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Abstract
Currently available preclinical magnetic particle imaging (MPI) systems can provide mm/sub mm -scale resolution
for bore diameter of a few centimeters. A human-scale system that preserves mm-scale resolution requires large
coil sizes and a high amount of current and power. Since the resolution in MPI mainly depends on the magnetic
field gradient of the selection field coils, core loading may help to obtain a sufficient resolution with a feasible coil
size and power consumption. Here, we present an open-sided small-size MPI system in which the outer selection
field coils are loaded with a planar magnetic core. We investigated the effect of core loading on the magnetic field
efficiencies and the impedances of the coils. For the measurements, three different types of silicon-steels with
varying thicknesses are used as core material. Conducted simulation and experimental studies showed that gradient
efficiency of the inner and outer coils can be increased by approximately 1.25 and 2 times, respectively.

I. Introduction

Magnetic Particle Imaging (MPI) is a safe imaging modal-
ity with a high sensitivity and spatiotemporal resolution,
which make it suitable for different applications such
as angiography, cell tracking, cancer, and inflammation
imaging [1]. The feasibility of the MPI method has been
shown by in-vitro and in-vivo studies, in which most of
the utilized systems are small-sized preclinical systems
with a limited bore diameter between 3 cm and 12 cm [2].
One of the difficulties in transition to a human-sized clin-
ical MPI system is maintaining mm-scale resolution with
large bore size. Since the image resolution mainly de-
pends on the magnetic field gradient, selection field (SF)
coils should provide sufficient gradient. Core-loaded SF
coils generate higher magnetic field strength and lighten
the size and power requirements. Therefore, they were
preferred for both imaging [2, 3] and magnetic actuation
[4–6] applications.

In [7], an open-sided field free line (FFL) based MPI
system was proposed. Electronic scanning of the FFL was
achieved using bi-planar coil configuration in both x -
and y - directions. In the prototype system using this con-
figuration, the outer coil group required approximately
10 times more power than the inner coil group to main-
tain the same magnetıc fıeld gradient level [8]. To de-
crease the total current and power requirements, outer
coil group was loaded with a steel core in a simulated
human-scale system [7]. The results have shown that
both coil size and power can be decreased with magnetic
core loading.

In this study, we designed a small-scale open-sided
MPI system with 20 mm diameter circular field of view
(FOV). The effect of steel loading on the efficiency of se-
lection and drive coils in the system was analyzed exper-
imentally for three different types of silicon-steel plates.
We present both simulation and measurement results of
the designed system.
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Figure 1: (a) Simulation model of the small-size magnetic core
loaded MPI system. The coil dimensions are shown in (b) side
view of the MPI system and (c) top view of the SF coils

II. Material and methods

The small-size magnetic core loaded FFL scanning MPI
system with 15 mm aperture height and 20 mm diameter
FOV was designed using open-sided coil configuration
(see Figure 1) [7], [8]. SF coils that generate FFL along
the x -axis and y -axis are named as Cx coils and Cy coils,
respectively. With this configuration, the FFL can be ro-
tated to any direction on the x y -plane, and translated
electronically in the field of view. Furthermore, the or-
thogonality between the magnetic field and its gradient
enables tomographic imaging with single-axis drive and
receive coils. For the detailed explanation of the coil ar-
rangement, and FFL rotation and translation, interested
readers can refer to [7], [8].

In the proposed MPI system, outer coil group (Cy

coils in Figure 1) were loaded with planar silicon-steel
laminations to increase the magnetic flux density and
provide higher gradient field strength. The magnetic core
was designed as thin steel sheets stacked in layers to pre-
vent Eddy current losses [9]. For the simulations, each
layer of the core was modeled with a height of 10 mm
and thickness of 4.9 mm, assuming 0.1 mm thick coat-
ing layer between the plates. Steel was selected as Steel-
1008, which is readily available in the material library of
the simulator (Ansys Electromagnetics Suite, Ansys Inc.,
USA). The MPI system was designed to generate 0.5 T/m
SF gradient, and 5 mT-peak drive field. The drive coil was
designed in Helmholtz configuration. Coil parameters
(size and number of turns) are given in Table 1.

For the experimental studies, silicon-steels (Si-Fe al-
loy) were preferred since the silicon addition improves
the magnetic softness and decreases the Eddy currents
by increasing the resistivity of the iron [9]. Loading with
three different type of silicon-steel plates, with thick-
nesses of 0.23 mm, 0.35 mm, 0.65 mm were compared for

Table 1: Coil properties for the core-loaded MPI system

Coil Type
Dimensions
x × y (mm)

Height
(mm)

Number
of Turns

Cx
Inner 31×11
Outer 70×50

6 30

Cy
Inner 25×65
Outer 60×100

6 30

Drive
Inner Radius 10
Outer Radius 80

2 30

the prototype system. The 0.23 mm thick silicon-steel is
grain-oriented (i.e., magnetic permeability is direction-
dependent), whereas 0.35 mm and 0.65 mm thick silicon-
steels are non-grain-oriented. The core materials were
procured from a local producer (Somal Steel, Turkey) as
plates. The plates were cut and stacked in layers. The
photographs of the stacked magnetic core and the pro-
duced prototype system are shown in Figure 2. Note that
the thickness of the steel plates in the simulations were
larger than the prototype system to decrease the number
of mesh elements for computationally-efficient simula-
tions. The housing of the coils was produced using a 3D
printer. The selection (Cx and Cy ) and the drive field
coils were wounded using 200-strand×71 µm Litz wire
(Rupalit V155, Pack Gmbh & Co., Germany).

Both magnetic field gradient and impedance values
were measured for SF and drive coils in the system. For
the magnetic field measurements, DC voltage generated
using the waveform generator (33512B, Keysight Tech-
nologies, USA) was amplified using a AE Techron 7224
(AE Techron Inc, USA) amplifier. The current flowing
through the coils was monitored using a 1146B current
probe (Keysight Technologies, USA). The magnetic field
was measured using a Lakeshore F71 Multiaxis Teslame-
ter and a single axis Hall effect probe (Lake Shore Cry-
otronics Inc., OH, USA). For the SF coils, magnetic fields
were measured at discrete positions along a line which is
orthogonal to the FFL. Impedance measurements for the
selection and drive coils were conducted at a frequency
of 20 Hz and 25 kHz, respectively. The impedance of the
upper and lower SF coils was measured separately, and
results are given for lower coils only. The resistance and
inductance of the coils were measured using E4980AL
LCR meter (Keysight Technologies, USA).

III. Results

Simulation results are summarized in Table 2. The mea-
sured magnetic field efficiency and impedance results
are summarized in Table 3 and Table 4, respectively. The
magnetic field efficiencies inside the FOV, and the induc-
tance values of the selection and drive coils were mea-
sured in the presence and absence of the magnetic core.
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Figure 2: (a) Thin laminated steel sheets were stacked in layers.
(b) Silicon-steel core loaded open-sided MPI prototype

SF gradient efficiency and drive field efficiency were de-
fined in terms of mT/m/A and mT/A, respectively.

Table 2: Simulation results for the Steel-1008-loaded MPI sys-
tem (*For drive coils, the efficiency is defined in terms of mT/A)

Coil
Type

Magnetic Field Eff.
mT/m/A or mT/A*

Inductance
(µH )

No Steel Steel 1008 No Steel Steel 1008
Cx 47 64 78 106
Cy 30 76 164 386
Drive* 1.0 1.4 100 130

Table 3: Magnetic field efficiency measurement results for
silicon-steel loaded MPI system (*For drive coils, the efficiency
is defined in terms of mT/A)

Coil
Type

Magnetic Field Eff.
mT/m/A or mT/A*

No Steel
Steel

0.23 mm
Steel

0.35 mm
Steel

0.65 mm
Cx 44 53 50 55
Cy 30 61 60 63
Drive* 0.85 1.2 1.1 1.1

Table 4: Impedance measurement results for silicon-steel
loaded MPI system

Coil
Type

Inductance (µH ) / Resistance (mΩ)

No Steel
Steel

0.23 mm
Steel

0.35 mm
Steel

0.65 mm
Cx 73 / 284 84 / 288 82 / 289 85 / 290
Cy 151 / 390 296 / 392 298 /394 299 / 392
Drive 97 / 412 112 / 636 113 / 751 111 / 971

IV. Conclusion
We have shown that magnetic core loading of the outer
selection field coils improved the magnetic field strength

of the both selection and drive coils for the open-sided
scanner configuration. The efficiency of the Cx and Cy

coils increased by approximately 25% and 100%, respec-
tively. In the absence of the steel core, simulated and
measured coil properties showed good agreement. On
the other hand, measured coil efficiency was smaller
compared to the simulated one, possibly due to the lower
magnetic permeability of silicon-steels used in the mea-
surements. It was observed that steel plates of different
thicknesses had similar effects on the coil efficiency. We
expected to get higher coil efficiency when the grain-
oriented (0.23 mm thick) silicon-steel was used for core
loading. However, there was no significant effect of using
grain-oriented steel. This may be caused by the variation
in the direction of the magnetic field created by the Cy

coil group along the grain-oriented steel. The magnetic
field was not aligned with the grain orientation along
the Cy coil axes. In addition, the filling factor was lower
for the grain oriented case, lowering the coil efficiency.
Overall, the results imply that magnetic core loading can
be used for mitigation of possible restrictions caused
by power/current requirements of the outer coils in the
open scanner configuration. Imaging performance of
the designed system, and possible harmonic distortions
due to the magnetic core should be studied further to
optimize the image quality, while taking the power limi-
tations into account.
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