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ABSTRACT

Magnetic particle imaging (MPI) is an emerging tomographic imaging modality that has shown great potential for cell tracking, tumor imag-
ing, gut bleeding, etc. As MPI moves towards clinical applications, one challenge faced by this technology is the increasing power consumption
for field generation as the bore size increases. Joining the efforts in transitioning MP1I to clinical applications, especially for human-sized MPI.
Herein, using COMSOL Multiphysics, we numerically studied three coil designs for generating high gradient fields with high field uniformity
at lower power consumption. Specifically, the Maxwell electromagnetic (EM) coils, the hybrid EM coils with an NdFeB magnet core, and
the hybrid EM coils with an NdFeB magnet core designed as a magnetic flux concentrator (MFC). We first compared the efficiency of these
three coil designs in generating gradient fields by evaluating the maximum gradient field strength and field uniformity. With the same current
applied to these coils, the hybrid EM coils with a NdFeB MFC core show the best gradient field profiles, achieving a maximum gradient field
strength of 5 T/m. The current supplied to these EM coils and the coil winding layers are varied to study their effects on the gradient field
profiles. Additionally, the geometrical parameter of the MFC structure is optimized, and we have achieved a maximum gradient field strength
of 5 T/m over a 14.3 cm space, with a tolerance of 98%.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/9.0000854
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I. INTRODUCTION

Magnetic particle imaging (MPI) is a tracer-based, noninva-
sive, tomographic imaging modality first reported in 2005 by Gle-
ich and Weizenecker.! In an MPI system, an alternating magnetic
field (AMF, excitation field) periodically magnetizes the magnetic
nanoparticle (MNP) tracers and causes the nonlinear magnetic
responses that are recorded by a pair of receiver coils.” * To realize
tomographic imaging, spatial encoding is achieved by adding a gra-
dient field that selectively “enables” the magnetic responses of tracers
within a field-free region (FFR) while “disables” (or magnetically
saturating) tracers outside this FFR. The field of view (FOV) is deter-
mined by the ratio of excitation field amplitude to the gradient field

strength.” To date, the reported gradient field strength is typically in
the range of 1 to 7 T/m/uo.” "> A higher gradient field strength favors
a smaller FFR, thus, a higher imaging resolution can be achieved.
However, in the meantime, the higher gradient field strength also
reduces the range of FOV.” > To solve this issue, focus fields are
often added to increase the spatial coverage for scanning a larger
object, such as a human-sized MPI scanner. ”

Another challenge in transitioning MPI to clinical applica-
tions with large bore sizes is achieving lower power consumption,
higher gradient field strength, and better field uniformity across
the FOV."” *' Ensuring gradient field uniformity throughout the
entire FOV is crucial, but this becomes increasingly difficult as
the FOV increases.””** For instance, Irfan et al. reported a hybrid
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electromagnetic (EM) coil design using COMSOL modeling, which
incorporated both a permanent magnet as a core and an EM coil to
generate the gradient field.”> However, their design only achieved a
maximum gradient field strength of 4.3 T/m, with a uniformity of
4 cm (with a 96.8% homogeneity). Recently, Tian et al. reported that
by using a superconductor, a high gradient field can also be gen-
erated with fewer coil windings.”* However, the current required
for powering the gradient field coils increases enormously, which
can only be achieved with the superconductors. Making it diffi-
cult for their design to transition to clinical settings, especially in
resource-limited regions.

This work aims to search for an energy-efficient way to generate
sufficiently high gradient field strengths that provide the maxi-
mum field uniformity in FOV. We first designed three different
hybrid EM coils and analyzed their gradient field profiles using the
finite element method in COMSOL. Then, we extended our anal-
ysis to study the impact of various parameters of these EM coils,
including current and number of coil windings and geometrical
parameters of the MFC. Our results show that under the same
conditions, the hybrid EM coils with an NdFeB core designed as
a magnetic flux concentrator (MFC) provide the highest gradient
field strength of 5 T/m, in comparison to 2.3 T/m and 4.4 T/m
obtained from EM coils and EM coils with an NdFeB core, respec-
tively. We further optimized the geometrical designs on the MFC by
varying the top surface diameter from 0 cm (cone) to 50 cm (cylin-
der), with the aim of achieving the highest field uniformity across
14.3 cm FOV.

Il. DESIGN METHODOLOGY

In this work, we have designed the Maxwell EM coil [Fig. 1(a)],
the hybrid Maxwell EM coil with an NdFeB core [Fig. 1(b)], and
the hybrid Maxwell EM coil with an NdFeB core designed as a
magnetic flux concentrator [MFC, Fig. 1(c)], for gradient field gen-
eration. The parameters for the EM coil and MFC are labeled in
Fig. 1(d). The COMSOL Multiphysics software was used to study
the magnetic flux density profiles inside the FOV. The EM coil and
MFC parameters and their values modeled in this work are shown
in Table I.
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NdFeB core g
@

(B)

Y-axis
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TABLE 1. The EM coil and MFC parameters and values used in this work.

Parameters Values
Outer radius of EM coil (r1) 31.8 cm
Inner radius of EM coil (r,) 25 cm
Space between two Maxwell EM coils (d) 20 cm
Wire diameter (wy) 1.7 mm
Number of coil windings per layer 117
Total number of coil windings (N) = windings per 4680
layer x number of layers

Coil length (I) >= windings per layer x wire 20 cm
diameter

Number of layers (L) 40
Top diameter of the MFC (a) 22 cm
Height of the MFC (h) 5cm
The inner diameter of EM coil and the bottom 50 cm
diameter of the MFC (g)

Coil thickness = outer radius — inner radius = wire 6.8 cm
diameter x number of layers

Current supplied to EM coils 45 A

In the COMSOL, we used the AC/DC module and station-
ary study solver to conduct the numerical analysis of the magnetic
flux produced by these three sets of coil designs. The Maxwell EM
coils were supplied with DC currents in opposite directions. The
magnetic field physics module was used, and the EM coils were
modeled as homogenized multi-turn, circular coil types. Addition-
ally, we used the infinite element domain surrounding the coils as
a boundary condition. We have used the materials from the existing
COMSOL material library - Copper, Air, and the permanent magnet
NdFeB (material code: BMN-35). For the NdFeB core, the remanent
flux density was used in the modeling. Finally, we used a “physics-
controlled mesh” module with a finer element size for the meshing.
The gradient field strength along the z-direction inside the FOV
is recorded by measuring the magnetic flux density, B, calculated

byG; = %.5

FIG. 1. Schematics of different EM coil
designs modeled in this work. (a) EM
coil. (b) Hybrid EM coil with an NdFeB
core. (c) Hybrid EM coil with an NdFeB
core designed as MFC. (d) Definitions of
coil parameters.
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FIG. 2. The magnetic flux density in the COMSOL modeling space produced by
(@) EM cails, (b) hybrid EM coils with NdFeB core, and (c) hybrid EM coils with
NdFeB core designed as MFC. The magnetic flux density (d) and the gradient field
strength G; (e) are plotted along the z-axis.
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lll. RESULTS AND DISCUSSIONS

A. The magnetic flux density and gradient field
strength profiles

Figures 2(a)-2(c) depict the generated magnetic flux density,
from the EM coil, the hybrid EM coil with an NdFeB core, and the
hybrid EM coil with an NdFeB core designed as MFC, respectively.
The generation of the FFP is demonstrated for each of the three coil
types, as seen in Figs. 2(a)-2(c).

The magnetic flux along the central z-axis line of FOV is
plotted in Fig. 2(d). A stepper magnetic flux is observed from
the hybrid EM coils with an NdFeB core designed as MFC, in
comparison with the EM coils and the hybrid EM coils with an
NdFeB core. An FFP, labeled in Fig. 2(d), located in the center
of the Maxwell coils, is identified from all three sets of gradient
field coils.

Finally, the gradient field profiles, calculated from the slope
of magnetic flux density, are plotted in Fig. 2(e). With the same
current applied, coil windings, and all other identical parameters
(shown in Table I), the hybrid EM coils with an NdFeB core designed
as MFC can provide a higher gradient field with better field uni-
formity compared to the other two configurations. From Fig. 2(e),
we can see the maximum gradient field strengths generated by
three coil configurations are 2.3 T/m, 4.4 T/m, and 5 T/m, respec-
tively. The field uniformity is defined considering a tolerance of
98% of the maximum gradient field strength. From Fig. 2(e), the
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FIG. 3. The maximum gradient field strengths recorded from three different coil designs as we vary the (a) current and the (c) number of coil layers. The gradient field
profiles (G;) along the Z-axis are plotted in (b) and (d), corresponding to (a) and (c), respectively. (¢) The maximum gradient field strengths are recorded as we vary the top
surface diameter, a, of the MFC structure. Correspondingly, the gradient field profiles along the Z-axis in the FOV are plotted in (f).
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calculated gradient field uniformity space for the EM (air core),
hybrid (PM core), and hybrid (PM as MFC) are 7.8, 8.3, and 14.3 cm,
respectively.

B. Effect of current and winding layers on the
gradient field profiles

Furthermore, for the EM coil parameters, we have varied
the current and the layer of windings to study their effects on
the gradient field profiles. The variations are done by fixing the
other parameters identically. Figures 3(a) and 3(c) show the max-
imum gradient field strengths observed in the FOV as the current
and number of winding layers change, respectively. It is observed
that for all three coil configurations, the gradient field strength
increases with the increasing current and winding layers. How-
ever, under all the conditions modeled, the hybrid EM coils with
an NdFeB core designed as MFC give the highest gradient field
strengths.

In addition, the gradient field strength profiles along the central
z-axis are summarized in Figs. 3(b) and 3(d), respectively, as the cur-
rent and number of layers vary. The hybrid EM coils with an MFC
core design have shown the highest gradient field strength as well as
field uniformity. Thus, in the following of this work, we only study
the design of hybrid EM coils with NdFeB core designed as MFC for
achieving lower power consumption, higher gradient field strength,
and better field uniformity. The goal of this work is to achieve
a minimum 14.3 cm gradient field uniformity in the FOV at a
tolerance of 98%.

C. Effect of the MFC structural geometry on gradient
field profiles

In this section, we have varied the MFC geometrical parameters
to search for a gradient field generator that is more energy-efficient,
has higher gradient field strength, and has better field uniformity.
Specifically, the top surface diameter, a, of cone-structured NdFeB
MEC, was varied from 0 cm to 50 cm, and the maximum gradient
field strength, G,, was recorded in Fig. 3(¢). Where when a = 0 cm,
the MFC becomes a cone structure, and when a = 50 cm, the MFC
becomes a cylinder.

As the top surface diameter of MFC increases from 0 cm to
10 cm, we observed an increase in the maximum gradient field
strength from 4.7 to 5.0 T/m. This maximum gradient field strength
of 5.0 T/m is also observed when a = 20 cm. As we further increase
the top surface diameter beyond 20 cm, the gradient field strength
drops monotonically. When a = 0 cm and 10 cm, the gradient field
strength profiles along the Z-axis show non-uniformity in compar-
ison with other scenarios (a = 20, 30, 40, and 50 cm), as shown in
Fig. 3(f). Although a = 10 cm and a = 20 cm both generate the same
gradient field strength of 5.0 T/m, the non-uniformity of the gradient
field strength profile for a = 10 cm is unfavored. Thus, the cone-
structured MFC with a top surface diameter of 20 cm and bottom
surface diameter of 50 cm gives us the highest and the most uniform
gradient field in the FOV.

IV. CONCLUSION

Researchers in the areas of MPI design and MPI-based med-
ical imaging are pursuing a low-energy consumption method for

pubs.aip.org/aip/adv

large-bore size imaging. Herein, using the finite element method
and COMOSL Multiphysics tool, we have designed and numeri-
cally studied three kinds of EM coils for generating the gradient
fields in MPI. Namely, the traditional Maxwell EM coils, the hybrid
EM coils with an NdFeB core, and the hybrid EM coils with an
NdFeB core designed as MFC. By setting the coil parameters and
current identical (listed in Table I), the gradient field strengths of
2.3 T/m, 4.4 T/m, and 5 T/m were achieved from these three coil
configurations. From the gradient field profiles within a 14.3 cm
FOV, it has been found that the hybrid EM coils with an NdFeB
core designed as MFC showcase not only the highest gradient
field strength but also the best field uniformity. We further stud-
ied the effect of current and number of coil winding layers on the
gradient field profiles of these three coil designs. Under all the sce-
narios we have studied, the hybrid EM coils with this MFC core
design have shown the highest gradient field strength as well as
field uniformity.

Finally, we focused on optimizing the geometrical parameters
of the MFC with the aim of searching for higher gradient field
strength and field uniformity across the FOV. As we vary the top
surface diameter of the cone MFC structure, the highest gradient
field strength of 5 T/m and largest field uniformity of 10 cm was
achieved when a = 20 cm. This work provides peers with a solu-
tion for applying COMOSL to numerically study and design coils
for higher efficiency field generation in MPI, not only for gradient
fields but also for focus fields. Although the proposed MFC design is
based entirely on numerical simulations, it introduces novel insights
into improving MPI systems to achieve better spatial resolution and
larger scanning areas.
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