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Abstract

Soft robots based on stimuli-responsivematerials, such as those responsive to thermal,

magnetic, or light stimuli, hold great potential for adaptive locomotion and multifunc-

tionality in complex environments. Among these, liquid crystal elastomers (LCEs) and

magnetic microparticles have emerged as particularly promising candidates, leverag-

ing their thermal responsiveness and magnetic controllability, respectively. However,

integrating these modes to achieve synergistic multimodal actuation remains a signif-

icant challenge. Here, we present the thermo-magnetic petal morphing robot, which

combines LCEs with embedded magnetic microparticles to enable reversible shape

morphing via remote light-to-thermal actuation and high-speed rolling locomotion

under external magnetic fields. The robot can achieve rapid deformation under near-

infrared light, transitioning from a closed spherical to an open cross-like configuration

with consistent shape recovery across multiple cycles, and demonstrates a maximum

locomotion speed of 30 body lengths per second, outperforming many state-of-the-

art soft robots. Moreover, the robot’s performance remains robust across dry, wet,

and underwater conditions, with adjustable magnetic particle concentrations allow-

ing tunable actuation performance. Our work addresses the need for soft robots with

enhanced versatility and adaptability in complex environments, paving the way for

applications in areas such as targeted drug delivery and industrial material handling.
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INTRODUCTION

The field of soft robotics has seen significant progress in recent years,

drivenby thedevelopment ofmaterials that respond to external stimuli

such as light, heat, or magnetic fields, enabling adaptive motion, shape

morphing, and environmental sensing.1–5 These advancements have

opened up new possibilities for robotic systems capable of operating

in complex and unpredictable environments, from biomedical applica-

tions to industrial automation.6 Among the various stimuli-responsive

materials, liquid crystal elastomers (LCEs) have emerged as particu-

larly promising candidates for soft robotic applications due to their

ability to generate large, programmable, and fully reversible actuation

strains in response to thermal stimuli.7–9 Specifically, LCEs undergo

a nematic-to-isotropic phase transition above their critical tempera-

ture, during which the LCs transition from an ordered to a disordered

state, causing macroscopic contraction along the direction of mesogen

alignment.10 When cooled, the LCEs recover their initial alignment and

shape, enabling fully reversible deformation. This thermo-mechanical

behavior not only provides significant shape changes but also supports

high energy density deformation,making LCEs ideal candidates for soft

robotic actuation.11–13 However, traditional thermal actuation tech-

niques, including joule heating, hot plates, and hotwater baths, present

challenges in achieving precise, localized, and untethered heating, par-

ticularly in confined environments.14,15 For instance, Joule heating

requires tethered connections that restrict mobility, while othermeth-

ods often result in uniform heating, limiting their effectiveness for

selective actuation.16–19

To address these challenges, magnetic actuation has emerged as

a promising alternative or complementary strategy. Magnetic fields,

especially in combination with embedded ferromagnetic particles,

allow for non-contact control and provide a versatile mechanism for

driving soft robots in diverse environments.20,21 Soft magnetic robots

incorporating NdFeB magnetic microparticles (NMMPs) have demon-

strated functionalities such as rolling, swimming, and targeted object

manipulation, facilitating robust operation across a variety of con-

ditions. Despite these advancements, the combined use of thermal

and magnetic actuation remains relatively underexplored within the

context of soft robotics, particularly for achieving complex morph-

ing behaviors and versatile locomotion.22–25 For magnetic soft robots,

while they offer excellent control and navigation capabilities, they

often struggle with generating large deformations or complex shape

changes. Additionally, the incorporation of magnetic particles can sig-

nificantly alter themechanical properties of the softmatrix, potentially

limiting the robot’s flexibility and adaptability.26 Recent efforts to

address these challenges have explored various strategies, including

the development of compositematerials that combine LCEswith other

functional components.27–29 These approaches aim to create multi-

responsive systems that can be actuated through different stimuli,

potentially overcoming the limitations of single-mode actuation. How-

ever, achieving a synergistic combination of thermal and magnetic

actuation in a cohesive and efficient system continues to be an area of

active research.

In this study, we introduce the thermo-magnetic petal morphing

robot (TMPMR), a soft robotic platform that synergistically combines

the thermal responsiveness of LCEs with the magnetic actuation capa-

bilities of embedded NdFeB microparticles. This integration enables

the TMPMR to perform two core functions: reversible shapemorphing

via thermal actuation and controlled rolling locomotion under mag-

netic fields. Leveraging these dual actuation mechanisms, the TMPMR

achieves rapid, untethered, and selective actuation, addressing the

longstanding challenges faced by existing LCE-based soft robots.

Experimental results demonstrate that the TMPMR achieves consis-

tent deformation and recovery under near-infrared (NIR) light while

exhibiting robust locomotion across diverse environments, includ-

ing dry, wet, and underwater conditions. These advancements open

up exciting possibilities for applications such as targeted drug deliv-

ery, environmental monitoring, and industrial material handling. By

addressing key limitations in soft robotic actuation, the TMPMR can

contribute to the broader understanding and development of multi-

responsive soft robotic systems, paving the way for versatile and

adaptive robots capable of functioning in challenging environments.

RESULTS AND DISCUSSION

The TMPMR is designed to integrate both thermal and magnetic

actuation mechanisms, providing it with dual functionalities: cargo

manipulation and rolling locomotion. As shown in Figure 1a, the

TMPMR consists of a spherical body with four petal-like appendages

that morph between open and closed states. This design allows the

robot to encapsulate and transport cargo efficiently. The LCEmaterial,

specifically RM257, is responsible for the robot’s thermal responsive-

ness, while embedded NMMPs, with detailed parameters shown in

Supporting Information: Table S1, enable magnetic control. The inclu-

sion of dopamine hydrochloride (DAH) coatings imparts photothermal

properties, allowing the robot to convert NIR light into heat, thus

driving thermal actuation.

The synthesis of the TMPMR involves a two-step polymerization

process, as depicted in Figure 1b. In the first stage, the LCE was cross-

linked to form an elastic network. Following mechanical stretching,

the LCE molecules aligned along the direction of the applied force,

transitioning from an isotropic to a LC phase. This alignment is criti-

cal to the TMPMR’s ability to undergo shape morphing upon heating.

Subsequent ultraviolet (UV)-induced polymerization fixed the aligned

structure, ensuring that theTMPMRcan reliably transition between its

open and closed states. The optical images in Figure 1c demonstrate

this transition, where the LCE becomes transparent after mechani-

cal stretching, indicating molecular alignment. As shown in Figure 1d,

cross-sectional scanning electron microscope (SEM) images display

the distribution of NdFeB microparticles within the TMPMR for dif-

ferent NdFeB-to-LCE mass ratios φ of 1:8, 1:4, and 1:2, respectively.

Due to the higher density of NMMPs compared to LCEs, the particles

are predominantly located at the bottom of the cross-sectional sam-

ples, rather than uniformly dispersed throughout the material. False
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F IGURE 1 Design, synthesis, and characterization of thermo-magnetic petal morphing robots (TMPMRs). (a) Schematic representation of the
spherical TMPMR, featuring four petal-like appendages, and its constituent materials. (b) Illustration of the two-step synthesis process used to
fabricate the TMPMR. (c) Optical images of the uniaxially aligned liquid crystal elastomer (LCE), showing the phase transition from isotropic to
liquid crystal (LC) phase under mechanical stretching. (d) Cross-sectional scanning electronmicroscopy (SEM) images of the composite LCE
material. False coloring highlights the distribution of NdFeBmicroparticles with different concentrations. (e) Surface coverage fraction of
microparticles as a function of NdFeB-to-LCEmass ratio (φ), calculated from image analysis in (d). (f) Stress‒strain curves of composite LCEs with
various concentrations of NdFeBmicroparticles, demonstrating differences in mechanical properties. (g) Schematic showing themagnetization
profile of the TMPMR before and after themagnetization process, with NdFeBmagnetic microparticles (NMMPs) incorporated. Lower panel
illustrates themagnetization profile of the robot’s petal-like appendages in their closed and open states.

coloring was applied to these SEM images to enhance visibility, with

the NMMPs highlighted in red to emphasize their concentration at

different ratios. The energy-dispersive spectroscopy analysis of iron

element for various samples further validated their distribution near

the bottom of TMPMRs (Supporting Information: Figure S1). Figure 1e

provides further quantitative validation by analyzing the surface cov-

erage rate of NMMPs for the different mass ratios. Indeed, the surface

coverage increases proportionally with the NdFeB-to-LCE ratio, con-

firming that higher concentrations of NMMPs result in more particles

precipitated along the surface. Figure 1f presents the stress‒strain
curves for TMPMR samples with varying NdFeB-to-LCE mass ratios.

The data show that for our prepared samples, increasing the con-

centration of NMMPs does not consistently lead to higher stress

values across the strain ranges. While intermediate concentrations

(e.g., φ = 1:8) exhibit higher stress at lower strain levels compared to

thepureLCEsample (φ=0:1), the relationshipbetweenNdFeBconcen-

tration andmechanical performance is not linear. The pure LCE sample

demonstrates the highest elongation at break (∼380%), indicating that

the addition of NMMPs reduces the composite’s flexibility. However,

higherNdFeB concentrations do not guarantee increased load-bearing

capacity, as reflected in the measured stress. These results suggest

thatwhile the incorporationofNMMPsmayenhancemagnetic respon-

siveness and contribute to structural stiffness, there is a trade-off

between flexibility and mechanical performance, and further opti-

mization of the particle concentration is required based on specific

applications. Figure 1g further illustrates themagnetization procedure

and its effect on the embedded NMMPs. Prior to the magnetization

process, theNMMPs exhibit a randommagnetic orientation (Figure 1g,
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F IGURE 2 Thermal response of the thermo-magnetic petal morphing robot (TMPMR). (a) Schematic showing the deformation of the
TMPMR’s petals when actuated by near-infrared (NIR) light, demonstrating the reversible transition between liquid crystal (LC) and isotropic
phases. (b) Optical images capturing the TMPMR’s shape change under exposure to NIR light (∼4700mW/cm2) during on/off cycles. (c) Infrared
thermographic images showing the surface temperature distribution during NIR light-induced actuation. (d) Normalized size variation of the
TMPMR as a function of time during one light on/off cycle, withmaximum deformation reaching a factor of approximately 2.6. (e) Response time
measurements over multiple light on/off cycles, illustrating the long-term stability of TMPMR’s thermal response.

upper-left panel). Upon exposure to a strong impulse magnetic field,

the magnetic moments of the particles align with the field direc-

tion, resulting in a unidirectional magnetic configuration (Figure 1g,

upper-right panel). This alignment is essential for generating the mag-

netic torque needed for the TMPMR’s rolling locomotion. In addition,

the lower panel of Figure 1g demonstrates the magnetic alignment

profile of the robot’s petal-like appendages during open and closed

states. Considering the robustness requirements for TMPMR oper-

ation in various environments, a superhydrophobic treatment was

applied to its surface. This treatment reduced adhesion of liquid and

solid contaminants, minimized surface adhesion, and enhanced the

robot’s self-cleaning capability, achieving a water contact angle of

approximately 158◦ (Supporting Information: Figure S2).

The TMPMR exhibits reversible shape morphing behavior under

NIR light of 808 nm irradiation, driven by the thermal responsiveness

of its LCE matrix. As schematically shown in Figure 2a, when the NIR

light is turned on, the robot’s petals transition from a closed spheri-

cal configuration to an open cross-like shape due to the LCEmolecules

contraction by the LC-to-isotropic phase change,which occurs at a crit-

ical temperature of approximately 62◦C. Upon turning off the light, the

petals return to their closed state. In our experimental setup, NIR light

with intensity of about4700mW/cm2 wasused toactuate theTMPMR,

and two distinct thicknesses of LCE/NMMPs composite films were

used during fabrication, denoted as h0 = 0.75 and 0.5 mm, to evaluate

the effect of thickness on thermal response. As shown in Figure 2b, the

petals’ shape transformation of TMPMR (φ= 1:8, h0 = 0.75mm) occurs

within seconds of light exposure, with petals reaching full opening

state in about 15 s. Then the petals gradually curled toward the cen-

ter after turning off the light, and returned to the original state at time

of about 45 s. The accompanying thermographic images (Figure 2c)

provide insight into the surface temperature distribution during this

process, revealing a significant increase in temperature localized to the

areas exposed to NIR light. It is noted that the robot has not yet cooled

down to room temperature when it closed completely. This leads to
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the situation where, after the robot closed but not yet fully cooled

down, it has a faster response time to the second stimulus. The residual

heat acted as a “pre-heating” mechanism, resulting in reduced open-

ing times for subsequent cycles (Supporting Information: Figure S3).

Since the closing process relied on passive air cooling, its duration

remained largely consistent across all cycles. In addition, the charac-

terized dimensionless size variation of the TMPMR D/D0 as a function

of time during light exposure is presented in Figure 2d, where D rep-

resents the diameter of projected area of our spherical TMPMR on

the horizontal plane, and D0 is the initial diameter before the light

exposure. Overall, our various TMPMRs are capable of achieving a

maximum deformation in range of 2.1–2.6, indicating substantial mor-

phing capability. Obviously for this configuration, the opening process

consistently occurs faster than the closing process. The influence of

LCE/NMMPs composite thickness was also examined, with samples of

h0 =0.75and0.5mmshowing consistent deformationpatterns, though

the thinner sample (h0 = 0.5 mm) exhibited a slightly faster response

time. Moreover, the samples with higher NdFeB mass ratio demon-

strate faster recovery to the closed state. This is probably because

the amount of NMMPs incorporated into the LCE matrix significantly

impacts the stiffness of the TMPMR, as robots with higher NMMPs

content exhibit greater rigidity. This rigidity, in turn, accelerates the

robot’s closing operation after the NIR light is switched off, allowing

the petals to fold back into their spherical shape more quickly. Impor-

tantly, the characterized total response time remains consistent over

multiple cycles of actuation for various tested samples, as shown in

Figure 2e. This stability suggests that the TMPMR can be used for

long-term operations without significant degradation in performance.

Meanwhile, the response time of TMPMRs can also be affected by the

variation of applied NIR light intensity. As we reduce the light intensity

to about 220 mW/cm2, the opening time for TMPMR can be signifi-

cantly increased compared to those with 4700 mW/cm2 (Supporting

Information: Figure S3). Unless otherwise noted, all subsequent exper-

iments characterizing the motion performance were performed using

TMPMR samples with a thickness of 0.5mm.

The TMPMR’s rolling locomotion is driven by an external rotat-

ing magnetic field, enabled by the internal alignment of NMMPs. The

details of magnetic field control for robotmanipulation can be found in

Supporting Information: Notes S1–S3 and Figure S4. Figure 3a depicts

the robot’s characterized locomotion speed as a function of magnetic

field strength B under a fixed magnetic field rotation frequency of

4 Hz. Specifically, below a threshold of approximately 1.1 mT (green-

shaded region), the magnetic field strength is insufficient to generate

enough torque to overcome friction, leaving the robot in an immobi-

lized state.Once themagnetic field strengthexceeds ahigher threshold

of about 1.5 mT (gray-shaded region), the TMPMR exhibits stable

rolling motion, with its speed reaching a steady value of approximately

110 mm/s. In this regime, the robot’s motion becomes smooth and

reliable, showing no significant fluctuations in speed. However, within

the range between 1.1 and 1.5 mT (yellow-shaded region), although

the TMPMR begins to roll, its motion is highly unstable. This instabil-

ity manifests as significant fluctuations in speed and noticeable lateral

shaking of the robot on the horizontal plane. The primary reason for

this erratic behavior is that, within this voltage range, the magnetic

field strength is insufficient to generate a consistent driving torque

greater than the frictional forces acting on the robot. As a result, the

TMPMR struggles to maintain stable motion, frequently starting and

stopping. The robot’s rolling is periodically interrupted as the driv-

ing torque decreases and can no longer sustain movement, leading to

repeated cycles of acceleration and deceleration, or even momentary

halts. This dynamic creates the observed instability in both the speed

and trajectory of the robot.

The rolling locomotion of the TMPMR is driven by the interaction

between the robot’s magnetic moment M and the applied magnetic

field B, which generates a torque that induces angular acceleration α.
As the robot’s speed increases, the angle δ betweenM andB decreases,

reducing the angular acceleration until the robot reaches a stable

rolling velocity. In essence, when the magnetic field is strong enough,

the TMPMR’s speed synchronizes with the rotating magnetic field,

meaning that an increase in the field’s rotation frequency results in a

proportional increase in the robot’s rolling speed. To investigate the

relationship between the robot’s rolling speed and the magnetic field’s

rotation frequency, the magnetic field control voltage was set to 10 V,

and the rotation frequency was incrementally increased (1, 4, 7, and

10 Hz). Figure 3b shows time-lapsed images of the TMPMR’s rolling

trajectory (φ = 1:4) on a dry surface at specific time intervals of 0,

150, 300, and 450 ms, respectively, corresponding to the rows from

top to bottom in each column, while Figure 3c presents the corre-

sponding displacement‒time curves. As the frequency increases, the

TMPMR’s displacement increases, indicating that higher rotation fre-

quencies result in faster rolling speeds. We also compare the speed

and body length (BL) of various state-of-the-art robots, including LCE

robots8,16,30–39 and magnetically controlled robots,22,24,25,40–49 with

our TMPMR marked by the red star, as shown in Figure 3d. The plot

shows speed normalized by BL/s, allowing for a direct comparison of

locomotion efficiency across these categories. Our TMPMR is capable

of achieving a maximum speed of approximately 30 BL/s, placing it at

the higher end of the performance spectrum for both LCE and mag-

netic robots. Notably, magnetic robots (blue diamonds) tend to cluster

around a lower speed range,withmost achieving speeds below10BL/s.

The TMPMR’s combination of light-responsive LCEs and magnetic

actuation enables it to reach speeds that are competitivewith both LCE

and magnetic robots. Additionally, the TMPMR’s simple design allows

for this high-speed rolling motion without the complexity of more

bio-inspired robots, making it a more versatile option for certain appli-

cations. It also highlights that while robots using LCEs (orange circles)

can exhibit a range of speeds, they typically fall below the performance

levels achieved by our TMPMR. This suggests that the combination of

thermal and magnetic actuation in our design results in significantly

improved locomotion capabilities compared to LCE-based systems that

rely solely on thermal actuation.

To further explore the effect of NMMPs concentration on rolling

performance, we compared the average rolling speeds of TMPMRs

with various mass ratios (φ = 1:8, 1:4, and 1:2). Figure 3e shows that

when the magnetic field strength is sufficient to induce stable rolling,

increasing the rotation frequency leads to a linear increase in speed,
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WANG ET AL. 6 of 10

F IGURE 3 Locomotion performance of the thermo-magnetic petal morphing robot (TMPMR) under various conditions. (a) TMPMR’s
locomotion speed as a function of magnetic field strength B, with a fixedmagnetic field rotation frequency of 4 Hz. (b) Time-lapsed images
demonstrating the TMPMR’s movement under different magnetic field rotation frequencies. (c) Measured displacement over time for different
rotation frequencies, showing how actuation efficiency varies. (d)Maximum locomotion speed of the TMPMR compared to the state-of-the-art.
Comparison of maximal locomotion speed relative to body length (BL), with shaded regions representing different categories of soft robots. Our
TMPMR,marked by the red star, achieves amaximum speed of approximately 30 BL/s. (e) Locomotion speed as a function of rotation frequency for
TMPMRswith different NdFeBmicroparticle concentrations. (f) Speed variation in different environments (dry, wet, underwater), highlighting the
TMPMR’s versatility. (g) Characterization of the instability frequencies beyondwhich the TMPMR’s motion cannot synchronize with the external
magnetic field, analyzed for different environments andmicroparticle concentrations.

regardless of NMMPs’ concentration. It indicates that while the con-

centration of NMMPs affects the generated magnetic torque, it does

not significantly influence the robot’s speed once stable motion is

achieved under the same field conditions.

Given that the TMPMR may be deployed in various environments,

we also examined and compared its rolling performance on dry, wet,

and even underwater environments, respectively. Here we used a

TMPMR with φ = 1:4 and set the magnetic field control voltage to

10 V. Figure 3f shows that the robot’s speed in wet environments

is comparable to that in dry conditions across a range of frequen-

cies. However, in underwater environments, the increase in speed

with rising frequency is less pronounced, with a maximum speed of

approximately 73 mm/s. Further increases in rotation frequency do

not yield significant speed gains. Additionally, the robot exhibitedmore

stable and uniform motion underwater, with smaller speed variations

compared to dry andwet environments.

Interestingly, at higher magnetic field rotation frequencies, a

different behavior was observed. When the field rotates too fast,

the angle δ can exceeds 90◦, causing the driving torque to decrease.

This reduces the robot’s angular acceleration, and as δ continues to

increase, the torque further diminishes. If δ reaches 180◦, the torque

reverses direction, leading to erratic motion such as oscillation or

vibration, where the TMPMR can no longer synchronize with the

magnetic field. This behavior, analogous to “slip” in motors, sets an

upper limit for the robot’s stable rolling frequency, referred to as the

“out-of-step frequency.” Figure 3g shows the characterized out-of-step

frequencies for TMPMRs with different NMMPs’ concentrations. The

results briefly indicate that increasing the concentration of NMMPs

raises the step-out frequency, allowing the robot to roll at higher

field rotation speeds. On the other hand, the step-out frequency is

lower in underwater environments compared to dry conditions, and it

decreases further in wet conditions.

To better understand the impact of magnetic field strength on

the locomotion performance, we further conducted experiments to

demonstrates the influence of NMMPs concentration (φ= 1:8, 1:4, and

1:2) on the critical magnetic field strength required for the actuation

of TMPMRs across different environments, including dry (Figure 4a),

wet (Figure 4b), and underwater (Figure 4c) conditions. Briefly, across

all environments, increasing the mass ratio φ reduces the critical mag-

netic field strength required for actuation, as indicated by the yellow

regions. This effect is particularly pronounced in wet environments

(Figure 4b), where the critical magnetic field strength significantly

decreases with higher NMMPs concentrations. For instance, for

φ = 1:8, the critical magnetic field strength in the wet environment

under the rotation frequency of 4 Hz is 5.17 ± 0.31 mT, but this

decreases to 0.97± 0.35mTwhen φ is increased to 1:2. In comparison,

the reduction is less prominent on dry surfaces and underwater

conditions. In addition, the critical magnetic field strength required

for actuation in wet environments is generally higher than that in both

dry and underwater environments. For φ = 1:8, the critical magnetic
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F IGURE 4 Influence of NdFeBmicroparticle concentration on critical magnetic field strength for the actuation of thermo-magnetic petal
morphing robots (TMPMRs) under different environments. (a) Critical magnetic field strength required for TMPMR actuation on a dry surface. (b)
Critical magnetic field strength characterization for the TMPMR on awet surface. (c) Critical magnetic field strength characterization for the
TMPMR in an underwater environment. The results highlight how particle concentration affects the requiredmagnetic field for actuation under
various conditions.

field strength is 5.56 ± 0.08 mT in wet conditions under the rotation

frequency of 7 Hz, while it is 1.77 ± 0.22 mT and 2.21 ± 0.09 mT for

dry and underwater environments, respectively. This suggests that the

presence of thin liquid film increases the resistance to magnetic actua-

tion, demanding a strongermagnetic field to initiate stable locomotion.

Overall, the results highlight that higher NMMPs concentrations lead

to a more responsive TMPMR with lower required magnetic field

strength, especially in more challenging wet environments, where the

reduction in the critical field is most noticeable.

The TMPMR’s versatility is further demonstrated in its ability

to navigate complex terrains and manipulate cargo. As shown in

Figure 5a, the robot successfully traverses slopes, sand, and rocky

surfaces, showcasing its adaptability to different terrains (Supporting

Information: Movie S1). It is noted that the TMPMR can maintain its

high speed with negligible variations for locomotion on various slopes

(Supporting Information: Figure S5). The ability to follow precise

trajectories, as demonstrated in Figure 5b, further highlights the

robot’s potential for use in controlled environments where preci-

sion is critical. In more complex scenarios, such as maze navigation

(Figure 5c), the TMPMR demonstrates its capacity for executing

intricate maneuvers under magnetic control (Supporting Information:

Movie S2). Additionally, the robot’s gripper capability was tested in an

in vivo-like drug delivery model, where it successfully transported a

medical tablet, which are seven times heavier than our TMPMR, across

a simulated stomach without losing its grip (Figure 5d and Supporting

Information: Movie S3). The TMPMR’s ability to manipulate cargo

in challenging environments, including slopes and narrow spaces,

is further illustrated in Figure 5e, where it performs a sequence of

loading, transportation, and unloading tasks (Supporting Information:

Movie S4). The TMPMR’s performance in diverse environments

underscores its potential for real-world applications. Its ability to

handle cargo while navigating complex terrains could be particularly

useful in biomedical applications, such as targeted drug delivery in the

gastrointestinal tract, or in industrial settings where precise handling

of materials is required. Future work could explore scaling the robot

down for minimally invasive medical procedures or scaling it up for

larger industrial applications.

CONCLUSION

The development of TMPMRs introduces a significant advancement in

the fieldof soft robotics, combining the thermal responsivenessof LCEs

with themagnetic actuation capabilities provided byNMMPs. Through

a synergistic thermal‒magnetic actuation mechanism, the TMPMR

demonstrates remarkable versatility, achieving both controlled rolling

locomotion and reversible shape morphing. Our study reveals that the

TMPMR can reliably perform in a variety of environments, including

dry, wet, and underwater, with minimal degradation in performance

over time. The robot’s dual-functional capability of cargomanipulation

and high-speed rolling locomotion underscores its potential for real-

world applications, particularly in scenarios requiring precision and

adaptability, such as biomedical delivery systems or industrial automa-

tion tasks. Future researchwill focus on optimizing theNMMPconcen-

tration and refining the shape-morphing dynamics to further enhance

the robot’s efficiency. Additionally, scaling the robot’s design for both

microscale biomedical applications and larger industrial systems will

open new avenues for deployment in diverse environments.

METHODS

1,4-Bis-[4-(3-acryloyloxypropypropyloxy)benzoyloxy]-2-methylben-

zene (RM257, 98%) was purchased from Leyan Chemicals Inc.

Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, 90%), 2,2-

(ethylenedioxy)diethanethiol (97%), (2-hydroxyethoxy)-2-methylpro-

piophenone (HHMP, 97%), dipropylamine (DPA, 99%), tris(hydro-

xymethyl)aminomethane (99.8%), DAH (98%), and toluene (99%)
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F IGURE 5 Demonstration of the thermo-magnetic petal morphing robot (TMPMR) robust and versatile locomotion and cargo-handling
capabilities. (a) Sequential images illustrating the TMPMR’s successful traversal of a 20◦ slope (top), soft sand (middle), and rough rocky surfaces
(bottom). (b) High-fidelity maneuvering of the TMPMR, precisely replicating strokes to form the word “HIT.” (c) Navigation through amaze,
illustrating the TMPMR’s precise control and adaptability. (d) In vivo-like drug delivery demonstration, where the TMPMR navigates a complex
stomachmodel, carrying amedical tablet seven times its ownweight. (e) Time-lapsed images of the TMPMR performing cargo delivery tasks,
including loading, transportation, and unloading, with the TMPMR navigating challenging terrains such as slopes, water, narrow spaces, and
obstacles.

were purchased from Aladdin Chemicals Inc. NMMPs (LW-N-11-9)

was purchased from Hebei Chaoyue Co., Ltd. All chemicals were used

without further purification.

The fabrication of the TMPMR involves a multi-step process that

integrates LCEs for thermal actuation, NMMPs for magnetic actua-

tion, and a DAH coating for light-to-thermal energy conversion. The

procedure consists of four key stages: composite oligomer synthesis,

curing and shaping, formation of the photothermal conversion layer,

and magnetization (Supporting Information: Figure S6). In the first

step of composite oligomer synthesis, a two-stage TAMAP reaction

method was used in this work.50 Specifically, 2 g of RM257 was dis-

solved in 0.8 g of toluene in a transparent glass vial, and the solution

was heated to 80◦C until RM257 was fully dissolved, yielding a col-

orless and transparent solution. After cooling the solution to room

temperature, 0.109 g of PETMP and 0.458 g of EDDT were added. If

any precipitation occurred, the mixture was reheated to 80◦C to dis-

solve the components before cooling it again to room temperature.

Next, 0.012 g of the photoinitiator HHMP was added to the solution.

Separately, DPA was dissolved in toluene at a 1:50 weight ratio and

vigorously mixed for 1 min. A total of 0.284 g of this DPA solution

was then added to the primary vial containing RM257. Following this,

NMMPs with different mass ratio φ were introduced into the mix-

ture. The solution was then homogenized using a vortex mixer and

degassed in a vacuum chamber at ‒0.6 MPa for 1 min to remove any

bubbles.

Once the solution was prepared, the first stage of polymerization

was initiated. The degassed solution was immediately poured into a

PTFE mold and left at room temperature in the dark for at least 12 h

to allow the initial cross-linking reaction to proceed. Afterward, the

cross-linked elastomer, now in a flat cross-like shape, was removed

from the mold and placed in a vacuum oven set to ‒0.6 MPa and 80◦C

for 24 h to evaporate the remaining toluene. To achieve the desired

spherical shape for rolling locomotion, the elastomerwasmechanically

stretched along two axes and then fixed onto a plastic spherical mold

using adhesive tape. This structure was exposed to UV light (365 nm

wavelength) for 15 min to initiate the second-stage polymerization
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and lock the LC alignment. Once cured, the elastomer was removed

from the spherical mold.

After the curing process, a dopamine coating was applied to impart

photothermal properties to the TMPMR. The elastomer was sub-

merged in a solution containing 0.1 g of DAH and 0.2 g of tris powder

dissolved in 100 mL of deionized water, with the pH adjusted to 8.5.

The elastomer was left to soak for 24 h, during which the DAH self-

polymerized on the surface, forming a thin photothermal conversion

layer.

The final step involved magnetizing the robot to enable controlled

rolling under a magnetic field. The prepared TMPMR was dried and

magnetized by an impulsemagnetic field (3 T) using amagnetizer (MA-

2040, Shenzhen JiuJu Industrial Equipments Co., Ltd.). The control

voltage of the magnetizer was set at 2 kV, and the TMPMR was sub-

jected to multiple cycles of magnetization to ensure a uniform and

strongmagnetic field across its structure.

The fabricated TMPMRs were further treated with a commercial

coating agent (Glaco Mirror Coat “Zero,” Soft 99 Co.) to render the

surface superhydrophobic nature. And the contact anglemeasurement

was conducted via a commercial optical contact angle goniometers

(OCA 25, DataPhysics Instruments GmbH) in the sessile dropmode.

The hardware architecture of the robotic motion control platform

is depicted in Supporting Information: Figure S7. This system com-

prises a 2D Helmholtz coil assembly, a servo-driven rotation platform,

a robotic motion platform, and an integrated vision processing unit.

The 2D Helmholtz coil assembly generates a uniform magnetic field,

which facilitates the deformation and locomotion of the robot. The

servo-driven rotation platform rotates the Helmholtz coils, enabling

modulation of the magnetic field direction. Through this rotational

actuation, the initially 2D magnetic field generated by the Helmholtz

coils is effectively transformed into a 3Dmagnetic field, which governs

the robot’s movement on the platform. The robotic motion platform

isolates the robot from direct contact with the coils, ensuring that coil

rotation affects only the magnetic field without physically interfering

with the robot’s locomotion. The vision processing unit monitors and

regulates the robot’s position, velocity, and directional control.

To achieve precise regulation of the coil currents, three DC power

supplies independently power the X coil, Z coil, and the rotation plat-

form motor. Power drivers are placed between the power supplies

and the corresponding devices, with control signals transmitted to

each driver via a data acquisition board (NI-PCIE6738,National Instru-

ments Corp.). The X and Z coils are controlled by servo controllers

(G-SOLTWID140/100SRSD, ElmoMotionControl Ltd.), while the rota-

tion platform stepper motor is actuated using a ZD-2HA860 driver

(Beijing Times Brilliant Co., Ltd.). Two industrial cameras (MV-CA013-

A0GM, Hikvision Digital Technology Co., Ltd.) are positioned along the

positive y-axis and negative z-axis, respectively, to provide real-time

monitoring of the robot’s position.

The software controlling the robotic motion system was developed

using Qt 6.1. Position detection of the robot is achieved through the

cameras associated with the X and Z coils, each with a resolution of

1280 × 1024. The software captures a frame from the cameras every

30ms and displays it in the corresponding user interface window. Dur-

ing video recording or when a screenshot is requested, the software

utilizes OpenCV’s contour detection algorithm to identify all contours

within the frame, selecting the contour that most closely matches the

expected size of the robot and recording the centroid coordinates. The

processed output is subsequently saved either to the video stream or

as an image file.

To evaluate themechanical properties of the LCE/NdFeBcomposite,

tensile tests were performed on samples with various NdFeB-to-LCE

mass ratio (1:8, 1:4, 1:2) as well as a control sample without NdFeB.

The dog-bone-shaped test samples were fabricated with dimensions

shown in Supporting Information: Figure S8, for both after initial cross-

linking and after solvent evaporation. Tensile testing was conducted

using a ZwickRoell Z010 universal testing machine. The tests were

performed at a constant strain rate of 5 mm/min. The magnetic flux

density inside the robotic motion platform was measured by using a

high-precision digital gaussmeter (HT201, Shanghai Hengtong Mag-

netoelectricity Co., Ltd.). Besides, the calculation of surface coverage

fraction of NdFeBmicroparticles from the SEM images was performed

byusing the ImageJ software.NIR lightwas generatedusing a3W laser

module (FU808AD3000-F34, Shenzhen Fuzhe Technology Co., Ltd.),

and the thermal images of TMPMR evolution were captured with an

infrared camera (FLIR A615) with a close-up 2.9× lens.
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