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Abstract

Small-scale magnetic soft robots are promising candidates for minimally invasive medical applications; however, they struggle
to achieve efficient locomotion across various interfaces. In this study, we propose a magnetic soft robot that integrates two
distinct bio-inspired locomotion modes for enhanced interface navigation. Inspired by water striders’ superhydrophobic legs
and the meniscus climbing behavior of Pyrrhalta nymphaeae larvae, we developed a rectangular sheet-based robot with hy-
drophobic surface treatment and novel control strategies. The proposed robot implements two locomotion modes: a bipedal
peristaltic locomotion mode (BPLM) and a single-region contact-vibration locomotion mode (SCLM). The BPLM achieves
stable movement at 20 mm/s through coordinated front—rear contact points, whereas the SCLM reaches an ultrafast speed of
52 mm/s by optimizing surface tension interactions. The proposed robot demonstrates precise trajectory control with mini-
mal deviations and successfully navigates confined spaces while manipulating objects. Theoretical analysis and experimental
validation demonstrate that the integration of triangular wave control signals and steady-state components enables smooth
transitions between locomotion modes. This study presents a new paradigm for bio-inspired design of small-scale robots and
demonstrates the potential for medical applications requiring precise navigation across multiple terrains.
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1 Introduction

Small-scale magnetic actuated robots have garnered signifi-
cant attention in biomedical applications because of their
potential for minimally invasive procedures, targeted drug
delivery, and cell manipulation [1-6]. These robots have
unique advantages, including wireless operation, precise con-
trol, and biocompatibility [7-9]. However, when navigating
complex biological environments, particularly across various
interfaces, these robots face significant challenges in main-
taining efficient locomotion and adaptability [10—13].
Recent advances in magnetic soft robots have led to the
development of various locomotion strategies [5, 14-16].
Ren et al. developed soft robots capable of crawling and
swimming through different media, achieving speeds of up
to 15 mm/s [17]. Gu et al. reported magnetically actuated
artificial cilia that generate synchronized waves for surface
movement even though they are limited to specific
interfaces [18]. Wang et al. achieved controlled swimming
capabilities through magnetic actuation but faced challenges
in maintaining stability across interfaces [19]. Although Lu
et al. demonstrated multilegged locomotion under both dry
and wet conditions, their design exhibited reduced efficiency
in confined spaces [20]. Niu et al. developed a heat-assisted
in-situ magnetic domain programming method that enables
the fabrication of magnetically soft robots with complex three-
dimensional (3D) domain distributions, offering a bio-inspired
approach to achieve multi-modal locomotion reminiscent of
natural organisms [21]. Nature provides inspiring examples of
organisms that excel at interface navigation [22-25]. Water
striders can effortlessly walk on liquid surfaces because of

their superhydrophobic legs and specialized motion pat-
terns, achieving remarkable speed and stability [26, 27].
Similarly, Pyrrhalta nymphaeae larvae exhibit exceptional
meniscus climbing abilities through sophisticated surface
tension manipulation [28, 29]. Although these biological
systems have inspired various robotic designs, the integra-
tion of multiple bio-inspired locomotion strategies within a
single platform remains largely unexplored, particularly for
small-scale magnetic robots.

In this study, a magnetic soft robot with dual bio-inspired
locomotion modes was developed. The robot design is in-
spired by two distinct biological systems: the superhydro-
phobic legs of water striders and the meniscus climbing
behavior of Pyrrhalta nymphaeae larvae. Based on these bio-
logical principles, two complementary locomotion modes,
namely, the bipedal peristaltic locomotion mode (BPLM)
and the single-region contact-vibration locomotion mode
(SCLM), were successfully implemented. Detailed model-
ing of the developed robot was performed to ensure that its
motion was controllable. In addition, a triangular wave con-
trol signal with steady-state components was developed,
through which smooth transitions between the two locomo-
tion modes were achieved. Precise trajectory control was
demonstrated with minimal deviations in both the x- and
y-direction. Mathematical models were established to ana-
lyze the surface tension effects and magnetic actuation mecha-
nisms, through which the relationship between the control
signals and robot behavior was thoroughly investigated.
These achievements were validated through multiple rounds
of testing, systematic parameter optimization, and detailed
comparative studies. The developed robot demonstrates

@ Springer



1026

Bio-Design and Manufacturing (2025) 8:1024-1034

significant advantages over existing systems in terms of
movement speed, trajectory control, and adaptability to dif-
ferent interfaces. These capabilities, combined with the small
scale and magnetic actuation of the robot, make it particu-
larly suitable for medical applications requiring careful
navigation through biological interfaces.

2 Bio-inspired locomotion

2.1 Structure design, magnetization, and
dynamic modeling

Small-scale robots capable of navigating liquid—air inter-
faces represent a significant advancement in biomimetic en-
gineering. This study proposes a magnetic soft robot design
that draws inspiration from natural organisms, implement-
ing their sophisticated surface interaction strategies through
engineered solutions.

The proposed robot adopts a rectangular sheet configura-
tion, as shown in Fig. 1a, where [ represents the length and
w represents the width. The thickness % critically determines
both bending strength and magnetization intensity, enabling
strong magnetic torque generation at given field strengths.

The fabrication process employs NdFeB particles (38-pm
diameter) and silica gel (Ecoflex-00-30, Smooth-On, Inc.,
USA) mixed at a 1:1 mass ratio. Following vacuum degas-
sing and thermal curing at 65 °C for 8 h, the resulting mem-
brane undergoes magnetization in a circular mold (Fig. 1b).
The details of the robot fabrication are presented in Note S1
in the supplementary information. The magnetization angle
6o (shown in Fig. 1b) of the robots we manufactured and
used in the experiments is &, and in the subsequent dynamic
modeling, 6o still represents the magnetization angle to
maintain the generality of the model.

The magnetization process follows a specialized method
in which B(x) denotes the direction of magnetization inside
the robot (Fig. 1c). Magnetization is achieved using a circu-
lar mold, ensuring uniform alignment of the internal mag-
netic field. After the flattening process, the internal magneti-
zation direction based on the coordinate system of the robot
can be expressed as follows:

X T
p(x) = _7—90+§,
where r represents the radius of curled magnetization, which
determines the deformation state of the robot.

The theoretical framework models the bending behavior

under external forces by incorporating the torque, field

(a)

(b)

Deformation

Fig. 1 Structural design, fabrication, initial magnetization modeling, and theoretical deformation modeling of the magnetic soft robot. (a) Con-
figuration with key dimensions and a fabricated sample. (b) Magnetization process using a circular mold to achieve tailored internal magnetiza-
tion. Here, 6p denotes the angle between the robot’s gap and the direction of the magnetic field. (c) Schematic diagrams of the magnetization
model and force-induced deformation model of the robot. B (x) represents the direction of the magnetization intensity at point x after the robot
unfolds. The figure on the right shows the mechanical model of the robot deformation under the z-axis magnetic field
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strength, and material elasticity (Fig. 1c). Force analysis illus-
trates how the robot achieves stable locomotion through
optimized torque distribution and deformation under an ap-
plied magnetic field. Under an external magnetic field, the
deformation of the robot on the xoz plane follows the Euler—
Bernoulli beam model (as shown in Fig. 1c):

3
r’ AM . [x
y(x)= 7l [—cos@zsm(r + 90),
X X By
singzsin(? + 90), cos(; + 90)} By |,
B;

where A is the cross-sectional area of the robot, M repre-
sents the magnetization intensity, E represents Young’s
modulus, / represents the cross-sectional moment of inertia,
[Bx By B; I8 represents the magnetic flux density in the
fixed base coordinate system, and @; denotes the angle be-
tween the z axes of the robot’s coordinate system and the
fixed base coordinate system.
The rotational angles around the z-axis are governed by

—rAM (Bxsin0; + Bycosﬂz)cos(% + 90) + My
Jz

2,

(1) =

where J,; denotes the rotational moment of inertia, ¢ represents
the duration of magnetic field activation, and Mg denotes the
drag moment.

During locomotion at liquid—air interfaces, the robot is
controlled via multiple force elements, including gravity G,
buoyancy Fb, surface tension F, and hydrodynamic drag
Farag. These forces collectively influence the motion charac-
teristics and stability of the robot on water surfaces.

Motion control and deformations are achieved through a
3D Helmbholtz coil system that generates magnetic fields dy-
namically as follows:

B \/m cos@cosdy

X

By |=|./BXkcoil + BZcoil cosgsindy |»

B 2 2
JBeoit + Beoi sing

where BXcoil and Bzcoil denote the magnetic field strengths of
the x and z coils, respectively, ¢ =arctan ( Bzcoil/BXcoil ) de-
notes the angle between the magnetic field and the xoz plane,
and 6: denotes the rotation angle of the rotating base. This con-
figuration enables precise control over the robot’s movement.

Deformation under external forces is further influenced by
the material properties of the beam. Inspired by natural sys-
tems, the fabricated robots were further treated with a commer-
cial coating agent to render their surface superhydrophobic,
with the exhibited water droplet contact angle up to approxi-
mately 152°. This bio-inspired approach demonstrates how

natural principles can be effectively translated into engi-
neered systems, opening new possibilities for applications
in confined spaces and liquid—air interfaces. The modeling
process is presented in detail in Notes S2 and S3 in the
supplementary information.

2.2 Water strider-inspired bipedal peristaltic
locomotion mode

Water striders have evolved remarkable abilities to move
efficiently on water surfaces using their specialized hydro-
phobic legs. Their exceptional water-walking ability stems
from the hierarchical structure of their legs, which creates a
superhydrophobic surface with contact angles exceeding 150°.
This allows water striders to support forces up to 15 times
their body weight on water surfaces, as illustrated in Fig. 2a.
These natural principles have inspired the development of
our novel BPLM for small-scale magnetic soft robots.

The BPLM is designed to enable efficient movement on
liquid surfaces. In this mode, the front and tail of the robot
maintain contact with the interface while the middle section
is elevated (Fig. 2d). Under an alternating z-axis magnetic
field, the robot performs controlled oscillations that facilitate
rapid contact and separation from the liquid surface. The
control waveform in the z-axis direction can be decomposed
into two components: (1) a steady-state component that main-
tains the initial deformation in the xoz plane; (2) an oscillat-
ing component that induces small oscillations under defor-
mation conditions (Fig. 2b). The deformation patterns of the
upper and lower borders of the robot in the BPLM during
locomotion are illustrated in Fig. 2¢c. The constant magnetic
field in the x-axis direction shown in Fig. 2b leads to asym-
metric deformation of the robot. This asymmetry causes the
robot to move in a specific direction.

The movement speed of the robot is influenced by both
the magnetic field strength and frequency. Experimental
observations demonstrate that the velocity initially increases
with the magnetic field frequency before reaching a peak at
approximately 44 Hz. The magnetic field strength exhibits a
similar effect with the movement speed increasing, reaching
a threshold of up to 10 mT, beyond which the robot’s gait
stability is compromised.

2.3 Pyrrhalta nymphaeae-inspired single-
region contact-vibration locomotion mode

Many small animals have evolved sophisticated strategies
for navigating liquid—air interfaces. In particular, Pyrrhalta
nymphaeae larvae exhibit remarkable meniscus climbing
abilities (Fig. 2e). This natural phenomenon inspires the de-
velopment of the SCLM, which enhances locomotion speed
and stability through specialized back-arching mechanics. The
SCLM implements a novel gait design in which the robot’s
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Fig. 2 Two types of bio-inspired locomotion modes: water strider-inspired BPLM and Pyrrhalta nymphaeae-inspired SCLM. (a, e) Biological
inspirations for the two locomotion modes: a water strider walking on water and Pyrrhalta nymphaeae climbing on a liquid surface. (b, f) Tem-
poral profiles of magnetic control signals with oscillation and steady-state components. (c, g) Deformation patterns of the robot’s upper and lower
borders during locomotion. (d, h) Experimental records showing the robot’s interaction with the liquid surface for BPLM and SCLM. Videos
S1 and S2 documenting the experiments are available in the supplementary information

back arches to contact the water surface, as illustrated in
Fig. 2h. This configuration increases the contact area with
the liquid surface, effectively preventing submersion while
leveraging capillary forces for enhanced propulsion.

The control signal (Fig. 2f) comprises (1) an alternating
magnetic field in the z-direction that generates initial defor-
mation and slight vibrations; (2) a constant magnetic field
component in the x-direction that determines movement di-
rection. The deformation patterns of the upper and lower
borders of the robot in the SCLM during locomotion are
illustrated in Fig. 2g.

The robot’s velocity v in this mode is given by [30]

_ow?
T L

where Y represents the robot’s maximum deformation am-
plitude during oscillation, f represents the traveling wave’s
frequency (coincident with the rotation frequency of B), ¢
represents the correction coefficient accounting for external
forces at the liquid surface, L represents the characteristic
wavelength of motion, and R represents an approximated
amplitude function of an ideal second-order system, which
is defined as follows:

v (cYR)zf,

@n,2
15 f< 27t 1)
R = 2
@n,2 f> @n,2
2nf |0 7T 2m

Here, wn,2 is the second natural frequency of the robot.
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3 Experimental setups

The experimental platform (Fig. 3a) is a sophisticated system
designed to enable precise control and monitoring of the
locomotion of the proposed magnetic soft robot. The plat-
form incorporates several key components, including Helm-
holtz coils, a rotating base, an oscilloscope, and a vibration
isolation platform.

The experimental environment (Fig. 3b) consists of a glass
dish with a diameter of 110 mm and a height of 25 mm, par-
tially filled with water to allow the robot to float. The con-
trolled liquid environment is placed on the internal move-
ment platform of the system. The platform design ensures
that the robot can move freely without contact with the coils
and that the liquid environment remains stationary even when
the coils rotate.

The control process (Fig. 3c) begins with the generation
of control signals using LabVIEW software on a personal
computer (PC). These signals are transmitted via a PCle-6738
card (National Instruments Corp., USA), which outputs an
analog signal in the range of +10 V. The signal is sent to
the terminal box and then directed to the motor driver. The
Helmbholtz coils, which are essential for generating a con-
trolled magnetic field, are powered by a high-power direct-
current (DC) switch, ensuring the stability and precision of
the magnetic environment. The parameters of the Helm-
holtz coils used in the experiments are listed in Table S1
(supplementary information). An industrial camera (MV-
CAO013-A0GM, Shenzhen City Celebr-Crystal Optoelectronic



Bio-Design and Manufacturing (2025) 8:1024-1034

1029

L

Sending control _>Computer generating > Sending control
commands signals commands

—bl Current control }—> Magnetic field

Recording the trajectory of movement «

Robot
i —
| Turntable rotation || gencEaiiEh

move
cE
y

]l Motion capture

Fig. 3 Experimental setup and control roadmap for magnetic soft robot locomotion. (a) Magnetic drive platform utilizing a 3D Helmbholtz coil
system, detailing critical components (1. z-coil switch power supply; 2. x-coil and z-coil current driver; 3. z-axis camera; 4. 24-V DC voltage
power supply at control end; 5. x-coil switch power supply; 6. two-dimensional Helmholtz coil; 7. a rotating base; 8. rotating base motor power sup-
ply; 9. card cable box; 10. oscilloscope). (b) Experimental workspace showing the proposed robot at the multiphase interface. (c) Control road-
map illustrating signal generation, field control, and motion capture processes

Ltd., China) captures the robot’s motion within the plane, and
the resulting motion images are processed using OpenCV
on the PC. This enables real-time analysis of the robot’s
pose and movement trajectory, ensuring accurate monitor-
ing and control.

4 Performance analysis
4.1 Robot deformation and locomotion

The motion and deformation characteristics of the magnetic
soft robot were analyzed in the two locomotion modes. The
robot’s deformation under different magnetic field intensi-
ties was quantitatively analyzed by examining the front angle,
rear angle, and deformation distance between the head and
tail during the motion deformation process (Figs. 4a and 4e).
In the experiments, magnetic fields of varying intensities were
applied to the robot with the magnetic field control frequency
set to 30 Hz. The robot’s motion period was approximately
0.033 s, corresponding to one full cycle of motion.

Figures 4b—4d present the experimental results for the
BPLM. The robot was subjected to alternating magnetic

fields of 2.3, 5.5, 7.0, and 11.0 mT along the z-direction.
Figure 4b illustrates the front angle variations over two
consecutive cycles. During each cycle, the robot’s front angle
exhibits a trend of first increasing and then decreasing,
which is consistent with the control waveform and the varia-
tion trend of the magnetic field intensity. This behavior is
consistently observed under all magnetic field intensities. In
addition, as the magnetic field intensity increases, the robot’s
front angle increases. Variations in the rear angle over two
consecutive cycles are shown in Fig. 4c. Similar to the front
angle, the rear angle exhibits a trend of first increasing and
then decreasing during each cycle, and it exhibits a positive
correlation with the magnetic field intensity. As the magnetic
field intensity increases, the deformation distance exhibits
more pronounced numerical changes, indicating that the
robot’s motion becomes more intense (Fig. 4d). For example,
at lower field strengths, such as 2.3 mT, the robot exhibits
minimal deformation, resulting in reduced propulsion effi-
ciency. As the field intensity increases to 5.5 mT, the robot’s
deformation amplitude increases, varying from 14.5 to
12.2 mm, thereby enhancing forward propulsion. This de-
formation allows the robot to achieve wave-like motion
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Fig. 4 Experimental results of motion and deformation under two locomotion modes. (a—d) Results for the BPLM showing the front angle, rear
angle, and deformation distance between the head and tail during the robot’s motion deformation process under magnetic field intensities of 2.3,
5.5, 7.0, and 11.0 mT. (e—h) Front angle, rear angle, and deformation distance between the head and tail during the robot’s motion deformation
process for the SCLM, where the single-region contact creates high deformation amplitudes under magnetic field intensities of 5.0, 7.5, 10.0,
and 12.5 mT. The deformation dynamics differs between the two modes, with the BPLM promoting stability and the SCLM emphasizing higher

propulsion speeds

along its length with synchronized oscillations between the
front and rear angles. However, at 11.0 mT, the deformation
becomes excessive, leading to potential instability, which
causes inconsistencies in motion and reduces the overall
propulsion efficiency.

Figures 4e—4h show the experimental results for the SCLM.
This mode mimics the meniscus climbing behavior of
Pyrrhalta nymphaeae larvae in which a single-region con-
tact with a liquid surface drives the motion. The robot was
subjected to alternating magnetic fields of 5.0, 7.5, 10.0, and
12.5 mT along the z-direction. Figures 4f and 4g show varia-
tions in the front and rear angles over two consecutive cycles,
respectively. The variations in the robot’s front and rear
angles are generally consistent with the control waveform
of the z-axis, showing a trend of first increasing and then de-
creasing, which is also consistent with the variation trend of
the magnetic field intensity. A data comparison reveals that
at any given moment, the robot’s rear angle is consistently
smaller than its front angle, which ensures the robot’s for-
ward movement direction. Figure 4h shows the variation
trends of the deformation distance at the robot’s head and tail
over two consecutive cycles under magnetic field intensities
of 5.0, 7.5, 10.0, and 12.5 mT. The deformation distance of the
robot is inversely correlated with the control waveform along
the z-axis, exhibiting a trend of first decreasing and then in-
creasing. As the magnetic field intensity increases, the defor-
mation distance exhibits more pronounced numerical changes,

@ Springer

indicating that the robot’s motion becomes more intense. For
example, at lower field intensities (such as 5.0 mT), the robot
exhibits moderate deformation with minimal oscillation am-
plitude and achieves stable but slow-forward motion. As the
magnetic field intensity increases to 10.0 mT, the robot’s de-
formation amplitude increases, varying from 13.7 to 12.2 mm,
thereby enhancing forward propulsion. This increased defor-
mation enhances propulsion efficiency, allowing the robot
to achieve higher speeds than in the BPLM. At 12.5 mT,
the deformation amplitude continues to increase; however,
the oscillation pattern begins to lose symmetry, as shown in
Fig. 4h. Asymmetry can cause lateral instabilities, which
may affect the robot’s trajectory and motion accuracy.

The two locomotion modes exhibit distinct motion and
deformation dynamics. The BPLM achieves stable propul-
sion through periodic oscillations of two contact points with
a liquid surface, thereby enabling a balance between defor-
mation amplitude and stability. In contrast, the SCLM uses
a single-region contact, which results in higher deformation
amplitudes and greater propulsion speeds. For example, at
optimal field strengths (7.5 mT for BPLM and 10.0 mT for
SCLM), the SCLM achieves higher average speeds because
of its larger deformation amplitude and enhanced utilization
of capillary forces. However, the SCLM is more sensitive
to excessive field intensities, where asymmetry in deforma-
tion patterns can lead to instability. In contrast, the BPLM
demonstrates greater robustness under similar conditions,
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making it more suitable for applications requiring consistent
and stable trajectories.

4.2 Robot movement speed

The movement of the proposed robot is primarily caused by
the continuous deformation and oscillation induced by the
interaction between the robot and the driving magnetic field.
The primary magnetic field parameters influencing this pro-
cess are the magnetic field strength and frequency.

To demonstrate the changes in the robot’s motion state
under the driving frequency of the external magnetic field,
Figs. 5a and 5c show the motion states of the robot in the
BPLM and SCLM, respectively. These data were recorded
using a camera at 0.1-s intervals over a 0.3-s motion cycle
under an external magnetic field with a strength of 12 mT
and driving frequencies of 4, 14, and 24 Hz. The results show
that under the same magnetic field strength, the robot’s
locomotion speed exhibits a non-monotonic trend, increas-
ing initially and then decreasing as the magnetic field fre-
quency increases.

In addition, we analyzed the robot’s motion variations
under various magnetic field strengths, including 5.0, 7.5,
10.0, and 12.5 mT. Figures 5b and 5d present the experi-
mental data analysis results corresponding to the BPLM and
SCLM motion modes, respectively.

14 Hz, 12 mT

™~
|~
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4Hz, 12mT 14 Hz, 12 mT

BT
- - .7 = = ’% 1
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In the BPLM, the robot achieved a locomotion speed of
approximately 20 mm/s under a magnetic field strength of
7.5 mT and an actuation frequency of 44 Hz, which corre-
sponds to approximately 80 body lengths per minute (BL/min).
Under continuous operation conditions, the robot covered a
total locomotion distance of approximately 1100 mm within
1 min, with no noticeable degradation in posture or motion
control capabilities.

By analyzing the curves in Fig. 5b, it can be observed that
under the same magnetic field strength, the robot’s motion
speed first increases and then decreases as the frequency in-
creases. This characteristic is evident across all magnetic field
strengths, and the maximum speed is reached at approxi-
mately 44 Hz. When the magnetic field frequency exceeds
44 Hz, the robot’ s motion speed significantly decreases.

In addition, the magnetic field strength considerably in-
fluences the robot’s motion speed. The results reveal that the
robot’s motion speed initially increases and then decreases
as the magnetic field strength increases. When the magnetic
field strength exceeds 7.5 mT, the robot’s maximum motion
speed gradually declines. The primary reasons for this in-
clude excessive deformation, which causes the front and rear
angles of the robot to become too large, thereby reducing
the horizontal component of the force acting on the robot.
This decreases the propulsion force of the robot. Further-
more, as the vertical force component increases, the front
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Fig. 5 Experimental results of robot movement speed under different locomotion modes and magnetic field parameters. BPLM results: (a) the
robot’s position over time under a 12-mT magnetic field at various frequencies; (b) the velocity curves at magnetic field strengths of 5.0, 7.5,
10.0, and 12.5 mT. SCLM results: (c) the robot’s position over time under a 12-mT magnetic field at various frequencies; (d) the velocity
curves at magnetic field strengths of 5.0, 7.5, 10.0, and 12.5 mT. Both modes exhibit a trend that speed increases with frequency up to an opti-

mal point before declining
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and rear ends of the robot become submerged below the
water surface, increasing the resistance to forward motion.

In the SCLM, the robot’s motion speed initially increases,
then decreases, and eventually ceases as the magnetic field
frequency changes. At a magnetic field frequency of 40 Hz,
the robot’s average locomotion speed reaches approximately
52 mm/s (equivalent to 208 BL/min). The robot exhibited
stable locomotion performance over a sustainable operation
period of 1 min and covered a total locomotion distance of
approximately 2950 mm without any noticeable degrada-
tion in its posture or motion control abilities. When the mag-
netic field frequency exceeds 70 Hz, the robot’s motion speed
remains relatively low without significant variations. In
addition, when the frequency is less than 70 Hz, under a
constant magnetic field strength, the robot’s motion speed
initially increases and then decreases as the magnetic field
frequency increases, eventually stabilizing at a relatively
low level. At the same magnetic field control frequency, the
robot’s motion speed increases with increasing magnetic
field strength. However, when the magnetic field control
frequency exceeds 70 Hz, neither increasing the magnetic
field strength nor the magnetic field frequency significantly
increases the robot’s motion speed.

Using a beam structure model from the mechanics of mate-
rials, we calculated the robot’s first-order natural frequency

as 40.73 Hz. When the robot achieves its maximum motion
speed, the driving frequency is 44 Hz for the BPLM and
40 Hz for the SCLM, both of which exhibit certain devia-
tions from the theoretical results. These deviations are pri-
marily attributed to the fact that the two ends of the robot
are not completely free, thereby introducing theoretical er-
rors. The theoretical relationship between the robot’s mo-
tion speed and the driving magnetic field frequency for the
BPLM and SCLM under a 10.0-mT magnetic field strength
is represented by the blue and red dashed lines in Figs. 5b
and 5d, respectively. Our experimental measurements are
consistent with the theoretical model.

4.3 Analysis of robot motion trajectory

The motion trajectory of the proposed magnetic soft robot
is a critical aspect of its performance, particularly for preci-
sion tasks such as object manipulation and navigation in
confined spaces. The experimental results demonstrate the
ability of the robot to execute straight-line, reciprocal, rota-
tional, and circular motions under both locomotion modes.
Linear motion and directional control: In the BPLM, the
robot’s head and tail alternate their contact with the liquid sur-
face, enabling precise linear motion. As shown in Fig. 6a, the
robot moves left and right within the same interval under
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Fig. 6 Characterization of robot motion performance under different modes. (a) The robot performs linear reciprocal motion in BPLM. (b)
Tracking data for BPLM show minimal errors in the x- and y-direction (1.288 and 1.549 mm, respectively). (c) The robot performs linear recip-
rocal motion in SCLM. (d) Tracking data for SCLM demonstrate improved precision with positional errors of 1.028 mm in the x-direction and
0.207 mm in the y-direction. (e) The robot exhibits clockwise and counterclockwise rotational motions. (f) The robot follows a circular trajectory
guided by a magnetic field. (g) The robot transports a spherical object through an anti-“C”-shaped confined space and reaches the target posi-

tion within 20 s. BPLM was used in (e, f, g)
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open-loop control, achieving consistent trajectories with mini-
mal lateral deviation. The corresponding tracking data
shown in Fig. 6b demonstrate the linear motion accuracy
characterized by the standard deviation in this mode. The
measured positional errors are 1.288 and 1.549 mm in the
x- and y-direction, respectively, demonstrating the ability of
the robot to maintain a straight path over time.

In the SCLM, the robot relies on single-region contact
with the liquid surface. Figure 6c¢ illustrates the robot’s re-
ciprocal motion to the left and right in this mode. Figure 6d
tracks the linear trajectory of the robot. This mode exhibits
even smaller positional errors of 1.028 and 0.207 mm in the
x- and y-direction, respectively, indicating improved motion
precision compared to the BPLM.

Rotational and circular motions: The proposed robot also
exhibits excellent rotational maneuverability. As shown in
Fig. 6e, the robot performs clockwise and counterclockwise
rotations on the water surface. The robot’s steering is
achieved through the rotation of the magnetic field around
the z-axis, and the turntable at the bottom of the magnetic
control platform enables this process. In addition, the robot
moves along circular trajectories (Fig. 6f). This is accom-
plished by continuously altering the magnetic field orientation
in a controlled manner, resulting in smooth circular motion.
Such capabilities are crucial for tasks requiring agile naviga-
tion, such as avoiding obstacles or following curved paths.

Navigation in confined spaces: One of the most remark-
able achievements of the proposed robot is its ability to
navigate confined spaces. Figure 6g illustrates the robot push-
ing a spherical object through an anti-“C” -shaped confined
space at a liquid—air interface. Guided by the magnetic
field, the robot successfully transported the object to a spe-
cific target position within 20 s, demonstrating its potential
for precise and efficient object manipulation in constrained
environments.

The BPLM excels at maintaining stable linear trajectories,
whereas the SCLM offers improved precision with smaller
positional errors. The proposed robot’s ability to perform
rotational and circular motions, combined with its effective-
ness in navigating confined spaces, highlights its potential
for various applications, including precision object manipu-
lation and agile navigation.

5 Conclusions and discussion

Drawing inspiration from water striders and Pyrrhalta nym-
phaeae larvae, we designed and developed a magnetic robot
that achieves efficient and versatile locomotion at liquid—air
interfaces. The BPLM and SCLM can be used in various
applications, including precision navigation, object manipu-
lation, and operations in confined spaces.

The BPLM leverages alternating contact points to produce
stable and efficient propulsion. This mode exhibits excellent

linear motion performance with minimal trajectory errors
(1.288 mm in the x-direction and 1.549 mm in the y-direction).
It also achieves optimal locomotion speeds at moderate
magnetic field strengths (7.5 mT) and frequencies (44 Hz).
However, excessive magnetic field intensity can disrupt gait
stability and reduce propulsion efficiency. The SCLM dem-
onstrates superior speed and precision because of its single-
region contact mechanism. With smaller trajectory errors
(1.028 mm in the x-direction and 0.207 mm in the y-direction),
this mode achieves higher velocity peaks, particularly at field
strengths of approximately 10.0 mT. However, its sensitiv-
ity to high field intensities and frequencies poses challenges
related to motion stability. Both modes excel in terms of
agility and maneuverability, enabling the proposed robot to
perform rotational, circular, and confined space motions. The
proposed robot successfully executes object manipulation
tasks, thereby highlighting its capability for precise and effi-
cient operations in constrained environments. Although both
locomotion modes achieve efficient propulsion, the trade-
off between stability and speed must be carefully considered
for specific applications. The BPLM is well-suited for tasks re-
quiring robust and consistent trajectories, whereas the SCLM
is ideal for applications requiring high speed and precision.

The experimental results validate the theoretical models
for robot deformation and motion dynamics. The close agree-
ment between the experimental and theoretical velocity
curves, particularly in the SCLM, indicates the accuracy of
the mathematical framework. However, discrepancies at
higher field intensities suggest that further refinements are
required to account for nonlinear effects such as hydrody-
namic resistance and instability.

Future research can focus on closed-loop control systems
and enhanced application-specific robot optimization design
to further improve the performance and versatility of the
proposed robot.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2500047.
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