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FEASIBILITY ANALYSIS OF IMPLANT MOVEMENT
ALONG ARC TRAJECTORY UNDER NON-CONTACT CONTROL
IN MAGNETIC STEREOTAXIC SYSTEM

In this paper, the non-contact control of magnetic implants by changing the external magnetic field in the magnetic stereotaxic
system is introduced, and the feasibility of making them move along the arc trajectory is analyzed. Through COMSOL software,
the process of moving the miniature magnetic implant along the arc trajectory was simulated, the change of the micro-magnetic
implant trajectory after the external magnetic field was changed, the relative position relationship between the large permanent
magnets was determined, and the mechanical analysis of the miniature magnetic implant moving along the arc trajectory was carried
out. In this experiment, we fix a large permanent magnet, only move the second permanent magnet, first, observe the process
of small permanent magnets moving along a straight trajectory, determine the position of the large permanent magnet magnetic
field when it contacts the small permanent magnet, and then, analyze the force of the small permanent magnet through
the force calculation module, and determine the relative position relationship between the two large permanent magnets
by comparing F, and F,, and when the small permanent magnet will start to move along the arc trajectory. Then, according

to the previous data, we move two adjacent large permanent magnets at the same time at a certain interval, record the
movement trajectory of the small magnet, Finally, with the force -calculation module of the COMSOL software,
force analysis of small permanent magnets moving along arc trajectories. The data from this experiment will be used to
determine the relative position relationship between two large permanent magnets adjacent to each other during
the actual experiment, and under what conditions the small permanent magnets will move along the arc trajectory.
The purpose of this experiment is to provide theoretical and data support for the subsequent practical experiments of the magnetic
stereotactic system, and all parameters in the COMSOL software are derived from the actual measurement data,
S0 as to improve the reliability of the simulation results.
Keywords: Human health; Magnetic field; COMSOL Software; Permanent magnets; Force analysis.

Magnetic stereotaxis system

In traditional neurosurgery for brain tissue,
craniotomy is usually performed using wire-guided,
mechanically controlled surgical instruments with
stereotactic devices [1-5]. The limitation of this method
is that the surgical instruments can only move along a
straight trajectory, resulting in limited surgical access,
great trauma to the tissues around the movement path,
and inability to enter the deep structure of brain tissue,
which cannot effectively treat brainstem tumors and some
extrapyramidal nerve diseases.

Therefore, the magnetic stereotaxic system [6-11]
came into being. This method was proposed in 1990 by
Howard M. A., Mayburg M., Grady M. S. At present, the
method is still in the experimental stage. The magnetic
stereotaxic system consists of an external magnetic field,
miniature magnetic implants. It works by probing
magnetic surgical instruments into the skull, guiding
micro-magnetic implants with catheters along pre-
designed and calculated trajectories to the lesion via

an external magnetic field, providing hyperthermia to
tumors located in deep structures of brain tissue or
delivering targeted drugs through catheters. In contrast to
traditional neurosurgery, magnetic stereotaxic systems
provide non-contact control of miniature magnetic
surgical instruments by changing the external magnetic
field, and under computer-aided simulation, multiple
surgical pathways can be established, allowing the
implant to travel along any route to almost any location
in the brain. This minimizes the invasiveness of the
implant to surrounding tissues during movement.
Since the external magnetic field is controlled by the
computer according to a pre-designed program and
multiple simulations are required before surgery,
the difficulty of operation by medical staff is greatly
reduced, and the intraoperative safety is greatly
improved. These advantages make the magnetic
stereotaxic system one of the least invasive methods
for surgical intervention against brain tumors, and one of
the most promising methods.
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Fig. 1. Introduction to the procedure for magnetic
stereotactic surgery
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Fig. 2. Conceptual diagram of magnetic stereotaxic system

In this simulation experiment, the external magnetic
field of the magnetic stereotaxic system is composed
of four large permanent magnets [12, 13], and the small
permanent magnets simulate implants. Computer
simulation software chooses COMSOL 6.0 [14-16].

Computer simulation experiments

Experimental Objective

To control the miniature magnetic implant
non-contact by the magnetic stereotaxic system to make
it move along the arc trajectory.

Experimental desig

Establish a coordinate system in 3D space, small
cylindrical permanent magnets are located in the center
of the coordinate system, large permanent magnets are set
on the +X and +Y axes, parameters are set in the
simulation software according to the experimental
material data, and geometric models are constructed.

Simulation experiment parameter settings

(1) d_ion=100[mm]=0.1[m] (Large permanent
magnet diameter);

(2) t_ion=10 [mm]=0.01[m] (Large permanent
magnet thickness);

(3) d _NFB =1[mm]=0.001[m] (Small permanent
magnet diameter);

(4) | _NFB=2[mm]=0.002[m] (Small permanent
magnet thickness);

(5) The small permanent magnet boundary is limited
to a cylinder with a radius of 0.1 [m] and a height
of 0.5 [m];

(6) Large permanent magnets have a maximum
distance of 0.41 [m] from the center of 3D space and

a closest distance of 0.11 [m], the movable distance
of large permanent magnets is 0.3 [m].

Simulation experiment material
property settings

Permanent magnets:

(1) Conductivity o =1/1.4[uohmxm][S/m];

(2) Relative permittivityer=1 [1];

(3) Recovery permeability . =1.02;

(4) Residual flux density norm normB =13 [T];
air:

(1) Conductivity o =0 [uochmxm][S/m];

(2) Relative permittivity ¢, =1[1];

(3) Recovery permeability ... =1.
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All the above parameters are theoretical parameters
and can be set according to the material parameters
required for actual experiments.

-u.D

Depending on the parameter create

a geometric model in 3D space:

settings,

Fig. 3. Geometric models based on parameters in COMSOL software

Equations and formulas for simulation experiments

In this simulation experiment, the external magnetic
field of the magnetic stereoscopic positioning system is
composed of large permanent magnets, and the magnetic
field of the permanent magnets is a static magnetic field.
Therefore, "magnetic field, no current (MFNC)" was
selected in the COMSOL physics.

In the constitutive relations
magnetization model [17] needs to
magnetization vector field M, and
field strength H , which are expressed as:

B-H, the
introduce the
the magnetic

H:E—M Q)
Hy
or:
BzyO(H+M), 2

where u, — is the magnetic permeability;
B is Magnetic flux density.

The remaining flux density is then selected in the
magnetization model with the following expression:

B:/'IOILII'ECHJ'—BI'; (3)

e
5 <[ @

where B is the magnetic flux density; u, is the vacuum
permeability; s, is recoil permeability; B, is residual
flux density; |B,| is residual flux density norm;

e is residual flux direction.

Simulation results

The large permanent magnet located on the
+X axis begins to move towards the center position.
When the first large permanent magnet is 0.36 [m]
from the center position, its magnetic field gradually
touches the small permanent magnet.

A 119

10°

¥ 5.23x10°°

Fig. 4. The magnetic field of a large permanent magnet gradually touches the small permanent magnet
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When its magnetic field touches a small permanent
magnet, the small permanent magnet begins to approach
the first large permanent magnet.

When the small permanent magnet moves to the
boundary position, it is blocked by the boundary and
stays on the boundary.
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Fig. 5. Small permanent magnets are blocked by the boundary and stay on the boundary

The first large permanent magnet began to move
away, and the second large permanent magnet gradually
approached, at this time, the magnetic field lines around
the small permanent magnet could be clearly seen, but the
same simulation software could not intuitively see that
the magnetic field of the second large permanent magnet
touched the small permanent magnet.

To study the movement of small permanent magnets
along arc trajectories under non-contact control,
therefore, we use the "Force Calculation” module
included in the software to analyze the force of small

permanent magnets located at boundary locations. The
distance between the first large permanent magnet and
the center is dis_ion, the distance of the second large
permanent magnet from the center is dis_ionl, F, isthe
X -axis component of the force experienced by the small
permanent magnet, and F, is the on-Y -axis component
of the force experienced by the small permanent magnet.
First, let's assume that the first large permanent

magnet stays 0.22 [m] from the center and only the
second large permanent magnet is running.

Table 1. Force analysis of a small permanent magnet at the boundary position when the position of the first large permanent magnet
remains unchanged and the second large permanent magnet gradually approaches the center position

dis_ion[m] dis_ionl[m] F[N] F,[N]
0.22 0.24 7.199x10°° 5.408x107°
0.22 0.23 7.916x10°° 6.877x10°°
0.22 0.22 8.715x10°° 8.561x107°
0.22 0.21 9.883x10°° 11.541x10°°
0.22 0.20 11.180x107° 15.123x107°
0.22 0.19 12.598x107° 19.332x107°
0.22 0.18 14.321x107° 26.112x107°

From the above table, we find that when the
distance from the second large permanent magnet to the
center position is less than the distance from the
first large permanent magnet to the center position,
the Y -axis component of the force of the small

permanent magnet is greater than the X -axis component.
That is, when dis_ionl<dis_ion, F, >F . To verify
this result, we set the first large permanent magnet

to be located 0.18 [m] from the center and re-analyzed
the force on the small permanent magnet.
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Table 2. Force analysis of a small permanent magnet when the first large permanent magnet is 0.18 [m] from the center

dis_ion[m] dis_ion1[m] F[N] Fy[N]
0.18 0.21 22.726x107° 13.959x107°
0.18 0.20 24.941x107° 17.814x107°
0.18 0.19 27.614x107° 23.142x107°
0.18 0.18 31.381x107° 31.143x10°°
0.18 0.17 35.683x107° 41.613x107°
0.18 0.16 40.918x10°° 56.554x107°
0.18 0.15 48.237x10°° 81.361x10°°

According to Table 1 and Table 2, we can clearly
see that when the distance from the first large permanent
magnet to the center position is greater than the distance
from the second large permanent magnet to the center
position, the force on the Y axis of the small permanent
magnet is greater than the component force on the
X axis, that is, when dis_ionl<dis_ion, F <F,.

In order to facilitate practical experiments, we set the
distance from the first large permanent magnet to the
center position and the distance from the second large
permanent magnet to the center position to be 0.05 [m],
that is, when the first large permanent magnet begins
to move 0.05 [m] to the center position, the second
large permanent magnet begins to approach the center

position, and the two large permanent magnets move
at the same speed.

During the movement of the two large permanent
magnets, we perform a force analysis on the small
permanent magnets again. In order to determine the
position of the two large permanent magnets when the
small permanent magnet initially moves, the position of
the small permanent magnet does not change during
the analysis, and always stays at the boundary position.
It can be determined that when the first large permanent
magnet is closest to the center, the small permanent
magnet is affected by its magnetic field and stays at the
boundary position on the +X axis, so the initial positions
of the two large permanent magnets are

dis_ion=0.11[m], dis_ionl1=0.16[m], respectively.

Table 3. Two large permanent magnets operate at the same time, and the force analysis of small permanent magnets

dis_ion[m] dis_ion1[m] FN] F,[N]
0.11 0.16 443.82x10°° 97.217x107°
0.12 0.15 234.78x107° 120.96x107°
0.13 0.14 188.50%107° 148.66x107°
0.14 0.13 167.14x107° 202.43%10°°
0.15 0.12 157.48x107° 289.53x107°
0.16 0.11 152.98x107° 442.38x107°
0.17 0.12 100.73%107° 270.51x10°°
0.18 0.13 67.94x10°° 176.42x107°
0.19 0.14 46.69x107° 115.81x107°
0.20 0.15 32.37x107° 75.34x107°
0.21 0.16 22.83x107° 52.09%107°

It can be clearly seen from Table 3 that when the
first large permanent magnet begins to gradually move
away, the second large permanent magnet gradually

approaches, F, gradually decreases, F, gradually

increases, when the second large permanent magnet
moves 0.11 [m] from the center position, F, reaches the

maximum, and then the second large permanent magnet
begins to gradually move away and F, gradually

decreases. Thus, when the distance from the second large
permanent magnet to the center position is less than
the distance from the first large permanent magnet to the
central position, that is, when dis_ionl<dis_ion,

F, <F,, at which point the small permanent magnet

begins to move along the boundary towards the second
large permanent magnet.
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Fig. 6. The small permanent magnet begins to move along the boundary towards the second large permanent magnet

The closer to the second large permanent magnet,
the greater the influence of its magnetic field on the small
permanent magnet, that is, the greater the F , but at this

time the small permanent magnet is still affected by the
magnetic field of the first large permanent magnet,
that is, F, gradually decreases, which makes the small

permanent magnet move along the boundary to the
second large permanent magnet.

The small permanent magnet is captured by
the magnetic field of the second large permanent
magnet and stays on the boundary of the +Y axis.
That is, when the second large permanent magnet is

closest to the center, i.e., dis_ion1=0.11[m], the small

permanent magnet has moved to the boundary position
along the arc trajectory.

¥ 1.99x107°

Fig. 7. The small permanent magnet reaches the end of the arc trajectory

As the two large permanent magnets move
away, the small permanent magnets remain at the
boundary position.

In order to determine the average velocity of a small
permanent magnet moving along an arc trajectory
towards a second large permanent magnet, we need
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to perform a force analysis on the movement of the
small permanent magnet. n is the angle of the arc

trajectory of the small permanent magnet moving

along the boundary.

Table 4. Force analysis during the movement of small permanent magnets

dis_ion[m] dis_ion1[m| n FN] F,[N]
0.130 0.140 0 188.50x10°° 148.66x10°°
0.135 0.135 15 176.37x10°° 172.81x10°°
0.140 0.130 30 167.14x10°° 202.43x10°°
0.145 0.125 45 159.59x10°° 236.59x10°°
0.150 0.120 60 157.48x10°° 289.53x10°°
0.155 0.115 75 155.41x10°° 353.71x10°°
0.160 0.110 90 152.98x10°° 442.38x10°°

In order to intuitively see the force change  a line diagram of the two component forces F, and F,

of the small permanent magnet during the moving
process, according to the above table, we draw

of the small permanent magnet during the moving
process.
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Fig. 8. Force analysis of small permanent magnets as they move along an arc trajectory

Simulation experiment conclusion

Through the above simulation experiments, we
find that in the process of moving the small permanent
magnet to the second large permanent magnet, as
the F, gradually increases, F, gradually decreases, and

the force direction of the small permanent magnet
gradually points to the Y axis direction, therefore,
the small permanent magnet moves along the boundary
towards the second large permanent magnet, and the
trajectory is an arc. According to Tables 1-3, we find
that when the distance of the second large permanent

magnet from the center position is less than the distance
of the first large permanent magnet from the center,
that is, at dis_ionl<dis_ion, the direction of the
magnetic field around the small permanent magnet
located at the boundary position of the X -axis changes,
the F, increases, and the small permanent magnet begins

to move towards the second large permanent magnet.
Through Table 4, we calculate the changes of F, and F,
during the movement of small permanent magnets along
the boundary when the dis_ion and dis_ionl differ
by 0.05 [m], and determine the relative positions of
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the two large permanent magnets for subsequent small permanent magnets can move along an arc

practical experiments. trajectory. This shows that it is feasible to non-contact

Through the simulation experiment of COMSOL control the implant to move along the arc trajectory
software, we can clearly observe that by changing in the magnetic stereotaxic system, and at the same time
the external magnetic field, under non-contact control, provides a theoretical basis for subsequent experiments.
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AHAJII3 MOKJIMBOCTI HEPEMIINEHHSA IMIIJIAHTY
IO JYT'OBIA TPAEKTOPII IIJ BE3KOHTAKTHAM KOHTPOJIEM
Y MATHITHIY CTEPEOTAKCAYHIN CUCTEMI

Y crarti momaHO O€3KOHTAaKTHE KEpPyBaHHS MArHITHAMH IMIUIAHTaMH CIIOCOOOM 3MiHM 30BHIIIHBOTO MArHITHOTO TOJIA
B MAarHiTHifi CTEpEOTaKCHYHIA CHCTEMi Ta MPOAaHaTi30BaHO MOXKJIMBICTH iX MEpEMIIIEHHS MO AYTOBi TpaekTopii. 3a IOMOMOTOI0
nporpamHoro 3abesnedeHHs COMSOL 3MonensoBaHO Mpomec HEepeMillleHHS MiHIATIOPHOTO MAarHiTHOTO iMIUIaHTa IO AYTOBiH
TPAa€eKTOPil, MOCHI/HKEHO 3MiHy TpAEKTOpii MIKPOMAarHiTHOTO IMIUIAaHTA TicAs 3MiHHM 30BHIIIHBOIO MArHITHOTO TIOJIA,
BU3HAYEHO B3a€MHE PpO3TAlyBaHHSI BEIMKUX IIOCTIHHMX MAarHiTiB Ta MPOBEJCHO MeEXaHIYHUH aHali3 IepeMillleHHs
MIHIaTIOPHOTO MAarHITHOTO IMIUIAHTa II0 JyroBili TpaekTopil. Y mbOMYy eKclepuMeHTI MU (IKCYyeEMO BEIMKHMH MOCTIHHMI
MarHiT, pyXxaeMmo JIMIIe IPYTuil MOCTIHHUH MarHiT, COYaTKy CIIOCTEpiraeMo Mpolec PyXy MalMX IOCTIHHUX MarHiTiB 110 MpsMiit
TpaeKkTopii, BU3HAYAEMO TOJIOKECHHS MAarHiTHOTO TOJNS BEJIMKOTO IIOCTIHHOTO MarHiTy, KOJHM BiH KOHTAaKTye 3 MaJuM
MOCTIfHAM MAarHiTOM, a TIOTIM aHai3yeEMO CHJIy MAaJIOTO TOCTIHHOTO MAarHITy 3a JIOMIOMOTOK MOJYJS PO3PaxyHKY CHIIH

Ta BCTaHOBJIIIOEMO BiIIHOCHe ITOJIOXKEHHST MIK JBOMa BCIHKUMHU [IOCTIHHUMU MaFHiTaMI/I, HOpiBHIOIO‘II/I Fx Ta Fy, 1 KoIHn

MaJIMil TIOCTIMHWIA MarHIT MMOYHE PYXaTHCh IO JYTOBii TpaekTopii. Jaimi, 3rimHO 3 momepenHiMu pe3yiIbTaTaMd, MH IIEPEMIIIyeEMO
IIBA CYyCiTHI BEJNWKI TOCTiHHI MAarHITH OJHOYAaCHO 3 IIEBHHM IHTEPBAJOM, 3alFICyEMO TPAEKTOPII0 PYXy Maloro MarHirty,
i, HapemTi, 3a JOMOMOTOI MOIYNS pO3paxyHKy cuia mporpamHoro 3abesnmedeHHs COMSOL 3nilicHIOEMO CHIIOBHI aHai3
PYXy ManMX NOCTIHHHMX MAarHIiTiB IO JyTOBHX TPAEKTOpisAX. Pe3ynpratn MpoBeneHOro eKCHepHUMEHTY OyIyTh BHKOpPHCTaHi
JUISL BU3HAUCHHS B3a€MHOTO PO3TALIYBAaHHsS [BOX BEJIHMKHX MOCTIHHMX MAarHiTiB, PO3TAIIOBAaHUX HOPYY MiJ Yac JOCHiIKESHHS,
UL 3°ACYBaHHA TOrO, 3a SKMX YMOB Mali MOCTiifHI MarHiTm OyayTh pyXaThcs IO JyroBiii Tpaekropii. Merow 1bOro
SKCIIepUMEHTY € 3a0e3ledeHHs TeopeTWYHOoi Ta iHQOpPMALiHOI MIATPUMKM JUIS TMOAJBLUIMX TMPAKTHYHUX JOCHIIKECHb
MarHiTHOI CTEpEOTAaKCHYHOI CHCTEMH, KOJIHM BCi MapameTpd B mnporpamHoMy 3abesmedeHHi COMSOL orpumani Ha OCHOBI
(haKTHYHHUX MOKA3HUKIB BUMIPIOBAHb JUIS ITiIBUIICHHS BIPOT1THOCTI pe3yIbTaTiB CUMYJISIIIT.

Kuro4oBi c10Ba: 310poB's TFOIMHA; MarHiTHE MoJIe; mporpamue 3adesneueHas COMSOL; mocTiifHi MarHiTH; CHIOBHIA aHAMi3.
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