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In this paper, we present a new method for targeted hyperthermia using an electromagnetic navigation system.
Typically, Fe;O, magnetic nanoparticles (MNPs) are utilized by injection methods. However, the study demon-
strated that the proposed method provides active locomotion for targeting a destination within a three-axis
Helmholtz coil, and generates heat through a high-frequency heating coil. To realize these two functions, the
entire system combined the electromagnetic navigation system and a high-frequency heating system. The Fe;O,
MNPs were prepared via chemical synthesis. Using vibrating sample magnetometer (VSM) and X-ray diffrac-
tion (XRD), we observed the magnetic properties and structure of the crystals. Through various experimental
tests, we investigated the controllability, mobility, and steering ability of the MINPs. In particular, we confirmed
the heating characteristics of the fabricated MNPs according to the changes in the magnetic field strength at
205 kHz. On average, the particle cluster generated a temperature of 73.12 °C at 58 kA/m.
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1. Introduction

Electromagnetic navigation systems are innovative
approaches for micro-/nano-robots for diagnosis and
therapy in medicine [1-4]. An electromagnetic navigation
system for micro-/nano-robot control provides wireless
control, battery-free operation, and minimally invasive
treatment inside the human body employing external
magnetic fields [5-7]. Various microrobots were applied
in vascular disease treatment, cancer treatment, and targeted
drug delivery previously [8-11]. Typically, an electro-
magnetic navigation (manipulation) system can provide
two types of magnetic fields: gradient or uniform. A
gradient magnetic field causes a magnetic force for trans-
lational motion, whereas a uniform magnetic field causes
rotational motion by generating a magnetic torque. In the
case of magnetic torque control, magnetic micro-/nano-
robots can generate rolling, rotating, and oscillating motions
for active locomotion [12-14]. In particular, owing to the
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magnetic properties and active locomotion of micro-/
nano-robots, magnetic nanoparticles (MNPs) can be ap-
plied to targeted drug delivery systems and in scenarios
involving hyperthermia. In general, iron oxide (Fe;Oy)
particles are widely used for hyperthermia [15-18]. Normal
hyperthermia, which uses external heat, can destroy normal
cells. The use of magnetic particles for local hyperthermia
can avoid this problem. In addition, it is difficult to inject
magnetic particles using a syringe into a location deep
within the body. To overcome these issues, we proposed a
new approach for targeted hyperthermia based on robotic
control using an electromagnetic navigation system. In
this study, we fabricated Fes0, MNPs for robotic control
with hyperthermia.

Using vibrating sample magnetometer (VSM) and X-
ray diffraction (XRD), we analyzed the magnetic proper-
ties and structure of crystal. Furthermore, we investigated
the mobility and steering ability of the magnetic particles
through experiments. Finally, we verified both the active
locomotion based on rolling motion and the function of
the targeted hyperthermia using both the navigation coil
and the high-frequency heating coil.

In these experiments, we used the total weight of the
magnetic particle cluster to conduct the performance
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evaluation of active locomotion with targeted hyper-
thermia.

The total weight of the particle clusters was 0.0525 g,
and it took 12 min to move 4 cm under the driving
conditions of 5 kA/m and 1 Hz. After the entire cluster
arrived at the destination, a high-frequency magnetic field
of 205 kHz and 56 kA/m was applied to heat generation.
Consequently, the average temperature of the cluster for
200 s was 67 °C, and the peak temperature was observed
to be 83 °C. Various experimental analyses were perform-
ed to verify the proposed method.

2. Synthesis and Principle of Robotic
Control of Magnetic Particles

2.1. Synthesis of the iron oxide (Fe;O,) magnetic par-
ticles

Iron (II) chloride tetrahydrate (FeCl,4H,O) and iron
(IIT) chloride hexahydrate (FeCl;-6H,O) were purchased
from Wako chemicals. Sodium hydroxide was purchased
from Samchun chemicals. To provide ultrapure water,
water was distilled by a Q-Grad 1 purification cartridge
from Millipore water purification systems. Following the
general procedure, iron (II) chloride tetrahydrate (2.65 g,
13.32 mmol) and iron (IIT) chloride hexahydrate (7.208 g,
26.66 mmol) were dissolved in ultrapure water (200 ml).
After stirring at room temperature for 10 min, sodium
hydroxide (NaOH, 9.6 g, 0.24 mol) in ultrapure water (40
ml) was added, which immediately led to the formation of
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a black precipitate, and the reaction mixture was stirred
for 30 min. This process is described by the chemical
equation below:

Fe" + 2Fe** + 8OH™ — Fe;04 + 4H,0 (1)

This black precipitate was separated by filtration and
washed with ultrapure water until a neutral pH was
obtained. The iron oxide nanoparticles were dried by an
evaporator, and the residue water was concentrated under
reduced pressure at 70 °C for 20 h.

2.2. Principle of magnetic remote control for active
locomotion

For active locomotion, we utilize an electromagnetic
navigation system based on a three-axis Helmholtz coil.
The coil system generates a uniform rotating magnetic
field that produces magnetic torque with magnetic particles
for active locomotion. The generated magnetic torque
results in a rolling motion of magnetic particles. When
the applied magnetic field aligns magnetic cluster and
forms a chain, as shown in Fig. 1(a) and (b). The rotating
magnetic field causes a rolling motion of the magnetic
chain by magnetic torque. The magnetic torque can be

expressed as follows:
T~ yom * H, @)

where 4 is the permeability of free space, and m and H
are the magnetic moment and magnetic field strength,

V4

(d)

Fig. 1. Principle of magnetic actuation by external magnetic fields: (a) magnetic particle cluster. (b) The aligned magnetic particles
by the direction of the external magnetic field. (c) Method of 3D motion control using the control of the angles of « and £. (d)
Rolling motion on XY plane by the rotating magnetic field. (¢) Rotation of the chain on XZ plane by rotating magnetic field. (f)
The spatial position of a magnetic dipole pair in the 3D coordinate system.
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respectively. Figure 1(c) shows a steering mechanism
with a rolling motion of the magnetic chain in a three-axis
magnetic navigation system. The steering angles « and 3
are the zenith and azimuth angles of the plane of the
magnetic field, respectively. The two angles control the
direction of the rolling motion due to magnetic torque. If
we consider 3D control of the magnetic chain, the applied
magnetic field can be expressed as follows:

H, cos Asin asin wf —sin S cos ot

X

H =\H

oz , |=H,| cos Bcosot +sin Bsinasinwt |, (3)

H, cosasinwt

where H is the field strength: Hy = niR*/(R*> + x*)*°, n is
the number of coil turns, 7 is the current in amperes and D
and x are the radius of the Helmholtz coil and the distance
between one pair of Helmholtz coils, respectively. When
the magnetic moment vector m rotates in the YZ plane, m
= (0, my cosb, m, sinf). Thus, the driving torque of the
magnetic chain for steering can be expressed as follows:
T= Iu()mXH\'.y.z
(cos ax cos Gsin ot —sin 6(cos S cos ot

T " +sin Asinasin ot))i G
= ,m
Folth e —sin (sin fcos wt —cos Ssinasin wt) j

+cos 8(sin S cos ot —cos fsin asin wt)k

When the plane of the rotating magnetic field is the XY
plane, the magnetic chain moves along the X-axis, as
shown in Fig. 1(d). In addition, when the plane of the
magnetic field is plane XZ, the magnetic chain rotates in
place because the rotating axis becomes the Z-axis, as
shown in Fig. 1(e). For robotic control of magnetic
particles, we utilized a uniform rotating magnetic field
and controlled the direction of magnetic torque. This
method is defined as magnetic torque control. Figure 1(f)
shows the spatial position of a magnetic dipole pair in the
3D coordinate system. Here, we consider the interaction
energy between two magnetic dipoles as follows:

mymy = ﬁ[mln% =3(m, -c,)(m,-c,)], )
where x denotes the medium permeability, » denotes the
distance between magnetic dipoles, and ¢, is the unit
vector of the center between magnetic dipoles. If the
magnetic dipoles have the same properties, the interaction
energy is E,,,=m*(1-3cos’8)/4mu|rl>. We can obtain
force equation from the interaction energy because a
partial derivative of energy is defined as force.
When the distance between magnetic particles is large,
mutual magnetization is negligible. However, if the
distance is relatively short, the mutual magnetization will
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affect the magnetic dipole’s magnetic moment. When we
consider mutual magnetization, the magnetic moment of
the dipoles can be expressed as follows [19]:

2
m, = lZﬂ',uR,,fH('uk_'urj
My + 24y

2+ R, [1 B AzuR, (1 —ﬂr)J

My + 24,

2
m, = 4”,nyRm6H(ﬂk_ﬂrJ /
M +2ﬂr
{1_ 4muRy,” (4 _:ur)]

Hi + 2,u,
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where g4 and g, are the relative permeability of the
magnetic particles and the medium, respectively, R,, is the
radius of the magnetic dipole, and H is the applied mag-
netic field. Force can be expressed as a partial derivative
of energy. In Fig. 1(f), substituting x// = sinfcosd, y/l =
sinfcosg, z/l = cosf, and [ = ,/x* + y2 + 7% into Eq. (6).
Therefore, the force equation can be expressed by
Equation (7) by applying a partial differentiation to the x,
y, and z elements in the energy equation.

oo ‘mx‘z 3(5cos? @ —1)sin Osin ¢

* 47r,ur4
‘my‘z 3(5cos* 0 —3)cos b
F, = 4 )
4mur
‘mz‘z 3(5cos* @ —1)sin O cos ¢
F, = 1
4ur

Figure 2 shows the developed electromagnetic navigation
system with a high-frequency heating coil. The system
consists of three-axis Helmholtz coil, Labview-based
control software, and three power supplies. The fabricated
coil generates a uniform magnetic field at 20 cm x 20 cm
x 20 cm. The number of turns of X, y and z coil is 960,
1200, and 760, respectively. The inner diameter and
number of turns of the heating coil were 6 cm and 4
turns, respectively. For the generation of high frequency
magnetic fields, the driving power supply is adjustable up
to 5 kW.

Figure 3(a) shows the magnetic fled strength at the
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Fig. 2. (Color online) Total coil system: three-axis Helmholtz
coil for an electromagnetic navigation system (control of
active locomotion with steering) and a high-frequency heating
coil for targeted hyperthermia.
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Fig. 3. (Color online) (a) Calculated magnetic field strength
for three-axis Helmholtz coils according to changes in the
applied currents. (b) Magnetic field distribution of the heating
coil according to changes in the distance and the currents of
10, 12, and 15 A at coil center to the 4-cm points.

Distance [cm]

three coils. The applied currents of 3, 6, and 9 A generate
the uniform magnetic fields of 3.4, 6.8, and 10.2 kA/m,
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respectively. Figure 3(b) shows the magnetic field strength
of the high-frequency heating coil according to changes in
the driving currents (10 A, 12 A, and 15 A at a driving
frequency of 208 kHz). Under these conditions, the
heating coil generates a magnetic field strength of 38.4,
48.3, and 57 kA/m at the center of the heating coil. In
addition, the coil generates 9.7, 10.4, and 12.6 at 4 cm
from the center of the coil, respectively.

2.3. Targeted hyperthermia

For the targeted hyperthermia, we utilized an additional
high-frequency heating coil. When we control the magnetic
particles, we use an electromagnetic navigation system
based on a three-axis Helmholtz coil. When the magnetic
particles reach the target point, the navigation system is
stopped, and the high-frequency heating coil is driven for
the targeted hyperthermia. For hyperthermia, the driving
range of the magnetic field strength is up to 57 kA/m at
208 kHz. The heating temperature is observed by a
thermal imaging camera. Figure 2 shows the inclusion of
a heating coil in the electromagnetic navigation system
for targeted hyperthermia.

3. Experimental Analysis

To verify the remote control (active locomotion) with
the function of heat generation, various experimental
analyses using the magnetic navigation system with a
high-frequency heating system were conducted. First, we
observed the magnetic properties and the X-ray diffrac-
tion pattern of the fabricated magnetic particles using
VSM and XRD, respectively, as shown in Fig. 4. The
fabricated sample represented a magnetization of 53.747
emu/g and a coercive force of 5.1452 Oe. In addition, the
fabricated magnetic particles reveal diffraction peaks at
(111), (220), (311), (400), (422), (511), (400), etc. These
are characteristic peaks of the Fe;O,4 crystal with a cubic
spinel structure. The average size of the fabricated particles
is 10-25 um, which is calculated by XRD analysis.

Second, we verified the remote control with active
locomotion of the magnetic cluster within the electro-
magnetic navigation system for the targeted hyperthermia.
For active locomotion, we conducted three tests: rolling
motion, rotation, and steering. In addition, these experi-
ments were conducted at a driving frequency of up to 30
Hz in the range of magnetic field strengths of 3-9 kA/m.
Figure 5 shows the sizes of the magnetic chain at the
applied fields of 3, 6, and 9 kA/m with the fixed 1 Hz.
The results are the average of ten chain lengths in ten
measurements. The length of the magnetic chain is pro-
portional to the applied field strength at the constant



Journal of Magnetics, Vol. 23, No. 1, March 2018 -121 -

60 1400

1000
800 -
600 -
=400
40}
- 200 -
7115000 -10000 -5000 0 5000 10000 15000
0 . :
3 6 9

H (O¢)
@ Magntic field strength (kA/m)

(] Fig. 5. The average lengths of the magnetic chain at 3, 6, and
9 kA/m with the fixed 1 Hz.

-
=]

T
=y
N
o
o

1

[
=]
T

M (emu/g)
(=]

153
=
T

Magnetic chain length (um)

frequency. The applied fields of 3, 6, and 9 kA/m caused
the average length of approximately 470, 773, and 1229
um, respectively.

Figure 6(a) shows the rolling motion of the magnetic
chain according to changes in the position of rotating
, . . ; , . magnetic field from 180 degrees to 0 degree. The rolling
TGl (ingrnd motion was conducted at a magnetic‘ ﬂeld strength of 7

(b) kA/m and a frequency of 0.5 Hz within the XY plane.
The starting angle was 180 degrees, and the rotating
Fig. 4. (a) Magnetic properties of the fabricated Fe;0, mag- direction of the magnetic field was clockwise. For the

netic particles by VSM measurement and (b) structure of crys- . . . . .
tal analysis by XRD. stable rolling motion of the particles (magnetic chain), a
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Fig. 6. (Color online) Results of active locomotion: (a) rolling motion of magnetic chain at the rotating magnetic field in the XY
plane, (b) rotating motion at the rotating magnetic field in the XZ plane, and (c) active locomotion with steering according to
changes in the angel of S up to 45 degrees.
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minimum magnetic field strength of 4.5 kA/m is required,
and the driving frequency must be the maximum 10 Hz,
because a maximum of 30 Hz becomes a step-out point,
which causes separation of the straight chain at 4.5 kA/m.
The magnetic field strength of 7 kA/m generated a step-
out point at the driving frequency of 60 Hz in the test.
Figure 6(b) shows the rotation of magnetic chain accord-
ing to the changes in the position of the magnetic field in
the YZ plane. To change the plane of a rotating magnetic
field from the XY plane to the XZ plane, we adjust the
control angle of o from 90 degrees to 0 degree. The
driving conditions of rotating motion are equivalent to the
test of rolling motion. The magnetic chains rotated in
place without lateral movement. Figure 6(c) shows the
rolling-motion-based active locomotion with steering at
the driving condition of 7 kA/m and 2 Hz. The total
amount of magnetic particles used in the test was 0.0525
g. The length of the travel path is 8 cm, and the angle of
destination is 45 degrees. Therefore, the steering angle S
was gradually increased to 45 degrees (0, 15, 30, and 45
degrees), and the angle o is a constant 90 degrees to
reach the destination. It took 140 seconds for all the mag-
netic particles to reach at the destination. The developed
electromagnetic navigation provides 3-dimensional active
locomotion using the two control angles of « and f.
Figure 7 shows the active locomotion of a ball magnet
chain by the angles (¢ and f) for 1 period in silicone oil
of 3000 cst. We used permanent magnets instead of
magnetic particles because the size of the magnetic
particle chains was small when rotated in the X, Y, and Z
direction and it is difficult to measure with a photograph.
In this experiment, the driving frequency was 0.5 Hz

Fig. 7. (Color online) 3D rolling motion in the 3D coordinate
system at the control angles of « (60 degrees) and S (40
degrees) for 1 period in silicone oil of 3000 cst.
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Fig. 8. (Color online) Observing the shape of the magnetic
chain in the rotating motion according to the driving fre-
quency: (a) the aligned magnetic chain at 3 Hz and (b) sepa-
ration of the aligned magnetic chain at 30 Hz.

(clockwise) and the applied magnetic field strength was 3
kA/m. The plane of the rotating magnetic field was trans-
formed from the 2D coordinate system to the 3D coordi-
nate system by « (60 degrees) and S (40 degrees). The
angle « determines the up/down steering of the magnetic
chain, whereas the angle S determines the left and right
steering. In particular, we investigated the form of the
magnetic chain according to changes in the driving fre-
quency. Magnetic particles are aligned by an external
magnetic field, resulting in two forms: fanning or coherent.
Fanning is that the M; vectors of successive spheres in the
chain fan out in a plane by rotating in the alternate
direction in alternate spheres. Coherent is that the M
vectors of all the spheres are always parallel.

The aligned magnetic chains are able to maintain their
forms at low frequency during rolling motion, whereas
the forms of the chain cannot be maintained at high fre-
quency, because the rotational kinetic energy is higher
than the magnetostatic energy of the chain at high fre-
quency. Figure 8 shows the observed form of the mag-
netic chain at driving frequencies of 3 Hz and 30 Hz
within 4.5 kA/m. The applied magnetic field at 3 Hz was
able to maintain the straight magnetic chain, whereas the
straight magnetic chain was broken at a driving frequency
of 30 Hz.

To verify the performance of the targeted hyperthermia,
we conducted an observation of the basic heating property
using the high-frequency heating coil at the driving
magnetic fields of 38, 48, and 58 kA/m at 205 kHz for
600 seconds, as shown in Fig. 9(a). Under these condi-
tions, the fabricated magnetic particles (0.0525 g) were
installed at the center of the heating coil, and we mea-
sured the mean value of the heat generation from the
particle distribution area. The average temperature of
each applied field was measured as 62.64 °C, 68.52 °C,
and 73.12 °C. Figure 9(b) shows the result of heat gene-
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Fig. 9. (Color online) Observation of heat generation for
hyperthermia: (a) heating temperature inside heating coil
according to changes in the applied magnetic field at 205 kHz
and (b) when a high-frequency magnetic field was applied for
200 s after targeting. HS refers to the hot spot on the thermal
image.

ration after targeting using a thermal imaging camera. The
experiment uses both the electromagnetic navigation
system for targeting and the high-frequency heating coil.
First, the particles are moved to the destination with a
magnetic field of 5 kA/m and a driving frequency of 1 Hz
from the electromagnetic navigation system, and the heat
is generated by a high-frequency heating coil at a driving
frequency of 205 kHz with the magnetic field of 58 kA/
m. The length of the destination path was 4 cm and the
entire particle took 12 minutes to move to the destination.
After all the particles were moved to the destination, the
magnetic field of the navigation system was stopped, and
we generated a high-frequency magnetic field from the
heating coil for 200 seconds to observe the heat gene-
ration. After 200 seconds, the average temperature of the
distribution area of the particle cluster was 67 °C, and the
peak temperature was 83 °C, as shown in Fig. 9(b).
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4. Discussion and Conclusion

In this study, a robotic control of magnetic particles for
targeted hyperthermia based on the combined electro-
magnetic navigation system with a high-frequency heat-
ing system was proposed. The magnetic particles, which
are controlled by an external rotating magnetic field,
performed active locomotion, steering, and heating. In
addition, we observed the magnetic properties and struc-
ture of crystal through VSM and XRD analysis. The
magnetic particles showed a straight alignment (chain) in
the external magnetic field. Because the straight chains
were synchronized by the applied rotating magnetic field,
the straight chains generated rolling and rotating motions
according to changes in the plane of the rotating magnetic
field. Because the prepared particles had a low magneti-
zation of 53.747 emu/g, the external driving magnetic
field showed stable active locomotion from 4.5 kA/m. In
particular, the driving frequency determined the form of
the particle chain. In this experiment, the form of the
straight chain was partially maintained until 15 Hz, and
was completely separated at 30 Hz or more. Thus, a low
driving frequency is required to maintain the rolling
motion in the form of a straight chain. The particles were
targeted to the destination with an external rotating mag-
netic field, and a heat-generation experiment was perform-
ed in the magnetic field strength range of 38-58 kA/m at
205 kHz using a high-frequency magnetic heating system.
Heat generation was performed in the atmosphere, and
the peak temperature was observed at 83 °C for 200 s.
Through various experiments, we were able to confirm
the possibility of targeted hyperthermia based on robotic
control. The phantom model, which is similar to the
human body model, will be developed and tested to vali-
date the proposed method. In addition, we will experi-
mentally verify particle motion, heat generation, etc. in
the fluid environment.
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