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Abstract

Magnetic microrobots hold immense potential for various biomedical applications, including targeted drug delivery. However,
their operational efficacy in complex, heterogeneous biological environments (e.g., vasculature with varying lumen diameters)
is often constrained. To address this limitation, this study presents a magnetically driven soft microrobot capable of dual-mode
locomotion, where seamless switching between oscillatory and helical motions is achieved solely by switching the external
magnetic field frequency via frequency modulation. The proposed microrobot, with a millimeter-scale architecture featuring
a programmed magnetization profile, exhibits C-shaped oscillation at low frequencies for rapid propulsion and terrain adapta-
tion, and transforms into a helical rotation at high frequencies for stable navigation within confined channels. Experiments
were conducted in a glycerol-water mixture to reveal that oscillatory and helical motion modes each operate within distinct,
non-overlapping frequency bands. The microrobot successfully performed navigation through mode switching in both a bio-
mimetic vascular model and ex vivo porcine organs. Furthermore, by integrating a photothermal-responsive methacrylated
gelatin (GelMA) drug carrier, we demonstrated successful targeted drug delivery at a designated site triggered by near-
infrared irradiation after magnetically guided delivery in a dynamic flow environment.
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1 Introduction

Microrobots have emerged as a prominent research field
owing to their extensive application prospects in biomedi-
cine, demonstrating particularly high potential in targeted
drug delivery [1], minimally invasive surgery [2—4], and
in vivo precision diagnosis [5, 6]. Compared with traditional
rigid robots, soft microrobots exhibit excellent biocompat-
ibility, structural compliance, and environmental adaptability,
enabling safe and efficient operation within complex and dy-
namic environments [7-9]. The continued progress in micro/
nanofabrication and smart materials requires fostering in-
novations in the design and actuation of soft microrobots,
thereby accelerating their translation from laboratory research
toward clinical practice [10-15].

The motion of soft microrobots typically relies on exter-
nal stimuli for precise control [16—24]. Among the various
actuation strategies derived so far, magnetic actuation has been
extensively utilized for in vivo microoperations due to its
superior biosafety, high spatiotemporal resolution, and deep-
tissue penetration capability. Through a sophisticated struc-
tural and magnetization design, such microrobots can achieve
diverse motion modes under programmable magnetic fields
to accommodate varying environmental constraints and func-
tional demands [25-28]. For example, a multi-material opti-
mization and thermally assisted in-situ magnetic domain pro-
gramming method was proposed, which enhances the mate-
rial properties and manufacturing efficiency of magneto-soft
robots [29]. Nelson and colleagues developed a magnetically
guided microrobot platform for targeted drug delivery, whose
efficacy has been validated through both in vitro experiments
and in vivo trials on large animals [15].

Based on the specific motion mechanism, magnetically ac-
tuated microrobots are capable of diverse motion modes,
mainly including oscillatory swimming, helical propulsion,
crawling, and rolling [30-32]. Among these, oscillatory swim-
ming and helical motion present significant advantages in
various scenarios due to the associated unique dynamic char-
acteristics. Oscillatory swimming mimics the propulsion
mechanism of fish or ciliates, generating asymmetric drag in
fluids through periodic oscillations of the entire body or local
segments to achieve efficient propulsion [33, 34]. This mode
is characterized by high speed, flexible steering, and robust
terrain adaptability, making it ideal for open or semi-confined
environments. In contrast, helical motion imitates the rota-
tion mechanism of bacterial flagella, producing propulsive
force through the interaction between the helical structure
and surrounding fluids. Thus, it is particularly suitable for
narrow and high-resistance tubular environments, with merits
such as high motion stability, controllable direction, and in-
sensitivity to flow disturbances [35, 36].

However, the in vivo environment possesses high com-
plexity and heterogeneity. The vascular system, for instance,

contains both large-diameter lumens and extremely narrow
microvessels, accompanied by multiple challenges such as
branching, bending, and dynamic blood flow [37]. When oper-
ating in such variable environments, microrobots with a single
locomotion mode often suffer from performance limitations.
To enhance their operational reliability in such dynamic bio-
logical milieus, existing studies have attempted to achieve
multimodal locomotion through structural design or complex
control methods, and these approaches typically rely on so-
phisticated control systems or the coupling of multiple phys-
ical fields [38, 39]. However, this not only increases the diffi-
culty of system integration and operation but may also intro-
duce energy interference and positioning errors in practical
applications.

In this work, a mode-switchable microrobot (MSM) was
developed and proposed. Through specific magnetization dis-
tribution and structural design, the MSM achieves rapid and
reliable switching between oscillatory and helical modes by
adjusting the frequency of the oscillating magnetic field. As
illustrated in Fig. 1a, the MSM exhibits fish-like oscillatory
motion at low frequencies for rapid propulsion and obstacle
crossing, while it transitions into helical rotation at high fre-
quencies for stable navigation within confined flow channels.
Furthermore, methacrylated gelatin (GelMA) with photother-
mal response properties is integrated as a drug carrier on the
MSM surface, enabling on-demand drug release triggered by
near-infrared (NIR) irradiation. Systematic experiments in bi-
onic vascular models and ex vivo biological tissues demon-
strate that the MSM not only exhibits excellent motion per-
formance and environmental adaptability but also success-
fully accomplishes a series of tasks including multi-path navi-
gation, targeted delivery, and NIR-triggered drug release. This
research provides a novel design and control paradigm for
developing intelligent microrobotic systems capable of adapt-
ing to complex biological environments.

2 Materials and methods
2.1 Materials

The magnetic soft body of the microrobot was fabricated from
a composite of polydimethylsiloxane (PDMS; Sylgard 184,
Dow Corning, Midland, USA) and neodymium iron boron
(NdFeB; YMM-15-7, Yuhong Magnetic Materials Co., Ltd.,
Jiangmen, China) powder with a particle size of 165 pm, while
the drug carrier was a GeIMA (EFL-GM-30, Yongginquan In-
telligent Equipment Co., Ltd., Suzhou, China) film. The PDMS
(with a base-to-curing agent ratio of 10: 1) and the NdFeB
powder (with a maximum energy product of 115-123 kJ/m?)
were integrated to form the actuator matrix. The GeIMA (with
a methacrylation degree of approximately 30%) was subse-
quently processed into a film to function as the drug carrier.
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Fig. 1 Mode-switchable microrobot (MSM). (a) Schematic illustration of the motion and function of the MSM. (b) Fabrication and characterization
of the MSM: (bl) fabrication process of the MSM; (b2) cross-sectional scanning electron microscopy (SEM) image of the MSM. (c) Magnetization
strategy and final structure of the MSM: (c1) MSM fixture-assisted magnetization strategy; (c2) final structure of the MSM. (d) Dual-mode

composite application scenario of the MSM within a blood vessel

2.2 Fabrication process and magnetization
strategy

The fabrication process of the MSM is illustrated in Fig. 1b,
which involved the following key steps. First, the PDMS,
curing agent, and NdFeB powder were mixed at a mass ra-
tio of 10:1:10 and thoroughly homogenized using a mag-
netic stirrer for 10 min, followed by vacuum degassing of
the mixture at —95 kPa for 5 min. After degassing, the mix-
ture was cast into a high-precision, stereolithography three-
dimensional (3D)-printed sacrificial mold. The mold filled
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with the PDMS-magnetic particle composite was then placed
on an 85 °C hotplate for 2.5 h to achieve thermal curing. The
mold was fabricated from a high-temperature-resistant resin
to maintain structural stability during heating, thereby ensur-
ing the preservation of the intended microrobot geometry.
After complete curing, the assembly was immersed in ac-
etone for 10 min to dissolve and embirittle the sacrificial mold,
allowing it to be mechanically peeled away from the internal
MSM structure. Finally, the feeder channels, which served as
inlets for the composite material during casting, were carefully
excised to release the flexible main body of the microrobot
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(Fig. 1b1). Scanning electron microscopy (SEM; GeminiSEM
300, Zeiss, Inc., Oberkochen, Germany) characterization re-
vealed that in the cross-sectional morphology of MSM,
NdFeB magnetic particles were uniformly dispersed within
the PDMS matrix (Fig. 1b2).

The preset magnetization profile was imparted by placing
the molded microrobot into a custom-made magnetization-
assist fixture and applying a 3-T pulsed magnetic field. The
resulting magnetization orientation is depicted in Fig. 1cl.
To ensure synchronous rotation of the two helical ends about
the central axis under an oscillatory magnetic field, both ends
were designed with identical radial magnetization directions.
An angular misalignment between the magnetic moments of
the two ends would introduce a phase lag during helical mo-
tion, generating torque on the central segment and thereby
compromising the overall propulsion efficiency. To realize
the oscillatory motion mode, the central segment was pro-
grammed with a bidirectional axial magnetization pattern
with a 2:1 length ratio, where the longer axially magnetized
region is defined as the head and the shorter one as the tail.
The final architecture of the MSM is shown in Fig. 1c2, fea-
turing a total length of 15 mm, with both helical ends mea-
suring 3 mm in length and 1 mm in diameter.

2.3 Driving strategy

To drive the MSM, this study employed a custom-developed
mechano-electromagnetic hybrid actuation system consisting
of an actuation module, a computer, a programmable current
source (APS-1102A, GW Instek, Suzhou, China), a motion
controller, and a charge-coupled device camera (Sony XCD-
SX90, Tokyo, Japan). The actuation module included a set of
Helmbholtz coils and a motorized rotary stage (Y200RA400,
Beijing Jiangyun Photoelectric Equipment Co., Ltd., Beijing,
China) [40]. The coils generated tunable magnetic fields with
an intensity range of 15-27 mT that controlled the motion
modes of the MSM, while the motorized rotary stage adjusted
the magnetic field direction to steer its trajectory. By inte-
grating the rotary stage with the electromagnetic coils, a ro-
tating magnetic field could be generated within the plane. Fur-
thermore, applying an alternating current to the coils via the
programmable power supply produced an oscillatory magnetic
field along the coil axis with tunable frequency. As shown in
Fig. 1d, seamless switching between the oscillatory and helical
motion modes of the MSM was achieved solely by adjust-
ing the magnetic field oscillation frequency. Under a low-
frequency oscillatory field, the MSM exhibited a C-shaped re-
ciprocating motion that is suitable for rapid propulsion in open
environments and adaptation to uneven terrain. In contrast,
under a high-frequency oscillatory field, the MSM approxi-
mated a linear shape and rotated around its axis, enabling pro-
pulsion via interaction between its helical structure and the sur-
rounding fluid, enabling navigation within confined channels.

3 Results and discussion

3.1 Locomotion performance and mode
switching of the MSM

Motion images of the two motion modes achieved by the
MSM under magnetic field control are shown in Fig. 2a
(Movie S1 in the supplementary information). The oscillatory
mode (Fig. 2al) was performed in an open environment, while
the helical mode (Fig. 2a2) was conducted inside a transpar-
ent silicone tube with an inner diameter of 2 mm. To charac-
terize the locomotion performance of the MSM, we investi-
gated the relationship between its velocity and the oscilla-
tion frequency under various magnetic field intensities. All
experiments were performed in a glycerol-water mixture
(volume ratio of 2:3) to simulate blood viscosity. To vali-
date the universality of the experimental results, three dual-
mode microrobots with lengths of 15, 20, and 25 mm, re-
spectively, were fabricated. To ensure the reliability of the
experimental results, five parallel samples of MSM were
prepared for each dimensional specification in all subse-
quent locomotion performance tests.

The motion behavior of the MSM across different oscilla-
tion frequencies could be divided into four distinct stages,
as illustrated in Figs. 2b, 2e, and 2h.

Stage I (oscillatory mode): The microrobot is character-
ized by an overall distinct C-shaped deformation. In this stage,
the magnetic field oscillation frequency is low, the helical
structures at both ends do not rotate, and locomotion is pri-
marily driven by the reciprocating oscillation of the middle
section. Owing to the 2:1 axial magnetization ratio of the
middle section, we defined the longer segment as the head
and the shorter one as the tail. Under low-frequency excita-
tion, the head possesses a larger magnetic moment and ex-
hibits a stronger oscillation amplitude, generating greater pro-
pulsive force than the tail, thus causing the MSM to move
head-first. This behavior corresponds to the oscillatory mode
depicted in Fig. 2al and the rising trend of the oscillatory
velocity shown in Figs. 2¢, 2f, and 2i.

Stage II (hybrid mode): The oscillatory and helical behav-
iors of the microrobot occur at the same time. When the mag-
netic field oscillation frequency exceeds a critical threshold,
i.e., the minimum frequency at which the middle elastic seg-
ment of the MSM loses synchronous response to magnetic exci-
tation, the middle segment enters a jumping state and can no
longer track the rapid directional changes of the magnetic field.
Although the oscillatory motion weakens, it does not com-
pletely vanish. Simultaneously, unstable helical motion begins
to emerge at both ends, imparting some lateral displacement to
the overall structure. This transitional stage manifests as a de-
cline in oscillatory velocity, as shown in Figs. 2c, 2f, and 2i.

Stage III (helical mode): Here, the middle section becomes
completely out-of-step with the magnetic field and ceases to
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Fig. 2 Switching between the two motion modes of the mode-switchable microrobot (MSM). (a) Experimentally observed dual-mode motion of
the MSM: (al) oscillatory motion mode of the MSM; (a2) helical motion mode of the MSM. (b—d) Motion mode of the 15-mm MSM and the
velocities of its oscillatory and helical modes as a function of magnetic field frequency and strength. (e—g) 20-mm MSM. (h—j) 25-mm MSM.

Data in (c, d, f, g, i, j) are based on n=5 independent experiments

contribute to propulsion, whereas stable and continuous he-
lical rotation is established at both ends, driving the MSM
linearly along its axis. As shown in Figs. 2d, 2g, and 2j, the
propulsion velocity in this mode increases approximately lin-
early with frequency.

Stage IV (out-of-step): The MSM exhibits no effective
motion, corresponding to the regions in Figs. 2d, 2g, and 2j,
where the helical velocity drops to zero.

The quantitative results revealed that the locomotion ve-
locity scales with the MSM size in both modes. The maxi-
mum oscillatory velocities for the 15-, 20-, and 25-mm MSMs
were 23, 27, and 57 mm/s, respectively. Correspondingly, their
maximum helical velocities were 9.2, 18.5, and 36.8 mm/s.
This demonstrates that the locomotion velocity increased with
size in both modes. Within each length group, the oscillatory
velocity initially increased and then decreased with rising
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frequency, and at any given frequency, a higher magnetic field
intensity resulted in a greater velocity. In contrast, the heli-
cal velocity increased approximately linearly with frequency
and was relatively insensitive to changes in magnetic field
intensity, with velocity fluctuations around +0.5 mm/s. Fur-
ther analysis revealed that, for any given length, the frequency
ranges corresponding to the oscillatory mode and the helical
mode did not overlap, confirming that motion mode switch-
ing can be achieved solely through frequency modulation.
The MSM combined the locomotion characteristics of fish-
like microrobots and helical microrobots, exhibiting similar
velocity trends. Owing to the distinct frequency responses
of the two modes, the MSM can adapt to complex environ-
ments with different spatial constraints by adjusting the mag-
netic field oscillation frequency. While the 20- and 25-mm
MSMs exhibit higher locomotion velocities, the 15-mm MSM



Bio-Design and Manufacturing (2026) 9:814-824

819

achieves an optimal balance between locomotion performance
and spatial adaptability, which is the main consideration for
its selection as the research object. Such superior environmen-
tal compatibility and maneuverability align with the study’s
core research orientation of developing microrobots for prac-
tical in vivo targeted locomotion and drug delivery applica-
tions, where spatial accessibility and adaptive motion are pri-
oritized over pure velocity performance.

It is noteworthy that during helical motion, there was a
probability of tail-led motion, wherein the rotational direc-
tion of the two helical ends was opposite to that observed in
head-first propulsion. In such cases, briefly deactivating and
reactivating the magnetic field could reverse the rotation di-
rection and restore forward motion capability. Although this
bidirectionality presented a minor limitation in the current
study, it also revealed a potential advantage: the helical mode
inherently supports bidirectional locomotion. Therefore, when
the MSM enters a dead end or an unintended path, this fea-
ture can be utilized for autonomous directional correction.
For a more comprehensive illustration of the performance
merits of the proposed MSM, a detailed comparison with rep-
resentative multimodal magnetic microrobots is presented
in Table S1 and Fig. S1 (supplementary information),
which underscores the advantageous features of the MSM
in frequency-mediated mode switching and adaptability to
biomedical environments.

3.2 Validation of MSM locomotion
adaptation in unstructured environments

The experimental results presented in Sect. 3.1 have demon-
strated that the motion mode of the MSM can be switched
solely by modulating the oscillation frequency of the mag-
netic field, with both the oscillatory and helical modes exhib-
iting high locomotion efficiency. The relationship between
magnetic field parameters and MSM velocity, established
through performance validation, provides a basis for select-
ing appropriate field parameters in different application sce-
narios. However, it should be noted that all the above ex-
periments were conducted in flat laboratory dishes, whereas
practical application environments (e.g., biological tissues)
often involve unstructured terrains characterized by undulat-
ing paths and irregular wall surfaces. Therefore, to advance
the biomedical applications of the MSM, it is essential to
evaluate its adaptability under non-ideal conditions.

First, we evaluated the slope-climbing capability of the
MSM in oscillatory mode. Six supporting bases with differ-
ent inclination angles were fabricated using 3D printing. A
cylindrical container was fixed onto these bases and filled
with a glycerol-water mixture (volume ratio 2:3). The MSM
was placed at the bottom of the container and driven upward
under four different magnetic field intensities (with the os-
cillation frequency fixed at 5 Hz). As shown in Figs. 3a—3f,

under a 9-mT magnetic field, the MSM could only overcome
a slope of 15°. In contrast, under a 27-mT field, the MSM
was able to move fully upward against gravity in the verti-
cal container (90°).

We further constructed a vascular model with variable di-
ameters and arched slopes to assess the motion ability of the
MSM in more complex environments (Figs. 3g and 3h). The
performance of the MSM in traversing this model was com-
pared between its oscillatory (5 Hz) and helical (55 Hz)
modes under a 27-mT field. The oscillatory mode accom-
plished the task in merely 3 s, significantly faster than the 9.5 s
required in the helical mode (Movie S2 in the supplementary
information). Therefore, considering both locomotion effi-
ciency and control simplicity, it is advisable to employ the
oscillatory mode from the initial stage for rapid slope traversal.

Furthermore, in certain biological environments, fluid does
not fully fill the lumen but rather adheres to the wall in the
form of a mucous layer. To simulate such conditions, a seg-
ment of porcine trachea with folded inner walls was used, and
a small amount of glycerol solution was added to mimic pul-
monary fluid retention. The experimental results confirmed that
the MSM could still propel forward in oscillatory mode in this
fluid-limited environment, and the folded structure of the tra-
cheal wall did not significantly impede its motion (Fig. 3i).

The slope-climbing tests, variable-diameter arched vascular
model traversal experiments, and ex vivo porcine trachea vali-
dation tests demonstrated that the MSM exhibited effective
slope-climbing capability, achieved passive simple 3D motion
in unstructured environments, and performed intended loco-
motion tasks under conditions closely resembling real bio-
medical settings.

3.3 Directional locomotion and targeted
drug delivery of the MSM in a vascular model

To fully demonstrate the locomotion performance of the MSM
and the application potential of its mode switching, this study
further conducted a path-following demonstration inside a 3D-
printed vascular model. The model featured a square outline
with a side length of 9 cm and an inner diameter ranging from
3 mm to 6 mm. An MSM with a length of 15 mm was em-
ployed to perform multimodal locomotion and targeted drug
delivery verification within this transparent resin-based vas-
cular structure. Using a mechanical-electromagnetic hybrid
drive system, the MSM was navigated through the vascular
model filled with glycerol solution via motion mode switching.

To simulate the flow rate in venous blood vessels, the right
opening of the vascular model was connected to a microflu-
idic pump syringe, which injected glycerol solution mixed
with red ink at a flow rate of 1 mL/min for clear visualiza-
tion of the fluid. Meanwhile, the left opening was connected
to a collection bottle to recover the outflow. The motion se-
quence of the MSM inside the vascular model is shown in
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Fig. 3 Motion adaptability of the mode-switchable microrobot (MSM). (a—f) Climbing performance of the MSM in oscillatory mode under various
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movement within an ex vivo porcine trachea

Fig. 4a. Initially, under an oscillatory magnetic field of 27 mT
and 5 Hz, the MSM moved in oscillatory mode, traversing
the initial slope and completing a turn. The magnetic field
frequency was then adjusted to 55 Hz, switching the MSM
to helical mode to enter the first narrow segment. After pass-
ing this segment, the frequency was reset to 5 Hz, and com-
bined with coil rotation, the MSM entered a bypass in oscil-
latory mode. Upon reaching the second narrow segment, the
frequency was again set to 55 Hz. After traversal, the fre-
quency was switched back to 5 Hz, guiding the MSM along
an inverted Z-shaped path out of the bypass, eventually reach-
ing the right opening of the model (Movie S3 in the supple-
mentary information).

It should be noted that when the MSM passed through the
first narrow segment, its velocity decreased due to the reduced
cross-sectional area. As its head entered the constriction, a
sudden increase in flow velocity caused a temporary back-
ward push on the MSM. In this situation, simply adjusting
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the magnetic field frequency enabled it to re-engage in heli-
cal mode and continue forward movement.

In the design of the MSM, surface coating was adopted
for drug loading. To ensure stable drug adhesion in a liquid
environment and achieve controlled release, GeIMA was se-
lected as the drug carrier, which exhibits excellent structural
and performance stability at physiological temperature
(=37 °C) [41]. Red ink was mixed into the GelMA to simu-
late the drug, and release was triggered by localized heating.
This carrier can reliably deliver the drug to the target site
at physiological temperature and release it efficiently at a
slightly elevated temperature (40 °C), while ensuring that
the release process is harmless to biological tissues [42].
The experiment was conducted in glycerol solution flow-
ing at 1 mL/min. After driving the drug-loaded MSM to the
target location, an NIR heating lamp was activated and set to
40 °C. The drug release result was observed after approxi-
mately 10 min, as illustrated in Fig. 4b (Movie S4 in the
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supplementary information). This demonstrated that the MSM
can remain stationed under low flow conditions due to grav-
ity, and the released drug can accumulate at the target site.

3.4 Directional navigation of MSM in ex vivo
organs

To validate the motion and steering performance of the MSM
in an environment approximating real physiological condi-
tions, we further conducted experiments in ex vivo organs.
An intact porcine bronchial tree was selected as the locomo-
tion environment for the MSM. A small amount of glycerol
solution was introduced to simulate pulmonary fluid reten-
tion, thereby enabling the assessment of the dual-mode mo-
tion adaptability and path-correction capability of the MSM
in a complex setting, as illustrated in Fig. 5a. During the ex-
periment, the MSM was placed at the main bronchus with a
maximum diameter of 19.5 mm, with the target location set as
the left outlet of the upper branch, as illustrated in Fig. 5b
(Movie S5 in the supplementary information). In Fig. 5b, the
blue dashed line outlines the bronchial structure, the yellow
rectangles indicate the MSM operating in oscillatory mode
with an average velocity of 7.2 mm/s (standard deviation:
+0.6 mm/s), and the yellow ellipses indicate helical mode
with an average velocity of 3.8 mm/s (standard deviation:
+0.2 mm/s). The blue solid line represents the trajectory
under oscillatory mode, while the green solid line corresponds

to helical mode. Given the relatively large diameter of the
main bronchus, the initial magnetic field was set to 27 mT
with an oscillation frequency of 5 Hz to drive the MSM in
oscillatory mode. When the MSM advanced to the bronchial
segment narrowed to S mm in diameter, the oscillation fre-
quency was adjusted to 55 Hz to switch its motion mode to
helical motion, which was sustained until the MSM reached
the distal bronchial outlet with the narrowest diameter of
3 mm. When the MSM reached the first bifurcation, a clock-
wise rotating magnetic field was applied to guide it into the
upper branch, and the field was then switched to counter-
clockwise rotation to sustain motion along this branch. Be-
tween 10 and 11 s, the MSM reached the final bifurcation
but erroneously entered the upper outlet, preventing further
advance. Utilizing the helical mode, it successfully exited
the upper outlet by 13 s. After deactivating and reactivating
the magnetic field, the MSM continued forward in helical
mode under a counterclockwise rotating field until it reached
the left opening of the upper branch. This experiment dem-
onstrated that the MSM can autonomously adjust its motion
mode in response to environmental width variations and uti-
lize helical motion to correct undesired paths and return to
the intended route.

After the validation of MSM motion and targeted drug de-
livery within a vascular model, this study further selected a seg-
ment of porcine liver vein to conduct targeted drug delivery
experiments (Fig. 5¢). Due to the low optical transparency
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Fig. 5 Investigation of mode-switchable microrobot (MSM) functions in ex vivo organs. (a) Schematic diagram of MSM movement within the
porcine trachea. (b) Movement and mode switching of MSM in an ex vivo porcine trachea. (c) Schematic diagram of MSM movement and drug
release within porcine liver veins: (c1) locomotion of drug-loaded MSM within porcine liver veins; (c2) drug release by the MSM at the target
site within the porcine liver vein. (d) MSM movement with drug release in an ex vivo porcine liver vein

of the venous tissue, backlight imaging with high exposure
parameters was used to identify the posture of the MSM
from its shadow. To simulate blood viscosity, a glycerol so-
lution was injected into the vein. For intravascular targeted
drug delivery tests, a 0.5-mm-thick layer of GeIMA hydro-
gel mixed with red ink was coated on the middle section of
the MSM (Fig. 5¢2). The MSM was placed at one end of
the vein, and a mode-switching test was first performed to
probe variations in the internal venous width. In Fig. 5d, the
blue dashed line indicates the inner wall of the porcine liver
vein, the yellow dashed line outlines the MSM, the solid blue
line segment represents its oscillating motion trajectory, and
the solid green line segment represents its helical motion
trajectory. Initially, under a magnetic field of 27 mT and an
oscillation frequency of 5 Hz, the MSM moved forward in
oscillatory mode within the venous segment with a diameter
of approximately 6.1 mm (Fig. 5d1). When it reached a nar-
row segment with a diameter of 4.6 mm in the mid-section
of the vein (Fig. 5d2), the oscillatory mode could not sustain
forward progress. The oscillation frequency was then adjusted
to 55 Hz, causing the MSM to transition to helical mode and
successfully advance to the opposite end of the vein.

@ Springer

Once the drug-loaded MSM was driven to the target site
within the vein and immobilized, an NIR heating lamp was
activated and set to an irradiation temperature of 40 °C to
initiate drug release (Fig. 5d3). After continuous irradiation
for approximately 8 min, the NIR lamp was turned off, com-
pleting the drug release process (Fig. 5d4). Upon reapplica-
tion of the magnetic field, the MSM moved toward the lower
end of the vein in helical mode (Fig. 5d5), switched back to
oscillatory mode upon reaching an open region, and ulti-
mately returned to its starting position (Fig. 5d6; Movie S6
in the supplementary information). These results confirm that
the MSM exhibits excellent environmental adaptability and
controllable locomotion in complex ex vivo biological tis-
sues, demonstrating its potential to perform targeted tasks
under realistic physiological conditions.

4 Conclusions
This study successfully designed and fabricated a magneti-

cally driven soft microrobot with dual-mode locomotion
capability, which can achieve seamless switching between
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oscillatory and helical modes under oscillatory magnetic fields
of different frequencies. The precisely programmed magne-
tization and structural geometry of the microrobot enable a
C-shaped oscillatory motion at low frequencies for rapid tra-
versal of open and unstructured environments, and a helical
rotation at high frequencies for stable navigation within con-
fined fluidic channels. The two modes operate in discrete,
non-overlapping frequency bands, ensuring rapid and reli-
able mode switching through simple frequency modulation
and resulting in exceptional locomotion controllability.

Beyond efficient motion in simple environments, the MSM
demonstrated remarkable environmental adaptability by suc-
cessfully completing complex path-following and navigation
tasks in biomimetic vascular models. Experiments in ex vivo
tissues (porcine trachea and liver veins) further validated its
capability for multi-path navigation and direction correc-
tion. Moreover, the integration of a photothermal-responsive
GelMA drug carrier enabled targeted drug delivery and on-
demand localized release via NIR irradiation.

In summary, the MSM and control strategy proposed in
this work expand the locomotion capabilities of soft micro-
robots in complex environments. Furthermore, they provide
a feasible technological foundation and experimental basis
for future practical applications in biomedical fields such
as minimally invasive surgery, targeted drug delivery, and
in vivo diagnostics. This design is also feasible for scaling to
sub-millimeter and microscale dimensions via high-precision
microfabrication of magneto-soft structures. Meanwhile, key
challenges remain in maintaining adequate magnetic actua-
tion force and achieving precise microscale motion control in
viscous biological media.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1631/bdm.2600013.
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