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ABSTRACT
DESIGNING A SYSTEM TO MANIPULATE MICRO
MAGNETIC BEADS AND CELLS

Magnetic tweezers are able to manipulate cells or biomolecules for various applications
and measurements. In this study, an electromagnetic micromanipulator is designed,
modeled and controlled for single magnetic bead manipulations. Electromagnetic
tweezers are capable of controlling micron sized superparamagnetic particles with the
help of appropriate control mechanism. Magnetic particles can be functionalized with
receptors in order to capture the target biomolecules, and conjugated particles can be
moved to a certain place by using an external magnetic field. Magnetic monopole and
magnetic circuit approaches are used to model the dynamic equation of the magnetic
system. An offset current based feedback linearizing is devised to ensure wide range of
movement conditions with zero steady-state error. Image based algorithm is developed
in order to find the position of the single particle. Numerical simulations are carried out
in order to validate the derived model and the control system. The designed magnetic
system is able to apply magnetic forces in the range of 1-100 pN to control a magnetic
particle of 1 to 10 micrometer of diameter with a current less than 1 A. The magnetic

micromanipulator system can be used for single cell separation, and biosensor

applications.

Mustafa Boyuk
MSc. in Electrical and Computer Engineering Department
Supervisor: Assoc. Prof. Kutay I¢c6z , Assoc.Prof. Glinyaz Ablay

December 2018

Keywords: Micromanipulation, Magnetic Tweezers, Magnetic Force, Control,
Modeling, Tracking.



OZET
MIKRO MANYETIK PARCACIK VE HUCRELERIN
MANIPULASYONUNA YONELIK SISTEM TASARIMI

Manyetik cimbizlar gesitli uygulamalar ve dlglimler i¢in hiicreleri veya biyomolekiilleri
manipile edebilir. Tek molekilli manipulasyonlar igin bir elektromanyetik mikro
manipiilator tasarlandi, modellendi ve kontrol edildi. Elektromanyetik cimbiz mikron
boyutlu siiperparamanyetik par¢aciklari uygun kontrol mekanizmasi yardimiyla kontrol
edebilir. Bu pargaciklar, hedef biyomolekiillerin yakalanmasi i¢in reseptorler ile
fonksiyonel hale getirilebildiginden dolay: yukll partikiller harici bir manyetik alan
kullanilarak belirli bir yere tasinabilirler. Manyetik tek kutup ve manyetik devre
yaklagimlari, manyetik sistemin dinamik denklemini modellemek icin bu calismada
kullanildi. Ofset akim tabanli geri besleme ile dogrusallastirma yaklasimi bir kontrolor
tasarlanarak, sifir kararli-durum hatasiyla genis calisma kosullari saglandi. Tek
pargacigin konumunu bulmak icin goriintii tabanl algoritma gelistirilmistir. Tiiretilmis
model ve kontrol sistemini dogrulamak ic¢in sayisal simiilasyonlar yapilir. Tasarlanan
manyetik sistem, 1 ila 10 mikrometre ¢apindaki manyetik bir pargacigi 1 amperden az
bir akimla kontrol etmek igin 1-100 pN arasinda kuvvet uygulayabilmektedir. Manyetik

yOnlendirici sistemi, tek hiicre ayrimi, ve biyosensor gelismeleri i¢in kullanilabilir.

Elektrik ve Bilgisayar Miithendisligi Ana Bilim Dali, Yiiksek Lisans Programi
Tez Yoneticisi: Dog. Dr. Kutay i¢6z, Dog.Dr. Glinyaz Ablay
Aralik 2018

Anahtar kelimeler: Micro-manipiilasyon, Manyetik Tutucu, Manyetik Kuvvet, Kontrol,

Modelleme, Referans Takibi.
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Chapter 1

Introduction

In recent years the micromanipulation systems have become an
important research area due to their effective application potentials in various
fields. Different types of actuating systems including magnetic, optical and
atomic force microscopy based methods are designed for manipulation of micro
particles. Firstly permanent magnet based magnetic tweezer was developed in
order to manipulate DNA molecules conjugated with paramagnetic beads [1].
Permanent magnet based system can apply approximately 200 pN forces. Apart
from the magnetic tweezer, optical tweezers are also used to trap magnetic
particles in the cell biology [2]. Optical tweezers are stable but heating and
photodamage are very critical issues [3]. For single molecule manipulation,
AFM (atomic force microscopy) based tweezers are developed for cell biology
and DNA extracting [4]. The developed magnetic tweezers are based on
permanent magnets and electromagnets for single cell/molecule manipulation. In
this concept, single pole and multipole magnetic tweezers have been developed
to perform different manipulation tasks. Single pole magnetic tweezers [5] can
be used to attract magnetic particles in one dimension without any control. In
order to improve force direction and maneuverability, two-pole tweezers are
developed [6]. The design and setup have been changed due to the technological
developments [7]. Nanoscale manipulations are achieved with micro-magnetic
tweezers. Hexapole tweezers are designed and developed for 3-dimensional
actuation [8]. Dielectric particles are also trapped by electronic nano-tweezers

[9]. Magnetic tweezers are designed and employed to offer an insight into the



function and dynamics of biomolecules, for instance extracting properties of
DNA, RNA, and polymerases [10].

Permanent magnets offer simple designs without any control method or
motorized designs for spatial manipulations. Permanent magnet based tweezers
can be used for developing biosensors [11]. The experiences on manipulations
of MAGLEV trains with electromagnets have been modified recently for
micromanipulation applications [12]. The main advantage of magnetic tweezers
is that they can perform three-dimensional movements with the help of control
mechanisms. When we compare to the permanent magnets, the magnetic
tweezers produce lower magnetic forces and they can be incorporated with a,
control algorithm thus, magnetic tweezers can be a more powerful for
biomedical applications [13].

The electromagnetic tweezers must be designed quantitatively to predict
forces on superparamagnetic particles. Therefore we carried out our analysis
with FEMM and Comsol software for solving electromagnetic field problems.
The FEM (finite element method) is one of the most effective numerical
calculation methods for magnetostatic problems. By changing the geometry of
the core, tip and coil configurations the optimum and effective designs are
obtained by using Comsol Multiphysics.

Experimental setup of double magnetic tweezers was tested and the
tracking performance is observed with effective configurations. Then the study
extended to the quadrupole magnetic tweezers. For in vivo and in vitro
applications, magnetic force is the most effective action for biological
operations because it is the non-invasive method.

Aim of this project: Our goal is to transport a single magnetic particle
conjugated with biological molecules to a target location in the reservoir with a
full automatic control system. Therefore we focused on designing magnetic
tweezers for manipulating magnetic particles.

This thesis study consists of five sections. The first section reveals the
properties of magnetic particles and their application areas. Section two, gives

information about fundamentals of magnetism and magnetic force modeling,



and section three, gives details of manufacturing steps and FEM (finite element
method) simulations. The control results are presented in section 4, and

conclusion and future prospects are provided in section five.

1.1 Magnetic Beads

Magnetic beads are commercially produced in different sizes ranging
from 10 nm to 100 um and are composed of iron oxide nanoparticles which are
typically made of magnetite ( Fe;04) or maghemite (y — Fe,03), and polymer
matrix coatings as illustrated in Figure 1.1 [14]. They have different features that
make them appealing in medicine. One of the most important features of
magnetic beads is that they can be magnetized under an external magnetic field.
These magnetic beads are coated by different coatings such as a polymer that
makes it functional for biological purposes. There are different sizes of magnetic
beads for different applications. Since they are magnetic they can be controlled or
manipulated by an external magnetic field. This feature can be used when
magnetic beads are located in the non-magnetic medium.

There are different types of magnetic beads available for practical
applications such as superparamagnetic beads, and ferromagnetic beads. In this
work, we used superparamagnetic beads since they exhibit a non-magnetic
behavior in the absence of an external magnetic field, namely residual
magnetization or hysteresis phenomenon does not occur. The total magnetic
moment of each bead equals the sum of the individual particles moments.
Furthermore, their relative permeability is as strong as ferromagnetic materials.
Hence superparamagnetic particles are used applications in cell manipulation,
DNA extracting, immunoassays, targeted medication, magnetic resonance
imaging and hyperthermia therapies in medical applications as a powerful non-

invasive tool [15].



Coatings:

Magnetic core

component: D.e.xtran

Fe;0,,YFe,04 Silioxane

nanocrystal Copolymer

Size: 5-60 nm Carboxydextran
etc.

Figure 1.1 Structure of a superparamagnetic particle.

1.2 Application of Magnetic beads

There are many fields where the magnetic beads are used but the main
applications of superparamagnetic particles are found in biomedical systems [16],
for instance, antibody-coated, streptavidin-dextran coated, and fluorescence-

coated magnetic particles are available for versatile applications.

1.2.1 Magnetic separation

Magnetic particles have been used for separation of cells or molecules
since they are attracted to high magnetic flux density [17]. One of the most
promising magnetic separation method is based on usage of antibodies
conjugated with particles that can specifically bind to their matching agents on
the surface of the targeted sites. The principle of the concept is based on
application of external magnetic field on the labeled entities that will be separated
from unlabeled entities. In this way, tumor cells, enzymes, and DNA/RNA can be

removed from blood or medium.

1.2.2 Drug Delivery

The treatment of tumors have been achieved by using chemotherapy
which results in harmful effects on the whole body since the drugs that are used

in chemotherapy are not locally distributed to required areas hence magnetic



particles have been developed for localizing drug delivery to the tumor [18].
Magnetic nanoparticle serves as a drug carrier. The surface of the magnetic
particle is functionalized with the drug and the drug coated magnetic particles are
introduced into the bloodstream of the patient and then these particles are
attracted at targeted region by applying external magnetic field. Finally, the drug
is released via an enzymatic activity or a controlled triggering mechanism. The
potential advantage of drug delivery is listed as follows. It targets the specific
locations in the body, it leads to a decrease in the amount of drug concentration

and it provides patients with less severe side effects.

1.2.3 Magnetic Resonance Image

The superparamagnetic nanoparticles can be used to enhance magnetic
resonance imaging contrast [19]. The basic concept is that spinning protons have
a magnetic moment. The application of a strong magnetic field causes
movements of the protons to line up parallel to the magnetic field. Nuclear spins
have two energy states, low-energy states where protons aligned parallel to the
magnetic field and high-energy states where protons aligned to perpendicular to
the magnetic field. The signal that is called Free Induction Decay produced as a
result of this alignment is measured when the amplitudes of magnetic moments
relax back to their initial values after the magnetic moment turned off. This signal
is obtained from inductive coils. Since human body composed of a high amount
of water which contains hydrogen and oxygen atoms, the magnetic resonance
based images can be taken by rotating these hydrogen atoms applying an external
strong magnetic field. Proton density and relaxation time effects the contrast of
the image, therefore, magnetic nanoparticles are used to enhance the contrast of

the image by reducing the relaxation time of protons.

1.2.4 Hyperthermia

Hyperthermia is a new and safe method used to treat cancerous tissues.

This treatment is based on the killing of cancerous cells in the tissues. When a



high frequency (~1 MHz) field is applied, magnetic particles begin to rotate due
to heat this leads to the death of cancerous cells. The upper limit of the
temperature is chosen to be around 43°C to avoid damage to other cells in the
tissue. While the heating mechanism for ferromagnetic materials can be explained
by hysteresis losses, heating for superparamagnetic particles can be achieved by
rotation of particles [20]. It is possible to apply magnetic particle heating at the
depths necessary for the treatment of tumors located anywhere in the human
body.



Chapter 2

Magnetism and Magnetic Force

Modeling

There have been many different types of material in nature, i.e. all materials
have different features. The common feature of these materials is that they have
magnetic behavior. Their response against an external magnetic field changes
from material to material. There is a strong relationship between magnetism and
magnetic moment which is the source of magnetism. It is important to
understand the magnetic behavior of materials. The basic concept of magnetism
results from the rotating of electrons around the nucleus or around their own
axes and the rotating of protons in the nucleus around their own axes. According
to magnetic theory atomic magnetic moment consist of three sources;
1-Electrons spin angular momentum, that results from rotation of the electrons
around its own axis.

2-Orbital angular momentum, which results from rotation of the electrons that
located the farthest orbital of the atom around the nucleus.

3-Changes in angular momentum which results from an applied external
magnetic field [21].

Magnetization is the response of electrons in a material when an external
magnetic field is applied. All materials give various responses to the external
magnetic field. Their behaviors determine their magnetic property. On the other
hand, magnetic susceptibility y determines the magnetic moment in the material.
Magnetic field inside the material can be described as a function of the applied



magnetic field. All materials give various responses to the external magnetic

field. Their behaviors determine their magnetic property.

2.1 Magnetism

The magnetic relation is defined by
B =uH 2.1.1)
where W is the permeability of the material, B and H refer to the magnetic flux
density and the magnetic field intensity, respectively. The commonly used units
in magnetism are illustrated in Table 2.1 for CGS and Sl systems. When a
material is subjected to an external magnetic field, a magnetization occurs
defined as:
M = yH (2.1.2)
where y is the susceptibility of material and M is the magnetization(A/m) which

can be written as

M== (2.1.3)

Vb

m and V},, refer to magnet moment and volume of material. By considering
equation (2.1.1) and (1.2.2), the final equation of magnetic flux density can be
obtained by

B =po(H + M) (2.1.4)
where o is the permeability of free space that equals to 47t X 10~7 (in Tm/A)
and the relationship between permeability and susceptibility of material can be
described as:

u=po(x+1) (2.1.5)
From equation (2.1.5) y magnetic susceptibility is used to classify materials in
presence of magnetic field. Materials can be classified as ferromagnets,
ferrimagnets, paramagnets, diamagnets and antiferrimagnets due to their
magnetic response. Applied magnetic field and temperature also have a curicial
impact on the magnetic susceptibility of these materials.



Symbol Description CGS Sl
H Magnetic Field Oe A/m
Strength
Flux Density Gauss Tesla
¢ Flux Maxwells Webers
M Magnetization emu/cm3 A/m

Table 2.1 CGS and Sl systems

2.2 Classification of Magnetic Materials

2.2.1 Diamagnetism

A diamagnetic material does not have a net magnetic moment in the
absence of a magnetic field when an external magnetic field is applied, the
molecules, even if small, have a magnetic moment. These magnetic moments of
the molecules are induced by the external applied magnetic field. The induced
magnetic moment aligns in the opposite direction to the applied magnetic field
thus the magnetization of the particle occurs in the opposite direction to the
magnetic field such materials are called diamagnetic [22]. Diamagnetic material
acquires the opposite magnetization with the field regardless of the direction of
the external magnetic field. Diamagnetism can be seen in substances that their
orbitals are fully filled like noble gases. Since the magnitude of the force that
pushes a diamagnetic material out of the field is very small, it is very difficult to
observe the interaction of such materials with the magnetic field.

The susceptibility of diamagnetic materials is negative and ranging from —107°
to —1073,
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Figure 2.2.1.1 Magnetic moments of diamagnetic response of a material with (a) zero
magnetic fields and (b) applied external magnetic field.

2.2.2 Paramagnetism

Paramagnetic material has net magnetic moment due to spin of the
uncoupled electrons in molecular electron orbitals. In paramagnetic material,
magnetic moments are randomly oriented in the absence of a magnetic field.
When an external magnetic field is applied, magnetic moments align up the
direction of the external magnetic field and then they will be randomly oriented
in case of removal of the external magnetic field. Weak magnetism can be
observed in paramagnetic materials which can have a range from 107 to 1071,
As the strength of the applied external magnetic field is increased, the
magnetization of the material increases accordingly. The susceptibility of these

materials is dependent on temperature and is shown in the equation (2.2.2.1).
x==: (2.2.2.1)

where C is the Curie constant and T is the absolute temperature. Ferromagnetic
material becomes paramagnetic behavior above the critical temperature which is
known as Curie temperature. The relationship between susceptibility and

temperature can be explained by Curie-Weiss equation [23].

c
(T=Tc)

X = (2.2.2.2)

10
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Figure 2.2.2.1 The arrows represent the magnetic moment of a paramagnetic material
under the applied magnetic field.

2.2.3 Ferromagnetism

Ferromagnetism is only possible in cases where magnetic moments
aligned parallel to each other. Magnetic moments have net magnetization even
the absence of an external magnetic field. Ferromagnetic material has a small
region called domain where all magnetic moments aligned in one direction [23].
Once a magnetic field is applied, all domains show parallel alignment in the
direction of the magnetic field. These materials have a tendency to maintain
their magnetization even the external magnetic field is removed.
Ferromagnetism can be observed in certain temperature known as Curie
temperature above this temperature material begins to behave paramagnetic.
Ferromagnetic materials can reach saturation even in the very small magnetic
field. Ferromagnetic materials can be classified into two categories of soft and
hard ferromagnetic materials. To exemplify; iron is a soft ferromagnetic because

11



once it is magnetized, it does not show permanent magnetization after the

removal of the external magnetic field.
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Figure 2.2.3.1 Magnetic moment of a ferromagnetic behavior with an external magnetic
field.

2.2.4 Antiferromagnetism

In ferromagnetism, spin orientations are in the same direction while
antiferromagnetic materials have opposite spin orientations. On the other hand,
their magnetic moments align antiparallel to each other. They have zero net
magnetization since these antiparallel aligned moments have the same
magnitude. Hence they will cancel out each other. Antiferromagnetic materials
show similar behavior with ferromagnetism at a certain temperature, their

magnetic response varies above the Neel temperature [24].

P

(=
(=
(=

Y

Figure 2.2.4.1 Anti-parallel magnetic moment of a material.
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2.2.5 Ferrimagnetism

Similar to antiferromagnetic material, ferromagnetic materials have
antiparallel magnetic moment alignment but their magnitude of the moments
differ from each other therefore they cannot cancel each other and they show

weak magnetic susceptibility.
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Figure 2.2.5.1 Magnetic moments of ferromagnetic material.

2.2.6 Superparamagnetism

Ferromagnetic and ferrimagnetic beads have a special property that is
called superparamagnetism due to their small size which ranges from 100 um to
10 pum. These beads have only one single domain hence they have a tendency to
flip randomly due to the thermal energy. The typical time between two flips can

be described by
T = Toexp(lifb;) (2.2.6.1)

where T, is the relaxation time AE is the energy barrier kgT is the thermal
energy. In order to observe superparamagnetism in the nanoparticles not only
temperature and energy barrier but also needed measurement time, T, should be
required.

Similar to paramagnetism, when an external magnetic field is applied,
they behave like paramagnet yet having greater magnetic susceptibility

distinguish it from paramagnetism. A hysteresis loop shows the magnetic



response of a material between the induced magnetic flux density (B) and the
magnetizing force (H) furthermore such a superparamagnetic material has no

hysteresis loop. Magnetization equals to zero after the removal of magnetic

field. M-H curve shown in Figure 2.2.6.1 [25].
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Figure 2.2.6.1 Para-dia-ferro magnetic behaviors and hysteresis loop of a ferromagnetic
material.
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Chapter 3

Materials and Methods

In this chapter, the magnetic system configuration, magnetic set-up,
image based particle detection and magnetic flux density simulations are
addressed. We determine to magnetic flux density on the surface of the tip and
near the tip. The effects of length of the taper, tip radius, and core radius and
selonoid positions have been studied in order to find optimum designs. Also,

multi-pole magnetic tweezers concepts are studied.

3.1 Magnetic System Configuration

The geometry of core has a crucial role in magnetic field strength on the
other hand core material has a strong impact on the strength of magnetic field.
Large magnets generate strong magnetic fields and it provides a magnetic
tweezer system with high force generated by a magnetic system on a bead. The
magnetic actuating system consists of several parts: fluidic reservoir,
electromagnet, core, microscope system, computer, control system and DC
power supply. The electromagnets and fluidic reservoir system placed on
plexiglass and electromagnets are fixed with plastic clamps. The core of
electromagnets is made of steel for strong magnetic force generation. CNC
machine is used to shape the geometry of the core. The shape of the tips has a
crucial role in magnetic flux generation. Hence their shape and length are
designed according to the radius of the working region to produce a uniform

flux density. A camera-microscope system is used to detect magnetic particles
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and its positions in the reservoir. 10X object is used for the image acquisition
system. A motorized manipulator is used to adjust the position of
micromanipulator and camera system in x-y-z directions. We used USB 2.0
CMOS industrial camera to detect magnetic particles. The image acquisition
system can capture 53 frames per second with 640x480 pixel 2 resolution. The
electromagnetic system is connected to a DC power supply to control currents.
The fine motor resolution allows focusing on particles with different sizes. For
data acquisition and processing, a workstation equipped with performance CPU
and Matlab software is used. Particle detection and tracking system is developed
in Matlab. A center of mass particle tracking algorithm and a threshold filter is
used to separate the difference in brightness between the particle and
background. Mosfet controlled current sources and microcontrollers are used to
adjust the current sources and produce PWM signal. The tips are placed near the
reservoir as close as possible. The radius of the working area is adjusted to be 2
mm. The important point is that when we extend the working area, high
magnetic force is needed to move particles and it can lead to the saturation of
material. Therefore iron, cobalt, and their alloys should be used for the highest
magnetic saturation level.

The operation principle: to move the particle in one dimension two
electromagnets on the same axes are needed, because the coils can only pull the
microbeads. In order to move the particle in two dimensions four electromagnets
needed which resulted in quadrupole design. The current of the electromagnet
regulates the magnetic force generated by the coil. By applying more current the
bead will move towards the coil that produces extra force than the other coil.
The fluidic reservoir is made of Polymethyl methacrylate (PMMA) material.
The geometry of fluidic reservoir is designed in CAD software and a double side
of the PMMA is glued in order to avoid any leaking. A piece of PMMA is cut
and shaped using a laser cutter (Epilog Zing 16). The reason why we fabricated
fluidic reservoir from PMMA is that it shows quality optical properties, in terms
of light transparency and the most important one is its biocompatibility to living

cells.
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Figure 3.1.14a) Experiment setup with xyz motorized manipulator. (b) Microcontrioller
and Mosfet/controller. (c) Magnetic tweezers with plastic clamps. (d) Regulated DG power

supply.
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Figure 3.1.2 Schematic diagram of the magnetic tweezer.

3.1.1 Solenoid

In this study, the coil is made of copper wires wrapped on a cylindrical
material. These cylindrical materials are produced by the 3D printer. Their role
is to reduces the heat transmission and help to adjust the position of the
magnetic core in the experiment. The coil consists of 2000 turns with diameter

0.455 mm copper wire.

Figure 3.1.1.1 (a) Magnetic tweezer setup. (b) 3D printed tubes. (c) Steel Core.
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Figure 3.1.1.2 (a) Laser Cutting Machine and ventilation system, (b) CAD design of fluidic
reservoir, (c), (d) The fluidic system after laser cutting, (e) Final Setup.

The microfluidic reservoir has 2 mm height and 2 mm radius with circular shape

and it is made of PMMA glass which is suitable for biological molecules.
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Figure 3.1.1.3 Fluidic reservoir design steps.
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3.1.2 Image Based Magnetic Particle Detection

For experimental studies, the magnetic particle in a liquid workspace is detected
and tracked by using a Matlab based image processing algorithm as illustrated in
Figure 3.1.2.1. A color image frame is captured from the video, and then it is
converted into grayscale and binary images using some threshold values. The
connectivity information of the particles in the binary image is used to detect the
circular objects. Finally, the pixels of the detected particles are determined and
converted into position values for use in the control designs. The connected

pixels are neighbors to every pixel that touches the one of their edges or corners.

= Color Grayscale Binary
Video |=¢L B ‘:L Image J:}

Detection via
Image

Connectivity

{

} Magnetic Bead

Position
Detection of
Pixels

3

Pixels to
{m

Grayscale Binary Detection

Figure 3.1.2.1 Image based magnetic particle detection algorithm.
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3.2 Design of Electromagnets Using Comsol

Comsol Multiphysics software is a simulation platform that solves
numerical problems and enables powerful solutions for problems. It is designed
to simulate real-world physical systems and to optimize these systems with
simulation. Comsol provides engineers with quicker and more efficient and
accurate optimization process due to the ability to solve partial differential
equations. Comsol allows users to select related fields to solve physical
problems and includes Electromagnetics, Diffusion, Fluid Dynamics, RF
module Chemical module. In this work, the magnetostatic problem of the
magnetic tweezers is solved by using the finite element method with Comsol.
Analytical methods including Biot-Savart law may be implemented to get
solutions but the complexity of geometry and usage of different materials makes
such an analytical solution cumbersome. We utilize Comsol Multiphysics for
two, axisymmetric and three dimensional solutions. Since the three dimensional
model requires high computation effort and time, the axisymmetric 2D model is
used to get solutions in AC/DC model. The software utilizes the Maxwell

equation defined below to solve magnetostatic problems,
B=VxA , VxH=] (3.2.1)

where A is the magnetic vector potential, J is the current density and defined by

J=0E+J. . Je=Nlou/Acon (32.2)
where E is the electric field intensity, o, is the electrical conductivity , N is the
number of turns in the coil, I.,;; is the total coil current, and A.,;; is the total
cross section area of the coil domain. Comsol computes the magnetic field B and
its component in a region of interest, which can be exported from the program.
Electromagnetic tweezers are simulated and magnetic flux density is calculated
according to the Maxwell stress tensor method which is defined in (3.2.1) and
(3.2.2).
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3.2.1 Comsol Modeling

To obtain simulation analysis we must follow some steps to solve
problems in Comsol Simulation flow follow required steps as adding magnetic
field interface block and study type, creating geometry for analysis, building
geometry with desired materials and properties, adding boundary conditions,

meshing the defined geometry and working region and visualization of results.

3.2.2 Geometry

Many electromagnets are designed quantitatively to find optimum coil

shape, taper length, and core radii. Figure 3.2.2.1 shows the model geometry.
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Figure 3.2.2.1 Geometry of horizontal magnetic tweezers.
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3.2.3 Meshing

Meshing process is very important for Finite element analyses for getting
accurate solutions. Hence in the solution of tweezer designs, extremely fine
element size is chosen for the tip to get precise solutions. On the other hand, air
and coil meshes are selected much coarser than core domain during the

simulation process.
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Figure 3.2.3.1 Extremely fine (a) and coarse meshing domains (b) closer look at the apex of
the tip.

3.3 Magnetic flux density simulations

The magnetic flux density generated by the electromagnet is depended
on several factors including core diameter, core length, tip radius, taper length,
solenoid current, solenoid position, and permeability of the material. It is
obvious that all combinations cannot be done experimentally, because such a
work requires a high amount of cost and time. To reduce experiment time we

used finite element method to obtain effective configurations.
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3.3.1 The effect of tip radius

Figure 3.3.1.1 shows that the magnetic flux density changes along the z-
axis. Magnetic tip radius changes from 0.05 to 0.1 mm. The sharp edges of tip
were smoothed in order to obtain accurate simulation results. The sharper the tip
is, the higher magnetic flux density will be. According to simulation results, the
highest magnetic flux density is obtained in the vicinity of the tip when tip
radius is 0.05 mm. Yet flux density along the 1 mm decreases very fast.

Hence the distance for 1 mm, light blue line represents 1 mm tip radius gives the
highest magnetic flux density. Another important point is that when the tip gets
sharper, the flux density which is produced by electromagnet becomes non-

uniform and the controllability of magnetic beads becomes more difficult.
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Figure 3.3.1.1 Magnetic flux density with different tip radii, the current in the coil is 0.5 A
with 2000 turns, the core radius is 5 mm.

The change in tip radius from 0.05 mm to 1 mm will lead to a ten-fold
increase in the magnetic flux density in the vicinity of the tip. Therefore our
simulations show that the tip should be designed according to the position of a
bead. While the tip radius is 1 mm the magnetic flux density is nearly 0.1 T for 1
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mm away from the tip. The tip with 1 mm radius produces the effective

magnetic flux density.

3.3.2 The effect of core radius

Figure 3.3.2.1 shows the magnetic flux density results inside the core and
along 1 mm distance outside of the magnet for different radii. When the core
radius is increased from 3 mm to 9 mm, the magnetic flux density decreases
exponentially in the vicinity of the tip. But the magnetic flux density, 1 mm
away from the tip diminishes fast. The highest magnetic flux density in the
surface of the tip is obtained while the core radius was 3 mm. The field inside
the magnet depends on the radius of the core as shown in Figure 3.3.2.1 (a).
When the magnet core tripled, the flux density inside the magnet will show an
approximately sevenfold increase. For a wider core, the flux density outside the
magnet does not decrease exponentially, but for the narrower cores, magnetic
flux density decreases exponentially. It can be said that the flux density inside
the magnet greater than the outside of the magnet.
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Figure 3.3.2.1 Magnetic flux density (a) inside the core and (b) along 1 mm outside the tip.
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The simulations were done while the taper length equals to 13 mm and tip radius

fixed at 1 mm.

3.3.3 The effect of taper length

Figure 3.3.3.1 shows the magnetic flux density for different taper lengths
ranging from 4 mm to 20 mm. Since the magnetic force is a function of
magnetic flux density, the changes in taper length have an impact on the force
on a bead. The longer taper produces the highest magnetic force inside the
magnet. But when we consider magnetic flux density outside the magnet,
changes in taper length do not have too much impact on magnetic flux density
near the tip. In this simulation the highest magnetic flux density is obtained
while taper length is 13 mm. It should be regarded that taper length must be
designed to meet optimum system configurations. Magnet with short taper
length provides more linear relationship between distance and magnetic flux
density. Therefore effective taper length design can be beneficial for

electromagnet to produce more uniform magnetic forces.
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Figure 3.3.3.1 Magnetic flux density with different taper lengths (a) inside and (b) outside.
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Simulation results reveal the fact that the magnetic flux density along 1

mm away from the magnet remains nearly the same but it has a significant effect

on the surface of the tip.

0,05
Figure 3.3.3.2 Magnetic flux density in the core.

Figure 3.3.3.3 shows that the flux density distribution on the surface of the tip.
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Figure 3.3.3.3 Magnetic flux density calculations for different taper lengths: a) 2mm, b)
4mm, ¢) 6mm, d) 8mm, e) 10mm, f) 12mm, g) 14mm, h) 16mm.
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3.3.4 The effect of current

The changes in the current from 0.5 to 3.0 A are tested for magnetic flux
density. It is clear from the figure 3.3.4.1 that current changes in the coil have a
significant effect on the magnetic flux density generation. Figure 3.3.4.1 a, b
shows the magnetic flux density level outside and inside the magnet
respectively. Simulations show that magnetic flux density level both inside and
outside the magnet increases with the increase in the coil current. However, this
increase is not linear, as seen from the figure that the maximum flux differences
h,, h, and h; are not the same. Since the magnetic dipole moments inside the
core begin to induce, every increase in current will lead to induces of the all
magnetic dipole moments which accounts for saturation phenomenon. If we
further increase the current level, all magnetic dipole moments will be induced
by external magnetic field and magnitude of the magnetic flux density inside

and outside the coil will not change due to the saturation of the core.
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Figure 3.3.4.1 The current effect on magnetic flux density (a) inside and (b) outside the
magnet.
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In this simulation taper and core, lengths are fixed at 13 and 75 mm
respectively, and the core and tip radius equal to 5 and 1 mm respectively.
Lastly, flux density along 1 mm away from the magnet diminishes
exponentially.

3.3.5 The effect of core length

The increment in the core length from 45 to 95 mm will result in an
increase in the magnetic flux density both inside and outside the magnet. It
seems that the changes in the core length have a significant effect on the
magnetic flux density inside the magnet than in the proximity of the tip. When
the core is excited by the external magnetic field, the magnetic dipole moments
inside the core start to align in the direction of the magnetic field. Once all
magnetic dipole moments get aligned, the increase in the magnetic field will not
change the magnetic flux density due to saturation. Therefore magnetic core
length must be appropriately adjusted for magnetic flux density during the high
magnetic field. Saturation phenomenon should not be observed with a low
magnetic field
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Figure 3.3.5.1 Flux density distribution with various core lengths.
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3.3.6 The effect of solenoid position
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Figure 3.3.6.1 Schematic representation of a single solenoid.

Magnetic flux density simulation results are carried out according to this
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Figure 3.3.6.2 Magnetic flux density distribution (a) outside and (b) inside the magnet with
different solenoid position.

Here, we investigated that how the position of the solenoid effect
magnetic flux density inside and outside the magnet. It can be observed from the
Figure 3.3.6.1 that, the maximum flux density can be obtained in the vicinity of
the solenoid tip. Therefore the solenoid should be placed close to the tip in order

to produce higher magnetic flux density.
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3.3.7 The comparison of experimental and numerical results
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Figure 3.3.7.1 Comparison results between experiment and simulation.

A single needle tip (Figure 3.3.6.1) was tested in order to compare
simulation and experimental results. Figure 3.3.7.1 shows that magnetic field
changes versus distance along the tip. The magnetic field was measured in every
5 mm gap with Gauss Meter. These results were combined and illustrated in
figure (a), (b) and (c). Magnetic field changes, in the simulation with low
current, are almost the same with experimental results. While current is
increased, the magnetic field near the tip is greater than experimental results but

it follows the same path and diminishes exponentially.
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3.4 Multi-pole Magnetic Tweezers

In this section, various magnetic tweezers concepts are addressed for
optimum designs and two-pole or horizontal magnetic tweezers and quadrupole

magnetic tweezers were designed and analyzed in Comsol Multiphysics.

3.4.1 Horizontal Magnetic Tweezers

Firstly two-pole magnetic tweezers are designed in order to understand
magnetic flux density effects on each other. The distance between two tips is set
8 mm and low carbon steel is chosen for magnetic flux density analysis. This
horizontal system can apply one dimensional force on a bead. For effective
particle manipulation, horizontal magnetic tweezer should produce uniform flux
distribution in order to control a particle accurately.

Surface: Magnetic Flux Density Norm (T), Arrow Surface: Magnetic

Field
f T T Y Y  § 1
80 | o 4
60 i -
40+ -
105 |
O -
o.s [

20+
-40 - 0.3 J
-60 | 0.2 “‘
-80 0.1 -

‘ (a) (b) (c)
-150 -100 -S0 0 S50

Figure 3.4.1.1 Magnetic flux density norm in the core material (b) and (c) show a closer
look at the apex of the tip.
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3.4.2 Quadrupole Magnetic Tweezers

Quadrupole magnetic tweezers can be used in two dimensional position
control of superparamagnetic bead via external magnetic field generation. Hence
a four-coil based configuration is considered for symmetric force generations.

Figure 3.4.2.1 Different magnetic actuator design concepts.

Figure 3.4.2.1 shows various CAD designs. It is found that while the first
design is given in Figure 3.4.2.1-a produces the weakest magnetic flux density
on the tip of the core, the designs illustrated in Figures 3.4.2.1 c and d produces
the strongest magnetic flux density on the sharp tips. Designs with yokes
generate higher magnetic density than designs without yoke since the yoke
creates a path for magnetic field circulation. Another important point is that the
shape of the yoke does not have a noticeable impact on magnetic flux density
whether circular or square. All these results are obtained from the Comsol

simulations.
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Chapter 4

Modeling and Control

4.1 Magnetic Force Modelling

When a superparamagnetic bead is exposed by a non-uniform magnetic
field, the magnetic field gradient will induce a magnetic moment of the particle
and then induced magnetic moment will form a potential given by U = —m X B
[26]. The magnetic force on a bead is a conclusion of given equation and can be
obtained from the following equation [27].

F = 0.5V(m(B).B) (4.1.2)
where m(B) is the magnetic moment of the particle and B is the magnetic flux
density. It is clear that the magnetic force exerted on a bead is proportional to
the magnetic moment of the bead and magnetic flux density. For large external
magnetic field, by considering saturation condition the force can be defined by

F = 0.5V(mg4;:. B) (4.1.2)
Magnetic moment of the particle can be obtained by
m=V,M (4.1.3)

By substituting (2.3.3) into the (2.3.1) and H is given and the final form of

magnetic force can be calculated by

F =V, 2V [B[* / 244 (4.1.4)
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4.1.1 Dynamics of Magnetic Particles

When a magnetic bead has a movement in a fluid environment, the
magnetic bead will be experienced by drug force or Stokes force due to the
viscosity of the liquid. According to Newton’s second law of motion, particle
dynamics can be obtained as

mx + ox = F, + F, + F, + F, (4.1.1.1)
where m is the mass of the particle, o is the drag coefficient of the bead in water.
In addition to magnetic (F,) and hydrodynamic drag force (F; = ox), there
have been a thermal force (F.) known as Brownian motion, gravity force (F;)
and other forces (F,) experienced by a bead. The Stokes drug force exerted on a
moving bead can be calculated by

F; = ox = 6mnBRv (4.1.1.2)
where 7 is the dynamic viscosity of fluid and R is the radius of the bead and v is
the velocity of the bead and o is the drag coefficient for a spherical particle in a
viscous fluid and can be calculated [29].

o = 6mnfR (4.1.1.3)
where S is the correction factor varying as 1 < f < 3. Thermal force results
from the random movement of particles that are caused by collisions in the fluid
with smaller particles such as liquid or gas molecules. Thermal force can be
calculated as [30-31],

F, = §(20ky T /T5)%> (4.1.1.4)
where § is the white noise with zero mean and unit variance, T is the sampling
time, and kg is the Boltzmann constant.

The thermal force is described with a white noise whose power spectrum density

is obtained
PSD(F,) = 4kyTo (4.1.1.5)
The gravitational force is given by [31] and results from gravity and buoyancy
Fy=—=Vo(pp — Py (4.1.1.6)

where V,,, p,, pr and g are volume of the particle, the particle density, fluid

density, and the acceleration of gravity, respectively.
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4.1.2 Demagnetization field

Once a magnetic material is magnetized by an external magnetic field, it
creates an internal magnetic field which points opposite to the magnetization
that is called demagnetization.

Figure 4.1.2.1 Demagnetization factor for a magnet.

Demagnetization effect depends on the geometry of a material. For spherical
materials demagnetization factor can be calculated by [32]

Hy==M (4.1.2.1)
The total magnetic field inside the spherical material is given by

H;, = H, + Hy (4.1.2.2)
where H, is the external magnetic field, and total magnetic field can be
calculated by substituting (4.1.2.1) into equation (4.1.2.2)

Hin = He — <M (4.1.2.3)
equation (2.1.2) is used to calculate magnetization inside the sphere
_ 3(u—po)
M =="—"H, (4.1.2.4)

Since the magnetic moment depends on the volume of the particle, it can be
obtained by equation (2.1.3) and (2.1.1)

3V (u—Ho)
=———78B 4.1.2.
m Mo (p+2p0) ( 5)
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Magnetic moment of the particle is calculated for the spherical object hence the

force is written as

_ 3Vp (u—po)
E, = o (ai20) (B.V)B (4.1.2.6)

To find the magnetic force, the components of the magnetic field vector
are needed to be known. In order to calculate magnetic force acting on a bead,
the empirical results and point magnetic charge approach can be used to simplify
the force calculations. The magnetization or magnetic moment of the magnetic
particles have been determined experimentally in some studies. The tip of pole
is assumed as a point magnetic pole to calculate the magnetic force, the
generated magnetic field at a position r by the magnetic charge g can be given
by [33].

B =k @ (4.1.2.7)
where r(inm) is the vector result from the location of the magnetic charge to
the magnetic particle, g (in Am) is the magnetic charge, # is the unit directional

vector, and k,, = po/4m .Therefore the produced force can be written as

F = 2k g2q (4.1.2.8)
where, ko = 3V, (1 — po)/Ruo(u + 2p)) and 7 = d(in m) is the radius of
workspace. The relation between magnetic charge, ¢ and magnetic flux, u, can
be defined as
q=ao/u (4.1.2.9)
We consider that whole magnets are identical hence the implementation of the
Ampere’s loop law to magnetic circuit results in
¢ = N.I/R, (4.1.2.10)
where N_is the number of turns of the coils, R, is the magnetic reluctance of the
air gap, given by R, = g,/ (oAs), gq (in m) is the air gap and A4, (in m?) is
the cross-section area. The magnetic force model for horizontal electromagnets

at the center of the workspace (x=0) is obtained as [33]
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k k2 ?
F, =[ Zsm)( 2l ] (17-17) (4.1.2.11)

Equation (4.1.2.11) represents the magnetic force to the current relation of the
horizontal tweezer around the workspace center. We neglect other forces since
the electromagnets produce relatively high magnetic force. It is clear that
magnetic force and drug force are the most effective forces compared to lift
force, particle-particle interaction force, magnetic interaction force, van der
Waals attraction force, thermophoretic force, and electrostatic interaction force.

Specifically the magnetic force must be sufficiently produced to meet the

desired control actions.

Figure 4.1.2.2 Agglomeration of 8 um magnetic particles under an external magnetic field.
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4.1.3 Control Design

In this study, one dimensional and two dimensional controllers are
tested. The linear controller is designed to control the magnetic microparticles.
An offset current with the magnitude of I, is used in the controller design given
by [34],

I, = 0.5(Ip + Kp(Xpep — X)) (4.1.3.1)
I = 0.5(Ip — Kp(Xrep — x)) (4.1.3.2)

where K, is a control gain, x,., is a constant position reference, and x is the
measured position. The tracking algorithm is achieved using two and four
magnetic poles with image processing based feedback controller. The single
superparmagnetic particle with 8 um is chosen for the experiment.

Controller System
F
I
: F I F :
Linear @ .| Inverse 2 .| Magnetic Particle
Controller Model Actuators Dynamics
Visual

e
Measurement

Figure 4.1.3.1 Control diagram for horizontal magnetic system.
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4.2 One Dimensional Position Reference

In this section, one dimensional position reference signals were
considered, the controller is applied, and tracking performance of the particles

are observed.

4.2.1 Bump Position Reference

— input
""" setpoint

e
co

.
(=)}

Position (um)

I
I

420 20 40 60 80 100

Time (s)

Figure 4.2.1.1 Experimental particle position trajectory in the x-axis.

Figure 4.2.1.1 shows that the particle tracking reference trajectory from
43 um to 50 um and the electromagnetic system holds the particle in a given
setpoint. P controller is used to controlling the position of the particle with the

desired location which equals 50 um and the K;, value is chosen 0.8 X 107 to
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satisfy the desired position. It is shown in Figure 4.2.1.2 represents position

error of the particle which results from thermal noise and measurement error.

8 T T T T

.

2

Error (um)

'20 20 40 60 80 100

Time (s)

Figure 4.2.1.2 Experimental particle position trajectory error in the x-axis.

Figure 4.2.1.3 shows coil currents which are utilized to balance the bead
in the desired position for 95 seconds. The I; and represent I, coil currents. In
order to steer the magnetic particle to the desired position without any magnetic
saturation, the maximum coil current was limited to 1 A. It is clear from the
figure that the experimental results are highly satisfactory with a zero-steady

error. The steady-state control currents are 0.5 A.
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Figure 4.2.1.3 Experimental coil currents for one dimensional system.

Figure 4.2.2.1 shows the particle position trajectory with the sinusoidal
reference signal. The input represents bead position and the setpoint represents
reference sinusoidal signal. The first location of the particle was 40 pm.
Therefore the position error is the maximum.

When the magnetic system is run, the particle moves the reference point
in order to catch the reference signal. Magnetic particle reached the reference
point within 7 seconds. Figure 4.1.2.2 shows the position error of the particle. It
is seen that the position error reaches around zero and show some fluctuations

due to the thermal noise and measurement error.
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4.2.2 Sinusoidal Reference
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Figure 4.2.2.1 Experimental particle position trajectory for sinus reference signal.

The coil current response is illustrated in Figure 4.2.2.3, the magnetic system
starts with maximum coil current due to the first position of the particle and

reaches around 0.5 A.
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Figure 4.2.2.2 Experimental particle position error for horizontal magnetic system.
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Figure 4.2.2.3 Experimental coil currents response for horizontal magnetic system.
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4.2.3 Square Wave Reference
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Figure 4.2.3.1 Experimental particle position trajectory for square wave signal.

Figure 4.1.3.1 shows the position of the particle with the square
reference signal. When the reference signal is applied, the bead position was 77
pm in the x-axis and then the particle begins to track the reference signal by
reducing position error which is illustrated in Figure 4.2.3.2. In the beginning of
the system, the maximum error was 30 um due to the first position of the
particle thereafter the position error reaches around zero. The coil currents are
illustrated in Figure 4.2.3.3.
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Figure 4.2.3.2 Experimental particle position error for the horizontal magnetic system.
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Figure 4.2.3.3 Experimental coil currents response for the horizontal magnetic system.
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4.3 Extention to Two Dimensional Control

In this section, we added new magnetic poles in order to enhance the
maneuverability of the particle. This feature brings new problems such as
vibration of coils and position calibration. Since the magnetic system consists of
2000 copper turn, it produces a highly strong magnetic force which causes
magnets to pull towards each other. The changes of pole position lead to an
unbalanced magnetic force on a bead that results in low position tracking
performance. Another problem that we encounter is that the position calibration
of the particle is difficult to be adjusted correctly. The magnetic particle should
be placed to the middle of the working center because magnetic particle deviates
from the reference path due to the unequal distance between each of magnetic
tips and the particle. We solved this problem by the recording of particle

positions in the motorized manipulator.

4.3.1 Square Reference

Figure 4.3.1.1 shows the position of the particle with a square reference
path. The green lines represent the path which is taken by the particle and the
dashed lines represent reference path. The first position of the particle is
illustrated in Figure 4.3.1.1. And it tracks reference path for 120 seconds. The
controller was set to holds the particle with a limited time in the corners. The
position error which is illustrated in Figure 4.3.1.2 is around the 1.8 pum due to
thermal noise and magnetic interactions. Figure 4.3.1.3 shows the coil current
changes for the square path. I; and I, are the current sources for x axes. I; and

1, are the current sources for y axes.
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Figure 4.3.1.1 Experimental tracking performance of a square trajectory.
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Figure 4.3.1.3 Coil currents for the square path.
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4.4 Transportation of B Type Leukemia Cell

To demonstrate one of the biomedical applications of the micro manipulator
system, the immunomagnetic beads 4.5 um superparamagnetic particles coated
with CD19 antibody [35] are used to bind to B type leukemia cells. After
incubation of immunomagnetic particles and leukemia cells, captured cells are
placed in the fluidic reservoir. Figure 4.4.1-a shows schematic representation of

cell and beads.

(@) o~

° Leukemia Cell °

CD 19 Antigen v

CD 19 Antibody Y

Figure 4.4.1 Schematic representation of magnetic beads with leukemia cell (a), the images
(b) of leukemia cell conjugated with magnetic particles taken by Nikon microscope.

Transportation of leukemia cell is achieved by applying an external magnetic
field, which is created by the designed electromagnets. Figure 4.4.2 shows the
movement of the particle from initial position (x=-32 um, y=20 um) to final
position (x=-240 um, y=245 um). The average velocity of the particle is
calculated around the 3.64 um/s. The video link is available in Youtube:

https://www.youtube.com/watch?v=sNu8GaH2RIg

(x=-32 pm, y=20 pum) (x=-240 pm. y=245num)

Figure 4.4.2 Transportation of Leukemia cell by using external magnetic field (a) initial
position, (b) Final position.
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Chapter 5

Conclusion and Future Prospects

5.1 Conclusions

For one and two dimensional manipulations, various magnetic tweezers
concepts were designed and analyzed for optimum flux generation. In this study,
the powerful numerical solvers are used to quantitatively predict the magnetic
forces, and systematically investigate the effects of different electromagnet
geometries and configurations. Also, we compared numerical and experimental
solutions. The behavior of soft magnetic material was observed under the high
magnetic field. Since magnetic force is the square gradient of the magnetic field,
the force acting on a bead can be predicted via numerical solutions.

The simulation results indicate that the highest magnetic flux density was
observed in the vicinity of the tip. The force acting on a bead diminishes
exponentially along the core axis. Therefore a particle should be placed near the
tip in order to obtain high pulling forces. Comsol Multiphysics was used to
understand the magnetic flux density distributions on the surface of the tip and
inside the core with different geometries. These results can be listed as follows,
when the core radius is increased the flux density in the vicinity of tip would
decrease, when the tip radius is decreased, this will lead to an increase of
magnetic flux density. When the taper length is increased, this will lead to an
increase of magnetic flux density in the core. When the length of the core is
decreased, this will lead to a decrease in magnetic flux density. Higher current in
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the solenoid produces higher magnetic flux density in the vicinity of the tip. An
electromagnet with yoke produces higher magnetic flux density than
electromagnet without the yoke [37].

In this research, a linearizing feedback controller is used to control
magnetic particles in the desired region. Two dimensional control and
manipulation is achieved with P control. The magnetic system capable of
controlling magnetic particles with a 2x2 mm reservoir due to the optimum
geometry of the core and tip. It is highly satisfactory because of low-cost
production. Less than 1 A current input, up to 25 pN force is generated on the
particles. Quadrupole magnetic tweezers can be used in cell manipulation, drug
delivery, and hyperthermia. Therefore it has a crucial role in biomedical and

electronics. In order to obtain high tracking performance K, constant around

0.8x107° is adjusted in the experiment. To increase image resolution, the
background of the reservoir is chosen dark. In order to avoid saturation
phenomenon, the coil currents are limited to less than 1 A.

The results of this study are compared with the previous works in the
literature in Table 5.1. While a direct comparison is not possible because almost
all designs have different features in terms of material, geometry, configuration

and workspace size.
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Performance This work Previous works
Coil current (Max) 1A 3A [36]
4A [37]
09A [38]
0.028 A [39]
3A [40]
Speed of Control loop 10 Hz <40 Hz [36]
303 Hz [37]
200 Hz [38]
10 Hz [39]
<25 Hz [40]
Position error <0.25 um 40nm [36]
0.1-0.7 pm [37]
0.15 pum [38]
~2 nm [39]
Not available [40]
Pole Number 4-2 1 [36]
6-3 [37]
6-4 [38]
6 [39]
3-4 [40]
Force ~25pN <100 nN [36]
<400pN [37]
Few pN [38]
<20pN [39]
1-120 pN [40]
Workspace size 2x2mm’ 100 pum [36]
0.1x0.1 mm® [37]
405 x 405um? [38]
2 x 2 mm? [39]
20 x 20 pm? [40]
Maneuverability 1D feedback control 1D force control [36]
2D feedback control 2D feedback control [37]
2D feedback control [38]
3D feedback control [39]
2D non-feedback control [40]

Table 5.1 Comparison of magnetic tweezers
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5.2 Future Prospects

We will conjugate different types of biomolecules on the surface of the
beads to steer desired points. We will develop a tiny magnetic system which will
be capable of three dimensional control and manipulations. The new magnetic
micromanipulation system will be more portable and fully automatic. We will
try to increase the sampling frequency by implementing some new image-based

algorithms.
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