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ABSTRACT

Magnetic continuum robots (MCRs) have garnered substantial attention as a new class of flexible robotic systems capable of
navigating complex and confined spaces with remarkable dexterity. By combining continuous, deformable structures with
remotely applied magnetic fields, MCRs achieve contactless, remote manipulation, making them well-suited for medical ap-
plications. This review introduces recent advances in MCR research, focusing on design principles, structural configurations,
and control strategies. Various MCR designs and structures, including those integrated with permanent magnets, magnetic
matter, ferromagnetic sphere, and micro coil, are discussed. Furthermore, different magnetic actuation platforms are intro-
duced, and the level of MCR automation is classified based on control strategies. Key intelligent manipulation capabilities of
MCRs, including navigation, delivery, printing, grasping, imaging, and sensing are explored. Finally, future development pri-
orities and directions are identified to provide insights for advancing intelligent robotic systems.

1 | Introduction Unlike traditional rigid-link robots, CRs inherently possess

compliance and dexterity, enabling them to navigate intricate
Continuum robots (CRs) demonstrate exceptional adaptability environments, execute complex tasks, and interact safely with
and precision in navigating complex environments, enabling  various objects. These distinctive characteristics make CRs
tasks beyond the capabilities of traditional rigid-link robots [1, 2]. particularly promising in the medical field [3-7]. Among the
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various actuation methods developed for CRs, magnetic actuation
has garnered considerable attention due to its distinctive ability to
provide contactless and wireless control. Conventional actuation
techniques, such as pneumatic [8, 9], hydraulic [10-13], or
tendon-driven systems [14-16], often encounter limitations
related to bulkiness, restricted workspace, and mechanical
complexity. In contrast, magnetic actuation offers a remote and
secure solution by utilizing external magnetic fields to control
robot embedded with magnetic components. This approach en-
ables remote in situ manipulation of CRs and is suitable for
navigation in narrow, tortuous passages that are difficult to reach.
Magnetic actuation methods, which are now widely used to
control and actuate microrobots [17-21]. Furthermore, combined
with imaging systems, the potential for medical applications of
microrobots is further enhanced [22-26]. The continuous ad-
vancements in magnetic actuation techniques and the develop-
ment of integrated magnetic actuation systems have substantially
improved the precision of control and real-time tracking capa-
bilities of MCRs, thereby establishing a foundation for their
clinically intelligent manipulations.

MCRs integrate the principles of magnetic actuation with the
flexibility of continuum structures, resulting in robotic systems
that exhibit excellent adaptability and functionality. MCRs have
demonstrated significant potential across various intelligent ap-
plications, especially within the medical field [27-31]. Their
capability to traverse complex anatomical pathways and perform
delicate manipulations facilitates MCRs as a promising technol-
ogy for advancing future biomedical devices. However, the
advancement of MCRs is accompanied by several challenges that
necessitate further research and innovation. The design and
structural configuration of MCRs play a vital role in determining
their performance and versatility, with components such as the
use of permanent magnet, magnetic matter, ferromagnetic
sphere, and micro coil giving their magnetism. Additionally, the
integration of sensing capabilities and real-time feedback mech-
anisms is essential for enabling intelligent manipulation, as

Prototype

control

Control strategy

MCRs must adapt to unpredictable environments and execute
complex tasks autonomously or semi-autonomously.

As illustrated in Figure 1, different designs and structures, as
well as the integration of functional components give MCRs a
more diverse range of functions. The incorporation of imaging
technology and control algorithms further enables intelligent
manipulation, expanding their applications in the medical field.
This review aims to provide a comprehensive overview of the
current state of research on magnetic continuum robots for
intelligent manipulation, focusing on critical aspects of MCR
design principles, structural configurations, and control strate-
gies while providing a comparison. Based on the current state-
of-the-art research and development trends in MCRs, we
finally discuss the future research directions and perspective.

2 | Design and Structure of MCR

This section will introduce various designs and structures of
MCRs for intelligent manipulation, focusing on their integration
with different magnetic components. MCRs integrated with
permanent magnets will be introduced, which utilize the stable
magnetic field generated by permanent magnets to provide
consistent actuation force and torque, enabling remote control.
Next, MCRs integrated with magnetic matter (e.g., magnetic
particles) will be discussed, where the response of flexible
magnetic segment to the magnetic field enables finer and more
complex manipulation. Following this, MCRs integrated with
ferromagnetic spheres will be presented, which enhance the
robot's movement flexibility and operational precision by con-
trolling the position and orientation of ferromagnetic spheres
under magnetic resonance imaging (MRI). Finally, MCRs inte-
grated with micro coils will be explored, as this design leverages
electromagnetic fields to achieve high-precision positioning and
control. Table 1 presents the key characteristics and application
scenario of representative MCRs, highlighting variations arising
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FIGURE 1 | Manipulation and application scenarios of magnetic continuum robots.
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from different design principles. Through the analysis of these
four distinct designs, this section will highlight the potential and
advantages of MCRs in intelligent manipulation.

2.1 | MCR Integrated With Permanent Magnet

MCRs integrated with permanent magnets offer several key
advantages, including enhanced stability, simplicity of control,
and high efficiency. Permanent magnets, with their efficient and
stable magnetic properties, provide essential support for the
intelligent manipulation of magnetic continuum robots in
complex environments. In MCRs, Neodymium iron boron
(NdFeB) magnet is commonly used as a permanent magnetic
material to impart magnetism to the tip of a catheter or

guidewire [40-44]. The magnetic catheter and guidewire can be
actively deflected under an external magnetic field, enabling
manipulation in confined environments.

Based on the basic magnetic continuum robot, Dreyfus et al.
adopted a unique locomotion modality [32]. It involves incorpo-
rating a helical protrusion on the robot's surface and combining
insertion with rotation (Figure 2a). Functioning like a flexible
screw, the protrusion engages the vessel wall, effectively pulling
robot forward upon rotation. Furthermore, the robot features a
segmented, articulating magnetic tip design. This design ensures
that the tip remains soft and atraumatic while maximizing the
achievable deflection angle. Integration of two or more perma-
nent magnets with a MCR enhances its maneuverability [45-48].
Jeon et al. designed and fabricated a soft MCR, which integrated
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FIGURE 2 | MCRs integrated with permanent magnet and magnetic matter. (a-f) MCRs integrated with permanent magnet: (a) Permanent MCR
with articulated magnetic tip. Reproduced with permission [32]. Copyright 2024, AAAS. (b) MCR integrated with two permanent magnets.

Reproduced with permission [49]. Copyright 2019, Mary Ann Liebert. (c) MCR integrated with two opposite permanent magnets. Reproduced
with permission [50]. Copyright 2021, IEEE. (d) Millimeter-scale MCR embedded tiny permanent magnet. Reproduced with permission [51].
Copyright 2024, The Authors. (e) Concentric tube MCR integrated with multiple permanent magnets. Reproduced with permission [55].
Copyright 2024, IEEE. (f) Robotic magnetic flexible endoscope. Reproduced with permission [57]. Copyright 2020, Springer Nature. (g-1) MCRs
integrated with magnetic matter: (g) Ferromagnetic soft continuum robot with hydrogel skins. Reproduced with permission [34]. Copyright 2019,
AAAS. (h) Ferromagnetic soft catheter robot composed of soft polymer matrix. Reproduced with permission [66]. Copyright 2021, The Authors.
(i) Magnetization process and magnetization profile of magnetic steerable guidewire. Reproduced with permission [35]. Copyright 2022, IEEE. (j)
Magnetic soft continuum robot with hard magnetic particles dispersed in the polymer matrix. Reproduced with permission [68]. Copyright 2021,
PNAS. (k) Magnetically actuated coiling soft robot with variable stiffness. Reproduced with permission [67]. Copyright 2023, IEEE. (1) Multi-
segment continuum magnetizable tentacle. Reproduced with permission [69]. Copyright 2020, IEEE.
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PDMS and two permanent magnets (Figure 2b) [49]. Through a
mathematical model, the relationship between the magnetic force
and the deformation of the robot was described. This relationship
was modeled by finite element analysis due to its nonlinearity.
Experimentally, robot's deformation angles reaching up to 132.7°
was achieved. Both two-dimensional (2D) and 3D tracking ex-
periments demonstrated reliable manipulation performance.
Furthermore, Lin et al. introduced a MCR that incorporates
opposite-magnetized magnets. It designed to enhance dexterity
through active multi-mode deformation, without compromising
miniaturization by increasing structural complexity (Figure 2c)
[50]. This MCR has the ability to multi deform, for example, C-, S-
and J-shapes, to pass through different lumens of the body. To
characterize the deformation of MCR, a mathematical model that
integrated with the point-dipole field model and energy-based
kinematics was developed.

To improve the operational capability of CRs, researchers com-
bined phase change materials with MCRs. Mao et al. proposed a
millimeter-scale continuum robot with ‘follow-the-leader’
behavior that achieves apical extension and structural stability
(Figure 2d) [51]. Utilizing a dual-component system based on
phase transitions, the robot underwent periodic, tip-based elon-
gation guided by a programmable magnetic field. This allows for
active programming and reprogramming of the robot's shape
through trajectory planning of its tip, independent of environ-
mental interactions. A cooperative MCR was also introduced,
which achieved non-interactive navigation by utilizing low
melting point alloy (LMPA) and implementing an alternating
support strategy [52]. The CR accomplished independent multi-
degree-of-freedom control of three magnetic units through the
precise manipulation of phase changes in different segments. This
allows for the versatile manipulator to be reconfigured in situ,
enabling the completion of complex tasks.

The design of a concentric tube CR further improves the
maneuverability of MCRs [53, 54]. Li et al. introduced the
design and modeling of a homocentric variable-stiffness mag-
netic robotic catheter (Figure 2e) [55]. This continuum robotic
system performs percutaneous coronary interventions proced-
ures with the assistance of multi-robot control and ultrasound
imaging. A hierarchical control framework is presented,
encompassing multi-arm mobile permanent magnets, visual/
force-serving-based mobile in-plane ultrasound tracking, and
autonomous catheter navigation. The collaborative motion of
the external mobile magnetic module and the extracorporeal
mobile ultrasound module is regulated through the application
of relative Jacobian-based control. The investigators validated
the superior navigational performance of this MCR by per-
forming preoperative planning in arteries for different
scenarios.

Magnetic endoscopes, manipulated by an external controllable
magnetic field, can reduce the difficulty of operating the system
and patient discomfort. Pittiglio et al. discussed a novel control
technique for capsule levitation in magnetically driven capsule
colonoscopy [56]. Furthermore, Martin et al. demonstrated
intelligent and autonomous control of magnetic flexible endo-
scope and the development of intelligent and autonomous
control strategies makes a reduction in exertion for the user
(Figure 2f) [57].

2.2 | MCR Integrated With Magnetic Matter

MCRs integrated with magnetic matter, such as magnetic parti-
cles, offer significant advantages in terms of flexibility, adapt-
ability, and programmable magnetization direction [58-65].
Unlike rigid magnets, magnetic matter-based MCRs exhibit high
flexibility to adapt to complex environments, enabling flexible
navigation manipulation in confined lumens.

Kim et al. proposed a magnetic soft continuum robot (MSCR),
which was composed of a homogeneous continuum of a soft
polymer matrix with uniformly dispersed ferromagnetic micro-
particles (Figure 2g) [34]. To reduce the friction of the MSCR,
hydrogel skin is grown on its surface. The magnetic material and
soft, lubricated body give the robot excellent navigation perfor-
mance. Bioprinting as a promising technology has been com-
bined with MCRs in order to reduce the trauma of biological
tissues. Zhou et al. introduced a ferromagnetic soft catheter robot
system that enables in situ, computer-controlled bioprinting in a
minimally invasive manner through magnetic actuation
(Figure 2h) [66]. The soft catheter robot's design incorporates
ferromagnetic particles dispersed within a fiber-reinforced
polymer matrix, ensuring stable ink extrusion and accommo-
dating a wide range of materials with varying rheological prop-
erties and functionalities. By utilizing a superimposed magnetic
field, the MCR achieves digitally controlled printing.

One of the advantages of magnetic particles as components of
the MCR is that programmable magnetization directions can be
achieved. Zhang et al. proposed a magnetic guidewire, which is
composed of a commercial guidewire with hydrophilic coating
[35]. The basic material of magnetic continuum robot is Ecoflex
and NdFeB microparticles, the mixed material can be pro-
grammed for the direction of magnetization of the magnetic tip
by predeformation and magnetization (Figure 2i). To increase
the magnetization strength of an MCR and design the desired
magnetic profile. Wang et al. introduced an evolutionary design
strategy to maximize the workspace of MSCR. It integrated
theoretical modeling and genetic algorithm to identify the
optimal magnetization and rigidity patterns of MSCR (Figure 2j)
[68]. To address the challenge of functionalizing magnetic ro-
bots due to their low force output, a magnetic variable stiffness
coiling robot was designed by utilizing Ecoflex and NdFeB
microparticle combined with nitinol wires (Figure 2k) [67].
Lloyd et al. used a neural network training design method based
on finite element analysis, by which the magnetization profile
can be tailored to the specific anatomical constraints in order to
achieve a design trajectory (Figure 21) [69].

2.3 | MCR Integrated With Ferromagnetic Sphere

MCRs integrated with ferromagnetic spheres offer unique ad-
vantages in precision steering and flexible manipulation, espe-
cially in environments that require real-time localization and
controlled navigation. The ferromagnetic sphere tip reaches
saturation magnetization in the strong magnetic field of the MRI
scanner. A magnetic force is subsequently applied to the ferro-
magnetic sphere tip through an external magnetic field gradient,
which is aligned with the direction of the magnetic gradient. The
magnetic force guided the MCRs for selective vascular catheter
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insertion. Zhang et al. developed an intravascular catheter
equipped with a ferromagnetic spherical tip designed for navi-
gation using MRI gradient forces (Figure 3a) [36]. The ferro-
magnetic tip, with a diameter of 2 mm, is connected to the
catheter via a flexible silicone tube, which minimizes friction with
the vascular walls while maintaining sufficient flexibility for
maneuvering. This innovative design enhances navigation accu-
racy and operational feasibility in an MRI environment, providing
a novel tool for minimally invasive endovascular interventions.
Lalande et al. utilized a custom-designed magnetic guidewire
featuring a 0.9 mm ferromagnetic bead attached to its tip
(Figure 3b) [70]. The bead is magnetized to saturation within the
MRI system's magnetic field, and its movement is controlled by
forces generated through additional gradient coils. The guide-
wire, made from flexible materials, is capable of precise naviga-
tion within complex vascular networks. This design ensures high
maneuverability and compatibility with MRI environments,
enabling selective arterial catheterization in a radiation-free
setting. Gosselin et al. systematically quantified the bending
characteristics of magnetic catheters actuated by magnetic
gradient coils in an MRI system through theoretical modeling and
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experimental investigation. It explored the performance of single-
and multi-sphere tip designs, revealing that multi-sphere designs
significantly enhance deflection amplitude but require balancing
the nonlinear effects caused by dipole-dipole interactions
(Figure 3c) [37]. Strategies were proposed to achieve precise
navigation by optimizing gradient strength, direction, and ferro-
magnetic material distribution, while addressing imaging arti-
facts in MRI. Zhang et al. introduced a catheter with a 2 mm
ferromagnetic sphere tip connected via a flexible silicone tube for
enhanced steerability (Figure 3d) [71]. By using a dual-echo
projection technique with orthogonal rephasing gradients, they
achieved precise localization while minimizing background
noise. Phantom and in vivo tests demonstrated localization errors
of 1.6 and 4 mm, respectively, highlighting its potential for ac-
curate, radiation-free navigation in MR-guided interventions.

24 | MCR Integrated With Micro Coil

MCRs integrated with micro coils enhance performance in MRI-
guided navigation [38, 72]. The integration of micro coils enables

magnetic
force

Active Coils

Camera

lllumination
N

Irrigation Channel

Grasper Coils

FIGURE 3 | MCR integrated with ferromagnetic sphere and micro coil. (a-d) MCRs integrated with ferromagnetic sphere: (a) Intravascular

catheter with a ferromagnetic sphere. Reproduced with permission [36]. Copyright 2010, ESMRMB. (b) Magnetic guidewire with a ferromagnetic
bead. Reproduced with permission [70]. Copyright 2015, American Association of Physicists in Medicine. (c) Magnetic catheter tips with two
magnetic spheres. Reproduced with permission [37]. Copyright 2011, American Association of Physicists in Medicine. (d) Catheter connected to a
2 mm ferromagnetic sphere tip. Reproduced with permission [71]. Copyright 2013, Elsevier. (e-h) MCRs integrated with micro coil: (e) Magnetic
catheter tip connected to a solenoid coil. Reproduced with permission [38]. Copyright 2014, RSNA. (f) Three-axis coil system assembled with a
microcatheter. Reproduced with permission [73]. Copyright 2013, Elsevier. (g) Magnetic microcatheter with a quad-configuration micro coil.
Reproduced with permission [39]. Copyright 2022, The Authors. (h) Endoscopic system with grasping and remote steering coils. Reproduced with
permission [74]. Copyright 2022, IEEE.
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current-dependent magnetization, allowing for efficient control
of the CRs' movement through the application of external mag-
netic fields. Unlike traditional magnetic components, micro coils
can be tuned to generate specific magnetic force and torque,
enabling fine-tuned steering and real-time imaging with minimal
artifacts. Losey et al. presented a magnetically controlled catheter
with a 2 mm solenoid coil at the tip for precise steering under MRI
guidance (Figure 3e) [38]. The design uses foot pedal-controlled
currents for tip deflection, achieving higher success rates and
shorter procedure times compared to manual guidance. Wilson
et al. introduced the development of a magnetically controlled
catheter designed for precise navigation under magnetic reso-
nance imaging guidance [73]. The catheter integrates orthogonal
coils, fabricated through laser lithography, at its 2 mm tip to
enable controlled multi-directional deflection (Figure 3f). By
applying varying currents to the coils, the catheter achieves pre-
dictable and precise steering, verified through phantom studies.
Phelan et al. proposed a magnetically controlled catheter equip-
ped with a quad-configuration micro coil system, enabling precise
Lorentz force-based steering under magnetic resonance imaging
guidance (Figure 3g) [39]. The catheter, with a 1 mm diameter
design, optimizes power efficiency and minimizes heating risks
while achieving tip deflections up to 110° with a 4-degree error
margin. Using innovative laser-fabricated coils, the design re-
duces tip weight and bulk, enhancing navigation in confined
anatomical spaces such as neurovascular and renal systems. To
improve the application of MCRs, Phelan et al. proposed a system
integrates Lorentz force-based steering mechanisms with an
optimized design featuring axial and quad micro coils at the
endoscope tip (Figure 3h) [74]. This enables precise and
controllable bending up to 90° while mitigating heat generation,
addressing a critical challenge in MRI-compatible devices.
Furthermore, the inclusion of a grasping mechanism capable of
applying forces up to 31 mN facilitates both soft tissue manipu-
lation and tumor ablation with low power inputs. These in-
novations underscore the potential of combining real-time MRI
guidance with advanced steering and ablation capabilities to
enhance precision, safety, and efficacy in minimally invasive
neurointerventions.

3 | Actuation and Manipulation of MCR

This section explains the actuation and control strategies of
MCR. First, the theory behind magnetic actuation of MCR will
be introduced, including different modeling approaches for

MCR. Subsequently, different magnetic actuation platforms
used in various systems will be discussed. Then various control
strategies and corresponding MCR's autonomous level
employed are presented.

3.1 | Actuation Theory of MCR

Since MCR is a type of long slender object belonging to con-
tinuum robot, the classic methods could be applied to modeling
of it. Many modeling strategies have been developed to predict
the kinematics of MCRs, which can be divided into the
following three examples: cosserat rod theory, constant curva-
ture assumption, and rigid-link model (Figure 4). These
different methods coincide with MCR actuation methods, which
describe the outcome of equilibrium between internal and
external magnetic forces and torques.

1. Cosserat rod theory

Cosserat rod theory is widely used for the static equilibrium of
continuum robot without simplifying assumptions. Regarding
MCR, this method consists of solving a set of equilibrium
equations between the position, orientation, internal force, and
internal torque of the robot, providing high consistency and
accuracy for modeling bending, torsion, and extension under
magnetic actuations [46, 75-78]. However, cosserat rod theory
involves solving complex nonlinear partial differential equations
requiring numerical and time-consuming calculations, which
presents challenges and complexity in controlling tip of MCR.
Moreover, the theory may struggle to model certain behaviors
like large rotations or significant twisting deformations without
additional modifications.

2. Constant curvature assumption

Constant curvature assumption is based on the assumption that
each segment of the continuum robot deforms in a constant
radius arc. In other words, the curvature keeps invariant along
the lengths. Compared with cosserat rod theory, it simplifies the
computation cost and numerical intensity of the continuum
robot's shape and motion when modeling [43, 79-82]. Also,
piece-wise constant curvature defines the robot is modeled as a
series of links that can deflect with constant curvature.
Although this approach is widely used, when facing large

FIGURE 4 | Schematic diagram of three classical modeling approaches for continuum robots. (a) Cosserat rod theory. (b) Constant curvature
assumption. (c) Rigid-link model. f and 7 illustrate the vector fields force and torque with respect to the robot's length s, respectively.
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bending and twisting in multiple directions, it will lead to in-
accuracy and complexity in the predicted shape of CR.

3. Rigid-link model

The rigid-link model is a simplification commonly used to
model continuum robots or robotic manipulators. In this
approach, the robot can be divided into small enough segments
which are represented as a series of connected rigid links [83-
87]. Each link is assumed to be inflexible, however, causing
impractical behaviors or numerous variables [88].

In addition to the classical methods mentioned above, finite
element methods (FEM) have been widely used to analyze the
deformation properties of MCRs and for experimental valida-
tion. Through FEM, the deformation of MCRs under magnetic
interaction can be accurately calculated in a simulation envi-
ronment [49, 89, 90]. However, the calculation of complex
deformation of MCRs by the finite element method may
consume more computational resources and time, and the
calculation time can be significantly reduced by comparing and
selecting the appropriate modeling method through the study
[64, 65]. To balance the modeling accuracy and computational
efficiency of MCRs, some kinds of new modeling approaches for
continuum robot were further studied and utilized: such as
neural network training methods, and other more affine-to-
control modeling approaches [69, 91]. To achieve real-time
control of MCR, researchers should investigate more accurate
modeling methods with minimization of computational burden.

3.2 | Magnetic Actuation Platform

Magnetic actuation platforms have been systematically sum-
marized in [92, 93]. In this section, the main focus is on some of
the permanent magnetic and electromagnetic actuation plat-
forms used and potentially available for actuating MCR.

1. Actuation magnetic field analysis

The external actuation magnetic field of MCR is typically gener-
ated by either permanent magnet or electromagnet. This section

provides a concise overview of the analytical approaches and
computational methods for evaluating both permanent magnetic
fields and electromagnetic fields in spatial contexts. In the equa-
tions below, boldface type denotes a vector and regular type de-
notes a scalar.

In an idealized scenario, treating the magnetic source as a
magnetic dipole m located at a point P, in space, the magnetic
field b at a point Py, is given by Equation (1) and the corre-
sponding field distribution generated by the magnetic dipole is
illustrated in Figure 5a [94].

. H
an||Py — P’

1P, —Pm||2n3))m

B{Py, m, P} = ( (3Pb = Pu)(Py - P)’

@

where po = 47 x 1077 T-m-A"" is the permeability of free space,
[3 is a 3 X 3 identity matrix. It can also be represented as an
alternative form given by Equation (2).

Mo
b{r, =
tr.m} <4n||r||3

(3#PT - I]3))m ©)
where r = P, — P,,. In non-idealized scenario, however, the
magnetic source cannot be regarded as a point. Therefore, a
multipole expansion is performed

# 4+ Lo -P,7 + Ho
4n|r]| 4n|r]|

Mo
b{r,m} = P
tr <47r||r||31

=P + )m 3)
which is possible to accurately approximate the value of the
magnetic field b at P, with respect to the center-of-mass posi-
tion P,,. In the expansion terms it can be noted that the first
term decays with ||r|| 3, the second with ||r|| >, the third with
|l7]l ™7, and so on. > matrices in Equation (3) are shape functions
that are independent of the distance from the magnetic source.
Furthermore, the accuracy of the dipole model will increase as
the distance from the source increases.

To determine the magnetic field b at a point P}, resulting from an
electric current i passing through a wire coil, the Biot-Savart law

FIGURE 5 | Magnetic field illustration. (a) Magnetic field of a permanent magnet as a magnetic dipole. (b) An electric current element idl through

a wire produces a magnetic field db at point Py,
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is applied (Figure 5b). This law begins by considering a small
segment of the conductor with length dI positioned at a point Py;.
The contribution to the magnetic field from this tiny segment is
db, and by integrating the contributions from every infinitesimal
segment along the conductor, we obtain the total magnetic field at
Py, which is given by Equation (4):

b{Pb, l} /db f idl x (Pb - Pdl)

47'[||Pb - Pd1|| (4)
S{Pg — Py}
Py — Palll®

where S{vector} is the skew-symmetric matrix representation of
a vector used in the cross-product operation. When the straight
wires form a circular loop, a magnetic field distribution similar
to that in Figure 5a is produced. This magnetic field m can be
described by a multipole expansion, and its dipole moment can
be calculated using Equation (5):

mii} = . f S{Pa - P)dl s)

where P, is an arbitrary fixed reference point. It can be seen that
the dipole moment of the coil is linearly related to the current.
For a circular loop of thin wire with radius 7, the dipole moment
is m = mr?ia, with @ being the direction of the area vector,
which can be expressed by the right-hand rule. For a cylindrical
coil with inner radius r; and thickness ¢, the dipole moment can

be calculated as m = 7T<Vi2 + it + %ﬁ)i&.
2. Permanent magnetic actuation platform

Permanent magnets offer several advantages as magnetic field
sources for actuating magnetic robots [95-98]. They generate
stable and persistent magnetic fields without requiring external
power. Their simple structure and ease of integration reduce
system complexity. Integrating a permanent magnet with a ro-
botic arm as a magnetic actuation system expands the operating
space of the permanent magnet as a magnetic source [98-100].

Wright et al. developed a spherical-actuator-magnet manipu-
lator designed for magnetic manipulation using a single spher-
ical permanent magnet [101]. The system features a spherical
permanent magnet driven by three orthogonal omniwheels,
enabling holonomic, singularity-free control of the magnet's
dipole orientation (Figure 6a). Magnetic field sensors provide
real-time feedback, enabling closed-loop control through a
Kalman filter-based estimation system. Pittiglio et al. investi-
gated a novel magnetic actuation system for soft-tethered
capsule colonoscopy using a single external permanent mag-
net manipulated by a robotic arm (Figure 6b) [56]. The system's
efficacy was validated through experiments in both controlled
and realistic environments, demonstrating significantly reduced
contact with the colon wall and improved traversal efficiency
compared to conventional methods. Yang et al. proposed a dual-
mode magnetic actuation platform designed for intravascular
ultrasound imaging, utilizing an external permanent magnet for
actuation without a conventional drive shaft (Figure 6¢) [102]. It
features an acoustic-magnetic tip integrating a radially

magnetized permanent magnet and an ultrasound transducer,
enabling both active steering and shaft-free ultrasound beam
scanning. A robotic arm adjusts the magnet's position and
orientation to generate static magnetic fields for navigation and
dynamic fields for imaging. Li et al. introduced an external
magnetic actuation platform consisting of a cylindrical perma-
nent magnet mounted on the end-effector of a six-degree-of-
freedom robotic arm (Figure 6d) [55]. A hierarchical control
strategy coordinates the robotic arm's movements using a rela-
tive Jacobian-based framework. This enables synchronized
magnetic catheter manipulation, ultrasound-guided tracking,
and force feedback control.

The configuration of multiple permanent magnets provides a
way to design a magnetic actuation system. Zhou et al. designed
an external magnetic control platform including four motor-
driven permanent magnets arranged symmetrically (Figure 6e)
[66]. By adjusting the magnets’ positions and orientations, the
system generates a non-uniform magnetic field, inducing forces
and torques that enable the catheter's bending, rotation, and
translation. A numerical control strategy correlates magnet
displacements with catheter tip movements, ensuring accurate,
remote-controlled bioprinting along complex 3D surfaces. To
enable independent control of parallel continuum soft magnetic
manipulators in a shared confined environment, Koszowska
et al. utilized a magnetic control approach, employing a mag-
netic actuation platform with dual robotic control over external
permanent magnets (Figure 6f) [103]. This platform facilitates
the decoupled control of magnetic force and torque, accom-
plished through the manipulation of linear gradients and ho-
mogeneous fields, respectively [100].

3. Electromagnetic actuation platform

Electromagnetic actuation systems offer key advantages for
driving magnetic robots due to their controllability and adapt-
ability. They provide dynamically adjustable magnetic fields
through electric current modulation, enabling precise control of
robot movement, force, and orientation. This tunability supports
complex motion patterns, including feedback-driven and real-
time responses. Through an electromagnetic actuation plat-
form, flexible steering and magnetic manipulation of MCR can
be achieved [104-109]. Electromagnetic systems can generate
both uniform and gradient fields, facilitating diverse tasks such
as targeted manipulation, trajectory planning, and autonomous
navigation for magnetic microrobots [110-115].

The ARMM system is an advanced magnetic actuation platform
designed for precise control of flexible surgical instruments,
featuring a mobile electromagnetic coil mounted on a six-degree-
of-freedom robotic arm (Figure 6g) [41]. The system's design
optimizes magnetic field generation while balancing payload and
thermal constraints through a systematic optimization process.
A real-time iterative map-based control strategy compensates for
core saturation and field non-linearities by adjusting the coil's
position and current using feedback from Hall-effect sensors.
This enables accurate force and torque generation for steering
instruments in a large, scalable workspace. With its ability to
perform precise, responsive, and adaptive actuation, the ARMM
system holds significant potential for minimally invasive surgical
procedures requiring complex navigation and manipulation.
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FIGURE 6 | Magnetic actuation platforms. (a-f) Permanent magnetic actuation platforms: (a) SAMM system consisting of a spherical magnet,
three omni-wheels, and a robotic arm. Reproduced with permission [101]. Copyright 2017, IEEE. (b) Magnetic actuation platform consisting of an
external magnet and a robotic arm. Reproduced with permission [56]. Copyright 2019, IEEE. (c) Dual-mode magnetic actuation platform
consisting of a permanent magnet, a servo motor, and a robotic arm. Reproduced with permission [102]. Copyright 2025, IEEE. (d) External
mobile magnetic module consisting of a cylindrical permanent magnet fixed on the 6 DOF robotic arm. Reproduced with permission [55].
Copyright 2024, IEEE. (e) Magnetic actuation platform consisting of four mobile permanent magnets. Reproduced with permission [66].
Copyright 2021, The Authors. (f) Dual external permanent magnet platform. Reproduced with permission [103]. Copyright 2023, The Authors.
(g-k) Electromagnetic actuation platforms: (g) ARMM system comprises 6 DOF mobile electromagnet. Reproduced with permission [41].
Copyright 2019, IEEE. (h) Helmholtz coil. Reproduced with permission [116]. Copyright 2015, IEEE. (i) Electromagnetic actuation platform with
three electromagnets. Reproduced with permission [43]. Copyright 2021, IEEE. (j) Electromagnetic navigation platform consisting of three parallel
coils with triangle arrangement. Reproduced with permission [117]. Copyright 2022, IEEE. (k) BigMag: magnetic actuation platform consisting of
six mobile coils array. Reproduced with permission [118]. Copyright 2019, IEEE.

The design featuring multiple electromagnets improves the simulator was evaluated using an electromagnetic actuation
maneuverability of the magnetic actuation system, but also in- platform composed of 3 parallel coils (Figure 6j). BigMag, a high
creases its complexity. Helmholtz coils, a widely utilized elec- bandwidth magnetic actuation platform comprised of six elec-
tromagnetic actuation system, are employed in actuating tromagnetic coils, was employed for accurate actuation of MCR
magnetic robots due to their capability to generate a highly [118]. The configuration of the electromagnetic actuation plat-
uniform magnetic field within the central region of the coil form is depicted in Figure 6k.

configuration (Figure 6h) [116]. Moreover, in order to magnet-

ically actuate the MCR while realizing imaging guidance, an 4. MRI-based magnetic actuation system

electromagnetic actuation platform combining three parallel

electromagnets and an ultrasound probe was developed [43]. In addition to laboratory-developed permanent magnetic actu-
Dreyfus et al. introduced a novel simulation framework for ation platforms and electromagnetic actuation platforms,
MCRs, which illustrated the magnetic actuation and in- commercially available MRI systems have been used as a type of

teractions forces with meshed collision models [117]. The magnetic-actuation system. MRI enables sub-millimeter-
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resolution soft-tissue imaging while providing high magnetic-
field gradients, enabling the actuation, localization, and con-
trol of MCRs for interventional manipulation. MCRs integrated
ferromagnetic spheres or micro coils in Section 2.3 and 2.4 are
navigated under MRI system. Azizi et al. introduced fringe field
navigation (FFN), which used high-gradient fringe fields from
clinical MRI scanner [119]. It guided MCR into narrow blood
vessels by magnetic pulling forces. Traditional methods rely on
the scanner's main magnetic field. FFN instead exploits the
gradients of MRI's outer fringe fields. This approach addressed
reduced guidewire stiffness hinders steerability in narrow ves-
sels. In order to be more adaptable to clinical scenarios, Tiryaki
et al. proposed MCRs' actuation at ultrahigh magnetic fields
(UHF) in MRI scanners [120]. They found that magnets can
maintain nonparallel magnetization relative to the MRI's main
field, enabling unique actuation opportunities. The team con-
ducted obstacle avoidance and vascular navigation tasks in 2D
and 3D environments, showcasing the guidewire's ability to
navigate complex structures.

MRI systems integrate high-precision imaging and actuation in
MCRs' manipulation. Compared with CT and x-ray imaging
modalities, MRI is free of ionizing radiation, which reduces the
health risks for doctors and patients. Combining the diagnostic
imaging of MRI with the positioning and control of MCRs can
improve the precision and safety of interventional procedures
[121]. However, the problem of sequences between imaging
and actuation of MRI systems may affect the driving smooth-
ness and control accuracy of MCRs. The operating space is
limited by the aperture of the MRI scanner and the system is
expensive.

3.3 | Control Strategy of MCR

The control system of MCRs consists of different actuation
blocks and control strategies which can be divided into four
layers according to their autonomous level [122-124]. Each
layer represents specialized robotic operation of MCRs, char-
acterizing with increasing autonomy, reflecting the significant
improvement in the level of control strategies for MCRs with the
sophistication of the magnetic platform and the intelligence of
the control algorithms.

The most utilized and simplest layer is defined as ‘manual
operation’. In this layer, users manipulate MCRs via controlling
a permanent magnet manually. As shown in Figure 7a,b, re-
searchers use the gradient force of permanent magnets and
attraction to MCRs to deflect and navigate by manually
adjusting its angle and distance [33, 34, 50, 125]. This manual
control can be associated with level 0, since the driving and
movement of MCRs are dependent on the experience and
feeling of the manipulator, lacking a certain degree of control
effectiveness, accuracy and experimental safety.

In the second layer (level 1), users control MCRs to accomplish a
defined task through pre-input system parameters such as magnet
position, input electromagnetic coil current, end-effector trajec-
tory, etc [30, 89, 126-128]. To achieve MCRs parametric opera-
tion, researchers established several kinds of magnetic platforms.

An example shows that Mao et al. introduced a magnetic steering
continuum robot under eight-electromagnetic coil system, which
can be programmed the deformation of its tip through trajectory
planning [51]. Zhou et al. designed a four-permanent-magnet
magnetic field printing system to realize trajectory control of
the end of MCR by pre-inputting the magnetic field position and
trajectory parameters to satisfy the requirements of open surgery
for printing on internal organs (Figure 7d) [66]. However, in this
autonomous level, MCRs are controlled indirectly by tuning
different magnetic field parameters, this control strategy cannot
be able to balance real-time control stability and manipulation
accuracy. In addition, this control mode of MCRsis inefficient and
does not directly model the motion of the tip of MCRs.

The next layer with medium autonomy is called ‘robotic opera-
tion’, which enables users to focus on and control the position and
orientation of MCRs directly [129]. It requires a more complex
control system with more advanced algorithms such as tracking,
localization, and pose estimation. In this layer, human operators
only need to focus on controlling MCRs based on the image
feedback of surrounding environments. The relevant required
magnetic field parameters will be calculated and generated
automatically. In most cases, operators utilized joystick and 3-
dimensional mouse to control MCRs for delivering and naviga-
tion. Kim et al. introduced a telerobotic neurointerventional
platform with a joystick controller with a 6 DOF knob to control
the robot end effector for spatial positioning of the magnet
remotely (Figure 7e) [130]. Dreyfus et al. operated a highly
dexterous, magnetically steered continuum robot via joystick
demonstrated through successful navigation in models of the
human vasculature and in blood vessels of a live pig (Figure 7f)
[32]. Besides, many MCRs robotic systems were developed with
different remote control strategies. In this control layer, re-
searchers have applied different control algorithms for MCRs'
steering and motion. In [46], a visual-feedback controller was
developed to steer the permanent magnetic component-based
catheters using the specially designed electromagnetic coil sys-
tem. In [131], a double-Loop stable control method for magnetic
guidewire steering was developed aiming to avoid vessel damage.

In the fourth layer, the control level can be associated to level 3
which is called ‘semi-autonomous robotic operation’. With the
increasing of autonomy, the navigation task of MCRs is performed
autonomously, transferring the decision priority to the system.
Compared with level 2 Robotic operation, the semi-autonomous
robotic operation involves more advanced control frameworks
and strategies and focus on the improving the autonomy of control
system. In this level, such as deep reinforcement learning
(DRL)-based methods are widely utilized for the actuation system
to guide MCRs with high precision. Moreover, in level 3, Autono-
mous decision-making awareness and environmental adaptability
of MCRs are improved, as the system can manipulate them to make
different decisions in the face of different complex environments in
order to efficiently accomplish the given task at this level.

In most cases, system will generate control strategies such as
changing magnetic field position, rotation, and orientation but
under supervision of the operator, who can perform discrete
control actions and override the autonomous control to select a
different output for MCRs. As shown in Figure 7g, researchers
used machine vision to develop intelligent and autonomous
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FIGURE 7 | Autonomous level of MCR. (a) Ferromagnetic soft continuum robot. Reproduced with permission [34]. Copyright 2019, AAAS. (b)
Opposite-polarized MCR. Reproduced with permission [33]. Copyright 2023, IEEE. (c) Programmable shape and functionalities MCR. Reproduced
with permission [51]. Copyright 2024, The Authors. (d) Ferromagnetic soft catheter robot for bioprinting. Reproduced with permission [66].
Copyright 2021, The Authors. (e) MCR for telerobotic neurovascular intervention. Reproduced with permission [130]. Copyright 2022, AAAS. (f)
Helical MCR for endovascular navigation. Reproduced with permission [32]. Copyright 2024, AAAS. (g) Magnetic endoscope with intelligent and

autonomous manipulation. Reproduced with permission [57]. Copyright 2020, Springer Nature. (h) Magnetic flexible endoscope with model-free
and uncalibrated visual-feedback control. Reproduced with permission [132]. Copyright 2022, IEEE.

control of a magnetic flexible endoscope, enabling non-expert
users to perform magnetic colonoscopy in vivo effectively [57].
In [132], Tan et al. proposed algorithms to enhance the pose
control of magnetically actuated flexible endoscopes and ex-
periments in structured environments verified that the control
algorithms could realize 4 DOF manual navigation and 5 DOF
autonomous navigation (Figure 7h).

In the discussion of levels of autonomy, the control of MCRs is
getting more automatic and intelligent, from manual operation to
navigation by changing systematic parameters, then to direct
control algorithms on MCRs, and the final level is generating
adaptive actions for completing delivery tasks. After introducing
the increasing autonomy level of controlling MCRs, the next
section summarizes and focuses on the different types of opera-
tional tasks performed by MCRs using intelligent manipulation.

4 | Manipulation Tasks of MCR

Depending on the design principles and structural configura-
tions, a diverse range of manipulative tasks can be accomplished
by MCRs through advanced control strategies. This section aims

to explore the various manipulation capabilities of MCRs,
explaining how these manipulations are achieved by magnetic
fields in real-world applications. By examining the interplay
between design, control, and magnetic actuation, this section
highlights the versatility and potential of MCRs in performing
complex manipulation tasks.

4.1 | Navigation

Navigation, a fundamental operation of the MCR, is intrinsically
linked to the system's overall performance and efficiency.
Enhanced precision and intelligent navigation capabilities
enable the MCR to maneuver through more intricate and con-
strained environments, thereby laying the essential groundwork
for the successful execution of other advanced manipulations.
The ability to navigate with high accuracy and adaptability is a
critical determinant of the MCR's versatility and functional
scope across a variety of applications.

The MCR in [32] overcomes the propulsion limitations of con-
ventional devices by converting rotational motion into forward
motion through helical protrusions on its surface that contact the
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vessel wall (Figure 8a). At the same time, its segmentally articulated
magnetic tip design improves the maneuverability and flexibility of
magnetic navigation, allowing it to successfully navigate to the
brain's tiny arteries. The navigation task of the MCR is remotely
controlled by the operator at the dedicated console, with visual
feedback via x-ray images during navigation. The advancement and
rotation of the MCR were accomplished by the advancer unit, while

the active deflection of magnetic tip was achieved by the electro-
magnetic navigation system. A method which utilized a rotating
magnetic field to assist MSCR in navigating through a narrow and
tortuous lumen was proposed [133]. By combining mechanical
insertion and the dynamic remodeling force generated by the
rotating magnetic field, the MSCR is able to smoothly advance
through the soft lumen in a serpentine motion, effectively reducing
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the insertion force and avoiding buckling. The insertion manipu-
lation was accomplished by a linear actuator and the rotating
magnetic field was generated by two rotating permanent magnets.
Experimental results show that this method can significantly
reduce the required insertion force by about 45% and triple the
insertion depth in a fixed time, while enabling the MSCR to traverse
channels smaller than its diameter (Figure 8b). The variable stiff-
ness characteristic can improve MCR's navigation capability in
variable lumen environments. The MCR achieves variable stiffness
through the telescopic motion of the concentric-containing com-
ponents, and is able to adapt to complex coronary environments
actuated by external magnetic field (Figure 8c) [55]. Combining a
hierarchical control strategy with preoperative planning, the MCR
enables navigation through different segments in the arterial
phantom.

4.2 | Delivery and Printing

MCRs for delivery, which are employed to move drugs to the
target area, while printing, similar to additive manufacturing,
leverages the robot's dexterity for intricate and customized tra-
jectory planning.

A laser surgery simulation was demonstrated, which using MCR
equipped with integrated LED [33]. By precisely controlling the
position and orientation of the MCR tip, which was maintained
perpendicular to the flat plate, ensuring focused light energy and
producing a uniform illumination spot (Figure 8d). A marsupial
robotic system was proposed that leverages a miniature MCR and
chemical/magnetic hybrid nanorobots for intracranial cross-
scale targeted drug delivery in glioblastoma therapy [134]. The
MCR, with its small dimensions, flexible body, and program-
mable active motion, enables macroscale targeting by trans-
porting the nanorobots through a minimally invasive channel to
the brain (Figure 8e). A ferromagnetic soft catheter robot (FSCR)
system enables the printing of functional inks with different
rheological properties on flat and curved surfaces through mag-
netic actuation [66]. The experiment involved printing conduc-
tive hydrogels onto porcine tissue phantoms and the surface of a
rat liver in vivo through minimally invasive incisions (Figure 8f).

4.3 | Grasp Manipulation

Grasp manipulation in MCR is achieved through their unique
structural design and suitable control strategies. The flexible,
continuum structure of the MCR enables shape transformation,
while magnetic force control provides remote manipulation
capabilities. This synergy allows the robot to securely capture
and stabilize objects by adjusting its configuration based on
object properties. Such capabilities are crucial in applications
such as robotic-assisted surgery, where delicate and deformable
tissues require precise handling, and where both accuracy and
adaptability are important.

Fan et al. introduced a magnetic fiber robot equipped with a
micro-manipulation tool at its distal end [135]. Through mag-
netic field manipulation, the micro-gripper at the fiber end
switches between open and closed states, allowing for the
controlled grasping and release of objects (Figure 8g). Phelan

et al. used a novel grasping mechanism integrated into an MRI-
driven neuroendoscope, leveraging the principles of Lorentz
force (Figure 8h) [74]. The grasping manipulation relies on
micro coils that, when energized, generate a magnetic moment
directly proportional to the current and coil area, causing a
torque that bends the grasper to engage with tissue. Yang et al.
introduced a multifunctional MCR equipped with advanced
grasping capabilities [52]. The grasp manipulation is enabled by
the extension of multiple CR individuals from the guider
component. Each individual can independently bend and adapt
to different shapes, allowing the robot to reconfigure into
multifunctional manipulators such as multi-degree-of-freedom
grippers at the target location. By controlling the heating cur-
rent and programmable magnetic field, the robot can grasp
objects with complex morphologies stably (Figure 8i).

4.4 | Imaging and Sensing

Imaging and sensing refer to MCRs' ability to integrate sensing
technologies for capturing environmental data and interacting
with their surroundings. This includes visual imaging and
pressure sensing, enabling MCRs to perform real-time envi-
ronmental monitoring and adjust their behavior accordingly.

Yang et al. developed a soft catheter with an acoustic-magnetic tip,
which enables controllable bending under static magnetic fields for
navigating complex vascular structures and shaft-free acoustic
beam scanning under dynamic magnetic fields for high-resolution
ultrasound imaging (Figure 8j) [102]. Furthermore, a novel motor-
free telerobotic endomicroscopy system, which leverages mono-
magnet actuation to enable steerable and programmable optical
coherence tomography (OCT) imaging in complex and curved lu-
mens [136]. In addition to imaging, force sensing is also realized
through MCR [137]. A versatile MCR achieves pressure sensing by
transforming its three-dimensional structure [51]. This adaptive
capability is especially useful in open environments such as the
stomach or bladder, where the robot can reshape into complex 3D
configurations. A notable function is its ability to serve as a pressure
sensor by forming tight knots, which significantly increase its
sensitivity to radial deformation (Figure 8k). This structural
adaptation enables precise detection of external factors such as
intestinal pressure, enhancing its sensing performance in dynamic
biological environments.

5 | Discussion

Research on MCRs has provided new diagnostic and therapeutic
tools for medical applications. Thanks to the flexible body and
dexterous manipulation of the distal end of MCRs, the risks
involved in interventional procedures can be greatly reduced and
the precision and safety of interventions can be improved. Many
MCRs have been validated in theoretical and laboratory environ-
ments, but to ensure their effectiveness in real biological environ-
ments, they must be verified by interaction experiments with
biological tissues. The influence of biological tissues on the control
precision, functionality and safety of MCRs cannot be ignored.

Many studies have been carried out to validate the experiments
from in vitro to in vivo. An MCR capable of active propulsion and
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deflection was experimentally validated in 2D and 3D phantoms
[138]. Path selection in tortuous and complex blood vessels was
accomplished by a self-designed magnetic continuum robotic sys-
tem. With the assistance of imaging systems, an MCR for remote-
controlled neurovascular intervention achieved clot retrieval
thrombectomy and aneurysm coil embolization in cerebrovascular
phantoms, and was experimentally validated for in vivo remote
magnetic navigation in a porcine model [130]. Through the unique
helical protrusion structure design, the interaction between the
MCR and biological tissues can be utilized to achieve the conver-
sion of MCR rotation into propulsive motion, reducing the proba-
bility of snagging and injury occurring in vascular interventions
[32]. Navigation experiments of the MCR have been validated in the
human placenta and porcine models.

MCRs have significant promise for medical applications,
particularly in minimally invasive surgery. Biological experi-
ments serve as a critical bridge in the translation of MCRs from
laboratory to clinical practice. Both in vitro and in vivo experi-
ments can effectively verify the accuracy, stability, and safety of
MCRs, while providing the necessary feedback and direction of
improvement for the application of these robots in the clinic. In
addition, research on MCRs should pay close attention to
interdisciplinary cooperation, thus improving the intelligence
and safety of MCRs in medical applications.

6 | Conclusion and Outlook

The MCR, with its unique design, structure, and control stra-
tegies, shows extraordinary potential in the medical field. It
embeds magnetic components, employs flexible materials, and
incorporates advanced manufacturing methods to enhance

Advanced design and structure

* Flexible materials
* Integrated sensing
mechanisms

* Advanced
manufacturing

techniques Ill

5

* Magnetic
resonance
Imaging system

* Ultrasound
imaging system

* Endoscopic
imaging system

Integration with imaging system

Magnetic
continuum robot

maneuverability and functionality in confined spaces. Its actu-
ation system, combining with magnetic actuation and robotic
control, further achieves the MCR's larger work space and
precision control. In terms of the imaging system, the MCR is
closely integrated with imaging technologies to achieve precise
localization and visualization of in vivo manipulations, signifi-
cantly improving the accuracy and safety. Meanwhile, the
integration of intelligent control algorithms and human-robot
collaboration technology enables lower operating difficulty
and higher work efficiency. The future focus may be fourfold, as
shown in Figure 9.

Advanced design and structure: Future MCR designs will
concentrate on material innovation and structural optimization,
aiming to enhance their operational flexibility and durability. By
incorporating high-strength, high-flexibility materials, such as
advanced alloys and composites [139-142], these robots will
maintain exceptional performance in complex and variable envi-
ronments. Additionally, optimization of structural design will
further improve the robots' response speed and operational preci-
sion. The integration of biomimetic design principles is expected to
enable the robots to better simulate the natural forms and move-
ment patterns of biological tissues, thereby demonstrating higher
adaptability and safety in biomedical applications. Advancements
in sensor technology can significantly enhance the environmental
sensing capabilities of MCRs, enabling real-time feedback and
precise control, thereby facilitating higher levels of adaptive per-
formance and intelligent manipulation. The integration of multi-
modal sensors within MCRs allows for the accurate detection of
biological tissue properties, thereby enabling in situ monitoring
and minimizing the risk of tissue damage [5, 102, 136]. Advanced
manufacturing techniques also play a key role in fabricating MCRs
efficiently and precisely [59, 143-147].
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FIGURE 9 | Schematic diagram of future development priorities and directions for MCRs.
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Multi-mode actuation system: In the future, MCRs will
feature more intelligent and efficient multi-mode actuation
systems. Magnetic actuation, electric actuation, optic actuation,
and hybrid field actuation will ensure optimal performance of
MCRs in different environments [148-151]. The introduction of
intelligent algorithms will facilitate the stability of multi-
actuation modes, significantly expanding MCRs' manipulation
range and precision. Furthermore, the development of novel
multi-mode actuation systems will endow MCRs with enhanced
adaptability and operational flexibility in complex environ-
ments, further broadening their application potential across the
medical field.

Integration of imaging system: The integration of imaging
systems represents a crucial direction in the development of
magnetic continuum robot technology. Through deep integra-
tion of techniques such as magnetic resonance imaging, ultra-
sound imaging, and endoscopic imaging, MCRs will be able to
obtain real-time internal structural information, enabling pre-
cise detection and visualization of operational processes [152-
158]. Simultaneously, the imaging systems will be closely
combined with intelligent control algorithms to provide the
robots with more comprehensive and accurate environmental
information, thereby substantially improving the accuracy and
safety of operations. As imaging technologies continue to
advance, MCRs will support higher-resolution and more precise
tissue imaging, bringing revolutionary changes to medical sur-
gery, detection, and exploration.

Intelligent control algorithm: Advanced control algorithms
are the core driving force behind MCRs. In the future, with the
rapid development of artificial intelligence technologies, intel-
ligent control algorithms will become more complex and effi-
cient, enabling more refined and autonomous operations [57].
The introduction of deep learning algorithms will allow MCRs
to learn from vast amounts of actual operational data, contin-
uously optimizing control strategies and operational methods.
The application of reinforcement learning techniques will
enable MCRs to possess stronger autonomous decision-making
and adaptive control capabilities in dynamic environments.
Furthermore, the development of trajectory planning and
human-robot collaboration control algorithms will enhance the
safety and efficiency of human-robot interaction [31, 129, 130],
enabling the robots to demonstrate outstanding performance in
intelligent manipulations.
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