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ABSTRACT This study explores the optimisation of catheter navigation for minimally invasive medical
procedures by determining the Magnetic Tractor Beam (MTB) effect. The investigation involves both
experimental setups and COMSOL simulations. The main emphasis is placed on examining the impact of
factors such as the co-lead magnet’s quality, the follower magnet’s size, and their arrangement in space on
the effectiveness of MTB-based steering mechanisms. This research aims to identify critical variables that
improve catheter navigation accuracy and manoeuvrability through experiments and advanced simulations.
The simulation component is essential for analysing and understanding the complex magnetic interactions
involved in the MTB effect. It enables an in-depth understanding of the magnetic fields and forces involved.
The comparison of the experimental findings and simulation results shows that there is an average percentage
error of 3.84%. This shows a correlation between the two, demonstrating that the simulations accurately
predict the practical outcomes forMTB-based catheter navigation systems. The result confirms the reliability
of simulations for the advancement and improvement of catheter navigation techniques and highlights
the potential of MTB coupling as a considerable development in medical technology. This method can
potentially enhance the safety, effectiveness, and results of catheter-based interventions, representing a
significant advancement in the development of minimally invasive medical procedures.

INDEX TERMS Magnetic actuation catheter, magnetic navigation, magnetic navigation catheter, magnetic
stimulation, steerable catheter.

I. INTRODUCTION
The implementation of catheter-based methods for minimally
invasive lung procedures has had an impact on the field
of respiratory treatment [1]. Clinicians can diagnose and
treat various lung conditions, such as lung cancer, infections,
and pleural effusions, with significantly less trauma to the
patient by accessing the lungs through a catheter [2]. How-
ever, despite these advancements, there are still significant
challenges when navigating the complex bronchial pathways.
The ability to precisely insert a catheter is constrained
by limited visibility and complications. This highlights the
importance of enhancing accuracy and procedural stability.

The associate editor coordinating the review of this manuscript and
approving it for publication was Chaitanya U. Kshirsagar.

The development of advanced imaging and navigation
technologies has played an essential part in addressing these
challenges, marking the development of safer and more
accurate research for lung interventions using catheters [3],
[4]. These advancements demonstrate significant advance-
ment [5], [6], [7], [8], promising a more accurate and
safer approach to lung procedures using catheters, ultimately
improving patient outcomes and reducing recovery times [9],
[10].

Catheter navigation is one of the fundamental aspects of
today’s medical treatment, allowing for precise diagnostics,
treatments, and interventions [11], [12], [13], [14], [15]. The
limitations associated with conventional steering methods,
such as manual manipulation, have led to investigating novel
approaches to enhance flexibility, control, and accuracy [16],

VOLUME 12, 2024

 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 125871

https://orcid.org/0000-0002-6560-8768
https://orcid.org/0000-0001-9741-1137


C. Limpabandhu, Z. T. H. Tse: Exploring MTB Technology for Enhanced Catheter Steering

[17]. The Magnetic Tractor Beam (MTB) coupling is a
magnetic method that shows potential for improving catheter
navigation [18]. Catheter steering, or the ability to navigate
catheters precisely and efficiently through complex anatom-
ical pathways, is a critical challenge in interventional treat-
ments [19], [20]. Traditional catheters commonly experience
limitations in flexibility and controllabilitywhenmanipulated
externally. The exploration of novel techniques resulted in the
study of MTB effects to enhance catheter manoeuvrability
and enable treatment approaches with remarkable accuracy.

Nevertheless, various methods are being studied to
improve the manoeuvrability of catheters. Another signif-
icant magnetic approach involves using externally applied
magnetic fields to manipulate the catheter [21], [22], [23].
This method involves generating a magnetic field outside
the patient’s body to control the movement of a catheter
tip that acts to magnetic forces. It provides a high level of
accuracy and reduces the requirement for physical exertion.
Aside from magnetic methods, non-magnetic methods like
robotic-assisted steering have become increasingly popu-
lar [24], [25], [26]. These systems provide precise control
over the movement of a catheter, using real-time imaging
to adjust with a level of accuracy that cannot be achieved
through manual methods alone.

Magnetic simulation provides the basis for optimising
the implementation of magnetic steering techniques, such
as MTB and external magnetic field control, by improving
the understanding of the magnetic interactions involved.
This paper explores the magnetic interactions that drive
MTB coupling while assessing the effectiveness of external
magnetic fields in steering catheters. This study includes
assessing MTB effects across various magnet grades and
thicknesses using COMSOL simulation software to refine
MTB design for improved navigation.

This paper also aims to study the MTB effects further,
including the MTB distance in different thicknesses and
grades of the magnet, and use the COMSOL simulation
software to determine the MTB effects. The aim is to develop
a novel approach to theMTB design, which allows responsive
and adaptive catheter navigation within the human body
by integrating magnetic fields within the catheter system
and employing advanced control mechanisms, focusing
on understanding the new magnetic interaction through
simulation.

II. METHOD AND PROCEDURES
A. LIST OF MAGNETS USED
This paper consists of ninety-six magnets categorised into
two experiments with three positions: Lead magnet, Co-
lead magnet and Follower magnet. A list of magnets and
their properties are provided in Table 1. Ninety-six magnets
were chosen to represent a large but manageable number
of configurations that could be systematically tested within
our experimental setup. While the number holds no specific
significance, it allowed various possible configurations to be
explored to ensure comprehensive analysis and robustness

FIGURE 1. Example of MTB magnets with their concept. a) MTB magnets
diagram with COMSOL simulation b) MTB catheter c) Example of
Laser-cut pegboard with inverter magnet and follower magnet used in the
experiment.

in the results. The goal was to maximise the number of
combinations tested within practical constraints.

B. MAGNETIC TRACTOR BEAM (MTB) THICKNESS AND
GRADE EXPERIMENT
An inverter magnet, often called an MTB magnet, comprises
magnets that generate a single magnetic field. The principles
behind catheter actuation are based on the current design of
this inverter magnet (Fig. 1a). Adjusting the distance between
co-lead magnets impacts the distance between the follower
magnet and the inverter magnet; bringing the co-leadmagnets
closer results in the follower magnet moving further away
from the inverter magnet, and conversely, increasing the
separation between the co-lead magnets draws the follower
magnet closer to the inverter magnet. This configuration
allows users to effectively control the follower magnet’s
distance [18].

The follower magnet can be affixed to the catheter’s
distal end (Fig 1b), facilitating its application in various
lung procedures. The inverter magnet, strategically employed
to guide the catheter’s tip, enhances its flexibility and
manoeuvrability [18]. This configuration enables precise
control over the catheter’s movement, making it a valuable
tool in lung interventions, where accuracy and adaptability
are paramount.

The experiment aimed to investigate the MTB effect and
involved the utilisation of diverse follower magnet sizes
and thicknesses in combination with N42 and N52 grade
co-lead magnets. This comprehensive approach allowed for
examining distinctions between various combinations to
understand the MTB effect better. The N52 magnet, known
for its robust magnetic properties, was compared with the
N42 magnet, which offered a favourable cost-performance
ratio.
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TABLE 1. List of magnets used in the experiment and their properties.

FIGURE 2. Magnetic flux density distribution in different orientations of
the magnets a) Horizontal Plane – when the magnet is placed
horizontally, b) Vertically Upside-down Plane – when the magnet is
placed vertically upside down.

The experimental methodology utilised SOLIDWORKS
software to create designs and laser-cut pegboards to explore
different distances between co-lead magnets. The design
included a lead magnet with a diameter of 50 mm and two
co-lead magnets with a diameter of 15mm. The distance
between the co-lead magnets can be varied from 9 mm to
16 mm, an essential factor in studying the MTB effect. The
study focused on the effects of magnet thickness and material
grade by focusing on two specific pegboard spacings: 15mm
and 16mm. The experiment includes using follower magnets
with diameters ranging from 1mm to 15 mm to determine the
smallest practical size. Additionally, inverter magnets were
tested in 20 mm and 10 mm thicknesses to determine their
impact on the system. An example of a pegboard with an
experimental setup can be found in Figure 1c.

In addition, the experiment examined how the distances
between the lead and follower magnets, for both inverter
magnet thicknesses, affected the system’s behaviour. This
was done by placing each magnet in the holes of the
pegboard and measuring the distance from one magnet to
another by measuring the distance between their edges.
The measurements were specifically altered to account for
various follower magnet thicknesses and different co-lead
magnet grades. A novel aspect of the study assessed gravity’s
impact on the follower magnet’s functionality by placing the
pegboard in a vertically upside-down position. The objective
of this setup was to observe the potential levitation of the
follower magnet and better understand the net forces present
as a consequence of gravitational influence.

The experimental procedures featured safety measures
and guidelines to address the raised concerns about safety
and proper execution, thereby ensuring the integrity and
well-being of everyone involved. Before initiating the

experiments, researchers received specialised safety training
for handling powerful magnetic fields and precision laser-
cut materials. In addition, the experiment’s design included
fail-safe mechanisms to rapidly demagnetise the setup in
an emergency, thereby reducing the risks associated with
unexpectedmovements in themagnetic field. The precautions
were carefully recorded and followed, ensuring that the study
of the MTB effect using different magnet configurations was
carried out in a controlled and secure manner.

C. MODEL EXPERIMENT
A magnetic simulation was developed using the COMSOL
Multiphysics software (Stockholm, Sweden) to analyse
magnetic interactions extensively. This simulation focused
on a ‘Magnetic Fields, No Currents (mfnc)’ study using the
‘Stationary’ solver category. The objective was to analyse
the magnetic flux density and force distribution among a
specific arrangement of N42 and N52 grade sintered NdFeB
magnets. The arrangement of these magnets was essential
to the simulation, representing two experimental setups that
included a total of 96 magnets. These magnets were placed
in three locations to explore their interactions using finite
element analysis (FEA). The outcomes of these simulations
were represented in a three-dimensional (3D) domain to offer
an in-depth analysis of the magnetic field configurations.
Furthermore, a strategic 2D cross-section taken through the
centre of the magnet array provided data about the magnetic
flux density at that specific location.

Figure 2 illustrates the magnetic flux density distribution in
horizontal and vertical planes passing through the magnets.
These planes were selected to provide a detailed view of
the magnetic field interactions within different orientations
of the magnet setup. The horizontal plane shows the flux
density distribution when the magnet is placed horizontally,
considering the x-axis and z-axis. The vertical plane presents
the distribution when the magnet is placed vertically upside
down, considering all axes (x, y, and z).

Moreover, the computation of the net force (F) exerted
on the Follower Magnet involves utilising the ‘‘Force
Calculation node’ within the ‘Magnetic Fields, No Currents
(mfnc)’ studies. The net force (F), Torque (τ ) and Torque axis
(ταx) can be calculated by using the equation (1) - (3):

F =

∫ τ0

∂�

nT ds (1)
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TABLE 2. Material properties of magnets used in the simulation.

τ =

∫ τ0

∂�

(r − r0) × (nT )dS (2)

ταx =
rαx
|rαx |

· τ (3)

where n is the normal pointing out from the domain
containing material, T is the stress tensor, S is the solid
boundary, r denotes the coordinates of amaterial point, torque

axis in vector (rαx) is equal to

0
1
0

 and torque rotation point

(r0) is equal to

0
0
0

.

D. MTB ON A HORIZONTAL PLANE
In this simulation, the magnets are assumed to be positioned
on a horizontal plane (XZ-plane), with the Y-plane (vertical
plane) disregarded since the magnets remain fixed along that
axis. Table 2 provides a comprehensive list of the magnet
properties employed in this simulation. To determine the
magnetic flux density norm, a 2D plane is intersected through
the centre of all magnets within the 3D plane where the
simulation results were obtained. Additionally, the net force
exerted on the Follower Magnet is calculated. The simulation
maintains a fixed distance of 15 mm and 16 mm between
co-lead magnets, a value confirmed through experimentation
in the MTB Thickness and Grade Experiment as the critical
distance for activating the MTB effect. In this simulation,
the Follower Magnet’s position ranges from close proximity
to the lead magnet to a considerable distance, encompassing
both sides of the co-lead magnets.

E. MTB ON A VERTICALLY UPSIDE-DOWN PLANE
The magnets are inverted vertically, and the follower magnet
is below the inverter magnet, introducing gravity into
the equation through the ‘Solid Mechanics’ studies. This
adjustment considers the XYZ plane in the simulation, as the
magnetic forces are affected by the magnets being turned
upside down. In this simulation, the inverter magnet remains
stationary, with the magnetic properties of the simulated
magnets detailed in Table 3. Gravity acting on the magnet
is taken into account in the simulation on the vertically
upside-down plane setup. Following this reconfiguration, the
same methodologies employed in the previous simulation
derive the magnetic flux density norm and the net force
acting on the Follower Magnet. The simulation maintains a
fixed distance of 16 mm between co-lead magnets, a value

TABLE 3. Material properties of magnets used in the simulation.

substantiated by the MTB Thickness and Grade Experiment
findings, which identify 15mm and 16mm as the activation
distance for the MTB effect. Additionally, the Follower
Magnet’s position varies from proximity to the leadmagnet to
considerable distances and different alignments that deviate
from direct alignment with the inverter magnet along the Y
plane.

F. EXPERIMENTAL RESULT VS. SIMULATION RESULT
The MTB Thickness and Grade Experiment results are
utilised to deepen the analysis of the MTB magnet simula-
tion. This experiment compared the experimental distance
between the Lead and Follower Magnet with the simulation
results obtained through COMSOL. However, in the exper-
iment, the follower magnet was N42 grade. An adjustment
in the simulation was then made by altering the ‘Remanent
Flux Density Norm’ within the material properties of the
Follower Magnet, transitioning from 1.44 T to 1.31 T, thus
resulting in the simulated magnet more closely matching the
experimental magnet.

The comparison involved calculating the percentage error
between the experimentally measured distance and the
simulated distance between the follower and lead magnets.
The average percentage error for each magnet size and
the overall average percentage error were calculated for a
comprehensive analysis.

III. RESULT AND DISCUSSION
A. MAGNETIC TRACTOR BEAM (MTB) DISTANCE
Figure 3 reveals a significant correlation: an increase in the
follower magnet’s size leads to a reduced gap between it
and the lead magnet. Thickness is crucial in the MTB effect,
particularly when the pegboard is vertically inverted. If the
follower magnet’s thickness matches the inverter magnet’s
(20mm), the MTB effect fails. This is due to the influence
of gravity, disrupting the magnet’s equilibrium necessary
for the MTB effect. The most stable MTB effect occurs
when the follower magnet’s thickness aligns with 16mm. The
following equation summarises this phenomenon:

Fthickness < Lthickness
Lthickness = Co− L thickness
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FIGURE 3. Distance between the lead magnet and follower magnet,
where Co-L=Co-lead magnets, and F-th = Follower magnet’s thickness,
and the values of Co-L and F-th are in mm. The standard deviation is
plotted in the graph as an error bar. (a) pegboard placed horizontally
where the distance between Co-lead is 15mm (b) pegboard placed
horizontally where the distance between Co-lead is 16mm (c) pegboard
placed vertically upside down.

Figures 3 and 4 confirm a significant trend: larger inverter
magnets enable increased separation between lead and
follower magnets. Curve-fitting results indicate an inverse
relationship between these magnets’ distance and co-lead
magnets’ proximity. Figure 4 highlights that using N42 co-
lead magnets reduces the distance between lead and follower
magnets due to N42’s weaker magnetic field than N52.

Larger follower magnets amplify attraction forces while
co-lead magnet repulsion remains constant, reducing the
separation between lead and follower magnets. Moreover,
when comparing two experiments in Figures 3 and 4, varying
the inverter magnet thickness (10 mm to 20 mm) affects

FIGURE 4. Distance between the lead magnet and the follower magnet,
where the pegboard is only placed horizontally, and F-th = thickness of
the follower magnet, all in mm. The standard deviation is plotted in the
graph as an error bar. (a) distance between Co-lead is 15mm (b) distance
between Co-lead is 16mm.

the distance between the magnets. Thinner inverter magnets
increase separation, whereas thicker ones enhance MTB
stability. Notably, the distance graph slope remains uniform
with constant follower magnet grade and co-lead magnet
distance.

B. COMSOL MODEL EXPERIMENT
1) MTB ON A HORIZONTAL PLANE
Figure 5 illustrates a series of simulations involving the
inverter magnet and follower magnets in various scenarios.
At the same time, Table 4 provides a detailed account of the
net force results affecting the follower magnet under these
conditions and the distance between the follower magnet and
the leadmagnet from edge to edge.When the followermagnet
is close to the inverter magnet, the repulsion force from
the co-lead magnets becomes ineffective, and the attractive
force from the lead magnet overpowers any repulsion.
Consequently, the follower magnet is drawn closer to the lead
magnet. The degree of attraction determines the proximity
of the follower magnet to the lead magnet, as evident in
Figures 5a and 5b. In scenarios where the repulsion force
starts to act on the follower magnet, even when it is not
precisely in the MTB effect position, a stronger repulsion
force propels the follower magnet upward, bringing it closer
to the inverter magnet. This is exemplified in Figures 5c
and 5d.
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FIGURE 5. Inverter and follower magnets in different scenarios on the horizontal plane. The arrows show the magnetic flux directions
between the four magnets.

TABLE 4. Follower magnet’s net force on a horizontal plane.

The MTB effect creates an air gap between the magnets,
causing the follower magnet to reach an equilibrium state

where it neither moves closer nor further away from the
inverter magnet. As the simulation solely evaluates forces in
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TABLE 5. Follower magnet’s net force on a vertically upside-down plane.

static conditions, the net force acting on the follower magnet
during the MTB effect position equals zero. The MTB effect
operates within specific distances where the net force in the
x and z planes is balanced, as depicted in Figure 5e. When
the follower magnet is close to the MTB effect position
but not precisely aligned, the lead magnet exerts a slight
force, drawing it to the MTB effect position. The strength
of this force determines the proximity, as seen in Figures 5f
and 5g. However, suppose the follower magnet is too distant
from the lead magnet (Figure 5h). In that case, the repulsion
force from the co-lead magnets prevails, potentially causing
the follower magnet to move away. Alternatively, when the
follower magnet is far from the inverter magnet (Figure 5i),
no significant force acts on it, and the net force returns to zero.
In this case, the follower magnet does not move in tandem
with the inverter magnet.

Additionally, when the follower magnet is aligned with
the centre of one of the co-lead magnets, it experiences the
repulsion force from that specific co-lead magnet, propelling
it upward along the centreline shared by both magnets
(Figure 5j). However, if the follower magnet is not precisely
aligned with the centre of the inverter magnet, one of the
co-leadmagnetsmay overcome the attraction force of the lead
magnet, causing the follower magnet to move away to one
side, influenced by the specific co-lead magnet’s repulsion
force (Figure 5k). It’s important to note that when the follower
magnetmoves away, there’s a possibility it may be attracted to
the lead magnet at a different angle, where the repulsion force
from the co-lead magnets no longer affects its trajectory.

2) MTB ON A VERTICALLY UPSIDE-DOWN PLANE
Figure 6 comprehensively depicts the simulation involving
an inverter magnet and follower magnets on a vertically
upside-down plane. Table 5 offers insights into the net force
outcomes affecting the follower magnet in various scenarios,
as detailed in Figure 6. It also shows the distance between
the follower and lead magnets from edge to edge. Due to its
vertically upside-down orientation, this unique setup allows

the follower magnet to move freely within a 360-degree range
across the X, Y, and Z planes. In Figure 6a, when the follower
magnet is close to the lead magnet, the attractive force from
the lead magnet surpasses both the force of gravity and the
repulsion from the co-lead magnets, leading to the attraction
of the follower magnet by the lead magnet. As shown in
Figure 6b, when the follower magnet is near the MTB effect
position but close to the inverter magnet, it experiences a
downward movement driven by the combined repulsion force
from the co-lead magnets and gravity, ultimately positioning
it within the MTB effect range.

Figure 6c depicts the MTB effect position, where the
follower magnet reaches an equilibrium state, levitating
without any motion and maintaining a net force of zero,
similar to the scenario shown in Figure 6f. In situations where
the inverter magnet moves, the follower magnet maintains
a fixed distance from the lead magnet, as displayed in
Figure 6c. For scenarios where the follower magnet is not
in the MTB effect position, it is drawn upward towards the
MTB effect position if the Tools and equipment repulsion
force and gravity do not surpass the attraction force from the
lead magnet, as seen in Figure 6d.
Figures 6e, 6f, and 6g reveal that when the follower

magnet is located too far from the inverter magnet, beyond
the effective range of the lead magnet’s attraction, it may
fall due to the influence of gravity and the repulsion force.
Alternatively, it might fly away, seeking attraction from the
lead magnet in a different area. However, suppose the centre
of the follower magnet is not aligned with the centre of
the inverter magnet in the Y-plane. In that case, it will
be propelled away and subsequently attracted by the lead
magnet in an alternative region, as depicted in Figures 6h
and 6i. Moreover, when the position of the follower magnet is
situated on either side of the co-lead magnet, not aligned with
the centre in the X-plane, the follower magnet’s behaviour
varies depending on its location and the resultant net force
acting upon it, as seen in Figure 6j and 6k. Figure 6l depicts
a situation in which the follower magnet is not correctly
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FIGURE 6. Inverter and follower magnets in different scenarios on the vertically upside-down plane.

positioned in both the X and Y planes. The follower magnet
behaves unsteadily in this situation, perhaps swerving away
predictably depending on its position.

The primary focus in the presented scenarios was on
analysing static simulation results to gain an in-depth
understanding of the complexities of the MTB effect under
different conditions. These simulations explain how the
positions and distances between the follower, lead, and
co-lead magnets affect the system’s behaviour in a controlled
and stationary environment. Although these findings are
valuable for theoretical analysis and initial understanding,
they serve primarily as a foundation for research and require
further research into dynamic behaviours.

To gain practical applications and a thorough comprehen-
sion of the MTB effect, it is essential to broaden the research
to include dynamic motion simulations and evaluations of
variations in time in forces caused by magnet movement.
This method would accurately depict real-life situations in
whichmagnets experience continuousmovement and varying
external influences. Furthermore, it is imperative to examine
the stability of these static findings. The process entails
analysing how slight modifications in experimental factors,
such as the position or orientation of a magnet or the presence
of external forces, can result in significant variations in the
behaviour and dynamics of the magnet’s force. Conducting
a thorough analysis at an additional level is essential for
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FIGURE 7. The error percentage in the distance between lead and
follower magnet results was compared between the experiment and
simulation. a) Average percentage error of each magnet size in the
horizontal plane b) Average percentage error of each magnet size in the
vertically upside-down plane.

ensuring the reliability and relevance of the MTB effect in
real-life situations, where accurate control and predictable
results are of the highest priority.

3) PERCENTAGE ERROR BETWEEN EXPERIMENTAL RESULT
AND SIMULATION RESULT
The result from the MTB thickness and graded experiment
is used to compare the result in this section, where the
percentage error between the two similar scenarios is calcu-
lated. Figure 7, which represents the percentage difference
between our experimental and COMSOL simulation results,
is an integral part of our analysis. Notably, the distance
measurements between the lead and follower magnets in
the experiment and simulation are highly similar, with
only a minor difference. This minor difference could be

attributed to the inherent possibility of human error during the
experimental phase.

The exceptional level of precision, as demonstrated by
the deficient total percentage error of 2 %, is essen-
tial. This insignificant value illustrates the experiment’s
precision and dependability, indicating an exceptionally
high level of accuracy in both experimental and simula-
tion results. Moreover, the close result of the distances
between the lead and follower magnets with such a
small percentage error demonstrates the consistency of the
results. It validates simulation and highlights the poten-
tial for MTB effects to improve precision in medical
interventions.

While the COMSOL simulation package is well-validated,
and its agreement with experimental measurements is antic-
ipated, this study verifies the effects of the thickness and
size of the follower magnets. This approach ensures that the
findings are robust and reliable. Combining simulation and
experimental methods offers a comprehensive analysis that
confirms the consistency and accuracy of the results across
different verification techniques.

IV. CONCLUSION
The study delves into MTB coupling and its impact
on catheter steering. It reveals crucial factors influencing
lead-follower magnet distances, notably their inverse rela-
tionship with co-lead magnet spacing. Variances in co-lead
magnet grades, such as N42 and N52, affect performance.
The follower magnet’s size, diameter, and thickness play a
pivotal role in attraction and repulsion forces, shaping the
distance between magnets.

The study highlights how co-lead magnet proximity affects
spatial arrangements. As co-lead magnets draw nearer,
the lead-follower magnet gap widens. The thickness of
the inverter and follower magnets emerges as a critical
factor. Thinner magnets increase the lead-follower distance,
while thicker ones promote a stable MTB effect. These
findings emphasise the intricate interplay of forces and
magnet attributes in catheter navigation, offering promise for
precision in medical interventions.

Moreover, the research underscores the remarkable poten-
tial of the MTB effect. It achieves consistent results with
minimal divergence between experiments and COMSOL
simulations, primarily attributed to minor experimental
errors. The study demonstrates extraordinary precision, with
a total percentage error of 2 %, affirming the reliability of
experimental procedures and simulation accuracy. The prox-
imity of lead-follower magnet distances and low percentage
errors validate MTB’s potential to enhance precision in vari-
ous applications, particularly in medical interventions. Given
the remarkable alignment between the simulation results
and the corresponding experimental data, it is reasonable
to conclude that simulations can be conducted effectively
without an experimental setup. This implies that additional
simulation tests can be performed before constructing a
prototype system.
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