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Abstract

Magnetic actuation techniques and microrobots have attracted considerable interest due to their potential applications in
biomedicine. Interventional techniques have emerged as a minimally invasive approach to treat a wide range of vascular
diseases. The current practice of interventional procedures is, however, limited by manual control of interventional devices
and time-consuming procedures. Moreover, fluoroscopy is considered as an essential part of the procedure today despite
posing many limitations for patients and physicians. Recently, various microrobotic solutions have been proposed for vascular
interventions, including advances in magnetic navigation systems and magnetically steerable catheters and guidewires, which
have shown potential benefits such as reduced radiation doses, improved access to difficult-to-reach and tortuous anatomy.
This paper reviews the commercial magnetic actuation systems and magnetically actuated interventional microrobots that
have been developed by academic research groups and medical companies worldwide, outlining their capability, applicability
as well as limitations. We further address the challenges and future prospects of the research toward clinical acceptance of
magnetic interventional technologies.
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1 Introduction shown their applications in the field of vascular interven-

tions, including percutaneous coronary intervention (PCI)

The term “microrobot” typically refers to a device or a
material with individual parts sized in the millimeter and sub-
millimeter range [1]. One of the most promising scientific and
societal impacts of the microrobots is in biomedical appli-
cations such as targeted therapy [2-4], cell delivery [5-7],
bio-sensing [8] and treatment of vascular diseases [9], due
to their small size and ability to access hard-to-reach regions
in the human body in a minimally invasive way, which have
not been easy to access with any of the currently existing
medical devices [10-12]. Recently, such microrobots have
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and atrial fibrillation (AF) ablation, where the procedures
involve the use of interventional devices such as catheters,
guidewires and endoscopes.

PCI is a minimally invasive medical technique that is per-
formed to open up blood vessels in the heart that have been
narrowed by plaques, a disease known as atherosclerosis
[13—15]. During PCI, guidewires and catheters are inserted
through the femoral or radial artery and moved up to the coro-
nary arteries that have been occluded by the atherosclerotic
plaques. An additional balloon catheter can also be intro-
duced to the lesion to expand the narrowed arteries [16].
Interventional techniques similar to PCI can also be per-
formed in cerebro-, neuro- and peripheral vascular networks
[17-20].

AF ablation is an interventional procedure for treating
abnormal, typically and/or irregular heart rhythms. During
the procedure, a physician manually inserts a catheter into
a blood vessel in the groin and slides it up to the heart.
The physician then uses the catheter to scar a small sec-
tion of the heart by making tiny burns using radiofrequency
energy [21,22]. Scarring helps to prevent the heart from send-
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ing abnormal electrical signals that cause atrial fibrillation.
Although each type of intervention has a slightly different
procedure, they all have similar limitations in common. First
of all, as the procedure is performed manually by a physi-
cian, the outcome of the procedure is profoundly dependent
on the skill and experience of the physician, resulting in the
standard of medical care for patients being random and ques-
tionable [23, 24]. Second, fluoroscopy (i.e., X-ray imaging)
is considered an essential part of the procedure to monitor
the interventional devices despite the significant health risks
for physicians, nurses and patients [25, 26]. As procedures
become complicated and the clinical condition of the patient
is serious, more X-ray radiation exposure can be incurred due
to extended exposure times. The emission of ionizing X-ray
radiation may cause skin injury [27], as well as increase the
long-term risk of malignancy [28]. It has been reported that
interventional procedures can result in a considerable radia-
tion dose to the patient and physician, even when operated
with state-of-the-art fluoroscopic units [29-31].

The integration of the conventional interventional device
with a microrobot can transform the device into an innovative
device that offers potential solutions to the aforementioned
issues through remote control and more efficient steering
of the device. For the manipulation of such small devices,
different types of actuation methods have been studied and
reported, powering energy from various sources such as
piezoelectric [32-34], electrostatic [35], thermal [36-38],
optical [39—41], optothermal [42], bacterial [43—45], chem-
ical [46] and magnetic [47-53] techniques. The majority of
the above methods have their own limitations, especially for
in vivo or clinical applications; for example, piezoelectric
method requires high voltages, chemical actuation uses toxic
hydrogen peroxide as main fuel source, bacterial actuation
requires a low level of cytotoxicity, and some methods are
often limited to two-dimensional (2D) actuation, and some
are not biocompatible. Of them, magnetic actuation, which is
an off-board remote control method for powering the spatial
mobility and maneuverability of a microrobot, has recently
attracted considerable interest due to its good controllability
and precision. In contrast to the other alternative methods,
such as optical, thermal and chemical signals, an external
magnetic field is capable of penetrating biological tissues
safely, which makes it an excellent candidate for in vivo
applications [54]. Based on the magnetic method, researchers
have developed magnetically actuated interventional devices
and magnetic actuation systems. Furthermore, a few com-
panies have developed and attempted commercialization of
their magnetic actuation systems on the market, mainly for
catheter ablation [55-57].

In this paper, we present recent progress in the devel-
opment of guidewire- and catheter-based microrobots for
vascular interventions, also known as magnetic guidewires
and catheters, with a special emphasis on magnetic actu-
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ation systems that have been developed to control the
magnetic interventional devices. The contents are structured
as follows: Sect. 2 provides basic theories on the mag-
netic manipulation by magnetic force and torque; Sect. 3
reviews some of the commercial magnetic actuation systems;
Sect. 4 summarizes the magnetically actuated guidewires and
catheters developed by academic and medical groups world-
wide, and the challenges with the future prospects of the
magnetic interventional technologies are discussed in Sect. 5,
followed by conclusions in Sect. 6.

2 Magnetic manipulation: force and torque

Magnetic actuation systems are used for remote control and
steering of magnetic catheters and guidewires. The mecha-
nism of magnetic actuation or manipulation is based on the
principles of magnetism. When a magnetized object such as
a microrobot is exposed to an externally applied magnetic
field, it can experience magnetic force Fy, and torque Ty
within the region of magnetic fields. The magnetic force and
torque acting on a magnetized object can be mathematically
expressed as follows [58]:

F, = f (m - V)BAV )
\%4

T, — / (m x VBV @
\%

where m is the internal magnetization (A m~1), B is the
magnetic flux density (T) and V is the volume of the magnetic
material (m?). In free space, B can be further expressed as
follows [59]:

where g is the magnetic permeability of free space, which
has a constant value of 47 x 107N - A=2 and H is the
magnetic field strength (A m™1).

Considering the geometry of the magnetic material is
relatively small in comparison with the spatial changes in
the applied field—which is realistic for medical microrobot-
s—the magnetic field can be modeled to be uniform across
the tiny microrobot. In addition, the internal magnetization
of the material, which slightly varies across the body in real-
ity, can be modeled to be constant throughout the magnetized
object, and the above force and torque equations can be sim-
plified in terms of the net magnetic moment M (A m?) of the
body, which is the product of the average internal magneti-
zation and the volume of the body as below:

F,,=(M- -V)B 4



Intelligent Service Robotics (2020) 13:1-14

a

~<
J;

<
(
X2

ﬂ

m

H1

H2

Fig. 1 Net magnetic forces and torques exerted on the magnetized objects under a uniform and b gradient external magnetic fields. Reproduced

with permission [60]. Copyright 2012, Pearson Education
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The governing equations clearly indicate that the mag-
netic force is directly proportional to the gradient of the
external magnetic field, and the magnetic torque is the cross-
product of the two vectors: net magnetic moment vector and
the magnetic flux density vector of the magnetized object.
The magnetic force carries the object toward the region
of stronger field strength. Rotational torques are developed
between the external magnetic field and the magnetized
object when the magnetic moment and the external field
direction are misaligned. The magnetic torques tend to align
the magnetic moment vectors of the object in the direction
of the magnetic field (Fig. 1) [60].

Applying this principle, magnetic catheters and
guidewires can be steered by an external magnetic field gen-
erated from a set of electromagnets or permanents magnets
(Fig. 2). Although they often experience both the magnetic
force F, and torque T, from Egs. (1) and (2) when placed
in a magnetic field as the gradients of the magnetic field are
rarely zero, it is the magnetic torque that plays the greater
role in steering due to its ability to align the direction of

the magnetic moment of the magnetic component with the
direction of the applied field. The magnetic force is used
when we need to further pull the object in the direction of
the field gradient.

When deciding upon magnetic actuation techniques, elec-
tromagnets have often been preferred due to their flexibility
in changing the magnetic field strength by adjusting the elec-
tric current input in the coils [61]. This has resulted in the
same electromagnet being used for different levels of mag-
netic field strength, while one permanent magnet can only be
demonstrated with one particular field strength, as a result of
which electromagnetic actuation methods have a more exten-
sive range of applications, although the continuous supply of
electricity remains a downside. The advantage of permanent
magnets is that they do not require electric currents to gener-
ate amagnetic field and follow a non-decaying magnetization
profile [62]. This means that it is safe from failure arising
from substantial thermal dissipation in the coil system as is
the case with electromagnets. However, the magnetic field
cannot be zero in the case of permanent magnets, which lim-
its the usability of the space due to a permanent magnetic
field in the given space, such as a procedure room.
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Fig.3 The Niobe system. a The two permanent magnets are located on
either side of the patient’s bed, with the Siemens AXIOM Artis dFC™
single-plane fluoroscopy system. Reproduced with permission [75].
Copyright 2006, John Wiley and Sons. b The permanent magnet (indi-

3 Commercial magnetic actuation systems

The magnetic actuation technologies allow for remote con-
trol of interventional instruments through the use of magnetic
fields. While the development of magnetically actuated
microrobots has only been confined to a basic research extent,
which will be explained in the subsequent sections, mag-
netically actuated interventional devices, including ablation
catheters in particular, have been used since the early 2000s
for treating cardiac arrhythmias. Furthermore, several mag-
netic actuation systems have been commercialized for the
remote navigation of magnetic ablation catheters. Such sys-
tems differ from magnetic resonance imaging (MRI) systems
in their ability to precisely manipulate the directionality of
the generated magnetic fields and thus, precisely manipu-
late magnetic catheters. They have shown promising results
in animal testing, as well as in clinical evaluation to some
extent, though each system has revealed its own limitations.

In recent years, several academic research groups have
also attempted to develop magnetic actuation systems for the
control of microrobots [63, 64]. However, their application
has often been limited to the wireless control of tiny unteth-
ered microrobots in vitro, mainly due to the restrictive size
of the workspace, which is not ideal for in vivo or clinical
applications of the magnetic interventional devices.

For the application of any magnetic actuation system in
vascular interventions, the compatibility of the system with
other surgical equipment such as the patient’s bed and the
fluoroscopic unit is essential, as is already the case for the
commercial magnetic actuation systems.

3.1 The Niobe (Stereotaxis)

The Niobe robotic magnetic actuation system (Stereotaxis
Inc., MO, USA), which was launched in 2003 for treating
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cated by the blue color) is mechanically rotated by a computer-aided
motor inside the fiber glass container. Reproduced with permission [76].
Copyright 2006, John Wiley and Sons

cardiac arrhythmia, consists of two gigantic bodies with per-
manent magnets located on either side of the patient’s bed
(Fig. 3a). The magnets are mechanically rotated by computer-
aided motors, and the steering of magnetic guidewires
or catheters is achieved through magnetic fields gener-
ated by the two bodies with permanent magnets (Fig. 3b).
The Niobe system is equipped with a fluoroscopy system
(Siemens AXIOM Artis dFC™, Siemens Medical, Germany)
for imaging and also integrates with interfaces, such as
a catheter advancer system (Cardiodrive, Stereotaxis) for
remote control of catheter ablation, and the blood vessels
can also be reconstructed in three-dimensional (3D) view
during ablation. A number of in vivo and clinical stud-
ies in the field of catheter ablation treatment of cardiac
arrhythmias using the Niobe system have been reported
[65-74]. The major limitation of the Niobe system is its
slow rotational speed of the magnets and limited response
time.

3.2 The Genesis (Stereotaxis)

An upgraded version of the Niobe system is the Genesis sys-
tem (Stereotaxis Inc.) that has recently been introduced as
a Stereotaxis’ next-generation robotic magnetic navigation
system (Fig. 4a). As was the case in the Niobe system, the
Genesis system also deploys two permanent magnets on both
side of the patient’s bed, but it has differentiated benefits
from its design such as smaller size, lighter weight, faster
and more flexible movement of magnets than the Niobe sys-
tem. According to the information provided by Stereotaxis,
the Genesis system is about 90 kg lighter than the Niobe sys-
tem, resulting in improved responsiveness and patient access
for physicians, nursing team and anesthetists.

One of the most fundamental design improvements in
the Genesis system is that the two permanent magnets are
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Fig.4 The Genesis system. a The two permanent magnets are located
on either side of the patient’s bed, with a C-arm, vision and master—slave
systems. b Comparison between the permanent magnets of Niobe and
Genesis systems. The red bars represent the maximum displacements

rotated about their center of mass, with the magnets and
the mechanical motors that rotate them embedded together
in the flexible robotic arms (Fig. 4b). This differs from the
Niobe system, where magnets are held by the mechanical
motors pivoted at the back and are swung about the pivot,
resulting in a large displacement of space. In the case of the
Genesis system, a smaller space is displaced as the mag-
nets are rotated efficiently along their center of mass. A
smaller displacement means that the magnets can be posi-
tioned closer to the inside of the housing, meaning a stronger
magnetic field can be achieved by using the same mag-
nets. The second advantage of rotating the magnet about
its center of mass is the reduced momentum that needs to
be overcome for any initiation or change of motion, which
eventually can lead to faster speed and reduced response
time. The Genesis system can adjust magnetic vectors 73%
faster than the Niobe system. The significant reduction in
magnet size and weight allowed Stereotaxis to build highly
flexible robotic arms that provide an increased range of
motion as opposed to the fixed arms in the Niobe system.
This allows for a wider X-ray angulation and serves as
a potential platform on which future applications in other
anatomies might be possible. In addition to developing mag-
netic actuation systems, Stereotaxis has also started working
on developing magnetically actuated catheters in collabo-
ration with Osypka AG, a manufacturer of interventional
medical devices based in Germany. The Genesis system is
fully compatible with a C-arm (Model S, Stereotaxis), vision
(Odyssey Vision™ System, Stereotaxis) and master—slave
(Vdrive, Stereotaxis) systems during operation. As the Gen-
esis system has just been launched in the USA, no published
work is available on the system, and limited information was
collected from the public domain and product launch presen-
tations.

Vision system

Genesis

made by the rotation of the magnets. No published work is available on
the Genesis system due to the system being recently released. Repro-
duced with permission from Stereotaxis, Inc. (Copyright 2019)

3.3 The Catheter Guidance Control and Imaging
(CGCI) system (Magnetecs Corporation)

The CGCI system (Magnetecs Corporation, CA, USA),
designed for use in catheter ablation, consists of a mag-
netic chamber of eight electromagnets, four of which are
placed in the top plane of the patient’s bed in a semi-spherical
arrangement and the other four placed symmetrically in the
bottom plane (Fig. 5). Due to the spherical configuration
of the eight electromagnets, the CGCI system can generate
isotropic magnetic fields, where the magnetic fields can be
stably modified almost in real time. However, these electro-
magnets are fixed around the 3D workspace, which means
there is no rotational or translational motion of the magnets
as in other magnetic actuation systems. The whole system is
controlled from a remote master—slave control, which is also
integrated with cardiac mapping and navigation equipment,
including fluoroscopy, intra-cardiac echocardiography, etc.
[77]. Magnetecs is planning on additional applications of

Fig.5 The CGCI system incorporates eight electromagnets fixed in a
spherical configuration. Reproduced with permission [81]. Copyright
2013, Elsevier
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Fig.6 The Aeon Phocus system. a The seven electromagnets are positioned around the patient’s torso. Reproduced with permission [82]. Copyright
2017, IEEE. b The patient’s upper body is likely to be surrounded by the electromagnets during operation. Reproduced with permission [83].

Copyright 2017, IEEE

the CGCI system in the areas of interventional cardiology,
gastroenterology and neurology. Several human clinical tri-
als carried out using the CGCI system have been reported
[78-80]. The main limitations of the CGCI include fixed
positions of the magnets (i.e., no rotational or translational
movement) and limited access to the patient during operation.

3.4 The Aeon Phocus (Aeon Scientific)

The Aeon Phocus (Aeon Scientific AG, Zurich, Switzer-
land) is a catheter steering system for the treatment of
cardiac arrhythmias (Fig. 6a). The system consists of seven
electromagnets arranged around the patient’s torso and is
used in conjunction with an angiography system (Artis Zee,
Siemens, Germany). The physician can remotely control the
magnetic catheter with a joystick in a separate control room
and can thus be protected from X-ray radiation. However,
the main downside of the Aeon Phocus might be the limited
access of medical staff to the patient as the patient’s upper
body is likely to be surrounded and enclosed by the seven
electromagnets during operation (Fig. 6b). It should be noted
that the Aeon Scientific is no longer in business.

4 Magnetically actuated interventional
devices

4.1 Guidewire-based microrobots

Soft materials, including elastomers and hydrogels, pos-
sess unique properties such as deformability and flexibility
[84—86], which could be used to fabricate a soft micro-
robot that can improve the steerability of guidewires. The
deformable and flexible structures of such microrobots make
them ideal candidates for application in complex vascular
networks. Taking advantage of these properties, Jeon et al.
[52] developed a flexible guidewire-based microrobot, which
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was fabricated via replica-molding using polydimethylsilox-
ane (PDMS) incorporating a neodymium (NdFeB, N52) per-
manent magnet, to enhance the steerability of a conventional
coronary guidewire (Fig. 7a). The fabricated microrobot was
attached to the tip of the guidewire using a microspring. As
the microrobot was composed of a deformable material, the
tip of the guidewire could be steered using a low-intensity
external magnetic field. They demonstrated the performance
of the guidewire in a 2D blood vessel phantom, where a
uniform external magnetic field was generated by an eight-
coil electromagnetic system called MiniMag (MagnebotiX,
Zurich, Switzerland) [87]. The guidewire was successfully
guided to the desired locations and steered into branches
at angles of 45° and 80°, which showed its potential for
use in the coronary arteries. Subsequently, Jeon et al. [88]
also introduced a second-generation of magnetically actu-
ated guidewire-based microrobot where the soft body of the
microrobot was composed of PDMS, two permanent magnets
and a microspring (Fig. 7b). In this work, another eight-
coil electromagnetic system called OctoMag (MagnebotiX,
Zurich, Switzerland) [89] was used to generate a uniform
external magnetic field for the manipulation of the micro-
robot. They measured the steering angles of the microrobot,
which were observed to range from 21.1° to 132.7° at a mag-
netic field intensity of 15 mT. The steerability and trackability
of the guidewire microrobot were demonstrated in 2D and
3D blood vessel phantoms, and the results showed that the
guidewire was successfully guided into any targeted loca-
tions in the phantoms, suggesting a microrobotic approach
in the field of vascular intervention for improving the navi-
gation of a conventional coronary guidewire.

In 2019, Kim et al. [90] developed a ferromagnetic
soft-robot for application in the cerebrovascular interven-
tion (Fig. 7c). As the first step of the fabrication process,
ferromagnetic composite ink was prepared by mixing non-
magnetized NdFeB particles with an elastomer such as
PDMS or thermoplastic polyurethane (TPU). The sample
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Fig.7 Magnetically actuated guidewires. a Schematic and actual
images of magnetically actuated one-magnet flexible guidewire-based
microrobot for coronary intervention. Reproduced under CC BY 4.0
(cropped) [52]. b Schematic illustration of magnetically controlled
two-magnet microrobot and 3D coronary phantom in vitro tracking
experiment. Reproduced under CC BY 4.0 (cropped) [88]. ¢ Schematic
illustration of ferromagnetic soft continuum robot and in vitro nav-
igation in 3D cerebral phantom. Reproduced with permission [90].
Copyright 2019, American Association for the Advancement of Sci-

was then permanently magnetized by a strong impulse of
magnetic fields, which turned the previously freely flow-
ing mixture into a thixotropic paste with shear-yielding and
shear-thinning properties due to strong interaction between
the magnetized NdFeB microparticles. The main body of the

ence. d Magnetically steerable micro-guidewire for neuroradiology.
Reproduced with permission [91]. Copyright 2006, Springer Nature.
e Schematic illustration and photograph of magnetic guidewire with a
0.9 mm magnetic bead, developed for arterial catheterization. Repro-
duced with permission [92]. Copyright 2015, John Wiley and Sons.
f Overview of Stereotaxis’ magnetic guidewire, enlarged view of mag-
netic tip and angiographic images of coronary arteries during clinical
trials. Reproduced with permission [76]. Copyright 2006, John Wiley
and Sons

robot was shaped by either printing or injection molding after
it was thermally welded to a commercial guidewire with a
TPU jacket. Hydrogel skin was grown on the outer surface
of the robot to provide hydrophilicity to the robot, which
helped to reduce the surface friction. The embedded NdFeB
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particles were coated with thin shells of silica to prevent
corrosion of the particles at the hydrated interface with the
water-containing hydrogel skin. In this study, the robot was
manually manipulated using a cylindrical permanent mag-
net, which provided magnetic fields required for actuation at
a distance. The direction and strength of the magnetic fields
were varied by changing the position and orientation of the
magnet. They demonstrated the steering and navigating capa-
bilities of the robot in a tortuous environment as well as in a
3D cerebrovascular phantom network. In addition, an optical
fiber was incorporated in the robot’s body and tested in the
carotid artery section of the vascular phantom to demonstrate
the concept of magnetically steerable laser delivery.

In 2006, Krings et al. [91] compared the in vitro navigation
capabilities of a magnetic neurovascular guidewire to those
with a standard, manually controlled guidewire (Fig. 7d). The
magnetic guidewire was equipped with a 2-mm-long perma-
nent magnet positioned at its distal end. The experiments
were carried out by operators with different levels of training
and experience in guidewire handling. Two different 2D glass
phantoms and a 3D vessel phantom were used for the experi-
ments. According to the results, the magnetic guidewire was
faster and more accurate only with less-experienced opera-
tors and there were no significant differences between the
magnetic and manual manipulation by the experienced oper-
ators, although their findings suggested the features of the
magnetically actuated guidewire might improve the efficacy
and safety of complex neuro-interventional procedures in the
future.

In 2015, Lalande et al. [92] demonstrated the steerabil-
ity of a magnetic guidewire in vivo using an MRI system
(Fig. 7e). The magnetic guidewire was composed of a ferro-
magnetic bead, which was glued to its tip. Here, a magnetic
gradient generated by the coils in the MRI system produced a
force on the bead which steered the guidewire in the desired
direction. The in vivo navigation and steering experiments
were carried out with two rabbits. Although the success rate
was higher in the renal arteries, the majority of attempts in
the other territories failed. The main limitation in this study
was the absence of real-time navigation due to hardware inca-
pacity to steer while tracking. The presence of the steering
gradient coils in the MRI system made imaging impossible.
Thus, the guidewire was blindly controlled based on the pre-
vious tracking sequence.

In 2005, Tsuchida et al. [76] carried out clinical trials
to investigate the efficacy of guidewire navigation across
the human coronary artery using a magnetic navigation sys-
tem versus conventional manual navigation (Fig. 7f). The
magnetic guidewire used in this study was designed by
Stereotaxis, featuring a gold-encapsulated NdFeB perma-
nent magnet at its distal segment. The Niobe system was
integrated with a C-arm single-planar digital angiography
system for the magnetic guidewire navigation. A total of 53
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patients underwent trials with the magnetic guidewire nav-
igation for coronary artery disease. The results, however,
suggested there was no significant advantage of magnetic
navigation compared to manual navigation in terms of pro-
cedural time, contrast volume or fluoroscopy time in simple
lesions. In fact, significantly shorter procedure and fluo-
roscopy time were observed in manual navigation.

4.2 Catheter-based microrobots

Catheters that can be controlled by an external magnetic
field are referred to as magnetic catheters or magnetically
actuated catheter-based microrobots. As was the case in the
guidewires, permanent magnets appear to be popular mag-
netic materials used in the fabrication of magnetic catheters.
The application area of the magnetic catheters is confined to
catheter ablation in the complex cardiac anatomy.

In 2017, Chautems et al. [83] presented a catheter con-
nected to a magnet at its distal end by a string-like tether
(Fig. 8a). The proximal end of the tether was able to extend
from the catheter’s distal end, and the length of the tether
was adjustable to control the tension on the tether. During
an ablation procedure, the distal end of the tethered magnet
is positioned in contact with the heart wall and extending
the tether after tip contact transfers the tension to the con-
tact point. In this study, they modeled the kinematics of the
tethered magnet and tested inside the Aeon Phocus to demon-
strate the feasibility of magnetic field gradient control in a
certified magnetic actuation system. This magnetic catheter
has a distinct advantage over other types of flexible mag-
netic catheters that magnetic gradients are effective in the
steering of the catheter. In fact, magnetic gradients are often
less effective and typically ignored in other flexible catheters
due to the relative stiffness of catheters.

In 2011, Gang et al. [78] demonstrated the feasibility of
a single-magnet catheter in an in vivo set of experiments
with 10 pigs’ hearts (Fig. 8b). The magnetic actuation sys-
tem used in this study was the Magnetecs’ CGCI system. The
results showed that the catheter can reproducibly and effec-
tively reach target ablation points within the pig’s left atrium.
In 2002, another in vivo study was carried out by Faddis
et al. (Fig. 8c) using a single-magnet catheter and the results
showed that the ablation using the magnetic catheter was
highly successful and precise in all four cardiac chambers,
compared to conventional ablation procedure [93]. Though
the performance of the single-magnet catheter was promis-
ing in the studies, there still remain more in vivo and clinical
work to be done in the future as the limitations of exper-
iments with the pig’s heart have been well reported and
known [94]. Furthermore, in a couple of studies, the fluo-
roscopy time and procedure time were significantly longer
[95] and the success rate of ablation was lower [96] with
the magnetic catheters than with the conventional method.
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ered magnet concept and actual tethered magnet inside a magnetic field.
Reproduced with permission [83]. Copyright 2017, IEEE. b 3D map-
ping of magnetic catheter and epicardial evidence of ablation in vivo.
Reproduced with permission [78]. Copyright 2011, Wolters Kluwer
Health. ¢ Schematic illustration of magnetic catheter deflection and
force versus deflection angle graph. Reproduced with permission [93].
Copyright 2002, Wolters Kluwer Health. d Images of catheter tip with
magnetic beads and deflection of the catheter in response to magnetic
fields. Reproduced with permission. Copyright 2011, IEEE [98] and

These poor outcomes were due to difficulty in the naviga-
tion of the magnetic catheter in certain regions of the atria
and weaker contact forces exerted by the magnetic catheter.

Copyright 2011 [97], John Wiley and Sons. e Schematic illustration
of solenoid magnetic catheter and prototype with the solenoid cov-
ered by heat shrink tubing at the tip. Reproduced with permission [99].
Copyright 2014, Radiological Society of North America. f Images of
three-magnet tip catheter and its dimensions. Reproduced with permis-
sion [100]. Copyright 2016, John Wiley and Sons. g Images of variable
stiffness (VS) catheters with two and three variable stiffness segments
(VSSs), and deflection of the VSSI in the soft state. Reproduced with
permission. Copyright 2017, IEEE [82] and under CC BY 4.0 (cropped)
[101]

However, the physician’s level of competence in handling the
magnetic actuation system is also important and should be
taken into account when analyzing the results.
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In 2011, a catheter microrobot containing ferromag-
netic spheres in its tip was demonstrated and reported by
researchers from Prof. Martel’s group (Fig. 8d) [97, 98].
They attached one to two ferromagnetic spheres at the dis-
tal tip of the catheter with different spacing between the
spheres. The catheter microrobot was successfully steered
and guided by applied magnetic gradients inside a magnetic
resonance scanner. More ferromagnetic materials induced
larger magnetic forces; however, the use of two ferromag-
netic spheres caused undesired dipole—dipole interactions,
which could be a problem when navigating into small
branches.

In 2014, a study was carried out by Losey et al. [99] to
compare in vitro navigation of a magnetically assisted remote
controlled (MARC) catheter with manual navigation under
real-time MRI system (Fig. 8e). The MARC catheter was
equipped with a solenoid coil at its distal tip, through which
the steering of the catheter was achieved when there was a
300 mA current input. The experimental results showed that
the MARC catheter was clearly visible under MRI and was
faster than manual catheterization.

A three-magnet-tip catheter has been reported and tested
by different groups. Armacost et al. [75] investigated the
accuracy, reproducibility and efficiency of the catheter in
positioning its targeted locations, and Chun et al. [68] demon-
strated its ability to perform tissue ablation with a higher
success rate compared to a single-magnet-tip catheter. In
2015, Le et al. developed a mathematical model to predict
the motions of a three-magnet tip catheter using an electro-
magnetic system (Fig. 8f) [100]. A three-magnet catheter
tip provides advantages over a single-magnet catheter tip,
which are the ability to create a greater deflection force
and to change the orientation of the outer magnets more
rapidly.

In2017 and 2019, Chautems et al. [82, 101] presented pro-
totypes of variable stiffness (VS) magnetic catheter robots for
cardiac ablation and gastrointestinal endoscopy using two
and three variable stiffness segments (VSSs) (Fig. 8g). In
this work, a low melting point alloy (LMPA) was used due
to its ability to change physical states from solid to liquid at
relatively low temperatures. As for the fabrication process,
a cylindrical filament of LMPA was obtained by injecting
molten LMPA into a silicone tube placed on a heated plate.
After LMPA curing, the silicone tube was removed and con-
ductive copper wires were wound around the LMPA filament
to create two independent heaters, and a new silicone tube
was wrapped around the filament to encapsulate it. In the
last fabrication step, a permanent magnet was glued to the
distal end of the encapsulated filament and the other end of
the filament was attached to a rigid shaft. When current is
applied into the copper wires, the LMPA increases above the
melting point and the VSS becomes soft, increasing the flex-
ibility of the catheter. When the LMPA solidifies, the VSS
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becomes rigid; thus, the stiffness of the catheter increases.
The Aeon Phocus was used for magnetic manipulation of
the VS catheter robots. The ability to bend in multiple radii
using a single permanent magnet seems to be one of the
unique advantages that the VS robots can offer in catheter
ablation and gastrointestinal endoscopy [101].

5 Challenges and future prospect
of magnetic interventional technologies

There has been rapid progress in the fields of magnetic actu-
ation, magnetically actuated interventional instruments and
microrobotics in recent years to overcome the limitations
of conventional interventional procedures, as was seen from
this paper. It is plausible that the number of people suffering
from vascular diseases is forecast to increase significantly
over the next few decades due to the aging population, rapid
population growth and growing prevalence of obesity world-
wide [102-105], which could subsequently contribute to the
increased demand for various types of vascular interventions.
Therefore, we are of the opinion that the market and the
research activities for the magnetically actuated interven-
tional devices will grow in scale and popularity due to the
advantages and benefits the devices can offer.

However, there exist technical issues and challenges that
need to be addressed for successful implementation of the
magnetic interventional technologies in the future. As it was
observed in a couple of clinical studies, the X-ray exposure
time [95] and interventional procedure time [96] are often
significantly longer with the currently existing magnetic
interventional techniques than with the conventional manual
method. Patients undergoing vascular interventions would be
in favor of the magnetic interventional technologies only if
they can experience reduced fluoroscopy and procedure times
with magnetic technologies. To realize this, the development
and integration of closed-loop control, 3D imaging detec-
tion, master—slave units and a user-friendly control interface
along with the magnetic interventional technologies that
can help the physician perform vascular interventions with
greater ease and speed are an important part of the future
work.

6 Conclusions

In this paper, numerous approaches to the progress on
the microrobotic techniques for steering and actuation of
magnetic guidewires and catheters were reviewed. Sev-
eral relevant research publications on commercial magnetic
actuation systems and magnetically actuated interventional
devices were summarized and discussed according to the
pre-defined criteria, including their features, advantages and
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limitations. The findings of this review suggest that the
magnetically actuated interventional devices and magnetic
actuation systems still have a long way to go before they
reach technical and medical specifications that can satisfy
the regulatory requirements for the commercialization and
deployment of the technologies for clinical use, despite the
fact that there are some successful in vivo animal and clinical
trials of the technologies.

Nevertheless, these technologies have shown promise
as effective tools, improving the steerability of guidewires
and catheters inside the complex vascular networks while
reducing procedural time and X-ray radiation of the current
interventional procedures. The microrobotic approaches to
the actuation of guidewires and catheters using a magnetic
field are not confined to basic research, as some of the mag-
netic catheters and actuation systems can already be found in
the market today, and have been used to treat a number of car-
diac arrhythmias worldwide. The current research outcomes
and tested principle appear to suggest that the magnetic actu-
ation techniques for vascular interventions are promising and
the development of safer, more user-friendly and optimized
technologies is worth considering.
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