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            Abstract
Soft materials capable of transforming between three-dimensional (3D) shapes in response to stimuli such as light, heat, solvent, electric and magnetic fields have applications in diverse areas such as flexible electronics1,2, soft robotics3,4 and biomedicine5,6,7. In particular, magnetic fields offer a safe and effective manipulation method for biomedical applications, which typically require remote actuation in enclosed and confined spaces8,9,10. With advances in magnetic field control11, magnetically responsive soft materials have also evolved from embedding discrete magnets12 or incorporating magnetic particles13 into soft compounds to generating nonuniform magnetization profiles in polymeric sheets14,15. Here we report 3D printing of programmed ferromagnetic domains in soft materials that enable fast transformations between complex 3D shapes via magnetic actuation. Our approach is based on direct ink writing16 of an elastomer composite containing ferromagnetic microparticles. By applying a magnetic field to the dispensing nozzle while printing17, we reorient particles along the applied field to impart patterned magnetic polarity to printed filaments. This method allows us to program ferromagnetic domains in complex 3D-printed soft materials, enabling a set of previously inaccessible modes of transformation, such as remotely controlled auxetic behaviours of mechanical metamaterials with negative Poissonâ€™s ratios. The actuation speed and power density of our printed soft materials with programmed ferromagnetic domains are orders of magnitude greater than existing 3D-printed active materials. We further demonstrate diverse functions derived from complex shape changes, including reconfigurable soft electronics, a mechanical metamaterial that can jump and a soft robot that crawls, rolls, catches fast-moving objects and transports a pharmaceutical dose.
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                    Fig. 1: Design of ferromagnetic domains in 3D-printed soft materials.


Fig. 2: Various two-dimensional planar structures with programmed ferromagnetic domains demonstrating complex shape changes under applied magnetic fields.


Fig. 3: Various 3D structures with programmed ferromagnetic domains demonstrating complex shape changes under applied magnetic fields.


Fig. 4: Functional demonstrations of 3D-printed soft materials with programmed ferromagnetic domains.
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Extended data figures and tables

Extended Data Fig. 1 Scanning electron microscope images of NdFeB and fumed silica particles and printed fibres.
a, Magnetizable microparticles of NdFeB alloy in flake-like shapes with an average size of 5Â Âµm. b, Fumed silica nanoparticles with an average size of 30Â nm. câ€“f, Fibres printed using nozzles with diameters of 50Â Âµm (c), 100 Âµm (d), 200 Âµm (e), and 410 Âµm (f). g, The ratio between the printed fibre and the nozzle diameter, which is called the die-swelling ratio, plotted against the nozzle diameter.


Extended Data Fig. 2 Mechanical characterizations of the ink and the printed materials.
a, b, Apparent viscosity as a function of applied shear rate (a) and storage modulus as a function of applied shear stress (b) for 20 vol% magnetized ink (red), 20 vol% nonmagnetized ink (black) and support ink (grey). c, Nominal tensile stressâ€“stretch curves (solid lines) for specimens printed with the magnetic ink in the absence of external fields (black), with applied magnetic fields of 50 mT (red) at the nozzle tip generated by a permanent magnet, and the elastomer matrix with no magnetic particles (blue). The shear modulus Âµ of each material was obtained by fitting the experimental curves to a neo-Hookean model (dashed lines).


Extended Data Fig. 3 Micro-computed tomography images of printed fibres.
a, A fibre printed with a nozzle of diameter 410Â Âµm in the absence of applied magnetic field. b, A fibre printed with a nozzle of diameter 410Â Âµm in the presence of an applied magnetic field of 50Â mT at the nozzle tip. No obvious aggregation of ferromagnetic particles in the printed fibres can be observed.


Extended Data Fig. 4 Experimental validation of the magnetization induced during printing under the applied magnetic field.
a, Experimental setup with a vibrating sample magnetometer for measuring the magnetization of a sample printed with a nozzle of diameter 410 Âµm under the presence of magnetic field of 50 mT at the nozzle tip. b, Magnetization values measured at various angular positions of the printed fibres with respect to the external magnetic field applied by the vibrating sample magnetometer.


Extended Data Fig. 5 Magnetic moment densities of printed samples with different NdFeB particle volume fractions.
For printed specimens at each volume fraction, a permanent magnet is used to generate external fields (50 mT at the nozzle tip). The magnetization values of printed samples (red) are compared with the maximum achievable magnetization values (black) measured from uniformly magnetized samples. The uniformly magnetized samples are printed in the absence of external fields, cured, and then magnetized under impulsive fields (about 2.7Â T). Printing under the applied field of 50 mT yields a magnetic moment density that corresponds to 63%â€“64% of the maximum achievable magnetization at each volume fraction of NdFeB particles.


Extended Data Fig. 6 Schematic designs and dimensions of the two-dimensional and 3D structures in Figs.Â 2 and 3.
a, An annulus encoded with alternating domains that are equidistant. b, An annulus encoded with alternating domains that vary in size. c, A Miura-ori fold encoded with alternating oblique patterns of ferromagnetic domains. d, A hollow cross encoded with alternating ferromagnetic domains along the perimeter. e, f, Quadrupedal (e) and hexapedal (f) structures enabled by folding of the magnetically active segments surrounding the magnetically inactive segments. g, Two adjoining hexagonal tubes programmed to form undulating surfaces under applied magnetic fields. h, A pyramid-shaped thin-walled structure programmed to elongate in its diagonal direction along applied magnetic fields. iâ€“k, A set of auxetic structures (with negative Poissonâ€™s ratios) programmed to shrink in both length and width under applied magnetic fields. The dimensions in this figure are given in millimetres.


Extended Data Fig. 7 Overall fabrication process of printing multilayered structures assisted by the use of support inks.
a, Printing multilayered hexagonal arrays using magnetic and support inks. The use of support inks as fugitive buttresses enables stacking the deposited magnetic inks stably up to tens or even hundreds of layers. b, Chemical composition of magnetic and support inks. The higher concentration of catalyst in the support ink prevents diffusion of catalyst molecules through the interface and thus prevents imperfect curing of the adjacent magnetic inks. Î”c denotes the difference in catalyst concentration between the support and magnetic inks. c, The printed magnetic inks are cured by heating at 120â€‰Â°C for 1 h. The support ink is then removed by solvent rinses.


Extended Data Fig. 8 Actuation performance of 3D-printed shape-programmable soft materials.
a, Energy density and actuation rate of our magnetically responsive structures presented in Figs.Â 1â€“3 are plotted and compared with those of existing 3D-printed shape-programmable soft materials in the literature27,28,29,30,32,35,36,37,38,39,40. b, Power density is calculated as energy density multiplied by the actuation rate of each material and plotted for comparison; the materials are listed in order of increasing power densities. PNIPAAmÂ =Â poly(N-isopropylacrylamide); PMBAÂ =Â poly(benzyl methacrylate); PHEMAÂ =Â poly(hydroxyl ethyl methacrylate); PLAÂ =Â poly(lactic acid); RM82Â =Â 1,4-bis-[4-(6-acryloyloxhexyloxy)benzoyloxy]-2-methylbenzene. TangoBlack and VeroClear are commercially available acrylic photocurable polymers from Stratasys Ltd.


Extended Data Fig. 9 Schematic designs and working principles of the reconfigurable soft electronic device demonstrated in Fig.Â 4a.
a, Exploded and bottom views of the printed device, in which soft electronic circuitry and components are embedded by means of a hybrid fabrication process based on multimaterial 3D printing. b, Two different shapes depending on the direction of applied magnetic fields of 30 mT, which yield different electronic functions (red micro-LEDs lit up in Mode 1 and green micro-LEDs lit up in Mode 2). c, Schematic diagram of the embedded soft electronic circuits, which are designed to turn active only in the designated mode of transformation owing to the selective contact with the gold electrode on the substrate.


Extended Data Fig. 10 Schematic illustrations of the methods for applying magnetic fields to actuate the printed structures.
a, b, The magnetic fields for actuating the printed structures can be applied in two ways. A pair of electromagnetic coils are used to generate a uniform magnetic field (a). A NdFeB magnet (width 2 in, length 3 in, thickness 0.5 in, surface flux density 300 mT) is used to create spatially varying magnetic fields for dynamic actuation by combining vertical, horizontal and rotational movements of the magnet (b).
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Video 1 Fast transformation of a straight line with an alternating magnetization pattern.
A straight line printed with an alternating magnetization pattern rapidly transforms into an â€˜mâ€™ shape under the applied magnetic field and quickly reverts to its original shape upon removal of the applied field.


Video 2 Complex shape changes of various two-dimensional planar structures with programmed ferromagnetic domains under applied magnetic fields.
Various two-dimensional planar structures, including two annular rings with equidistant and varying -magnitude alternating magnetization patterns, a Miura-oriÂ pattern, a hollow cross and quadrupedal and hexapedal structures, exhibit fast and reversible transformations via magnetic actuations.


Video 3 Overall process of printing a multi-layered, 3D elastomeric structure with programmed ferromagnetic domains.
This video shows the overall process of (i) printing a 3D construct with programmed magnetic domains, assisted by the use of support ink and (ii) actuating the printed structure by magnetic fields.


Video 4 Complex shape changes of various 3D structures with programmed ferromagnetic domains under applied magnetic fields.
Various 3D structures, including two adjoining hexagonal tubes with high aspect ratios and a pyramid-shaped thin-walled construct, exhibit fast and reversible transformations via magnetic actuations.


Video 5 Various 3D auxetic structures with programmed ferromagnetic domains, showing negative Poissonâ€™s ratios.
Various 3D auxetic structures, or mechanical metamaterials, exhibit fast shrinkage and recovery in both length and width via magnetic actuation.


Video 6 Demonstration of a reconfigurable soft electronic device based on the annular ring structure with alternating ferromagnetic domains.
The reconfigurable electronic device exhibits different electronic functions depending on the direction of applied magnetic fields.


Video 7 Demonstration of interactions with an object using the programmed shape changes.
The hexapedal structure exhibits a diverse set of interactions, including stopping, catching, holding and releasing of a glass ball, under applied magnetic fields.


Video 8 Rolling-based locomotion of the hexapedal structure and delivery of a drug pill under a rotating magnetic field.
The hexapedal structure wraps its body and rotates along a horizontal axis under a rotating magnetic field to create rolling-based locomotion, which allows the hexapedal structure to move forwards and backwards depending on the rolling direction.


Video 9 Horizontal leap of a 3D auxetic structure based on drastic release of the elastic and magnetic potential energies.
Sudden reversal of the applied field direction while attenuating the strength triggers drastic release of the combined elastic and magnetic potential energies that are converted to kinetic energy, creating a horizontal leap of the demonstrated 3D auxetic structure.
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