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Abstract—Single grained high temperature superconductor
(HTS) bulks can trap a magnetic field up to approximately 17
tesla at low temperatures, which is significantly larger than that
of permanent magnets (PMs) at about 0.5–1.0 tesla. This study
compared the trajectory of magnetic particles using three different
magnetic field sources, i.e., an HTS bulk working at 65K and 77 K
and a PM, respectively. In addition, the theoretical trajectory of
magnetic particles was also calculated and compared with that of
the direct experimental observations, which indicated high calcula-
tion accuracy. Due to the magnetic flux density gradient differences
between a PM and HTS bulk, the distributions of the magnetic
particles were also different, which showed the highest density at
the edge for a PM and at the center for an HTS bulk. In this report,
it was shown that the HTS bulk working at 65 K resulted in a higher
magnetic force that can concentrate more magnetic particles in a
small area.

Index Terms—MDDS, magnetic force, HTS bulk, trajectory
simulation.

I. INTRODUCTION

MAGNETIC drug delivery systems (MDDS) comprise a
type of therapeutic process developed in 1980 [1], that

can be applied in cancer and gene therapies. Some magnetic
materials such as Fe3O4 are attached to the drugs, and the drugs
are manipulated by an external magnetic field source to move to
the affected area (target area). The first clinical experiment with
MDDS was done in 1996, and the experimental results showed
that MDDS can effectively concentrate magnetic drugs in an
affected area [2], [3]. Also, it was shown that the concentration
density increased with the strength of the magnetic field and
the magnetic gradient. Therefore, determining how to set up a
strong, effective magnetic source is a critical need in MDDS
technology [4].

Generally, the maximum field strength of a permanent magnet
[5] is about 1.5 tesla. In some studies, the Halbach magnet array
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was designed using permanent magnets as the MDDS magnetic
source, which showed the field strength of 4-5 tesla [6], [7].

It is well known that high-temperature bulk superconductors
(HTS bulk) can trap 17.6 tesla at 29 K [8], [9] which are much
larger than that of a permanent magnet array. Furthermore, an
HTS bulk displays an ultra-high magnetic field gradient, which
is almost 75 times higher than that obtaining using a permanent
magnet at a distance of 20 mm [10]–[12]. Some studies have used
the HTS bulk as the magnetic field source in MDDS applications,
displayed good magnetic drug delivery results[13]–[15].

To determine the motion of a particle in MDDS, some re-
searchers have attempted to simulate the magnetic particle tra-
jectory in a fluid with a magnetic field [16]–[20]. Although the
simulation results offered more information about the magnetic
strength effects in MDDS, their accuracy has been difficult
to prove. Lester et al. attempted to use many particles of the
same size to display the trajectory and supported his calculation
model, but the particles interfered with each other and affected
the observation results. In this paper, we attempted to build a
mathematic model to calculate the trajectory of the magnetic
particles and prove it by directly observing the trajectory of the
particles under different magnetic situations. Also, to determine
the effects of the magnetic field and field gradient, we used
a permanent magnet (PM) and homemade high temperature
superconductor bulk (HTS) [21], [22] as the magnetic source
and compared our results with the simulation results.

II. EXPERIMENT

A. Magnetic Field Distributed Calculation [23]

Based on the electromagnetic theory, the distribution of mag-
netization can be calculated using the surface current density
(Js) and volume current density (Jv). This calculation method is
called the Js + Jv model.

Bsz (a magnetic field in z-axis originated from Js) above the
sample can be calculated by:

⇀

Bsz =
μJsb

4πρ
ϕ′

∫ 0

−t

∫ 2π

0

×
sinϕ′

[
(z − z′)2 + b2 − bρ sinϕ′

]
[
p2 + (z − z′)2 + b2 − 2bρ sinϕ′

] 3
2

dϕ′dz′ (1)
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Fig. 1. (a) Magnetic field distribution and (b) magnetic gradient distribution
calculated from the Js + Jv model at a distance of 1 mm above the surface of
the magnetic field source (PM and the HTS bulk). The maximum PM value was
0.35 tesla, and the maximum HTS value was 0.28 tesla. (c) The magnetic force
was applied on a 1 mm iron particle using a PM and an HTS bulk as the magnetic
source.

where ρ2 = x2+y2; t is the thickness of a sample; b is the radius
of a sample, ϕ is the angle for polar coordinates, and z is the
distance from a sample surface.

Bz due to Jv above the sample can be calculated by:

⇀

Bvz
=

μJvb

4πρ
ϕ′

∫ b

0

∫ 0

−t

∫ 2π

0

×
ρ′ sinϕ′

[
(z − z′)2 + ρ′2 − ρρ′ sinϕ′

]
[
ρ2 + (z − z′)2 + ρ′2 − 2ρρ′ sinϕ′

] 3
2

dϕ′dz′dρ′ (2)

The magnetic field (Bz) can be described as the following:

⇀

Bz =
⇀

Bsz +
⇀

Bvz
(3)

Fig. 1(a) shows that the magnetic field distribution of PM and
HTS calculated using the Js + Jv model. The magnetic field of
a PM is relatively uniform compare to an HTS bulk.

B. Magnetic Force Calculation

The magnetic force acting on a particle is:

Fm =
4

3
πr3μ0(M · ∇)H (4)

Where μ0 is vacuum permeability; H is the magnetic field
strength; ∇ is the magnetic field gradient; M is the magnetiza-
tion, and r is the radius of the particle. The magnetic force acting
on a 1 mm diameter iron particle can be calculated, for which
the result is shown in Fig. 1(c).

C. Trajectory of Magnetic Particle Calculation

The motion of the magnetic particle in a fluid can be described
by the Basset-Boussinesq-Oseen equation if the magnetic parti-
cle falls into a low density liquid (ρ(density of the particle)<<ρs

Fig. 2. (a) Schematic diagram and real images of the verify experiments.
Experimental(red line) and calculated(black line) trajectories of the magnetic
particles were shown using (b) PM and (c) HTS bulk as the magnetic field
source.

TABLE I
PARAMETERS USED FOR CALCULATING THE PARTICLE TRAJECTORIES

(density of the liquid)).This equation can be simplified as follows
[24]:

m
du

dt
−mg

(
1− ρ

ρs

)
− 1

8
πD2ρCDμ2 − 1

12
πD3ρ

du

dt
(5)

Where D is the diameter of a particle; m is the mass of particle;
μ is the viscosity of the fluid; u is the particle velocity; t is time;
g is the gravitational constant, and CD is the drag coefficient.

D. Trajectory of Magnetic Particle Calculation

To verify our calculation model, we designed an experiment
to observe the trajectory of a magnetic particle. As shown in
Fig. 2(a), an iron particle 1 mm in diameter was set at two posi-
tions from which to drop into the glycerin solution, which had
high enough viscosity to slow down the particle. The particle was
affected by the external magnetic field and gradually approached
the magnetic field source (the PM or HTS bulk), resulting in a
nonlinear trajectory. The entire process was recorded with an
in-situ camera. The specifications of the PM and HTS bulk are
shown in Table I, and the HTS bulk was worked in liquid nitrogen
(77 K).
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Fig. 3. Trajectory simulation of the iron particles at different positions (y =
1–20 mm, z = 20 mm) using the (a) PM and (b) HTS bulk as the magnetic field
source.

III. RESULTS AND DISCUSSION

A. Calculation Model Verification

Fig. 2(b) displays the calculation (black line) and measure-
ment (red line) results for the trajectories of the magnetic parti-
cles using PM as the magnetic source. It shows that the red line
and black line nearly overlap for different starting positions,
with the largest error being <10%. Similar results are shown in
Fig. 3(c), where HTS bulk is used as the magnetic source. The
findings suggest the displacements in the y direction for the HTS
bulk magnetic particles were smaller than those for the PM. It
should be noted that the starting positions of the particles were
set at y = 5, 8 mm and z = 20 mm. However, due to errors
caused by complications related to the experimental operations,
the actual starting positions of the particles were recalibrated
with the images recorded by the camera. This is why in Fig. 2(b)
and (c), there are slight differences in the starting positions.
Moreover, as shown in Fig. 1, it was found a large difference in
the magnetic force distribution for the PM and HTS bulk. These
results strongly suggest that our calculation model is reliable
even under different magnetic field situations.

B. Trajectory Analysis for Different Magnetic Field Sources

To obtain more information, our calculation model was ex-
tended to simulate the trajectories in additional positions (y =
1–20 mm, z = 20 mm), as shown in Fig. 3. It was found that
using PM as a magnetic field source led to the capture of all
the iron particles, but HTS only captured iron particles when y
was smaller than 18 mm. This could be easily explained by the
fact that the magnetic force of the HTS bulk was very weak at
its edge compared to that of the PM. However, if we attempted
to summarize the final position (z = 0) of the iron particles, we
found that they were focused at y= 5 by PM and at y= 0 (center)
by HTS, respectively.

The Jc of a HTS bulk at different temperature can be obtained
by the exponential decay equation Jc= Jc (0) (1 – T / Tc)α, where
Jc (0) is the critical current density at Tc (∼90 K); T is working
temperature; α is a material constant (0.9–2) [25]. Since the
trapped magnetic field is direct proportion to Jc (∼Jv in Eq. 2),
the magnetic field will increase as the working temperature is
reduced from 77K to 65K. The calculated field distribution of
the HTS bulk at 65K is shown in the inset of Fig. 4(a), and the
maximum magnetic field strength is 0.87 T, which is about the
same to previous published results [26], [27]. When an HTS bulk

Fig. 4. (a) magnetic force and field distribution(inset) of the HTS bulk working
at 77 K and 65 K; (b) Trajectory simulation of the iron particles at different
positions (y = 1–20 mm, z = 20 mm) for the HTS bulk working at 65 K.

Fig. 5. The iron particle distributions (accumulation percentage) for different
magnetic sources.

worked at 65 K, the magnetic force applied on an iron particle
was increased six-fold, as shown in Fig. 4(a). Fig. 4(b) shows the
simulation results for iron particles using the HTS bulk worked
at 65 K. The findings suggest that all the iron particles were
captured and that their final position (z = 0) was denser and
focused at y = 0 mm.

C. Particle Concentration

In order to explore the advantages of the HTS bulks, we
counted the number of particles in each position along the
y-direction, as summarized in Fig. 5. The particle accumulation
percentage was defined as the ratio of the number of magnetic
particles at each position range to the total number of particles
(n= 40), and this method also presented in other research [20]. It
can be clearly seen from the figure that when a permanent magnet
was used as the magnetic field source, 12% of iron particles were
concentrated on the edge, while in other locations, there were
still the concentration of 8%. If an HTS bulk working at 77 K
was used, 14% of iron particles were concentrated in the center
and gradually decreased toward the edge, which still indicated
a large distribution range for the magnetic particles. However,
when a superconductor working at 65 K was used, because of its
stronger trapped magnetic ability, the particles were obviously
concentrated in the center (23%), and there were no magnetic
particles out of the range of 2.5 mm away from the center.
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IV. CONCLUSION

This study showed that the calculated trajectories concurred
with the experiment results for both PM and HTS magnets,
respectively. According to the simulation results, the iron par-
ticles were ultimately concentrated at y = 5 mm for the PM
and at the center for the HTS bulk. If we attempted to allow
the HTS bulk to work at a lower temperature such as 65 K,
the iron particles concentrated better at the center. For MDDS
applications, determining how to more effectively concentrate
drugs on the disease area is the most important problem. In this
work, an HTS bulk exhibited better concentration ability at the
targets (iron particles) under similar magnetic field strengths and
also had a higher magnetic field when the working temperature
was decreased. It is strongly suggested that the HTS bulk is more
suitable for use in MDDS than the PM bulk, if the target area is
very small (Diameter < 5 mm). Moreover, it is no doubt that our
calculation can be applied to other situations such as smaller
particles or liquid flowing, but more verification experiments
will be needed to prove the accuracy of the calculation in the
future.
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