


 
 

ABSTRACT 

Moving of Magnetic Clusters Driven by an Applied Eccentric 

Rotational Magnetic Field 

by 

Chien Hsu 

Magnetic swimmers such as the colloidal clusters formed from self-assembled 

magnetic particles are capable of mimicing the motion of bioentities such as 

mircroorganisms in fluids. In this thesis, a circular rotational magnetic field is first 

applied to a dispersion containing paramagnetic particles to form colloidal clusters 

having a specific configuration; after switching the field to an eccentric rotational 

magnetic (ERM) field, they lead to several types of cluster having unique metastable 

structures. These 2-D clusters can be driven by the applied ERM field, yielding an 

appreciable net displacement and exhibiting specific dynamic behaviors. The latter are 

influenced by the surface charge of the comprising magnetic particles, the strength and 

the frequency of the applied magnetic field, and the viscosity of the dispersion fluid. A 

theoretical model for a colloidal pentamer cluster is proposed to simulate its 

experimental displacement in an aqueous environment driven by an applied ERM field. 
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Chapter 1 

Introduction 

1.1 Magnetic Particles 

   The cognition of magnetic materials and their applications can be dated back to 

thousands of year ago. Aristotle [1], for example, pioneered the scientific discussion 

on magnetism. Magnets were used for surgical purposes in ancient India [2], and for 

various applications in ancient China [3]. In the latter, the magnetic needle compass 

was found to be capable of improving the accuracy of navigation based on the 

astronomical concept of true north. Later on, lodestone compass was applied for 

navigation. 

   Due to their versatile potential applications, magnetic particles have been 
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studied extensively in the past few decades. For instance, as shown in Fig. 1.1 [4], 

crosslinked iron oxide (CLIO) is effective in labeling tumor cells [5], magnetic 

nanoparticles can have the selectivity for cell labeling by directly modifying their 

surface with cationic or anionic surfactants [6]. Another popular application is to 

induce a local heating effect of magnetic particles via hyperthermia, which can be 

used in cancer therapy [7]. Colloidal magnetic particles are readily applicable as 

drug vehicles guided by an applied magnetic field to improve the efficiency of drug 

delivery [8]. Ge and Wang et al. [9, 10] showed that monodispersed 

superparamagnetic colloids with magnetic cores are useful for photonic applications. 

The early stage studies for magnetic particles were based largely on natural 

particles of colloidal size [11-13], which ranges from 1 to 10 μm [14]. Besides, due to 

the limitation of available materials, relevant phenomena were usually observed by 

an indirect way such as a magnetic hole system (nonmagnetic microspheres in 

ferrofluid) [15]. Recent breakthrough of fabrication technology yields artificial 

magnetic particles of various natures. For instance, polymeric materials were used 

to synthesize magnetic particles containing several magnetic cores [16, 17]. The 

surface of polymeric materials can be modified without too much difficulty in 

different ways to provide desired properties, rendering them an ideal material for 
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experiments. The physicochemical properties of a particle, such as its surface charge, 

type of surface functional groups, surface roughness, and density can be adjusted 

through appropriate modifications to acquire desired levels of the experiment. Using 

polymeric materials also has the advantage of low cost, making them popular for 

preparing magnetic colloidal particles. Monodispersed magnetic particles can be 

prepared through microfluidic fabrication [18, 19] and dispersion polymerization 

[20]; several methods are also available for preparing anisotropic particles [21-26]. 

Rosensweig [27], for example, applied ferrofluids to generate sensitive colloidal 

superstructures. 
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Figure 1.1 (Adapted from [4]) Schematic representations of two different 

approaches for cell labeling. A) A CLIO Tatpeptide nanoparticle, where an iron oxide 

nanoparticle of diameter 4 nm is coated with crosslinked Dextran and 4 Tat peptide 

including organic dyes (FITC) are attached [5]. B) Magnetite Fe3O4 nanoparticles 

with their surface modified with either cationic or anionic surfactant and their 

selective use for internal cell labeling [6]. 
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   Magnetic particles can form self-assembled structures in an applied magnetic 

field. Applying a dynamic (i.e., time-dependent) magnetic field is capable of forming 

unique self-assembled structures that are impossible to form in a static magnetic 

field [28]. These structures can be anisotropic or have axial symmetry. Helseth [29], 

for example, found that if a homogeneous magnetic field is applied to a system 

containing less than 10 magnetic particles (Dynabeads M270 with carboxylic acid 

group) of radius 1.4 μm, unstable two-dimensional (2-D) colloidal pyramids were 

formed. These unstable structures are close to a one-dimensional (1-D) 

nonmagnetic boundary that is the contact line of a water droplet. C érnák and 

Helgesen et al. [30, 31], observed that when a rotating magnetic field is applied to a 

kerosene-based ferrofluid (magnetic fluid) containing nonmagnetic polystyrene 

spheres of diameter 10-100 μm (magnetic holes), 2-D structures presenting 

nonlinear behaviors are formed. Du et al. [32] reported that if a rotating magnetic 

field is applied to a dilute aqueous NaCl solution containing magnetic particles 

(Dynabeads M270 with carboxylic acid group) of radius 1.4 μm,, various 2-D 

thermodynamic phases were formed, depending upon the field strength of the 

applied field. Casic et al. [33] showed that the configuration of magnetic particles 

change from linear to compact cluster when the applied magnetic field is switched 
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from static to rotating, and this configuration change is irreversible. Snezhko and 

Grzybowski et al. [34, 35] concluded that a dynamic magnetic field is capable of 

assembling magnetic particles to form desired advanced material. Applying a 

complex magnetic field, for instance a processing (triaxial) magnetic field [36], also 

yields unique self-assembled structures. These complex magnetic fields can help 

manipulating magnetic particles to form specific structures through adjusting 

factors such as the strength of a magnetic field and its frequency in different 

directions [37, 38]. As reported by Read and Martin et al. [36, 39], through applying 

a trixial magnetic field, the performance of the chemiresistors that is sensitive to the 

volatile organic compounds, can be used as a sensor to detect analyte concentration 

for a wide range, and the sensitivity can be controlled by magnetic field, can be 

significant improved and the particle composites that will influence both the 

isotropic and anisotropic magnetic properties can be optimized.   

1.2 Colloids System 

   Referring to Table 1.1, particulate systems can be classified according to their 

particle size, where the size range of each system is approximate only. Following the 

description of Graham [40], entities (dispersed phase) with a linear size ranging 
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from nanometer to micrometer dispersed in a continuous phase (dispersion 

medium) of another species form a colloid system or dispersion [40]. The specific 

size range of a colloids system rendering it two distinct properties: Tyndall effect 

and Brownian motion. The former results from the scatter of light by the dispersed 

particles as it passes through the dispersion medium. The latter is the random 

motion of the dispersed particles due to their collisions with the molecules of the 

dispersion medium. Both Tyndall effect and Brownian motion are particle size 

dependent. The phase behavior of a colloidal dispersion is significantly influenced 

by the composition of the dispersion medium [41, 42]. The unusual and interesting 

behaviors of a colloidal dispersion [43], especially when the particle size is down to 

the nano range, have drawn the attention of researchers in various fields, and 

relevant results are ample in the literature. 

   The particles in a colloidal dispersion are usually charged, and they can remain 

suspended due to electrical repulsion. However, under conditions where the electric 

potential on the particle surface is low (~  25 mV), aggregation of particles occurs 

and the dispersion becomes unstable. In practice, the surface potential of a particle 

is estimated or replaced by the corresponding zeta potential, the electric potential 
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on the inner surface of the diffuse double layer surrounding the particle surface. 

Since the thickness of this layer varies with the bulk ionic concentration, so is the 

zeta potential.  

   Because both the dispersed phase and the dispersion phase of a colloidal system 

can be solid, liquid, and gas, there are nine possible combinations, in which the 

gas-gas combination does not exist. Table 1.2 summarizes the other eight possible 

combinations and the corresponding examples. 

   Colloidal dispersion and relevant applications are numerous in our daily life, 

including, for instance, detergents, dyes, milk, protein, whole blood, drug release, 

waste-water treatment, oil recovery, and coating process, to name a few. This 

suggests that a detailed understanding of its behavior under various conditions and 

the associated mechanisms is both desirable and necessary.  

Table 1.1 Classification of particulate systems according to their particle size. 

Size (m) Classification Remarks 

>10-5 Coarse mixture of two 

immiscible phases 

Free energy of system is 

determined by bulk phases 

10-9–10-6 Colloid Interfacial tension (energy) is 

important (1~100m2/g) 

〜10-10 Solution of molecular solute Molecules are “compact” 
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Table 1.2 Classification of colloidal systems according to the continuous and 

dispersed phases. 

Medium/phase Dispersed phase (particle) 

Gas Liquid Solid 

Dispersing 

medium 

(continuous 

phase) 

 

Gas None 

(All gases 

are soluble) 

Liquid aerosol 

(fog, mist, cloud) 

Solid aerosol 

(smoke, dust) 

Liquid Foam 

(whipped 

cream) 

Emulsion 

(mayonnaise, 

hand cream) 

Sol 

(paint, pigmented 

ink) 

Solid Solid foam 

(aerogel, 

pumice) 

Gel 

(jelly) 

Solid sol 

(ruby glass, alloy) 

1.3 Magnetic Field and Hysteresis Effect 

   Two models are usually applied to define a magnetic field: H-field and B-field. 

The former is also known as the Gilbert model, which describes magnet field by 

analogy with electric field [44]. In this model, a magnetic field is established by a 

north pole and a south pole, resembling the positive charge and negative charge in 

an electric field. The basic physical properties of the magnetic field including force, 

torque, and dipole moment can be obtained simply by substituting the parameters 

associated with the magnetic field into the equations describing the corresponding 

electric field. Similar to the case of an electric field, where the electric force lines 

originate from positive charge end at negative charge, the magnetic force lines of a 
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magnetic field originate from north pole to the south pole. Although straightforward, 

the Gilbert model has the flaw that isolated monopole does not exist. Nevertheless, 

this model is successful in predicting several important relationships. 

   B-field is also known as Ampere model, which proposes that a magnetic field is 

built up by a current loop. As long as a material is sufficiently large so that current 

can form an Amperian loop, it is able to form magnetic dipoles exhibiting magnet 

properties. In Ampere model, the magnetic force line is a closed loop, and therefore, 

defining magnetic monopoles is unnecessary. This is reasonable since magnetic 

monopoles do not exist. 

   The relationship between H-field and B-field can be described as following. The 

magnetic induction B, the magnetic field strength (auxiliary field) H, and the 

magnetization M are related by 𝐁 = 𝜇0(H+M) , where 𝜇0  is the free space 

permeability. Magnetization can be calculated by directly dividing the magnetic 

moment to the volume of the material, and 𝐌 = χ𝐇, where χ is the volumetric 

magnetic susceptibility [45]. The force Fm that a B-field acts on the magnetic 

moment m is 𝐅𝑚 =
1

𝜇0
(𝐦 ⋅ ∇)𝐁 [44, 45]. Fig. 1.2a [45] illustrates schematically two 

kinds of ferromagnetic particle: a particle comprising a magnetic core and a 
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non-magnetic coating, and several magnetic particles of diameter s embedded in a 

non-magnetic coating. Fig. 1.2b shows the typical magnetization curve of 

ferromagnetic particles where the variation of the magnetization M with the 

magnetic field strength H is presented. This hysteresis curve also illustrates the 

remnant magnetization Mrem and the saturation magnetization Msat. The structure of 

a superparamagnetic nanoparticle is shown in Fig. 1.2c, where a magnetic 

nanoparticle of diameter s is embedded in a non-magnetic coating. As illustrated in 

Fig. 1.2d, the M-H curve of this type of particle does not exhibit hysteretic behavior, 

implying that its magnetization or magnetic properties presents only if a magnetic 

field is applied. As pointed out by Jeong et al. [4], superparamagnetic colloids do not 

show hysteresis in its magnetic behavior. This is because the room temperature is 

sufficiently higher than the blocking temperature that describes the transition point 

at which the thermal energy is comparable to the magnetic anisotropic energy.  
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Figure 1.2 (a) Two kinds of ferromagnetic microparticle: a particle comprising a 

magnetic core and non-magnetic coating, and several magnetic particles of diameter 

s embedded in a non-magnetic a coating. (b) Typical magnetization curve of 

ferromagnetic particles which depicts the variation of the magnetization M with the 

magnetic field strength H. The saturation magnetization Msat and the remnant 

magnetization Mrem are also presented. (c) A superparamagnetic nanoparticle, 

which comprises a magnetic core with diameter s embedded in a non-magnetic a 

coating. (d) Typical magnetization curve of a superparamagnetic nanoparticle 

showing the saturation magnetization Msat and magnetic susceptibility χ [45]. 

1.4 Classification of Magnetic Colloids 

Materials often encountered in practice can be classified according to their 

behavior in the presence of a magnetic field into three categories: ferromagnetic, 
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paramagnetic, and diamagnetic. Depending upon their molecular and atomic 

structures, materials respond differently to an applied magnetic field. The applied 

magnetic field influences the spin of electrons, the motion of electron, and the 

motion of charge, thereby affecting the magnetic moments of the material in the 

field. For materials having paired electrons in their atoms, because the electrons 

spin in opposite directions, no magnetic field is induced. In contrast, for materials 

having unpaired electrons, the unbalanced electron spins yields an induced 

magnetic field. These materials are influenced by an applied magnetic field. 

Ferromagnetic materials such as nickel, iron, and cobalt are attracted by a magnetic 

field. They can display appreciable magnetic properties whether a magnetic field is 

present or not because they have magnetic domain and some of the electrons in 

their atoms are unpaired. Ferromagnetic materials have a large susceptibility, and 

their dipoles follow the direction (positive) of an applied magnetic field. 

Paramagnetic materials such as lithium, magnesium, and tantalum are also attracted 

by a magnetic field. These materials have minute magnetic properties in an applied 

magnetic field, and if it is removed, those magnetic properties are no longer present. 

The susceptibility of paramagnetic materials is the same as that of ferromagnetic 

materials, but its value is small since their magnetic properties comes only from 
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unpaired electrons. Most of natural materials are diamagnetic. When a magnetic 

field is applied, these materials will somewhat repel it and loss their magnetic 

properties after it is removed. Because all of their electrons are paired, diamagnetic 

materials have the smallest susceptibility compared with other materials and their 

dipoles will align in the opposite direction (negative) of an applied magnetic field. In 

our system, the particles are paramagnetic [44, 46], and they form a linear structure 

in an applied static magnetic field, as illustrated in Fig.1.3.  

 

Figure 1.3 Rearrangement of paramagnetic particles after a magnetic field is 

applied. The arrows inside the particle represent the magnetic dipoles. Without the 

applied magnetic field, those ferromagnetic nanoparticles inside the paramagnetic 

particle will exhibit random orientations. Once the magnetic field is applied, those 

magnetic dipoles inside the ferromagnetic nanoparticles will follow the direction of 

that field. Finally, those paramagnetic particles will align together to form a linear 

structure that is parallel to the applied magnetic field. 
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1.5 Rotating Magnetic Field 

   For the case of a one-dimensional applied magnetic field, since it is 

uni-directional, the stable configurations that the magnetic particles inside can form 

are limited. Through regulating the direction, the frequency, and the strength of the 

applied magnetic field, the magnetic particles in the field are able to form several 

two-dimensional structures such as triangle, rhombus, and circle, to name a few. Due 

to their susceptibility properties, both an isolated magnetic particle and a 

linear-structured magnetic cluster will rotate in an applied rotating magnetic field. 

   A rotating magnetic field can be generated through direct rotating the applied 

magnetic field established by, for example, a magnet [47, 48]. A rotating magnetic 

field can also be generated by applying two orthogonal electromagnets 

simultaneously so that they have a 90 degree phase lag [49]. As shown in Fig. 1.4, a 

rotating magnetic field thus generated can be either centric (CRM) or eccentric 

(ERM). The strength of a CRM field is direction independent, but it varies with 

direction in an ERM field. Through adjusting the current of the electromagnets in the 

x and y directions, one can easily construct CRM and ERM fields. The magnetic 

particles in a CRM field can form symmetric cluster structures, but tend to form 
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linear structures in an ERM field. Among these structures, some are stable in a CRM 

field, but either metastable or unstable in an ERM field. The behavior of the 

magnetic particles in an applied magnetic field is influenced by both its frequency 

and strength [50]. If the frequency is low, the particles or clusters will rotate 

synchronously to the applied magnetic field. However, if the frequency is raised to a 

critical value, “breakdown” occurs, where particles start to become asynchronous to 

the applied magnetic field [51]. This critical frequency is proportional to the applied 

magnetic field strength, and can be described by Mason number [51, 52], Mn =

𝜂𝜔

2𝜇0𝜇𝑐𝛽2𝐻0
2 ,where η, ω, 𝜇0, and 𝜇𝑐 are the liquid viscosity, the angular velocity of the 

contacting particles that will rotate in a stationary fluid under the rotating magnetic 

field, the vacuum permeability, and the permeability of the continuous phase, 

respectively. β =
(𝜇𝑝−𝜇𝑐)

(𝜇𝑝+2𝜇𝑐)
 is the magnetic permeability contrast factor with 𝜇𝑝 and 

𝐻0 being the magnetic permeability of the material that the particles are composed 

and the applied magnetic field, respectively. The Mason number provides a measure 

for the relative magnitudes of the hydrodynamic force and the magnetic force acting 

on the cluster or chain structure. If Mn>>1, the hydrodynamic force dominates, that 

structure is unstable. In contrast, if Mn<<1, the magnetic force dominates, and that 

structure is stable. If Mn~1, the hydrodynamic force and the magnetic force are 
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comparable, that structure is metastable. Breakdown becomes more apparent if the 

frequency of the applied magnetic field is high, and when it occurs, the rotating 

frequency of the particles decreases. 

   The strength of an applied magnetic field can influence both the rotational speed 

of a cluster and the local magnetic field established by the particles of the cluster. 

The strength of this local magnetic field influences significantly not only the speed 

required for the particles to form the cluster but also its configuration. 

 

Figure 1.4 Schematic representation showing the difference between the applied 

magnetic field in CRM and that in ERM. The arrows denote the possible direction of 

the magnetic field. For CRM field, all the possible direction of the applied magnetic 

field can form a circle with the center at the center of that circle. For ERM field, the 

concept is still the same except the center of the possible direction is not the same as 

the center of the circle. 

1.6 Magnetophoresis and Magnetic Swimmer  

   Magnetophoresis, the movement of dispersed magnetic particles driven by an 
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applied magnetic field, is similar to electrophoresis, where dispersed charged 

particles are driven by an applied electric field. In the former, particles are not 

necessary charged [53]. In addition, since magnet poles need not be contact with the 

fluid medium, its properties such as pH, heat, and ionic concentration are not 

disturbed as that in the case of electrophoresis [54]. The emerging applications of 

magnetophoresis, especially those in clinical treatment, diagnosis, and biomedical 

areas, draw the attention of researchers of various fields in the last decade. 

Compared with conventional approaches, magnetophoresis has the merits of low 

cost and can be well-controlled in both highly sensitive and specific ways. For 

example, single-cell genomic analysis can be accomplished by conducting 

magnetophoresis in a microfluidic channel [53]. Fig. 1.5 illustrates the idea of a cell 

separation process that is based on magnetophoresis. In this figure, target cells are 

labeled first to render them having magnetic properties. The cell mixture containing 

all cells is then allowed to pass through a column, where a magnetic field is applied. 

Due to the presence of the magnetic field, magnetized cells are retained in the 

column, and non-magnetic cells tend to pass through. After washing the column 

several times to remove non-magnetic cells that might present, the target cells 

retained in the column can be collected by removing the magnetic field. This 
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procedure is known as a positive selection strategy [55]. As illustrated in Fig. 1.6, 

magnetic particles dispersed in a fluid can also be separated or transported by 

applying magnets or electromagnet. Fig. 1.6a shows that when a fluid mixture 

containing both magnetic and non-magnetic particles flows through a channel, the 

former will be driven to the channel wall where magnets are attached so that they 

can be separated from the fluid mixture. As illustrated in Fig. 1.6b, magnetic 

particles can be transported by a moving magnet attached on the channel wall to 

move along the channel axis [45]. Tierno et al. [56], for instance, reported that 

microcarriers (paramagnetic particles of diameter 2.8 μm) can transported no 

matter they are loaded or unloaded. 

 

Figure 1.5 Schematic description of using a magnetic labeling technique to separate 

labeled cells by an applied magnetic field. The target cells are first magnetically 

labeled, followed by separating them through applying a magnetic field across a 

column. Only the target cells are retained in the column, and they can later be 

gathered by removing the magnetic field [55]. 
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a)                              (b) 

 

Figure 1.6 (a) As a fluid mixture containing both magnetic and non-magnetic 

particles flows through a channel, the former will be driven to the channel wall by 

the magnets attached to the channel wall so that they can be separated from the 

fluid mixture. (b) Magnetic particles can be transported by a moving magnet 

attached on the channel wall to move along the channel axis [45]. 

   Fig. 1.7 illustrates the movement of paramagnetic polystyrene particles of 

diameter 2.8 μm dispersed in water driven by a dynamic applied dynamic magnetic; 

both experimental data and the corresponding results of simulation are presented. 

[56] Since magnetic particles tend to stay at the pining sites (the boundary between 

two adjacent domain walls on the substrate surface shown in Fig. 1.7a and 1.7b) and 

the positions of these sites vary when the applied magnetic field is reversed, a 

continuous reversing that field is able to drive the particles. Based on this 

mechanism, it was also shown that magnetic particles can serve as a carrier for oil 

droplets and yeast cells by attaching them to the particle surface. Sing et al. [57] 

introduced self-assembled colloidal walkers. As shown in Fig. 1.8, if a rotational 
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magnetic field is applied, a cluster formed by seven superparamagnetic particles of 

diameter 1 μm in an aqueous solution is driven to rotate on the x-z plane 

(perpendicularly to the surface), and move in the direction of rotation. That is, a 

clockwisely rotating cluster moves to the right, and to the left if it rotates 

counterclockwisely. Since the gravity drives the cluster to the surface, it has the 

effect of breaking its symmetry, thereby reducing its velocity. The cohesion of a 

cluster and its rotational speed can be adjusted through varying the strength and the 

frequency of the applied magnetic field. As in the case of a cluster having seven 

particles, a cluster having two, three, and four particles are also able to move when a 

rotational magnetic field is applied. In general, the velocity of a cluster increases 

with the increase in the frequency of the applied rotational magnetic field. However, 

this is not the case for a cluster having four or seven particles. In these cases, there 

exists a critical frequency, νc, above which the cluster velocity becomes to decrease 

with increasing frequency. As suggested by Melle et al. [51], this is because as the 

frequency increases the viscous force acting on a cluster increases too, but the 

magnetic torque experienced by it increases first, and remains constant after a 

maximum value is reached. The movement of a cluster is able to create a velocity 

field that can be used to transport larger objects.  
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Figure 1.7 Movement of paramagnetic polystyrene particles of diameter 2.8 μm 

dispersed in water driven by an applied dynamic applied magnetic field. Left-hand 

column: experiment results, where a particle is marked in blue to display the 

temporal movement of particles. Right-hand column: schematic representation 

showing the continuous reversing in the direction of the applied magnetic field in 

the experiment, which is on the x-z plane, and particles are driven towards the x 

direction. (a) to (b) completes a half cycle, where strong (weak) domain walls 

become weak (strong) domain walls; particles are attracted by the magnetic force 

lines of higher intensity [56]. 
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Figure 1.8 (A) A cluster formed by self-assembled superparamagnetic particles, 

where yellow arrows represent the magnetic dipoles of the particles that follow the 

direction of the applied magnetic field. The rotation and the movement of the cluster 

follow the frequency ν of the magnetic field. (B) Temporal variation in the cluster 

conformation at 5 Hz, upper two rows, and 7 Hz, lower two rows; both experimental 

(exp.) and simulation (sim.) results are presented. The cluster breaks into two parts 

at 7 Hz, which exceeds the critical frequency of the cluster [57]. 

   To mimic the movement of microorganisms exemplified by flagella, finding an 

artificial micrometresized structure, the swimming motion of which can be 

controlled, is essential. This is the idea of microscopic artificial swimmers. Dreyfus 

et al. [58] showed that an artificial flagellum formed by a red blood cell connected 

with a linear chain structure comprising magnetic particles with DNA linked in 

between can be used as a microscopic artificial swimmer. This flagellum is flexible 

and can be driven by an applied magnetic field, with its velocity (magnitude and 

direction) controlled through adjusting the applied magnetic field. Howse et al. [59] 
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suggested that an artificial microscale swimmer can be driven by the chemical 

reaction occurs on its surface, with the short-term motion controlled by the 

concentration of fuel molecules. Its long-term motion, however, is a random walk. 

Biswal et al. [60] studied the rotational dynamics of semiflexible paramagnetic 

particle chains. They concluded that the rotation of these chains is influenced by 

both the applied rotational magnetic field and the linked agent. For rigid chains, they 

rotate as a solid body following the direction of the applied magnetic field, and for 

flexible chains, their movement is influenced by the viscous, magnetic, and elastic 

stresses. The linked chains formed by paramagnetic particles can be used in 

micromixing through applying a rotational magnetic field [61], where the length of a 

chain can be controlled by its flexibility and the effect of mixing increases with 

increasing frequency of the applied rotational magnetic field. However, there exists a 

critical frequency at which the mixing effect reaches the optimum value. Yan et al. 

[62, 63] prepared colloidal sized spherical Janus particles having a silica core of 

diameter 2 μm and a thin magnetic coating. The magnetic properties of these 

particles can be varied by controlling the thickness of their hemispherical magnetic 

outer layer. The Janus particles prepared are able to exhibit abundant and diverse 

programmable structures in a homogeneous rotational magnetic field. For example, 
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when such a field is applied to a hexagonal crystal comprising nineteen particles, the 

particles in its outer layer rotate with the applied magnetic field around the crystal 

center, and each particle of the crystal also rotates simultaneously around the center 

of itself.  

   Grzybowski et al. [64] reported that under a rotational magnetic field built up by 

rotating magnets, millimeter-sized (diameter ca. 2 mm) magnetic particles can 

self-assembled at a liquid-air interface. They found that theese self-assembled 

particles were able to form several dynamic patterns, which were influenced by the 

applied magnetic field. Erb et al. [65] illustrated that superstructures comprising 

self-assembled diamagnetic and paramagnetic particles can also be formed by 

applying a rotational magnetic field. They proposed a method to arrange these 

magnetic particles in a rotationally symmetric structure that is highly reproducible. 

   According to Purcell’s scallop theorem [66], microorganisms in an 

incompressible Newtonian fluid are able to move through non-reciprocal motions in 

the creeping flow regime. That is, in the environment where most microorganisms 

live, the net displacement of the reciprocal motion is zero. It is believed that several 

auxiliary structures of microorganisms such as cilia and flagella are capable of 
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breaking the time-reversal symmetry of their motion, thereby propelling the 

swimmers (microorganisms) [67]. The helix of the swimmers that rotates with their 

long axis is not for propulsion but for enhancing their diffusivity [68, 69]. The 

motion of biological entities in a non-Newtonian fluid is seldom studied, although 

the associated dispersion media are usually non-Newtonian. The fluids in human 

body, for instance, are mostly viscoelastic [70]. In a study of the motion of an 

artificial micro-scallop (single-hinge microswimmer) in shear thickening and shear 

thinning (non-Newtonian) fluids, Qiu et al. [71] showed that microswimmers can be 

propelled by their reciprocal motion in a non-Newtonian fluid in the creeping flow 

regime. 

1.7 Thesis Outline 

   This thesis is aimed to observe the behaviors of colloidal paramagnetic particles 

dispersed in deionized water (DI) subject to an applied rotational magnetic field, 

and investigate the associated mechanisms. These particles are able to form a 

self-assembled magnetic cluster in the field applied, and re-dispersed when that 

field is removed. Stable clusters comprising three, five, six, and eight magnetic 

particles are formed first in a centric rotational magnetic (CRM) field. An eccentric 
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magnetic (ERM) field is then applied to these stable clusters and, after going through 

a metastable state, clusters having a linear structure are finally formed, where 

trimer and hexamer are regular triangle shaped, and pentamer is w-shaped. These 

conformations will not change when the ERM field is switched back to the CRM field. 

However, octamer will immediately adjust its structure when the applied magnetic 

field is switched from CRM to ERM or from ERM to CRM. In the ERM field, any slight 

disturbance may rearrange the particles of all the clusters mentioned above to form 

a linear structure. In addition, decamer is able to form several metastable 

configurations in the ERM field. All the clusters observed in this thesis are found to 

have a net displacement in the ERM field, and it is influenced by the frequency of the 

applied magnetic field. Among all the types of cluster, pentamer has the fastest 

speed, and its maximum displacement can reach about 20 times the radius of its 

composing particle within 2 min. As that frequency varies, some of the displacement 

behaviors of trimer, hexamer, pentamer, and octamer are similar. The behavior of the 

clusters is also simulated by MATLAB, and the results obtained agree qualitatively 

well with the experiment observations. The zeta potential of the magnetic particles 

is influenced by their concentration in the sample solution and, therefore, might 

affect the configuration of the clusters formed. Several future works are suggested at 
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the end of this thesis. 
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Chapter 2 

Experimental Setup and Model System 

   Paramagnetic particles dispersed in a nonmagnetic fluid can form a 

magnetorheological (MR) fluid. Through adjusting an applied magnetic field, this 

fluid can present fast, reversible variation in its rheological characteristic [72, 73]. 

Two dimensional (2-D) clusters having a linear structure can be built up by particles 

that acquire primarily dipolar, magnetic moment, and induced magnetic interaction 

through applying a rotating or uniaxial magnetic field [50, 74, 75]. Since it will 

follow the direction of an applied magnetic field, the long axis of a cluster can 

influence the dynamic behavior of the cluster in the applied field. For clusters having 

circular, rectangular, and triangle structures, the role that their long axis plays, 

however, is different. The frequency and the strength of an applied magnetic field 
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can also influence significantly the dynamic behavior of these clusters. The Mason 

number can be used to explain the dynamic behavior of the structure of a cluster 

observed in experiment [50, 51]. The metastable structure of a pentamer yields 

unique dynamic behavior in an applied ERM field, and the cohesion of the 

comprising particles in this cluster determines the energy required from the applied 

magnetic field for its motion. The surface charge of the composing particles in a 

cluster depends upon their concentration in the sample solution, and the electric 

repulsion force between two composing particles is influenced accordingly [76]. 

2.1 Equipment and Software  

As illustrated in Fig. 2.1 [77], an orthogonal magnetic field in the horizontal (x-y) 

plane was generated by putting four air-core solenoids together, each is 

perpendicular to the adjacent one, with parallel solenoids connected by wires. To 

control the instantaneous direction of the magnetic field and provide homogeneous 

rotational magnetic field in the x and y directions, frequency adjustable power 

supplies Agilent N6784A and Agilent N6784B were applied to generate sinusoidal 

current in the solenoid coils by the digital oscilloscope in the mainframe of the 

power supplies. The generated rational magnetic fields in the x and y directions are 
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Hx=H0sin(2πft) and Hy=H0(sin(2πft+π/2)+λ), respectively, with H0, f, and λ being the 

applied magnetic field, the frequency, and the eccentric ratio, respectively. Note that 

λ=0 corresponds to a centric magnetic field, and λ=/=0 an eccentric one. In order to 

observe the special structures formed by the magnetic particles that is metastable 

and will not form directly in an eccentric rotational field, we first applied Agilent 

N6784B to generate a voltage between -6 to 6 V to create a centric magnetic field 

until the target cluster became stable. Agilent N6784A was then applied to generate 

a voltage between 0 to 32 V with λ = √2 to form an eccentric magnetic field. 

Magnetic induction is measured by DC Gaussmeter (Alphalab Inc.). Fig. 2.2 shows 

the correlation between the magnetic induction acting on a sample with the current 

passing through the coils of the electromagnetic. Both the oil immersion objective 

100x/1.4 (Olympus) and the piezo-controlled (Newport ESA-C) sample holder were 

placed at the center of all solenoids with the latter above the former. The sample 

stage was examined by a surface level to avoid any tilt in the whole system. The 

images of the colloidal dynamics were recorded by a CCD camera (QImaging) at 10 

frames per second equipped with Simple PCI (Hamamatsu). The recorded images 

were read by MATLAB to identify the x and y coordinates of each particle [78].  
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Figure 2.1 [Adapted from 78] Schematic view coil setup: (a) top view; (b): 

expanded view of the core with the objective, stage, and sample clearly separated 

(objective is moved downwardly by 30 mm, and sample upwardly by 30 mm). 

 

Figure 2.2 Variation of the magnetic induction acting on the sample with the 

0

10

20

30

40

50

60

70

80

0 1 2 3 4 5 6 7 8 9

magnetic 
induction (Gauss) 

current (A) 



33 
 

 
 

current passed through the coils of the electromagnetic. 

2.2 Preparation of Sample Solution 

Superparamagnetic polystyrene M-270 Dynabeads (Dynal Biotech, Oslo, Norway) 

surface coated with glycidyl ether to make them hydrophilic were used in this study 

[79]. The spherical particles are monodispersed with an averaged diameter of 2.8 

0.08 μm, estimated by dynamic light scattering and scanning electron microscopy 

(SEM). The reported volumetric magnetic susceptibility of the particle is 0.96. To 

prepare dispersions of various particle concentrations, the particles taken from a 

stock solution were first washed and vortexed in DI, and then diluted by DI to ca. 

0.017, 0.025, and 0.05 wt %. The sample dispersions thus prepared were injected 

into a flow cell having a sandwich structure comprising two glass coverslips 

(Thermo Scientific) spaced by a parafilm. To ensure that hydrodynamic backflow 

can be neglected and particles are confined to 2-D by gravity [80, 81], the spacing 

between the two coverslips was made to be sufficiently large (ca. 50 μm). In 

addition, to prevent non-specific binding of particles to the coverslip surface, the 

latter was first cleaned in a plasma cleaner (Harrick Plasma PDC-32G), followed by 

rinsing it with DI water before experiments. As pointed out by Strandburg [82], 
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because both the particles and the coverslips are negatively charged, the particles 

were capable of staying at a fixed distance from the bottom coverslip. The flow cell 

was sealed with epoxy (Hardman Double/Bubble Extra Fast Drying) right after 

particle dispersion was injected inside so that the evaporation of solution can be 

neglected. The sealed cell was mounted in a holder placed at the center of two pairs 

of orthogonal solenoids. Before each experiment, the particles in the flow cell are 

allowed to settle for one hour so that a quasi-equilibrium was reached where 

particles are near the bottom coverslip. The surface (zeta) potential of particles 

dispersed in DI was measured by Delsamax Pro (Beckman Coulter). The measured 

surface potentials are -50 mV [83], -45mV, and -41mV for particle concentrations at 

0.017 wt %, 0.025 wt %, and 0.05 wt %, respectively.  

2.3 Brownian Dynamics (BD) Simulation  

   Brownian dynamics (BD) simulation is adopted to model the system under 

consideration. This approach is capable of simulating the dynamic behavior of a 2-D, 

multi-body system by considering its interaction potential, taking account of the 

frequency of the applied magnetic field. The mathematical framework of BD is 

proposed by Ermak and McCammon [84]: 
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𝐫𝑖(𝑡 + ∆𝑡) = 𝐫𝑖(𝑡) + ∑
D𝑖𝑗(𝐫𝑖(𝑡))⋅𝐅𝑗(𝐫𝑖(𝑡))

𝑘𝐵𝑇
𝑗 ∆𝑡 + 𝛅𝑖(∆𝑡)       (2.1) 

In this expression, 𝐫𝒊(𝑡) and 𝐫𝑖(𝑡 + ∆𝑡) are the positions of particle i at times t and 

at 𝑡 + ∆𝑡, respectively. D𝑖𝑗(𝐫𝑖(𝑡)) is the Rotne-Prager translational diffusion matrix 

[86] for the diffusion tensor of particles i and j that is influenced by the 

hydrodynamic interaction of the surrounding fluid. 𝐅𝑗(𝐫𝑖(𝑡)) is the sum of the 

magnetic and electrostatic forces (internal and external) acting on particle j. 𝑘𝐵 is 

Boltzman constant, and T the absolute temperature. 𝛿𝑖(∆𝑡) is a random force 

generated from a zero mean and variance 〈𝛅𝑖(∆𝑡)𝛅𝑗(∆𝑡)〉 = 2𝐃𝑖𝑗∆𝑡  Gaussian 

distribution at each time step. For two spherical particles having diameters d1 and d2, 

the magnetic interaction between them can be described by their mutual dipolar 

force [44]: 

𝐅𝑚1 = −𝐅𝑚2 =
3𝜇0

4𝜋𝑟5
[(𝐦1 ⋅ 𝐫)𝐦2 + (𝐦2 ⋅ 𝐫)𝐦1 + (𝐦1 ⋅ 𝐦2)𝐫 −

5(𝐦1⋅𝐫)(𝐦2⋅𝐫)

𝑟2
𝐫] (2.2) 

where subscripts 1 and 2 denote particles 1 and 2, respectively, r is the norm of the 

vector 𝐫 pointing out from the center of particle 1 to that of particle 2. The 

magnetic dipole moments acting on particles 1 and 2, m1 and m2, respectively, can 

be evaluated by  

𝐦1 =
𝜋𝑑1

3𝜒1

6
[𝐇0 +

𝜇0

4𝜋
(
3𝐫(𝐦2⋅𝐫)

𝑟5
−

𝐦2

𝑟3
)] and 𝐦2 =

𝜋𝑑2
3𝜒2

6
[𝐇0 +

𝜇0

4𝜋
(
3𝐫(𝐦1⋅𝐫)

𝑟5
−

𝐦1

𝑟3
)] (2.3) 
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The electric repulsion force between two particles immersed in a z:z salt solution 

can be described by Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [42]:  

𝐅𝑒1 = −𝐅𝑒2 = (32𝜋𝑘𝐵𝑇𝑑ℎ𝜌∞𝛾
2 𝜅2⁄ )𝑒−𝜅(𝑟−𝑑𝑎)        (2.4) 

where 𝑑ℎ =
2𝑑1𝑑2

𝑑1+𝑑2
, 𝜌∞ , 𝛾 = tanh(𝑧𝑒𝜓0 4⁄ 𝑘𝐵𝑇) , 𝜅 , and 𝑑𝑎 =

𝑑1+𝑑2

2
 are the 

harmonic mean diameter, the bulk number density of ions, the reduced potential, 

the reciprocal Debye length, and the arithmetic mean diameter, respectively. z, e, and 

𝜓0 are the valence of ions, the elementary charge, and the surface (zeta) potential of 

both particles, respectively. As suggested by Du et al. [32], because the separation 

between two particles is sufficiently far in our system, the van der Waals attractive 

force in DLVO theory can be neglected. 
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Chapter 3 

Results and Discussion 

3.1 Pentamer Colloidal Cluster 

   A pentamer colloidal cluster can be formed by five magnetic particles in an 

applied CRM field. Its most stable structure is a w-shaped, which is metastable in an 

ERM field, and can be rearranged to a line structure by a slight disturbance. Fig. 3.1 

illustrates the experimental results for the variation in the scaled displacement S of 

that w-shaped cluster with the frequency of the applied ERM field f at two magnetic 

particle concentrations (0.025 and 0.05 wt %) where the pentamer is formed. S is 

defined as the net displacement of the center of a cluster after it is exposed to the 

ERM field for 2 min scaled by the radius of a magnetic particle 
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( 𝑆 =
netdisplacementofpentamerwithin2min

radiusofamagneticpaeticle
). For a clearer presentation, the low 

frequency region of Fig. 3.1 in enlarged in Fig. 3.2, which shows that the maximum 

values of S for the 0.025 and 0.05 wt % samples occur at 2.5 Hz and 10 Hz, 

respectively. Fig. 3.2 also reveals that S(0.025 wt %) is always smaller than S(0.05 wt 

%). This might due to that the zeta potential of the former is higher, yielding a 

greater electric repulsion force between two composing particles, so that the 

structure of the former is relatively loose than that in the latter. This also implies 

that the magnetic energy dissipated in driving a pentamer formed in a 0.025 wt % 

sample is greater than that in a 0.05 wt % sample. Note that if the frequency of the 

applied ERM field is low, Brownian motion might also play a role. In this case, since 

the pentamer formed in a 0.025 wt % sample has a less compact structure than the 

pentamer formed in a 0.05 wt %, the former experiences a less significant drag 

coming from Brownian motion because the collision of a more compact cluster with 

solvent molecules is more significant than that of a less compact cluster. The 

influence of Brownian motion becomes less important with increasing frequency so 

that if f is low, S(0.05 wt %) decreases with increasing f, as seen in Fig. 3.2. However, 

if f exceeds 1 Hz, both S(0.025 wt %) and S(0.05 wt %) increase with increasing f 

and, after passing through their maximum values, both decrease with a further 
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increase in f. This is because both the viscous drag and the magnetic torque acting 

on a cluster increase with increasing f, but the latter remains constant after S 

reaches its maximum value. 

 

Figure 3.1 Experimental results for the variation in the scaled displacement S of a 

pentamer formed in two different DI water solutions of magnetic particles after its 

exposure to an applied ERM (H=27Oe) field for 2 min with the ERM frequency f. □: 

0.025 wt %; ○: 0.05 wt %. 
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Figure 3.2 An enlargement of the low frequency region of Fig. 3.1. 

   For convenience, the experimental data shown Fig. 3.1 are replotted in Fig. 3.3, 

along with the simulated results based on a model without considering Brownian 

motion. The low frequency region of Fig. 3.3 is also enlarged in Fig. 3.4 for a clearer 

presentation. As can be seen in these two figures, the model adopted is capable of 

capturing the variation of S with f, both qualitatively and quantitatively.  

0

5

10

15

20

25

30

0 0.2 0.4 0.6 0.8 1

0.025 wt %

0.05 wt %

f(Hz) 

S 



41 
 

 
 

 

Figure 3.3 Variation in the scaled displacement S of a pentamer formed in a DI 

water solution of 0.025 wt % magnetic particles after its exposure to an applied 

ERM field (H=27Oe) for 2 min with the frequency of the field f. □: experimental 

results; △: present model without considering Brownian motion at η=3 cP, T =298 K, 

χ=0.96, and 𝜓0=-50mV. 
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Figure 3.4 An enlargement of the low frequency region of Fig. 3.3. 

   Fig. 3.5 summarizes the simulated influence of the viscosity of sample solution, η, 

on the variation of the scaled displacement S of a pentamer formed in a DI water 

solution of 0.025 wt % magnetic particles after its exposure to an applied ERM field 

(H=27Oe) for 2 min with the frequency of the field f. The low frequency region of 

this figure is enlarged in Fig. 3.6. Both the frequency at which the local maximum of 

S and that at which the local minimum of S appear are seen to increase with 

decreasing viscosity. 

 

Figure 3.5 Simulated influence of η on the variation of the scaled displacement S of 

a pentamer formed in a DI water solution of 0.025 wt % magnetic particles after its 

exposure to an applied ERM field (H=27Oe) for 2 min with the frequency of the field 

f at T=298 K, χ=0.96, and 𝜓0=-50mV. ◇: η=2 cp; □: η=3 cp; △: η=4 cp. 
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Figure 3.6 An enlargement of the low frequency region of Fig. 3.5. The frequency at 

which the minimum scaled displacement occurs increases with decreasing sample 

solution viscosity. 

   Fig. 3.7 shows the simulated variation in the scaled displacement S of a pentamer 

with the frequency f of an applied ERM field after its exposure to the field for 10 min. 

Here, the effect of Brownian motion is neglected. This figure reveals that the 

frequency at which the local maximum of S appears is influenced by the strength of 

an applied magnetic field. Note that at a small magnetic induction, the displacement 

of the pentamer is negligible (S~0). 
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Figure 3.7 Simulated results without considering Brownian motion for the variation 

in the scaled displacement S of a pentamer after its exposure to an applied ERM field 

for 10 min with the frequency f at various levels of the magnetic induction of the 

electric magnetic cores in the x and y directions. The following parameters are 

assumed: η=3 cP, T=298 K, χ=0.96, and 𝜓0=-50mV. The magnetic induction in the x 

direction is the same as that in the y direction. ◇: 20 Gauss; □: 10 Gauss; △: 5 

Gauss. 

   The mechanism for the movement of a pentamer in an applied magnetic field is 

illustrated in Fig. 3.8. Since the comprising particles of this cluster are paramagnetic, 

they will not present magnetic hysteresis effect at room temperature, and therefore, 

the direction of the susceptibility of these particles will directly follow that of the 

applied field. This implies that the w-shaped cluster will swing and swim in the 

applied magnetic field. Fig. 3.9 shows the experiment results for the movement of a 

pentamer formed in a DI water solution of 0.025 wt % magnetic particles in an 
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applied ERM field (H=27Oe) in 2 min at various frequencies. As can be seen in this 

figure, the pentamer is able to move towards three possible directions, depending 

upon the initial orientation of the cluster. At f=20 Hz (Fig. 3.9a), the pentamer moves 

downwardly; at f=5 Hz (Fig. 3.9b), it moves towards its left-hand side; at f=15 Hz 

(Fig. 3.9c), it moves towards its right-hand side.  

 

Figure 3.8 Variation in the orientation of a pentamer with the direction of an 

applied ERM field shown at the right bottom. The pentamer follow the mechanism 

illustrated to swing and swim. 
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Figure 3.9 The movement of a pentamer formed in a DI water solution of 0.025 wt 

% magnetic particles in an applied ERM field (H=27Oe) in 2 min at various 

frequencies. Column (a): f=20 Hz, the pentamer moves downwardly; (b) f=5 Hz, it 

moves towards its left-hand side; (c) f=15 Hz, it moves towards its right-hand side. 

White dashed line: plane of symmetry of the trimer indicating the direction of trimer 

movement. 

   As explained by Fig. 3.10, the direction that a pentamer is able to move in an 

applied ERM field is influenced by its initial orientation. Because the magnetic field 

is switched from CRM, where the pentamer is formed, to ERM, the initial orientation 

of the cluster might vary accordingly. The direction that a pentamer moves depends 

upon the angle between the direction of the maximum or the minimum of the 

applied ERM field (green dashed arrow in Fig. 3.10a) and the line perpendicular to 

(a) (b) (c) 
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the symmetry plane of the cluster (white dashed line in Fig. 3.10a). This suggests 

that the direction of the movement of a pentamer can be manipulated by varying the 

direction of an applied ERM field. As illustrated in Fig. 3.11, due to the temporal 

variation in the direction of the applied ERM field, a pentamer is able to move back 

and forth with time.  

 

Figure 3.10 Influence of the direction of an applied magnetic field H on the direction 

of the movement of a pentamer. The green dashed arrow in the upper part of 

columns (a), (b), and (c) denotes the direction of H; the red arrow denotes the 

direction of the magnetic field created by one coil set. The black dashed line in the 

lower part of columns (a), (b), and (c) represents the plane of symmetry of the 

pentamer; the yellow arrow denotes the direction of its displacement; the blue 

arrow describes the direction of the susceptibility of a magnetic particle. 

 

(b) (c) (a) 
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Figure 3.11 Illustration for the manipulation of the movement of a pentamer by 

varying the direction of an applied ERM field. The pentamer formed in a DI water 

solution of 0.05 wt % magnetic particles originally located in (a) moves towards the 

left-hand side by applying an ERM (H=27Oe) at 3 HZ to (b) after 2 min, and then the 

direction of the applied magnetic field is switched (from (b) to (c)), and the 

pentamer moves back to its original location, ((c) to (d)) after two more minutes. 

3.2 Trimer and Hexamer Colloidal Cluster 

   In an applied CRM field, three and six magnetic particles can form trimer and 

hexamer, respectively. The most stable structure of these clusters is regular triangle, 

which is interesting because this structure has three long axes, thereby providing 

three possible ways for the cluster structure to follow the direction of the applied 

magnetic field. The regular triangle structure of the trimer and the hexamer is 

(a) (b) 

(c) (d) 
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metastable in an ERM field, and might rearrange to form a linear structure. Fig. 3.12 

shows the experimental results for the variation in the scaled displacement S 

(𝑆 =
netdisplacementoftrimerorhexamerwithin5min

radiusofamagneticpaeticle
) of both a trimer and a hexamer after 

their exposure to an applied ERM (H=27Oe) field for 5 min with the ERM frequency f. 

These clusters are formed in a DI water solution of 0.017 wt % magnetic particles. 

As seen in Fig. 3.12, the maximum scaled displacement of the trimer occurs at 2 Hz, 

and that of the hexamer at 10 Hz. If the frequency exceeds 1 Hz, the S of the trimer 

increases with increasing f, reaching a local maximum, and then decreases with a 

further increase in f. This is because both the viscous drag and the magnetic torque 

acting on the trimer increase with increasing f, but the latter remains constant after 

S reaches its maximum value. The presence of the local minimum of the trimer at 3 

Hz arises from that its moving direction varies with f, yielding a decrease in its net 

displacement. If f exceeds 7 Hz, the S of a hexamer also shows a local maximum as f 

varies, which can be explained by the same reason as that employed for a trimer. 
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Figure 3.12 Experimental results for the variation in the scaled displacement S of a 

trimer, ◇, and a hexamer, □, after their exposure to an applied ERM field (H=27Oe) 

for 5 min with the frequency of the field f. The clusters are formed in a DI water 

solution of 0.017 wt % magnetic particles. 

   The low frequency region of Fig. 3.12 is enlarged in Fig. 3.13. As indicated in Fig. 

3.13, if the frequency of the applied magnetic field is below 0.05 Hz, both the 

behavior of a trimer and that of a hexamer are influenced significantly by Brownian 

motion, but this influence becomes less important with the increase in the frequency. 

The hexamer is able to swing ca. 60 degree at 0.07 Hz and 0.1 Hz, with S(f=0.1 Hz) 

larger than S(f=0.7 Hz). This might due to that the former swings faster than the 

latter. 
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Figure 3.13 An enlargement of the low frequency region of Fig. 3.12 The rotation of 

a hexamer occurs at a frequency in the range of 0.2Hz and 5Hz. A hexamer continues 

to swing ca. 60 degree at 0.07Hz and 0.1Hz. For a frequency lower than 0.05 Hz, 

Brownian motion dominates the behaviors of trimer and hexamer. 

   For the frequency in the range of 0.2 to 5 Hz, a hexamer will rotate either 60 

degree or 30 degree at a time as illustrated in Fig. 3.14. The former is observed at 0.3 

Hz, 0.5 Hz, and 0.7 Hz, and the latter at 0.2 Hz, 1 Hz, 2 Hz, 3 Hz, and 5 Hz. Fig. 3.15 

shows two possible orientations of a hexamer in an applied ERM field. The hexamer 

can be divided into a triangular part and a linear part. The latter is able to propel the 

former, thereby driving the whole cluster. Fig. 3.16 shows the temporal behavior of a 

hexamer at 1 Hz. As seen in this figure, the hexamer rotates 30 degree at a time, and 

its direction of movement changes accordingly. For the case where a hexamer rotates 
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60 degree at a time, since the direction of its movement is reversed, as described in 

Fig. 3.15, its net displacement is significantly decreased. The number of rotation 

times at different frequencies increases in the following order: 0.2 Hz, 5 Hz, 3 Hz, 2 

Hz, and 1 Hz. The presence of a local minimum in the rotation times at 3 Hz arises 

from that the direction of hexamer movement varies with time, and it is able to move 

back to the original position. In a period of 5 min, the hexamer rotates two times at 

0.3 Hz and 0.5 Hz, and four times and 0.7 Hz. 

 

Figure 3.14 Two flipping mechanisms of a hexamer in an applied ERM field under 

specific frequencies. 
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Figure 3.15 Two possible orientations of a hexamer in an applied ERM field. The 

hexamer can be divided into two parts: a triangular part (black triangle) and a linear 

part (red rectangular). Yellow arrow: direction of hexamer movement. The linear 

part of the hexamer is able to propelling its triangular part, thereby driving the 

whole cluster forwardly. Notations used are the same as those in Fig. 3.10. 

 

Figure 3.16 The rotation of a hexamer formed in a DI water solution of 0.017 wt % 

magnetic particles in an applied ERM field (H=27Oe) at 1 Hz. Following the applied 

ERM field, the hexamer rotates continuously. The time at each frame is 284.8 s, (a), 

287.6 s, (b), 288.8 s, (c), 290 s, (d), and 291.5 s, (e), after the observation is initiated. 

(a) (b) (c) 

(d) (e) 
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The cluster rotates 30 degrees in subsequent frame, and backs to the original 

orientation at (e). This phenomenon can be observed at a frequency between 0.2Hz 

and 5Hz. 

   As illustrated in Figs. 3.17 and 3.18, the direction of movement of a trimer can be 

different from that of a hexamer. This may be explained by Fig. 3.19. Whether 

Brownian motion is taken into account or not, the fitting of the simulation results to 

the experimental scaled displacement data is unsatisfactory for both trimer and 

hexamer. For example, the maximum scaled displacement predicted by our model is 

ca. 0.3 for both clusters, whereas the corresponding experimental results for a 

trimer and a hexamer are 16 and 10, respectively. In addition, our model without 

considering Brownian motion predicts the rotation of a hexamer at 0.1 Hz, 0.7 Hz, 

1Hz, 2Hz, 3Hz, and 5Hz, and the higher the frequency the faster the rotation, but 

these are not observed in the experiment. Taking account of Brownian motion, our 

model is able to predict that a trimer and a hexamer will rearrange their structure 

from right triangular to linear as the frequency of the applied magnetic field varies. 

Nevertheless, our model needs modification such that the behavior of a trimer and a 

hexamer can be simulated both qualitatively and quantitatively. 
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Figure 3.17 Direction of movement of a trimer formed in a DI water solution of 

0.017 wt % magnetic particles after an ERM field (H=27Oe) is applied for 5 min. 

Column (a): at 0.05 Hz, the trimer moves downwardly; (b) at 10 Hz, towards its 

left-hand side; (c) at 7 Hz, towards its right-hand side. White dashed line: plane of 

symmetry of the trimer indicating the direction of trimer movement. 

 

 

 

(a) (b) (c) 



56 
 

 
 

  

   

Figure 3.18 Direction of movement of a hexamer formed in a DI water solution of 

0.017 wt % magnetic particles after an ERM field (H=27Oe) is applied for 5 min. 

Column (a): at 20 Hz, the hexamer moves downwardly; (b) at 10 Hz, towards its 

left-hand side; (c) at 7 Hz, towards its right-hand side. White dashed line: plane of 

symmetry of the trimer indicating the direction of trimer movement. 

(a) 

(b) (c) 
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Figure 3.19 Three possible moving directions of a hexamer in an applied ERM field: 

forwardly, (a), towards its left-hand side, (b), and towards its right-hand side, (c). 

Notations used are the same as those in Fig. 3.10. 

3.3 Octamer Colloidal Cluster 

   Fig. 3.20 illustrates an octamer formed by eight magnetic particles in a DI water 

solution of 0.05 wt% magnetic particles in a CRM field (H=8Oe). If the applied 

magnetic field is switched to an ERM field, the octamer goes through a series of 

rearrangements to form a metastable structure. 

   Fig. 3.21 shows the variation in the scaled displacement S 

(𝑆 =
netdisplacementofoctamerwithin2min

radiusofamagneticpaeticle
) of an octamer formed in a DI water solution 

(a) (b) (c) 
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of 0.017 wt % magnetic particles after its exposure to an applied ERM field for 2 min 

with the frequency of the applied ERM field f. This figure indicates that if f exceeds 

1Hz, S increases with increasing f, and after passing a maximum value at 2 Hz, it 

decreases with a further increase in f. This is because both the viscous drag force 

and the magnetic torque acting on the cluster increase, but the latter remains 

constant after it reaches its maximum value. The presence of the local maximum of S 

at 10 Hz might come from a sudden swing of the cluster speeding up its movement. 

The low frequency region of Fig. 3.21 is enlarged in Fig. 3.22. For a frequency lower 

than 0.1 Hz, Brownian motion might dominate the behavior of the octamer. As 

shown in Fig. 3.23, if the frequency of the applied magnetic field is in the range of 0.2 

Hz to 1 Hz, an octomer will rearrange itself in situ, and the associated mechanism is 

explained in Fig. 3.24. This figure reveals that as the direction of the applied 

magnetic field varies from (a) to (c), its field strength will go through a minimum, 

and the variation in the magnetic field direction will reach the maximum value of 90 

degree. If the frequency of the applied magnetic field is sufficiently high, a cluster 

will follow its direction to rearrange its configuration in situ. This rearrange process 

occurs fast, where the number of rearrange times at 0.5 Hz, 1 Hz, 0.7 Hz, 0.3 Hz, and 

0.2 Hz are 22, 16, 15, 14, and 6, respectively. The net displacement of a cluster as the 
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frequency varies seems to correlate with the number of rearrange times. The net 

displacements at 0.5 Hz, 1 Hz, and 0.7 Hz follow the order of rearrange times, so are 

those at 0.3 Hz and 0.2 Hz. However the net displacements at 0.2 Hz and 0.5 Hz do 

not follow that trend. This might due to the effect of Brownian motion, which makes 

the displacement at 0.2 Hz and 0.3 Hz larger than that at 0.5Hz. Although our model 

is capable of describing the in situ rearrangement of an octomer, the predicted 

displacement is zero for the range of the frequency examined, thereby needs 

modification.  

 

Figure 3.20 (a) Configuration of an octamer formed from a DI water solution of 0.05 

wt% magnetic particles in a CRM field (H=8Oe). (b)-(e) Temporal variation of the 

octamer in (a) when the CRM field is switched to an ERM field (H=27Oe); the whole 

process takes ca. 2s. 

(a) (b) (c) (d) (e) 
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Figure 3.21 Experimental results for the variation in the scaled displacement S of an 

octamer after its exposure to an applied ERM field (H=27Oe) for 2 min with the ERM 

frequency of the field f. The octamer is formed in a DI water solution of 0.017 wt % 

magnetic particles. The maximum scaled displacement occurs at 2 Hz. 

 

Figure 3.22 An enlargement for the low frequency region of Fig. 3.21, where in situ 
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cluster rearrangement occurs for f in the range of 0.2 to 1 Hz. 

 

Figure 3.23 In situ change in the configuration of an octamer formed in a DI water 

solution of 0.017 wt % magnetic particles in an applied ERM field (H=27Oe) at 1 Hz. 

This phenomenon can be observed for the frequency ranges from 0.2 to 1 Hz, and it 

takes ca. 0.2s from (a) through (b) to (c). 

 

Figure 3.24 An octamer can rearrange its structure in situ at several frequencies 

from (a) through (b) to (c). Each step corresponds to that in Figure 3.23. Notations 

used are the same as those in Fig. 3.10. 

3.4 Decamer Colloidal Cluster 

(a) (b) (c) 

(a) (b) (c) 
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   As shown in Fig. 3.25, ten magnetic particles can form a decamer in a DI water 

solution of 0.017 wt % magnetic particles. Three different metastable structures 

might present in an applied ERM field. The structure seen in Fig. 3.25a comprises a 

linear trimer and a symmetry heptamer, which can be rearranged to form the 

configuration in Fig. 3.25b by applying an ERM field. The structure shown in Fig. 

3.25c can be formed by applying a CRM field. The tail of a cluster in Fig. 3.25a and b 

is capable of dragging it to move, because the applied magnetic field attracts the tail.  

   

Figure 3.25 Three observed configurations of a decamer formed from a DI water 

solution of 0.017 wt % magnetic particles in an applied ERM field (H=27Oe). The 

structure in (a) comprises a linear trimer and a symmetry heptamer, and it can be 

rearranged to (b). The configuration in (c) is the most stable one in a CRM, and can 

maintain its structure in an ERM field. The frequency in (a) and (b) is 1Hz, and is 20 

Hz in (c). 

 

(a) (b) (c) 
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Chapter 4 

Conclusions and Future Research 

Direction 

4.1 Conclusions 

   Paramagnetic particles can form cluster of several structures in an applied CRM 

or ERM field. If an ERM field is applied to separate magnetic particles, they form a 

cluster having a linear structure, the most stable configuration in the field. In 

contrast, if a CRM field is applied, separated magnetic particles form a cluster having 

a symmetric structure, and if it is switched to an ERM field, this cluster becomes one 

of the following metastable 2-D clusters: pentamer, trimer, hexamer, octamer, and 

decamer. These clusters can make an appreciable displacement in the applied ERM 
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field, especially pentamer. In an applied ERM field, a hexamer rotates at several 

frequencies, and an octomer can rearrange in situ to follow the direction of the 

applied field. The experimental data for the displacement of a pentamer as the 

frequency of an applied ERM field varies can be fitted well by a model proposed. 

However, this model needs be modified for a trimer, hexamer, or octamer. The 

movement of a cluster in an applied ERM field is influenced by the strength of the 

field, the viscosity of the sample solution, and the zeta potential of the composing 

magnetic particles. The moving direction of a pentamer can be manipulated by the 

direction of the ERM field applied. The rotation of a hexamer and the rearrangement 

of an octamer affect their net displacement. A right-triangle shaped cluster has three 

long axes capable of inducing the rotation of a hexamer in an applied ERM field. This 

cluster will rearrange the directions of its long axes to follow the direction of the 

applied magnetic field. If this is infeasible, the cluster has to modify its structure to 

meet that requirement. A cluster having more number of long axes is more stable 

because it has more possible ways to adjust its direction so that the direction of the 

applied magnetic field is followed. A systematic approach is proposed in this thesis 

for preparing magnetic clusters of various sizes and structures. The results gathered 

provide valuable information for both designing drug delivery devices and 
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interpreting the swimming mechanism of some microorganisms. 

4.2 Future Research Direction  

   The factors that are important to the phenomenon under consideration include 

the strength and the eccentric ratio of the applied magnetic field, and the 

concentration of magnetic particles, viscosity, particle size, and salt concentration of 

the sample solution. Among these, the salt concentration of the sample solution is 

capable of influencing both the charged conditions of a magnetic particle and the 

electric force between two magnetic particles, thereby influencing the behavior of a 

cluster. A thorough study should take all these factors into account. The magnetic 

particles that form a cluster in this study are connected by the magnetic force 

coming from an applied magnetic field. That is, if the magnetic field is removed, the 

cluster no longer exists. Alternative ways for forming a cluster having a prolonged 

life might have more flexible applications in practice. A cluster having chemically 

linked particles, for example, is one of the possible choices. Since the linkage 

between two particles in such a cluster is more rigid than that in a cluster having 

magnetically linked particles, the behaviors of the former in an applied magnetic 

field is expected to be different from that of the latter. A cluster comprising 
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multi-dispersed particles is expected to show behaviors that are different from a 

cluster comprising mono-dispersed particles, suggesting more wide applications 

and, therefore, deserves further study. As demonstrated, the direction of the 

movement of a cluster (e.g., pentamer) can be manipulated by adjusting the 

direction of the applied ERM field. However, the minimum adjustable angle of the 

direction of an applied ERM field is 90 degree, which limits the manipulation of a 

hexamer, implying that a more sophisticated approach having a smaller adjustable 

angle is necessary.  
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