12. Edges of polyester mask can be trimmed with a blade. 
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Appendix B 
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ALADDIN

WORLD PRECISION INSTRUMENTS60

Manufacturer Syringe Size (cc) Inside Diameter (mm) Maximum Rate (mL/hr) Minimum Rate (µl/hr)

B-D 1 4.699 53.07 0.73 

3 8.585 177.1 2.434 

5 11.99 345.5 4.748 

10 14.43 500.4 6.876 

20 19.05 872.2 11.99 

30 21.59 1120 15.4 

60 26.59 1699 23.35 

Monoject 1 5.74 79.18 1.088 

3 8.941 192.1 2.64 

6 12.7 387.6 5.326 

12 15.72 593.9 8.161 

20 20.12 972.9 13.37 

35 23.52 1329 18.27 

60 26.64 1705 23.44 

Terumo 1 4.7 53.09 0.73 

3 8.95 192.5 2.646 

5 13 406.1 5.581 

10 15.8 600 8.244 

20 20.15 975.8 13.41 

30 23.1 1282 17.63 

60 29.7 2120 29.13 

Air-Tite 10 15.9 607.6 8.349 

20 20.25 985.5 13.55 

30 22.5 1216 16.72 

50 29 2021 27.78 

Syringe Size (µL) Inside Diameter (mm) Maximum Rate (µl/hr) Minimum Rate (µl/hr)

Hamilton Microliter 0.5 0.103 25.49 0.001 

1 0.146 51.23 0.001 

2 0.206 101.9 0.002 

5 0.326 255.4 0.004 

SGE 0.5 0.1 24.03 0.001 

1 0.15 54.07 0.001 

12. Appendix
12.1 Syringe Diameters and Rate Limits


