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Finite element numerical simulations were carried out in 2D geometry to calculate the magnetic force on magnetic nanoparticles
under a specially fabricated electromagnet. The particle motion was modeled by a system of ordinary differential equations. The
snapshots of trajectories of 4000 MNPs with and without magnetic field were analyzed and qualitatively found to be in agreement
with camera visualizations of MNP movement in a container. The results of the analysis could be helpful for the design of
electromagnetic field and motion analysis of magnetic particles for the delivery of magnetic materials in biomedical applications.

1. Introduction

Magnetic nanoparticle (MNP) is a material of interest for
biological and biomedical applications [1]. The principle of
MNP transport is based on the magnetic polarization and
magnetophoretic mobility when an external magnetic field
gradient is applied [2]. The behavior of MNPs under a mag-
netic field, relating to the magnetic properties of carriers and
the performance ofmagnet systems, depends on the interplay
of the magnetic force, Stokes drag, and diffusive motions
acting on the particles [3, 4]. To effectively manipulate the
MNPs, it is necessary to ensure the generated magnetic force
is strong enough, and its efficiency can be estimated and
predicted by analysis of MNP motion before the fabrication
of a system.

Typically, gradient magnetic fields are used for manipu-
lating these MNPs, which can be usually generated by either
permanent magnets [5, 6] or electromagnets [7, 8]. Note
that a characteristic feature of these magnetic manipulation
systems is that MNPs will be attracted towards the surface
of magnets, while they are hard to be focused at a position

away from magnet surface [9]. Interestingly, Pei et al. [10]
proposed a novel structure of an electromagnet that is
based on the magnetic field fringing effect to change the
magnetic field distribution, which has been demonstrated
to be an effective tool for deep magnetic capture [11]. This
type of electromagnet could have a great potential for deep
targeting in the body.The existing studies utilizing the special
magnet have just focused on the investigation of particle
motion behavior in a cylindrical space that is located in the
central part of the electromagnet [10–12], while the particle
distribution in a large region around themagnet has not been
reported.

In this work, to further fully understand the dynamic
behavior ofMNPs under the special gradientmagnetic field, a
similar electromagnetic apparatus is designed and fabricated.
On this basis, by means of numerical simulations using
COMSOL and Matlab software, the magnetic force acting on
the MNPs and the trajectories of MNPs in a static ferrofluid
under a magnetic field are investigated in detail. Finally to
corroborate the simulation results, the distribution of MNPs
in a narrow rectangular container was visualized by a camera.

Hindawi
Journal of Nanomaterials
Volume 2018, Article ID 6246917, 5 pages
https://doi.org/10.1155/2018/6246917

http://orcid.org/0000-0001-6583-0249
http://orcid.org/0000-0003-2669-2941
https://doi.org/10.1155/2018/6246917


2 Journal of Nanomaterials

2. Theoretical Model and
Numerical Simulation

There are mainly two forces acting on the MNP of the
ferrofluid under magnetic field: (1) the magnetic force, →𝐹𝑚,
which is generated by the appliedmagnetic field gradient, and
(2) the fluidic force, →𝐹𝑠, which is exerted by the suspending
medium on a moving MNP. Other forces, such as buoyancy,
the gravitational force, and the interaction between particles,
can be neglected for MNPs in the fluid [13]. The magnetic
force on the particles is usually derived by the following
formula [14]:

→𝐹𝑚 = 𝜇0𝑉𝑚𝜒 (
→𝐻𝑎 ⋅ ∇)
→𝐻𝑎, (1)

where 𝜇0 is the magnetic permeability of free space, 𝑉𝑚 is the
volume of the particle, 𝜒 is the magnetic susceptibility, and
→𝐻𝑎 is the applied external magnetic field.

The fluidic force for a spherical particle is determined by
Stokes’ law:

→𝐹𝑠 = −6𝜋𝜂𝑟𝑝 (→V𝑝 − →𝑢) , (2)

where 𝑟𝑝 and →V𝑝 are the hydrodynamic radius and velocity
of the particle and 𝜂 and →𝑢 are the viscosity and velocity
of the fluid, respectively. Since the magnetic susceptibility of
MNPs wasmeasured based on the total magnetic particle, the
magnetic radius in (1) and the hydrodynamic radius in (2)
can be considered equal, and then the volume of particle 𝑉𝑚
in (1) can be expressed by (4/3)𝜋𝑟𝑝3. The motion of MNP in
the magnetic field and viscous fluid can be described using
Newton’s law:

𝑚𝑝
𝑑→V𝑝
𝑑𝑡 = 𝜇0𝑉𝑚𝜒 (

→𝐻𝑎 ⋅ ∇)
→𝐻𝑎 − 6𝜋𝜂𝑟𝑝→V𝑝. (3)

Considering the fluid is in a static condition in the
experiment, the velocity of the fluid →𝑢 can be set as 0. Since
MNPs acquire the terminal velocity very fast, it is considered
acceptable to neglect the inertial term.

The position vectors of MNPs in the magnetic field and
fluid field can be described by a cylindrical coordinate system
of ordinary differential equations (ODE):

𝑑→𝑟
𝑑𝑡 = V𝑝𝑟 =

→𝐹𝑚𝑟
6𝜋𝜂𝑟𝑝
,

𝑑→𝑧
𝑑𝑡 = V𝑝𝑧 =

→𝐹𝑚𝑧
6𝜋𝜂𝑟𝑝
,

(4)

where (→𝑟 , →𝑧 ) is the position vector of MNP, →V𝑝𝑟 and →V𝑝𝑧
are the two components of MNP velocity, and →𝐹𝑚𝑟 and→𝐹𝑚𝑧 are the two components of magnetic force. The origin
of the cylindrical coordinate system is strictly located at
the geometric center of coils and the container. To obtain
the parameters of the magnetic force, a two-dimensional

axisymmetric finite element model of the electromagnet was
built and solved by COMSOL Multiphysics 3.5a using the
magnetostatic module. Then the data of computed magnetic
flux density and gradient was extracted from COMSOL and
used for calculation of particle trajectory based on (4) using
the software Matlab 7.0. Initial conditions for calculations
were randomly positions for MNPs in the container with
a radius of 0.02mm and zero initial velocity. Computation
of trajectories was stopped for MNPs which have arrived at
the wall boundaries of the container, approximately at the
distance of 5mm from the center.

3. Experimental Configuration

An electromagnet was manufactured (Figure 1(a)) with the
design method reported by Pei et al. [10]. The coils have
18 layers of 2 × 4mm2 copper wires, and the number of
windings in each coil is 22. The magnetic pole with the coil
was cylindrical with a hole in the middle. The radius of the
hole is 6.5mm, the outside radius of the pole is 30mm,
and the distance between two poles is 24mm. The inner
radius, outside radius, height, and distance of the two coils
are 25mm, 70mm, 100mm, and 68mm, respectively. The
dimension of the narrow container shown in Figure 1(b) is
120 ∗ 4 ∗ 10mm (length ∗ width ∗ height).

The experimental water-soluble ferrofluid was supplied
by Sundia MediTech Company, Ltd., Shanghai. The MNPs
are made of iron oxide grains (Fe3O4) coated with silicon
dioxide in the ferrofluid, which have a hydrodynamic radius
of 100 nm, a concentration of 40mg/ml, and a measured
magnetic susceptibility of 1.17 in the case of low field.
According to themagnetization curve of theMNP (measured
by SQUID-VSM), the saturation magnetization strength of
theseMNPs is approximately at 380 kA/mwhen themagnetic
field strength reaches about 750mT.

4. Results and Discussion

Figure 2 shows the magnetic field and magnetic force distri-
bution in the positive 𝑟-axis part of the rectangular container
based on a simplified 2D model in Figure 1(b). The magnetic
force distribution can be used to determine where MNPs
may be transported. When there is no magnetic field, the
MNPs are uniformly distributed in the container region in
Figure 3(a). When there is an external gradient magnetic
field, the MNPs will be transported under the magnetic
force. In the central region, where 𝑟 is less than 10mm, the
𝑧 component of the magnetic force has a negative value
in the upper part and a positive value in the lower part,
concentrating the MNPs towards the middle part. Thus two
blank areas appear in the central region of the container, as
shown in Figure 3(b).The phenomenon basically agreed with
the existing studies [10, 11]. But as time passes, we find that the
two blank areas increase in Figures 3(c) and 3(d), showing
that the MNPs in the central region move to the right side
of the simulation region. This is because there is a positive 𝑟
component of the magnetic force, as shown in Figure 2(b).
Similar phenomena appear on the right hand side of the
simulation region where the number of MNPs has reduced,
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Figure 1: (a) Experimental electromagnet; (b) a simplified 2D axisymmetric model. The C-shaped iron yoke in (a) can be modeled as a
cylindrical shape in (b) because the magnetic flux converging effect is much the same for the two shapes when the C-shaped yoke is not
saturated.

15

10

0

5

−5

−10

−15

z
(m

m
)

r (mm)

Max: 0.555 Min: 0.0678

6050403020100

0
.1

0
.1
5

0
.2

0
.2
5

0
.3

0
.3
5

0
.4

0
.4
5

0
.5

0
.5
5

Pole

Pole

Magnetic flux density, normB_qa[T], and arrow: [Br, Bz]

(a)

Pole

Pole

r (mm)
6050403020100

−15

−10

−5

0

5

10

15

z
(m

m
)

Magnetic force, arrow: [Fmr, Fmz]

(b)

Figure 2: Magnetic field andmagnetic force distribution in the positive half part of the rectangular container based on a simplified 2Dmodel
in Figure 1(b). (a) Magnetic flux density, normB qa, and the arrows of the two components of the field; (b) the arrows of F𝑚𝑟 and F𝑚𝑧.The
current density in the coil in the simulation was set as 4𝑒6A/m2 in accordance with the current flowing in the coil (≈32A) in the experiment.

which is due to the negative 𝑟 component of the magnetic
force in Figure 2(b). Since the color of the magnetic fluid
depends on the MNP concentration, an entire black area in
the container was captured in Figure 4(a) and two small light-
colored areas due to the low concentration can be seen in
Figure 4(b). By comparison to the intermediate stages of the
results in Figures 3 and 4, theMNPs distribution has a similar
variation law with time in the simulation and experiment.

However, it should be noted that the MNPs move much
faster in the simulation than that in the experiment, which
can be seen from the time parameters in Figures 3 and
4. The main reasons for this phenomenon are related to
the following two factors: (1) magnetic particles can be
aggregated under the action ofmagnetic interactions between
particles which has been widely mentioned in the studies
relevant tomagneticmanipulation of particles [14–16] and the
formation of elongated aggregates will accelerate the process

of particle focusing [17, 18]. (2) Hydrodynamic interactions
between particles could aid the focusing ofmagnetic particles
[19–21]. Considering the MNP aggregation process has a
little effect on the final MNP distribution, it is reasonable to
validate the proposed numerical procedure according to the
intermediate stages of MNP distribution by comparing the
simulated results in Figure 3 and images ofMNPs distribution
in Figure 4.

5. Conclusion

We have proposed the numerical procedure using COMSOL
and Matlab software to calculate the MNPs trajectories in
a stationary magnetic liquid under a magnetic field. The
simulations were qualitatively compared by camera visualiza-
tions of MNP distribution in a narrow transparent container.
Different from the existing studies, we find that the MNPs
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Figure 3: Positions of 4000 MNPs in the magnetic fluid: (a) without magnetic field, (b) with magnetic field for 800 s, (c) with magnetic field
for 1600 s, and (d) with magnetic field for 4000 s. Note that only the positive half part of polar coordinate of the electromagnet in Figure 1(b)
is shown in this figure.
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Figure 4: Images of MNPs distribution in a transparent plastic tube: (a) without magnetic field, (b) with magnetic field for 20 s, (c) with
magnetic field for 40 s, and (d) with magnetic field for 100 s.
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do not eventually accumulate in the central region of the
given container, but are attracted towards the outer ring of
themagnet hole.Meanwhile, it has been found that numerical
procedure can approximately predict the shape and position
of the MNP capture in the absence of a flow, while the
simulation time required for a specific distribution is larger
than that in the experiment under the same conditions.
The actual MNP aggregation effect should be estimated and
considered to predict exactly the MNPmotion with a flow in
the experiment in the future research.
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