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micromanipulation [10, 11], biological detection [12, 13], 
etc. However, due to their small size, integrating on-board 
components such as actuators, processors, and power sup-
plies into miniature robots is challenging [1]. At present, 
researchers have proposed various external field-actuated 
strategies, including electric fields, optical fields, acoustic 
fields, magnetic fields, etc [14]. Considering in vivo appli-
cations, electric fields pose certain safety risks, optical fields 
have limited penetration, and acoustic fields exhibit poor 
steering control [15]. In contrast, magnetic fields are rela-
tively safe for biological tissues, exhibit good tissue pen-
etration and enable real-time steering control. Therefore, 
magnetic field actuation has gradually become a preferred 
strategy for externally actuated miniature robots in biomedi-
cal applications [16–23].

In microscopic environments, the swimming mecha-
nisms of miniature robots differ significantly from those in 
macroscopic environments. The Navier–Stokes equation, 
derived from Newton’s second law, describes the behavior 
of Newtonian fluids as follows:

1  Introduction

As a cutting-edge branch of robotics, miniature robots pos-
sess unique characteristics such as small size (ranging from 
millimeters to micrometers [1]) and wirelessness, allow-
ing them to enter narrow regions within the human body 
to perform minimally invasive medical tasks, such as drug 
delivery [2–4], vascular disease treatment [5–7], hyper-
thermia therapy [8, 9], etc. Additionally, miniature robots 
have promising extracorporeal applications, including cell 
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Abstract
Inspired by bacterial motility mechanisms, Magnetic Helical Miniature Robots (MHMRs) exhibit promising applications 
in biomedical fields due to their efficient locomotion and compatibility with biological tissues. In this review, we sys-
tematically survey the basics of MHMRs, from propulsion mechanism, magnetization and control methods to biomedical 
applications, aiming to provide readers with an easily understandable overview and fundamental knowledge on imple-
menting MHMRs. The MHMRs are actuated by rotating magnetic fields, achieving steering and rotation through magnetic 
torque, and converting rotation into forward motion through the helical structure. Magnetization methods for MHMRs are 
reviewed into three types: attaching magnets, magnetic coatings, and magnetic powder doping. Additionally, this review 
discusses the control methods for MHMRs, covering imaging techniques, path tracking control—including classical con-
trol algorithms and increasingly popular learning-based methods, and swarm control. Subsequently, a comprehensive 
survey is conducted on the biomedical applications of MHMRs in the treatment of vascular diseases, drug delivery, cell 
delivery, and their integration with catheters. We finally provide a perspective about future challenges in MHMR research, 
including enhancing functional design capabilities, developing swarm-assisted independent control mechanisms, refining 
in vivo imaging techniques, and ensuring robust biocompatibility for safe medical use.
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−∇p + η∇2v = ρ
∂v

∂t
+ ρ(v · ∇)v� (1)

where v is the fluid velocity, p is the fluid pressure, ρ is the 
fluid density and η is the fluid viscosity. The right-hand side 
of the Navier–Stokes equation (1) represents the inertial 
forces, while the left-hand side represents the viscous forces. 
The Reynolds Number (Re) is introduced to characterize the 
ratio of inertial forces to viscous forces: Re = ρvL

η , where 
L represents the characteristic length. Consequently, as 
the scale of the swimming object decreases, the Reynolds 
number of its swimming behavior also decreases, leading 
to a gradual dominance of viscous forces. In low Reynolds 
number (Re ≪ 1) environments, the Navier–Stokes equa-
tion can be simplified to:

η∇2v = ∇p� (2)

Since the simplified fluid dynamics equation (2) lacks a 
time-dependent term, the swimming object exhibits instan-
taneous and time-reversible characteristics [15]. Con-
sequently, reciprocal motions, such as those of a scallop, 
cannot generate effective net displacement. This phenom-
enon is known as the “scallop theorem”, proposed by Nobel 
Prize-winning physicist Purcell in 1977 [24].

To break the scallop theorem, miniature robots require 
to adopt non-reciprocal motion strategies, such as rotational 
motion. Nature has inspired numerous bionic robots [25–
27]. Back in 1973, biologist Berg et al. demonstrated how 
Escherichia coli swims in liquid through the rotation of its 
helical flagella [28]. Inspired by bacterial motility mecha-
nisms, researchers have subsequently developed various 
Magnetic Helical Miniature Robots (MHMRs) [29–31]. 
These MHMRs effectively convert rotational motion into 
translational motion under a rotating magnetic field, thereby 
enabling propulsion in liquid. In 2009, Abbott et al. dis-
cussed three effective propulsion mechanisms for magnetic 
miniature robots in low Re environments [32]. Comparison 
to magnetic field gradient pulling, helical propulsion exhib-
its superior propulsion efficiency. Compared with travel-
ing wave propulsion, helical propulsion offers comparable 
propulsion efficiency but has advantages such as simpler 
reversibility, smoother transition from internal cavities to 
open environments, and higher manufacturability [32]. Fur-
thermore, MHMRs can achieve efficient three-dimensional 
propulsion in low-intensity rotating magnetic fields of less 
than 10 mT, which are safe for human biological systems 
[33]. By combining the advantages of magnetic field actua-
tion with helical propulsion, MHMRs exhibit substantial 
potential for in vivo applications.

Over the past two decades, MHMRs have seen signifi-
cant advancements. In 1996, Honda et al. developed the 

first MHMR prototype in the world, measuring approxi-
mately 21.7 mm in length [29]. In 2005, Kikuchi et al. 
further downscaled the MHMR to 5.55 mm [34]. In 2007, 
Bell et al. fabricated the first micron-scale MHMR, termed 
the artificial bacterial flagellum. This MHMR had a diam-
eter of 3 µm and a length of 30–40 µm, making its size 
and structure more akin to those of natural microorganisms 
[30]. Subsequently, in 2009, Ghosh et al. fabricated the first 
nanoscale MHMR, marking the beginning of the nanotech-
nology era in this field [35]. In the past ten years, with the 
development of ultra-precision machining [36–39], imaging 
technology [40], sensing technology [41, 42] and material 
technology [43–47], the research trend on MHMRs shows 
richer functionalities [48–50], improved biocompatibility 
[51, 52], enhanced environmental adaptability [53, 54], and 
increased dimensional precision [55, 56] (Fig. 1). Due to the 
rapid development of technology, a systematic review of the 
latest MHMR techniques is necessary to engage researchers 
in related fields and offer tutorial guidance.

Previous reviews on MHMRs inadequately address the 
fundamental propulsion mechanism and lack a comprehen-
sive discussion on control and magnetization methods [33, 
63, 64]. This review systematically surveys the fundamentals 
of MHMRs, encompassing propulsion mechanisms, magne-
tization methods, control methods, and biomedical applica-
tions. Section 2 commences with the fundamental principles 
of magnetic torque, gradually analyzing the mechanisms 
of MHMR steering, rotation, and propulsion, while also 
introducing current mainstream magnetic field generation 
systems. Following this, Sect. 3 explores the latest advance-
ments in MHMRs from three magnetization perspectives: 
attaching magnets, magnetic coatings and magnetic par-
ticles doping. These methods function as the “engine” of 
MHMRs and are closely linked to their fabrication pro-
cesses. This section will provide guidance on preparing and 
magnetizing MHMRs according to specific requirements. 
Building on this foundation, Sect. 4 discusses how to opti-
mize the motion performance of MHMRs through control 
strategies. It first introduces imaging technologies, includ-
ing clinically applied methods crucial for ensuring precise 
control of MHMRs. The section then covers path-following 
control methods, including traditional and increasingly pop-
ular learning-based methods, enabling autonomous naviga-
tion in microenvironments. Additionally, it surveys swarm 
control strategies to enhance tracking efficiency. The pre-
ceding sections analyze the latest technologies related to 
MHMRs, while Sect. 5 focuses on their biomedical applica-
tions. Given the unique structure and motion performances 
of MHMRs, there is extensive research on their roles in 
vascular clearance, drug transport, cell transport, and their 
integration with catheters. Finally, Sect. 6 summarizes the 
review and addresses current research limitations, aiming to 
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inspire further development of MHMRs. The outline of this 
review is shown in Fig. 2.

2  Propulsion Mechanism

The propulsion mechanism of MHMRs can be summarized 
in two main processes: Firstly, the rotating magnetic field 
generates magnetic torque, causing the MHMRs to rotate 
and steer. This magnetic torque arises from the interaction 
between the magnetic moment of the MHMR and the exter-
nally imposed magnetic field, resulting in synchronous rota-
tion and directional control. Secondly, the intrinsic helical 
geometry of the MHMRs converts the induced rotational 
motion into translational propulsion via a corkscrew-like 
mechanism, analogous to the locomotion observed in cer-
tain flagellated microorganisms. In this section, the pro-
pulsion mechanism of MHMRs is systematically analyzed 
from the perspective of fundamental physical principles. 
Furthermore, various methodologies for the generation of 
rotating magnetic fields are introduced, encompassing both 

permanent magnet arrangements and electromagnetic coil 
systems.

2.1  Magnetic Torque

Within a magnet, the orbital and spin motions of electrons 
generate magnetic dipoles, which typically neutralize each 
other due to random atomic arrangements. When an exter-
nal magnetic field is applied, these dipoles align, result-
ing in magnetization [68]. The magnitude and direction of 
the magnetic dipole are described by the magnetic dipole 
moment m, expressed as follows:

m = Ia� (3)

where I is the magnitude of the loop current, and a is the 
area vector of the loop current. The magnetization M  of a 
magnet is defined as the total magnetic dipole moment per 
unit volume, commonly used to describe its magnetization 
level.

For paramagnetic materials (e.g., Al, Pd) and diamag-
netic materials (e.g., Au, Ag), magnetic dipoles align only 

Fig. 1  The historical advance-
ment of MHMRs. a Bio-inspired 
concept [24]. b First prototype in 
the world [29]. c Millimeter level 
prototype [34]. d First micrometer 
level prototype in the world [30]. 
e First nanometer level prototype 
in the world [35]. f Tailored fab-
rication [57]. g Template-assisted 
electrodeposition [56]. h Intra-
vascular drilling [58]. i Stem cell 
delivery [51]. j Cell migration [59]. 
k Programmable recovery [60]. l 
Photothermal-responsive shape-
memory [52]. m Surface dimple 
optimization [49]. n Microrobotic 
superstructure [61]. o Femtosecond 
laser-assisted printing [62]
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body. The fundamental propulsion principle of MHMRs is 
intrinsically based on the generation of magnetic torque.

2.2  Steering

MHMRs possess flexible steering capabilities in three-
dimensional space. As shown in Fig.  3b, the magnetiza-
tion direction of MHMRs is oriented radially relative to 
their helical axis. This specific magnetization configuration 
enables efficient interaction with externally applied rotat-
ing magnetic fields. When the axis of the external rotating 
magnetic field is not aligned with the axis of the MHMR, a 
steering magnetic torque is generated. This torque acts to 
reorient the MHMR, causing it to gradually align its axis 
with the direction of the external field. The physical mecha-
nism underlying this process is based on the torque experi-
enced by a magnetic dipole in a magnetic field, as described 
by Eq. (4). The magnitude of the steering magnetic torque 
can be quantitatively expressed as:

τs = V MrB sin α� (5)

in an external magnetic field. When the field is removed, 
thermal motion causes the dipoles to revert to a random 
arrangement, resulting in the loss of magnetism. In contrast, 
ferromagnetic materials (e.g., Fe, Co, Ni) retain a degree 
of magnetization even after the external field is removed, 
known as remanent magnetization M r [68].

Due to remanent magnetization, permanent magnets 
made from ferromagnetic materials exhibit magnetism in 
their natural state. Similar to the magnetization process, 
when an unfixed permanent magnet is placed in a spa-
tially uniform magnetic field, the field exerts torques on the 
magnetic dipoles, causing them to align with the external 
magnetic field (Fig. 3a). The magnetic torque experienced 
during rotation is expressed as [69]:

τ = V M × B� (4)

where V is the magnet volume, M ≈ M r, B is the 
magnetic flux density of the external field, given by 
B = µ0 (1 + χm) H , µ0 is the vacuum permeability, and 
χm is the magnetic susceptibility of the hard-magnetic 

Fig. 2  The outline of this review. 
Figure source: attaching magnets 
[48], Magnetic Coating [65], Mag-
netic Particles Doping [66], Swarm 
Control [67]
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maintain synchronized rotation, as the maximum rotation 
magnetic torque will no longer be sufficient to overcome 
the drag torque. Consequently, the correlation between the 
MHMR rotation frequency fM  and the magnetic field fre-
quency fB  can be expressed as:

fM = fB , fB ≤ f stepout = V MrB

ξ

fM ̸= fB , fB > f stepout

� (7)

Increasing the step-out frequency can expand the operational 
range of MHMRs. It can be seen from Eq. (7) that increas-
ing the external magnetic field B, enhancing the remanent 
magnetization Mr, or decreasing the drag coefficient ξ 
can raise the step-out frequency of MHMR. The external 
magnetic field can be increased by adjusting the equipment 
parameters. Enhancing the remanent magnetization can be 
achieved by using stronger ferromagnetic materials, such as 
Neodymium-Iron-Boron (NdFeB), which is currently the 
strongest artificial permanent magnet. Decreasing the drag 
coefficient can be achieved by adjusting structural param-
eters or lowering the fluid viscosity.

2.4  Helical Propulsion

Rotational motion is converted into helical propulsion 
through the helical structure of the MHMR. This mechanism 
is analogous to the propulsion of bacterial flagella, which 
rotate to generate thrust in low Re environments. Similar to 
bacterial flagella, the helical structure of the MHMR utilizes 

where α is the angle between the MHMR axis and the 
rotation axis of external magnetic field. Consequently, by 
dynamically adjusting the orientation of the rotation axis of 
the external magnetic field, it is possible to precisely control 
the rotation direction and trajectory of the MHMR in real 
time.

2.3  Rotation

The rotation magnetic torque acting on the MHMR is pri-
marily based on torque balance, as described by the follow-
ing equation:

τr = V MrB sin ϕ = τdrag = ξfM � (6)

where ξ represents the fluid drag coefficient, typically 
related to the geometric structure of the MHMR and the 
physical properties of the surrounding fluid. The fM  is rota-
tion frequency of the MHMR, and ϕ is the angle by which 
the remanent magnetization of the MHMR lags behind the 
external magnetic field (Fig. 3c), referred to as the lag angle 
in this review.

With an increase in the magnetic field frequency, the 
rotation magnetic torque must also rise to establish a new 
equilibrium in rotational dynamics, leading to an increase 
in the lag angle ϕ. Upon lag angle reaching 90◦, the rota-
tion magnetic torque (6) achieves its maximal value, caus-
ing the MHMR to reach its peak rotation frequency known 
as the step-out frequency fstepout [70]. If the magnetic field 
frequency continues to increase, the MHMR will fail to 

Fig. 3  Schematic diagram illustrating MHMR propulsion in a rotat-
ing magnetic field. a Magnetic torque exerted on a magnet within a 
uniform magnetic field. b The MHMR steering in a uniform rotating 

magnetic field B. c The MHMR rotates in synchrony with a uniform 
rotating magnetic field B. d A typical MHMR along with its geometric 
parameters
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where n denotes the number of helical turns. However, since 
RFT is a simplified theoretical framework, it has several key 
limitations. Specifically, RFT cannot account for nonlinear 
hydrodynamic interactions between the body and the sur-
rounding fluid, nor can it accurately model propulsion in 
complex geometries or spatially varying environments. 
These limitations reduce its accuracy in predicting propul-
sion coefficients under realistic conditions. With the devel-
opment of finite element simulation techniques, simulation 
environments now allow for a more accurate investigation 
of the propulsion coefficients of MHMRs. For example, 
Hu et al. studied the helical propulsion of MHMRs using 
numerical simulations, and the experimental results vali-
dated that the simulation outcomes were more accurate than 
those predicted by RFT [75].

With no external magnetic force acting on the MHMR, 
solely magnetic torque is at play. Hence, based on the pro-
pulsion matrix (8), the connection between the rotational 
frequency and propulsion velocity of the MHMR can be 
established as follows:

v = − b

a
ω = −2πb

a
fM � (12)

where fM  is the rotation frequency of MHMR. Based on 
the above analysis, the kinematic model of MHMRs in a 
low Reynolds number free-space 3D environment can be 
described as follows:
{

ẋ = kfB cos(w) cos(p)
ẏ = kfB sin(w) cos(p)
ż = kfB sin(p) − vb

, f start ≤ fB ≤ f stepout � (13)

where k = − 2πb
a , w and p represent the yaw angle and 

pitch angle of the rotating magnetic field (Fig. 3d), vb is the 
drift velocity of the MHMR induced by body forces (e.g., 
gravitational force and buoyancy), and f start  is the start 
frequency. The start frequency arises because, at low mag-
netic field frequencies, the forward direction of the MHMR 
may misalign with its axis due to gravity, buoyancy, or other 
disturbances, resulting in noticeable oscillations during pro-
pulsion. As the rotation frequency of the MHMR increases, 
the rotation axis gradually aligns with the forward direction, 
effectively eliminating oscillations and achieving smoother 
propulsion [63]. Both the start frequency and the step-out 
frequency can be directly determined through experiments.

2.5  Generation of Magnetic Fields

To achieve effective propulsion and precise control of 
MHMRs, it is essential to employ a magnetic field genera-
tion system that is capable of producing sufficiently strong 

the interplay between external forces and torques to achieve 
propulsion. At low Re environment, there exists a linear 
relationship between the external forces and torques acting 
on the helical structure and the resulting propulsion velocity 
and angular velocity [24]. This correlation is represented by 
a propulsion matrix [70]:
[

F
τ

]
=

[
a b
b c

] [
v
ω

]
� (8)

where the propulsion coefficients a, b, and c in the matrix 
represent the linear factors that depict the inherent connec-
tion between the geometric parameters of the helical struc-
ture and its propulsion efficacy in fluid environments.

Resistive Force Theory (RFT) is a simplified theoretical 
framework commonly used to describe the motion of slen-
der structures (e.g., flagella) in viscous fluid environments. 
It is therefore often applied to study the propulsion mecha-
nisms of MHMRs. RFT simplifies fluid dynamics problems 
by only considering the local resistive forces acting on the 
surface of the MHMR. Considering a microelement on a 
classic MHMR structure (Fig. 3d), the local tangential resis-
tance f∥ and normal resistance f⊥ can be expressed as [71]:

df∥ = Qξ∥
(
v∥ + vω∥

)
ds

df⊥ = Qξ⊥ (v⊥ + vω⊥) ds
� (9)

where Q denotes the coefficient accounting for interfacial 
slippage, and ξ represents the local resistance coefficient 
under the no-slip boundary condition [71]. The tangential 
resistance coefficient ξ∥ and the normal resistance coeffi-
cient ξ⊥ have several formulations, such as those proposed 
by Gray et al. [72], Cox [73], and Lighthill [74]. For exam-
ple, the resistance coefficients proposed by Lighthill [74] 
are expressed as follows:

ξ⊥ = 4πη

ln
( 0.36πR

r sin θ

)
+ 0.5

ξ∥ = 2πη

ln
( 0.36πR

r sin θ

)
� (10)

where η represents the liquid viscosity, and the other param-
eters are geometric quantities depicted in Fig. 3d. Integrating 
over the microelements yields the propulsion coefficients as 
follows [71]:

a = 2nπR

(
ξ∥ cos2(θ) + ξ⊥ sin2(θ)

sin(θ)

)
Q

b = 2nπR2 (
ξ∥ − ξ⊥

)
cos θQ

c = 2nπR3
(

ξ∥ sin2(θ) + ξ⊥ cos2(θ)
sin(θ)

)
Q

� (11)
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enhance the limited working space. The main disadvantages 
of electromagnetic coils is the safety risks associated with 
the input current. The generation of strong magnetic fields 
over large volumes necessitates the use of substantial input 
currents, often ranging from tens to hundreds of amperes. 
This high current demand introduces significant thermal 
effects due to Joule heating, which places stringent require-
ments on power management, thermal dissipation, and 
electrical insulation. These factors not only add to system 
complexity but also pose potential safety hazards to human 
subjects, particularly in prolonged clinical procedures. 
Therefore, there is significant room for optimization in the 
use of electromagnetic coils for magnetic field generation in 
biomedical applications.

3  Magnetization

The propulsion of the MHMR relies on the magnetic torque 
generated by its radial magnetization, functioning as its 
“engine.” Thus, integrating a powerful “engine” is funda-
mental to MHMR research. One simple and cost-effective 
method is to attach permanent magnets in the helical struc-
ture according to the magnetization direction, creating an 
MHMR. Due to the strong magnetization of permanent 
magnets, this method provides substantial magnetic propul-
sion. However, since commercially available magnets typi-
cally have a minimum size of around 1mm, the overall size 
of the MHMR is usually limited to the millimeter scale. The 
position of the magnets can also affect the motion stability 
of MHMR. This straightforward magnetization approach is 
often used in navigation control or proof of concept.

Magnetic coating is a post-processing method applied 
after the helical structure is manufactured and requires 
radial magnetization. This approach is widely applicable to 
almost all types of manufactured methods and can achieve 
sizes as small as 5 µm, making it suitable for many nar-
row biomedical environments. However, the limitation of 
this method is that the magnetic coating is thin, resulting 
in lower magnetization strength and consequently reduced 
driving force.

Another approach involves doping magnetic particles 
into the material, allowing the MHMR to be formed directly 
during the manufacturing process, followed by radial mag-
netization. This method enables the adjustment of mag-
netization strength by varying the proportion of magnetic 
particles, providing sufficient driving force without increas-
ing the volume. Additionally, when combined with bio-
compatible soft materials, it is well-suited for biomedical 
applications. However, this method is more complex to pre-
pare, and controlling the dispersion and uniformity of the 
particles presents challenges, posing a certain entry barrier.

and controllable magnetic fields. Magnetic fields suitable 
for MHMR actuation can be generated using two primary 
sources: permanent magnets and electromagnetic coils [1].

A magnetic field generation system based on permanent 
magnets, when integrated with multi-degree-of-freedom 
robotic arms, can provide a large and highly flexible work-
space conducive to various biomedical interventions. Such 
systems are capable of generating strong and stable mag-
netic fields while maintaining safety and biocompatibility, 
thus posing minimal risk to human tissues. Some systems 
have begun to enter the clinical application stage. The mag-
netically controlled capsule gastroscope system developed 
by Ankon Technology (China) has undergone blind trials in 
Changhai Hospital [76]. Furthermore, in 2023, Stereotaxis 
(USA) initiated treatments with the newly launched mag-
netic catheter navigation system, GenesisRMN, on the first 
group of patients at Advocate Christ Medical Centre. During 
surgery, doctors use an intuitive computer interface to adjust 
the magnetic field around the patient. This allows doctors to 
precisely guide and manipulate a catheter with a permanent 
magnet embedded in its tip. Despite these advancements, 
the use of permanent magnets in magnetic field generation 
systems presents several inherent limitations. The spatial 
distribution of the magnetic field produced by permanent 
magnets is highly sensitive to their geometric configuration, 
material properties, and arrangement. This results in com-
plex magnetic field profiles that often require intricate math-
ematical modeling, frequently lacking analytical solutions. 
As a consequence, real-time controllability and fine-tuning 
of the field are significantly constrained. Furthermore, the 
inability to instantly switch the magnetic field on or off 
restricts the immediate initiation or cessation of MHMR 
movement, which is a critical requirement in many clinical 
scenarios. The frequency of the generated rotating magnetic 
field is also determined by the external mechanical actuation 
of the permanent magnets, thereby imposing upper limits 
on the achievable field frequency and, consequently, on the 
propulsion performance and responsiveness of MHMRs.

In contrast, electromagnetic coils offer a vastly superior 
degree of controllability. By simply adjusting the input cur-
rent, it is possible to modulate the magnitude, direction, 
frequency, and temporal dynamics (on/off) of the generated 
magnetic field with high precision. This dynamic control 
capability makes electromagnetic coil-based systems the 
preferred choice among academic researchers, especially for 
applications necessitating sophisticated trajectory planning 
and feedback control. The coils commonly used include 
Helmholtz coils and Maxwell coils [1], but the working 
space of this coil pair is confined within the coils, making 
it quite narrow and unsuitable for applications in the human 
body. Therefore, optimized coil pairs and distributed coils, 
combined with motion platforms [77, 78], have emerged to 
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and one actuation NdFeB magnet (see Fig.  4b), enabling 
separate control over object grasping and navigation by 
adjusting the amplitude and frequency of the magnetic field 
[48]. Nguyen et al. proposed a guidewire-integrated MHMR 
designed for excision surgeries in an artificial artery model. 
The spiral-shaped structure, measuring 9.5 mm in length, 
was fabricated using photopolymer jetting 3D printing and 
incorporates a cylindrical NdFeB magnet for magnetic 
propulsion [81]. Although these design innovations have 
enabled significant advances in MHMR functionality, chal-
lenges remain regarding miniaturization and biocompatibil-
ity for real-world biomedical applications. The integration 
of permanent magnets often results in increased device 
size and potential cytotoxicity, which must be carefully 
addressed to ensure safe use in clinical contexts.

MHMRs also offer remarkable flexibility in steering 
and navigation control, spurring extensive research into 
automated navigation and magnetic localization strategies. 
These studies predominantly focus on the development and 
validation of advanced control and localization algorithms, 
leveraging the simplicity and cost-effectiveness of magnet-
attached MHMRs as experimental platforms [82–87]. Liu 
et al. investigated the path-tracking capabilities of MHMRs 
under external disturbances, utilizing an embedded NdFeB 

The following discussion will explore the state of the art 
for MHMRs based on three different magnetization meth-
ods: attaching magnets, magnetic coating, and magnetic 
particles doping. Relevant literature is also presented and 
summarized in Fig. 4 and Table 1.

3.1  Attaching Magnets

The process of attaching magnets is both straightforward 
and practical, necessitating only the design and fabrication 
of a helical structure that incorporates a slot for the mag-
net. It is recommended to manufacture the helical structure 
using photopolymer jetting 3D printing, as this allows for 
secondary curing to secure the magnet within the helical 
body. As a result, a growing body of conceptual designs 
and system-level experimental validations have adopted the 
magnet-attached MHMR approach [48, 79–81]. Kwon et 
al. addressed the operational efficiency of electromagnetic 
systems by utilizing magnet-attached MHMRs as actuated 
objects to minimize the maximum voltage required by mag-
netic navigation system coils during generation of a rotat-
ing magnetic field, thereby optimizing system performance 
[79] (see Fig. 4a). In another scenario, Zhu et al. introduced 
a MHMR equipped with two deformation NdFeB magnets 

Fig. 4  Schematic diagram illustrating magnetization methods for 
MHMRs. a Embedded magnets are utilized in MHMRs for system 
validation, used by Kwon et al. [79]. b Embedded magnets are utilized 
in MHMRs for grasping, transporting, and releasing objects, designed 

by Zhu et al. [48]. c Magnetic coating-based MHMR for release con-
trol, developed by Liu et al. [65]. d Magnetic particles doping-based 
MHMR for targeted neuronal delivery, developed by Liu et al. [66]
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Magnetiza-
tion methods

Features Magnetic 
material

 Main size Fabrication methods Refer-
ences

Attaching 
magnets

Magnetization: High 
Size: Millimeter-level 
Biocompatibility: Low 
Fabrication: Simple

NdFeB 10 mm DLP 3D printing [48]

NdFeB 10 mm DLP 3D printing [79]
NdFeB 9.5 mm PolyJet 3D printing [81]
NdFeB 5 mm Copper spring [83]
NdFeB ≈ 8 mm 3D printing [80]
NdFeB 10.5 mm 3D printing [82]
NdFeB ≈ 10 mm 3D printing [84]
NdFeB 14 mm 3D printing [85]
NdFeB 2.25 mm 3D printing [86]
NdFeB 12 mm 3D printing [87]

Magnetic 
coating

Magnetization: Low 
Size: Micrometer-level 
Biocompatibility: 
Moderate Fabrication: 
Moderate

Fe3O4 75 µm TPP 3D printing [49]

Ni 20 µm TPP 3D printing [88]
Ni 30 µm TPP 3D printing [89]
Ni 250 µm TPP 3D printing [90]
Ni ≈ 100 µm TPP 3D printing [91]
Ni ≈ 15 µm TPP 3D printing & 

sintering
[92]

Fe3O4 26–200 µm 3D helical holographic
femtosecond laser

[93]

Fe3O4 ≈ 150 µm Spirulina platensis [40]
Fe3O4 ≈ 150 µm Spirulina platensis [94]
Fe3O4 ≈ 150 µm Spirulina platensis [95]
Fe3O4 560 µm Microfluidic system [65]
Ni 2.5–5 µm Chemical vapor 

deposition
[96]

Ni 200 µm Plasma-enhanced 
chemical
vapor deposition

[97]

Magnetic
particles 
doping

Magnetization: 
Moderate
Size: Micrometer-level
Biocompatibility: High
Fabrication: Hard

Fe3O4 ≈ 3 mm Winding the molten 
hydrogel

[98]

NdFeB 1–2 mm Molding/demolding [99]
Fe3O4 0.6–1 mm Microfluidic technology [66]
NdFeB 7.5 mm 3D printing [100]
Fe3O4 100 µm TPP 3D printing [101]
NdFeB 2–3 mm Winding the NiTi wire [102]
NdFeB 6–10 mm Winding the organo-gel [103]
Fe3O4 2.5 mm Winding the PVA [59]
Fe3O4 20 µm TPP 3D printing [104]
NdFeB ≈ 3 mm Projection 

micro-stereolithography
3D printing

[105]

Fe3O4 1–4 mm Winding the PLA [52]
NdFeB 135 µm TPP 3D printing & VIM [62]
Fe3O4 2 mm Bent needle tips inte-

grated system
[106]

Table 1  Magnetization methods 
of MHMRs
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point-by-point scanning approach of TPP, this innovative 
method employs three-dimensionally shaped laser beams 
to simultaneously process larger volumes, reducing fabri-
cation time to under one second per MHMR. This strategy 
achieves a fabrication speed approximately 100 times faster 
than traditional techniques [93].

Spirulina is a naturally occurring helical algae that is 
edible for both humans and animals, exhibiting excellent 
biocompatibility. Owing to its intrinsic helical morphol-
ogy and biodegradable composition, spirulina has attracted 
considerable interest as a biological template for the fabri-
cation of MHMRs with enhanced biocompatibility. Xie et 
al., Liu et al. and Li et al. have demonstrated the develop-
ment of multifunctional MHMRs through the deposition of 
Fe3O4 layers onto spirulina-based microstructures [40, 94, 
95]. These coated spirulina MHMRs retain the biological 
advantages of the template while gaining magnetic respon-
siveness, enabling wireless actuation, targeted delivery, and 
multimodal functionalities such as photoacoustic imaging 
and therapy.

In addition to biological templates, MHMRs can also be 
fabricated using microfluidic systems, which have gained 
significant attention in recent years, and combined with 
magnetic coating for magnetization. Liu et al. employed a 
microfluidic system to fabricate an MHMR with superior 
load-bearing capacity, capable of controlled release under 
environmental stimuli. This MHMR is coated with a poly-
electrolyte composite film and Fe3O4 nanoparticles, endow-
ing it with robust targeted transport capabilities (Fig.  4c) 
[65]. To achieve further miniaturization and scalability, 
chemical vapor deposition techniques have been combined 
with magnetic coating in the preparation of MHMRs. Bai 
et al. developed a chemical vapor deposition-based method 
for the mass production of MHMRs using helical nanowires 
as structural backbones, which were subsequently coated 
with a nickel layer to impart magnetic properties. These 
MHMRs, with dimensions as small as 5 µm, demonstrated 
effective locomotion under external magnetic fields [96]. 
Moreover, advancements in chemical vapor deposition have 
enabled the integration of soft, functional substructures into 
MHMRs. Hou et al. introduced a plasma-enhanced chemical 
vapor deposition technique to incorporate nickel-coated soft 
subcomponents within MHMR architectures. This approach 
offers a high degree of flexibility in geometric design and 
enables the extension of propulsion mechanisms by com-
bining rigid and soft elements within a single microrobotic 
platform [97].

3.3  Magnetic Particles Doping

Magnetic particles doping has emerged as a highly prom-
ising strategy for the fabrication of MHMRs, particularly 

permanent magnet for robust magnetic guidance in dynamic 
environments [82]. Khalil et al. explored magnetic localiza-
tion by directly attaching an NdFeB magnet to a copper 
spring, providing insight into the fundamental localization 
challenges of MHMRs within complex electromagnetic 
fields [83]. Leclerc et al. advanced the field by performing 
three-dimensional navigation and conducting blood clot 
removal experiments in vitro using an MHMR embedded 
with an NdFeB magnet, thereby demonstrating the trans-
lational potential of such systems for minimally invasive 
interventions [84].

3.2  Magnetic Coating

Magnetic coating is a widely adopted post-processing tech-
nique for imparting magnetic functionality to microrobots, 
typically achieved through sputtering or various physical 
and chemical deposition methods. Frequently utilized mag-
netic materials include Nickel (Ni) and Iron Oxide (Fe3O4), 
both of which exhibit favorable magnetic properties and 
compatibility with a range of substrate materials. The versa-
tility of magnetic coating processes ensures that they can be 
seamlessly integrated with diverse precision manufacturing 
methods.

In recent years, Two-Photon Polymerization (TPP) 3D 
printing has emerged as a cutting-edge technology for ultra-
precision additive manufacturing, capable of producing 
complex three-dimensional micro- and nanostructures with 
feature sizes down to the sub-100-nanometer scale. The 
integration of TPP with magnetic coating facilitates the pro-
duction of MHMRs with dimensions of less than 200 µm 
[49, 88–93]. Hou et al. designed a dual-helix drill-shaped 
MHMR measuring 75 µm, which exhibited improved 
swimming performance through optimized surface dimples, 
allowing for an adjustable step-out frequency. This MHMR 
was fabricated using a high-precision TPP system and coated 
with Fe3O4 magnetic nanoparticles suspended in deionized 
water [49]. Additionally, Yasa et al. investigated the interac-
tion forces between macrophages and the structural param-
eters of a dual-helix MHMR measuring 20 µm, confirming 
its immunomodulatory potential for targeted immunother-
apy. This MHMR was fabricated using TPP and coated with 
a nickel layer to impart magnetic properties [88]. Jia et al. 
designed a hyperbolic cone belt-shaped MHMR measur-
ing 30 µm and conducted simulation analyses of its fluid 
dynamics and magnetism. Experiments demonstrated its 
ability to maintain propulsion stability at low frequencies. 
This MHMR was fabricated using TPP and coated with a 
nickel layer on its surface [89]. To address the challenge of 
fabrication throughput, Li et al. introduced a rotary holo-
graphic processing strategy that significantly enhances the 
efficiency of MHMR production. Unlike the conventional 
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fabrication platform, needles of various sizes, a compres-
sion-thermal fixation strategy, and multiple materials, the 
substrate, geometry, and size of MHMRs can be adjusted 
within the range of micrometers to millimeters [106].

While Fe3O4 nanoparticles offer excellent biocompat-
ibility, their relatively weak magnetization limits the maxi-
mum actuation force achievable. To address this, the use 
of NdFeB magnetic particles has gained traction, as these 
particles exhibit much higher remanent magnetization and 
coercivity. However, the high cost of NdFeB particles and 
potential concerns regarding their cytotoxicity must be 
carefully considered, especially for clinical applications. 
Noteworthy progress has been made in leveraging the supe-
rior magnetic properties of NdFeB particles to enhance the 
performance of MHMRs. Liu et al. designed a multimodal 
MHMR for navigation and therapeutic assistance in vascu-
lar embolization. This device was fabricated by doping a 
thermoplastic matrix with 20% NdFeB particles and utiliz-
ing a thermal stretching process, enabling effective actua-
tion and navigation within blood vessels [99]. Ma et al. and 
Zhou et al. fabricated MHMRs for vascular clearance using 
3D printing of a resin pre-mixed with NdFeB particles, suc-
cessfully validating the efficacy of the design for removing 
obstructions in vascular environments and demonstrating 
the potential of additive manufacturing for complex, mag-
netically responsive architectures [100, 107]. Moreover, 
alternative fabrication and material systems have been 
explored for NdFeB-doped MHMRs. Zhang et al. incorpo-
rated NdFeB particles into Polydimethylsiloxane (PDMS) 
to fabricate the head section of MHMRs, offering both 
mechanical flexibility and strong magnetic response [102]. 
Peng et al. utilized a winding method to embed NdFeB par-
ticles within a Styrene–Ethylene–Butylene–Styrene (SEBS) 
elastomeric matrix, yielding MHMRs with robust actua-
tion and thermal stability [103]. Su et al. advanced the field 
further by employing projection micro-stereolithography 
3D printing to fabricate NdFeB particle-doped MHMRs, 
demonstrating precise magnetic responsiveness and the 
potential for modularized design and assembly [105]. Wu 
et al. proposed a femtosecond laser-assisted 3D printing 
method that combines TPP and Volumetric Injection Mold-
ing (VIM), successfully fabricating MHMRs made of hard 
magnetic material NdFeB [62].

4  Control

The precise motion control of MHMRs relies on the inte-
gration of control methods with real-time feedback mecha-
nisms to ensure efficient, accurate, and robust trajectory 
execution along predefined or dynamically generated paths. 
Central to the success of MHMR-based interventions is the 

within the context of biomedical applications. This approach 
enables the use of inherently biocompatible polymer matri-
ces for constructing complex helical microstructures, while 
imparting them with the requisite magnetic responsiveness 
through the homogeneous incorporation of magnetic par-
ticles. However, several manufacturing challenges persist. 
The inclusion of magnetic particles can significantly affect 
the optical properties such as transparency of photopolymer 
resins, thereby influencing the efficiency of photopolymer-
ization-based 3D printing. The resulting light scattering 
and absorption may reduce the curing depth and impact the 
resolution of the printed microstructures. As a consequence, 
further research is required to optimize both material formu-
lation and process parameters, ensuring consistent particle 
dispersion, uniform magnetization, and reliable fabrication 
outcomes. The two most commonly used classes of mag-
netic particles in this context are Fe3O4 nanoparticles and 
NdFeB microparticles.

Fe3O4 magnetic nanoparticles have become the pre-
ferred choice for a wide range of biomedical applications 
due to their low cost, chemical stability, and superior bio-
compatibility. Liu et al. reported the development of a 
hydrogel-based MHMR incorporating Fe3O4 nanoparticles, 
fabricated using a microfluidic chip. This MHMR demon-
strated precise transport of neuronal cells to target regions, 
highlighting its potential in neuronal repair and regenerative 
medicine (see Fig. 4d) [66]. Similarly, Lee et al. developed a 
biocompatible and biodegradable MHMR for targeted deliv-
ery of anticancer therapeutics. The magnetic actuation was 
achieved by doping the device with Fe3O4 particles, thus 
combining efficient drug delivery and controlled biodegra-
dation to enhance therapeutic safety and efficacy [101]. Liu 
further demonstrated the synthesis of MHMRs from Poly-
vinyl Alcohol (PVA), melamine, water, and Fe3O4 nanopar-
ticles, supporting the versatility of this approach across 
different polymer matrices [98]. In addition to hydrogel sys-
tems, various fabrication techniques have been employed to 
realize Fe3O4-doped MHMRs with diverse functionalities. 
Wang et al. employed a winding technique, mixing Fe3O4 
particles with PVA and winding the resulting composite onto 
a rotating needle to fabricate MHMRs for immune cell che-
motaxis [59]. Zhao et al. adopted a similar approach, pre-
paring biocompatible MHMRs by mixing Polylactic Acid 
(PLA) with Fe3O4 particles and using a wrapping method 
for assembly [52]. Moreover, Ceylan et al. integrated Fe3O4 
nanoparticles into biomacromolecular matrices and utilized 
dual-photon polymerization 3D printing, resulting in fully 
degradable MHMRs with precise shape control and reli-
able magnetic actuation [104]. Inspired by the mechanical 
principles of chip formation, Fan et al. proposed a simple 
method for fabricating MHMRs by bending needle tips 
with Fe3O4 particles. Utilizing a multi-degree-of-freedom 

1 3



A. Zhu et al.

this imaging method has limited real-time capabilities, 
and the equipment is relatively expensive and complex to 
operate. Nonetheless, there are studies related to MHMRs 
that employ photoacoustic imaging. Xie et al. proposed an 
MHMR composed of magnetized spirulina and Polydopa-
mine (PDA) on its surface. The introduced PDA coating 
enhanced photoacoustic and photothermal effects, enabling 
tracking and photothermal therapy based on photoacoustic 
imaging [40].

Fluorescence imaging is a widely used medical imag-
ing technique that utilizes the tissue penetration capabilities 
of fluorescence for in vivo imaging. This technique offers 
high spatial resolution and sensitivity while enabling real-
time imaging. However, fluorescence imaging has limited 
tissue penetration depth and is susceptible to noise inter-
ference from fluorescence scattering, and the need for addi-
tional markers increases imaging complexity. Servant et al. 
labeled the surface of MHMRs with the Near-Infrared (NIR) 
probe, enabling the first in vivo tracking of a functionalized 
MHMRs swarm navigating under magnetic control in the 
peritoneal cavity of mice [110].

4.2  Path Following Control

Path following control for MHMRs can be divided into tra-
ditional and learning-based methods. Traditional control 
encompasses both classical control and model-based mod-
ern control theory. These methods have well-established 
theoretical foundations and are widely applied in industry. 
While they effectively support the autonomous naviga-
tion of MHMRs, they often encounter difficulties when 
dealing with highly dynamic systems, and their adaptabil-
ity to complex environments remains limited. In contrast, 
due to advancements in artificial intelligence for science 
[111–116], data-driven learning-based methods are gaining 
traction in the field of robotics. These methods can man-
age high-dimensional and complex state spaces, making 
them suitable for intricate tasks in unknown environments 
and optimizing path tracking strategies. However, learning-
based control methods face challenges, including high data 
requirements and potential stability issues. Relevant litera-
ture is also presented and summarized in Fig. 5 and Table 2.

4.2.1  Traditional Methods

As a representative example of classical control theory, Pro-
portional-Integral-Derivative (PID) control was first intro-
duced between the 1920s and 1940s and has since become 
one of the most widely used and effective control strategies 
in the field of control systems. With nearly a century of 
development, PID control has found widespread application 
in various industrial settings, underscoring its versatility 

ability to continuously monitor and regulate the position, 
orientation, and velocity of the microrobot within complex 
environments. For most in vitro applications, optical vision-
based feedback effectively provides information regarding 
the position, orientation, and velocity of the MHMR [108]. 
In vivo applications, however, require advanced imaging 
techniques, including ultrasound imaging, photoacoustic 
imaging, fluorescence imaging, Computed Tomography 
(CT) imaging and so on. By leveraging feedback on the pose 
errors of MHMRs, i.e., the deviation between the desired 
and actual position and orientation control algorithms can be 
deployed to achieve accurate path following and trajectory 
correction. Path following control forms the foundation for 
autonomous navigation in biomedical scenarios, enabling 
MHMRs to traverse complex and dynamic environments. 
In addition to single-agent control, the coordinated control 
of multiple MHMRs, referred to as multi-agent control, has 
emerged as a promising research frontier. This section will 
discuss the recent advances in the field of MHMRs from 
three critical perspectives: imaging and localization tech-
niques, path following control algorithms, and strategies for 
multi-agent control.

4.1  Imaging

Tracking and pose extraction of MHMRs are fundamental to 
motion control. Optical imaging, due to its high resolution 
and real-time capabilities, is the preferred choice for most 
laboratory studies involving MHMRs, including autono-
mous navigation algorithm research, proof of concept, and 
in vitro model experiments. However, for in vivo studies, 
imaging techniques with tissue penetration capabilities are 
required.

Ultrasound imaging, which relies on sound wave reflec-
tion, is a common clinical imaging technique. It offers 
advantages such as strong tissue penetration, minimal tis-
sue damage, and good real-time capabilities; however, its 
spatial resolution is generally moderate, and imaging qual-
ity is susceptible to variations in tissue types. Yang et al. 
developed a system that integrates a mobile electromagnet 
array and an ultrasound probe, enabling flexible magnetic 
field generation and ultrasound imaging of MHMRs within 
a human-scale workspace [7]. Pane et al. combine the 3D 
kinematic analysis of MHMRs with ultrasound acoustic 
phase analysis performed on raw radio frequency ultra-
sound data to enhance imaging and tracking in biological 
simulation environments [109].

Photoacoustic imaging is a novel imaging method based 
on the photoacoustic effect, offering greater tissue penetra-
tion compared to optical imaging and higher spatial reso-
lution than ultrasound imaging, thereby overcoming the 
limitations between imaging resolution and depth. However, 
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controller designed by Zhao et al., which incorporates a 
PI controller, enables microrobots to achieve autonomous 
docking with arbitrarily positioned cylindrical targets in a 
liquid environment [120].

Compared with classical control, model-based mod-
ern control offers stronger theoretical support and higher 
control accuracy. Excluding the body force-induced drift 
velocity, the kinematic model of the MHMR (13) is highly 
stable and depends only on its structural parameters and the 
external magnetic field, making it quite suitable for model-
based modern control approaches. According to different 
control objectives, model-based modern control can be fur-
ther categorized into optimal control, robust control, non-
linear control, etc. Optimal control methods mainly include 
Linear Quadratic Regulator (LQR) and Model Predictive 
Control (MPC). LQR, based on the assumption of linear 
systems, obtains the optimal feedback law by optimizing a 
quadratic performance index. MPC, on the other hand, uti-
lizes receding horizon prediction and optimization, allow-
ing it to handle multiple constraints on inputs and states, 
albeit at the cost of increased computational complexity. Xu 
et al. employed an LQR controller to minimize a quadratic 
cost function, thereby ensuring that the MHMR accurately 

and robustness. One significant advantage of PID control-
lers is their independence from the precise mathematical 
model of the controlled system, which simplifies the control 
mechanism and makes it intuitive for practitioners. These 
attributes render PID controllers an ideal choice for MHMR 
control research, where flexibility and ease of implementa-
tion are paramount. Fan et al. proposed a control algorithm 
based on a PI controller integrated with a state extended 
observer to effectively mitigate magnetic field coupling and 
external disturbances during the motion tracking of MHMRs 
[117]. This innovative approach highlights how PID-based 
strategies can be adapted to address specific challenges in 
microrobot navigation. Similarly, Zhao et al. developed an 
automatic control strategy for docking MHMRs, utilizing a 
PI controller for orientation and steering control [118]. This 
work illustrates the practical application of PID control-
lers in enhancing the accuracy of microrobotic operations. 
Furthermore, Zhong et al. proposed a path-tracking scheme 
that combines a PID controller with a geometric controller 
to effectively manage path information. Their research also 
introduced optimal path planning to achieve autonomous 
obstacle avoidance and path tracking for MHMRs (Fig. 5a) 
[119]. Also, the 3D docking path and 3D path-tracking 

Fig. 5  Schematic diagram illustrating close-loop path following con-
trol methods for MHMRs. a Path following scheme for MHMRs based 
on a PID controller and geometric controller, proposed by Zhong et al. 

[119]. b RL strategy for autonomous motion control of hydrogel-based 
MHMRs, proposed by Behrens et al. [53]
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4.2.2  Learning-based Methods

Despite the significant progress brought by traditional con-
trol, these methods mostly rely on accurate mathematical 
modeling and often struggle to cope with complex, highly 
dynamic, and uncertain environments. Moreover, the inher-
ent nonlinearity, system parameter variations, and unmod-
eled disturbances present in real-world applications further 
limit the effectiveness of traditional controllers. To address 
these challenges, learning-based control methods have 
emerged as powerful tools for MHMRs navigation. These 
methods can be broadly categorized into imitation learning, 
Reinforcement Learning (RL), data-driven inverse control, 
and hybrid intelligent control.

Imitation learning collects observation-action pairs from 
expert demonstrations and employs supervised learning 
to train control policies, thereby enabling end-to-end con-
trol. Xu et al. proposed a data-driven servo control strategy 
based on Learning from Demonstration (LfD) for MHMR 
navigation, in which the controller is constructed using the 
Broad Learning System [85]. Similarly, Li et al. developed 
an imitation learning-based control method for MHMR 
navigation [125]. However, imitation learning is highly sen-
sitive to the quantity and diversity of demonstration data, 
resulting in limited generalization capability. RL, on the 
other hand, enables the autonomous optimization of con-
trol policies by interacting with the environment through 
trial and error, guided by reward signals. Amoudruz et al. 
developed a RL-based control strategy for MHMRs, and 
by comparing it with other algorithms, demonstrated the 
superiority of RL in achieving minimal-time path planning 
for MHMRs [54]. Cai et al. designed a soft MHMR and 
implemented a RL-based flow rate control strategy for navi-
gation and hovering within fluidic pipelines; the controller 
exhibited robust performance, underscoring the potential 
of RL in dynamic and complex environments [126]. Fur-
thermore, Behrens constructed a hydrogel-based MHMR 
and adopted a RL approach for autonomous motion con-
trol, highlighting the adaptability and efficiency of RL in 
various biomedical applications (Fig. 5b) [53]. Wang et al. 
proposed a deep reinforcement learning (DRL)-based con-
trol framework, enabling MHMRs to achieve goal-reaching 
and dynamic obstacle avoidance [127]. Nevertheless, RL 
generally requires large amounts of training data, exhibits 
slow convergence, and faces challenges in stability and sim-
to-real transfer. Data-driven inverse control methods learn 
inverse models of the system online from input–output 
data, thus enabling adaptive control. Wang et al. proposed 
a data-driven online inverse controller designed to mitigate 
environmental and equipment disturbances during autono-
mous MHMR tracking. This controller allowed MHMRs 
to successfully complete tracking and obstacle avoidance 

tracks the reference trajectory while minimizing control 
effort [121]. Liu et al. designed a planar path-following con-
troller for MHMR based on MPC, achieving better tracking 
performance compared to the LQR controller [82]. Sliding 
Mode Control (SMC) represents a robust control approach, 
achieving strong robustness against external disturbances 
and model uncertainties through the design of sliding mani-
folds. Liu et al. introduced a proxy-based framework, where 
the actual swimmer is virtually coupled with a proxy sys-
tem. The proxy is controlled using a sliding mode control-
ler, while the actual swimmer follows the proxy, resulting 
in highly robust path-following control of MHMR in 3D 
space with adaptive compensation for external disturbances 
[122]. In addition, Qi et al. proposed an adaptive terminal 
SMC method combined with a fast terminal disturbance 
observer to address the issue of input saturation during 3D 
path following of MHMR [123]. For systems with signifi-
cant nonlinearity, Lyapunov-based nonlinear control can 
theoretically guarantee global stability. Xu et al. designed 
an MHMR path-following controller based on this approach 
and proved its stability using Lyapunov theory [124].

Table 2  Path following control methods of MHMRs
Control 
scheme

Features Controller Refer-
ences

Traditional 
control

Theoretical basis: Maturity
Adaptability: Linear, stable
Data Requirement: Low
Stability: High

PI control [117]

PI control [118]
PID control [119]
PI control [120]
LQR control [121]
MPC [82]
Proxy-based 
SMC

[122]

Adaptive SMC [123]
Nonlinear 
control

[124]

Learning-
based 
control

Theoretical basis: 
Data-driven
Adaptability: Nonlinear, 
dynamic
Data Requirement: High
Stability: Exist training 
instability

LFD-based [85]

Imitation learn-
ing control

[125]

RL control [53]
RL control [54]
DRL control [126]
DRL control [127]
Data-driven 
inverse control

[128]

ELM & FLC [86]
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feasibility of independently selecting specific MHMRs in a 
swarm [71]. However, current research on the independent 
control of MHMRs remains superficial, and there is still a 
considerable gap to achieving effective collaboration within 
MHMR swarms.

5  Biomedical Applications

Compared to other miniature robots, the characteristics of 
MHMRs offer unique advantages in biomedical applica-
tions. First, the drill-like shape and strong steering capa-
bilities of MHMRs make them promising candidates for 
minimally invasive treatments in blood vessels. Given that 
these biomedical tasks require certain rigidity and propul-
sion capabilities, NdFeB is often considered as the mag-
netic material, while researchers with appropriate facilities 
may prefer magnetization methods involving magnetic par-
ticles doping. Another popular application direction is using 
MHMRs as carriers for targeted delivery of drugs or cells. 
These applications impose higher biocompatibility require-
ments on MHMRs, leading to a preference for soft materials 
[133, 134] such as bio-templates and hydrogels as primary 
materials. Additionally, Fe3O4, recognized for its biocom-
patible magnetic properties, is also favored. Most MHMRs 
designed for these applications operate at the micrometer 
scale, making magnetic coating and magnetic particles dop-
ing common choices in research efforts. Table 3 and Fig. 6 
outlines various research initiatives focusing on the specific 
biomedical applications of wireless MHMRs, and Fig.  7 
shows the biomedical applications of MHMRs integrated 
with catheter.

5.1  Treatment in Blood Vessel

When abnormal blood clotting occurs due to underlying 
pathological changes, thrombi may form within blood ves-
sels, potentially leading to severe symptoms in the brain, 
lungs, or lower limbs, and even posing a life-threatening 
risk. Rapid, effective, and safe thrombolysis continues to be 
a significant challenge in biomedical research. The helical 
structure and propulsion capabilities of MHMRs equip them 
with the capacity to penetrate and navigate through complex 
and tortuous vascular environments. Several studies have 
demonstrated the efficacy of MHMRs in thrombus clear-
ance, each contributing unique insights into their design, 
functionality, and performance. Hou et al. introduced a 
concave MHMR capable of efficient propulsion through 
viscous fluids, successfully penetrating and dispersing 
thrombi in vitro. The biocompatibility and biodegradability 
of the MHMR were also verified, highlighting its potential 
for clinical applications [49]. Building on this, Zhang et 

tasks with minimal error [128]. However, the accuracy of 
the model is influenced by the quality of the training data, 
and its performance varies between linear and nonlinear 
systems. Hybrid intelligent control combines neural net-
works with traditional intelligent controllers to achieve 
higher adaptability and robustness. Liu et al. proposed a 
radar-based control scheme, where the feedforward control-
ler is based on an Extreme Learning Machine (ELM) neural 
network and the feedback controller is implemented using a 
Fuzzy Logic Controller (FLC), enabling automatic naviga-
tion of MHMRs in three-dimensional spaces with dynamic 
obstacles [86]. This approach leverages the powerful mod-
eling capacity of neural networks and the reliability of fuzzy 
control.

4.3  Swarm Control

The small size and simple structure of magnetic MHMRs 
present significant challenges in tracking and functional-
ity during various biomedical tasks. To address these limi-
tations, there has been a growing interest in the study of 
swarm control for MHMRs [67, 71, 129]. The implementa-
tion of a swarm approach not only enhances the redundancy 
and reliability of MHMRs but also increases coverage and 
improves tracking efficiency, making it particularly advan-
tageous for complex biomedical applications. Moreover, 
effective swarm control demonstrates a remarkable abil-
ity to adapt to environmental changes, further increasing 
the potential for successful interventions [130, 131]. Wu 
et al. proposed a swarm of MHMRs specifically designed 
for drug delivery to the eyes. They utilized clinical optical 
coherence tomography to track the directional movement of 
the MHMRs, confirming their successful arrival at the ret-
ina. This innovative application highlights the potential of 
swarm-controlled MHMRs in achieving precise and effec-
tive therapeutic outcomes [67].

Current macro-scale robot swarms exhibit strong com-
munication and collaboration capabilities, enhancing their 
functional efficiency and enabling the execution of more 
complex tasks. However, this poses significant challenges 
for MHMRs that lack on-board components. Individual 
MHMR of swarm requires to exhibit diverse characteristics 
and possess independent controlled capabilities. Tottori et 
al. demonstrated the self-propulsion of MHMRs into vari-
ous configurations under a rotating weak magnetic field, 
highlighting changes in movement and swimming direc-
tion. This study underscores the potential for integrating 
MHMRs with varying characteristics within a swarm [132]. 
Additionally, Wang et al. introduced a method for selec-
tively controlling individual MHMRs within a group of 
geometrically and magnetically identical MHMRs by modi-
fying their surface chemical compositions, showcasing the 
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reinforce the exceptional navigation and thrombus clear-
ance capabilities of MHMRs within vascular environments. 
For instance, Ma et al., Yang et al., and Leclerc et al. vali-
dated the potential of MHMRs to traverse blood vessels and 
efficiently remove thrombi, further establishing their thera-
peutic promise [80, 84, 100].

In addition to thrombus clearance, MHMRs are emerging 
as a promising tool in embolization therapy, which involves 
blocking specific blood vessels to control bleeding or treat 
pathological conditions. Their superior navigational capa-
bilities make them well-suited for precise interventions in 
vascular environments. Liu et al. introduced a soft-material 
MHMR capable of switching between navigation and embo-
lization modes using external magnetic fields. This dual 
functionality was validated in a rabbit femoral artery model, 
demonstrating the effectiveness of MHMRs in embolization 
therapy [99]. Similarly, Peng et al. showcased the poten-
tial of MHMRs for rapid vascular occlusion, successfully 
performing an MHMR-based embolization procedure in the 
rabbit renal artery. The swift and effective occlusion of the 
target vessel underscores the ability of MHMRs to execute 
complex therapeutic tasks with high efficiency and preci-
sion (Fig. 6b) [103].

5.2  Drug Microcarrier

MHMRs represent a highly promising advancement in the 
precise delivery of therapeutic agents to diseased regions, 
significantly broadening their applications in biomedicine. 
In particular, MHMRs have demonstrated substantial poten-
tial to improve the efficacy of cancer treatment and bacterial 
infection therapy compared to traditional methods such as 
injection and oral administration. A key focus of MHMR-
based research has been their application in targeted drug 
delivery, especially in cancer therapy. Lee et al. developed a 
biocompatible and biodegradable MHMR capable of deliv-
ering the chemotherapeutic agent doxorubicin to tumor 
sites. The release of the drug was triggered by NIR light 
stimulation, demonstrating precise control over drug deliv-
ery [101]. Building on this design, they advanced the tech-
nology to create an MHMR that sequentially delivered two 
distinct drugs?gemcitabine and doxorubicin. The dual–drug 
delivery system utilized NIR light and self-decomposition 
mechanisms to activate drug release, significantly enhanc-
ing therapeutic efficacy against cancer cells (Fig.  6c) [3]. 
In addition to these developments, Lee et al. also designed 
a needle-shaped MHMR capable of carrying the chemo-
therapeutic agent paclitaxel. This design demonstrated its 
practicality in targeting microtissues within physiological 
environments, further highlighting the versatility and preci-
sion of MHMRs in drug delivery applications [135].

al. proposed a shape-transforming MHMR that enhanced 
thrombus clearance efficiency by adapting its form to better 
engage with and disrupt thrombus structures. This adaptabil-
ity, paired with biocompatibility, underscores its promise as 
an effective thrombolytic tool [102]. Further advancing the 
field, Jeon et al. conducted vascular navigation experiments 
in mouse brains, demonstrating the ability of MHMRs to 
navigate through intricate vascular networks (Fig. 6a) [51]. 
These findings are complemented by additional studies that 

Table 3  Biomedical applications of wireless MHMRs
Specific application Main materials Magnetization 

methods
Refer-
ences

Vascular clearance GelMA, HAMA, 
Fe3O4

Magnetic 
coating

[49]

Vascular clearance PDMS, SMA, NdFeB Magnetic par-
ticles doping

[102]

Vascular navigation IP-Dip, Ni Magnetic 
coating

[51]

Vascular clearance Unknown resin, 
NdFeB

Attaching 
magnets

[80]

Vascular clearance Loctite epoxy resin, 
NdFeB

Attaching 
magnets

[84]

Vascular clearance Unknown UV Cur-
able Resin, NdFeB

Magnetic par-
ticles doping

[100]

Embolization 
therapy

SEBS, NdFeB Magnetic par-
ticles doping

[99]

Embolization 
therapy

TAPUA, ACMO, 
BMA, NdFeB

Magnetic par-
ticles doping

[103]

Anticancer drug 
delivery

PEGDA 700, ethyl-
enediamine, Fe3O4

Magnetic par-
ticles doping

[101]

Anticancer drug 
delivery

GelMA, MNPs Magnetic 
coating

[3]

Anticancer drug 
delivery

IP-S, Ni Magnetic 
coating

[135]

Photothermal 
therapy

PLA, Fe3O4 Magnetic par-
ticles doping

[52]

Photothermal 
therapy

Spirulina platensis, 
PDA, Fe3O4

Magnetic 
coating

[40]

Photothermal 
therapy

PVA, melamine, Fe3
O4

Magnetic par-
ticles doping

[98]

Stem cell delivery IP-Dip, Ni Magnetic 
coating

[51]

Stem cell delivery Alginate hydrogel, 
Fe3O4

Magnetic par-
ticles doping

[66]

Inducing stem cell 
differentiation

Spirulina platensis, 
Fe3O4

Magnetic 
coating

[94]

Inducing stem cell 
differentiation

Gelma, MENPs Magnetic 
coating

[136]

Directing cell 
chemotaxis

PVA, melamine, Fe3
O4

Magnetic par-
ticles doping

[59]

Cell delivery plasma, albumin, 
platelet lysate, Fe3O4

Magnetic par-
ticles doping

[104]

Cell delivery AAc, MAAc, 
NIPAAM, PVP, 
NdFeB

Magnetic par-
ticles doping

[105]

Assisted 
reproduction

IP-DIP, Fe Magnetic 
coating

[137]
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spirulina coated with Polydopamine (PDA). This system 
effectively activated a photothermal effect under NIR laser 
irradiation, showcasing its efficacy in treating bacterial 
infections, particularly Klebsiella infections (Fig. 6d) [40]. 
Further advancing the field, Liu et al. fabricated an MHMR 
using hydrogel as the base material. This design enabled 
the targeted delivery of photothermal agents, achieving a 
localized eradication rate exceeding 60% for HeLa cells 
[98]. These findings highlight the versatility of MHMRs 

Beyond direct drug delivery, MHMRs have also been 
explored for Photothermal Therapy (PTT), a strategy that 
uses photothermal agents to convert NIR light into localized 
heat. This heat induces a temperature increase in the target 
area, promoting apoptosis of diseased cells or bacteria while 
minimizing damage to surrounding healthy tissues. Zhao et 
al. introduced an MHMR capable of morphological trans-
formation in response to temperature changes, demonstrat-
ing its effectiveness in PTT applications for cancer therapy 
[52]. Similarly, Xie et al. developed an MHMR based on 

Fig. 6  Schematic diagram illustrating the biomedical applications for 
wireless MHMRs. a Biocompatible MHMR for vascular clearance, 
developed by Jeon et al. [51]. b Biocompatible MHMR for emboli-
zation therapy, developed by Peng et al. [103]. c Biocompatible and 

Biodegradable MHMR for anticancer drug delivery, developed by Lee 
et al. [3]. d Biocompatible MHMR for PTT, developed by Xie et al. 
[40]. e Biocompatible and Biodegradable MHMR for directing cell 
chemotaxis, developed by Wang et al. [59]
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coated with piezoelectric materials that, when stimulated by 
ultrasound, generated electrical signals to induce stem cell 
differentiation [94]. Similarly, Dong et al. demonstrated the 
use of MHMRs for stem cell transportation and differentia-
tion, where electrical signals played a critical role in guiding 
stem cell behavior [136].

MHMRs have also been explored for their ability to 
guide immune cells, offering new possibilities for immu-
notherapy. Wang et al. designed hydrogel-based MHMRs 
capable of delivering chemotactic factors to immune T cells. 
This approach successfully directed T cell migration and 
modulated immune responses, showcasing the potential of 
MHMRs to enhance immune cell targeting and therapeutic 
outcomes (Fig.  6e) [59]. To address biocompatibility and 
safety concerns, researchers have explored constructing 
MHMRs from human-derived biomaterials. For example, 
Ceylan et al. utilized patient-derived blood-based bioma-
terials to construct MHMRs that undergo hydrolysis under 
protease activity, reducing cytotoxicity and ensuring safer 

in combining drug delivery with photothermal effects to 
enhance therapeutic outcomes.

5.3  Cell Microcarrier

In addition to drug delivery, MHMRs have shown poten-
tial as carriers for cell-based applications in biomedicine. 
One promising application of MHMRs is in neuronal 
repair, where they facilitate the cultivation, transportation, 
and implantation of stem cells to target regions. Jeon et al. 
successfully utilized MHMRs to cultivate and proliferate 
hippocampal neural stem cells, demonstrating their ability 
to precisely deliver these cells to target areas [51]. Build-
ing on this, Liu et al. employed MHMRs to promote the 
regeneration of neurons in African clawed frogs, further 
highlighting their potential in neurological applications 
[66]. More innovative designs have incorporated piezoelec-
tric materials into MHMRs to enhance their functionality. 
For example, Liu et al. developed spirulina-based MHMRs 

Fig. 7  Schematic diagram illustrating the integration of MHMRs with 
catheters for biomedical applications. a A MHMR integrated with 
guidewire for mechanical atherectomy in narrow blood vessels, devel-
oped by Nguyen et al. [81]. b A novel design enabled the seamless 

release and retrieval of the MHMR from catheter, developed by Yang 
et al. [138]. c Biocompatible soft MHMR integrated with guidewire 
for thrombus treatment, developed by Zhang et al. [139]
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innovative design was successfully validated in in vivo rab-
bit models, demonstrating its potential for clinical applica-
tions (Fig. 7c) [139].

6  Conclusion and Future Prospects

This review provides a comprehensive survey of the pro-
pulsion mechanism, magnetization, and control methods 
of MHMRs, highlighting the latest advancements in their 
biomedical applications. The magnetic torque induced by a 
rotating magnetic field enables MHMRs to achieve flexible 
steering while allowing them to rotate around their central 
axis, utilizing the helical structure for forward propulsion 
at related speeds proportional to their rotational frequency, 
up to a step-out frequency. Recent advancements classify 
MHMR magnetization into three distinct modes: attaching 
magnets, magnetic coating, and magnetic particles doping. 
Attaching magnets directly onto MHMRs offers a simple, 
cost-effective method for strong magnetic propulsion, usu-
ally limited to the millimeter scale. Magnetic coating allows 
application across small to micrometer scales in diverse 
materials and manufacturing methods. Doping magnetic 
particles into MHMR materials enables micrometer-scale 
use with effective magnetic propulsion, requiring expertise 
in material preparation. Imaging of MHMRs is fundamental 
for motion control. In addition to optical imaging, various 
in vivo imaging techniques, including ultrasound imaging, 
photoacoustic imaging, and fluorescence imaging, have 
been developed for tracking MHMRs. Control methods 
for MHMRs have developed into two primary categories: 
traditional methods, including PID, LQR, MPC and SMC, 
and learning-based methods, such as imitation learning and 
reinforcement learning. Furthermore, research on swarm 
control of MHMRs has contributed to improved tracking 
efficiency. In biomedical applications, MHMRs demon-
strate promises in the treatment of vascular diseases, includ-
ing vascular clearance and embolization therapy. MHMRs 
can also serve as drug microcarriers for targeted delivery of 
anticancer drugs or for delivering photothermal agents for 
PTT. Additionally, MHMRs as cellular microcarriers show 
their utility in applications such as stem cell transplantation, 
immune cell chemotaxis and assisted reproduction. In addi-
tion to wireless MHMRs, their integration with catheters 
has also been discussed.

MHMRs have rapidly developed but several challenges 
still remain for researchers to address, which can be sum-
marized in four key areas:

Tailored functional design for helical propulsion Unlike 
other microscale robots, MHMRs rely on helical structures 
to convert rotating magnetic fields into propulsive forces 
through corkscrew-like motion. Current MHMRs often 

applications [104]. Similarly, Su et al. employed cell scaf-
folds to create MHMRs capable of effective cell loading 
and transportation. These MHMRs demonstrated safe on-
demand cell release in rabbit bile ducts, further validating 
the feasibility of such designs in clinical scenarios [105].

In the field of assisted reproduction, MHMRs have 
shown potential as microcarriers for sperm cells, enabling 
targeted delivery to oocytes to enhance fertilization. Xu 
et al. proposed an integrated MHMR system designed for 
the directed transport of sperm within the reproductive sys-
tem. This system combines MHMRs with hyaluronic acid 
microlayers, which allow for in situ selection and transport 
of multiple sperm cells. Once transported, the microlayers 
are hydrolyzed by localized proteases, releasing the sperm 
to reach their target location [137].

5.4  Integrated with Catheter

Wireless MHMRs have demonstrated great potential in min-
imally invasive interventions and perform therapeutic tasks. 
However, several limitations hinder their practical applica-
tion in vivo. These include difficulties in retrieval, the risk 
of losing the device within the body, and potential health 
hazards caused by unintentional retention. To address these 
challenges, researchers have explored integrating MHMRs 
with catheters in recent years, offering better control, safety, 
and retrievability during clinical procedures. Nguyen et 
al. integrated a MHMR at the tip of a thin guidewire for 
mechanical atherectomy in narrow blood vessels. The 
developed prototype utilized an advanced electromagnetic 
navigation system to efficiently perform steering and drill-
ing motions in angiographic environments while maintain-
ing the tip at the vessel center to avoid perforation (Fig. 7a) 
[81]. Similarly, Yang et al. incorporated a MHMR at the 
distal tip of the guidewire, monitored via radiation-free 
ultrasound imaging, achieving a preliminary verification 
of catheter operations combining magnetic navigation and 
unclogging motions under ultrasound guidance [7]. Build-
ing on this foundation, Yang et al. further improved the inte-
gration of the MHMR with the guidewire by designing a 
slider mechanism. This novel design enabled the seamless 
release and retrieval of the MHMR, significantly enhancing 
operational safety and practicality (Fig. 7b) [138]. Advanc-
ing the concept further, Dreyfus et al. proposed a highly 
flexible continuum guidewire robot integrated with MHMR. 
The inclusion of an articulating magnetic tip allowed for 
active and controllable steering, enabling precise navigation 
from the aortic arch to millimeter-sized arteries in the brain 
[5]. Furthermore, Zhang et al. introduced a guidewire inte-
grated with a soft MHMR, specifically designed to access 
small blood vessels and provide efficient, minimally inva-
sive therapeutic interventions for thrombus treatment. This 
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magnetic particles imaging, advanced magnetic resonance 
imaging sequences tailored for helical propulsion, or real-
time electromagnetic tracking systems that can resolve 
both the translational and rotational dynamics of MHMRs. 
The development of magnetic contrast agents specifically 
designed for helical geometry may further improve the 
detectability and safety of these robots in vivo. Importantly, 
integrating imaging with closed-loop magnetic control will 
be crucial for achieving safe, precise interventions in clini-
cal settings.

Biocompatibility and long-term fate of magnetically 
driven helical structures  The unique requirements for strong 
and responsive magnetic materials in MHMRs present bio-
compatibility challenges distinct from other propulsion 
modalities. The incorporation of magnetic nanoparticles or 
permanent magnets within helical bodies raises concerns 
regarding cytotoxicity, immunogenicity, and long-term tis-
sue integration. Unlike chemically or acoustically driven 
robots, MHMRs must balance the need for robust magnetic 
actuation with the demands of safe degradation or clear-
ance from the body. Future research should prioritize the 
development of biodegradable magnetic composites, sur-
face coatings that minimize immune responses, and system-
atic studies on the fate of helical microstructures after task 
completion. Additionally, there is a need for standardized in 
vivo evaluation protocols specifically tailored to the unique 
motion and material properties of MHMRs to ensure their 
safety and efficacy in translational medicine.
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use single-material, rigid helices, which limits their perfor-
mance in complex biological environments. Future research 
should prioritize the development of hybrid and soft helical 
architectures capable of dynamically adjusting their shape 
and stiffness in response to varying tissue environments or 
propulsion demands. For instance, tunable helical pitch or 
flexible tail designs could enhance propulsion efficiency 
and facilitate navigation through heterogeneous media, 
including mucus, blood, or extracellular matrix, which pres-
ent unique challenges for helical propulsion. Furthermore, 
incorporating additional functionalities, such as magneti-
cally controlled shape morphing [103, 140], onboard drug 
reservoirs, or localized heating for hyperthermia, directly 
into the helical body could expand the biomedical appli-
cations of MHMRs. The multimodal designs presented in 
[140–143] and the advanced control strategies for multi-
robot interactions in confined spaces discussed in [144] 
are more generalized studies on magnetic miniature robots. 
These works provide valuable background and inspiration 
for enhancing the multimodal functional capabilities of 
MHMRs. By drawing on these broader design principles 
and control strategies, future MHMR development can fur-
ther improve their adaptability and performance in complex 
in vivo environments.

Swarm and cooperative control leveraging helical 
dynamics Swarm control in MHMRs presents challenges 
distinct from other microrobot types due to the coupling 
between magnetic field actuation and helical propulsion. 
Unlike photonic or chemical swarms, where local actuation 
is possible, all MHMRs in the same field experience simi-
lar torques, making independent control nontrivial. Future 
research should explore the exploitation of subtle differ-
ences in helical geometry (e.g., pitch, diameter, magnetic 
susceptibility), resonance phenomena, or multi-frequency 
magnetic field strategies to selectively address individuals 
within a swarm. Additionally, the dynamics of hydrody-
namic coupling between MHMRs are still not fully under-
stood and may be leveraged to achieve emergent, collective 
behaviors unique to MHMRs. The development of real-
time feedback control systems using magnetic field shap-
ing, together with AI-driven controllers that adapt to both 
field-microstructure interactions and biological flows, will 
be key to enabling complex cooperative tasks such as cargo 
transport, collective sensing, or targeted therapy.

In vivo imaging and real-time magnetic localization Pre-
cise in vivo imaging and localization of MHMRs is espe-
cially challenging due to their small magnetic signatures 
and the complexity of biological fluids. Unlike optically 
driven robots, MHMRs require imaging modalities that 
can detect their 3D position and orientation under magnetic 
actuation, often in deep tissues where optical access is lim-
ited. Future directions should focus on the integration of 
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