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Embodied intelligence in soft robotics offers unprecedented capabilities for operating in uncertain, confined, and
fragile environments that challenge conventional technologies. However, achieving true embodied intelligence—
which requires continuous environmental sensing, real-time control, and autonomous decision-making—faces
challenges in energy management and system integration. We developed deformation-resilient flexible batteries
with enhanced performance under magnetic fields inherently present in magnetically actuated soft robots, with
capacity retention after 200 cycles improved from 31.3 to 57.3%. These compliant batteries enable large-area de-
ployment of 44.9% across the robot body, and their vertical integration with rationally designed flexible hybrid
circuits minimizes additional stiffness while maintaining deformability. This actuator-battery-sensor vertical inte-
gration methodology maximizes functional area utilization in a manta ray-inspired soft robot, establishing an
untethered platform with sensing, communication, and stable power supply. The system demonstrates embodied
intelligence in aquatic environments through diverse capabilities including perturbation correction, obstacle
avoidance, and temperature monitoring, with proprioceptive and environmental sensing enabling real-time

decision-making during magnetically actuated locomotion.

INTRODUCTION

Soft-bodied animals—from the waving octopus and drifting jelly-
fish to the gliding manta ray—demonstrate environment-adaptive
movements through seamless vertical integration of locomotion,
perception, and energy supply systems within their tissues (I). This
natural architecture, where receptors, fat cells, and muscles are effi-
ciently stacked, achieves a synergy that enables biological embodied
intelligence (2, 3). In contrast, conventional soft robots typically rely
on lateral integration of functional modules—sensory, actuation,
and energy units—to accomplish specific tasks (Fig. 1A). However,
the limited structural space and inherent deformation of soft robots
challenge the integration of energy-dense onboard power sources
necessary for both sensing and communication (4). The lack of inte-
grated power sources limits soft robots’ ability to sustain operations
and adapt dynamically, undermining their potential for true em-
bodied intelligence (5, 6).
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The integration of energy-dense power sources into soft robots
faces multiple challenges: structural constraints (7), operational sta-
bility (8), and mechanical compatibility (9). While recent advance-
ments have demonstrated the feasibility of embedding chemical and
electrical energy sources within the robots’ mechanical framework
(10-12), the continuous deformation and vibration inherent to soft
robotics severely affect the electrochemical processes of onboard flex-
ible batteries. These mechanical disturbances disrupt ionic deposition
on the anode and intercalation/deintercalation on the cathode, lead-
ing to rapid capacity decay and short circuit risks (13, 14). In addi-
tion, the modulus mismatch between gel electrolyte-based flexible
batteries, electronic circuits, and robot actuators compromises move-
ment capabilities (15). Thus, vertical integration is essential for en-
abling embodied intelligence in soft robots by maximizing functional
area utilization, preserving mechanical compliance, and achieving
seamless synergy among actuation, sensing, and energy systems.

We present a vertical integration methodology that leverages mag-
netic fields for dual purposes: enhancing battery performance and
enabling robot control. Our approach demonstrates flexible battery
design, multimodule synergy, and in situ somatosensory capabilities
in a magnetically actuated manta ray soft robot. The design vertically
integrates magnetic elastomer actuators, tandem flexible Zn-MnO,
batteries, and flexible hybrid circuits, achieving biological-like syner-
gy of locomotion, energy supply, and perception (Fig. 1B). The tan-
dem flexible Zn-MnO, batteries, covering 44.9% of the robot’s main
body, serve as an energy-dense power source. Notably, the magnetic
field from the magnetic elastomer actuator substantially improves the
batteries’ electrochemical processes under mechanical deformations,
substantially suppressing cathode structure deterioration and anode
dendrite growth (Fig. 1C). This enhancement enables improved ca-
pacity retention of flexible batteries from 31.3 to 57.3% after 200 cycles
(Fig. 1D), achieving the benefits of magneto-electrochemistry in a
fully flexible format. The flexible batteries, together with optimized
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Fig. 1. Magnetic field-enhanced vertical integration enables embodied intelligence in untethered soft robots. (A) Comparison between biological embodied intel-
ligence, achieved through vertical integration of receptors, fat cells, and muscles, and conventional soft robots’ lateral integration of functional modules (sensory, actua-
tion, and energy units). (B) Schematic of the manta ray-inspired soft robot demonstrating vertical integration of magnetic elastomer actuators, flexible Zn-MnO, batteries,
and flexible hybrid circuits for synergistic locomotion, energy supply, and sensing. (C) Mechanism of magneto-electrochemical enhancement: the magnetic field from
ferromagnetic elastomer suppresses both Zn dendrite growth and MnO, cathode deterioration in onboard battery. (D) Comparative capacity retention of flexible Zn-
MnO; batteries after 200 cycles with and without magnetic field. The error bar indicates the SDs from the data of five independent samples. (E) Comparison of wing tip
deflection and deformation stiffness (K;) under applied manipulation magnetic fields across integration stages: (1) unloaded robot, (2) with flexible batteries, (3) with
unoptimized circuit board, and (4) with optimized flexible hybrid circuit. The error bar indicates the SDs from the data of five independent samples. (F) Demonstration of
embodied intelligence through digital twin-enabled obstacle avoidance and perturbation correction.
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flexible hybrid circuits, enable compliance, embodied intelligence,
and maximal functional area utilization in the manta ray soft robot.
Within operational magnetic field strengths, this vertical integration
endows the robot a bending stiffness of 0.348 N mm ™", preserving the
essential compliance of the soft actuator (Fig. 1E). The integrated
sensing and communication modules provide real-time six-axis iner-
tial data and temperature data, enabling digital twins for autonomous
obstacle avoidance, perturbation correction, and environmental
monitoring, enhancing the robots adaptability in complex environ-
ments (Fig. 1F).

RESULTS

Magnetic field-enhanced Zn-MnO; batteries

Untethered soft robots, capable of programmable shape transforma-
tion and locomotion in response to various stimuli, rely critically on
actuation systems (16). Among available control methods, magnetic
fields offer unique advantages for precise remote manipulation in
enclosed spaces (17), enabling applications ranging from biomedi-
cal interventions (18-20) to environmental monitoring (21, 22).
Magnetic fields also substantially influence electrochemical process-
es through magneto-electrochemistry, regulating mass transport
(23, 24) and charge transfer (25, 26) kinetics in battery systems. In
our vertical integration strategy, we exploit this dual functionality by
using magnetic elastomer actuators that simultaneously enable ro-
bot manipulation and enhance battery performance through their
generated magnetic fields. For our untethered soft robot operated in
a water environment, we select flexible Zn-MnO, batteries as the
power source for its decent volumetric capacity (27), safety (28), low
cost (29), and water-proof capability (30). To validate this approach,
we first investigated magneto-electrochemical effects on Zn-MnO,
batteries (fabrication details presented in Materials and Methods)
using a modified coin cell design where a permanent plate magnet
serves as the gasket, generating a magnetic flux density |B| ~ 93 mT
(detailed in fig. S1).

The magnetic field modulates the electrochemical process
through the Lorentz force (F; = j X B), acting perpendicular to both
current density (j) and magnetic field (B). Owing to irregularities at
the electrode surface, such as protrusions and roughness, the non-
uniform current density induces magnetohydrodynamic effects that
fundamentally alter ion transport. Microscopically, ions undergo
spiral trajectories around magnetic flux line, with orbit radii deter-
mined by r = mv,/qB, where m is ion mass, v, is velocity perpen-
dicular to the magnetic field, and g is the ion charge. This spiral
motion selectively suppresses horizontal electromigration of Zn**
ions—a primary cause of dendrite formation—while maintaining
vertical transport along the magnetic field direction. The resulting
reduction in perpendicular diffusivity, coupled with preserved axial
diffusion, promotes uniform ion distribution across the electrode
surface and alleviates concentration polarization (31, 32). By reduc-
ing localized ion accumulation at surface irregularities, this mag-
netic field-induced microspiral motion enables homogeneous Zn*"
deposition and dendrite-suppressed electrochemical processes.

Finite element analysis demonstrates how these effects suppress
dendrite formation (Fig. 2A and fig. S2; details are presented in Ma-
terials and Methods). Galvanostatic charge-discharge (GCD) tests
on Zn||Zn symmetric electrodes confirm enhanced stability under a
magnetic field (Fig. 2B). The magnetic field substantially extends
cell life span from 197, 316, 543, and 776 hours to 294, 493, 873, and
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1303 hours at 20, 10, 5, and 2 mA cm™?, respectively (Fig. 2C and
fig. S3). Zn anodes under a magnetic field exhibit ~60% longer life
span and ~30% smaller voltage hysteresis. Scanning electron mi-
croscopy and x-ray diffraction of Zn anodes after 300 cycles at 5 mA
cm™? reveals that magnetic field promotes uniform Zn deposition
with preferred (002) plane orientation, suppressing dendrite forma-
tion, in contrast to irregular deposition and dendrite formation in
unenhanced samples (Fig. 2D and fig. S4). Cross-sectional analysis
exhibit reduction in deposition thickness under a magnetic field and
much less Zn dendrites growth across different current densities
(fig. S5). We further validate the benefits of magnetic field in im-
proving homogeneous Zn deposition in Zn-MnO, coin cells by
Tafel plots (fig. S6) and self-discharge tests (fig. S7).

Beyond improved ion transport and deposition on Zn anode, the
magnetic field also stabilizes MnO, lattice via spin-aligned electronic
interactions between magnetic field and electrons of Mn species (33).
Specifically, the external magnetic field aligns electron spin states in
Mn-O bonds, strengthening Mn>*-O bonds and reducing crystal dis-
tortions and Mn dissolution. Rate performance tests across three peri-
ods of 10 charging-discharging cycles each (0.2, 0.5, 1.0, 2.0, and 5.0 C)
show that magnetically enhanced Zn-MnO; cells maintain 94.2 and
88.1% of initial capacity in the second and third periods, compared to
86.3 and 75.6% without enhancement (Fig. 2E). Galvanostatic inter-
mittent titration technique (GITT) measurements reveal average Zn**
diffusion coefficients (D,,,2+) of 3.28 x 10™* and 2.86 x 10™* cm* s ™" for
charging and discharging under magnetic fields, respectively, ~38.4%
higher than unenhanced samples (Fig. 2F). To understand MnO; cath-
ode stability during Zn** intercalation and redox reactions, we charac-
terized the structural evolution using multiple techniques. X-ray
photoelectron spectroscopy and Raman spectroscopy reveal valence
state changes and chemical bonding variations during cycling (figs. S8
and S9), while in situ synchrotron x-ray diffraction tracks lattice evolu-
tion (fig. S10). High-resolution transmission electron microscopy
(HRTEM) demonstrates preserved octahedral [MnOg] structure with
ordered hexagon patterns after 1000 cycles at 0.2 A g~' under a mag-
netic field, contrasting with lattice spacing distortions in unenhanced
samples (Fig. 2, G and H). This structural stability enables 87.8% ca-
pacity retention over 2000 cycles, compared to 76.7% without mag-
netic enhancement (Fig. 2I). Density functional theory calculations
reveal that magnetic fields strengthen Mn-O bonding through en-
hanced Mn-3d and O-2p orbital overlap in the Mn**/Mn** redox
couple, improving resistance to stress-induced deterioration and Jahn-
Teller effects (fig. S11). The projected density of states (PDOS) analysis
based on density functional theory calculations (Fig. 2J) shows en-
hanced overlap between Mn-3d and O-2p orbitals in the Mn**/Mn’*
redox couple under a magnetic field, leading to more robust 3d-2p
hybrid orbital formation. This spin-aligned state stabilizes the Mn oxi-
dation environment, suppressing the accumulation of isolated Mn®*
species that are prone to disproportionation into soluble Mn?*. There-
fore, the strengthened M-O bonding stabilizes the MnO, cathode
structure against deterioration mechanisms, including irregular stress
concentrations (34) and Jahn-Teller distortions (35, 36), explaining the
improved long-term capacity retention.

Magnetic field-enhanced vertical integration in a manta ray
soft robot

To demonstrate the utility of magneto-electrochemical enhance-
ment in Zn-MnO; batteries in soft robotic applications, we devel-
oped a vertically integrated manta ray-inspired ferromagnetic soft
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Fig. 2. Magneto-electrochemical enhancement mechanism and characterization in Zn||Zn symmetric coin cells and Zn-MnO; coin cells. (A) lllustrative comparison
of Zn dendrite growth patterns with and without applied magnetic field. (B) GCD profiles of Zn||Zn symmetric coin cells at 2 mA cm~2 under magnetic field influence.
(€) Comparative analysis of life span and voltage hysteresis in Zn||Zn symmetric coin cells across different current densities, with and without magnetic field. The error bar
indicates the SDs from the data of three samples. (D) SEM visualization of Zn electrode surface morphology after 300 cycles (scale bar, 10 pm). (E) Comparison of the aver-
age capacity of Zn-MnO; coin cells cycled at 0.2, 0.5, 1.0, 2.0, and 5.0 C across three test periods with and without magnetic field. The error bar indicates the SDs from the
capacity data of five cycles. (F) GITT analysis after rate performance testing, comparing diffusion kinetics with and without magnetic field. (G and H) HRTEM lattice fringe
images of MnO, cathode structure after 1000 cycles without (G) and with (H) magnetic field (scale bar, 1 nm). (I) Extended cycling performance comparison of Zn-MnO,
coin cells under magnetic field influence. The thick solid lines and shaded bands indicate the means and SDs from the data of 5 samples. (J) Projected density of states
(PDOS) analysis showing Mn 2p and O 2p orbital overlap in MnO, lattice under a magnetic field.
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robot (fig. S12) that exploits magnetic fields for dual functionality.
The manta ray-like geometry offers the structural foundation for
our aquatic soft robot, and the design vertically stacks flexible Zn-
MnO; batteries (fig. S13) onto a ferromagnetic elastomer actuator
with NdFeB microparticles (~5 pm) uniformly dispersed in a sili-
cone matrix (details presented in Materials and Methods, fig. S14,
and movie S1). This configuration generates magnetic fields that si-
multaneously enhance battery performance and enable untethered
robotic control, maximizing functional area utilization while pre-
serving mechanical compliance.

We implemented an orthogonal multiaxis magnetization strategy
for the ferromagnetic actuator (Fig. 3A and fig. S15). The method
combines axial and cosinusoidal magnetization patterns (fig. S16A).
Axial magnetization along the x axis imparts directionality to the ro-
bot, causing it to align with the horizontal field direction under the
influence of the magnetic torque 7, (fig. S16B), and move along the
field gradient. Cosinusoidal magnetization in the yz plane is sym-
metrical along the central x axis of the robot, allowing the robot to
bend up-and-down under the torque 7, actuation of the vertical field
component (fig. S16C). Cosinusoidal magnetization facilitates the
formation of the closed magnetic flux loop and can enable a high
robot’s magnetic field up to ~50 mT. As a result, the strong field of the
ferromagnetic elastomer not only enhances the performance of the
adjacent flexible battery, but also helps maintain the robots deform-
ability in vertically integrated configurations, ensuring its aquatic
locomotion stability and adaptability (see text S1).

The vertical integration strategy ensures proximity between the
flexible battery and the magnetic elastomer, substantially enhancing
the stability of Zn-MnO; batteries (details in Materials and Meth-
ods) under various mechanical conditions. Cycling tests beyond 200
cycles demonstrated superior electrochemical performance when
batteries were coupled with magnetized elastomer under continu-
ous mechanical vibrations with a frequency of 30 Hz and an ampli-
tude of 5 mm (Fig. 3B, experimental details in Materials and
Methods). In addition, we evaluated the capacity retention of flexi-
ble Zn-MnO, batteries under varying bending angles and curvature
radii. Under mechanical deformation, both bending angle and cur-
vature radius substantially influence battery performance. As the
bending angle increased from 0° (flat) to 135° (sharp bend), the av-
erage capacity retention of the magnetically enhanced batteries after
200 testing cycles dropped from 57.3% to 33.5%, while control sam-
ples exhibited a more severe decline from 31.3% to 10.2% (fig. S17).
Similarly, as the curvature radius decreased from oo (flat) to 2 mm at
a fixed bending angle of 90°, the magnetically enhanced batteries
retained 57.3% to 46.7% of their capacity, whereas the control sam-
ples fell to 31.3% to 12.8%. These results highlight that our magnetic
field-assisted integration strategy effectively mitigates deformation-
induced capacity degradation, maintaining reliable energy output
even under mechanically challenging conditions.

To achieve embodied intelligence while preserving mechanical
compliance, we rationally designed a flexible hybrid circuit to achieve
the robot’s sensory and communication functionalities (fig. S18). We
characterized the magnetic-induced deformation capability of the
robots under the general actuation field strength (8 to 15 mT, detailed
in fig. S19 and Materials and Methods). At a maximum field strength
of 15 mT, measurements revealed that average wing tip deflections
were 3.5 mm in unloaded robots and 2.0 mm in fully integrated ro-
bots (Fig. 3C). To characterize mechanical properties across integra-
tion stages, we conducted three-point bending tests to measure

Lietal, Sci. Adv. 11, eadv9572 (2025) 10 September 2025

force-deflection relationships (experimental details presented in Ma-
terials and Methods and fig. S20). Analysis of deformation stiffness
(Ks) characterized as secant slope from 0 to the maximum magnetic-
induced deflection in fully integrated robots (2 mm) revealed that
our strategy with optimized flexible hybrid circuit and flexible batter-
ies preserved mechanical compliance (movie S2), with K increasing
from 0.08 to 0.35 N'mm™", in contrast to 1.97 N-mm™" of that with an
unoptimized circuit board (Figs. 1E and 3D). Finite element analysis
corroborated these findings, predicting wing tip deflections of 3.50,
2.04, and 1.03 mm for unloaded, optimized, and unoptimized de-
signs, respectively (fig. S21). This close agreement between simula-
tion and experimental results validated our optimization approach
for maintaining compliance through vertical integration.

The integrated soft robot’s magnetic elastomer enables its motion
under the guidance of field generation devices, such as a mobile coil
or an electromagnet array, while its onboard battery and circuit sup-
port the use of an inertial sensor to collect the robot’s motion data,
which is wirelessly transmitted to a host computer via Bluetooth low
energy (BLE) as the feedback for actuation strategy adjustment. BLE
communication and system temperature remain stable in magnetic
fields (fig. $22), making it suitable for the magnetically actuated ap-
plication. The block diagram of the closed-loop magnetically actu-
ated soft robot system is shown in Fig. 3E. This untethered actuation
system enables real-time information sharing of six-axis inertial
data and task-oriented sensors, enhancing operational monitoring
and actuation (movie S3). In a Unity 3D-powered virtual reality en-
vironment, the digital twin replicates the robot’s real-time move-
ments using processed six-axis inertial data. Figure 3F demonstrates
precise synchronization between physical and digital representa-
tions (movie S4), laying a solid foundation for autonomous adapta-
tion in complex environments.

Embodied intelligence in untethered soft robot

The untethered soft robot acquires its directionality under the axial
magnetization, enabling the basic aquatic movements such as steer-
ing and displacement under the guidance of spatial magnetic fields
(see text S2). Specifically, the robot tends to change its orientation
and align with the horizontal field direction. Besides, the magnetic
dipole formed at the head and tail of the robot due to axial magneti-
zation can be captured by the field with the opposite dipole distribu-
tion generated by the coil system. The captured robot can follow the
movement of the mobile coil’s field, or move along the direction of
the descending magnetic field gradient from adjacent coils, thereby
achieving magnetically actuated displacement within a mobile coil
or an electromagnet array (figs. S23 to S25). As shown in Fig. 4A, the
automated magnetic actuation of the untethered soft robot was im-
plemented using an electromagnetic coil and the dipole magnet
mounted on the robotic arm. Efficient locomotion (three body
lengths/1.8 s) in linear paths (movie S5) and agile trajectory move-
ment through 90° turns (movie S6) and tee joints (movie S7) were
executed via combined steering-displacement maneuvers.

Vertical integration of flexible battery and circuit on the soft ro-
bot enables both proprioceptive and environmental sensing. Such
information is essential for supporting the robot’s embodied intelli-
gence to carry out exploration missions in confined and visionless
settings. For instance, within pipelines and industrial reaction de-
vices, the integrated robot can use its onboard temperature sensing
to detect environmental temperature changes by an unknown heat
source (fig. S26 and movie S8). Moreover, the robot actuation system
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Fig. 3. Magnetic field-enhanced vertical integration for untethered soft robot design. (A) Orthogonal multiaxis magnetization of the manta ray soft robot: axial
magnetization for steering and cosinusoidal magnetization for bending deformation. (B) CV analysis of flexible Zn-MnO; batteries under continuous vibration, comparing
long-term cycling stability with and without magnetic field enhancement. (C) The average wing tip deflections of soft robots under a 15-mT magnetic field: unloaded
(ay + a2)/2 = 3.5 mm versus fully loaded (b; + b,)/2 = 2.0 mm, 5 samples each. Scale bar, T cm. (D) Force-deflection curves of manta ray soft robots before and after verti-
cal integration of flexible Zn-MnO; batteries and optimized flexible hybrid circuit. The thick solid lines and shaded bands indicate the means and SDs from the data from
five samples. (E) The functional block diagram of the magnetic robot with magnetic actuation systems (the electromagnet array or mobile coil system). (F) Real-time
digital twin visualization demonstrating precise posture replication and monitoring.
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Fig. 4. Digital twin-enabled embodied intelligence for autonomous environmental exploration and perturbation correction. (A) Mobile coil system implementa-
tion for automated obstacle avoidance on water surface through real-time sensing (B) Digital twin visualization of autonomous narrow passage navigation, showing
real-time posture adjustment capability. (C) Autonomous decision-making demonstration: digital twin recording of U-turn execution when encountering impassable
obstacles. (D) Electromagnet array configuration for dynamic perturbation correction. (E) Position and orientation restoration following external disturbances using the
perturbation correction program. (F) Comparative yaw angle analysis with and without perturbation correction program activation. (G) Pitch and roll angle stability

maintenance during perturbation correction.
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can use the sudden changes in the received inertial data (see Materi-
als and Methods) to make real-time robot actuation adjustment. For
example, during linear trajectory motion guided by the mobile coil,
a noticeable fluctuation appears in the acceleration data of the x axis
(robot heading axis) when the robot collides with a narrow passage
or an obstacle (fig. S27). When a collision event is detected, the mo-
bile coil system adjusts the robot’s posture through the steering ma-
neuver to navigate narrow passages (Fig. 4B and movie S9). The
digital twin records both robot locomotion and obstacle locations.
When encountering impassable obstacles after multiple avoidance
attempts, the system initiates a U-turn protocol for backtracking,
marking such routes with yellow U-turn arrows in the digital twin
(Fig. 4C and movie S10).

Embodied intelligence in the untethered soft robot not only en-
ables it to detect and maneuver around static obstacles, but also
helps identify dynamic disturbances and make automatic correc-
tions. When positioned above the electromagnet array, the robot is
guided to perform the linear trajectory movement by sequentially
activating the coils along the path. Using the delocalized magnetic
actuation (fig. S28), the electromagnet array system achieves pertur-
bation correction through programmed variations in local magnetic
flux distribution. When disturbed by sudden external forces (e.g.,
glass rod), the soft robot deviates from its trajectory due to the inter-
action of the external force and the existing magnetic field. At this
stage, the digital twin can detect fluctuations in the robot’s accelera-
tion and angular velocity, as well as the yaw angle error, and then
notify the electromagnet array to initiate a position or orientation
correction protocol (Fig. 4E and movies S11 and S12). Real-time
yaw angle recordings demonstrate the effectiveness of this approach.
During a 15-s interval, robots without the restoration program
showed yaw angle deviations exceeding 90° after rod contact, with
continued deterioration over time. In contrast, the robots with the
restoration program showed accurate position and orientation res-
toration after yaw angle deviation (Fig. 4F). Besides, the perturba-
tion correction program preserved the robot’s pitch and roll angle
stability, demonstrating robust posture actuation during dynamic
perturbation recovery (Fig. 4G).

DISCUSSION

Our magnetically enhanced vertical integration strategy addresses
fundamental challenges in achieving embodied intelligence for un-
tethered soft robotics. Unlike previous approaches that focused on
external feedback control or simple module stacking, our methodol-
ogy demonstrates how magnetic fields can simultaneously enable
actuation and enhance onboard power stability. The dual function-
ality of magnetic fields, combined with conformal vertical integra-
tion of actuator-battery-sensor modules, achieves true embodied
intelligence while maximizing space utilization—critical for small-
scale soft robots operating in constrained environments.

The demonstrated enhancement of flexible battery performance
under magnetic fields provides insights for robust power system de-
sign in dynamic soft systems. Magnetic field stabilization of electrode
processes, particularly in suppressing degradation under deforma-
tion, enables reliable power supply during robotic exploration. This
stability allows the robot to perceive environmental conditions and
intelligently respond to obstacles or disturbances through real-time
sensing and closed-loop control.

Lietal, Sci. Adv. 11, eadv9572 (2025) 10 September 2025

The current system, equipped with inertial sensors and BLE
communication, demonstrates basic embodied intelligence capa-
bilities including temperature monitoring, collision detection, and
autonomous navigation. The integration of advanced miniaturized
sensors could further enhance task execution capabilities. Hall sen-
sors could improve magnetic localization for autonomous naviga-
tion (37), while cameras or ultrasonic sensors could enhance the
perception of unknown environments. Chemical sensors could mon-
itor water quality, and specialized surface coatings could collect
nanoplastic pollution (38). Our vertical integration platform provides
a versatile foundation for such multimodal sensing while maintaining
locomotion performance.

Although magnetic actuation provides extended operational en-
durance, battery capacity remains a limiting factor for autonomous
tasks. The current system sustains approximately 2.3 to 3.8 hours of
operation given an average battery capacity of ~3.8 mAh and a cur-
rent consumption of 0.99 to 1.68 mA depending on operation
modes (fig. S29). However, our demonstration that magnetic field
enhancement is effective in lithium-ion batteries (fig. S30) suggests
broader applicability across different battery chemistries, offering
pathways to higher energy densities. Future integration of energy
harvesting methods, such as magnetic resonance coupling, radio
frequency, or biochemical energy harvesting, could enable energy
replenishment during locomotion. These advances could unlock
long-term autonomy for real-world applications while enabling
more sophisticated sensing and control capabilities in soft robots.

MATERIALS AND METHODS

Fabrication and electrochemical characterization of
modified Zn-MnO, coin cells

Modified Zn-MnO; coin cells were fabricated using CR2032 battery
cases (diameter 20 mm, thickness 3.2 mm) with commercial Zn an-
ode (0.3 mm, Qingyuan Sinogar Metal), electrolyte, and MnO,
cathode. The electrolyte synthesis involved dissolving PVA powder
[8.5 g, M,, (weight-average molecular weight) 146,000 to 186,000,
Acros] in deionized water (100 ml) at 85°C, followed by dropwise
addition of GO dispersion (1500 pl, 5 mg/ml, GaoXi Tech). The so-
lution underwent freeze-thaw cycling (—6°C, 18 hours to room tem-
perature, 1 hour) for enhanced cross-linking, followed by soaking in
electrolyte (1.0 M ZnSOy, 99.5%, Innochem, 0.3 M MnSOy, 99.99%,
Innochem) for 24 hours (39).

The MnO, cathode active material was synthesized by reacting
MnSO; (0.755 g, 98%, Aladdin) and K,S,0s3 (1.35 g, 99%, Aladdin) in
deionized water (100 ml) with dropwise addition of 1.2 M NaOH
solution (25 ml, prepared using NaOH flakes, 96%, Innochem) under
magnetic stirring, followed by 2 hours mixing and 1 hour aging. The
MnO, powder was obtained by filtration rinse and vacuum freeze
drying for 48 hours. The final MnO, cathode was prepared by coating
a 7:2:1 slurry of MnO,, conductive carbon (Ketjenblack ECP 600JD),
and polyvinylidene fluoride (M,, ~275,000, Aladdin) onto an ethanol-
rinsed carbon paper (TGP-H-060, TORAY INDUSTRIES Inc.).

For cell assembly in the CR2032 battery case, electrode and elec-
trolyte components were cut into 19-mm-diameter discs. To investi-
gate magnetic field effects, standard gaskets were replaced with
NdFeB discs (18 mm diameter, 1 mm height) to generate a ~93-mT
magnetic field within the cell. Rate performance was evaluated at
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multiple C rates (0.2, 0.5, 1.0, 2.0, and 5.0 C), and long-term cycling
stability was assessed at 0.2 A g”! using NEWARE CT-4000 and
Landt CT-2000 testing systems.

Finite element analysis of magnetohydrodynamic effects
Finite element simulations were performed using COMSOL Multi-
physics to analyze magnetohydrodynamic effects on Zn>* ion trans-
port under applied magnetic field (100 mT) and electrical potential
(1.4 V). The coupled electromagnetic and fluid dynamic behavior
was modeled using electric currents and laminar flow interfaces to
visualize ion transport trajectories.

Electrode material characterization

Crystal structures of battery electrodes were analyzed using powder
x-ray diffraction (D8 advance, Bruker) with Cu-Ka radiation (A =
1.54 A). Surface morphology and corresponding energy-dispersive
x-ray spectra (EDS) were characterized by field-emission scanning
electron microscopy (MIRA3, TESCAM). Detailed structural analy-
sis was performed using transmission electron microscopy (Tecnai
F30, FEI) at 300 kV, while high-resolution dark-field imaging and
EDS elemental mapping were conducted on a double Cs-corrector
equipped microscope (Titan Themis G2 60-300, FEI) at 300 kV.
Chemical bonding was investigated through Fourier transform in-
frared spectroscopy (Nicolet iS50, Thermo Electron), and valence
bond information was analyzed by x-ray photoelectron spectroscopy
(PHI5000VersaProbell, Thermo Fisher Scientific).

Density functional theory calculations

First-principles calculations were performed using the Vienna Ab in-
itio Simulation Package (VASP) (40). To take better account of elec-
tron correlations in 3d orbital of transition metal ions, we used the
GGA + U approach (41) with Perdew-Burke-Ernzerhof functional
(42) and the projected augmented wave method (43). The effective
Hubbard parameters (Ut = Coulomb U - exchange ]) were set to 4
and 7 eV for Mn and Zn, respectively. The plane-wave cutoff energy
was set to 400 eV. The Brillouin zone was sampled using the
Monkhorst-Pack scheme with 5 X 5 X 2 k-point grids. To simulate the
influence of the magnetic field on MnO, cathode, we used “LNON-
COLLINEAR” and “SAXIS” keywords to make the spin of Mn ele-
ments to a specific direction (44). During the simulation, we did not
specify initial guesses for the magnetic moments and allowed VASP
to fully relax the system until the most stable configuration was ob-
tained. All models were visualized using VESTA software (45).

Fabrication of flexible Zn-MnO,, batteries

Cathode slurry was coated onto 0.2-mm stainless steel foil using
roll-to-roll equipment, achieving cathode sheets with an active ma-
terial (MnO,) loading of ~20 mg cm™2 These sheets and 0.1-mm
zinc foil were laser cut into stackable geometries using a three-axis
ultraviolet laser system (MD-U1000C, Keyence). Mechanically pol-
ished nickel foil (0.2 mm thick, 6 mm wide) served as the inter-
connect between Zn and MnO, electrodes for series connection.
The electrolyte solution contained 1 M ZnSOy, 0.3 M MnSOy, and
0.05 M H,SO4.

Each flexible battery comprised two electrochemical cells in
mirror-symmetric configuration relative to the central axis (fig. S13),
effectively reducing mechanical strain and resistance during bend-
ing. Separators were laser cut to match electrode geometry and
prewetted with 25 pl of electrolyte. The battery components were
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stacked together, and the resulting multilayer structure was com-
pressed and secured with heat-shrink tubing for intimate contact,
then encapsulated in soft silicone elastomer (Ecoflex 00-50) for me-
chanical robustness and environmental protection (fig. S31 and
movie S1).

Fabrication of flexible hybrid circuit

Figure S18 presents the schematic and board layout of the flexible
printed circuit board and table S1 lists the bill of materials. Serpen-
tine interconnects electrically connect all components while me-
chanically dividing the board into two islands to ensure mechanical
compliance during wing-flapping motion. Rational placement of
the components on the two islands balances the weight distribu-
tion for robot stability. A high-precision inertial measurement unit
(ICM42688P, InvenSense) sampled at 50 Hz allows real-time attitude
detection and motion tracking, and a BLE system-on-chip (nRF52832,
Nordic Semiconductor) acquires sensor data and wirelessly transmits
to the host computer.

Fabrication of ferromagnetic soft actuator and

integrated robot

The fabrication of ferromagnetic elastomer involved mixing silicone
(Ecoflex 00-30, Smooth-On) with 5-pm NdFeB particles (MQP-15-7,
Magnequench) with a weight ratio of 1:1, casting in 3D-printed PLA
molds with the size of 30 mm by 20 mm by 2.5 mm (length X width x
thickness), and curing for 2 hours at 60°C. Multiaxial magnetization
was implemented on the elastomer through a two-step process. Co-
sinusoidal magnetization patterns were achieved by wrapping the
cured elastomer around a 7-mm-radius tube and applying a 2.70-T
pulse magnetic field (IM-10-30, ASC Scientific; fig. S15). Axial mag-
netization was accomplished through directional alignment between
the elastomer and a 0.54-T magnetic field. The magnetized elastomer
was then integrated with a laser-cut PMMA skeleton (1 mm thick-
ness) and PET wings (0.3 mm thickness) positioned directly above
using 2-mm-thick pure silicone (Fig. 1B). A compartment (22 mm by
12 mm by 2 mm) was incorporated above the robot body to accom-
modate the battery and circuit assembly using photo-cured soft ad-
hesive (D-0082, Zhuolide).

Battery performance under vibration

To simulate operational conditions of the manta ray soft robot
(Fig. 3A), we evaluated battery stability under mechanical vibration
using a ZD/LX-XTP-VT700 test system (Huayi Technology). Flexi-
ble Zn-MnO, batteries were encapsulated in silicone (00-50, Smooth-
On) and mounted on either magnetized magnetic elastomer or
unmagnetized silicone elastomer (control). Electrochemical perfor-
mance was evaluated through cyclic voltammetry measurements us-
ing an electrochemical workstation (CHI760E, CH Instruments)
under sinusoidal waveform (30 Hz fixed frequency, 5 mm amplitude)
to evaluate battery behavior under dynamic loading conditions.

Mechanical characterization of integrated robot

Deformation behavior of the manta ray soft robots was characterized
through three-point bending tests using a universal testing machine
(E42.503, MTC Corp.) equipped with a 50-N force sensor. Tests were
conducted under displacement-controlled conditions at 0.1 mm/s
loading speed up to 4 mm maximum deflection. Sample positioning
and stability were maintained using a pneumatic grip controller
(FPC2850, MTC Corp.) that regulated the negative pressure applied

90f 11

GZ0Z ‘0T Jequeldss uo afs (10D yinowreq e BI0°80Us 105 MMM//SaNY WO | papeo jumod



SCIENCE ADVANCES | RESEARCH ARTICLE

to the robot elastomers. Mechanical behavior was simulated using
finite element analysis (COMSOL Multiphysics).

Robot actuation via mobile coil system

The mobile coil system (Fig. 4A and fig. S24A) consisted of a six-axis
robotic arm (UR5e, Universal Robots) equipped with an electro-
magnetic coil (50 mm diameter, 16 mm height, 10 mm iron core,
304 turns) and 16 stacked permanent magnets (10 mm by 5 mm by
2 mm each). All components were mounted via a 3D-printed brack-
et. The position and orientation of the mobile coil are controlled via
manipulation of the robotic arm, allowing free movement within its
operational workspace (the hemispherical volume with a radius of
850 mm). Coil’s current activation is achieved using a programma-
ble waveform generator (FY8300, Feel Elec) in combination with a
power amplifier (GL2530, Paisheng), enabling the generation of a
2-A and 30-Hz alternating current. This induces bending and water-
splashing motions in the robot when positioned 30 mm away from
the coil by the field of ~10 mT. Besides, the field of permanent mag-
nets applies a magnetic attraction force to the robot, and enables it
to move and steer on the water surface in response to the robotic
arm movement, thus allowing the execution of complex maneuvers
in narrow pipeline environments.

Robot actuation via the electromagnet array

The electromagnet array (Fig. 4D and fig. S24B) comprised 33 elec-
tromagnetic coils (35 mm diameter, 20 mm height, 9 mm iron core,
432 turns) arranged in an equilateral triangle configuration with
36.8 mm sides, creating an effective workspace of 220.8 mm by
162.5 mm. The system integrated five coil selectors, each with a
maximum of eight channels, to connect coils to current drive cir-
cuits and steady voltage sources (RQ-125D, Mean Well) for indepen-
dent activation control of all coils. An H-bridge circuit configuration
with four transistors (IRF3205PBE, Infineon Technologies) serving
as bridge arm switches was implemented. Switches’ control was
achieved through high-frequency complementary pulse width mod-
ulation (PWM) signals from a microcontroller (STM32F767ZITé6,
STMicroelectronics). By modulating the voltage polarity and dura-
tion through PWM signals while maintaining the constant source
voltage, a single coil’s activating current magnitude exhibited a linear
relationship with PWM duty ratio. Sequential activation of neigh-
boring coils results in a spatially shifting magnetic field, which guides
the ferromagnetic robot positioned above the coil array to execute
locomotion along a predefined trajectory.

Servo motion of magnetic actuation

Axial magnetization along the x axis imparts directionality to the
robot by forming the magnetic dipole between the robot’s head and
tail, enabling it to be captured by the spatial field with the magnetic
dipole distribution generated by the coil system. This enables the
robot to remain stably within the coil's magnetic field area and
grants it a certain degree of resistance to light disturbances on the
water surface (movie S11). When the robot is captured by the coil-
generated field, its locomotion under magnetic actuation exhibits a
nearly constant acceleration along the x axis, and its yaw orientation
continues to align with the horizontal direction of the generated
spatial magnetic field. Therefore, fluctuations in acceleration and
deviations in the yaw angle can be used to infer collisions with ob-
stacles during motion or indicate external disturbances, thereby
triggering corresponding avoidance or correction protocols.

Lietal, Sci. Adv. 11, eadv9572 (2025) 10 September 2025
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