communications
materials

ARTICLE (B crock o pstes

Local resonance bandgap control in a particle-
aligned magnetorheological metamaterial
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Amijad Aref2, Chi Zhou® 3, Shengiang Ren"®’ & Mostafa Nouh@® 2™

Stimuli-responsive elastic metamaterials augment unique subwavelength features and wave
manipulation capabilities with a degree of tunability, which enables them to cut across
different time scales and frequency regimes. Here, we present an experimental framework for
robust local resonance bandgap control enabled by enhanced magneto-mechanical coupling
properties of a magnetorheological elastomer, serving as the resonating stiffness of a
metamaterial cell. During the curing process, ferromagnetic particles in the elastomeric
matrix are aligned under the effect of an external magnetic field. As a result, particle chains
with preferred orientation form along the field direction. The resulting anisotropic behavior
significantly boosts the sensitivity of the metamaterial’s elastic modulus to the imposed field
during operation, which is then exploited to control the dispersive dynamics and experi-
mentally shift the location and width of the resonance-based bandgap along the frequency
axis. Finally, numerical simulations are used to project the performance of the magnetically-
tunable metamaterial at stronger magnetic fields and increased levels of material anisotropy,
as a blueprint for broader implementations of in situ tunable active metamaterials.
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neered materials with resonance-based features that enable

wave control and manipulation at a subwavelength scalel-2.
Over the past two decades, they have demonstrated extraordinary
capabilities in wave guidance?, steering*=®, energy harvesting’,
analog computing®, and nonreciprocal wave propagation’, to
name a few. At the heart of the vast majority of metamaterial
applications is the ability to absorb wave propagation within
bounded frequency windows, commonly known as bandgaps
(BGs). These BGs typically emerge as a result of destructive
interferences at the interface of impedance-mismatched materials
in periodic crystals!, typically referred to as Bragg bandgaps, or
as a result of resonance scattering and hybridization in structures
hosting internal resonators'l; the latter being the focus of this
work.

Unlike Bragg effects, mechanical resonances rely solely on mass
and stiffness features rendering them unit-cell-size-independent,
which enable local resonance BGs to extend to low frequency
regimes (as low as 0.25 kHz as will be shown here) which are of
critical importance to a wide range of vibroacoustic applications,
without resorting to unrealistically large geometries. Despite the
promise of a strong low-frequency attenuation, the potential of
local resonance BGs remains largely untapped due to their nar-
row frequency range. As a result, a spurt of efforts have shared a
common theme of exploring novel (passive) configurations of
elastic metamaterials which exhibit wider gaps and broader dis-
persive characteristics. Notable among these are designs which
involve interactions of neighboring!2, non-local resonators!3, and
dual-periodic resonators!'4, origami designs!>, as well as inertant
metamaterials'®. In tandem, the notion of BG control has sur-
faced as a means to tune the location (i.e., starting frequency) and
width (i.e., spanned frequency range) of such local resonance
bandgaps. In structural form, locally resonant unit cells are
typically comprised of three components: a host matrix, a filler
material, and a near-rigid corel7>18. As such, BG tunability can be
potentially addressed via two distinct approaches: (1) Reconfi-
gurable geometries!®2! and (2) Response to external
stimulus?2-24, The latter uniquely positions metamaterials in
rapidly changing environments given the ability of stimuli-
responsive materials to be effectively tuned in real time. With
recent advances in additive manufacturing, BG control has been
exhibited in molecular ferroelectric metamaterials?>. This work
experimentally demonstrates robust local resonance bandgap
control in a 3D-printed magnetorheological metamaterial
through rigorous tuning of its anisotropic elastic profile.

Owing to their rapid, reversible tunability and long lifetimes,
magnetorheological elastomers (MREs) are good candidates for
active structural design. MRE composites are formed by homo-
geneously mixing and curing ferromagnetic particles, additives,
and elastomer matrices2°. Their mechanical properties, including
the elastic (Young’s) modulus, can be tuned on the order of
milliseconds by applying an external magnetic field due to
magneto-mechanical coupling?’-2%, Aside from lattice buckling®’
and reconfiguration of internal architectures3!, MRE-based
metamaterials exploit stiffness variations as a function of
external magnetic stimulation to achieve BG control. This
was successfully implemented in phononic crystals, both
theoretically32-34 and experimentally>®. In resonant metamater-
ials, MREs have been theoretically used as a cladding layer (filler)
in unit cells, adding a degree of tunability to the central position
and width of the formed BGs3, an idea which was further
expanded by adding a micro-electromagnetic coil as a core ele-
ment and tuning the resonant frequency by adjusting the coil-
induced magnetic field>’. These theoretical concepts were first
translated to a physically printed magneto-active system using
direct-ink writing38, and later used to break space inversion

Elastic metamaterials and metasurfaces are artificially engi-

symmetry in lattice designs inspired by the morphology of gra-
phene bilayers3?,

In this work, we demonstrate the significance of magnetic
particle alignment in the elastomeric MRE matrix and its pro-
found effect on the magneto-mechanical coupling and ensuing
BG tunability of the stimulus-responsive metamaterial. Isotropic
MREs, henceforth referred to as “non-aligned” MREs, are fabri-
cated in the absence of magnetic field alignment. In the resultant
configuration, magnetic particles are uniformly distributed. When
particles are aligned under a magnetic field during the curing
process, particle chains with preferred orientation form along the
magnetic field direction, resulting in a class of anisotropic
MREs#0, henceforth termed as “aligned” MREs. The emergent
anisotropy notably enhances the coupling process. Here, we
synthesize and exploit the strong magneto-mechanical coupling
of aligned MREs to achieve strong local resonance bandgap
control in a magnetically activated metamaterial with a 3D-
printed mold and a magnetorheological filler, as depicted and
summarized in Fig. 1.

Results

Magneto-mechanical coupling. To evaluate the effect of mag-
netic anisotropy (the directional dependence of the material’s
magnetic properties) on the magneto-mechanical coupling of the
MRE, non-aligned and aligned MRE samples were fabricated. All
properties are summarized in the Materials section. Scanning
electron microscopy (SEM) and energy dispersive X-ray spec-
troscopy (EDS) mapping measurements were conducted to
understand the anisotropic magnetic behavior (refer to the
Measurements section for details). As shown in Fig. 2d, the car-
bonyl iron particles are aligned in the elastomeric medium for the
aligned MRE as a result of the magnetic field imposed during the
curing process. In contrast, the non-aligned MRE does not report
a noticeable anisotropic magnetic behavior as carbonyl iron
particles are uniformly distributed in the elastomeric medium
(Fig. 2a). The magnetization-hysteresis (M-H) loops for non-
aligned and aligned MREs are measured as shown in Fig. 2b, e,
respectively. Contrary to the non-aligned MRE, the aligned
sample demonstrates an obvious anisotropic behavior with a large
saturation magnetization of 133emug~! (Fig. 2e). To evaluate
the role of the aforementioned anisotropy in the stiffness tun-
ability of an elastic medium, local resonance BG shift in a locally
resonant metamaterial with a tunable MRE filler (Fig. 1c¢) in the
absence and presence of a magnetic field is shown in Fig. 2¢, f
corresponding to non-aligned and aligned resonant fillers,
respectively. The metamaterial houses a total of 16 unit cells lined
up over 2 rows. Owing to weak magneto-mechanical coupling in
the non-aligned case, the observable BG shift depicted in Fig. 2f is
lacking in Fig. 2c. The saturation magnetic field (i.e., minimum
field to saturate the magnetization) increases continuously as a
result of changing the magnetic field angle from 0° to 90° (i.e.,
from a position parallel to one perpendicular to the aligned
magnetic field), and decreases thereafter, as shown in Fig. 3a.
Specifically, the change in saturation magnetic field is 0%, 53%,
and 3% for 0° 90° and 180° respectively. The coercivity also
shows continuous change as the measuring magnetic field
direction is rotated. As shown in Supplementary Fig. S1, the
coercivity change is 0%, 11.2%, and —0.3% for 0°, 90°, and 180°,
respectively. Control experiments for the non-aligned MRE show
a lack of change in both the saturation magnetic field and coer-
civity as can be seen in Fig. 3a and Supplementary Fig. S1,
respectively. The magneto-mechanical coupling is further studied
via in situ compression tests (see the Measurements section for
details). Stress-strain curves for the aligned MRE under different
magnetic fields confirm an increase in Young’s modulus with an
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Fig. 1 An anisotropic MRE-based locally resonant metamaterial. a Ferromagnetic particle alignment during the curing process to induce magnetic
anisotropy. b Metamaterial fabrication via a 3D-printed mold. ¢ Integration of outer matrix, resonating core, and tunable magnetorheological filler.
d Experimental apparatus and magnetic field strength variation via adjustable distance between facing magnets. e Transmission spectrum and local

resonance bandgap control in the absence and presence of magnetic field.

increase in the applied magnetic field (Supplementary Fig. S2).
Figure 3b summarizes the measured moduli for the aligned MREs
at 0, 850, 1300, and 1600 Oe to be 1.08, 1.11, 1.21, and 1.27 MPa,
respectively. As expected, the non-aligned samples show smaller
changes in Young’s modulus due to the isotropic magnetic
behavior (Supplementary Fig. S2). The obtained moduli for the
non-aligned MRE are 0.43 and 0.41 MPa for 0 and 1600 Oe,
respectively. In addition to the reported changes in the modulus
value, it is noted here that the alignment process also significantly
enhances Young’s modulus.

MRE-based anisotropic metamaterial. An elastic metamaterial is
fabricated using a locally resonant unit cell consisting of an
aligned MRE membrane (resonator spring) which fills an outer
aluminum matrix and houses a brass core (resonator mass), as
shown in Fig. 4a. The resonator sits on a very thin layer of the
MRE material which provides additional adhesion needed to
secure the resonator in place (see Fig. lc and Supplementary
Fig. S6 for detailed geometry). To assess the ability of the aligned
MRE-based metamaterial to generate highly tunable low-
frequency bandgaps, a series of numerical simulations are car-
ried out using a tailored finite element model which adequately
captures the dissipative dynamics of the magnetorheological
material (see the Simulations section for details). Figure 4e dis-
plays the wave dispersion diagram of the unit cell in the absence
of a magnetic field, for both in- and out-of-plane modes. A local

resonance BG can be spotted from 192 to 270 Hz for out-of-plane
deformations. Figure 4b shows the deformed metamaterial at
200 Hz for two distinct scenarios in response to an actuation at
the far left end of the structure close to the clamped boundary:
Sim 2 represents the case when the metamaterial is stimulated by
a 1600 Oe magnetic field strength, and Sim 1 represents a control
test in the absence of magnetic field. Spatial wave absorption
along the propagation direction in Sim 1 confirms the local
resonance BG predicted in Fig. 4e, and the end-to-end trans-
mission in Sim 2 implies a shift in BG frequency as a result of the
applied magnetic field, which forces 200 Hz outside the BG
region. An experimental realization of the MRE-based metama-
terial was fabricated and tested as illustrated in Fig. 4c (see
the Metamaterial experiments section and Supplementary Figs. S4
through S6 for further details). Two arrays of permanent magnets
were mounted facing each other and used to impose a uniform
magnetic field on the aligned MRE fillers. Note that the distance
between the magnets, and consequently, the strength of the
generated magnetic field, are tunable enabling the reproduction of
the experiments for different sets of parameters. To quantify the
BG shift, a series of frequency sweeps were carried out. A transfer
function between the out-of-plane displacement of the tip node
(P2 in Fig. 4c) and the metamaterial base (P1 in Fig. 4c) was
defined and measured. The transfer functions are plotted for both
simulations and experiments in Fig. 4d. The rows of Fig. 4d
correspond to different magnetic field strengths which are
induced by changing the gap between the magnet faces as
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Fig. 2 Anisotropy in non-aligned versus aligned MRE samples. a, d SEM images (top half) and EDS mappings (bottom half) for the non-aligned and
aligned MREs, respectively. b, @ M-H loops at different angles for the non-aligned and aligned MREs, respectively. 0° corresponds to the measuring
magnetic field being parallel to the aligned magnetic field. ¢, f The transmission spectrum of MRE-based metamaterials using the non-aligned and aligned
MREs, respectively, in the absence (0 Oe) and presence (1600 Oe) of a magnetic field. A bandgap shift is hardly noticeable in (¢) (non-aligned) and is

significantly pronounced in (f) (aligned).
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Fig. 3 Magneto-mechanical coupling. a Angle-dependent saturation magnetic field change for aligned and non-aligned MREs. In the aligned case, Hso
refers to the saturation magnetic field when the measuring magnetic field is parallel to the aligned one. b Dependence of the elastic (Young's) modulus on
the magnetic field for the aligned MRE. Inset shows a schematic of the compression test under a magnetic field. F represents the compression force and B

represents the magnetic field provided by permanent magnets.

illustrated in Fig. 4f. As the gap is gradually reduced, the aligned
MRE filler becomes stiffer, eventually resulting in a noticeable BG
shift to higher frequencies (highlighted region in Fig. 4d). For
comparison, the results of Sim 1 and Sim 2 in Fig. 4b are indi-
cated on the first and last rows of Fig. 4d, respectively, confirming
a decent agreement between theory and physical testing.
ys = (fs — fso)/fso and yg= (fg — fro)/feo are defined as the
percentage normalized changes in the starting and ending BG
frequencies, respectively, where fs and fg are the starting and
ending BG frequencies in the presence of magnetic field and fso
and f, are the starting and ending BG frequencies in the absence
thereof, respectively. Figure 4g depicts the variation of these two
metrics for different magnet gaps revealing the increasing

tunability of the metamaterial at stronger magnetic fields. Using
numerical simulations, Fig. 5 demonstrates two different path-
ways to enhance the metamaterial’s tunability beyond the best
possible experimental performance (marked by point A in
Fig. 5a). In the first approach, the effect of a stronger magnetic
field on further boosting the MRE’s Young’s modulus while
keeping the same level of anisotropy is evaluated. This corre-
sponds to a shift from point A (peak experimental performance;
H =1600 Oe) to points B (H =2000Oe) and C (H = 3000 Oe)
along the solid black curve, which indicates the experimentally-
obtained level of anisotropy from the curing process. In the
second approach, higher and lower levels of anisotropy are
envisioned while keeping the strengths of magnetic field
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Fig. 5 MRE-based metamaterial with enhanced tunability. a Experimental and projected dependence of the elastic (Young's) modulus on the magnetic
field for MREs with different levels of anisotropy. Point A marks peak experimental performance shown in Fig. 4. b Percentage normalized change in the
starting ys and ending ye bandgap frequencies for experimentally obtained (solid black), superior (dashed red), and inferior (dashed blue) anisotropy levels
at a constant magnetic field of 1600 Oe. ¢ Percentage normalized change in the starting ys and ending ye bandgap frequencies corresponding to an increase
in magnetic field beyond experimental limits, at the same anisotropy level of the MRE material.

unchanged. This corresponds to a vertical shift from point A to
points At and A~ on the red and blue dashed curves, respec-
tively. In both scenarios, the percentage normalized change in the
starting ys and ending yx bandgap frequencies, as defined earlier,
is computed and shown in Fig. 5b, c.

Conclusion

From fabrication to dynamical testing, this paper demonstrated
an experimental pathway to achieving a robust MRE-based
magnetically programmable metamaterial through magnetic
anisotropy and particle alignment. In contrast to current con-
figurations of stimuli-responsive metamaterials where the dis-
tribution of ferromagnetic particles is uniform in the elastomeric
medium, the predominantly anisotropic MRE-filler used here as
the elastic component of the metamaterial cell exploits the
enhanced stiffness tunability stemming from the ferromagnetic
particles being constrained and coerced into aligning with the
applied magnetic field during the curing process. Through a series
of simulations and experiments, it was demonstrated that such
alignment significantly strengthens magneto-mechanical coupling
in the MRE fillers and builds up ability of the emergent local
resonance bandgaps to be shifted and moved along the frequency
axis via an external magnetic field. The results and experimental
framework shown here promote the use of MRE:s in the design of
active metamaterials and set a roadmap for broader future
implementations.

Methods

Materials. The magnetorheological elastomers were made with
70 wt% ferromagnetic particles (carbonyl iron particles, Sigma-
Aldrich), 15wt% additives (silicone oil, Fisher Chemical), and
elastomer matrix (15 wt% silicone rubber, RTV). The carbonyl
iron particles were mixed with silicone oil and silicone rubber to
form an uncured MRE precursor. After uniformly mixed, the
uncured MRE precursor was placed in a vacuum chamber (1 Pa)
for one hour to remove the air inside the precursor. The non-
aligned MRE sample was obtained by curing the MRE precursor
in a 3D-printed mold for 48 hours. The aligned MREs were
obtained by curing the samples in a 3D-printed mold under a
magnetic field which is generated by arrays of permanent mag-
nets. The maximum magnetic field during the curing process was
about 3000 Oe.

Measurements. SEM and EDS measurements were recorded by
field emission SEM (Hitachi S4000). Magnetic measurements
were carried out using a vibrating sample magnetometer (VSM,
MicroSense EZ7-380V). Compression experiments were carried
out by a Mark-10 universal testing machine at room temperature
(see Supplementary Note 4 for effect of sample geometry on the
measurements). The magnetic field is applied through two neo-
dymium magnets with a size of 50 x 25 x 10 mm. The magnetic
field strength was controlled by changing the gap distance
between neodymium magnets.

Metamaterial experiments. A support system was designed to
attach the metamaterial to an optical vibrationally-damped table.
A nearly uniform magnetic field was realized facing 2 arrays of 6
permanent neodymium magnets (see Fig. 4c). Magnetic field
strength of the constructed sliding assembly was tuned by
changing the gap distance between faces of the arrays. The pro-
posed design is capable of applying uniform magnetic field to all
fillers along the metamaterial (see Supplementary Note 3 for
details on magnetic field measurements). Static deflection of the
metamaterial due to gravity was found to be insignificant due to
the light weight of the individual unit cells (4.3g) and no
noticeable deformation of the elastomeric matrix was observed
upon connecting the beam in a cantilevered setting to the test
fixture. A signal generator (Stanford Research Systems SR780)
was used to perform a frequency sweep, 0-500 Hz, with a reso-
lution of 0.5 Hz. The generated harmonic signal was amplified
(PiezoDrive PD200) and fed to a pair of extender piezoelectric
wafers which were attached to opposite faces of the metamaterial.
A flexural wave was realized via an out of phase 180° excitation of
these piezoelectric wafers. A pair of accelerometers (PCB Piezo-
tronics 352A24) was used to measure the out-of-plane deforma-
tions of the structure. A transfer function was defined between
the out-of-plane displacement of the tip and the base of the
metamaterial. For dimensions and geometric details of the fab-
ricated metamaterial, refer to Supplementary Fig. S6.

Simulations. Finite element simulations were carried out using
the structural mechanics module of COMSOL Multiphysics. The
proposed metamaterial was modeled using 3D elements com-
prised of three different materials: An aluminum matrix
(E=68.9GPa, p=2700kg/m3, and v=0.33), a brass core
(E =106 GPa, p = 8500 kg/m?, and v =0.32), and an MRE filler
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(p=2444kg/m> and v=04). The extent of frequency-
dependence of the elastic modulus of MREs ranges from
mild4142 to strong33, it varies from one elastomer to another and
is typically more pronounced at higher frequencies. To capture
the viscoelastic behavior of the MRE filler used in this study,
experimental measurements of the real and imaginary compo-
nents of the elastic modulus (i.e., storage and loss moduli*3) were
carried out via a Dynamic Mechanical Analyzer (DMA850 from
TA Instruments) as detailed in Supplementary Note 6. Supple-
mentary Fig. S11 depicts the variation of the material’s elastic
modulus and loss factor over the intended frequency range of
0-500 Hz. Although variation is found to be minimal, the
experimental values are incorporated in all numerical simula-
tions. The procedure used to generate the dispersion diagrams of
a unit cell with frequency-dependent material properties is
detailed in Supplementary Note 6, since a traditional
wavenumber-to-frequency approach does not allow for
frequency-dependent elastic modulus values to be set a priori*4.
To generate the FRF plots, a frequency domain analysis was
performed using a single excitation in the form of a transverse z-
directional displacement at the far left end of the metamaterial,
near the clamped boundary. A tip-to-base displacement transfer
function was defined corresponding to the locations of the
experimental measurements. To account for different magnetic
configurations, the effect of the magnetic field strength levels is
explicitly considered as the corresponding change in the filler’s
elastic modulus as quantified by the experimental measurements.

Data availability
The authors declare that the data supporting the findings of this study are available
within the paper, and its supplementary information files.
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