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Abstract

The problem of noise control and attenuation is of interest in a broad range of applications, especially in the low-frequency range,
below 1000 Hz. Acoustic metamaterials allow us to tackle this problem with solutions that do not necessarily rely on high amounts
of mass, however most of them still present two major challenges: they rely on complex structures making them difficult to manu-
facture, and their attenuating capabilities are limited to narrow frequency bandwidths. Here we propose the Multiresonant Layered
Acoustic Metamaterial (MLAM) concept as a novel kind of acoustic metamaterial based on coupled resonances mechanisms. Their
main advantages hinge on providing enhanced sound attenuation capabilities in terms of a double-peak sound transmission loss
response by means of a layered configuration suitable for large scale manufacturing.
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1. Motivation

For years, the notion of metamaterials has attracted the in-
terest among the scientific community for their potential range
of applications. Their attractiveness resides on the ability to ex-
hibit customized behavior, specifically in the manipulation of
waves, by engineering their internal structure. While the con-
cept was originated in the field of electromagnetism, with meta-
materials that showed both negative permittivity and permeabil-
ity [24], the idea rapidly extended to other areas. In regards of
the present work, the focus is on the manipulation of acous-
tic waves, aiming at designing a metamaterial with enhanced
sound attenuation capabilities in the low-frequency region, i.e.
between 100 and 1000 Hz, where most common noise sources
occur (see Fig. 1).

The first notions of acoustic metamaterials emerged two
decades ago, when Ping Sheng and co-workers demonstrated
the concept of local resonance with a metamaterial composed
of rubber-coated lead spheres, acting as internal resonators, em-
bedded in an epoxy matrix [14]. Several other works followed,
aiming at exploiting the local resonance phenomena involved
in the production of frequency band gaps for improved acoustic
attenuation in selected frequency regions. Beyond the early de-
signs based on the combination of rubber-coated inclusions in a
polymer matrix [4, 22, 25], examples including membranes as
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internal resonators [8, 11, 27], as well as periodic arrangements
of pillars on a plate [1–3], have been explored, among oth-
ers. Non-periodic acoustic metamaterial configurations based
on irregularities and random structures have also been studied
in the past years [5, 21].

The main challenges faced by most of the proposed resonance-
based acoustic metamaterials so far are: (1) the frequency bandgaps
they typically produce are narrowband, and (2) they cannot be
easily manufactured. The former issue is related to the local
resonance phenomenon itself so it mainly affects the low fre-
quency range (for higher frequencies, Bragg scattering effects
typically produce wider bandgaps). In order to produce wider
frequency bandgaps, one needs to increase the internal resonat-
ing mass in the metamaterial, which makes them lose their lightweight
capabilities that makes them competitive against other classical
approaches. Several works found in the literature have tried to
overcome this issue, for instance, by employing multiple res-
onators [26, 29, 30] or combining local resonance with other
damping mechanisms [10, 12, 15, 23]. However, the problem
has not been entirely addressed. Multiple resonators typically
lead to a collection of separated narrowband frequency bandgaps. As
for the enhancements obtained through the introduction of dis-
sipation phenomena, they are somewhat limited to very specific
damping ranges (which may not be easily obtained, in practice,
with conventional materials).

As for manufacturability, most of the proposed acoustic meta-
materials resort to combine different material components, whose
assembly presents a challenge for their practical implementa-
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Figure 1: Sound pressure level and frequency range for common noise
sources. Each solid black curve is associated to a decibel level at which each
sound source is perceived by human hearing at different frequencies. As an ex-
ample, traffic noise at 70 dB is perceived around this same level at frequencies
in the range of 200-2000 Hz, but below 100 Hz the perceived intensity rapidly
decreases, becoming practically inaudible below 30 Hz. The shaded area indi-
cates the frequency range of interest, where most common noise sources can be
found, and their perceived intensities are higher.

tion, for instance, in a mass production chain. Furthermore,
ideas based on a single material component, which typically
provide a solution to this problem, rely on additive manufac-
turing technologies due to their topological and geometrical
complexity and characteristics [6, 13, 16]. This kind of tech-
nology, while presenting itself as a potential promising manu-
facturing option in the future, still faces many challenges nowa-
days, especially in terms of processing times and dimensional
tolerances (see Section 4.2 for a further insight on that), which
are of utmost importance in order to produce effective acoustic
metamaterials in a practical manner.

As an attempt to offer a solution to these problems, a
Multiresonant Layered Acoustic Metamaterial (MLAM) is pro-
posed in the present work. Its constant thickness, thin layer-
based configuration allows it to be easily manufactured by presently
available well-known techniques. These could refer, for in-
stance, to a process involving lamination and die cutting. While
multi-layer panels based on acoustic metamaterials have been
proposed in the past, they typically rely on membrane-type meta-
materials in which different material components are combined
in the same layer, which still represents an issue in terms of the
manufacturing process (see, for instance, Refs. [17, 28]). Fur-
thermore, in order to improve its attenuating capabilities in tar-
get frequency ranges, the internal resonances of different layers
of the MLAM proposed here are coupled, which translates into
an extended effective attenuation band exhibiting a double-peak
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Figure 2: Experimental setting schematic representation of the two impedance
tubes. The loudspeaker generates acoustic pressure plane waves on the front
tube, with a fraction being reflected back by the sample panel and the remain-
ing being transmitted through it to the rear tube. The rear tube contains an
anechoic termination to avoid spurious reflections. Four microphones measure
the acoustic pressure at the designated positions, which can be used to obtain
the STL of the sample panel.

sound transmission loss (STL) response. The physical back-
ground behind the coupled resonances mechanism, as well as
its effects in terms of the system’s dispersion characteristics,
is described theoretically in Gao and Wang [7] through simple
spring-mass systems, but without providing an actual practical
implementation. Here, we present a practical realization of the
concept and analyse the consequences in terms of the STL re-
sponse.

In this article, we show a methodology to numerically com-
pute the STL response of metamaterial-based panels under normal-
incidence acoustic waves. This methodology will be used to
characterize the proposed MLAM attenuating capabilities, high-
lighting the benefits of the coupled resonances mechanism when
compared to other conventional configurations. Finally, the con-
cept will be validated through an impedance tube measurement
of a 3D-printed MLAM early prototype.

2. Materials and methods

2.1. Experimental test

The experimental test considered to evaluate the performance
of the prototype panel consists of an impedance tube measure-
ment of its normal-incidence STL. This method has been used
in previous works with the same purpose, to evaluate the per-
formance of LRAM-based panels [20]. Since a detailed descrip-
tion of the whole methodology can be found in Roca et al. [20],
here we will focus only on the most relevant aspects of it.

The impedance tube setup (depicted in Fig. 2) consists of
two tube parts with the same constant inner section. On one
end of the front tube, a loudspeaker (VISATON FRS 8-4 Ohm,
with a nominal diameter of 8 cm, 30 W, and linear frequency
response from 200 and 20000 Hz) connected to a six channel
amplifier (ECLER MPA 6-80) emits a pink noise (noise source
on the whole audible frequency spectrum with equal amount of
energy for each octave). The last 30 cm on the opposite end of
the rear tube are filled with a polyurethane foam acting as an
anechoic termination. The sample panel is placed between the
two tubes, pressed against a soft sealing material that prevents
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sound from leaking while not fully restricting the panel’s mo-
tion on the longitudinal direction. This particular setting devi-
ates from the standard method described in ASTM E1050-98,
where the sample typically fills the inside of the tubes’ sec-
tion. However, it allows more flexibility in the sample’s shape
while still proving to capture local resonance mechanisms on
metamaterial-based panel configurations [9, 20]. Finally, two
pairs of 0.5 in. prepolarized microphones (electret condenser
model GRAS 40AE) with an integrated circuit piezoelectric
(ICP) preamplifier (model GRAS 26CA) are located at differ-
ent tube positions. They measure the acoustic pressure at these
points, from which the STL can be computed. The tubes’ sec-
tion size of 8 cm × 8 cm and the separation distance between
each pair of microphones of 7.6 cm guarantee an applicability
range between 200 and 2000 Hz for normal-incidence acoustic
plane waves.

The procedure to compute the STL starts with the measured
pressure values at the four microphone positions, which can be
written in the frequency domain as

P1(ω) = A(ω)eiκx1 + B(ω)e−iκx1 , x1 = −17.6 cm; (1)

P2(ω) = A(ω)eiκx2 + B(ω)e−iκx2 , x2 = −10 cm; (2)

P3(ω) = C(ω)eiκx3 + D(ω)e−iκx3 , x3 = d + 10 cm; (3)

P4(ω) = C(ω)eiκx4 + D(ω)e−iκx4 , x4 = d + 17.6 cm, (4)

where A and B are the complex pressure amplitudes of the inci-
dence and reflected waves on the front tube, respectively, C and
D are the complex pressure amplitudes of the transmitted and
reflected waves on the rear tube, respectively, d is the panel’s
thickness, and κ is the wavenumber, defined as

κ =
ω

c
, (5)

withω being the frequency and c the speed of sound in air. Each
xk in the Eqs. (1)-(4) refers to the relative position of the k-th
microphone with respect to the panel’s incidence surface.

The anechoic termination condition allows us to neglect the
effect of the reflected wave on the rear tube (i.e., D = 0), thus
the transmission coefficient T of the sample panel can be ob-
tained simply as

T (ω) =
C(ω)
A(ω)

, (6)

where A and C are computed according to:

A(ω) = i
P̄1e−iκx2 − P̄2e−iκx1

2 sin κ(x2 − x1)
, (7)

C(ω) = i
P̄3e−iκx3 − P̄4e−iκx3

2 sin κ(x4 − x3)
. (8)

with P̄k being the calibrated complex Fourier transformed pres-
sure measured for the k-th microphone. The calibration process
to correct the amplitude and phase of the pressure amplitudes
follows the standard ASTM E1050-98 and is described also in
Roca et al. [20].
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Figure 3: Schematic representation of the problem setting for numerically com-
puting the STL of a panel with a periodically repeating unit cell. Two perfectly
matched layers (PML) are considered at the ends of the acoustic domains to
simulate an infinite extension of the domain in all directions. The STL is ob-
tained by computing the average amplitude of the incidence and transmitted
pressure fields on the designated surfaces Γi and Γt, respectively.

The STL can finally be obtained by inserting Eqs. (7) and (8)
into Eq. (6) and using the formula:

STL(ω) = −10 log10 |T |
2. (9)

2.2. Numerical simulations

The objective of the numerical simulations here is to com-
pute the STL of an acoustic metamaterial panel characterized
by a unit cell that infinitely repeats in the transverse directions. To
properly account for this STL parameter, the acoustic domains
(filled with air, where acoustic pressure plane waves propagate),
must be also infinite on each side of the solid panel. To per-
form such analysis, the schematic representation in Fig. 3 is
considered. The domain is split into an acoustic domain (the
air), where the pressure field is the primary unknown, and a
solid domain (the metamaterial panel), where the displacement
field is the primary unknown.

(a) Acoustic domain:

In the acoustic domain, the pressure field is solved in terms
of the frequency, ω, from the Helmholtz equation

∇2 pt + κ2 pt = 0, (10)

where κ is the wavenumber, as previously defined in Eq. (5),
and

pt = ps + pb (11)

is the total pressure field, defined as the sum of the scattered
pressure field, ps (the actual unknown), and the background
pressure field, pb.

To simulate a normal-incidence acoustic plane wave, the
background pressure field in the acoustic domain 1 (the inci-
dence side) is imposed to

pb = p0e−iκx, ∀x < 0 (12)

where p0 = 0.02 Pa (this value corresponds to a sound pressure
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level of 60 dB, but is taken simply as a reference, since it does
not affect the resulting STL). In the acoustic domain 2 (trans-
mission side), pb = 0.

At both ends of the acoustic domain (in the x-direction),
perfectly matched layers (PMLs) are imposed to avoid wave re-
flections, hence simulating the medium’s infinite extension.

(b) Solid domain:

In the solid domain, the displacement field, u, is solved
from the momentum balance equation in the frequency domain,

∇ · σ + ρω2u = 0, (13)

where ρ is the material’s density field and σ is the stress tensor
field. In this context, small displacements and strains can be
assumed, so a linear elastic material model is considered. In
particular,

σ = C : ∇Su, (14)

where ∇S denotes the symmetric gradient operator and C is the
fourth-order constitutive tensor, which can be expressed, using
Voigt’s notation, in terms of the material’s Young’s modulus, E,
and Poisson’s ratio, ν, as

CVoigt =



λ + 2µ λ λ 0 0 0
λ λ + 2µ λ 0 0 0
λ λ λ + 2µ 0 0 0
0 0 0 µ 0 0
0 0 0 0 µ 0
0 0 0 0 0 µ


, (15)

with λ =
νE(1 + iη)

(1 + ν)(1 − 2ν)
, µ =

E(1 + iη)
2(1 + ν)

,

where η is used here as an isotropic loss factor to account for
damping in the system (notice that i refers to the imaginary
number, so the tensor C becomes complex valued for η , 0). It
should be remarked that damping does not play a major role
into the expected material behaviour (it is introduced simply
to characterize a more realistic response), so this simple model
provides just a measure of each material’s dissipation capacity,
regardless of the specific sources (it takes into account, for in-
stance, visco-elastic or thermo-viscous effects).

(c) Acoustic-structure interface:

On the boundaries between the solid and acoustic domains,
the effect of the pressure field on the solid domain is accounted
for as an external traction force

σ · n = −ptn, (16)

where n is the outward unit vector of the solid’s boundary sur-
face. Additionally, compatibility of the normal component of

the displacements is considered through

n · ∇pt = ω2ρau · n, (17)

where ρa is the air’s density.

(d) Periodic boundary conditions:

Given the periodic configuration of the acoustic metama-
terial structure, the analysis is focused on a single unit cell
while still accounting for the infinite transverse extension of
the panel. In general, this is achieved through imposing Floquet
boundary conditions in the y and z-directions, both on the solid
and the acoustic domains:

pt(x(+)) = pt(x(−))eiκ·(x(+)−x(−)) (18)

u(x(+)) = u(x(−))eiκ·(x(+)−x(−)) (19)

where x(−) and x(+) refer to the source and corresponding desti-
nation points, respectively, of the periodic boundaries.

For this particular case, in which we consider waves prop-
agating in the x-direction (normal-incidence, i.e. κy = κz = 0),
conditions expressed by Eqs. (18) and (19) turn into standard
periodic boundary conditions.

(e) STL computation:

Equations (10) and (13) are solved considering a FEM dis-
cretization using the standard coupled acoustic-solid model in
COMSOL. Once the pressure and displacement fields are ob-
tained, for a given frequency, the corresponding STL is com-
puted as in Eq. (9), with the transmission coefficient, T , ob-
tained through

T =

∫
Γt

ptdΓ∫
Γi

pbdΓ
, (20)

where Γi and Γt denote the incidence and transmission surfaces,
respectively, as depicted in Fig. 3.

3. Proposed design

The MLAM design concept is based on a stack of constant
thickness layers of homogeneous materials. Each of these lay-
ers is characterized by its specific material properties, thick-
ness and unit cell’s design/topology (see Fig. 4(a)). In order to
operate properly (i.e., exhibit the coupled resonances and the
double-peak effects), different layers with particular purposes
are required:

a) Resonating layers (e.g. layers Ci in Fig. 4(a)). They rep-
resent the core layers of the MLAM structure, as they
contain the resonating elements responsible for trigger-
ing local resonance effects, causing the STL attenuation
peaks. In this kind of layers, the unit cell’s topology and
dimensions play an important role in determining the lo-
cation of these peaks on the frequency spectrum. The
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Material Density
ρ (kg/m3)

Young’s modulus
E (MPa)

Poisson’s
ratio ν

Loss
factor η Layers

Polyamide (PA) 1050 1650 0.4 0.005 A, B
Steel 7800 200000 0.3 0 C1, C2
Silicone rubber 1050 0.15 0.47 0.02 D
Parameter MLAM UMLAM SLAM HP HP+

tA (mm) 1 / 1 1 / 1 2.9 / 2.9 9.5 38
tB (mm) 0.5 / 0.5 0.5 / 4 / 0.5 1 / 1 - -
tC1 (mm) 0.75 0.75 0.75 - -
tC2 (mm) 0.75 0.75 - - -
tD (mm) 4 - - - -
a (mm) 40 40 40 - -
b (mm) 1 1 1 - -
w (mm) 4 4 4 - -
h1 (mm) 8 8 6 - -
h2 (mm) 4 4 - - -
Total thickness (mm) 8.5 8.5 8.55 9.5 38
Surface density (kg/m2) 9.96 9.96 9.95 9.98 39.9

Table 1: Material properties and geometrical parameters considered for obtaining the STL curves in Fig. 5. Each material is assigned to the corresponding layer
types (as defined in Fig. 4) indicated in the layers column. The definition of all the geometric parameters can also be found in Fig. 4. The last two rows in the table
provide detailed information regarding each panel configuration’s total thickness and surface density, respectively.

simple “U-shaped” design considered for the proposed
prototype (see Fig. 4(b)-(c)) is enough to guarantee a
good STL response in the frequency range below 1 kHz. In
this case, the overall performance of the STL is improved
when choosing denser materials for the resonating layers,
since it allows them to be more compact and thin.

b) Connecting layers (e.g. layer D in Fig. 4(a)). As the name
suggests, the purpose of these layers is to connect pairs
of resonating layers, and so they must be stacked be-
tween them as depicted in Fig. 4(a). Their presence in
the MLAM structure is key to enable the coupling res-
onances effects. In this case, their associated unit cells’
pattern must be compatible with that of the resonating
layers’, making sure the corresponding unit cells’ bound-
aries match (see Fig. 4(c)). The specific dimensions and
material choice for this kind of layers is also important to
guarantee a good coupling effect. This can be adjusted
through the effective stiffness of the layer. If the con-
necting layer is too stiff, the resonating layers become
effectively uncoupled and the corresponding STL atten-
uation peaks wouldn’t be connected (see Fig. 5). Thus,
softer (rubber-like) materials would be preferred in this
case to guarantee the coupling with a more compact and
thin configuration.

c) Separating layers (e.g. layers B in Fig. 4(a)). These lay-
ers are adjacent to resonating layers since their whole
purpose is to enable the vibration of their resonating ele-
ments. For this reason, their unit cells’ pattern must again
be compatible with that of the resonating layers. To cause
minimal interference with the overall performance of the
MLAM structure, these layers should be ideally thin and
stiff enough to isolate each unit cell’s vibration from the

others (otherwise, it can cause undesired effects on their
associated local resonances due to triggering unit cell’s
deformation modes in the frequency range of interest).

d) Skin layers (e.g. layers A in Fig. 4(a)). These layers are
homogeneous solid covers (with no associated unit cell
pattern), present for supporting the whole stack, and also
for protection purposes. Since they do not play a major
role in the MLAM performance, they should have enough
stiffness to avoid interference with the STL response. For
some applications in which the MLAM panel is attached
to some structure (e.g. a wall), the corresponding skin
layer could be removed (hence attaching the separating
layer directly onto the structure) while still exhibiting the
relevant effects on the STL response.

4. Results

4.1. Double-peak STL response
In Fig. 5, we show the STL response of three different layered-

based acoustic metamaterial configurations: (a) one with a sin-
gle resonating layer (SLAM), (b) another with two uncoupled
resonating layers (UMLAM), and (c) the MLAM concept (i.e.,
with two coupled resonating layers). For each case, Fig. 5 shows
the equivalent spring-mass systems: (a) a mass-in-mass con-
figuration describing a conventional acoustic metamaterial, (b)
two different inner masses inside the same outer mass (i.e., an
acoustic metamaterial with two internal resonators), and (c) two
different mass-in-mass units contained in the same supercell
structure (i.e., two coupled acoustic metamaterial units). The
general idea behind the MLAM realization of its equivalent
spring-mass system (c) is that the cells represent the correspond-
ing resonating layers (C1 and C2), the masses at each end are
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continuous lines on the right plots represent the STL curves for each equivalent spring-mass system.
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Materials (3D-printing) Density
ρ (kg/m3)

Young’s modulus
E (MPa)

Poisson’s
ratio ν Layers

Polyamide (PA) 1010 1800 0.4 A, B
Steel 7860 147000 0.3 C1, C2
Rubber-like 1200 85 0.48 D

tA (mm) tB (mm) tC1 (mm) tC2 (mm) tD (mm) a (mm) b (mm) w (mm) h1 (mm) h2 (mm)
2 / 2 1 / 1 2 2 15 40 1 10 3 8

Table 2: Material properties and geometrical parameters for the MLAM prototype used in the experiments and the corresponding numerical simulations. Each
material is assigned to the corresponding layer types (as defined in Fig. 4) indicated in the layers column. The definition of all the geometric parameters can also be
found in Fig. 4. The material properties are obtained from the datasheets of the manufacturer.

assumed as the skin layers (A), and the roles of springs K and
Kc are taken by the separating layers (B) and connecting layer
(D), respectively. Analogous considerations can be assumed for
the spring-mass systems (a) and (b) with the SLAM and UM-
LAM configurations, respectively.

The material properties and geometric characteristics of each
panel configuration are detailed in Tab. 1. For comparative pur-
poses, all three acoustic metamaterial panels have almost the
same total thickness and mass. Notice that the only difference
between the UMLAM and the MLAM is the material choice
for the layer between the two resonating layers. For the uncou-
pled configuration (UMLAM), the same polymer-like material
of the separating layers (type B layers) is considered, while a
softer rubber-like material (with the same density) is chosen for
the MLAM case, making it a truly connecting layer (type D
layer), and hence exhibiting the coupled resonances effect and
the double-peak STL response. In the SLAM configuration, the
skin and separating layers’ thicknesses have been increased to
match the global mass and thickness of the other two config-
urations. To properly analyse the STL response, the obtained
curves for each case in Fig. 5 are compared with the corre-
sponding results for reference homogeneous panel (HP) config-
urations of the same surface density (of 10 kg/m2) and 4 times
that (40 kg/m2, named HP+). As an example, these could refer
to steel panels of 1.28 mm and 5.12 mm thick, respectively, or
polyamide (PA) panels of 9.5 mm and 38 mm thick (consider-
ing the densities provided in Tab. 1).

Additionally, to support the physical insight provided by
the equivalent spring-mass systems, the STL plots in Fig. 5
also show their corresponding STL curves. To obtain these re-
sults, the conditions of incident, reflected and transmitted plane
waves have been imposed in terms of non-dimensional displace-
ments and forces acting on the end masses:

ûL = (1 − R)eiωt, ûR = Teiωt; (21)

f̂L = iω̂γ(1 + R)eiωt, f̂R = −iω̂γTeiωt. (22)

Here, the subscripts “L” and “R” refer to the “left” and “right”
end masses, respectively. Variables R and T are the reflection
and transmission coefficients, ω̂ = ω/Ω0 (with Ω2

0 = K/M),
and γ = ṁair/MΩ0 (with ṁair ∼ ρaircair being a reference air
mass flow rate). While no straightforward (direct) association
between the springs and masses can be made with the corre-
sponding 3D realization parameters, both systems can be made

equivalent (in terms of their STL response) with an appropri-
ate choice of the variables γ = 0.008 and Ω0 = 600 Hz, along
with the total mass M distribution detailed in Fig. 5 (this selec-
tion of parameters comes from attempting to fit the spring-mass
model results to those for its corresponding 3D implementa-
tion). In this case, the values considered for k0, k(b)

i and k(c)
i

(i = 1, 2), defined in Fig. 5, come from matching the frequen-
cies of their corresponding resonance STL peaks. Notice that,
for the MLAM case, a lower stiffness for the connecting spring,
Kc = 0.2K, has been required to achieve the resonance coupling
effect.

As expected, the more conventional acoustic metamaterial
configuration, i.e. consisting of a single resonator/unit cell de-
sign, produces an STL response characterized by an attenua-
tion peak followed by a transmission dip on frequencies that,
for plane waves at normal incidence, coincide with the asso-
ciated bandgap limits [18, 19] (see Fig. 5(a)). The idea of ex-
ploiting the local resonance effects of different resonators can
be conceived as a way to obtain higher levels of attenuation
in an extended frequency range. However, the use of multiple
resonators is not enough to guarantee a broader range of atten-
uation in the panel’s STL response. To properly exploit them,
the resonators also need to be coupled, otherwise they will pro-
duce several narrowband attenuation peaks isolated from one
another (i.e., with transmission dips in-between). Through the
resonators’ coupling, their locally resonant bandgaps are joined
into a continuous larger gap (translating into the double-peak
STL response). This can be appreciated comparing the STL re-
sponses in Figs. 5(b) and 5(c).

Notice that through the resonating layers’ coupling, one ef-
fectively makes the transmission dip that typically appears after
the STL peaks produced by local resonances (see γ in Fig. 5(b)
appearing between peaks α and β), to occur before the first at-
tenuation peak (see now γ appearing before peaks α and β in
Fig. 5(c)), creating an extended single, continuous attenuation
band between the two attenuation peaks. When comparing the
results with those of a homogeneous panel 4 times heavier, the
MLAM configuration clearly shows how we can get the same
effective attenuation levels in the whole range between 400 Hz
and 500 Hz. In both other cases, the comparative STL levels
are only achieved in very narrow, isolated frequency bands (of
less than 30 Hz). It is also worth noting that this enhanced STL
response occurs at lower frequencies for the MLAM configu-
ration compared to the equivalent single resonator and two un-

8



coupled resonators cases, which is an additional advantage.

4.2. Experimental validation
In order to validate the MLAM concept experimentally, a

3D-printed prototype of the configuration depicted in Fig. 4 was
tested following the procedure described in Section 2.1. The
material properties and geometrical parameters for this case
are given in Tab. 2. It should be noticed that, at present, there
are limited options in terms of materials available for the 3D-
printing technology and, in most cases, there are additional de-
sign constraints that need to be taken into account. For instance,
the minimum thickness of the layers. Furthermore, since sili-
cone rubber was not available as a material choice for the con-
necting layer, the closest alternative was a powder-based mate-
rial that, in its final form (achieved through a Multi-Jet Fusion
process), it exhibits some rubber-like behaviour. While being
certainly softer than most conventionally polymer-based ma-
terials, this material’s stiffness is still 1-2 orders of magnitude
higher than that of common silicone rubber materials, which re-
quired a noticeable increase of the connecting layer’s thickness
to compensate, and make the coupled resonances work. Once
each different layer component was 3D-printed, they were glued
together forming a MLAM stack. The tackled frequency range
of attenuation for the prototype is around 1000 Hz (in contrast
to the 400-500 Hz range considered in Fig. 5 numerical simula-
tions) due to the material options and geometric tolerances for
the available manufacturing process.

Four different tests were performed on the same prototype,
with Fig. 6 showing the average of the obtained results. The re-
sults show more than 20 dB increase over a range of 200 Hz be-
tween two clearly defined peaks at 1000 Hz and 1100 Hz. These
experimental results are consistent with the expected STL curves
obtained from the numerical simulation, especially when con-
sidering an appropriate amount of damping, with a loss factor
of η = 0.02 (expressly chosen to match to the experimental re-
sults). The experiment setting does not reproduce the ideal con-
ditions of the numerical simulations, which explains some of
the differences between both curves (like, for instance, the ap-
pearance of small spurious peaks between 800 and 900 Hz). The
lower STL level achieved in the experimental test for lower fre-
quencies (minus 10 dB compared to the simulation results) is
likely due to small sound leaks, caused by a non-perfect iso-
lation inside the tube and to the particular sample holding ap-
proach. Finally, dimensional tolerances during the manufactur-
ing process (and possible inaccuracies in the material properties
provided by the manufacturer that have been used in the simu-
lations) may be cause of small frequency shifts in the expected
STL peaks. Despite these small discrepancies the experimental
results clearly show the expected enhanced STL response, with
an extended effective attenuation band due to two joined STL
peaks in the predicted frequency range.

5. Conclusions

Results for the MLAM design proposed show great poten-
tial for it to become a practical lightweight, sound attenuating
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Figure 6: Sound transmission loss curve, obtained experimentally for the
MLAM prototype, compared to the corresponding numerical simulation re-
sults for η = 0 (no damping) and η = 0.02. The inset on the top left depicts
a side view and a front view of the actual 3D-printed prototype employed with
the whole panel dimensions (detailed layer composition, including geometrical
parameters and materials, are given in Tab. 2).

solution at lower frequency ranges. Its main advantage over
other conventional acoustic metamaterial configurations stems
from its layer-based structure, that makes it suitable for large-
scale production through well-established manufacturing pro-
cesses. Additionally, by taking advantage of the coupled res-
onances phenomenon combined with the acoustic metamate-
rials’ local resonance effects, it manages to produce STL re-
sponses exhibiting wider effective attenuation bands at lower
frequencies, compared to equivalent single-resonator or uncou-
pled multi-resonator based acoustic metamaterials.

While the proposed designs in the present work provide a
first notion of what are the capabilities of the MLAM tech-
nology, along with its validation through an early 3D-printed
prototype, there are still issues to tackle. Early studies suggest
that there is a compromise between extending the attenuation
bandwidth (by separating the resonance frequencies) and the
STL level achieved. This affects also the coupling mechanism,
which is not triggered when these resonances are separated be-
yond a certain value. For the samples presented in Fig. 4, at-
tenuation bandwidths of up to 200 Hz can still be achieved, but
with significantly lower STL performances. However, this limit
is linked to material and geometrical features of the MLAM
design, and a more detailed analysis would be a topic for fu-
ture research. In this regard, exploring the effects of coupling
several MLAM panels or investigating the role of the layers’
design and topology into optimizing the STL response could
lead to more efficient performances (either by increasing the
attenuation level or further extending the effective attenuation
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band). Also, it would be interesting to perform experimental
tests on prototypes produced with more suitable manufacturing
techniques (for instance, lamination combined with die cutting)
to analyze possible challenges and limitations of the technology
that would be considered in future, more optimized MLAM de-
signs.
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