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Introduction to Mobile Magnetic Actuation System

1.1 Introduction

In recent years, miniature robots have increasingly captured the focus of
researchers and practitioners, primarily owing to their substantial potential in
medical and bioengineering fields [1-3]. The definition of a “miniature robot” per-
tains to a device that is controllable and has dimensions spanning from microm-
eters to millimeters. Due to their small size, these robots can access intricate and
confined areas within the human body in a minimally invasive fashion, including
the gastrointestinal (GI) tract, vasculature, brain, and eye. Furthermore, they pos-
sess the capability to carry out a variety of tasks, such as targeted drug delivery [4],
precision surgical operations [5, 6], and comprehensive medical examinations [7].
Besides, microsized robots hold promise for in vitro applications, like cell manip-
ulation and tissue engineering, because they can manipulate subcellular entities
with high precision and repeatability.

Given their small size, the newly developed tiny agents hold great promise
for transforming medical diagnosis and treatment via minimally invasive tech-
niques. Nevertheless, incorporating conventional onboard components, including
actuators, processors, and power sources, poses significant difficulties in submil-
limeter robots due to their constrained volume. Consequently, researchers have
directed their efforts toward remote actuation methods to achieve wireless control
of untethered robots. The proposed approaches encompass optical [8], acoustically
controlled [9, 10], chemical reaction, and magnetic field-based methods [11].

Optical tweezers, as highly sensitive and versatile tools, are capable of trap-
ping cells and microparticles. However, their penetration depth within the body
is limited, resulting in insufficient force for practical applications. Acoustically
controlled methods offer a non-harmful driving force for specially engineered
microrobots inside the human body, yet precise control over their direction
and trajectory remains elusive, with research in this area still in its infancy.
Chemical reaction methods can propel microrobots forward, but managing the
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chemical changes induced in the body proves to be a formidable challenge. In
contrast, the magnetic field method enables wireless actuation of magnetic robots
without signal attenuation during penetration through the human body. Mag-
netically controlled microrobots can be precisely guided to navigate within living
organisms, addressing a multitude of medical issues. However, magnetic actuation
is not without its drawbacks, including a confined workspace, restricted magnetic
flux density for actuation, and the bulkiness and costliness of the designed sys-
tem. Therefore, the development of magnetic actuation systems (MASs) has been
geared toward overcoming these limitations.

The inherently interdisciplinary nature of MASs in clinical settings underscores
the need for coordinated efforts among a diverse group of experts, encompassing
roboticists, clinical practitioners, regenerative medicine researchers, and biomed-
ical engineers. Clinical specialists blend conventional approaches with engineer-
ing insights to devise innovative solutions to prevailing challenges [12].

Simultaneously, regenerative medicine scientists have been refining stem cell
modifications to elicit therapeutic outcomes at designated target locations. Within
the realm of biomedical engineering, magnetic micro/millirobots (MMRs) have
been harnessed as delivery vehicles to achieve pinpoint drug administration
through closed-loop control mechanisms [13, 14]. Notably, the development of
MASs for clinical use by roboticists and engineers serves as the cornerstone that
supports and enables all these collaborative initiatives [15-17]. The fusion of spe-
cialized knowledge and concerted efforts across these disciplines drives progress
and fosters innovations that hold immense promise for the future landscape of
medical robotics.

The traditional paradigm of medical treatment commonly involves introduc-
ing high-dosage medications into patients via the bloodstream, relying on pas-
sive transport. Nevertheless, this approach has inherent drawbacks. A substantial
amount of the medication can be taken up by nontargeted organs or cells, which
may lead to side effects and harm to the body. Consequently, there is a pressing
need for a more accurate and controlled drug delivery mechanism. MASs offer the
capability of precise, wireless control over magnetic robots, facilitating targeted
delivery and controlled movement within the body. This unique feature unlocks a
wide array of clinical applications. In addition to precision drug delivery, MMRs,
when actuated by MASs, can be employed to deliver functional cells, such as stem
cells, to specific sites for repairing damaged cartilage. Moreover, MASs are rele-
vant in various scenarios requiring precise delivery, such as removing blood clots
from the cardiovascular system and performing vitreoretinal or GI endoscopy.
Addressing these diverse applications requires the development of suitable MASs
and MMRs that are tailored for clinical use. Significant attention has been devoted
to advancing the MAS and MMR designs to satisfy the specific needs of clinical
applications, emphasizing their potential to revolutionize the field of medicine.
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The development of actuation systems for clinical applications is accompanied
by inherent challenges. A critical issue stems from the intrinsic properties of
MASs. From an energy perspective, the natural instability of the dipole in all direc-
tions poses a significant obstacle to the effective control of permanent MASs. Addi-
tionally, the magnetic field strength decreases rapidly as it moves away from the
source, following a cubic distance decay pattern. This rapid attenuation renders
the field unsuitable for many applications where sustained strength is required.
Furthermore, even when the magnetic field is amplified at the center of the
workspace, the steep gradients near the electromagnet limit the effective opera-
tional area to a region smaller than the full 3D environment. This constraint adds
complexity to the design of MASs for real-world practical use.

In response to the challenges inherent in MAS design, researchers have adopted
the closed-loop flux path method to boost magnetic field intensity and gradient.
When integrated with appropriate mapping strategies, this system can function as
a magnetic catheter guidance platform. A thorough examination of magnetic field
distribution across the workspace and between electromagnets is critical for cal-
culating the precise current levels needed to accomplish specific tasks [18]. Strict
current regulation is necessary to prevent excessive heating, which could compro-
mise wire integrity. Moreover, the effective operational workspace for many prac-
tical applications remains constrained. To address these limitations, recent studies
have focused on innovations such as optimized wire configurations and advanced
coil designs [19]. These advancements aim to elevate manipulation capabilities
and extend the boundaries of magnetic actuation in intricate clinical scenarios.

The efficient control of MMRs is paramount to their operational performance,
particularly when these robots collaborate to execute intricate tasks. A robot’s
morphological design profoundly influences its control dynamics and func-
tional capabilities. Presently, significant research efforts have been directed
toward understanding core locomotion mechanisms—such as slipping, rolling,
walking, and climbing—as these foundational modes can be integrated to achieve
diverse operational objectives [20]. A critical consideration in MMR design is
material selection, which must prioritize magnetizable properties while ensuring
biocompatibility (non-cytotoxicity). Notably, recent advancements have centered
on developing MMRs using materials that are both biodegradable and magnetiz-
able, aiming to create robots capable of completing tasks and subsequently degrad-
ing safely within the body [21, 22]. The objective is to enable precise navigation and
propulsion by integrating multiple locomotion strategies. Beyond robot design, the
development of MASs capable of generating sufficiently strong magnetic field gra-
dients or torque within expansive workspaces is equally essential. This aspect has
been a focal point in the literature, with studies emphasizing the need for MAS
designs that ensure accurate, high-gradient magnetic fields during MMR naviga-
tion [23, 24]. Collectively, these advancements form the foundation for medical
interventions leveraging magnetic manipulation techniques.
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Beyond the technical optimization of MASs and MMRs, the operational suc-
cess of magnetic manipulation systems hinges critically on real-time feedback
derived from advanced imaging modalities. Among these, photoacoustic imaging
has emerged as a particularly promising in vivo imaging technique [25], garnering
significant interest for its utility in providing precise feedback signals for contem-
porary research applications. Depending on the application context, alternative
imaging approaches such as fluoroscopy or magnetic resonance imaging (MRI)
may also be employed. However, these methods are accompanied by notable
limitations, including potential health risks associated with prolonged exposure
(e.g., ionizing radiation in fluoroscopy) and the inherently time-consuming nature
of MRI protocols. Collectively, these factors underscore the need for careful selec-
tion and integration of imaging technologies to balance feedback quality with prac-
tical constraints in clinical settings.

The control of magnetic robots can be broadly categorized into three paradigms:
individual manipulation, coordinated multi-agent systems, and large-scale swarm
control [26, 27]. The incorporation of machine learning algorithms and opti-
mization strategies further elevates operational efficiency and precision [28].
These advanced methodologies have yielded encouraging outcomes, particu-
larly in enabling accurate drug delivery within intricate three-dimensional (3D)
environments—a critical capability for targeted medical interventions.

1.2 Magnetic Actuation Systems

1.2.1 Magnetic Actuation Principle

Magnetic actuation operates by exerting forces or torques on magnetic
entities—either embedded with permanent magnets or composed of magnetizable
materials—through externally controlled magnetic fields (see Figure 1.1). Notably,
the absence of electrical currents within the operational environment allows the
quasistatic magnetic field to be rigorously modeled using Maxwell’s equations, as
established in [29]. This framework provides a foundational basis for analyzing
and optimizing magnetic manipulation systems.

V-B=0 VXB=0 (1.1)

where B is the external magnetic field and V is the gradient operator. The equation
implies that the gradient matrix of B is symmetric and trace free. A magnetic
torque 7 acts on a magnetic object m when misalignment occurs between the mag-
netization of the object and the orientation of the magnetic field as follows:

(1.2)
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Figure 1.1 Diagram of magnetic interaction. (a) pure torque under a uniform magnetic
field; (b) pure force under a nonuniform magnetic field.

Moreover, a magnetic force f exists, when a magnetic object is in a nonuniform
magnetic field as follows:

0B, 0B, 0B,
—_— —_— —_— mX
dy dy 0z
f=(m-V)B= 3B, aBy 3B, . aBy my, (1.3)
0z Oz ox  dy m,

Either effect can be deployed individually or in concert to achieve six-degree-
of-freedom motion. In the analytical framework of Egs. (1.2) and (1.3), each robot
is treated as a magnetic dipole, an assumption justified when its size is dwarfed
by the workspace. With full field programmability, the dipole model caps con-
trollable degrees of freedom (DOFs) at five—three for translational force and two
for torque—since rotation about the intrinsic magnetization axis is unavailable.
A force couple generated by tailored multimagnet architectures reinstates the
absent degree and thereby secures complete six-axis guidance [30]. Altogether,
the magnetic field offers eight independent coordinates: three field components
together with five gradient components.

To characterize the energy field in an electromagnetic manipulation system, the
first analytical step relies on the four Maxwell equations, which collectively estab-
lish the theoretical basis for modeling both electric and magnetic field behaviors.
These equations form the cornerstone for understanding field interactions and
energy distribution in such systems.

v.E=2 (1.4)
€o

0B
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V.-B=0 (1.6)
VXB=puJ+ /xosoaa—? 1.7)

where E represents the electric field strength, related to the electric displace-
ment vector D via E = —D with g, denoting vacuum permittivity; B denotes the

magnetic flux density, hnked to the magnetic field strength H (in A/m) through
B = uyH, where u, =47 x 107’"H/m is the vacuum permeability. The electric
charge density is symbolized by p, while j corresponds to current density (zero in
the manipulation region but non-zero within magnets). Alternative formulations
of Maxwell’s equations are derived from the foundational Egs. (1.4)-(1.7).

The magnetic dipole model is widely adopted to describe the spatial variation
of magnetic flux density around a single pole of a permanent magnet. For such
configurations, the scalar magnetic potential is typically expressed using a Taylor
series expansion, which provides a systematic framework for approximating the
field’s behavior. This approach enables analytical modeling of the magnetic poten-
tial’s dependence on spatial coordinates near the magnet’s pole region.

1 - 1 ;
(r) = E;:%Hr”—nﬂ 9§P P,(r-p)(n-M)da (1.8)

where p denotes the distance from the magnetic volume’s center to the integra-
tion point, P, () represents Legendre polynomials, M is the magnetization vector,
n is the normal unit vector, and r is the position vector from the magnetic vol-
ume’s center to the point of interest (expressed as r = 1Py 41 P, as illustrated in
Figure 1.2a). This formulation simplifies to a multipole expansion when the analy-
sis points lie outside the minimum bounding sphere—the smallest sphere entirely
containing the magnet during magnetic flux evaluation.
The magnetic flux density can be represented with an expansion form as:

B{r,m} =uH=—-uVvVo

P,{#} + Pyt + ———

_(47r||r||2 47'[|| TR (1.9)

4n I|r|I3

+—E P+ ..

e ) m

where u denotes the permeability of the surrounding medium, which is u, = 47 X
1077 T - m - A~! in free space. This value can vary depending on the medium in
which the MMR is placed. The dipole moment m is defined as the integral of the
magnetization M over the volume V.

Based on the properties outlined in Eq. (1.6), the even-order terms (e riz, x 2

ﬁ’
etc.) are nullified in the expanded version of Eq. (1.9). Consequently, the initial
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Figure 1.2 Magpnetic field illustration. () The representation of magnetic flux density
around a permanent magnet (represented as a magnetic dipole), where the original
coordinate is x;0;y;, m represents the magnetic moment, B is the magnetic flux density
at the position away from the center of the magnetic dipole with a distance r. (b) The
multiple electromagnets’ field distribution, where the [r,, r,, ;] represents the position
under global coordinate, Hy, is the unit magnetic field strength, and a is the radius of the
workspace.

nonzero term in the polynomial expansion is characterized by a decay rate of ||r|| =
(the dipole term with n = 2), followed by subsequent terms that diminish at a rate
of ||r||~>, and so forth.

The magnetic dipole model is frequently employed to estimate magnetic flux
density values, particularly when the magnet’s geometry and internal magnetiza-
tion distribution are unknown. This simplified approximation serves as the most
commonly referenced approach under such conditions, enabling practical estima-
tion of field strength based on measurable external parameters.

Mo 1 anT
By =——3 —[0) m; 1.10
dlpole(r) A ||I'||3 ( T )m ( )
where £ represents the unit vector of r and | C R3** denotes the identity matrix.
As per Eq. (1.10), the dipole field’s magnitude diminishes cubically with distance.
In terms of geometry optimization for permanent magnets in static MAS, research
indicates that cylinders with rectangular cross-sections (with a diameter-to-length

ratio of \/g) and cubes are the most effective shapes.
From an energy standpoint, the total energy U, of a magnetic dipole with a
moment m can be represented as follows.

B,
Uy=—m-B=-— [mx m, mz] | B, (1.11)
BZ
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Earnshaw’s theorem elucidates the inherent instability of a magnetic dipole
within an external magnetic field B. To achieve stable levitation of the magnetic
dipole, it is essential that Eq. (1.8) possess a minimum point. This necessitates the
Laplace equation of the total energy U, to satisfy the condition V2U,, > 0, ensur-
ing the system’s stability through a positive definiteness in the energy landscape.

Because both the divergence and curl of B are zero, the Laplace equation of B is
zero, that is

62m-B_62m-B_62m-B
0x2 5y2 0z2 (1.12)
=-m,V?B, —m,V?B, —m,V?B, =0

VzUb = -

Therefore, the dipole cannot reach the minimum or maximum energy points.
The dipole cannot be stable in all directions at any point in free space under mag-
netic field B.

To address instability in electromagnetic systems, researchers have explored
diverse strategies. One approach involves modifying system accessories to com-
pensate for unstable directions during analysis, while another utilizes magnetic
traps to confine objects at specific 2D surface locations [31]. However, these solu-
tions lose efficacy in 3D environments when holding plates or accessories are
removed, leading to renewed instability. A related technique in magnetic catheter-
based guidance balances mechanical reaction forces with magnetic gradient-
generated forces to stabilize objects, though such methods are impractical in
complex in vivo clinical environments—a recognized challenge in existing
studies [32]. Alternative approaches circumvent Earnshaw’s theorem through
dynamic magnetic field control [33]. By applying time-varying currents to elec-
tromagnets, researchers create transient trapping points, enabling adaptive appli-
cations like targeted radiation therapy and selective embolization in cancer treat-
ment. Most clinical systems rely on open-loop preprogrammed controls, which
lack adaptability to dynamic fields. A commonly adopted solution involves inte-
grating perception feedback to enhance magnetic robot control accuracy, stabi-
lizing 3D motion under MAS. The following section elaborates on open-loop and
closed-loop control methodologies.

1.2.2 Electromagnetic Field and Force/Torque Analysis

The underlying basis for electromagnetic field generation is outlined in Eq. (1.7),
illustrating how a magnetic field forms in response to an applied electric field.
Notably, the second term on the right-hand side accounts for the hysteresis effect,
which is linked to electric displacement.
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The force applied to a magnetic object with magnetic dipole moment m in field
B can be represented by the following equation.

F=(m-V)B (1.13)

At room temperature, m is linearly related to B for a superparamagnetic under-
saturated magnetic robot. The moment can be represented by Eq. (1.14):

_Am g

(1 + Xm)Ho

where y,, is the magnetic susceptibility.
According to Egs. (1.6) and (1.7), the conditions tr(VB) = 0 and the symmetry

of VB are satisfied within an electromagnetic actuation system’s workspace for a

magnetic object. Consequently, the magnetic force can be expressed accordingly.

m=V,M=V,, (1.14)

[ 0B, OB, 0B, ]
ox dy oz
0B, 9B, 9B,
F= W E 3z m
3B, OB, <5Bx . aBy>
| 0z 0z ox  dy
58, ]
Ox (1.15)
0B,
m, m, m, 0 0 9y
0B,
=10 m 0 m mf|F=]|= F(m)G(VBT)
—-m, 0 m, —my, my 6By
dy
0B,
| 6z |

In a simplified scenario where the magnetic field coordinates coincide with the

6B, 98B, OB :
X = = 2 =0, the magnetic force can be

lobal coordin resulting in
global coordinates, resulting 5 s -

simplified further.

9
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6B, ]
dx
—mx m, m, 0 0 0
F=[0 m 0 m m, 0
-m, 0 m, —m, m, dﬂ
B 3y
0 (1.16)
I B, 7 -
m_
* ox
= e
0B, 0B,
(55

Magnetic torque arises from the rotation of the magnetic dipole m around an
axis, with its direction being perpendicular to both m and B. For a magnetic dipole
m positioned at an angle 6, from the direction of B relative to the x-axis, the mag-
netic torque 7, is given by the following expression.

_aB-m) _ O(IBllmllcos(6,) ,
S 5. = —||Bllllm]| sin(6.) 117)

The total torque in three dimensions can be represented as:

7 =m X B =Sk(m)B

0 -m, m

4 (1.18)
=| m, 0 -m||B,
—-m, my 0 B,

where Sk(m) denotes the skew-symmetric form of the vector mx. Unlike the mag-
netic force, which possesses 3-DOFs, the magnetic torque has only two control-
lable DOFs. This limitation exists because it is not possible to produce torque about
an axis that is aligned with the direction of m.

In a MAS system that includes several electromagnets, as depicted in
Figure 1.2b, there is a linear relationship between the current applied to the
coils and the electromagnetic flux density. The magnetic field at a particular
point p in the workspace is the aggregate of the magnetic flux densities produced
by each individual electromagnet. The principle of superposition is applicable
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only if the magnetization does not reach saturation. The current is represented
byl=I[L,1,..,I,.., I,,]T (in amperes), and the overall magnetic flux density B
(in Tesla) is given by the following expression.

n n
B(p) =), Bi(p) =, Bi(p)], (1.19)
i=1 i=1
where B, is a unit-current vector expressed in Tesla per Ampere.
The partial derivative of B with respect to the x-coordinate at point p in the
effective workspace can be represented as follows:

9B(p) _ [9B,(p) 9B,(p) r
D) _[oBp) 1.1
X ox ox (1.20)
L 1.20
_ 9B;(p)
= Z 3 I
i1 9%
The initial term in G(VBT) of Eq. (1.15), specifically %, can be expressed as

n 0B (p) . y . .
Vi1 i I;. Correspondingly, the first term in B of Eq. (1.18), B,, is repre-

sented as Zle(Bxi( DP))I;, where (B,.);(p) denotes the magnetic flux density in the
x direction generated by the ith electromagnet at position p.

By incorporating Egs. (1.15)—(1.20), a compact representation that accounts for
a controllable magnetic field and its gradient can be derived, which is expressed
as follows:

| [skem)y o || B
F 0 F(m] _g(VBT)_

) o . (1.21)
_[skem o [ B ],
| o Fm||vBp)

where O represents the zero matrix, which is instrumental in analyzing the
electromagnetic forces and torques in all three spatial dimensions. By knowing
the magnetic moment of the object and the unit magnetic flux density in the three
directions, the force and torque exerted on the object can be directly linked to the
applied current.

The current applied is obtained from the voltage of the power supply. Its varia-
tion over time can be depicted as follows:

diit) V.

Ra
TR A 1(t) (1.22)

11



12

“c01_PrintPDF” — 2026/6/8 — 9:09 — page 12 — #12

1 Introduction to Mobile Magnetic Actuation System

where I(t) denotes the current applied, while % signifies the rate at which the

current changes. V., L,, and R, represent the voltage across the coil, the induc-
tance, and the resistance of the coil, respectively. When multiple coils are activated
concurrently, mutual induction may occur between adjacent coils, although it is
typically negligible and often assumed to be zero in practical applications. Further
analysis is provided in Section 1.2.3, with a visual representation in Figure 1.2b.

For particular applications, on-site calibration techniques have been established
to simplify the process of determining magnetic field distributions. Analytical
methods based on Maxwell’s equations have been utilized to depict the mag-
netic scalar potential [34]. Polynomial regression, which incorporates the Laplace
equation for flexible field mapping, has been applied in these calculations. The
accuracy of these calculations was verified by comparing them with finite-element
method simulation results, which can predict magnetic field distributions in new
areas.

1.2.3 System Modeling and Control

In a simplified magnetic robot motion analysis, the quasistatic motion can be ana-
lyzed as [35]:

mv(f)=F,, — cov(t) + A (1.23)

where v(t) is the velocity of a controlled object, c is the total drag coefficient,
o denotes the element-wise product, and A represents the disturbance. Only F,, is
controllable; the other variables vary with the surrounding environment and the
controlled object.

In the electromagnetic system analysis, the dynamics of the magnetic field
strength H(r) can be modeled based on the applied voltage u(t). As per Eq. (1.9),
the magnetic field strength can be converted to magnetic flux density using the
parameter magnetic permeability u; thus, H(r) is utilized in the subsequent
analysis.

To analyze the magnetic field strength H(r, t) in a circular region of radius
a centered at the origin and surrounded by n electromagnets, as depicted in
Figure 1.2b, the total magnetic field at position r and time ¢ is given by H(r, t) =
ZZ:1 i, ()H (r). Here, H, (r) € R3 represents the magnetic field strength at posi-
tion r = [ry, 15, r3]T in 3D space, generated by the unit voltage from the center of
the workspace.

In the analysis, only four electromagnets were taken into account, and a 2D
space was utilized. H, represents the magnetic field strength distribution around
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the lower right corner electromagnet and points to the right, while H,(r) can be
represented in global 2D coordinates using a rotation and translation matrix.

H,(r) = —O,H(ae — O,r) (1.24)

where e= [1,O]T for 2D space analysis, and the rotation matrix O, is
represented as:

cos (M) sin <2n<k - 1))

0= _Sm<2n(k—1)> Cos<zn(1:l— 1)) (1.25)
n n

The method described is a universal approach to depict the magnetic field dis-
tribution in a circular workspace surrounded by four electromagnets.

In high-gradient electromagnetic actuation systems, there is a presence of high
resistance and inductance. The applied voltage is represented by the control input
vector u(t) = [u,(¢t), uy(t), ..., un(t)]T, and the voltage-state vector necessary for
applying the magnetic field strength is denoted as y, (t) = Ri [, (¢).

The electromagnetic flux produced by the k" electromagnet is given by ¢, =
Z;;l Ly;I;. Consequently, y, = u; — ¢y = uy, — Li. Thus, the state space equation
can be formulated as follows:

I)=R'y(t)

) B (1.26)
7(t)=—RL™ y(t) + RL™ u(t)

R=diag(Ry, Ry, .., R,);  I(t) = [L,(£), (D), ..., [,(O]" (1.27)

where the inductance matrix L € R™" is a symmetric constant matrix, the
diagonal elements are L;; denoted as the inductance of the k;;, electromagnet,
and Lj, = L; is denoted as the mutual inductance between two electromagnets
j and k. State space Eq. (1.26) can also be derived from Eq. (1.22).

The notation in Eq. (1.26) can be streamlined by defining £A = RL™L. If k elec-
tromagnets possess identical inductance and are symmetrically arranged, then all
Ly; values are zero, allowing A to be the identity matrix. Consequently, the state
space equation can be characterized by a single parameter &.

H(r,t)=H(r)y(t) (1.28)

F,,(r,t) =KV|H(r, t)||? (1.29)
3 T

F .0 = 26 O b1y = K000, 70 (1.30)

13
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where K is volume and magnetic permeability-related parameters.
K contains the parameters § and K. The electromagnetic field is only related to
the real-time position r(¢) and real-time voltage y(t), with a mapping of g().
According to Egs. (1.23) and (1.30), the motion analysis is simplified to:

mv(t) = K;g(r(t), y(£)) — cov(t) + A (1.31)

According to Egs. (1.26), (1.27), and (1.31), the complete dynamics of the elec-
tromagnetic actuator and the plant are:

7(0) = =§Ay(1) + §Au(r) (1.32)
v(t) =#(t) (1.33)
v(t) = 0,K;gr(t), y(t)) — oycou(t) + 0, A (1.34)

where 0, = 1

Preprogrammed control strategies are extensively employed across various
applications, particularly in clinical settings where feedback is challenging to
obtain [36, 37]. In such scenarios, the trajectory of the magnetic object is regulated
by predefining the time-varying position sequence of the permanent magnet or the
current input sequence to the electromagnetic system. For electromagnetic actua-
tion systems, the effectiveness of the proposed method is significantly influenced
by the coil design, and recent studies have highlighted the importance of optimiz-
ing coil design, which is emerging as a promising direction in MAS design.

Real-time acquisition of the magnetic moment is challenging. The necessary
magnetic field is associated with the desired moment, as depicted in Eq. (1.14),
which serves as a general solution for magnetic force control. This relationship is
expressed by m = D(B).

To symmetrically analyze and control the electromagnetic field and the gradient,
according to Egs. (1.19) and (1.21), the control input and output can be further
represented as:

B _ [ (0] B(p) (135)
F| |o Fm®®) || vBp)' et
Second First

where | C R3*3, D(B) maps the magnetic field applied to the moment of controlled
objects.

Equation (1.35) describes the physical process where the magnetic field and its
gradient are produced using the current as an input. Subsequently, the controlled
object acquires a magnetic moment through interaction with this magnetic field.
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The preprogrammed control of MAS is categorized into three types based on the
DOFs they control. The first category is 3-DOFs heading or rotational control. The
second involves 3-DOFs force control, where the object’ moments are typically
aligned with the applied magnetic field for superparamagnetism or constrained
in a specific direction for magnetized ferromagnets. The third type encompasses
5-DOFs control, combining heading (2-DOFs) and force control (3-DOFs). In sce-
narios achieving full 6-DOFs control, the focus is on generating torque around the
magnetized axis [38]. The challenge lies in controlling the magnetic torque, which
is not aligned with the magnetization direction, under the assumption of nonuni-
formity.

The open-loop preprogrammed control method programs the necessary mag-
netic field—whether uniform, rotating, or oscillating—to achieve the desired
motion or trajectory [39]. Additionally, this control strategy can manage swarm
shape and shows potential in medical applications.

The field alignment force and torque control, as mentioned, are designed to
direct the MMR toward the desired orientation. Disturbances caused by the attrac-
tive forces between MMRs and other factors can impact motion control. Con-
sequently, the subsequent sections will concentrate on feedback-based control
methods to improve the precision of preprogrammed control.

Figure 1.3a depicts the comprehensive control framework for the MAS, which
includes three key components: the planning model, learning module, and control

Learning Module
Online

Estimator

Pyl
Pal o B(p)
g]_,[ e ]._ e, [ ) -
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Figure 1.3 (a) General control scheme for MAS-based robot control with sensing
feedback and online estimation. (b) The subsystems of the control system, actuation
system, and plant; under the fast electromagnet dynamics assumption, the system
can be simplified as the linear controller with the magnetic objects’ motion dynamics.
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module. The planning module serves as the starting point, tasked with responsi-
bilities such as environmental mapping and the selection of suitable locomotion
strategies. It then proceeds to path planning. In certain scenarios where the trajec-
tory is predetermined, a preset trajectory sequence is utilized in lieu of path plan-
ning [40, 41].

The control module assumes the role of devising a controller based on the estab-
lished model. Most controllers are aimed at position or velocity control. To achieve
a controlled position or velocity, the requisite position (P,,) for the permanent
magnet or the required current (I) for the electromagnetic system is output to reg-
ulate the MAS. The real-time imaging feedback is usually harnessed to continually
minimize the disparity between the real-time position (p,) and the desired posi-
tion (p,). In certain applications, feedback mechanisms like Hall effect sensors or
force sensors are crucial for refining the magnetic flux density (B) or force (F) by
providing precise feedback [42]. The learning module is essential for estimating
unknown parameters during dynamic modeling or controller design, enabling the
system to learn and adapt to the magnetic actuation principle.

The complete dynamic system, comprising the actuator and the plant as
described by Egs. (1.32)-(1.34), can be analyzed by dissecting the nonlinear
aspects. By distinguishing the linear and nonlinear components in Eq. (1.34), the
nonlinear component can be characterized as:

x(t) = g(r(1), y (1)) (1.36)

where physical meaning of x(¢) is the electromagnetic force.

Figure 1.3b presents the detailed equations for the block diagram of the con-
troller, actuator, and plant. The applied voltage u(t) serves as the input for the
actuation system described by Eq. (1.32), while the state vector x(t) represents
the electromagnetic force that connects the other two subsystems, as depicted by
Egs. (1.33) and (1.34).

Representing all vectors with state x, the nonlinear system in Eq. (1.36) is rep-
resented as:

x=g(r,g7\(r,x)) (1.37)

In practical applications, the dynamic system of electromagnetic actuation guar-
antees that the frequency of the subsystem described by Eq. (1.32) is much higher
than that of the closed-loop control system dynamics. When A is an identity
matrix, the system simplifies to the input y(¢) being asymptotically equivalent to
the input u(t).

A nonlinear controller was proposed through feedback linearization with
Eq. (1.38) as:

y=g'(r,%) (1.38)
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where 7 and X represent the estimated values of y and x, respectively. The con-
troller design simplifies after cascading the nonlinear controller, as depicted by
Eq. (1.38). Assuming rapid electromagnetic dynamics, the combined results are
illustrated at the bottom of Figure 1.3b.

Many studies utilize a simplified system under the assumption of rapid electro-
magnetic dynamics to design controllers for position and velocity control. Clas-
sical controllers encompass linear types, such as proportional integral derivative
control, linear-quadratic regulator control, and model predictive control [43, 44].
In certain applications, linear controllers and nonlinear filters are integrated into
the system. Nonlinear controllers include adaptive and sliding mode control [45].
For autonomous control, the rapidly exploring random tree method is a com-
mon approach. In the learning model, iterative learning and deep learning are
employed to estimate unknown parameters [46, 47], while a fuzzy logic-based con-
trol scheme is used for complex scenarios.

Preprogrammed control and dynamic magnetic field control are extensively
used in clinical settings to accomplish tasks like selective embolization or stem
cell delivery within high-viscosity joint fluid. Precise position control is crucial for
accurate delivery applications, making feedback control particularly prevalent in
intravenous drug delivery and endoscopy.

1.3 Development of Magnetic Actuation Systems

1.3.1 Development Phases and Trend of Magnetic Actuation Systems

In addition to systems with fixed electromagnets, reconfigurable systems have
also been developed. These systems vary in their performance regarding magnetic
actuation flexibility and precision: some excel in force control, while others show
better torque control capabilities [48]. Some systems may encounter singularities,
points where they lose the ability to generate specific forces or torques, or require
excessive current near these points. To address these issues, adjustable MASs have
been introduced. The BigMag system, for example, consists of six electromagnets
placed in two fixtures. These fixtures can rotate around a common axis to avoid sin-
gularities and reduce total current, enabling the system to produce a strong mag-
netic field in any direction and at any point within the workspace (Figure 1.4a)
[49, 50]. When all electromagnets are coplanar, the intersection angle between
two adjacent ones is 60°. Chen et al. presented a system with four stationary and
four movable electromagnets (Figure 1.4b) [51], similar to OctoMag but with inde-
pendent adjustment of the upper set via robotic mechanisms. This design faces
the challenge of balancing between a uniform magnetic field and a uniform field
gradient.

17
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Figure 1.4 Magnetic actuation systems with movable electromagnets or novel designs:
(a) BigMag system; (b) system with four stationary and four movable electromagnets;

(c) ARMM system; (d) DeltaMag system; (e) BatMag system; (f) Omnimagnet system;

(g) system comprising stepped cores. Source: Panel (a): Ref. [49] with permission of IEEE.
Panel (b): Ref. [48] with permission of IEEE. Panel (c): Ref. [50] with permission of

IEEE. Panel (d): Ref. [54] with permission of IEEE. Panel (e): Ref. [23] with permission

of IEEE. Panel (f): Ref. [55] with permission of IEEE. Panel (g): Ref. [56] with permission
of IEEE.

To address workspace constraints without enlarging electromagnet dimensions,
driven mechanisms position mobile electromagnets closer to the region of inter-
est (ROI). The Advanced Robotics for Magnetic Manipulation (ARMM) system
pairs a cylindrical electromagnet with a 6-DOF UR10 robotic arm, generating pre-
cise magnetic fields at the ROI (Figure 1.4c) [52, 53]. Similarly, DeltaMag inte-
grates three electromagnets into a parallel mechanism (Figure 1.4d), expanding
workspace and reducing volume [54]. However, movable electromagnetic systems
face challenges: electromagnets are bulkier and heavier than permanent magnets,
and multi-coil setups with strong interaction forces are sometimes necessary. Inte-
gration with high-load, rigid, and compact drive mechanisms is crucial. Addition-
ally, the total DOFs of drive mechanisms and coil currents can lead to multiple
solutions and high nonlinearities, demanding robust, fast, and optimal field gen-
eration algorithms.

Several innovative designs have recently been introduced. Ongaro et al. devel-
oped the BatMag system, which uses nine electromagnets (Figure 1.4e) to inde-
pendently control two devices in a 3D space by leveraging the inhomogeneity of
strong magnetic fields [23]. Another design is a modular and reconfigurable MAS
that uses multiple Omnimagents (Figure 1.4f) [55]. These can be temporarily rear-
ranged during activation. Each Omnimagnet consists of a spherical core and three
orthogonally arranged nested solenoids. The core’s magnetization is determined
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by the currents in the three solenoids. Additionally, Li et al. developed a system
with four electromagnets, each featuring a stepped core with a cone probe and
a disk (Figure 1.4g) [56]. This optimized core shape enhances the magnetic field
strength and gradient.

The use of MAS dates back to the 1920s [57], but researchers are still work-
ing to address the challenges that arise during its application by refining the sys-
tem design. A permanent MAS creates a constant and uncontrollable magnetic
field gradient. However, this feature restricts its application in certain scenarios
where the magnets’ positions are fixed due to the lack of controllability. To
overcome this limitation, the orthogonal distributed electromagnetic system was
developed. This system allows for controlled movement of magnetic objects in
orthogonal directions and enables 3D position control through the use of six elec-
tromagnets. Despite these advantages, the system is limited by its working area,
which makes clinical applications difficult.

The MAS design has evolved to incorporate nonorthogonal distributed electro-
magnets in response to the demand for greater controllability and enlarged work-
ing areas. This approach has gained mainstream status in MAS development. It
addresses the limitations of the orthogonal design and enables more adaptable and
accurate magnetic actuation for magnetic robots.

The permanent MAS, as detailed in Table 1.1, has some drawbacks, such as a
constant and uncontrollable magnetic field gradient. However, it offers benefits
like easily adjustable strength and lower costs, making it useful for certain appli-
cations. These applications include rotation control, localizing magnetic robots
within defined workspaces [58], and particle sorting. Yet, its limitations, such as

Table 1.1 Advantages and disadvantages of different types of MASs.

Type Advantages Disadvantages

Permanent magnetic Easily adjustable magnitude;  Limited DOFs; low

actuator energy conservation and low  frequency in a 3D envi-
cost; strong and stable ronment; magnetic field
magnetic field generation. cannot be immediately

switched off.
Orthogonal distributed Controllable magnetic field; Limited effective
electromagnetic actuator ~ decoupled magnetic force in workspace; power

all dimensions. consumption and heat
dissipation.
Nonorthogonal dis- Larger effective workspace; Inflexible and bulky; power
tributed electromagnetic ~ higher magnetic field consumption and heat
actuator gradient. dissipation.
Robotic arm with a Extendable workspace; Comparatively lower

magnetic end effector flexible, and easier to install. magnetic field gradient.
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the unchangeable magnetic field gradient and limited control frequency, make it
unsuitable for tasks that require precise positioning with quick on/off switching.

The orthogonal electromagnetic system allows for a manageable magnetic field
gradient along orthogonal axes, enabling effective 3D position control with decou-
pling. However, its smaller operational range and increased heat production at
high currents restrict its use in applications needing a bigger workspace or higher
field gradient and torque.

The nonorthogonal electromagnetic system, unlike the orthogonal electromag-
netic system, provides a bigger workspace, multidirectional controllability, and
a higher field gradient or torque. This makes it suitable for surgical assistance,
MMR delivery, and targeted drug delivery. However, these benefits are balanced
by increased design and control complexity, higher energy consumption, and the
risk of interference with other devices.

Recent studies have shown an increasing trend toward integrating the advan-
tages of robotic arms and magnetic systems in MAS designs. This hybrid method
can increase the system’s workspace and flexibility, allowing for better control
of MMRs in complex environments. One approach involves attaching a magnetic
tip to a robotic arm to accurately position and manipulate MMRs [59]. Another
method uses a robotic arm with multiple magnetic coils at its end to create a mag-
netic field gradient, helping to control microrobots or catheters with magnetic end
effectors [60]. These hybrid systems greatly improve the precision and accuracy
of magnetic robot control, making them ideal for clinical use. However, they are
more complex than traditional MAS and may need advanced control algorithms
and application conditions to optimize performance.

The classification of MAS types was based on papers documented from Google
Scholar and the Web of Science databases between 2005 and 2024. After gathering
the data, references in relevant publications were further screened. In the end,
42 high-quality papers and books were selected to illustrate the evolutionary trends
of MAS types.

As depicted in Figure 1.5, systems with permanent magnet actuation were
prevalent from 2005 to 2019. The combination of orthogonal and nonorthogo-
nal electromagnetic systems, termed the electromagnetic actuation system, gained
prominence from 2015 to 2024. Robotic arm-based systems saw significant devel-
opment from 2020 to 2024. MAS research in clinical settings has evolved through
several phases, with shifts in focus over time. Studies have progressed from sys-
tem design to controller development, then to animal testing, and finally to human
applications. Recent work on electromagnetic systems has centered on control
theory and applications. For robotic arm-integrated systems, recent research has
concentrated on system development, controller design, and application reporting
within single studies.
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Figure 1.5 MAS development trend.

1.3.2 Development History of Electromagnetic Actuation Systems

The development timeline of electromagnetic actuation systems is illustrated
on the right-hand side of Figure 1.6. Early designs were significantly influenced
by the concepts of HC and MCs. Figure 1.6a presents a system that integrates HC
and MCs to achieve 2D preprogrammed position control. However, clinical MAS
applications require at least 3-DOFs control. The electromagnetic actuation sys-
tem, equipped with multiple-DOF electromagnets, was designed to offer a large
workspace and unconstrained DOFs (Figure 1.6b). The OctoMag was specifically
developed to control intraocular microrobots for retinal surgery. An alternative
method to increase the DOFs for magnetic robot manipulation involves using a
dipole encircled by electrical wires, as depicted in Figure 1.6c.

Compared to traditional MAS designs, arranging multiple electromagnets
around a workspace can generate a larger magnetic field gradient and
workspace [61]. Figure 1.6d,e displays various nonorthogonal magnet arrange-
ments. Adding an iron core greatly boosts the magnetic field strength and gradi-
ent from the electrical coils. In 2015, research indicated that a symmetrical system
with a minimum of eight electromagnets could control all DOFs. This led to the
development of an eight-electromagnet system with a back yoke. This enhanced
catheter navigation system, with an enlarged workspace and magnetic field gra-
dient, can perform ablation to treat cardiac arrhythmias. Experiments were done
on a printed 3D model. Later, a similar design further expanded the workspace
and enhanced the magnetic field gradient for use in multiple invasive therapies
and diagnostics. After achieving system functionality and control, the focus shifted

21
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Figure 1.6 Development timeline for the electromagnetic actuators. (a) Two pairs of
magnetic coil systems (HCs and MCs) to reach the locomotion in 2D. Source: Ref. [63] with
permission of IOP Publishing. (b) OctoMag: 5-DOFs control under the electromagnetic
field. Source: Ref. [64] with permission of IEEE. (c) Omnimagnet: a single stationary dipole
source generates a fully controllable magnetic field and achieves 3D localization.

Source: Ref. [65] with permission of IEEE. (d) Electromagnet-enhanced actuation system
with a large workspace design for minimally invasive therapy. (e) Design of 18 copper
coils distributed horizontally with a sufficiently large workspace for clinical applications.
(f) Conceptual design of RoboMag in which three robotic arms are combined with three
decoupled electromagnetic coils. (g) Planar electromagnetic array actuation system
design applied in the deflection of soft pipes and displacement of rigid cubes.

to clinical-scale development. This system can be used for cardiac ablation in
arrhythmia treatment or steering camera pills for GI diagnostic video acquisition.
It has also been suggested for adaptive medical implants, like in adaptive radiation
treatment for cancer therapy [62].

Table 1.2 presents a summary of the typical electromagnetic actuation systems
intended for clinical use and their characteristics. The design standards took into
account the controllable workspace, the maximum magnetic field intensity at the
workspace’s center when the maximum current is applied, the highest attain-
able magnetic field gradient, and the dimensions of the objects being controlled.
The count of electromagnets served as a benchmark to assess whether complete
control over the system was achievable.

As indicated in Table 1.2, despite meeting all the listed requirements, there are
still limitations in the design of orthogonal and nonorthogonal distributed electro-
magnetic actuation systems, such as rigidity and bulkiness. To tackle these issues,
different arrangements of electromagnets, as illustrated in Figure 1.6f,g, have been
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proposed. Figure 1.4c presents the design of single or multiple robotic arms to
achieve a more extensive workspace for applications in guiding surgical instru-
ments within the human body. With this approach, the workspace can cover the
entire human body, effectively addressing the problem of limited workspace.

Nonetheless, the magnetic flux intensity and gradient produced by a single elec-
tromagnet are constrained. When utilizing a single robotic arm along with an
electromagnet, the magnetic gradient is fairly consistent within a radius of r/2
from the coil’s center. Past this radius, the linearity of the gradient declines
markedly. Hence, multiple electromagnets are integrated to intensify the magnetic
field and gradient. As depicted in Figure 1.6f, it is recommended to place three
electromagnets on top of three robotic arms positioned around the workspace.
While the cooperative action of multiple electromagnets improves the working
area and magnetic force, it also poses challenges for the analysis and control of the
field distribution influenced by the movement of robotic arms. The application of
arobotic arm-based system can be found in colonoscopy research [66], which was
successfully executed in a pig. The time required for a single colonoscopy becomes
shorter with autonomous magnetic manipulation. Level 3 autonomous inspection
enhances the intelligence level in navigation within unstructured environments,
bringing us one step closer to human application.

A different method, motivated by permanent magnet arrays, is to construct a
2D infinite space electromagnetic system, as shown in Figure 1.6g. Such a method
addresses the constrained workspace issue in 3D space. Nevertheless, how to
expand this kind of system into 3D space while preserving its features continues
to be a difficult task.

1.4 Typical Applications of Magnetic Actuation Systems

The application of MAS in medical treatment dates back to 1985 with the use of an
oscillating magnetic field for drug delivery. Significant advancements have been
made in this field, particularly in applications targeting hard-to-reach areas within
the human body that are promising for future use (see Figure 1.7).

This review focuses on developing novel medical treatments for various diseases.
The benefits of MAS in surgery include improved precision, ease of use for novices,
and reduced patient discomfort through minimally invasive and efficient proce-
dures. Challenges in the operation of magnetic robots within the systems depicted
in Figure 1.7 vary based on the disease characteristics and surgical environment.

Variety of environmental factors highlight the inherent differences in the sys-
tem analysis of medical treatments across various regions of the human body.
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Figure 1.7 Potential environments for using MASs to control magnetic robots in
hard-to-reach areas inside the human body.

For instance, intravascular applications require consideration of factors like blood
flow speed and vessel size. The intra-ocular, GI, and respiratory systems, as well
as human joints, offer natural pathways or accessible surfaces, making magnetic
robots suitable for clinical access. Compared to naturally cavitated environments,
the utility of MAS in medical treatment is evident in hard-to-reach areas where
traditional robotic systems are inadequate. Notable examples include the brain,
intravascular system, and urogenital system. Table 1.3 presents representative
applications of seven different systems inside the human body, clinical application
types, MASs employed, control methods, magnetic robots, imaging techniques,
clinical stages, and tethering.

Beyond the typical examples, clinical applications in various human systems are
clarified through experimental design, control algorithms, and validation. Control
and actuation strategies differ according to the specific human systems or organs.
To tackle the challenges of accessing these areas, studies have explored using
untethered magnetized objects for drug or cell delivery, capsules with embed-
ded magnets for endoscopy, and tethered continuum robots with magnetic end-
effectors for surgery, supported by detailed clinical cases.
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1.4.1 Brain

The human brain is composed of the cerebrum, cerebellum, and brainstem, col-
lectively termed brain tissue, with the remaining part being the brain’s vascular
surroundings. Research on MAS for animals (canine brains) dates back to 1990
[67] when a 5-mm-cylindrical permanent magnet was magnetically guided within
the intraparenchymal brains of five adult canines to treat brain cancer, such as
delivering drugs and taking biopsy samples. This study demonstrated the feasi-
bility of remotely controlling untethered magnetized robots via a magnetic-driven
system for clinical applications like placing hyperthermic heat lesions or targeted
biopsies.

Recent studies have employed permanent magnet arrays to create a strong mag-
netic force trap, allowing robots to be drawn to traps without active control. A pla-
nar linear stage and one rotational axis were used to manipulate the microrobot’s
position within porcine brains. Ex vivo experiments on porcine brains, using flu-
orescent images for real-time tracking, highlighted the potential of MMRs in drug
delivery, biopsies, hyperthermia, and cauterization, despite the study’s limitation
of a 6 cm workspace.

Controlling motion within the brain vasculature is another critical research
area. Recent advanced research has developed cell-sized microrobots, equipped
with real-time optoacoustic tracking for in vivo monitoring. The 3D real-time
tracking of a microrobot within the murine cerebral vascular system has been
accomplished for the first time. To simultaneously achieve imaging and magnetic
response, the microrobot was coated with Ni and Au. Magnetic actuation was
accomplished using a bar permanent magnet, with operations conducted manu-
ally. This successful experiment established a basis for safe and precise real-time
procedures within the brain’s vascular network.

1.4.2 Intravascular System

Deploying microrobots or catheters in human blood vessels faces a key chal-
lenge: navigating the varying vessel diameters to access the circulatory system.
The human body has three main vessel types: arteries, veins, and capillaries, with
diameters ranging from 25 mm in the aorta to 6 um in capillaries. Large arteries,
with diameters of 1-4 mm, are particularly important for intervention applica-
tions. Furthermore, their deeper location within muscle layers and thicker walls
make arteries an ideal environment for interventions.

The successful use of endocardial catheters in medical interventions has been
established for a decade [68], particularly in the milestone of human cardiac inter-
ventions using magnetic catheters for atrial fibrillation ablation. Myocardial abla-
tion surgery, utilizing the commercial MAS named Stereotaxis Niobe to control the
magnetic catheter tip under fluoroscopic imaging, is one of the few applications
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tested in humans. Other studies have documented related applications focusing
on electrophysiological catheter guidance and control. Subsequent research has
expanded to other heart diseases, including cardiac arrhythmias.

Current research initiatives are focused on developing solutions for a variety
of diseases, such as peripheral arterial diseases and arterial aneurysms, by utiliz-
ing on-demand embolization techniques. In this context, microrobots have been
developed to facilitate active retention during the process of drug delivery. More-
over, a continuum magnetic robot has been engineered with the aim of improving
the access capability [69]. Simultaneously, the domain of soft robotics has been
delving into the investigation of soft magnetic manipulation systems. The incor-
poration of soft magnetic actuation allows for greater flexibility in surgical proce-
dures, which can be attributed to the implementation of remote magnetic control.

Peripheral arterial disease typically affects individuals aged 40 and older; it
arises from narrowed blood vessels and may result in pain, impaired walking abil-
ity, and claudication. Percutaneous endovascular intervention stands as the prin-
cipal treatment approach. The MAS plays a crucial role in steering the magnetic
ring-tip catheter to the site of impairment and subsequently deploying a stent or
balloon to unblock the vessel and restore its normal diameter. This method elimi-
nates X-ray exposure through remote magnetic catheter control, with localization
accomplished via catheter-tip sensing. A cylindrical configuration of Hall-effect
sensors measures magnetic flux density in the workspace, permitting estimation
of the magnetic catheter tip’s location. Notwithstanding, X-ray imaging remains
necessary for addressing bifurcations. The newly proposed magnetic-based local-
ization algorithm enables real-time estimation of the magnetic tip’s position. This
approach has been practically applied using Helmholtz coils to manipulate the
magnetic tip within the phantom.

Aneurysm is a condition where an artery’s wall bulges outward. It can occur
anywhere in the body, commonly in the aorta or brain. Due to their asymptomatic
nature before rupture and the risk of severe internal bleeding, aneurysms have
a high fatality rate. Embolization is an effective treatment strategy. Reference
proposed a method of delivering microgels using magnetic-guided catheter assis-
tance. This method combines C-arm fluoroscopy for real-time imaging with a mag-
netic robotic arm for catheter guidance. The self-adhesive microgel, delivered by
the magnetic catheter and activated by an acidic stimulus to form connections,
serves as an embolic agent. This study demonstrated the feasibility of controlling a
swarm of microrobots in a dynamic human body environment to achieve effective
embolization. The method was tested ex vivo on a human placenta. Ultrasound
imaging confirmed effective aneurysm embolization, indicating that the micro-
robotic embolization platform is promising for application in human blood vessels.

Most intravascular applications rely on tethered magnetic catheters due to blood
flow velocity. Steering untethered microrobots in the bloodstream poses a key
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challenge because of the circulatory system’s rapid blood flow. To address this,
a novel solution was proposed with an active retention structure. The microrobot
features a claw to stay in place within blood vessels. This unique mechanism
allows microrobots to remain positioned in the blood environment despite strong
blood flow. This structure’s successful use in a live rabbit’s jugular vein has enabled
the application of untethered microrobot swarms for treating vascular diseases and
circulatory drug delivery via noninvasive methods.

To enhance the capability of a tethered catheter, researchers designed a novel
untethered helical magnetic robot for better endovascular access. This robot fea-
tures an articulating magnetic tip to improve steerability and a helical protrusion
for rotation and forward motion energy generation. The system includes a central
working channel for fluid injection. X-ray radiography monitors the robot’s posi-
tion in the vascular system in real-time. A commercial electromagnetic system
called Navion controls the magnetic robot, achieving broad directional catheter
control. An ex vivo experiment confirmed the helical structure’s effectiveness in
driving the robot forward. Further experiments using human placental blood ves-
sels ex vivo and a porcine model in vivo validated the robot and system’s effective-
ness. Comparisons between the commercial and new catheters in the live pig study
showed the new design’s advantage in moving backward without vessel damage.

1.4.3 Intraocular System

In intraocular procedures, maintaining the stability of the surgeon’s hand is
crucial. As a result, significant research efforts have been dedicated to creating
mechanical systems that can ensure a steady hand during surgical operations.
Experiments conducted on chicken embryos and phantom models that mimic the
human eye have contributed to this goal. Additionally, the development of robotic
arms designed to reduce surgeons’ hand tremors has been actively pursued.
Recent advancements in magnetically driven systems have sparked interest in
exploring minimally invasive solutions for intraocular applications. In a 2010
study, localization was accomplished using a single camera, which demonstrated
effectiveness in a model eye and laid the groundwork for future surgical proce-
dures. Later, an in vivo rabbit eye experiment further confirmed the potential in
this field [70]. Researchers developed a cylindrical microrobot, sized at 285 um
in diameter and 1.8 mm in length, to fit into a needle for easy injection into the
eye. The Octomag system allows for intraocular surgery beneath the MAS, reserv-
ing space for imaging and surgical procedures upfront. Intraocular surgery offers
imaging benefits due to its surface exposure. However, human trials are pending
due to uncontrollably rapid motions during drug delivery. In material removal
surgeries on the ocular globe, precise force control is essential, keeping its appli-
cation in the animal trial phase. Recent research has explored targeted therapy
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via rotating-gradient magnetic fields. The success of this method in bovine eyes
shows that magnetized microbots, driven by preprogrammed fields, can effectively
deliver drugs in intraocular settings.

1.4.4 Knee and Elbow Joints

Knee and elbow joint cartilage damage is commonplace in athletes and the
elderly, with a rising incidence among young adults in recent times. The stan-
dard approach to tackle this issue relies on arthroscopy for imaging. Regrettably,
conventional therapeutic approaches do not provide means for fully restoring the
damaged cartilage. Current treatments mainly focus on reducing inflammation
and draining joint fluid to promote self-healing. The most cutting-edge method is
platelet-rich plasma (PRP) injection, which delivers concentrated platelets to the
injury site to alleviate pain and accelerate repair. However, the outcomes of this
method are not uniformly remarkable, and its effectiveness varies significantly
among individuals.

An alternative solution frequently suggested for treating serious cartilage injury
is the utilization of stem cells. Mesenchymal stem cells (MSCs) can be easily
obtained from placental tissue or umbilical cord blood. This novel method involves
loading MSCs onto porous microrobots. These robots are injected into the affected
joint via a needle and controlled by the MAS. Magnetic navigation enables pre-
cision medicine. As a 2020 study recorded [15], human adipose-derived MSCs
can aid knee cartilage regeneration. Experiments employed a rabbit knee carti-
lage defect model. As the medical field increasingly accepts stem cell theory for
therapy, this approach shows great potential for curing intra-articular damage
clinically.

1.4.5 Gl System

The GI system contains natural channels with relatively large spaces, making it
easier for devices like millirobots, capsules, or catheters to navigate. Endoscopy is
vital for GI malfunction diagnosis. Colonoscopy, gastroscopy, and esophagoscopy
are used to examine the intestines, stomach, and esophagus respectively.

Early work on video capsules driven by Stereotaxis Niobe showed that navi-
gating a 3D environment is central to GI endoscopy. Because the gut is much
larger than intraocular spaces, the system must provide an extensive workspace
while maintaining precise positioning. Researchers therefore combined robotic-
arm actuators with refined control schemes: a rotary stage ending in a perma-
nent magnet steered the capsule endoscope. The next year, further evaluation in
a fluid-filled, mock-up stomach confirmed high robustness under reduced control
frequency, localization errors, field misalignment, and singular configurations.
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These two investigations established both the hardware layout and the algorithms
required for complex tasks. As capsule endoscopy in the GI tract matured, later
studies shifted toward smarter magnetic actuation, autonomy, and collaborative
operation [71]. Reference examined colonoscopy with a focus on autonomy and
intelligence. Higher autonomy not only lowers cost but also improves patient com-
fort, thereby promising broad clinical uptake of GI endoscopy.

Over the past few years, there has been a proposal to employ microrobots in
stomach incision treatment, representing a nascent field of study that is still at the
cellular slice stage. The design draws inspiration from the frictional anisotropy of
micro-walkers, which mimics the process of walking. The most recent research
has also highlighted this design approach, referred to as the asymmetrical fric-
tion effect, induced by magnetic torque. Enhancing the design of magnetic robots
can considerably bolster the magnetic actuation methods applied in clinical set-
tings. The rise of applications for precise drug delivery and surgical assistance in
the stomach indicates that magnetic actuation technology, along with its control
algorithms, has reached a certain level of maturity.

Recent research has explored using multiple microrobots to perform tasks. By
dynamically controlling the magnetic field, researchers can manipulate a multi-
layer, film-like soft robot. The layers can separate under a predefined magnetic
field and fix at different spots to treat stomach ulcers. These experiments were per-
formed on a porcine stomach to address multiple ulcers.

1.4.6 Respiratory System

The respiratory system comprises the respiratory tract and lungs. The respiratory
tract is divided into the upper portion (which includes the nose, mouth, phar-
ynx, and throat) and the lower portion (which consists of the windpipe, bronchial
tubes, and lungs). While the components of the upper respiratory tract are rela-
tively easy to access, the lower respiratory tract, particularly the bronchial tubes
and lungs, presents a complex situation. The subsequent discussion will primarily
focus on the intricate areas of the respiratory system.

A position estimation method based on lung phantom experiments has been
proposed [72]. When controlling an endoscope in the lung, positioning is the key
difficulty. The approach uses images detected by the endoscope to determine the
catheter’s current position. The device’s kinematics are captured by comparing
input with visual feedback. This novel approach allows for real-time positioning
within the human lung structure.

Bronchoscopy is vital for detecting diseases in the bronchial tubes. Optimiz-
ing the navigation trajectory is essential for smooth and autonomous detection.
This has led to the development of a soft magnetic catheter, activated by two
robot-driven permanent magnets. The goal is to enhance the navigation path for
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autonomous and atraumatic detection within the bronchial tubes, as highlighted
by Pittiglio. By deploying a specially designed soft catheter robot, autonomous
disease detection within the bronchial tree phantom has been achieved, with sig-
nificant implications for medical diagnostics and interventions. This atraumatic
autonomous endoscopy is possible through two robotic arms collaborating to con-
trol a patient-specific magnetic catheter. The robotic arms are programmed to
follow a predefined trajectory, minimizing contact during navigation. A compar-
ative study of four catheters using a leader-follower algorithm showed greatly
improved tracking accuracy and reduced targeting errors.

1.4.7 Urogenital System

The urogenital system is composed of two parts: the urinary and genital tracts.
The urinary tract includes key components such as the kidney, ureter, bladder,
and urethra. One common ailment in the urogenital system is kidney stones. Ret-
rograde intrarenal surgery is a procedure used to remove these stones. The endo-
scope passes through the urine storage area, enters the kidney, locates the stone,
and then breaks it up using a laser.

Flexible magnetic continuum robots have been developed for use in the urogen-
ital system. A catheter with a magnetic tip is used to navigate through a kidney
phantom. The control method can predict the nonlinear behavior of the contin-
uum robot in a heterogeneous magnetic field. In 2022, a novel application demon-
strated that a specially designed magnetic soft robotic bladder could enhance
contraction through magnetic actuation [73]. This innovation has potential for
assisted urination. Its safety was tested in a porcine model over two weeks. The
genital tract is divided into the female and male reproductive systems. In the male
reproductive system, physical contraception is a key application. Research has led
to the development of wireless robots for this purpose. Their potential has been
shown through applications in a tubular phantom with ultrasound guidance.

1.5 Scope and Layout of the Book

The primary scope of this book is to bridge the existing gap in current
literature, where the focus has predominantly been on the fabrication and indi-
vidual design of small-scale robots, often overlooking the systematic design
methodology of the external actuation systems required to manipulate them.
Consequently, this text is dedicated to the comprehensive study of mobile MASs,
summarizing the latest advancements in their design, control strategies, exper-
imental validation, and performance optimization. Unlike stationary systems,
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the mobile MASs discussed herein are characterized by their ability to provide
large workspaces, rapidly varied magnetic fields, and versatile system configu-
rations with high scalability and bandwidth. The content is structured to guide
readers—ranging from postgraduate students to researchers in robotics, control,
and biomedical engineering—through the transition from manual and semi-
automated operations toward fully adaptive, intelligent manipulation suited for
complex tasks such as active targeted delivery and remote sensing.

The layout of the book is organized into 10 chapters that progress logically from
fundamental principles to advanced system designs and specific applications. The
text begins in Chapter 1 by establishing the necessary background, introducing the
basic concepts, actuation principles, and the historical development of magnetic
actuation technology. Following this foundational introduction, the book imme-
diately addresses modern design challenges in Chapter 2, which focuses on the
design and real-time optimization of actuation systems with enhanced flexibil-
ity, demonstrating capabilities such as autonomous navigation under ultrasound
Doppler imaging. To tackle the complexities of controlling soft miniature robots,
Chapter 3 introduces a deep reinforcement learning framework, highlighting the
intersection of modern artificial intelligence with magnetic manipulation control.

The middle chapters of the book provide an in-depth technical analysis of spe-
cific system configurations and control methodologies. Chapters 4 and 5 explore
reconfigurable electromagnetic actuation systems designed for large workspaces,
detailing multi-objective optimization methods for coil configuration genera-
tion as well as performance-guided strategies for field and force control. This is
followed by a comprehensive examination of parallel-mobile-coil systems in Chap-
ters 6 and 7, which cover multimode control, mechanism design, and parameter
optimization. These chapters also present advanced applications of these systems,
such as motion planning for autonomous microrobotic navigation in dynamic
flowing conditions, thereby validating the theoretical models through rigorous
simulation and experimentation.

The final section of the book emphasizes practical implementation in medical
and engineering contexts. Chapter 8 presents a magnetically controlled guidewire
robotic system specifically designed for vascular intervention, including math-
ematical modeling and in vivo validation of multistage embolization strategies.
Chapter 9 extends the discussion to wired magnetic microrobots utilizing parallel-
mobile-coil systems. The book concludes in Chapter 10 with a summary of design
methodologies and integration strategies between imaging and actuation systems.
It offers a forward-looking perspective on the future of the field, predicting that
mobile MASs will become increasingly intelligent and self-adaptive over the next
five years, further expanding their utility in translational biomedicine and inter-
disciplinary research.
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