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Abstract

Magnetic microrobotics has undergone approximately 20 years of develop-
ment, and the robotics and control communities have contributed signifi-
cant theoretical and practical results to the motion control aspects of this
field. This article introduces fundamental motion principles covering indi-
vidual, multiagent, and swarm control and critically reviews the state of the
art along with representative results. It then describes closed-loop control
(an important part of this field), including the system structure, current mo-
tion planning and control methods, and current feedback approaches. As
the development of motion control in magnetic microrobotics is far from
complete, especially for swarm control, its current limitations are discussed.
Finally, we conclude with several challenges and future research directions.
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1. INTRODUCTION

Mobile robotics at micro- and nanoscales has become a popular field with significant value. New
actuation principles and control theories have been established (1, 2), and broad biomedical appli-
cations have been explored (3, 4). A variety of fuel-free actuation principles (5)—including optical,
(6), chemical (7), ultrasound (8), electrostatic (9), and magnetic (10) approaches—have now been
proposed that enable microrobots to navigate in narrow and enclosed fluidic spaces. Among these
approaches, magnetic actuation has intrinsic advantages because magnetic fields are transparent
and safe for biological tissues. In addition, an external magnetic manipulation system can wirelessly
transfer actuation power to microrobots that have very limited space for onboard energy. The fea-
tures of magnetic microrobots that are favorable for biomedicine have led to the rapid expansion
of the field of magnetic microrobotics. Thanks to the innovation and efforts of researchers, many
recent successes have demonstrated the great potential of magnetic microrobots in biomedical
applications (11-14).

As an interdisciplinary subject, magnetic microrobotics combines materials science, micro- and
nanofabrication, robotics and control, and more. Within these areas, motion control technology
enables the development of magnetic microrobots with various controllable motion modalities,
high motion accuracy (closed-loop control), and high task efficiency (motion planning). These
advances promote real microrobotics applications in environments that may be complex and dy-
namic. This article focuses on motion control in magnetic microrobotics, including individual,
multiagent, and swarm control. It reviews principles of motion, the state of the art, and closed-
loop control, with an emphasis on swarm control, an emerging and challenging topic in magnetic
microrobotics. In fact, owing to the small volumes and surface areas of individual microrobots,
microrobotic cargo delivery tasks could require a swarm of microrobots (15, 16). In vivo tracking
of a single microrobot is another issue because of insufficient imaging resolution (17).

To limit the scope of this review, we do not cover other important aspects of magnetic micro-
robotics that have been covered by several other review articles, such as magnetic actuation and
the corresponding magnetic manipulation systems (18-20), magnetic microrobots with soft com-
ponents (21), magnetic microrobot design with biohybrid actuation (22), and micromanipulation
using magnetic microrobots (23). The article has four main objectives: (#) to present the motion
principles of individual magnetic microrobots and discuss what strategies can be utilized to ex-
tend them in order to realize multiagent and swarm control; (§) to critically review and compare
representative control results for individual, multiagent, and swarm magnetic microrobots; (¢) to
introduce closed-loop motion control of magnetic microrobots so that readers will understand the
research to date and how to construct such a system for their own applications; and (d) to discuss
current limitations and provide future perspectives on this field.

We start in Section 2 by describing the dominating forces and torques exerted on magnetic
microrobots; Section 3 then summarizes the classic motion principles of individual magnetic mi-
crorobots based on these forces or torques and the strategies that can be adopted to extend them
to multiagent or swarm control. Section 4 thoroughly reviews the motion control principles for
multiple magnetic microrobots and swarms of magnetic microrobots and provides a time line of
representative results. Section 5 outlines the system structure for closed-loop control of magnetic
microrobots and references representative works. Finally, a conclusion and future perspectives are
presented in Section 6.

2. DOMINATING FORCES AND TORQUES ON MAGNETIC
MICROROBOTS

In the film Fantastic Voyage, a team of scientists and their submarine are shrunk to microscale and
must navigate through human blood vessels to save the life of a dying man. However, according
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to the scaling law (24), the structures of both the humans and the submarine would be highly

vulnerable after miniaturization, and the locomotion methods of human walking and propeller

propulsion would no longer work. The motion of microobjects is dominated by viscous dissipation

and the absence of inertia, which can be quantified by the Reynolds number (Re) of the flow:
pvL

Re , 1.
m

where p, v, and u represent the density, flow velocity, and dynamic viscosity of the fluid, respec-
tively, and L is the characteristic length of the object. The working environment of magnetic
microrobots often has a low Reynolds number (Re < 1), and the robots’ design must account for
the applicable motion principles (25).

In a fluid, two types of forces and torques dominate the motion of magnetic microrobots:
magnetic and fluidic. If the robots move near a boundary, the wall effect and boundary forces also
contribute to their motion. Note that these forces and torques usually cannot be independently
controlled. In magnetic microrobotics, magnetic forces and torques are often the only control
inputs of a microrobotic system, whose dynamic control activates the variations of the other forces
and torques on the microrobot so that the net force and torque lead to the desired motion.

2.1. Magnetic Forces and Torques

This subsection describes the magnetic forces and torques exerted on magnetic microrobots when
they are actuated by magnetic fields.

2.1.1. Global magnetic force and torque. When a magnetic microrobot is placed in a mag-
netic field with a strength vector of B (unit T), a global magnetic force Fyp,, (unit N) is exerted
on it that can be computed as

9B 0B 9B7"
F mag — : B =5 4. 4 5
gmag (m-v) |:8x dy Bz:| m
where m (unit A-m?) is the magnetic moment of the microrobot. In addition, a global magnetic

torque Ty, (unit N-m) will be applied on the microrobot:

0 —m, m,
Tgnag =M X B=Skm)B= | m, 0 -m,|B, 3.
—my, m, 0O

where Sk(-) represents the skew-symmetric matrix of a vector. Petruska & Nelson (26) and Ma-
honey & Abbott (27) described how to generate and control Fyn,e and Tgmag by using an electro-
magnetic system and a permanent magnet system, respectively.

2.1.2. Interactive magnetic force and torque. For a group of magnetic microrobots, the in-
teractive magnetic forces and torques among them are also significant for their individual motions.
It is reasonable to approximate the magnetic microrobots as dipoles in many cases—for example,
when the microrobot has a nearly spherical shape or when the distance between two microrobots
is large enough (e.g., >1.5 body lengths) (28). Under this approximation, the interaction force
and torque on the 7th microrobot in a group of N magnetic microrobots can be computed using
Equations 4 and 5, respectively:

N
i 310 A A ) & o .
Fire = Z oy [(m]Tmi =5 (m,TI'ﬁ)(mi rji)) rj; + (ijl'ji)mi + (miTrji)mj:I ) 4.
=Ly O
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N

T = Y. Sk(m)Bj; = Sk(m,)) [% (3@,%} - ]1)] m;, 5.
j=ljti 4

where t;; stands for the unit vector from the center of the jth microrobot to that of the /th, and

Bj; is the magnetic field at the position of the ith microrobot generated by the jth microrobot.

Typically, the global magnetic torque dominates the interactive torque, so that it can be assumed

that all microrobots would always align with the global field—that is, the influence of r{mag is

omitted (29, 30).

2.2. Fluidic Forces and Torques

Fluidic forces and torques are also important factors that determine a microrobot’s motion. This
subsection describes common fluidic forces and torques exerted on magnetic microrobots.

2.2.1. Fluidic drag force. The motion of a microrobot typically occurs in an incompressible
fluid with laminar flow, and a hydrodynamic drag will be exerted on the microrobot. Generally,
the fluidic drag force has the following expression:

1
Fy= —E:OACdIIV—Vfllz v —vp), 6.

where v¢, v, and A are the fluid velocity, microrobot velocity, and frontal area of the microrobot,
respectively. Cy is the Re-related drag coefficient, whose expression for intermediate Reynolds
numbers is usually prescribed by an empirical expression (31). Loth (32) and Finn (33) gave the
drag coefficients for a sphere and a cylinder moving in an infinite fluid field, respectively.

At the Re < 1 regime, F, has a simplified expression. For spherical and cylindrical microrobots,
the encountered drag forces can be expressed as Equations 7 and 8, respectively (32, 34):

3md
F;:— IB‘M(V—Vf), 7.
. 3ndep _
Fy=- B (¥ fen + V0 fer), 8.

where d; and d, are the effective diameters of the microrobots, and B, B > 1 are corrected weights

considering the wall effect. In Equation 8, v and v, are the components of relative velocity that
. . . . . i

are parallel and perpendicular to the microrobot’s symmetrical axis, respectively. E = ;—‘L‘ is the

aspect ratio of the microrobot, and

dc = d“E72/3 = dlE71/3, 9
fo = (; + %) E7' and f, = (% + ?) EY for1 <E <6. 10.

The fluidic drag force (Re < 1) for other microrobot shapes can be approximated by Equation 7
or Equation 8.

2.2.2. Wall effect. The fluid flow near a boundary has a nonuniform distribution. For the
smooth, infinite flat and cylindrical boundaries, the flow profile has approximately linear (35) and
parabolic (36) profiles, respectively. Owing to this wall effect, when a microrobot moves close to a
boundary, an extra retardation force is exerted on it (i.e., the drag force increases), and the closer
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the microrobot is to the wall, the greater the wall effect is. Many numerical and experimental stud-
ies have revealed the empirical expression of the corrected drag force under the influence of the
wall effect. These cases include a sphere rotating near a flat wall (37) and moving near a flat (35)
or cylindrical (38) wall, a cylinder moving near a flat (39) or cylindrical (40) wall, and so on. On
the other hand, the wall effect means that rotating microrobots are subject to unbalanced fluidic
drag forces that result in translational locomotion near a boundary (41-43).

2.2.3. Fluidic vortex force. A rotating motion of microrobots generates fluidic vortices, which
has been used to trap and manipulate microobjects (44—46). By utilizing the attractive long-range
fluidic vortex force, one can aggregate a swarm of microrobots and control their locomotion as
an entity (42, 47, 48). Although the aggregation process is difficult to formulate analytically, nu-
merical simulations have successfully visualized and predicted the vortex-like swarm behaviors of
magnetic microrobots (42, 47, 48). Another type of fluidic vortex force is the short-range vortex—
vortex repulsive force (29). In a low-Reynolds-number regime, the expression of this force can be
obtained by solving the Navier-Stokes equation (49).

2.2.4. Fluidic torque. The net fluidic torque is the cumulative result of fluidic forces exerted on
a microrobot’s body. For translational motion, this torque can be obtained via direct integration.
For rotational motion, the fluidic torques for microrobots with axisymmetric bodies can be found
in Reference 50.

2.2.5. Non-Newtonian fluids. Common fluids are Newtonian—that is, the viscosity distribu-
tion is invariant for a predefined working scenario. Given that many biological fluids are non-
Newtonian viscoelastic fluids (e.g., mucus and vitreous humor), it is meaningful to study micro-
robot motion in non-Newtonian fluids (15, 16). For simplified cases, non-Newtonian fluids can
be modeled as generalized Newtonian fluids whose viscosity is proportional to the #th power of
the shear rate: u = Ky” (n # 0). Utilizing this property, Qiu et al. (51) were able to formulate
new motion principles for cases other than traditional nonreciprocal motion, which represents
important progress toward biomedical applications using magnetic microrobots.

2.3. Boundary Forces

The motion of many magnetic microrobots relies on boundary forces, that is, contact forces ex-
erted by boundaries. Stick-slip motion (52—54) requires a friction force to maintain stable trans-
lational motion, which can be provided by the boundary supporting force that results from the
apparent weight of the microrobot (53), the electrostatic force between the boundary and the
microrobot (55), and so on. Specifically, sophisticated electrostatic (56) and electromagnetic (57)
gridding substrates have been designed to selectively anchor and actuate individual magnetic mi-
crorobots, respectively. Moreover, lateral boundary contact can be utilized to selectively coun-
teract the magnetic forces in order to independently control the motions of multiple magnetic
microrobots (58) or the statistical parameters of a swarm of particles (59).

3. MOTION PRINCIPLES OF INDIVIDUAL MAGNETIC MICROROBOTS

Motion control of individual magnetic microrobots has been widely studied and demonstrated,
and the fundamentals have been well established. Here, we review several classic controllable mo-
tion modalities (shown in Figure 1), with an emphasis on their control principles. Table 1 provides
a visualization of forces and torques related to these motion modalities.
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Figure 1

Representative examples of controllable locomotion of individual magnetic microrobots. (Zop eft) Gradient pulling. (#) A magnetic
microrobot controlled and docked to a blood vessel as a proposed therapy for retinal vein occlusions. Panel adapted from Reference 60
with permission from IEEE. (b) A fluorescence-imaging-tracked magnetic microrobot being used for cell manipulation. Panel adapted
from Reference 54 with permission from SAGE Publishing. (c) A spherical magnetic microrobot controlled in a blood vessel along a
reference trajectory. Panel adapted from Reference 61 with permission from IEEE. (Top right) Helical propulsion. (d) A helical
microrobot with self-scrolled thin film ribbons as the tail and thin metal films as the soft-magnetic head. Panel adapted from Reference
62 with permission from AIP Publishing. (¢) Direct laser writing of biocompatible helical microrobots coated with iron. Panel adapted
from Reference 63 with permission from RSC Publishing. (f) Cargo transport using a helical microrobot. Panel adapted from
Reference 64 with permission from Wiley. (g) A soft helical microrobot swimming through a curved conduit. Panel adapted from
Reference 65 with permission from Science Publishing Group. (Middle left) Sperm-like propulsion. () Soft robotic sperm fabricated by
electrospinning. Panel adapted from Reference 66 with permission from IEEE. (i) A magnetic multilink nanorobot with undulatory
locomotion. Panel adapted from Reference 67 with permission from ACS Publishing. (Middle center) Surface rolling. (j) The rolling
RodBot for crystal harvesting. Panel adapted from Reference 44 with permission from IEEE. (k) The rolling MagSpore for toxin
sensing. Panel adapted from Reference 13 with permission from Science Publishing Group. (Middle right) Resonant thrust. (/) Scanning
electron microscopy image of a MagMite. Panel adapted from Reference 55 with permission from SAGE Publishing. () Scanning
electron microscopy image of the PolyMite, with polystyrene beads approximately 120 wm in diameter. Panel adapted from Reference
68 with permission from IEEE. (Bottor) Multimodal motion of a soft microrobot, showing (z) rolling, (0), crawling, and (p) swimming.
Panels adapted from Reference 69 with permission from Nature Publishing Group.
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Table 1 Torques/forces related to the motion principles of individual magnetic microrobots and their extension to
multiagent or swarm control

Gradient Helical Sperm-like Resonant
pulling propulsion propulsion Surface rolling thrust
Motion dimension 2D/3D 2D/3D 2D/3D 2D 2D
Global magnetic force? v ok v v v v
Global magnetic torque? v v v v v
Interactive magnetic force? * * * v
Fluidic drag force® v v v v v
Wall effect® v v v v v
Fluidic vortex force? Ae * *
Boundary forces® a'e ¢ v v v v
Field inhomogeneity® ¥ ¥
Property asymmetry” ¥ ¥ pie ¥
References Individual 52,54, 61,70-72 62-65,73,74 66, 67,75-77 13,43,78-81 55,68
Multiagent 29,53,56-58, 89-95 96 97
82-88
Swarm 59, 98,99 100 34,42,48,
101-103

Symbols: v, essential torque/force of the motion of an individual microrobot; v, nonessential and nonignorable torque/force that may be exerted on an
individual magnetic microrobot; ¥%, specific torque/force or strategy that has been used to trigger multiagent control; %, specific torque/force or strategy
that has been used to trigger swarm control.

*Section 2 provides detailed explanations of these terms.

bSection 4 provides detailed explanations of these terms.

3.1. Gradient Pulling

As indicated by Equation 2, magnetic fields with gradients can drive a magnetic microrobot to
move via a pulling force, Fgn,,. Pure gradient pulling is one of the simplest motion modalities of
magnetic microrobots: The motion control of a magnetic microbead requires only the adjustment
of the gradient strength and direction (61, 70, 71). A stable moving velocity is reached when

Fynae = —Fy. 1.

Interestingly, by designing and controlling a locally convergent gradient field, one can induce
flagellated magnetotactic bacteria to gather together as a swarm and perform navigated motion
and manipulation tasks (98, 99).

For more complex cases, the combination of in-plane gradient pulling and out-of-plane oscil-
lating fields achieves stick—slip motion (52-54). One can control the motion direction via the yaw
angle of the gradient field, and the moving velocity is sensitive to the waveform and frequency
of the oscillating field and the strength of the gradient field (52). The relationships are usually
obtained through characterization, and these field parameters can serve as control inputs for ve-
locity control. Simultaneously controlling the orientation and motion direction of nonspherical
magnetic microrobots requires stationary electromagnetic systems with at least eight coils (26).
Kummer et al. (72) described field and gradient control methods in detail. Note that six-degree-
of-freedom magnetic motion control also requires a particular microrobot design (104). Table 1
lists some strategies that can extend the gradient-pulling motion of individual microrobots to
multiagent control or swarm control, the details of which are given in Section 4.
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3.2. Helical Propulsion

In a low-Reynolds-number environment, some bacteria (e.g., Caulobacter crescentus) swim using
a helical propulsion mechanism (105). Inspired by nature, many magnetic helical microrobots
have been fabricated for micromanipulation and delivery purposes (62-64, 73). Soft-bodied helical
microrobots have better environmental adaptability due to their shape deformation capability (65).
The propulsion motion along the major axis of a helical microrobot is described by (106)

|:ﬁ1m:| — |:ﬂ b:| |:vhmi| , 12.
Thm be Whm

which linearly relates the propulsion velocity vy, and angular velocity wp, with the nonfluidic
applied force fi, and nonfluidic applied torque Ty, via four principal quantities. The nonfluidic
applied forces are gravity, buoyancy, friction, and magnetic forces; the only nonfluidic torque is
the magnetic torque (74). From a motion control perspective, Equation 12 can be rearranged with
the nonfluidic applied force fi, and angular velocity whn, as the input variables (25):

Uhm _ l/ﬂ _b/ﬂ ﬁ)m 13
T | | b/a c—VJa|| omm | )

3.3. Sperm-Like Propulsion

The locomotion of sperm cells is achieved by periodically changing their tail morphology in a non-
reciprocal manner. By decorating the sperm cells with magnetically driven parts, one can remotely
control their motion using magnetic fields (75, 76). To mimic the efficient sperm-like propulsion,
artificial sperms are fabricated that usually consist of a magnetic head and a long elastic tail (66,
67,107). A constant-strength oscillating magnetic field with sinusoidally varying orthogonal com-
ponents induces a bending wave along the tail, and the tail deformation is governed by (77)

ot a

%y(x, 1)+ ﬂy(x, t)=0, 14.
where y(x, #) is the deformation of the flexible tail with a bending stiffness of «, relative to the

K

coordinate frame of the magnetic sperm {O — xy}. Here, x and y are orthonormal vectors such
that x is oriented along the long axis of the sperm, and O locates at the center of the sperm head.
¢y and ¢, are normal and tangential drag coefficients. By solving Equation 14, whose boundary
conditions are shown in Reference 77, one can simultaneously obtain the motion dynamics of the
magnetic sperm in free static fluid:

2
L (Cn - ft)v)'% — Ux (ft + (%) )
/ o)’ d
0 1+(2)

where L and dg, are the tail length and head diameter of the magnetic sperm, respectively. The

x = 3mdg vy, 15.

quantitative relationship between the motion velocity (v,) and field frequency (control input) is
calibrated through simulations and experimental characterizations. Different tail parameters lead
to varied swimming characteristics, which can be utilized to realize multiagent control (96).

3.4. Surface Rolling

As another type of efficient magnetic torque-driven motion, rolling microrobots have many ap-
plications, such as mobile sensing (13, 43) and micromanipulation (78, 80). This type of motion
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relies on the wall effect introduced in Section 2.2.2, and the motion dynamics is described by (79)

Ve = agw(t) cos(a(t)) + Dy ()

vy = apw(t) sin(a(t)) + Dy ()’ 16.

where 4 is a positive constant, and D,(¢) and D, () are the generalized disturbances of the x and
y directions, respectively. One can control the motion direction and motion velocity by adjusting
the yaw angle « and frequency w of the rotating magnetic field. The vortex force can be utilized
to extend this type of motion to swarm control, as discussed in Section 4.

3.5. Resonant Thrust

Resonant actuators absorb large amounts of energy from the driving signal when the frequency
of the signal closely matches a natural resonant frequency of the actuator structure. When the ab-
sorbed elastic energy is released, a thrust force can be generated for locomotion. Frutiger et al. (55)
proposed the MagMite (shown in Figure 1J), which consists mainly of two heavy parts with para-
magnetic material and a connecting spring part. After being magnetized by an externally applied
magnetic field, the magnetic parts are pulled together by the induced magnetic gradient. When
the field is removed, the energy stored in the spring then pushes them apart. The energy transfor-
mation efficiency reaches its maximum when the field frequency equals the resonant frequency of
the structure, calculated as

2
W, L k C—, 17.

" 2nVom 4w

where 72 and ¢ are the mass and the damping coefficient of the oscillating heavy part, respectively,
and £ is the spring constant. To break the symmetrical oscillation that would cause in-place vi-
bration motion, an additional boundary force mentioned in Section 2.3 is applied. With the same
principle, Tung etal. (68) designed the PolyMite, which contains two symmetric springs so that the
locomotion is more stable in the lateral direction. The control inputs of this type of locomotion
are the field strength and yaw angle, which control the motion velocity and direction, respectively.
Different resonant frequencies can be obtained by using different structural designs, which can

then be used for multiagent control, as shown in Reference 97.

3.6. Multimodal Motion

The above-mentioned motion modalities are often individually selected for magnetic microrobots,
which could restrict their motion adaptability when working in varying environments. For exam-
ple, the fluid viscosity and substrate properties may change, and the motion dimension may be
required to switch between 2D and 3D. To this end, recent progress in soft microrobots makes
multimodal motion possible (69). The high mobility enables up to eight types of motion, such
as 2D rolling, 2D crawling, and 3D swimming, as shown in Figure 1z—p. The combination of
motion modalities broadens the capability of magnetic microrobots and enhances the application
possibilities.

4. MULTIAGENT AND SWARM CONTROL OF MAGNETIC
MICROROBOTS

In contrast to robots at larger scales (108), it is difficult to equip microrobots with onboard sen-
sors and actuators for individual motion feedback and control, which leads to challenges in the
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motion control of multiple microrobots and large swarms (on the order of hundreds to millions
of microrobots). For magnetic microrobots, specific challenges originate from the fact that all the
controlled agents receive the same control inputs (109). A time line of representative developments
for multiagent and swarm control is depicted in Figure 2.

4.1. Multiagent Control

As with individual microrobot control, multiagent control of magnetic microrobots ignores in-
teractive forces in most cases unless some magnetic microrobots work in close proximity to each
other. Therefore, classic individual motion principles can be extended to multiagent control, as
summarized in Table 1. The most commonly reported multiagent control strategies fall into four
categories: breaking the property symmetry of magnetic microrobots, utilizing the inhomogeneity
of magnetic fields, creating specialized boundaries, and controlling the interaction forces.

4.1.1. Breaking the property symmetry of magnetic microrobots. Property differences
among magnetic microrobots can cause them to behave differently in response to the same con-
trol input. Therefore, breaking the property symmetry enables the same control input to control
the motion of multiple microrobots independently (114).

Different velocity responses to a field frequency may be created by varying the structural pa-
rameters. Kratochvil et al. (97) fabricated two resonant microrobots with different eigenmodes,
which caused the two microrobots to have different resonant responses. Khalil et al. (96) fabricated
sperm-like microrobots with nonidentical tails to obtain different frequency—velocity responses.
Geometrically and magnetically identical helical microrobots (also called artificial bacterial flag-
ella) could have different step-out frequencies after a modification of their surface chemistries,
which changes their interactions with fluid (89). Different motion direction responses to field
torque may also be created. Becker et al. (87) showed that, by exploring the inhomogeneity of the
tuning model, one can steer multiple Tezrabymena pyriformis cells to independent goals.

The other property that frequently serves as the triggering variable in multiagent control is
the magnetization. Mandal et al. (115) demonstrated that, when microrobots with the same ge-
ometrical properties have different directions of permanent magnetization with respect to their
body axis, they move in different directions under the same oscillating magnetic fields, but when
they are subject to rotating fields, they move in the same direction. Other studies have used mag-
netic microrobots with similar geometrical properties but different magnetization strengths or
materials to independently control the motion of multiple microrobots (82, 90). By combining
the geometrical and magnetization differences, Diller et al. (83) designed several microrobots and
implemented independent 3D control of multiple magnetic microrobots. As a special case, the
property of magnetization profiles can also be utilized to create distinct field responses under the
same field (91).

This type of method requires only a global magnetic field, so the field control is simple. How-
ever, it relies on the precise fabrication and modeling of microrobots with different magnetic re-
sponses. At the microscale, the batch fabrication of microrobots with varying elaborate structures
and magnetization properties is difficult.

4.1.2. Utilizing the inhomogeneity of magnetic fields. With various custom magnetic
manipulation systems being developed, control strategies utilizing inhomogeneous magnetic
fields have been proposed to control multiple magnetic microrobots. As the simplest case, a
single magnet dipole source has the ability to generate two rotating magnetic fields with arbitrary
independent rotation axes at any two points so that two helical microrobots can be independently
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Figure 2 (Figure appears on preceding page)

Time line of representative developments for multiagent and swarm control of magnetic microrobots. (Left) Multiagent control.

(#) Resonant microrobots with different structures. Panel adapted from Reference 97 with permission from IEEE. (5) Assembly and
disassembly of multiple microrobots controlled using an electrostatic anchoring surface. Panel adapted from Reference 56 with
permission from IEEE. (¢) Independent control of multiple microrobots with different magnetization strengths or materials. Panel
adapted from Reference 82 with permission from SAGE Publishing. (d) Independent control of multiple magnetic microrobots in 3D
by breaking the property symmetry. Panel adapted from Reference 83 with permission from SAGE Publishing. (e—g) Independent
multiagent control through field inhomogeneity. Microrobots are driven by magnetic force (panel ¢) or torque (panels f'and g), and
magnetic fields are generated by a single magnet (panel f) or multiple electromagnets (panels e and g). Panels adapted from References
84, 93, and 92, respectively, with permission from IEEE. (b) Two-agent formation control of magnetic microrobots by utilizing the
magnetic interactive force. Panel adapted from Reference 29 with permission from Springer Publishing. (?) Two-agent independent
control by utilizing the lateral boundary force. Panel adapted from Reference 58 with permission from IEEE. () Independent 3D
control of two magnetic microrobots by utilizing field gradient inhomogeneity. Panel adapted from Reference 86 with permission from
IEEE. (Right) Swarm control. (k) A snake-like microparticle swarm on the fluid-air interface. Panel adapted from Reference 110 with
permission from APS Publishing. (/) A swarm of magnetotactic bacteria. Panel adapted from Reference 98 with permission from IEEE.
(m) An aster-like microparticle swarm. Panel adapted from Reference 111 with permission from Nature Publishing Group.

(n) Disassembly control of a microparticle swarm. Panel adapted from Reference 103 with permission from RSC Publishing. (0) In vivo
swimming of a swarm of artificial bacterial flagella. Panel adapted from Reference 17 with permission from Wiley. (p) Discrete particle
simulations to reveal swarm behaviors. Panel adapted from Reference 47 with permission from Science Publishing Group. (7) A
vortex-like paramagnetic nanoparticle swarm. Panel adapted from Reference 42 with permission from SAGE Publishing. () Ribbon-
like paramagnetic nanoparticle swarms. Panel adapted from Reference 112 with permission from Nature Publishing Group. (s) A
reconfigurable magnetic microparticle swarm. Panel adapted from Reference 48 with permission from Science Publishing Group.

(#) Automated nanoparticle swarm control based on statistics. Panel adapted from Reference 113 with permission from IEEE.

controlled (93). Magnetic manipulation systems with multiple electromagnetic coils are more
commonly used. By solving their system actuation equations, one can generate spatially selective
fields (92, 94) or gradients (84, 85) based on the superposition law to obtain independent multia-
gent control. Recently, Ongaro et al. (86) developed a nine-coil system and obtained independent
3D control of two identical or nonidentical gradient-pulling microrobots.

This type of method has more application potential because it does not depend on precise mi-
crorobot fabrication and modeling, and it allows for independent control over both identical and
nonidentical microrobots. On the other hand, existing techniques have shown accurate modeling
results of field distributions for both permanent magnets and electromagnetic coils. The main
concern is that, for multiple-coil systems without analytical coil field models, the proper solution
would require solving a nonconvex optimization problem, which involves significant computa-
tional effort, especially as the number of coils increases.

4.1.3. Creating specialized boundaries. Specialized boundaries capable of providing localized
boundary forces can be created to break the symmetry of actuation forces among multiple mi-
crorobots under excitation by the same field signals. Sophisticated substrates with independently
controllable grids have been designed to selectively anchor individual microrobots by controlling
the electrostatic force (56) or to independently actuate individual microrobots by controlling the
electromagnetic force (57). Both approaches can provide independent motion control on 2D sub-
strates. As a special strategy, lateral nonslip boundaries serve as static obstacles to constrain the
motion of particles (58), and by designing control algorithms, one can independently control the
positions of two particles.

Since gridding substrates fully decouple the control inputs on individual magnetic microrobots,
they are suitable for complex assembly and micromanipulation tasks. In addition, the substrates
could offer very high control frequencies and good motion control robustness. However, this type
of method only allows microrobots to work near a substrate or lateral boundaries, which makes an
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extension to 3D applications difficult. The substrates and lateral boundaries also have strict and
even hard-to-satisfy requirements for real applications.

4.1.4. Controlling the interaction forces. The above-mentioned multiagent control methods
ignore the interactive forces among microrobots (95). In fact, when multiple magnetic microrobots
work in close proximity to each other, the interactive magnetic force expressed by Equation 4
should be taken into consideration. As shown by Salehizadeh & Diller (29), by modeling the rela-
tionship between the magnetic interaction states and the agent heading angles, one can regulate
the interagent spacing, heading, and position of two magnetic microrobots on an oil-water in-
terface. Moreover, the hydrodynamic vortex force generated by rotating microrobots can also
be utilized. On an air-fluid interface, when the force balance between the repulsive short-range
vortex interaction force and the attractive magnetic interaction force is reached, the pattern of
multiple agents becomes stable (30, 88). The distance between two agents is tuned by controlling
the agents’ field rotation frequency and magnetic orientation, which influence the interactive hy-
drodynamic force and the average interactive magnetic force, respectively. This type of method
provides a solution for multiple magnetic microrobots that work close to each other, but extending
the theories to 3D environments is difficult, and the problem has yet to be solved.

4.2. Swarm Control

Swarm behaviors are common in nature, with examples ranging from animals and insects to bac-
teria, and these behaviors are often significant for biological living or survival. Controlling swarms
on the order of hundreds to thousands or even millions of robots is one of the primary challenges
in magnetic microrobotics. Owing to the small size of the robots and the large population of a
swarm, the multiagent control methods discussed in Sections 4.1.1 and 4.1.2 lose effectiveness,
but swarm control of magnetic microrobots using global magnetic field is favorable (116). In ad-
dition, magnetic microrobots that can be batch fabricated via microfabrication technologies (e.g.,
magnetic micro- or nanoparticles) are preferable for swarm control. Moreover, in contrast to in-
dividual and multiagent control, a unique feature of swarm control is that the interactive force
should never be ignored. This feature dramatically increases the difficulty of the theoretical mod-
eling of swarm behaviors. As a result, simulation becomes a powerful tool for swarm control of
magnetic microrobots.

4.2.1. Swarm pattern formation via dynamic assembly. Under the excitation of external
global dynamic magnetic fields, complex dynamic magnetic and fluidic interactive forces can be
induced in a swarm of magnetic microrobots. Governed by these forces, dynamic assembly pro-
cesses occur and stable swarm patterns can be formed after force equilibria are reached, such as
snake-like (110), ring-like (102), aster-like (111), vortex-like (42), and ribbon-like (112) patterns.
For the formation mechanism, the dynamic assembly is generally activated by a global periodic
magnetic field that induces the synchronizing magnetic torque-driven motion of each unit in the
swarm. Then, generated by the synchronizing motion, the regular fluid flow and directional aver-
age magnetic interactive force over an actuation period create the driving force for the assembly
process until a force-equilibrium state is reached, which may correspond to a stable swarm pat-
tern. Because of the multiple interaction forces and stochastic motion of micro- and nanoparticles,
analytical solutions of assembly processes are difficult to obtain, and thus simulation approaches
are usually adopted (42, 47, 48).

The stable swarm patterns are related mainly to the field waveform and working environment.
For example, although the same alternating field waveforms are applied to the same magnetic
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microparticle swarm, the resulting swarm patterns are completely different for a swarm located at
an air—fluid interface (110) and a swarm at a silicon 0il-Na; SO, solution interface (111). Simula-
tion and experimental analysis have shown that the generated flow is the dominating factor. The
field waveform, as the motion excitation source, plays the most important role in determining the
swarm pattern. Yu et al. demonstrated that, for the same magnetic nanoparticle swarm distributed
on a flat substrate, rotating fields and oscillating fields induce a vortex-like swarm pattern (42)
and a ribbon-like swarm pattern (112), respectively. The dynamic assembly of the former is dom-
inated by the long-range attractive vortex force, while that of the latter is dominated by magnetic
attractive force. The conical fields used by Yan et al. (117) and Mohoric et al. (118) even generate
3D tube and hollow cylinder patterns, which, however, are a precursor to structural instability.

In addition to swarm pattern generation, field parameters can be controlled to tune the
equilibrium state of the swarm pattern. Different combinations of the frequency and opening
angle of conical fields lead to different 3D or 2D pattern phases, as shown by Yan et al. (117)
and Mohorich et al. (118). Pattern phases can even be directly switched from one to another by
changing the global field waveform (48). This reconfigurable magnetic microrobot swarm (48)
has four distinct swarm pattern phases that correspond to four magnetic field waveforms. The
shape of a given swarm pattern can also be controlled by adjusting field parameters. The shape
ratio of the ribbon-like nanoparticle swarm (112) and the area of the vortex-like nanoparticle
swarm (42) are tuned by the field ratio of the oscillating field at the x—y plane and the field
frequency of the in-plane rotating field, respectively.

The size of a magnetic micro- or nanoparticle has little influence on the form of swarm patterns,
because each particle is approximately equivalent to a magnetic dipole, and particles of different
shapes and sizes generate similar fluid flows if the other conditions are the same. For example,
rotating magnetic fields induce circular vortex-like patterns for many types of spherical particle
with a wide range of diameters: hundreds of nanometers (42), several micrometers (101,118, 119),
tens of micrometers (47), or hundreds of micrometers (120). The same principle of swarm pattern
formation also applies to peanut-shaped (48) and helix-shaped (100) magnetic microrobots, which
indicates that the microrobot shape may not be a significant factor in pattern formation.

Furthermore, for some applications, a reversible disassembly process is necessary to make the
microrobot swarm cover a desired region or create the desired density for localized delivery or
therapy—for example, for the treatment of local hyperthermia (121). To this end, control of the
distribution region or density of the microrobot swarm is the key technology. Some methods have
been recently proposed for swarm disassembly (34, 103, 122).

As a special case, beyond the swarm pattern formation determined by dynamic magnetic and
fluidic forces, an array of small permanent magnets provides a strong localized gradient field that
dominates the assembly process (123). Each magnet determines the motion of nearby microrobots,
so that particular patterns can be achieved by programming the magnet distribution. However, the
major drawback is that the magnet array cannot be dynamically programmed.

4.2.2. Swarms without a stable pattern. Unlike the dynamically assembled swarm patterns de-
scribed in Section 4.2.1, which are governed by global or local regular fluid flows, some magnetic
microrobot swarms do not form stable patterns. Instead, all the agents in the swarm have an iden-
tical motion under the actuation of a global magnetic field and can move in pace with each other.
Examples include helical microrobots, surface-rolling microrobots, and gradient-pulling micro-
robots. A swarm of helical microrobots can swim in the intraperitoneal cavity of a BALB/c mouse
(17) and in the vitreous body of an eye (15). Since there are no strong forces keeping the swarm
together, if it is subject to disturbances, the swarm shape can easily change, and some parts of the
swarm can even be lost. This phenomenon also occurs for swarms of surface-rolling microparticles
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moving on substrates with obstacles (124) or curved channels (125). Driven by a global magnetic
gradient field, a swarm of gradient-pulling microrobots will move together along the gradient
direction (126). In particular, gradient-guided flagellated magnetotactic bacteria can be gathered
together by applying a focusing magnetic gradient field (98). Thanks to the self-propulsion prop-
erty of the magnetotactic bacteria, they are capable of generating 3D bacteria swarms (127), and
this property enables them to aggregate together.

4.2.3. Swarm motion control as an entity. The motion of a swarm of magnetic microrobots
is controlled by a small number of magnetic inputs. From the motion control perspective, this is
an underactuated system because each microrobot cannot be individually actuated and controlled.
Therefore, the literature has commonly treated the entire swarm as an entity. This is a feasible
strategy for swarms that can form stable patterns, the motion of which is robust to external force
and disturbances (42, 48, 110-112). Using the strong ensemble force, these swarms can even trap
and transport cargoes (42, 48, 111). By comparison, loss of individual components during motion
is common for magnetic microrobot swarms without stable patterns (17, 124, 125). Therefore,
microrobot swarms with stable patterns have higher microrobot utilization ratios and higher de-
livery efficiency than those without stable patterns. However, most swarm pattern formations rely
on a substrate or 2D interface, which limits their application scenarios.

5. CLOSED-LOOP MOTION CONTROL OF MAGNETIC
MICROROBOTS

With established principles of magnetic microrobot motion, closed-loop control is required to im-
prove the accuracy and efficiency for microrobotic tasks (e.g., delivery and micromanipulation).
From individual and multiagent to swarm magnetic microrobots, closed-loop control is designed
and implemented to ensure high-accuracy motion and accomplish microrobotic tasks automat-
ically. The general structure of closed-loop motion control systems for magnetic microrobots
is depicted in Figure 3. To date, the mainstream research focus has been on the development of
the motion controller, magnetic manipulation system, feedback instrument, and signal-processing
methods, and the majority of works have used a preset trajectory or manual inputs to replace the
motion planning function or adopt mature static planning methods. However, for complex and
dynamic working environments, advanced motion planning methods need to be further taken into
consideration.

Since magnetic manipulation systems have been thoroughly reviewed by Abbott et al. (18),
here we describe how the four other parts are applied in magnetic microrobotics and critically
review and discuss state-of-the-art works. Representative results of these studies are illustrated in
Figure 4.

5.1. Motion Planning and Controller

When a task is given, motion planning is responsible for generating feasible or even optimal tar-
geted motion for the microrobot, i.e., q*(¢), which is composed of a series of future targeted states
of the microrobot, i.e., s*(¢). Based on the obtained information about the environment and cur-
rent state of the microrobot, many traditional planning algorithms can be readily adopted or im-
proved for use. For example, search-based algorithms, such as A* (80) and rapidly exploring ran-
dom trees (RRT) (130), have been used for global path planning for individual microrobots. To
further improve the planning optimality, iteration-based algorithms are applied, such as particle
swarm optimization (81) for path generation and the genetic algorithm (131) for swarm pattern
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The general structure of closed-loop motion control systems for magnetic microrobots, which comprises five main parts: motion
planning, a controller, a magnetic manipulation system, a feedback instrument, and signal processing. When a given task is
accomplished, the motion planning part will stop the motion control loop.

generation. However, due to the limited computational efficiency, these two types of methods are
adequate only for static environments. As a solution for dynamic planning, recent studies have
designed potential field-based algorithms. By using dynamic-avoidance vectors, Kim et al. (132)
and Li et al. (133) were able to perform dynamic microrobot navigation even within in vivo en-
vironments. One potential direction for dynamic planning in more complex environments is the
deep learning-based methods that have already been applied for autonomous vehicles. Another
unsettled issue in planning for multiagent and swarm microrobotics is that the targeted motion is
preset or manually set in almost all current works (83, 85, 86, 113, 127). For magnetic microrobot
swarms, in addition to the path planning, pattern formation (131) and deformation planning (134)
are vital for optimal swarm generation and environmental adaptability, respectively.

The controller performs the core task of accurate, automated motion control, the goal of which
is to generate control inputs u(z) so that the output motion will make the future state of the
microrobot s(¢) converge to its desired value s*(¢) obtained by motion planning, i.e.,

s*(z) — s(z) il 0, when t — oo. 18.

After approximately 20 years of development, the fundamentals of automated individual control
have been solidly established. Conventional proportional-integral-derivative (PID) control is the
simplest controller that fulfills Equation 18, as shown in many works in the literature (54, 79, 129,
135-137). Simple PID (or part of PID) control is also adopted in multiagent control for prelimi-
nary validation of the independent control theory (29, 83, 84). To implement the derivative control
action and eliminate feedback noise, position and velocity observers should be utilized (86). Since
PID control is a linear method that does not take into account the nonlinearities of the motion
dynamics (e.g., the wall effect) or nonlinear uncertainties caused by the inaccurate modeling of
the motion dynamics and electromagnetic system, deficiencies in the tracking performance are
obvious, as shown in the corresponding results in Figure 4.
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Representative closed-loop control results for magnetic microrobots. (70p) Results for individual microrobots. (#) Control of a rolling
microrobot under bright-field feedback. Panel adapted from Reference 128 with permission from IEEE. () Control of a gradient-
pulling microrobot under ultrasound feedback. Panel adapted from Reference 129 with permission from IEEE. (¢) Control of a
surface-rolling microrobot under fluorescence feedback. Panel adapted from Reference 81 with permission from IEEE. (Middle)
Results for multiple microrobots. (d) 2D control of two gradient-pulling microrobots by using field inhomogeneity. Panel adapted from
Reference 85 with permission from IEEE. (¢) 3D control of two gradient-pulling microrobots by using property asymmetry. Panel
adapted from Reference 83 with permission from SAGE Publishing. () 3D control of two gradient-pulling microrobots by using field
inhomogeneity. Panel adapted from Reference 86 with permission from IEEE. (Bottorm) Results for swarms of microrobots. (g) Object
manipulation in a maze by using a swarm of Kilobots. Panel adapted from Reference 59 with permission from IEEE. () Statistics-based
automated control for a swarm of magnetic nanoparticles, including pattern formation control and trajectory tracking control. Panel

adapted from Reference 113 with permission from IEEE. ) ) ) o )
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In addition, external disturbances caused by dynamic fluidic forces are also nonlinear, such as
the bifurcation effect (36) and pulsatile flow (138). As a result, other advanced closed-loop control
methods have been proposed that can be classified into nonlinear control and optimization-based
control. With well-modeled system dynamics that account for nonlinearities, many classic non-
linear control approaches have been adopted for controller design, such as adaptive control (61),
Hoo control (139), and control based on input-to-state stability (140). These nonlinear controllers
exhibit better control performance than PID control under uncertainties and disturbances, but
their requirements regarding accurate mathematical modeling of the magnetic manipulation sys-
tem and microrobot restrict their application to only simple microrobots, such as a spherical bead.

Alternatively, optimization-based control also has good robustness to uncertainties and dis-
turbances but does not require precise nonlinearity modeling. For example, minimum variance
control can address stochastic uncertainties (141), and model predictive control can reduce track-
ing error for curved trajectories (128) and suppress motion oscillation (81) owing to its prediction
capability. Linear quadratic regulator-based control has also been used for multiple (142) and
swarm (113) motion control of magnetic microrobots. For the purpose of generalized disturbance
compensation, many disturbance observers can be additionally applied (79, 81).

Unlike motion control of individual and multiple microrobots, pattern control is a special as-
pect of swarm control. As global inputs are the only feasible method of pattern control, statistics-
based approaches have proved effective for Kilobot swarms (59) and nanoparticle swarms (113).
This emerging field also embraces new innovations in closed-loop control strategies that do not
rely on system modeling, such as fuzzy control (134) and deep learning—based control.

5.2. Feedback Instruments and Signal Processing

The bright-field optical microscope is a traditional instrument to provide feedback information
on the environment and state of magnetic microrobots for further motion planning. It has at most
submicrometer resolution and is applicable only for on-chip tasks without optical obstructions.
Feasible or potential feedback instruments have been explored for closed-loop control for in vitro
and in vivo applications. Fluorescence imaging, as a common tool for biomaterial observation, is a
good candidate for assisting targeted delivery to cells (81) and in vivo tracking of microrobots (17).
Thanks to the easy access to fluorescence microscopes, closed-loop control has been realized (81);
however, in vivo closed-loop control remains unsettled. One reason may be difficult integration
with the expensive In Vivo Imaging System (IVIS).

Ultrasound is one type of easy-to-access imaging modality for in vivo feedback. Its resolu-
tion reaches ~100 pum, and closed-loop control has been demonstrated for microrobots (129).
Although the use of ultrasound is theoretically and economically feasible, its low signal-to-noise
ratio is far from adequate to detect individual microscale agents in deep tissue. Fortunately, swarm
control provides a way forward (143).

Magnetic localization is also effective for in vivo tracking since biological tissue is transparent
to magnetic fields. An array of magnetic sensors can be self-constructed for remote sensing of a
microrobot inside the body (144, 145), or magnetic sensors can be attached to a microrobot to
sense the stronger external field generated by a magnetic manipulation system (146). The major
limitation of magnetic localization is that when the device is microscale, the sensor cannot detect
its weak field or be attached to it. Clinically, magnetic resonance imaging (MRI) systems have
a detection resolution smaller than 100 pm thanks to their strong magnetic field (>1.5 T). In
addition to imaging, MRI systems can provide simultaneous motion control for magnetic micro-
robots. One potential application of an MRI system is to utilize its gradient coils to implement
the gradient-pulling method described in Section 3.1 (147).
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Other advanced potential in vivo imaging instruments for microrobots have been introduced
(3, 148), including computed tomography and positron emission tomography. It is worth men-
tioning that, more recently, photoacoustic imaging (149) and optical coherence tomography (150)
have been applied for navigation guidance of microrobots. Nonetheless, much work remains be-
fore these advanced imaging instruments can be used for in vivo closed-loop control of magnetic
microrobots.

Many of the above-mentioned feedback instruments directly provide images to a control com-
puter, such as cameras on a microscope, ultrasound, or MRI device. Traditional image-processing
methods included in the OpenCV library, such as noise reduction, image segmentation, and fea-
ture extraction, can then be used for information extraction. If there are multiple view feedbacks,
then the triangulation algorithm can be used for 3D localization. It is well known that lateral
observation of microscale objects for 3D tracking is very difficult, for which a new setup based
on stereo-holographic diffraction with a self-designed image-processing method provides a solu-
tion (151). Optionally, it is also possible to obtain the 3D location of microrobots directly from
2D feedback images. One approach is to calibrate the relationship between feature parameters
of the microrobot and its location in the 2z direction (141); the other is to learn the relationship
between nonhuman-defined features and the z location of the microrobot by deep learning (152).
Unlike image feedback, several instruments can only give point measurement signals (e.g., mag-
netic sensors), so that system mathematical modeling is required for 3D localization (144-146).
Combining these signal-processing methods with those feedback instruments, researchers have
provided many feasible ways to use magnetic microrobots in various environments.

6. SUMMARY AND FUTURE PERSPECTIVES

This article has aimed to introduce readers to motion control in magnetic microrobotics, including
the fundamentals, the state of the art, and the current limitations in this field. After approximately
20 years of development, the technologies for motion control of individual magnetic microrobots
have become mature. On this basis, several well-understood principles have been proposed for
multiagent control. As one can see from Figure 2, swarm control of magnetic microrobots is
still a young research topic without systematically established theories. Utilizing the underlying
motion principles of magnetic microrobotics, the robotics and control communities can pave the
way to applications by designing and implementing various feedback instruments and closed-loop
control systems. However, magnetic microrobotic systems have not yet fulfilled their promise for
in vivo automatic navigation for applications in complex environments. Several areas of potential
future research can help meet this ultimate goal:

m Multifunctional magnetic microrobots: Innovative designs with new functions (e.g., force
sensing and biosensing) would be a promising future direction that can expand the applica-
tions of magnetic microrobots.

m Fundamentals of swarm control in magnetic microrobotics: Meaningful challenges that need
to be tackled include establishing systematic design methodologies for swarm control, de-
veloping methods for swarm navigation in 3D space, and bringing intelligence to magnetic
microswarms with good adaptability to complex environments and high autonomy levels.

m Motion control in biological media: Many common fluids in the human body are non-
Newtonian, including sputum, saliva, and vitreous humor, and biological media usually con-
tain inhomogeneous macromolecules, cells, and so on. These two facts increase the difficulty
of microrobot motion, which is the key problem to be solved for microrobotic delivery tasks
in these media.
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m Advanced intelligent control strategies for magnetic microrobotic navigation in complex and
dynamic environments: Current microrobot control tasks often assume a simple and static
environment, which is very different from real-world environments. This objective requires
identifying complex environments and microrobot states, performing dynamic motion plan-
ning and control, and so on. Deep learning—based methods have boosted applications in
many fields and provide substantial opportunities for innovation in magnetic microrobot
motion control.

m System integration with real-time in vivo feedback and/or auxiliary medical tools: Although
various feedback instruments have been introduced for in vivo microrobotic feedback, only
a few have been integrated with a magnetic manipulation system to make the microrobots
work in a closed-loop or autonomous manner. On the other hand, to facilitate microrobotic
delivery to deep and narrow spaces, medical minimally invasive tools can be integrated for
the deployment of micro- and nanorobots, such as endoscope- and catheter-assisted micro-
robotic delivery.
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