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Abstract: Soft robots are promising devices for applications in drug delivery, sensing, and manufacturing. Traditional hard
robotics are manufactured with rigid materials and their degrees of motion are constrained by the orientation of the joints. In
contrast to rigid counterpart, soft robotics, employing soft and stretchable materials that easily deforms in shape, can realize
complex motions (i.e., locomotion, swimming, and grappling) with a simple structure, and easily adapt to dynamic environment.
Among them, the magnetic actuators exhibit unique characteristics such as rapid and accurate motion control, biocompatibility,
and facile remote controllability, which make them promising candidates for the next-generation soft robots. Especially, the
magnetic actuators instantly response to the stimuli, and show no-hysteresis during the recovery process, essential for continuous
motion control. Here, we present the state-of-the-art fabrication process of magnetically controllable nano-/micro-composites,
magnetically aligning process of the composites, and 1-dimensional/multi-dimensional multimodal motion control for the next-

generation soft actuators.
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Table 1. Comparison of soft actuators operated by various external stimuli.

Biocompatibility Response time Wireless Force Scale Operating environment
Electrical (mechanical) A Fast X High mm-~ Air
Light X Slow (6] Low Hm~ Air, liquid
Thermal O Slow AN Low Um~ Air
Magnetic (6] Fast (6] Medium Hm~ Air, liquid
Pressure O Fast X High mm-~ Air, liquid
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Fig. 2. Various method of actuating soft magnetic robots. (a)~(c) Ferromagnetic soft continuum robots [30]. (a) Schematic to the magnetically
responsive tip of the continuum robot with programmed magnetic polarities resulting from the hard-magnetic particles embedded in the robot’s
body made of soft polymer matrix, (b) demonstration of navigating through a 3D cerebrovascular phantom network, and (c) experimental
demonstration of the designed ferromagnetic soft continuum robot (based on PDMS + NdFeB composite) selectively navigating through a set
of rings based on magnetic actuation and steering. (d) and (¢) An untethered miniature origami robot [31]. (d) Schematic to outlook and crease
pattern of designed mobile robot and (e) self-folded robot (controlled by a magnetic field) walking on a palm. (f)~(h) Small-scale soft-bodied
robot with multimodal locomotion. (f) Schematic fabrication process of a flat sheet robot [32], (g) the robot climbs up a water meniscus, lands
on the solid platform, jumps beyond a standing obstacle, and walks away [The robot walks towards a tubular tunnel (diameter 1.62 mm) that
impedes its walking gait. The robot then switches to the crawling mode to cross the tunnel, and finally walks away. Scale bars, 1 mm], and (h)
the robot rotates, disengages from the water surface, sinks, and subsequently swims up from the pool bottom to emerge again at the water—air
interface (Scale bars, 1 mm. The robot used in Fig. 2(g) and (h) is same one) [33].
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Fig. 4. Various method to reprogram magnetic actuator. (a)~(c) Heat-assisted 3D magnetic programming of magnetic soft machines [36]. (a)
Schematic heat-assisted 3D magnetic programming process of magnetic CrO: particle embedded in PDMS by applying 808 nm laser, (b)
reprogramming magnetization profile of a quadrupedal soft robot enables tunable locomotion patterns [Left images are magnetization
directions of the legs are programmed to generate different deformation configurations. Red arrows indicate local magnetization directions.
Upon magnetic actuation (20 mT) indicated with the black arrows, the legs deform in accordance with their magnetization directions. Scale
bar, 1 mm], and (c) a four-finger adaptive soft gripper, enabled by reprogramming magnetization profile of the fingers [Shape deformation of
the fingers is reprogrammed to grasp objects with different morphologies including a rod (4 mm diameter and 4 mm height) and a car
representing complex morphology (10.6 mm length, 3 mm width, and 1.75 mm height). Red arrows indicate local magnetization directions.
Scale bar, 2 mm. Actuation of the structures is performed by applying uniform magnetic fields of 60 mT in the directions indicated with the
upward]. (d)~(f) 3D programmable assembly by untethered magnetic robotic micro-grippers [37]. (d) Force-based addressable micro-gripper
(The gripping state is changed through the application of a large magnetic field pulse, which switches the ferrite magnet magnetization
directions. This changes the arms from a repulsive to attractive state. The micro-gripper can be re-opened by applying a field pulse in the
opposite direction. Inset is Magnetization hysteresis loops of NdFeB and ferrite magnetic materials used, as measured in an alternating force
gradient magnetometer), (e) selective orientation process to achieve addressable opening and closing of individual micro-grippers among a set
(Gripper tip magnetization is shown as arrows. Light sections indicate permanent NdFeB magnet materials, while dark sections indicate
switchable ferrite material), and (f) demonstration of 3D micro-assembly using a mobile robotic micro-gripper (Schematic and SEM images
of the assembled 3D structure. Scale bar, 1 mm). (g) and (h) Reconfigurable soft magnetic actuator [38]. (g) Composition of a reconfigurable
magnetic composite [The proposed magnetic composite has a hierarchical structure comprising magnetic microspheres within an elastomeric
matrix, where the microsphere is composed of magnetic microparticles (NdFeB) and encapsulating PEG oligomer. (b) Rotatable and static
ferromagnetic states of magnetic microspheres. In the rotatable ferromagnetic state, above the melting temperature of the PEG, the magnetic
particle chains can freely rotate. However, in the static ferromagnetic state, below the melting temperature of the PEG, the magnetic particle
chains are fixed in the solidified PEG, maintaining the programmed ferromagnetic domain patterns] and (h) reconfiguring process of a
reprogrammable magnetic composite [This structure transforms into various shapes under the magnetic field applied perpendicular to the plane
of the structure (z-axis direction). ‘P’ represents ‘programmed magnetization profile’ and ‘n’ indicates the number of programming processes
of the magnetization profile. Scale bars, 10 mm].
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Fig. 5. Super-paramagnetic actuator under oscillating magnetic field. (a) Schematic image of oscillating magnetic field (Red arrow represents
direction of applied external magnetic field and purple one is direction of propagating actuators), (b) a chain (N=21) at the point of rupture
superimposed with simulation results (The line connects the bead centre positions from the numerical model. The field rotates clockwise at 1
Hz) [39], (c) progress of mixing visualized via a colored tracer tracking [40], (d) pumping performed by a colloidal assembly piston using 4.5
um particles as building blocks (Scale bar, 20 um) [41], (e) video microscope images of a chain linked with PEG 3,400 rotating at various
frequencies (At 0.3 Hz, the chain folds and coalesces to rotate synchronously with the external magnetic field. Once the external magnetic field
is removed, elastic recoil and thermal motion will cause the chain to open. Scale bar, 5 pm) [42], and (f) single-line chains of 40 nm Fe;O4
nanoparticles can be used as the world’s smallest magnetic stir bars [Inset is images showing the dispersing of dye solution (rhodamine 6 G)
in a water droplet (30 pL) with stirring nano stir bars. Scale bar, 200 nm] [43]. (g) and (h) Microscopic artificial swimmers [44]. (g) Schematic
representation of a flexible magnetic filament [The magnetic particles are coated with streptavidin (red cross symbols). Under an applied
magnetic field Bx the particles form filaments. Double-stranded DNA with biotin at each end can bind the particles together via the specific
biotin—streptavidin interaction] and (h) the time interval between each image is 5Sms [The white arrows represent the magnetic field (Bx=8.3
mT, By=13.7 mT, f=10 Hz). The white arrow on the top shows the direction of motion. The filament length is L=24 um)]. (i) and (j) Modular
magnetic microswimmers [45]. (i) Assembly of an S swimmer under a static magnetic field [The first frames are module release at t=0s and
timings thereafter (left to right) are 9.4, 9.75, 10.55, 11.20, 12.55, 14.55, 21.05s (S swimmer)] and (j) time lapses demonstrating the locomotion
direction of the S, LT, BH, and Tr swimmers driven by a magnetic field alternating in the x—y plane (19 Hz) (Scale bar, 50 pm). (k) and (1)
Programming magnetic anisotropy in polymeric microactuators [46]. (k) A microactuator containing four different easy axes recoils like a
snake when a magnetic field is applied (Scale bar, 100 um) and (1) side view of sequential movement of a micro-looper (The micro-looper
creeps on the substrate as the external magnetic field is applied). (m) and (n) Biomimetic magneto-active soft matter by 3D printing [47]. (m)
Photographs of the bending deformation of the MASM strip under 0, 100, and 200 mT, and the magnetic structural elements with a length of
1.5 mm, width of 0.3 mm, and thickness of 4 mm (Scale Bar, 5 mm) and (n) simulation of various shape-programmable actuators with two-
dimensional shape change under applied magnetic fields for biomimetic imitation (Scale bar, 10 mm).
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Fig. 6. Super-paramagnetic actuator under rotating magnetic field. (a) Schematic image of rotating magnetic field parallel to the direction
of propagating actuator (Red arrow represents direction of applied external magnetic field and purple one is direction of propagating
actuator). (b) and (c) Reconfigurable body plans for soft micromachines inspired from microorganisms [48]. (b) Optical images of
flagellated soft micromachines with complex body plans (Yellow arrows denote the magnetic axis in the head and the tail, respectively.
Scale bars, 500 pm) and (c) time lapse optical images of two different types of compound micromachines driven by rotating uniform
magnetic fields (Scale bars, 2 mm). (d) Schematic image of rotating magnetic field perpendicular to the direction of propagating actuator.
(e) and (f) Magnetic propulsion of self-assembled colloidal carpets [49]. (e) Schematics showing and corresponding demonstration of the
procedure to assemble (left) and propel (right) a colloidal carpet and (f) sequence of images showing the transport of one yeast cell by
combining translation and rotation of the carpet (The position of the tracked cell is superimposed as a black line).
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