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Abstract
We present a magnetic particle imaging (MPI) system arranging permanent magnets three dimensionally to form a
Field Free Line (FFL) and then moving the FFL mechanically. FFL was formed in the center of the magnet structure
and the FFL was moved in the sample volume translationally and rotationally. Securing the signal due to the
nonlinear magnetic properties of Nano Magnetic Particle (NMP) was obtained by applying electromagnetic waves
with two different frequencies. The performance of the system was tested using the silicone tube with a spiral
structure filled with NMP, and it was shown that 3D images can be obtained using the system proposed.

I. Introduction

In relation to the instrumentation of Magnetic Particle
Imaging (MPI), fabrication can be largely divided into
two parts. The first concerns how to obtain the signal
from the magnetic nanoparticles. The second is to find
out where the signal is generated. The signal of MPI de-
veloped so far is based on the nonlinear magnetic prop-
erties of Superparamagnetic Iron Oxide (SPIO) particles
[1, 2]. In all MPIs proposed so far, information on the
location and concentration of SPIOs in space is obtained
using a Field Free Line (FFL) or a Field Free Point (FFP).
FFL or FFP refers to the region or to the point where the
field strength becomes zero. In this region, the SPIOs
respond to the sinusoidal excitation field. In contrast,
in the remaining region where SPIOs are saturated due
to the strong magnetic field, they do not respond to the
sinusoidal field. In addition, whether the created FFL or
FFP is effectively moved in the sample volume is another
important factor. As for the method of generating and
moving FFL or FFP, various methods have been proposed

and used by different research teams. In a paper pub-
lished by Gleich and Weizenecker in 2005 [3], For FFP
generation, a solenoid coil was mainly used. And, in the
study, two types of movement of the FFP were presented
and discussed: an electromagnetic method and a me-
chanical movement using a robot. Another method is
to use a combination of solenoid coils and permanent
magnets. This method has been proposed by Goodwill
et al. The selection field is made by a permanent magnet
and the drive field by a solenoid coil [4]. As a method of
using a permanent magnet, there are a method of using a
large magnet and a method of forming an FFL or FFP by
arranging relatively small magnets three-dimensionally
[5-7]. In the case of large magnets, there is an advantage
that the amount of calculation required when designing
MPI is very small and can be made in an intuitive form.
However, in order to increase the size, it is very difficult to
obtain a large magnet with a constant magnetic force on
the surface, and safety issues arise during manufacture.
In a previous study, we presented a study on a device that
can image the spatial distribution of SPIOs by permanent
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Figure 1: Photo of the MPI system used. (a) stage for the trans-
lational and rotational movement (b)the permanent magnet
structure (c)the measurement coil system (d)linear stage for
z-axis movement (e)control box

Figure 2: An illustration showing the magnet array and mea-
surement coil (a) and a photo of the fabricated structure and
generation of FFL (b)

magnets and solenoid coil [6]. In this research, instead of
using large plate magnets, the MPI system using the FFL
generation system in which relatively small magnets are
arranged three-dimensionally was fabricated. FFL gen-
erating system proposed in this paper can be fabricated
by arranging magnets only vertically or horizontally. The
adoption of the FFL generation system of this structure
made it easier to manufacture and replace the magnets.
As a result, by using this FFL generating system and me-
chanical movement, it was possible to manufacture and
operate the MPI system, which can be another alterna-
tive in addition to existing ones.

II. Material and methods

Fig. 1 shows the MPI system used in this study. For the
integrated control of the system, the MFC-based soft-
ware developed was used. The S/W is registered with
the following number with the Korean Copyright Asso-
ciation (C-2019-027032). Fig. 1 (a) is the mechanical
stages (Namil Optical Instruments Co. Incheon, Korea)
performing translational and rotational movements si-
multaneously. The linear stage moves the specimen into
the measurement coil constantly in the Z-axis.

The magnet used is NdFeB (N35 grade), and the size
is 50.0 × 50.0 × 10.0 mm. Two magnets stacked together
are used as one magnet. The magnetic field gradient
strength of the magnet stack is 3.66 T/m for X & Z axis.

Figure 3: Magnetic strength of inside of PMS

The measurement coils are composed of three coils
each, two excitation coils and one detection coil consist-
ing of two oppositely wound compartments. The exci-
tation coils are wound clockwise (if seen from the top)
in both measurement heads. They consist of a set of in-
ner and outer coil generating a high and a low frequency
magnetic field, respectively [6]. The detection coils are
located at the innermost part, and wound clockwise in
one half and counter-clockwise in the other half of each
measurement head. For the 3D image acquisition ex-
periment, a silicone tube (inner diameter 1.0 mm, outer
diameter 2.0 mm) filled with SPIOs on an acryl rod at
intervals of about 10.0 mm was prepared. The generated
volume data was imaged using a voluemeviewer function
of Matlab® (Mathworks, Natick, MA, USA). The param-
eters of the rendering editor were set to the maximum
intensity projection, the alpha power was set to Mri-Mpi,
and the color power was set to hot.

III. Results and discussion

To fabricate the permanent magnet structure (PMS), opti-
mal magnet placement was conducted using electromag-
netic field simulation software (Faraday V10.2 Integrated
Engineering Software, MB, Canada) in advance. Fig. 2
(b) shows that a FFL (Field Free Line) is generated in the
center of the structure and the magnetic field gradient
within 1.0 mm from the center of the FFL is +/- 10 mT.
All of the spherical objects surrounding the magnet were
made of aluminum, and then anodizing treatment was
performed. In this study, by using the PMS instead of the
plate-shaped magnet used in the previous paper we pub-
lished [6], the weight could be reduced to about 1/3 (33Kg
to 10 kg). Nevertheless, the magnetic strength could be
increased from 2.5mT on average to 3.6mT comparing
with the previous one. Fig.3 shows the comparison of the
simulated and actual measured values for the magnetic
field strength in the PMS.

The strength of the magnetic field is 3.6 T/m and the
aperture size of the PMS is 140.0 × 90.0 mm. Based on
this result, the width of the area around the FFL in which
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Figure 4: Imaging of capillary tubes placed at intervals of 5.0
mm and 10.0 mm (left) and Silicone tube filled with SPIOs
wound on an acryl rod

the absolute magnetic field is less than 10 mT is 1.0 mm.
Therefore, the limit of spatial resolution is calculated
to be about 1.0 mm. Since only rotation can obtain in-
formation on angle change, which is one of two sets of
information necessary (degree and moving distance), an
additional drive coil is installed in most cases. In addi-
tion, the drive coil installation requires a separate design
for the coil and ancillary equipment for power supply
and cooling. Therefore, in the method proposed in this
study, the function of the drive coil was replaced with
a mechanical stage that moves in transnationally. The
difference from the equipment we presented previously
was that a coil was used on one side to provide an aper-
ture for inserting the sample, while the two overlapping
PMS were used to make even this unnecessary.

The left picture of Fig. 4 shows the imaging results of
samples filled with SPIO solution placed side by side with
a width of 5.0 to 10.0 mm. This result shows that at least
5.0 mm can be separated and imaged using the currently
developed MPI system. The figure on the right is the
test result of whether it is possible to image a sample of
a spiral structure, which is a 3D sample. The results of
this experiment show that it is possible to fully image the
distribution of three-dimensional samples.

IV. Conclusions
Through this research, we have developed an FFL gen-
eration system that arranges permanent magnets three-
dimensionally but only vertically and horizontally. And,
the MPI image was obtained by mechanically moving the
developed permanent magnet structure. This approach
made the manufacture of the equipment relatively sim-
ple, and the high current power supply and cooling sys-

tem required by commercially available MPI equipment.
Therefore, this study showed a clear possibility for the
MPI based on the permanent magnets and mechanical
movement.
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