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Summary

The paper present the comparative study of di�erent acoustic metamaterials, with unprecedented

features in terms of sub-wavelength ultrawide bandgap, overstepping of passing bands, mechanical

tuning of wave propagation. The investigation is carried out through numerical computations, theo-

retical analyses and experimental tests. The achieved results open new possibilities for the practical

applications of such metamaterials as acoustic �lters and intriguing themes for future research.

PACS no. 43.40.-r, 46.40.-f

1. Introduction

Elastic metamaterials are represented by the periodic
repetition of a unit cell, that is suitably designed in
order to achieve speci�c properties, beyond the typical
features of natural materials. As an example, auxetic
metamaterials are characterized by a negative appar-
ent Poisson's ratio, with possible useful applications
as shock absorbers and actuators [1]. The present pa-
per is focussed on elastic metamaterials that show a
peculiar behavior in terms of wave transmission (so-
called phononic crystals, PnC [2]). Among the others,
the presence of bandgaps (i.e. the frequency ranges of
prevented wave transmission) is one of the most in-
vestigated properties: a wide and complete bandgap
is generally bene�cial to guarantee robust wave atten-
uation around a certain frequency, in view of the pos-
sible application of PnC as acoustic �lters. In many
cases, a complete bandgap is obtained by a periodic
arrangement of two or more materials [3]. Conversely,
in this paper some recent developments are presented,
with reference to single-phase engineered metamate-
rials [4, 5, 6]. The unprecedented features of the pro-
posed layouts (i.e. sub-wavelength ultrawide bandgap,
overstepping of passing bands, mechanical tuning of
wave propagation) are investigated through numerical
computations, theoretical analyses and experimental
tests.
Strategies to obtain bandgaps rely on elastic

impedance mismatch maximization between the com-
ponents of the unit cell [7]. Starting from this idea,
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in this paper a design strategy to obtain three dimen-
sional ultra-wide complete bandgaps is presented: as
for the energy in the electronic band structure, the
aim is to con�ne the mechanical energy of the struc-
ture in well separated frequency bands. This is ob-
tained by creating a speci�c arrangement of modal
shapes via a proper design of modal sti�nesses and
modal masses, so that these modes are far from each
other in energy terms. Two di�erent single material
crystal structures are here discussed in sequence. The
common feature of the two layouts is the presence of
a periodic arrangement of spherical masses connected
by means of elastic ligaments. The �rst structure is
referred to in the following as �axial�, in view of the
speci�c form of the elastic connections; the second
improved structural layout contains a di�erent con-
necting frame and is therefore denoted as ��exural�.

The thorough examination of the computational re-
sults and the comparison with a simpli�ed theoretical
model allow us to infer that the dispersion properties
are directly connected to the capability of the pro-
posed structures to con�ne the mechanical energy in
well separated modes of wave propagation. In order
to obtain an experimental con�rmation, a set of 3D
prototypes is realized via additive manufacturing (se-
lective laser sintering on Nylon PA12). The measure-
ments of the transmission spectrum prove the �ltering
properties in the audible frequency range.

2. Analysis of the �axial� structure

The �rst analyzed structure is characterized by a cu-
bic lattice with spheres located in the middle of each
face. The periodic crystal is presented in Fig. 1(a),
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Figure 1. (a) Representation of the axial periodic crystal;
(b) cross-sections is obtained with the highlighted cutting
plane.

and the highlighted cutting plane de�nes the section
of a single unit cell reported in Fig. 1(b). A set of
parameters is useful to describe the geometry in Fig.
1(b): a is the unit cell length, r = 0.33a is the radius of
the sphere, lax = a−2r is the length of the connecting
beam, and wax = 2

√
0.8w is the width of square cross

section of the connecting beam, being w = 0.05a.

The phononic band structure associated with the
unit cell of Fig. 1(b) is calculated using the Solid Me-
chanics Module of COMSOL Multiphysics v5.2a, and
it is reported in Fig. 2(a), using non-dimensional fre-
quency (with f dimensional frequency and v =

√
E/ρ

sound velocity in the medium). The Irreducible Bril-
louin Zone (IBZ) is the one associated with the simple
cubic crystal structure (refer to Fig. 2(a)). The unit
cell size is a = 0.05 m, while the material is Nylon
PA12 (Young's modulus E = 1.586 GPa, Poisson's
ratio ν = 0.4, density ρ = 1000 kg/m3).

This topology is endowed with several bandgaps:
the �rst one presents a 138.9% gap to mid-gap ratio,
with non-dimensional frequency fnd limits 0.12491
and 0.69297 (refer to Fig. 2 for fnd de�nition). The
elastic modes which de�ne the boundaries of the �rst
bandgap (refer to Fig. 2(c)-(b)) present di�erent char-
acteristics. The mode in Fig. 2(c) involves the whole
unit cell, and it is labeled as �global�: spheres can be
seen as lumped masses with rigid motion, while con-
necting beams play the role of elastic springs, under-
going axial deformation. Due to this fact, the struc-
ture in Fig. 1(b) is named as �axial�. This mode is as-
sociated to low frequency mainly due to the signi�cant
modal mass. The mode in Fig. 2(b) is characterized by
a local deformation of the cross-like beam connection,
while the spheres are almost una�ected. The modal
mass is therefore signi�cantly lower than the previ-
ous case, while the modal sti�nesses are comparable,
relying mainly on the axial deformation of the beam
connections. As a consequence, this mode is character-
ized by high frequency, and it is named as �local� due
to the fact that it does not involve entirely the unit
cell. Being the modal masses associated with the �rst
bandgap boundaries signi�cantly di�erent, an ultra-
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Figure 2. (a) Phononic band structure of the crystal in
Fig. 1(b) and the considered IBZ. Mode shapes of bandgap
closing (b) and opening (c) are provided normalized with
respect to the maximum displacement.

wide complete three-dimensional bandgap arises, as
in the case of a diatomic spring-mass chain described
in [7]. Hence, the in�nite periodic structure is char-
acterized by a set of global modes which are at low
frequencies, ranging from the rigid body motions to
all the modes involving the spheres as modal masses,
and several bands of local modes at higher frequencies,
each one implying the deformations of single compo-
nents of the unit cell.

A one-dimensional mono-atomic spring mass chain
approximation is introduced in order to estimate the
lower limit of the �rst bandgap of Fig. 2(a). The pa-
rameters m and k of such chain are de�ned respec-
tively as the mass of the sphere, m = max = 4/3ρπr3,
and the axial sti�ness of the connecting beams, k =
kax = EAax/lax, with Aax = w2

ax and lax = a −
2r. The analytical non-dimensional frequency value
fax,nd = 2/(2π)

√
kax/maxa/v = 0.12585 di�ers of

roughly 0.75% from the numerical one (refer to red
dotted line in Fig.2(a)).

3. Analysis of the ��exural� structure

The separation of global and local modes is enhanced
in order to obtain a wider bandgap and to approach
the low pass �lter behavior: more speci�cally, the
structure is designed so that only the global modes are
excited by the external force, while the local ones are
not a�ected. In order to obtain such a result, a di�er-
ent structural connection mechanism in between the
spheres is introduced, here de�ned as ��exural�: this
con�guration mostly exploits �exural deformation of
connecting beams instead of the axial one.

The periodic structure is reported in Fig. 3(a),
while a cross section of the unit cell in Fig. 3(b).
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Figure 3. Flexural periodic crystal, composed of spheres
connected by beams in box-like disposition (a); correspon-
dent cross-sections obtained with the highlighted cutting
planes (b); bandgap opening mode shape (c) and its sim-
pli�ed structural model (d).

Cross sectional areas of �exural (Afl) and axial
(Aax) con�gurations are equal, being Aax = w2

ax =
4wfx,1wfx,2 = Afx, to perform a fair comparison. Be-
cause of the following choices wfx,1 = 0.8w, wfx,2 =
w, one �nds the abovementioned value for wax. The
parameters for the spring-mass chain with �exural
connection are: m = mfx = 4/3ρπr3 and k = kfx =
αβkfx,sb. The coe�cient α = 1/2 stands for the sum
in parallel of the sti�nesses associated to the two cou-
ples of beams (each couple is attached to one sphere),
while β = 2 stands for the sum in series of the sti�-
nesses of the two orthogonal beams (the two beams
attached to one sphere). The sti�ness of the single
beam is kfx,sb = 24EI/l3fx,el (refer to Fig. 3(c)),

where I = 1/12wfx,2w
3
fx,1, lfx,el = lfx/3 − wfx,1/2

and lfx = 1.05lax.

The numerical phononic band structure is reported
in Fig. 4: the �rst bandgap is characterized by 159.2%
gap to mid-gap ratio, with non-dimensional frequency
limits of 0.065597 and 0.57815. The opening frequency
calculated with the spring-mass chain in this case is
ffx,nd = 2/(2π)

√
kfx/mfxa/v = 0.06663 (red dot-

ted line in Fig. 4): it di�ers only of 1.59% from the
numerical one. This �rst bandgap is the widest com-
plete bandgap in terms of gap to mid-gap ratio for 3D
phononic crystals and the bandgap opening frequency
is now halved with respect to axial case.

The limit modes of the �rst bandgap of Fig. 4 are
reported in Fig. 5: it is interesting to notice that
all the modes until the bandgap opening frequency
are global, thus involving the spheres as rigid body
masses. All the upper modes, and consequently the
upper bands, are characterized by local deformations
of single components inside the unit cell: more speci�-
cally the second passband presents local modes of the
connecting beams, while the third passband presents
also modes with local deformations of the spheres.

Figure 4. Phononic band structure of the crystal with �ex-
ural connections.

Figure 5. 3D view of the mode shapes at the bounds of
the �rst bandgap in the �exural case.

4. Experimental validation

The numerically predicted behavior is validated by
means of experimental tests, carried out on both the
axial and the �exural layouts: for the sake of brevity,
only the results of the latter are presented. A proto-
type with �exural connections (see Fig. 6(a)) made of
3× 3× 3 unit cells and unit cell length a = 0.05 m is
manufactured using Selective Laser Sintering (SLS) in
Nylon PA12. The frequency limits of the bandgaps are
highlighted in Fig. 7 with vertical red dashed lines. A
second prototype, a solid cube again in Nylon PA12,
is manufactured with SLS: its transmission loss quan-
ti�es the bulk characteristics of the material (such as
damping), independently from the crystal geometry.
This comparison is sound since the smallest dimen-
sion in the �exural crystal is su�ciently bigger than
the pixel precision of the SLS technique procedure,
being respectively 2 mm versus 0.1 mm.
The crystal �nite structure and the solid cube are

tested along the Γ-X directions to assess the trans-
mission spectra [4]: the excitation is applied vertically
using an inertial actuator, a VibeTribe-Mamba with
20 W power and a frequency range from 40 Hz to 20
kHz. Two PCB Piezotronics 353B15 accelerometers,

Euronoise 2018 - Conference Proceedings

- 9 -



(a) (b)

Figure 6. Prototypes in Nylon PA12 of dimensions 0.150 m
× 0.150 m × 0.150 m: (a) crystal structure with �exural
connections composed of 3 × 3 × 3 unit cells; (b) solid
cube.

with sensitivity of 10 mV/g and resonant frequency
of 70 kHz, are placed at the top (input) and bottom
(output) centers of the prototype. Data acquisition
chain is completed with a 8-channel ICP®Sensor Sig-
nal Conditioner, a PCB 483C05, and a NI 9205 mod-
ule, with 16-bit resolution. Tests are performed with a
slow sweep sine input from 0.2 kHz to 20.0 kHz, both
sweep up and sweep down. A user routine in Matlab
performs the post processing.

The �nite crystal structure behaves like a mechan-
ical low pass �lter in the audible frequency range
(black solid line in Fig. 7): after bandgap opening,
the output signal remains around 3.5 order of magni-
tude lower than the input one until 20kHz, with only
3 cells periodicity. On the other hand, the solid cube
presents a transmission spectrum somehow linear in
the dB scale versus frequency: this indicates that the
material properties, such as damping, help the trans-
mission loss to reach higher values as frequency in-
creases. It should be noticed that the solid cube has
an higher volume of material than the crystal struc-
ture, and that the maximum value of the solid cube
transmission loss is −40 dB at 20 kHz, where the value
presented by the crystal structure is −75 dB. There-
fore, we can conclude that the low pass �lter behavior
of transmission spectrum of the crystal is basically
due to the peculiar layout, which entails the presence
of higher local modes, that cannot be coupled signi�-
cantly with the external excitation.

5. Conclusions

The paper deals with the mechanical features of pe-
riodic elastic structures, that are broadly applied in
the �eld of elastic wave �ltering and guiding. The pa-
per presents a strategy to enhance the performances
in terms of bandgap width, with the aim of achieving
a three-dimensional low-pass mechanical �lter. The
strategy builds on speci�c insights about the wave
propagation in periodic structures. It relies on ana-
lytical and numerical predictions and its e�ectiveness
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Figure 7. Experimental transmission spectra along the Γ-
X directions measured for �exural crystal prototype (black
line) and solid cube (green line). Bandgap (BG) limits are
highlighted with vertical red dashed lines.

is experimentally con�rmed. This paves the way for
the development of a new class of periodic structures,
endowed with robust and reliable wave attenuation
over a wide frequency band.

Acknowledgement

The authors would like to thank M&SS lab and LPM
lab of Politecnico di Milano for the precious support
during the experimental tests, and ZARE srl for the
accurate fabrication of the prototypes. Authors A.C.
and L.D'A. acknowledge the contribution of MIUR:
Project PRIN15-2015LYYXA8 �Multi-scale mechan-
ical models for the design and optimization of mi-
crostructured smart materials and metamaterials�.

References

[1] R. S. Lakes: Negative-Poisson's-ratio materials: aux-
etic solids. Annual Review of Materials Research 47
(2017) 63-81.

[2] A. S. Phani, J. Woodhouse, N. A. Fleck: Wave propa-
gation in two-dimensional periodic lattices. J. Acoust.
Soc. Am. 119 (2006) 1995-2005.

[3] T. Delpero, S. Schoenwald, A. Zemp, A. Bergamini:
Structural engineering of three-dimensional phononic
crystals. J. Sound Vib. 363 (2016) 156-165.

[4] L. D'Alessandro, E. Belloni, R. Ardito, A. Corigliano,
F. Braghin: Modeling and experimental veri�cation of
an ultra-wide bandgap in 3D solid-air phononic crys-
tal, Appl. Phys. Lett. 109 (2016) 221907.

[5] L. D'Alessandro, E. Belloni, R. Ardito, F. Braghin, A.
Corigliano:Mechanical low-frequency �lter via modes
separation in 3D periodic structures. Appl. Phys. Lett.
111 (2017) 231902.

[6] L. D'Alessandro, V. Zega, R. Ardito, A. Corigliano: 3D
auxetic single material periodic structure with ultra-
wide tunable bandgap. Scienti�c Reports 8 (2018)
2262.

[7] V. Laude: Phononic Crystals: Arti�cial Crystals for
Sonic, Acoustic, and Elastic Waves. De Gruyter, 2015.

Euronoise 2018 - Conference Proceedings

- 10 -


