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ABSTRACT: Soft magnetic materials have shown promise in Magnetization Patterning Magnetic Actuation
Rotatable ferromagnetic state Static ferromagnetic state

diverse applications due to their fast response, remote actuation, v e
and large penetration range for various conditions. Herein, a N&Wogramming

soft magnetic composite material capable of reprogramming ith‘\
magnetization prte without changing intrinsic magnetic proper-

Py H on
-y
ties of embedded magnetic particles or the molecular proper%
base material is reported. This composite contains ma

| n P, Hon
microspheres in an elastomeric matrix, and the magnetic — H — - = o
microspheres are composed of ferromagnetic micropartsiesmosie 4 t‘<vx .0
encapsulated with oligomeric-PEG. By controlling the encapsulai- ; :
ing polymer phase transition, the magnetizatioteprof the
magnetic composite can be rewritten by physically realigning ftfgesramming
ferromagnetic particles. Diverse magnetic actuators with reprog-
rammable magnetization pes are developed to demonstrate the complete reprogramming of complex magneteation pro
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ft active materials have evolved to achieve mechanicald®*®'” or by increasing temperature to decrease the

unctionalities beyond those of their rigid counterparts fointrinsic coercivity**® at which point the magnetic domain
development of active components in a wide range efructures in the magnetic particle should be altered.
application$.” Among these materials, magnetic softRemagnetization in hard magnetic material is stitied by
materials have become particularly attractive because tfiycrystallographic anisotropy, and temperature changes to
can be remotely controlled and operated rapidly in manfeduce coercivity may have undesiralgleton the base
di erent media, since magneittls penetrate a wide range of material. Thus, the remagnetization condition crucially
environment3.® Actuation of magnetic soft material arisesdepends on the intrinsic properties of incorporated magnetic
from spatiotemporal interactions between the applied magnef#@rticles. ] _
eld, environment, and programmed magnetiZ&ticn. With regard to the physical arrangement of magnetic
These magnetic soft materials are usually composed of hRajticles, magnetic particles were embedded in smart polymers,
magnetic particles or discrete magnets incorporated in a b&s€h as shape memory polymer, thermally responsive hydrogel,
material, where the desired magnetization pattern directidiguid crystal elastomer, etc., as a base material to provide

and magnitude can be imposed by orienting or aligning theEgFon léjrable functions to the composite materials in several

magnetic llers, which have intrinsic magnetic momentsStudies. “*Their morphologies can be changed into arbitrary
However, magnetidlers are usually physically e in the shapes or alternate between two shapes using other stimuli
soft matrix after fabrication is completed, and a Iimitatioﬁ‘:"lated to the base polymer molecular properties; nevertheless,

arises because actuation is constrained by the permanﬁH?Sequem magnetic actuation of the reshaped structure is still

programmed magnetization patterns. Thus, a soft magn%ﬁd to its morphology and initial magnetization lgro

composite with a facile remagnetization scheme could be u sfause the relative positions and alignments of magnetic
to make recomurable functions of soft devices for a wide
range of applications. In this regard, remagnetization of a sBftceived: April 2, 2020
magnetic composite can be realized by changing both th&vised: June 1, 2020
physical arrangement of magnetic particles and the intrinigPlished: June 3, 2020
magnetic properties of hard magndics.
Remagnetization in a hard ferromagnetic material can be
realized by applying a strong magnetitabove its coercive
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Figure 1.Design and mechanism of a regarable magnetic composite. (a) Composition of a gerable magnetic composite. The proposed
magnetic composite has a hierarchical structure comprising magnetic microspheres within an elastomeric matrix, where the microsphere
composed of magnetic microparticles (NdFeB) and encapsulating PEG oligomer. (b) Rotatable and static ferromagnetic states of magne
microspheres. In the rotatable ferromagnetic state, above the melting temperature of the PEG, the magnetic particle chains can freely rot:
However, in the static ferromagnetic state, below the melting temperature of the PEG, the magnetic particlectchrathe amided PEG,

maintaining the programmed ferromagnetic domain patterns. (c)ggeagrprocess of a reprogrammable magnetic composite. This structure
transforms into various shapes under the mageletiapplied perpendicular to the plane of the struatands(direction)P represents
‘programmed magnetization pEcand‘n’ indicates the number of programming processes of the magnetizigioflipsoale bars are 10 mm.

particles, which dictate magnetization in the base material, anerospheres, and the realignments of magnetic particles
hardly changed. On the other hand, complete magnetizatichange magnetization directions in the magnetic microsphere
change was achieved in farith through reversible para-to- (Figure b). Therefore, we can rewrite magnetization patterns
ferromagnetic transformation by the interfacial jamming af the soft material by heating the structure to induce the phase
magnetic particlé3In this case, magnetization is retained bytransition of the microspheres and shaping it into any desired
controlling the physical arrangement of magnetic particles fasm under external magnetields while it cools. In the
the magnetic particles freely rotate when the datrdroplet rotatable ferromagnetic state, the magnetic particles in the
is not jammed. However, these realignments of magnetiticrospheres can rotate according to the applied magnetic
particles occur only in the liquid environment, which limits theeld direction due to the mobility of the particles in a liquid
range of applications. Here, we present a simple composstate of encapsulating polymer. On the other hand, in the static
material to eect the remagnetization by phase transition oferromagnetic state, the magnetic composite is actuated when
polymer encapsulating the ferromagnetic particles withoittis exposed to the rotating magnegtd. In this state,
changing intrinsic magnetic properties of embedded magnetiagnetic particles cannot be rotated due to the solid state of
particles or the molecular property of the base material. the encapsulating polymer, and tked alignments of the

Our reprogrammable magnetic composite is composed wfagnetic particle make magnetic torque in response to an
spatially separated magnetic microspheres embedded in é&x¢éernal magnetield.
elastomeric matrix (E@x 00-30). Each magnetic micro- The magnetic composite was prepared as follows. First, we
sphere consists of magnetizable neodyririom boron mixed the magnetic particles with melted PEG oligomers in a
(NdFeB) microparticles, with an average size om5  7:3 weight ratio and ground them into diameters between 53
encapsulated in oligomeric polyethylene glycol (FH(Biy¢ and 150 m under liquid nitrogen to create the magnetic
la). Solid-to-liquid phase transition of this encapsulatinmicrospheres. Then, these microspheres were well-blended
oligomer allows us to rearrange the magnetic particles in théth silicone elastomer at a 1:1 weight ratio and cured at 100
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Figure 2.Magnetic characterization, microscopic images, and various shape changgsrableenagnetic composites. (a) Magnetization of
magnetic composite for static and rotatable ferromagnetic states. Measurements were conducted at various sample angles with respect tc
applied magnetield. In the static ferromagnetic state’(@7 residual magnetization changes depending on the angle. However, in the rotatable
ferromagnetic state (6C), magnetization remains constant regardless of angle. (b) Microscopic images of embedded magnetic particles in
rotatable and static ferromagnetic states. Scale bar iis ()0Reprogrammable transformations for a linear magnetic composite. Actuation
capability with respect to NdFeB particle concentration was measured by the magnetic composite bending angle under the egtdrnal magnetic
(d) Various transformations for a linear magnetic bar with continuous magnetization pattern under applietdsaghstiale bars are 5 mm.

(e) Various transformations for a magnetic membrane with continuous magnetization pattern under appliellisn@dinetinsformation is

under the magnetield of 100 mT applied perpendicular to the plane of the structure. All scale bars are 10 mm.
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°C for 10 min. We chose PEG 4000, a commonly employetbnsidered as important factors to makelaransformation.
plasticizet® as the encapsulating material since it has a loWhus, they rapidly return to their original shape upon removal
melting point of 58C and, more importantly, low melt of the applied external magnegicl. Next, we reprogram,P
viscosity compared to conventional polymers, giving NdFdBe magnetization pattern of this composite by heating it to
microparticles mobility when meftéd. reach the rotatable ferromagnetic state and manually shaping
Figure t illustrates the process of regaming our  the structure to rearrange the magnetic particle alignments
reprogrammable magnetic composite by reprogramming iader the magneticeld. Finally, the magnetic composite
magnetization pattern. The magnetic composite (20 i@n  transforms into a dérent shape as reprogrammed by applying
mm x 0.6 mm) which contains 35 wt % magnetic particlean external magnetield. Their actuation is simulated by
transforms into derent shapes under the same stimuli, as anite element analysis under the experimental conditions,
demonstration of the ability to reprogram the magnetization aficluding magnetic moment density, mechanical moduli, and
the magnetic composite. The reprogramming process proceagplied magneticeld, to anticipate the transformed shapes
as follows. First, to program)(Ehe ferromagnetic domain and actuation sequence according to the designed magnet-
patterns, we heat the composite to°@0f@r 3 min, above the ization pattern. By repeating these steps tffe magnetic
melting temperature of oligomeric-PEG, to accelerate hemtmposite can be morphed into any desired shape from a
transfer and manually morph the composite into the desiresingle sample, without requiring special equipment or addi-
shape under a 300 mT magneetd for 3 min. In the tional fabrication process.
rotatable ferromagnetic state, all magnetic particles align alongo verify that the magnetic composite magnetization can be
the applied magnetield direction, and their realignments are reprogrammed in the rotatable ferromagnetic state, we
xed as the sample cools, representing the reprogramnmadasure the magnetic moment density in samples at various
ferromagnetic domain pattern. In the static ferromagnetic stasmgles relative to the external magnetit applied by the
the composite transforms its shape into the programmed shaplerating sample magnetometer. We then compare the
by balancing magnetic torques responding to the 100 miormalized magnetization angular Ipso from static and
external magnetield generated by a permanent magnet andotatable ferromagnetic states, as showviagime a. The
mechanical restoring forces. As the composite transformatisample is circular with a 4 mm diameter and 1.3 mm thickness
occurs by using the permanent magnet, a magaektic and contains 35 wt % magnetic particles. In the static
gradient which generates the force that pulls the composferromagnetic state, residual magnetization &€ 2ihder
into the place and friction that holds it in place are alsonagneticeld of 1 mT decreases as the angle changes because
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Figure 3.Various transformations of a regumable soft magnetic origami sheet with a continuous magnetization pattern. Photographs and
schematics for various transformations of a magnetic origami sheet using a continuous magnetic membrane. The magnetic origami sheet def
its entire structure into desired shapes under the maghtet€100 mT applied perpendicular to the plane of the structure. All scale bars are 10
mm.

the relative directions and positions of all magnetic particleslid below the melting temperature, the realigned magnetic
with their intrinsic magnetic moments aedl. The maximum  particle chains are physicalked in the base material,
magnetization value is 14.65 kA/m when the sample magneti@intaining the programmed pattern of ferromagnetic particles
moment direction is parallel to the external magredtic (Movie S}
However, in the rotatable ferromagnetic state°&,Gbove Magnetic responsiveness of magnetic composites depends
the melting temperature of the oligomeric-PEG, the magnein NdFeB microparticles concentration embedded in the
ization remains the same at 32 kA/m regardless of the samplemposites. Since individual NdFeB microparticles act as
angle to the external magneéid of 300 mT, which is same separate and rotatable ferromagnetic domains in the base
as the applied magnetield intensity to reprogram the matrix, the concentration directly impacts the apparent
magnetization pattern in the experiment. Since the magnetimgnetization intensity of the magnetic composétetirg
particle chains can freely rotate alongetluk it is possible to  the magnetic force exerted on the magnetic composite for
redirect their magnetic moments to follow the appliechctuation. Therefore, as showrFigure 2, we assess the
magnetic eld direction while the PEG oligomer remained ine ect of magnetization intensity on actuation capability by
liquid form. measuring the bending angles of them under the external
Microscopic images present that the reprogrammabiltiy afiagnetic eld, with respect to NdFeB microparticle concen-
our composite arises from the phase transition of the PE@tions. We control the magnetic microsphere concentration
oligomer. As shown Figure B, the magnetic microspheres from 14, 29, and 50 wt % while maintaining the magnetic
can be regarded as discrete magnetic domains unifornplgrticle concentration at 70 wt % in the microspheres. We also
dispersed throughout the material, and these ferromagnetiontrol the magnetic particle concentration in magnetic
domains can be rearranged at moderate temperatures. Hengrospheres from 10, 20, 40, and 70 wt % withl
the sample contains 5 wt % magnetic particles in total; thmmagnetic microsphere concentration in the elastomeric matrix
elastomeric composite contains 50 wt % magnetic micrat 50 wt %. Thus, the overall magnetic particle concentration in
spheres, and each microsphere includes 10 wt % magnétie magnetic composites ranged from 5 to 35 wt %. The
particles. When the PEG oligomers encapsulating the magnéénding angle of the magnetic composites increases almost
particles transform to low viscosity liquid above their meltiniinearly with increasing NdFeB microparticle weight fraction.
temperature (58C), the self-assembled magnetic particleFurthermore, we repeat the process to program magnetization
chains within the microspheres can freely rotate to align thelirections in these samples and measure their bending angles
intrinsic magnetic moments along the applied externab investigate the functional reliability of this procedure. Their
magnetic eld, which is described as a rotatable ferromagnetactuation performances are stable over 50 reprogramming trials
state. On the other hand, when the PEG oligomers beconfEigure SR
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Figure 4.Various transformations a re@umable soft magnetic origami sheet with discrete magnetic parts on a substrate. (a) Schematics for
various transformations of a magnetic origami sheet with eight distinct actuating parts on a PVC substrate. (b) Photographs and schematics
various transformations of a magnetic origami sheet with eight distinct actuating parts on a PVC substrate. The origami sheet demonstrates t
dimensional planar origami, including triangle, rectangle, and complex three-dimensional structures underalieahaQ@etid@ applied
perpendicular to the plane of the structure. (c) Grasping various fast-moving objects using the magnetic origami sheet. All scale bars are 10 r

To demonstrate the capability of writing nonuniform andooth natural and artiial systems because this design principle
continuous magnetization gdes in a soft material, we present provides a novel approach to transform a simple structure into
a linear beam structure (13 mm2 mm x 1.2 mm) that diverse complex structures while being lightweight and
transforms into various programmed shajpgsré #). This compact®*® Thus, we utilize our continuous two-dimensional
structure can be programmed and reprogrammed to provideagnetic composite membrane as a magnetic origami sheet
continuous magnetization ples along its body. The without a predetermined crease structure as shbignria 3
magnetization prée for this composite is designed by heatingThis magnetic membrane (64 mm54 mmx 0.6 mm)
the structure, morphing the soft body into the desired shapgansforms into various shapes, such as a pinwheel, airplane,
and subjecting it to a 300 mT magnegid to rewrite the  ru e, bullet, etc., as the continuous magnetizatidegpese
magnetization pre as it cools tox the reprogrammed reprogrammed. These complex transformations are achieved
ferromagnetic domain pattern. After cooling, interactionBy simply morphing the membrane during the magnetization
between an external magnegic of 100 mT applied to the reprogramming process. Our material system is suitable to
perpendicular to the plane and patterned magnetizatianake fully functional and reprogrammable origami, like a real
produces spatially varying magnetic torques. The compogitaper origami sheet, because a continuous membrane without
deforms its entire structure into the programmed shape, suahy mechanical compartmentalization allows us to provide the
as tiltedl’, ‘C’, single wavelength, half-wavelength harmonianiversality to magnetic actuators that can realize fast and
shape, etc., by balancing magnetic torques and mechanmmaherous shape changes and largetin.
restoring forcesMovie S). In addition, to utilize our magnetic composite as a functional

Furthermore, the deformation of our magnetic compositiayer, we develop a magnetic origami sheet with discrete
can be further extended to a two-dimensional planar structumeagnetic parts on &xible substrate layer.

(20 mmx 12 mmx 0.6 mm) beyond the one-dimensional These magnetic origami sheets are fabricated by cutting our
linear structure. The diverse shape deformations of raagnetic composite into fragments and attaching them to the
continuous magnetic membrane which has a nonuniform andrious exible substrate layeFigures S3S5. We
continuous magnetization geoare shown iRigures ¢ and demonstrate the magnetic origami sheet (25<n2% mm

2e and inMovie S3 The magnetization pattern of this x 1.2 mm) with eight isosceles right-angled triangle-shaped
magnetic membrane is also reprogrammed simply by morphimggnetic parts on PVC substrateéigure 4. As the substrate

the structure as desired under heat and cooling it. Then, layer can function as a predetermined mechanical crease which
transforms its entire structure into designed shapes under timakes the magnetic torque dominant at the interface between
magneticeld of 100 mT applied perpendicular to the plane ofeach magnetic fragment, this planar two-dimensional structure
the structure. Origami-inspired design has been noticed @an be transformed into any three-dimensional shape with high
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Figure 5.In situreprogramming magnetization fgoand various shape transformations with nonuniform curvatures. (a) Schematic of a
reprogrammable soft magnetic actuator with reprogrammable magnetic layer and conductive heating layer. (b) Various transformations of
reprogrammable soft magnetic actuator baseditureprogramming of magnetization f@o(c) Copying the surface curvature of an arbitrary

object using the reprogrammable soft magnetic actuator. (d) Photographs and schematics for various reprogrammable morphing with Gauss
curvatures. All transformation is under the magaktiof 100 mT applied perpendicular to the plane of the structure. All scale bars are 10 mm.

accuracy through the simple magnetization reprogrammicbanges the magnetic phase of the magnetic composite layer
and magnetic actuation proceSgiure # shows eight into the rotatable ferromagnetic state. Then, the magnetization
di erent transformations, including a triangle, rectangl@attern is reprogrammed as we morph the sample under the
trapezium, etc., by repeatedly reprogramming the magnekternal magneti@ld and is memorized as the temperature
ization prole (Movie S). Their magnetization prie enables  cools by removing the application of voltage. To show the
a magnetic eld to independently actuate each part of thefeasibility ofin situreprogramming, we demonstrate several
structure to programmatically determine thal cong- transformations of the magnetic actuator as showmuire
uration. The schematics of thesel congurations are  s5p This magnetic actuator is able to copy the surface curvature
displayed in derent views such as 3D, top, side, and fronbf an arbitrary object or memorize the morphed state as the
views. Among these, two reprogrammed structures are use@{@qnetization prte at the rotatable ferromagnetic state is
demonstrate the capability of grasping various objects Withemorized Figure ). Finally, we also demonstrate several
di erent shapesr{gure ¢). Taking advantage of the fast ronogrammable deformations with nonuniform curvatures
response upon external magneid, the magnetic origami o, re §). We anticipate that this soft magnetic actuator can
sheet quickly transformed into the programmed shape W|th|nOJe utilized as a surface copying devige situcamouage

gb'ﬁ)erc(:)t\gd'lrnhge?ess%?tcsmﬁfe%ht?g;e:)lu?rnsglpr?gigaérﬁazar?gxgg skin for soft robotic applications because it can memorize the
ObJects. L . ag 9 marphed state and reproduce it when the simple magnetic
is suitable for fabricating various device components, such ﬁ?’nulus is applied

grippers or carriers, and more importantly is able to have i ; . . .
In conclusion, our material architecture introduces a novel

functionality redesigned as desired. roach to reprogram the magnetizationleptin a soft
Recently, mimicking complex surface curvatures with séipproac prog gnetizationiep . .
material actuation has been demonstfteds living magnetic composite by controlling ferromagnetic particle
grangements using the sdiguid phase transition of the

organisms can realize complex nonuniform curvatures : . ; :
their surfaces for their development, transformation, camdg@'Ymer encapsulating the particles. Using this method, we can

age, etc. Thus, we develop a repmable soft magnetic ["€€ly program heterogeneous magnetization in the elastomeric
actuator capable of transforming into the shapes withase material and consequently transform the material into a
nonuniform curvaturés situ As shown irFigure @, the programmed structure as many times as desired. This enables
reprogrammable soft magnetic actuator (thickness = 1.0 mRft only the design of magnetization transformations for
diameter = 40 mm) is composed of a reprogrammablBlagnetic soft materials but also the reprogramming of the
magnetic layer (thickness = 0.6 mm, diameter = 40 mm) ar@Ftuation of magnetic soft composite materials. Therefore, we
conductive heating layer (thickness = 0.4 mm, diameter = #xpect that this kind of soft magnetic composite with
mm). To reprogram the magnetization lgrim sity we apply ~ reprogrammable magnetization pattern could be used to
30 V to the actuator for 5 min, increasing the temperature afiake recorgurable soft material systems for a wide range of
the conductive layer up to 70 through Joule heating. The applications, including applications in biomedical engineering,
heat is conveyed to the reprogrammable magnetic layer, whi@xible electronics, and soft robotics.
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