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1. Introduction

Miniature robots have attracted increasing attention in recent
years, mainly because of their high potential in medical
and bioengineering applications.[1–6] The term “miniature robot”
refers to a controllable device with a size ranging from micro-
meters to millimeters.[7] Because of their small scale, these
robots can access complex and narrow regions of the human

body in a minimally invasive manner, for
example, in the gastrointestinal (GI) tract,
vasculature, brain, and eye.[8] Moreover,
they have the potential to perform various
tasks, such as targeted delivery,[9,10] precise
surgery,[11,12] and medical examination.[13,14]

In addition, microsized robots have pros-
pects for in vitro applications, such as cell
manipulation and tissue engineering, be-
cause of their capability to manipulate
down to subcellular entities with high
precision and repeatability.[15,16]

Owing to their small size, the developed
tiny agents are expected to reshape the
medical diagnosis and treatment with min-
imally invasive procedures. However, inte-
grating conventional onboard components
(e.g., actuators, processors, and power
sources) becomes very difficult due to the
restricted volume, especially for submilli-
meter robots. To date, diverse strategies
have been proposed, such as chemical,

optical, ultrasonic, electrostatic, and magnetic actuation.[17,18]

Among these, magnetic actuation is one of the preferred strate-
gies because it is transparent and relatively safe to biological
tissues and it has good controllability.[19,20] Even for robots in
millimeter scales, motivated by the simultaneous pursuit of
good maneuverability and minimal invasion, the contradiction
between active modality and small size always exists for the
onboard design, and using offboard magnetic actuation has
become a feasible solution.[21–23] Therefore, magnetic miniature
robots have been widely developed.[24]

The earliest example of magnetic manipulation applied in the
medical field can probably date back to ancient India, when the
lodestone was used to attract foreign bodies beneath the skin.[25]

The first demonstration applying themagnetic method in biology
may have started in Germany in the early 1920s, when the vis-
cosity of the protoplast was observed under electromagnetic
fields.[26] To improve the scientific and clinical outcomes of mag-
netic miniature robots, developing proper and reliable actuation
systems that generate required magnetic fields is necessary. Both
permanent magnets and electromagnets are good candidates for
the generation of magnetic field. Integrated with accessories
(e.g., servo motors and current amplifiers), a variety of magnetic
actuation systems have been developed.[27–31] These systems are
versatile in terms of magnetic actuation. Some can generate mul-
tidirectional uniform magnetic fields and conduct 2 or 3-degrees
of freedom (DOF) pure torque control,[32,33] some are able to pro-
duce arbitrary magnetic field gradients and manage 2 or 3-DOF
pure force propulsion,[34,35] and some are capable of directing

Z. Yang, Prof. L. Zhang
Department of Mechanical and Automation Engineering
The Chinese University of Hong Kong
Shatin NT, Hong Kong, China
E-mail: lizhang@cuhk.edu.hk

Prof. L. Zhang
CUHK T Stone Robotics Institute
The Chinese University of Hong Kong
Shatin NT, Hong Kong, China

Prof. L. Zhang
Chow Yuk Ho Technology Centre for Innovative Medicine
The Chinese University of Hong Kong
Shatin NT, Hong Kong, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aisy.202000082.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH& Co. KGaA,
Weinheim. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/aisy.202000082

A magnetic field, which is transparent and relatively safe to biological tissue, is
a powerful tool for remote actuation and wireless control of magnetic devices.
Furthermore, miniature robots can access complex and narrow regions of
the human body as well as manipulate down to subcellular entities; however,
integrating onboard components is difficult due to their limited size. Combining
these two technologies, magnetic miniature robots have undergone rapid
development during the past two decades, mainly because of their high potential
in medical and bioengineering applications. To improve the scientific and clinical
outcomes of these tiny agents, developing suitable and reliable actuation systems
is essential. As a newly emerging field that has progressed in recent years,
magnetic actuation systems offer a harmless and effective approach for the
remote control of miniature robots via a dynamic magnetic field. Herein, a review
on the state-of-the-art magnetic actuation systems for miniature robots is
presented with the goal of providing readers with a better understanding of
magnetic actuation and guidance for future system design.
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up to 6-DOF actuation by combining both force and torque
control.[28,36] The ability to generate a magnetic field is deter-
mined by the configuration and algorithm of the system, whereas
the requisite magnetic field is dominated by the controlled robot,
which is also viewed as the remote end effector of the system.
Some actuation systems aim to create a specific type of field,
and others contain multiple modes to accommodate different
end effectors. Moreover, the workspace of the existing magnetic
actuation systems covers from a few millimeters to tens of
centimeters, which basically depends on the working scenario
(e.g., in vitro micromanipulation[37] and in vivo medical
treatment[38]) and relates to the system configuration. Another
reason is that developing magnetic actuation systems for
miniature robots is a newly emerging field that has just expanded
in the last decade; therefore, many planned human-scale facili-
ties have only been built as proof-of-concept prototypes at the
current stage.

The system review mainly focuses on the configurations
of the current magnetic actuation systems and their capability
of magnetic field generation, de-emphasizing the controlled
device and the specific workspace for the preceding reasons,
which are discussed intensively in the subsequent sections.
This review article intends to provide an overview of the
state-of-the-art magnetic actuation systems for miniature robots,
as well as a better understanding of magnetic actuation and a
reference for future system design. The principles of magnetic
actuation and sources of field generation are briefly described at
the beginning. Then, permanent magnetic and electromagnetic
actuation systems are introduced by category. Subsequently,
some typical miniature end effectors and their biomedical
applications are presented. Finally, the conclusions and outlooks
are discussed.

2. Magnetic Actuation and Magnetic Fields

First, the governing principles of magnetic actuation are
discussed. In addition, the common field generating sources
are briefly introduced, including permanent magnets and
electromagnets.

2.1. Magnetic Actuation Principle

Magnetic actuation is conducted by imparting force and/or
torque on magnetic objects embedded with magnets or made
of magnetizable materials through remotely applied magnetic
fields (Figure 1). Because no current exists in the manipulation
area, the quasistatic magnetic field can be described by Maxwell’s
equation as[39]

∇ ⋅ B ¼ 0

∇� B ¼ 0
(1)

where B is the external magnetic field and ∇ is the gradient
operator. The equation implies that the gradient matrix of
B is symmetric and trace free. A magnetic torque τ acts on a
magnetic object m when misalignment occurs between the
magnetization of the object and the orientation of the magnetic
field as follows

τ ¼ m� B ¼
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Moreover, a magnetic force f exists, when a magnetic object is in
a nonuniform magnetic field as follows
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Figure 1. Diagram of magnetic interaction: a) pure torque under a uni-
form magnetic field; b) pure force under a nonuniform magnetic field.
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These two effects can execute actuation separately or
simultaneously, meaning up to 6-DOF motion control can be
conducted. Note that the governing equations (Equation (2)
and (3)) abstract the magnetic miniature robots into a dipole,
which is reasonable due to the sufficient distances relative to
their sizes.[40] Supposing that the magnetic field is fully flexible,
only maximal 5-DOF actuation is possible under this dipole
approximation (3-DOF force control and 2-DOF torque control)
because the robot cannot rotate along its magnetization axis.[28]

Indeed, the remaining DOF can be introduced via a force couple
using special multimagnet robots; with this, 6-DOF steering is
possible.[36,41] Regarding the magnetic field itself, 8-DOF exist
(3-DOF magnetic field components and 5-DOF field gradient
components).

2.2. Magnetic Field Generation

2.2.1. Permanent Magnets

Permanent magnets have the ability to generate strong and
persistent magnetic fields. The strength and distribution of
the magnetic field depend on the size and shape of the magnet.
The dipole model is widely used because it provides an analytical
expression that is convenient for calculation. The magnetic
field Bdip produced by a dipole at a region of interest (ROI) is
equal to

Bdip ¼ μ0
4πkrk3

�
3rrT

krk2 � I
�
M (4)

where μ0 is the air permeability, r is the vector pointing from
the magnet center to the controlled device, I is an identity
matrix, and M is the magnetic moment of the dipole source.
Because the magnetic field is nonuniform and decreases with
the distance, the exerted force Fdip on a magnetic object m
can be calculated by

Fdip ¼ 3μ0
4πkrk4

"
MrT

krk þ rMT

krk �
�
5rrT

krk2 � I
�
MT r
krk

#
m (5)

The aforementioned two expressions are deduced for the mag-
netic field created by a spherical magnet, and their accuracies
increase upon the operating distance. The dipole approximation
is also appropriate for nonspherical magnets when the operating
distance exceeds two side lengths.[42] This approximation may
lose efficacy when the miniature robot is actuated at a short
range, in which case other field computation methods need to
be considered, such as finite element analysis (FEA)[43] and
multipole expansions.[44]

Even for situations not satisfying the dipole approximation,
Equation (4) still brings out the fact that two parameters
(r and M, with constant ||M||) influence the magnetic field at
the ROI; hence, the requisite magnetic field can be obtained

by adjusting the position and/or orientation of the permanent
magnet. Therefore, permanent magnets are commonly con-
nected with translational and/or rotational mechanisms. As
the effects of translation and rotation on the magnetic field
and field gradient are nonlinear, control of these systems is often
achieved through nonlinear solution methods.[45,46] Equation (5)
reveals the faster decrease in field gradient with distance than
that of field intensity.

For systems with multiple permanent magnets, the total
magnetic field obeys the superposition law. These systems are
derived from diverse considerations, such as increasing the uni-
formity of the magnetic field intensity,[47] programming the spe-
cific magnetic field,[48] and simplifying the drivenmechanism.[46]

2.2.2. Electromagnets

Electromagnets are capable of producing current-dependent
magnetic fields when powered up. There are some specialized
coil pairs that generate peculiar magnetic fields. One of the most
commonly used is the Helmholtz coil, which is named in honor
of the German physician and physicist Hermann vonHelmholtz.
A Helmholtz coil is composed of two coaxial circular coils
with the same radii r, and the interspacing between the coils
is equal to r. A nearly uniformmagnetic field parallel to the coaxis
is produced at the center when equivalent currents flow in the
same directions. The Maxwell coil, which is named after the
Scottish physicist James Clerk Maxwell, is another specialized
coil pair generating an almost uniform field gradient parallel
to the coaxis at the center. A Maxwell coil also contains two iden-
tical coaxial circular coils with radii r, but the interspacing isffiffiffi
3

p
r and the equant currents are in opposite directions. It is

possible to modify both Helmholtz coils and Maxwell coils into
square shapes.[49] A saddle coil comprises two identical coils in
saddle shape, which coincide with the side surface of a cylinder
and symmetric about the coaxis. By parameter optimization, a
saddle coil can produce an approximately uniformmagnetic field
perpendicular to the coaxis when charged with homodromous
currents (judged by the straight edge), called the uniform saddle
coil.[50] Similarly, a saddle coil can be optimized to generate a
nearly uniform field gradient perpendicular to the coaxis when
charged with heterodromous currents, referred to as the gradient
saddle coil.[51] The Golay coil contains two abreast saddle coils,
and the currents in the same saddle coil are homodromous while
in different saddle coils are heterodromous, which produces
transverse field gradient.[52,53]

For general electromagnets, iron cores made of soft magnetic
materials with low hysteresis and high permeability are often
installed inside coils to increase the intensity of the magnetic field,
which further adds to the complexity of the field distribution.
Consequently, using direct dipole approximation to describe
their unit-current magnetic field map becomes very difficult.
Other strategies, such as the fitted dipole model of the ROI,[28]

FEA,[54] and Biot–Savart law-based mathematical model,[55] have
been developed by researchers.

The generated magnetic field of an electromagnet depends
on the current, and more specifically, the magnetic field gener-
ated by the electromagnet without a core and with an unsaturated
soft-magnetic core is proportional to the electric current.
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In addition, the global magnetic field obeys the superposition
law; thus, the components of the magnetic field Bele generated
by n electromagnets can be derived as
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where ik is the current in the kth electromagnet. Therefore, the
total magnetic field at the ROI can be produced by assigning the
current of each independent electromagnet in a well-arranged
electromagnetic array. Note that for specialized coil pairs, the
aforementioned relationship still works, but their special mag-
netic fields are utilized directly for computation in most cases.
Thus, flowing currents are often directly calculable by solving
equations derived from Equation (6) on the basis of required
magnetic components and coil numbers; optimization algorithms
are adopted for multisolution problems.[28,56,57] Movable mecha-
nisms are also integrated into some electromagnetic systems
for multiple purposes, such as reducing power dissipation[54]

and improving the magnetic field property.[58]

2.3. Magnetic Field Safety

For static and extremely slow time-varying magnetic fields
(0–1Hz), the influence of human beings and living organisms
includes magnetohydrodynamic, magnetomechanical, and elec-
tronic interactions; thus, restrictions are expressed in terms of
the magnetic flux density. It is reported that no consistent
biological effect exerts on humans when exposed to magnetic
fields below 2 T. The literature indicates no serious adverse
health effects from the exposure of healthy people up to 8 T.
However, the safety value reduces to 25mT for people with
conductive implants, and 0.5 mT for workers with cardiac pace-
makers and electrically active implants.[59]

Dynamic magnetic fields (1 Hz–100 kHz) exert a force on
charged particles and result in electric fields and currents in
tissues according to Faraday’s law; therefore, limitations for
such magnetic fields are evaluated by the induced electric field
density, the ceiling value of which is frequency-dependent and
region-related.[60] The induced electric field is proportional to
the magnetic field variation rate and a constant that depends
on field distribution, body geometry, and tissue characteristics.
A recommended restriction of magnetic field variation rate is
expressed as���� dBdt

���� ¼ 20
�
1þ 0.36

τ

�
(7)

where τ is the stimulus duration (in ms).[8] This equation is
given based on an extensive investigation of peripheral nerve
stimulation, which provides a reference to judge the safety of
the dynamic magnetic field. The common magnetic fields for
actuation purposes are much less than the limitations.

3. Magnetic Actuation Systems

Various actuation systems have been designed for accurate
control of magnetic miniature robots. For a clear illustration,
the overview of such systems is divided into four categories
according to their magnetic sources and configurational charac-
teristics. The controlled magnetic miniature robots, which can
be viewed as the remote end effectors of the actuation systems,
are abbreviated as devices for simplicity.

3.1. Systems with Permanent Magnets

3.1.1. Single Magnet

A single external permanent magnet can control the translational
and rotational motions of the magnetic device by applying
a dynamic force and/or torque via changing its pose, which
is inexpensive and has high compactness. The early remote
actuation utilizing a single magnet is conducted by hand holding
magnetic field generators.[21] In these systems, the movement of
the permanent magnet greatly depends on the intuition and
experience of the operator; therefore, the control performance
has high uncertainties. In addition, possible long operating times
and imaging radiation are physical challenges for the operator.
To overcome these drawbacks, Ciuti et al. connected a permanent
cylindrical magnet with a 6-DOF industrial robotic arm, giving
a demonstration of using a robot platform to remotely actuate
a magnetic device (Figure 2a).[61,62] In their scheme, the locomo-
tion of the magnetic device is controlled by the drag force, and
the orientation of the magnetic device is steered by the torque
moment. To obtain an efficient interaction between the perma-
nent magnet and the controlled device, a virtual magnetic link is
designed. The robotic operation is verified to be more precise and
reliable than the manual operation. Similar systems adopting
commercial robotic manipulators were proposed by other
groups, one of which is shown in Figure 2b.[63–65] Strictly speak-
ing, the aforementioned systems have achieved 4-DOF control
at most (2-DOF locomotion and 2-DOF orientation) because
the magnetic device always contacts with constrained surfaces.
Mahoney et al. proposed a system with a similar configuration
but a novel control strategy. It takes the total force (e.g., gravity,
buoyancy, and the magnetic force) into consideration and well
addresses kinematic singularity, realizing 5-DOF control of
the device in the open fluid environment.[45]

The direct assembly of a magnet and a commercial robotic
manipulator achieves flexible actuation of the device, and the
propelling power results from the magnetic field gradient.
Another propulsion strategy is via a magnetic torque. A rotational
mechanism is introduced as the actuator of a commercial
manipulator to provide an extra DOF, through which the perma-
nent magnet can rotate along its own axis with high frequency
when driven by the robotic arm, and a rotating magnetic field
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at the ROI is generated.[68–71] For example, Lee et al. connected
a motor-rotating permanent magnet with a 5-DOF SCARA robot,
which successfully synchronizes the movement of the perma-
nent magnet with the controlled device.[71] For simplification
of the control, the magnetic device is mostly operated in the
radial or axial location relative to the magnet, but the unique
solution strictly constrains the displacement of the manipulator.
To increase the control authority and obstacle avoidance ability
of the robotic arm, Mahoney et al. showed the ability to generate
an arbitrary rotating magnetic field at the ROI without the pre-
assigned relative position between the permanent magnet and
the device (Figure 2c).[29] Therefore, the permanent magnet is
capable of planning its own trajectory during actuation instead
of just following the controlled device. Figure 2d shows a spheri-
cal actuator that contains three omnidirectional wheels and
enables the magnet to rotate continuously about any axis.[66]

This innovative actuator avoids the kinematic singularities
during actuation and enables using robotic manipulators with
less DOF.

A commercial actuation system with a single permanent
magnet was proposed by Ankon Technologies (Wuhan, China).[67]

It is currently powering the capsule endoscopy and has been
patented, clinically approved, and installed in many hospitals.
The driven mechanism consists of 2 rotational DOF and

3 translational DOF (Figure 2e). The customized robotic mecha-
nism has a reasonable structure and suitable workspace for
clinical examination.

3.1.2. Multiple Magnets

Multiple magnets are introduced for various purposes, one of
which is to produce a magnetic field with high uniformity for
torque actuation because the field gradient can be partly impaired
using symmetric distribution. The most representative one is the
Niobe system developed by Stereotaxis (Missouri, USA) in 2003,
which is currently used for guiding magnetic catheters to treat
cardiovascular diseases. The Niobe system has treated over
100 000 patients at more than 100 hospitals globally. In this
system, two magnets are distributed on the opposing sides of
the bed, each of which can be rotated in a tiltable housing
(Figure 3a).[72,73] As the gradient generated by each magnet is
almost counteracted, this system achieves precise orientation
control. Recently, Stereotaxis introduced the Genesis system,
which is an upgraded version of the Niobe system, featuring
a smaller size, lighter weight, and more flexible movement.
Figure 3b shows a system composed of two linear motion stages
and two rotatory permanent magnets.[47] During actuation, the
magnets follow the controlled device on both sides and rotate

Figure 2. Magnetic actuation systems with a single permanent magnet: a) system using an RV-3SB robotic arm (produced by Mitsubishi Electric);
b) system with an LBR Med robotic arm (manufactured by KUKA Robotics Corporation); c) system containing an MH5 robotic arm (produced by
Yaskawa Motoman) and a single-axis rotary actuator; d) system consisting of an MH5 robotic arm and a spherical actuator; e) system developed
by Ankon Technologies. Panel (a): Reproduced with permission.[62] Copyright 2010, Georg Thieme Verlag KG. Panel (b): Reproduced with permission.[65]

Copyright 2019, IEEE. Panel (c): Adapted with permission.[29] Copyright 2014, IEEE. Panel (d): Reproduced with permission.[66] Copyright 2017, IEEE.
Panel (e): Reproduced with permission.[67] Copyright 2016, Elsevier.
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synchronously. It has been demonstrated that the rotating
magnetic field created by this design has higher uniformity
compared with using a single magnet; thus, the controlled device

possesses better motion stability. Zhang et al. presented a mag-
netic actuation system containing six circumferential permanent
magnets (Figure 3c).[74] In this system, all magnets are mounted

Figure 3. Magnetic actuation systems with multiple permanent magnets: a) Niobe system; b) system with two rotatory permanent magnets; c) system
involving six synchronous rotatory magnets; d) system comprising eight independent rotational magnets; e) system consisting of an actuator with four
fixed permanent magnets on an LR Mate 200iD/4S robotic arm (produced by FANUC Corporation); f ) system using an actuator with two movable
permanent magnets on an LR Mate 200iD/4S robotic arm; g) system with three coaxial Halbach cylinders. Panel (a): Reproduced with permission.[72]

Copyright 2007, Wiley Periodicals. Panel (b): Reproduced with permission.[47] Copyright 2014, IEEE. Panel (c): Reproduced with permission.[74] Copyright
2008, IEEE. Panel (d): Adapted with permission.[46] Copyright 2017, IEEE. Panel (e): Adapted with permission.[31] Copyright 2019, IEEE. Panel (f ): Adapted
with permission.[48] Copyright 2018, Elsevier. Panel (g): Reproduced with permission.[75] Copyright 2017, Elsevier.
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with allocated initial angles and can rotate along themselves
through a synchronous belt-driven mechanism, generating a
rotating magnetic field in the center with constant strength
and reverse direction. These two systems are incomplete and
only realize a 1-DOF propulsion currently, but they are enough
for effectiveness verification.

Simplification of the driven mechanism is achieved by using
an array of permanent magnets. Ryan et al. proposed a novel
actuation system, which adopts eight independent rotatory per-
manent magnets. Such a system is able to create an omnidirec-
tional magnetic field and field gradient with variable magnitudes
(Figure 3d).[46] Although not all 8-DOF magnetic components
are decoupled, this system guarantees both torque and force actu-
ation. Meanwhile, it requires no perilous translational motion
of the magnets, and offers a new idea of devising magnetic actu-
ation systems.

Specific magnetic fields can be programmed utilizing
well-arranged magnets. Zarrouk et al. presented an actuation sys-
tem that is applicable to open-loop control (Figure 3e).[31] More
specifically, a novel actuator with four strip-shaped magnets and
a fixture is devised, which is mounted on a commercial robotic
manipulator. The actuator is capable of creating a local maxi-
mum magnetic field in a planar workspace, resulting in a con-
vergence point in the influence zone. Therefore, the magnetic
device is always trapped within this area during actuation.
Figure 3f shows another actuator using two symmetrical perma-
nent magnets with the angle between them adjusted by a linear
mechanism.[48] This actuator creates both pushing and pulling
forces along its axis of symmetry, and the positions of the sepa-
rating points between the forward and reverse fields change with
this angle. Connected with a robotic manipulator, this actuator
performs satisfactory steering of the magnetic device in con-
strained environments. A system with three coaxial Halbach
cylinders was also designed (Figure 3g). The inner ring has a pair
of cylinders and each cylinder is composed of 16 magnets gen-
erating a strong uniform dipolar field. The outer ring contains
one cylinder with eight magnets producing a graded quadrupolar
field.[75] In this design, the component of the field gradient par-
allel to the dipolar field dominates the applied force; therefore,
planner actuation is achieved by the rotational DOF of the inner
ring. Dong et al. proposed a generic methodology using a spa-
tially and temporally programmed external magnet array to con-
trol the configuration and the locomotion of the magnetic device
(formations of collective magnetic microrobots), which suffi-
ciently proves the versatility of magnetic field programming.[43]

3.2. Systems with Electromagnets

3.2.1. Paired Coils

A paired coil refers to a couple of electromagnets with obvious
orthogonal distribution, and the workspace is at the central
position. This type of magnetic actuation system often utilizes
specialized coils as introduced in Section 2. The most common
one is the multiaxial Helmholtz coil, which is composed of
several Helmholtz coils, and the axis of each pair is mutually
perpendicular to the others. Figure 4a shows a typical triaxial
Helmholtz coil. According to the direct orthogonal decomposi-
tion of the magnetic field, this type of system can generate

arbitrary magnetic fields with high uniformity in a plane
(two Helmholtz coils) or space (three Helmholtz coils).[76–81]

By appropriately setting the current flowing in each coil, a variety
of magnetic fields are created, such as rotating, oscillating,
alternating, and conical magnetic fields. Multiaxial square
Helmholtz coils were also developed for other purposes, such
as enlarging the inner space (Figure 4b).[49,82–84]

The Helmholtz coil is adept at torque control, and it can be
incorporated with a Maxwell coil to execute force propulsion.
Figure 4c shows a system containing a Helmholtz–Maxwell coil
(one Helmholtz coil and one Maxwell coil assembled coaxially)
that is installed on a rotational stage spinning about the center.
In this system, the Helmholtz coil produces a uniform magnetic
field to align the device, whereas the Maxwell coil creates a
uniform field gradient for propulsion.[85,93] The propelling force
is maintained parallel to the common axis, and 2D locomotion
of the device is achieved by mechanical rotation. Similarly,
Jeong et al. integrated two perpendicular Helmholtz–Maxwell
coils for 3D locomotion (Figure 4d).[86] In this system, the inner
Helmholtz–Maxwell coil is stationary and the outer Helmholtz–
Maxwell coil can rotate along the horizontal axis. The frequency
of the dynamic magnetic field is limited by inertia considering
that both 1-DOF magnetic field and 1-DOF field gradient are
provided by the rotational motion of coils. Yu et al. combined
a triaxial Helmholtz coil with two Maxwell coils, as shown in
Figure 4e.[87] A fixed Maxwell coil is at the outer side of the
z-axial Helmholtz coil, and the other rotational Maxwell coil
is rotated along the z-axis. This system can generate a high-
frequency magnetic field and a restricted-frequency field gradi-
ent. Currently, these two systems have not fully realized
5-DOF control because the directions of the locomotion and
orientation are coupled.

For electromagnetic systems using specialized coils, the cur-
rents flowing into the coils in a pair are interrelated; therefore, a
pair of coils provides a 1-DOF magnetic component. There are
some systems that use independently controlled paired coils, and
such configurations are convenient for intuitional control and
current computation.[94] For example, Floyd et al. proposed a
system containing three independently controlled coil pairs
(six coils) for 2D locomotion, in which horizontal coils are
enabled to orient the device, and vertical coils are stimulated
to steer the surface force (e.g., friction and adhesion that are
pressure-related) (Figure 4f ).[88] As a result, under the magnetic
force exerted by the horizontal coils, the device can be propelled
when the surface force is small and stopped when the surface
force is large. Figure 4g shows a system using two independently
controlled coil pairs (four coils) along the edges of a square,
which can be used for both torque and force propulsion.[89,95–97]

The created 2D magnetic field and field gradient are not as ideal
as those created by specialized coils, but the discrepancy can be
neglected or compensated in some situations. Leclerc et al. devel-
oped a magnetic actuation system using six coils in orthogonal
pairs cooled with liquid nitrogen.[98] The current inside each
coil is calculated to produce the desired field for orientation
and the desired gradient for locomotion in 2D space, which
can also be computed for other actuation strategies.[99]

The combination of Helmholtz coils and/or Maxwell coils has
a low space efficiency considering the torso shape, which is not
desirable due to scaling issues. For the sake of increasing

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2020, 2, 2000082 2000082 (7 of 18) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

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


compactness and decreasing energy consumption, saddle coils
have been included, and these systems usually have tubular
constructions that suitably accommodate the human body.
Choi et al. developed a system with four different coil pairs,
among which the coaxial Helmholtz coil and Maxwell coil are
fixed in the horizontal axis, and the coaxial uniform saddle coil
and gradient saddle coil are rotatable along the horizontal axis
(Figure 4h).[27] This system can be viewed as a variation from
the system in Figure 4d. Later, the active locomotive intestinal
capsule endoscope (ALICE) system with five coil pairs was
developed by adding another uniform saddle coil based on the
four-coil-pair system, so that three orthogonal coil pairs creating
uniform magnetic fields (one Helmholtz coil and two uniform
saddle coils) have the same function as a triaxial Helmholtz
coil.[100] The actuation principle of ALICE is similar to the one

shown in Figure 4e. To ensure high DOF locomotion and orien-
tation with few coils, Go et al. proposed a system for 3D locomo-
tion with four coils, consisting of two stationary circular coils
(with the same configuration as the Helmholtz coil) and two
rotatory saddle-shaped coils (with the same configuration as
the uniform saddle coil).[56] All the currents are independently
computed according to the required magnetic field and field gra-
dient. Hoang et al. presented a tubular system with eight station-
ary coils distributed in four pairs (two pairs of circular coils and
two pairs of rectangular coils evolved from saddle coils), which
intends to maximize the workspace within a limited equipment
volume.[90] Through independent current control, this system
realizes 5-DOF orientation-independent actuation (Figure 4i).

Finally, two commercial magnetic actuation systems utilizing
paired coils are introduced. Olympus Corporation (Tokyo, Japan)

Figure 4. Magnetic actuation systems with paired coils: a) triaxial circular Helmholtz coil; b) triaxial square Helmholtz coil; c) system with a rotational
Helmholtz–Maxwell coil; d) system using a stationary Helmholtz–Maxwell coil and a rotational Helmholtz–Maxwell coil; e) system consisting of a triaxial
Helmholtz coil and two Maxwell coils; f ) system using three independently controlled coil pairs; g) system comprising two independently controlled coil
pairs; h) system with a Helmholtz coil, Maxwell coil, uniform saddle coil, and gradient saddle coil; i) system containing four independently controlled coil
pairs; j) MGCE system; k) MRI scanner. Panel (b): Reproduced with permission.[84] Copyright 2011, Elsevier. Panel (c): Reproduced with permission.[85]

Copyright 2007, IEEE. Panel (d): Reproduced with permission.[86] Copyright 2010, Elsevier. Panel (e): Adapted with permission.[87] Copyright 2010,
Elsevier. Panel (f ): Reproduced with permission.[88] Copyright 2009, IEEE. Panel (g): Adapted with permission.[89] Copyright 2014, IEEE. Panel (h):
Adapted with permission.[27] Copyright 2010, Elsevier. Panel (i): Adapted with permission.[90] Copyright 2019, IEEE. Panel (j): Adapted with permission.[91]

Copyright 2012, IEEE. Panel (k): Adapted with permission.[92] Copyright 2017, IEEE.
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and Siemens Healthineers AG (Erlangen, Germany) jointly
developed the magnetically guided capsule endoscopy (MGCE)
system, which consists of 12 coils (Figure 4g).[73,91,101] All the
coils are in pairs, which are represented by consecutive numbers.
Some coil pairs generate both magnetic field and field gradient
components, whereas others create either a magnetic field or
field gradient component. The system has been successfully eval-
uated in clinical trials with hundreds of patients and volunteers.
The magnetic resonance imaging (MRI) scanner is a medical
imaging tool that widely used in hospitals for diagnosis. It
can generate an intense static uniform magnetic field in the
horizontal axis and a dynamic 3D field gradient. Basically, a typi-
cal gradient coil unit in MRI scanner includes two orthogonal
Golay coils and a Maxwell coil (Figure 4h).[92] Many researchers
have applied MRI scanner for magnetic actuation, which has the
potential for simultaneous actuation, localization, and imaging
without introducing additional hardware.[102–105]

3.2.2. Distributed Electromagnets

Another branch of magnetic actuation systems utilizing distrib-
uted electromagnets has been developed to improve energy
efficiency and mitigate layout restrictions. Most of the systems
with paired coils tend to enclose the workspace via discal coils.
In contrast, the distributed electromagnet-based systems usually
have columnar coils positioning around and pointing to the
workspace. Meanwhile, it is preferable to insert soft-iron cores
into coils to concentrate and enhance the magnetic field and
field gradient, which can be easily magnetized with the applied
external magnetic field and rapidly demagnetized when the mag-
netic field disappears.

OctoMag is the first representative system with the configura-
tion of a distributed array realizing 5-DOF wireless manipula-
tion. It has eight identical electromagnets divided into two
sets (Figure 5a).[28] Each electromagnet in the upper set has
an angle of 45� with respect to the common axis of symmetry.
We define this angle as the deflection that is applicable in the
following description. The deflection of the lower set is 90�.
Moreover, the upper set has a 45� rotation relative to the lower
set along the common axis of symmetry. We regulate this angle
as the misalignment, which also applies later. These design
parameters are optimized to have sufficient force control capabil-
ity throughout the workspace. Subsequently, MiniMag was
redesigned fromOctoMag, parameters of which are selected with
the aim of high compactness, as shown in Figure 5b.[106] The
optimized deflections of the two sets are 42.5� and 64�, respec-
tively. Salmanipour et al. proposed a system with eight noniden-
tical electromagnets, whose parameters are defined to maximize
the generated magnetic field and field gradient components
(Figure 5c).[107] In this system, four electromagnets in the inner
set have deflections of approximately 59.5�, four electromagnets
in the outer set have deflections of 90�, and the misalignment is
45�. The radius of the outer electromagnet is more than twice
that of the inner one. Son et al. developed a magnetic actuation
system with nine electromagnets fixed in a 3� 3 grid plate
(Figure 5d).[14,108] The design parameters are optimized by the
requirement of both actuation and localization. Four electromag-
nets have zero deflections, four have small deflections, and the

added ninth electromagnet at the center is used to strengthen the
magnetic field and field gradient toward the general direction.

The electromagnets in the aforementioned systems are
arranged on one side of the central plane, meaning the workspace
is semienclosed. The prominent feature is that such configura-
tions are easy to integrate with the environment (e.g., OctoMag
can be placed overhead while accommodating the head, neck,
and shoulders). The uneven distribution is also convenient for
combining with imaging and other devices. Another strategy
is to arrange the electromagnets uniformly around the workspace
for better isotropy of the generated magnetic field and field
gradient. A typical system is shown in Figure 5e, whose upper
set and lower set are positioned on the two sides of the central
plane.[109] Each set has four orthogonal electromagnets with
deflections of 45�, and a 45� misalignment exists between two
sets. Figure 5f shows another system with a similar configura-
tion, but the deflections of the two sets are both 60� to maximize
separation and independence of the electromagnets.[110] There
are also some systems whose upper set and lower set are directly
facing, which means that the misalignment is zero. Le et al.
designed a system with eight electromagnets placed in three
dimensions at 90� with respect to one another, as shown in
Figure 5g.[55] The eight electromagnets of the system in
Figure 5h are arranged at each vertex of a cube and with each
pointing to the center.[111]

As the electromagnets are controlled independently, the
magnetic actuation system with eight (or more) well-arranged
electromagnets should be capable of generating 8-DOF magnetic
field and field gradient components without regardless of the sin-
gularity, so that the dexterity of magnetic actuation is guaranteed.
Among the proposed configurations with eight electromagnets, it
is not clear which one best configuration because a trade-off
exists between force generation, torque generation, workspace
isotropy, and access to the workspace, which was critically com-
pared by Pourkand et al.[114] Rigorous quantification between the
required number of stationary electromagnets and the given
magnetic manipulation task was provided by Petruska et al,
and this work systematically analyzed singularity issues under
different circumstances.[39] Recently, a system with six orthogo-
nal and identical electromagnets was developed, and the electro-
magnets are distributed from six vertices of a regular octahedron
to the center (Figure 5i).[34] This system may not be as flexible
as the preceding systems because of the reduced coil number,
but it is characterized by an enlarged workspace.

The distributed electromagnet-based actuation system also
has commercially available products. The Catheter Guidance
Control and Imaging (CGCI) system developed by Magnetecs
Corporation (California, USA) consists of eight electromagnets
(Figure 5j).[112,115,116] Four electromagnets are semispherically
arranged above the torso, and the other four are placed symmet-
rically below the torso. Aeon Scientific AG (Zurich, Switzerland)
released the Aeon Phocus system with seven electromagnets
fixed on two frames (one frame with four electromagnets and
the other frame with three), as shown in Figure 5k.[113,117,118].
During operation, the electromagnets enclose the torso from
both sides while performing magnetic actuation, and the two
frames separate when enough space is required for medical
imaging and surgeon intervention. These two systems are pri-
marily targeted for magnetic catheter steering, but other tasks
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Figure 5. Magnetic actuation systems with stationary electromagnets: a) OctoMag system; b) MiniMag system; c) systems with an inner set and an outer
set; d) system consisting of nine electromagnets; e) system having deflections of 45� and a misalignment of 45�; f ) system with deflections of 60�

and a misalignment of 45�; g) system comprising eight electromagnets placed in three dimensions at 90� angle with respect to one another;
h) system using eight electromagnets distributed at each vertex of a cube; i) system consisting of six orthogonal electromagnets; j) CGCI system;
k) Aeon Phocus system. Panel (a): Adapted with permission.[28] Copyright 2010, IEEE. Panel (b): Adapted with permission.[106] Copyright 2014,
Springer Nature. Panel (c): Reproduced with permission.[107] Copyright 2018, IEEE. Panel (d): Reproduced with permission.[108] Copyright 2019,
IEEE. Panel (e): Adapted with permission.[109] Copyright 2013, AIP. Panel (f ): Reproduced with permission.[110] Copyright 2014, Wiley-VCH.
Panel (g): Reproduced with permission.[55] Copyright 2016, Wiley. Panel (h): Reproduced under the terms of the CC BY 4.0 license.[111] Copyright
2019, The Authors, published by MDPI. Panel (i): Adapted with permission.[34] Copyright 2017, IEEE. Panel (j): Reproduced with permission.[112]

Copyright 2013, Elsevier. Panel (k): Reproduced under the terms of the CC BY 4.0 license.[113] Copyright 2019, The Authors, published by Wiley-VCH.
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can also be performed. Currently, they have been CE certified
and have shown promising results in animal experiments and
clinical assessments.

Apart from the systems with stationary electromagnets, trans-
formable ones have also been developed. The actuation systems
with different configurations perform diversely considering
magnetic actuation manipulability and dexterity: some are
superior in force control, and others have better performance at
torque control.[58] Moreover, singularities may exist for some
systems, which means that the systems will lose the ability to
generate certain force/torque at the singularity or cost a lot near
the singularity, but the actuation should be comprehensive.[119]

In view of these factors, adjustable magnetic actuation systems
have been proposed. BigMag contains six electromagnets placed
in two fixtures. The upper and lower fixtures are capable of rotat-
ing around the common axis to avoid singularity and minimize

the total current, so that the system can generate a strong mag-
netic field in any direction and at any point of the workspace
(Figure 6a).[54,57] The intersection angle between two adjacent
electromagnets is 60� when all the electromagnets are coplanar.
Chen et al. proposed a system comprising four stationary and four
movable electromagnets (Figure 6b).[120] The construction of this
system is similar to that of OctoMag, but the deflections of the
upper set are independently adjusted by robotic mechanisms,
which leads to the problem of prioritizing between the uniform
magnetic field and the uniform field gradient.

To enlarge the workspace further without increasing the size
of electromagnets, driven mechanisms have been introduced
to locate the mobile electromagnets near the ROI. The advanced
robotics for magnetic manipulation (ARMM) system connects an
optimized cylindrical electromagnet with a 6-DOF UR10 robotic
arm (produced by Universal Robots), which is capable of creating

Figure 6. Magnetic actuation systems with movable electromagnets or novel designs: a) BigMag system; b) system with four stationary and four movable
electromagnets; c) ARMM system; d) DeltaMag system; e) BatMag system; f ) Omnimagnet system; g) system comprising stepped cores. Panel (a): Adapted
with permission.[54] Copyright 2017, IEEE. Panel (b): Reproduced with permission.[120] Copyright 2019, IEEE. Panel (c): Reproduced with permission.[121]

Copyright 2019, IEEE. Panel (d): Adapted with permission.[122] Copyright 2019, IEEE. Panel (e): Reproduced with permission.[123] Copyright 2019, IEEE.
Panel (f ): Reproduced with permission.[124] Copyright 2015, IEEE. Panel (g): Reproduced with permission.[35] Copyright 2020, IEEE.
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a prescribed magnetic field and field gradient at the ROI
(Figure 6c).[121,125] This concept was also implemented using a
U-shape electromagnet by Lucarini et al.[126] Instead of designing
an electromagnetic actuator for a commercial robotic arm,
DeltaMag integrated three electromagnets into a parallel mecha-
nism, as shown in Figure 6d. The unique design effectively
enlarges the workspace and reduces the total volume, which
has the potential to be further combined with an in vivo locating
device.[122] Although moveable electromagnetic systems have
various merits, great challenges still exist. Different from the
permanent magnet, the electromagnet has a relatively large
volume and weight; in addition, a multicoil configuration that
has strong interaction forces is necessary for some situations.
Therefore, integrating reliable-driven mechanisms with enough
load capability, high rigidity, and good structural compactness is
essential. In addition, multiple solutions and high nonlinearities
may exist due to total DOF of both driven mechanisms and coil
currents, so developing field generation algorithms with good
robustness, fast speed, and optimal characteristics needs further
explorations.

Finally, some novel designs are presented. Ongaro et al.
devised BatMag with nine electromagnets (Figure 6e), which
can independently control two devices in a 3D space exploiting
the inhomogeneity of the strong fields.[123] Figure 6f shows
a modular and reconfigurable magnetic actuation system con-
taining multiple Omnimagnets, which can be momentarily rear-
ranged during actuation.[30,124] Each Omnimagnet comprises
a spherical core and three orthogonally surrounding nested
solenoids, and the magnetization of the core is determined by
the currents in three solenoids. Li et al. developed a system with
four electromagnets, each of which has a stepped core with
a cone probe and a disk (Figure 6g).[35] The optimized core
shape is used to further enhance the strength of the magnetic
field and field gradient.

4. Magnetic End Effectors

Magnetic actuation can be imposed on diverse miniature robots,
which are considered as end effectors of the aforementioned

systems. These miniature agents are introduced in accordance
with their characteristics and present usage (Figure 7). More-
over, the current and potential biomedical applications of control-
lable end effectors are summarized.

4.1. Overview of End Effectors

4.1.1. Continuum End Effectors

Catheters have been used in clinics to treat vascular diseases.
However, conventional procedures highly depend on the experi-
ence of the surgeon, which are still risky and time-consuming.
Magnetic actuation is an alternative method with higher preci-
sion and less radiation. Magnetically controlled catheters are
equipped with various magnetic components, the most popular
of which is the permanent magnet, which is capable of importing
obvious responses to the magnetic field owing to the large resid-
ual magnetization. Both single magnet and multiple magnets are
embedded on the tip of catheters, so that these flexible devices
bend upon the induced magnetic torque and/or force.[55,127–129]

The relative stiffness of the catheter changes during insertion,
to figure out the nonlinearity and uncertainty, a catheter with
a tethered magnet was designed to allow accurate computation
of the distal end.[117] Mounting the ferromagnetic sphere is
another option, and this type of catheter is often actuated by
the applied magnetic gradient.[130,131] Recently, a catheter fabri-
cated from magnetized ink composed of hard magnetic particles
and soft polymer was devised, and its diameter can be miniatur-
ized below hundreds of micrometers.[12] Catheters with control-
lable magnetization have also been proposed. These are mainly
used in MRI scanners in view of the static uniform magnetic
field, as mentioned in Section 3. A solenoid with magnetization
proportional to the flowing current is attached to the tip of the
catheter, so that the generated magnetic torque is controlla-
ble.[132,133] Nevertheless, the singularity is severe, considering
the constant magnetized direction. On account of this limitation,
the catheter with multiple coils has been proposed.[38] The diam-
eter of the coil-based catheter has the potential to be decreased
by micromachining.

Figure 7. Typical magnetic miniature end effectors including continuum and untethered robots.
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The magnet actuation of other flexible instruments going
through the lumens and ducts of the body has also received
attention for better maneuverability, such as needles and contin-
uum endoscopes.[113,134–137] The steering of these magnetic
continuum manipulators is basically similar: forward and
reversed feeding is provided by proximal insertion (manual or
mechanical), and distal tip deflection is controlled by the applied
magnetic effect.

4.1.2. Untethered End Effectors

The capsule endoscope is widely developed for examination
and diagnosis in the GI tract. Aiming at more comprehensive
screening and short duration, both completely untethered and
soft-wire tethered (almost have no influence on motion and thus
are included in the untethered classification) magnetic capsules
are proposed, most of which are embedded with the permanent
magnet.[61,65,138] The magnetic capsule, whose locomotion
results from the drag force exerted by the field gradient, has been
applied in hospitals for the past few years.[67,91] Another type of
propulsion uses the applied magnetic torque. Examples include
fish-like capsules actuated by an alternating magnetic field[139]

and spiral-type capsules actuated by a rotating magnetic field.[140]

More details of the magnetic capsule endoscopy can be found
from a survey by shamsudhin et al.[21]

Multifold magnetic microrobots, which have the ability to
access extremely narrow regions, have been invented and
demonstrated. Knowing their motion modality is useful in select-
ing an appropriate end effector for the chosen actuation system,
or building an adaptive actuation system to propel a targeted
end effector. As themost straightforward strategy, draggingmicro-
robots with the propulsive force resulting from a field gradient are
proposed.[28,141] Inspired by biological microorganisms, torque-
driven swimming microrobots are developed, such as screw-like
microrobots mimicking bacteria[142–145] and flexible oar-like
microrobots imitating spermatozoa.[146] These two types of robots
can realize 3D locomotion. The movement of rolling microrobots
is caused by uneven boundary conditions, which is only valid near
the surface.[94,147,148] An apparent viscosity increment occurs
when the microrobot rotates near the surface, and the unbalanced
force leads to locomotion. Other surface walkers have also been
developed.[149,150] Note that both screw-like swimming microro-
bots and rolling microrobots can be driven by a rotating magnetic
field. However, the moving directions are different: the former
propels along the rotating axis, whereas the latter advances along
the rotating surface. Another type of locomotion is often bionic
and triggered by deformations of robots. Examples include
insect-like crawling,[151] multilegged walking,[152] and jellyfish-like
swimming.[153] Soft-bodied robots constructed of active materials
with multimode locomotion were proposed to realize high mobil-
ity on different terrains, whose motion pattern is switched by
exerting different magnetic fields.[154] Except for triggered locomo-
tion, the fast shape transformation of soft magnetic robots itself is
noteworthy, which achieves more functions.[155] These robots are
fabricated by soft materials embedded with ferromagnetic or para-
magnetic micro/nanoparticles, various deformations of which are
fulfilled by programmable structures and magnetization profiles
while applying external magnetic fields.[156,157]

Apart from the individually locomotor microrobots, swarming
robots have been designed. Governed by the magnetic field,
agent–agent effect, fluidic force, and other interactions, a group
of micro/nanorobots can be dynamically assembled into snake-
like,[95] vortex-like,[158] ribbon-like, and other patterns,[159] and
can move as a relatively stable unit. Some swarming robots
are reconfigurable to adapt to various situations[160,161] and have
the potential to enhance medical imaging.[162,163]

4.2. Biomedical Applications

The good controllability and small dimensions enable magnetic
end effectors to locomote in complex and confined environ-
ments, leading to their current and potential biomedical applica-
tions (Figure 8). Optical imaging is a significant method
for clinical examination. Direct and comprehensive visualization
of the GI tract, vasculature, lung, and other lumens and ducts can
be achieved using end effectors with miniature cameras.[67,135]

Biopsy is also commonly utilized in the clinic that extracts sam-
ple cells or tissues from the body for further tests. Magnetic
miniature robots provide less-invasive options, for example,
millimeter end effectors integrated with tiny forceps and
needles[14] and micrometer end effectors such as responsive
microgrippers.[164] Biomedical sensing can detect medically
relevant factors, including pH, oxygen, virus, and bacteria, which
offer evidences for diagnoses. The sensor with mobility may
access to a specific location of the human body and conduct
in situ sensing.[165] In addition, the autonomous motion of a
functionalized microrobot can accelerate the procedure of
in vitro detection.[166] Some miniature robots can be precisely
actuated near the target position and release carried substances.
This process is targeted delivery, which is an effective method
for improving accessibility and concentration of the cargo at the
ROI and reduces side effects on normal organs.[5] The potential
cargo for delivery covers drugs, genes, stem cells, and imaging
agents.[167,168] In addition to the mentioned diagnostic and
therapeutic functions, miniature robots also possess the ability
to perform minimally invasive surgeries. Some continuum end
effectors have successfully demonstrated surgical operations,
such as atrial fibrillation ablation and percutaneous coronary
intervention.[23] Untethered end effectors are good candidates
for performing surgery (e.g., thrombolysis, hyperthermia, and
cauterization) at some hard-to-reach regions.[169–171]

Cell manipulation, which is an effective method of learning
tissue regeneration, drug development, single-cell analysis,
and intercellular interaction, can be accomplished by these
end effectors. Remotely actuated microrobots can separate a cell
from a population, transport a cell in sophisticated surroundings,
and release a cell at a target location.[16,173] Micro end effectors
are also strong performers in tissue engineering. The end
effector itself can be fabricated into a scaffold, providing a frame
for tissue regeneration, whose mobility also supports further
transplantation.[172] Alternatively, the end effector can deploy
microbuilding blocks into a desired geometry, and the whole
structure acts as a scaffold.[174]

It is worth noting that the micromagnetofluidics provides an
effective and efficient choice for lab-on-a-chip applications, which
is a technology combining magnetism with microfluidics.[175,176]
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The external magnetic field offers wireless manipulation, and
the microfluidics reduces the number of samples and enables
high throughput. One of the significant applications is the
droplet-based microfluidic device, where ferrofluid and magnetic
beads are often adopted, which is versatile in single-cell manip-
ulation and biological macromolecule characterization.[177,178]

Common microfluidic functions, such as pumping and mixing,
are also performable through magnetic methods.[175]

5. Conclusions

A controllable magnetic field is a powerful tool for remote
actuation, which fulfills the locomotion of magnetic miniature
robots in intricate and confined environments. Accordingly,

the performance of the magnetic actuation system directly affects
ultimate applications. The initial concept of controlling the
magnetic field involves spatial variations of a permanent magnet
and different combinations of electromagnetic currents. Some
possible advantages and disadvantages of typical mobile perma-
nent magnetic systems and stationary electromagnetic systems
are shown in Table 1. Each category has its own merits, and
the features between the two types are partly complementary.
Recently, some novel systems have been designed to combine
the advantages of both types. For example, the permanent
magnetic system with a spherical actuator (Figure 2d) and with
eight independent rotary magnets (Figure 3d) can realize high
dexterity of field generation, mitigated complexity and peril-
ousness of motion, and no heat generation. With regard to
the electromagnetic system, the ARMM system (Figure 6c)

Figure 8. Medical and bioengineering applications of magnetic end effectors: a) magnetic capsule endoscopy produced by Ankon Technologies
for imaging; b) magnetic microgrippers for biopsy; c) magnetic and optical oxygen sensor for in situ intraocular sensing; d) magnetic spore-based
microrobots that remotely detect toxins for in vitro testing; e) swarms of magnetotactic bacteria for targeted delivery; f ) ferromagnetic soft continuum
robot for surgery; g) autofluorescent magnetic microrobots for single-cell manipulation; h) magnetic scaffold to culture cells for tissue engineering. Panel
(a): Reproduced with permission.[67] Copyright 2016, Elsevier. Panel (b): Reproduced with permission.[164] Copyright 2009, NAS. Panel (c): Adapted with
permission.[165] Copyright 2008, IEEE. Panel (d): Reproduced with permission.[166] Copyright 2019, AAAS. Panel (e): Reproduced with permission.[10]

Copyright 2016, Springer Nature. Panel (f ): Reproduced with permission.[12] Copyright 2019, AAAS. Panel (g): Reproduced with permission.[16] Copyright
2013, SAGE. Panel (h): Reproduced with permission.[172] Copyright 2011, Wiley-VCH.
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and the DeltaMag system (Figure 6d) possess enlarged workspa-
ces with reduced heat generation, on/off manipulability of the
magnetic field, and suitable accommodation with imaging
devices. Development and selection of magnetic actuation sys-
tems are case-by-case, which require an overall consideration
of the field generation ability, computational difficulty, working
scenario, and cost performance.

The future focus on magnetic actuation systems may be four-
fold, most of which mainly concentrate on medical applications.
First is the scaling issue, which is prominent for electromagnetic
systems. The magnetic field and field gradient attenuate rapidly
with the distance; therefore, a larger workspace usually requires
bulkier electromagnets and higher currents. Cooling systems,
such as forced air cooling,[121] water cooling,[127] liquid nitrogen
cooling,[98] and superconducting,[179] are necessary to accelerate
the dissipation of resistive heat and mitigate heat effect. Another
option is to use mobile electromagnets that can approach the
ROI, as reported recently.

Second is the integration with imaging devices at the system
level. Imaging devices (e.g., optical microscopes and cameras)
are mostly positioned at the interspace of the actuation system
for in vitro applications, and this arrangement is generally
accepted. Concerning in vivo applications, imaging remains
a challenge.[180] Magnetic localization is a good candidate for
millimeter end effectors but arduous for micrometer end
effectors. Using MRI for simultaneous actuation, localization,
and imaging is another solution, but patients with cardiac pace-
makers and metallic foreign bodies are excluded. Fluoroscopy
equipment has a strict requirement of free space, and radiation
is inevitable. Translational and rotational movements of the
probe are necessary during ultrasound imaging, which need
to be solved when integrated with magnetic actuation systems.

Third is safety considerations. Medical equipment hazards
may threaten both patients and medical staff; therefore, ensuring
safety is one of the critical issues. For example, a robotic arm
working near the body should always conduct high-precision
collision-free motion, the security of the strong magnetic field
needs to be guaranteed, and the safety and effectiveness of
the cooling system must be maintained.

Fourth is improving the performance of the applied magnetic
field. The high-frequency magnetic field, which is necessary for
some situations (usually less than 150Hz),[181] is hard to be
produced due to bandwidth limitation. For the permanent mag-
netic system, the inertia confines the physical motion of the
mechanism. Regarding the electromagnetic actuation system,
multiturn copper wire results in strong induction, and the
hysteresis of the soft-iron core also has an inevitable effect,
both of which are ignored at low frequency but need to be
compensated at high frequency. Another issue is magnetic field
inaccuracy caused by heat effect, which needs to be addressed for
the generation of highly precise magnetic fields.

In summary, this survey reviews the state-of-the-art magnetic
actuation systems, including the basic theory, systematic config-
uration, biomedical applications, and potential challenges.
Although some newly proposed magnetic actuation systems
still claim further development and validation, the preliminary
results have satisfactorily demonstrated the improved controlla-
bility of magnetic end effectors for diverse applications.
Combined with multifunctional miniature robots, advanced
control methods, and other technologies, magnetic actuation sys-
tems will allow significant advances in biomedical innovations.
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