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Abstract
In this paper, a multiscale simulation approach is presented to optimize the design of permanent magnet array
for the fixation of therapeutic agents to the target lesion. Here, we assumed MNPs embedded micro-scaffold
for cell loading as the therapeutic agent. In principle, the maximized pulling or pushing magnetic force are
required to fix the micro-scaffold to the lesion and those magnetic forces can be generated by assembling the
permanent magnets with the different direction of the magnetization. For the preliminary study, we focused on
the simulation and we successfully optimized the appropriate permanent magnet array to generate the maximized pulling and pushing magnetic force at the injection points of micro-scaffolds. In future work, on the basis
of simulation results, optimized magnet array will be fabricated and assessed for the fixation of micro-scaffolds
for cartilage regeneration considering the required depth of targeting and direction of magnetic force on in
vitro and in vivo models.
.
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Introduction

Cell-based therapies are emerging and promising
treatment. Stem cell based therapies are, especially,
promising treatment for cartilage and spinal cord regeneration [1]: Knee osteoarthritis or spinal cord cannot regenerate naturally so that the therapeutic agent
consisting of stem cell can be efficient therapies for
those patients [2].
Recently, several studies have been intensively focused on the active targeting of magnetic nanoparticles (MNPs) embedded therapeutic agent using the magnetic actuator to improve the efficiency of
the stem cell based therapies [2, 3]: To enhance curative effect and to advance recovery period, the actively controlled micro-scaffold consisting of biocompatible, biodegradable materials, and magnetic
nanoparticles (MNPs) were used to enhance the targeting ability [2]. Moreover, there were studies using
magnetic properties for improving the proliferation of
cell and chondrogenic differentiation of SPIO-labelled MSCs (m-MSCs) [3].
However, not only the active targeting but the
following fixation of the therapeutic agents to the target lesions is also important for enhancing the therapeutic performance and effectively targeting the
broad range of human diseases [4] because the cell

adhesion to the extracellular matrix (ECM) is essential for the cell-cell communication, proliferation, and
differentiation.
To fix the cell-based agents to the injured lesion, the pushing and pulling force should be controlled and the external electromagnetic actuation
systems can be one of the useful tool. However, there
are several disadvantages such as the power consumption and large equipment size. [5, 6]
In this paper, we suggest the simple and versatile permanent magnet arrays based on Halbach array
[7-9] to generate the pulling and pushing force for fixing the cell-based agents. And for the preliminary
study, we focused on the simulation to optimize the
design of the permanent magnet array.
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Materials and Methods

2.1

Theory

The magnetic force on a single superparamagnetic
particle, F, given by

F=
∇( µ ⋅ B) =∇
V (M ⋅ B )

(1)

where µ = M (B)V , 𝐌𝐌, 𝑉𝑉 , and 𝐁𝐁 is a moment of the
single superparamagnetic particle, magnetization of
particles, the volume of particle, and the magnetic
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Figure 1. The results of the optimized array of magnets by MATLAB. (a) random number of the magnet
(n) in 2D plane. (b) Magnitizaion direction for pulling force and value at CP is 1.6975×10-16 N. (c)
Maginetization direction for pushing force and force at CP is 3.8262×10-16 N
flux density, respectively. 𝐁𝐁 can be expressed as 𝐁𝐁 =
𝜇𝜇0 𝑯𝑯, wherein 𝜇𝜇0 and 𝑯𝑯 is vacuum permeability and
the applied magnetic field inside the particle, respectively.
Each dipole field of the permanent magnet
can be expressed as below:

Bi (r ')
=

µ0  3r '( µi ⋅ r ') µi 
− 3

r '5
r' 
4π 

(2)

where, 𝜇𝜇𝑖𝑖 𝐫𝐫′ is the point moment and the position vector of the point moment, respectively. The normalized
magnetic force owing to a configuration of magnets
on the superparamagnetic was calculated at a centre
point (CP) on region of interest (ROI). The magnetic
force can be normalized as below:

F
M
=
∇( B )
M sV M s

(3)
here, the unit is T ∙ 𝑚𝑚 and 𝑀𝑀𝑠𝑠 is the saturation magnetization of the particle. The force is equivalent to
the gradient when 𝑀𝑀 = 𝑀𝑀𝑠𝑠 . In this simulation, we assumed that the diameter is 1 µm and 𝑀𝑀𝑠𝑠 is 4.7×10-5
𝐴𝐴 ∙ 𝑚𝑚−1 at room temperature.
−1

2.2

Optimization

To optimize the arrays of the permanent magnets
(number of magnets and direction of magnetization),
univariate search method (one of the direct methods)
was applied: the number of the magnets that we interest (V m ), the size of magnet, the vertical distance from
CP to surface of the magnet array (𝐿𝐿), the initial direction of the magnetization at each of magnets, the
degree-varying of the magnetization (M ang ) and the
position range of the magnets in 3-dimensionals (3D)
plane were considered. We set the direction of the

force as positive when the MNPs move toward the array of magnets (pulling force).
First, the random number of magnets (n) are
placed in ROI, arbitrarily. Then, V m are set and pulling or pushing force in CP is selected. Note that n
should be equal or more than V m . The initial value of
the magnetic force in CP and the direction of the magnetization of each magnet was then calculated. Next,
the degree-varying of the magnetization (M ang ) on
first magnet (n = 1) is given and the magnetic force in
CP is recalculated, subsequently. To find the maximum value of the magnetic force in CP, the aforementioned process is repeated to n-th magnet. During
this repeating process, the least influenced magnet to
CP is eliminated to satisfy the V m .
In this optimization, we used MATLAB
R2014a (MathWorks, Inc., USA) and assumed that
the magnet is 6 mm cube L is 20 mm, and M ang is 1˚.
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Result & Discussion

3.1

Optimization in 2D

Figure 1 shows the optimized arrays of magnets in 2D
plane for the pushing and pulling force. Figure 1(a)
shows the random number of the magnet (n) in the 2D
plane and figure 1(b) and 1(c) show the pulling and
pushing force in CP when V m was set as 30, respectively. Here, the magnetic force for pulling and pushing in CP was 1.6975 × 10-16 N and 3.8262 × 10-17 N,
respectively.
Figure 2 indicates the particle trajectories in
the ROI under the optimized array of magnets. Here,
we imported the optimized results from MATLAB
(figure 1) into COMSOL Multiphysics 5.0 (COMSOL, Inc, Burlington, MA, USA) and released MNPs
(1 μm diameter) in the CP. Then simulated the MNPs
trajectories depending on the magnetic force from the
array of magnets. The colour areas in imaginary
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Figure 2. Optimization of permanent magnet arrays in 2D. The x-axis and y-axis are the distance (mm).
(a) Pulling force at CP. The magnetic flux density is from 150 to 500 mT. The velocity is 350 m/s,
approximately. (b) Pushing force at CP. The magnetic flux density is from 0 to 100 mT. The velocity is 25
m/s, approximately.
boundary of ROI are considered the distribution of
the magnet flux density and has units of mT.
It is well know that when the superparamagnet is positioned near the permanent magnet, only one
force is generated, i.e., pulling force, and it attracts
the superparamagnet from low to high magnetic field.
However, when the permanent magnets are arranged
as we optimized, the position of the field free point
(FFP), where the magnitude of the magnetic field becomes near zero, can be adjusted into the ROI. Therefore, not only pulling, but the pushing force also can
be generated by controlling the position of FFP.
In figure 2(a), since there is no FFP, the gradient of magnetic fields are only distributed from CP
toward the array of magnets. Hence, the MNPs at CP
are attracted toward the magnet arrays. In contrast, as
shown in figure 2(b), FFP is generated upper position
from CP and the gradient of magnetic field is distributed in radial direction in ROI. Therefore, when the
MNPs are released at the CP, MNPs are repulsed
from the magnet array. Here, V m is 30 and the velocity
of MNPs is 25 m/s.

3.2

Optimization in 3D

The optimization and corresponding simulation were
conducted in 3D planes. In 3D simulation, the equations and the optimization method are the same as
those of the 2D but z-axis is additionally considered.
Here, we assume that the magnet is a cube and has 6
mm length and the V m is 30, and both attraction and
repulsion are the same. As shown in Figure 3, we successfully demonstrate the particle motion under the
optimized magnet arrays in 3D for pulling (figure 3(a))
and pushing force (figure 3(b)).

Figure 3. Optimization in 3D. The unit of each
grid is mm. The direction and colour legend are the
magnetic flux density direction and magnitude,
respectively. (a) Pulling force (b) Pushing force.
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Conclusions

In this paper, we performed the simulation to optimize the design of the permanent magnet array for the
fixation of therapeutic agents to the target lesion. By
varying the direction of the magnetization and the
number of the permanent magnet, we can control the
position of FFP in ROI so that can generate the pulling and pushing force. These results show the possibility that after injecting the MNPs embedded therapeutic agents into the body, the agents can be fixed to
target lesion by using the optimized magnet array. In
future work, on the basis of simulation results, the optimized array of magnets will be fabricated and assessed for the fixation of micro-scaffolds for cartilage
regeneration considering the required depth of targeting and direction of magnetic force on in vitro and in
vivo models.
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