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Despite recent advancements, artificial muscles have not yet been able to

strike the right balance between exceptional mechanical properties and dex-
terous actuation abilities that are found in biological systems. Here, we present
an artificial magnetic muscle that exhibits multiple remarkable mechanical
properties and demonstrates comprehensive actuating performance, sur-
passing those of biological muscles. This artificial muscle utilizes a composite
configuration, integrating a phase-change polymer and ferromagnetic parti-
cles, enabling active control over mechanical properties and complex
actuating motions through remote laser heating and magnetic field manip-
ulation. Consequently, the magnetic composite muscle can dynamically adjust
its stiffness as needed, achieving a switching ratio exceeding 2.7 x 103. This
remarkable adaptability facilitates substantial load-bearing capacity, with
specific load capacities of up to 1000 and 3690 for tensile and compressive
stresses, respectively. Moreover, it demonstrates reversible extension, con-
traction, bending, and twisting, with stretchability exceeding 800%. We
leverage these distinctive attributes to showcase the versatility of this com-
posite muscle as a soft continuum robotic manipulator. It adeptly executes
various programmable responses and performs complex tasks while mini-
mizing mechanical vibrations. Furthermore, we demonstrate that this com-
posite muscle excels across multiple mechanical and actuation aspects
compared to existing actuators.

Soft actuators and artificial muscles are gaining prominence as indis-
pensable components for a wide range of applications, including soft
robotics'?, exoskeletons®, wearables**, and biomedical devices®. Con-
structed from soft materials, these actuators provide inherent com-
pliance, enabling their usage in uncontrolled and complex
environments without requiring complex control algorithms"¢. How-
ever, soft materials commonly used in soft-bodied devices, such as
silicones’® (e.g., polydimethylsiloxane, Ecoflex, or Dragon Skin) and

hydrogels’, have limited mechanical properties. Their inherent soft-
ness restricts load-bearing capacity, force output, and resistance to
fatigue or damage'®. Additionally, the elastic nature of these materials
results in undesired vibrations, posing challenges for the accurate
control of specific operations'.

To address these limitations, stiffness-tunable materials have
been developed to achieve high deformability, force output, and load-
bearing capacity. Examples include jamming materials’", pneumatic
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systems”, low-melting-point alloys", and shape memory alloys”.
However, these materials typically exhibit a narrow stiffness range and
low specific load capacity. Additionally, many of these materials have
limited intrinsic mechanical properties in terms of stretchability,
toughness, and dynamic damping capacity. Moreover, they require
complex wired connections for vacuum suction’®, pneumatic control,
or Joule heating®. As such, magnetic soft materials are a promising
candidate for soft robotics because of their simple, wireless controll-
ability, rapid field responsiveness, and facile tunability of field direc-
tion and strength”?. Furthermore, magnetic control can be
decoupled from other stimuli, enabling multi-stimuli responsive
actuators*?, These actuators based on magnetic soft materials
demonstrate programmable and versatile shape morphing. However,
as with the aforementioned existing soft actuators, they also have
limitations in terms of comprehensive mechanical and actuation
performance.

Herein, we present a reconfigurable and adaptable soft magnetic
muscle that outperforms the mechanical and actuating performance
of biological muscles. These remarkable attributes are achieved by
integrating a shape memory polymer and magnetic particles in a
composite configuration. We demonstrate that the magnetic compo-
site muscle can transition from a highly soft state (Young’s modulus, £,
of 110 kPa) to a rigid state (£ of 296.9 MPa) by modulating photo-
thermal stimuli, resulting in a stiffness switching ratio (SSR) exceeding
2.7 x10° Consequently, the composite muscle can manipulate heavy
objects with a maximum payload-to-weight ratio of up to 1000 and
3690 for tensile and compressive stresses, respectively. Moreover, it
exhibits on-demand extension, contraction, bending, and twisting,
with high stretchability exceeding 800% in its deformable state. These
distinctive attributes enable the use of the magnetic composite muscle
as a soft continuum robotic manipulator. It adeptly executes intricate
and dexterous programmable responses while minimizing mechanical
vibrations through remote laser heating and magnetic field control.
We further demonstrate that the composite muscle displays a high
maximum modulus (2.4 GPa), significant elongation at break (815%),
appropriate damping ratio (1.348), high actuation strain rate
(63.8% s™), impressive work density (129.5kJm™), and exceptional
energy efficiency (90.9%).

Results

Monophasic magnetic composite muscle

An artificial magnetic muscle comprising a monophasic magnetic
composite was designed to exhibit essential properties for soft
robotics, e.g., wide-ranging variable stiffness, high load-bearing capa-
city, resilience, shape memory, remote actuation, and substantial
actuation strain (Fig. 1a). Additionally, it was engineered to perform
diverse motions, such as reversible extension, bending, and twist-
ing (Fig. 1a).

The composite primarily consists of a polymer matrix and NdFeB
microparticles (Fig. 1b). A copolymer of stearyl methacrylate and
ethylene glycol dimethacrylate (poly(SMA-co-EGDMA)) serves as the
hydrophobic, stimuli-responsive phase-changing component. The
copolymer’s long alkyl side chains form well-organized stacked crys-
tals at room temperature, providing high mechanical strength and
load-bearing capacity®**. Furthermore, the combination of bottle-
brushed architectures with numerous hydrophobic associations
enables excellent shape memory behavior, allowing rapid transitions
between rigid and soft states at elevated temperatures (Fig. 1bi)*. The
NdFeB microparticles, grafted with octadecyltrichlorosilane (ODTS),
form physical entanglements with the alkyl side chains of poly(SMA),
creating hydrophobic interactions and a dual network in the compo-
site (Fig. 1bii-iv, Supplementary Fig. 1, and Supplementary Note 1)*.
Additionally, these microparticles serve as photothermal agents,
enhancing phase transition behavior under heat and providing a rapid
magnetic response to external magnetic fields” .

Figure 1c illustrates the working mechanism of the monophasic
composite muscle. Initially, the composites are in a rigid state at
ambient temperature (Fig. 1ci). In this state, the crystallized alkyl side
chains exhibit limited mobility, allowing them to withstand high
external loads®®. The crystalline structure is confirmed by the distinct
isotropic scattering patterns observed through wide-angle X-ray scat-
tering analysis (WAXS) (Fig. 1cii). When heated, the hydrophobic bonds
between the alkyl chains relax thermally, and the composite transition
to a deformable state with randomly arranged amorphous side chains
(Fig. 1ci and Supplementary Fig. 2), as indicated by the blurred iso-
tropic scattering pattern in the 2D WAXS (Fig. 1ciii). When actuated or
stretched in the deformable state, the side chains align tightly, redu-
cing the distance between each chain (Fig. 1civ). Upon removing the
heat while maintaining tensile stress, the deformed shape is locked as
the side chains recrystallize (Fig. 1cv).

We conducted dynamic mechanical analysis (DMA) on the com-
posite while varying the loading concentrations of the magnetic par-
ticles (Supplementary Fig. 3). The storage modulus (G) exhibited a
positive correlation with increasing particle content, indicating that
the particles reinforced the polymer network®. However, the G’
dropped significantly by approximately 2-3 orders of magnitude
around the melting temperature (7,,) of 37.5°C. This abrupt change
could be attributed to the reversible phase change of the uniform side
chains in the composite between the rigid and soft states?. The
stiffness-changing ability of the composite was further evaluated by
measuring the elastic modulus at both room temperature (25 °C, E;giq)
and elevated temperature (70 °C, ) for varying magnetic particle
contents (Fig. 1d). We defined the ratio of the elastic modulus in the
rigid state (Egiq, 25 °C) to that in the deformable state (Eg,p, 70 °C) as
the stiffness switching ratio (SSR = E;siq / Eso)- The pristine copolymer
without magnetic particles exhibited £z and Ep values of 75.8 MPa
and 0.04 MPa, respectively, resulting in an SSR of 1.9 x10°. As the
magnetic particle content increased, E;gq also increased, reaching a
maximum value of 296.9 MPa at 13 g of NdFeB. E,,; showed a similar
trend, increasing with the particle content, but it reached its peak at
0.145 MPa for 11 g of NdFeB. Notably, the SSR reached a maximum of
2.7 x10® with a NdFeB content of 13 g, spanning from a highly soft
material state (110 kPa) to a rigid state (296.9 MPa).

We also evaluated the maximum strength, elongation at break,
and toughness of the composite at both room and elevated tempera-
tures for varying quantities of the magnetic particles (Supplementary
Fig. 4). Considering the balanced performance in terms of elastic
modulus, SSR, maximum strength, elongation at break, and toughness
at two different temperature phases, we selected a composite with11 g
of NdFeB particles for the subsequent experiments (Supplementary
Note 2). Figure 1le presents the energy density (u) and energy efficiency
(n) of the composite during the loading and unloading cycles at var-
ious strains (100-500%) (Supplementary Fig. 5). The energy density
increased with the applied strain, ultimately reaching an energy den-
sity of 0.852 MJ m™ at 500% strain. The composite also demonstrated
notable energy efficiency n, ranging from 85.2% to 90.9% for strains
between 100% and 500%. Moreover, the composite subjected to
strains exhibited rapid and full recovery to its original state in 1-1.7 s,
ensuring a high actuation speed (maximum value of 63.8% s™) (Sup-
plementary Fig. 6).

The monophasic magnetic composite also showed remarkable
work and power density, achieving a work density of 129.5kJ m™= for
500% strain (Supplementary Fig. 7). Additionally, the composite
exhibited ferromagnetic behavior with a saturation magnetization
value of 358.4 kAm™ at 11 g of NdFeB, enabling the remote control of
the composite muscle (Supplementary Fig. 8a and Supplementary
Note 3). Accordingly, our magnetic composite muscle demonstrated a
balanced combination of various exceptional mechanical and actuat-
ing performances, surpassing not only the capabilities of biological
systems but also outperforming several existing artificial muscles
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Fig. 1| Design and properties of the monophasic composite muscle. a A sche-
matic illustration depicting the concept of the monophasic composite muscle and
its multifunctionalities. b (i) Chemical composition of the composite; (ii) SEM
image showing the microstructures of the composite; (iii) low- and (iv) high-
resolution TEM images of the NdFeB microparticles. ¢ (i) Working mechanism of
the poly(SMA-co-EGDMA) and (ii-v) WAXS analysis images of the composites under
different conditions (crystallized, amorphous, amorphous and stretched, and

Strain [%]

crystallized and stretched). d Elastic moduli and stiffness switching ratio of the
composites at 25°C and 70 °C as a function of the amount of magnetic particles.
e Energy density (u) and energy efficiency (n) of the composite during the
loading and unloading cycles at various strains (100-500%). f Performance
benchmark between the proposed magnetic composite muscle and previous
artificial muscles. Error bars in each graph represent standard deviation, n=5
independent samples.

(Fig. 1f, Supplementary Table 1, and Supplementary Notes 4, 5)***°,
Remarkably, after 100 cycles, all properties maintained at least 85.6%
of their initial performance (Supplementary Fig. 9).

Reconfigurable and dual-responsive robotic hand

To demonstrate the versatility of the multifunctional monophasic
composite muscle in soft robotics, we fabricated a field-responsive
adaptable robotic hand (Fig. 2) using a molding process (Supplemen-
tary Fig. 10). Subsequently, the replicated robotic hand was magne-
tized while maintaining a curled shape (Fig. 2ai). Upon thermal heating,
the magnetized robotic hand softened and reverted to a flat state
due to the shape memory feature of the composite. In this deformable
state, the robotic hand could undergo extensive stretching or generate
dynamic actuating motion through magnetic torque (f=MxB,
where M is the magnetization per volume, and B is the magnetic flux
density) or magnetic force (F = V(M - B)), induced by manipulating an
external magnetic field (Fig. 2aii)”’. Additionally, the robotic hand
could lock into its deformed or actuated state by cooling to room

temperature, demonstrating substantial mechanical strength and
load-bearing capacity (Fig. 2aiii). The locked hand could revert to its
initial unstretched state reversibly by heating owing to its resilience
and shape memory property.

Figure 2b depicts a series of time-lapse images illustrating various
operational motions of the robotic hand. Initially, the hand was in a
locked state (Fig. 2bi and Supplementary Movie 1). Upon applying heat,
the hand transitioned into a deformable state. Subsequently, when an
external field was applied, the robotic fingers performed grasping
motions. After removing this external field, the fingers returned to
their original flat state. Leveraging this dynamic finger motion, the
robotic hand could grasp and release a spherical object (Fig. 2bii and
Supplementary Movie 2) or lift a heavy weight of 50-100 g (Fig. 2biii,
Supplementary Fig. 11a and Supplementary Movie 3) using remote
control by combining thermal stimuli from a laser (808 nm, power
density: 2W cm™) and magnetic stimuli.

Further examination revealed the remarkable load-bearing and
resilient properties of the monophasic composite. The composite
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Fig. 2 | Reconfigurable and dual-responsive robotic hand made of the mono-
phasic composite muscle. a A schematic illustration depicting the working
mechanism of the robotic hand made of the monophasic composite. b (i) Time-
lapse photographs demonstrating the grasping actuation capability of the robotic
hand via photothermal and magnetic field control; (ii) time-lapse photographs
showing the grasping and release of objects using the robotic hand; and (iii) time-
lapse photographs showing the load-bearing capacity and shape-locking capability

of the robotic hand. ¢ Photographs showing the (i) robotic hand in the rigid state
supporting a significant weight of 1kg while maintaining a horizontal locked
position without energy input, corresponding to a specific load capacity exceeding
100 and (ii) robotic hand in the deformable state sustaining a weight of 1 kg while
being stretched downward by approximately 350% without any fracture.

d Photographs showing the robotic hand supporting a weight of 200 g in an upper
vertical posture and rigid state (i) without elongation and (ii) with 135% elongation.
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robotic hand supported an impressive weight of 1 kg while maintaining
a horizontal locked position without continuous energy input
(Fig. 2ci), with a specific load capacity exceeding 100. In contrast, in the
deformable state, the hand could sustain a weight of 1kg while being
stretched downward by approximately 350% without any fracture,
demonstrating its mechanical robustness (Fig. 2cii). Notably, the
robotic hand endured forces of up to 5kg, which was 1000 times
greater than its own weight (Supplementary Fig. 11b). This load-bearing
capacity distinguishes it from many existing soft robotic systems with
limited loading capacities. Furthermore, the composite displayed
exceptional durability by withstanding the weight of a car (specific
load capacity of 3690) or crushing hard objects without fracture,
showing its remarkable yet adaptable mechanical properties (Supple-
mentary Fig. 12, and Supplementary Movies 4 and 5). Additionally, the
hand supported a weight of 200 g even while it was extended (-135%) in
an upper vertical posture (Fig. 2d). These results demonstrate the
multifaceted capabilities of the monophasic composite, encompassing
remote actuation, shape memory, high resilience, variable stiffness,
and exceptional load-bearing and shape-locking capacities within soft
robotic systems.

Biphasic magnetic composite muscle

The magnetic composite muscle can be tailored to enhance its
stretchability and damping capacity, expanding its range of applica-
tions. For example, soft robots with higher damping capacities can
effectively dissipate accumulated energy and mitigate undesirable
vibrations". This improved damping capability allows for more precise
control of soft robots during rapid actuation and offers protection
against external shocks*. To achieve increased damping capacity and
stretchability while maintaining exceptional material properties, we
emulsified the monophasic magnetic composite into a hydrophilic
phase polymer. This process, followed by in-situ polymerization,
resulted in the formation of a biphasic composite (Fig. 3ai,ii, Supple-
mentary Fig. 13, and Supplementary Note 6)*2. The hydrophilic phase
consisted of poly(N,N-dimethylacrylamide) (poly(DMAA)), alginate,
and trivalent AP* ions, forming interpenetrated double network
structures of poly(DMAA)-alginate/AP" (Fig. 3a). The dynamic rever-
sible bonds, including hydrogen bonds within the double network and
ionic bonds between the alginate and the AP* ions, facilitated the
effective stress dissipation in the biphasic composite***, Conse-
quently, the biphasic composite exhibited enhanced stretchability,
deformability, and damping capacity*“¢. Specifically, it could stretch
over 800% strain, twist up to 360 degrees, and fold with a curvature of
5 mm (Fig. 3aii). While previous studies have demonstrated hydrogels
or elastomers with ultra-high stretchability (ranging from 1000% to
30,000%)**+"*%, the biphasic composite still surpasses the stretch-
ability of many existing soft magnetic composites (300-460%)>**° and
stiffness-variable polymers (290-740%)**°".

The microstructures of the biphasic composite were examined
using three-dimensional nano-computed tomography (3D Nano-CT)
and scanning electron microscopy (SEM) (Fig. 3b). As depicted, the
hydrophobic phase (yellow color) and the hydrophilic phase (green
color) were uniformly blended in the biphasic composite (Fig. 3bi, iii, v,
and vi). Additionally, the NdFeB microparticles (purple color in
Fig. 3bi,ii) were well dispersed within the hydrophobic phase. When
subjected to stretching, the microstructures of the biphasic compo-
sites exhibited significant elongation along the direction of applied
tension (Fig. 3bii, iv).

Next, we assessed the elongation at break and elastic moduli of
the biphasic composite (Fig. 3¢, d). We compared three different
variations: the biphasic composite without alginate (DMAA), the
biphasic composite with sodium alginate (SA) (DMAA-Alg), and the
biphasic composite with AP* ions-coordinated alginate (DMAA-Alg/
AP*) (see Supplementary Fig. 14 and Supplementary Note 7 for their
chemical analyzes). The DMAA-Alg/AI** composite showed a higher

elongation at break of 815% in the deformable state at 70 °C com-
pared to the DMAA (483%) and DMAA-Alg (643%) composites
(Fig. 3c and Supplementary Fig. 15). The DMAA-Alg/AI** also
demonstrated a substantially enhanced elastic modulus compared
to DMAA or DMAA-Alg (Fig. 3d). This enhancement can be attributed
to the replacement of Na* ions with AI** ions, which formed ionic
bonds in alginates and increased the number of hydrogen bonds
between alginate and AP*. The weak dynamic hydrogen bonds
facilitated the dissipation of large strain energy, enhancing
stretchability through rapid bond breakage and reformation.
Meanwhile, the strong ionic bonds elevated the elastic modulus of
the composite’*’. The DMAA-Alg/AI** also displayed the capacity to
adjust stiffness, offering control over the mechanical modulus from
soft (63 kPa) to stiff (38.5 MPa).

We then investigated the energy dissipation and strain recovery
properties of the three different biphasic composites during defor-
mations by conducting loading-unloading tests at various strain
levels. The DMAA-Alg/AIP* composite showed significantly enhanced
energy dissipation capability at both 25 °C and 70 °C compared to both
the DMAA and DMAA-Alg composites (Fig. 3e and Supplementary
Fig. 16a). For instance, when subjected to a strain rate of 0.017s™ at
70 °C, the energy dissipation capacity of the DMAA-Alg/AI** composite
reached to 300.5 k) m™ at 700% strain. Additionally, the DMAA-Alg/AI**
composite displayed exceptional strain recovery capability of over
99% (Fig. 3f and Supplementary Fig. 16b). In contrast, the DMAA and
DMAA-Alg samples exhibited permanent deformation during high
stretching, with considerably lower strain recovery (Supplementary
Fig. 17). Furthermore, the DMAA-AIg/APP* composite displayed excel-
lent anti-fatigue behavior during the 1000th cyclic loading-unloading
fatigue test after the 10 initial stabilization cycles (Fig. 3g and Sup-
plementary Note 8).

Damping capacity

We assessed the damping capacity of three magnetic composite
models—the monophasic, biphasic, and bilayer composites (Supple-
mentary Fig. 18)—by observing their oscillation behavior during
actuation (Fig. 4a). Each composite actuator, shaped like a square rod
(500 mm in length, 3.2 mm in thickness, and 12 mm in width), was
initially positioned vertically on the XZ plane with one end fixed. The
midpoint of the actuators was locally heated using laser irradiation
(808 nm, irradiance: 2Wcm™) to create a temporary deformable
hinge. Upon applying an external magnetic field along the x-axis, all the
composite actuators exhibited immediate folding motion at the
hinge point.

Among the three actuator samples, the monophasic composite
actuator demonstrated the fastest actuation (Fig. 4ai, b and Supple-
mentary Movie 6). Upon application of a magnetic field, it initially
reached the maximum bending angle within only 0.06s. However,
after the initial bending actuation, it displayed noticeable vibrations
with a maximum peak-to-peak change in bending angle (6) of 25.7°.
The monophasic actuator took 0.29s of settling time to stabilize
within the error range of +5% of its final steady-state 6 value (88.4° for
the monophasic actuator) (Fig. 4bi). The 5% error band is typically used
to evaluate the damping property of systems®. In addition to
the bending angle, the monophasic composite displayed noticeable
oscillation in angular velocity (w), angular acceleration («), and
torque (Tg) during the actuation (Supplementary Fig. 19). In contrast,
the biphasic composite actuator achieved precise and gentle bending
motion without significant vibrations, allowing the actuator to stabilize
quickly during the bending motion, with a settling time of 0.25s
(Fig. 4aii, b, and Supplementary Movie 7). However, the biphasic
composite actuator exhibited a lower bending capacity with a higher
settling angle of 93.1°, displaying inferior bending motion compared to
the monophasic composite actuator, because of the lower magnetic
responsiveness (Supplementary Fig. 8c).
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Fig. 3 | Design and properties of the biphasic composite muscle. a (i) A sche-
matic illustration depicting the chemical composition of the biphasic composite
and (ii) photographs showing the high deformability of the composite. b (i, ii) 3D
Nano-CT images of the (i) unstretched and (ii) stretched biphasic composite; (iii, iv)
SEM images of the (iii) unstretched and (iv) stretched biphasic composite; and
(v, vi) SEM images showing the enlarged view of the (v) hydrophobic and (vi)
hydrophilic regions of the biphasic composite. ¢ Elongation at break of the three
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types of biphasic composites at 25°C and 70 °C. d Elastic moduli and stiffness
switching ratio of the three types of biphasic composites at 25°C and 70 °C.

e Energy dissipation of the three types of composites under strains from 100% to
700% at 70 °C. f Strain recovery of the three types of biphasic composite under
strain from 100% to 700% at 70 °C. g Stress-strain curves of the biphasic composite
(DMAA-Alg/AP") during 1000 cyclic loading-unloading tests at 70 °C. Error bars in
each graph represent standard deviation, n =5 independent samples.

Interestingly, when the monophasic and biphasic composites
were sandwiched together— with the right half layer serving as the
biphasic composite and the left half layer being the monophasic
composite (Supplementary Fig. 18)—the primary strengths of each
composite could be integrated while mitigating their respective lim-
itations. As shown in Fig. 4aiii, b and Supplementary Movie 8, the
bilayer composite actuator demonstrated rapid actuation with a short
settling time of 0.25 s, minimal vibration, and full bending motion with
a maximum bending angle of 89°, simultaneously. To quantify the
damping performance of the three types of magnetic composites, we
evaluated their damping ratio ({, the ratio between the actual damping
coefficient and the critical damping coefficient) based on a damped
sine wave model (Supplementary Note 9). The monophasic composite
displayed a ¢ of 0.617, indicating underdamped vibration (1 <1), while
the biphasic composite had a significantly higher { of 1.799 (1>1),

corresponding to overdamped vibration. In contrast, the bilayer
composite had a ¢ of 1.348, closer to critical damping (1=1), demon-
strating rapid equilibrium without oscillation.

Multifunctional continuum robotic manipulator
As a conceptual demonstration of the proposed monophasic and
biphasic composites in soft robotic applications, we fabricated a
continuum robotic manipulator comprising two distinct parts: an arm
and a multi-fingered hand (Fig. 5a). The arm section utilized a bilayer of
the monophasic and biphasic composites to balance field respon-
siveness, stretchability, and damping capacity. The multi-fingered
hand was constructed using a monophasic composite to maximize
field responsiveness.

Next, we investigated the quantitative bending and extension
behavior of the robotic manipulator in response to an applied
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Fig. 4 | Damping capacity of the magnetic composite muscle. a Time-lapse
photographs showing the responsive bending actuations of (i) the monophasic
composite, (ii) the biphasic composite, and (iii) the bilayer composite muscles.

b Analyzed bending angles of the (i) the monophasic, (ii) biphasic, and (iii) bilayer
composite muscles over time.

magnetic field. To assess the bending angle, we fixed one end of the
manipulator to a jig and irradiated the midpoint of the manipulator
with a laser at a power density of 2 W cm™. Subsequently, we applied a
magnetic field perpendicular to the length direction of the manip-
ulator, controlling the magnetic flux density. As the flux density
increased from O mT to 6.3 mT, the bending angle linearly increased to
85.3° (Fig. 5bi). We also explored the extension motion of the robotic
manipulator by adjusting the distance between a permanent magnet
and the manipulator along its length. This modulation created a
change in the magnetic flux density. As the permanent magnet
approached the manipulator—from an initial distance of 50 mm down
to 0 mm—the flux density increased from O mT to 364 mT (Fig. 5bii).
Consequently, the manipulator elongated, exhibiting a strain of up to
398%. Additionally, we examined the surface temperature of the
robotic manipulator by varying the laser power density from 1.1 to
2.4 W cm™ (Fig. 5¢). Laser irradiation at the lowest power density of
1.1W cm™ raised the surface temperature to 70 °C in just 17 s. With the
power density of 2.4 Wcm™, the time required to reach 70 °C was
further reduced to 2s.

Controlled by an electromagnet system integrated with a per-
manent magnet (see method section and Supplementary Fig. 20 for
details), the robotic manipulator was subjected to a sequence of

actions (Fig. 5d and Supplementary Movie 9). The manipulator was
initially positioned near a target object (red cylinder), with a flat, open
hand (Fig. 5di). The objective was to pick up the cylinder and place it
into the red hole. To achieve this, the multi-fingered hand was locally
heated using an 808 nm laser (irradiance: 2 W cm) and then actuated
to grasp the cylinder by applying a magnetic field along the x-axis
(Fig. 5dii). The infrared image in Figure 5dii, clearly reveals the locally
heated and deformable hand. Subsequently, the arm part was stret-
ched by irradiating the entire arm with the laser, followed by field
application along the z-axis (Fig. 5diii). The arm elongated successfully
while securely holding the object. Next, a specific region of the arm was
locally heated with a laser. In this state, applying a magnetic field along
the x-axis resulted in bending motion at the heated region, allowing
the precise placement of the cylinder on the target delivery point
without inducing significant arm vibrations (Fig. 5div). Finally, the
actuation of the hand ensured the accurate placement of the cylinder
into the target hole (Fig. 5dv).

Notably, the robotic manipulator executed a series of intricate
continuous motions, encompassing finger bending, arm extension,
local arm bending, and object pick-and-place. The manipulator
demonstrated not only bending and extension but also twisting and
contracting motions (Supplementary Fig. 21). This diversity of motions
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Fig. 5 | Application of the composite muscle to soft continuum robots. a (i) A
schematic illustration showing the magnetic field control system used for con-
trolling the robotic manipulator and (ii) a schematic illustration showing the
structures of the continuum robotic manipulator. b (i) Bending angle and (ii) strain
of the robotic manipulator as a function of the applied magnetic flux density.
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c Surface temperature of the manipulator as functions of laser power density and
irradiation time. d Time-lapse photographs and IR images demonstrating the
intricate continuous and sequential actuating motions of grasping, stretching,
positioning, and release of the robotic manipulator via the control of selective laser
heating and magnetic field control.

transcends the limited actuating modes seen in previous artificial
actuators (Supplementary Table 2).

Discussion

In summary, we have introduced artificial muscles that demonstrate
complex and reconfigurable actuating modes by integrating phase-
changing polymers and ferromagnetic particles in a composite con-
figuration. This design leverages various dynamic reversible bonds in
the composite network. As a result, these artificial composite muscles
can adjust their mechanical strength from a soft to a rigid state
through photothermal stimulation using a laser, achieving an SSR

exceeding 2.7 x 103. Consequently, the composite muscle can exhibit
versatile dynamic motions under an external magnetic field. It is also
capable of sustaining heavy objects with a maximum payload-to-
weight ratio of up to 1000 in tensile mode and 3690 in compressive
mode. Moreover, the magnetic composite muscle demonstrates
improved material and actuation performance. These include a high
maximum modulus (2.4 GPa), significant elongation at break (815%),
optimal damping ratio (1.348), high actuation strain rate (63.8% s™),
impressive work density (129.5k] m™), and exceptional energy effi-
ciency (90.9%). Importantly, these performances can be tailored by
harnessing biphasic polymer networks to enhance energy dissipation,
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damping capacity, and stretchability. Due to these remarkable prop-
erties, a soft robotic manipulator made of the magnetic composites
could successfully perform accurate and complex tasks through
remote control.

It is worth noting that the maximum work density of the magnetic
composite muscle, at 129.5k) m=, falls within the mid-range of work
densities observed in existing soft muscles and actuators (which range
from 153 to 1700 kJ m™)*?¢, This occurs because our composite
muscle softens to a low modulus (Ess) during actuation and work.
Consequently, its liftable weight is limited, resulting in a relatively low
work density. However, in this low modulus state, the composite
muscle exhibits high stretchability, allowing the lift distance to
increase. This compensates for the limited liftable weight, ultimately
enabling the composite muscle to achieve a moderate work density
(see Supplementary Note 10 and Supplementary Fig. 22 for more
details).

While artificial magnetic composite muscles exhibit excellent
mechanical and actuation performances, magnetic robots are specia-
lized for operation in confined environments where an external mag-
netic field is available®*°. Consequently, biomedical devices designed
to operate within such confined magnetic fields stand to benefit from
the unique capabilities of the composite muscle”’. For instance, once
their biocompatibility is established, catheters or stents equipped with
the ability to actively adjust their mechanical and actuation perfor-
mance for medical procedures could be developed using the magnetic
composite. Furthermore, if efficient remote heating of the magnetic
composite can be achieved (e.g., through magnetic radio frequency
heating), the utility of the magnetic composite in biomedical applica-
tions could be greatly expanded (Supplementary Note 11 and Supple-
mentary Fig. 23). In addition to biomedical applications, the dynamic
stiffness controllability offered by the proposed magnetic composite
could also be exploited in the development of precise robotic
manipulators featuring active adhesion control for applications in
precision manufacturing.

Lastly, although we utilized the replica molding technique to
prepare the soft robots in this study, direct 3D printing of the magnetic
composite will enable more efficient fabrication of soft robots with
complex 3D shapes®. Additionally, integrating diverse sensors can
further enhance the functionalities of magnetic composite robots®.
With these advancements, along with their exceptional mechanical
and actuation properties, the artificial composite muscles presented in
this study show immense potential across various fields, including
microrobotics, biomedical devices, soft grippers, and bioinspired
robotics.

Methods

Materials preparation

NdFeB microparticles (MQFP-B-20076-089) were purchased from Neo
Performance Materials (Toronto, Canada). Ammonium hydroxide
solution, stearyl methacrylate, ethylene glycol dimethacrylate
(EGDMA), azobisiosbutyronitrile (AIBN), N,N-dimethylacrylamide
(DMAA), alginic acid sodium salt, aluminum chloride, potassium per-
sulfate (KPS), and N,N,N,N*-tetramethylethylenediamine (TEMED) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Tetraethyl ortho-
silicate (TEOS, 98%) and N-Octadecyltriethoxysilane (ODTS, 95%) were
purchased from Alfa Aesar (Haverhill, MA, USA). Synthetic phyllosili-
cate (Laponite RD and RDS) was provided by BYK Additives & Instru-
ments (Wesel, Germany). AIBN was freshly recrystallized from
methanol, and other chemicals were used without further purification.

Synthesis of the monophasic composite muscle

To synthesize ODTS-grafted NdFeB microparticles in the monophasic
composite, the NdFeB microparticles were subjected to silicate coat-
ing using the Stober method, which involves hydrolysis and con-
densation. First, 40 g of NdFeB microparticles were dispersed in

1000 mL of ethanol with vigorous stirring at 1000 rpm, using a digital
mixer on a hot plate (Daihan Scientific, Korea), to prevent sedi-
mentation. Subsequently, 90 mL of 25% ammonium hydroxide was
slowly added to the dispersion, followed by the gradual addition of
3 mL of TEOS and ODTS as droplets after 10 min. The resulting mixture
was stirred at room temperature for 12 h. The obtained product was
washed three times with ethanol, followed by filtration and drying at
room temperature to yield the ODTS-grafted NdFeB microparticles.

To prepare the monophasic composite, a mixture of 52.5mg
EGDMA and 240 mg (1.46 mmol) refined AIBN was added to 52.2 g of
stearyl methacrylate under stirring to eliminate any residuals. The
synthesized ODTS-grafted NdFeB particles (9g, 10g, 11g, 12g, and
13 g) were added to 3 mL of the mixture and blended in a heated water
bath at 70 °C. The monophasic composite was subsequently synthe-
sized by polymerization at 70 °C for 12 h in a convection oven.

Synthesis of the biphasic composite muscle

The biphasic magnetic composite was synthesized through the in-situ
polymerization of Pickering emulsions. Initially, an aqueous phase was
formed by adding 0.648 g of laponite RD and 2.73 g of laponite RDS to
27 g of deionized (DI) water. Next, 10 g of DMAA (3.73 M relative to DI
water) and sodium alginate (3 mmol) were incorporated into the
laponite aqueous solution. Subsequently, 11 g of a monophasic com-
posite was introduced into the aqueous phase at 70 °C. Then, 300 pL of
0.6% KPS and 100 uL of TEMED were added to the mixture. The
resulting blend was homogenized at a speed of 800 rpm for 5 min to
achieve a stable oil-in-water biphasic matrix. Finally, the biphasic
matrix was subjected to radical polymerization at 70 °C for 1.5 h under
the protection of N,. Thereafter, the aluminum ions were uniformly
distributed in the crosslinked pristine biphasic gel by soaking it in a
0.05 M solution of aluminum chloride.

Fabrication of the continuum robotic manipulator

A robotic hand was fabricated through thermal curing-assisted mold-
ing process with a synthesized monophasic and/or biphasic magnetic
composite. An aluminum mold, with a negative hand shape, was pre-
pared by milling using a CNC multi-tasking machine (NTX1000, DMG
MORI, Japan). For the single-layered robotic hand, a monophasic
magnetic composite was applied to the aluminum mold, with a cover
glass to protect it from air contact. Then, the robotic hands were
produced through polymerization at 70 °C for 12h in a convection
oven with gentle demolding. For the bilayer robotic hand, the mono-
phasic composite or the biphasic magnetic composite was poured into
an aluminum mold one at a time, each occupying half the volume of
the mold, followed by thermal curing at 70 °C for 12 h with a cover
glass. Subsequently, the robotic hand was demolded from the alumi-
num mold and immersed in a 0.05 M aluminum solution to substitute
Na* ions with AP’ ions in the biphasic layer.

Magnetization and analysis of magnetic properties

The magnetic composites were magnetized using a superconducting
magnet system (Oxford Instruments, Teslatron PT 14 T, United King-
dom) at the magnetization rates of 100 Oe s and magnetic fields of up
to 140 kOe. The specimens were prepared by deforming them into
specific shapes (e.g., bent, twisted, or curled) to form the desired
direction of magnetization inside the magnetic composites and placed
in the machine by loading into the cylindrical holder (diameter of
19 mm and height of 25 mm) at 25°C.

The magnetic hysteresis loops of the magnetic composites were
measured using the magnetic property measurement system (Quan-
tum Design, MPMS7, USA) under the controlled temperature condi-
tions of 25 °C and 70 °C with a resolution of 0.3 K. The magnetization
and demagnetization rates were set at 100 Oe s™ with a magnetic field
change of up to 65 kOe. The root mean square sensitivity was less than
10emu. In addition, the permanent magnet and magnetic coil were
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characterized using a Gaussmeter (MG-3002, NUTRON, Korea) with a
range of 0-2 T and a sensitivity of 0.01 mT.

Actuation control of the continuum robotic manipulator

The soft continuum robot could execute various motion sequences
using a custom-built magnetic field control system that combines an
electromagnet system and a neodymium permanent magnet (Fig. 5ai
and Supplementary Fig. 20). The electromagnet control system con-
sisted of two coils along the X-axis (with an outer diameter of 300 mm
and a 100 mm distance between the coils) capable of generating a
magnetic field of up to 352 mT (maximum DC output range of 50 V) at
the center position and switching the magnetic field direction. The
permanent magnets (radius of 50 mm, thickness of 110 mm, and flux
density of 0.45T) were mounted at the end of the Z-axis. Both the
electromagnet and the permanent magnet were integrated with a lin-
ear bearing, which could slide along the Z-axis.

Applying a magnetic field induces various motions, such as
bending, stretching, or twisting. The specific mode and magnitude of
the response depend on the distribution and strength of the magnetic
field. When a uniform magnetic field is applied to the robot via the
electromagnet control system, a magnetic torque ('i'm) is generated,
which is expressed as follows®’:

-

T,=mxB @

Here, m represents the magnetic moment, and B is the magnetic
flux density. A strong and agile bending motion can be driven by
applying the magnetic torque, which is controlled by adjusting B
through a power controllable electromagnet system and by changing
the angular alignment between the magnetic field and the robot. On
the other hand, applying the gradient of the magnetic field (VB) using a
permanent magnet generates a magnetic pulling force (l?m), calculated
as follows:

F,,=(m- V)B 2)

In the magnetic field control system, the stretching motion can be
driven by applying Fm, where B is controlled by adjusting the distance
between the robot and the permanent magnet mounted on a custo-
mized linear bearing. By utilizing both fm and l_fm simultaneously or
sequentially, multiple locomotion modes can be induced.

Laser heating was utilized to achieve the soft-rigid state phase
transitions of continuum robots. The continuous-wave NIR laser
(808 nm, 2 Wem™, MXL-11I-808, UNIOTECH, Korea) was operated at an
ambient temperature of 10-35 °C and a initial sample temperature of
25+ 3°C. The laser was mounted on the movable jig at the top of the
magnetic system, and its position can be fixed or changed to the point
of interest, allowing it to irradiate the local target point of the robot to
enable selective movement control. Surface temperature was mon-
itored in real-time using an infrared (IR) imaging camera (Xi 400,
Optris, Germany).

For motion control, the magnetic field and laser heating were
controlled in either manual or automatic mode. In manual control,
the permanent magnet and electromagnet were positioned or acti-
vated manually to generate the desired workspace and magnetic
field. The laser was also manually activated, deactivated, and posi-
tioned by the operator to achieve the required local temperature
changes. The motion of the robot was recorded from both top and
front views using a smartphone (Galaxy Fold 3, Samsung, Korea),
while the temperature distribution was simultaneously recorded
using the IR camera. The magnetic field and laser heating could also
be controlled in automatic mode. For the automatic control of laser
heating, initial input conditions such as target temperature, laser
power density, and laser irradiating spots were first entered into a
LabVIEW program (Supplementary Fig. 24 and Supplementary

Fig. 25). Then, the laser started to irradiate the robot, and the robot’s
temperature was monitored in real-time with the IR camera (Sup-
plementary Movie 10). The laser irradiating spot positions were also
automatically controlled via a motorized stage. Once the robot’s
temperature reached the target temperature, the laser heating was
automatically turned off. The field control of the permanent and
electromagnets was also controlled via the LabVIEW program. The
directions and power of the electromagnet, as well as the xyz posi-
tions of the permanent magnets, were automatically controlled via
LabVIEW in combination with the laser heating control (Supple-
mentary Fig. 26 and Supplementary Fig. 27).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are included in the main
text and the Supplementary Information. Additional datasets are
available from the corresponding author (H.EJ.) upon request.
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