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Magnetic soft materials exhibit flexible programmability, offering advancements
in soft robotics and responsive devices. Several technical questions regarding the
introduction of 3D magnetic configurations remain. This work introduces a fluid
control programming method that precisely constructs mechanical metamaterials
with 3D magnetic configurations and reconfigurable mechanical behaviors.
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Fluidic control programming
for 3D magnetic soft metamaterials
with reconfigurable mechanical behaviors

Zhuoyue Wang,'-** Sarthak Misra,’? and Venkatasubramanian Kalpathy Venkiteswaran?

SUMMARY

Active mechanical metamaterials are an attractive proposition for soft
robotics, electronic devices, and biomedical devices. However, the
utilization of their uncommon physical and mechanical behaviors re-
mains underexplored because existing fabrication processes limit
the decoupling of structural frameworks from the responsive mecha-
nisms. Here, we propose a multi-step fluidic control programming
strategy by fabricating three-dimensional (3D) magnetic soft mate-
rials (MSMs) with reconfigurable mechanical metamaterial behaviors,
enabling magnetic-field-driven alteration between three different ge-
ometry modes in a single structure. The MSM lattices exhibit fast 3D
transitions between positive (vyax = 3.41) and negative (vax = —2.64)
Poisson’s ratios. We then create MSMs with reconfigurable ortho-
tropic behaviors, which demonstrate the positive and negative Pois-
son’s effect in perpendicular planes. In further demonstrations, the
fast and wireless response is validated by manipulating falling loads
and switching the states of electrical circuits. This research provides
a controllable workflow for future magnetic soft metamaterials.

INTRODUCTION

The development of intelligent technologies in industries such as automation, aero-
space, electronics, and biomedicine places tremendous demand on the mechanical
features of metamaterials.” Mechanical metamaterials with rationally designed
structures offer great possibilities for programming shape change and variable
macro-level material responses.”” Unique properties are proven in mechanical
-7 negative stiffness,®’
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and twist under compression. ~ In many of these

cases, the properties remain invariable after fabrication, as they are embedded

metamaterials such as negative Poisson’s ratio (auxe‘cic),4
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within the structure of the materials. To enable the alteration of mechanical proper-

ties after fabrication, recent advances have employed stimuli-responsive materials
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methylsiloxane (PDMS) and Ecoflex are frequently used as the matrix for magnetic 3Lead contact

Due to the rapid and wireless response in external magnetic fields, MSMs have

fillers, which can incorporate both soft and hard magnetic particles.”” By implanting *Correspondence: z.wang01@umcg.nl
specific magnetization patterns into the materials, these soft materials can perform https://doi.org/10.1016/j.xcrp.2024.102125
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Figure 1. Design, fabrication, and mechanical behavior of the reconfigurable base unit of MSMs

(A) Schematic diagrams illustrate the mechanism of magnetic-field-guided buckling on a single beam.

(B) Schematics of the concept of multi-step injection and orientation.

(C) Iterative fluid injection programming procedure of the magnetic soft material (MSM) base unit.

yellow, blue, and green).

The directions are represented by four colors (red,

(D) Schematic diagrams illustrate the base unit when the external magnetic field is turned off (defined as OFF), upward (defined as z+), and downward

defined as z—).
E) Poisson’s ratio-strain curve of programmable MSM unit.

(
(
(F) Nominal stress-nominal strain curves of Dragon Skin 30 and the magnetic composite.
(G) Simulation of the magnetic flux density of one segment.

(

H) Simulation of the segment under magnetic-field-driven bending.

3031 twisting,*” and folding.?"** Gener-
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geometric deformations, including bending,
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ally, MSMs are shaped into wires,** films, and

lattices'7*°

cubes, origami structures,
via various fabrication methods such as molding and casting,*'~** addi-
tive manufacturing (3D printing),*?**#*~*¢ 3D micro-assembling,?” and reorientation
of magnetic dipoles.*’*® However, current fabrication techniques either lack the
automated workflow needed to build 3D structures or cannot produce 3D magneti-
! although the decoupling of structural fabrication and patterned
magnetization is essential for introducing the necessary complexity and controlla-
bility for 3D magnetic-responsive metamaterials.

zation patterns,

To address this challenge, we present a strategy to imbue 3D magnetization pat-
terns into soft metamaterial structures and achieve multi-modal deformation in three
dimensions. First, MSMs are designed with stimuli-responsive voxels that can be
regulated for specific magnetic moments in each segment. The segments are able
to show a magnetic actuation-guided elastic buckling behavior based on a sec-
ond-order effect (P-A effect), and the buckling direction can be controlled by the
direction of the magnetic field (Figures 1A and S1). To realize the individual pro-
gramming of each voxel, we developed a fluidic injection technique, allowing spe-
cific voxels to be selectively filled and magnetized in disparate directions by two
separate injections (Figure 1B). Subsequently, a third injection connects all voxels
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by filling the remaining spaces with non-magnetized composite material, ensuring
structural continuity throughout the lattice.

Here, a systematic fabrication method based on multi-step injection and orientation of
the particles in a weak field (80 mT) is developed. The voxel-dominated segments are
magnetized and assembled in groups by the programming of fluidic injection channel
and magnetic orientation procedures (Figure 1C). This approach allows multiple
magnetization directions embedded in the same structure without the need for assem-
bly afterward. By assembling the segments in a pre-defined order, magnetically
programmable mechanical behaviors, for instance, switching between negative and
positive Poisson'’s ratios, are achieved (Figure 1D). Since the composite in each step
is fully cured before injection in the next step, the conflict of magnetization directions
is avoided between the adjacent elements. This fluidic control programming strategy
solves the integration problem of fabricating 3D structures and 3D magnetization on
arbitrary directions and creates MSMs showing unique mechanical behaviors.

Due to the carefully designed structures and magnetization patterns, the metamate-
rials exhibit sensitive responses and perform rapid switching between negative and
positive Poisson’s ratios and orthotropic shape changing. This swift switching
feature is further proven using a load-carrying metamaterial unit falling under gravity
through a tube. We perform a series of in situ mechanical tests to characterize these
behaviors in the presence of an upward vertical magnetic field (defined as z+) and a
downward magnetic field (defined as z—) and when the magnetic field is completely
switched off (defined as OFF). A demonstration of our MSM lattice shows the ability
to control electrical circuits with external magnetic fields. The reconfigurability of
MSMs holds great potential in advancing the field of soft robots and electronics.
The advancement of this work is further illustrated by comparing it to existing
studies, as shown in Table S1.

RESULTS AND DISCUSSION

Design and fabrication of reconfigurable base unit

To achieve 3D responsive deformation, we design a base unit with four segments
composed of magnetically responsive voxels and linking members. In this base
unit, each voxel can be magnetized in an individual direction using the fluidic control
programming method developed in this study. With an alternating magnetization
pattern, a lateral bending deflection is generated in the segments due to the effect
ofthe magnetic moment. By assembling the magnetized segments, variable bending
modes can be achieved. Here, we use four segments with the magnetization pattern
illustrated in Figure 1A to realize MSM units with switchable Poisson’s ratio behavior.

To evaluate the programmable bending behavior, we introduce the concept of mag-
netic-field-guided elastic buckling. Here, a programmable deformation mode of the
base unit is achieved by controlling the direction of the magnetic moment via an
external field and can be calculated by Equation 1:

Mg = mXx B, (Equation 1)

where Mk is the magnetic torque (N - m), mis the magnetic moment (A - m?), and Bis
the magnetic flux density applied (T). It is worth mentioning that the first-order
bending moment is provided by the magnetic field, which also eliminates the uncer-
tainty of the buckling direction.

When the magnetic field is turned on, each beam segment is in a slight bending
equilibrium with an initial deflection A. The addition of a further compressive load
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leads to an amplification that tends to produce buckling behavior under a P-A effect,
as described by beam-column theory*” with the differential Equation 2:

1

Elw + Pw’=0 (Equation 2)

where E is the elastic modulus of the composite material (Pa), I is the polar moment
of inertia of the beam on the bending axis (m%, Pis the vertical compression load (N),
and w is the deflection at mid-span of the beam (m).

The base unit consists of four groups of magnetized segments, where each segment
comprises two magnetic-responsive voxels, and the geometrical design is displayed
in the supplemental information (Figure S2). To magnetize the voxels, we sequentially
deploy four steps of material injection followed by orientating and curing in a pair of
Helmholtz coils. For the base unit, each voxel is magnetized to generate a magnetic
moment of equal magnitude but in the opposite direction to its neighbor.

In mechanical tests, the programmable base unit shows a tri-state mechanical
behavior where its deflection mode under compression can be altered by external
magnetic fields (Figures 1E and S6é; supplemental information). When the external
magnetic field is OFF, the unit exhibits a positive Poisson’s ratio (vmax = 3.47) due
to the constrained mode. Instability behavior is observed with a critical load of
66 mN. A pre-deformed curvature is observed in both z+ and z— fields at a flux den-
sity of 50 mT. A positive Poisson’s ratio (vmax = 3.82) and a critical load of 58 mN are
observed in the z+ field. The Poisson’s ratio can be switched to negative (Vimax =
—4.52) by applying a z— field with a critical load of 76 mN. Also, the unit shows a
higher stiffness when the field is turned to z—. This is because, in the negative Pois-
son’s ratio state, the voxels contact and lock each other when moving to the center of
the unit, as the deformation space is compressed. For the silicone matrix, Dragon
Skin 30 was selected, and other materials such as PDMS or Ecoflex are also possible.
To better evaluate the magnetic-mechanical performance, tensile tests have been
performed on the Dragon Skin 30 and magnetic composite samples, which are pre-
pared according to tensile test standards. Nominal stress-nominal strain curves are
shown in Figure 1F. The magnetic flux density of a two-voxel beam (one segment)
bending in the presence of a 50 mT magnetic field is simulated (Figure 1G). The
bending curvature and stress state of one segment in a vertical magnetic field are
then simulated in Figure 1H. When fabricating a base unit, the mold is designed
with nine injection inlets, allowing the 8 voxels and the connecting beams to be in-
jected individually. However, extending this programmable mechanical property to
a larger scale requires a strategy to fill and orientate multiple voxels simultaneously.
To address this challenge, a systematic method to achieve desired spatial magnetic
configuration is established.

Multi-step fluidic control programming and 3D magnetic orientation

Developed from traditional molding methods, the multi-step fluidic control pro-
gramming involves mold fabricating, fluid injecting, and demolding procedures.
Here, the mold for the multi-unit structure is initially created using a fused deposition
modeling 3D printer, employing a butanediol vinyl alcohol co-polymer filament for its
solubility in water. Once the 3D printing is completed, a mixture of magnetic particles
and polysiloxane elastomer is injected into the mold with a precision pump in a series
of iterative steps. After each injection iteration, the mold is positioned within an elec-
tromagnetic system, aligning the uncured composite along the pre-determined axis.

To evaluate the fluid properties of the composite, rheological tests are performed as
shown in Figure S4. The shear-thinning behavior of the PrFeB and Dragon Skin 30
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Figure 2. Fluidic control programming strategy for fabricating multi-unit MSM lattices
(A) Structural fabrication and 3D fluidic control programming procedure of multi-unit MSM lattices. Th
scanning electron microscopy image.

red, yellow, blue, and green).

C) Image of 3D-printed transparent mold injected with four distinct colors.

D) Cross-section view image of 3D-printed transparent mold.

E) Schematics on the 3D multi-step injection and orientation steps. The iterations are represented by

(
(
(
(
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mixture facilitates smooth injection with low resistance, while its higher viscosity en-
sures stable particle distribution within the fluid matrix, crucial for consistent material
properties and performance. The uniformity is further characterized with scanning
electron microscope (Figure S5). Once the injection and magnetic alignment pro-
cesses are completed, the mold undergoes a curing phase to solidify the composite.
Then, the next iteration of injection, magnetization, and curing is performed on a
different section of the mold. After the full array of iterations is completed, the entire
mold is submerged in a hot water bath, where it is designed to dissolve completely,
as depicted in Figure S7.

This approach can be extended to create MSMs with more voxels and magnetic con-
figurations, as designed in Figure S3. To facilitate this complex injection process in a
3D scenario, we designed a 3D injection channel with one inlet and four outlet
nodes. Here, this model is systematically rotated four times to assemble a compre-
hensive 3D fluidic programming channel model, as shown in Figure 2B. To visualize
the capabilities of this fluidic control system, a transparent mold is prototyped using
a stereolithography printer. This mold is then filled with four colors of pigment to
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differentiate and highlight the flow paths and channel configurations, as shown in
Figures 2C. Figure 2D shows a cross-sectional view of this transparent mold,
revealing the intricate internal structure of the fluidic control system. To further illus-
trate the process of fabricating the 8-unit MSM lattice with four-directional magnetic
configurations, Figure 2E shows the sequential injections and corresponding mag-
netic reorientations.

MSM lattice with switchable Poisson’s ratio

The programmable mechanical properties of the lattice are characterized in an in situ
mechanical test system as depicted in Figure S8. This setup includes a linear slide to
apply the compressive load, force sensors, and electromagnetic coils to provide
switchable magnetic fields. In this study, three different magnetic environments
(OFF, z+, and z—) are selected to investigate the programmable mechanical
behavior of the lattices. To describe the deflection mode, we model the segments
as Euler-Bernoulli beams, and the elastic beams can be described with discontin-
uous buckling when the non-linearity is sufficiently strong, where the value of post-
buckling slope (S) indicates different buckling modes including slender beams, wide
beams, and metabeams.*”

In the uniaxial compression tests, three lateral deformation modes are observed.
The process of the mechanical test is presented in Figure 3A and Video S1, with
the compressive strain increasing from 0% to 30%. Finite element analysis also sug-
gests the same deformation modes in the experiments (Figure 3B). The programma-
ble mechanical properties are further evaluated in the load-displacement curves
(Figure 3C) and strain-Poisson'’s ratio curves (Figure 3D). Upon removal of the mag-
netic field, the metamaterial lattice exhibits the instability behaviors corresponding
to discontinuous buckling mode. This is evidenced in the load-displacement curve,
wherein a negative slope is observed after the average critical load of 300 mN, and
the Poisson'’s ratio stays near zero. Additionally, several instability buckling modes
are observed under identical conditions (Figure S9), showing the non-linearity of
the system. Due to the randomness of these buckling modes, we do not consider
negative stiffness as one of the designed mechanical properties.

The instabilities are practically eliminated when the magnetic field is activated, which
can be identified from the unified deformation mode in each compression cycle and
the standard deviations of the postbuckling load. Specifically, in the presence of a z+
magnetic field, the metamaterial lattice adopts a convex curvature even before any
load is applied. Consequently, upon loading, a positive Poisson’s ratio (Vimax = 3.41)
mode appears, indicating an expansion in the transverse direction relative to the
applied axial strain. The critical load is 236 mN and the postbuckling slope turns
positive with S > 0. Conversely, when subjected to a z— magnetic field, the metama-
terial lattice exhibits an inward curvature before loading. A negative Poisson’s ratio
mode (Vimax = —2.64) is observed, indicating a transverse contraction relative to the
applied axial strain. The critical load is 256 mN and the postbuckling slope is positive
with S > 0. In this mode, the slope undergoes a further increase when the compres-
sive displacement exceeds 5.7 mm, which is caused by the contact of voxels.

To evaluate the stability of MSMs for long-cycle compression, fatigue tests are per-
formed under three different magnetic field modes. The results indicate that the MSM
lattice exhibits stable mechanical behaviors across all tested modes (Figures 3E-3G).
Specifically, after 500 compression cycles, the MSM lattice retains 97%, 95%, and
94% of its maximum reactive force under the z+, z—, and no-magnetic-field modes,
respectively.
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Figure 3. Magnetic soft metamaterial lattice with switchable Poisson's ratio
Magnetic fields are applied in z direction where the upward direction is defined as z+ and the downward direction is defined as z—.

(A) Images of 8-unit metamaterial lattice samples compressed in different magnetic field conditions. The black area above the sample is the linear slide,
which applies the compressive load.

(B) Finite element analysis of 8-unit MSM lattice samples compressed in different magnetic field conditions.

(C) Force-displacement curve of 8-unit MSM lattice samples compressed in different magnetic field conditions. Each curve is the mean value of 3
compression tests, and the standard deviations are represented with shadows.

(D) Poisson's ratio-strain curve of 8-unit MSM lattice samples compressed in different magnetic field conditions. Each curve is the mean value of 3
compression tests, and the standard deviations are represented with shadows.
(E-G) Force-cycle number curves of MSM lattices in the fatigue test.

MSM lattice with reconfigurable orthotropic behaviors

With the multi-step injection and orientation strategy, 3D MSM structures with 64
voxels can be magnetized by four groups of orientations and therefore sixteen theo-
retical permutations and eight mechanical modes (after eliminating the duplication

Cell Reports Physical Science 5, 102125, August 21, 2024 7
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caused by symmetry) (Figure 4A). To demonstrate the capability of the 3D fluidic
programming and reorientation for MSMs with various magnetization patterns, we
fabricate MSM lattices with biaxial symmetric and anti-symmetric configurations
(Figure 4B). Compared to the previously demonstrated metamaterial lattices, the
magnetization mode is flipped between the x-z and y-z planes.

Verified through both simulation and compression testing, the symmetric MSM lat-
tice shows either outward or inward curvatures on all four sides when subjected to
magnetic fields of 50 mT in the z+ and z— scenarios (Figure 4C). In contrast, the
biaxial anti-symmetric magnetic metamaterial lattice exhibits orthotropic deforma-
tion modes under the same compressional forces in magnetic fields of 50 mT in
the z+ and z— scenarios (Figure 4D). Unlike the symmetric lattices, the anti-symmet-
ric configuration shows different bending behaviors on each side, which leads to
non-uniform deformation. This behavior is clearly visible in the compressional test
images, where the deformation modes differ significantly from the symmetric coun-
terpart. However, when the magnetic field is OFF, the biaxial anti-symmetric MSM
lattice exhibits a similar buckling behavior to that of the symmetric metamaterial lat-
tice, indicating that the primary differences arise due to the magnetization pattern
under the influence of a magnetic field.

Specifically, when the magnetic field is turned on, the sample exhibits almost the
same force-displacement curves in both z+ and z— magnetic fields (Figure 4E).
When the magnetic field direction is z+, the sample shows an outward convexity
in the y-z plane and an inward concavity in the x-z plane. When the magnetic field
direction is z—, the sample is concave in the y-z plane and convex in the x-z plane.
Upon loading, an expansion in the y-z plane (vmax = 3.29) and contraction in the
x-z plane (vmax = —2.61) relative to the applied axial strain is observed (Figure 4F).
Conversely, when subjected to a z— magnetic field (Figure 4G), the MSM lattice ex-
hibits a negative Poisson’s ratio mode in the y-z plane (vymax = —2.76) and a positive
Poisson’s ratio in the x-z plane (vmax = 3.44).

MSMs with programmable mechanical-based functions

The capability to generate multi-modal deformation allows us to achieve various
functions with the metamaterial lattice, as shown in Figure 5. Our approach offers ad-
vantages for the development of soft robots that operate in confined spaces and
require high compliance and precise actuation for miniaturization and safety. To
demonstrate its instantaneous response and the advantages of wireless actuation
using magnetic fields, we utilize one reconfigurable base unit as an in-tube soft
robot. The base unitis inserted into a vertically placed glass tube with an inner diam-
eter of 14 mm. Using a magnetic field, the base unit can be expanded or contracted
in the transverse direction, thereby manipulating the frictional forces with the wall
and enabling it to be anchored or released as desired.

As shown in Figure 5A, a cylindrical mass is placed on the top of the base unit. By
switching the magnetic field to z—, the sample contracts, reducing friction and facil-
itating downward movement under the effect of gravity. Then, by switching the mag-
netic field to z+, it expands and instantaneously stops the downward movement of
the load (Video S2). The weight of one base unitis 2.14 + 0.1 g, and the carrying
capability is evaluated with loads of 1.5, 2.5, 3.5, and 5.0 g, respectively (Figure 5B).
In each case, the loads and the robot are released from the top, stopped in the mid-
dle, and then released again to fall to the bottom of the tube. Due to the instanta-
neous response to the magnetic field, a sudden stop can be achieved within a
0.01 s duration while the reconfigurable base unit drops through the tube.
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Figure 4. MSM lattice with reconfigurable orthotropic behaviors

Magnetic fields are applied in z direction where along the z axis is defined as z+ and the opposite direction along the z axis is defined as z—.

(A) Permutations of magnetization patterns for MSMs, where "+ is the direction represented by the colored arrow.

(B) Biaxial symmetric and biaxial anti-symmetric MSM base units.

(C) Simulation and experimental images for the deformation modes of biaxially symmetric lattices compressed in the presence of z— and z+ magnetic
fields.

(D) Simulation and experimental images for the deformation modes of biaxially anti-symmetric lattices compressed in the presence of z— and z+
magnetic fields.

(E) Load-displacement curve of biaxial anti-symmetric magnetic metamaterial lattice.

(F) Poisson’s ratio-strain curve of orthotropic metamaterial lattice in the x-z plane.

(G) Poisson'’s ratio-strain curve of orthotropic magnetic metamaterial lattice in y-z plane.
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Figure 5. Functional demonstrations of the MSMs

Magnetic fields are applied in z direction where the upward direction is defined as z+ and the downward direction is defined as z—.

(A) Schematic of the programmable base unit used as a programmable load carrier.

(B) Images of the base unit stopping and releasing different masses by contracting and expanding in the presence of the magnetic field.

(C) Schematic design of metamaterial lattice as a reconfigurable soft electronic device.

(D) Metamaterial lattice-based soft electronic devices exhibit different electronic functions depending on the direction of applied magnetic fields of
50 mT.

We further demonstrate the capability of combining electronic components and cir-
cuitry with our multi-unit structure. An electrical circuit is developed with three
modes of operation: switching on red light-emitting diodes (LEDs), switching on
green LEDs, or turning off all LEDs. A metamaterial lattice sample with a magnetiza-
tion pattern, depicted in Figure 2, is placed in the middle of the circuit, as shown in
Figure 5C. The MSMs are then evaluated by functioning as a double-throw switch
that can be activated by the magnetic-field-guided buckling in the designed circuit
(Figure S10). When the material contracts, the red LEDs are activated, and the
expansion of the material triggers the green LEDs (Figure 5D; Video S3). Similar re-
sults are also observed when pressing the MSMs above a 60 x 5 mm NdFeB disk
magnet (Video S3). This result showcases that the magnetic metamaterial lattice
can form parts of soft electronics and offer a high degree of programmability.

In conclusion, we develop a strategy to realize multi-modal deformation in 3D
magnetic soft mechanical metamaterial structures through a voxelated fabrication
methodology. Our approach achieves the magnetization of all voxels in a weak mag-
netic field through a multi-step injection strategy. The magnetic soft composite
shows sensitive responses to the external magnetic field, resulting in a rapid switch-
ing between different mechanical behaviors such as positive/negative Poisson’s
ratio and orthotropic deformation. The reconfigurable MSMs also exhibit the ability
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to manipulate frictional forces in a glass tube. A soft electronic device with program-
mable functions is achieved, demonstrating the capabilities of the MSMs in electro-
magnetic applications. This work represents a step forward in the development of
MSMs and holds great potential for future applications that require responsive
and reconfigurable metamaterials.

To broaden the application scope, future investigations should consider integrating
additional functionalities into MSMs, such as electrical conductivity and thermal
responsiveness. Such advancements could transform the practical use of MSMs
across diverse fields, for example in wearable technologies or other biomedical de-
vices. Miniaturizing the MSMs to millimeters or even micrometers with more inte-
grated units will also be important for future magnetic soft metamaterials with
advanced functions.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Zhuoyue Wang (z.wang01@umcg.nl).

Materials availability
This study did not generate new unique reagents. The materials generated in this
study will be made available upon request.

Data and code availability
The data that support the findings in this study are available from the article and its
supplemental information. All other relevant data are available from the lead contact
upon reasonable request.

Preparation of magnetic composite

Before mixing, all the PrFeB particles (MQFPTM-16-7) were magnetized in an im-
pulse magnetizer (IM-10-30, ASC SCIENTIFIC) ata 2 T magnetic field. The magnetic
composite was prepared by blending PrFeB particles and Dragon Skin 30 (Smooth-
On) in a ratio of 33 wt %. After thoroughly mixing at 2,800 rpm for 2 min, the blend
was degassed inside a vacuum chamber for 5 min. The degassed mixture was then
transferred into a 12 mL syringe and ready for injection.

Multi-step injection and weak field orientation

The multi-step injection process involved injecting uncured magnetic composites into
one of the four main ports using a precision injection pump (NE-1000, ProSense B.V.) at
a rate of 0.50 mL/s. After injection for each magnetization direction, the mold was
transferred to the electromagnetic coil system and positioned for specific magnetiza-
tion orientations. Then, an 80 mT magnetic field was applied for 5 s to orientate the
particles. Subsequently, the mold was moved to a heating platform and maintained
at a temperature of 80°C for 15 min to ensure full curing of the magnetic composites.
This injection procedure was repeated for all magnetization groups successively.
Finally, the composite was also injected into the connecting channels and cured
without orientation in the electromagnetic field.

In situ mechanical tests

An in situ mechanical test system as depicted in Figure S8 was established including a
stepper motor (NEMA-17, Adafruit Industries), a load cell sensor (YZC-131-1kg,
Guangzhou Electrical Measuring Instruments Factory), and a microcontroller (Arduino

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 5, 102125, August 21, 2024 1




behaviors, Cell Reports Physical Science (2024), https://doi.org/10.1016/j.xcrp.2024.102125

Please cite this article in press as: Wang et al., Fluidic control programming for 3D magnetic soft metamaterials with reconfigurable mechanical

¢? CellPress

OPEN ACCESS

Mega 2560 Rev3). During the tests, vertical magnetic fields (z direction) were applied. In
all conditions, the stepper motor moved at the speed of 1 mm/s, cycling between com-
pressing distances of 6.5 mm for the base units and 7.5 mm for the multi-unit metama-
terial lattice. To measure the Poisson’s ratio, a DSLM camera (ICLE-7C, Sony) was placed
directly in front of the sample to take a 120 fps video of the tests, and Fiji*' was used to
calculate the transverse deformation.

Fatigue tests are also performed with the in situ mechanical test setup. Samples of
the MSM lattice were subjected to 500 compression cycles in the setup depicted
in Figure S8. The loading and unloading rates were maintained at 1 mm/s, with a to-
tal displacement of 7.5 mm for each cycle.

Finite element analysis

For the designs presented in Figures 1 and 3, deformations in the presence of
external magnetic fields were simulated using the Solid Mechanics and Magnetic
Fields, No Currents module in COMSOL Multiphysics 5.4. The material is defined
as linear elastic according to the mechanical experiments (Figure 1F), with a Young's
modulus E = 485 kPa. The simulations applied a uniform external magnetic field B =
50 mT. The boundary conditions and the configuration of g are illustrated in Fig-
ure S11. Details on the material properties and mesh parameters used are provided
in Table S2. For multi-unit lattice structures, a magnetic torque was modeled using
surface loads with equal magnitude and opposite directions on each voxel. The area
load g is calculated as Equation 3:

mBsinf MV, Bsin 6

9°7Ad T Ad

where g is the area load (N/m?), m is the magnetic moment (A/m?), B is the flux
density of the magnetic field applied (T), 6 is the angle between the magnetization
direction (M) of the voxel and the direction of the externally applied magnetic field
(B), A is the area that the load acts on (m?), and d is the distance between two
opposite loads (m). M is the magnetization of the composite materials, which is
measured at 8.7 kA/m with a Hall-effect-based setup (Note S1). Vyoy is the volume

(Equation 3)

of the voxel (m3).

Material mechanical characterization

The mechanical characterization was conducted using a texture analyzer (CT3,
AMETEK GmbH B.U. Brookfield). Standardized testing samples made of Dragon
Skin 30 and the magnetic composites were subjected to axis tensile tests as per
ASTM standard tests. The loading speed for the tests was set to 1 mm/s, and the
testing range was set to 200% of strain. Nominal stress-strain curves are provided
in Figure 1F.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].xcrp.
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