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Abstract
Magnetic particle imaging (MPI) is a novel emerging tomographic technique with high resolution and high sensitivity.
Typically, the magnetic fields of MPI scanners are generated by current-carrying coils, resulting in an immense
power consumption and making it difficult to apply in clinical research. The MPI device based on a Halbach array
provides a new solution. In this work, a mechanically driven scanning MPI device was designed using a Halbach
permanent magnet array. The device consists of four layers of Halbach arrays, and is ultimately capable of achieving
a FOV of 70 mm diameter, and a resolution better than 0.5 mm. Compared with the previous Halbach permanent
magnet MPI device, this device generates field-free point (FFP) at which the field strength increases in all spatial
directions. Moreover, the stability of the structure was analyzed by structural mechanics calculations and magnetic
field error simulations, and the feasibility of the device was analyzed by simulations of the system scan trajectory
and image reconstruction.

I. Introduction

Magnetic particle imaging (MPI), is a new emerging med-
ical imaging technology, which can image the distri-
bution of superparamagnetic iron-oxide nanoparticles
(SPIOs) [1]. Since the introduction of MPI in 2005, MPI
has been widely used in bioimaging. However, the im-
mense power consumption has limited its upgrade to
clinical. The first mechanically driven MPI device was
proposed by Harbi et al, which drives the FFP movement
by rotating the drive field, and the device can drastically

reduce the power consumption [2]. A novel structure of
MPI was presented by Bakenecker et al, which structure
consists of two layers of k=2 Halbach arrays forming the
selection field and two layers of k=1 Halbach arrays gen-
erating the drive field, and this device can achieve 2D
imaging [3].

Based on the previous study, we propose a perma-
nent magnet device for 3D imaging, which consists of
four Halbach arrays. The device generates a high gradi-
ent selection field and a high field strength drive field,
providing high-resolution imaging and large field scan-

10.18416/ijmpi.2023.2303051 © 2023 Infinite Science Publishing

https://orcid.org/0000-0001-5279-1500
https://orcid.org/0000-0001-5847-6923
https://orcid.org/0000-0002-1598-6947
mailto:spzhu@xidian.edu.cn
https://dx.doi.org/10.18416/ijmpi.2023.2303051
https://dx.doi.org/10.18416/ijmpi.2023.2303051


International Journal on Magnetic Particle Imaging 2

Figure 1: The Halbach-MPI setup. Halbach array of the k=1
generates the drive field. Halbach array of the k=0 generates
the selection field offering a high gradient.

ning. The device’s power consumption is much lower
than the current-carrying coils device of the same FOV.

II. Methods and materials

We used two layers of nested k=0 Halbach arrays for gen-
erating selection fields and two layers of k=1 Halbach
arrays for generating drive fields, as shown in Figure 1.
Halbach arrays have different morphologies defined by
block magnetization direction and block distribution an-
gle [4, 5]. This structure produces a high gradient field
and a homogeneous drive field. The high gradient field
will allow for high resolution of the device, and the drive
field moves the FFP on a 2D trajectory. This device al-
lows 3D imaging by continuously shifting the phantom
position along the y-axis. This device uses the excitation
coil induced magnetic particle response signal. The de-
vice’s diameter is 512 mm, the length is 260 mm and the
bore-size is 100 mm.

II.I. Selection field

Figure 1 shows the selection field. We used two layers of
nested k=0 Halbach arrays for generating a high gradient
field. The selection field generates an FFP at which the
field strength increases in all spatial directions . The
gradient strength of the selection field is 4 T m−1, which
will allow for high resolution imaging.

II.II. Drive field

Figure 1 shows the drive field. We used two layers of
nested k=1 Halbach arrays for generating a homoge-
neous magnetic field, which can ideally drive the FFP
for scanning. The magnetic flux density of the drive field
varies with the rotation angle, ranging from 0~170 mT.
The magnetic flux density of the drive field can be ad-
justed by the rotation angle between the two Halbach
arrays. The driving field drives the FFP to achieve two
scanning trajectories[3, 6, 7], radial trajectory, and flower
trajectory.

Figure 2: Simulation of the Selection field. (a) Selection field
flux density distribution, linear range −40 mm to 40 mm, the
gradient of the selection field is 4 T m−1; (b) Selection field flux
density distribution, distribution radius r= 35 mm.

II.III. Magnet force analysis

The Halbach MPI setup is composed entirely of perma-
nent magnets, so the whole structure will be subjected
to very large magnetic forces. The forces are calculated
according to the Maxwell surface stress tensor [8].

∂ · F /∂ ·V =∇·T . (1)

Ti j = Bi ·B j /µ0−δi j B 2/2 ·µ0, . (2)

With F the magnetic force magnitude, V the volume size
of the object under stress, Ti j the Maxwell stress tensor,
Bi B j the magnetic flux density in different dimensions,
δi j the Kronecker symbol, B the matrix of magnetic flux
density.

II.IV. Error analysis methods

The Halbach MPI setup is a fully mechanically driven
device, so the impact of various errors needs to be con-
sidered. In this device, we analyzed the error simulation
of the overall structure. The Halbach MPI structural de-
sign was standardized by analyzing the error induced by
magnetic field variation.

III. Results

In this device, the simulation of the magnetic field, force
calculation, and error simulation were based on COM-
SOL Multiphysics (Version 5.6, COMSOL AB, Stockholm,
Sweden), and image reconstruction was performed using
Python 3.7.

III.I. Simulation of magnetic field

Figure 2 shows the simulation result of the selection field.
Figure 3 shows the simulation result of the drive field.
Simulations have shown that the device can achieve a
FOV of 70 mm in diameter.
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Figure 3: Simulation of the drive field. (a) Variation of magnetic
flux density of the driving field with the rotation angle, with
the range from 0~170 mT. (b) Flux density distribution when
the rotation angle is 0°. (c) Flux density distribution when the
rotation angle is 90°; (d) Flux density distribution when the
rotation angle is 180°.

III.II. Analysis of magnetic force and
error

In this device, we have made a force analysis of the struc-
ture in Figure 1. The resultant surface has different force
magnitudes for each angle during the rotation of the
drive field, where the maximum magnetic field force is
about 1500 N and the maximum torque to be provided
during the rotation is 400 Nm.

It was found that when the dimensional error was
greater than 1 mm, the magnetic field uniformity de-
creases by 3.86%, thus reducing the performance of
the device. When the axial movement of the block
was greater than 2 mm, the selection field error exceeds
3.00%. When the radial movement of the block was
greater than 1 mm, the gradient field error exceeds 2.85%.

III.III. Image reconstruction
In this experiment, We used the X-space method for im-
age reconstruction. We analyzed the imaging effect of
different scanning trajectories and the resolution of the
system by the different spacing of phantoms. The ex-
periments were performed with magnetic particles of
40 nm diameter, excitation field frequency of 25 kHz and
amplitude of 5 mT. The results as shown in Figure 4 and
Figure 5.

IV. Conclusion
In this device, we proposed a nested structural Halbach
MPI setup with a large imaging field of view, high mag-

Figure 4: Imaging analysis of different scanning trajectories.
(a) square phantom, the size of 0.5 mm×0.5 mm; (b) radial-
shaped trajectory; (c) Image reconstruction based on X-space
method; (d) flower trajectory; (e) Image reconstruction based
on X-space method.

Figure 5: Image reconstruction using line phantoms with dif-
ferent distance. (a) 1 and 2 spacing of 1 mm, 2 and 3 spacing of
0.5 mm; (b) Image reconstruction based on X-space method;
(c) 1 and 2 spacing of 0.5 mm, 2 and 3 spacing of 0.3 mm; (d)
Image reconstruction based on X-space method.

netic gradient fields and low energy consumption. Based
on this device, high-resolution imaging in 3D can be
achieved. In future work, we will use the device for vas-
cular imaging.
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