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Abstract—One of the major drawbacks of chemotherapy in 

cancer treatment of various human organs is the fact that the 

used anticancer therapeutics (medication) inevitably attack both 

healthy tissue and tumors. In order to guide the drug to a specific 

location, the optimal technique used within the human body is the 

magnetic drug targeting (MDT) due to its non-invasive character 

and its high targeting efficiency. In this method, magnetic carrier 

particles loaded with drug molecules are injected into the 

microvasculature and attracted towards the targeted region in 

the body by a permanent magnet. In this work a mathematical 

model is developed for measuring the trajectories of the 

nanoparticles, their direction and the flow speed. The 

mixed blood flow enters a 1cm large vessel where blood is 

being pumped by the heart pulses.  The simulation 

investigates whether the flow will follow a vessel located 

closer to the entrance of the fluid flow away from the 

magnet or whether the magnetic field will pull the 

nanoparticles towards the area of interest beneath the 

magnet. The model couples a magneto static model to a 

hydrodynamic problem taking into account the dominant 

magnetic force. It is assumed that the effect of the electric 

field is negligible. The results obtained from the numerical 

solution showed that the fluid flow is appreciably 

influenced by the applied magnetic field and that the ferro 

fluid is attracted to the zone where the magnet is located 

whereas the normal blood can reach all tissues. (Abstract) 
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I. Introduction 
The delivery of anticancer agents to the specific target sites 

with minimum side effects is an important challenge in chemo, 
radio and gene-therapy [1]. During chemotherapy, typically 
less than 0.1 to 1% of the drugs are taken up by tumor cells, 
with the remaining 99% going into healthy tissue [2] 
.Magnetic Drug Targeting (MDT) is one of the promising 
methods for effective targeting and delivery of drugs to a 
specific location by means of an external magnetic field [1]. 

In this method, magnetic carrier nanoparticles loaded with 
drug molecules are injected into the blood flow as a dilution 
and attracted towards the targeted region in the body with help 
of a local magnetic field [3]. With this technique the efficiency 
of drug absorption increases and the other cells of body will 
not be affected [4]. 
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Figure 1.  Modeled image of a MDT in various tissues [3]. 

Drug-loaded carrier is typically composed of a magnetic 
core and a biocompatible coating material. The magnetic core 
was made from different materials such as Fe3O4, Fe2O3, or 
Fe[19] .The magnetite (Fe3O4) nanoparticles are generally 
used in targeted drug delivery systems because of their 
biocompatibility and large magnetization [4]. The 
biocompatible coating materials are Au, PEG, or SiO2. Based 
on the biokinetics of particles, a drug carrier ranging from 10–
200 nm in diameter is optimal for in vivo delivery, as the 
small particles (D<10 nm) escape by renal clearance and the 
large ones (D>200 nm) are sequestered by the 
reticuloendothelial system of the spleen and liver [3]. 

 Ferrofluids are suspensions of single domain magnetite 
particles with average diameters of approximately 10 nm 
stabilized by surfactants in carrier liquids [5]. MDT is growing 
due to speedy progress in the growth of functionalized 
magnetic nanoparticles, which are used for chemo, radio, and 
gene-therapy at a tumour site[1]. It is also shown by various 
studies that MDT is relatively safe and effective method for 
targeting drugs to a localized region [1, 2, 3-4]. Previous work 
on magnetic particles transport in the vasculature for MDT is 
summarized in many review papers [6-9]. 

In the first human trials of magnetic drug targeting the 
chemotherapy drug epidoxorubicin was attached to 100 nm 
diameter bio-compatible iron-core particles, these particles 
were administered systemically, and an external magnet was 
used to concentrate the therapy to inoperable but shallow 
tumors [10]. In these human safety trials, blood sample it 
showed that the magnet removed about half of the particles 
from blood circulation and collected them to the vicinity of the 
tumor [10-12]. 

In the present work, a mathematical model is developed to 
describe the trajectories of the ferrofluid. For this purpose, a 
2D model is suggested, consisting of a blood vessel 1 cm in 



 

2 

 

International Journal of Civil and Structural Engineering 
Volume 4 : Issue 1      [ISSN 2372-3971] 

Publication Date : 6 April,  2017 
 

width entering a mass tissue which then divides into two 
branches. The first branch feeds a healthy tissue and the 
remaining branch feeds a hypothetical tumor located at the end 
of the canal (figure 2). An external magnet and the 
surrounding environment are also represented.  The magnetic 
carrier nanoparticles loaded with drug molecules are injected 
into the blood which flows from left towards both branches. 
The magnet is placed above the skin tissue to provide a 
permanent magnetic interaction with the carried ferrofluids in 
the blood vessel.  

 

Figure 2.  Sample model in 2D. 

The purpose of this work is to investigate, by simulation, if 
we would be able to magnetically direct and attract the 
magnetized nanoparticles even when closer vessels to the main 
blood entrance are present prior to the magnet location and, 
hence, attract and guide them towards the desired site. 

II. The mathematical model  
The MDT modeling addresses many coupled problems of 

which, the magnetic field in its static state, the hydrodynamic, 
the thermal and the structural mechanics are the most 
important. To investigate the effect of an applied magnetic 
field on the velocity and the direction of blood carrying the 
super-paramagnetic nanoparticles coated with medication, the 
simulation was carried out  to solve coupled Maxwell and 
Navier-Stokes equations.  

A. Magneto static Modeling: 
When solving a magnetic or an electrical problem, it is 

often useful to use the appropriate potentials instead of the 
fields. The PDE (Partial Differential Equations) obtained using 
Maxwell’s equations in terms of the electric scalar potential V 
and the magnetic vector potential A are adopted in the present 
work. 

According to Maxwell-Ampere’s law: 

   ∇                                       (1) 

where the magnetic field H (A/m) and the total current 
density J (A/m2) could be expressed respectively in terms of 
the magnetic flux density B (T) , the magnetization vector  M 
(A/m), the electrical field E (V/m) and the velocity u of the 

moving body. The relevant laws and constitutive relations are 
listed below: 

                                                                         (2) 

                
  

  
                                (3)   

                                              (4)   

                                     with                              (5)  

where: (2) is the Ohm’s Law, (3) is Total electrical field, (4) is 

Magnetic flux conservation and (5) is Magnetic vector 

potential  
Magnetic f lux density expression in different media: 

          H +Br                                     (6)   

                                      (7)  

                                              (8)   

where the magnetic flux density (6)  in the permanent magnet, 

(7)  in the mixed blood stream and  (8)  in the human tissue 

and the surrounding air domain. 
Combining these equations, we derive the PDE in terms of 

the potentials A and V: 

          
 

  

  
        

                   

       
        (9) 

The magnetic carrier nanoparticles loaded with drug 
molecules and the blood in which they are mixed form a non-
conducting bulk and their conductivity is neglected. Applying 
this hypothesis  in  (9) the equation is simplified to: 

         
                              (10) 

Here μ0 is the magnetic permeability of vacuum (4  
       ); Je represents any applied external current density 
null in this simulation; Br is the remnant magnetic flux (T); 
and M is the magnetization vector in the blood stream (A/m), 
which is a function of the magnetic field H as formulated in 
equation (11), and hence may be expressed in terms of A.  

                                (11) 

In this 2D simulation, the three fields B, H and M have 
only two components in the x-y plane and thus A will be in the 
z direction:  A = (0, 0, Az). The components of these vector 
quantities are obtained using equations (5), (7) and (11), as 
follows: 
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Here χ represents the magnetic susceptibility of the blood 
mixture and μ  is the magnetic permeability of the magnetized 
fluid. The applied values depend on the nature and the 
concentration of the considered  ferro fluid  and  range  from  
0.1 to 0.6 [4]. 

B. Navier-Stokes Equations: 
The dynamic representation of ferrofluid motion is based 

on a momentum conservation equation that assumes an 
incompressible Newtonian flow expressed by the Navier-
Stokes equations [13-15]: 

            
  

  
                                   (15) 

                                            (16) 

Where η denotes the dynamic viscosity (kg/(m·s)), u the 
velocity (m/s), ρ the fluid density (kg/m3), p the pressure 
(N/m2), and F the total volume force applied to the ferrofluid 
(N/m3). The hydrodynamic problem is coupled to the magneto 
statics problem through the magnetic body force F due to the 
fluid magnetization under the influence of the magnetic field 
[16]. 

                     (17) 

Using Equations (13) and (14), the above relation leads to the 

expressions [15]. 
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 Here μr  is the relative magnetic permeability of the 
ferrofluid (dimensionless). In the present simulation, these 
components are multiplied by the ferrofluid mass fraction, k 
(set to be 10 % of the total mass mixture) in order to get the 
final expression for the volume force in the blood stream [15]. 

III. Boundary Conditions and sub 
domain parameters 

A.  Magneto static application 
For the magneto static part of this simulation, Dirichlet 

boundary conditions on the outer domain reasonably far away 
from the magnet are applied Az = 0. The skin, tissue and air 
sub domains are considered to have close magnetic properties 
and      . In the permanent magnet sub domain, the values 
for the remnant induction are taken from [20] and the 
simulation is carried out for the maximal value of 1.5T. Its 
relative permeability is chosen to be 5000. As for the vessel 
canal, the presence of the nanoparticles changes the blood 

properties and the bulk is considered magnetized. The induced 
magnetization as given by equation (14) is implemented.  

Once the magneto static application is solved for the vector 
potential A, it can be used to visualize, in post processing, the 
other quantities such as the magnetic field, the induced 
magnetic induction, the induced magnetization, the current 
density, the Lorentz force. .. The solution is then used as an 
initial condition to calculate the fluid velocity field using the 
Navier-Stokes equations in the time domain.  

B. Fluid flow application: 
 Since the fluid flow takes place only in the canal, only this 

sub domain is active and the appropriate boundary limits and 
parameters are applied. For a viscous laminar streaming liquid, 
the flow profile is parabolic. Therefore, the inflow profile of 
the liquid is parabolically shaped by the normal inflow 
velocity. To emulate the heartbeat of 60 pulses by minute, the 
inflow velocity follows a sinusoidal expression in time, 
according to the following equation [13, 15, and 17]: 

                                   √         )        (20) 

Where s is a boundary segment length parameter that goes 
from 0 to 1 along the inlet boundary segment and      is the 
maximal flow velocity (50 cm/s). No-slip conditions are 
specified at the vessel walls. At the outlet, an outlet pressure 
condition, p = 0 is set to account for no shear stress [15]. To 
solve the Navier Stokes equations, the Ferro fluid 
characteristics must be implemented. In this simulation, the 
density of the mixture is taken from [21] to be 1060 kg/m3 and 
the viscosity is chosen to correspond to 0.005 Pa s. 

IV. Results and discussion 

A. Magneto-statics simulation 
The solution of the magneto static problem gives 

information about the range of values of the magnetic flux 
density field in this 2D simulation which will predict the effect 
on the magnetized fluid flow. Figure 3 shows by streamlines, 
the magnetic flux lines and the markers indicate the maximum 
and the minimum values. In the vessel, the nanofluid far away 
from the magnet will be subject to weak fields of the order of 
6       and closer to the magnet, the magnetic flux density 
will reach a maximum of 1.575T. This figure will be 
unaffected by the fluid flow since this part of the application 
does not depend on the hydrodynamic simulation and is time 
independent. It also shows that the effect of the magnetic field 
will be more important as we approach the extremities of the 
magnet and that at the entrance of the blood vessel, the field of 
0.015 T is too weak to affect the mixture flow. 

Figure 4 indicates the spatial variations in the x-direction 
of the magnetic flux density at the center of the vessel. It 
shows the increase in magnitude as we approach the 
permanent magnet. 
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Figure 3.  Magnetic flux density lines with no flow considered. 

 

 

 

 

Figure 4.  Field variations at the center of the vessel. 

 

B.  Navier-Stokes simulation  
Once the magnetic quantities are simulated and fed into the 

hydrodynamics model, the solution investigates the behavior 
of the velocity field, the pressure,… 

The following simulation indicates that after 0.25s, the 
heart beat is at its peak and the mixture velocity in the vessel 
reaches its maximum value of 0.50 m/s at the entrance of the 
vessel as shown on figure 5.  

Due to the weak field around the first branch, we notice 
that, after this period, the flow seems to head for the first 
branch but, as time goes by,   the mixture is attracted towards 
the desired site due to a closer stronger field which pulls the 
magnetized particles towards the selected location. In this 
phase, the ferrofluid behaves as a turbulent flow at the 
junction of the two branches.  

 
Figure 5.  Velocity Field at maximum blood throughput. 

To compare the different velocities with or without the 
influence of the magnetic field, a simulation is carried out with 
the incompressible NS application is removed. Results are 
shown in figure 6 where it is interesting to notice that the fluid 
reaches the end of the first branch (and exits the model) with a 
velocity of 0.25 m/s instead of reaching the simulated cancer 
tumor. 

 

Figure 6.  Velocity Field at maximum blood throughput under no magnetic 

field. 

The velocity of the ferrofluid is simulated for different 
times to account for the heart beat cycle. Figure 7 shows that 
the maximum velocity is obtained immediately under the 
magnet. This figure confirms the published results [3, 4, 15] 
and shows that the velocity reaches its peak at the point 
beneath the magnet (-0.05; -0.01) when the heart beat (t= 1.25) 
is at maximum blood throughput. The influence of the magnet 
becomes more important as it pulls the magnetized blood more 
rapidly and efficiently as time goes by (the maximum velocity 
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at the same point of (-0.05; -0.01) increases from 0.31 m/s at 
t=0.25s to 0.33m/s at t=1.25s). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.  Velocity field along the center of the vessel in the x direction 

between two heart beats. 

V. Conclusion 
In this paper, a mathematical model is developed to predict 

the trajectories of magnetic nanoparticles in a blood vessel 
under the influence of a permanent magnet positioned outside 
the body. The simulation is carried out taking into account the 
heart beat cycle. The results show that the magnetic forces are 
able to attract the nanofluid away from a prior branch and 
guide it to regions beneath the permanent magnet. 
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