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a b s t r a c t

Due to the unique advantages of untethered connections and a high level of safety, magnetic actuation is
a commonly used technique in microrobotics for propelling microswimmers, manipulating fluidics, and
navigating medical devices. However, the microrobots or actuated targets are exposed to identical and
homogeneous driving magnetic fields, which makes it challenging to selectively control a single robot
or a specific group among multiple targets. This paper reviews recent advances in selective and indepen-
dent control for multi-microrobot or multi-joint microrobot systems driven by magnetic fields. These
selective and independent control approaches decode the global magnetic field into specific configura-
tions for the individualized actuation of multiple microrobots. The methods include applying distinct
properties for each microrobot or creating heterogeneous magnetic fields at different locations.
Independent control of the selected targets enables the effective cooperation of multiple microrobots
to accomplish more complicated operations. In this review, we provide a unique perspective to explain
how to manipulate individual microrobots to achieve a high level of group intelligence on a small scale,
which could help accelerate the translational development of microrobotic technology for real-life
applications.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Robotic manipulation using a magnetic field has shown signifi-
cant progress in the past couple of decades and has made a pro-
found impact in a variety of applications, such as microrobots
biopsy [1], drug delivery [2], cell manipulation [3], and
microassembly [4]. In magnetic manipulations, microrobots that
are built with permanent magnets or ferromagnetic materials are
actuated wirelessly by means of external magnetic fields. Com-
pared with other manipulation strategies, such as acoustic [5],
optical [6], thermal [7], and piezoelectric approaches [8], magnetic
actuation has intrinsic advantages in terms of its untethered con-
nection, large force output, and high level of safety.

In a typical magnetic microrobotic system, single or multiple
robots made of ferromagnetic materials [9–11] are actuated inside
the workspace of an external programmable magnetic field. The
external field is generated and controlled by magnetic coils with
a controllable current or by permanent magnets with adjustable
positions [12,13]. The microrobots are moved by magnetic forces
or torques using gradient or uniform magnetic fields. However,
actuation methods driven by a global field suffer from low flexibi-
lity in the control of multiple microrobots, because the movement
of a selected robot or agent inevitably affects other objects in the
workspace. Therefore, the cooperative control of multiple or a
swarm of microrobots has been studied to achieve complicated
micromanipulation tasks [14,15]. In addition to swarm manipula-
tion, the selective and independent control of a single agent within
a group is a challenging yet useful methodology for cooperative
micromanipulation in order to achieve complicated group tasks.

This paper describes the fundamentals of magnetic microma-
nipulation, reviews existing selective and independent control
methods for multiple microrobots, and discusses potential applica-
tions and future research. Unlike other review topics in this field,
such as the motion principle and control [16,17], advanced applica-
tions [18,19], and biohybrid actuation [20], this paper focuses on
the independent and selective control of individual magnetic
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robots in a multiple robot system. The selective control of field-
driven microrobots is of great importance in increasing the opera-
tion speed, expanding the load capabilities of microrobots, and
improving the flexibility of collaborative manipulation. With these
advances, magnetic microrobots will be enabled to achieve broad
applications with a higher level of intelligence.

This review describes the fundamental actuation mechanisms
for magnetic microrobots and summarizes different control strate-
gies for the selective manipulation of these devices. Mainstream
independent control strategies can be divided into five categories,
as shown in Fig. 1: ① global uniform field strategies, which rely on
an individual’s differing torque response in a global rotational uni-
form field; ② global gradient field strategies, in which an unequal
magnetic force is caused by a non-uniform gradient field; ③ local
moveable magnet strategies, in which an enhanced local magnetic
field is generated by moveable magnets; ④ local electromagnet
strategies, which rely on selective activation via addressable planar
magnetic coils; and ⑤ frequency resonate strategies that rely on
the differential resonance of individual microrobots. Combinations
of these strategies have also been reported in the literature.

This review is organized as follows. Section 2 introduces the
magnetic actuation mechanism, including the generation of mag-
netic force, magnetic torque, and the coupling effect with con-
trolled devices. The five categories of advanced independent
control strategies are summarized in Section 3. After that, Section 4
describes state-of-the-art applications using independent control
strategies. Section 5 discusses the potential and future perspectives
of the independent control approach in a multiple robot system,
which is followed by a conclusion in Section 6.
Fig. 1. Independent control strategies for multiple magnetic robot systems can be
categorized into five categories, explained clockwise beginning from the top. Global
uniform field: Magnetic robots are designed with different characteristics or a
limited rotation angle and are actuated by a uniform field. Global gradient field: A
global gradient field is applied to generate a location-dependent force mapping
control. Local moveable magnet: An external permanent magnet is used to enhance
the local magnetic density. Local electromagnet: Selective actuation is performed
via a planar coil array. Frequency resonates: Magnetic robots are designed with a
distinct resonate frequency and actuated by an external frequency-variable
magnetic field. F1, F2: magnetic force on individuals; f1, f2: applied actuation
frequency; T1, T2: magnetic torque on individuals.
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2. Principles of magnetic manipulation

Magnetic actuation relies on the coupling of externally applied
magnetic fields and magnetic individuals. To better understand the
fundamental mechanism of magnetic actuation, this section intro-
duces how an external magnetic field is generated from two typical
magnetic sources: permanent magnets and electromagnets. We
also investigate in detail why varying an external field can be used
to manipulate a micro individual. Overall, the locomotion of mag-
netic robots is affected by the coupled magnetic torque, force, and
interaction between individuals.

2.1. Magnetic field generation

Compared with magnetic field generated from energized coils, a
permanent magnet is an energy-friendly and highly efficient mate-
rial for manipulating small objects. In addition, a permanent mag-
net occupies less space than electromagnetic coils to produce the
same level of magnetic field. The major limitation of permanent
magnet-based methods is that the magnetic strength cannot be
turned off after operation. The magnetic strength exerted on a con-
trolled device is dependent on the source’s magnetic moment M,
volume V, and source-to-devices vector r. When the source-
devices distance is much larger than the dimension of the magnetic
source, the dipole model can be used to express the distribution of
the magnetic field.

B M;V ; rf g ¼ l0

4pr5
3rrT � r2I
� �� �

VM ð1Þ

where B{M;V ; r} is the magnetic field generated by the dipole mag-
net; l0 is the air permeability; and I is the identity matrix.

According to Eq. (1), the magnetic strength decays cubically
with distance and is proportional to the volume and magnetic
moment of the magnetic source. After the magnetic source is
selected, one can adjust the orientation and position of the source
magnet to generate a desired magnetic flux density at the location
of the controlled microrobot.

Electromagnetic coils are the other way to generate an adjusta-
ble magnetic field. Unlike permanent magnets, electromagnetic
coils can change the field strength without moving the magnetic
sources, providing a more controllable solution for magnetic
actuation. As a magnetic source, electromagnetic coils suffer from
a relatively low magnetic force and torque in comparison with
permanent magnets. Possible solutions to increase the force and
torque output include using a large current or increasing the num-
ber of coils. However, these solutions can raise concerns about the
increased heat generation and energy costs. Two typical settings
for electromagnetic systems are the Helmholtz coil and the
Maxwell coil, which can provide a uniform field and a gradient
field, respectively. Without loss of generality, the magnetic field
of a cylindrical coil can be determined using the Biot–Savart Law,
as follows:

B i;h; r; l;Nf g ¼ Nl0i
4p

Z
h

Z
l

dl� r
r3

dh ð2Þ

where N is the number of coil layers; i is the current density; l is the
unit vector of the coil; and h is the height of the coil.

After an electromagnetic system is built with a fixed size and a
constant number of coils, the magnetic strength at a given point
(i.e., at the location of the controlled device) is dependent on the
energized current of the position and the orientation of the cylin-
drical coil. To increase the flexibility of electromagnetic systems,
researchers have designed moveable coils to perform more com-
plex tasks and minimize energy consumption [21,22].



Fig. 2. The interaction between two magnetic devices. By adjusting the direction of
the external magnetic field, the interaction of two magnetic substances can be
converted from repulsion to attraction. h: the angle between the global magnetic
field direction and the connecting line (R1–R2) of two controlled devices; Fr, Fh: the
forces along and perpendicular to the connecting line, respectively.
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2.2. Actuation mechanism of a magnetic microrobot

In magnetic manipulation, microrobots are fabricated using
magnetic materials that can be excited by external magnetic
induction. Magnetic materials are classified into soft and hard
magnetic materials, according to the coercive force and magnetic
resistance. Soft magnets have relatively low magnetization (i.e.,
coercivity < 1000 A�m�1), whereas hard magnetic materials have
a higher magnetic strength that is usually considered to be con-
stant under an external actuation magnetic field. For simplicity
in this discussion, the following sections analyze the actuation
mechanism of the magnetized material using a constant magnetic
moment, M. More details on the magnetization process are pro-
vided in Refs. [16,18].

2.2.1. Magnetic torque
When a magnetic dipole is used to generate an external mag-

netic field B, the controlled devices tend to align and rotate with
the external magnetic field. A rotational field makes the controlled
device follow the rotation because of the changing magnetic tor-
que. The general form of the magnetic torque on a controlled mag-
netic device can be expressed as follows:

T ¼ B�M ð3Þ

where M ¼ MxMyMz
� �T and B ¼ BxByBz

� �T are the dipole moment
and applied field in each axis, respectively. According to Eq. (3),
the devices or microrobots are rotated by the torque generated from
the changing magnetic field B. In microrobotic applications, a heli-
cal or screw-like structure is widely adopted to transform the rotary
motion into a linear motion for moving the controlled device in the
workspace.

2.2.2. Magnetic force
The gradient of the magnetic field causes the force that acts on

the magnetic devices. At the location with a magnetic gradientrB,
the general form of the magnetic force exerted on a controlled
device with a magnetic moment M can be expressed as follows:

F ¼ M � rð ÞB ¼ Mx
@

@x
þMy

@

@y
þMz

@

@z

� �
B ð4Þ

From this equation, the magnetic force is proportional to the
magnetic moment of the controlled devices, which is a function
of the object size and the magnetization strength. When a uniform
magnetic field is applied (i.e., @B

@x ¼ @B
@y ¼ @B

@z ¼ 0), no force is gener-

ated on the controlled devices.

2.2.3. Magnetic interactions between individuals
When multiple microrobots are present in the workspace and

are close to each other, the interactions among them can signifi-
cantly affect their behaviors. Since the amplitude of the external
magnetic field is much higher than that of the local field generated
from the controlled microrobots, the controlled devices are more
likely to align with the external magnetic field. However, because
of the short distance between two neighboring microrobots, the
local interaction force is not negligible [18,23].

Without the loss of generality, the following discussion uses
two controlled devices (R1 and R2) as an example. As shown in
Fig. 2, the transition between repulsion and attraction can be con-
trolled by changing the direction of the external magnetic field.
With the fixed magnetic moments (M1 and M2), the force on the
R1 generated by the magnetic source R2 can be expressed by sub-
stituting Eq. (1) into Eq. (4). Here, the R1 with a magnetic moment
M1 is regarded as the field-generating unit and the R2 with a mag-
netic momentM2 is regarded as the force-receiving unit. By substi-
23
tuting the magnetic field at position R2 (generated by R1) into Eq.
(4), the corresponding magnetic interaction force is

F ¼ �r l0

4pkrk3
M1 �M2 � 3

M1 � rð Þ M2 � rð Þ
krk2

 ! !
ð5Þ

Given the angle h between the global magnetic field direction
and the connecting line (R1–R2) of two controlled devices (shown
in Fig. 2), the interaction force in Eq. (5) can be rewritten as
follows:

F ¼ �l0M1M2

4p
r 1� 3cos2h

krk3
 !

ð6Þ

Using the cylindrical coordinate system, the interaction force
can be decoupled into two components, Fr and Fh, which respec-
tively denote the forces along and perpendicular to the connecting
line.

Fr ¼
3l0M1M2 1� 3cos2h

� �
4pkrk4

ð7Þ

Fh ¼ 3l0M1M2 2coshsinhð Þ
4pkrk4

ð8Þ

If we let Fr = 0, then the critical angle h = 54.73� is solved. When
the angle is smaller than the critical value, the two microrobots are
attracted to each other. When the angle is larger than the critical
value, the microrobots repulse each other. The force Fh indicates
the rotational tendency of clockwise or counterclockwise, which
is utilized during swarm control to generate vortexes or aligned
patterns in order to arrange magnetic particles [24,25]. Other
researchers have also used the interaction force to control the dis-
tance between devices for logistic tasks [26,27].

3. Advanced control strategies

Compared with single and swarm robot systems, the multi-
robot systems that can be independently controlled permit the
completion of complex collaboration tasks with high efficiency.
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With the development of micro/nano fabrication techniques and
advances in control strategies, various approaches have been
employed for the selective control of magnetic robots in a multi-
agent system. As mentioned earlier, these strategies can be roughly
divided into five categories. We review these five kinds of method-
ologies and summarize their advantages and limitations in this
section.
3.1. Global uniform field strategies

It is challenging to control each microrobot independently in a
multi-microrobot system, because all microrobots receive the
same driving signals from the external magnetic field. Methods
to achieve nonidentical behaviors must be developed to break
the homogeneity among individual magnetic robots. This section
reviews three types of independent control methods in a uniform
magnetic field: individualized design with different geometry or
a distinct magnetic moment, activating or locking individuals via
magnetic hysteretic characteristics, and applying auxiliary struc-
tures to limit unnecessary degrees of freedoms (DoFs).
Fig. 3. Independent locomotion under a homogeneous field. (a) Distinct inner physical pr
uniform field changes the devices’ orientation and gradient field to propel the devices; (ii
for selective control: (i) controlled devices with different coercivity; (ii) controlled de
structural design to limit certain DoFs: (i) capsule endoscope with two orthogonal chamb
robots; m1

�!, m2
�!: a pair of nanostructures at arbitrary locations with respect to each other

radius; u: assembly angle; h: helix angle; v: swimming velocity; Fl, Fs: propulsion forces o
moment; Hact: magnetic actuation field; Hpulse: magnetization switching field pulse; SC1

BRMF: rotating magnetic field (d = 90�); N: a unit vector of the rotating axis; U: a unit
reproduced from Refs. [33,34] with permission; (c) reproduced from Refs. [35,36] with
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A global uniform field can be generated by a Helmholtz coil,
which is the commonly used method to output a uniform field.
However, fabricating the small robot with different properties is
a nontrivial task, and designing novel structures at a small scale
to limit unnecessary DoFs is also a challenge.

3.1.1. Distinct magnetic properties
The selective control of multiple microrobots in a homogeneous

field can be achieved by differentiating the design of each micro-
robot. Changing the fabrication materials and geometries enables
independent control of individuals, because different materials
have various responses to a uniformmagnetic field. Moreover, geo-
metrical differences require distinct torque for rotation.

Fig. 3(a) [28–30] shows the independent control approaches by
designing individuals with distinct inner physical properties. To
locomote a magnetic target on the ground using a unique external
magnetic field B, the magnetization of the target should surpass
the threshold valve Mmin to overcome the gravitational torque Tg
of the target. Floyd et al. [28] used Mmin as the threshold value to
selectively actuate microrobots made of soft and hard magnetic
materials. When the applied magnetic field was not strong enough
operties for selective control: (i) different manufacturing materials and sizes; (ii) the
i) a helical robot with different diameters and lengths. (b) Hysteresis characteristics
vices with the same materials but different magnetization directions. (c) Special
ers; (ii) crowing robot with independent crow, drill, and pulley structure. Ra, Rb, Rc:
; t0, t1, t2: time; Bxy: external applied direct current (DC) field;-: angular velocity; r:
f swimmers l and s; FT: towing force; Dl, Ds: drag of swimmers l and s; m: magnetic
, SC2: screw caps; d: precession angle; BPMF: precession magnetic field (0 < d < 90�);
vector normal to the N. (a) Reproduced from Refs. [28–30] with permission; (b)

permission.
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to magnetize the soft magnetic material to reach the threshold
value, only the hard magnetic microrobot was selected to loco-
mote. In contrast, soft and hard magnets can be actuated simulta-
neously if the applied field is higher than Mmin. In this way, both
soft and hard materials can be magnetized ((i) in Fig. 3(a)) [28].
A decoupling mechanism was also reported on multi-nanomotors
with identical shapes but different magnetization directions. In
this system, micromotors with unique body orientations can align
with a uniform field. By oscillating the constant field, different
microrobots can be made to rock with different axes and translate
to separated destinations. As a result, by programming the con-
stant and oscillating field, direction and positioning control can
be achieved independently ((ii) in Fig. 3(a)) [29].

Moreover, microrobots made of the same materials with vari-
ous aspect ratios were utilized for independent control according
to their separate rotational inertias [31]. A robot with a high aspect
ratio has a large rotation inertia and a low angular acceleration
when actuated by an oscillating field. For example, if the angular
velocity is low, the microrobots can rotate around the contact
points. In contrast, if the angular velocity is too fast to be followed
by the microrobots, the contact point may slip on the surface. In a
subsequent study, the researchers extended the parallel locomo-
tion to two-dimensional (2D) independent control by varying the
velocity response of each microrobot with distinct control signals
[32]. Similarly, Tottori et al. [30] achieved the selective control of
three magnetic microrobots by changing the length of a helical
structure. This method was applied to rearrange the microrobots
for an assembly process ((iii) in Fig. 3(a)).

3.1.2. Magnetic hysteretic variations
The magnetic hysteretic curve reveals the remanence level of

magnetic materials during a magnetization or demagnetization
process. The robot with not the same materials has a different hys-
teresis, which can be used for the selective control via the distinct
magnetic coactivity and remanence. For microrobots made of the
same material, the hysteretic characteristics do not change. How-
ever, the magnetization effect in different directions contributes
differently to a microrobot with asymmetric geometry. For exam-
ple, the long axis of an elliptical individual is easier to magnetize
than the short axis, which can be used for selective actuation by
utilizing orientation differences among microrobots. Diller et al.
[33] demonstrated independent control via selective magnetiza-
tion and demagnetization for microrobots made of both the same
and different materials ((i) in Fig. 3(b)). The experimental results
showed that a group of microrobots could move independently.
This approach is expected to be effective for microrobots of differ-
ent sizes, as long as they have distinct magnetic hysteretic proper-
ties. A similar approach was adopted for microfluidic applications
((ii) in Fig. 3(b)) [34]. In this system, several pumps made of
neodymium-iron-boron and ferrite particles could be selectively
turned on or off by a strong external pulse field when the pumps
were adjusted to different orientations.

3.1.3. Novel physical structure design
In general, magnetic microrobots with the same design have

identical responses to a uniform magnetic field in an uncon-
strained workspace. To allow differentiated movements and
diverse functions in each joint, novel mechanical designs have
been proposed that limit part of the DoFs and permit individual-
ized actuation. A representative design proposed by Choi et al.
[35] is a capsule microrobot for drug delivery ((i) in Fig. 3(c)). This
microrobot contains two orthogonal cylindrical chambers that can
be selectively actuated by rotating the magnetic screw caps. After
the capsule microrobot is moved to the lesion under a gradient
field, two chambers can be selectively released through a uniform
rotational magnetic field with a different rotation axis. In another
25
study, Lee et al. [36] proposed a magnetically pulled robot working
in a tubular environment. The robot was able to crawl in narrow
tubular surroundings and could drill or expand to unclog blocked
regions ((ii) in Fig. 3(c)). This independent joint control was
achieved by orthogonally placing a joint control magnet. In this
way, different functions such as crawling or drilling can be
achieved.

3.2. Global gradient field strategies

As discussed in Section 3.1, differential torque-based actuation
requires individuals made through difficult fabrication processes
or built with extra structures to limit coupled DoFs. These methods
have limitations, such as time cost, energy waste, and room occu-
pation. Solutions using a gradient field for actuation have been pro-
posed, which can simplify the fabrication process for the
independent control of microrobots with the same physical prop-
erties. This section summarizes advances in selective control
involving different magnetic forces generated by gradient fields.
In a non-uniform field, the magnetic gradient can be controlled
to achieve the effect of different forces on a robot at several posi-
tions. Therefore, this approach requires real-time position feedback
and kinematic modeling for each microrobot. Based on whether
the number of inputs is more than the required DoFs, gradient-
based independent control systems are divided into fully actuated
and underactuated systems [37]. For example, when more than
one particle is present, the utilized system has only one control
input (e.g., a permanent magnet or coil), and more than one DoF
needs to be controlled. Hence, the system is defined as underactu-
ated. Fig. 4 [21,37–44] shows some representative studies for inde-
pendent controlling individuals by fully actuated and under
actuated systems, respectively.

3.2.1. Fully actuated system
When the number of control inputs is equal to or greater than

the product of the controllable robots with their operable DoFs,
the magnetic actuation system is defined as fully actuated. In this
case, the kinematics and controlling matrix are relatively easy to
model, as no other additional force needs to be included in the
equations. Nevertheless, the required coils increase with the num-
ber of controllable targets, so this method can only control a small
number of magnetic targets due to the limited space.

Independent control of two magnetic targets using gradient
fields was first demonstrated in a one-DoF scenario ((i) in Fig. 4(a))
[38]. In this work, two coils were installed on two sides of a tube,
and two robots were placed in the tube. The net force for one of
these robots was the superposition of the external magnetic force
and the interaction force between two microrobots. Accordingly,
one microrobot could be selectively actuated while the other was
kept stationary with a zero net force. With position feedback, the
selective control of two magnets was achieved in both an open-
and closed-loop manner. To expand the workspace into a 2D plane,
Wong et al. [39] designed a magnetic system with four stationary
coils to move two identical robots independently. First, they
mapped the force–position relationship based on the numerical
simulation and an analytical study. Then, the researchers created
waypoints with predefined velocity and acceleration for each
microrobot ((ii) in Fig. 4(a)) [39]. Real-time vision feedback was
uploaded to the proportion–integration–differentiation (PID) con-
troller for trajectory following and close loop control. The experi-
mental results showed that the two magnetic robots were
controlled following their trajectory in an 85 mm diameter petri
dish with a tracking error of less than 1.5 mm.

Denasi and Misra [45] proposed a leader–follower control
scheme for manipulating two magnetic microrobots. The research-
ers improved the dynamic modeling accuracy by including the



Fig. 4. Independent manipulation based on a gradient field. (a) Fully actuated system: (i) selective control of two magnetic robots in a 1D pipeline; (ii) controllable movement
of two magnetic particles in a 2D plane; (iii) controllable locomotion of two microrobots in the same and opposite direction; (iv) two controlled devices move with
independent trajectories in 3D space; (v) two magnetic beads can be controlled independently or can move along different trajectories simultaneously; (vi) customized
multiple sets of coils drive two targets, of which eight sets of coils are arranged vertically, and four sets of coils are arranged in a plane. (b) Underactuated system: (i)
combined with a sidewall effect to realize independent position control; (ii) combined with inertial transients via the designed width and sequence of the magnetic field; (iii)
customized structure to limit the DoFs in unrequired directions. I1, I2: current through coil; x1, x2: position; L: distance between coils; bF : orientation and force vector; R1, R2:
radius of microbeads; P1, P2: final position; Fd1x, Fd2x: drag forces; Fm1x, Fm2x: magnetic force; S: initial distance separating the microbeads; R3, R5: microrobots with different
shape; n: number of DoF; e: the minimum spacing between two robots and the minimum separation from the boundaries; hx, hy, hz: rotational angle with different axis; Dt1,
Dt2: the width of a sequence of pulses; DtOFF: a zero input of duration. (a) Reproduced from Refs. [21,38–42] with permission; (b) reproduced from Refs. [37,43,44] with
permission.
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magnetic force, hydrodynamic drag force, buoyancy force, and
gravitational force. With the accurate dynamic model, the two
microrobots were actuated to follow a preset trajectory with an
average error of about 10 mm. Mellal et al. [40] improved systems’
accuracy by adopting linear quadratic controller to move multiple
magnetic microbeads at different velocities in the same or opposite
directions ((iii) in Fig. 4(a)). In some applications, microrobots are
required to move in a 3D space. Diller et al. [41] achieved the
26
independent actuation of multiple magnetic microrobots in 3D space
((iv) in Fig. 4(a)). Ongaro et al. [21] developed more dexterous
actuation systems by integrating moveable electromagnetic coils
to levitate and translocate multiple microrobots in a fluidic envi-
ronment ((v) in Fig. 4(a)). The systems were designed to produce
a high magnetic gradient and to maintain the balance between
gravity and magnetic force. Using a similar strategy, researchers
developed a new electromagnetic system by integrating eight
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vertical coils to generate a tunable magnetic field in the X- and Y-
directions and four horizontal coils to control the magnetic
strength in the Z-direction ((vi) in Fig. 4(a)) [42].

3.2.2. Underactuated system
Because of the limited workspace, most applications do not

have sufficient magnetic sources to selectively actuate multiple
individuals. For example, clinical application always requires more
than one robot for cooperative tasks, while only one magnetic
source (e.g., magnetic resonance imaging (MRI)) exists in a clinical
operating room. Thus, external forces other than magnetic force
should be involved in actuation. Solutions have been proposed in
recent years, such as combining magnetic force with adhesion
force generated by sidewalls, adopting the interaction force
between individuals, adding friction via the mechanical structure,
and so forth. In 2017, Shahrokhi et al. [43] achieved the indepen-
dent position control of two homogeneous particles using mag-
netic force and sidewall friction ((i) in Fig. 4(b)). Because of the
adhesion force, the particle near the sidewall was locked, while
the other particle could be actuated freely under a magnetic field.
With the assistance of the sidewall interaction, the two particles
could be moved to different positions. The particle that interacted
with the sidewall was moved using a shortest-path algorithm,
whereas the freely moving particle was programmed to compen-
sate for the movement, allowing both particles to reach the desti-
nation simultaneously ((i) in Fig. 4(b)) [43]. Two years later, the
researchers expanded the workspace from a square space to a con-
vex region, and the system was upgraded to 3D position-
independent control by introducing the gravity force into the
dynamic model [46].

Independent control can also be achieved in an underactuated
system by means of a unique mechanical design. In Ref. [44], the
system contained three orthogonal pivots, and a ferrous sphere
was installed at the end of the pivots. The magnetic field at a given
point could be decoupled into three directions ((ii) in Fig. 4(b))
[44]. If the applied force was parallel to the pivot axis, no torque
was generated, and the corresponding axis was kept fixed without
any rotation. Adopting this mechanism, the researchers demon-
strated the control of a magnetic device for targeted delivery and
biopsy by a commercial MRI.

Without assistance from the surroundings, it is challenging to
achieve independent control of multiple microrobots in an under-
actuated system, because the motion of multiple microrobots is
nonlinear in a gradient field. Researchers have attempted to tackle
this limitation using the perspective of control strategies. For
example, Vartholomeos et al. [37] achieved independent position
control of two millimeter-scale magnetic robots using a gradient
field with programmable pulse widths. As shown in (iii) in Fig.
4(b) [37], in one cycle, one of the robots could be controlled to
be in a dynamic equilibrium state, with a net displacement of zero.
The other robot could be actuated toward the destination. In a sub-
sequent study, the same group introduced a robust and stable con-
troller with optimal switching between actuation and tracking for
the independent closed-loop control of two magnetic robots [47].

3.2.3. Actuation by uniform and gradient field
A rotational uniformmagnetic field and a gradient field are used

to actuate magnetic microrobots through magnetic torque and
force, respectively. Accordingly, a rotational field actuates a micro-
robot with rotational movement, while a gradient field actuates a
microrobot with translational movement. This section discusses
selective control methods that employ a combination of a uniform
field and a gradient field. In this actuation framework, one of the
actuation modes (torque or force) is utilized to lock the unselected
targets, while the other drive mode is responsible for operating the
other targets. This selective control framework is inspired by mag-
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netostatic bacteria whose moving direction is governed by a mag-
netic field, while kinetic energy is responsible for moving the
bacteria forward as the power source [48]. Two independently
actuated magnetic particles were demonstrated to move sequen-
tially or in a parallel manner using a combined rotational and gra-
dient field. For sequential movement control (Fig. 5(a)) [49], the
unselected microswimmer is locked in place through a dynamic
balance between rotational propelling and drag force. Because
the rotational axis of the uniform field is perpendicular to the
direction of the gradient, movement along the rotation axis is
restricted. For simultaneous movement control, it is challenging
to actuate two individuals to locomote toward the desired direc-
tions using a gradient field. The researchers proposed a step-by-
step method to actuate two individuals simultaneously. To
improve the control precision, the gradient field was adjusted once
the distance between the swimmers and their desired positions
was larger than the threshold value.

Rahmer et al. [50] reported an approach for the spatially selec-
tive actuation of helical micromachines. In this study, the research-
ers installed three magnetic rings on screws distributed in the
workspace. The applied field was the combination of a static gradi-
ent field Hs, a rotational field for field-free point selecting Hoffs, and
a uniform rotational field for actuation Hrot, shown as: H = Hs + Hoffs +
Hrot. A magnetic field-free point was created via the offset of a sta-
tic gradient field Hs and a uniform offset field Hoffs. A rotational
uniform field Hrot was adopted for rotating the magnetic target.
In contrast, the magnetic rings at other points were locked because
of the friction between the rings and screws (Fig. 5(b)) [50].

In 2015, Petruska and Nelson [51] proved that a magnetic field
and its gradient could be modeled as eight independent compo-
nents at any point in the workspace. Three years later, Salmanipour
and Diller [52] demonstrated the independent control of up to
eight DoFs with a maximum coupling of 8.6%. As shown in Fig.
5(c) [52], the eight-DoF magnetic system involves seven cubic
magnets that are physically constrained to experience deflections
along one or two axes. The external magnetic field and its gradient
can produce various combinations of a force and torque element on
each agent for independent control. Similarly, other researchers
developed a multifunctional capsule robot with seven DoFs that
can be independently actuated, as shown in Fig. 5(d) [53]. Three
DoFs were used to control the drag chamber for spray, and the
other DoFs were designed for locomotion and biopsy. The experi-
mental results showed that the average crosstalk error among
the DoFs was 7.0%, with the highest error of 18.3%. Recently, two
magnetic microgrippers were proposed to independently pick up
and deliver cargo to two separate destinations with a path planner
algorithm, where an external gradient magnetic field was used to
adjust the position of the two grippers. When the grippers were
moved close to objects, the precision locations were adjusted by
the interaction force between individuals (Fig. 5(e)) [27].

3.3. Local electromagnet strategies

The methods discussed in previous sections are based on global
magnetic field input. The input current of each magnetic coil is pre-
cisely controlled to enable the movement of selected magnetic
microrobots, while minimizing the coupling for other microrobots.
Therefore, the control algorithms involve complex modeling with a
high order of control matrix, and the trajectory error can easily
accumulate if no feedback is provided, because the actuating
effects of the unselected target cannot be eliminated. To simplify
the control problem, researchers have developed specialized sub-
strates that can produce a localized magnetic field for actuation.
The manipulation mechanism of such systems typically uses
embedded micro solenoids or electrostatic pads to propel or
anchor the selected microrobots. Fig. 6 [4,54–65] summarizes the



Fig. 5. Use of a combined uniform field and gradient field to manipulate individuals independently. (a) A uniform field is adopted to activate the device; then, the robot is
dragged by the gradient field. (b) The gradient field improves the pressure between helical machines and screws, thereby increasing the friction force; then, the rotational
uniform field actuates the robot up and down. (c) Independent control of eight DoFs is achieved using gradient and uniform magnetic fields. (d) A capsule robot with
independent control for drug delivery and biopsy. (e) Rotating a uniform magnetic field changes the attitude of the controlled devices, thereby adjusting their interaction to
achieve independent position control; then, a gradient magnetic field is used to transfer cargo. d1–d8: moving direction; fx, fy: actuation force; sx, sy, sz: actuation torque; M1–
M7: magnets. (a) Reproduced from Ref. [49] with permission; (b) reproduced from Ref. [50] with permission; (c) reproduced from Ref. [52] with permission; (d) reproduced
from Ref. [53] with permission; (e) reproduced from Ref. [27] with permission.
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Fig. 6. The development of independent control methods via a local electromagnetic field from the perspectives of system manufacturing, multifunctional control strategies,
and system intelligence. (a) The first demonstration of independent control using a local solenoid array; (b) an improved solenoid structure for particle trapping and
actuation; (c) applying an electrostatic force to anchor targets; (d) the use of local anchoring for pattern programming; (e) using printed circuit board (PCB)-integrated coils to
provide a local field; (f) independent control in an open-loop manner; (g) independent control targets in a closed-loop manner with real-time position feedback; (h) the use of
orthogonal double-layer microcoils to enhance the local field; (i) a combination of global and local fields for target manipulation; (j) the use of independent control to
complete sequential and temporal tasks; (k) the cooperative transportation of two magnetic individuals; (l) an intelligent micro-storage system for droplet manipulation;
(m) the independent control of soft and rigid robots using a planar coil array. i: current; A, B, C, D: four microrobots; Fid: electrostatic anchoring force; W: weight; Fx, Fz:
magnetic forces; Ff: static friction force; N: reactive normal force; Ty: magnetic torque; Fadh: adhesive force; M

!
: magnetization vector of the microrobot; V�, V+: relative

voltage across the electrodes; RI: radius of influence; CCD: charge coupled device; PI: proportional–integral; x: current state; x1–x3: transition state; I: current; Bglobal: global
magnetic field; Blocal: local variations in magnetic fields; v: velocity. R1–R4: four robots. (a) Reproduced from Ref. [54] with permission; (b) reproduced from Ref. [55] with
permission; (c) reproduced from Ref. [63] with permission; (d) reproduced from Ref. [64] with permission; (e) reproduced from Ref. [56] with permission; (f) reproduced
from Ref. [57] with permission; (g) reproduced from Ref. [58] with permission; (h) reproduced from Ref. [59] with permission; (i) reproduced from Ref. [60] with permission;
(j) reproduced from Ref. [4] with permission; (k) reproduced from Ref. [61] with permission; (l) reproduced from Ref. [62] with permission; (m) reproduced from Ref. [65]
with permission.
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recent attempt of individual actuation using local magnetic field.
The limitation of this methodology is that it relies on high-
precision manufacturing of the substrate, and it cannot expand
the operation space to 3D space. Although this method addresses
the error accumulation problem, it is difficult to accurately move
the target between two local units, due to the drastic changes in
the magnetic field between neighboring actuation units.

As early as 1995, researchers started designing multi-micro-
electromagnets systems to operate several permanent magnet tar-
gets (Fig. 6(a)) [54]. Subsequently, Lee et al. [55] designed two
types of micro-electromagnets (a ring and a matrix trap) to attract
and trap particles with a high magnetic density (about 0.1 T) and
magnetic gradient (about 104 T�m�1) in 2001 (Fig. 6(b)). With
advances in integrated circuit technology, Pelrine et al. [56] fabri-
cated micro coils into a printed circuit board (PCB) to generate
local magnetic fields in order to manipulate multiple homogeneous
millimeter-scale robots (Fig. 6(e)). Similarly, Cappelleri et al. [57]
adopted a micro-electro-mechanical system (MEMS)-fabricated
micro coils array to manipulate magnet robots (Fig. 6(f)).

Simulation and open-loop experiments have demonstrated the
success of the distributed control of multiple robots in a planar
workspace. In order to reduce error accumulation, Chowdhury
et al. [58,66] developed closed-loop control strategies with visual
feedback obtained from a charge coupled device (CCD) camera
(Fig. 6(g)). In their works, the D* lite-based path planner was used
for waypoint determination, and a linear programming optimiza-
tion algorithmwas applied to determine the current of each driving
unit according to the required actuation force. To overcome the
weak actuation force in the low magnetic flux region between two
solenoids, the researchersproposedamodifieddouble-layer orthog-
onal layout of micro coils; this double-layer configuration was then
demonstrated to perform microassembly tasks (Fig. 6(h)) [59,67].
Steager et al. [60] proposed a fine-scale manipulation strategy with
micrometer precision through the superposition of global and local
fields (Fig. 6(i)). Long-distance transport was actuated by a global
field, while substrate-patterned local microwires were used to pro-
duce a local magnetic force to trap selected particles. The use of a
local electromagnetic array to complete sequential and temporal
tasks was first reported in Ref. [4] (Fig. 6(j)). After that, in 2019,
Chakravarthula et al. [61] designed two collaborative robots with
a snap-fit joint structure to transfer cargo (Fig. 6(k)); the robots
were controlled to open and close independently and were capable
of working together. Recently, researchers also demonstrated
the assembly of electronic material using a digital magnetic
substrate [68].

The operation of multiple magnetic robots presents an intrinsic
coupling problem between individuals. Johnson et al. [69] dis-
cussed the interactions between microrobots and suggested a
minimal distance to ensure that the attraction force is smaller than
the static friction. Recently, a selective droplet manipulation
system with a navigation floor was proposed in Ref. [62]. This
study was inspired by an automated guided vehicle system in an
intelligent warehouse. As shown in Fig. 6(l) [62], the navigation
floor is embedded with an array of electromagnetics for actuating
a permanent magnet. A ferromagnetic droplet mixed with
bio-packages can move on the electromagnetic substrate for cargo
delivery. The same approach was adopted for reconfiguring fer-
rofluid droplet robots [70,71]. Aside from a micro electromagnetic
array, another independent control technique is based on electro-
static anchoring. With this method, Pawashe et al. [63] developed
a selective control strategy using four external electric magnetic
coils for actuation and extra interdigitated electrodes under the
substrate to selectively brake the microrobots in place (Fig. 6(c)).
In another similar system, the navigation surface was divided into
a grid of cells fabricated with electrodes to trap the magnetic
microrobot using electrostatic force. Because of the high
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producibility, the selective control of microrobots on a localized
substrate is also used for assembly and disassembly tasks [64].
Recently, Li et al. [65] developed a magnetic system with an elec-
tromagnetic array for steering soft and rigid robots (Fig. 6(m)).
The system demonstrated the potential of controlling multiple
rigid robots or cooperatively navigating multiple flexible robots.

3.4. Local moveable magnet strategies

The magnetic dipole model shows that a permanent magnet can
generate a gradient field around it. This local magnetic field can be
adjusted by repositioning the magnetic source and can be adopted
to control the microrobot independently. Unlike actuation on a
localized substrate, the method based on the movement of perma-
nent magnets can be used to manipulate objects in a three-
dimensional (3D) space, such as lifting and levitating targets in
the workspace. However, the permanent-magnet-based method
suffers from a high coupling effect for operating multiple objects.
Moreover, the magnetic field cannot be turned off, which may
introduce problems due to electromagnetic forces on other ferro-
magnetic objects.

Torres et al. [72,73] installed a conical permanent magnet on a
robotic manipulator to act as an end-effector. The focusing mag-
netic field around the conical tip could be used to manipulate the
target with increased accuracy (Fig. 7(a)) [72]. In 2015, Nelson
and Abbott [74] demonstrated the simultaneous control of two
magnetic screws with converging and diverging movement
through a single rotating dipole. As shown in Fig. 7(b) [74], a rota-
tional magnet can generate a rotational field that is in different
directions at different regions. For example, for region A, the rota-
tion axis is toward the right direction; for region B, it is toward the
left direction. Thus, a rotating permanent magnet can be used to
manipulate several objects toward different destinations. Subse-
quently, the same group further developed a closed-loop control
model with position feedback and achieved a steady-state error
below 0.2% and a ripple in the angular velocity below 1.0% [75].
A similar approach based on local magnetic actuation was used
for the fine tilt-tuning of a laparoscopic tool [76]. Then, Ref. [77]
completed multi-arm cooperation tasks using external moveable
magnets (Fig. 7(c)). Modeling the magnetic gradient is challenging,
especially when the material and morphology of the source mag-
netic field are un-uniform. Ref. [78] achieved the simultaneous
and independent micromanipulation of two identical particles
with the assistance of a neural network for modeling the magnetic
flux density. Aside from solid materials, ferromagnetic fluidics
have also been used for building multi-joint robots [79]. When
external magnets were placed on certain joints, the local pressure
increased and bent the joint due to the accumulation of ferromag-
netic fluidics (Fig. 7(d)) [79]. Accordingly, different motion patterns
were formed by actuating multiple joints independently. A similar
mechanism has been adopted as a magnetorheological valve for
the distributed control of soft robots [80].

3.5. Frequency resonate strategies

Frequency selection is another representative method for the
selective control ofmultiplemagneticmicrorobots in the sameexter-
nal magnetic field. In this approach, the microrobots or agents are
designed to have different resonance frequencies. Frequency-based
methods can be roughly divided into three categories: ① micro-
robots fabricatedwith differentmaterials or compositions,②micro-
robotswith specially designed structures or sizes, and③ customized
electronic circuits with different frequency characteristics.

Utilizing a step-out frequency is one of the most widely used
methods for the selective control of multiple robots [81]. The
step-out frequency is the maximum synchronized frequency



Fig. 7. Independent control by a local permanent magnet. (a) A conical permanent magnet is installed as the end-effector of a robot manipulator, which is used to generate a
local magnetic field to manipulate devices; (b) a permanent magnet can generate torque in different directions with the same frequency at any two positions; (c) independent
and cooperative operation of multi-arm robots driven by a local permanent magnet; (d) local permanent magnets cause magnetic fluid to gather and block, thereby
independently controlling related arms. bX, bx1, bx2: rotation axis; EPM: external permanent magnet; IPM: inner permanent magnet. (a) Reproduced from Ref. [72] with
permission; (b) reproduced from Ref. [74] with permission; (c) reproduced from Ref. [77] with permission; (d) reproduced from Ref. [79] with permission.
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corresponding to the externally applied field. When the external
frequency is lower than all the individuals’ step-out frequency,
multiple robots can be actuated simultaneously. In contrast, if
the external frequency is beyond the step-out frequency of a speci-
fic microrobot, then that microrobot will slow down or remain sta-
tionary, as the driving magnetic torque is smaller than the load
torque of the microrobot.

In 2002, Ishiyama et al. [82] designed two micromachines by
attaching permanent magnetic caps to screw tips. The two micro-
machines were designed with different lengths (6 mm vs 9 mm).
The experiments showed that both machines exhibited a synchro-
nized response to a field of 1 Hz. When the frequency was
increased to 80 Hz, the micromachine with a greater length could
still be actuated, but the shorter machine became stationary ((i) in
Fig. 8(a)) [82]. In a subsequent study, the same group further inves-
tigated the independent orientation control of two micromachines
[83]. Vach et al. [84] developed five micro-magnetic propellers
with different frequency-speed characteristics and achieved selec-
tive control for independent steering ((ii) in Fig. 8(a)). Using the
same strategy, Mahoney et al. [85] analyzed the different fre-
quency responses of a soft ferromagnet and a permanent magnet.
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When the applied frequency was above the step-out frequency of
two small devices, the researchers achieved differential speed con-
trol of two individuals ((iii) in Fig. 8(a)) [85]. The different fre-
quency responses were also used for sorting magnetic
micromachines [86]. Surface modification can also change the fre-
quency response due to the distinct friction force. For example,
Cheang et al. [87] applied a chemical binding method to combine
three magnetic particles into a curved structure ((iv) in Fig. 8(a)).
Although all the individuals had the same geometry and magnetic
properties, the presence of hydrophilic or hydrophobic coating
materials on the surface could cause the different friction to affect
the individuals’ swimming dynamics in the water. As a result,
microswimmers with hydrophobic surfaces exhibited a higher
step-out frequency than those with hydrophilic surfaces.

An individualized structure design is another strategy to modify
the step-out frequency. A representative design can be seen in (i) in
Fig. 8(b) [88]. In this case, the microrobot consisted of two nickel
objects mounted on the substrate with a micro gap between them.
The nickel bodies could be made to contract or expand by changing
the direction of the external magnetic field. Anisotropic feet on the
bottom of robot’s bodies allowed net locomotion under a sequence



Fig. 8. Selective control via frequency resonance. (a) Inner properties caused different resonance frequencies: (i) different diameters and lengths for selective control; (ii)
individuals with different materials can be controlled for independent trajectories; (iii) a distinct step-out frequency regulates the speed of controlled devices; (iv) the surface
materials have different hydrophilic properties, resulting in different resonance frequencies. (b) A specialized structure caused different resonance frequencies: (i) Different
installation modes result in different forces under an external magnetic field (each robot is embedded with two small magnets, one installed parallel to the axis and the other
installed horizontally on the axis). The two embedded magnets can be made to attract or repel each other by adjusting the orientation of the external field, thus propelling the
robot. (ii) Two-tailed sperm robot, where different length ratios of the two tails can result in a distinct step-out frequency; (iii) different head structures (bar-shaped head vs
cross-shaped head) can result in different extended forces and resonance frequencies under the actuation of an external magnetic field. (c) The resistor–capacitance (RC)
circuit caused different resonance frequencies: (i) Different small robots can be controlled separately by frequency decoupling via an RC circuit; (ii) a multi-arm origami robot
is controlled independently by controlling the frequency of the external magnetic field, in which a resistance–inductor–capacitance (RLC) circuit with a different frequency
response and shape memory alloy is installed in each arm. A, C: two magnetic individuals; xh: applied frequency; N42, N52: two kinds of magnetic materials; ms: magnetic
moment vector; B: magnetic field; n: unit vector perpendicular to ms and B; X: moving direction; d: the distance from the robot to the rotational axis; b: the angle between
rotational axis and locomotion direction; L1–L3: the distance from beads’ center to the rotational axis; Li: the distance from robot’s center to the rotational axis; ri: the vector
position of the ith bead; vi: the tangential velocity of the ith bead; l1, l2: length of two tails; r: the length ratio of two tails; v: velocity; T1, T2: magnetic torque for two robots; h:
the angle between the axis of symmetry and the external magnetic; TX: transmitter; RX: receiving; CS, CT, CR: the capacitance of source coil, transmitter coil, and receiving coil;
x1–x5: the resonance frequency of five individuals; AC: alternating current; It: input current of external coil; Bt: magnetic field on the self-folding device. (a) Reproduced
from Refs. [82,84,85,87] with permission; (b) reproduced from Refs. [88,90,91] with permission; (c) reproduced from Refs. [92,93] with permission.
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actuation. The variations in the gap between the two masses and
the assembly direction granted them different frequency
responses. By applying these design strategies, the researchers
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achieved selective control of a group of microrobots. This unique
design and control frame enabled the team to win the RoboCup
competitions in 2007 and 2009 [88,89].
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Inspired by the swimming morphology of human sperm, Khalil
et al. [90] designed a microrobot with two tails mounted in counter
directions ((ii) in Fig. 8(b)). The researchers found that the non-
identical tails could be used to steer the microrobot by controlling
the frequency of the applied field. A critical reversal frequency
exists to stop the movement of a selected robot when the propul-
sion force generated by the two tails is equal in magnitude but
opposite in direction. The researchers demonstrated that the criti-
cal frequency depended on the length ratio of the two tails. Accord-
ingly, the microrobots were fabricated with varied tail length ratios
and were selectively controlled by changing the input frequency.

In another representative study, helical microrobots were fabri-
cated with a different structure of the magnetic head (type I: bar-
shaped, type II: cross-shaped; (iii) in Fig. 8(b)) [91]. In the case of a
90-degree rapid change with the applied rotational field, the type I
robot could rotate following the applied field, while the type II
robot remained stationary. Accordingly, the difference in head
design caused a variation in the step-out frequency.

For a mesoscale robot, the electromagnetic coils can be trigged
selectively by means of different resonance frequencies of cus-
tomized resistance–inductor–capacitance (RLC) circuits. This tech-
nique has been used for the selective control of multiple magnetic
microrobots as shown in Fig. 8(c) [92,93]. For example, a simulta-
neous wireless power transfer and actuation system was demon-
strated in 2018 [92]. In this system, the power from the source
coil was selectively transferred to receiver coils with specific fre-
quencies. The load coils were mounted within microrobots with
different resonant frequencies equal to split frequency values ((i)
in Fig. 8(c)) [92]. Similarly, a multi-joint origami microrobot with
addressable control capability was developed in Ref. [93]. In this
work, the external source coil provided a time-varying magnetic
field by changing the current frequency and amplitude. Each joint
was built with a shape memory array and an RLC resonator with a
unique resonance frequency. When the frequency of the external
field matched the resonance frequency of a selected RLC circuit,
the corresponding joint was activated. Multiple joints could also
be folded simultaneously by rapidly switching among individual
frequencies or superposing all frequencies signals together ((ii) in
Fig. 8(c)) [93].
4. State-of-the-art applications

4.1. Biomimetic applications

Dexterous operations generally require the coordination of
multiple joints or several robots. Therefore, applying a multi-arm
robot is essential for completing assignments with multiple DoFs.
A conventional multi-joint robot is bulky due to the large number
of assembly components, such as heavy motors and gears, making
it unsuitable for applications on a small scale. Magnetic micro-
robots address this limitation because they can be remotely con-
trolled and require a small space. Fig. 9(a) [79,93–95] shows
some biomimetic applications by selectively stimulating the
robot’s joints. For example, Boyvat et al. [93] designed a multi-
joint robotic arm, in which each joint was composed of a shape
memory alloy and a separate receiver coil. The joints could be actu-
ated independently or simultaneously by changing the driving fre-
quency of the external magnetic source ((i) in Fig. 9(a)) [93].
Another study reported a smart device that was a multi-layer ori-
gami robot [94]. Each layer module was composed of an origami
structure covered with a permanent magnet. The stack layout
accumulated the required rotation torque from the top to the bot-
tom layer, and the origami structure served as the rotation limit. As
a result, each layer was able to expand and collapse independently
in response to a specific range of magnetic strengths generated by
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an external field. This prototype was demonstrated to build a
Schmitt trigger by using the applied magnetic field as the input and
digitizing the corresponding mechanical response as a digital out-
put ((ii) in Fig. 9(a)) [94]. Inspired by the performance of blooming
flowers, Mao et al. [95] designed a flower robot by integrating
electromagnetic coils in the petals. The ‘‘flower petals” could be
selectively or simultaneously activated by controlling the feeding
current ((iii) in Fig. 9(a)) [95]. An attractive design of a multi-
legged caterpillar robot was developed in Ref. [79]. As shown in
(iv) in Fig. 9(a) [79], the robot was pressured by ferromagnetic
fluid. For selective control, a permanent magnet could be placed
above the selected channels to gather the fluid, thereby blocking
the channels. As a result, the selective and coordinative control
of multiple legs enabled the robot to move toward destinations.

4.2. Assembly and cargo transportation

Although single or swam magnetic microrobots have been well
investigated and have demonstrated their capability for cargo
delivery, logistic tasks involving multiple microrobots remain chal-
lenging. Addressing this question bymeans of selective and cooper-
ative control brings substantial benefits for future applications,
because multiple microrobots can provide increased load capacity
and dexterous manipulation capability for specific targets.
Microassembly is a representative application area that can adopt
cooperative manipulation for microassembly tasks, as shown in
(i) in Fig. 9(b) [4]. Both global and local fields have been used to
assemble multiple targets into different patterns [4,30]. Another
assembly task was achieved with the assistance of a local magnetic
field [61]. In this work, twomagnetic grippers were designedwith a
snap-fit structure for transferring wrapped cargo ((ii) in Fig. 9(b))
[61]. Local magnetic field actuation techniques have also been
adopted for manipulating multiple droplets (e.g., dispensing, deliv-
ering, and sensing) ((iii) in Fig. 9(b)) [62]. Local electrostatic anchor-
ing was also adopted for trapping selected targets in a global
magnetic field and thereby accomplishing assembly patterns by
actuating and anchoring the selected objects in place. Most assem-
bly applications with independent control strategies strongly rely
on local fieldmanipulation on 2D and specialized substrates. Future
research is anticipated to expand from 2D manipulation to 3D
operations by controlling the global magnetic field.

4.3. Medical applications

Many robotics and sensory systems have demonstrated their
potential in medical applications in recent years [96,97]. Among
them, magnetic microrobots have demonstrated outstanding
potential in biomedical applications due to their multiple advan-
tages, which include the following: ① Biological tissues are nearly
transparent to a magnetic field;② a magnetic field does not rely on
open space, and microrobots can be operated remotely in deep tis-
sues; and ③magnetic manipulation does not require physical con-
nections or extra space for on-board battery and circuits on board.
Due to the small scale of magnetic microrobots, they can pass
through narrow chambers such as the gastrointestinal tract, bron-
chial ducts, and blood vessels. Fig. 9(c) [35,36,53,77] shows
biomedical potential of multiple magnetic joints or microrobots
using selective control strategies.

In 2012, Natali et al. [77] demonstrated the cooperative control of
multi-arm magnetron robots for surgical operations ((i) in Fig. 9(c)).
An internal magnet was controlled by a permanent magnet that
was located above the abdominal tissue. The distance between
the inner joints was ensured to be long enough to avoid the cross-
talk effect. To clear blood clots for stroke patients by a robot mov-
ing in blood vessels, Lee et al. [36] developed a multifunctional
magnetic robot in which each function could be selectively



Fig. 9. State-of-the-art applications using the magnetic independent control method. (a) Multi-joint robots: (i) multi-joint robot arm; (ii) origami structure that realizes on–
off control of the circuit; (iii) a flower with multiple petals; (iv) a multi-legged caterpillar robot. (b) Cargo delivery and assembly: (i) independent cargo transportation and
assembly; (ii) two robots assembled to complete cargo transportation; (iii) droplet transport and manipulation. (c) Applications with medical potential: (i) surgical robotic
arm; (ii) multifunctional (sample grab and drug delivery) capsule robot; (iii) crawling robot that removes blood clots; (iv) capsule robot with two chambers for sequential
drug delivery. Tr�, Tr+: the required torques to fold and deploy the unit cell; T: magnetic torque; LED: light-emitting diode; SEMA: soft electromagnetic actuators; SMA: shape
memory alloy; J1: joint 1; m1–m3: three magnetic robots; t: time; CMR: capsule magnetic robot; SC1, SC2: screws 1 and 2; DC1, DC2: drug channels 1 and 2. (a) Reproduced
from Refs. [79,93–95] with permission; (b) reproduced from Refs. [4,61,62] with permission; (c) reproduced from Refs. [35,36,53,77] with permission.
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activated ((iii) in Fig. 9(c)). Selective actuation of the magnetic
microrobot was achieved by decoupling the motion of two
orthogonal magnets.

Capsule microrobots have also been studied to diagnose and
treat gastrointestinal diseases [98]. However, multifunctional cap-
sule robots are underdeveloped, due to the limited workspace in
millimeter or micrometer scales. Pioneering work in Ref. [35] pre-
sented a capsule robot with two orthogonal chambers to house dif-
ferent drugs ((ii) in Fig. 9(c)). The two chambers were embedded
34
with magnets and could be independently controlled for the deliv-
ery of drugs to different locations. Another capsule robot was
developed by integrating a three-DoF drug-releasing mechanism
and a four-DoFs motion mechanism ((ii) in Fig. 9(c)) [53]. Shahro-
khi et al. [46] used commercial MRI to actuate a magnetic micro-
robot for the independent control of navigation and biopsy. This
robot consisted of two ferrous spheres; the sphere positioned on
the plane pivoted for position control, while the other ferrous
sphere was used to trigger the biopsy function.
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5. Discussion and future perspective

According to the number of controllable devices, magnetic sys-
tems can be divided into three categories: individual systems,
multi-device systems, and swarm systems. Independent control
of a multi-device system is an effective strategy to increase load
capacity and versatile functions. This review summarizes recent
advances in independently controlling multiple microrobots
through a magnetic field. The characteristics of the representative
control strategies are summarized in Table 1 [4,21,28,29,35–
38,42,44,54,62,64,74,77,79,83,86,89,90–92,96,99].

Among the previously mentioned five independent control
strategies, the torque-based actuation method under a homoge-
neous magnetic field depends on the individual microrobots hav-
ing different physical properties (e.g., variations in materials,
geometry, or dimension). The propelling force generated by the
gradient field can be programmed by analyzing kinematics models.
It is essential to consider the feedback mechanism, because errors
from nonlinear modeling can accumulate quickly when the gradi-
ent changes across various locations. Local solenoid actuation on a
specialized substrate is often used to simplify the control problem
and control a large number of microrobots independently. How-
Table 1
Comparison of representative control strategies for independent magnetic microrobot con

Control strategies Sub-strategies Magnetic source Pros and

Uniform rotational
field

Individuals have
distinct magnetic
properties

Helmholtz coil/permanent
magnet

∙Easy ac
∙Difficul
various

Individuals have novel
physical design

Helmholtz coil/permanent
magnet

∙Easy ac
∙Difficul
structur

Global gradient
field

Fully actuated system Maxwell coil/commercial
MRI/permanent magnet

∙Individu
propert
∙Specific
∙Precise
necessa

Underactuated system Maxwell coil/commercial
MRI/permanent magnet

∙Individu
propert
∙Less ma
∙Precise
necessa
∙Require
control

Local magnetic
field

Moveable permanent
magnet

Permanent magnet ∙Individu
propert
∙Precise
∙Simple
∙Difficul
objects

Specialized substrate
with micro solenoid
array

Customized
micro solenoid

∙Multi-o
actuatio
∙Actuatio
the dist
∙Limited

Frequency
response

Individuals with
different materials

Helmholtz coil/
customized coil array

∙Easy ac
∙Require
frequen
∙Difficul
with di

Individuals have a
special designed
structure or size

Helmholtz coil/
customized coil array

∙Easy ac
∙Difficul
structur

Customized circuit
with different
frequency responses

Customized planar coil ∙Easy fab
∙Require
transfer
∙Individu

Active actuation Individuals determine
their own movement
rather than being
controlled by an
external field

Permanent magnet ∙More in
simulta
∙Individu

35
ever, this strategy involves complicated fabrication and is confined
to a 2D planar workspace. In contrast, microrobots based on per-
manent magnets are easy to fabricate and consume minimal
energy. Nevertheless, undesired movement of the magnetic source
may cause collisions or serious attraction problems, because the
magnetic field cannot be turned off. Frequency resonance actua-
tion is a popular actuation approach with independent control.
This approach also relies on the different manufacturing of individ-
ual microrobots to give them a variety of frequency responses. A
multi-device system with active coils has increased control flexi-
bility because each onboard DoF can be easily actuated instead of
being passively controlled by an external field. However, this cate-
gory of magnetic systems is very bulky due to its manufacturing
limitations, limiting its in vivo applications. The five mainstream
strategies are sometimes combined to achieve a better actuation
performance. For example, Khalesi et al. [100] achieved simultane-
ous and independent control of N magnetic robots by utilizing 2N
permanent magnets and a pair of Helmholtz coils.

Although the reviewed studies have successfully demonstrated
various technologies for the selective and independent control of
multiple magnetic microrobots, increasing the actuation accuracy
and the number of controllable robots is still challenging. Several
trol.

cons Application (representative) Refs.

tuation
t to fabricate individuals in
magnetic composites

Drug delivery, swarm collaboration [28,29]

tuation
t to design novel
es on a small scale

Biopsy and spray, medical
examination

[35,36]

als can have the same
ies
kinematic model
position feedback is
ry

Biopsy and spray, trajectory
following, medical examination

[21,37,38]

als can have the same
ies
gnetic source required
position feedback is
ry
other external force to

Biopsy and spray, trajectory
following

[42,44]

als can be of the same
ies
position control
control system
t to control multiple
simultaneously

Crawling robot, surgical robot [74,77,79]

bject simultaneous
n
n errors will not exceed
ance between cells
in 2D space

Patterns programming, assembly
and transfer, droplet manipulation

[4,54,62,64]

tuation
knowing the resonance
cy in advance
t to fabricate individuals
stinct properties

Drug delivery, swarm collaboration [83,86]

tuation
t to fabricate novel
es in the small structure

Swarm collaboration, medical
examination

[90–92]

rication
electricity or thermal

als are relatively bulky

Multi-joint robot, crawling robot,
surgical robot

[89]

dividuals can be actuated
neously
als are bulky

Multi-joint robot, crawling robot [96,99]
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critical solutions suggested below could be considered to achieve a
higher level of dexterousness for controlling multiple microrobots:

� Establish a refined kinematic equation for multiple controlled
microrobots in a magnetic field by considering electromag-
netic, gravitational, adhesive, frictional, and fluid forces. The
modeling of these forces is introduced in Refs. [101,102].

� Design a dexterous magnetic actuation system. In such a sys-
tem, the magnetic density could be strengthened in a
selected area for individual control of the target. Example
systems with adjustable position and orientation of the elec-
tromagnetic sources are suggested in Refs. [22,103].

� Build an active magnetron system with numerous indepen-
dently controlled devices. For example, the integration of
soft microrobots with customized electromagnetic coils
would enable the independent control of a high DoF system.

� Combine a magnetic system with other field-driven tech-
niques (e.g., acoustic, light, and electrostatic). The use of an
electrostatic force to selectively lock magnetic microrobots
has been reported. Future research could be conducted to
develop more reliable methods by combining a magnetic
field with light or acoustic waves for micromanipulation in
a 3D space. Several examples of multi-field combined con-
trolling techniques are provided in Refs. [104,105].

Group control is significant in medical applications since a
microrobot’s size limits its drug delivery payload. Moreover, inde-
pendent control of multiple robots is necessary to complete tem-
poral tasks, such as drug delivery to multiple locations over a
sustained period. The scales of most robots that can be indepen-
dently controlled are in the micrometer to millimeter range. For
these nanorobots, swarm control strategies may be more suitable
in order to increase the payload capability, but achieving indepen-
dent control is challenging. Furthermore, it is difficult to apply a
larger-scale robot in medical applications due to the confined
workspace. Previous research has successfully demonstrated the
use of selective and independent control multi-joint magnetic sys-
tems for surgical operations, self-assembly, and drug delivery. The
translational impact on clinical problems requires additional
efforts to ensure high safety and reliability by conducting animal
and physical experiments.
6. Conclusions

In summary, this survey reviewed multiple magnetic robotic
systems that can be controlled independently and cooperatively
for complicated manipulations. We first introduced the general
magnetic coupling mechanisms and explained the state-of-art con-
trol strategies in five categories. The advantages and limitations of
the methods in each category were reviewed. Applications of inde-
pendent microrobots and of the selective control of multiple mag-
netic microrobots were discussed in three categories: multi-joint
surgical robotic manipulation, cargo transportation, and biomedi-
cal treatment. A summary table including representative studies
was provided, and critical challenges for future research were dis-
cussed. Although research on the selective and independent con-
trol of multiple magnetic microrobots still presents many
challenges and is in its infancy, it has vast potential to transform
robotic micromanipulation into real applications with increased
dexterity and improved payload output. The ability to control each
microrobot for a specialized task will elevate the microrobotic sys-
tem to a high level of intelligence.
Acknowledgments

This work was supported by the Research Grant Council (RGC)
of Hong Kong (11212321, 11217922, and ECS-21212720), Basic
36
and Applied Basic Research Fund of Guangdong, China, and
Science, Technology and Innovation Committee of Shenzhen
(SGDX20210823104001011).
Compliance with ethics guidelines

Min Wang, Tianyi Wu, Rui Liu, Zhuoran Zhang, and Jun Liu
declare that they have no conflict of interest or financial conflicts
to disclose.
References

[1] Son D, Gilbert H, Sitti M. Magnetically actuated soft capsule endoscope for
fine-needle biopsy. Soft Robot 2020;7(1):10–21.

[2] Polyak B, Friedman G. Magnetic targeting for site-specific drug delivery:
applications and clinical potential. Expert Opin Drug Deliv 2009;6(1):53–70.

[3] Wang X, Ho C, Tsatskis Y, Law J, Zhang Z, Zhu M, et al. Intracellular
manipulation and measurement with multipole magnetic tweezers. Sci Robot
2019;4(28):eaav6180.

[4] Kantaros Y, Johnson BV, Chowdhury S, Cappelleri DJ, Zavlanos MM. Control of
magnetic microrobot teams for temporal micromanipulation tasks. IEEE Trans
Robot 2018;34(6):1472–89.

[5] Rao KJ, Li F, Meng L, Zheng H, Cai F, Wang W. A force to be reckoned with: a
review of synthetic microswimmers powered by ultrasound. Small 2015;11
(24):2836–46.

[6] Palima D, Glückstad J. Gearing up for optical microrobotics:
micromanipulation and actuation of synthetic microstructures by optical
forces. Laser Photonics Rev 2013;7(4):478–94.

[7] Erdem EY, Chen YM, Mohebbi M, Suh JW, Kovacs GTA, Darling RB, et al.
Thermally actuated omnidirectional walking microrobot. J Microelectromech
Syst 2010;19(3):433–42.

[8] Karpelson M, Wei GY, Wood RJ. Driving high voltage piezoelectric actuators in
microrobotic applications. Sens Actuators A Phys 2012;176:78–89.

[9] Kim Y, Parada GA, Liu S, Zhao X. Ferromagnetic soft continuum robots. Sci
Robot 2019;4(33):eaax7329.

[10] Cui J, Huang TY, Luo Z, Testa P, Gu H, Chen XZ, et al. Nanomagnetic encoding
of shape-morphing micromachines. Nature 2019;575(7781):164–8.

[11] Xie H, Sun M, Fan X, Lin Z, Chen W, Wang L, et al. Reconfigurable magnetic
microrobot swarm: multimode transformation, locomotion, and
manipulation. Sci Robot 2019;4(28):eaav8006.

[12] Mahoney AW, Abbott JJ. Five-degree-of-freedom manipulation of an
untethered magnetic device in fluid using a single permanent magnet with
application in stomach capsule endoscopy. Int J Robot Res 2015;35(1–
3):129–47.

[13] Kummer MP, Abbott JJ, Kratochvil BE, Borer R, Sengul A, Nelson BJ. OctoMag:
an electromagnetic system for 5-DOF wireless micromanipulation. IEEE Trans
Robot 2010;26(6):1006–17.

[14] Yu J, Wang B, Du X, Wang Q, Zhang L. Ultra-extensible ribbon-like magnetic
microswarm Nat Commun 2018;9(1):3260.

[15] Yu J, Jin D, Chan KF, Wang Q, Yuan K, Zhang L. Active generation and magnetic
actuation of microrobotic swarms in bio-fluids. Nat Commun 2019;10
(1):5631.

[16] Abbott JJ, Diller E, Petruska AJ. Magnetic methods in robotics. Annu Rev
Control Robot Auton Syst 2020;3(1):57–90.

[17] Yang L, Zhang L. Motion control in magnetic microrobotics: from individual
and multiple robots to swarms. Annu Rev Control Robot Auton Syst 2020;4
(1):509–34.

[18] Cao Q, Han X, Li L. Configurations and control of magnetic fields for
manipulating magnetic particles in microfluidic applications: magnet
systems and manipulation mechanisms. Lab Chip 2014;14(15):2762–77.

[19] Hwang J, Kim J, Choi H. A review of magnetic actuation systems and
magnetically actuated guidewire- and catheter-based microrobots for
vascular interventions. Intell Serv Robot 2020;13(1):1–14.

[20] Alapan Y, Yasa O, Yigit B, Yasa IC, Erkoc P, Sitti M. Microrobotics and
microorganisms: biohybrid autonomous cellular robots. Annu Rev Control
Robot Auton Syst 2019;2(1):205–30.

[21] Ongaro F, Pane S, Scheggi S, Misra S. Design of an electromagnetic setup for
independent three-dimensional control of pairs of identical and nonidentical
microrobots. IEEE Trans Robot 2019;35(1):174–83.

[22] Du X, Zhang M, Yu J, Yang L, Chiu WYP, Zhang L. Design and real-time
optimization for a magnetic actuation system with enhanced flexibility. IEEE/
ASME Trans Mechatron 2020;26(3):1524–35.

[23] Cao Q, Fan Q, Chen Q, Liu C, Han X, Li L. Recent advances in manipulation of
micro- and nano-objects with magnetic fields at small scales. Mater Horiz
2020;7(3):638–66.

[24] Xie H, Sun M, Fan X, Lin Z, Chen W, Wang L, et al. Reconfigurable magnetic
microrobot swarm multimode transformation, locomotion, and
manipulation. Sci Robot 2019;4(28):eaav8006.

[25] Yu J, Yang L, Zhang L. Pattern generation and motion control of a vortex-like
paramagnetic nanoparticle swarm. Int J Robot Res 2018;37(8):912–30.

http://refhub.elsevier.com/S2095-8099(23)00148-0/h0005
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0005
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0010
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0010
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0015
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0015
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0015
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0020
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0020
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0020
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0025
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0025
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0025
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0030
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0030
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0030
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0035
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0035
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0035
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0040
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0040
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0045
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0045
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0050
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0050
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0055
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0055
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0055
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0060
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0060
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0060
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0060
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0065
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0065
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0065
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0070
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0070
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0075
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0075
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0075
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0080
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0080
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0085
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0085
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0085
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0090
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0090
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0090
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0095
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0095
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0095
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0100
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0100
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0100
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0105
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0105
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0105
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0110
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0110
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0110
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0115
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0115
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0115
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0120
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0120
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0120
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0125
http://refhub.elsevier.com/S2095-8099(23)00148-0/h0125


M. Wang, T. Wu, R. Liu et al. Engineering 24 (2023) 21–38
[26] Salehizadeh M, Diller E. Three-dimensional independent control of multiple
magnetic microrobots via inter-agent forces. Int J Robot Res 2020;39
(12):1377–96.

[27] Zhang J, Salehizadeh M, Diller E. Parallel pick and place using two
independent untethered mobile magnetic microgrippers. In: Proceedings of
2018 IEEE International Conference on Robotics and Automation (ICRA); 2018
May 21–25. Brisbane, QLD, Australia. IEEE; 2019. p. 123–8.

[28] Floyd S, Diller E, Pawashe C, Sitti M. Control methodologies for a
heterogeneous group of untethered magnetic micro-robots. Int J Robot Res
2011;30(13):1553–65.

[29] Mandal P, Chopra V, Ghosh A. Independent positioning of magnetic
nanomotors. ACS Nano 2015;9(5):4717–25.

[30] Tottori S, Zhang L, Peyer KE, Nelson BJ. Assembly, disassembly, and
anomalous propulsion of microscopic helices. Nano Lett 2013;13(9):4263–8.

[31] Diller E, Floyd S, Pawashe C, Sitti M. Control of multiple heterogeneous
magnetic micro-robots on non-specialized surfaces. In: Proceedings of 2011
IEEE International Conference on Robotics and Automation; 2011 May 9–
13. Shanghai, China. IEEE; 2011. p. 115–20.

[32] Diller E, Floyd S, Pawashe C, Sitti M. Control of multiple heterogeneous
magnetic microrobots in two dimensions on nonspecialized surfaces. IEEE
Trans Robot 2012;28(1):172–82.

[33] Diller E, Miyashita S, Sitti M. Magnetic hysteresis for multi-state addressable
magnetic microrobotic control. In: Proceedings of 2012 IEEE/RSJ International
Conference on Intelligent Robots and Systems; 2012 Oct 7–12. Vilamoura-
Algarve, Portugal. IEEE; 2012. p. 2325–31.

[34] Diller E, Miyashita S, Sitti M. Remotely addressable magnetic composite
micropumps. RSC Adv 2012;2(9):3850–6.

[35] Choi K, Jang G, Jeon S, Nam J. Capsule-type magnetic microrobot actuated by
an external magnetic field for selective drug delivery in human blood vessels.
IEEE Trans Magn 2014;50(11):1–4.

[36] Lee W, Nam J, Jang B, Jang G. Selective motion control of a crawling magnetic
robot system for wireless self-expandable stent delivery in narrowed tubular
environments. IEEE Trans Ind Electron 2017;64(2):1636–44.

[37] Vartholomeos P, Akhavan-Sharif MR, Dupont PE. Motion planning for
multiple millimeter-scale magnetic capsules in a fluid environment. In:
Proceedings of 2012 IEEE International Conference on Robotics and
Automation; 2012 May 14–18. Saint Paul, MN, USA. IEEE; 2012. p. 1927–32.

[38] Denise W, Wang J, Edward S, Vijay K. Control of multiple magnetic micro
robots. In: Proceedings of ASME 2015 International Design Engineering
Technical Conferences and Computers and Information in Engineering
Conference; 2015 Aug 2–5. Boston, MA, USA. ASME; 2015. p. V004T09A041.

[39] Wong D, Steager EB, Kumar V. Independent control of identical magnetic
robots in a plane. IEEE Robot Autom Lett 2016;1(1):554–61.

[40] Mellal L, Folio D, Belharet K, Ferreira A. Optimal control of multiple magnetic
microbeads navigating in microfluidic channels. In: Proceedings of 2016 IEEE
International Conference on Robotics and Automation (ICRA); 2016 May 16–
21. Stockholm, Sweden. IEEE; 2016. p. 1921–6.

[41] Diller E, Giltinan J, Sitti M. Independent control of multiple magnetic
microrobots in three dimensions. Int J Robot Res 2013;32(5):614–31.

[42] Kawaguchi T, Inoue Y, Ikeuchi M, Ikuta K. Independent actuation and master–
slave control of multiple micro magnetic actuators. In: Proceedings of 2018
IEEE Micro Electro Mechanical Systems (MEMS); 2018 Jan 21–25. Belfast,
UK. IEEE; 2018. p. 190–3.

[43] Shahrokhi S, Mahadev A, Becker AT. Algorithms for shaping a particle swarm
with a shared input by exploiting non-slip wall contacts. In: Proceedings of
2017 IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS); 2017 Sep 24–28. Vancouver, BC, Canada. IEEE; 2017. p. 4304–11.

[44] Becker A, Felfoul O, Dupont PE. Simultaneously powering and controlling
many actuators with a clinical MRI scanner. In: Proceedings of 2014 IEEE/RSJ
International Conference on Intelligent Robots and Systems; 2014 Sep 14–
18. Chicago, IL, USA. IEEE; 2014. p. 2017–23.

[45] Denasi A, Misra S. Independent and leader–follower control for two magnetic
micro-agents. IEEE Robot Autom Lett 2017;3(1):218–25.

[46] Shahrokhi S, Shi J, Isichei B, Becker AT. Exploiting nonslip wall contacts to
position two particles using the same control input. IEEE Trans Robot
2019;35(3):577–88.

[47] Eqtami A, Felfoul O, Dupont PE. MRI-powered closed-loop control for
multiple magnetic capsules. In: Proceedings of 2014 IEEE/RSJ International
Conference on Intelligent Robots and Systems; 2014 Sep 14–18; Chicago, IL,
USA. IEEE; 2014. p. 3536–42.

[48] Becker A, Ou Y, Kim P, Kim MJ, Julius A. Feedback control of many
magnetized: tetrahymena pyriformis cells by exploiting phase
inhomogeneity. In: Proceedings of 2013 IEEE/RSJ International Conference
on Intelligent Robots and Systems; 2013 Nov 3–7. Tokyo, Japan. IEEE; 2013. p.
3317–23.

[49] Zhang J, Jain P, Diller E. Independent control of two millimeter-scale soft-
bodied magnetic robotic swimmers. In: Proceedings of 2016 IEEE
International Conference on Robotics and Automation (ICRA); 2016 May
16–21. Stockholm, Sweden. IEEE; 2016. p. 1933–8.

[50] Rahmer J, Stehning C, Gleich B. Spatially selective remote magnetic actuation
of identical helical micromachines. Sci Robot 2017;2(3):eaal2845.

[51] Petruska AJ, Nelson BJ. Minimum bounds on the number of electromagnets
required for remote magnetic manipulation. IEEE Trans Robot 2015;31
(3):714–22.

[52] Salmanipour S, Diller E. Eight-degrees-of-freedom remote actuation of small
magnetic mechanisms. In: Proceedings of 2018 IEEE International Conference
37
on Robotics and Automation (ICRA); 2018 May 21–25. Brisbane, QLD,
Australia. IEEE; 2018. p. 3608–13.

[53] Salmanipour S, Youssefi O, Diller ED. Design of multi-degrees-of-freedom
microrobots driven by homogeneous quasi-static magnetic fields. IEEE Trans
Robot 2020;37(1):246–56.

[54] Inoue T, Iwatani K, Shimoyama I, Miura H. Micromanipulation using magnetic
field. In: Proceedings of 1995 IEEE International Conference on Robotics and
Automation; 1995 May 21–27. Nagoya, Japan. IEEE; 1995. p. 679–84.

[55] Lee CS, Lee H, Westervelt RM. Microelectromagnets for the control of
magnetic nanoparticles. Appl Phys Lett 2001;79(20):3308–10.

[56] Pelrine R, Wong-Foy A, McCoy B, Holeman D, Mahoney R, Myers G, et al.
Diamagnetically levitated robots: an approach to massively parallel robotic
systems with unusual motion properties. In: Proceedings of 2012 IEEE
International Conference on Robotics and Automation; 2012 May 14–
18. Saint Paul, MN, USA. IEEE; 2012. p. 739–44.

[57] Cappelleri D, Efthymiou D, Goswami A, Vitoroulis N, Zavlanos M. Towards
mobile microrobot swarms for additive micromanufacturing. Int J Adv Robot
Syst 2014;11(9):150.

[58] Chowdhury S, Jing W, Cappelleri DJ. Towards independent control of multiple
magnetic mobile microrobots. Micromachines 2015;7(1):3.

[59] Chowdhury S, Jing W, Cappelleri DJ. Designing local magnetic fields and path
planning for independent actuation of multiple mobile microrobots. J
Microbio Robot 2017;12(1–4):21–31.

[60] Steager E, Wong D, Wang J, Arora S, Kumar V. Control of multiple microrobots
with multiscale magnetic field superposition. In: Proceedings of 2017
International Conference on Manipulation, Automation and Robotics at
Small Scales (MARSS); 2017 Jul 17–21. Montreal, QC, Canada. IEEE; 2017. p.
1–6.

[61] Chakravarthula PN, Shekhar S, Ananthasuresh GK. Attachment, detachment,
and navigation of small robots using local magnetic fields. In: Proceedings of
2019 International Conference on Manipulation, Automation and Robotics at
Small Scales (MARSS); 2019 Jul 1–5. Helsinki, Finland. IEEE; 2019. p. 1–6.

[62] Yu W, Lin H, Wang Y, He X, Chen N, Sun K, et al. A ferrobotic system for
automated microfluidic logistics. Sci Robot 2020;5(39):eaba4411.

[63] Pawashe C, Floyd S, Sitti M. Multiple magnetic microrobot control using
electrostatic anchoring. Appl Phys Lett 2009;94(16):164108.

[64] Diller E, Pawashe C, Floyd S, Sitti M. Assembly and disassembly of magnetic
mobile micro-robots towards deterministic 2D reconfigurable micro-
systems. Int J Robot Res 2011;30(14):1667–80.

[65] Li X, Lu C, Song Z, Ding W, Zhang XP. Planar magnetic actuation for soft and
rigid robots using a scalable electromagnet array. IEEE Robot Autom Lett
2022;7(4):9264–70.

[66] Chowdhury S, Jing WM, Jaron P, Cappelleri DJ. Path planning and control for
autonomous navigation of single and multiple magnetic mobile microrobots.
In: Proceedings of ASME 2015 International Design Engineering Technical
Conferences and Computers and Information in Engineering Conference;
2015 Aug 2–5. Boston, MA, USA. ASME; 2015. p. V004T09A040.

[67] Chowdhury S, Jing W, Cappelleri DJ. Independent actuation of multiple
microrobots using localized magnetic fields. In: Proceedings of 2016
International Conference on Manipulation, Automation and Robotics at
Small Scales (MARSS); 2016 Jul 18–22. Paris, France. IEEE; 2016. p. 1–6.
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