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Reprogrammable shape morphing of magnetic  
soft machines
Yunus Alapan1*, Alp C. Karacakol1,2*, Seyda N. Guzelhan1, Irem Isik1, Metin Sitti1,3,4†

Shape-morphing magnetic soft machines are highly desirable for diverse applications in minimally invasive med-
icine, wearable devices, and soft robotics. Despite recent progress, current magnetic programming approaches 
are inherently coupled to sequential fabrication processes, preventing reprogrammability and high-throughput 
programming. Here, we report a high-throughput magnetic programming strategy based on heating magnetic 
soft materials above the Curie temperature of the embedded ferromagnetic particles and reorienting their mag-
netic domains by applying magnetic fields during cooling. We demonstrate discrete, three-dimensional, and re-
programmable magnetization with high spatial resolution (~38 m). Using the reprogrammable magnetization 
capability, reconfigurable mechanical behavior of an auxetic metamaterial structure, tunable locomotion of a 
surface-walking soft robot, and adaptive grasping of a soft gripper are shown. Our approach further enables 
high-throughput magnetic programming (up to 10 samples/min) via contact transfer. Heat-assisted magnetic 
programming strategy described here establishes a rich design space and mass-manufacturing capability for 
development of multiscale and reprogrammable soft machines.

INTRODUCTION
Shape-morphing materials that can be actuated via external stimuli, 
such as light, temperature, humidity, pH, and acoustic, electrical and 
magnetic fields, hold great importance for future applications in 
minimally invasive medicine (1–3), implantable and wearable devices 
(4, 5), soft robotics (6–9), and micromachines (10–12). Magnetically 
responsive soft materials with programmable shape deformation 
are particularly desirable for fast, reversible, and complex morphing 
of soft machines (5, 6, 10, 11, 13, 14). Magneto-active properties of 
these soft machines stem from magnetic micro/nanoparticles dis-
tributed within a soft polymer matrix. Applied magnetic fields generate 
torque on magnetic soft materials until the magnetization direction 
of all domains is aligned with the field direction (15–17). Therefore, 
creating a spatial distribution of magnetization directions in a mag-
netic soft machine enables programmable shape deformation under 
magnetic fields (6, 11, 13, 18–20).

Initial approaches for magnetic programming of soft machines 
rely on template-assisted magnetization. A magnetic soft material is 
deformed into a predetermined shape under a saturating uniform 
magnetic field, resulting in reorientation of the magnetic domains 
in the field direction. When unfolded, the magnetic soft material ex-
hibits spatially varying magnetization directions (6, 18). Although 
template-assisted magnetic programming allows facile encoding of 
deformation instructions, creating discrete three-dimensional (3D) 
magnetization profiles at small scales is challenging due to intricate 
template geometries and handling. Recently, other magnetic pro-
gramming approaches are introduced for encoding discrete 3D mag-
netization profiles in small-scale soft machines based on physical 
alignment and fixing of the magnetic particles during curing via 
lithographic or 3D printing techniques (7, 13, 21). However, in these 
approaches, magnetic programming is inherently coupled to the 

fabrication process, resulting in a permanent magnetization pro-
file, which prevents reprogramming once fabricated (7, 13, 21). 
Furthermore, sequential magnetization and fabrication processes 
associated with these approaches limit high-throughput magnetic 
programming.

Here, we introduce a versatile strategy for encoding reprogram-
mable shape-morphing instructions into magnetic soft machines in 
a high-throughput fashion. Our approach is enabled by heat-assisted 
magnetic programming of soft materials by heating above the Curie 
temperature of the ferromagnetic particles and reorienting their 
magnetic domains with external magnetic fields during cooling 
(Fig. 1A). By heat-assisted magnetization, shape- changing instruc-
tions in 3D can be encoded discretely and reprogrammed on de-
mand with high resolution (~38 m). Taking advantage of magnetic 
reprogrammability, reconfigurable mechanical behavior of an 
auxetic metamaterial structure, tunable locomotion patterns of a 
quadrupedal soft robot, and adaptive grasping behavior of a soft 
gripper are demonstrated. Heat-assisted magnetic programming 
further enables high-throughput magnetic programming via contact 
transfer of distributed magnetization profiles from a magnetic 
master (~10 samples/min using a single master). The magnetic (re)
programming approach described here is a versatile and powerful 
tool for the development of next-generation small-scale magnetic soft 
machines with unprecedented shape-morphing capabilities.

RESULTS
Our magnetic soft machines are composed of chromium dioxide 
(CrO2) microparticles with an average diameter of 10 m embedded 
in a polydimethylsiloxane (PDMS) elastomer. CrO2 is a ferromag-
netic material (fig. S1A), which has a Curie temperature of 118°C, 
enabling heat-assisted magnetic (re)programming within the oper-
ation temperature of most elastomers (22). The CrO2/PDMS mag-
netic soft elastomer composite sheets are prepared by curing the 
CrO2 particles and PDMS mixture in molds of different thicknesses, 
resulting in magneto-elastic films in a thickness range of 25 to 200 m 
(fig. S2A). A collimated near-infrared (NIR) laser with tunable power 
is used for heating the magnetic soft elastomers locally and precisely 
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with controlled temperature, heating-cooling duration, and heated 
spot size (Fig. 1B and fig. S3). The shortest heating-cooling cycle in 
a 1.3-mm-diameter heated spot is achieved in 5.7 s (Fig. 1B). The 
laser- heated magnetic soft elastomer spots are magnetized via 
external magnetic fields exceeding 15 mT, resulting in more than 
90% magnetization efficiency in comparison to maximum achievable 
magnetization under a 1.8-T magnetic field (fig. S1B). These high mag-
netization efficiencies indicate almost complete reorientation of mag-
netic domains in the desired direction while minimizing undesired 
magnetization in other directions. The same materials can be then 
demagnetized locally or fully by heating again above the Curie 
temperature of CrO2 particles in the absence of a magnetic field 
(Fig. 1C and fig. S1C). Momentary heating has a limited effect on the 
mechanical properties of the magnetic soft elastomers (fig. S2, B to F), 
since the applied temperatures are well within the curing and oper-
ation temperature range of PDMS (23), enabling noninvasive mag-
netic programming and reprogramming.

To illustrate heat-assisted magnetic programming of CrO2 particle– 
embedded soft machines, we present planar magnetic soft elastomer 
films cut into shapes of a body with a tail and wings and a six-legged 
body (Fig. 1, D to H). Bodies and extremities are discretely magnetized 
in varying 3D directions (Fig. 1, D and E), and magnetization direc-
tions are validated by measuring out-of-plane components of their 
magnetic flux density as shown in insets of Fig. 1, D and E. Upon 
application of a magnetic field of 60 mT perpendicular to the plane, 
magnetic torques on components with different magnetization direc-
tions try to align them in the direction of the external field, resulting 
in 3D deformations of the structures (Fig. 1, F and G, and movie 
S1). Furthermore, multicomponent 3D structures can be formed by 
stacking individual components, as shown in Fig. 1H. The bodies with 
legs and wings are stacked to form a multicomponent 3D “dragonfly” 
structure upon magnetic actuation (Fig. 1I and movie S1).

In Fig. 2, we present a set of structures with varying 3D magne-
tization profiles that can transform into complex 3D structures 

Fig. 1. Heat-assisted 3D magnetic programming of magnetic soft machines. (A) A magnetic soft elastomer, composed of magnetic CrO2 particles embedded in PDMS, 
is locally heated above the Curie temperature of the particles via a laser. Above the Curie temperature, the particles lose their permanent magnetization, and their mag-
netization direction is reoriented by applying an external magnetic field during cooling. R.T., room temperature. (B) The magnetic soft elastomer is heated above the 
Curie temperature of the CrO2 particles (118°C) in 1.7 s and cooled down to half of this temperature in 4 s. (C) The magnetic soft elastomer is magnetized with 90% effi-
ciency by heat-assisted magnetization and demagnetized by only heating above the Curie temperature without any external magnetic field. Error bars represent the SD 
of the mean. (D to G) Examples of the magnetic soft elastomer cut into the shapes of a body with a tail and wings (D) and a six-legged body (E) with corresponding 
magnetization directions (indicated by red arrows) and out-of-plane magnetic flux profile measurements. Color bars indicate magnetic flux density strength. (F and 
G) Upon magnetic actuation, individual parts underwent shape change in accordance with their programmed magnetization directions. Scale bars, 2 mm. Insets show 
the initial shape of the structures in the absence of magnetic fields. (H and I) Bodies with wings and legs are stacked to generate a 3D hierarchical dragonfly structure upon 
magnetic actuation. Scale bar, 2 mm. Actuation of the structures is performed by applying magnetic fields of 60 mT in the directions indicated with the black arrows.
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under magnetic fields (movie S1). We develop a computational model, 
taking magnetization directions, external magnetic fields, and me-
chanical deformations into account, to predict the complex 3D shape 
transformations with the designed magnetization profiles (Fig. 2). 
While a ring structure with a four-segmented alternating magneti-
zation profile generates a vertically rising structure upon magnetic 
actuation (Fig. 2A), a ring of the same size with an eight-segmented 
alternating magnetization profile results in undulating edges (Fig. 2B). 
A 3D half-sphere structure is formed by radially symmetric mag-
netization of a planar structure composed of hexagonal and pen-
tagonal units connected through hinges (Fig. 2C). Moreover, stacking 
two of these structures with complementing magnetization profiles 
enables the formation of a closed 3D sphere, which can also be 
rolled on a planar surface by applying rotating magnetic fields 
(fig. S4 and movie S1). The formation of closed structures can be 
also realized by complementary 3D magnetization, thus deforma-
tion, of connected segments. Planar segments connected via hing-
es are magnetized both in-plane and out-of-plane to form a closed 
cube under a magnetic field of 60 mT (Fig. 2D and movie S1).

In situ magnetic reprogramming of soft machines is crucial for 
their optimization, multifunctional operation, and adaptation to dy-
namic environments. Heat-assisted magnetization strategy allows 
facile magnetic reprogramming of soft structures on demand. In 
Fig. 3A, we present a “stickman” structure with a 3D magnetization 
profile encoded in the body, shoulders, arms, and head, which un-
dergoes a 3D complex shape transformation upon magnetic actua-
tion (movie S2). When the magnetization profile of the stickman 
structure is reprogrammed, bending of its head and arms can be re-
configured, as shown in Fig. 3B and C and movie S2. Local repro-

gramming of internal material behavior can also enable the design 
and optimization of advanced active metamaterials. In Fig. 3D, we 
present an auxetic mechanical metamaterial structure composed of 
eight units. Magnetic programming of the units as shown in Fig. 3E 
results in expansion and compression of the whole structure both in 
length and width at the same time, thus displaying a negative Poisson’s 
ratio, depending on the magnetic actuation direction (Fig. 3, F 
and G, and movie S2). Using the heat-assisted magnetic reprogram-
ming approach, the magnetization profile of individual units, thus 
their mechanical behavior, can be reprogrammed (fig. S5, A to G). 
Reprogramming of multiple units in the middle section of the struc-
ture results in an expansion in width with minimal change in length, 
independent of the magnetic actuation direction (Fig. 3, H to J). To 
further highlight the importance of facile reprogramming, we demon-
strate a quadrupedal flexible robot with a specific magnetization 
direction assigned for each leg (Fig. 3, K to P; fig. S5, H to J; and 
movie S2). The asymmetric magnetization of legs at two lateral 
sides generates larger deformation of the right legs and generates a 
circular trajectory upon magnetic actuation (Fig. 3, K to M). Repro-
gramming magnetization profiles of the soft robot with bilateral 
and fore-and-aft symmetries results in laterally symmetric defor-
mations of the legs and generate straight trajectories upon magnetic 
actuation (Fig. 3, N  to P, and movie S2). These results show that 
remote and noninvasive reprogramming can be used for experi-
mental optimization of the material behavior, such as in mechanical 
and acoustic metamaterials, and tuning the locomotion perfor-
mance and characteristics of soft robots.

Heat-assisted magnetization can also be extended for program-
ming 2D structures arranged in 3D configurations. In Fig. 4A, we 

Fig. 2. Discrete and 3D magnetization of magnetic soft structures. (A to D) Distributed 3D magnetizations, out-of-plane magnetic flux density profile measurements, 
finite element simulations, and experimental shape changes upon magnetic actuation of a four-segment ring (A), eight-segment ring (B), a half-sphere (C), and a cube 
structure (D). Scale bars, 1 mm. Actuation was performed by applying a magnetic field of 60 mT in the directions indicated with the black arrows.
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present a 3D-printed nonmagnetic tree body with 2D magnetic 
leaves assembled at the tips of branches (movie S2). Magnetization 
direction of a leaf is programmed by laser-based heating while 
applying a magnetic field in a desired direction, which results in 
deformation of only the programmed leaf upon magnetic actua-
tion (Fig. 4B). Sequential programming of all magnetic leaves in the 
same direction results in actuation of all leaves synchronously in the 
same direction (Fig. 4C). Furthermore, the magnetization direction 
of individual leaves can be reprogrammed on-demand to generate 
different configurations (Fig. 4D; fig. S5, K and L; and movie S2), 

enabling control over shape deformation instructions of 2D struc-
tures arranged in 3D configurations. Magnetic reprogramming of 
these 3D configurations can enable the development of reconfigu-
rable soft machines for adaptive interaction with objects of arbitrary 
morphologies. As an example, we build an adaptive soft gripper 
composed of four fingers made from magnetic soft elastomers 
(Fig. 4E). Out-of-plane magnetization of fingers results in maximum 
deflection at the fingertips and enables squeezing of a spherical ob-
ject (3-mm diameter) below the circumference (Fig. 4F and movie S2). 
On the other hand, a vertically placed cylindrical object (4-mm 

Fig. 3. Reprogrammable magnetization of 2D magnetic soft machines. (A) Distributed 3D magnetizations, out-of-plane magnetic flux density profile measurements, 
finite element simulations, and experimental shape changes upon magnetic actuation of a stickman structure. (B and C) Reprogramming the distributed magnetization 
directions in the stickman structure enables reconfiguring the shape changes. Red arrows indicate local magnetization directions. Color bars indicate magnetic flux den-
sity strength and total deformation, respectively. Scale bar, 1 mm. (D to J) Tuning mechanical behavior of an auxetic metamaterial by reprogramming the distributed 
magnetization profile of individual units. The length and width of the whole structure are denoted with a and b, respectively. (E to G) The flexible auxetic structure ex-
pands and compresses both in length and width depending on the magnetic actuation direction, displaying a negative Poisson’s ratio. (H to J) Reprogramming the 
magnetization profile of three units in the middle results in an expansion in width with minimal change in length irrespective of the magnetic actuation direction. Red 
arrows indicate local magnetization directions. Green solid lines show the reprogrammed regions. Scale bar, 5 mm. Actuation of the structures is performed by applying 
uniform magnetic fields of 60 mT in the directions indicated with the black arrows. (K to P) Reprogramming magnetization profile of a quadrupedal soft robot enables 
tunable locomotion patterns. (K and N) Magnetization directions of the legs are programmed to generate different deformation configurations. Red arrows indicate local 
magnetization directions. (L and O) Upon magnetic actuation (20 mT) indicated with the black arrows, the legs deform in accordance with their magnetization directions. 
Scale bar, 1 mm. (M and P) Flexible robots with different magnetization profiles generate different locomotion patterns with rotational magnetic actuation. Scale bar, 5 mm.
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diameter and 4-mm height) requires a larger contact area with the 
gripping fingers, which is achieved by concave deflection of the fin-
gers via magnetization profile as shown in Fig. 4G. Grasping a more 
complex example of a car-like object (10.6-mm length, 3-mm width, 
and 1.75-mm height), with an inner cavity and a gap underneath 
due to the wheels, is achieved by outward deformation of fingers 
within the inner cavity and inward deformation of the fingers at 
the sides (Fig.  4H and movie S2). Compared with existing ap-
proaches (6, 7, 10, 11, 13), our laser-based heat-assisted magnetiza-
tion strategy enables on-demand and local reprogramming of 2D 
magnetic soft structures in 3D configurations with arbitrary mag-
netization profiles.

Microscale robots and machines hold remarkable potential for 
manipulation of the microscopic world with applications ranging 
from bioengineering to minimally invasive medicine (24–27). Mag-
netically programmed shape deformations can enable a new class of 
microsystems with advanced locomotion and manipulation capa-
bilities. Our heat-assisted magnetization approach can be scaled 
down to program microstructures with a spatial resolution of 38 m 
(Fig. 5). One route for down-scaling is focusing the NIR laser beam 
size below 200 m by using a microscope objective (Fig. 5A). Using 
focused laser heating, a soft structure with six petals (150-m width, 
500-m length, and 30-m thickness) is magnetized in complimentary 
directions to generate synchronized deformation of petals in reverse 

directions (Fig. 5, B and C, and movie S3). Microscale magnetic pro-
gramming can also be achieved by placing a photomask on top of 
the magnetic soft elastomers (Fig. 5, D to F). Photomask allows laser 
to pass through the micropatterned areas of different sizes, with the 
smallest dimension of 65 m (fig. S10A), thus decreasing the area of 
the heated region to the patterned area. Using photomask-enabled 
micropatterned laser heating, “MPI” letters are magnetically pro-
grammed in different sizes and magnetization directions in mag-
netic soft elastomers, as shown by measured magnetic flux density 
profile (Fig. 5, E and F).

Other than laser-based sequential heating and magnetization, 
magnetic programming can also be realized by generating the de-
sired magnetic pattern (master) in close proximity to the magnetic 
soft elastomers (slave) and heating the system globally (Fig. 5G), 
enabling one-shot magnetization of the whole sample. For creating 
magnetic masters, polyurethane neodymium-iron-boron (NdFeB) 
composite magnets, with a higher Curie temperature than CrO2, of 
different sizes, shapes, and polarities in different configurations are 
manually arranged (Fig. 5, H and I). Magnetic one-shot pattern 
transfer is achieved by putting the magnetic soft elastomer slaves in 
direct contact with the magnetic masters and globally heating to 
150°C (Fig. 5, H and I). We further fabricate a magnetic master with 
a complex “Minerva” symbol (Fig. 5J and fig. S10B). By contact mag-
netic transfer, magnetic profile of the magnetic master is copied into 

Fig. 4. Reprogrammable magnetization of 3D-configured magnetic soft machines. (A to D) Reprogrammable magnetization of flexible 2D magnetic leaves distrib-
uted on a 3D-printed nonmagnetic body. (B and C) Magnetization direction of individual leaves is programmed by local laser heating. (D) Magnetization direction of half 
of the leaves, indicated by the red dashed line, is reprogrammed in the reverse direction. Scale bar, 5 mm. (E to H) A four-finger adaptive soft gripper, enabled by repro-
gramming magnetization profile of the fingers. (F to H) Shape deformation of the fingers is reprogrammed to grasp objects with different morphologies, including a 
sphere (3-mm diameter) (F), a rod (4-mm diameter and 4-mm height) (G), and a car representing complex morphology (10.6-mm length, 3-mm width, and 1.75-mm 
height) (H). 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 black arrows.
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a magnetic soft elastomer slave, with the smallest dimension of 38 m 
(Fig. 5J). While high-resolution 2D magnetic programming has been 
previously shown in rigid panels connected via flexible hinges (10), 
heat-assisted magnetization strategy described here enables 3D mag-
netic programming at a comparable resolution (fig. S6). Moreover, 
heat-assisted magnetic contact transfer shown in Fig. 4 (G to J) can 
be adapted for high-throughput magnetic encoding using a mag-
netic master and a three-axis stage, which enables programming 
10 samples/min using a single master (movie S4).

DISCUSSION
Heat-assisted magnetic programming strategy introduced here is 
inherently decoupled from the fabrication method of the magnetic 
soft elastomers and enables a noninvasive mean for reprogramming 
shape deformations at high spatial resolutions. Discrete and 3D 
magnetization is shown for development of a variety of magnetic 
soft machines from undulating swimmers and crawlers to multi-
armed grippers and magnetic mirror mounts (7). In situ magnetic 
reprogrammability, on top of 3D and discrete magnetization, introduced 

Fig. 5. Heat-assisted magnetic programming of soft materials at the microscale. (A) Scanning a focused laser spot on a magnetic soft elastomer (MSE), which creates 
a precisely controlled local heating, in a desired pattern is used to program the magnetization profile on that material. (B and C) An example soft structure with six petals 
(150-m width, 500-m length, and 30-m thickness) is placed on a micropost. Red arrows indicate the magnetization directions of the petals. Magnetic actuation (60 mT) 
resulted in deformation of petals in reverse directions. (D) A collimated laser can heat a desired shape on a target magnetic soft elastomer in one shot through a mask 
containing the micropattern of this desired shape. (E and F) Magnetic flux density measurements of example magnetically programmed samples by this micropatterned 
laser heating. The smallest magnetic pattern is 80 m in width. Scale bars, 250 m. (G) Contact transfer of desired magnetic profiles in one shot via global heating. The 
magnetic soft elastomer is placed in direct contact with NdFeB magnets, with a greater Curie temperature, arranged in different configurations and heated above the 
Curie temperature of the CrO2. Magnetization directions of the NdFeB magnets are transferred to the magnetic soft elastomer during cooling. (H and I) Magnetic flux 
density measurements of the NdFeB masters of different example shapes and configurations and the magnetic soft elastomer slaves. Scale bars, 500 m and 1 mm, re-
spectively. (J) Contact transfer of a complex magnetization profile in the geometric pattern of Minerva. Insets show close up views of the magnetic flux density profile of 
the magnetic soft elastomer slave. The smallest magnetic pattern is 38 m in width. Color bars indicate magnetic flux density strength. Scale bars, 1 mm and 250 m, 
respectively.
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here enables reconfigurable soft machines that can interact with 
unstructured surroundings and arbitrary objects in an adapt ive man-
ner, such as the gripper demonstration shown in Fig. 4 (E to H). We 
have further shown that local magnetic reprogramming allows fac-
ile reconfiguration of mechanical metamaterials, thus their internal 
material behavior. 3D magnetic metamaterials with bidirectionally 
programmed domains are proposed and shown to undergo com-
plex shape changes under external magnetic fields (13). 3D mag-
netic reprogramming capability enabled by our approach can further 
enable rapid and data-based optimization of perform ance and be-
havior of soft mechanical and optical metamaterials and kirigami- 
enabled structures.

Magnetic programming at the microscale could enable the de-
velopment of microrobots with complex locomotion capabilities. 
Previous work has demonstrated 2D magnetic programming on 
rigid square micro panels (10 m by 10 m) interconnected with 
hinges (10). While the maximum resolution demonstrated in our 
work is ~38 m, 3D magnetization capability along with (re)pro-
gramming inherently soft materials could enable more complex de-
formations and, thus, the development of bioinspired microrobots. 
Moreover, resolution and speed of heat-assisted magnetic program-
ming can be further scaled down using well-established magneto- 
optical recording techniques used in the data storage industry 
(28, 29). High- throughput magnetic contact transfer could also be 
combined with multiple masters of desired magnetic profiles and 
mechanical punchers to cut the magnetic soft elastomer samples in 
desired shapes, paving the way for future continuous roll-to-roll 
mass production of magnetic soft machines (fig. S6).

While the laser heating-based magnetization approach presented 
here allows (re)programming of magnetic 2D sheets, penetration 
depth of the laser heating limits the addressable thickness of the 
magnetic elastomer. Although our approach enables magnetic 
programming of 2D structures arranged in 3D configurations, 
limited penetration depth of the laser heating also prevents mag-
netic (re)programming of intrinsically 3D structures. Laser-based 
heating is also not feasible for (re)programming of magnetic soft 
machines inside the human body. However, we would still use our 
discrete and 3D magnetization approach for high-resolution and 
high-throughput programming (not reprogramming) of magnetic 
soft robots and devices in future minimally invasive medicine 
applications. Furthermore, remote and selective heating can also be 
achieved by remote power transfer to thin receiver coils attached 
onto the elastomers (30). Remote magnetic (re)programming can 
enable adaptive operation of soft untethered machines in closed 
and confined dynamic environments. Magnetically responsive 
multiscale soft machines with reprogrammable complex shape 
transformation capabilities will inspire diverse applications in med-
ical robots, wearable health monitoring devices, and bio-inspired 
microrobots.

MATERIALS AND METHODS
Preparation of magnetic elastomers
CrO2 powder (Sigma-Aldrich, St. Louis, MO) was pretreated with 
sodium bisulfite to create a stabilized form with a reduced barrier 
surface layer, preventing reactions with water and organic materials 
(22, 31). First, the powder was heated for 3 hours at 300°C. Twenty- 
two grams of baked CrO2 particles were dispersed in 250 ml of sodium 
bisulfite solution in deionized (DI) water (50 g/liter; Sigma-Aldrich, 

St. Louis, MO) and kept at 65°C for 16 hours while agitated occa-
sionally. Then, the particles were washed five times with DI water and 
filtered by using a test sieve with a mesh size of 20 m. The remain-
ing CrO2 particles were left in a fume hood for 2 days to remove any 
remaining water. The resulting film was scraped and crushed 
using a pestle and mortar to obtain final dried and stabilized CrO2 
particles.

CrO2/PDMS magnetic soft elastomer composites were prepared 
by adding the dried and stabilized CrO2 particles into the siloxane 
base (Dow Corning, Midland, MI) at 1:2 (CrO2:siloxane base) mass 
ratio and mixing for 5 min. Next, the cross-linking agent was added 
into the prepolymer mixture at a cross-linking agent to mixture mass 
ratio of 1:10 and further mixed. Then, the mixture was cast into molds 
composed of high temperature–resistant tapes (Kapton polyimide 
films, DuPont, Wilmington, DE) of desired thicknesses adhered on 
a flat glass substrate and cured for 4 hours at 90°C. An ultraviolet 
laser system (LPKF ProtoLaser U3, Garbsen, Germany) was used to 
cut the desired geometries out of the magnetic elastomer films. The 
thickness of the magnetic elastomer films was measured with an 
optical profilometer (VK-X250, Keyence, Osaka, Japan). Elastic 
modulus (E) and strain of the magnetic elastomers at break were 
experimentally characterized by uniaxial tensile testing of nonheated 
and heated dog bone–shaped samples at a strain rate of 0.005 s−1 
(Instron 5942, Instron, Norwood, MA).

Heat-assisted magnetic (re)programming
Local heating of CrO2 elastomer films was achieved by using a power- 
adjustable fiber-coupled NIR laser with a collimator (808 nm, 133 to 
457 mW; Edmund Optics, Barrington, NJ). The temperature and 
the heated spot size on the magnetic elastomer films were measured 
using an infrared thermal camera (ETS320, Wilsonville, OR) at a 
distance of 7 cm. Heating and cooling times of the magnetic soft 
elastomers were measured by heating the samples for 100 s. Samples 
were placed on an automated stage (Axidraw v3, Evil Mad Scientist, 
Sunnyvale, CA) and NdFeB magnet (20-mm diameter and 20-mm 
thickness; Supermagnete, Gottmadingen, Germany) that can be ro-
tated 360° were placed underneath the magnetic soft elastomer at a 
distance of 20.4 mm during heating and cooling to align the magne-
tization direction of the CrO2 particles (fig. S8, A and B, and movie 
S4). The arrangement of the magnet and sample locations ensured 
generation of sufficient and uniform magnetic field on both top and 
bottom sides of the laser-heated area (fig. S9). Applied magnetic field 
magnitude and direction were continuously monitored by using a 
3D magnetic Hall effect sensor (TLE493D-W2B6, Infineon Tech-
nologies, Munich, Germany) and adjusted according to the desired 
magnetization direction.

Magnetization of the magnetic soft elastomers was measured with 
a vibrating sample magnetometer (VSM; MicroSense, Lowell, MA). 
Circular samples with a diameter of 1 mm were placed on a sample 
holder, and hysteresis loop of CrO2 was obtained at external fields 
ranging from 1.5 to −1.5 T (fig. S1A). Magnetization of the magnetic 
soft elastomers was calculated as 9.8 kA/m, by dividing the rema-
nent magnetization to the sample volume. Magnetization efficiency 
was determined as the ratio of magnetization of the heat-magnetized 
samples and samples magnetized under 1.8-T field in VSM. Magne-
tization profile of the magnetically programmed samples was char-
acterized by measuring the magnetic flux densities at sample surfaces 
via a magneto-optical sensor (fig. S1D; MagViewS, Matesy, Jena, 
Germany).
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Computational modeling of shape deformations
Finite element analysis is used for predictive modeling of the shape 
changes under magnetic actuation (fig. S7). COMSOL structural 
mechanics module (COMSOL, Burlington, MA) is linked to a cus-
tom MATLAB script (MathWorks, Natick, MA) via “LiveLink.” Sam-
ple geometries are divided into smaller subsections with predefined 
magnetization profiles, and MATLAB script is used for calculation 
of magnetic forces and torques, while mechanical deformations are 
solved in COMSOL. After every iteration, magnetic forces and 
torques were recalculated according to the updated magnetization 
direction vector for each subsection until a quasistatic equilibrium 
state in 3D is reached. For all simulations, experimentally measured 
E of 200 kPa and magnetization of 9.8 kA/m were used. The density 
of the magnetic soft elastomer was calculated as 1.318 g/cm3, and 
the Poisson’s ratio is assumed to be 0.49.

Magnetic actuation
A cylindrical NdFeB magnet (60-mm diameter and 10-mm thick-
ness; Supermagnete, Gottmadingen, Germany) was approached to 
the samples in the vertical or horizontal direction for magnetic ac-
tuation (fig. S8C). For magnetic actuation under uniform fields, a 
Halbach array composed of 16 permanent magnets (10 mm by 10 mm 
by 10 mm) was used (fig. S8D). The magnet was rotated underneath the 
sample for the rotational actuation. Actuation videos were recorded 
using a benchtop digital microscope (Dino-Lite AM7013MZT, AnMo 
Electronics, Hsinchu, Taiwan) at 10 fps.

Magnetic (re)programming at the micron scale
For magnetic (re)programming at the micron scale, three different 
approaches were used: focused laser heating, photomask-enabled 
micropatterned laser heating, and contact magnetic transfer via global 
heating. Focused laser heating was achieved by placing a micro-
scope objective (20×, 0.5 numerical aperture; Carl Zeiss, Oberkochen, 
Germany) in the laser beam path and decreasing the beam size be-
low 200 m. For photomask-enabled micropatterned laser heating, 
a photomask containing microscale patterns (fig. S10A) was placed 
on top of the samples with a 20-m gap. When exposed to the laser 
beam, which can only pass through the micropatterned areas, the 
samples were heated locally in the shape of patterns available on the 
photomask. For contact transfer of magnetic profiles, polyurethane 
NdFeB magnetic composites of different shapes were used. First, an 
SU-8 positive template of desired geometries (fig. S10B) on a silicon 
wafer was fabricated by photolithography and wet chemical develop-
ment. Then, a silicone rubber (Mold Max 20, Smooth-On, Macungie, 
PA) was poured over the positive template, cured at room tempera-
ture for 4 hours, and peeled off, resulting in a negative template. 
Afterward, polyurethane prepolymer (Smooth-Cast 310/1, Smooth-
On, Macungie, PA) mixed with NdFeB powder (MQFP-15-7, Mag-
nequench, Toronto, Canada) at 1:1 mass ratio was molded into the 
negative template and cured for 4 hours at room temperature and 
peeled off. Prepared polyurethane NdFeB magnets were premagne-
tized in VSM under a 1.8-T uniform magnetic field, and magnetic 
fields generated by polyurethane NdFeB magnets were smaller than 
the coercivity of the magnetic soft elastomers. While modular poly-
urethane magnets were manually arranged in desired configurations, 
the ones with complex shapes were used as monolithic units. Last, 
for contact magnetic transfer, the magnetic soft elastomer slaves were 
placed on top of polyurethane NdFeB masters and placed into an 
oven for 5 min at 150°C and cooled down to room temperature while 

in contact. The maximum thickness of the slave that can be effec-
tively magnetized in perpendicular direction using a 200-m-thick 
master with a 50% magnetic particle mass ratio is around 180 m 
(fig. S11). However, the effective thickness of the slave can be in-
creased with carefully designed magnetic masters for the desired 
magnetization profiles (fig. S11).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/38/eabc6414/DC1
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