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Abstract
Magnetic Drug Targeting (MDT) is one of the developing techniques in cancer research
nowadays. The capture efficiency is still unknown and lack systematic approaches as
researchers in different fields try to investigate the behavior of particles either by invitro experiments or theoretical simulations on a computer. In this topic, one of the
laboratory set-ups is taken for computational modelling to further analyse the
possibility of replicating the scenario on a screen, in direction of solving the movement
of a mass number of particles numerically, with the help of a published code framework.
Different angles are applied to visualize the scenario, from a general view of the whole
set-up to a magnified view as under a microscope. The limits are discussed followed by
an alternative approach to estimate their landing position. By comparing the results
between laboratory data and simulations, some major deductions and verifications are
concluded at the end of this study.
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1 Introduction
1.1

Background
Cancer is nowadays one of the most common causes of human deaths. Numerous
researches have been carried out through decades trying to contain its harm to human
body or even to find its cause and a total cure. Common ways of treating cancerous
tumors include chemotherapy, radiation or surgery etc. However some of the treatments
above may also kill the normal body cells during the process, deteriorating the patient’s
health. Since in most cases a certain amount of drug concentration must be applied for
it to take effect, a higher dosage often means larger collateral damage to other healthy
organs, which results in an even weakened body, jeopardizing the expected recovery,
or even puts one’s life at risk.
Targeted drugs have been developed in recent years to block the growth of specific
cancer cells without affecting the normally functional metabolism within the body, thus
reduces the risk of fatality. There are theoretically many ways to target those drugs,
depending on the form and type of cancer to be dealt with. One of the examples targets
a protein or enzyme that might possibly subject to mutation or genetic alteration which
terminally leads to cancer. Such characteristics encourage medical researchers to break
the limitation of dosage often found in normal chemotherapies, in order to boost the
effectiveness of targeted drugs (Smith, Bedrov et al. 2003).
Magnetic nanoparticle is another new chapter developed in modern medical history
(Arruebo, Fernández-Pacheco et al. 2007) as a type of targeted drugs but in terms of its
physical manner rather than biochemical. The metallurgic properties are exploited and
widely applied in recent technologies such as magnetic cell separation, occlusion of
aneurysms in the process of magnetic hyperthermia or as contrast agents in magnetic
resonance imaging. The method of magnetic drug targeting (MDT) was developed as
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early in the 90s where superparamagnetic nanoparticles are injected into the
bloodstream and its lingering position is controlled using the external magnetic field.
Such approach has proven particularly effective against targets close to the surface of
patients’ skin for organs like ear, nose or throat (Shapiro 2009) while some argued that
this method is not for deep tissues inside a body (Grief and Richardson 2005).
Previous researchers (Jurgons, Seliger et al. 2006, Mohanty, Baier et al. 2010) looked
into the performance of MDT by studying the effect of parameter variations, for
example, particle concentration, blood flow and magnetic field strength. Simple
laboratory set-up including biomaterials like arteries from cattle has been used to study
the behavior of deposition inside an in-vitro apparatus (Seliger, Jurgons et al. 2007).
The magnet is often placed outside the patient’s body yet some also considered MDT
by attracting particles to a charged wire inside the blood vessel (Li, Yao et al. 2007).
On the other hand, computational simulation also plays an important role in parallel
with the development of medical technology. By accurately modeling real cases and
virtually projecting the result, a great amount of time and experimental resources could
be saved. Medical researchers often cooperate with software developers in order to
relive the scenario on a screen, and needless to say, there are literally hundreds of
medical simulation software already in different sectors of the field serving the industry.
Similar MDT topics are investigated using existing software like FLUENT (Liu, Xu et
al. 2008, Haverkort, Kenjeres et al. 2009) to solve the concentration profile as well as
the fluid flow, or open source codes like OpenFOAM® (Larimi, Ramiar et al. 2014),
commonly used in the area of computational fluid dynamics (CFD).
One of the biggest challenges in characterizing the process under the vascular system
is the actual scale of size. Nanoparticles are so small to observe hence computational
models are often introduced to aid scientists. There are some studies which focus on the
adhesion kinetics according to its shape and size, in order to predict its efficiency in
7
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delivery (Smith, Bedrov et al. 2003).
Other researchers (Alexiou, Jurgons et al. 2005) also studied the general behavior of
magnetic particles in a fluid flow. Precisely speaking, the initial approach is to solve
the concentration equation (Li, Yao et al. 2008, Khashan, Elnajjar et al. 2011) of the
fluid flow along a channel, which the fluid itself is also governed by continuity
equations. As expected all equations are closely related since the fluid viscosity changes
in time and affects both the flow profile and concentration level in the computational
domain. Larger is the particle, the more influential it is inside the channel. The results
give a general view of particle concentration near the magnet and its damped flow
around. The equations are solved in terms of discretized grids (Habibi and Ghasemi
2011) and the magnetic force acting on a particular discretized grid is dependent on its
particle density. The individual action of a single nanoparticle is therefore not taken
into account.
1.2

Goal
The goal of this research focuses on simulating the trajectory of particles along a blood
vessel under a similar magnetic field and studies how particles interact with each other
if collision is taken into account, using a computational simulation. The simulation is
supported by a code framework where all the mechanics of collision are handled. The
magnetic moment of each particle is taken into consideration in order to compute the
magnetic force and torque acting on it, along with other inputs like fluid drag and
damping.
After the mentioned computational model is built it would be compared with real
control set-ups to verify its conformity with experimental results, given varied
parameters such as flow rate, particle concentration and magnetic field strength. At the
end, a parameter study would be implemented to parametrize capture efficiency in
terms of major factors like flow rate and strength of magnetic field.
8
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2 Model implementation
To simulate the particle flow and display the result on a screen one could use a different
approach. Depends on complexity, the simulation could be reduced to a 2D case if axis
symmetry is proven to exist in the case. However, to start with an existing in-vitro
experiment where model verification is desired, the task is begun with a 3D simulation.
From the previous laboratory set-up, the apparatus includes an electromagnet which
provides a steady magnetic field and a bovine artery contained in a fluid bath of body
temperature inside a glass cylinder. The artery is part of a fluid circulation propelled by
an artificial pump to emulate blood flow inside the body. Nanoparticles are injected into
the system through a point in the circuit and carried by the moving fluid into the artery,
where the external magnetic field would theoretically hold them in certain position
inside the vessel.

Figure 1: Schematic drawing of the in-vitro model (Seliger, Jurgons et al. 2007)

To replicate such a case, one could simplify the set-up, omit unnecessary hardware tools
and take a few assumptions to build an identical scenario in the virtual environment. In
the current study, only the magnet, the blood vessel and particles are introduced in the
simulation, where the rest that appeared in the real-world set-up as shown in fig. 1
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would be left behind and replaced by certain initial values or default conditions (for the
particles) throughout the computation. For a better visualization, only those objects
mentioned above are created and shown on the screen.
As the study involves countless particles, it requires huge computational power to
perform a simulation on their related motions for a certain period of time. Therefore a
parallel solver is desired to address such a problem.
2.1

Physics engine
The Physics Engine (PE) is a software framework written in C++ developed by the
chair of System Simulation from the department of computer science at the University
of Erlangen-Nuremberg. It provides various collision solvers for physically accurate
simulations on a massive scale involving millions of arbitrary objects (Iglberger and
Rude 2011). A large number of nanoparticles are created in the system and their motions
are studied by applying external forces from outside the system itself. The boundaries
are also defined to allow particles moving only in the designated area, which would be
a hollow horizontal cylinder considering the case. A piece of block is also created
merely for indicating the position of magnet relative to the blood vessel, so the effect
from a magnet is depicted when the particles move inside the cylinder.

2.1.1 Collision mechanics
As aforementioned there are several types of collision solvers available in the PE. By
choosing a solver which fits the assumptions made would lead to a more accurate
behavior from the particles. Concerns for example include whether the collision is
elastic – if the friction plays a huge role in between collisions, how much energy is
dissipated etc. In the current study, the discrete element method (DEM) solver is applied.
2.1.1.1 DEM solver
The Discrete Element Method (DEM) is a common approach to solve a model
consisting a large number of particles. Typical examples including granular flow cases
10
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and powder mechanics (Marshall 2007). DEM also considers elastic forces between
particles

if

corresponding

parameters

are

given

to

simulate

aggregation

(Konstandopoulos 2000). Its particle momentum and angular momentum are both taken
into calculation. The DEM aims to solve the following equations:
=

+

+⋯ ,

=

+

+⋯

(1), (2)

where m and I are the particle mass and moment of inertia, ν and ω are the particle
velocity and angular velocity, FF and ΓF are force and torque exerted by surrounding
fluid, FA and ΓA are the force and torque due to the collision and adhesion forces.
Parameters with arrows on top are vector quantities. Other forces and torques may apply
depending on various conditions, such as forces from an electric field or magnetic field.
In the current case, forces and torques are added onto a particle simultaneously for every
time step, while the PE solves the resulting motion for each particle.
2.1.2 POV-Ray visualization
POV-Ray is a free and open-source software written in C++, which generates images
from text-based scene description (Buck and Collins 2004). During simulation, the PE
solver would create scene description files for every selected number of timeframes,
in .pov format. By calling corresponding commands on Linux platform, images are
rendered from these files by the ray-tracing technique, a widely used method in the area
of computer graphics.
2.1.3 The algorithm
The virtual world is first created by setting a few standard background values such as
gravity and camera angle etc. for computation of object movement and visualization
respectively. Secondly, the physical parameters involved in the simulation are declared,
such as material density, Young’s Modulus, collision coefficients of nanoparticles and
the blood vessel. When all these are set, objects are then created and fixed in position,
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in this case would be the blood vessel and the magnet.
When the simulation starts, nanoparticles are created by random chances, with random
radial and angular position at one end of the blood vessel in each time step. Various
velocities are assigned to them according to its starting position subject to specific
simulation parameters. The Physics Engine then computes all physical movements in
the virtual world solving the equation (1) and (2) for each time step and renews all
forces again after the solver advances to the next time step. In general, predefined
gravitational forces and collision forces would be accounted in the system, thus any
extra forces other than these two have to be defined manually. In the case of MDT
simulation, nanoparticles are subjected to different forces which change throughout the
time, therefore they are calculated in each time step and included in the DEM solver.
A tracer function for all moving particles is implemented so whenever a particle leaves
the blood vessel, it would be removed from the virtual domain and recorded. At the end
of the simulation, the number of particles created is counted as well as the number of
particles rested in channel / left the channel. A percentage is therefore shown to indicate

Figure 2: The flow chart of simulation process using the Physics Engine
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how efficient the given scenario was.
2.1.4 MPI parallelization
Parallel programming is one of the tricks to increase performance in computational
simulation. The Physics Engine is compatible to apply this method in the virtual
environment, splitting up the domain into multiple space blocks and run the simulation
simultaneously. Only nanoparticles in the simulation would be created under a
subdomain, where the vessel and magnet are regarded as global objects on the other
hand. The domain decomposition is defined before the simulation as an optional
preference, as seen in fig. 2.
2.1.5 From discrete pictures to animation
As the equations from (1) and (2) are being solved through a period of time, it is desired
to see how those particles actually move in the domain. Yet the PE and POV-Ray could
only create static images from time to time, it is hard to visualize its movement unless
an animation is made from a series of pictures. As a rendered image differs slightly
from the previous one, it is possible to display all images in a sequence to make an
illusion of motion. Thus viewers could relive the motion on a screen. By using simple
tools available on the internet one could create a simple .gif file with desired animation
speed given sufficient frames in a short period of time.
2.2

Mathematical model

2.2.1 Forces acting on a particle
It is one of the biggest focuses in this study to investigate what kind of forces dominate
the motion of nanoparticles. Various projects are implemented by academic groups
where different choices are taken into consideration (Nacev, Beni et al. 2011, Larimi,
Ramiar et al. 2014). As the current computational model is related to magnetic drug
targeting (MDT), it is without doubt that the magnetic force acting on a particle would
be the primary concern in our study. The relation of scale between different forces and
13
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the characteristic length of a particle is also discussed within the scope to determine the
dominant force(s) under various scenarios. In this chapter, a number of forces would be
mentioned and explained why they are (or aren’t) taken into account in the simulation.
2.2.1.1 Magnetic force
Every magnetic sensitive object on earth consists of at least a pair of dipole which can
be represented by its magnetic moment m, a vector describing its orientation and
magnitude. It points from the south to north pole. To estimate the magnetic attractive
(or repulsive) force between two magnetized objects one needs to know the strength
(i.e. the magnetic moments) of each other (say m1 m2) and their distance r in between.
The governing equation is as follow:
( ,

,

)=

3
4 | |

(

∙ )

+(

∙ )

+(

∙

) −

5(

∙ )(
| |

∙ )

where the force here is exerted by m1 on m2, with r pointing from m1 to m2. A force of
the same magnitude is also applied on m1 in opposite direction, and μ0 represents the
permeability of free space with a magnitude of 4 × 10

. This equation would

be constantly applied in the study by considering a single nanoparticle and the
electromagnet in the experiment as two dipoles and the force is hence computed. It is
assumed that the strength of electromagnet is constant throughout the experiment,
however the magnetic strength of a nanoparticle may vary according to the external
magnetic field, and the field strength around depends on its distance away from the
magnet. The calculation of its moment would be discussed in the following section.
2.2.1.2 Recalculation of the magnetic field strength
Prior to the current study a number of fixed magnetic field strengths have been selected
to conduct MDT experiments. However the strength and position of the electromagnet
itself have to be obtained in order to precisely calculate the force between the magnet
and a particle in a numerical approach. As the field strength may vary according to its
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distance away from the magnetic source, one could reversely calculate the unknown,
constant magnetic moment m from the following equation:
( )=

3 ( ∙ )
−
| |
| |

4

(4)

Given a known data set of field strength and its distance r away from the source, one
could solve the equation above. Since it involves vector calculations it is simpler to take
data points along its axis of symmetry in a 3D vector field such that angles would not
be involved. Consider a magnet in Cartesian coordinate where its center rests at the
origin and its axis of symmetry is the z-axis. With such alignment it is obvious that the
x and y component of its magnetic moment m as well as its field vector B(r) along zaxis are all zero. Provided two sets of magnetic field strength data and distances from
its source, one could write the following:

0
0

0
3 0
=

0
0

4

0
∙ 0

0
0
−

0
0

0
0

(5)

The first equation describes a data set of a point measured along the symmetric field
axis with a known value of Bz and a distance rz,1 away from a measured distance, while
the second one describes another measured point. If the actual magnetic source location
is known, the value mz can be obtained directly from just one data point. Otherwise one
could also rewrite rz as

,

=

+

,

,

=

+

+

for two data sets along the

axis of field symmetry, where xz denotes the unknown distance between the source and
the measuring point, thus solving xz and mz from two equations. In the laboratory setup, only the distance between the magnet tip and blood vessel as well as the field
strength around are measured. However the tip is obviously not the center of magnet,
therefore the latter method from above is proven critical to estimate the magnetic core
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position and moment, such that the whole set up could be replicated in the simulation.
2.2.1.3 Magnetic moment of a single particle
As introduced, a particle can be magnetized under the influence of an external magnetic
field. The degree of magnetization can be indicated by a dimensionless parameter χ,
also known as magnetic susceptibility. Various researches (Aslibeiki, Kameli et al. 2012)
have studied its value for certain materials under different physical conditions. The
magnetic moment of a particle could be obtained as follow:
=

(6)

where H and V represent the instant magnetic field strength and particle volume
respectively. Previous experiment (Seliger, Jurgons et al. 2007) have shown that the
particles would enlarge after magnetization, which in other words increases its
magnetic moment. Different temperature could affect the magnetization as well (Goya,
Berquo et al. 2003, Caruntu, Caruntu et al. 2007). However the PE solver cannot alter
the size of an object through the simulation so it is left unchanged. Thus the magnetic
moment is directly proportional to the only varying factor H, both in orientation and
magnitude through time and space. The field strength at a certain point can be obtained
from (4) and divide byμ0. Existing researches also point out that the magnetization has
a threshold limit (Huang, Chang et al. 2004). However it would have little impact on
force calculation since the volume of a particle is in the scale of cubic nanometers, it is
almost negligible to introduce a limit in our model. Studies have shown that fluid drag
force is at least thousand times bigger than magnetic force (Nacev, Beni et al. 2011).
Some other papers (Khashan, Elnajjar et al. 2011, Nacev, Beni et al. 2011) use the
gradient of field strength to calculate the force on a particle alternatively as follow:
=

1
2

1 + ⁄3

∇

Where the gradient of square of H-field could be derived from (4) as
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terms of vector quantities m and r.
∂

=

3
8 | |

(

∙ )−2

(

∙ )
− | |
| |

(8)

The index i appeared in the above equation represents any of the three axes x, y and z.
2.2.1.4 Van der Waals force
When the size of a particle shrinks to the length scale of nanometers, forces between
atoms start to kick in. Van der Waals force is a kind of attractive force between a pair
of polarized atoms, or when a particle is attracted towards a surface. As discussed in
the previous chapter, including forces between particles would greatly enlarge the
computation effort, therefore only attractive forces between the blood vessel wall and
each particle would be considered as in similar study (Decuzzi, Lee et al. 2005). The
force magnitude is proportional to the inverse square of gap distance D, normally within
a range of nanometers. The medium around the particle also plays an important role in
calculating the force, governed by the Hamaker constant A which appears in the
equation of Van der Waals force (Marshall and Li 2014):
=−

(9)

6

where R represents the radius of particle and the negative sign means attractive force
towards a surface. In the current simulation where the medium around is water, the
constant value is taken as stated in literature (Israelachvili 2015).
2.2.1.5 Drag force
In most particulate flows, drag forces are one of the most significant factors governing
the motion. To model a correct drag behavior one needs to know the flow characteristics
of medium around a particle. The particle Reynolds number Rep is so small due to the
particle length scale, indicating Stokes flow behavior around. In such a case the Stokes’
drag model is applied as follow:
= −3
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Where μ, dp and (vp – vf) represent the dynamic viscosity of fluid, particle diameter
and relative velocity respectively. Minor changes can be added to the term (Larimi,
Ramiar et al. 2014) by multiplying some drag coefficients or correction factors,
normally within the range from 0 to 1, according to different cases to give a more
precise model. As it would be a huge topic and spin off from current study, the general
form mentioned above is preferred among other forces applied. Since no-slip boundary
condition is assumed at the wall and the Reynolds number is low (around 40 in the
experiment), a Stokes flow with parabolic profile is assumed. Depending on the
position of particle in a channel the flow velocity around is different. The fluid velocity

vf is computed by the general form as follow (Nacev, Beni et al. 2011):
=

1−

(11)

Where vmax, r and R represent the maximum velocity at the center of tube, the radial
position of particle and the inner radius of blood vessel. The symbol ξ can be any real
value greater than 1, and it determines the shape of flow profile across the diameter. In
this case, 2 is taken as a standard value. Higher the value, more trapezoidal is the profile
until it reaches uniformity.

Figure 3: The velocity profile along a channel with 10 units wide, showing the effect of different values
of ξ from 2 (the innermost curve) to 6 (the outermost)
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2.2.1.6 Lift force
When a particle is placed in a unidirectional flow with laminar velocity profile in a tube,
it is likely to be driven towards the direction of velocity gradient and change its radial
position until stabilized somewhere between the tube wall and tube axis. Such
phenomenon is called the Segré-Silberberg effect (Segre 1961). For this effect to take
place on a particle it has to fulfill certain criteria regarding its size, in order to have
significant velocity gradient across the body to generate rotation, as the force magnitude
depends on its rotational rate. The particle-channel diameter ratio in this case, however,
is too small to take effect ( ⁄ ≪ 0.07), therefore lift force is neglected in our study.
2.2.1.7 Brownian force
It is known that when particles are suspended in a fluid they would move randomly due
to collision between any nearby particle(s). The decision whether to consider Brownian
motion in MDT modeling is debatable. Some research papers (Wen, Zhang et al. 2009,
Nacev, Beni et al. 2011) include this factor in their study in the existence of other
particles like red blood cell, taking Brownian diffusion into consideration for solving
the concentration equation. As in our model, the PE would manage the collision
mechanics there is no need to include additional Brownian forces on particles. Secondly,
under the influence of a strong magnetic field, it is unlikely to facilitate random motions
of magnetized particles unless the impact from collision and scattering overcomes the
magnetic force. Such concern is worth investigating yet the hypothesis is made that no
Brownian motion is induced under the described condition. Furthermore, as the fluid
used in the experiment contains no other substances than nanoparticles, collisions with
other cells existing in real blood are neglected at current stage. This is however an
assumption to be abominated in later research for a more accurate simulation.
2.2.1.8 Electrostatic force
Apart from attractive forces, there exist also repulsive forces between particles
19
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(Rubenstein, Yin et al. 2015) otherwise everything would precipitate. When ionized
particles appear in any fluid of sufficiently high dielectric constant, for example water
in our case, the surface charge on magnetic particles would react with those on other
particles. Interactions between them are governed by an assumed potential field where
both attractive and repulsive force would be considered, and the steric repulsion is
caused by interaction between the electron clouds of two interacting atoms. Such
potential (energy) between a pair of atoms is commonly referred as the Lennard-Jones
potential as follow:
( )=4

−

(12)

where the first term represents the short-range repulsive electrostatic component, and
the second term represents the attractive component, commonly referred as the Van der
Waals force. The force between atoms is the gradient of above expression

=−

where a negative value means attraction. This pair-wise interaction is however
neglected due to computational cost which will be discussed below. There are also
topics regarding the electrostatic force between atoms and charged surfaces, but this is
not in the scope of current study as the blood vessel wall in our case is merely neutral
without net charges.
2.2.1.9 Particle-particle interaction
There are without doubt
forces

acting

between

particles. In the world of
molecular

dynamics,

the

adhesive forces and atomic

Figure 4: The electron clouds between molecules could produce a
repulsive force or react with negative ions in an electrically charged
fluid.

forces are considered more dominant than others in greater characteristic length scales.
It is reasonable to include these forces, however the major focus of this study is the
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reaction between the magnet and each single nanoparticle. Although particles are
considered as tiny magnets, the magnetic forces between each other are much smaller
due to their size and therefore omitted. Moreover it would increase the load of
computation as it involves a huge number of particles, despite a number of techniques
to reduce such cost. Same theory goes to the Lennard-Jones potential which is primarily
considered in nanoscale physics. However the effect of these forces should not be ruled
out if more advanced computational power is available.
2.2.2 The material involved in simulation
2.2.2.1 SPIONs
Known as Super-Paramagnetic Iron Oxide Nanoparticles in full, it has been a common
drug carrying medium in recent years’ lab researches (Neuberger, Schopf et al. 2005),
owing to its minimal harm to organic structures and neutral behavior when not
magnetized. SPIONs could appear in any shape especially when an agglomeration
forms. Since the macroscale model focuses on simulating collisions, we assume each
SPION as an elastic sphere with fixed size. Its physical parameters obtained from
previous papers and literature are stated below:
Radius1

1 – 5000

[ nm ]

Density2

4800 – 5100

[ kg/m³ ]

Magnetic Susceptibility (volume)3

20

[-]

Table 1: Physical parameters of nanoparticles
1
(Nacev, Beni et al. 2011)
2
(Sharma, Katiyar et al. 2015), http://www.us-nano.com/inc/sdetail/234
3
(Aslibeiki, Kameli et al. 2012), unit conversion:
http://www.ieeemagnetics.org/index.php?option=com_content&view=article&id=118&Itemid=107

2.2.2.2 Blood vessel
When nanoparticle hits the wall of blood vessel it is assumed to be adhered to its surface,
until it is diffused into deeper tissues or washed away by surrounding fluid. Therefore
elastic collision is not in our expectation. However in the collision model, it is hard to
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eliminate rebounds from even a custom defined material which absorbs most of the
energy as the particle approaches with relatively high speed. Certain parameters
designed for DEM modeling are correspondingly tuned to minimize the effect of
bouncing, for example the friction coefficient, which determines the proportion of
kinetic energy remained after collision, is set close to zero to simulate inelastic
condition.
2.2.2.3 Fluid
Although solving the flow field is not part of the particle motion study, it is important
to look at the fluid parameters as it determines the drag force applied to particles. In
current experiment blood is replaced by water with a lower viscosity, hence particles
tend to move faster in water than in real blood, and the calculation of drag force also
uses the viscosity value of water. Secondly there are no additional substances other than
SPIONs in the solution, removing the possibility of any unusual reaction. The
experimental fluid is assumed consisting of only pure water and nanoparticles at this
stage. A no-slip condition is assumed on the vessel wall and the fluid velocity profile is
set to be parabolic, and radially symmetric along the central axis of channel.

3 Macroscale simulation
A simple collision model is set up via the Physics Engine to visualize particle capture
in millimeter scale. A set of data stating the relation between source distance and
magnetic field strength is provided by the University Clinic from the in-vitro
experiment mentioned (Beck 2013). Using the equations (5), (6) the value of magnetic
moment is estimated at approximately 273 [Am²] and 304 [Am²] for two
electromagnets propelled with 36A and 72A current, and the core is located around
60mm above the blood vessel axis. In our model we assume the symmetric magnetic
field axis intersecting the axis of blood vessel perpendicularly, to obtain a mirrored
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motion from both sides of the plane containing two axes. The blood vessel is
constructed by dozens of rectangular blocks with fixed thickness and length, building
up the circumference of a tube, and its appearance is set to highly transparent so
particles moving inside could be visible. An additional block is created above the tube,
painted with red and white to indicate the magnet position. Spheres are generated on a
random basis from time to time entering from one end of the tube, subject to the
magnetic field and fluid drag throughout the simulation. Both forces from (1) change
in real time according to its position inside the tube. Due to visibility reasons it is
enlarged to 0.5mm in diameter, hence the magnetization, i.e. its magnetic moment on
each particle is also enormously increased compared to nanoparticles. Different values
of various parameters are tested to determine its relation with the capture efficiency η,
a fraction of inserted particles which settles inside the tube by magnetic attraction,
defined as:
=

−

(13)

Where nin and nout denote the number of particles entering and leaving the vessel. Two
most expected influential factors – field strength and flow velocity are tested and the
results are shown in the fig. 5. The flow velocity is increased progressively from
20mm/s up to 50mm/s, and the capture efficiency is generally higher if the fluid velocity
is lower, provided a constant magnetic field. Particles in millimeter scale under arterial
velocity require a much stronger magnet, in a sense of roughly ten times the strength
used in laboratory. Higher velocity means greater drag force – hence an increased
possibility to overcome the magnetic force during motion and being flushed away from
the tube. When the particle hits the wall with high velocity, it would slide across the
surface until the surface friction drags it to a stop. The magnetic force however still
affects the particle, dragging it slowly towards the position near the south pole of
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magnet until hitting the deposition which blocks the way from getting closer, and a
cluster is formed after some time elapsed. It is found that the particles accumulate at a
certain point as expected, where the visually observed quantity and the cluster position
depend on both parameters.

Capture efficiency

Capture performance η for particles with
0.5mm diameter
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90.00%
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Figure 5: The efficiency decreases with higher flow velocity. An electromagnet 5 times
stronger than experimental data is used for “visible” particles and arterial flow velocity.

Figure 6: Particles injected from the left are attracted towards the magnet. Different color
indicates different subdomains in parallel simulation. The channel diameter is 1cm and
the core of magnet is several centimeters above it.
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Figure 7: Particles start piling up at certain position after some time, where a few of them
escaped from the tube. Injection has also stopped after around a few hundred of particles
being created within the first half of simulation period.

There are generally three types of capture behaviors, as formerly described in other
studies (Nacev, Beni et al. 2011), namely flow dominated, field dominated and neutral
cases. These are classified using the capture efficiency. In a case where most of the
particles are attracted to the magnet and few of them escaped from the vessel, say

>

0.8 it is then referred as field dominated scenario. According to results from fig. 5 such
efficiency can be achieved by either lowering the fluid velocity or simply raising the
power of magnet. On the other hand where most particles left the vessel, or an
agglomeration is hardly found near the magnet, it is referred as a flow dominant case.
This is often due to overly fast flow or weak magnetic field as seen from the same figure,
where

0.2. The third case covers the rest values in the graph, where significant

quantity of particles are found attracted under the magnet yet some of them still
managed to escape. Those injected at a channel height closer to the magnet would move
slower and subject to a bigger chance of stopping near the target area, while those
injected at the bottom half as shown from fig. 6 & 7 would flow with a relatively higher
speed to escape.
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Figure 8: Towards the final phase of simulation, all particles left in the channel rest at the
top near the ‘target area’ beneath the magnet, forming a sediment. More than 80% of
particles created were successfully trapped in this case.

Unlike the microscale simulation, the time step used in macroscale is in microseconds
which would be numerically unstable for simulating particle movements in nanoscale.
Given a limit of number of time steps, using bigger time steps means a longer period
being simulated. Under such restriction, the desired time length of motion, say around
15 seconds, could only be resolved if only the particles are big enough (hence bigger
time steps could be used). In the real case, however, with the actual size of nanometers
in diameter, an alternative approach would be adopted and discussed separately below.

4 Microscale simulation
Since the macroscale method is not feasible to view a nanoparticle moving, another
simulation on a much smaller length scale is implemented. A particular confined space
near the wall is considered, where it is located right beneath the magnet on its axis of
field symmetry. Hence the particles in this scenario would subject to a magnetic force
pointing directly upwards, or so to say in a unidirectional manner. If we zoom into any
space volume small enough inside the vessel, like any other CFD simulations, all
particles within a unit volume would be treated under the same condition, sharing a
torque or force with same magnitude and direction. Same theory goes for this
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simulation. A space in micrometer scale is created using Physics Engine, such that
particles in actual size (in nanometer scale) is visible. Consider a box of 2 cubic micron
open volume, consisting of two unit cubic micron (1µm x 1 µm x 1µm) side by side
with a closed inelastic ceiling on top. Particles with 10nm radius emerge from the
bottom randomly, and forces including magnetic force, drag force and Van der Waals
force are simultaneously applied on all particles in this domain. As explained since all
particles appear in such a small area, the magnetic force is a constant value calculated
beforehand. Secondly, as no-slip boundary value also applies in this case, particles
having a distance down to a scale of microns away from vessel wall would experience

1µm

Figure 9: Using the same approach (DEM), the size of time step has to be reduced down to nanoseconds due
to particle size. For the same number of time steps given, only the motion within a second could be simulated,
and the particle behavior is pretty much predictable without Brownian motion. The figure on left shows the
PE simulation comparing to real magnetic nanoparticles under a microscope. (Seliger, Jurgons et al. 2007)

minimal fluid drag in horizontal direction. Using the equation (11) and given the axial
velocity in a scale of millimeters per second, these particles would only travel in
micrometers per second or even slower. It is a huge contrast comparing said two forces
in simulation, which also complies with expectations near the wall. The only varying
force is Van der Waals attractive force described in (10), which is included into (1) in
the DEM solver. Its magnitude is however yet too low until the distance between a
particle and the ceiling further closing in to within 100nm, where it starts to play a role
as an adhesion force before contact and attraction after rebound. After the first contact
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to the surface it would bounce off a small distance until it rests again on the surface.
The magnetic force is however always the most dominant force among them all. In
general

≫

>

is observed in a microscale study near the wall. The time

step is also chosen to fulfill the stability criterion, usually down to a scale of
nanoseconds. The consequence here is clear: even if a sufficiently huge number of time
steps are given, only a split second of time is actually simulated. Adaptive time step
control may address the problem but it is still a major setback from a microscale
simulation since only a small part inside the blood vessel would be concerned.
Moreover if Brownian motion is already ruled out at the beginning, an identical
behavior from each particle is always expected as the magnetic field and flow field are
almost constant in a scale where nanoparticles are visible, regardless of which position
is magnified within the blood vessel.

5 Limitations
5.1

Numerical stability and related costs
To solve the momentum equation using a DEM method one has to choose carefully the
size of a time step in order to correctly simulate particle collisions between discretized
frames. The particle convective time scale

= ( ⁄ ), where d and U represent

object diameter and speed respectively (Marshall and Li 2014), serves as a reference
for choosing a much smaller step size than the value τCP to resolve adhesive situation
during collision. Hence it is obvious to deduce that a very small time step has to be
adopted in order to simulate collisions of nanoparticles inside a blood flow which shares
a completely different length scale. A scale down to nanoseconds is therefore inevitable,
which in other words requires a billion steps to simulate its motion for just one second.
Comparing to the laboratory set up where the nanoparticles require seconds to reach
from the vessel opening to designated location, it would be a huge computational effort
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for one particle, not to mention there are millions of it and there could be numerous
collisions in between. If Brownian motion is involved, there could be up to 1012
collisions per particle per second (Fung 1998).
5.2

Area of interest
Another challenge arises that it is desired to know the behavior of a nanoparticle under
the influence of magnetic field, and how it lands on the blood vessel wall throughout
the whole injection process. It is however impossible to show both on the same screen
since the particle is barely visible by human eye and requires magnification on selected
region, i.e. near the target area because the landing and agglomeration of particles are
the current focus. Such images are available from existing papers (Seliger, Jurgons et
al. 2007) yet the live action is not recorded. From the simulation in microscale it is
observed that the magnetic force overpowered other forces near the wall and all
particles had singular behavior – flying towards the position of external magnet and
hitting the wall directly. This is no different than watching free falling objects under
gravity, hence the result is rather dull and straightforward in the absence of Brownian
motion and particle-particle interaction.
On the other hand, if one desires to animate the particle motion along the whole blood
vessel, it could only possibly be done by enlarging the particle to the scale of the
channel. This is however unrealistic using the Physics Engine since visible collisions
would occur due to its size, which is not supposed to happen. A choice has to be made
between two options, whether to set the camera on the whole model (in macroscale) or
to focus on one particular boundary region like under a microscope, assuming certain
particle concentration and initial conditions such as collision angle and speed. This is
also our objective to find out the concentration in different areas around the target
location. Hence a trajectory analysis is to be done separately and discussed below.
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6 Trajectory analysis
Given those limitations discussed above it is no longer in our biggest interest to trace
the movement of a nanoparticle and put it on a screen, instead it is desired to know if a
particular particle would reach the designated target inside the blood vessel. Therefore
its travel path is the concern of this study. As in reality, it could collide with any cells
or particles, it is nevertheless assumed that the averaged, smoothed path of a single
particle moving in a vessel would still follow the magnet field and flow field induced
around, free from collision. Similar studies had been implemented on commercial
software like COMSOL (Sharma, Katiyar et al. 2015), using the magnetic force
expression in equation (7) (Furlani and Furlani 2007). These studies also solved the
fluid flow in parallel with the convection-advection equation on particle concentration.
Some experiments are done with the target region placed between two separated poles
(Voltairas, Fotiadis et al. 2002, Rotariu and Strachan 2005, Rotariu, Udrea et al. 2005)
with varied distances and field angles. A new code is written on a different platform to
solve its trajectory along the tube and visualized on the screen, giving a rough
estimation on the capture efficiency η when numerous of trajectories are put together.
6.1

MATLAB model and capture efficiency
Instead of using Physics Engine, the equation (1) is now alternatively solved by the
ODE tools provided in MATLAB and visualized on a graph. For a better presentation,
this analysis is done on a 2D basis in Cartesian coordinates, where x-axis denotes the
axial direction and y-axis for radial. All forces involved are also decoupled in x and y
directions. Initial conditions are defined before solving, and its trajectory on the x-y
plane depicts the motion through time without collision. The coordinate origin (0,0)
represents the center point of inlet surface, and two horizontal lines y = R and y = -R
are the virtual wall boundaries. The magnet is positioned at a distance away from origin
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with a positive x and y value. If the solved trajectory crosses the upper line, it means
successful landing occurs.
The ODE solver would compute the trajectory until the integration being no longer
available to take place due to numerical stability. This happens when the next iteration
point is too close to the magnetic core where the magnetic force tends to infinity. The
program would therefore return a warning and abort the simulation. In most cases where
landing occurs, the line converges with the magnetic field lines towards the center of
magnet. A magnetic field is also plotted at the background to show how the field
changes in space. The drag force is nullified when the particle trajectory goes beyond
the virtual boundaries on both sides.
A statistical approach is used in this model to estimate the number of landed particles
under certain conditions. A repeated loop can be implemented to simulate multiple
cases under similar conditions. For example a number of n particles are initiated at
different starting radial positions, equally distanced with the other parameters
unchanged, simulating a case of uniform concentration profile of injection. The
equation is then solved n times and the landing positions are respectively recorded and
compared to real life experiments. Each trajectory could be multiplied with a weighting
to represent all particles starting from a similar position since it is unnecessary to
simulate all paths for million particles. The capture efficiency from (13) could therefore
also be obtained using the same approach.
6.2

Parameter study
This is the core objective to build such a model so different test cases could be simulated
with a lot of variables, and determine which plays the most important role in MDT. The
following session compares the differences by changing one editable parameter at a
time.

6.2.1 Concentration profile
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As the trajectory projected from each discretized region could end up in different
section of the tube, it is necessary to obtain the concentration variance on the cross
section since it is directly related to the quantity of particles hitting the target precisely.
If a rather high concentration is found from a path where it leads to the channel exit,
the capture efficiency is expected to be low. Reversely if a known path hits the target
with all given parameters, one could manipulate the concentration profile, if possible,
to improve the efficiency. Such technique is however not feasible currently, therefore a
uniform concentration is assumed across the diameter.

Figure 10: Trajectories plotted with the target (magnet) position centered at x = 0.4. The horizontal
boundaries on the graph also indicate the channel width (1cm diameter), where the axis sits at y = 0. The
electromagnetic current in this case is 36A, with its core placed 61mm above the central axis and axial
velocity of 2mm/s. Four out of nine trajectories here hit the upper boundary which can be roughly
deduced as having 44% capture efficiency. Yet the real efficiency could be different, depending on the
density(quantity) of particle appeared around each trajectory. The particle diameter is 100nm.

6.2.2 Magnetic field strength
It is obvious that a stronger magnetic field leads to more absorbed particles. For a fixed
distance from the magnet and constant fluid velocity, it is straightforward to find out
the minimum field strength required to attract all particles by increasing the magnetic
moment. For a silicon channel with 1.5mm diameter in the lab experiment, an estimated
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minimum of 3800 Am2 from the electromagnet (equivalent of using 900A above) is
required to suck up all particles in diameter of 20nm for a flow rate of 6ml/min
according to simulated trajectories.
For the case of an animal artery, a much wider channel of 10mm diameter is used. Since
the blood flow in an artery can be high up to over 400mm/s (Fung 1998, Rubenstein,
Yin et al. 2015), it is extremely hard to attract a particle as it would flow past the
magnetic field at such a speed within a second. Only when the magnet is strengthened
to a value of over 5000 Am2 (using a 1200A electromagnet), could the particles in the
upper half of the tube be attracted, with the axial fluid velocity of mere 50mm/s.
However, as the MDT in theory takes place mostly in capillaries, its fluid velocity is
much slower than those in arterioles (within a few millimeters per second). The magnet
could be much weaker for such a capillary flow, as shown in fig. 10. More trajectories
are diverted to hit the wall as the magnet strength gradually increases.

Figure 11: The magnet strength is increased gradually by 15Am2 for each graph starting from the result
in fig. 10, Trajectories are altered due to enhanced attractive force.

6.2.3 Inject position
The injection position plays quite an important role if the magnetic field is not strong
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enough around the blood vessel. As the simulation is conducted in 2D, the trajectories
are analyzed from different heights of injection. For those closer to the magnet, i.e.
started in a relatively higher position, it might hit the wall earlier before it reaches the
target as affected by the magnetic field earlier than others, on the other hand, those away
from the magnet source might travel a longer path to hit the upper wall, resting at a
place away from the target. If the magnetic field is too weak, it may fail to reach the top
surface before being flushed away by the fluid. In the whole section of parameter study,
multiple paths are initiated at different inlet positions equally spaced from its neighbors,
and the number of paths to be solved is one of the input parameters in the code, which
allows either a quick rough estimation as in fig. 10 or a finely resolved visualization,
showing streamlines through the channel.
6.2.4 Flow velocity
The flow velocity is also one of the most important parameters to be considered in an
MDT test. By a sufficiently low velocity of fluid, those particles could have enough
time traveling upwards to hit the wall before leaving the effective magnetic field.
Different velocities are tested with a constant magnetic field to find out the threshold
velocity for required capture efficiency. For a tube with 1cm diameter and a magnetic
source with 36A current at 61mm away from the axis, a maximum velocity of around
1mm/s is roughly slow enough to attract half of the trajectories with 50nm radius at
different inject positions. If the velocity is further increased to 5mm/s, only a quarter of
channel height is still under the influence of magnetic force, as shown in fig. 12.
If arterial velocity is applied (20mm/s above), no trajectories would ever hit the upper
surface unless the magnet strength is magnified by up to ten times in terms of moment
value to match parameters in macroscale simulation from earlier section.
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Figure 12: Starting again from the result of fig. 10, the axial velocity is gradually increased by 1mm/s
for each graph where the magnet strength stays constant. Fewer trajectories are hitting the ceiling as the
drag force starts to overcome magnetic attraction.

6.2.5 Flow profile
The value of ξ from (11) is changed here to give different flow profile across the
diameter. Starting from the value of 2, it is increased by 1 each time until the flow
profile tends to become uniform at 5. Since it merely changes the velocity at a different
position for various ξ, we could see only slight changes on the landing positions for
those having a value above 5. It would nevertheless affect the accuracy if the target area
is small. Results from fig. 13 showed that the offset could be a centimeter away when
compared to the parabolic profile (ξ =2) and a uniform profile (ξ >5). However it does
not affect the result whether it lands or escapes, so in general it is considered a rather
less influential factor among other variables.
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Figure 13: Trajectories change slightly but hardly affect the capture efficiency in general, given different
velocity flow profiles.

6.2.6 Viscosity
In the laboratory experiment water is used as the carrier medium at the beginning stage
as it contains no other substances to rule out any potential unknown behaviors inside
the fluid, hence the viscosity is much lower than real blood. A comparison is made from
various viscosities to see the influence to the landing position. It is increased gradually
from the dynamic viscosity of water (1 mPa*s) to the real blood value (2.78 mPa*s) at
37°C body temperature (Viswanath, Ghosh et al. 2007). It is shown from the result that
the trajectory is greatly affected by the viscosity. Since water is less viscous than blood,
the particle experiences less fluid drag on its path, therefore it is much easier to be
attracted towards the magnet with less resistance. When same parameters except
viscosity apply, the results can be totally different. For same velocity and field strength,
a particle could possibly land precisely on the target in water but flushed away in blood.
This suggests the significant influence of fluid viscosity for MDT, and it has to be
considered when replacing real blood with other solvents in an experiment, in order to
improve its similarity.
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Figure 14: Viscosity is changed from value of water (top left) to value of blood (bottom right). Viscous
medium is not in favor of attracting more particles.

6.2.7 Particle size
Clusters may form on the travel path so it is necessary to study the difference between
the trajectories of various particle sizes, and determine if a cluster has a better chance
of successful landing. A loop is implemented in the current model and the particle radius
is doubled for each simulation, starting from 10nm to 320nm. The result from fig. 15
shows the trajectories with different particle sizes. The message is clear: the magnetic
force could play a significant role when the particle is big enough to overcome the fluid
drag force which also depends on its size. The magnetic force continues to outgrow the
drag force since the magnetic moment is also increased for the particle. The trajectory
starts from escaping away to hitting the wall at a varied distance away from the target
area, depends on the inject position. When the particle is grown beyond the size of
100nm the magnetic force would start to dominate the flight path, shadowing the drag
force unless a much stronger flow is applied. For fluid velocity in capillary level, the
drag effect is almost trivial if the particle size is big enough. This suggests that cluster
forming might be a good trait for nanoparticles as they would experience bigger
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attraction force when increased in size. Hence by applying a suitable flow and magnetic
field, clusters with controlled size could be caught theoretically.

Figure 15: The difference in particle size plays a huge role in capture efficiency. Starting from 10nm
radius, the volume ratio is respectively 1x, 8x, 64x, 512x, 4096x and 32768x.

6.2.8 Pulsatile flow influence
It is known that blood travels in a pulsatile flow, and periodic pumps are also used in
in-vitro experiments (Seliger, Jurgons et al. 2007). Unlike a steady parabolic flow, the
shape would change depends on the pulse frequency through time, even negative
velocity could take place at some positions (Redaelli, Boschetti et al. 1997, Berselli,
Miloro et al. 2013). A precise flow profile can be calculated if a given pressure gradient
is known, first introduced by late mathematician JR Womersley (Womersley 1955),
where the governing dimensionless parameter is also named after him for indication of
pulsation influence. Previous researches had also studied the periodic flow profile in
different scales of blood vessels (Baker and Wayland 1974, Taylor, Hughes et al. 1998),
with some considering non-Newtonian behavior (Gijsen, van de Vosse et al. 1999,
Johnston, Johnston et al. 2006, Habibi, Ghassemi et al. 2012). Furthermore if the tube
itself is elastic, which should also be considered for blood vessels, the pulsating flow
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would also be influenced according to study (Horsten, Vansteenhoven et al. 1989).
Since the pressure data is not available it is assumed the axial velocity fluctuates in
sinusoidal form with constant frequency f at a certain range of vr. In mathematical
expression, it is written as

( )=

+

sin(2

) , and the drag force is

therefore also changed through time. Combining the equation (10) one could determine
the fluid velocity around a particle at certain time and space. It is also within our interest
to study whether the timing of injection would affect the landing position. In this section,
particles are released at different phase angles within one sinusoidal period. A
frequency test is conducted to show the influence of different frequency.

Results show

that it doesn’t affect much when compared with each other as they have already traveled
a distance by a large number of wavelengths, so the influence on phase difference is not
apparent.

Figure 16: No significant changes given various injection time. The injections were spanned within one
complete pulse period ‘T’.

The most significant difference between steady flow and pulsatile flow is the shape of
trajectory. For steady velocities, the trajectory is relatively smooth compared to
pulsatile flows. Since the horizontal progression subjects to periodic change of velocity,
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the pulsatile effect is visible when the magnetic force starts to ‘derail’ the particle from
its horizontal path. The upward component of a velocity vector is growing while the
horizontal one keeps changing, resulting in a distorted wave-like path along the tube.

Figure 17: Trajectory of a 50nm radius particle under a pulsatile flow. The landing position is unchanged.
Figure 18: A smooth trajectory compared to fig. 17 showing no fluctuations.

6.2.9 Source distance
Another parameter one could control is how close a magnet is placed near the target. A
magnet with constant power is adjusted in various distances and the trajectories for
particles injected at different positions are respectively altered. In an example where a
magnet of 273Am2 is applied, only half of the trajectories could successfully land when
it is placed 61mm away from the channel axis. However when the gap is tightened by
2mm each time, a significant change in the trajectory paths could be observed. The path
for those closer to the source land much earlier, while more trajectories hit the wall
before leaving the channel. Since the field increases enormously closer as it is to the
source, all particles would be attracted and hit the wall after the magnet passed a certain
threshold distance towards the vessel. As shown from fig. 19 all trajectories could be
attracted after the magnet moving 10mm closer. The landing rate increased from less
than 50% to almost 100% in such a small distance.
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Figure 19: Moving the magnet source closer to the target area could massively improve capture efficiency.
Initial parameters are the same as in fig. 10 (top left) except the magnet position being altered.

The test in this parameter suggests an important fact, that the distance of magnet source
could play a huge role in attracting particles. A few millimeters closer could change the
uptake efficiency by a huge amount. It is however limited in some real cases as the
target is often found deep inside the patient’s body, making it impossible to place the
source any closer from outside. As the blood velocity cannot be controlled, one could
only increase the magnetic field strength in order to achieve a desired rate of absorption.
This would inevitably expose the patient in high magnetic field with potential risks
(Arruebo, Fernández-Pacheco et al. 2007).
6.3

The Efficiency number
It is desired to introduce a single parameter which describes the uptake efficiency,
related to those influential parameters. So far a number of parameters are tested
individually to investigate their influences on particle absorption, and a few of them
stood out from the simulation. It is obvious to deduce from previous simulation results
the changes of which parameter(s) would be in favor of attracting more particles (or the
other way around). For example a stronger magnetic field, a slow fluid flow, a shorter
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distance away from magnet etc. Therefore when it comes to parametrization it is clear
which factors to be put above or under the vinculum. Yet the linear relationship between
this designed number and the capture efficiency is yet to be verified, as well as the
power index applied to each parameter. For example it is known that the magnetic field
H diminishes inversely proportional to the third power of distance away from the
magnet, as deduced from equation (5). A conceptual expression is made including those
mentioned parameters as below:
(14)

=
Where the symbols represent:
Parameters

Physical Meaning

SI Units

η
M
v
d
rp
µ
C

Capture efficiency
Magnetic moment
Fluid velocity
Distance away from magnet source
Particle radius
Dynamic viscosity
Adjustment coefficient

[–]
[ Am2 ]
[ m/s ]
[m]
[m]
[ Pa s ]
[ m / (APa.s2) ]

Table 2: Influential parameters for capture efficiency

7 Trajectory model application
To verify the conformity of the trajectory model created, it is desired to compare the
simulation results with laboratory data. A data set is provided from the in-vitro
experiment described in earlier chapters, conducted by previous researchers (Seliger,
Jurgons et al. 2007), where the artery is taken out and dissected into eleven sections
labeled from -5 to 5, with 0 being the centermost section, closest to the magnet. The
data set includes the estimated number of particles in each artery section, together with
its corresponding magnetic field strength varying from 0.2T to 0.33T around the
measurement area.
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Figure 20: The artery is labeled based on the set-up in fig. 1 and the corresponding amount of sediment
is recorded (Beck 2013).

The field data is however insufficient, as only the magnitude without orientation is
provided, to replicate an identical magnetic field in the simulation. The average flow
rate in the in-vitro experiment is 6ml/min, which roughly equals to an average velocity
of 1.2mm/s for a 1cm wide artery. As Stokes flow is expected, the simulation is carried
out with a parabolic flow profile of 2mm/s maximum velocity at the central axis. A
small number of trajectories are simulated across the diameter at the beginning to find
out the effective range of magnetic field. Using the computed magnetic strength and
the distance away from artery, results have shown that only those trajectories initiated
within the top quarter along the vertical diameter would successfully hit the wall under
the magnetic influence, for particles with 10nm radius as seen in the following figure.
Therefore an increased sampling size is applied to a reduced range, to a number of 500
trajectories simulated at a distance 0 – 1.5mm away from the wall, in order to get a
refined, higher number of trajectory distribution across all sections, instead of just ones
or zeros as recorded in fig. 21. The number of trajectories hitting on various sections is
recorded and listed in Table 3. The quantities are then scaled up according to the peak
value obtained from the strongest field to analyse the pattern of distribution.
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Figure 21: The trajectories of 10nm-radius particles under a 72A magnet. Only two hit the sections along
the channel if the same dissection method in fig. 20 is used. The density of trajectories is therefore
increased to having 500 streamlines within the top 1.5mm channel height (red bracket) and the numbers
of trajectories landing on each section are recorded in table 3.
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Trajectories landed

Experiment [µg]

Trajectories landed

Experiment [µg]

Trajectories landed

Experiment [µg]

Trajectories landed

Experiment [µg]

Artery
section

36A

-5

2.42

0

2.41

13

4.94

13

7.56

20

8.28

21

-4

4.36

0

1.56

23

7.94

26

14.73

32

14.73

32

-3

2.42

0

5.31

33

20.53

39

28.72

48

34.79

51

-2

4.01

0

3.03

43

31.81

51

43.68

61

218.22

67

-1

4.50

0

4.78

46

23.67

59

106.30

72

225.10

79

0

4.01

0

5.19

43

30.27

54

186.09

65

412.21

73

1

3.55

0

7.25

32

17.61

37

87.39

47

225.22

51

2

3.24

0

4.28

19

8.44

21

19.63

27

184.52

27

3

2.63

0

4.25

9

10.50

11

10.69

12

48.34

13

4

2.59

0

2.16

5

3.99

4

3.97

6

12.06

5

5

1.67

0

2.76

1

2.76

1

6.65

2

6.02

2

Total

35.40

0

42.98

267

162.46

316

515.41

392

1389.49

421

Table 3: Trajectory statistics for 10nm radius particles from 5 different magnet strength settings. As the
highest number of trajectories found and maximum net weight of magnetite in one region are 79 and
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412.21 respectively (highlighted), a weighting of around 5.2 is obtained and applied to all other sections.
All trajectory numbers are then brought up to an amount similar to experimental data.

Patterns from the computational model and observations
From the in-vitro experiment there are barely any changes when the electromagnet is
switched on with a current of 36A. It is then gradually increased to double its value
(72A) where a significant number of particles are agglomerated near the source. An
almost symmetric number of particles are found towards both ends from the central
section, and its amount between section -1 and 1 are doubled by increasing just a small
fraction of B-field magnitude. One the other hand, the magnitude is increased by 65%
from its weakest (orange line) to strongest (green line), across almost every section
from simulation (fig. 23). However only the projected number of particles reflected
such increase in sync with B-field from the simulation, whereas the in-vitro experiment
shows an abnormal increase. The peak position also moved slightly towards the fluid
entrance, leaving section -1 as the most hit area in the simulation.

Nanoparticle Agglomeration in Artery
450
MEAN VALUE (MICRO-GRAM)

7.1

0A

400

36A

350

53,4A

300

61,5A

250

72A

200
150
100
50
0
-5

-4

-3

-2

-1

0

1

2

3

4

5

ARTERY SECTION

Figure 22: Magnetite distribution from in-vitro experiment

Furthermore there are respectively more trajectories hitting the front sections in the
simulation, because of prolonged time integration. These trajectories belong to those
initiated near the wall with minimal velocity. As these particles go so slow along the
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tube they would eventually enter the landing section only after a long period of
simulation, typically after thousands of seconds. If a cut-off time limit is introduced, as
compared between fig. 23 & 24, the number of trajectories hitting the front few sections
could be reduced. In the clinical experiment, the electromagnet was turned off 15mins
after the particles were injected, which further limited the time of sedimentation.
Nevertheless a few common expectations do still follow, like the symmetry on both
sides and the decreasing number of agglomerations further away from the magnet.

450
400
350
300
250
200
150
100
50
0

2mm/s axial velocity, 3k
seconds cut-off

WEIGHTED VALUE

WEIGHTED VALUE

2mm/s axial velocity, 5k
seconds cut-off

450
400
350
300
250
200
150
100
50
0

0A
36A
53,4A
61,5A
72A

-5 -4 -3 -2 -1 0 1 2 3 4 5

-5 -4 -3 -2 -1 0 1 2 3 4 5

ARTERY SECTION

ARTERY SECTION

Figure 23: An extra portion of trajectories landed on frontal sections due to prolonged simulation time
(data extracted from Table 3)
Figure 24: Number of trajectories significantly reduces when a time limit is introduced.

7.2

Landing distribution in limited time
The effect on different particle sizes has been discussed in section 6.2.7. The simulation
time was unlimited – meaning the particle could travel until they hit a section or leave
the channel, regardless how slow they move. This is however unrealistic as the magnet
was turned off after a certain period of time according to the laboratory study (Beck
2013). Hence a similar computation is implemented using different particle sizes from
10nm radius to 100nm with 1000 second time limit to hit the wall. A total number of
1000 trajectories spanning across the channel diameter are simulated. Those land within
any of the 11 sections would be counted.
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Trajectory distribution,
100nm particle radius

Trajectory distribution,
50nm particle radius
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NUMBER OF TRAJECTORIES

NUMBER OF TRAJECTORIES

350
300
250
200
150
100
50
0

61.5A

250

53.4A

200

36A

150
100
50
0

-5 -4 -3 -2 -1 0 1 2 3 4 5

-5 -4 -3 -2 -1 0 1 2 3 4 5

ARTERY SECTION

ARTERY SECTION

Trajectory distribution,
25nm particle radius

Trajectory distribution,
10nm particle radius
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Figure 25 (top left): More than 85% of 1000 trajectories landed for the biggest size among others.
Figure 26 (top right): Evenly distributed, the pattern appears to in proportion to magnet current.
Figure 27 (bottom left): The number of landed trajectories is halved from fig. 24 for most sections.
Figure 28 (bottom right): The extension from fig. 24, with 2000 secs further cut away.

As seen from fig. 25 – 28, the quantity and distribution are shown from these graphs.
For ease of comparison the vertical axes of all graphs are in the same scale. For particle
radius of 100nm, the quantity of landed trajectories of 72A magnet is slightly less than
61.5A. From the plot of streamlines it is believed that the particle motion is dominated
by magnetic force, being attracted towards the magnet even earlier than expected. As a
result the majority of trajectories ended up landing between -1 and -2, a small distance
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away from the central target area. For weaker currents, the peak values shifted back to
the central section, yet the capture efficiency i.e. total landed trajectories are roughly
the same, regardless of the field strength. This result suggests that a certain amount of
uptake could be guaranteed by sufficiently large particles, and an overpowered magnet
could possibly lead to undesirable results. These comply with previous chapter 6.2.7.
For particles smaller than 100nm it follows the rule of magnetic force proportion.
Smaller is the particle, less percentage (efficient) is the uptake. The capture rate of
50nm-radius particles ranged between 40 – 70%, depending on field strength as shown
in fig. 26. The rest are 18 – 30% and 3 – 8% for 25nm and 10nm radius respectively.
Since trajectories are equally spaced at the inlet and they do not overlap on the
streamline graph (as seen in chapter 6), the effective range of inject position across the
diameter could also be deduced. A case where 40% of trajectories landed between -5
and 5 must have been injected within the first 40% of channel height away from the top
boundary.

8 Discussion
The big difference in agglomeration due to a small increase of magnet power remains
unexplained in the in-vitro experiment. One of the arguments could be the
magnetization of nanoparticles. It is known that the particles would enlarge itself when
magnetized (Ma, Wu et al. 2004, Seliger, Jurgons et al. 2007), and the magnitude
depends on the field strength. Therefore the size of all nanoparticles along the channel
are not the same since the magnetic field magnitude changes over distance, it would be
unreasonable to consider one particular size only. Assuming that different sizes could
be found simultaneously in the channel, the previous data could also provide some clues
if the trajectories from different particle sizes are combined with an approximated
weighting as mentioned.
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For a fixed magnetic field, one could assume the weighting for a certain size being
bigger than others. By applying different ratio to the particle size spectrum for various
field strength, a similar weight distribution could be seen compared to the in-vitro
experiment data in fig. 22. For the four sizes ranged from 10nm to 100nm radius in the
simulation, their volume ratio is 1: 15.625: 125: 1000. In addition to four field settings
in the simulation, four different weightings are respectively multiplied with the volume
ratio as seen in the following table. Next the finalized weighting is applied to the
trajectory numbers in each section. All numbers are then scaled up by a constant to
roughly match the peak value from the in-vitro experiment. For example, according to
the statistics from the model, 100 out of 1000 trajectories with 50nm radius are found
landed in section 0 under the 61.5A magnetic field. Therefore this number is multiplied
by 125 and 8 subsequently, according to its volumetric weighting and ‘magnetization
correction’ according to table 4 respectively. The resulting weight would be 100*125*8
= 105 units. Such weighting technique is applied to all four particle sizes in four field
settings. All weighted particle units are summed up in all sections and the result is then
compared with laboratory data.
Magnet \ Radius

10nm

25nm

50nm

100nm

72A

1

2

8

4

61.5A

2

4

8

2

53.4A

4

8

2

1

36A

8

4

1

1/8

Table 4: Weightings applied for different field strengths and particle sizes. It is assumed to have one
particular size dominating the others under different magnetic field strength.
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Magnetic strength: 53.4A*
Particle
radius
Volumetric
ratio
Corrective
weight*

10nm

Final ratio

4x

8x

2x

1x

4x

125x

250x

1000x

18
39
58
78
90
85
62
37
18
7
3
495

4500
9750
14500
19500
22500
21250
15500
9250
4500
1750
750

49
77
118
167
225
235
0
0
0
0
0

49000
77000
118000
167000
225000
235000
0
0
0
0
0

Total weight units

212

0
375
3625
4750
5500
5125
3625
2000
1000
375
125

After scaling

0
3
29
38
44
41
29
16
8
3
1

Trajectories landed

0
0
0
0
48
64
48
24
12
4
4

After scaling

51

1000x

Trajectories landed

Total
(out of 1000)

125x

After scaling

0
0
0
0
12
16
12
6
3
1
1

100nm

15.625x

Trajectories landed

-5
-4
-3
-2
-1
0
1
2
3
4
5

50nm

1x

After scaling

Trajectories landed

Artery
section

25nm

53500
87125
136125
191250
253048
261439
19173
11274
5512
2129
879

871

Table 5: Example calculation on weighting the distribution of nanoparticles when different sizes are all considered, from
one of the magnetic strength settings. The corrective ratio for corresponding sizes is obtained from table 4. The total
weight units across all sections (underlined) are then compared with three other field settings.
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Result from experiment

Result from simulation
WEIGHTED AGGLOMERATION
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Figure 29: Weighted distribution using the suggested algorithm as in table 5. All values are scaled to
match the peak in fig. 30.
Figure 30: Copy from fig. 22

If compared between fig. 29 and fig. 30, the suggested weighting approach seems to
comply with the experimental result with similar peak ratio and weight distribution
between lines. In this algorithm all particles sizes are assumed constant flowing along
the channel, and the projected weight distribution is depicted from trajecories summed
with various coefficients. The sharp decent in fig. 29 from section 0 onwards are
possibly due to the exclusion of particles growing in size since all trajectories are
assumed to have constant volume along their path. As in reality some of them continue
to grow, hence they would possibly hit in later sections. On the other hand, some
particles which are not supposed to be magnetized and enlarged to such extent are also
included in the simulation, resulting in early landings at front sections. The above
comparison suggests the importance in consideration of size changes due to
magnetization possibly within a short distance, and the chance of cluster formation near
the target area, where the strongest field lies. However, this weighting approach and the
value used in table 4 is yet to be verified if clinical trial data is available to determine
the actual composition of magnetite in different sizes found in the artery.
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9 Conclusion
9.1

Summary
In this study a computational model is set up to simulate nanoparticle flow in the
bloodstream. Different

parameters are tested independently under various

circumstances and their importance is evaluated. Expected results are seen on changing
the parameters. A macroscale as well as microscale simulation are implemented to
visualize particle behavior under the influence of carrier drag and magnetic field. A
numerical limitation is also discussed in this study that evokes the question of which
method of display suits the best interest of particle modeling. By studying the particle
behavior one could have a rough idea on how to improve capture efficiency in real case.
It is however emphasized that the simulation has taken a number of assumptions which
needs to be taken care of for improved simulation.
Following the limitations, a trajectory analysis is alternatively introduced to determine
its theoretical landing position given certain input conditions. A comparison has also
been made between simulation results and laboratory data to evaluate the consistency
and reliability of the trajectory model. Several predictions which address the statistical
differences are also discussed. Yet a lot of encouraging factors are shown to further
improve the simulation, towards the final goal of clinical application in the future.
9.2

Outlook
Due to the absence of other cells which consequently omitted collisions and adhesions
in this study, a great room of advancement is foreseeable in upcoming stages of MDT
modeling. To make the simulation become more realistic, one has to start considering
what is left out in the current study, in order to precisely capture the real behavior of a
nanoparticle inside a blood vessel, such as varying sizes due to magnetization, and other
forces left out in this model. An in-depth study of microscale physics at upcoming
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stages is also expected to include more particle characteristics that exclusively exist in
nanoscale, thus refining the model in this study.
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