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Background: The magnetic stereotaxic system is a new type of neurosurgical intervention that is in the
experimental stage. This method allows the implant to be controlled non-contact by an external magnetic
field, allowing it to move along an arbitrary trajectory to a lesion located in a deep structure of the brain
tissue to deliver hyperthermia to the lesion site or deliver medication through a catheter. In previous
studies, we have found that it is completely feasible for the implant to move along the arc trajectory, so
we need to determine the relationship between the movement speed of the large permanent magnet that
constitutes the external magnetic field and the implant movement trajectory, so as to control the implant
movement more precisely.

Obijectives: Investigate the effect of the speed of motion of large permanent magnets, which constitute
the external magnetic field, on the trajectory of implants (small permanent magnets).

Materials and Methods: Firstly, three sets of computer simulation experiments were conducted, each
group of experiments only changed the operating speed of large permanent magnets, and the changes in
the trajectories of small and medium-sized permanent magnets in the three sets of experiments were
observed and compared. After that practical experiments are carried out to validate the results of the
computer simulation experiments by means of the slide rail system controlled by an Arduino
microcontroller.

Results: The relationship between the moving speed of the large permanent magnet and the trajectory of
the small permanent magnet was determined by simulation experiments, and the changes in the strength
of the surrounding magnetic field during the movement of the implant were calculated. Afterwards, it was
verified by practical experiments. The faster the large permanent magnet moves, the shorter the distance
that the small permanent magnet moves along the linear trajectory, and the longer the distance that moves
along the arc trajectory; The slower the large permanent magnet moves, the longer the small permanent
magnet travels along a straight trajectory and the shorter the distance it travels along an arc trajectory.
Conclusions: In this research, we have determined the relationship between the running speed of the
large permanent magnet that constitutes the external magnetic field and the implant's moving trajectory
by combining computer simulation experiments with practical experiments, i.e., the faster the large
permanent magnet moves, the shorter the implant's moving distance is along a straight line trajectory, and
the longer the moving distance is along a curved line trajectory. This means that we can control the
distance and steering angle of the implant more accurately, which makes the study of the magnetic
stereotaxic system further, and lays a theoretical foundation and provides a large amount of experimental
data for the implant to be able to reach the diseased site located in the deep structure of the brain tissue
along complex pathways in neurosurgical interventions with the participation of the magnetic stereotaxic
system.

In cites: Hankun J, Avrunin OG. Determining the relationship between the speed of motion
of large permanent magnets and the trajectory of implants in magnetic stereotaxic systems.
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Magnetic stereotaxic system [1-3] is a new experimental high-precision neurosurgical
method. In traditional high-precision neurosurgery, stereotaxic devices [4-6] are often used to
guide directly surgical intervention by mechanically controlled surgical instruments.
However, due to the fact that mechanically controlled surgical instruments can only move
along a straight trajectory, the surgical access is limited, which is more harmful to the
surrounding tissues on the movement path of the surgical instruments, and it is difficult to
reach the deep structure of the brain tissue. As a result, it is difficult to effectively treat
brainstem tumors and many extrapyramidal nervous system disorders.

In contrast to traditional surgical methods, the magnetic stereotaxis system consists of a
computer-controlled, variable external magnetic field and an implant connected by a catheter.
The idea of this method is to first probe the catheter-connected micro-magnetic implant into
the brain tissue, and then control the external magnetic field changes through the computer,
and guide the implant to move to the lesion located in the deep structure of the brain tissue
along the pre-calculated trajectory, so as to provide hyperthermia to the lesion site or deliver
drugs through the catheter.

The advantage of this method is that the patient's brain tissue can be scanned by CT and
MRI to build an accurate model [7, 8], non-contact control allows the implant to reach almost
any position in the brain along any trajectory, less harmful to the surrounding tissues on the
path. Therefore, the magnetic stereotaxic system is one of the most promising methods for
neurosurgical intervention of brain tissue under current conditions, and at the same time one
of the least invasive.

The purpose of this research was to investigate the effect of the speed of motion of large
permanent magnets, which constitute the external magnetic field, on the trajectory of implants
(small permanent magnets) in the magnetic stereotaxic system. In order to achieve this, we
designed a new experimental protocol [9, 10].

MATERIAL AND METHODS

Experimental design: Use two cylindrical large permanent magnets [11-13] to form an
external magnetic field, small permanent magnets as implants, and at the same time construct
a cylindrical shape with a diameter of 0.1 [m] as a boundary, according to the previous
experimental results, the first large permanent magnet is located on the boundary side, the
second large permanent magnet is located on the adjacent other side, when the first large
permanent magnet runs 0.05 [m], the second large permanent magnet is started, and the two
large permanent magnets have the same speed. We set three different sets of large permanent
magnet moving speeds, compare the moving distance and angle of small permanent magnets
at three speeds, and draw conclusions.

First of all, we carried out computer simulation experiments in COMSOL 6.0 software
[14, 15].

Computer simulation experiments

Experimental Objective: To explore the influence of the running speed of large
permanent magnets on the motion trajectory of small permanent magnets.

Experimental design: Establish a three-dimensional spatial coordinate system, set small
permanent magnets in the center position, set boundary conditions, and set large permanent
magnets on the +X and +Y axes respectively. Three sets of experiments were carried out,
each of which only changed the running speed of large permanent magnets, and the changes
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of the movement trajectories of small and medium-sized permanent magnets in the three
groups of experiments were observed and compared.

Parameter settings:

Large permanent magnet radius: R_ion = 50 [mm] = 0.05 [m];

Large permanent magnet height: H_ion =10 [mm] = 0.01 [m];

Small permanent magnet radius: r_NFB =0.5 [mm] = 0.0005 [m];

Small permanent magnet height: h_NFB =2 [mm] = 0.002 [m];

The distance that a small permanent magnet travels along a straight trajectory: O[m]<<ds
<0.1 [m].

The angle between the small permanent magnet and the +X axis after moving along the
arc trajectory: 0°<n<90°.

Distance from a large permanent magnet on the +X-axis to the center of three-
dimensional space: 0.11 [m]<<dis_ion<< 0.41 [m], That is, the range of movement of large
permanent magnets in the X-axis is 0.11-0.41 [m];

Distance from a large permanent magnet on the +Y-axis to the center of three-
dimensional space: 0.11 [m]<<dis_ion1<<0.41 [m], that is, the range of movement of large
permanent magnets in the Y-axis is 0.11-0.41 [m];

Diameter of cylindrical container: d_con =200 [mm] = 0.2 [m];

Cylindrical container height: h_con =500 [mm] = 0.5 [m];

Before the simulation experiment, we actually measured the existing rail system and used
the code “delayMicroseconds” to control the speed of the slide rail, and the results were as
follows:

Slide rail system running distance: S = 0.3 [m];

DelayMicroseconds (1200), the running time of the slide rail is 57.3 [s], and the speed of
the slide rail is 0.0052 [m/s];

DelayMicroseconds (800), the running time of the slide rail is 38.16 [s], and the speed of
the slide rail is 0.0079 [m/s];

DelayMicroseconds (400), the running time of the slide rail is 18.7 [s], and the speed of
the slide rail is 0.016 [m/s];

Simulation experiment material property settings:

Conductivity o = 1/1.4 [S/m];

Relative permittivity & = 1 [1];

Recovery permeability p. = 1.02;

Residual flux density norm B_ = 1.3 [T];

The above parameters can be changed according to the actual material data. Based on the
above parameters, the geometry is established in COMSOL, as shown in Fig. 1.

In this simulation experiment, we choose a permanent magnet as the external magnetic
field, so we need to select “mfnc” (magnetic field, no current) in the software, and select the
magnetization model — residual flux density in constitutive relations B-H, and the required
equation is as follows:

B = poltrecH + By (1)
e
Br - ”Br” m (2)

Where H is the magnetic field strength, B is the magnetic flux density, p, is the vacuum

B.|[ is residual flux

permeability, p_. is recoil permeability, B, is residual flux density, |

density norm, e is residual flux direction.
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Fig 1. Geometric models based on parameters in COMSOL software.

The first set of experiments

We set up large permanent magnets to move at a slower speed, i.e. 0.0052 [m/s], after
the first large permanent magnet moves 0.05 [m], the second large permanent magnet
begins to approach the center position, when the first large permanent magnet is 0.18 [m]
from the center position, its magnetic field touches the small permanent magnet, the small
permanent magnet is affected by its magnetic field, and begins to move to the first large
permanent magnet along a straight trajectory, until the first large permanent magnet reaches
the maximum moving distance, that is, dis_ion = 0.11 [m], and then the first large
permanent magnet begins to gradually move away from the center position, The second
large permanent magnet is still approaching the center, which is dis_ion<dis_ionl in the
process, as shown in Fig. 2. The coloured bands on the right indicate the strength of the
magnetic field in [T] represented by the different coloured areas in the picture.
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Fig 2. The small permanent magnet begins to move along a straight trajectory towards the first large permanent
magnet. The boundary radius is R. The maximum radius of motion of a small permanent magnet is R.
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When the first large permanent magnet gradually moves away from the center position,
0.13 [m] from the center position, and the second large permanent magnet gradually
approaches the center position, 0.14 [m] from the center position, that is, dis_ion = 0.13 [m],
dis_ion = =0.14 [m], at this time the small permanent magnet stops moving, 0.09 [m] from the
center position, that is, the small permanent magnet moves 0.09 [m] along a straight trajectory,
that is, ds = 0.09 [m], as shown in Fig. 3, a.

After that, the first large permanent magnet continues away from the center position, the
second large permanent magnet is close to the center position until it is 0.11 [m] from the
center position, that is, dis_ionl = 0.11 [m], and the second large permanent magnet begins to
gradually move away from the center position. In the process, dis_ion>dis_ionl, the small
permanent magnet begins to move along an arc trajectory towards the second large permanent
magnet. When the second large permanent magnet moves 0.2 [m] from the center position,
and the first large permanent magnet moves 0.25 [m] from the center position, the small
permanent magnet is free from the influence of the external magnetic field and stops moving,
at this time the angle between the small permanent magnet and the +X axis is n=30°, that is,

the small permanent magnet moves 1/12 of a circle along the arc trajectory, as shown in
Fig. 3, b.

The second set of experiments

We set large permanent magnets to run at moderate speeds, i.e. 0.0079[m/s], other
conditions remain unchanged. When dis_ion<dis_ionl, the small permanent magnet moves
along a straight trajectory towards the first large permanent magnet. When dis_ion = 0.13
[m], dis_ionl = 0.14 [m], we can clearly see that the small permanent magnet has not
reached the position of the previous set of experiments, and the small permanent magnet is
ds = 0.0675 [m] from the center, as shown in Fig. 3, c.

After that, the first large permanent magnet continues away from the center, the second
large permanent magnet first approaches and then moves away from the center, and at this
stage, the dis_ion>dis_ionl, small permanent magnet begins to move along an arc trajectory
towards the second large permanent magnet. When dis_ionl = 0.2 [m], dis_ion = 0.25 [m],
the small permanent magnet breaks away from its magnetic field and stops moving. At this
time, we can clearly observe that the angle between the small permanent magnet and the +X
axis exceeds the data of the previous set of experiments, and the angle between the small

permanent magnet and the +X axis is n=45°, that is, the small permanent magnet moves 1/8
of a circle along the arc trajectory, as shown in Fig. 3, d.

The third set of experiments

We set large permanent magnets to run at a relatively fast speed, i.e. 0.016 [m/s], other
conditions remain unchanged. When dis_ion<dis_ionl, the small permanent magnet moves
along a straight trajectory towards the first large permanent magnet. When dis_ion=0.13[m],
dis_ionl = 0.14 [m], we can clearly see that the small permanent magnet has not reached the
position of the previous two set of experiments, and the small permanent magnet is ds =
=0.045 [m] from the center, as shown in Fig. 3, e.

After that, the first large permanent magnet continues to move away from the center, the
second large permanent magnet first approaches and then moves away from the center, and at
this stage, the small permanent magnet dis_ion>dis_ionl begins to move along an arc
trajectory towards the second large permanent magnet. When dis_ion = 0.25 [m], dis_ionl =
0.2 [m], the small permanent magnet breaks away from its magnetic field and stops moving.
At this point, we can clearly see that the angle of movement of the small permanent magnet
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along the arc trajectory exceeds the angle of the previous two sets of experiments, and the
angle between the small permanent magnet and the +X axis is n = 60°, that is, the small

permanent magnet moves 1/6 of a circle along the arc trajectory, as shown in Fig. 3, f.

Large 1.09[T] 1.24[T]
— 0 0
permanent 4 permanent 1Y
~ | magnet magnet
\ﬁ 10~ 1\
=z \ i il R [
R=0.1[m] R ’/ ﬂ R=0.1[m]
-/ Small
Small o e
y 10 y permanent 10~¢
permanent 2
magne
Lox magnet  215%10-5[T] Lx B 1er0m)
a b
Large 1.14[T1 Laris 123(1]
N = +_ permanent 10°
magnet
N {1
|
Small 107*
permanent
magnet 1.58*%10~°[T]
d
Large 1.17[T] Large 12[T]
- ~~~permanent 10° ——— permanent 100

magnet

Fig 3. a, b are the first set of simulation experiments; c, d are the second set of simulation experiments; e, f are
the third set of simulation experiments. The boundary radius is R. The maximum radius of motion of a small

permanent magnet is R. Fig 3, a. dis_ion = 0.13 [m], dis_ion1 = 0.14 [m], the small permanent magnet stopped
moving, and ds = 0.09 [m]. Fig 3, b. dis_ion = 0.25 [m], dis_ionl = 0.2 [m], the small permanent magnet stops
moving, and the angle to the +X axis is n = 30°. Fig 3, c. dis_ion = 0.13 [m], dis_ionl = 0.14 [m], the small
permanent magnet stopped moving, and ds = 0.0675 [m]. Fig 3, d. When the movement stops, the angle between
the small permanent magnet and the +X axis is n = 45°. Fig 3, e. dis_ion = 0.13 [m], dis_ionl = 0.14 [m], the
small permanent magnet stopped moving, and ds = 0.045 [m]. Fig 3, f. dis_ion = 0.25 [m], dis_ion1 = 0.20 [m],
n = 60°, the small permanent magnet stops moving.



32
J. Hankun, O. G. Avrunin

In order to see the results of the computer simulation experiments more intuitively, we
made tables of the moving speed of the large permanent magnet, the distance moved by the
small permanent magnet along the straight line trajectory, and the angle between the final
resting position of the small permanent magnet and the +X axis according to the above
experimental data as shown in the table below.

Table 1. Effect of large permanent magnet movement speed on small permanent magnet movement trajectory.

V [m/s] Ds [m] N [°]
0.0052 0.09 30
0.0079 0.0675 45
0.016 0.045 60

Where V is the operating speed of the large permanent magnet; ds is the distance moved
by the small permanent magnet along the straight line trajectory; n is the angle between the
location of the small permanent magnet after moving along the arc trajectory and the +X axis.

Practical experiments

Experimental Objective: The results of computer simulation experiments were verified
to determine the influence of the movement speed of large permanent magnets on the
movement trajectory of small permanent magnets.

Experimental design: The working environment of the implant is simulated by a slightly
solidified jelly-like gelatin solution, and a small permanent magnet connected by a catheter is
placed in the center of the container containing the gelatin solution, and the external magnetic
field consists of two slide rail systems equipped with large permanent magnets, which are
controlled by the Arduino UNO [16, 17]. Three sets of experiments were carried out, and the
slide rail system was based on 0.0052 [m/s], 0.0079 [m/s], 0.016 [m/s] three speed
movements, observe the running trajectories of small permanent magnets in each group of
experiments and compare them.

Equipment and materials required for the experiment: Two Arduino UNO
microcontrollers, two large permanent magnets, one small permanent magnet, 5% gelatin
solution, two sets of ball screw slides with 57 X 56 stepper motors, stepper motor controller,
external power supply, cylindrical container with a diameter of 0.2 [m], conduit, several wires.

Experimental equipment assembly: The ball screw slide rail equipped with a large
permanent magnet is controlled by the Arduino controller, and the slide rail system is driven
by a 57 X56 stepper motor with a running distance of 0.3[m]. The stepper motor has four
wires that connect it to the four interfaces of the stepper motor controller: The red wire is
connected to A+; Green wire is connected to A-; Yellow wire connected to B+; Blue wire
connection to B-. Then connect the stepper motor controller with the Arduino controller:
Connect PUL-, DIR-, EN- together, and connect to the Arduino’s GND, PUL+ is connected to
the 9-pin of the Arduino and controls stepper motor operation, DIR+ is connected to the
Arduino's 8-pin and controls the stepper motor's direction of rotation, EN+ is connected to the
Arduino’'s GND or can also be left unconnected. Then connect the V+ of the external power
supply to the VV+ of the stepper motor controller, connect the V- of the external power supply
to the GND of the stepper motor controller, and finally connect the computer and the arduino
controller through the data line, so that a set of slide rail system is completed. The two sets of
assembled slide rail systems were placed on the adjacent sides of the container, the configured
5% gelatin solution was poured into the container, and it stood for two hours, and after the
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gelatin solution in the container was jelly-like, the small permanent magnet was connected to
the catheter and placed in the center of the container, at this point, the experimental equipment
is assembled. The practical experimental equipment is shown in Fig. 4.

Fig 4. Slide rail system controlled by an Arduino controller.

The first set of experiments

First we set the slide rail system to run at a slower speed, that is, the large permanent
magnet runs at a 0.0052 [m/s] movement. Start the first slide rail system after the power is
applied, and start the second slide rail system after it runs 0.05 [m]. When the distance from
the first large permanent magnet to the container boundary is less than the distance from the
second large permanent magnet to the container boundary, that is, dis_ion<dis_ion1, as shown
in Fig. 5, a, we can clearly see that the small permanent magnet has moved a long distance
along a straight trajectory and is very close to the container boundary.

After that, the first large permanent magnet continues to move away, and the second large
permanent magnet first approaches and then moves away, that is, dis_ion>dis_ion1, the small
permanent magnet moves along the arc trajectory towards the second large permanent magnet.
When they were far enough away, the small permanent magnets stopped moving, and we
could clearly see that the small permanent magnets had only moved a short distance along the
arc trajectory, as shown in Fig. 5, b.

The second set of experiments

We set the slide rail system to run at a moderate speed with a movement speed of 0.0079
[m/s]. After the first large permanent magnet runs 0.05 [m], the second large permanent
magnet begins to move. In the dis_ion<dis_ionl phase, it is clear that the small permanent
magnets move along a straight trajectory, but the distance is less than the distance that the
small permanent magnets moved along the straight trajectory in the first set of experiments.
As shown in Fig. 5, c.

After that, in the dis_ion>dis_ionl phase, the small permanent magnet begins to move
along an arc trajectory towards the second large permanent magnet. When they were far
enough away from the small permanent magnets to stop moving, we were able to observe that
the small permanent magnets moved a distance along the arc trajectory, significantly more
than the distance the small permanent magnets in the first set of experiments moved along the
arc trajectory. As shown in Fig. 5, d.
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Fig 5. a, b are the first set of experiments; c,d are the second set of experiments; e, f are the third set of
experiments.

Fig a. When the slide system runs at a slower speed, small permanent magnets move along a straight trajectory
and approach the container boundary.

Fig b. At dis_ion>dis_ion1, small permanent magnets can only move a short distance along an arc trajectory.

Fig ¢. When the slide rail system moves at moderate speeds, the small permanent magnets move less distance
along a straight trajectory than the results of the first set of experiments.

Fig d. The small permanent magnet moved some distance along the arc trajectory.

Fig e. Small permanent magnets move shorter distances in a straight line than in the first two sets of
experiments.

Fig f. The small permanent magnet traveled a long distance along the arc trajectory.
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The third set of experiments

We set the slide rail system to run at a faster speed, i.e. move at a speed of 0.016 [m/s].
During the dis_ion<dis_ionl phase, as shown in Fig. 5, e we were able to see the small
permanent magnets moving along a straight trajectory, but the distance traveled was the
shortest of the three sets of experiments.

After that, in the dis_ion>dis_ionl phase, the small permanent magnet begins to move
along the arc trajectory towards the second large permanent magnet. When they moved far
enough from the small permanent magnets to stop moving, we could clearly see that the small
permanent magnets moved significantly farther along the arc trajectory than the previous two
sets of experiments. As shown in Fig. 5, f.

In addition, it should be noted that because the gelatin solution will gradually solidify
with time, and the change of external temperature will also have a certain impact on the
gelatin solution, which leads to certain errors between the results of the actual experiment and
the results of the computer simulation experiment, so it is necessary to try to ensure that the
three sets of experiments are completed within a certain time.

RESULTS AND DISCUSSION
Simulation experiment conclusion

Through computer simulation experiments we found:

1. When large permanent magnets move slowly, i.e. 0.0052 [m/s], in the
dis_ion<dis_ionl stage, the small permanent magnet traveled the longest distance along the
linear trajectory, ds= = 0.09 [m]. In the dis_ion>dis_ionl stage, the angle between the small
permanent magnet and the +X axis is the smallest after moving along the arc trajectory, n =
30°.

2. When large permanent magnet moves at a moderate speed, i.e. 0.0079 [m/s], in the
dis_ion<dis_ion1 stage, the small permanent magnet moved along a straight trajectory in the
middle position of the three sets of experiments, ds = 0.0675 [m]. In the dis_ion>dis_ionl
stage, the angle between the small permanent magnet and the +X axis after moving along the
arc trajectory is also in the middle position of the three sets of experiments, n = 45°.

3. When large permanent magnets move at a relatively fast speed, i.e. 0.016 [m/s], in the
dis_ion<dis_ionl stage, the small permanent magnet travels the shortest distance along the
linear trajectory, ds = 0.045 [m]. In the dis_ion>dis_ion1 stage, the angle between the small
permanent magnet and the +X axis after moving along the arc trajectory is the largest, n = 60°.

Practical experimental conclusions

The results of this practical experiment show that the results of computer simulation
experiments are real and reliable. By comparing the three sets of actual experiments, we
found that:

1. The slide rail system starts with 0.0052 [m/s] speed operation, in the dis_ion<dis_ionl
stage, small permanent magnets move along a straight trajectory, and their travel distance is
the longest in the three sets of experiments; In the dis_ion>dis_ionl stage, the small
permanent magnet moves along the arc trajectory, and the angle between the position of the
small permanent magnet and the linear trajectory is the smallest in the three sets of
experiments, that is, the distance of the small permanent magnet moving along the arc
trajectory is the shortest.

2. The slide rail system starts with 0.0079 [m/s] speed operation, in the dis_ion<dis_ionl
phase, small permanent magnets move along a straight trajectory, and their moving distance is
in the middle position in the three sets of experiments; In the dis_ion>dis_ionl stage, the
small permanent magnet moves along the arc trajectory, and the angle between the position of
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the small permanent magnet and the linear trajectory is also in the middle position in the three
sets of experiments, that is, the distance of the small permanent magnet moving along the arc
trajectory is in the middle position of the three sets of experimental results.

3. The slide rail system starts with 0.016 [m/s] speed operation, in the dis_ion<dis_ionl
stage, small permanent magnets move along a straight trajectory, and their travel distance is
the shortest of the three sets of experiments; In the dis_ion>dis_ionl stage, the small
permanent magnet moved along the arc trajectory, and the angle between the position of the
small permanent magnet and the linear trajectory was the largest in the three sets of
experiments, that is, the distance traveled by the small permanent magnet along the arc
trajectory was the longest in the three sets of experimental results.

Through computer simulation experiments and practical experiments, we get the
following conclusions: the faster the moving speed of the large permanent magnet that
constitutes the external magnetic field in the magnetic stereotaxic system, the shorter the
distance that the small permanent magnet as an implant moves along the straight line
trajectory, and the longer the distance that it moves along the arc trajectory; the slower the
moving speed of the large permanent magnet, the longer the distance that the small permanent
magnet moves along the straight line trajectory, and the shorter the distance that it moves
along the arc trajectory.

CONCLUSION

In this research, we have determined the relationship between the running speed of the
large permanent magnet that constitutes the external magnetic field and the implant's moving
trajectory by combining computer simulation experiments with practical experiments, i.e., the
faster the large permanent magnet moves, the shorter the implant's moving distance is along a
straight line trajectory, and the longer the moving distance is along a curved line trajectory.
This means that we can control the distance and steering angle of the implant more accurately,
which makes the study of the magnetic stereotaxic system further, and lays a theoretical
foundation and provides a large amount of experimental data for the implant to be able to
reach the diseased site located in the deep structure of the brain tissue along complex
pathways in neurosurgical interventions with the participation of the magnetic stereotaxic
system.
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AKTyanbHicTh. MardiTHa cTrepeoTakCHdHa CUcTeMa — I1€ HOBHH BHI HEWPOXipypTiYHOTO BTpYYaHHS,
SIKUH 3HaXOJUTHCS Ha CTafii ekcriepuMeHTy. Lleit MeTos 103BoJsie OE3KOHTAKTHO KEPYBATH IMIJIAHTATOM
3a JIOTIOMOTOI0 30BHIITHBOT'O MarHiTHOTO MOJIs, TO3BOJISIOYN HOMY pyXaTHCS IO JIOBUTBHIHM TpaekTopii 10
BOTHHUINA YpPaXEHHS, PO3TAIIOBAHOTO B TIIMOOKHX CTPYKTYpaxX MO3KOBOI TKaHHHH, II00 IOCTaBHTH
TiEPTEePMIiI0 10 MICIS YpakeHHs a00 JOCTaBUTH JIIKH depe3 KaTteTep. Y TOMEepeaHix JOCHTIIKSHHIX MU
BUSBWIIM, IO PyX IMIUIAaHTaTy TO OYTOBiH TPAeKTOpii WIJIKOM MOXXJIHMBHH, TOMY HaM HEOOXiTHO
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BU3HAYUTH 3B'SI30K MDK IIBUAKICTIO PYXY BEIHMKOIO IMOCTIfHOTO MarHiTy, II0 CTaHOBHUTbH 30BHIIIHE
MarHiTHe MoJje, 1 TPAEKTOPI€I0 PyXy IMILIAHTATY, 00 OUTBII TOYHO KEPYBATH PyXOM IMIUIAHTATY.

MeTa — OCHIIUTH BIUIMB IIBUJIKOCTI PYXY BEJIMKHX IOCTIHHMX MarHiTiB, IO CKJIaJalOTh 30BHIIIHE
MarHiTHe IoJje, Ha TPAEKTOPII0 PyXy IMIIAHTATIB (MAJIUX IMOCTIHHUX MarHiTiB).

Martepianu i meToau. CriouaTKy OyIio MPOBEACHO TPH cepii KOMITIOTEPHUX IMITAIHHUX €KCIICPUMEHTIB,
B KOXHIH TPpyHi eKCIIEPUMEHTIB 3MiHIOBaJIacsA TUIBKU MIBHIKICTH POOOTH BEIMKUX ITOCTIHHIX MArHITIB, a
TAKOXX CIIOCTEpIraiics i MOPIBHIOBATHCA 3MIHH TPAEKTOPIH MaluX i CepeqHiX MOCTIHHMX MAarHiTiB B
TPHOX cepisix excrepuMeHTiB. Ilicia mporo Oynm mpoBeneHi MPaKTHYHI €KCHEPUMEHTH U TEepPeBipKH
pe3ysIbTaTiB KOMI'FOTEPHOTO MOJICIIIOBAHHS E€KCIIEPUMEHTIB 32 JIOTIOMOTOI0 PEHKOBOi CHCTEMH, KEPOBAHOL
MiKpoKoHTpoJepoM Arduino.

PesynbTraTH. 3a J0NMOMOrOMH IMITAIIfHMX CKCICPUMEHTIB BH3HAYCHO 3B'I30K MIXK IIBUAKICTIO
HepeMillleHHs BEIUKOT0 OCTIHHOTO MarHiTy Ta TPAa€KTOPI€I0 PyXy Majloro MOCTIHHOTO MarHiTy, a Takox
PO3paxoBaHO 3MiHU HANpPYXEHOCTI HABKOJIMIIIHBOI'O MArHITHOTO IOJISI IiA 4ac pyxy imrutantary. [licms
pOro e Oyjo mepeBipeHO NPaKTUYHUMH EKCIIEpUMEHTaMu. UuM MIBUAILIE PYXa€ThCs BEIUKUH
MOCTIMHHMI MarHiT, THM MEHIIY BiICTAHb MaJMi MOCTIHHMIA MarHiT MPOXOJUTh O JiHIHHIA TpaekTopii, a
OiMBIIYy — IO AYTOBIii; YUM TOBUIBHIIIE PYXAa€ThCS BEMUKUN MOCTIHHWN MarHitT, TUM OLIBITY BiJCTaHB
MaJU# MMOCTIHHUI MarHiT IPOXOIUTH MO TPsMI TPAeKTOpii, a MEHIITy — IO AYTOBIi TPAEKTOPIi.
BucHOBKH. Y 1bOMY AOCTI/UKEHHI MU BU3HAYMIM B3a€MO3B'I30K MK IIBUAKICTIO PyXY BEJIHKOTO
MOCTITHOTO MAarHiTy, IO CTaHOBHUTH 3OBHIIIHE MAarHITHE MOJE, 1 TPAEKTOPIEI0 pPyXy IMIDIAHTATY,
MOETHABIIM KOMITIOTEpHI CHMYJIALINHI €KCHEPHUMEHTH 3 NPAKTUYHMMHU EKCIIEPUMEHTaMH, TOOTO YHM
MIBUALIEC PYXAETHCS BETUKHH MOCTIMHUI MarHiT, THM KOPOTIIA BifICTaHb NEPEMINICHHS IMIUIAHTATy IO
IpsMii TpaekTopii, i TUM JOBIIA BiJICTaHb MEPEMIILIEHHS 110 KPUBOJiHINHHINA TpaekTopii. Lle o3Havae, 110
MH MOYKEMO OLJIbIII TOUHO KOHTPOJIIOBATH BiJICTaHb 1 KYT MOBOPOTY IMILUIAHTATY, LIO CIPUSE MOJAIbLIIOMY
BUBUCHHS MAarHITHOi CTEPEOTAKCUYHOI CHCTEMH, a TaKOX 3aK/IaJae TEeOpeTUUHHH (yHAaMeHT i
3a0e3Meuye BeJUKY KiIbKICTh CKCIIEPUMEHTAIBHHUX JaHUX IS TOTO, 100 iIMILIAHTAT MIT TOCATTH XBOPOT
JUISTHKHM, PpO3TAllOBaHOi B TINIMOOKIM CTPYKTYypl TKaHMHM MO3KY 10 CKJIaJHHX NUIXax IpH
HEeWpOXipypriYHUX BTPYYaHHSIX 32 y4acTIO MAarHiTHOI CTEPEOTAKCHYHOT CUCTEMH.
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