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Design, Control, and Clinical Applications of Magnetic
Actuation Systems: Challenges and Opportunities

Yingxin Huo, Lidong Yang, Tiantian Xu,* and Dong Sun

The enhancement of medical services relies significantly on engineering research.
Magnetic actuation systems (MASs) are designed to be safe for biomedical
applications and offer long-distance and dynamic control capabilities, rendering
them highly favorable for clinical applications. The integration of MASs with
sophisticated perception and positioning methods enhances their suitability for
clinical applications. Achieving this goal hinges on the development of MASs and
their control methods; thus, a comprehensive review of current technical and
scientific issues is indispensable for addressing the related challenges. This
review encompasses both the classical and state-of-the-art research, providing
readers with a thorough understanding of the intricacies involved in MAS design,
system control methods, clinical applications, and guidance toward the next
phase of exploration. In addition, a detailed illustration of the underlying
principles of the magnetic actuation method is provided, which helps delineate
the design principles. A detailed analysis of potential clinical applications in hard-
to-reach environments inside the human body provides guidance for interdis-
ciplinary researchers. Challenges and opportunities associated with MAS design
and application are summarized to inspire researchers and stimulate innovative
explorations. Finally, this review concludes that sustained research in this field
has the potential to yield groundbreaking advancements capable of revolution-

1. Introduction

The commercialization of the da Vinci
Surgical System has brought attention to
engineering methods used in surgery
and demonstrated the potential of robots
in clinical use. Researchers have focused
on remote actuation methods to achieve
the wireless control of untethered robots.
The proposed solutions include optical,™
acoustically controlled,?# chemical
reaction,®® and magnetic field-based
methods.”! Optical tweezers are highly sen-
sitive and flexible tools that trap cells and
microparticles. However, their penetration
rate through the body is low; thus, the force
of the tweezers is too low for their applica-
tion. An acoustically controlled method can
be used as the driving force in the actuation
of specially designed microrobots inside
the human body without causing harm;
however, the direction and trajectory of
these robots are difficult to control accu-

izing modern medicine.

Y. Huo, D. Sun

Department of Biomedical Engineering
City University of Hong Kong

Hong Kong, China

L. Yang

The Research Institute for Advanced Manufacturing
Department of Industrial and Systems Engineering
The Hong Kong Polytechnic University

Hong Kong, China

T. Xu

Guangdong Provincial Key Laboratory of Robotics and Intelligent System,
and Key Laboratory of Biomedical Imaging Science and System
Shenzhen Institute of Advanced Technology

Chinese Academy of Sciences

Shenzhen 518055, China

E-mail: tt.xu@siat.ac.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aisy.202400403.

© 2024 The Author(s). Advanced Intelligent Systems published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/aisy.202400403

Adv. Intell. Syst. 2025, 7, 2400403 2400403 (1 of 26)

rately. Research related to this topic is still

in the early stages of development.

Chemical reaction methods can actuate a

microrobot to move forward; however,
the chemical alterations induced in the body are difficult to con-
trol. Compared with the aforementioned methods, the magnetic
field method can actuate magnetic robots wirelessly without
attenuation during penetration through the human body.
Magnetically controlled microrobots can be accurately directed
to move inside living bodies to solve numerous medical prob-
lems. The disadvantages of magnetic actuation are limited work-
space, restricted magnetic flux density for actuation, and the bulk
and expense of the designed system. Thus, the development of
magnetic actuation systems (MASs) has been aimed at overcom-
ing these limitations.

The interdisciplinary nature of MASs in clinical applications
necessitates collaborative efforts from a spectrum of experts,
including roboticists, clinical specialists, regenerative medicine
scientists, and biomedical engineers. Clinical experts integrate
traditional methodologies with engineering analyses to devise
solutions to the current challenges.®®®! Researchers in regenera-
tive medicine have concurrently modified stem cells to generate
curative effects at specific target sites.'”! In terms of biomedical
engineering, magnetic micro-/millirobots (MMRs) have been
employed as carriers to achieve precise drug delivery utilizing
closed-loop control methods.""*? Specifically, the development
of clinically utilized MASs by roboticists and engineers serves as
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the foundational element underpinning all these collaborative
endeavors.*%! The synergy of expertise and effort across these
disciplines propels the advancement and facilitates innovations
that hold significant promise for the future of medical robotics.

The conventional approach to medical treatment often entails
the administration of high doses of medication to patients via the
bloodstream, relying on passive transportation. However, this
method has limitations, as a significant portion of the medication
can be absorbed by nontargeted organs or cells, potentially caus-
ing side effects and harm to the body. This necessitates a more
precise and controlled delivery mechanism. MASs enable the
precise untethered control of magnetic robots, allowing for tar-
geted delivery and controlled movement within the body. This
capability opens a multitude of clinical applications. Beyond pre-
cision drug delivery, MMRs actuated by MASs can facilitate the
targeted delivery of functional cells, such as stem cells, to repair
damaged cartilage. Moreover, MASs are relevant in various sce-
narios requiring precise delivery, such as removing blood clots
from the cardiovascular system and performing vitreoretinal or
gastrointestinal endoscopy. Addressing these diverse applica-
tions requires the development of suitable MASs and MMRs that
are tailored for clinical use. Significant attention has been
devoted to advancing the MAS and MMR designs to satisfy
the specific needs of clinical applications, emphasizing their
potential to revolutionize the field of medicine.

There are several advantages to using the MAS during surgery.
Compared with alternative medical approaches, such as remote-
centered robotic-assisted systems utilized in minimally invasive
surgery, MAS-controlled mechanisms rely on noncontact forces,
making noninvasive surgery possible. The camera is the most
frequently used imaging method for providing image feedback
in closed-loop control. However, in vivo imaging methods, such
as X-ray radiography, computed tomography (CT), and digital
subtraction angiography, are most frequently used in modern
surgery. Although the magnetic fields employed pose no harm
to humans, these imaging methods using ionizing radiation
can be harmful if the surgeon is exposed to radiation for long
periods. The control of MMRs under MASs has the potential
to enable remote surgical interventions. With the ability to per-
form remote control, a surgeon can be protected from imaging
equipment with ionizing radiation. Furthermore, remote surger-
ies eliminate the constraints related to the operation time and
frequency for the surgeon. Due to these advantages, the develop-
ment of a suitable MAS for clinical applications has attracted
attention for several decades.'® Significant advancements have
been made in the prototyping and design stages, resulting in var-
ious magnetic field generation methods tailored to drive MMRs
with specialized locomotion capabilities.

However, designing and implementing actuation systems for
clinical applications present inherent challenges. One such chal-
lenge arises from the fundamental characteristics of MASs.
Specifically, the inherent instability of the dipole in all directions,
viewed from an energy standpoint, poses a significant hurdle for
effectively controlling permanent MASs. In addition, the drop-off
of the magnetic field follows a cubic distance decay from the gen-
eration point, which is exceptionally high and often unsuitable for
certain applications due to this rapid reduction. Even in scenarios
where the magnetic field is intensified at the center of the work-
space, the effective workspace is not the entire 3D environment
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because of the high gradient near the electromagnet, further com-
plicating the MAS design for practical applications.

To address these challenges and improve the performance of
MASs, the closed-loop flux path method has been used to
enhance the magnetic field and gradient. This system can be
used as a magnetic catheter guidance system with an appropriate
mapping method.!"”) An in-depth analysis of the field distribution
in the workspace and between these electromagnets can deter-
mine the current required to achieve a specific task.'® The applied
current must be carefully regulated to prevent excessive heat gen-
eration, which can potentially damage the wire. Furthermore,
effective workspaces remain constrained for several practical appli-
cations. Recent research has explored advancements, such as wire
patterns and coil design,*” to further enhance the manipulation
performance with the aim of pushing the boundaries of effective
magnetic actuation in complex clinical settings.

Effective control of MMRs plays a pivotal role in their opera-
tional efficiency, particularly when these robots work together to
achieve complex tasks. The morphology of a robot significantly
influences its control and functionality. At present, extensive
research has been focused on various modes of movement, such
as slipping, rolling, walking, and climbing, as these fundamental
modes can be combined to effectively accomplish diverse
tasks.?% A critical aspect of the design of MMRSs is the material
composition, which must exhibit magnetizable properties with-
out cytotoxicity. Notably, the development of MMRs using mate-
rials that are both biodegradable and magnetizable has been the
focal point of recent research.'?* The objective is to create
robots that enable efficient navigation and propulsion by incorpo-
rating multiple locomotion abilities. Moreover, after controlled
MMRs have been specified, the design of an MAS capable of pro-
ducing a sufficiently high magnetic field gradient or torque within
a substantial workspace is equally critical. This aspect has been
extensively explored in the literature, emphasizing the impor-
tance of achieving an MAS design appropriate for ensuring
the generation of accurate and high-gradient magnetic fields dur-
ing the navigation of MMRs.""”**?”] These designs lay the foun-
dation for medical treatments using magnetic manipulations.

Beyond the design of MASs and MMRs, the efficacy of the
system depends heavily on the feedback obtained through imag-
ing techniques. Photoacoustic imaging, which is emerging as a
promising in vivo imaging modality,”® has gained substantial
attention as a feedback signal for modern research applications.
Depending on the specific application, other imaging techniques
such as fluoroscopy or magnetic resonance imaging (MRI) are
also suitable, although shortcomings such as a risk to health
and the time-consuming nature exist. Other methods for imag-
ing or localizing magnetic robots have also been developed in
recent years. However, these methods have certain limitations.
The images detected using magnetic particle imaging are vague,
and this imaging method cannot be simultaneously used with
magnetic actuation.” The arrays of Hall sensors can effectively
determine the orientation and position of the MMR. However,
this method heavily relies on highly sensitive sensor arrays
and cannot determine the location of a magnetic robot in real
time.*”! Another study reported that the inductive detection of
microrobots can simultaneously achieve sensing and actu-
ation.*Y This method can only work within a limited frequency
range to effectively detect the responses of microrobots, and
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time-consuming calibration is required, which can introduce
additional sources of error. Thus, this creative method is only
useful under special circumstances. In addition, limitations in
working space, magnetic field selection, and additional sensor
placement make it difficult to use this method in clinical practice.
Magnetomechanical resonators have been used to develop mini-
ature wireless sensors that can provide real-time feedback under
various scenarios.?? Although a magnetomechanical resonator
sensor can measure as small as 0.8 x 1.9 mm, it is still too large
to be loaded for most MMRSs’ clinical applications, and the
requirements during localization are high. Furthermore, external
magnetic or electrical signals should be strictly avoided during
applications. Vision-based feedback control remains one of the
best options for providing a general solution in clinical applica-
tions. In addition to the aforementioned shortcomings, one
common problem of the aforementioned methods is that they
only reveal information about the magnetic object and not the
surrounding tissue or vascular environment; therefore, these
methods must be combined with other techniques.

Magnetic robot control can be categorized as individual,**
multiple-agent,** or robotic swarm control.?**¢! Using machine
learning and optimization techniques further improves system
performance.?”) These methodologies have demonstrated prom-
ising outcomes, particularly in achieving precise drug delivery
within complex 3D environments.

This review aims to provide a broad understanding for inter-
disciplinary researchers in engineering and clinical applications.
The aim of developing MASs is to apply them in the clinical set-
ting; therefore, a comparative study is conducted to describe the
standard requirements for the design of an electromagnetic actu-
ation system. The actuation principles, development phases, field
types, and force/torque actuation methods are investigated to
gain a better understanding of the techniques behind the actu-
ation system design. Furthermore, magnetic robots and MASs
used in clinical applications are summarized. The dynamic
model of the electromagnet as an actuator is analyzed and a sim-
plified block diagram is mathematically represented. The control
methods used in clinical applications are classified as preprog-
rammed control and control with feedback. Examples are pro-
vided to illustrate these methods and verify their effectiveness.
MASs and their control techniques are the key methods involved
in clinical applications, and the basic principles and classifica-
tions are important for interdisciplinary readers to identify the
key techniques and choose suitable strategies for their research.
Hence, this study details the typical clinical applications classi-
fied based on the human body system, and the actuation systems
and control methods with specific applications are summarized.
This research addresses the development of MASs in clinical sur-
gery and their revolutionary effects in multiple clinical applica-
tions. Finally, the challenges and opportunities are outlined to
stimulate more innovative research.

2. Magnetic Actuation Systems

2.1. Magnetic Actuation Principle

To analyze the energy field present in an electromagnetic manip-
ulation system, the first step is to use four Maxwell equations that
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form the foundation for representing the electric and magnetic
fields.

P
V-E=L 1
f 1
0B
VxE=-—o 2)
V-B=0 3)
oD
V X B=pof + pogo 5, #)

where E denotes the electrical field strength, which is related to
the electric displacement vector D, E = gD, ¢ is the permittivity
under vacuum; B denotes the magnetic flux density, which is
related to the magnetic field strength H(A/m); B = puoH and

= 47%1077(H/m) is the magnetic permeability under vac-
uum. Electric charge density is represented by p. J is the current
density (which is zero in the working space and nonzero in the
magnets). Other formats that represent Maxwell’s equations?*®>"!
are derivatives of Equation (1)—(4).

2.1.1. Magrnetic Dipole Field and Stable Analysis

The magnetic dipole model is commonly used to represent the
magnetic flux density distribution around one end of a perma-
nent magnet.*”! The scalar magnetic potential can be expressed
using a Taylor series expansion as follows.

1 (oo}
Or) = g3 e P Palr ) M 5)
S

where p is the distance away from the center of the magnetic
volume to the point of integration, P,() are Legendre polyno-
mials, M is the magnetization, n is the normal unit vector,
and r is the vector from the center of the magnetic volume to
the point of interest, which is represented as r = ‘Pg — 'P,,,, as
shown in the Figure 1a. This equation can be further approxi-
mated as a multipole expansion when the points of interest
are outside the minimum bounding sphere (the smallest sphere
that encompasses the magnet during the analysis of the magnetic
fux*l).

The magnetic flux density can be represented with an expan-
sion form as

B{r, m} = uH = —uvVo

12 . I . u R
= | oz PP} + P3{f} + P.{?}
(47r\lr|\z 4z||r|? 4x||r|*

+mﬂ3’5{f}+...)m (6)
where yu is the permeability of the surrounding medium,; for the
free space, u = py =4z x 1077 T - m - A~1. Notably, permeability
is dependent on the distinct medium that holds the MMR. m is
dipole moment of the object defined by m = [, Mdyv, which is the
magnetization M on the surface area V.

© 2024 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH

85U SUOWILLIOD BAER1D 3|edtdde U Aq pausenob a1e S3pike VO '8N 4O S9N 104 A%eiq 1 8UIIUO 48] 1A UO (SUORIPUOD-PUR-SWLIBILIOD™ A8 1M AReq][BU U0/ SURU) SUORIPUOD PUE SIS L 33885 *[5202/60/02] U0 A%1q178U1IUO AB1IM 'WOH ON NH A LISYIAINN DINHOILATOd ONOY ONOH Ad E0700v20Z AS1B/200T OT/I0p/LI00" A8 | 1M Al [pul U0’ peoLiADe//SAiY L1} papeo|umoq '€ ‘S20e 'L9ShOvae


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(@)

Figure 1. Magnetic field illustration. a) The representation of magnetic flux density around a permanent magnet (represented as a magnetic dipole),
where the original coordinate is x; — O; — y;, m represents the magnetic moment, Bis the magnetic flux density at the position away from the center of the
magnetic dipole with a distance r. b) The multiple electromagnets’ field distribution, where the [ry, r,, 3] represents the position under global coordinate,
H, is the unit magnetic field strength, and a is the radius of the workspace.

Based on the characteristic shown in Equation (3), the even
terms (x, «k,etc) are 0 in the expanded form of
Equation (6). Therefore, the first nonzero term in the multino-
mial expansion is the magnitude decays with ||r||=* (the dipole
term (n = 2)), the second term decays with ||r|| =, and etc.

Based on the advantage that this equation can be used under
the condition of an unknown geometry and distribution of a
magnet, a simplified approximation is the most frequently
used as a reference to estimate the value of the magnetic flux
density.*?

Mo 1 ..
Biipoie(7) = ﬁw (3¢ —I)m ()

where 7 is the unit vector of r. I C R®**3? is a unit matrix.
According to Equation (7), the strength of the dipole field decays
cubically with distance. For the permanent magnets’ geometry
design, the optimization research of designing the static MAS
illustrates that the best shape is in cylinders with a rectangular
cross-section (the diameter-to-length ratio is \/4/3) and a cube,
respectively.[*!]

From an energy standpoint, the total energy U, of a magnetic
dipole with a moment m can be represented as follows.

Uy=-m-B=—[m, m, m,]. B, (8)

Earnshaw’s theorem provides a fundamental principle that
underlies the unstable behavior of a magnetic dipole in an exter-
nal magnetic field B. To ensure that there is a minimum point for
Equation (8) to make the magnetic dipole stably levitated, the
Laplace equation of U, should be greater than zero, that is,
VU, > 0.

Because both the divergence and curl of B are zero, the Laplace
equation of B is zero, that is
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’m-B 0°m-B 0°m-B
0x? 0y? 0z* (9)
= -m,V?B, —m,V*B, — m,V?B, = 0

ViU, = —

Therefore, the dipole cannot reach the minimum or maxi-
mum energy points. The dipole cannot be stable in all directions
at any point in free space under magnetic field B.

To overcome the lack of stable points, researchers have sought
solutions by changing the system setup, such as changing the
system’s accessories to compensate for the unstable direction
in the analysis!*’! or magnetic traps to trap objects at a specific
location on 2D surface.**) However, in such situations, if the
holding plate or accessories are removed and the analysis is
extended to 3D, the object becomes unstable. A similar solution
can also be found in magnetic catheter-based guidance systems,
where the mechanical reaction force is balanced with the force
generated by the magnetic field gradient to achieve stabilization
in the field. However, these methods cannot be used in clinical
settings with complicated in vivo environments. The unstable
effect is a challenge mentioned in some research.**! Another
method to bypass Earnshaw’s theorem relies on the magnetic
field’s dynamic control.!***”) The application of time-varying cur-
rents to each electromagnet to create a trapping point has been
widely used in modern research to achieve adaptive radiation
treatment in cancer therapy and selective embolization.!*®*°!
Most existing methods in clinical applications use open-loop pre-
programmed controls, which seldom consider dynamic mag-
netic fields. Another frequently used solution is to employ
perception feedback to enhance the control of magnetic robot
accuracy to stabilize the movement under the MAS in 3D
space.' The open-loop and closed-loop control methods are
described in detail in the following section.

2.1.2. Electromagnetic Field and Force/Torque Analysis

The fundamental principle behind the generation of the electro-
magnetic field is based on Equation (4), which explains the
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generation of the magnetic field when an electric field is applied;
the second term on the right-hand side shows the hysteresis phe-
nomenon based on the electric displacement.

The force applied to a magnetic object with magnetic dipole
moment m in field B can be represented by the following equation.

F=(m-V)B (10)

At room temperature, m is linearly related to B for a superpar-
amagnetic undersaturated magnetic robot. The moment can be
represented by®”

Am

"=, " (1 + Ym)Ho

(11)
where y,, is the magnetic susceptibility.

Based on Equation (3) and (4), tr(VB) = 0 and VB is symmet-
ric. These are fulfilled for a magnetic object inside an electromag-
netic actuation system workspace. Therefore, the magnetic force
can be represented as

[0B, 0B, 0B,
ox Oy 0z
F= 0B, 0B, %, m
oy 0y 0z
0B, 0B, <an aBy)
| 0z Oz ox  dy
9B, T
ox
0B,
My m, m, 0 0 9y
=0 om0 m om| |2 = gmgvan)
-m; 0 m, —-m, m, 0B,
oy
0B,
L 0z
(12)

Under a simplified situation in which the coordinates of the
magnetic field are aligned with the global coordinate, that is,

0B, _ 0B, _ 0By
dy ~ 0z ~ Oz

= 0. The magnetic force can be further simplified

as follows.
- 9B, 1
0x
[(m, m, m, 0 0 0
F=10 m, O m, m, 0
-m, 0 m, —m, m, 0B,
L %
L o | (13)
_ 0B, -
" o
0B
_ _y
= m, 3
0B, 0B,
__mz< ox oy
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The magnetic torque is generated through the rotation of m
about an axis, and its direction is always orthogonal to both m
and B. For magnetic dipole m located at the position away from
the direction of B by 0, about axis x, the magnetic torque 7,
(N - m) generated is expressed as follows.

__3(B-m) _ 3(|Blm] cos(6))
*= %0, 20,

— —|Blllm| sin(8,)  (14)

The total torque in three dimensions can be represented as

T=mx B= Sk(m)B

where Sk(m) represents the skew-symmetric form of vector mx.
Unlike the three degree of freedom (DoFs) of magnetic force
generated, because the magnetic torque cannot be generated
about the axis parallel to the direction of m, only two DoFs of
torque are controllable.

For an MAS comprising multiple electromagnets, as shown in
Figure 1D, a linear mapping of the applied current on the coils
represents the electromagnetic flux density. The resultant mag-
netic field at a specific point p within the workspace is the sum-
mation of the magnetic flux densities generated by each
electromagnet. This superposition principle is valid only under
the condition that the magnetization remains unsaturated. The
current is denoted as I =[I;, I, ..., I;, ..., I,]T (in amperes),
and the resulting summarized magnetic flux density B
(in Teslas) is represented as follows.

Bp) =Y Bip) = > Bpl (16

where B; is a unit-current vector expressed in Tesla per Ampere.
The partial derivative of B with respect to the x-coordinate at
point p in the effective workspace can be represented as follows.

9B.(p) I, ..., L]"
ox =TT ox
:ZaBi(p)I‘

1
= Ox

0x

OB(p) _ [aﬁl@)
(17)

The first item in G(VBT) of Equation (12), which is aany can be

X
3(B,),
represented as > ", (Bgz‘(p)

Equation (15), By, can be represented as Y, (B,),(p)];, where
(B,),(p) represents the magnetic flux density in the x direction
generated by the iy, electromagnet at position p.

By incorporating Equation (12)—(17), a compact representation
that considers a controllable magnetic field and field gradient can
be obtained, which is expressed as follows.

I;. Similarly, the first item in B of
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|:1'} B [Sk(m) o |[B }
F 0] F(m) | |G(VBT) s
_ [Sk(m) 0 B(p) }1
(0] F(m) | |VB(p)T

where O is the zero matrix. It can be effectively utilized to analyze
the electromagnetic forces and torques generated in all three
directions. When the magnetic moment of the magnetic object
and the unit magnetic flux density in three directions are known,
the resulting force and torque applied to the object can be directly
correlated with the applied current.

The applied current is derived from the voltage of the input
power supply. The change of current applied in the time domain
can be represented as
art) V. R

I (19)

where I(t) represents the applied current, and % denotes the
rate of change of the applied current. V. stands for the voltage
applied to the coil, L, and R, correspond to the coil inductance
and coil resistance, respectively. When multiple coils are actuated
simultaneously, mutual induction can be generated between
nearby coils. Mutual induction is small and has always been
set to 0 in most applications. A more detailed analysis is pre-
sented in Section 3.1, and a visual representation is shown in
Figure 1b.

In specific applications, on-site calibration methods have been
developed to facilitate the straightforward determination of the
magnetic field distribution.®” Analytical approaches based on
Maxwell’s equations have also been used to illustrate the mag-
netic scalar potential.®? For example, polynomial regression,
which utilizes the Laplace equation to introduce flexible field
mapping, has been employed in the calculation. To validate
the accuracy of the calculation results, the calculation results
were compared with the finite-element method simulation
results, which can be used to predict magnetic field distributions
in untested fields.

2.2. Magnetic Actuation Systems

2.2.1. Classical Design and Analysis

As mentioned in the previous section, a classical permanent
MAS can be achieved using oppositely positioned permanent
ma{_)rnets[5 3 or with a single magnet to generate a gradient mag-
netic field distribution or a rotating dipole field distribution.*>*!

In contrast, the design of an electromagnetic actuation system
is more complex and can be divided into five classical types, as
shown in Figure 2a—e.*® The classical and most frequently used
designs are Helmholtz and Maxwell coil (HC and MC)-based
designs. In the Helmholtz coil, as shown in Figure 2a, when
two circular coils with opposite displacements are applied in
the same current direction to the coils, the magnetic field
between the two coils should be almost uniformly distributed.
The diameter of the coil is D, and the radius of the coil is R.
The figure for the arrow lines indicates the top view of magnetic
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induction. The conceptual design and typical prototype of the 3D
Helmholtz are shown in Figure 2f-h.F”)

Figure 2b, which is a MC-based design, shows that, when the
two circular coils are applied with opposite current directions on
the coils, the magnetic flux gradient (V B) is generated toward the
center of each coil, as indicated by the yellow arrow. The concep-
tual design and typical prototype for the MAS with an enhanced
closed magnetic circuit by adding the bar magnet between two
adjacent magnets is shown in Figure 2g,i."”! Another type of
application combines the advantages of both Helmholtz and
the MCs, as shown in Figure 2k,*® enabling more DoF force
and torque control. Figure 2m"® shows the design merging
of three types of basic coils: Helmholtz, Maxwell, and saddle
coils. This type of design can be used for 3D locomotion inside
human blood vessels to unclog the thrombus.

Figure 2c—e*®) shows the electromagnetic field inspired by the
MRI system, which is similar to HC and MCs in terms of the
field generation principle but with a saddle-shaped coil to gener-
ate a uniform, gradient, or transverse direction field distribution.
The typical conceptual design and application are shown in
Figure 2j,1,1°? respectively, and the design includes a combina-
tion of circular and saddle coils.

A typical characteristic of Golay coils (Figure 2e) is that they
can be used under the condition that the magnetic field gradient
is required at the end of a cylindrical workspace in the direction
perpendicular to the main magnetic field. With this unique char-
acteristic, this type of design has the potential to be used in future
applications where an accessible workspace is required in the
center between two Golay coils.®!

There are two types of design principles for improving the per-
formance of gradient coils: discrete wire and current density
methods. Discrete wire methods include longitudinal direction
magnetic gradient generation, such as MCs, and transverse
direction magnetic gradient generation between two coils, such
as Golay coils. Current density methods focus on the wrapping
pattern of coils.[ The most frequently used pattern in modern
design is the circular pattern.

In terms of quantitative analysis, the Biot-Savart law serves as
the foundation for analyzing the electromagnetic field distribu-
tion. The magnetic field B generated by the current flowing
through a wire can be expressed as

Idl x ¥
B(r) _”0/c7’|3 (20)

T 4r |r
where r is the position away from the wire in 3D space with
applied current I, lis the calculated point on the circle C, and v =
r — lis the displacement vector.

Based on the Biot—Savart law, the magnetic field on the axis
along the center of the wire loop can be represented as

pHoNIR® Hol
B,(r) = AR PR ¢N5e (21)
where &£(r) is a distance-dependent coefficient, N is the number
of wires applied, I(A) is the current applied, and R(m) is the
radius of the coil.
The typical design of a Helmholtz coil is R = D/2,%*) as
shown in Figure 2a. Calculated using Equation (21), the
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Figure 2. Classical design of MASs and their applications. a) Helmholtz coil: two circular coils with diameter D and distance R are used to generate a
nearly uniform magnetic field when the current flows in the same direction through both coils (adapted from with permission). b) MC: two circular coils
with diameter D and distance /3R are employed to generate a magnetic field gradient (VB) when the current flows in the opposite direction through the
coils (adapted fromP® with permission). c) Uniform saddle coil (USC): two saddle-shaped coils produce a nearly uniform magnetic field when the current
flows in the same direction through both coils (adapted fromP®® with permission). d) Gradient saddle coil (GSCs): two saddle-shaped coils are employed
to generate magnetic fields with a gradient directed toward the center of each saddle when the current flows in opposite directions through the coils
(adapted from®® with permission). e) Golay coil: this configuration involves two pairs of saddle-shaped coils that generate magnetic fields in the center
between them (adapted from>®! with permission). f) Conceptual design of three-DoF control with a Helmholtz coil (adapted fromP®”! with permission).
g) Conceptual design of three-DoF control with a magnetic field gradient-enhanced Maxwell-inspired coil (adapted from'”! with permission).
h) Application of a Helmholtz coil with two charge-coupled device cameras installed for three-DoF position control (adapted fromP” with permission).
i) Application of a magnetic field gradient-enhanced Maxwell-inspired coil with a control panel and power supply for three-DoF position control (adapted
from!"”) with permission). j) Conceptual design of 3D locomotion with a pair of saddle coils and circular coils (adapted from[®® with permission).
k) Combination conceptual design of the HC and the MC design allows for more DoF control (adapted fromP® with permission). ) Experimental
implementation of the conceptual design in (j) (adapted from(®® with permission). m) Combination implementation of the MC, HCs, GSC, and
two USCs [USC(y) and USC(z)] (adapted fromP? with permission).
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magnetic fields generated at the center point of each coil and in
the middle point of the center line are approximately equal,
which means the realization of the Helmholtz coil. To realize
the MC, the distance between the two coils is set to
V3R =D, and the directions of the current are different.
Under this condition, the magnetic flux density at the center
is 0, and the second derivative of the field distribution is also
0, indicating that a uniform gradient field is generated. The yel-
low arrows shown in Figure 2b,e indicate the direction of the
magnetic field gradient.

The strength of the magnetic field is directly proportional to
the applied current based on Ampere’s law. The direction of the
magnetic field follows the right-hand rule. For the magnetic field
between the two solenoids, the magnetic field B and moment m
are proportional to the inverse of the square of the distance from
the solenoid, that is, 1/d?, then VB « 1/d*, F o« 1/d°, 7 < 1/d*.

2.2.2. Development Phases and Field Types

Although the application of the MAS can be traced back to the
1920s,1°+%%] researchers are still trying to solve the issues raised
during the application by enhancing the system design.
A permanent MAS generates a permanent and uncontrollable
magnetic field gradient. However, this characteristic limits its
applicability in certain contexts due to the lack of controllability
in situations where the positions of the magnets remain static.
Subsequently, the orthogonal distributed electromagnetic system
was introduced to provide controlled actuation of magnetic
objects in orthogonal directions, enabling 3D position control
through the utilization of six electromagnets. Despite these
advantages, this system is constrained by limitations in the work-
ing area, thus making clinical applications difficult.

Recognizing the need for enhanced controllability and
expanded working areas, the MAS design has transitioned
towards nonorthogonal distributed electromagnets. This design
approach has become mainstream in MAS development, over-
coming limitations associated with the orthogonal design and
facilitating a more versatile and precise magnetic actuation for
magnetic robots.

As shown in Table 1, the permanent MAS, despite its inherent
drawback of a constant and uncontrollable magnetic field gradi-
ent, possesses valuable attributes such as an easily adjustable
magnitude and cost-effectiveness, rendering it suitable for spe-
cific applications, including rotation control,*® the magnetic
robot localization within bounded workspaces,®” and particle

Table 1. Advantages and disadvantages of different types of MASs.
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sorting.[68] However, its limitations, including the constant

and uncontrollable magnetic field gradient and restricted control
frequency, make it ill-suited for applications demanding precise
positioning with rapid on/off switching.

In contrast, the orthogonal electromagnetic system offers a
controllable magnetic field gradient in orthogonal directions,
facilitating effective decoupled 3D position control. Nevertheless,
limitations in its effective workspace and heightened heat gener-
ation at high current levels render it unsuitable for applications
that require a larger workspace and a higher field gradient or
torque.

Compared with the orthogonal electromagnetic system, the
nonorthogonal electromagnetic system has a relatively expansive
workspace, controllability in multiple directions, and a higher
field gradient or torque. It has suitable applications in surgical
assistance, MMR delivery, and targeted drug delivery. However,
these advantages come at the cost of increased design and control
complexity, heightened energy consumption, and the potential
for interference with other devices.

Recent research has demonstrated a growing inclination
toward combining the merits of robotic arms and magnetic sys-
tems in the design of MASs. This hybrid approach has the poten-
tial to expand the system’s workspace and enhance its flexibility,
enabling effective control of MMRs in intricate environments.
One notable strategy involves integrating a magnetic tip onto
a robotic arm, allowing for the precise positioning and manipu-
lation of MMRs.>*?) Another approach involves leveraging a
robotic arm equipped with multiple magnetic coils at its end-
point to generate a magnetic field gradient, thereby facilitating
the actuation of microrobots or catheters with magnetic end
effectors.’”" These hybrid systems significantly enhance the
precision and accuracy of magnetic robot control, rendering
them highly suitable for clinical applications. However, it is
important to note that these hybrid systems’ complexity is higher
than the traditional MAS, and they may require advanced control
algorithms and application conditions to optimize their
performance.

The types of systems were categorized through the papers
documented; the data were obtained from Google Scholar and
the Web of Science databases from 2005 to 2024. References
in relevant publications were further screened. Eventually, 42
high-quality papers and books were used to categorize and dem-
onstrate the evolutionary trends of MAS types.

As shown in Figure 3 and Table 2, the actuation system with
the permanent magnet involved is evenly shown from 2005 to

Type Advantages

Disadvantages

Permanent magnetic
actuator*?66:671

Orthogonal distributed

electromagnetic actuator!'*1¢2

dimensions.
Nonorthogonal distributed
electromagnetic actuator?#2>38l

Robotic arm with a magnetic end

effector!5455,81.82111]

strong and stable magnetic field generation.

Controllable magnetic field; decoupled magnetic force in all

Larger effective workspace; higher magnetic field gradient.

Extendable workspace; flexible, and easier to install.

Easily adjustable magnitude; energy conservation and low cost;  Limited DoFs; low frequency in a 3D environment; magnetic field

cannot be immediately switched off.

Limited effective workspace; power consumption and heat
dissipation.

Inflexible and bulky; power consumption and heat dissipation.

Comparatively lower magnetic field gradient.
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Figure 3. MAS development trend.

Table 2. Selected papers for categorization.

Permanent magnets  Electromagnets Robotic arm integrated

2005-2009 66,72] 84] NA
2010-2014 68,163] 38,40] [54,80,164,165]
2015-2019 [42,67] [24-26,43,51,85] 81,82,111,166]
2020-2024 NA [14,15,161,162,167] [55,69-71,83,148,168-175]

2019. The orthogonal and nonorthogonal distributed electromag-
netic actuation systems were combined and denoted as the elec-
tromagnetic actuation system, which is mainly shown from 2015
to 2024. The robotic arm-based actuation systems have been fully
developed in recent years, from 2020 to 2024. The trend of MASs
use in clinical applications has progressed through several
phases with fluctuations and changes from one type to another.
The research progressed from the system design to the controller
design, then the in vivo applications on animals, and eventually
the real-life applications on human beings. Recent research on
electromagnetic actuation systems has focused on control
theories and applications. Recent research related to robotic
arm-integrated systems has focused on reporting the develop-
ment of the system, the controller design, and the applications
within one study.

Throughout the development phases mentioned above, the
types of field generation primarily comprise the uniform field,
magnetic gradient field, and magnetic torque field. These types
of fields are crucial components contributing to the effectiveness
and versatility of MASs in various applications, especially in the
context of medical interventions. Permanent MASs use a single
magnet to generate a stable and constant magnetic gradient.[*””%
In addition, an almost uniform magnetic field is generated using
two opposing magnets.*!! In electromagnetic actuation systems,
the magnetic field produced is highly dependent on the current
applied to the electrical wires. Adjusting the electrical current
enables control over the magnetic field’s strength and direction,
thereby enabling the generation of multiple magnetic field
distributions.

With different current application methods, the electromag-
netic actuation system can be artificially separated into two kinds
of coils according to the characteristics of the application. Under
the condition that torque is the main driving force in the appli-
cation, typically shown in Helmholtz coils, frequency is a key

Adv. Intell. Syst. 2025, 7, 2400403 2400403 (9 of 26)
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parameter. This type of current application method can be called
the frequency-based current electromagnetic coil (FCEC). The
higher the frequency, the higher the inductive reactance gener-
ated in the coil. The rotating magnetic field is a typical example of
FCEC applications. Under the condition that the constant current
is applied to the coils to generate a magnetic field gradient, it can
be called the constant current electromagnetic coil. The inductive
reactance is relatively low for this type of application; a typical
example is the gradient magnetic field.

Except for the aforementioned, other types of magnetic fields
include oscillating magnetic fields, where the strength or direc-
tion of magnetic flux density (B) changes with time (typically in
the shape of a sector or triangle). Oscillating magnetic fields have
applications in achieving drug release at the molecular level.”*!
Moreover, they have been utilized to propel MMRs!"* inspired by
the motion of bacterial flagella.l”>”® The construction of oscillat-
ing magnetic fields is relatively straightforward, which includes
using the Helmholtz coils or a combination of permanent mag-
nets and a motion control system.””) The oscillating magnetic
field driving method is highly related to the morphology and
material of the magnetic robot; therefore, it is not a general solu-
tion for many clinical situations. Another type of magnetic field
that has been applied in medical applications is the pulsed mag-
netic field.”®! This field type is not typically used for driving mag-
netic robots; hence, this method has always been neglected in
MAS research. The typical effective application is using pulsed
magnetic fields to stimulate neurons,”® especially in the brain,
to treat migraines or depression when standard treatments do
not work.

2.2.3. Permanent Magnets

Figure 4 lists the representative permanent magnetic and elec-
tromagnetic actuation systems with a timeline sequence.
Based on the end effector, the robotic arm-integrated system
is listed and separated into permanent and electromagnetic actu-
ation systems. Figure 4 shows a summary of the design trends.
The system design tends to control more DoFs, higher torque,
higher gradient, larger workspace, and enhance robotic assis-
tance and collaboration. This trend also represents the develop-
ment based on the requirements of clinical applications.
Permanent magnets are widely used in the tips of robotic cath-
eters; however, the magnetic force generated between the two
permanent magnets cannot be controlled, making the actuation
of the catheter difficult when the position is fixed. Early research
on permanent magnets aimed to overcome the inherent limita-
tions of being unable to switch the magnetic field on/off
immediately and the inability to change the magnetic force,
resulting in the proposal of solutions such as adding accessories.
For example, researchers explored adding shielding components
to magnets to modify the flux density”? or manipulating the sys-
tem using externally driven magnetic tools!®(Figure 4a,c).
However, the adding accessories method has a major limitation
in real-life applications because of the high requirement for the
position of accessories, and only one or two DoFs can be con-
trolled. To further enhance the control capabilities, arrays of per-
manent magnets were designed to achieve 5-DoF control and
create the desired magnetic fields or gradients at specific
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Figure 4. Development timeline of representative permanent magnetic and electromagnetic actuation systems. The left part is the development timeline for
the permanent magnetic actuators: a) Proof-of-concept design of using shielding materials with permanent magnets to achieve the closed-loop force control
(adapted from!”? with permission). b) Array of permanent magnets generates the synchronous rotating magnetic field for magnetic robots’ driving applica-
tion (adapted from®® with permission). c) Horizontally two-DoF control method with permanent magnet arrangement and magnetically driven microtools
as accessories (adapted from!®®l with permission). d) One rotating permanent magnet with a robotic arm to remotely control the helical microrobot in 3D
space (adapted from®¥! with permission). e) One permanent magnet combined with the robotic arm generates the rotating and gradient magnetic field to
control the magnetic robot in a lumen (adapted from®% with permission). f) Five-DoF magnetic control with one permanent magnet, it can be applied to a
stomach capsule endoscope (adapted from®" with permission). g) Five-DoF control with eight rotating permanent magnets, which can reach any magnetic
field or field gradient within the limitation (adapted from!*? with permission). h) 3D permanent magnet closed-loop position control of microparticles
(adapted fromP®? with permission). i) A ring permanent magnet translucent growing robot (adapted from®”! with permission). j) Growing robot, which
can be used to achieve curved line movement in vitro (adapted from®l with permission). k) Rotating dipole model-based positioning system in the appli-
cation of controlling microhelical robots (adapted from®*! with permission). I) Two robotic actuated permanent magnets to reach the cooperative remote
manipulation (adapted from® with permission). The right part is the development timeline for the electromagnetic actuators. m) Two pairs of magnetic coil
systems (HCs and MCs) to reach the locomotion in 2D (adapted from®*! with permission). n) OctoMag: Five-DoF control under the electromagnetic field
(adapted from®® with permission). o) Omnimagnet: a single stationary dipole source generates a fully controllable magnetic field and achieves 3D localiza-
tion (adapted fromt® with permission). p) Catheter magnetic navigation system with eight electromagnets to achieve the locomotion inside the heart model
(adapted from®?* with permission). q) Electromagnet-enhanced actuation system with a large workspace design for minimally invasive therapy (adapted
from®" with permission). r) Design of 18 copper coils distributed horizontally with a sufficiently large workspace for clinical applications (adapted from!®!
with permission). s) Advanced robotics for magnetic manipulation (ARMM) system design to achieve an accurate 3D position control of a microrobot with
potential applications in steering magnetic catheters (adapted from!''"! with permission). t) Conceptual design of RoboMag, in which three robotic arms are
combined with three decoupled electromagnetic coils (adapted from!”® with permission). u) Planar electromagnetic array actuation system design applied in
the deflection of soft pipes and displacement of rigid cubes (adapted from['®" with permission).
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locations,[**%0 ag depicted in Figure 4b,g. The fundamental con-
cept behind the design of the permanent magnetic array is to
employ rotating magnets and their precise positioning to achieve
the intended magnetic flux density and gradient. With this type
of permanent magnet-based system, the workspace is larger, and
the control dimensions are higher, making it suitable for more
clinical situations to control the magnetic catheter inside the nat-
ural cavity of humans. As applications have advanced, magnetic
actuator designs have gravitated toward more flexible and softer
configurations to access deeper regions within the human body.
State-of-the-art research has led to the design of a translucent
growing robot with the potential for in vivo use,®”! as illustrated
in Figure 4i,j. With the implementation of magneto-inductive
sensors, the permanent magnet-based catheters could be local-
ized more accurately.

To further enhance the motion control ability of permanent
magnets, most contemporary applications use permanent mag-
nets combined with a robotic arm to accomplish tasks requiring
system flexibility, as shown in Figure 4d,e,fhk. The earliest
research in this area was conducted in 2010,°* as shown in
Figure 4d. The purpose of robotic arm integration is to rotate
the permanent magnet and scale up the workspace for clinical
applications. The innovation of integrating the permanent mag-
net into the robotic arm coincides with the development of the
other two methods, adding accessories and permanent arrays;
however, this new method can solve the insufficient workspace
problem in application. The earliest systematic analyses of the
rotating magnetic fields generated by the permanent magnet
at the endpoint of the robotic arm were presented in 2014
(Figure 4e). The system can be used in any untethered magnetic
device control inside the lumen pathways of humans. The afore-
mentioned works used the rotating permanent magnet to achieve
the actuation of the helical robot; alternatively, a fixed permanent
magnet with robotic arm control could also achieve the position-
ing of the magnetic robot in 5-DoF; a study published in 2016
reported 3D positing closed-loop control and 2D open-loop ori-
entation control with robotic arm integrated with a permanent
magnet, ! as shown in Figure 4f. Another study published in
2017%% (Figure 4h) used the magnetic gradient generated by
the permanent magnet for closed-loop position control for accu-
rate drug delivery with the magnetic robot.

Given its ability to achieve accurate position control, this con-
figuration holds significant potential for widespread adoption in
multiple clinical applications. Notably, the rotation of the perma-
nent magnet can compensate for the low-frequency nature of
permanent magnetic systems. In a study aimed at maintaining
the endpoint at a fixed location® (Figure 4k), the remote control
of untethered robots was achieved solely by adjusting the angular
velocity of the rotating magnet to modify the required flux dis-
tribution. This method ensures a stable and safe distance
between the untethered robot and the robotic arm, further
enhancing its application potential.

The most recent study has explored the collaboration between
two independent serial robotic arms, each equipped with a per-
manent magnet at the end, to enable magnetomechanical robot
control,®* as shown in Figure 41. This setup allows for the crea-
tion of unified and gradient-based magnetic fields within a work-
space as expensive as 1000cm’. The effective space for
controlling the objects was 50cm, which represented the
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distance between the two permanent magnets. Future research
endeavors in this direction should concentrate on expanding the
workspace and enhancing the DoFs that the system can control
in collaborative robotic systems.

2.2.4. Electromagnets

The development timeline of electromagnetic actuation systems
is detailed on the right-hand side of Figure 4. Early designs were
heavily influenced by the concepts of HC and MCs.[**#4
Figure 4m illustrates a system that combines HC and MCs to
achieve 2D preprogrammed position control. However, the appli-
cation of MAS in clinical requires at least 3-DoF control. The elec-
tromagnetic actuation system with multiple electromagnets was
designed with a large workspace and unrestrained DoFs!*®!
(Figure 4n). The OctoMag was specifically designed to control
intraocular microrobots for retinal surgery. Another method to
expand the DoFs in manipulating a magnetic robot is to use a
dipole surrounded by electrical wires to achieve control,*”! as
shown in Figure 4o.

Compared with the traditional design of MASs, the arrange-
ment of multiple electromagnets around a workspace can achieve
a larger magnetic field gradient and workspace **3#3%5
Figure 4p-r illustrates the various nonorthogonal magnet
arrangements. The inclusion of an iron core significantly enhan-
ces the magnetic field strength and gradient generated by the
electrical coils. In 2015, the study demonstrated that a minimum
of eight electromagnets in a symmetrical system could fully con-
trol all DoFs, ¥ leading to the development of eight electromag-
nets with a back yoke,** as shown in Figure 4p. This enhanced
catheter navigation system with an enlarged workspace and mag-
netic field gradient can achieve the ablation to treat cardiac
arrhythmias. The experiments were conducted in the printed
3D model. Subsequently, a similar design,®" as shown in
Figure 4q, was developed to expand the workspace and further
enhance the magnetic field gradient. This design can be used in
multiple invasive therapies and diagnosis. The development of
the system on a clinical scale became the primary focus after
the function and control of the system were achieved,® as
shown in Figure 4r, which could be used for cardiac ablation
in arrhythmia treatment or steering camera pills for diagnostic
video acquisition in the gastrointestinal tract. This system has
been proposed for applications in adaptive medical implants,
such as adaptive radiation treatment in cancer therapy."*®

Table 3 summarizes the typical electromagnetic actuation sys-
tems designed for clinical applications and their properties. The
design criteria included the controllable workspace, maximum
magnetic field strength at the center of the workspace under
the highest applied current, the highest achievable magnetic field
gradient, and the size of the controlled objects. The number of
electromagnets was used as a reference to determine whether the
system could be fully controlled.

As presented in Table 3, even when all the listed requirements
are fulfilled, there are still some limitations in the design of
orthogonal and nonorthogonal distributed electromagnet actu-
ation systems, such as inflexibility and bulkiness. To address
these issues, approaches that differ in the arrangement of electro-
magnets, as shown in Figure 4s—u, have been proposed.
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Workspace [mm] Center By [MT]  VBpax [TM ] Current [A] Number of Size of the controlled object
electromagnets
Octomag20108 Hemi-Sphere ¢130 15 0.2 15 8 500 um
Diller2016!4*! Cube 120 x 120 x 120 15 0.1 19 8 2mm
Niu201785" Sphere ¢110 100 2.5 10 6 10 pm
Rahmer2018%%] Cylindrical ¢200 400 3 110-140 18 2cm
Li2019"62 Circle 2D $50 139.2 20.5 10 4 100 pm
BatMag2019%*! Sphere ¢60 ~ $160 160 3.575 5 9 350 pm
ARMM20191"] Sphere ¢1300 2350 45 20 1 Magnetically Actuated Catheters
RoboMag20217®  Hemi-Sphere ¢203 10 NA (with a 5Hz 5 3 500 nm Microswarm
oscillating field)
Array2022['"! 220.8 x 162.5 mm? 20 1 Unit Current 33 15 x 15 x 8 mm?® Cube and a Soft Magnetic Pipe

Figure 4s shows the design of single or multiple robotic arms to
achieve a larger workspace for applications in guiding surgical
instruments inside the human body. The proposed design can
achieve the workspace of the whole human body, which essen-
tially solves the problem of limited workspace.

However, the magnetic flux density and gradient of a single
electromagnet are limited. When using a single robotic arm
and electromagnet, the magnetic gradient remains relatively uni-
form within a sphere of radius r/2 at the coil’s center. Beyond
this point, gradient linearity diminishes rapidly.®” Therefore,
multiple electromagnets are incorporated to enhance the mag-
netic field and gradient, as shown in Figure 4t. A strategy employ-
ing three electromagnets on top of three robotic arms arranged
around the workspace was proposed to further enhance this
setup. The collaborative action of multiple electromagnets fur-
ther improves the working area and magnetic force; however,
it affects the analysis and control of the field distribution with
the motion of robotic arms. The application of a robotic arm-
based system can be found in the colonoscopy research,®! which
was successfully conducted on a pig. The expected time for one
colonoscopy was shorter with autonomous magnetic manipula-
tion. The level 3 autonomous inspection enhances the intelli-
gence level in navigation in an unstructured environment, one
step closer to application in humans.

Another type inspired by permanent magnetic arrays is to create
a 2D infinite space electromagnetic system, as shown in Figure 4u.
This approach provides a solution to the limited workspace prob-
lem in 2D space. However, extending this type of system to 3D
space with the same characteristics remains challenging.

2.3. Magnetic Robots

Magnetized robots used in clinical applications primarily com-
prise tethered catheters or untethered MMRs. The design of
the catheter and guidewire often focuses on end-effectors.
This study specifically discusses the design of MMRs. Several
critical factors must be considered, including the size, locomo-
tion methods, materials, and positioning techniques. Table 4 lists
the relevant parameters and provides representative examples of
the designs and applications of untethered robots.

Adbv. Intell. Syst. 2025, 7, 2400403 2400403 (12 of 26)

Table 4. Important characteristics and representative examples in
designing clinically used untethered robots.

Characteristics Representative examples

Size 30-900 um for microrobots and more than 1 mm for
millirobots
Attitude Drag, roll, twist, walk, and scroll

Number Single, swarm, and multiagent

Magnetic material Neodymium magnet (NdFeB), magnetite (Fe;O,), and

strontium hexaferrite (SrFe;;049)

Nonmagnetic bonding Sug, Hydrogel, and Polydimethylsiloxane

material

Positioning method Camera, microscope, ultrasound, optoacoustic imaging,

MRI, fluoroscopy, and X-ray radiography

The design of microrobots poses significant challenges to that
of millrobots. Their applications primarily target narrow and hard-
to-reach environments within the human body. Microrobots are
typically defined as robots with a size of less than 900 ym. This
smaller scale introduces complexities in both the mechanical
structure and motion analysis, making the microrobots design
more intricate than their millimeter-scale counterparts.

The design of the MMR frequently draws inspiration from
nature to satisfy the requirements of locomotion on a small scale.
For instance, the MMR designs inspired by fish have evolved
from millimeter-scale self-propelling capsule endoscopes driven
by alternating magnetic fields®®” to microscale fish propelled by
oscillating magnetic fields.” Other bioinspired methods involve
nonreciprocal motion to mimic the flexible movement of sperm
or the spiral motion of the colon bacillus. Flexible oscillating
motion (within an oscillating magnetic field) and helical propul-
sion (in a rotating magnetic field) have been proposed to facilitate
microscale movements. Helical microrobots controlled by rotat-
ing magnetic fields are among the most frequently employed set-
ups for microrobot locomotion.”"*?! This method is considered
to be a superior choice for microrobot locomotion.??!

As research on microrobot design has progressed, various
locomotion methods have emerged. Yu et al”* investigated
the motion mechanisms of oscillating magnetically propelled
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micro/nanorobots, including wagging, surface walker, and scal-
lop propulsion. Although some designs rely heavily on rotating
or oscillating magnetic fields, other devices, such as spherical
microrobots!'! do not. The typical locomotive attitude of a micro-
robot includes dragging, rolling, twisting, walking, or scrolling.

The out-of-equilibrium systems of a swarm have been exten-
sively researched, especially for the collective behavior of multi-
ple microrobots in the microlevel world. Examples include
clustering®¥ (driven by an electric field®® and light®®), flock-
ing,””) or schooling®® and self-organizing behaviors, such as
chain,®® ribbon,™®® or vortex."®" In summary, propulsion in
these systems involves the superposition of magnetic gradient
pulling and magnetic torque for rolling or twisting. In such
cases, magnetic torque is utilized to generate rotation, which
is then converted into propulsion through rolling or twisting.
This approach allows for the simultaneous application of mag-
netic force and torque to achieve propulsion.®”! In a swarm of
multiple microrobots, the resulting pattern is closely related to
the distribution of the magnetic field."*” Specifically, the micro-
swarm pattern is influenced by the ultrahigh aspect ratio of the
oscillating magnetic field.

In the field of micro-/nanorobots, the research on multiagent
systems is defined as the study of heterogeneous groups of
robots, that is, a group of robots with distinct magnetized direc-
tions. In such a system, each robot can be individually controlled
using a Helmholtz field."”® Because of the heterogeneous
nature of MMRs, it is possible to drive different types of
MMRs, each with a unique magnetized direction, in different
directions and at varying velocities."** Similar research was also
be performed in ref. [105].

In terms of manufacturing, 3D microassembly'® is a topic
that has been discussed for several years. Designing a microrobot
that is biodegradable, magnetizable, and sufficiently small
presents manufacturing challenges. In some applications, an
excessive size can limit the use of microrobots in in vitro experi-
ments, thereby preventing their clinical application. Fortunately,
with advancements in microscale manufacturing, microrobots
can be produced as small as 30 pm.””! The use of hydrogel
has become more prevalent in microrobot designs, making them
pliable and softer.[*”! Magnetic materials are employed to create
systems with a strong magnetic response, where nonmagnetic
bonding materials are used to render the microrobot softer
and biodegradable. Table 4 provides an overview of the typical
materials used in microrobot design.

Obtaining visual feedback is critical for determining the posi-
tion and velocity of a controlled object. The current positioning
methods can be categorized into ex vivo and in vivo methods. Ex
vivo methods typically involve the use of cameras and micro-
scopes; however, these are unable to penetrate the surface of
the human body. By contrast, in vivo methods include ultraso-
nography, optoacoustic imaging, and MRI, which are radiation-
free alternatives. However, traditional in vivo methods such
as C-arm fluoroscopy and X-ray radiography involve radiation.
Widespread adoption of non-radioactive methods can greatly
enhance surgical procedures. However, some challenges still
need to be addressed. Ultrasound images can be unclear, opto-
acoustic imaging is limited by the penetration depth, and MRI is
time-consuming and can conflict with magnetically driven
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methods. Therefore, further improvements in this area of
research are required.

2.4. Applications

Early research on MAS design often centered on evaluating the
system performance by analyzing whether the generated mag-
netic field aligned with expectations based on calibration data
or on-site measurements.?®##1%8 119 Most studies reported
the clinical application as background information and did not
present the results of experiments on animals or humans.’%!!!
Recent high-quality research has begun to investigate practical
application challenges and experiments on animals and
humans.!''>113]

The earliest clinical in vitro applications!"'* ' encompassed
the design of the actuation system, modeling, and control,
emphasizing the importance of addressing the high gradient
generation of an MAS and conducting an analysis of real-life
environments. As illustrated in ref. [115], the initial attempt to
use MRI for remote control of a ferromagnetic sphere demon-
strated its ability to generate a sufficiently large gradient to mimic
arterial system navigation. This study also highlighted the need
for higher magnetic gradients when using microrobots operated
on a smaller scale, such as within capillaries. Since this conclu-
sion, researchers have broadened their focus beyond field gener-
ation accuracy to enhance the magnetic field gradient and expand
the effective workspace. This shift has addressed the challenges
and paved the way for more suitable solutions for clinical appli-
cations. The development of a human-scale MAS is expected to
remain a primary area of improvement over the coming decades.

Several commercialized products have also been produced in
the development history. One of the earliest commercial MASs
can be traced decades ago, as mentioned in ref. [116]. This
design, known as Niobe and invented by Stereotaxis, Inc.
USA,"7 ytilizes two large permanent magnets. Although bulky,
several experiments have demonstrated its applicability in endo-
cardial catheter ablation and gastrointestinal capsule endoscopy.
This study also highlighted the challenges of generating a suffi-
cient and stable magnetic field gradient.

Subsequently, the design concept shifted towards nonorthog-
onal electromagnetic actuation to solve the gradient problem.
The catheter guidance control and imaging (CGCI)-Maxwell
magnetic navigation system!**®*?! developed by Magnetecs used
eight electromagnets and aims to address the limitations of
Niobe and achieve a high magnetic field and rapid response.!*®!
The clinical applications of Niobe include endoscopic capsule
procedures[lm and percutaneous coronary intervention surger-
ies.'% However, one limitation of this design is its flexibility.
Evolved from CGCI, a new system called Aeon Phocus was
designed to enhance installation flexibility and application versa-
tility. This system is divided into two symmetrical parts from the
middle to provide an available workspace for the patient. Typical
applications include guidance during endoscopy and intravascu-
lar surgery."?"'*? The most advanced commercial system to date
is Genesis (Stereotaxis Inc. USA), which integrates electrophys-
iological data and a robotic system within the MAS. By 2023,
more than 1000 patients with cardiac arrhythmia were treated
with this system. The design of a flexible robotic arm and
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intelligent sensor integration makes this system a promising
solution for modern design.

3. System Modeling and Control

3.1. Dynamic Modeling of the Electromagnetic Actuator

In a simplified magnetic robot motion analysis, the quasistatic
motion can be analyzed as!'**!

mv(t) = F,, —cov(t) + A (22)

where v(t) is the velocity of a controlled object, ¢ is the total drag
coefficient, » means the element-wise product, and A is the dis-
turbance. Only F,, is controllable; the others change with the sur-
rounding environment and the controlled object.

For the electromagnetic system analysis, the dynamics of the
magnetic field strength H(r) can be modeled using the applied
voltage u(t). According to Equation (6), the magnetic field
strength can be transferred to the magnetic flux density with
a parameter magnetic permeability y; therefore, in the following
sections, H(r) was used in the analysis.

As shown in Figure 1D, to analyze a circularly bounded work-
ing area (with radius a and center at the origin of the global coor-
dinate system) surrounded by n electromagnets, the total
magnetic field strength in position r at time t is denoted as
H(r,t) = >, i (t)Hy(r), where H,(r) € R® is the magnetic
field strength generated by the unit voltage at position r =
[r1,72,73]T in 3D space originated from the center of the
workspace.

As shown in Figure 1b, only four electromagnets were consid-
ered, and a 2D space was used in this analysis. H, is denoted as
the magnetic field strength distribution around the lower right
corner electromagnets and points in the right direction, and
H,(r) can be represented (through a rotation and translation
matrix) in global 2D coordinates as

Hy(r) = —0,"H,(ae — O;r) (23)

where e= [1,0]" for 2D space analysis, and the rotation matrix Oy
is represented as

cos(2r(k—1))/n  sin(2z(k—1))/n
—sin(2z(k —1))/n  cos(2z(k —1))/n

(24)

The aforementioned is a general method to represent the mag-
netic field distribution around a circular workspace with four
electromagnets around.

High resistance and inductance exist in a high-gradient elec-
tromagnetic actuation system. The applied voltage is denoted as
the control input u(t) = [u; (), uy(t), . .. u,(t)]7, and the required
voltage-state vector used to apply the magnetic field strength is
represented as y,(t) = RyIi(¢).

The electromagnetic flux generated by the k;, electromagnet is
¢ = Z}L:I LyI;, theny, = w, — ¢, = w, — LI; therefore, the state
space equation is listed as
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{w) = R y(1) )

y(t) = —RL1y(t) + RL tu(t)
R=diag(R, Ry, ... R,); I(t) = [ (1), L(Y), ..., I,(1)]" (26)
where the inductance matrix L € R™" is a symmetric constant
matrix, the diagonal elements are L;; denoted as the inductance
of the ky, electromagnet, and Ly, = L;; is denoted as the mutual
inductance between two electromagnets j and k. State space
Equation (25) can also be derived from Equation (19).

The notation in Equation (25) can be simplified by letting
EA = RL71. When k electromagnets have the same inductance
and are symmetrical to each other, all I;; are equal to zero; there-
fore, A can be the identity matrix, and the state space equation
can be represented by only one parameter &.

H(r,t) = H(r)y(t) (27)
F,(r,t) = KV|[H(r, )| (28)

F(r,t)= ZK{%QY“)]

T
b OO = Kglr00) @)
where K is volume and magnetic permeability-related parameters
(refer to Equation (10) and (11)).

Ky contains the parameters ¢, and K. The electromagnetic field
is only related to the real-time position r(t) and real-time voltage
y(t), with a mapping of g().

According to Equation (22) and (29), the motion analysis is
simplified to

my(t) = Keg(r(t),y(t)) —cov(t) + A (30)

According to Equation (25), (26), and (30), the complete
dynamics of the electromagnetic actuator and the plant are

¥(t) = —EAy(t) + SAu(t) (31)
v(t) = F(t) (32)
ﬁ(t) = GMng(T(t), Y(t)) —OpCe V(t) +o,A (33)

where ¢, = 1/m.

3.2. Control

3.2.1. Preprogrammed Control

The pre-programmed control is widely used in several applica-
tions!"312*1%] where the feedback is not easily acquired in these
clinical applications. In this situation, the time-varying position
trajectory sequence of the permanent magnet or the sequence of
the current input to the electromagnetic system is predefined to
control the path of the magnetic object. For electromagnetic actu-
ation systems, the performance of the proposed method is highly
dependent on the design of coils, and recent research has begun
to consider the optimization of coil design,”gl which is also
shown as a future trend in MAS design.

The magnetic moment is not easily obtained in real time.
The required magnetic field is mapped to the desired moment,
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as shown in Equation (11), which is a general solution used for
magnetic force control. This mapping is represented by
m = D(B).

To symmetrically analyze and control the electromagnetic field
and the gradient, according to Equation (16) and (18), the control
input and output can be further represented as

Ei - Fé Ff(DO(B))} [5(52,,)@ — (34)
Output Second First

where T C R¥*3, D(%) maps the magnetic field applied to the
moment of controlled objects.

The physical meaning of Equation (34): the magnetic field and
gradient are generated based on the current as the input; then,
the controlled object is magnetized with the moment during the
interaction with the generated magnetic field.

The preprogrammed control of the MAS can be divided into
three types based on the controllable DoFs. The first type is 3-
DoF heading or named rotational control. A typical MAS is
shown in Figure 2f, where the objects’ magnetic moment or tor-
que is controlled, and the magnetic force is neglected. The sec-
ond type is 3-DoF force control, in which the objects’ moments
are usually assumed to be aligned with the current magnetic field
applied for superparamagnetism or constrained in a predefined
direction for magnetized ferromagnets; a typical MAS is shown
in Figure 2g. The third type is 5-DoF control, including heading
(2-DoF) and force control (3-DoF); a typical MAS is shown in
Figure 4n. In special cases that can achieve full 6-DoF control,
this type of application concentrates on the creation of torque
around the magnetized axis.*>''*'?%l The trick is to control
the magnetic torque, which is nonparallel to the magnetization
direction, under the nonuniformity assumption.

The open-loop preprogrammed control method involves pro-
gramming the required magnetic field, such as a unified, rotat-
ing, or oscillating magnetic field, to achieve the required motion
or path.'*! Furthermore, preprogram control can also be used to
control the swarm shape,!'*”) and its application is promising in
medical treatment.*”*")

The aforementioned field alignment force and torque control
are proposed to control the MMR towards the required

Environment Mapping and
Selection of Motion Modes

Path Planning or
Predefined Trajectory

Planning Module

www.advintellsyst.com

direction.*”! The disturbance generated by the attractive force
between MMRs or other disturbances can affect motion control;
therefore, the following sections focus on the feedback-based
control method to enhance the accuracy of preprogrammed
control.

3.2.2. Control with Feedback

Figure 5 illustrates the overarching control framework governing
the MAS. The system comprises three distinct modules: the plan-
ning model, the learning module, and the control module.
The planning module is the initial stage and is responsible
for several tasks. This involves mapping the environment and
selecting an appropriate locomotive strategy. Subsequently, this
module is engaged in path planning. In some special cases where
the trajectory is known, a predefined trajectory sequence is listed
to replace path planning, 257139

The control module assumes the role of devising a controller
based on the established model. Most controllers are aimed at
position or velocity control. To achieve a controlled position or
velocity, the requisite position (Py) for the permanent magnet
or the required current (I) for the electromagnetic system is out-
put to regulate the MAS. The real-time imaging feedback is usu-
ally harnessed to continually minimize the disparity between the
real-time position (p,) and the desired position (p,).*"! In specific
applications, feedback mechanisms such as Hall effect sensors or
force sensors play a pivotal role in refining the required magnetic
flux density (B) or force (F) by providing accurate feedback.!*"!
The learning module is integral to estimating unknown param-
eters encountered during dynamic modeling or controller
design. Using this learning module, the system can learn the
magnetic actuation principle and adapt to it accordingly.

The entire dynamic system, consisting of the actuator and the
plant, represented by Equation (31-33), can be analyzed by divid-
ing the nonlinear system. By separating the linear and nonlinear
systems in Equation (33), the nonlinear system can be repre-
sented as

x(t) = g(r(t), y(1) (35)
where physical meaning of x(t) is the electromagnetic force.

Learning Module

|
|
Online Estimator +———— |
|

__________ Rectiry | R
7
P, /1 B(p)
Controller ——— Actuator Plant
VB(p)

F

Sensor Feedback ~+——

Image Feedback

Control Module

Figure 5. General control scheme for MAS-based robot control with sensing feedback and online estimation. Notably, p, is the desired position, p, is the
real-time feedback, e is the error defined as p; — p,, and Py, /1 is the position of the end effector for the permanent magnet actuator or the current input for

the electromagnetic actuator.
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Figure 6. The subsystems of the control system, actuation system, and plant; under the fast electromagnet dynamics assumption, the system can be
simplified as the linear controller with the magnetic objects’ motion dynamics.

The detailed equations of the block diagram for the controller,
actuator, and plant are shown in Figure 6. The applied voltage
u(t) is wused as the input for the actuation system
Equation (31), and the state vector x(t) is used to represent
the electromagnetic force to link the other two subsystems, as
represented by Equation (32) and (33).

Representing all vectors with state x, the nonlinear system in
Equation (35) is represented as

x=g(r,g '(rx)) (36)

Under real-life applications, the dynamic system of electro-
magnetic actuation ensures that the frequency of the subsystem
represented by Equation (31) is significantly faster than the
closed-loop control system dynamics. Under the condition that
A is an identity matrix, the system can be simplified as the input
y(t) is asymptotically equal to the input u(t).

A nonlinear controller was proposed through feedback linear-
ization with Equation (36) as

P=g'(r%) (37)

where y and ¥ are the estimation values of y and x. The controller
design was simplified after cascading the nonlinear controller, as
represented by Equation (37). Under the assumption of fast elec-
tromagnetic dynamics, the results of the combination are shown
at the bottom of Figure 6.

Most studies used a simplified system under the fast electro-
magnet dynamics assumption to design the controller and
achieve position and velocity control. The proposed classical con-
troller includes a linear controller such as proportional integral
derivative control, linear—quadratic regulator control, and model
predictive control."*21**! In some applications, linear controllers
and nonlinear filters are included in the system.!"** Classical
nonlinear controllers include adaptive control and sliding mode
control.***! A typical path planning method?#*?%! for fulfilling the
autonomous control scheme is the rapidly exploring random tree
method. In the learning model, iterative learning and deep learning
are used to estimate unknown parameters.**"*”! A fuzzy logic-
based control scheme is induced to manage complex cases.!**!

The preprogrammed control and the dynamic control of the
magnetic field are wildly observed in clinical applications to
achieve tasks, such as selective embolization™*” or stem cell
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delivery inside a high-viscosity joint fluid.**! Position control
accuracy is important in precise delivery applications; therefore,
feedback control is more widely used in intravascular drug deliv-
ery"'* or endoscopy.?®

4. Clinical Applications

The utilization of MASs in medical treatment can be traced back
to 1985 when an oscillating magnetic field was employed for
drug release.”?! In contemporary times, research and applica-
tions in this domain have significantly progressed. In the follow-
ing sections, applications at the research or clinical trial stages for
hard-to-reach areas inside the human body that hold the potential
for future utilization (see Figure 7) are investigated. This review is
focused on developing new medical treatments for various dis-
eases. The advantages of MASs in surgery are the enhancement
of the accuracy level, ease of use even for new clinicians, and
reduced pain for the patient through less invasive and time-efficient
surgery. Difficulties in the actions of magnetic robots inside the
systems shown in Figure 7 differ based on the characteristics of
the disease and the environment in which the surgery is conducted.
Diverse environmental factors underscore the inherent varia-
tions in the system analysis of medical treatments across differ-
ent regions of the human body. For instance, intravascular
applications necessitate the consideration of factors such as
blood flow speed and vessel size. Environments such as the intra-
ocular, gastrointestinal, and respiratory systems and human
joints possess natural cavity passages or accessible surfaces, ren-
dering magnetic robots viable for easy clinical access. Compared
with naturally cavitated environments, the essential utility of
MASs emerges in medical treatment within unreachable spaces
where traditional or continuum robotic-based systems are inad-
equate. The brain, intravascular system, and urogenital system
are notable examples of such environments. Table 5 presents
the representative applications of seven different systems inside
the human body, clinical application types, MASs employed, con-
trol methods, magnetic robots, imaging techniques, clinical
stages reported in the research, and the presence of tethering.
Except for the representative examples, clinical applications in
various human systems are explained in terms of the experimen-
tal design, control algorithms, and validation process. Control
and actuation strategies vary based on the distinct human
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Figure 7. Potential environments for using MASs to control magnetic robots in hard-to-reach areas inside the human body.

systems or organs. Considering the distinct challenges in access-
ing these regions, the implementation of untethered magnetized
objects for drug or cell delivery, capsules embedded with mag-
nets for endoscopic applications, and tethered continuum robots
equipped with magnetized end-effectors designed for surgical
interventions have been explored with detailed clinical examples.

4.1. Brain

The human brain consists of the cerebrum, cerebellum, and
stem, collectively classified as brain tissue; the other part is
the vascular environment of the brain. The study of the MASs
applied to animals (canine brain) can be traced back to
1990""¢! when a 5 mm-cylindrical permanent magnet was mag-
netically guided in the intraparenchymal brains of five adult
canines to treat brain cancer, such as deliver drugs and take
biopsy samples. In this research, traditional electromechanical
ball screws were employed to control the motion of the electro-
magnets. Two canines were scanned with MRI to predefine a cor-
onal reference path. Three canines were used for real-time
imaging, and a permanent magnet was stereotactically guided
to the predefined position. All five dogs survived the experi-
ments. Although the magnets used in the experiments
were too large for human trials, this study demonstrated the fea-
sibility of remotely controlling untethered magnetized robots
through a magnetic-driven system for clinical applications, such
as the placement of hyperthermic heat lesions or targeted
biopsies.

Recent research has utilized permanent magnet arrays to
establish a strong magnetic force trap.'"?*! This approach enabled
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robots to be attracted to traps without active control. The planar
linear stage and one rotational axis were implemented to control
the position of the microrobot inside the porcine brain. The mag-
netic array was responsible for positioning the traps. Ex vivo
experiments were conducted on porcine brains using fluoro-
scopic images to track real-time positions, further underscoring
the potential of MMRs for drug delivery, biopsy tasks, hyperther-
mia, and cauterization. A limitation of this study is its limited
workspace of only 6 cm.

In addition to addressing movements within the brain tissue,
the control of motion within the brain vasculature represents a
crucial research focus. Given the constrained dimensions of the
vascular environment, recent cutting-edge research has led to the
development of cell-sized microrobots, complemented with real-
time optoacoustic tracking to achieve in vivo tracking.”® The 3D
real-time tracking of a microrobot in the murine cerebral vascu-
lar system has been achieved for the first time. The microrobot
was coated with Ni and Au to achieve the imaging and magnetic
response simultaneously. Magnetic actuation was achieved using
a bar permanent magnet, and the operation was performed man-
ually. This successful experiment laid the foundation for ensur-
ing safe and precise real-time operation within the vascular
network of the brain.

4.2. Intravascular System

When deploying microrobots or catheters within human blood
vessels, the primary challenge is the varying diameters of the ves-
sels that must be navigated to access the circulatory system.
The human body comprises three main types of blood vessels:
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Table 5. Clinical applications of MASs.

Clinical applications MASs Control Magnetic robot Imaging Clinical stage Untethered

Brain tumor Electromagnets Ball-screw table control Permanent magnet (5 mm) Fluoroscopy and Canine brain Y

treatment!'®! and ball-screw MRI

Brain tissue Permanent magnet ~ Magnetic array trapping NdFeB with polymer housing Fluoroscopic X-ray Porcine brain Y

surgery'?’] array and motors

Brain vascular Permanent bar Manually Microrobots Optoacoustic Mouse brain Y

surgerylzs] magnet tomography

Endocardial catheter ~ Stereotaxis Niobe  Preprogrammed magnetic Magnetic catheter Fluoroscopy Human N

ablation!''”139] direction control

Peripheral arterial Helmholtz coils Magnetic sensor-based Magnetic catheter Digital microscope  Vascular phantom N

disease surgery!"*" Preprogrammed control video

Aneurysm Robotic-assisted Preprogrammed control Self-adhesive microgels swarm Fluoroscopy and US Ex vivo human Y

embolization!'?*! permanent MAS placenta

Intravascular Helmholtz coils Preprogrammed control Claw-engaged microrobots OCT catheter Rabbit jugular vein Y

surgery!'?]

Improved Navion system Control with visual Helical magnetic continuum robot X-ray Ex vivo human N

endovascular feedback with articulated magnetic tip placenta and a live pig

access!'"?

Intraocular surgery(™®! Octomag Preprogrammed motion Cylindrical microrobots Microscope Rabbit eye Y
control

Intraocular surgery®®  Electromagnetic Preprogrammed control Microrobot swarm Camera/OCT Bovine eye Y

actuation system

Knee cartilage Electromagnetic Precalibrated control Medical microrobots Optical microscope Rabbit knee Y

regeneration[”] actuation system or arthroscope

Gastrointestinal Stereotaxis Niobe  Preprogrammed Control Video capsule Fluoroscopy Human Y

capsule

endoscopy!""”!

Stomach capsule Robotic-assisted Robotic arm control Mockup capsule Camera Fluid-distended Y

endoscopyl®®&" permanent MAS stomach

Autonomous KUKA with a Autonomous control Magnetic flexible endoscope Camera Female pigs N

colonoscopylgsl permanent magnet

Stomach incisions Helmholtz coils Preprogrammed control Microwalker Camera Cell slice surface Y

treatment!'*%)

Stomach ulcers Electromagnetic Preprogrammed dynamic Soft film-like layers Ultrasound imaging Porcine stomach Y

treatment!'>"] actuation system control

Lung inspection!'®? 8-coil MAS Estimation-based catheter Magnetic endoscope Camera Lung phantom N
control

Autonomous Dual-arm MAS Precomputed robotic Optimized magnetic catheter Visual analysis Bronchial phantom N

bronchoscopy!'*? control

Retrograde intrarenal  5-coil orthogonal Feed-forward control Flexible magnetic continuum robots Cameras Kidney phantom N

surgery!' MAS

Assisted urination"®®  Permanent cubic Predefined field apply Magnetic soft robotic bladder Computed Porcine bladder Y

magnet tomography

arteries, veins, and capillaries. Their diameters range from
25mm for the aorta to 6 pm for capillaries. In particular, large
arteries have diameters ranging between 1 and 4 mm,™**! which
is a crucial consideration for intervention applications.
Furthermore, arteries are advantageous due to their deeper loca-
tion within the muscle layers and thicker walls, making them an
ideal intervention environment.

The successful use of endocardial catheters in medical inter-
ventions dates back to a decade.'?”! Notably, the achievement of
human cardiac interventions using magnetic catheters marked a
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significant milestone in the field of magnetic steering, particu-
larly in the treatment of atrial fibrillation ablation. Myocardial
ablation surgery is one of the few applications that have been
conducted in human trials. The surgery involves the use of a
commercial MAS, named Stereotaxis Niobe, to control the direc-
tion of the magnetic catheter tip under fluoroscopic imaging.
Other studies have documented related applications focusing
on electrophysiological catheter guidance and control.'**14"!
Subsequent research expanded to other heart diseases, including
cardiac arrhythmias.**
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Recent research efforts have been directed toward uncovering
solutions for a range of diseases, including peripheral arterial
diseases!"*") and arterial aneurysms through on-demand embo-
lization.[***! Microrobots were designed for active retention dur-
ing drug delivery,"” and a continuum magnetic robot was
designed to enhance the access level.'"*! In addition, the field
of soft robotics has contributed to the exploration of soft mag-
netic manipulation systems,!"*! wherein soft magnetic actuation
introduces heightened flexibility in surgical procedures through
remote magnetic control.

Peripheral arterial disease commonly occurs in people aged 40
years and above; it is caused by narrow blood vessels and can lead
to pain, impaired walking, and claudication. Percutaneous endo-
vascular intervention is the primary treatment option. The MAS
is used to navigate the magnetic ring-tip catheter to an impaired
location and then to place a stent or balloon to open the occluded
vessel and restore the normal blood vessel diameter.!"*!] This sys-
tem avoids X-ray radiation by remotely controlling the magnetic
catheter, and localization is achieved through catheter-tip sens-
ing. A cylindrical array of Hall effect sensors was designed to
measure the magnetic flux density around the workspace,
enabling the location of the magnetic catheter tip to be estimated.
However, X-ray imaging is still required for the bifurcations. The
proposed magnetic location estimation algorithm can estimate
the location of the magnetic tip in real time. The proposed
method has been applied using the Helmholtz coils to control
the magnetic tip in the phantom.

Aneurysm is a malfunction that occurs in an artery and
appears as an outward swelling or bulging in the blood vessel
wall. This anomaly can manifest anywhere in the human body,
often appearing in the aorta or the brain. Given their asymptom-
atic nature prior to an attack and the potential for severe internal
bleeding upon rupture, aneurysms have a high fatality rate.
Embolization is an effective strategy for the treatment of this con-
dition. Therefore, an effective method for the magnetic-guided
catheter-assisted delivery of microgels was proposed in
ref. [124]. This method employs C-arm fluoroscopy for real-time
imaging and uses a magnetic-based robotic arm for catheter
guidance. The self-adhesive microgel delivered by the magnetic
catheter was used as an embolic agent with an acidic stimulus to
trigger the microgel connection. This innovative study demon-
strated the feasibility of controlling a swarm of microrobots
within a dynamic human body environment to achieve effective
embolization. The proposed method was applied to an ex vivo
human placenta to test its effectiveness. The effective emboliza-
tion of the aneurysm under ultrasound imaging indicated that
the microrobotic embolization platform is effective for human
blood vessels.

Most applications inside blood vessels are under the tethered
magnetic catheter because of the blood flow velocity. Navigating
untethered microrobots within the bloodstream presents a cen-
tral challenge for the swift flow of blood in the circulatory system.
To overcome this hurdle, an ingenious solution involving an
active retention structure'® was developed. The microrobot
was designed with a claw to maintain its position inside a blood
vessel. This innovative mechanism ensures that the microrobots
maintain their positions within the blood environment despite
the vigorous blood flow. The successful implementation of this
structure within a live rabbit jugular vein has opened the door to
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applying untethered microrobot swarms in treating vascular dis-
eases or drug delivery in the circulatory system using a noninva-
sive method.

Another approach to improve the ability of a tethered catheter
is to design an untethered helical magnetic robot for improved
endovascular access.''*! This new type of untethered robot was
designed with an articulating magnetic tip structure to increase
the ability of the robot to steer and a helical protrusion body to
rotate the robot and generate the energy required to move for-
ward. The system was also designed with a working channel
at the center for fluid injection. X-ray radiography was used
for real-time imaging of the position of the magnetic robot inside
the vascular system. A commercial electromagnetic system,
Navion, was used to control the magnetic robot. This electromag-
netic actuation system achieved broad directional control of the
catheter. An ex vivo experiment demonstrated the effectiveness
of the helical structure in controlling the robot’s forward move-
ment. An ex vivo experiment using human placental blood ves-
sels and an in vivo experiment using a porcine model
demonstrated the effectiveness of the designed robot and system.
A comparison of the live pig invasive study between the commer-
cial and proposed catheters showed the effectiveness of the new
design in moving backward without harming the vessels.

4.3. Intraocular System

In intraocular procedures, the surgeon’s hand stability is para-
mount. Consequently, numerous research endeavors have been
devoted to the design of mechanical systems to ensure a steady
hand during surgery. Ex vivo tests conducted in chicken embryos
and phantom models mimicking the human eye have contrib-
uted to this effort."**>'*3! Moreover, the development of robotic
arms aimed at mitigating surgeons’ hand tremors has been
pursued.*4

Advancements in magnetically driven systems and controls
have led to proposals for less invasive and more accessible sol-
utions in the intraocular domain. In a study conducted in 2010,
localization was achieved using a single camera, and experiments
showed its effectiveness in a model eye.'*! This study laid the
foundation for future intraocular surgeries. In subsequent
research, an in vivo experiment on a rabbit eye further validated
the potential for intraocular research.'*®! A cylindrical microro-
bot with a diameter of 285 pm and a length of 1.8 mm was devel-
oped to fit in a needle and be easily injected inside the eye. The
Octomag was developed to perform surgery inside the eye with
the MAS underneath, leaving a workspace for imaging and sur-
gery in the front. Intraocular surgery holds a distinct advantage
in imaging because of its exposure to the surface. However, the
application is not ready for human trials because of problems
related to uncontrollably fast motion when the system is used
for drug delivery. In ocular globe material removal surgery,
the force applied should be controlled accurately; therefore, its
application is still in the animal trial stage. More recent research
has focused on targeted therapy using rotating-gradient magnetic
fields.*® The successful implementation of this approach in
bovine eyes underscores the capacity of magnetized microrobots
propelled by preprogrammed magnetic fields for effective drug
delivery in an intraocular environment.
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4.4. Knee and Elbow Joints

Cartilage damage to the knee and elbow joints is frequently
observed in athletes and elderly individuals. Additionally, there
has been a growing trend for such damage among younger
people in recent years. The conventional approach to address this
issue involves utilizing arthroscopy for imaging. Unfortunately,
conventional medicine does not offer methods for the complete
healing of the damaged cartilage. The primary treatment meth-
ods involve mitigating inflammation and extracting the joint
fluid from the joint cavity to facilitate self-healing. The most
advanced method, platelet-rich plasma (PRP) injection, is used
to cure the early stages of damage. PRP injection involves sup-
plying concentrated platelets to a damaged site to alleviate pain
and expedite repair. However, the results of this method are not
consistently remarkable, and variations in effectiveness exist
among individuals.

An alternative solution that has long been proposed is the use
of stem cells to treat serious injury to the cartilage. Mesenchymal
stem cells (MSCs) can be readily sourced from the placental tis-
sue or umbilical cord blood. This innovative approach involves
loading MSCs onto porous microrobots, which are then injected
into the affected joint through a needle and controlled by the
MAS. Through magnetic navigation, precise medicine can be
achieved. As documented in a study in 2020,"* human
adipose-derived MSCs can be used for knee cartilage regenera-
tion. Experiments were conducted using a rabbit knee cartilage
defect model. As the medical community increasingly embraces
the stem cell theory for therapeutic applications, this approach
holds significant potential for clinical implementation to cure
damage inside human joints.

4.5. Gastrointestinal System

Natural channels exist in the gastrointestinal system, and the
space is relatively large. Therefore, it is considerably easier for
a millirobot, capsule, or catheter to pass through this area.
Endoscopy is necessary for patients with gastrointestinal mal-
function. Colonoscopy, gastroscopy, and esophagoscopy are
the corresponding diagnostic methods for different locations
inside the human body, such as the intestines, stomach, or
esophagus.

The classical research on video capsules actuated by
Stereotaxis Niobe has been conducted using gastrointestinal
endoscopy.!'’”! Controlling the position of a magnetic robot in
a 3D environment is the key to endoscopy. The gastrointestinal
system is relatively large compared with the intraocular system in
3D space; therefore, a large workspace is required for this appli-
cation. Researchers tend to use robotic arm-based actuation sys-
tems and improved control methods to achieve large workspaces
and accurate position control. A rotating actuator with a perma-
nent magnet as an end effector was used to control the trajectory
of the capsule endoscope.B” In the following year, detailed
research on a mock-up capsule controlled in a fluid-distended
stomach with high robustness, such as a reduced control rate,
localization rate, deviation of the applied field, and manipulation
singularities, was conducted®' to demonstrate the high potential
of the robotic arm-based MAS and enhanced algorithm in clinical
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practice. These two studies focused on the system design and
algorithms to achieve complicated tasks. With the maturity of
applications of capsule endoscopy in the gastrointestinal environ-
ment, further research tended to make improvements in mag-
netic actuation, such as at the autonomous!™’! and
cooperation levels.!"*®! In ref. [88], colonoscopy was studied spe-
cifically in terms of autonomy and intelligence. With an increase
in the autonomous level, the cost of the test tended to be cheaper
and more comfortable; therefore, the widespread application of
gastrointestinal endoscopy would greatly benefit humans.

In recent years, microrobots have been proposed for stomach
incision treatment, which is a new area of research on microro-
bot applications, with clinical trials still in the cell slice surface
stage."*®! The main inspiration for this design was the rendering
of the frictional anisotropy characteristic of the design of a micro-
walker to mimic walking. The most recent research also men-
tioned this type of design, called the asymmetrical friction
effect, which is induced by magnetic torque.’*® Enhancing
the magnetic robot design can significantly support the magnetic
actuation method used in clinical practice. The emergence of
applications in precise drug delivery and surgery assistance in
the stomach demonstrates the maturity of the magnetic actuation
technique and the corresponding control algorithm.

In addition to controlling a single microrobot to achieve tasks,
the most recent research has been conducted using multiple
microrobots.'*” Dynamic control of the magnetic field can
achieve control of the soft film-like multilayer robot; the layers
can be separated under a predefined magnetic field and fixed
in separate locations to treat stomach ulcers. Such experiments
were conducted on a porcine stomach to treat multiple ulcers.

4.6. Respiratory System

The respiratory system encompasses the respiratory tract and
lungs. The respiratory tract can be categorized into an upper por-
tion (including the nose, mouth, pharynx, and throat) and a lower
portion (consisting of the windpipe, bronchial tubes, and lungs).
Although the upper respiratory tract components are relatively
accessible, the lower respiratory tract, specifically the bronchial
tubes and lungs, presents an intricate scenario. The following
discussion primarily focuses on the complex areas of the respi-
ratory system.

A position estimation method in which a lung phantom exper-
iment was conducted was proposed.*?! In this approach, the key
difficulty in controlling the endoscope in the lung is its position-
ing. Therefore, the image detected by the endoscope is used to
obtain the current position of the catheter. The device kinematics
were captured by comparing the applied input with visual feed-
back, which is a novel method for obtaining the position within
the human lung structure in real time.

Bronchoscopy is a crucial technique for identifying diseases
within the bronchial tubes. The development of an optimized
navigation trajectory is imperative to enhance the navigation pro-
cess for gentle and autonomous detection. This led to the crea-
tion of a soft magnetic-based catheter actuated by a cooperative
arrangement of two robot-driven permanent magnets as actua-
tors. This design aims to refine the navigation path for autono-
mous atraumatic detection within the bronchial tubes, as
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highlighted by Pittiglio."**) Autonomous detection of diseases
within the bronchial tree phantom was achieved by deploying
an optimally designed soft catheter robot. This innovation makes
it possible to detect diseases in the bronchial tubes effectively,
which can have far-reaching implications in medical diagnostics
and interventions. This atraumatic autonomous endoscopy is
achieved by the cooperation between two robotic arms to control
a patient-specific magnetic catheter. The collaborative robotic arm
is controlled to achieve a predefined trajectory for the catheter to
demonstrate navigation with minimal contact. A comparative
study was conducted between four catheters using a leader—
follower algorithm proposed to control the catheter, and the track-
ing accuracy and targeting error were improved enormously.

4.7. Urogenital System

The urogenital system comprises two distinct subdivisions: the
urinary and genital tracts. The urinary tract encompasses essen-
tial components such as the kidney, ureter, bladder, and urethra.
A prevalent ailment in the urogenital system is kidney stones.
Retrograde intrarenal surgery serves as a method to remove these
stones. The endoscope moves through the urine storage area and
enters the kidney, identifies the stone, and breaks it with a laser.
Flexible magnetic continuum robots were developed for this
application.'> A catheter with a magnetic tip is implemented to
navigate through the kidney phantom. The proposed control
method can predict the continuum robot’s nonlinear behavior
under the heterogeneous magnetic field. Another application
proposed in 2022 showed that a specially designed magnetic soft
robotic bladder can enhance the contraction ability by increasing
pressure through the magnetic actuation.!**! This novel applica-
tion under magnetic actuation has paved the way for assisted uri-
nation. Its effectiveness was tested in a porcine model over a
period of 2 weeks of implementation to certify its nontoxicity.
The genital tract is categorized into two subcategories: the female
and male reproductive systems. In the context of the male repro-
ductive system, physical contraception is a notable application.
Research in this domain has resulted in the development of wire-
less robots tailored for this purpose. Their potential has been
demonstrated through the robots’ application within a tubular
phantom augmented by an ultrasound-guided system.!">®!

5. Challenges and Opportunities
5.1. Development of MASs

The challenges of a sufficiently high magnetic field, high energy
efficiency, a flexible and modular design, sufficient workspace,
and a full DoF for controllability still exist and have not yet been
solved in a single design. However, multiple solutions have been
proposed to solve one of the aforementioned problems; some of
these solutions can also solve other problems simultaneously.
Most state-of-the-art research on MAS design still focuses on
the discrete wire method to elaborate on the model of electro-
magnet distribution. However, the design of the wrapping pat-
tern should also be addressed. Special wrapping patterns, due to
their ability to alter current density, have the potential to enhance
the MAS performance significantly.®? In addition to pattern

Adv. Intell. Syst. 2025, 7, 2400403 2400403 (21 of 26)

www.advintellsyst.com

design, optimizing the parameters of mainstream MAS types
is another area of focus."”!

The da Vinci surgical robot concept can be extended to the
remote manipulation of magnetized surgical instruments when
the end effectors of the robotic arms are retrofitted with magnets.
The permanent magnets exhibit a decrease in magnetic force and
torque as they move further from the magnet, following the d—*
and d—3 relationships. This concept can emulate the effect of
“turning off” when handling a permanent magnet away from
the workspace. The electromagnets can be deactivated more eas-
ily by withdrawing current. The permanent and electromagnetic
actuation systems can be integrated into the end effector of a
robotic arm. Additionally, the more magnets a robotic-based sys-
tem contains, the greater the flexibility and DoFs it can achieve.
The collaboration of multiple robotic arms can achieve any con-
figuration required, which would lead to great opportunities to
improve flexible and modular designs during the development
of MASs. The development of robotic arm-integrated systems
is still in its early stages. Multiple configurations can be expected
in future designs.

Despite the significant enhancements related to MAS design
in recent years, achieving control over the 3D force and 3D head-
ing of MMRs without encountering singularities remains chal-
lenging in terms of fully controlling the DoFs and having
sufficient workspace. The current approach involves the use of
movable electromagnets to create a changeable working area,
such as motor-based® or robotic arm-based systems.''' A
trade-off solution should exist between having an appropriate
workspace and achieving an effective magnetic-driven force or
torque for specific applications. The integration of robotic arms
with MASs as end effectors is the next major trend in clinical
applications. High-gradient MASs with large controllable work-
spaces will continue to be the primary research direction in sys-
tem design. Functionally enhanced MASs at low cost can be
predicted for multiple clinical applications.

5.2. MMR and Controller Design

Although the controller design for robotic systems is relatively
mature compared with MAS control, many practical problems
exist, making it difficult to transfer these control methods to
real-life situations under magnetic actuation, especially in com-
plex in vivo environments. First, feedback information is difficult
to obtain as accurately as in ex vivo experiments. Visual blocks
and obstacles always exist in drug delivery or targeted treatment.
Second, the size of the controlled objects affects the controller
design. The characteristic of moving micro-/nano-objects is that
the inertial forces can be neglected, and the viscous force is in the
dominant position, which makes the movement of the MMR
depend on the environment’s viscosity. Third, changes in blood
speed in the circulation system and individual differences com-
plicate the controller design. Last but not least, feedback informa-
tion detection, anything other than imaging, is also difficult
because there are several device requirements or high calibration
requirements. These challenges leave considerable room for con-
troller applications and sensing system design improvements.
Compared with robotic applications in other medical fields,
such as rehabilitation, the development of magnetic robots for
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clinical practice is relatively slow. Several key challenges have
contributed to this slow pace, including the size constraints of
magnetic robots, their design at the clinical level, which needs
to pass the Food and Drug Administration (FDA) examination,
and their integration with real-time imaging and control.
Additionally, magnetic robot motion analysis research is closely
related to controller design research and is still in the high-speed
development stage. In addition to these challenges, magnetic
robot design also needs to consider its applicability to multiple
clinical situations, nontoxicity, and biodegradability.

Imaging problems have resulted in a situation wherein the
research focuses on control algorithms for MAS-controlled mag-
netic robots in clinical applications that primarily involve robots at
the millimeter scale. However, as the materials for magnetic robots
and imaging methods continue to evolve, it is anticipated that
research on MAS-based control methods in clinical applications
will gradually shift toward relatively larger robots before more com-
pact and smaller robots following further advancements.

The integration of both the driving and sensing functions in a
single microrobot presents significant challenges, and imaging
can be particularly difficult. As a result, researchers have pursued
an alternative approach, which involves using multiple microro-
bots suitable for imaging and control as well as forming a swarm
or multiagent system. In such systems, it is essential to analyze the
interaction forces generated between the microrobots and gain
insight into other force mechanics. Numerous research endeavors
are currently in progress, showing promise for future applications.

Owing to clinical application challenges, the microrobot
design trend is shifting toward larger shapes to address control
issues.[**”! Enlarging microrobots to the millimeter scale can pro-
vide more realistic control for specific tasks. In terms of control-
ler design, there has been a shift from open-loop control™® to
closed-loop real-time control™ in vivo, from single-movement
modes to multimodes,"*®**%) and from single microrobots that
reach a target and complete a task to multiple microrobots col-
laborating on a task.*” Once these fundamental control-related
challenges are addressed and improvements in microrobot
manufacturing are achieved, clinical applications for specific sur-
geries will become more feasible.

In certain scenarios where obtaining imaging feedback is chal-
lenging, preprogrammed control remains a viable alternative for
achieving effective control of microrobots. With advancements in
magnetic field control, preprogrammed control may become an
increasingly valuable substitute solution. For the control of
untethered microrobots, swarm and multiagent systems with
intelligent algorithms will continue to be the primary directions
for control and modeling. The dynamic analysis of untethered
MMRs inside complex fluid environments is also a promising
research area for achieving accurate control with respect to dif-
ferent MMR structure designs. Systems utilizing magnet-tipped
catheters will continue to be frequently employed in the context
of tethered robotic control. The development of soft-continuum
magnetic robots is also a promising direction.

5.3. Clinical Applications

Clinical applications have been under high-speed development
in recent years. The «clinical applications mentioned in
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Section 4 represent recurring themes in contemporary cutting-
edge research and practical implementation. However, the
following challenges have been faced: the lack of human trials
for most applications, realistic problems that exist during the
transfer from the laboratory to the surgeon, and FDA approval
for materials used in clinical trials. Depending on the urgency
level of a disease, researchers tend to focus on diseases with a
high level of urgency and neglect other applications, thereby leav-
ing many opportunities for exploration. Unexplored or rarely
explored applications, such as MMR delivery in the pancreas,
cholecysts, livers, and reproductive systems, require further
investigation. The primary application areas for MASs and their
controls are the brain and the intravascular and gastrointestinal
systems. Each application requires a specific MAS design, con-
trol, and magnetic robot design. To date, tethered robots have
demonstrated easier clinical trials in humans than untethered
robots. Most tethered robots used in human trials have been
applied primarily in larger environments, such as the gastroin-
testinal system.

The imaging methods used mostly include conventional fluo-
roscopy and cameras to explore in vivo and ex vivo applications,
whereas the optoacoustic tomography technique, although safer,
is still in the animal trial stage. Tethered magnetic robotic solu-
tions predominantly focus on magnetic catheters and endo-
scopes with permanent magnetic tips. Depending on the size
of the application environment, untethered robots include milli-
robots, microrobots, and microrobot swarms. Preprogrammed
control algorithms will continue to prevail in many applications.
However, closed-loop control is increasingly utilized to perform
specific tasks in the most advanced applications of robotic arm-
based MASs. Similarly, in the context of MAS design, the tradi-
tional Helmholtz and permanent magnets with ball screws have
been replaced by specially designed electromagnetic actuation
systems and robotic arm-based actuation systems.

Broadly speaking, owing to their inherent attributes of being
noninvasive and offering standard repeatability, robots used for
medical purposes and operated via magnetically induced force
continue to be a fertile ground for continued exploration and
advancement.["®”! This research trajectory is expected to persist
in clinical research, underscoring the potential for innovative and
impactful development in the years to come.

6. Conclusion

This review has explored the key research and techniques
employed in MASs for clinical applications. In contrast to prior
studies, this review has systematically addressed omitted yet crit-
ical topics. These encompass the evolution of MAS design and
future research trends, a comprehensive analysis of the underly-
ing principles of magnetic actuation, and the incorporation of
commonly used analytical expressions for interdisciplinary
researchers to gain a better understanding. Examples of clinical
applications were presented in the system design section to illus-
trate the system designs required for specific medical applica-
tions. In the modeling and control aspects of MASs, the
discussion revolved around general solutions with electromag-
nets functioning as actuators, aiming at providing readers with
a swift grasp of the MMR control landscape. The control block
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diagrams systematically illustrated the principles of controller
design under magnetic actuation.

Additionally, the existing and potential applications within the
human body were systematically analyzed, emphasizing their
suitability for various purposes. The summary of clinical appli-
cations and the specific disease explanations can benefit
researchers who are unfamiliar with the surgeries and diseases.
The challenges and opportunities were summarized to provide
broader insights. From the authors’ perspective, future research
trends will increasingly center on designing portable MASs with
expansive workspaces, creating biodegradable MMRs, and
advancing toward clinical trials. One critical problem is that
the techniques have been developing in their own fields, and only
afew are aimed at interdisciplinary areas to solve problems in the
gap area. To address this situation, research should focus on
combining all these techniques at the frontier and building sys-
temic solutions. In conclusion, this field holds significant poten-
tial and offers substantial benefits for modern medicine,
underlying considerable opportunities in both academic and
commercial fields.
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