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Magnetic particle imaging (MPI), a tomographic imaging method has been
introduced for 3D imaging of human body with some potential applications
such as magnetic hyperthermia and cancer imaging. It involves three
important elements: tracer development using magnetic nanoparticles
(MNPs), hardware realization (scanner using excitation and pickup coils),
and image reconstruction optimization. Their combination will produce a
high quality of image taken from any biological tissue in the human body
based on the secondary magnetic field signal from the magnetized MNPs that
are injected into human body. A homogeneous and adequate magnetic field
strength from an excitation coil is needed to enhance the quality of the
secondary signal. However, the complex surface topography of human body
and physical properties of an excitation coil influence the strength and the
homogeneity of the magnetic field generation at the MNPs. Therefore, this
work focused on finding alternative design of excitation coil used in single
sided MPI to produce up to 2 mT with high homogeneity of field distribution
in the MNPs at the varied depth of 10 to 30 mm under the excitation coil. We
proposed several designs with variation in physical properties and coil
arrangement based on simulation study carried out by using Ansys Maxwell.
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1. INTRODUCTION

Magnetic nanoparticles (MNPs) show great potential in environmental, biomedical, and clinical
applications due to their many remarkable properties [1]. For instance, magnetic tracers can be obtained
when MNPs are coated by some polymers and are likely may offer some attractive possibilities in biomedical
applications such as cell labeling, magnetic hyperthermia, drug delivery, immunoassay, and magnetic particle
imaging (MPI) [2-4]. Figure 1 shows a schematic drawing of a spherical MNP consists of a magnetic core
with biocompatible coating for biomedical application. The magnetic properties of MNPs can be easily
controlled using external field excitation. By exploiting their suparamagnetic behavior under magnetic field
exposure, they can be used to extend novel imaging modality known as MPI and lead to a significant
development for the future of three-dimensional (3D) magnetic bioimaging of the human body [5].

Journal homepage: http://beei.org/index.php/EEI



1280 O ISSN: 2302-9285

Since its discovery in early 2000s, MPI as a tomographic imaging method has experienced a rapid
development with some potential applications in cardio imaging and sentinel lymph node imaging for early
stage cancer diagnosis. The invention of an MPI system involves three important elements: tracer
development using magnetic nanoparticles (MNPs), hardware realization (scanner using excitation and
pickup coils), and image reconstruction optimization [6-10]. Figure 2 shows a representative model of an
MPI1 system proposed previously that can be used for sentinel lymph node imaging. Details on the
experiment setup and MNP sample properties were already reported elsewhere [9]. An MPI image can be
obtained after the reconstruction process of the secondary magnetic field signal detected from the distribution
of MNPs that are initially injected and then accumulated at certain depth in the human body (distance across
z direction imitates distance between MNPs and the human body surface). The secondary signal is generated
due to response of the MNPs under externally applied magnetic field from the excitation coil and can be
detected by a very sensitive gradiometer pickup coil from outside of the body surface.

Magnetic
nanoparticles
Polymer (Dm= 10~15 nm)
Protein
Figure 1. Schematic drawing of a spherical MNP consists of a magnetic core with biocompatible coating for

biomedical applications
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Figure 2. Physical arrangement of excitation coil and pickup coil together with the MNPs position [9]

The magnetic response is known as superparamagnetic behavior of MNPs and can be very well
explained by the Langevin function as shown in (1) [11]. Magnetic moment, m in each of MNPs randomly
rotates owing to the thermal noise when there is no external magnetic field, H added to the MNPs.
Accordingly, the direction of the magnetic moment becomes random, and the mean value of the magnetic
moment of the MNPs becomes zero, hence, no secondary signal from the MNPs will be produced. However,
when MNPs are magnetized under certain value of H, the magnetic moments in the MNPs tend to align in the
direction of the H and produce the mean magnetic moment of MNPs, < m > in the direction of H. L indicates
the Langevin function, kB is the Boltzmann constant, and T is the absolute temperature.

<m> H H kgT
2 = L (22) = coth i - 2 )

m B kgT mH

When an external excitation field consisting of the DC bias field Hpc and the AC field Hpc is applied to the
MNPs, (1) can be rewritten as (2):
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<m> _

T—coth[

Hpc+V2H gccos(wt) kgT/m (2)
kgT/m Hpc+V2H gccos(wt)

Finally, n-th harmonic signal from the MNPs can be obtained byexpanding the right-hand side of (2)
into a Fourier series as shown in (3):

(m)yp _ 1/w , (Hpc+V2H gccos(wt)
T = 2w fO L (T) COS(nWt)dt (3)

This n-th harmonic signal is very cruicial in MPI system to appear as the secondary signal that will
be sensed by the gradiometer pickup coil before reconstructed to an MPI image. Therefore, in addition to
develop high sensitivity detection hardware and an excellent image reconstruction method, it is very cruicial
to have MNPs that can produce strong harmonic signal in order to assure the image quality in MPI. Work
related to the harmonic signal characterization on several MNPs used in MPI suggested that since MPI
system utilizes harmonic signals, it is important to select MNPs that can generate strong harmonic signals
[12-15]. Furthermore, the contribution of H in (1)—(3) proves that an adequate strength and homogeneous
magnetic field generated from an excitation coil is very crucial to enhance the level of that secondary signal.
The combination of these elements will produce a high quality of 3D image taken from any biological tissue
in the human body using the MPI scanner. The standard MPI system that was introduced in earlier stages was
set up as a cave-shaped system and a single-sided scanner where imaging takes place when MNPs be
recorded at the field of view lies in between a symmetric coil configuration [5]. However, the size of
specimens to be fixed into the scanning area is limited due to the limited size of the cave itself. Later, a
single-sided MPI scanner was introduced in 2009 where imaging of specimen of interest simply can be done
just from one side [16-17]. Hence, the problem of the specimen fitting into the cave-shaped scanner no
longer exists.

Unfortunately, there are other limitations that may affect the efficiency of an MPI scanner to
produce a good image. First, the complex surface topography of human body makes it harder for the
scanning process to be done regardless to the single-sided MPI scanner which is said much simpler than the
cave-shaped system. This will affect the reconstruction image quality to obtain the 3D information of human
body. Furthermore, physical properties of an excitation coil also influence the strength and the homogeneity
of the magnetic field generation at the MNPs trapped under the body surface [18]. Due to the design, size and
material used for the available excitation coil, the magnetic field strength be sensed at the MNPs located
under the body surfaces is weak and inhomogeneous then causes the secondary signal from the magnetized
MNPs decrease. Thus far, the excitation coil which has been installed in the existing MPI system is either
bulky in size or must be connected to other electronic components such as resonant circuit. It is to support the
maximum level of current to be supplied to the excitation coil at KHz level frequency with least impedance
loss in the system and MNPs can be excited maximally from the excitation coil. The bulkiness and
connection to extra electronic components should be avoided so that the simplest single-sided MPI scanner
can be developed and used for the scanning of the complex human body surface [19-24].

Therefore, this work focused on finding alternative design of the excitation coil in a single-sided
MPI scanner to produce up to 2 mT with high homogeneity of magnetic field distribution in the MNPs that
are positioned at the varied depth of 10 mm to 30 mm under the excitation coil. Design of excitation coil was
carried out and simulated by using an electromagnetic field simulation software, Ansys Maxwell. Ansys
Maxwell is high performance software that uses finite element analysis (FEA) to solve magneto static,
electric, eddy current and many transient problems. Ansys Maxwell solves the electromagnetic problems by
solving Maxwell’s equation in the software calculation process [25]. Physical properties such as type of
material, diameter, and shape were varied and modeled to find the suitable parameter of the excitation coil.

Then, several arrangements of coil on xy plane were also selected and simulated to find the optimum
coil composition that can produce the targeted magnetic field level at the targeted position of MNPs under
the excitation coil. At the end of this work, we proposed several alternative designs of excitation coil with
variation in physical properties and coil arrangement based on simulation study carried out by using Ansys
Maxwell. Findings from this work may contribute to the development of an excitation coil which can
produce stronger and more homogeneous magnetic field generation and useful spesifically to obtain a
single-sided MPI scanner suitable for human body application.

2. RESEARCH METHOD

The model of excitation coil and its simulation works were carried out using Ansys Maxwell to find
alternative coil composition that can produce a homogeneous field with adequate strength of magnetic field
sensed by the MNPs located at the varied depth of 10 mm to 30 mm under the excitation coil. Firstly,
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calculation of magnetic field generated from one available MPI system was done for comparison with the
simulated result. The coil design specification data was taken from previously carried out experiment based
on system shown in Figure 2 and is shown in Table 1 [9]. The excitation field generated by the excitation coil
is determined by considering Bio Savart Law: magnetic field is generated when current flows through the
excitation coil. To examine the magnetic field generated by the excitation coil at the targeted point where
MNPs located under the excitation coil, the formula for magnetic field strength is given as in (4):

bond_| ppy {“W} — (P - 2L)in {”*m }] @

T 4L(b-a) a++a2+p? a+yJaZ+(P-2L)2

Here, B is the magnetic field strength, s is permeability in a vacuum (1.25664 x10°°), n is number
of turns, | is applied current, 2L is the length of coil, a is the inner radius of coil, b is the outer radius of coil,
and p is the vertical distance of the MNPs from the centre of coil. All parameters in Table 1 was inserted into
(4) and the magnetic field strength, B was calculated as B.,=0.0106 mT. The calculation result will be used
for comparison with the magnetic field obtained from simulation. Next, the model of the excitation coil was
designed by including all parameters stated in Table 1. Cylindrical shape was choosen as coil shape because
it is closely like the standard magnetic coil and stress-free design. Besides, helical shape coil with similar
physical parameters was also simulated for comparison. In addition, different number of coil and different
direction of current injection to the coils were included in the simulation for further analysis. Magnetic field
obtained from simulation was compared with both calculation and experimental data. Note that magnetic
fields measured using experimental model were 1.9, 1, and 0.6 mT for MNPs located at 10, 20, and 30 mm
under the excitation coil. The higher the distance of the measured point from the coil, the lower the value of
magnetic field strength produced.

Table 1. Coil design specification [9]

Variable Value
Current 08A
Turns 375

Length of coail 15 mm
Inner radius of coil 10 mm
Outer radius of coil 35 mm
Radius of wire 0.5 mm
Free space permeability 1.26e®
Material Copper
Model Cylinder

3. RESULTS AND ANALYSIS
The results of strength and homogeneity of magnetic field distribution generated by excitation coil
that was designed and simulated using Ansys Maxwell are reported in the following subsections:

3.1. Software testing and validation

The coil design was set based on the parameter and value as shown in Table 1. The 3D view of a
cylindrical coil model was designed as shown in Figure 3(a). The simulation result in Figure 3(b) shows the
distribution of the magnetic field generated from the cylindrical coil model to its surrounding area. It can be
seen that the strength of magnetic generated becomes smaller at the point far for the coil. Red color indicates
the highest value of magnetic field strength which takes place inside the excitation coil. In addition, the
distribution of magnetic field strength measured across z plane is at 10 mm, 20 mm and 30 mm under the
excitation coil is shown in Figure 4. From simulation, magnetic field at 10 mm was 0.0132 mT which is close
to B.4=0.0106 mT that was calculated earlier. A peak value can be seen at the center of the excitation coil. It
shows that simulation result was validated with the calculation result.
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Figure 3. (a) 3D view of cylindrical coil model, and (b) Magnetic field distribution around the excitation coil
on xyz plane
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Figure 4. Magnetic field distribution across z plane of the excitation coil

3.2. Shape variation for alternative design of coil

Next, simulation on magnetic field generated by a cylindrical coil model was done together with the
helical coil model for comparison. Both models were designed based on the physical parameters in Table 1.
The 3D views of both models are illustrated in Figure 5(a) and (b). As can be seen in the figure, helical coil
model has gap between each turn while cylindrical model has zero gap. The gap size between the helical
model turn is 1 mm. The simulation result in Figure 6 shows the comparison between the directions of the
magnetic field generated from both coils. Helical coil model produced ten times stronger magnetic field than
the cylindrical model. Besides, arrows as the direction indicator of the field distribution can be used to see the
homogeneity of field at each point around the coil.

Next, Figure 7 shows the magnetic field distribution across z plane of the excitation coil generated
by helical and cylindrical coil model. The magnetic field strengths produced are summarized in Table 2. It
clearly shows that magnetic field generated by a helical model was higher than the cylindrical model. In
addition, the simulation results for both models were compared with the experimental result obtained in
previous work done by Othman et. al. [9]. Magnetic fields generated from both models are still lower than
the experimental one. However, we can see that the magnetic field strength by the helical model was close to
the experimental data compared to cylindrical model. This finding shows the new discovery in excitation coil
used in MPI system. Until now, MPI system only use cylindrical model to generate the excitation magnetic
field from the coil. For future work, helical model design can be proposed as a new shape to compose an
excitation coil in the MPI system.
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1284

a

ISSN: 2302-9285

BLtesial

1,3027-08Y
1.0588e-@8Y
1.735@e-@aY |
1. 6114 c-@al
1.4873e-88Y4
1. 363Le-EEL
1.2306¢-GaL
1.1157c-884
0. 0100 e-@EE
8.68@5:-@E5 | -
Foublle-@as| o
E.2e36e-885
L, 9E52e-@EE | -
2.7267 -8R0
2.4083e-885 N
1. 2408 e-@EE

1.1392¢-887

(@)

70(mm)

]
60 (mm)

(b)

Figure 5. 3D view of, (a) Helical, (b) Cylindrical coil model
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Figure 6. Magnetic field distribution with direction indicator around, (a) Helical, (b) Cylindrical coil
model at 10 mm, 20 mm and 30 mm across z plane of the excitation coil
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Figure 7. Magnetic field distribution across z plane of the excitation coil generated by helical and

cylindrical coil model

Table 2. Magnetic field strength generated by the helical, cylindrical and experiment model of coil at 10 mm,
20 mm and 30 mm under the excitation coil
Helical model (mT)  Cylindrical model (mT)  Experimental model (mT)

Distance from coil (mm)

10 0.0586 0.0132 1.9
20 0.0277 0.0049 1
30 0.0155 0.0035 0.6
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3.3. Number of coils variation for alternative design of coil

In this subsection, different numbers of cylindrical coil were simulated to see and compare the
magnetic field distribution generated by the coil/s. One coil and combination of two coils were designed
based on the parameter on Table 1 and were injected with similar current direction. Note that cylindrical coil
model was employed regardless to the lower value of magnetic field strength generated when compared to
the helix model. Two similar cylindrical coils were position adjacently on the xy plane. Figure 8(a) and (b)
show the magnetic field distribution with direction indicator around one and two coils. From the comparison,
it shows that one coil produced stronger magnetic field and more homogeneous than two coils at 10 mm, 20
mm and 30 mm under the excitation coil. Magnetic field strengths generated by different number of
cylindrical coils and comparison with the experimental model at 10 mm, 20 mm and 30 under the excitation
coil were summarized in Table 3. The decreasing values in magnetic field strength with distance for both
models obey the reciprocal relationship between magnetic field generated and distance from the excitation
coil. Then, the mutual magnetic inductance between coil 1 and two for the case of two coils in Figure 8(b)
will cancel out certain amount of magnetic field at certain point of its adjacent coil. It decreased the total
magnetic field strength generated by the two coils.
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Table 3. Magnetic field strength generated by different number of cylindrical coils and experiment model of
coil at 10 mm, 20 mm and 30 under the excitation coil
Distance from coil (mm) 1 coil (mT) 2 coils (mT)  Experimental model (mT)

10 0.0132 0.0129 1.9
20 0.0049 0.0053 1
30 0.0035 0.0022 0.6

3.4. Current direction variation for alternative design of coil

This subsection will discuss on the magnetic field distribution from two adjacent cylindrical coils
that having different direction of current injection. Here, both models were designed based on the parameter
on Table 1. Figure 9 shows the different current directions stated as (a) clockwise-clockwise, and (b)
anticlockwise-clockwise direction that flow inside the two cylindrical coils. “Clockwise-clockwise” is
defined for current injected into coils from similar direction while “anticlockwise-clockwise” is defined as
current injected into each coil from the opposite direction of each other. The simulation results of magnetic
field distribution with direction indicator of two coils with different current direction: clockwise-clockwise
and anticlockwise-clockwise direction, are shown in Figure 10(a) and (b) and the related magnetic field
strength at each point of 10 mm, 20 mm, and 30 mm are summarized in Table 4. Coils with
clockwise-clockwise current injection generated smaller magnetic field strength when compared to two coils
with anticlockwise-clockwise current direction. Here, the effect of the mutual magnetic inductance between
both coils can be seen to decrease the magnetic field strength produced from the “clockwise-clockwise” coil.
When I, and I, flow in the similar direction following the clockwise direction in this case, magnetic field will
be generated in similar direction and cancel out certain amount of magnetic field at certain point of its
adjacent coil. This will decrease the magnetic field strength produced for the coils in Figure 10(a).

A simulation study of excitation coil design in single-sided MPI scanner for... (Nurmiza Othman)
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Finally, the comparison between all simulated magnetic fields and experimental data as listed in
Table 2, Table 3, and Table 4, shows that the magnetic fields that were generated using in this simulation
work are still lower than the values measured from the real experiment. In this case, connection to resonant
circuit in real measurement set up helped the excitation coil to mantain the maximum level of current to be
supplied to it system. However, with the preliminary study done based on the simulation work using the
Ansys Maxwell, the finding such as by replacing the cylindrical model with a helical model or by injecting
currents from different direction to the two helical models may further increase the value of magnetic field
produced at the targeted point.

Figure 9. Different current direction, (a) clockwise-clockwise, (b) Anticlockwise-clockwise direction that
flow inside the 2 cylindrical coils
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Figure 10. Magnetic field distribution with direction indicator of two coils with different current direction, (a)
clockwise-clockwise, (b) Anticlockwise-clockwise direction

Table 4. Magnetic field strength generated by two coils with different current direction,
(a) clockwise-clockwise, and (b) Anticlockwise-clockwise direction, at 10 mm, 20 mm and 30 under the
excitation coil
Distance from coil (mm)  Clockwise direction (mT)  Anti-clockwise and clockwise direction (mT)  Experimental model (mT)

10 0.0129 0.0145 1.9
20 0.0053 0.0065 1
30 0.0022 0.0028 0.6

4. CONCLUSION

To sum up, a simulation study on excitation coils used in single-sided MPI scanner for human body
application was done by using Ansys Maxwell. The simulated results were still far from the actual targeted
magnetic field strength obtained from the experiment. However, the finding of higher magnetic field strength
from a helical model compared to the cylindrical model may suggest new idea of replacing the coil shape in
future MPI system. Besides, the direction of current injection also influences the value of the magnetic field
generated. By injecting currents from different direction may further increase the magnetic field strength.
With these findings, a more homogeneous and stronger magnetic field from excitation coil system can be
obtained so that the quality of the secondary signal from the magnetized MNPs trapped under the body

Bulletin of Electr Eng and Inf, VVol. 8, No. 4, December 2019 : 1279 — 1288



Bulletin of Electr Eng and Inf ISSN: 2302-9285 O 1287

surface can be enhanced accordingly. More variation in physical properties and coil arrangement can be
carried out in future to reach the targeted value of magnetic field as suggested from the real measurement
using the single sided MPI.
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