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The ability to significantly change the mechanical and wave propagation properties of a structure without rebuilding it is currently
one of the main challenges in the field of mechanical metamaterials. This stems from the enormous appeal that such tunable behav-
ior may offer from the perspective of applications ranging from biomedical to protective devices, particularly in the case of micro-
scale systems. In this work, a novel micro-scale mechanical metamaterial is proposed that can undergo a transition from one type of
configuration to another, with one configuration having a very negative Poisson’s ratio, corresponding to strong auxeticity, and the
other having a highly positive Poisson’s ratio. The formation of phononic band gaps can also be controlled concurrently which can
be very useful for the design of vibration dampers and sensors. Finally, it is experimentally shown that the reconfiguration process
can be induced and controlled remotely through application of a magnetic field by using appropriately distributed magnetic inclu-
sions.

1 Introduction

Over the years, the importance of functional materials [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11] has increased rapidly
in our everyday lives. Most prominently in the span of the last two decades, different classes of these
structures have been successfully implemented in numerous industries including biomedical [12, 13] and
protective devices [14, 15, 16], sports equipment [17] as well as electronics [18, 19]. One of the most promis-
ing fields of study relating to such easily-applicable functional materials is that of mechanical metamate-
rials [20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37]. Mechanical metamaterials are
rationally designed structures that can exhibit counterintuitive mechanical properties based primarily
on their design rather than their chemical composition. The most studied cases and well-known exam-
ples of metamaterials with extraordinary mechanical properties pertain to those with negative properties
such as a negative Poisson’s ratio (auxetic behavior) [20, 38, 39, 40, 41], negative stiffness [42, 43, 44, 45]
and negative compressibility [42, 46, 47, 48]. Most notably, auxetic mechanical metamaterials have been
proven to exhibit superior indentation resistance [49], energy absorption [50, 51] and wave attenuation
[14, 52] in comparison to many conventional non-auxetic materials. However, despite the numerous ad-
vantages offered by mechanical metamaterials characterized by a negative value of Poisson’s ratio, the
vast majority of such structures share an important limitation. Namely, once typical auxetic metamate-
rials are manufactured, it is very difficult to change their mechanical characteristics without rebuilding
the system. This, in turn, diminishes their applicability in fields where a variable response of the mate-
rial is required. Nevertheless, as reported in recent years, this shortcoming can be addressed by the use
of active mechanical metamaterials in the form of stimuli responsive structures.

Active mechanical metamaterials are structures that can exhibit a tunable mechanical behavior which
depends on the application of an external stimulus. In recent years, it has been demonstrated that in the
case of multi-material structures, the mechanical properties of the system can be adjusted remotely in
a process that does not require reconstruction of the system. In the case of macroscopic systems, one
of the most promising approaches used corresponds to the use of appropriately distributed inclusions
in a form of magnets that respond to the application of an external magnetic field [53, 54]. However,
this task becomes much more challenging at small scales. In these cases, one of the more feasible ap-
proaches which may be used is to utilise composite materials incorporating magnetic nanoparticles dis-
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persed within a non-magnetic matrix [10, 55, 56, 57]. Another possible approach involves the use of sev-
eral materials with different thermal expansion coefficients. In such a case, the behavior of the structure
can be modified by changing the external temperature [56, 58]. This method, however, often does not
allow one to obtain a very significant variation in the mechanical properties. In addition, the correspond-
ing reconfiguration process tends to be quite slow. Last but not least, it is worth noting that it is pos-
sible to construct an active metamaterial composed of only one type of residual material that, to some
extent, can undergo a change in its mechanical properties with a deformation pattern based solely on the
variation of the mechanical stimulus, e.g. the rate of mechanical compression. A prime example of this
approach corresponds to hierarchical metamaterials [59, 60, 61, 62, 63, 64, 65], where different hierarchi-
cal levels can deform independently of each other.

Despite several notable achievements, studies devoted to active mechanical metamaterials are still in
their infancy and a far more in-depth analysis is required to fully harness their potential. First of all,
it is important to emphasize that for a significant number of known active mechanical metamaterials,
although it is possible to change one of their properties without rebuilding the system; this is very diffi-
cult to achieve whilst retaining control over the other properties. This problem is exacerbated further at
small scales, such as the micro-scale, where the manufacturing process is often not only very difficult but
also fairly expensive. On the other hand, despite these challenges, the ability to achieve simultaneous
tunable control over multiple properties of a micro-scale system without the need for reconstruction is a
very appealing concept that could be utilized in fields such as programmable robotics, vibration dampers
/ sensors and effective biomedical devices. In fact, in the literature [66], there are some rare examples
demonstrating the possibility of simultaneously controlling several properties of micro-scale mechanical
metamaterials. Some of the most promising studies describe the possibility of controlling Poisson’s ratio
[64] as well as wave propagation properties with an emphasis on tunable band gap formation [52, 67, 68].
However, despite their numerous advantages, such studies typically focus on complex hierarchical struc-
tures where the deformation process is not easily recoverable nor controlled due to the presence of mul-
tiple independently-deforming hierarchical levels. Furthermore, in most cases, it is also not possible to
observe a large tunable change in the Poisson’s ratio of the system, which significantly decreases the ap-
plicability of these systems.

In this work, a novel mechanical metamaterial is proposed that can be defined in the form of two dis-
tinct configurations. The considered structure can undergo a transition from one type of configuration
to another during which the Poisson’s ratio varies very significantly; without the need to rebuild the sys-
tem. Namely, the change occurs from a structure possessing a positive Poisson’s ratio to a strongly aux-
etic structure and vice versa. In addition, it is shown that a change in the configuration of the system
can be used to achieve control over the formation of a phononic band gap. Finally, it is shown that all
configurations of the considered system are realizable at the micro-scale, with experimental tests demon-
strating a possibility of the reconfiguration of the structure through the use of an external magnetic field.

2 Results and Discussion

In this work, a novel mechanical metamaterial composed of triangle-shaped structural elements is pro-
posed in order to assess its potential to exhibit versatile mechanical and wave propagation properties.
As shown in Fig. 1a, the considered system can occur in two very different configurations, hereafter re-
ferred to as Type A and Type B structures. In the case of the Type A configuration, the system consists
of two types of isosceles triangles connected to each other at the vertices. Due to this specific connectiv-
ity, the geometry is characterized by three different types of apertures. In contrast, the configuration de-
noted as Type B has a more regular design and consists of only one type of isosceles triangles. In fact, it
resembles a lattice of mutually connected star-shaped elements where each of these elements consists of
six triangles. The two configurations were designed in this specific manner in order to ensure that dur-
ing mechanical deformation they would exhibit very different Poisson’s ratios. This concept is depicted
schematically in Fig. 1a, where qualitatively, Type A and Type B structures exhibit strongly negative
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Figure 1: a) Diagrams showing the two types of structures considered in this work. b) Experimental prototypes corre-
sponding to specific examples of the Type A and Type B structures that are analyzed from the point of view of their
mechanical properties. Parameters that remain the same for all structures are the following: a = 40 µm, l1 = 4.8 µm, l2 =
2.4 µm, l3 = 2.4 µm, l4 = 3.6 µm, and l5 = 6.7 µm. In addition, parameters that remain the same for type A structures
are b = 80 µm and c = 40 µm. Parameters that assume unique values both for type A and type B systems are as follows:
d = 28 µm (A1), d = 40 µm (A2), d = 60 µm (A3) and b = 40 µm (B1), b = 60 µm (B2), and b = 80 µm (B3). The out-
of-plane thickness l for all of the structures is equal to 300 µm.

(auxetic behavior) and positive Poisson’s ratio, respectively.

In order to investigate the mechanical properties of the two considered configurations and to demon-
strate that the proposed concept can be utilized in the case of microscopic applications, experimental
prototypes were constructed at the micro-scale (see Methods section). More specifically, as shown in Fig.
1b, in order to assess the effect of the geometric parameters on the behavior of the structures, three dif-
ferent prototypes were fabricated for each configuration; labeled A1, A2, A3 and B1, B2, B3. In fact, the
only difference between the three Type A structures is the value of the d parameter. Similarly, the only
difference between the Type B prototypes is the value of the b parameter. All prototypes are composed
of 5 × 3 unit-cells, where the bottom part of the system is clamped as a result of the manufacturing pro-
cess (see Methods section).

2.1 Mechanical Properties

To determine the Poisson’s ratio of the considered systems, the microscopic experimental prototypes
were compressed by a flat external indenter along the y-axis, with the bottom part of each sample re-
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maining fixed in space. Thus, to qualitatively estimate the Poisson’s ratio of the system, one can follow
the changes in the horizontal dimension of the topmost part of each structure. More specifically, for all
prototypes, the topmost section is unaffected by the bottom constraint due to being very far from the
substrate on top of which samples were printed. Hence, the expansion or shrinkage of the x dimension of
the fabricated prototypes subjected to the compression along the y-axis indicates the sign of Poisson’s
ratio. From the optical images of the experiment presented in Fig. 2a, one can note from the quali-
tative analysis that prototypes corresponding to Type A and Type B exhibit very different behaviors.
Namely, the x dimension for all the prototypes with a Type A configuration decreases significantly dur-
ing the compression process which is an indication of strong auxetic behavior. In contrast, for the Type
B structures, the horizontal dimension of the samples slightly increases during the deformation process.
Such behavior is an indication of a weakly positive Poisson’s ratio. This means that Type B configura-
tions exhibit a non-auxetic behavior unlike the Type A samples. At this point, it should be emphasized
that the non-uniform deformation of the entire system originates from the fact that the experimental
samples remain attached to the substrate after the 3D printing process. However, if one was to consider
the deformation of the detached sample, the extent of non-uniformity would be significantly smaller.
Nonetheless, mechanical testing could potentially become unreliable in such a scenario due to the very
small size of the system. It is also worth emphasizing that if fabricated through the use of appropriate
materials, the considered system can maintain its properties over numerous deformation cycles (see Fig.
S1 in the Supplementary Information). This, in turn, further enhances its appeal from the perspec-
tive of potential applications.

In addition to the qualitative description of the behavior of the system, it is important to conduct a quan-
titative analysis in order to determine the range of Poisson’s ratio values and to assess its usefulness in
the case of specific applications. To this aim, in order to calculate the Poisson’s ratio for each structure,
the central unit-cell was taken into consideration. This stems from the fact that the mechanical behavior
of this specific unit-cell is the least affected by edge effects contributing to the uneven deformation pat-
tern. More specifically, the deformation of the central unit-cell is not significantly affected by the bottom
part of the system being attached to the substrate. In addition, its behavior is also mostly unaffected by
the unbounded left and right-hand sides of the structure as well as any friction imparted through con-
tact of the topmost part of the system with the indenter inducing the deformation. As shown in Fig.
2b, all of the Type A structures exhibit strong auxetic behavior throughout the entire deformation pro-
cess. In fact, the largest extent of auxeticity can be observed for the A3 sample corresponding to the
largest value of d. In this case, for a relatively large strain of around 0.07, the Poisson’s ratio assumes
the value of approximately -1.4. Furthermore, one can note that the extent of auxeticity can be adjusted
by the value of d. In contrast, the behavior of the analyzed samples of type B is very different. Namely,
all type B samples tend to exhibit a positive Poisson’s ratio that in most cases, becomes gradually less
positive as strain increases. Notably, the sample that exhibits the largest values of Poisson’s ratio through-
out the majority of the deformation process is structure B3 that possesses the largest value of b from
amongst the considered samples. Thus, taking all of these results into account, there are significant dif-
ferences between the Poisson’s ratios of type A and type B structures. In addition, the range of Pois-
son’s ratio for each configuration can be adjusted through a variation of the geometric parameters.

In addition to experimental studies, another interesting aspect of the analysis corresponds to the inves-
tigation of the Poisson’s ratio of the system through the FEM (Finite Element Method) computer sim-
ulations. In this case, both the structure and the corresponding boundary conditions were designed to
closely match the experiment (see Methods section). As shown in Fig. 2c, the trends observed for com-
putational results were qualitatively identical to those of the conducted experiments. More specifically,
in the case of these two approaches, type A configurations exhibited a strong auxetic behavior through-
out the entire deformation process while type B configurations exhibited positive values of this param-
eter. Of course, in terms of the quantitative analysis, there are some discrepancies between the two ap-
proaches that originate from multiple reasons. In the case of the experiment, the effect of the bottom
constraint and edge effects on the effective Poisson’s ratio is not fully negligible, however it is evident
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Figure 2: a) Optical images of a compression test along the y-axis of the three micro-scale experimental prototypes cor-
responding to Type A and Type B configurations. b) Poisson’s ratio estimated from experimental samples. c) Poisson’s
ratio estimated with FEM (Finite Element Method) computer simulations that was calculated based on the deformation of
the central unit-cell of the considered finite samples.
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Figure 3: Effect of the reconfiguration of the system on phononic band gap formation and mechanical properties. a) Dia-
grams showing schematically different configurations assumed by the same system. b) Phonon dispersion relations for the
three considered configurations where the first band gap is highlighted by means of the grey box. c) Variation of Poisson’s
ratio for the three selected structures subjected to mechanical compression along the y-axis. Poisson’s ratio was calculated
for individual unit-cells with periodic boundary conditions imposed in the x-direction and a symmetric prescribed displace-
ment applied to the topmost and bottommost parts of the system along the y-axis.

that, through the use of multiple cells in the design of the system and the selection of only the central
unit-cell for analysis purposes, these influences are certainly significantly diminished. Thus, based on the
provided results, it is clear that the two approaches confirm a very significant difference in the Poisson’s
ratio exhibited by the two types of analyzed configurations.

2.2 Effect of Reconfiguration on the Properties of the Structures

In addition to the Poisson’s ratio, another interesting direction of study is the analysis of phononic band
gap formation associated with phonon dispersion. Such analysis provides valuable information about the
ranges of frequencies for which elastic waves are not transmitted through a given configuration of the
system. Hence, in addition to applications related explicitly to a tunable Poisson’s ratio, this informa-
tion can be used for the design of microscopic vibration dampers / sensors.

From the perspective of applications, it is very important to check what happens to the mechanical and
wave propagation properties once the system is subjected to a reconfiguration process. In other words, it
is essential to assess the properties of the system during a reconfiguration process induced by an exter-
nal stimulus that does not involve reconstruction of the structure. An example of such a reconfiguration
process is presented in Fig. 3a, where the initial configuration of type A corresponds to angle θ0 = 80◦.
In this case, all triangles are the same and correspond to the b/a = 1.5 aspect ratio. Furthermore, as the
reconfiguration process begins, the magnitude of the angle θ0 starts increasing until it reaches the value
θ0 = 120◦. At this point, the system assumes a configuration of type B, where there are only two types
of apertures. In order to describe what happens to the properties of the system throughout the reconfig-
uration process, we focus on the three representative configurations depicted schematically in Fig. 3a,
where θ0 is equal to 80◦, 100◦ and 120◦ respectively.

According to Fig. 3b, the phononic band structures for all three considered configurations are relatively
similar. Most notably, the first non-negligible band gap occurring in the case of the system character-
ized by θ0 = 80◦ has a size of 2.95 MHz. As the value of θ0 increases and assumes the values of 100◦ and
120◦, the size of the band gap increases and is equal to 4.03 MHz and 4.13 MHz respectively. However,
even though the size of the band gap changes as a result of the reconfiguration process, one could say
that such variations are not very significant. This, in turn, is in agreement with the observations made
for other complex mechanical metamaterials subjected to a reconfiguration process that were reported
in the literature [66]. At this point, it is also important to note that whereas for Fig. 3 a structure cor-
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responding to a specific value of the b/a ratio was taken into account, in general, the change in width
of the first significant band gap may look different when considering the deformation of structures char-
acterized by different values of b/a. More specifically, as described in the Supplementary Information,
if one was to consider the deformation of the structure with b/a = 2 from the configuration where θ0 =
80◦ to the configuration corresponding to θ0 = 120◦, the magnitude of the change in the band gap width
would be very different from the former case. In this scenario, the relative change in the band gap width
is only equal to 0.149 MHz. In contrast, for the structure with b/a = 1.5, the change in the band gap
width equals 1.18 MHz. Thus, a relatively small variation in the aspect ratio of structural elements may
lead to a considerable difference in the magnitude of the change in the width of the band gap during the
continuous reconfiguration process. Of course, this is due to the fact that structures corresponding to
certain values of b/a lead to considerably different band gaps compared to other systems. Hence, it fol-
lows that the change in their magnitude is also considerably different.

Contrary to the results related to band gap formation, it is evident that the reconfiguration process strongly
influences the Poisson’s ratio of the system. As shown in Fig. 3c, configurations associated with θ0 =
80◦ and θ0 = 120◦ assume very different values of Poisson’s ratio. Namely, in the case of the system
where θ0 = 80◦, the structure exhibits strong auxetic behavior throughout the entire deformation pro-
cess. On the other hand, for θ0 = 120◦, the value of the Poisson’s ratio is predominantly positive. These
two results are in accordance with the expectations based on the results of the mechanical testing of dif-
ferent configurations of Type A and Type B. However, it is very interesting to see what happens when
the Type A configuration becomes very similar to a Type B configuration. Such a scenario can be ob-
served in the case of the intermediate configuration corresponding to θ0 = 100◦. For this configuration,
even though Poisson’s ratio is initially positive, it quickly assumes strong negative values upon increas-
ing strain. All of these results are very interesting since they indicate that a relatively simple reconfigu-
ration process of the considered system makes it possible to very significantly change its Poisson’s ratio.

Once the effect of the reconfiguration of the system on its properties has been determined, it is also in-
teresting to have a closer look at band gap formation for the Type B system. As shown in Fig. 3b, the
largest first significant band gap is observed during the reconfiguration process. In order to investigate
this factor further, the influence of changing the aspect ratio of the isosceles triangles constituting the
Type B structure while keeping the dimension a constant, was analyzed.

The three specific configurations of the system chosen for this analysis are illustrated in Fig.4a. In fact,
the only difference between them is the value of b. Hence, to refer to a specific configuration assumed by
the structure, one can use a particular value of the b/a coefficient. According to Fig.4b, the variation in
the value of b/a has a very significant effect on the phonon dispersion and on the size of the first signifi-
cant band gap. More specifically, in the considered range of frequencies, one can note that for the struc-
ture associated with b/a = 0.7, the first non-negligible band gap is relatively small. In contrast, once the
geometric dimensions of the structure are modified to correspond to b/a = 1.0, the appearance of a very
significant band gap can be observed. Furthermore, upon increasing the magnitude of this coefficient up
to a value of 1.3, the size of the first significant band gap is reduced in relation to the configuration with
b/a = 1.0. This means that at relatively low frequencies, one should expect the largest band gap to be
observed for this specific configuration. Hence, as shown in Fig. 4c, an analysis of the size of the first
three band gaps was conducted for a larger number of possible structures corresponding to the b/a co-
efficient ranging between 0.7 and 1.3. The results show that the width of the first significant band gap
gradually increases until it reaches its maximum value at b/a = 1.0. For configurations with b/a exceed-
ing this value, the band gap gradually decreases. Finally, it should be noted that an experimental vali-
dation confirming the capability of controlling the width of band gaps through the change in the value of
b/a is provided in Fig. S2 in the Supplementary Information.

7



Figure 4: Effect of the elongation of the isosceles triangles corresponding to Type B of the system on the band gap forma-
tion. a) Diagrams showing three different configurations of the system, where the value of a is kept constant. b) Phonon
band structures corresponding to the analyzed structures. c) The first three band gaps associated with structures corre-
sponding to different values of the b/a ratio. The geometric parameters used for all of the structures were set to be the
following: a = 200 µm, l1 = 8 µm, l2 = 4 µm, l3 = 4 µm, l4 = 4 µm, l5 = 9 µm
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Figure 5: Active reconfiguration and transition in the properties of the system induced by the application of an external
magnetic field. a) Picture of the investigated sample placed between two parallel electromagnets that produce an ap-
proximately uniform magnetic field. b) Diagram showing the concept of the reconfiguration of the magneto-mechanical
structure. c) A change in the configuration of the system induced by the variation in the magnitude of the external mag-
netic field. d) Mechanical deformation of different configurations assumed by the system during the active reconfiguration.

2.3 Active Control

Up to this point, it has been shown that the properties of the proposed mechanical metamaterial can be
controlled as a result of the reconfiguration process. However, such reconfiguration was merely a theo-
retical concept and thus far, it has not been explicitly demonstrated how it could be achieved without
reconstructing the system. Thus, in this section, it is demonstrated how such active control over the con-
figuration assumed by the system and the resulting mechanical properties can be attained. Furthermore,
since the concept proposed in this work is fully scalable and all results can in general be reproduced ir-
respective of the size of the system, active control over the reconfiguration process was demonstrated
through the use of a macroscopic prototype (see Fig. 5).

As shown in Fig. 5a, the system selected to demonstrate the active reconfiguration process corresponds
to a 3D-printed (see Methods section) prototype associated with the Type B configuration that was in-
serted into the uniform magnetic field induced by two large parallel electromagnets. The response of
the structure to the application of the external magnetic field was made possible due to the use of mag-
netic inclusions in the form of very small neodymium magnets (see Methods section) that were embed-
ded within some of the structural triangle-like elements constituting the system. The concept of active
reconfiguration corresponding to this structure is schematically demonstrated in Fig. 5b, where for the
sake of clarity, only a fragment of the considered structure is presented. As can be seen, the structure is
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initially at rest in the Type B configuration, where θ0 = 120◦. Once the external magnetic field is switched
on, the magnetic dipole moments of the magnets attempt to align with the external magnetic field. Of
course, depending on the magnitude of the external field, this might not be possible since for the trian-
gles to rotate, the applied torques must be large enough to overcome the resistance and the restoring
forces corresponding to the elastic non-magnetic material.

As shown in Fig. 5c, the considered structure deforms significantly and assumes a configuration corre-
sponding to θ0 ≈ 84◦ upon being subjected to a relatively strong external magnetic field having a mag-
nitude of 0.24 T (see Supplementary Video 1 to observe the gradual reconfiguration process where
the magnetic field was changed with increments of 0.01 T). In other words, the structure undergoes a
transition from Type B to Type A configuration. Based on the computational results provided in Fig.
5d, one can note that these two configurations correspond to a very different Poisson’s ratio. Thus, the
application of the external magnetic field makes it possible to significantly modify the properties of the
structure without the need to rebuild it. In addition, after switching off the external magnetic field, the
structure returns to its initial configuration, which means that after the transition it is possible to re-
cover the initial properties of the system. These results are very important as they prove that the me-
chanical metamaterial proposed in this work can be used to exhibit a versatile Poisson’s ratio that can
be controlled remotely via the magnitude and orientation of the external magnetic field. Of course, in
this case, due to the scale of the prototype, the controllable behavior was achieved thanks to the use of
magnetic inclusions in the form of neodymium magnets. However, at much lower scales, this approach
should be replaced for example by the use of single domain superparamagnetic nanoparticles dispersed
within the resin prior to the polymerization process [69, 70]. Another approach that could be used to
achieve control over the behavior of the system through the use of an external magnetic field, is to use
a selective magnetic coating applied for example by sputtering following the 3D printing fabrication pro-
cess [71, 72]. At this point, we emphasize that the results of this work are scale independent. Depending
on the size of the system, however, they can be better suited for specific applications.

The results show that the proposed system can exhibit two very useful properties at the same time that
are controllable remotely via an applied external magnetic field without the need for reconstructing the
system. Specifically, it was shown that the considered structure can undergo a transition from positive
to highly negative Poisson’s ratio solely as a result of a reconfiguration process that can be invoked and
controlled remotely. In addition, after the transition, the system maintains a stable mechanical behaviour
for relatively large strains. Such active and reversible control over mechanical properties, combined with
the observation of a very significant variation of Poisson’s ratio, is seldom observed in mechanical meta-
materials and can be very useful for numerous applications. Furthermore, what makes these results even
more appealing, is the fact that it is demonstrated that the highly versatile Poisson’s ratio of the consid-
ered system can be observed for samples fabricated at the micro-scale. In addition, from the perspective
of multifunctional devices, the proposed system exhibits two highly useful properties at once: control-
lable Poisson’s ratio and adjustable phononic band gap. The latter property prevents waves in a specific
range of frequencies from propagating through the system. Mechanical metamaterials exhibiting such
band gap formation combined with fully controllable Poisson’s ratio are extremely rare. In a few known
instances where control over both aspects was attempted to some extent [56], the studies were limited to
structures at the macro / millimetre scale and typically only one of these properties was quantitatively
assessed.

As mentioned above, the reconfiguration process leading to the transition in the properties of the system
is fully reversible and can be achieved in an active manner that does not require rebuilding the system.
This means that the ability of the mechanical metamaterial to exhibit a tunable Poisson’s ratio could be
used at the macroscale or the millimeter scale in the design of smart protective devices that could adjust
their mechanical response depending on the specific impacting body, e.g. active car bumpers. Similarly,
at the microscale, the controllable Poisson’s ratio can lead to the design of materials characterized by
the programmable extent of their micro-indentation resistance. In addition, should somebody use mag-
netic inclusions to control the properties of the structure, then by distributing them in a non-uniform
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manner, it would be possible to observe a situation where the initially uniformly-designed structure ex-
hibits a very different Poisson’s ratio in different parts of the system. Such behavior, as demonstrated
in another study [64], could enable the system to exhibit complex shape morphing upon being subjected
to a mechanical deformation or through the application of an external magnetic field. Especially at the
micro-scale, and among other applications, such shape morphing may be useful for the design of smart
stents that would provide local support to specific parts of a blood vessel, where the location of the sup-
port could be changed throughout treatment. Finally, it was also demonstrated that in addition to con-
trol over the Poisson’s ratio, one can form band gaps that are almost unaffected by the reconfiguration
process. Thus, while changing the mechanical response of the sample, it would be possible to prevent
waves corresponding to a specific range of frequencies from being transmitted through the system. Such
ability could be very interesting from the perspective of the design of multifunctional vibration-damping
protective devices. Alternatively, should the need arise, the band gap could be adjusted by a variation in
geometric parameters of the system. In addition, for specific values of the b/a parameter, the change in
the width of the band gap induced by mechanical deformation is considerable.

3 Conclusion

In this work, a novel micro-scale mechanical metamaterial was proposed. It was demonstrated that de-
pending on the assumed configuration, the system can exhibit very different Poisson’s ratios ranging from
strongly negative to positive values at relatively large strains. In addition, it was shown that such con-
trol over the mechanical behavior of the system can be achieved as a result of active reconfiguration, i.e.
a process that does not require rebuilding the system. The transiton of properties of the structure fol-
lowing the reconfiguration process is recoverable and the extent of changes can be controlled by means
of an external stimulus, such as a magnetic field. Furthermore, in addition to control over Poisson’s ra-
tio, it was demonstrated that during the reconfiguration process one can approximately retain the band
gap formation corresponding to the system. Alternatively, band gap formation can be also tailored by
an appropriate variation in the geometric parameters. All of these results indicate that the proposed me-
chanical metamaterial can be very useful in a plethora of applications ranging from smart protective to
biomedical devices.

4 Methods

4.1 Fabrication

The Poisson’s ratio of the considered system was assessed based on micro-scale experimental prototypes
produced through the use of a commercial 3D printer (Photonic Professional GT+, Nanoscribe GmbH).
The 3D printer used in this work operates based on the two-photon lithography method. All samples
were printed with a resolution of around 2 µm which was possible thanks to use of the negative tone
IP-S photoresin (Nanoscribe GmbH). Prior to the printing process, a drop of resin was deposited on an
ITO-coated soda-lime glass substrate having the following dimensions: 25 Ö 25 Ö 0.7 mm3. After de-
position, specific fragments of the drop were photopolymerized by means of a 25X-objective with a fem-
tosecond laser that was operating at λ = 780 nm. Furthermore, the standard printing parameters were
set as follows: a galvanometric scanning speed of 100 mm/s, a laser power at the level of 90% and slicing
as well as hatching distances equal to 1 µm and 0.5 µm respectively. Once the printing process was fin-
ished, each sample was developed for 25 min in a solution of PGMEA (Propylene Glycol Methyl Ether
acetate). This step of the procedure allows to remove the nonpolymerized photoresist. Subsequently, the
resulting structure was rinsed for a duration of three minutes in isopropyl alcohol (IPA) in order to re-
move the developer solution.

In the case of the macroscopic experimental prototype, the structure was 3D printed by means of a com-
mercial FDM 3D-printer (Ultimaker) by means of the elastic TPU 95A material. Furthermore, in each of
the star-shaped segments of the structure, there were two apertures with magnetic inclusions in the form
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of 3 neodymium magnets of the N42 type. Each of the magnets had a cylindrical shape with a height of
1 mm and a base diameter equal to 1 mm. The remanent induction of each magnet was estimated to be
equal to 0.613 T. The geometric dimensions of the initial structure were set to be the following: a = 6
mm, b = 9 mm, l1 = 0.7 mm, l2 = 0.43 mm, l3 = 0.36 mm, l4 = 0.8 mm and l5 = 0.55 mm.

4.2 Mechanical Compression Testing

The experimental samples considered in this work were tested mechanically in order to assess their Pois-
son’s ratio. To this aim, all samples were subjected to a mechanical compression induced by a flat ex-
ternal indenter. The speed of the indenter was constant and was set to 1 µm s−1. At the same time, the
bottom part of each sample was fixed in place by adhesion to the substrate on top of which they were
printed. Throughout the experiment, the deformation process was recorded by means of an optical cam-
era with magnification factor x20. The working distance, i.e. the distance between the lens of the cam-
era and the sample, was approximately equal to 11 mm. Based on the recorded pictures, the Poisson’s
ratio of the system was determined based on the central topmost unit-cell (see Supplementary Infor-
mation). To track the position of vertices that could be used to calculate the Poisson’s ratio of the se-
lected unit-cell, the digital image correlation method implemented in the MATLAB software was used.

In the case of the results presented in Fig. 5, the macroscopic experimental prototype was inserted into
the uniform external magnetic field that was induced by two parallel electromagnets. The magnitude
of the applied field was varied in a range between 0 T and 0.24 T with steps of 0.01 T in order to in-
duce the reconfiguration process (see Supplementary Video 1). The deformation of the structure was
recorded by means of a standard optical camera.

4.3 FEM simulations

To determine the Poisson’s ratio of the considered finite structurs resembling experimental prototypes
presented in Fig. 2, FEM simulations were conducted by means of the commercial software COMSOL
Multiphysics. To this aim, for each of the structures considered in Fig. 2, it was assumed that geomet-
ric parameters characterizing the structure are the same as in the case of the experimental samples. Fur-
thermore, to match the boundary conditions used in the experiments, it was assumed that the bottom
part of each of the systems is fixed in space. In addition, the deformation of the structure was induced
by means of contact with a large flat indenter in order to match the deformation process observed in the
experiments as closely as possible. Mechanical properties of the simulated material were set as E = 4
GPa, ν = 0.4 and ρ = 1200 kg m−3. In addition, geometrical nonlinearities were implemented to make
simulations more realistic under large strains. Finally, it should be emphasized that a specific method
related to the calculation of the Poisson’s ratio is provided in the Supplementary Information.

In order to determine the phonon band structure, Bloch boundary conditions were implemented and
used via an eigenvalue solver assuming real wave vectors in the Bloch conditions and searching for real
eigenfrequencies of the system.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the corresponding author
upon request.
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