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Abstract

In recent years, there has been a notable increase in the significance of active mechanical metamaterials capable of
being remotely manipulated through changes in external stimuli. While research in this area has achieved considerable
success in controlling reconfiguration to induce shape morphing or alter static mechanical properties, the active control
of wave propagation within these systems remains largely unexplored. In this study, we propose a magneto-mechanical
metamaterial that can be entirely governed by adjusting the magnitude and direction of an external magnetic field. We
demonstrate that such a system offers remote control over its Poisson’s ratio, allowing for transitions from strongly
auxetic to positive Poisson’s ratio configurations. Additionally, our system enables manipulation of the phononic band
structure, facilitating the formation of complete band gaps across different frequency ranges depending on the stage
of the magnetically guided reconfiguration process. The potential for achieving such active control over the properties
and behavior of these materials holds great promise for various applications, including robotics and smart vibration
dampers that can be remotely controlled.
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1. Introduction

Mechanical metamaterials [1, 2, 3, 4, 5, 6] are a class of structures capable of exhibiting counterintuitive mechan-
ical properties thanks to their rational design. Over the years, such systems have been thoroughly investigated from
the perspective of their ability to exhibit properties such as negative Poisson’s ratio [7, 8, 9, 10, 11, 12, 13, 14, 15, 16],
negative stiffness [17, 18, 19, 20], or high energy absorption [21, 22, 23, 24, 25, 26] that have proven to be of great
significance in the case of applications ranging from biomedical [27, 28] to soundproofing devices [29, 30, 31, 32, 33].
Despite their numerous advantages, standard mechanical metamaterials typically share one limitation. Namely, once
they are fabricated, it is very challenging to modify their properties. To do this, it is typically required to refabricate the
system while implementing a different design. This, in turn, significantly reduces the applicability of such structures
since they cannot be continuously used without sacrificing their efficiency. The solution to this problem turned out to
be active mechanical metamaterials, i.e. structures that can undergo changes in their mechanical properties and defor-
mation pattern based on the variation in the external stimulus. In recent years, it has been shown that it is possible to
design metamaterials that can be controlled via temperature [34, 35, 36, 37, 38], magnetic field [39, 40, 41, 42, 43, 44],
light [45], and other stimuli [46]. This concept is very promising since it allows to achieve the fully programmable
and remote control over the behavior of a metamaterial not only without the need of refabricating it but also without
being in direct contact with the system. The latter is particularly important in the case of applications related to micro-
robotics [41, 47, 48], where due to a small scale it is not possible to influence the deformation of the structure through
direct physical manipulation.

In the studies focused on active mechanical metamaterials it was shown that through the appropriate composite
design, it is possible to almost arbitrarily adjust the response of the system depending on a change in the external
stimuli. One of the main directions of studies related to stimuli-responsive systems is their shape-morphing ability
[41, 46] which is very useful in the case of multiscale robotics. Active metamaterials can also change their static
mechanical properties such as the Poisson’s ratio [42, 49, 50] or stiffness [51, 52]. In fact, in recent studies [42, 49, 50],
it has been demonstrated that based on the changes in the external magnetic field, metamaterials can undergo a remotely
controlled transition from a strongly auxetic to a nonauxetic configuration. This offers a considerable advantage over
many standard auxetic metamaterials, where such a change in the properties of the system requires its refabrication.
Another important avenue pursued by researchers working on active mechanical metamaterials is the possibility of
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controlling the phononic band structure and the transmission of waves through the system. In fact, over the years,
there have been multiple studies reported, where it was shown that through the application of the external stimulus
such as a change in the external magnetic field, it is possible to change the phononic band structure of the system
[53, 54, 55, 56, 57, 58, 59]. This goal had been achieved amongst others through the use of soft magnetoactive
laminates [57, 58] and structures, where internal components exhibit the reorientation due to the presence of the
external field [55]. However, it is much more difficult to find studies reporting the possibility of achieving simultaneous
control over wave transmission through the system as well as its Poisson’s ratio. Notably, such attempts have been
made but usually, the high level of control over one aspect of the behavior of the system comes at the expense of
another [49, 59]. It becomes even more challenging when the mechanical reconfiguration caused by the application
of the external magnetic field is expected to cause a large reconfiguration leading to a very considerable change in the
volume of the system. This, in turn, is essential to benefit from the controllable Poisson’s ratio in the case of many
applications in engineering. Hence, the main objective of this work is to address these challenges.

In this work, we propose a novel magneto-mechanical active metamaterial having its reconfiguration process con-
trolled via the external magnetic field. We show that through changes in the orientation of such stimulus, the structure
can follow very different deformation patterns that also correspond to very different values of Poisson’s ratio with the
concurrent large changes in its volume. In addition to changes in the static mechanical properties, we also show that
programmable changes in the configuration of the system can at the same time lead to significant differences in the
phononic band structure including the appearance of complete phononic band gaps.

2. Concept

The main objective of this work is to construct a magneto-mechanical metamaterial capable of exhibiting a versatile
mechanical behavior based on the changes in the external magnetic field. To this aim, the behavior of the system should
be controlled both by the magnitude and direction of the external field. More specifically, changes in the magnitude
of the external stimulus are expected to guide the reconfiguration process so that the structure can follow a specific
deformation pattern. On the other hand, a change in the direction of the external field is expected to result in a new
deformation profile that is different from the ones observed for other spatial orientations of such stimulus. The latter
is of particular significance since the possibility of following distinct deformation profiles is essential for the structure
to exhibit different mechanical behavior.
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Figure 1: The concept of the remotely-controlled deformation process of the magneto-mechanical metamaterial subjected to magnetic fields having
opposite orientations. a The initial undeformed structure. b A diagram showing an auxiliary magnet and the schematic representation of its magnetic
dipole moment 7. The reconfiguration of the system originates from such dipole moments attempting to align with the external magnetic field. ¢
Deformation of a system subjected to the external magnetic field having orientation 1. d The reconfiguration of the structure subjected to the
magnetic field having orientation 2.

Objectives described above can be achieved through the use of the model schematically portrayed in Fig. 1.
Here, the considered metamaterial assumes the form of a nonmagnetic elastic lattice with small permanent magnets
embedded in some of its structural units (see Fig. 1b). Such a system is then placed within the uniform magnetic
field induced by two poles of a large electromagnet. Since the field is uniform, whenever it has a non-zero magnitude,
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Figure 2: a Cross-section of the unit cell of the considered system with insets portraying the way how hinges connecting the adjacent structural
units were designed. b An array consisting of 3 X 3 unit cells. The red and blue rectangles are used to indicate magnets and their specific polarity.
Namely, the red and blue colors indicate the “north” and “south” poles respectively.

the magnets experience the magnetic torque that helps to align them with the orientation of the external field. Due
to the specific design of the nonmagnetic lattice, the rotation of magnets embedded within the structure results in the
reconfiguration of the entire metamaterial, where the extent of the mechanical deformation depends on the magnitude
of the field.

As shown in Fig. lc-d, to assess the possibility of following different deformation profiles, in this work, we
consider two opposite orientations of the magnetic field applied to the sample having the same initial position. For the
first orientation of the field (see Fig. 1c), the rotation of structural elements incorporating magnetic inclusions leads
to the configuration, where the system resembles a solid block. On the other hand, for the opposite orientation (see
Fig. 1d), the deformation process results in the configuration resembling a chessboard, i.e. a square lattice composed
of alternating solid blocks and voids of the same size. These clearly different deformation profiles show that the
two orientations of the external magnetic field may affect the reconfiguration process and may potentially lead to a
transition in the mechanical properties.

3. Model

3.1. Geometry

The metamaterial considered in this work is very similar to the conceptual diagrams portrayed in Fig. 1. As
shown in Fig. 2a, the unit-cell of the system correspondsiigythe quasi-2D nonmagnetic lattice composed of square-like
elements having a side length of a = 7 mm that are connected through hinges (d;, = d» = d3 = ds = 90 um). The four
central structural units have magnetic inclusions in the form of cylindrical neodymium magnets embedded within the
elastic material. Dimensions of these magnets in the xy plane correspond to /; X [, = 3 mm X 5 mm, where quantities
[; and [, can be described as the height and diameter of the cylindrical magnets (the 3D version showing the placement
of magnets is provided in Supplementary Information). Finally, the angle between structural units with magnetic
inclusions is defined as 6. This parameter is of great significance since it quantifies the extent of the mechanical
deformation of the system. Finally, it should be noted that to experimentally analyze the behavior of the considered
metamaterial, a structure composed of 3 X 3 unit cells was considered. The out-of-plane thickness of such a system is
equal to 7 mm.

3.2. Fabrication

The nonmagnetic lattice was additively manufactured through the use of the Formlabs Form 3 3D printer. The resin
used during the printing process was characterized to have Young’s modulus of 3.2 MPa, Poisson’s ratio of 0.4, and a
density equal to 1200 kg m-3. It was the standard Formlabs resin called “Elastic resin SOA” which is compatible with
the Formlabs Form 3 3D printer. Magnets embedded within the lattice were commercial N38 neodymium magnets
with residual induction around 1200 mT.
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3.3. Experiments

To analyze the evolution of the structure, it was placed within the approximately uniform magnetic field induced
by the electromagnet. Then its behavior was analyzed for two orientations of the magnetic field as shown in Fig. 1. In
the first experiment corresponding to the Orientation 1 of the magnetic field, the system was subjected to the magnetic
field corresponding to a gradually increasing magnetic flux density ranging from O mT to 70 mT with the step of 5 mT.
For every value of the magnetic flux density, the system was allowed to assume the equilibrium configuration within
60 seconds after which time the magnitude of the field was changed. After reaching the final fully locked configuration
at 70 mT, this process was repeated at the range between 70 mT and 0 mT to show the reversibility of the considered
remotely controlled reconfiguration.

The experiment conducted for the second orientation of the magnetic field (see Fig. 1) was very similar. However,
in this case, the maximum field required to reach the fully deformed configuration was significantly smaller and the
magnetic flux density assumed the value of 35 mT.

3.4. Poisson’s ratio

The considered model is designed in a way, where all structural blocks are connected through very thin hinges. As
a result, during the mechanical deformation, the square-like structural units can retain their shape. In such a case, if
we assume that the structure follows a symmetric deformation process, changes in its linear dimensions would depend
solely on one parameter, i.e. angle 8. In this case, the dimensions of the unit cell of the considered system in the xy
plane can be computed as follows:

0 0 0
L, =2a[cos(—)+sin(—)+ 1] and L, =2a[1 +cos(—)]. €))
2 2 2
Analytical expressions defining linear dimensions can be later used to calculate Poisson’s ratio of the system as

shown below:

Sx, eng Ex, inc
and Vyxjine = — ()
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In Eq. 2, &y ene and &, . stand for the engineering strains in the x and y dimensions. Similarly, & ;,. and
&y,inc are incremental strains. Given an example of the deformation in the x-direction, these strains can be defined
as &y eng = (Ly(t) = Ly(t = 0)) /L,(t = 0) and &, j,c = (L(t +dt) — Li(1)) /L,(¢). The difference between these two
definitions is the fact that the engineering strain is calculated relative to the initial dimensions of the unit cell. On the
other hand, the incremental strain depends on the change in the linear dimensions of the unit cell that is calculated
based on the consecutive stages of the deformation process.

4. Results and Discussion

4.1. Stimuli-responsive reconfiguration

The main objective of this work is to show that through changes in the external magnetic field, it is possible to
change both the Poisson’s ratio and the phononic band structure of the considered active metamaterial. However,
before attempting to reach these goals, it is necessary to demonstrate that the analyzed structure can undergo a signif-
icant remotely-controlled reconfiguration process since the changes in the aforementioned properties are expected to
originate from the variation in the geometry of the system.

As shown in Fig. 3a, once the metamaterial is subjected to the external field having Orientation 1 (see Fig. 1),
the angle 6 tends to increase which leads to the situation where the areas of apertures formed between the adjacent
structural units are gradually decreasing (see Supplementary Video 1). In fact, once the magnetic flux density related
to the external field becomes relatively large and reaches the value of 70 mT, all apertures are completely closed and
the entire structure assumes the configuration resembling a solid block (see the configuration highlighted by the red
frame in Fig. 3a). At this point, the structural units can no longer continue their rotation under the influence of the
external field. Hence, the only possible type of further in-plane reconfiguration corresponds to the backward rotation
of such elements. To explore this scenario, one can analyze what happens if after reaching the locked configuration,
the magnetic flux density associated with the external field is gradually reduced to the original value of 0 mT. Based
on the provided results, it is clear that such a change in the magnitude of the external stimulus leads to the reopening
process which continues until the system assumes once more the configuration, where 6 ~ 90°. This, in turn, indicates
that the considered active reconfiguration process is reversible.

In the case of the sample subjected to the magnetic field having the orientation referred to as Orientation 1, it was
already demonstrated that the active reconfiguration of the system can be induced and controlled via changes in the
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Figure 3: Deformation of the magneto-mechanical metamaterials guided by the changes in the magnitude of the external magnetic field. Here, we
conduct two experiments, where the same sample is subjected to the external magnetic fields having opposite orientations that are referred to as a
Orientation 1 and b Orientation 2. Blue and red frames surrounding one configuration for Orientations 1 and 2 of the field indicate configurations
that are maximally deformed. In other words, the further increase in the magnetic flux density does not change these configurations since they are
geometrically locked.

magnitude of the external stimulus. Nonetheless, it is also interesting to analyze what happens when the direction of
such a field changes relative to the sample. To this aim, the second experiment was conducted, where the direction
of the magnetic field was reversed while the orientation of the sample was maintained (see Supplementary Video 2).
As shown in Fig. 3b, this change in the external field strongly influenced the deformation process and resulted in the
opposite rotation of the structural units. Namely, as the magnetic flux density of the external field was increasing,
the angle 6 was decreasing as opposed to what was the case for Orientation 1 of the field. Such reconfiguration was
continued until the point where the magnetic flux density reached 35 mT and structural units with embedded magnets
got into direct contact with each other. However, it is important to note that in this scenario, the final configuration
of the system was very different from the one observed before (see the blue frame in Fig. 3b), i.e. some of the
apertures were not closed as a result of the reconfiguration. Instead, the entire system assumed the configuration
resembling a chessboard with solid blocks associated with the sample and square-shaped voids corresponding to
apertures. Furthermore, based on Fig. 3b, it is possible to observe that also for this orientation of the magnetic field
the deformation process is reversible, and once the magnetic flux density assumes the value of 0 mT, the structure
returns approximately to its initial orientation.

At this point, it is important to note that for the magnetic fields having both orientations 1 and 2, the angle 6
changed by 90° to reach the locked configuration (from 90° to 180° in the first configuration and from 90° to 0° in the
second configuration). However, the magnetic flux density of the applied field that was needed to do it, in one case, was
significantly larger than for the other orientation. Namely, for Orientation 1 the required magnetic flux density of the
external field assumed the value of 70 mT, while for Orientation 2 it was 35 mT. This large difference can be explained
based on Fig. 1. From this diagram, it is clear that close to the end of the deformation process, the resultant magnetic
dipole moments of the magnets were almost parallel to the external field. This means that the magnetic torques acting
on the magnets were weak and it was necessary to apply a relatively large field to complete the reconfiguration process.
In contrast, at the same stage of the deformation process, magnetic dipole moments of magnets subjected to the field
having orientation 2 were almost perpendicular to its lines which resulted in relatively large magnetic torques. Thus,
a considerably smaller magnetic flux density of the external field was needed to complete the reconfiguration in this
case. It should also be noted that in addition to the interaction of magnets with the external magnetic field, the magnets
were also interacting with each other. However, although the extent to which the system was deforming was partly
dependent on internal interactions, these interactions were not strong enough to cause any visible reconfiguration on
their own due to the separation distance and relative orientations. Thus, the external field was the dominant factor
responsible for the deformation process.



4.2. Remote control of the Poisson’s ratio

Based on the conducted experiments and the results presented in Fig. 3, it is clear that depending on the orientation
of the external magnetic field, the magneto-mechanical metamaterial can follow very different deformation patterns.
Here, the question arises whether such different reconfigurations can influence static mechanical properties of the
system such as its Poisson’s ratio. To this aim, one can use the equations proposed in section 3.4.

According to Fig. 4c-d, the structure subjected to the magnetic field having orientation 1, where 6 changes from
90° to 180°, exhibits a strong auxetic behavior that reaches the value around -0.4. On the other hand, the change
in the orientation of the field (§ = 90° — 6 = 0°) leads to a highly positive Poisson’s ratio at large strains. This
behavior can be observed both in the case of theoretical model and experimental analysis with both approaches being
in a good agreement. Furthermore, similar trends can also be observed for the incremental Poisson’s ratio as shown in
Fig. 4e. This means that based solely on the variation in the direction of the magnetic field, the considered system can
undergo a remotely induced transition from the auxetic to the nonauxetic configuration which is not very common in
the field of mechanical metamaterials. To better understand the difference in the behavior of the metamaterial when
subjected to the field having orientation either 1 or 2, one can analyze what happens when the system is subjected to
the reconfiguration process corresponding to either the change in 6 from 90° to 0° or from 90° to 180°. As shown in
Fig. 4a, as 6 changes from 90° to 0°, Poisson’s ratio assumes positive values and grows very rapidly with the increase
in strain. This stems from the fact that the system is strongly anisotropic and during this specific deformation process,
the L, dimension of the unit cell gradually increases while the L, dimension is decreasing at the faster rate. As a result,
when the value of é approaches 0°, the rate of growth in L, is very small while L, decreases very fast. On the other
hand, as shown in Fig. 4b, during the reconfiguration corresponding to a change in 6 from 90° to 180°, both of the
linear dimensions gradually decrease which leads to a gradual decrease in the value of Poisson’s ratio. It should be
also noted that the origin of the change in the Poisson’s ratio profile for the two types of deformation can be explicitly
deduced from the diagrams portraying different stages of the reconfiguration (see Fig. 4f). Finally, it should be noted
that as indicated in Fig. 4d-e by means of auxiliary markers, Poisson’s ratio changes nonlinearly with the increase /
decrease in 6 which behavior stems from the nonlinear changes in the dimensions of the unit cell.

4.3. Active control over the phononic band structure of the system

The primary objective of this work is to show the possibility of the remote control over the wave propagation within
the considered magneto-mechanical metamaterial. In addition to the possibility of actively controlling Poisson’s ratio,
this ability opens many opportunities from the perspective of the multifunctional applications used in robotics or
medicine. Furthermore, as mentioned in the Introduction, the possibility of significantly changing the phononic band
structure of the system that leads to changes in the wave propagation is very rare and typically requires reconstructing
the system or at least changing some of its features such as the thickness of its hinges [60]. However, in this work,
we will attempt to show that this goal can be achieved solely as a result of the reconfiguration that can be remotely
controlled as already presented in the previous section (see section 4.1).

In this work, the phonon dispersion was determined for the unit cell corresponding to different 2D configurations
that this system assumes throughout the deformation process. To this aim, Floquet boundary conditions were imple-
mented in the x and y direction of the rectangular cell shown in Fig. 5a. All calculations were conducted through the
use of the COMSOL Multiphysics software that operates based on the Finite Element Method.

The starting point for our considerations is the phononic band structure associated with the configuration, where
6 = 90°. Our goal will be to show what happens to the phonon dispersion once this geometry evolves to configurations
with 6 either in the range between 90° and 180° or 0° and 90° similarly to the reconfiguration processes observed in the
experiment. According to Fig. 5a, the phononic band structure for the reference system associated with 8 = 90° does
not have any complete band gaps at the low frequencies related to the first few bands. Indeed, frequency must reach
632 Hz (top of the 8th band) to see the bottom of the first complete band gap which extends up to 659 Hz (bottom of
the 9th band). Of course, one can note some directional bands at lower frequencies. However, here, we are interested
in the possibility of blocking the potential propagation of waves in all planar directions of the considered quai-2D
model. Hence, we are paying close attention to complete band gaps.

As shown in Fig. 5b, as the configuration of the system changes and 6 becomes smaller than 90°, it is evident
that the phononic band structure significantly deviates from its form associated with the initial configuration. It is also
possible to see that as 6 decreases to relatively low values such a broad complete band gap can be observed. This band
gap assumes its maximum size for § ~ 15°, where it corresponds to the range of frequencies between 238 Hz and 344
Hz (see Fig. 5d). This change in the phononic band structure means that solely by inducing the deformation of the
considered metamaterial corresponding to the decrease in 6, it is possible to transition from the configuration, where
waves are freely transmitted through the system to the configuration, where this is not possible at a given range of
frequencies. A similar analysis can also be conducted for the deformation process, where the value of 6 is gradually
increasing. As shown in Fig. 5c, in this case, however, the phononic band structure changes in a very different manner.
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Figure 4: a Changes in the linear dimensions of the unit cell throughout the deformation process corresponding to a change from 6 = 90° to 6 = 0°.
b Variation in linear dimensions of the unit cell during the reconfiguration associated with a change in 6 from 90° to 180°. ¢ Comparison of the
experimental and theoretical results related to the engineering Poisson’s ratio. d Theoretical engineering Poisson’s ratio measured along the y-axis
(direction of the magnetic field) for the two considered orientations of the magnetic field. e Theoretical incremental Poisson’s ratio (see Section 3.4,
where quantity vyx,inc is defined in Eq. 2). Both on panels d and e, additional dots indicate specific values of Othat correspond to the structure af
different stages of the deformation process. f The diagram shows a difference in the deformation patterns of the sample subjected to the magnetic
field having two different orientations.
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(direction of the magnetic field) for the two considered orientations of the magnetic field. e Theoretical incremental Poisson’s ratio (see Section 3.4,
where quantity νyx,inc is defined in Eq. 2). Both on panels d and e, additional dots indicate specific values of θthat correspond to the structure at diﬀerent stages of the deformation process. f The diagram shows a difference in the deformation patterns of the sample subjected to the magnetic
field having two diﬀerent orientations.
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for different configurations of the system. In addition to the frequency, all graphs include the normalized frequency fy which was calculated as
Ly

fN:f\/E—/p,

where the respective variables stand for: f - frequency, E - Young’s modulus, p - density, Ly - linear dimension of the unit cell.

Most notably, for a vast part of the deformation process, it is hard to observe any complete band gap. Only when
reaching strongly deformed configurations associated with the value of 6 exceeding 140°, it is possible to observe
some complete band gaps that are not negligible. Nonetheless, these band gaps corresponds to higher frequencies than
those observed for the analogical process associated with the decrease in 6. The largest complete band gap observed in
this case can be seen for 6 ~ 155°, where it corresponds to the range of frequencies between 392 Hz and 419 Hz (see
Fig. 5d). Finally, it should be highlighted that the possibility of controlling the wave transmission through the system
by changing its configuration was also verified experimentally (see Fig. S1). As discussed in the Supplementary
Information, similarly to the theoretical predictions, considerable complete band gap was observed at relatively low
frequencies for the configuration associated with # = 15°. On the other hand, for the configuration corresponding to
6 = 90°, there were no complete gaps in the transmission at the considered range of frequencies.

4.4. Experimental verification of the possibility of changing the transmission through the system via its reconfiguration

In the previous section (see Section 4.3), it has been demonstrated that a change in the configuration of the system
can lead to a change in its phononic band structure. Most importantly, it was shown that such reconfiguration can lead
to a significant variation in the phononic band gaps corresponding to the system. However, while the possibility of
observing the active reconfiguration was assessed experimentally, the ability to observe the variation in the phononic
band gaps was examined solely from the perspective of the FEM simulations. This stems from the fact that to
experimentally demonstrate the active reconfiguration, a very soft resin was used to fabricate the system which makes
the analysis of the wave propagation to be very diffcult. Nevertheless, this does not mean that the concept of the
change in the transmission through the system as a result of its reconfiguration cannot be validated experimentally. To
do it, one can fabricate individual samples associated with specific configurations of the system through the use of stift
resin that would make transmission testing much more feasible and reliable. To this aim, we decided to pick two
specific configurations of our model that correspond to 6 = 15° and 8 = 90°. The selection of these two configurations
was not coincidental since as shown in Fig. 5, for one of them (8 = 15°), one should expect to observe a gap in
transmission at relatively low frequencies while for the other configuration, no such effect is expected. To fabricate the
samples, a stiff resin (commercial ABS-like resin from the Anycubic company) corresponding to Young’s modulus of
1.15 GPa, density p = 1200 kg m—3 and v = 0.4 was used. In addition, to achieve reliable results, each sample was
composed of 6 x 6 unit cells and their out-of-plane thickness was very considerable and reached 5 cm. To print such a
large system, the linear dimension a that describes the size of square-like elements was set to be equal to 3 mm
while parameters
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     In the previous section (see Section 4.3), it has been demonstrated that a change in the configuration of the system can lead to a change in its phononic band structure. Most importantly, it was shown that such reconfiguration can lead to a significant variation in the phononic band gaps corresponding to the system. However, while the possibility of observing the active reconfiguration was assessed experimentally, the ability to observe the variation in the phononic band gaps was examined solely from the perspective of the FEM simulations. This stems from the fact that to experimentally demonstrate the active reconfiguration, a very soft resin was used to fabricate the system which makes the analysis of the wave propagation to be very diffcult. Nevertheless, this does not mean that the concept of the change in the transmission through the system as a result of its reconfiguration cannot be validated experimentally. To do it, one can fabricate individual samples associated with specific configurations of the system through the use of stiff resin that would make transmission testing much more feasible and reliable. To this aim, we decided to pick two specific configurations of our model that correspond to θ = 15° and θ = 90°. The selection of these two configurations was not coincidental since as shown in Fig. 5, for one of them (θ = 15°), one should expect to observe a gap in transmission at relatively low frequencies while for the other configuration, no such effect is expected. To fabricate the samples, a stiff resin (commercial ABS-like resin from the Anycubic company) corresponding to Young’s modulus of 1.15 GPa, density ρ = 1200 kg m−3 and ν = 0.4 was used. In addition, to achieve reliable results, each sample was composed of   6 × 6 unit cells and their out-of-plane thickness was very considerable and reached 5 cm. To print such a large system, the  linear  dimension  a  that  describes  the  size  of square-like elements was set to be equal to 3 mm while parameters



corresponding to hinges were assumed to be the following d1 = d2 = d3 = d4 = 120 um. All of the remaining details
regarding the set up as well as the experiment are provided in the Supplementary Information. ‘

As shown in Fig. 6a-b, before conducting the experimental analysis of the wave transmission, the behavior of the
system was assessed through FEM simulations (the way how the samples were excited as well as the information
about the boundary conditions is described in the Supplementary Information). Similarly to the predictions related to
the phonon dispersion (see Fig. 6a), at the range of frequencies between 12531 Hz and 17440 Hz, one can observe a
complete phononic band gap that matches the transmission gap observed in the simulations (see Fig. 6¢). On the other
hand, no such gap was observed for the configuration, where 6 = 90°. Furthermore, as shown in Fig. 6¢ and Fig. 6e,
upon comparing the computational and experimental transmission results associated with the configuration of 6 = 15°,
it is clear that the two sets of results are in a good agreement and that the predicted transmission gap can be also
observed in the experiment. Of course, here, in the experiment, we consider only two specific directions that can be
conveniently assessed in the case of the considered rectangle-shape system (see Fig. 6b-c). Furthermore, it should be
noted that for 6 = 90°, no transmission gap can be observed in both of these directions. These results confirm the
theoretical predictions made in this work and the possibility of changing the transmission through the system as a
result of its reconfiguration.

At this point, one can also note that the amplitude of the signal during the transmission testing behaves in a very
specific manner. Namely, upon increasing the frequency, one can observe an overall decrease in signal which can be
primarily attributed to the inherent material losses, which are particularly significant in the polymer used in 3D
printing technology. Additionally, since the structure is composed of a finite number of cells, the attenuation caused by
the gaps is also limited. This means that while the signal at the majority of considered frequencies does experience
some reduction, it is not sufficient to reach the noise floor. The exception from this trend are ranges of frequencies that
can be interpreted as transmission gaps. In fact, as shown in Fig. 6e, where we recognize the appearance of the
transmission gap, this effect can be observed in both propagation directions at the aforementioned range of frequencies
around 15 kHz. However, due to the increased material losses, at higher frequencies, the signal fails to recover fully to
its original level. This highlights the frequency-dependent nature of the losses, which prevent the system from
achieving complete signal restoration at higher-frequency ranges.

All of the results presented in this work are of great significance since it is shown that the considered magneto-
mechanical metamaterial exhibits a fully programmable behavior, where through changes in the magnitude and di-
rection of the external magnetic field it is possible to guide and control its reconfiguration process. It is shown that
such control over the deformation is beneficial not only from the perspective of changing the geometry of the system
but can also be used to alter its properties. More specifically, it allows for modification of both its Poisson’s ratio and
the phononic band structure. The possibility of remotely controlling Poisson’s ratio offers many practical advantages
ranging from the multi-scale shape morphing devices to changes in the energy absorption ability. Particularly in the
case of shape morphing, the potential applicability of the proposed concept stems from the fact that depending on the
orientation of the external field, the considered system can follow a different reconfiguration pattern and exhibit differ-
ent values of Poisson’s ratio. In the literature [11], it has been demonstrated that a graded metamaterial composed of
unit cells being seemingly the same but associated with different values of Poisson’s ratio can undergo very complex
shape morphing solely as a result of a mismatch in this property. In the case of the considered metamaterial, one can
achieve a similar effect. This can be done by changing the initial orientation of magnetic inclusions in different unit
cells within the system. This way, upon subjecting the entire sample to the external magnetic field, for the sufficiently
large number of unit cells, this metamaterial could undergo shape morphing into almost an arbitrary predefined pattern
and come back to the initial state once the external field is switched off (see Fig. 3). Furthermore, even though the
above example is related to the metamaterial designed in a graded manner, there are also many practical advantages
related to the uniformly designed versions of this system that do not have to rely on its Poisson’s ratio. The tunable
phononic band structure allows the construction of devices, where waves corresponding to a specific range of frequen-
cies could be on-demand transmitted through the sample or damped. This is particularly interesting in terms of the
smart insulators that could significantly change their mechanical performance without the necessity of being replaced.
The only disadvantage of the current model is the fact that it incorporates macroscopic permanent magnets as magnetic
inclusions that drive the mechanical reconfiguration. This approach, despite being very effective for macroscopic sys-
tems, is problematic to implement at much lower scales such as the microscale, where similar solutions would be very
promising from the point of view of modern micro-robotics. However, one can hope that in future studies, one could
attempt to propose an idea for the actuation mechanism that could replace the magnets. This hope seems to be quite
feasible since in the literature, one can find multiple examples of complex reconfigurable micro-scale metamaterials
that can be actuated by different stimuli and are suitable for use in microrobotics [37, 41, 61]. One such potential idea
could be related to the use of multimaterial 3D printing involving the use of a resin with a high thermal expansion
coefficient in the vicinity of the hinges. In this case, the reconfiguration could be induced by the change in temperature.
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       At this point, one can also note that the amplitude of the signal during the transmission testing behaves in a very specific manner. Namely, upon increasing the frequency, one can observe an overall decrease in signal which can be primarily attributed to the inherent material losses, which are particularly significant in the polymer used in 3D printing technology. Additionally, since the structure is composed of a finite number of cells, the attenuation caused by the gaps is also limited. This means that while the signal at the majority of considered frequencies does experience some reduction, it is not sufficient to reach the noise floor. The exception from this trend are ranges of frequencies that can be interpreted as transmission gaps. In fact, as shown in Fig. 6e, where we recognize the appearance of the transmission gap, this effect can be observed in both propagation directions at the aforementioned range of frequencies around 15 kHz. However, due to the increased material losses, at higher frequencies, the signal fails to recover fully to its original level. This highlights the frequency-dependent nature of the losses, which prevent the system from achieving complete signal restoration at higher-frequency ranges.
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Figure 6: Comparison of the computational and experimental results corresponding to samples associated with 8 = 15° and 6 = 90° respectively.
a-b FEM results corresponding to the phonon dispersion for the considered configurations of the system. In this case, the green region indicates the
complete phononic band gap. c-d FEM results corresponding to the transmission through the finite system composed of 6 x6 unit cells. e-f
Experimental results demonstrating transmission through the two samples considered samples. The quantity ”gain” on the vertical axis of panels c-¢
stands for |Aout/Ain|, where Ain is the amplitude of the signal close to the point that was used to excite the sample (see Supplementary
Information). On the other hand, Aout is the amplitude of the signal on the opposite side of the system. In addition to the frequency, all graphs
include the normalized frequency fN which was calculated as fN = f Ly/(VE/p), where the respective variables stand for: f - frequency, E - Young’s
modulus, p -density, Ly - linear dimension of the unit cell.
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Figure 6: Comparison of the computational and experimental results corresponding to samples associated with θ = 15° and θ = 90° respectively.       a-b FEM results corresponding to the phonon dispersion for the considered configurations of the system. In this case, the green region indicates the complete phononic band gap. c-d FEM results corresponding to the transmission through the finite system composed of 6 ×6 unit cells. e-f Experimental results demonstrating transmission through the two samples considered samples. The quantity ”gain” on the vertical axis of panels c-e stands for |Aout/Ain|, where Ain is the amplitude of the signal close to the point that was used to excite the sample (see Supplementary  Information). On the other hand, Aout is the amplitude of the signal on the opposite side of the system. In addition to the frequency, all graphs include the normalized frequency fN which was calculated as fN = f Ly/(√E/ρ), where the respective variables stand for: f - frequency, E - Young’s modulus, ρ -density, Ly - linear dimension of the unit cell.



5. Conclusions

In this work, we showed that the proposed magneto-mechanical metamaterial can undergo a significant reconfig-
uration process depending on the external magnetic field. It was demonstrated that while changes in the magnitude
of the magnetic field allow the structure to follow a specific deformation pattern, the variation in its direction makes
it possible to completely modify the type of the reconfiguration process. Such possibility of controlling the deforma-
tion allows us to also achieve different values of Poisson’s ratio depending on the variation in the external stimulus.
More specifically, the considered metamaterial can exhibit either positive Poisson’s ratio or strongly auxetic behavior
depending solely on changes in the orientation of the magnetic field. In addition, at the same time, variation in the
external field makes it possible to modify the phononic band structure corresponding to the system. Namely, it was
shown that the active reconfiguration may cause the appearance of significant complete phononic band gaps at specific
ranges of frequencies. All of these results indicate that the proposed metamaterial could be implemented in the case of
devices utilizing both the possibility of controlling the Poisson’s ratio and the wave propagation within the structure.
One of the promising applications could be for example tunable smart dampers that could adjust their performance
based on the changes in the external magnetic field.
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