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Abstract

Magnetic robots actuated by magnetic navigation systems (MNSs) have been studied
extensively in medical robotics. MNSs composed of multiple electromagnets (EMs) generate
external magnetic fields required to apply torque and force to magnetic robots. However,
the fixed EM positions in conventional MNSs hinder the generation of a strong magnetic
field in the desired direction. To overcome this limitation, several MNSs have recently been
proposed to mechanically control EM positions to maximize magnetic field generation.
However, solving the resulting nonlinear problem with respect to EM position requires
high computational cost. Here, we introduce a decoupled optimization method that first
determines the optimal position of the magnetic robot in the ROI by moving the EM part
and then determines the current applied to the MNS. The proposed method integrates
particle swarm optimization and linear optimization to optimize the EM position and
current combination, thereby maximizing both magnetic flux density and magnetic field
gradient. Its effectiveness was verified by comparison with a conventional pseudoinverse
method. We also experimentally validated the proposed method using an MINS with eight
robotically adjustable EMs. Finally, the overall control process was evaluated through
navigation experiments with a magnetic catheter and an untethered magnetic robot in
various environments.

Keywords: decoupled optimization; magnetic navigation system; magnetic robot; robotic
endovascular intervention

1. Introduction

Occlusive vascular disease is a major cause of mortality due to aging and unhealthy
lifestyle habits that promote metabolic diseases such as diabetes and obesity [1]. Percuta-
neous peripheral intervention (PPI) and coronary intervention (PCI) are the most widely
used methods of treating occlusive vascular disease in the heart or leg. These procedures
involve injecting a contrast medium into a blood vessel under fluoroscopy and using
catheters, guidewires, or stents to open blocked or narrowed arteries [2]. However, the
success rates of PPI and PCI depend on the skill and experience of vascular intervention spe-
cialists, leading to significant variability in procedure time, cost, and outcomes. Moreover,
such specialists are continuously exposed to high levels of radiation during the procedure,
increasing the risk of radiation-induced brain tumors and cataracts [3—-6]. These limitations
promote the need for safe robotic intervention techniques.
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Robotic endovascular intervention is typically composed of a magnetic navigation
system (MNS) for generating external magnetic fields [7-11], a robotic feeding device for
inserting surgical tools and performing therapeutic techniques such as suction and drug
delivery [12,13], and magnetic robots (e.g., a magnetic catheter or untethered magnetic
robot) that are remotely controlled to perform medical functions in blood vessels using
magnetic fields generated by the MNS [14-21]. Among these components, the MNS is
critical to the overall robotic endovascular intervention.

The MNSs can be categorized into two types: permanent magnet (PM)-based and
electromagnet (EM)-based systems. While PM-based systems can generate strong magnetic
fields, they lack the ability to rapidly adjust the magnetic field and pose safety concerns
because the magnetic field cannot be deactivated. EM-based systems can overcome these
limitations by controlling the current flowing in the coils of EMs. Prior EM-based systems,
which used Helmholtz, Maxwell, and saddle coils, suffered from high power consumption
and weak magnetic fields. To enhance their weak magnetic field, recent research efforts
involved inserting magnetic cores of highly permeable materials into their MNSs [9,22-26].
However, most MNSs with magnetic cores have fixed structures, limiting their ability to
generate sufficient magnetic flux density (which is proportional to magnetic torque) and
magnetic field gradient (which is proportional to magnetic force) in specific directions. They
may generate insufficient magnetic force and torque in the desired direction, depending on
the position and orientation of the magnetic robot within the workspace. Such limitations
hinder precise control of surgical devices, such as magnetic catheters, as shown in Figure 1.
For example, insufficient magnetic torque can cause unintended steering motion, while
a weak magnetic force may result in catheter buckling [27], preventing the device from
reaching the target lesion. When such situations occurred in prior research, efforts were
made to enhance the magnetic field by optimizing the current combination applied to
the EMs [28,29]. Even though these methods can improve the magnetic torque and force,
the fixed positions of the EMs in prior MNSs still hinder generation of a strong magnetic
field in the desired direction. To overcome this shortcoming, recently, some MNSs were
proposed to control the position of EMs for maximizing the magnetic field. However, this
type of MNS requires high computational cost to solve a nonlinear problem determining
the optimal position of the EMs. In addition, a method of maximizing the magnetic flux
density and magnetic field gradient acting on the robot by simultaneously optimizing both
the position and the applied current of the EMs in MNS has yet to be developed.
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Figure 1. (a) A magnetic catheter successfully passes through the target blood vessel with sufficient
magnetic torque and magnetic force. (b) A magnetic catheter enters an unintended blood vessel due
to insufficient magnetic torque and buckles due to insufficient magnetic force.
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We propose a decoupled optimization method of position and current control (DOPC)
of the EMs in the MNS. The major contributions of this paper are listed as follows:

(1) The proposed DOPC method maximizes the magnetic flux density or magnetic force
by determining both the optimal position of the magnetic robot in the ROI and the
optimal currents applied to the EMs. The proposed method uses the robotically
adjustable structure of the MNS to improve magnetic field generation capability.

(2) The optimization problem of the DOPC is decoupled into the current optimization
problem and the position optimization problem. The current optimization problem
determines the optimal current solution at a given position under the rated current
constraint, and the position optimization problem determines the optimal position
in the ROI. This decoupling process reduces the computational cost compared with
directly solving the nonlinear optimization problem with both position and current as
design variables.

(3) The proposed method is validated using the robotically adjustable magnetic navigation
(RAMAN) system with eight EMs. The magnetic flux density and magnetic field
gradient obtained using the DOPC are compared with those obtained using the
conventional pseudoinverse method. In addition, in vitro experiments demonstrate
that the DOPC enables successful navigation of a magnetic catheter and an untethered
magnetic robot in cases where the conventional pseudoinverse method fails.

This paper is structured as follows. Section 2 describes the operating principle of
magnetic robots and the MNS and analyzes the magnetic characteristics of the RAMAN
system. In Section 3, we describe the proposed DOPC in detail. In Section 4, we compare
the magnetic flux density and magnetic field gradient of the proposed DOPC with those
of a conventional pseudoinverse method. To validate the proposed DOPC, measured
magnetic flux densities of the RAMAN system are compared with simulated values. In
addition, the overall control process is evaluated experimentally, and successful navigation
of the magnetic catheter and the untethered magnetic robot along target paths in various
environments is demonstrated. Conclusions are presented in Section 5.

2. Magnetic Manipulation and Magnetic Navigation System
2.1. Operating Principle of the Magnetic Robot and the MNS

A magnetic robot in the workspace of the MNS can be manipulated by controlling the
external magnetic flux density. The magnetic torque and the magnetic force acting on the
PM embedded in the magnetic robot can be expressed as follows:

T=mxB (1)

F=(mV)B )

where 7, F, m, and B denote the magnetic torque, the magnetic force, the magnetic dipole
moment of the PM, and the magnetic flux density generated by the MNS. In this analysis,
the PM embedded in the magnetic robot is modeled as a magnetic dipole with a constant
magnetic moment. Therefore, the magnitude of m is assumed to be constant, and the
direction of m is determined by the orientation of the magnetic robot. By separating
the components of the magnetic dipole moment, Equations (1) and (2) can be expressed

as follows:
0 —my my By
T=| my 0 —my||B,| ={m:}B 3)
—my My 0 B,
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where {m~}, {mg}, and G denote the torque-field correlation matrix, the force-field gradient
correlation matrix, and the magnetic field gradient vector, respectively. In an MNS consist-
ing of N-EMs, the magnetic flux density and the magnetic field gradient generated by each
EM are independent and are assumed to have a linear relationship with the applied current
without considering the magnetic saturation. In this study, the applied current was con-
strained by the rated current of the power supply, and the actuation matrix approximation
model was experimentally validated by comparing the calculated and measured magnetic
flux densities, as described in Section 4.1. Then, the magnetic flux density and the magnetic
field gradient generated by the MNS with N-EMs can be expressed as follows:

»

B=[by(P) ... bu(P)||:|={As(®)} ©)
_IN_
=

G=lg®) ... gu®)||:|={ac®)} (©6)
_IN_

where I, ka, ng (k=1,2,..., N), P, and I denote the current, the magnetic flux density per
unit current, the magnetic field gradient per unit current corresponding to the k-th EM, the
position of the magnetic robot in the workspace, and the current vector, respectively. In
Equations (5) and (6), {Ag(P)} and {Ag(P)} are defined as the field actuation matrix and the
field gradient actuation matrix, respectively. By combining Equations (4)—(6), the magnetic
flux density and the magnetic force can be rewritten as follows:

ﬁ [ {as@}
F

{mr}{Ag(P)}
where {Agr(m,P)} denotes the total actuation matrix, which represents the correlation

]I = {Apr(m,P)}I 7)

among the applied current, the magnetic flux density, and the magnetic force. Equation (7)
shows that, once the position (P) and magnetic dipole moment (m) are given, the in-
put current vector required to generate the desired magnetic flux density and force can
be calculated.

2.2. Magnetic Anisotropy of the MNS

In an MNS consisting of EMs with fixed structures, significant magnetic anisotropy
can occur at a specific position within the workspace. That is, at a given position, the
magnetic field or magnetic field gradient along a specific direction can be significantly
smaller compared with those in other directions. To evaluate the magnetic anisotropy of
the MNS, Pourkand proposed a method of assessing the magnetic performance of the MNS
using singular value decomposition (SVD) [30]. Using that analysis, the anisotropy of the
magnetic field and magnetic field gradient can be evaluated by calculating the singular
values of {Ap(P)} and {Ag(P)} at a given position in the workspace. The magnetic field
anisotropy and the magnetic field gradient anisotropy can be characterized by the field
condition number (Kp) and the field gradient condition number (Kg), respectively:
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Kp = 0min({AB(P)})/0max({AB(P)}) ®)
K = omin({AG(P)})/0max({Ac(P)}) )

where omin({AB(P)}) and o in({Ag(P)}) denote the smallest singular values of {Ag(P)} and
{Ag(P)}, respectively, while 0 max({AB(P)}) and omax({Ag(P)}) denote the largest singular
values of {Ag(P)} and {Ag(P)}. If Kp and K¢ are close to zero, the MNS has high magnetic
anisotropy at that position.

2.3. Structure and Characteristics of the RAMAN System

Due to magnetic anisotropy, the magnitude of the magnetic field or magnetic field
gradient along the desired direction may be insufficient at a specific position within the
workspace of the MNS. To mitigate magnetic anisotropy, we propose adjusting the operating
position of the magnetic robot within the workspace of the MNS by moving the position
of the EM part. A detailed explanation of the proposed control method is provided in
Section 3. To change the operating position, we used a RAMAN system as shown in
Figure 2a [28]. The RAMAN system is composed of two EM sets and one linear robot stage.
Each EM set consists of four EMs, two horizontal yokes, and one vertical yoke. Two EMs
are attached to each horizontal yoke, and two horizontal yokes are attached to each vertical
yoke. The linear robot stage is composed of seven actuators that can generate motion in
the x, y, and z directions of EM sets, which allows the workspace of the RAMAN system
to move in the x, y, and z directions. The coordinate system to define the position in the
workspace of the RAMAN system is shown in Figure 2b. In Figure 2c, the height (H) and
distance (L) of the RAMAN system were set to 350 mm and 200 mm, respectively, which is
sufficient to hold the human body. The region of interest (ROI) was defined as a cuboid
with a length of 150 mm (Lror) within the workspace. The center of the ROI was set at
210 mm (Heenter) above the lower core in consideration of the bed height of 90 mm (Hy ).
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Figure 2. (a) A RAMAN system consisting of two EM sets and one linear robot stage and its EM part.

(b) The coordinate system of the RAMAN system. (c) The size of the workspace and the region of
interest (ROI) of the RAMAN system.
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Next, an analysis in [30] was performed to investigate the characteristics of the RA-
MAN system. To analyze the magnetic anisotropy, we created the approximation models
of {Ag(P)} and {Ag(P)} from magnetic flux density data measured at 1331 points within
the ROL The approximation model of {Ag(P)} was designed using a polynomial regression
model that expresses the magnetic flux density at each position. The pseudoinverse tech-
nique was applied to obtain the coefficients of the polynomial. The optimal approximation
model was selected by determining the polynomial order n that minimized the error be-
tween the measured and calculated magnetic flux density values. For the RAMAN system,
n = 6 was selected, and the magnetic flux density calculated by the approximation model
with n = 6 showed an average error of 3%, as evaluated in Section 4.1.

To analyze the magnetic anisotropy of the RAMAN system, the condition numbers in
Equations (8) and (9) were calculated for 27 points, including the center and each vertex of
the RO, and the center of each face. Figure 3 shows the values of Kp and K¢ calculated
at the 27 points within the ROI, with the diameter of the circle representing the relative
magnitude of the condition numbers. The minimum values of Kz and K¢ calculated at the
27 points were 0.1022 and 0.0244, respectively. The values of K and K at the center of the
ROI were 0.7624 and 0.1591, respectively. Because the ROI of the RAMAN system was set
close to the upper core of the EMs in consideration of the patient bed, both the magnetic flux
density and the magnetic field gradient exhibited significant anisotropy on the z = 75 mm
plane. The results shown in Figure 3 indicate that the magnetic flux density and magnetic
field gradient generated within the ROI in the RAMAN system have significant anisotropy,
particularly on the upper plane, reducing the magnitude of the magnetic torque or force
along the desired direction.
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Figure 3. The relative size of the condition number of (a) the magnetic flux density (Kg) and (b) the
magnetic field gradient (K;) calculated from 27 points within the ROI. The different colors indicate
the z-position planes: yellow, red, and blue correspond to z = 75, 0, and —75 mm, respectively.

3. Decoupled Optimization of Position and Current

The proposed DOPC solves the position optimization problem using the particle
swarm optimization (PSO) algorithm to maximize the magnetic flux density or magnetic
force in the desired direction. The optimization problem of the DOPC can be formulated

as follows:
Maximize & Bmax/ Bpinv + &F Fmax/ Fpiny

subject to Popt € {ROI}, ‘Ioptk‘ < Imax (k=1,...,N) (10)

design variables : Popt, Iopt
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where Bmax, Fmax, Bpinv, Fpinv, Popt, and Iopt denote the maximum value of the magnetic
flux density, the maximum value of the magnetic force, the reference magnetic flux density,
the reference magnetic force obtained using the conventional pseudoinverse method at the
center of the ROI, the optimal position of the magnetic robot in the ROI, and the optimal
current vector applied to EMs, respectively. In the objective function, ag and ar denote
the weighting factors for the magnetic flux density and the magnetic force, respectively.
For instance, when maximizing the magnetic flux density, ap = 1 and ar = 0, whereas
ap = 0 and ar = 1 when maximizing the magnetic force. For the constraints in Equation (10),
{ROI}, Iopt.k, and Imax denote the internal region of the ROI, the k-th component of Iopt,
and the rated current of the power supply, respectively. The optimization problem in
Equation (10) can be solved directly by several optimization algorithms, including a PSO
algorithm. Meanwhile, the nonlinear optimization in Equation (10) consists of multiple
design variables (Popt € R3 and Lopt € RN), resulting in a high computational cost. To
solve this problem, we decoupled Equation (10) into the current optimization problem and
the position optimization problem.

The current optimization problem finds an optimal current combination maximizing
the objective function in Equation (10) at a given position P. In previous research, pseu-
doinverse methods have been used to obtain the current combination. However, under
the rated current constraint of power supply, the magnetic flux density generated by a
current combination is limited by the coil that requires the largest current. If the largest
absolute current component exceeds the rated current, the entire current combination must
be scaled down. Therefore, to maximally utilize the current output of the power supplies,
the largest absolute current component should be minimized. The pseudoinverse method,
however, derives a solution that minimizes the L,-norm of the current combination, rather
than the largest current component. Thus, it does not necessarily provide the current
combination that maximizes the magnetic flux density under the rated current constraint.
Previous studies proposed current calculation algorithms that exploit the null space of
the actuation matrix to more fully utilize the current output of the power supplies and
maximize the magnetic flux density, using linear programming (LP) [28] or the minimum
Leo-norm approach [29]. Meanwhile, the conventional pseudoinverse method and the meth-
ods introduced in [28,29] cannot control the magnetic force and may generate unintended
magnetic force.

To overcome this problem, we considered the current solution using the basis vector
and null space vector of the magnetic flux density and magnetic force, respectively. The
current combination to control both magnetic flux density and magnetic force can be
calculated as follows:

N-6
Iopt = BmaxBpasis + FmaxFpasis + kX: Ck'Vnull.k (11)
=1
where Cy (k=1, ..., N — 6), Bpasis, Fpasis; and Vuqi1.x denote the free variables, the magnetic
field basis vector, the magnetic force basis vector, and the k-th basis vector of null space of
the {Apr(m, P)}, respectively. Bpasis and Fpasis are calculated as follows:

Bges (P) ]

Bpasis = {Apr(m,P)}' [OIBdSS(Pz)I}T (12)

[0 Fd?s(l’)o}

HFdes(P)H J

Fpasis = {Apr(m, P)}" (13)
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where {Ag(m,P)}" denotes the pseudoinverse of {Ag(m, P)}, and Bges(P) and Fyes(P)
denote the desired magnetic flux density and the desired magnetic force, respectively. From
Equations (11)-(13), the current optimization problem to determine the optimal current at
the given position can be rewritten as follows:

Maximize & Bmax/ Bpiny + #FFmax/ Fpinv
Iopt.k < Imax(k =1, ..., N) (14)
design variables : Cy(k=1, ..., N —6), Bmax, and Fmax

subject to

As the optimization problem in Equation (14) is a linear programming problem, the
global optimum can be found using well-known iterative methods (e.g., the dual-simplex
algorithm). By substituting the global optimal solution of Equation (14) into Equation (11),
the optimal current solution (Iopt) for maximizing the objective function at a given position
can be obtained.

If the optimal current solution at a given position has been determined, it is sufficient
to optimize only the position (Popt) to maximize the objective in Equation (10). To determine
the optimal position, we considered the position optimization problem as follows:

Maximize agBmax (Popt) /Bpinv + apFrax (Popt) /Fpinv
subject to Popt € {ROI} (15)
design variables : Popt

The optimization problem in Equation (15) can be solved using the PSO algorithm of
the particleswarm solver in MATLAB R2025a (MathWorks, Natick, MA, USA). The optimal
position Popt calculated from Equation (15) can be achieved by moving the EMs of the
MNS (e.g., by moving the linear robot stage of the RAMAN system). Finally, the voltage
information (Vopt) for each coil to generate the desired magnetic field can be calculated
as follows:

Vopt = {Rcoil}lopt (16)

where {R,j1} denotes the diagonal matrix (with an N x N size) composed of the resistances
of each coil. Equation (16) assumes quasi-static current application and calculates the
required voltage using only the coil resistance. Therefore, the inductive voltage component
or current tracking error caused by rapid current variation is not included. This assumption
is reasonable for the present navigation experiments, in which the desired magnetic field or
magnetic force was changed slowly.

The overall control process of the DOPC using the RAMAN system is illustrated in
Figure 4. First, the target path and the initial position of the magnetic robot are detected
in real time using a bi-plane camera. Next, the objective function is defined based on the
direction of the desired magnetic field, considering both the magnetic flux density and the
magnetic force. The optimal position of the magnetic robot in the ROI (Popt) and the optimal
current combination (Iopt) are calculated from the position optimization problem and the
current optimization problem, respectively. The decoupling process of this optimization
problem enhances computational efficiency, enabling faster calculations. Next, the linear
robot stage of the RAMAN system is controlled to move the EMs and adjust the position of
the magnetic robot at the calculated optimal position. Finally, the required voltage (Vopt)
for each coil to apply the current solution is calculated by the voltage calculator, and the
power supplies apply the voltages to the coils.
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Figure 4. Block diagram of the overall control process of the DOPC using the RAMAN system.

4. Results and Discussion
4.1. Verification of the DOPC Using the RAMAN System

To validate the reliability of the magnetic field calculated for DOPC, the magnetic flux
densities were measured, and the accuracy of the actuation matrix approximation model
was evaluated using a Gauss probe (THM1176, Metrolab, Plan-les-Ouates, Switzerland).
In this experiment, the Gauss probe was fixed at the center of the ROI, and the linear
robot stage of the RAMAN system was adjusted to position the probe accordingly. The
experiment was conducted using a power supply (AST 9003, California Instruments, San
Diego, CA, USA) with an upper current limit of 12 A. The elevation () and azimuth (¢)
angles of the magnetic flux density or magnetic field gradient were varied in 10° increments
over the range of 0° < 8 < 180° and 0° < ¢ < 180°, covering 361 (=19 x 19) directions. The
calculated magnetic flux densities from the approximation model were compared with the
measured densities obtained from the Gauss probe. The calculated magnetic flux density
matched well with the measured ones, with average errors within 3%.

Next, to verify the efficiency of the proposed DOPC, we simulated and compared the
optimized magnetic flux density and magnetic field gradient (Boyt and VB,yt) with those of
the conventional pseudoinverse method (B, and VB,;,,). To evaluate the efficiency of the
DOPC, we first calculated the field efficiency (Bopt/Byiny) and the field gradient efficiency
(VBopt/ VBpiny) at the center of the ROI in the RAMAN system. Figure 5a,b show the
calculated field efficiency and field gradient efficiency using actuation matrices {Ag(P)} and
{Ag(P)}, respectively (described in Section 2.3). The proposed DOPC increased the magnetic
flux density and magnetic field gradient compared to the conventional pseudoinverse
control method along all directions, with maximum increases of 2.31 times and 6.69 times,
respectively, and average increases of 1.56 times and 2.54 times. These results demonstrate
that the proposed DOPC improves the magnetic field generation of MNS.

To compare the proposed DOPC with other optimization methods, we additionally
simulated and compared the optimized magnetic flux density and magnetic field gradient
with those of two comparison methods. In the first method, the current combination was
optimized using LP at the center of the RAMAN system without changing the position
of the EM part. In the second method, the position was optimized, whereas the current
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combination was calculated using the conventional pseudoinverse method. Here, Brp and
VB p denote the magnetic flux density and magnetic field gradient obtained using LP at
the fixed position at the center of the ROI in the RAMAN system, respectively, and Bjos
and VBy,s denote those obtained using position optimization with the conventional pseu-
doinverse method, respectively. Figure 6a,b show the calculated field efficiency (Bopt/Brp)
and field gradient efficiency (V B,/ VB p), respectively. Compared with LP at the fixed
position, the proposed DOPC increased the magnetic flux density and magnetic field gradi-
ent along all directions, with maximum increases of 1.80 times and 5.32 times, respectively,
and average increases of 1.14 times and 1.61 times. Figure 6¢,d show the calculated field
efficiency (Bopt/ Bpos) and field gradient efficiency (VBopt/V Bpos), respectively. Compared
with position optimization using the conventional pseudoinverse method, the proposed
DOPC increased the magnetic flux density and magnetic field gradient along all directions,
with maximum increases of 1.95 times and 5.88 times, respectively, and average increases
of 1.22 times and 1.72 times. These results indicate that LP at a fixed position is insufficient
to fully improve the magnetic field generation capability because it cannot mitigate the
magnetic anisotropy of the RAMAN system. In addition, position optimization with the
conventional pseudoinverse method is also insufficient because the current output of the
power supplies cannot be fully utilized under the rated current constraint. Therefore, both
the position optimization problem and the current optimization problem are required to
maximize the magnetic flux density and magnetic field gradient.

Bop/Bpinv
P
VBopd VBpiny

Figure 5. Simulated (a) field efficiency (Boyt/ Byiny) and (b) field gradient efficiency (VB / VBpino)
with respect to the elevation (6) and azimuth (@) angles of the magnetic flux density or magnetic field
gradient at the center of the ROI in the RAMAN system.

4.2. Validation of Enhanced Manipulation of Magnetic Robots

To evaluate the enhanced manipulation performance of the magnetic catheter using
DOPC, an in vitro experiment was conducted to validate the steering and navigation
performance of the magnetic catheter. Figure 7a shows the experimental setup consisting
of an obstacle environment with regularly spaced holes and eight cylindrical obstacles
(10 mm in diameter), and the RAMAN system. The obstacle environment was placed on
a patient bed inside the workspace of the RAMAN system. The magnetic catheter was
designed and fabricated as illustrated in Figure 7b. An axially magnetized NdFeB ring
PM (N52 grade) was attached to the tip of a polyimide tube using a 3D-printed connector.
The polyimide tube had an outer diameter of 1 mm, while the ring magnet had an outer
diameter of 2 mm, an inner diameter of 1 mm, and a length of 5 mm. The target path of the
magnetic catheter was divided into four sections, as illustrated in Figure 8a. To minimize
the influence of magnetic force during the experiment, ar in Equation (10) was set to zero.
The magnetic catheter was steered by an external magnetic field to navigate through each
section. Next, the guidewire was passed through the catheter and advanced to the next
section. Once the guidewire reached the target position, the magnetic catheter followed
the guidewire to the next section. To generate magnetic flux density, we first applied the
conventional pseudoinverse method at each point. With this method, the linear robot stage
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of the RAMAN system adjusted the position of the EM part to locate the magnetic catheter
at the center of the ROI, defined as the origin of the ROI coordinate system. If the magnetic
catheter failed to pass through the section, the position and current solution derived from
the DOPC were subsequently applied. In this case, the linear robot stage of the RAMAN
system was adjusted to locate the magnetic catheter at the optimal position (Popt) with
respect to the ROI coordinate system determined by DOPC.
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Figure 6. Simulated (a) field efficiency (Bo/Brp), (b) field gradient efficiency (VBopt/ VBLp), (c) field
efficiency (Bopt/Bpos), and (d) field gradient efficiency (VBgpt/V Bpos) with respect to the elevation (6)
and azimuth (@) angles of the magnetic flux density or magnetic field gradient. By p and VB p denote
the magnetic flux density and magnetic field gradient obtained using LP at the fixed position, respec-
tively, and Bpos and VBpes denote those obtained using position optimization with the conventional
pseudoinverse method, respectively.

(a) g ‘
‘RAMAN system / g 1
‘Obstacle o
environment

Figure 7. (a) In vitro experiment setup to verify the overall control process with DOPC using a
magnetic catheter. (b) Structure of the prototype magnetic catheter.

As shown in Figure 8b, the magnetic catheter successfully navigated from point (D to @
and from point ) to () using the conventional pseudoinverse method. However, from
point 3 to @), the conventional pseudoinverse method failed due to insufficient magnetic
flux density (Bp;;,, = 11.7 mT) to change the steering angle from 90° to 150°. In contrast, when
the DOPC was applied, the magnetic catheter successfully passed from point 3) to 3 with
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a 1.3 times higher magnetic flux density (Bgyt = 15.3 mT). In this case, the linear robot stage
moved the EM part to (103.3 mm, 197.6 mm, 33.8 mm) for positioning the PM of the catheter
to (53.3 mm, 187.3 mm, 0 mm) corresponding to (—50.0 mm, —10.3 mm, —33.8 mm) with
respect to the ROI coordinate system of the RAMAN system. The catheter then navigated
from point & to () using the conventional pseudoinverse method. The entire navigation
process, including the conventional pseudoinverse method (Pinv.) and the proposed DOPC,
is summarized in Table 1.

Figure 8. (a) Experimental setup for in vitro verification of the control process of DOPC using a
magnetic catheter. (b) Captured images of the magnetic catheter and the target path with elapsed
time. The circled numbers (D-®) indicate the sequential waypoints of the target path from the start
point to the end point. At point (3, the magnetic catheter successfully followed the target path with
DOPC but failed with the pseudoinverse method.

Next, an in vitro experiment was conducted to evaluate the steering and navigation
performance of the untethered magnetic robot under magnetic force. The magnetic robot
was designed and fabricated as shown in Figure 9. An axially magnetized NdFeB cylindrical
PM (N52 grade) with a diameter of 2 mm and a length of 5 mm was embedded inside
a 3D-printed robot body, which is composed of dental resin for biocompatibility. Four
silicone legs were attached to the robot body to maintain its position within the inclined
glass tube even when no external magnetic force was applied.

As illustrated in Figure 10a, the experimental environment consisted of an inclined
glass tube with three sections filled with water. The inclination angles of the sections were
15°, 30° and 60°, and each section had a diameter of 6 mm. To generate the magnetic force,
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we first applied the conventional pseudoinverse method at each point. The linear stage of
the RAMAN system was adjusted to position the magnetic robot at the center of the ROI,
defined as the origin of the ROI coordinate system. If the magnetic robot failed to pass
through the section, the optimal position and current solution obtained by the proposed
DOPC were subsequently applied. In this case, the linear robot stage of the RAMAN system
was adjusted to position the magnetic robot at the optimal position in the ROI coordinate
system determined by DOPC.

Table 1. Results of the in vitro experiment illustrated in Figure 8. (X-Y-Z: global coordinates fixed to
@, x-y-z: local coordinates fixed to the center of the ROI).

Path ORI @-® ®—-0 OS]

Method Pinv. Pinv. DOPC Pinv.
X 0 53.3 53.3 0

Global PM position (mm) Y 0 77.0 187.3 231.0
Z 0 0 0 0
L x 0 0 —50.0 0
PM p051t1(2r1;1 1I?I)ROI coord y 0 0 103 0
z 0 0 —33.8 0
iy X 0 53.3 103.3 0

Global El\(/[nf’;r)t position Y 0 77.0 197.6 231.0
Z 0 0 33.8 0
T 0 90 90 90 90
Direction (°) ¢ 70 90 150 9

Magnetic flux density (mT) Bpino 11.4 114 1.7 114
Bopt - - 15.3 —

S

Siliconelleg]

Figure 9. Structure of the prototyped untethered magnetic robot.

Asillustrated in Figure 10b, the magnetic robot successfully navigated from point (D to @
using the conventional pseudoinverse method. However, the magnetic robot failed to navi-
gate from point @) to ) using the conventional pseudoinverse method, despite a generated
magnetic force of F;,, = 2.24 mN. The position and current solution derived from the DOPC
were applied to maximize the magnetic force (ap = 0) in Equation (10). Then, the mag-
netic robot successfully passed from point ) to (3) with a 2.2 times greater magnetic force
(Fopt = 4.9 mN). In this case, the linear robot stage moved the EM part to (5.6 mm, —120.0 mm,
—31.2 mm) to position the PM of the magnetic robot to (0 mm, —70.0 mm, 18.8 mm) corre-
sponding to (—5.6 mm, 50.0 mm, 50.0 mm) with respect to the ROI coordinate system of the
RAMAN system. The magnetic robot then navigated from point () to (9) using the conven-
tional pseudoinverse method. The entire process, including the conventional pseudoinverse
method (Pinv.) and the proposed DOPC, is summarized in Table 2.
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(] Magnetic robot

------ Target path

-———
_____
-

Figure 10. (a) Experimental setup for in vitro verification of DOPC using an untethered magnetic
robot. (b) Captured images of the magnetic robot and the target path with elapsed time. The circled
numbers (D-@ indicate the sequential waypoints of the target path from the start point to the end
point. At point (2), the magnetic robot successfully followed the target path with DOPC but failed
with the pseudoinverse method.

Table 2. Results of the in vitro experiment illustrated in Figure 10. (X-Y-Z: global coordinates fixed to
@, x-y-z: local coordinates fixed to the center of the ROI).

Path OO @—0® e®—-®
Method Pinwv. DOPC Pinw.
X 0 0 0
Global PM position (mm) Y 0 —70.0 —126.0
zZ 0 18.8 473
PM position in ROI coord * 0 26 0
(mm) y 0 50.0 0
mm z 0 50.0 0
X 0 5.6 0
Global EM part position (mm) Y 0 —120.0 —126.0
zZ 0 —31.2 47.3
A 0 75 60 30
Direction (°) 9 ~90 —90 ~90
Magnetic force (mN) Fpino 2.84 2.24 2.84
Fopt - 49 -

The proposed DOPC can effectively enhance the magnetic flux density and magnetic
field gradient because it searches for the optimal position at which the magnetic field
generation capability of the MNS can be maximized within the workspace. However,
because the proposed DOPC solves the position optimization problem using the PSO
algorithm, it requires a longer computation time than the conventional pseudoinverse
method. In this study, to reduce the computation time of applying DOPC at every control
point, the conventional pseudoinverse method was first applied at each point. If the
generated magnetic flux density or magnetic field gradient was insufficient for successful
manipulation, the position and current solution derived from DOPC was subsequently
applied. Therefore, further studies on computational optimization are required to apply
DOPC to every control point in real time. In addition, in actual clinical environments, the
allowable motion range of the linear robot stage may be restricted by mechanical constraints
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imposed by the patient, patient bed, imaging devices, and surrounding medical equipment.
For clinical application of the proposed method, these external mechanical constraints
should be further incorporated into the position optimization problem. Moreover, the
proposed DOPC considers the rated current constraint of the power supplies but does not
explicitly model coil heating. Coil heating can change the coil resistance and reduce the
accuracy of the generated current and magnetic field during long-term operation. Therefore,
temperature-dependent coil resistance and thermal constraints should be considered for
long periods of time or continuous operation.

5. Conclusions

In this paper, we proposed an efficient method to enhance the magnetic flux density
and magnetic force in EM-based MNSs by simultaneously optimizing the EM positions and
the applied currents. We solved the optimization problem of the DOPC using a decoupling
approach to improve computational efficiency, and our simulation results demonstrated
that the DOPC improves the magnetic flux density and the magnetic field gradient within
the ROI of the RAMAN system, despite the presence of magnetic anisotropy. Furthermore,
our in vitro experiments showed that the DOPC effectively enabled the magnetic catheter
and untethered magnetic robot to navigate through regions inaccessible to the conventional
pseudoinverse method by maximizing magnetic flux density and magnetic force. This
research will contribute to the manipulation of magnetic robots using an MNS, facilitating
the practical implementation of robotic endovascular intervention.
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Abbreviations

The following abbreviations are used in this manuscript:

DOF Degree of freedom

DOPC Decoupled optimization of position and current
EM Electromagnet

LpP Linear programming

MNS Magnetic navigation system

PCI Percutaneous coronary intervention

Pinv. Pseudoinverse method

PM Permanent magnet

PPI Percutaneous peripheral intervention

PSO Particle swarm optimization

RAMAN Robotically adjustable magnetic navigation
ROI Region of interest

SVD Singular value decomposition
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