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Magneto-Mechanical
Metamaterials: A Perspective
Magneto-mechanical metamaterials possess unique and tunable properties by adjusting
their shape configurations in response to an external magnetic field. Their designs and func-
tionalities are diverse and are utilized in a wide variety of applications, such as highly
tunable elastic and electromagnetic wave filters and targeted shape morphing. In this per-
spective, we examine the general background of magneto-mechanical metamaterials and
their diverse applications. The possible future directions in the field are also thoroughly dis-
cussed. [DOI: 10.1115/1.4063816]
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Metamaterials, originating from the Greek word “meta,” meaning
“beyond,” are a type of manmade material that feature unique prop-
erties and capabilities. Their distinguishing characteristics lie in
their structure, which consists of repeating unit cells. The properties
of these materials are primarily governed by the geometry of the
unit cell rather than its material composition and are not observed
in natural materials. Active metamaterials are a subcategory of
metamaterials and possess unit cells capable of modifying their
geometry and, correspondingly, their properties, in response to
external triggers or stimuli. By manipulating these stimuli, active
metamaterials showcase the remarkable ability to demonstrate
tunable properties, significantly enhancing their functionality and
applicability.
Among the many diverse types of active metamaterials, the

magneto-mechanical metamaterial possesses unique advantages
for shape reconfiguration and property tuning through the applica-
tion of an external magnetic field, a rapid, reversible, and untethered
actuation method. Figure 1(a) demonstrates the general mechanism
of magneto-mechanical metamaterials. Oftentimes, sections of the
unit cell of a magneto-mechanical metamaterial have specifically
designed magnetization directions. When subjected to an external
magnetic field, typically generated by permanent magnets or elec-
tromagnetic coils, the magnetized sections of the magneto-
mechanical metamaterial experience magnetic torque, which leads
to shape transformation into an actuated mode. This process is
reversible and following the removal of the magnetic field, or in
some cases, an application of a reversed magnetic field, the
magneto-mechanical metamaterial returns to its initial mode. In
addition, there are two strategies to fabricate magneto-mechanical
metamaterials. The first option is embedding magnetic particles
into a soft polymeric material, creating a magnetic soft composite
[2,3], and the second involves inserting permanent rigid magnets

into a soft or rigid matrix [4,5]. Of these two strategies, magnetic
soft composites are a more robust strategy to easily tune the
mechanical properties of magneto-mechanical metamaterials [6].
Accordingly, the remainder of this perspective will focus on such.
Figure 1(b) illustrates an example of magneto-mechanical meta-

materials using a square-shaped unit cell, whose magnetization dis-
tribution leads to a compact configuration under the applied
downward external magnetic field [1]. An opposite magnetic field
applied to the compact metamaterial can bring it back to the
initial mode. Figure 1(c) depicts experimental images of the fabri-
cated magneto-mechanical metamaterial and its actuation based
on the unit cell design in Fig. 1(b). Here, an 8 × 8 array of unit
cells deforms to the compact configuration when a uniform down-
ward magnetic field is applied. By exploiting their fast and pro-
grammable shape morphing capability, magneto-mechanical
metamaterials have also found an expansive range of functionalities
and are popular candidates in a variety of applications, as shown in
Fig. 1(d ). One of the common applications is in wave manipulation.
The reconfigurable geometry of a magneto-mechanical metamater-
ial affects the propagation of electromagnetic [7], elastic [1,8–11],
and acoustic/elastic [12,13] waves, allowing them to be utilized
as filters to block the transmission of waves at specific frequencies
or as waveguides to guide waves in paths along the overall metama-
terial. Moreover, the structural reconfiguration of the unit cell can
directly tune the mechanical properties, such as structural stiffness
and Poisson’s ratio, of a magneto-mechanical metamaterial [4,14–
18]. The shape-reconfigurable magneto-mechanical metamaterials
can also serve as a structural framework for soft robots [19–22].
Figure 1(e) presents an experimental image of area-preservation
[1] in magneto-mechanical metamaterials. Here, the magneto-
mechanical metamaterial achieves unique shape reconfiguration
modes while maintaining consistent overall dimensions. This is crit-
ical in applications where constant area coverage of substrates is
required such as a conformal reconfigurable antenna. Selective actu-
ation, which means only certain unit cells undergo shape change
while others are left unchanged, is an effective strategy that facili-
tates the programmability of magneto-mechanical metamaterials,
as shown in Fig. 1( f ). This increases the number of possible
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shape reconfiguration modes in the metamaterial for diverse func-
tionality and applicability.
To demonstrate the diversity and versatility of magneto-

mechanical metamaterials, Fig. 2 includes four examples of func-
tional magneto-mechanical metamaterials for different applications.
Figure 2(a) depicts a magneto-mechanical metamaterial that uses its
shape reconfiguration ability as a tunable electromagnetic wave
filter [7]. In its deployed mode where no magnetic field is
present, there is a bandgap from 24.5 to 26 GHz where electromag-
netic waves at these frequencies are filtered. But when a magnetic
field is applied to reconfigure its shape to the folded mode, the meta-
material allows waves at all frequencies to pass. Furthermore,
magneto-mechanical metamaterials as tunable filters are not
limited to electromagnetic waves. Figure 2(b) shows an elastic
wave filtering magneto-mechanical metamaterial [1]. Here, the
metamaterial consists of two stacked metamaterial arrays with
each array having opposite magnetization directions, causing the
stacked arrays to experience magnetic attraction to one another
and the flipped magnetizations allow for independent actuation of
layers. The combination of magnetic attraction and independent
actuation is the key principle in achieving area-preservation in
this magneto-mechanical metamaterial. In response to an external
magnetic field, only one layer will undergo shape reconfiguration
and the other layer provides area-preservation, and the attraction
between the two layers holds them together into a single

metamaterial system. Subsequently, the metamaterial is employed
as an elastic waveguide and as a wave filter for tunable frequencies.
Mechanical property tuning is another important application of
magneto-mechanical metamaterials, as shown in Fig. 2(c) [15].
This metamaterial is fabricated by 3D printing two different mag-
netically responsive materials, with one being a soft material and
the other being a magnetic shape memory polymer whose stiffness
is tuned via heat. By controlling the external thermal source, the
stiffness of specific sections of the metamaterial is tuned to activate
and deactivate the magnetic field-induced shape morphing such
that the metamaterial will show either a positive or negative Pois-
son’s ratio during deformation. Finally, magneto-mechanical meta-
materials are utilized as the structural framework for soft robots, as
exampled by the “starfish” metamaterial robot in Fig. 2(d ) [19].
Under a magnetic field, the five metamaterial “legs” contract
toward the body center. Once the field is removed, the legs elongate
back to the original length.
In recent years, there have been great advances in the field of

magneto-mechanical metamaterials. However, to expand the appli-
cation spectrum of this active material system for rich programma-
bility and property tunability, there are still numerous avenues for
future works on their actuation strategies, advanced manufacturing
methods, and design methods [23]. In this section, we outline our
views on five potential future directions and unsolved challenges
of magneto-mechanical metamaterials.

Fig. 1 Mechanism and applications of magneto-mechanical metamaterials. ((b), (c), and (e) Reproduced from Sim et al. [1] with
permission from Wiley-VCH GmbH). (a) Actuation mechanism of a magneto-mechanical metamaterial with magnetic field
sources and fabrication methods. (b) Schematic of a magneto-mechanical metamaterial and its actuation. (c) Experimental
actuation of magneto-mechanical metamaterial. Scale bar: 20 mm. (d ) Applications of magneto-mechanical metamaterials in
electromagnetic, elastic, and acoustic wave manipulation, and mechanical property tuning. (e) Functional shape reconfigura-
tion of magneto-mechanical metamaterials with constant overall dimensions and area-preservation. Scale bar: 20 mm. (f )
Demonstration of selective actuation where the middle three rows are actuated. Scale bar: 30 mm.
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1 Integration of Shape Morphing and Locking of
Magneto-Mechanical Metamaterials
Most existing works on magneto-mechanical metamaterials

feature rapid, reversible, and untethered actuation. They reconfigure
their shape when the magnetic field is applied and revert immedi-
ately after the field is removed. However, sometimes, it is desirable
for magneto-mechanical metamaterials to maintain their shape
reconfigurations, even when the magnetic field is removed.
Recently, two strategies, structural snapping and material stiffness
tuning, have been explored for magneto-mechanical metamaterials
to maintain their shape. Structural snapping utilizes the snap-
through behavior of slender beams and shells to create multiple
stable states while material locking uses a material’s property
change in response to external stimuli. Both Pal et al. and Chen
et al. [24–26] demonstrate the combination of snap-through beha-
vior with magnetic field-responsive materials to create bistable
magneto-mechanical metamaterials. After the application of a mag-
netic field, metamaterials snap-through to new shape configurations
and remain locked after the field is removed. Upon the application
of a reversed magnetic field, the metamaterial can reverse back to
the initial mode. Alternatively, Ze et al. introduce shape-locking
magneto-mechanical metamaterials by way of magnetic shape
memory polymers (M-SMPs) [27]. M-SMP softens and stiffens
when heated and cooled, respectively. Consequently, a magneto-
mechanical metamaterial fabricated from M-SMP achieves shape
transformation in its soft state. Then, the magnetic field is
removed once the metamaterial cools and stiffens, locking the actu-
ated mode in place. To return to the initial mode, the metamaterial
requires another heating cycle. Both approaches, structural snap-
ping and material stiffness tuning, provide repeatable and stable
shape configurations but beyond these two methods, it would be
beneficial to explore other shape-locking mechanisms in magneto-
mechanical metamaterials to expand the application.

2 Enhancing Programmability of Shape
Reconfigurations
The programmability of magneto-mechanical metamaterials

determines their applicability, and the programmability is directly

related to the number of shape reconfigurations. Selective actuation
is a strategy in which only certain sections of a magneto-mechanical
metamaterial are actuated and is a potential option to vastly increase
the number of shape reconfigurations. Shape locking, as described
earlier, can be combined with selective actuation as a new program-
ming method. Pal et al. physically move permanent magnets toward
a magneto-mechanical metamaterial, snapping some unit cells into a
new shape reconfiguration [25] and skipping others to leave them in
their initial configuration. Chen et al. utilize small electromagnetic
coils to generate local magnetic fields such that the magnetic field is
essentially applied to only one unit cell at a time [26]. Currently,
selective actuation has only been demonstrated in planar magneto-
mechanical metamaterials. Strategies to expand selective actuation
to the three-dimensional space with more complex metamaterial
structures are highly desirable but underexplored. For example,
revolving structures have extensive electromagnetic applications
[28], and applying selective actuation to revolving magneto-
mechanical metamaterial structures vastly increases their tunability
and applicability.

3 Conformal Magneto-Mechanical Metamaterials
Conformal magneto-mechanical metamaterials are highly desired

for applications that include highly complex 3D geometries, such as
electromagnetic antennae. But, most magneto-mechanical metama-
terials have been demonstrated on planar surfaces [10,15,26]. While
some magneto-mechanical metamaterials feature actuation on
curved substrates [1,7], these surfaces possess relatively low curva-
ture and the metamaterials are only draped on top of the substrate.
There are tremendous needs for developing magneto-mechanical
metamaterials capable of conforming to complex 3D objects
while simultaneously featuring multiple shape reconfigurations.
One potential strategy is to design metamaterials with multiple
distinct unit cells to accommodate the 3D surface at the metamater-
ial’s undeformed state and during its shape reconfigurations.
Optimization-based techniques could be a powerful tool in this
endeavor [29], where the unit cells and their distribution can be
designed to fulfill the conformability requirement during the actua-
tion of the metamaterials. Regardless of approach, magneto-
mechanical metamaterials capable of completely conforming to

Fig. 2 Four examples of magneto-mechanical metamaterials. (a) Magneto-mechanical metamaterial utilized as a conformal
electromagnetic wave filter. (Reproduced from Wu et al. [7]. with permission from Wiley-VCH GmbH). Scale bar: 20 mm. (b)
Area-preserving bilayer magneto-mechanical metamaterial with applications in elastic wave control and waveguide. Scale
bars left to right: 5 mm and 20 mm. (Reproduced from Sim et al. [1] with permission from Wiley-VCH GmbH). (c) 3D printed
magneto-mechanical metamaterial with the ability to demonstrate either positive or negative Poisson’s ratio. (Reproduced
from Ma et al. [15] with permission from American Chemical Society). Scale bar: 10 mm. (d ) Tensegrity-based magneto-
mechanical metamaterial with applications in soft robotics. (Reproduced fromLee et al. [19] with permission from the American
Association for the Advancement of Science). Scale bar: 50 mm.
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complex 3D geometries have not been achieved and, once demon-
strated, have the potential to revolutionize the field.

4 Advanced Manufacturing of Magneto-Mechanical
Metamaterials
Further work into the advanced manufacturing of magneto-

mechanical metamaterials is another promising direction to
expand the tunability. Since the size of the unit cell determines the
operating frequency of acoustic and electromagnetic waves,
higher frequency waves necessitate a reduction in the size of the
unit cell [14,30]. Therefore, it is worth investigating advanced man-
ufacturing methods of submillimeter magneto-mechanical metama-
terial unit cells for high-frequency applications. Currently, most
magneto-mechanical metamaterials are fabricated by molding and
casting [1,7] and are largely limited to the millimeter and centimeter
scales. Additive manufacturing is a popular approach to transform
the fabrication of magneto-mechanical metamaterials with different
types of additive manufacturing being utilized [31]. For example,
permanent magnets or electromagnetic coils have been combined
with direct ink writing (DIW) [32] and digital light processing
(DLP) [15,22,33] printing to program the magnetization alignment
of magneto-mechanical metamaterials. In addition, stereolithogra-
phy (SLA) has also been used to program the magnetization align-
ment of magnetic field-responsive materials [34], and the same
process could be utilized for magneto-mechanical metamaterials.
Yet, additive manufacturing is not the only possible direction in
the manufacturing of submillimeter magneto-mechanical metama-
terials. Electron beam lithography has been utilized to plant nano-
magnets onto a silicone matrix [35] for nano-scale magneto-
mechanical metamaterials. However, further study on advanced fab-
rication processes for micro and nano-length scales is worth
investigating.

5 Inverse Design and Design Optimization
Most magneto-mechanical metamaterials with tunable proper-

ties follow the forward design process, where a metamaterial is
first designed and fabricated, often through a trial-and-error
approach, and then studied for its properties and functionalities,
by experimental methods, finite element analysis (FEA), or theo-
retical predictions. But, with the emergence of machine learning
and optimization-based techniques, specific properties are prese-
lected, and machine learning or optimization is used to generate
the corresponding geometries. Strategies such as deep learning
algorithms [33], topology optimization [36], and evolutionary
algorithms [37] have been recently explored and combined with
computational structural analysis such as FEA, beam models,
and structural experiments, to generate magneto-mechanical meta-
material geometries with predetermined behaviors or properties
such as targeted shape morphing [38], desired global strains,
and Poisson’s ratio [33]. The inverse designs are usually achieved
by pre-programming the shape of the unit cell, the magnetization
distributions, the actuating magnetic field, and the location of
actuation for the magneto-mechanical metamaterial. Although
advances have been made with applying machine learning and
optimization-based techniques to inverse design processes of
magneto-mechanical metamaterials, the focus has predominantly
been limited to guiding their shape change and deformation.
However, as these techniques continue to evolve, targeting
more ambitious properties becomes a possibility. For instance,
electromagnetic, phononic, and acoustic wave manipulation
poses a highly complicated and nonlinear problem but offers
appealing functionalities with extensive applications. Using
machine learning and optimization-based methods to engineer
magneto-mechanical metamaterials capable of filtering these
waves at specific target frequencies can lead to a new archetype
of highly tunable wave manipulation devices. It is also important
to note that previous examples have been confined to two-

dimensional space. There is significant potential in extending
these methods to encompass 3D shape change and deformation.
In summary, this perspective discusses the fundamental mecha-

nisms underlying magneto-mechanical metamaterials and provides
recent examples where they have been employed in applications
spanning wave manipulation, mechanical property tuning, and
soft robotics. Furthermore, we discuss potential avenues for future
research endeavors in this field. In the authors’ opinion, the field
of magneto-mechanical metamaterials is inherently boundless,
with the possibilities primarily dictated by the geometry and
shape of the unit cell. Future directions depend on the creativity
of unit cells and their corresponding design methodologies. Addi-
tionally, despite the recent surge in interest in magneto-mechanical
metamaterials, it is worth noting that the field is emerging and much
remains to be explored in terms of manufacturing strategies, design
approaches, and applications.
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