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. scientific community because of their unique properties that go beyond the ones of natural materials.

In particular, auxetic materials and phononic crystals are widely studied for their negative Poisson’s
ratio and their bandgap opening properties, respectively. In this work, auxeticity and phononic
crystals bandgap properties are properly combined to obtain a single phase periodic structure with a
tridimensional wide tunable bandgap. When an external tensile load is applied to the structure, the
auxetic unit cells change their configurations by exploiting the negative Poisson’s ratio and this results
in the tuning, either hardening or softening, of the frequencies of the modes limiting the 3D bandgap.
Moreover, the expansion of the unit cell in all the directions, due to the auxeticity property, guarantees
afully 3D bandgap tunability of the proposed structure. Numerical simulations and analytical models
are proposed to prove the claimed properties. The first experimental evidence of the tunability of a wide
3D bandgap is then shown thanks to the fabrication of a prototype by means of additive manufacturing.

In the recent years a strong attention has been devoted to metamaterials? by the scientific community, due to the
possibility of creating devices with unprecedented engineered properties, starting from electro-magnetic features
to arrive more recently to the acoustic and elastic counterpart. Among the others, phononic crystals (PnCs)* and
auxetic metamaterials? are gaining great interest, mainly because of their properties of controlling elastic wave
propagation and of showing negative Poisson’s ratio, respectively.

Phononic crystals are periodic structures that may exhibit frequency ranges, called bandgaps, over which
the transmission of acoustic and elastic waves is impeded. Bandgap width, frequency level, modal location and
effective direction or isotropy of a PnC mainly depend on the geometry, topology and constitutive material prop-
erties® of its unit cell. The basic features of the unit cell of a PnC can therefore be optimized in terms of shape®,
material and mechanical characteristics to achieve particular bandgap properties such as bandgap at low fre-
quency range’"!? or maximum relative bandgap width'*-'%. On the other hand, auxetic materials present very
interesting features'’~?! originating from negative Poisson’s ratio, such as increased shear modulus, indentation

. resistance, fracture toughness, energy absorption, porosity/permeability variation with strain and synclastic cur-

. vature, which also depend on the topology of the unit cell. It is therefore very interesting to study the combi-

. nation of such properties®>?* to obtain a metamaterial endowed with controllable phononic bandgaps®*?’ to
be tailored, degraded or enhanced during its functioning. Several tunable PnCs,?*? which take advantage of
different materials or properties combined together, are available. Auxetic materials, for example, are used in
PnCs in combination with conventional cores®’, with local resonators®' or with distributed shunted piezoelec-
tric patches®? to enhance the effective Young’s modulus and to lower the frequencies limiting the bandgap>34.
Although single-phase, 3D tunable PnC structures are of great interest for the full control of 3D wave propagation
and manufacturing purposes, few are the examples in the literature: tunable 3D PnCs are numerically studied®—*
while experimental evidence is reported only for the 2D case*!.

In this work, a 3D single-phase PnC structure endowed with ultra-wide complete 3D bandgaps is proposed.
The tunability of the first bandgap is obtained by exploiting the negative Poisson’s ratio of its unit cells, whose
topology is a mix of oustanding PnC properties'® and 3D-extension of the results of a proper topology optimi-
zation on the auxetic behaviour*>®, In the first part of the paper, numerical simulations are adopted to prove the
bangap tuning as a strict consequence of the expansion in all the orthogonal directions of the auxetic unit cell.
Moreover, simple analytical models are shown to gain insight into the mechanical behaviour that is behind the
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Figure 1. Unit cell topology. (a) 3D representation of the unit cell. (b) 2D cross section with respect to one

of the principal planes. ¢) Auxetic (va — 0.6) deformed shape of the unit cell computed by means of the Solid
Mechanics Module of COMSOL Multiphysics v5.3. The contour of the displacement magnitude field is shown
in color.

Quantity w b, b, c d e fi b 1
Dimension 0.08a 0.38a 0.50a 0.24a 0.30a 0.17a 0.04a 0.10a 0.27a

tuning. A prototype of 3 x 3 x 3 unit cells is fabricated in NylonPA 12* by means of additive manufacturing and
tested to asses the transmission spectra for different levels of load. A good agreement between experimental and
numerical results, based on a Standard Linear Solid visco-elastic model*>*, is reached.

Results

Unit cell analysis. The 3D simple cubic unit cell of the proposed structure is shown in Fig. 1a, while a 2D
cross section with respect to one of its principal planes of symmetry is depicted in Fig. 1b. The unit cell structure
is characterised by ellipsoides connected to each other by U-shaped elements. In the following, the ellipsoides
will be referred to as ‘masses, since they are the most rigid parts of the unit cell, while the U-shaped elements as
‘elastic connections’ due to their connecting function. The geometric dimensions shown in Fig. 1a,b are reported
in Table 1, where a is the unit cell characteristic dimension.

In Fig. 1c, the auxetic behaviour of the unit cell of the proposed structure is also reported: by applying two
opposite unitary displacements to the semi-ellipsoides along one principal direction (see red arrows in Fig. 1¢),
the ellipsoides which lay on the plane orthogonal to the load move away from each other’s by more than half of
the applied displacement, thus showing a negative Poisson’s ratio (v~ — 0.6). It is important to notice that, by
proper design of the elastic connection, a Poisson’s ratio near to —1.0 can be reached*>*, thus resulting in a fully
symmetric 3D behaviour. In this work the manufacturability constraints lead to the adopted design.

The dynamic behaviour of the proposed periodic structure is described, as typical of PnCs, by means of the
dispersion analysis performed over the unit cell through the use of Bloch’s periodic boundary conditions in
COMSOL Multiphysics v5.3. In Fig. 2a, several wide 3D complete bandgaps are present while the modes at the
extrema of each bandgap are depicted in Fig. 2b for the sake of clarity. The first bandgap is characterised by 63.8%
gap to mid-gap ratio, with limiting non dimensional frequencies equal to 0.0567 and 0.1100. The non dimensional
frequency f,, is defined as the ratio between the product of the frequency fand the unit cell dimension a and the
sound velocity in the material v = [E/p with E and p the Young’s modulus and the density of the material,
respectively. The low level of the frequency that opens the bandgap is in agreement with the results of a previous
study?®, that is referred to a structure with a similar dyamic behavior, basically governed by modes separation. In
the present case, the mode that defines the bottom limit of this bandgap is located in the symmetry point R and is
characterised by the rigid rotation of the masses with respect to the principal axis of each ellipsoide and by the
consequent flexural-torsional deformation of the elastic connections. Due to the large modal mass and the rela-
tively low modal stiffness, this mode is located at low frequency. On the other side, the mode that defines the top
limit of the first bandgap is located in the symmetry point I" and is characterised by the in-plane (the reference
plane is the one reported in Fig. 1b) flexural deformation of the elastic connections and by a negligible participa-
tion of the mass. The second passband is therefore characterised by flexural deformations of the elastic connec-
tions: in-plane modes are in the lower part of the frequency band, while out-of-plane modes are in the upper
region, being the stiffness associated to the out-of-plane flexural deformation of such U-shaped beams higher
than the corresponding in-plane one and the modal masses comparable.

When an external tensile force is applied on the two sides of the unit cell, it expands according to the deformed
shape of Fig. 1¢ by exploiting its auxetic behaviour. Figure 3 reports in solid black line the phononic band struc-
ture of the first two passbands related to the deformed unit cell configuration, due to two opposite displacements
equal to g=0.005a applied on the ellipsoides in direction x. The considered Irreducible Brillouin Zone (IBZ) is
the tetragonal one due to the non-symmetric (i.e. v = — 0.6) auxetic deformation. In the figure, the band structure
of the undeformed configuration (refer to Fig. 2a) is reported in red dashed line, superimposed to the deformed
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Figure 2. Dynamic analysis of the unit cell. (a) Phononic band structure with associated Irreducible Brillouin
Zone (IBZ) of simple-cubic crystal structure (f,; non dimensional frequency, f frequency, v = ./E/p sound
velocity in the material). (b) Modes shapes at each of the four bandgap extrema (total displacement normalized
with respect to the maximum displacement).

one only for the k-paths in common.The comparison of the different curves confirms the full 3D bandgap tuning,
as better explained in the following.

The first bandgap tuning is characterised by a hardening behaviour of the upper limit, that involves all the
symmetry points, thus resulting in a complete 3D bandgap widening. Conversely, the lower limit does not change
in frequency in the entire IBZ path being the limiting mode located in the symmetry point R. Its modal stiffness
is in fact characterised by the torsion of the elastic connections, which is not sensitive to the auxetic deformation.
Nevertheless, the first bandgap experiences softening of the bottom limit mode band for the entire ' =Y —M—T'
path. This is explained by analysing the modal shape in the point Y of this passband in the undeformed config-
uration (refer to Fig. 4c). This shape is characterised by rigid rotations of the ellipsoides along one of their axes:
this movement is favoured by the deformed shape, thus resulting in a lower modal stiffness and consequently in
alower frequency.

To give a structural explanation of the frequency tuning of the second passband, the model of Fig. 4a,b is pro-
posed. In Fig. 4a a schematic view of the elastic connections is reported both in the undeformed and deformed
configurations: as the tensile load increases, the distance between the two arms of the U-shape increases, thus
stiffening the in-plane flexural mode. This results in a shifting effect on the second passband and in an enhancing
of the first bandgap width. A frame model is adopted to compute the stiffness of the in-plane flexural mode of the
U-shaped elastic connections both in the undeformed and deformed configurations (see Fig. 4a). The frame is
composed of two vertical beams of length h =1 — f,/2 and one horizontal beam of length g=f, — f;, both with
in-plane thickness f; and width w. Two degrees of freedom are considered: the horizontal displacement s and the
rotation 6 at the top left corner of the frame. The hypotheses are the infinite axial stiffness of the three beams, the
use of the Euler Bernoulli beam model and the fixed boundary conditions at the bottom of the two vertical beams
to mimic the ellipsoides not involved in the mode of interest. Because of these strong hypotheses, it does not
pretend to be an exhaustive model, but it represents a good proof of the physical phenomenon responsible of the
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Figure 3. Dynamic analysis of the deformed unit cell. In red dotted line, the dispersion plot of the undeformed
configuration shown in Fig. 2a. In solid black line, the dispersion plot of the deformed configuration of the
unit cell (due to opposite applied displacements to ellipsoides in direction x equal to g =0.005a) computed

in COMSOL Multiphysics. The tetragonal IBZ for the deformed configuration is reported, where a, =a+ 24,
a,=a+ 1.2q. The same quantity a is used for frequency normalization.
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Figure 4. Simplified models for bandgap limiting modes. (a) Model for closing mode: schematic view of

the undeformed and deformed configurations of the U-shaped elastic suspensions. (b) Frequency tuning of
opening and closing modes in function of the u displacement induced by external tensile loads. The frequency
in the undeformed and deformed configurations is indicated by f, and frespectively. (c) Modal shape in point Y
of the bottom limit of the first bandgap in the undeformed configuration. (d) Cross-sectional view of the modal
shape of the bottom limit of the first bandgap and its simplified model.

band gap tuning of the proposed structure. By considering an equal modal mass m for both the configurations
studied and by applying the known relation between stiffness k and frequency f(f = -/k/m), the variation of the
frequency of the in-plane flexural mode of the elastic suspensions as function of the applied displacement u is
obtained (see blue solid line in Fig. 4b). Note that f; and fin Fig. 4b represent the frequencies of the mode of inter-
est for the undeformed and deformed configurations respectively. The same curve is computed via the Solid
Mechanics Module of COMSOL Multiphysics v5.3 through a modal analysis performed on the undeformed and
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Figure 5. (a) Prototype fabricated by Selective Laser Sintering in NylonPA 12: 150 mm x 150 mm x 150 mm
cube made of 3 x 3 X 3 repetitions of the unit cell of Fig. 1a. (b) Experimental setup: input area and directions
of the applied displacement ¢ are highlighted, (c) schematic view of the experimental setup and of the loading
mechanism employed to impose the displacement shown in Fig. 5b, (d) picture of the experimental setup (the
actuator is removed to show the input sensor).

deformed configurations respectively (see dashed line in Fig. 4b) and a good agreement is obtained. The small
quantitative difference shown in Fig. 4b is mainly due to the hypotheses adopted.

The same model can be used to predict the softening behaviour of the opening mode. In that case, it is nec-
essary to compute the elastic stiffness of the connections as a consequence of the rigid rotation of the masses, as
shown in Fig. 4c. The frame model is subject to a set of imposed boundary conditions, see Fig. 4d, and the conse-
quent reaction forces and moment are used to compute the overall moment around the axis of rotation. The same
computation is repeated also in the deformed configuration, so that the frequency trend is obtained, see Fig. 4b.
The softening behaviour is confirmed; moreover, the rate of reduction with respect to the imposed displacement
is smaller than the rate of increase of the closing frequency, in agreement with the dispersion plot and with the
experimental data presented in the next section.

Finite structure description. A prototype made of 3 X 3 X 3 unit cells of dimension a=0.05 m is fabricated
in NylonPA 12* (E=1586 MPa, v=0.4, p= 1000 kg/m?) by means of Selective Laser Sintering (see Fig. 5a). The
dispersion plot, computed with a linear-elastic constitutive model and reported in dimensional terms in the
Supplementary Figure s1, suggests that the first four bandgaps are contained in the range 0 — 20 kHz. The trans-
mission spectrum is measured in the I' — Y direction of the IBZ both in the undeformed and deformed configu-
rations in order to catch the most interesting tuning phenomenon.

The number of cells adopted in the prototype is fully compatible with the features of the chosen method for
rapid prototyping. On the other hand, there could be some doubt about the representation of the asymptotic
behavior by means of such a finite structure. A specific clarification on this point is achieved by carrying out a
set of parametric analyses, referred to an increasing number of layers in the propagation direction. The results of
such analyses, reported in the Supplementary Figure s2, confirm that the chosen size of the prototype is sufficient
to identify the correct bandgap width.

To acquire the spectrum in the undeformed configuration, the harmonic excitation is applied on the input
area (see Fig. 5b) in the orthogonal direction with respect to the surface itself, while the output signal is acquired
in the same direction, on the opposite face with respect to the input one. Tests are performed with a 60 s white
noise from 0.2 kHz to 20.0 kHz. It is important to notice that with the applied experimental setup the maximum
attenuation that can be measured is of 75 dB (i.e. 3.75 orders of magnitude).

The experimental transmission spectrum related to the undeformed configuration is reported in Fig. 6 in
black solid line together with the numerical curve calculated by means of both the Solid Mechanics Module of
COMSOL Multiphysics v5.3 and ABAQUS CAE v6.13 to double-check the results (see red dashed line in Fig. 6).
A linear elastic model for the Nylon is adopted in the numerical simulation reported in Fig. 6: it is in good agree-
ment with the bandgap extrema of Fig. 2a (vertical red dashed lines in Fig. 6), while some discrepancies with
respect to the measured curve are experienced.
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Figure 6. Transmission spectra in the undeformed configuration: experimental spectrum is in black solid line,
numerical linear elastic in red dashed line and numerical visco-elastic with Standard Linear Solid model in blue
dash-dot line. Vertical red dashed lines indicate the bandgap extrema for the linear elastic material behaviour.

Configuration 1 2

Load per each semi-ellipsoides face [N] 80N 160N
Resulting 6 displacement (refer to Fig. 5b) [mm)] 0.35mm 0.70 mm

26

Ratio between imposed displacement (?) and unit cell dimension a [%] +0.47% +0.93%
Experimental Afs,,m,lsfbg (with respect to undeformed conf, at —40 dB) [%] —0.9% —2.1%
Experimental Afend‘lsfbg (with respect to undeformed conf, at —40 dB) [%] + 1.7% +3.2%
Experimental bandgap increase (Ami:; - with respect to undeformed conf, at —40 dB) [%] +3.1% +6.2%

Table 2. Load configurations and associated experimental bandgap tuning results.

The first difference concerns the attenuation level in the bandgaps regions: while for the experimental curve
it is fixed to the setup limit of 75 dB, the numerical curve predicts an attenuation up to 150 dB (7 orders of mag-
nitude) in the first bandgap and 250 dB (12 orders of magnitude) in the third one. These values are considered
reliable thanks to the double check with the finite element solvers. The second difference is the progressive shift in
frequency and the damping of the experimental curve with respect to the numerical linear elastic one. A Standard
Linear Solid visco-elastic model is then introduced in the numerical model with the only purpose of better
catching the dynamic behaviour of the Nylon*>¢ in the first two passbands, with main focus on the second one.
The coeflicients of the Maxwell’s branch are properly calibrated to describe the characteristics of the 3D-printed
prototype in the first two passbands: a relaxation time equal to Ty, = 1.5306e—4 s and a Young’s modulus E
Maxwa = 490 MPa are then chosen*®. The visco-elastic transmission spectrum is reported in Fig. 6 in blue dash-dot
line. Thanks to the introduction of the visco-elastic model of the material, the numerical and the experimental
curves are in good agreement in the first two passbands which represent the most interesting regions from the
band gap tunability point of view. In order to properly catch the entire spectrum, a more refined visco-elastic
model must be introduced, for instance by adding other Maxwell’s branches*.

An additional comment must be introduced regarding the third passband: in the phononic band structure
of Fig. 1a it appears very narrow and by the modal analysis it results made by pure torsional deformations of the
elastic connections with the elliptical masses that play a very limited role. Due to the torsional and local nature of
these modes, they cannot be excited properly in standard transmission tests: this results in an attenuated peak in
the numerical linear elastic analysis and even more damped one in the visco-elastic modelling. In the experimen-
tal curve it is not catched at all being the transmission beyond the measurable range (see Fig. 6 for more details).

The bandgap tunability of the finite prototype is experimentally tested by applying tensile horizontal forces on
the two opposite faces, as indicated by the picture in Fig. 5b: to have a more precise control of the applied forces,
each of the 18 semi-ellipsoides areas in the two faces is loaded autonomously, refer to the scheme presented in
Fig. 5¢. An overall view of the experimental setup is reported in Fig. 5d. Two steps of loading are considered
(refer to Table 2): in the first step (configuration 1) the applied load per each ellipsoid-face is equal to 8 N and
a displacement ¢ = 0.35 mm is obtained per each face; in the second step (configuration 2) the applied load per
each ellipsoid-face is equal to 16 N and a displacement 6 = 0.70 mm is obtained. The experimental transmis-
sion spectra of the undeformed and the two deformed configurations are reported in solid lines in Fig. 7. The
bandgap limits are defined referring to the level of 40 dB of attenuation, further explaination can be found in the
Supplementary Figure s3. Per each loading step, the bottom limit of the bandgap shifts backward while the top
limit shifts forward, thus resulting in a bandgap widening as numerically predicted (refer to Fig. 4a).
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Figure 7. Tuning of the first bandgap: in solid lines the experimental results, in dashed lines the numerical
visco-elastic model results. For configuration definition refer to Table 2.

Quantitative data of the tuning experimental results are reported in Table 2: the expansion § of the auxetic
structure (refer to Fig. 5b) and the obtained experimental frequency shift of both bottom and top limits of the first
bandgap are reported as function of the applied tensile load.

From Table 2 it appears that the frequency shift of the limits of the first bandgap occurs with a more favourable
ratio than the one of the related expansion of the unit cell: in case of configuration 2, an applied displacement
equal to the 0.93% of the unit cell dimension results in a bandgap width increase of the 4-6.2%. More specifically
this hyper-tuning behaviour happens both for the mode at the lower limit of the bandgap, which experiences
softening, and for the upper one, that presents hardening behaviour: the tuning widens, then, the bandgap in
both directions. As a comparison, it is interesting to note that the models of Fig. 4 are able to predict the softening
and hardening of the modes at the lower and upper limit of the bandgap, respectively, with good approximation.
Moreover, the numerical dispersion analyses on the deformed unit cell shown in Fig. 4a well predict the real
behaviour of the fabricated structure.

In Fig. 7 the spectra numerically computed per each configuration are also shown in dashed lines, the same
colors refer to the same loading conditions. The numerical curves are obtained by means of the Solid Mechanics
Module of COMSOL Multiphysics v5.3 by computing the spectrum after the solution of a non-linear static anal-
ysis with prescribed displacements along one direction. In order to mimic the experimental tests, a displacement
along the wanted direction is applied on the 9-faces of the ellipsoides. More specifically the central of the 9-faces
experiences also fixed displacements boundary conditions in the other two directions, while the remaining
8-faces are left free to expand. The numerical transmission curve is in excellent agreement with the experimental
one in terms of tuning of the closing frequency of the bandgap (see Fig. 7), while it shows a slightly less prompt
softening behaviour for the opening region. This inaccuracy of the numerical solution is mainly due to the choice
of the visco-elastic model: the difference between the numerical and experimental curves is in fact the same also
in the undeformed configuration where no tuning effects are present (see black curves in Fig. 7). In order to
obtain a better fit, it is necessary to improve the visco-elastic model (i.e. to introduce more Maxwell’s branches),
as already commented before for the transmission in the high frequency region.

Discussion

The tunability of a wide complete 3D bandagap of a single-phase periodic structure is proved both numerically
and experimentally. It represents the first experimental evidence of the tunability of a fully 3D wide bandgap of a
single-phase periodic structure.

In the proposed periodic structure, the tunability of the 3D bandgap is achieved thanks to the expansion in the
three orthogonal directions, due to the auxeticity of the unit cell: when an external tensile load/displacement is
applied to two opposite faces of the finite structure, the unit cell configuration changes and the frequencies of the
modes that define the bandgap experience either hardening or softening effects. The proposed working principle
is also verified through a frame model of the elastic connections of the unit cells.

Experimental tests performed on a prototype of 3 x 3 x 3 unit cells fabricated in NylonPA 12 by means of
additive manufacturing confirm the super-tunability properties of the proposed periodic structure: for an applied
displacement of the order of 0.93% of the unit cell dimension, a tuning of the bandgap width, in terms of gap to
mid-gap ratio, of the 6.2% is obtained. As previously stated, the experiment is carried out with propagation along
the direction I' — Y. To explore the 3D effect of bandgap tuning, as predicted by the dispersion plot in Fig. 3, the
results of several simulations are considered, making use of the validated computational model. The transmission
plots for different propagation paths are shown in the Supplementary Figures s4a-d.

The combination of auxetic and bandgap properties allows the design of a 3D tunable single phase periodic
structures that can manage the elastic wave propagation in a full three-dimensional context.
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Methods

The prototype is fabricated by means of the Selective Laser Sintering technique, which permits the realization of
any 3D geometry. More specifically this technique permits the realization of suspended structure through the
sintering process thanks to the bearing capacity of the Nylon powder with respect to the sintered one.

To acquire the transmission spectra, the prototype is placed on a bubble wrap that isolates it from the envi-
ronmental vibrations. A VibeTribe-Mamba with 20 W power and a frequency range from 40 Hz to 22 kHz is
used as actuator, while two PCB Piezotronics 353 B 15 accelerometers, with sensitivity of 10 mV/g and resonant
frequency of 70 kHz, are glued in the input and output surfaces respectively and are used as sensors. The data
acquisition chain is completed with an 8-channel PCB 483 C 05 ICP Sensor Signal Conditioner, and a NI 9205
module, with 16-bit resolution. The acquired signals are sampled 51200 times per second and are post-processed
by means of the Bartlett’s method. The signal is divided into 200 segments in order to guarantee a sufficient fre-
quency resolution (i.e. §f=3.3 Hz). The window function is the rectangular one.

To apply the tuning load, one Nylon wire is attached per each half-ellipsoid face in the tuning direction. The
connection between the ellipsoid surface and the wire is defined via a light bolt, glued on the surface and tied and
glued to the wire. The wire turns a 7/4 angle around a pulley in order to have a vertical alignment. The tuning load
is applied by attaching, to each wire, one calibrated weight, checked through a laboratory scale (tolerance of 1g).
The tuning effect is quantified through the measurement of the deformation induced on the structure: a gauge
with 0.01 mm precision is employed for that purpose.

References

1. Monticone, F. & Alii, A. Metamaterial, plasmonic and nonphotonic devices. Reports on Progress in Physics 80(036401), 1-37, https://
doi.org/10.1088/1361-6633/aa518f (2017).

2. Wright, D. W. & Cobbold, R. S. C. The characteristics and applications of metamaterials. Ultrasound 17, 68-73, https://doi.org/10.1
179/174313409X415639 (2009).

3. Phani, A. S., Woodhouse, J. & Fleck, N. A. Wave propagation in two-dimensional periodic lattices. J. Acoust. Soc. Am. 119,
1995-2005, https://doi.org/10.1121/1.2179748 (2006).

4. Lakes, R. S. Negative-Poisson’s-ratio materials: auxetic solids. Annual Review of Materials Research 47, 63-81, https://doi.
org/10.1146/annurev-matsci-070616-124118 (2017).

5. Liu, Z.-E, Wu, B. & He, C.-E The properties of optimal two-dimensional phononic crystals with different material contrasts. Smart
Materials and Structures 25, 095036, https://doi.org/10.1088/0964-1726/25/9/095036 (2016).

6. D’Alessandro, L., Bahr, B., Daniel, L., Weinstein, D. & Ardito, R. Shape optimization of solid-air porous phononic crystal slabs with
widest full 3D bandgap for in-plane acoustic waves. Journal of Computational Physics, https://doi.org/10.1016/j.jcp.2017.05.018
(2017).

7. Achaoui, Y. et al. Clamped seismic metamaterials: ultra-low frequency stop bands. New Journal of Physics 19, 063022, https://doi.
org/10.1088/1367-2630/aa6e21 (2017).

8. Colombi, A., Roux, P., Guenneau, S., Gueguen, P. & Craster, R. V. Forests as a natural seismic metamaterial: Rayleigh wave bandgaps
induced by local resonances. Scientific Reports 6, 1-7, https://doi.org/10.1038/srep19238 (2016).

9. Palermo, A., Krodel, S., Marzani, A. & Daraio, C. Engineered metabarrier as shield from seismic surface waves. Scientific Reports 6,
1-10, https://doi.org/10.1038/srep39356 (2016).

10. Oh, J. H. & Assouar, B. Quasi-static stop band with flexural metamaterial having zero rotational stiffness. Scientific Reports 6, 1-10,
https://doi.org/10.1038/srep33410 (2016).

11. Brtilé, S., Javelaud, E. H., Enoch, S. & Guenneau, S. Experiments on seismic metamaterials: Molding surface waves. Phys. Rev. Lett.
112, 133901, https://doi.org/10.1103/PhysRevLett.112.133901 (2014).

12. Kim, S.-H. & Das, M. P. Seismic waveguide of metamaterials. Modern Physics Letters B 26, 1250105, https://doi.org/10.1142/
$0217984912501059 (2012).

13. Lu, Y, Yang, Y., Guest, J. K. & Srivastava, A. 3D phononic crystals with ultra-wide band gaps. Scientific Reports 7, 1-14, https://doi.
org/10.1038/srep43407 (2017).

14. D’Alessandro, L., Belloni, E., Ardito, R., Corigliano, A. & Braghin, F. Modeling and experimental verification of an ultra-wide
bandgap in 3D phononic crystal. Applied Physics Letters 109, 221907, https://doi.org/10.1063/1.4971290 (2016).

15. D’Alessandro, L., Belloni, E., Ardito, R., Braghin, F. & Corigliano, A. Mechanical low-frequency filter via modes separation in 3D
periodic structures. Applied Physics Letters 111, 231902, https://doi.org/10.1063/1.4991548 (2017).

16. Bilal, O. R. & Hussein, M. I. Ultrawide phononic band gap for combined in-plane and out-of-plane waves. Phys. Rev. E 84, 065701,
https://doi.org/10.1103/PhysRevE.84.065701 (2011).

17. Kolken, H. A. & Zadpoor, A. A. Auxetic mechanical metamaterials. RSC Adv. 7, 5111-5129, https://doi.org/10.1016/j.
ijsolstr.2012.05.008 (2017).

18. Mousanezhad, D. et al. Hierarchical honeycomb auxetic metamaterials. Scientific Reports 5, 1-8, https://doi.org/10.1038/srep18306
(2016).

19. Yang, W,, Li, Z.-M.,, Shi, W,, Xie, B.-H. & Yang, M.-B. Review on auxetic materials. ] of Mater Science 39, 3269-3279, https://doi.
0rg/10.1023/B:JMSC.0000026928.93231.e0 (2004).

20. Larsen, U., Sigmund, O. & Bouwstra, S. Design and fabrication of compliant micromechanisms and structures with negative
Poisson’s ratio. ] Microelectromech Syst 6, 99-105, https://doi.org/10.1109/84.585787 (1997).

21. Elipe, J. & Lantada, A. Comparative study of auxetic geometries by means of computer-aided design and engineering. Smart
Materials and Structures 21, 1-12, https://doi.org/10.1088/0964-1726/21/10/105004 (2012).

22. Xin, E & Lu, T. Tensional acoustomechanical soft metamaterials. Scientific Reports 6, 1-7, https://doi.org/10.1038/srep27432 (2016).

23. Chen, Y. & Wang, L. Bio-inspired heterogeneous composites for broadband vibration mitigation. Scientific Reports 5, 1-11, https://
doi.org/10.1038/srep17865 (2015).

24. Bertoldi, K. Harnessing instabilities to design tunable architected cellular materials. Annual Review of Materials Research 47, 51-61,
https://doi.org/10.1146/annurev-matsci-070616-123908 (2017).

25. Kamrava, S., Mousanezhad, D., Ebrahimi, H., Ghosh, R. & Vaziri, A. Origami-based cellular metamaterial with auxetic, bistable, and
self-locking properties. Scientific Reports 7, 1-9, https://doi.org/10.1038/srep46046 (2017).

26. Bortot, E. & Shmuel, G. Tuning sound with soft dielectrics. Smart Materials and Structures 26, 045028, https://doi.org/10.1088/1361-
665X/2a6387 (2017).

27. Matar, O. B., Vasseur, J. & Deymier, P. A. Acoustic Metamaterials and Phononic Crystals (Springer, Berlin, 2013).

28. Bayat, A. & Gordaninejad, F. Dynamic response of a tunable phononic crystal under applied mechanical and magnetic loadings.
Smart Materials and Structures 24, 065027, https://doi.org/10.1088/0964-1726/24/6/065027 (2015).

29. Yang, W.-P. & Chen, L.-W. The tunable acoustic band gaps of two-dimensional phononic crystals with a dielectric elastomer
cylindrical actuator. Smart Materials and Structures 17, 015011, https://doi.org/10.1088/0964-1726/17/01/015011 (2008).

SCIENTIFICREPORTS | (2018) 8:2262 | DOI:10.1038/s41598-018-19963-1 8


http://dx.doi.org/10.1088/1361-6633/aa518f
http://dx.doi.org/10.1088/1361-6633/aa518f
http://dx.doi.org/10.1179/174313409X415639
http://dx.doi.org/10.1179/174313409X415639
http://dx.doi.org/10.1121/1.2179748
http://dx.doi.org/10.1146/annurev-matsci-070616-124118
http://dx.doi.org/10.1146/annurev-matsci-070616-124118
http://dx.doi.org/10.1088/0964-1726/25/9/095036
http://dx.doi.org/10.1016/j.jcp.2017.05.018
http://dx.doi.org/10.1088/1367-2630/aa6e21
http://dx.doi.org/10.1088/1367-2630/aa6e21
http://dx.doi.org/10.1038/srep19238
http://dx.doi.org/10.1038/srep39356
http://dx.doi.org/10.1038/srep33410
http://dx.doi.org/10.1103/PhysRevLett.112.133901
http://dx.doi.org/10.1142/S0217984912501059
http://dx.doi.org/10.1142/S0217984912501059
http://dx.doi.org/10.1038/srep43407
http://dx.doi.org/10.1038/srep43407
http://dx.doi.org/10.1063/1.4971290
http://dx.doi.org/10.1063/1.4991548
http://dx.doi.org/10.1103/PhysRevE.84.065701
http://dx.doi.org/10.1016/j.ijsolstr.2012.05.008
http://dx.doi.org/10.1016/j.ijsolstr.2012.05.008
http://dx.doi.org/10.1038/srep18306
http://dx.doi.org/10.1023/B:JMSC.0000026928.93231.e0
http://dx.doi.org/10.1023/B:JMSC.0000026928.93231.e0
http://dx.doi.org/10.1109/84.585787
http://dx.doi.org/10.1088/0964-1726/21/10/105004
http://dx.doi.org/10.1038/srep27432
http://dx.doi.org/10.1038/srep17865
http://dx.doi.org/10.1038/srep17865
http://dx.doi.org/10.1146/annurev-matsci-070616-123908
http://dx.doi.org/10.1038/srep46046
http://dx.doi.org/10.1088/1361-665X/aa6387
http://dx.doi.org/10.1088/1361-665X/aa6387
http://dx.doi.org/10.1088/0964-1726/24/6/065027
http://dx.doi.org/10.1088/0964-1726/17/01/015011

www.nature.com/scientificreports/

30. Mukherjee, S., Scarpa, F & Gopalakrishnan, S. Phononic band gap design in honeycomb lattice with combinations of auxetic and
conventional core. Smart Materials and Structures 25, 054011, https://doi.org/10.1088/0964-1726/25/5/054011 (2016).

31. Bacigalupo, A., Lepidi, M., Gnecco, G. & Gambarotta, L. Optimal design of auxetic hexachiral metamaterials with local resonators.
Smart Materials and Structures 25, 054009, https://doi.org/10.1088/0964-1726/25/5/054009 (2016).

32. Ouisse, M., Collet, M. & Scarpa, E. A piezo-shunted kirigami auxetic lattice for adaptive elastic wave filtering. Smart Materials and
Structures 25, 115016, https://doi.org/10.1088/0964-1726/25/11/115016 (2016).

33. Meng, J., Deng, Z., Zhang, K., Xu, X. & Wen, F. Band gap analysis of star-shaped honeycombs with varied Poisson’s ratio. Smart
Materials and Structures 24, 095011, https://doi.org/10.1088/0964-1726/25/11/115016 (2015).

34. Ungureanu, b., Achaoui, Y., Enoch, S., Brulé, S. & Guenneau, S. Auxetic-like metamaterials as novel earthquake protections. EPJ
Applied Metamaterials 2, 17, https://doi.org/10.1051/epjam/2016001 (2016).

35. Wang, L. & Bertoldi, K. Mechanically tunable phononic band gaps in three-dimensional periodic elastomeric structures.
International Journal of Solids and Structures 49, 2881-2885, https://doi.org/10.1016/j.ijsolstr.2012.05.008 (2012).

36. Wang, P.,, Shim, J. & Bertoldi, K. Effects of geometric and material nonlinearities on tunable band gaps and low-frequency
directionality of phononic crystals. Phys. Rev. B 88, 014304, https://doi.org/10.1103/PhysRevB.88.014304 (2013).

37. Babaee, S., Wang, P. & Bertoldi, K. Three-dimensional adaptive soft phononic crystals. Journal of Applied Physics 117, 244903,
https://doi.org/10.1063/1.4923032 (2015).

38. Li, T,, Hu, X, Chen, Y. & Wang, L. Harnessing out-of-plane deformation to design 3D architected lattice metamaterials with tunable
Poisson’s ratio. Scientific Reports 7, 8949, https://doi.org/10.1038/541598-017-09218-w (2017).

39. Krodel, S., Delpero, T., Bergamini, A., Ermanni, P. & Kochmann, D. M. 3D auxetic microlattices with independently controllable
acoustic band gaps and quasi-static elastic moduli. Advanced Engineering Materials 16, 357-363, https://doi.org/10.1002/
adem.201300264 (2014).

40. Oh, J. H,, Kwon, Y. E, Lee, H. J. & Kim, Y. Y. Elastic metamaterials for independent realization of negativity in density and stiffness.
Scientific Reports 6, 1-10, https://doi.org/10.1038/srep23630 (2016).

41. Bilal, O. R, Foehr, A. & Daraio, C. Reprogrammable phononic metasurfaces. Advanced materials 1700628 https://doi.org/10.1002/
adma.201700628 (2017).

42. Bruggi, M., Zega, V. & Corigliano, A. Optimization of auxetic structures for MEMS applications. In 2016 17th International
Conference on Thermal, Mechanical and Multi-Physics Simulation and Experiments in Microelectronics and Microsystems (EuroSimE),
1-5(2016).

43. Bruggi, M., Zega, V. & Corigliano, A. Synthesis of auxetic structures using optimization of compliant mechanisms and a micropolar
material model. Structural and Multidisciplinary Optimization 55, 1-12, https://doi.org/10.1007/s00158-016-1589-9 (2017).

44. Zare srl www.zare.it.

45. Hooreweder, B. V., Moens, D., Boonen, R., Kruth, J.-P. & Sas, P. On the difference in material structure and fatigue properties of
nylon specimens produced by injection molding and selective laser sintering. Polymer Testing 32, 972-981, https://doi.org/10.1016/j.
polymertesting.2013.04.014 (2013).

46. Collet, P, Gary, G. & Lundberg, B. Noise-corrected estimation of complex modulus in accord with causality and thermodynamics:
Application to an impact test. Journal of Applied Mechanics 80, 011018-1, https://doi.org/10.1115/1.4007081 (2013).

Acknowledgements

The authors would like to thank LPMS lab of Politecnico di Milano for the precious support during the
experimental tests. The authors also acknowledge the contribution of MIUR: Project PRIN 15-2015 LYYXA
8 “Multi-scale mechanical models for the design and optimization of microstructured smart materials and
metamaterials”

Author Contributions

L.D’A. and V.Z. conceived the idea, developed supporting theory and performed experiments. V.Z. conceived the
design of the 3D auxetic structure and L.D’A. worked on interfacing it with its dynamic behaviour. R.A. and A.C.
oversaw the research, provided guidance and discussed the results and implications at all stages. L.D’A. and V.Z.
wrote the manuscript and all authors edited the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19963-1.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:2262 | DOI:10.1038/s41598-018-19963-1 9


http://dx.doi.org/10.1088/0964-1726/25/5/054011
http://dx.doi.org/10.1088/0964-1726/25/5/054009
http://dx.doi.org/10.1088/0964-1726/25/11/115016
http://dx.doi.org/10.1088/0964-1726/25/11/115016
http://dx.doi.org/10.1051/epjam/2016001
http://dx.doi.org/10.1016/j.ijsolstr.2012.05.008
http://dx.doi.org/10.1103/PhysRevB.88.014304
http://dx.doi.org/10.1063/1.4923032
http://dx.doi.org/10.1038/s41598-017-09218-w
http://dx.doi.org/10.1002/adem.201300264
http://dx.doi.org/10.1002/adem.201300264
http://dx.doi.org/10.1038/srep23630
http://dx.doi.org/10.1002/adma.201700628
http://dx.doi.org/10.1002/adma.201700628
http://dx.doi.org/10.1007/s00158-016-1589-9
http://www.zare.it
http://dx.doi.org/10.1016/j.polymertesting.2013.04.014
http://dx.doi.org/10.1016/j.polymertesting.2013.04.014
http://dx.doi.org/10.1115/1.4007081
http://dx.doi.org/10.1038/s41598-018-19963-1
http://creativecommons.org/licenses/by/4.0/

	3D auxetic single material periodic structure with ultra-wide tunable bandgap

	Results

	Unit cell analysis. 
	Finite structure description. 

	Discussion

	Methods

	Acknowledgements

	Figure 1 Unit cell topology.
	Figure 2 Dynamic analysis of the unit cell.
	Figure 3 Dynamic analysis of the deformed unit cell.
	Figure 4 Simplified models for bandgap limiting modes.
	Figure 5 (a) Prototype fabricated by Selective Laser Sintering in NylonPA 12: 150 mm × 150 mm × 150 mm cube made of 3 × 3 × 3 repetitions of the unit cell of Fig.
	Figure 6 Transmission spectra in the undeformed configuration: experimental spectrum is in black solid line, numerical linear elastic in red dashed line and numerical visco-elastic with Standard Linear Solid model in blue dash-dot line.
	Figure 7 Tuning of the first bandgap: in solid lines the experimental results, in dashed lines the numerical visco-elastic model results.
	Table 1 Geometric dimensions of unit cell components described in Fig.
	Table 2 Load configurations and associated experimental bandgap tuning results.




