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Printing ferromagnetic domains for untethered
fast-transforming soft materials

Yoonho Kim"»?°, Hyunwoo Yuk"”, Ruike Zhao">, Shawn A. Chester® & Xuanhe Zhao"**

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 electronics!?, soft robotics>* and biomedicine®’. In
particular, magnetic fields offer a safe and effective manipulation
method for biomedical applications, which typically require remote
actuation in enclosed and confined spaces® '°. With advances in
magnetic field control'!, magnetically responsive soft materials have
also evolved from embedding discrete magnets'? or incorporating
magnetic particles'? into soft compounds to generating nonuniform
magnetization profiles in polymeric sheets'*!>. 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 writing'® of an elastomer composite containing ferromagnetic
microparticles. By applying a magnetic field to the dispensing
nozzle while printing!’, 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 Poisson’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.

Our composite ink for 3D printing consists of magnetizable
microparticles of neodymium-iron-boron (NdFeB) alloy (Extended
Data Fig. 1a) and fumed silica nanoparticles (Extended Data Fig. 1b)
embedded in a silicone rubber matrix containing silicone catalyst and
crosslinker (Fig. 1a). The fumed silica within the silicone resin serves as
arheological modifier to induce the mechanical properties required for
direct ink writing>'® including shear thinning (Extended Data Fig. 2a)
and shear yielding (Extended Data Fig. 2b). These properties ensure
that the composite ink can be extruded through a micro-nozzle when
pressurized and that the deposited inks maintain their shapes even
when stacked up to form multiple layers. The composite ink is prepared
first by mixing the non-magnetized NdFeB particles and the silica nan-
oparticles with the uncured elastomer matrix and then magnetized to
saturation under an impulse field (about 2.7 T). The presence of yield
stress in the composite ink helps to prevent the dispersed magnetized
particles from agglomerating (Extended Data Fig. 3a).

During the printing process, a magnetic field is applied along (or
in reverse to) the flow direction of the ink via a permanent magnet or
an electromagnetic coil placed around the dispensing nozzle (Fig. 1a).
The applied field makes the magnetized NdFeB particles reorient along
the field direction, imparting a permanent magnetic moment to the
extruded ink filament. The magnetic polarities of the deposited inks

can be tuned either by switching the applied field direction or chang-
ing the printing direction. Using this approach, a 3D structure can
be encoded with intricate patterns of ferromagnetic domains depend-
ing on the magnetic polarities of the filaments that are arranged to
construct the 3D structure. To avoid interference in the programmed
domains of the printed structure by the applied field at the nozzle, a
magnetic shield is used to attenuate the magnetic flux density under the
nozzle tip (Fig. 1a). When the printing process is complete, the printed
structure is cured at 120°C for 1 h, during which the presence of yield
stress in the uncured ink helps the programmed ferromagnetic domains
to remain unaffected by thermal randomization of the aligned particles.

To evaluate the efficacy of our method in printing ferromagnetic
domains, we measure the magnetic moment density, or magnetization,
in samples (Extended Data Fig. 4) printed under various conditions
including the magnetic particle content, the applied field strength and
the nozzle diameter. First, samples are printed with magnetic inks con-
taining different volume fractions of NdFeB particles through a nozzle
with diameter 410 pm under a magnetic field of 50 mT at the nozzle tip.
The measured magnetic moment density varies almost linearly from
16 kA m~! to 81 kA m~! as the volume fraction of NdFeB particles
in the composite ink increases from 5% to 20% (Fig. 1b). Next, as the
applied field at the nozzle tip increases from 20 mT to 50 mT, the mag-
netic moment density of printed samples (with 20 vol% NdFeB particles
through nozzles with diameter 410 pm) increases from 68 kA m™! to
81 kA m™! (Fig. 1c). When the nozzle diameter varies from 200 um
to 1,190 pm, the magnetic moment density of printed samples (with
20 vol% NdFeB particles under a magnetic field of 50 mT at the noz-
zle tip) increases from 76.6 kA m™! to 85.4 kA m~! (Fig. 1d). When
printed with very fine nozzles (with diameters of 50 pm and 100 pm),
the fibre diameter becomes larger than the nozzle diameter owing to
the die-swelling effect (Extended Data Fig. 1c, d). The ratio between the
fibre and nozzle diameters decreases as the nozzle diameter increases,
reaching almost one when the nozzle diameter is larger than 200 pm
(Extended Data Fig. 1e-g). Printing in the absence of external mag-
netic fields yields magnetization values below 5 kA m ™! for all nozzle
diameters, because the particles are randomly oriented. Furthermore,
we print samples in the absence of external field and then magnetize
them under impulse fields (about 2.7 T) after curing, which yields the
maximum achievable magnetic moment density at each volume frac-
tion of NdFeB particles. In comparison, printing under magnetic fields
of 50 mT yields a magnetic moment density that corresponds to about
63%-64% of the maximum achievable value at the same concentration
of NdFeB particles (Extended Data Fig. 5).

We develop a model to predict the transformation of complex
3D-printed structures with programmed ferromagnetic domains
under magnetic fields. Application of magnetic fields induces torques
on the embedded ferromagnetic particles, which create stresses that
collectively lead to a macroscale material response. If the magnetic
moment density (magnetization), a vector quantity, is M at a certain
point of an incompressible body in the reference configuration, the
magnetization vector at the same material point in the deformed body
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Fig. 1 | Design of ferromagnetic domains in 3D-printed soft materials.
a, Schematics of the printing process and the material composition. The
ferromagnetic particles embedded in the composite ink are reoriented
by the applied magnetic field generated by a permanent magnet or an
electromagnet placed around the dispensing nozzle. b, Effect of the volume
fraction of magnetized NdFeB particles in the ink on the magnetization of
printed samples. ¢, Effect of the applied field strength around the nozzle
on the magnetization of printed samples. d, Effect of nozzle diameter on
the magnetization of printed samples. Samples printed in the absence of
applied magnetic fields give magnetization values below 5 kA m~". Error

can be expressed as FM, where F denotes the deformation gradient
tensor at the point. Then, the magnetic potential energy per unit ref-
erence volume under an applied magnetic field B can be expressed
as Wmagnetic — _ EM.B, under the assumptions that the presence of
soft materials does not substantially alter the applied field and that
the potential energy from higher-order terms of B and M are negli-
gible. From the magnetic potential energy density, the Cauchy stress
tensor induced by the applied field on the magnetic moments can be
calculated as 0™ = — BR FM, where the operation ® denotes the
dyadic product, which takes two vectors to yield a second-order tensor.
To simulate the deformation of complex structures programmed with
ferromagnetic domains, the magnetic stress tensor is implemented as
a user-defined element subroutine in the commercial finite-element
analysis software ABAQUS (details are available in Supplementary
Information).

Applied magnetic field, B (mT)

Simulation

30 40 50 0 200 400 600 800 1,000 1,200

Nozzle diameter (um)

Experiment

bars indicate the standard deviation for n = 3 measurements at each data
point. e-g, Schematic illustration (e), simulation of the finite-element
model (f) and experimental results (g) of a single fibre encoded with
alternating magnetic domains designed to form an ‘m’ shape in 0.1 s under
an applied magnetic field of 200 mT. The elastomeric fibre is printed using
anozzle of diameter 840 pm while switching the direction of magnetic
fields (50 mT at the nozzle tip) generated by an electromagnetic coil that
encompasses the nozzle. All samples discussed in ¢, d and g are prepared
with the elastomeric composite ink containing 20 vol% of magnetized
NdFeB particles.

As an illustrative example to demonstrate the ability to program fer-
romagnetic domains, a straight filament is printed with an alternating
magnetization pattern as illustrated in Fig. le by switching the applied
field direction during the printing. Upon application of a uniform mag-
netic field of 200 mT, the straight filament transforms into an ‘n’ shape
in 0.1 s (Fig. 1g), and quickly reverts to its original shape upon removal
of the applied field in 0.2 s. Such rapid, reversible transformation can be
repeated on demand by magnetic actuation (Supplementary Video 1).
The simulation conducted under the same conditions, including the
magnetic and mechanical properties and the applied field as in the exper-
iment, is in good agreement with the experimental results (Fig. 1f), vali-
dating the use of model-based simulation to guide the design of complex
shape-morphing structures with programmed ferromagnetic domains.

In Fig. 2, we present a set of two-dimensional planar structures that
rapidly transform into complex 3D shapes under the applied magnetic
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Fig. 2 | Various two-dimensional planar structures with programmed
ferromagnetic domains demonstrating complex shape changes

under applied magnetic fields. a-r, Schematic designs, finite-element
simulations and experimental results for an annulus encoded with
alternating domains that are equidistant (a-c); an annulus encoded with
alternating domains that vary in size (d-f); a Miura-ori fold encoded with
alternating oblique patterns of ferromagnetic domains (g-i); a hollow
cross encoded with alternating ferromagnetic domains along the perimeter
(j-1); quadrupedal (m-o) and hexapedal (p-r) structures enabled by

fields of 200 mT as a result of the programmed ferromagnetic domains.
In Fig. 2a and d, we design two annular rings with the same geome-
try but different patterns of ferromagnetic domains to illustrate the
effects of programmed domains on the macroscale response. Our mod-
el-based simulation predicts that the two rings should yield different 3D
morphologies under the same magnetic field applied perpendicularly
to their planes. The second annulus encoded with alternating patterns
that vary in magnitude gives a more complex undulating shape (Fig. 2e)
than does the first annulus (Fig. 2b), whose alternating patterns are

276 | NATURE | VOL 558 | 14 JUNE 2018
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folding of the magnetically active segments surrounding the magnetically
inactive segments (unlabelled areas in the schematic designs). All of

the demonstrated structures are printed with the elastomeric composite
ink containing 20 vol% of magnetized NdFeB particles using a nozzle

of diameter 410 pm under a magnetic field of 50 mT at the nozzle tip
generated by a permanent magnet. Actuation of the demonstrated
structures is performed by applying magnetic fields of 200 mT
perpendicular to the planes of the structures. The detailed dimensions of
the printed structures are given in Extended Data Fig. 6a-f.

equidistant. The simulation results are in good agreement with exper-
imental results (Fig. 2c, f, Supplementary Video 2), further demon-
strating that our model is capable of guiding the design of complex
shape-morphing structures using programmed ferromagnetic domains.

When programmed with more intricate domain patterns, even a
simple geometry can yield a complex 3D shape under an applied mag-
netic field. As an example, in Fig. 2g, we design a simple rectangular
structure with alternating oblique patterns of ferromagnetic domains
to create a Miura-ori pattern'®. This untethered structure provides fast

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Fig. 3 | Various 3D structures with programmed ferromagnetic
domains demonstrating complex shape changes under applied
magnetic fields. a-o, Schematic designs, finite-element simulations and
experimental results for two adjoining hexagonal tubes programmed to
form undulating surfaces under the applied magnetic field owing to the
alternating ferromagnetic domains (a—c); a pyramid-shaped thin-walled
structure exhibiting elongation in its diagonal direction along the applied
magnetic field (d-f); a set of auxetic structures (with negative Poisson’s

(in 0.3 s) and fully reversible folding and unfolding under magnetic
actuation (Fig. 2i and Supplementary Video 2), as predicted by our
model (Fig. 2h). Notably, the response speed of our Miura-ori structure
with programmed ferromagnetic domains is much faster than exist-
ing ones in the literature based on liquid crystal elastomers'>?, shape
memory polymers*?? and thermally responsive hydrogels®.

When more intricate designs are programmed with ferromagnetic
domains, as illustrated in Fig. 2j, m and p, the two-dimensional planar
structures transform into more complex 3D shapes (Fig. 21, o, r and
Supplementary Video 2); for these it is no longer straightforward to
trace the original shapes without knowing the programmed domains.
Design and realization of such complex shape-morphing structures
are enabled by the model-based simulations, which accurately pre-
dict the complex 3D morphologies (Fig. 2k, n, q and Supplementary
Video 2). Previously, a transition from two-dimensional planar struc-
tures to complex 3D shapes has been achieved by controlled buck-
ling of materials that are selectively attached on biaxially stretched

LETTER

Experiment

ratios) exhibiting shrinkage in both length and width under applied
magnetic fields (g-o). All of the demonstrated structures are printed

with elastomeric composite ink containing 20 vol% of magnetized NdFeB
particles using a nozzle of diameter 410 pm under a magnetic field of

50 mT at the nozzle tip, generated by a permanent magnet. Actuation of
the demonstrated structures is performed by applying magnetic fields

of 200 mT along the directions indicated in a, d, g, j and m. The detailed
dimensions of the printed structures are given in Extended Data Fig. 6g-k.

elastomeric substrates?*?>. Compared with existing techniques, our
method based on printing ferromagnetic domains offers additional
advantages in two-dimensional to 3D structural transition, including
(i) substrate-free, remote actuation, (ii) fast and fully reversible trans-
formation and (iii) the capability to selectively actuate specific parts
of the structure.

Our method of printing ferromagnetic domains can be further
extended to complex 3D structures. When printing 3D structures with
direct ink writing, however, difficulties typically arise owing to struc-
tural instability as the deposited filaments are stacked up. To ensure a
more stable printing process, we introduce a support ink composed
of a silicone resin containing catalyst and fumed silica nanoparticles
(Extended Data Fig. 7; see Extended Data Fig. 2a and b for rheological
properties). When printed, the support ink serves as a fugitive sup-
port that buttresses the adjacent magnetic ink (Extended Data Fig. 7a
and Supplementary Video 3). After the magnetic ink is fully cured, the
support ink can be removed by solvent rinses (Extended Data Fig. 7¢).
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Fig. 4 | Functional demonstrations of 3D-printed soft materials with
programmed ferromagnetic domains. a, A reconfigurable soft electronic
device (as detailed in Extended Data Fig. 9) based on the annular ring
structure exhibiting different electronic functions depending on the
direction of an applied magnetic field of 30 mT. b, A hexapedal structure
stopping and holding a fast-moving object (glass ball of diameter

18 mm and weight 8 g) upon application of a magnetic field generated

The use of support ink and the consequent ability to print 3D struc-
tures with programmed domains allow us to create a set of high-aspect-
ratio multilayered structures (Fig. 3) that exhibit rapid and reversible
transformation between complex 3D shapes under magnetic fields
of 200 mT. In Fig. 3¢, we present a thin-walled structure consisting
of two adjoining hexagonal tubes with high aspect ratios. The ferro-
magnetic domains are programmed in such a way that some parts of
the tubes expand while the others collapse, as illustrated in Fig. 3a,
to create complex undulating surfaces in a continuous 3D structure
under the applied magnetic field, as predicted and observed by the
simulation and the experiment (Fig. 3b, c and Supplementary Video 4),
respectively. In another example, to demonstrate the versatility of our
fabrication method, we create a pyramid-shaped thin-walled structure
that elongates along the direction of applied magnetic fields (Fig. 3e,
and Supplementary Video 4) as a result of the programmed magnetic
domains (Fig. 3d).

The versatility of our model-guided design and fabrication method
enables us to create auxetic structures (Fig. 3i, 1, 0), a type of mechan-
ical metamaterials characterized by negative Poisson’s ratios. Our
printed auxetic structures exhibit shrinkage in both length and width
in response to external magnetic fields. Typically, mechanical meta-
materials show auxetic behaviours only when uniaxially compressed
or stretched and thus require direct mechanical contact?®. In addition,
owing to the limited fabrication techniques available to achieve com-
plex designs, remote actuation of untethered auxetic structures has
not been realized in other types of active materials. Guided by our
model-based predictions (Fig. 3h, k, n), we design a set of mechanical
metamaterials with programmed ferromagnetic domains (Fig. 3g, j, m)
that quickly shrink in both length and width under the applied fields
within 0.5 s and recover their original shapes upon removal of the
applied fields (Fig. 3i, 1, o and Supplementary Video 5). The use of
magnetic fields as an actuation method obviates the need for direct
contact in realizing auxetic behaviours in mechanical metamaterials.

In the design and fabrication of shape-programmable soft materials,
intensive efforts have been made to increase the level of complexity by

278 | NATURE | VOL 558 | 14 JUNE 2018

Field off —— Mode 2

10 mm

by a permanent magnet. ¢, A hexapedal structure wrapping an oblong
pharmaceutical pill and carrying the pill using rolling-based locomotion
under a rotating magnetic field generated by a permanent magnet.

d, Horizontal leap of a 3D auxetic structure upon sudden reversal of the
applied magnetic field direction while attenuating the field strength by
rotating a permanent magnet by 90°. Detailed information on how to apply
the magnetic fields to achieve actuation is given in Extended Data Fig. 10.

adopting 3D printing techniques such as inkjet printing®, stereolitho-
and direct ink writing®®. However, fast and fully reversible
actuation between programmed shapes has remained a central chal-
lenge in the field. To quantitatively evaluate the actuation performance,
we compare the energy density and the actuation rate (Extended Data
Fig. 8a) of printed shape-programmable materials in the literature. We
also compare the power density (Extended Data Fig. 8b), one often-
used metric to evaluate the actuation performance of active materials.
Our shape-morphing structures shown in Figs. 2 and 3 deform up to
strain levels from 0.15 to 0.25 within 0.1 s to 0.5 s, providing a power
density ranging from 22.3 kW m™ to 309.3 kW m ™, which are orders
of magnitude greater than the actuation rates and power densities
achieved by existing 3D-printed shape-transforming soft materials.

The capability to create complex shape changes allows us to achieve
diverse functions from our printed structures, as shown in Fig. 4. First,
by combining electronic components and circuitry with our annular
ring structure in Fig. 2¢c, we print a soft electronic device as detailed
in Extended Data Fig. 9a. This soft electronic device deforms into two
different shapes depending on the direction of applied magnetic fields
of 30 mT, and each mode of transformation yields a different elec-
tronic function (Fig. 4a, Extended Data Fig. 9b, c and Supplementary
Video 6). The results demonstrate that our multimaterial 3D printing
method gives functionally reconfigurable soft electronic devices, whose
rigid-material counterparts have recently been achieved by means of
multistable buckling®!.

We further demonstrate the capability of interacting with an object
based on the complex shape changes of the hexapedal structure
shown in Fig. 2r. Using the fast response upon magnetic actuation,
the hexapedal structure quickly stops a fast-moving object (Fig. 4b
and Supplementary Video 7). When applying a magnetic field in the
opposite direction to create a reversed shape, the hexapedal structure
can catch a falling object and hold it against external disturbance and
then release the object on demand by using the previous mode of
transformation (Supplementary Video 7). When a rotating magnetic
field is applied, the hexapedal structure can roll up its body and move

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



forwards and backwards by rolling-based locomotion (Supplementary
Video 8). Harnessing the shape changes and motion, the hexapedal
structure can carry an object with arbitrary shape such as a round or
oblong pharmaceutical pill (Fig. 4c) and release the pill on demand
(Supplementary Video 8).

The 3D mechanical metamaterial presented in Fig. 3i can show a
horizontal leap based on the drastic release of the elastic and mag-
netic potential energy (Fig. 4d and Supplementary Video 9). The
fast response of the auxetic structure generates an average speed of
250 mm s~ ! during the leap, allowing it to move forwards by 120 mm
within 0.7 s on the horizontal plane. This leaping motion is achieved by
first applying a magnetic field in one direction to collapse the auxetic
structure and then switching to a field in the opposite direction while
attenuating the field strength. This sudden reversal of the field direction
quickly increases the magnetic potential energy and triggers the drastic
release of the stored elastic and magnetic potential energy, which is
converted to kinetic energy during the horizontal leap.

Our printing method as a fabrication platform can be extended to
multiple composite inks using different types of elastomer and hydrogel
matrices and magnetic particles. By printing ferromagnetic domains in
soft materials, we introduce new design parameters—domain patterns,
magnetization strength and actuation fields—into the design and fabri-
cation of shape-programmable soft materials. The remote actuation of
such untethered, complex and fast shape-shifting soft materials based
on magnetic fields suggests new possibilities for applications in flexible
electronics, biomedical devices and soft robotics.

Online content

Any Methods, including any statements of data availability and Nature Research
reporting summaries, along with any additional references and Source Data files,
are available in the online version of the paper at https://doi.org/10.1038/s41586-
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METHODS

Ink composition and preparation. The magnetic ink was prepared first by blend-
ing two silicone-based materials—SE 1700 (Dow Corning Corp.) and Ecoflex
00-30 Part B (Smooth-on Inc.)—in a 1:2 volume ratio. Ecoflex 00-30 Part B, a
softer elastomer than SE 1700, was used to achieve the preferred mechanical
properties of the composite material. Fumed silica nanoparticles (amorphous,
20-30 nm; US Research Nanomaterials Inc.), which corresponds to 12.5 wt%
with respect to Ecoflex Part B, were added to achieve required rheological prop-
erties for direct ink writing. After mixing the blend in a planetary mixer (AR-100,
Thinky) at 2,000 r.p.m. for 2 min, 20 vol% NdFeB microparticles (287.5 wt% with
respect to Ecoflex Part B) with an average size of 5 pm (MQFP-B-2007609-089,
Magnequench) were added into the elastomer mixture and then mixed thoroughly
at 2,000 r.p.m. for 3 min, followed by defoaming at 2,200 r.p.m. for 1 min. The com-
posite ink was then magnetized by impulse magnetic fields (about 2.7 T) generated
by an impulse magnetizer (IM-10-30, ASC Scientific) to impart magnetic polarities
to the ferromagnetic particles embedded in the elastomer matrix. Both SE 1700
and Ecoflex 00-30 are platinum-catalysed, addition-curing silicones, so 10 wt%
SE 1700 catalyst with respect to SE 1700 base was added into the magnetized ink
and then mixed at 2,000 r.p.m. for 30 s before printing. The final concentrations of
components were as follows: 21.78 wt% Ecoflex 00-30 Part B, 2.72 wt% fumed silica
nanoparticles, 11.71 wt% SE 1700 base, 1.17 wt% SE 1700 catalyst and 62.62 wt%
NdFeB microparticles. For imaging purposes, about 2 wt% fluorescent colourants
(Ignite PMS 805C, Smooth-on Inc.) were added to this final composition.

The support ink, which was used for supporting structures when printing
multilayered or 3D structures with the magnetic ink, was prepared by mixing a
platinum-based silicone-curing accelerator (Elastosil CAT PT-F, Wacker) with
fumed silica nanoparticles (amorphous, 20-30 nm; US Research Nanomaterials
Inc.) in a 5.45:1 mass ratio. Fumed silica nanoparticles were added to achieve the
rheological properties required for direct ink writing of the support ink. The higher
concentration of catalyst in the support ink prevents diffusion of catalyst molecules
from the adjacent magnetic inks, and therefore helps prevent imperfect curing of
the printed magnetic structures. After the magnetic inks were fully cured upon
heating at 120°C for 1 h, the fugitive support ink was removed by rinsing with
isopropyl alcohol using an orbital shaker (Micro Plate Shaker, VWR).

Printing procedure. The prepared magnetic and support inks were loaded into
syringe barrels and defoamed at 2,200 r.p.m. for 1 min to remove trapped air bub-
bles. The inks were then mounted to the custom-designed 3D printer based on a
Cartesian gantry system (AGS1000, Aerotech). Conical nozzles with inner diam-
eter 410 pm (Smoothflow Tapered Tip, Nordson EFD) were used for both inks in
our demonstrations (Figs. 2 and 3). The detailed designs including ferromagnetic
domain patterns and dimensions of the printed structures in Figs. 2 and 3 are given
in Extended Data Fig. 6. The external magnetic fields applied at the nozzle to reor-
ient the magnetic particles embedded in the ink during printing were generated by
either an electromagnet or a permanent magnet. Printing paths were generated by
CAD drawings (SolidWorks, Dassault Systémes) and converted into G-code by a
commercial software package (CADFusion, Aerotech) and custom Python scripts
to command the x-y—z motion of the printer head. See Supplementary Video 3 for
overall printing and actuation processes.

Rheological characterization. Rheological responses (Extended Data Fig. 2a, b)
of the magnetic and support inks were characterized using a rotational rheometer
(AR-G2, TA Instruments) with a 20-mm-diameter steel plate geometry. For mag-
netic inks, both magnetized and nonmagnetized samples were tested to evaluate
the effects of magnetic interaction between the embedded magnetized particles.
Apparent viscosities were measured via steady-state flow experiments with a sweep
of shear rates (0.01-100 s~ !). Shear storage moduli were measured as a function of
shear stress via oscillation experiments at a fixed frequency of 1 Hz with a sweep
of stress (10-10,000 Pa). The magnetic and support inks were equilibrated at 25°C
for 1 min before testing, and all experiments were performed at 25°C with a gap
height of 0.5 mm.

Magnetic characterization. The quality of alignment of the magnetic particles
was evaluated by measuring the magnetic moment density (magnetization) of
the printed samples with a vibrating sample magnetometer (DMS 1660, ADE
Technologies). To prepare specimens, a set of parallel lines was printed in the
same direction to construct a rectangular film. Then, the printed film was cut
into circles using a 6-mm biopsy punch (Miltex Inc.) to fit into the sample holder
of the machine. The magnetic moments of the samples were measured against a
sweep of external magnetic fields from —8,000 A m~! to 8,000 A m~'. Remanent
magnetization, which corresponds to the measured magnetic moment when the
applied external field is zero, was divided by each specimen’s volume to obtain the
magnetic moment density of the specimen.

Mechanical testing. Two types of rectangular planar sheets (width 12 mm, length
35 mm) were printed with an conical nozzle of diameter 840 pm in the absence
of external magnetic fields and under applied magnetic fields generated by a per-
manent magnet around the nozzle, respectively. After curing, the sheets were cut

into dog-bone-shaped specimens with known dimensions (width 4 mm, gauge
length 17 mm) for tensile testing. The cross-sectional area of each specimen was
calculated by dividing the sample’s original volume by its length, where the volume
was calculated based on the sample’s mass measured before the cut and the density
(2.434 g cm ™) of the composite ink containing 20 vol% of NdFeB. The specimens
were tested on a mechanical testing machine (Z2.5, Zwick/Roell) with a 20 N load
cell at a strain rate of 0.01 s™'. Nominal stress-stretch curves were plotted for
both materials, and shear moduli .« were obtained by fitting the experimental
curves using a neo-Hookean model (Extended Data Fig. 2c). The shear modulus
of the magnetized-ink-based material we obtained was 1« = 330 kPa. The specimen
printed in the presence of external fields showed higher shear modulus compared
with the specimen printed without external fields (y2 = 245 kPa). This higher shear
modulus may be attributed to the field-induced alignment of ferromagnetic par-
ticles along the filaments when magnetic fields were applied during the printing.
Imaging and videography. Images and videos of the programmed shape changes
of the printed samples were taken under a blue LED light source (460-nm wave-
length), while applying external magnetic fields in ambient conditions. The
external fields were generated by either permanent magnets (K&J Magnetics) or
electromagnets (APW Company) depending on the shapes and sizes of the printed
samples (Extended Data Fig. 10). Images and videos were taken with a DSLR cam-
era (D7000, Nikon) with a red-coloured filter (HMC R25A, Hoya) that transmits
wavelengths above about 600 nm (Supplementary Video 3). To reduce the effects
of friction between the printed samples and the substrate, fine glass powders with
an average size of 9-13 pm (glass spheres, Sigma Aldrich) were applied to the
substrate as a dry lubricant.

Finite-element analysis. For all designs presented in Figs. 1-3, the shapes
deformed in the presence of external magnetic fields were simulated using a
user-defined element subroutine implemented in the commercial finite-element
analysis software ABAQUS. For all simulations, the following input parameters
were used: the shear modulus p = 330 kPa, the bulk modulus K = 1,000 (the
large bulk modulus was chosen to approximate incompressibility), and the uni-
form external magnetic field B = 200 mT. For the magnetization parameter in the
simulation, the experimentally measured value (M = 81 kA m™’; see Fig. 1b) was
used for samples printed with inks containing 20 vol% of NdFeB particles through
nozzles with 410 pm diameter under the applied field of 50 mT at the nozzle tip.
Validation of printing-induced magnetization. The magnetization of a sample
printed with a nozzle of diameter 410 jum in the presence of magnetic fields (50 mT)
was measured while varying the angular position of the printed fibres with respect
to the horizontal direction (Extended Data Fig. 4a). The maximum magnetiza-
tion value was measured when the printed fibres are aligned with the positive x
direction, in which an external magnetic field is applied by the vibrating sample
magnetometer. The measured magnetization value decreased as the angle increased
and reached almost zero when the printed fibres were vertically aligned. When
the specimen was rotated by 180°, the sign of the measured magnetization was
changed, indicating that the specimen’s magnetic polarity was reversed, while the
magnitude remained almost unchanged (Extended Data Fig. 4b). It demonstrates
that the printed fibre direction can represent the overall magnetization direction
(that is, magnetic polarity) of the printed sample.

Calculation of energy and power density. As evaluation criteria for actuation
performance, we used three quantities that can either be found or calculated from
the literature. First, we used the actuation rate f =1/, where ¢ is the time taken to
generate one complete actuation cycle. For materials with irreversible actuation
such as shape memory polymers®”*2, the actuation rate was considered to be the
time taken for completing the first cycle of actuation. Second, we used the energy
density pg, which can be determined from force-stroke curves for actuation. Third,
we used the power density pw = fpg to evaluate the overall actuation performance
of various 3D-printed shape-programmable soft materials. For papers that report
force-stroke curves for actuation or the corresponding values of energy density,
we used the reported values. When the data were not available, we approximated
the values for different classes of materials.

For elastically actuated materials such as shape memory polymers, liquid crystal
elastomers and other composite materials, the energy density was approximated
as® pg = E(e,)*/2 where E is Young’s modulus in the rubbery state and ¢, is the
actuation strain. For osmotically actuated materials such as hydrogels and other
swelling-based actuators, the energy density was approximated as** pg = Alley/2,
where AIT is the change in osmotic pressure upon swelling and &; is the swell-
ing strain. For magnetically actuated materials with programmed ferromagnetic
domains, the energy density was approximated as pg = 3u(c,)*/2, where 1 is the
shear modulus and ¢, is the strain that developed in a deformed state due to the
applied magnetic field. The quantities to evaluate the actuation performance were
summarized in Extended Data Fig. 8.

Data availability. All data generated or analysed during this study are included in
the published article and its Supplementary Information, and are available from
the corresponding author on reasonable request.
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Extended Data Fig. 1 | Scanning electron microscope images of c—f, Fibres printed using nozzles with diameters of 50 pm (c), 100 pm
NdFeB and fumed silica particles and printed fibres. a, Magnetizable (d), 200 pm (e), and 410 pm (f). g, The ratio between the printed fibre and
microparticles of NdFeB alloy in flake-like shapes with an average size of the nozzle diameter, which is called the die-swelling ratio, plotted against

5 pm. b, Fumed silica nanoparticles with an average size of 30 nm. the nozzle diameter.
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Extended Data Fig. 3 | Micro-computed tomography images of printed 410 pm in the presence of an applied magnetic field of 50 mT at the nozzle
fibres. a, A fibre printed with a nozzle of diameter 410 pm in the absence tip. No obvious aggregation of ferromagnetic particles in the printed fibres
of applied magnetic field. b, A fibre printed with a nozzle of diameter can be observed.
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Extended Data Fig. 4 | Experimental validation of the magnetization 410 pm under the presence of magnetic field of 50 mT at the nozzle tip.
induced during printing under the applied magnetic field. b, Magnetization values measured at various angular positions of the
a, Experimental setup with a vibrating sample magnetometer for printed fibres with respect to the external magnetic field applied by the

measuring the magnetization of a sample printed with a nozzle of diameter  vibrating sample magnetometer.
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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 2.7 T). Printing
under the applied field of 50 mT yields a magnetic moment density that
corresponds to 63%-64% of the maximum achievable magnetization at
each volume fraction of NdFeB particles.
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Extended Data Fig. 6 | Schematic designs and dimensions of the two-
dimensional and 3D structures in Figs. 2 and 3. a, An annulus encoded
with alternating domains that are equidistant. b, An annulus encoded with
alternating domains that vary in size. ¢, 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
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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. i-k, A set of auxetic structures (with
negative Poisson’s ratios) programmed to shrink in both length and width
under applied magnetic fields. The dimensions in this figure are given in
millimetres.
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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. 1-3

are plotted and compared with those of existing 3D-printed shape-
programmable soft materials in the literature?’ 3323540 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. PNIPAAm = poly(N-isopropylacrylamide);
PMBA = poly(benzyl methacrylate); PHEMA = poly(hydroxyl

ethyl methacrylate); PLA = poly(lactic acid); RM82 = 1,4-bis-[4-(6-
acryloyloxhexyloxy)benzoyloxy]-2-methylbenzene. TangoBlack and
VeroClear are commercially available acrylic photocurable polymers from
Stratasys Ltd.
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Extended Data Fig. 9 | Schematic designs and working principles which yield different electronic functions (red micro-LEDs lit up in Mode 1
of the reconfigurable soft electronic device demonstrated in Fig. 4a. and green micro-LEDs lit up in Mode 2). ¢, Schematic diagram of the
a, Exploded and bottom views of the printed device, in which soft embedded soft electronic circuits, which are designed to turn active only
electronic circuitry and components are embedded by means of a hybrid in the designated mode of transformation owing to the selective contact
fabrication process based on multimaterial 3D printing. b, Two different with the gold electrode on the substrate.

shapes depending on the direction of applied magnetic fields of 30 mT,
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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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I. Constitutive law for soft materials with ferromagnetic domains

To quantitatively predict the deformations of printed structures under applied magnetic
fields, we develop a constitutive law for soft materials with ferromagnetic domains composed of
a silicone elastomer matrix embedded with neodymium-iron-boron (NdFeB) microparticles.
Application of magnetic fields induces torques on the embedded ferromagnetic particles, which
create stresses that collectively lead to a macroscale material response, causing the whole
structure to transform into a configuration that minimizes the combined elastic and magnetic
potential energy of the system.

The pure elastic deformation of the soft material is taken to follow the generalized neo-
Hookean model (see Extended Data Fig. 2¢ for validation). The elastic potential energy per unit
volume of the soft material in the reference (undeformed) configuration can be expressed as

Welastic — %(J—ZBII _3)+§(J_ 1)2 s (Sl)

Where 4 and K are the material’s shear modulus and bulk modulus, respectively, and
I = tr(FFT) is the first invariant of the left Cauchy—Green tensor with F representing the

deformation gradient tensor. The quantity J, the volumetric Jacobian of the deformation, is
defined as J =detF. For an incompressible solid, the deformation satisfies J =1.

The magnetic moment density (or magnetization) at a certain point of the soft material in
the reference configuration is denoted as M. Correspondingly, the magnetization vector at the
same material point of the soft material, which can be compressible, in the current (deformed)
configuration is FM/J . The magnetic field applied in the space is denoted as B. Since the
permeability of silicone elastomer and NdFeB is close to the permeability of air, we assume that
the presence of soft materials with ferromagnetic domains does not substantially alter the applied
magnetic field and that the magnetic potential energy from higher order terms of B and M are
negligible. Based on these assumptions, the magnetic potential energy per unit volume of the soft

material in the current configuration can be calculated as —(FM/ J )-B. Correspondingly, the

magnetic potential energy per unit volume of the soft material in the reference configuration can
be calculated as

W =—J[(FM/J)-B|=-FM-B. (S2)

Notably, Eq. S2 gives that pure rotation of a ferromagnetic domain in an applied magnetic field
can induce magnetic potential energy.

Combining Eqgs. S1 and S2, the total potential energy per unit volume of the soft material
in the reference configuration is expressed as

M K
W—E(J 2/311—3)+7(J—1)2—FM-B. (S3)
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Based on work-conjugation, the Cauchy stress tensor ¢ can be obtained from the following
relation
1 ow

6=—"—F". sS4
J oF (59

Substituting Eq. S3 into S4, the Cauchy stress tensor is calculated as
-5/3 T I] 1
oc=uJ"" | FF —gl +K(J—1)I—7B®FM, (S5)

where I denotes the identity tensor and the operator ® denotes the dyadic product, which takes
two vectors to yield a second order tensor. Specifically, the elastic Cauchy stress term (the first
two terms of Eq. S5) can be expressed as

- 1
o™ = uJ "> (FFT - 311) +K(J-DI, (S6)
and the magnetic Cauchy stress term (the third term of Eq. S5) can be expressed as
; 1
Gmagnetlc = __B ® FM . (S7)
J
It is worth noting that ¢™™ can be asymmetric to account for the torques induced by the
magnetic field applied on ferromagnetic domains. It is also worth noting that the magnetic

magnetic

Cauchy stress reduces to ¢ =-B®FM for incompressible materials.

II. Finite-element model for soft materials with ferromagnetic domains

The constitutive law developed for soft materials with ferromagnetic domains has been
implemented as a user-defined element (UEL) subroutine in the commercial finite-element
software ABAQUS. In order to validate the finite-element model, we use the model to
numerically calculate the deformation of a beam uniformly magnetized along its axial direction
and subject to a uniform magnetic field. The applied magnetic field B is either parallel with (Fig.
S1a) or perpendicular to (Fig. S1b) the magnetization M of the beam. We compare the numerical
results with analytical solutions to validate the finite-element model.

1) B parallel with M

Consider a rectangular beam with edges aligned with 1, 2 and 3 directions (Fig. Sla). We
assume that both M and B are aligned with the 1 direction in the reference configuration. The

resultant homogeneous uniaxial loading is along the 1 direction, giving principal stretch A . The

other two principal stretches, A, and A4, , are along the 2 and 3 directions, respectively. The
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symmetry in the 2 and 3 directions gives A, = 4, . Further assuming the material is incompressible

(ie., J=AAA =1), the deformation gradient tensor has the following form

A

1
[F]= A . (S8)
/1—1/2
1

Under the assumption of incompressibility, the expression for the total potential energy per unit
volume of the soft material in the reference configuration, Eq. S3, becomes

M 3\ (T —FM.-
W_2(11 3)- p(J-1)-FM'B, (S9)

where p is a Lagrange multiplier that reinforces the incompressibility condition. The physical
meaning of p is a hydrostatic pressure that can be determined by the boundary conditions.
Following Eq. S4, the Cauchy stress for the incompressible material can be expressed as

6 = uFF' - pl—-B®FM. (S10)
From Eq. S10, the Cauchy stress along three principle directions can be expressed as

0, =uA —p—AMB, (S1la)
0,=0,=UA"—p. (S11b)

The traction-free boundary condition gives 0,,=0,, =0,, =0. Subtracting Eq. S11b from Eq.
S1la gives

(A, =A7)=MB/ . (S12)

The stretch A, as a function of the dimensionless quantity MB/ i is plotted as a solid
line in Fig. Sla. When MB/ u=0, there is no magnetic interaction and thus no deformation in
the soft material. When M and B are in the same direction ( MB/ u>0), the magnetic stress
induces a uniaxial elongation of the body (4, >1) along the direction of the applied field. When
M and B are in the opposite directions, the magnetic stress causes a uniaxial compression of the
body (A, <1) along the direction of the applied field.

In the finite-element model, we assume that the material is almost incompressible with
K > . For comparison, results from the finite-element model for several values of MB/ u are

plotted as circles in Fig. Sla. The simulation results match consistently with the analytical
prediction given by Eq. S12, validating the finite-element model for soft materials with
ferromagnetic domains.
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2) B perpendicular to M

To further validate the finite-element model, we study another case with B applied
perpendicularly to M, which causes the bending of a beam with small deflection (Fig. S1b). An
incompressible solid beam with length L, width 7, and height H has a uniform magnetization M
along its axial or length direction (the 1 direction). A uniform magnetic field B is applied along
the height direction of the beam (the 2 direction), perpendicular to M. One end of the beam is
clamped. The magnetic stress induces small deflection of the other end of the beam as the
embedded magnetic dipoles attempt to align themselves with the applied magnetic field.
Considering small deformation, the only non-zero term of the magnetic Cauchy stress in the

incompressible body is calculated as 03" =—MB from Eq. S7.

The magnetic-field-induced torque dr for a small volume dV of the beam is calculated
through d7 = MBdV = MBWHdx , with dx being a small length along the axial direction (Fig.
S1b). Therefore, the magnetic-field-induced torque at position x on the beam can be calculated as

T(x)= MBWH(L—x). (S13)

This torque distribution along the beam is equivalent to the torque distribution generated by a
point force Q applied at the free end of the beam along the direction of applied magnetic field.
The magnitude of the equivalent point force Q can be calculated as

O =|dt/dx| =MBWH . (S14)
The bending stiffness of the beam can be calculated as

K, =3El/ [} = 3uWH’ /(4L3) , (S15)

where 7 is the area moment of inertia, defined as / = WH’ /12, and E is the Young modulus with
the relation £ =3y for incompressible materials. Then the deflection at the free end of the beam,

or the maximal deflection of the beam &__, under the point load Q can be calculated through

6_.=0/K,in a dimensionless form as

max

o 4 MBI?
zax = i (S16)

For small deflections (e.g., 6_ /L <10%), Eq. S16 gives a linear relation between the

dimensionless quantities MB/u and 6_ /L. Assuming L/H =10, Eq. S16 is plotted as a

black solid line in Fig. S1b. For comparison, the deflections of the beam for a number of
prescribed values of MB/ u have been calculated with the finite-element model using an almost

incompressible materials (i.e., K > () and plotted as red squares in Fig. S1b. The analytical and

finite-element results show good agreement, validating the finite-element model for soft
materials with ferromagnetic domains.
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Figure S1 | Validation of the finite-element model based on the constitutive law for soft
materials with ferromagnetic domains. a, Comparison of the simulation results from finite-
element model (red circles) and theoretical prediction (black solid line) of magnetic-stress-
induced stretch A, as a function of the dimensionless quantity MB/ u, when the magnetic field
B is applied in parallel with the magnetization M possessed by the incompressible neo-Hookean
solid with the shear modulus . b, Comparison of the simulation results from finite-element
model (red squares) and theoretical prediction (black solid line) of the deflection at the free end

of a slender beam with magnetization M along its axial direction, when the magnetic field B is
applied along the height direction of the beam (perpendicularly to M).

I1I. Scaling analysis of magnetic actuation of beam structures

To quantitatively understand the effects of physical parameters on the magnetic actuation
of printed beam samples, we further analyze the bending of the beam illustrated in Fig. S1b.
Assuming a small deflection of the beam, the curvature of the deformed beam can be calculated
as

()

K(x)= Bl

(S17)

Given that /=WH*/12 and E =3u for incompressible materials and Eq. S13, the curvature can be further expre

K(x) = %. (S18)
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From Eq. S18, we can find that the maximum curvature, which occurs at the base of the beam
(x=0), scales as

MBL
max ﬂ HZ :

K (S19)

From Eq. S16 in Section II of the supplementary information, we can find that the maximum
deflection of the beam, which occurs at the free end of the beam (x = L), scales as

MBL’
5max oc 2
uH

(S20)

We can infer from Eq. S20 that there are a number of strategies to achieve effective
actuation that yields a large curvature and/or deflection of an axially magnetized beam. A more
straightforward approach is to increase either the magnetization strength M or the actuation field
B. The magnetization strength M can be increased by either increasing the volume fraction of
ferromagnetic microparticles or by increasing the applied field strength during the printing
process. Another strategy is to increase the length-to-hieght ratio L/ H by printing more slender
fibers when constructing a shape-morphing structure. The last strategy is to reduce the material’s
shear modulus x, which can be achieved by reducing the crosslinking density of the elastomer
matrix of the composite ink.

WWW .NATURE.COM/NATURE | 7



