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Abstract
In this work, we demonstrate in a proof of concept experiment the efficient noise absorption of a
3D printed panel designed with appropriately arranged space-coiling labyrinthine acoustic
elementary cells of various sizes. The labyrinthine unit cells are analytically and numerically
analysed to determine their absorption characteristics and then fabricated and experimentally
tested in an impedance tube to verify the dependence of absorption characteristics on cell
thickness and lateral size. The resonance frequency of the unit cell is seen to scale
approximately linearly with respect to both thickness and lateral size in the considered range,
enabling easy tunability of the working frequency. Using these data, a flat panel is designed and
fabricated by arranging cells of different dimensions in a quasi-periodic lattice, exploiting the
acoustic ‘rainbow’ effect, i.e. superimposing the frequency response of the different cells to
generate a wider absorption spectrum, covering the target frequency range, chosen between 800
and 1400 Hz. The panel is thinner and more lightweight compared to traditional sound
absorbing solutions and designed in modular form, so as to be applicable to different
geometries. The performance of the panel is experimentally validated in a small-scale
reverberation room, and an absorption close to ideal values is demonstrated at the desired
frequencies of operation. Thus, this work suggests a design procedure for noise-mitigation panel
solutions and provides experimental proof of the versatility and effectiveness of labyrinthine
metamaterials for tunable mid- to low-frequency sound attenuation.
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1. Introduction

In recent years, acoustic metamaterials (AMs) have gained
widespread attention because of their exceptional proper-
ties, which are not commonly found in naturally occurring
materials [1–3]. AMs could potentially pave the way to the
development of a new generation of acoustic absorbers and
diffusers with deep-subwavelength thickness, that can be
tailored for a desired frequency spectrum [4]. Their use brings
new possibilities to the traditional problem of achieving low-
frequency absorption [5]. In addition, AMs offer the possib-
ility to achieve high performance in terms of noise reduc-
tion, and simultaneously reduced size and weight of structures
[6], going beyond the limitations of conventional technologies
based on single layer mass law, double layer resonance fre-
quency tuning and porous absorber thickness optimization [7].
In particular, these new materials seem to be promising and to
respond to the thickness and weight constraints imposed by
the design/technological requirements of the market, e.g. in
aircraft cabin design in aeronautics [8]. AMs can be com-
bined with conventional solutions like porous materials [9,
10], Helmholtz resonators [11] or tensioned membranes [12,
13] for tuned or optimized performance. It is well known that
perfect absorption can be obtained when a critical coupling
condition occurs, whereby thermo-viscous losses are exactly
balanced by the energy leakage [14]. Such perfect absorp-
tion in a subwavelength regime has for example been shown
to be achievable with periodic arrays of vertical Helmholtz
resonators [15], as well as with plate-resonator/closed wave-
guide structures [16]. However, the working frequencies of
these AMs are often quite narrow, or the structures need to be
bulky to enable broadband operation. To address this problem,
the concept of ‘rainbow trapping’ in acoustic resonators with
variable parameters, and hence working frequencies [17–20]
or systems with asymmetric porous absorbers [21] has been
adopted so far.

A particularly interesting type of AM that has emerged
in recent years are ‘labyrinthine’ or ‘coiled’ structures [22].
These are based on exploiting acoustic wave propagation in
curved channels of subwavelength cross-section, giving rise
to an extremely high effective refractive index (and thus to
a decrease of the effective wave speed) and the possibility
of achieving ‘double negativity’, i.e. simultaneously negat-
ive effective density and bulk modulus, or conical dispersion
[23, 24]. Tapered two-dimensional (2D) labyrinthine designs
have also been shown to achieve optimal broadband imped-
ance matching, which is fundamental for efficient absorption
[25]. The concept has also been extended from 2D to 3D space
coiling labyrinthine structures [26]. Experimental demonstra-
tions of the theoretically predicted broadband negative refract-
ive index have been achieved through reflection or transmis-
sion measurements and two-dimensional prism-based meas-
urements on 3D printed thermoplastic labyrinthine samples
[23]. Hilbert-like fractal AMs have also been designed, fab-
ricated via 3D printing, and experimentally characterized, to
achieve efficient low-frequency acoustic wave attenuation [27,
28]. 3D ‘one-port’ labyrinthine structures have also been pro-
posed to achieve high-levels of sound absorption over large

frequency ranges (and for various incidence angles), exploit-
ing different channel lengths to tune the operating bands [29].
Another example of labyrinthine AM providing large tunabil-
ity are spider-web inspired structures, in which the addition of
edge cavities can further enhance the possibilities to manip-
ulate dispersion properties, control the appearance of band
gaps or negative group velocity, and tailor transmission/re-
flection characteristics [30]. Several studies have shown that
the use of space filling structures, such as Wunderlich curves,
can efficiently control transmission, reflection and absorp-
tion by varying channel tortuosity, so that total broadband
reflection/absorption can be achieved e.g. by tuning the chan-
nel length [31, 32].

Thus, labyrinthine and space-filling AMs have provided
a very convenient and efficient way to achieve sound con-
trol in large frequency ranges, especially in the subwavelength
regime, by tuning geometrical design parameters (e.g. channel
tortuosity or elongation and cavity size). This kind of adapt-
ability could largely benefit noise absorption applications at
small to medium scale, where restrictions on structural size
of the absorbers impose trade-offs between efficiency and
encumbrance. Sufficiently thick conventional acoustic absorb-
ing materials, such as glass wool or foams within sandwich
panels with an average density of 50–75 kg m−3 [33] can
absorb acoustic wave energy in wide frequency ranges, but
their bulky characteristics limit their broad application for low
frequency absorption. Moreover, lightweight characteristics
become crucial when dealing with devices in the aerospace
and automotive industry or other technological domains [8].
At present, few studies [34] in the literature have presented
detailed acoustic characterization studies on large structures
such as metamaterial-based panels, and none on labyrinthine
ones, to the best of our knowledge. Further, the need emerges
to investigate labyrinthine AM performance on structures that
are closer to potential operating conditions, i.e. in diffuse field
conditions.

With this in mind, the present study investigates the design
of coiled labyrinthine acoustic resonators, their appropriate
combination in a 3D printed ‘rainbow’ panel and presents a
proof-of-concept experiment to demonstrate efficient broad-
band noise absorption. The paper describes the following
workflow. Design of labyrinthine unit cells (UCs) and analyt-
ical model of their absorption spectra is described in section 2.
Experimental and numerical characterization and comparison
with the analytical model for the designed UC is provided in
section 3. Design and 3D printing of a full-scale panel with
variable, appropriately chosen constituent UC dimensions, its
numerical model and experimental test in a reverberation room
is described in section 4. Finally, a numerical investigation of
a coupling of the panel with conventional absorbing material
is described in section 5.

2. Unit cell design and analysis

In conventional ideal fluid environments, sound propagation
is typically described by a lossless wave equation [35–37].
However, when fluids are confined in small regions, like
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Figure 1. (a) 1st iteration Wunderlich curve UC with w = 6 mm, t = 9.6 mm, a = 19.6 mm and h = 0.5 mm. (b) Schematic of the effective
distance travelled by the pressure wave inside the cavity. (c) Schematic of the equivalent model with the tube of variable cross section closed
by a reflecting backing and open on one side.

narrow tubes or slits, it is necessary to account for struc-
tural losses [30, 33]. There are two primary loss mechan-
isms: thermal losses, mainly arising from heat diffusion at the
boundaries within the sound field, and viscous losses, due to
friction with the UC walls. These physical dissipation mech-
anisms effectively absorb sound energy, leading to perfect
absorptionwhen they are balanced by the acoustic energy leak-
age by radiation from the UC: the matching of the two corres-
ponds to the critical coupling condition [14, 36].

The type of labyrinthine geometry considered in this work
(figure 1(a)) is a first-iteration Wunderlich curve [38], which
corresponds to a quarter-wave resonator. This design can
be studied using narrow tube thermo-viscous loss models to
derive its absorption properties. In particular, the designed
aperture (figure 1(a)) is responsible both for the losses and
energy leakage of the UC, while the cavity (figure 1(b)) is
only responsible for the losses. The considered UC can be
modeled as a tube with constant cross section w× t, and a
rigid backing (figure 1(c)) as pointed out by several works
[39–41]. In particular, given the subwavelength size of the sys-
tem, the equivalent tube can be described as a narrow duct,
following Stinson’s approximation for thermo-viscous losses
[42], while the inlet can be studied as a perforated plate using
the Johnson-Champoux-Allard (JCA) model, as described
in [39].

Thus, calculating the impedance of the equivalent model at
the surface (Zs), the acoustic absorption (α) can be computed
as:

α= 1−
∣∣∣∣Zs−Z0
Zs+Z0

∣∣∣∣2, (1)

Figure 2. Maximum absorption map vs the edge size a vs the
aperture cross section Sa of the UC. The contour lines represent the
frequencies of maximum absorption, and the star is the selected UC
size.

where Z0 = ρ0c0, ρ0 = 1.225 kgm−3 are the impedance and
air density respectively and c0 = 343 m s−1 is the speed of
sound in air [29]. The value Zs and its derivation are provided
in appendix.

A parametric study of the analytical model is carried out
(figure 2) to study the dependence of maximum sound absorp-
tionαmax on the edge size a (scaling the UC isotropically in the
plane), ranging from 10–29mm, and the aperture cross section
Sa from approximately 22–80 mm2. The thickness t= 9.6 mm
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Figure 3. (a) absorption spectrum for the 1st iteration Wunderlich curve UC. Reflectance of the UC represented on the complex frequency
plane for (b) the ‘lossless’ and (c) ‘lossy’ case, where thermo-viscous dissipation occurring at the boundary between the air and the cell
walls is neglected/accounted for, respectively.

is fixed to obtain a subwavelength thickness in the investig-
ated frequency ranges. From the four-parameter map obtained,
a UC featuring perfect absorption in the targeted frequency
range (a= 19.7 mm and Sa = 36 mm2) is selected. The cross
section Sa is chosen so as to allow measurements in an imped-
ance tube (see section 3).

The analytically calculated absorption spectra of the UC
(figure 3(a)) confirm that perfect absorption is attained at
1370 Hz with a peak width of ∆f = 110 Hz. In addition, to
gain further insight on the absorption phenomenon, the reflect-
ance |r|2 = 1−α of the UC is represented in the complex fre-
quency plane using the method introduced by Romero-Garcia
et al [14]. As shown in figure 3(b) in the lossless case, the
reflectance shows a zero/pole complex conjugate pair attained
at the resonance frequency of the UC. When losses are intro-
duced in the model, the pair is shifted towards smaller ima-
ginary frequencies and the critical coupling condition [14] is
obtained when the losses balance the energy leakage. In this
case, the zero falls exactly on the real frequency axis, resulting
in perfect absorption (figure 3(c)).

3. UC experimental and numerical characterization

In order to validate the design predictions and experimentally
assess the efficiency of the UC subwavelength sound wave
absorption, we first perform normal incidence measurements
on various types of UCs in an impedance tube. The UCs con-
sist of a square cavity inside a solid cylinder, in which internal
solid walls form a labyrinthine pattern. The UC samples for
impedance tubemeasurements are manufactured in PLA using
a Dremel Digilab filament 3D printer and in VeroYellow using
a Stratasys J750 FDM 3D printer. The two polymers have sim-
ilar mechanical characteristics, which are compatible with the
rigid wall hypothesis used in simulations.

The impedance tube setup is depicted in figure 4. The
impedance measurements are performed in accordance with
ISO 10534-2 [43] andASTME1050-19 [44] (two-microphone
technique) regulations, in order to measure the normal incid-
ence absorption coefficient (α0), calculated for a normally

Figure 4. Experimental setup for impedance tube measurements.
(a) The complete impedance tube setup. (b) Open tube with sample
mounted in its holder.

impinging pressure wave [45]. Measurements are performed
using a HW-ACT-TUBE and -STL (Siemens, Munich,
Germany), which has an inner diameter of 35 mm with relat-
ive cut-off frequency fc ∼ 5600 Hz [46] and is equipped with
two 1/4’ flush mounted GRAS 46BD microphones (GRAS,
Holte, Denmark) and a white noise source, i.e. a 2’ alu-
minium driver. The method allows to obtain accurate sound
pressure amplitude and phase measurements in the whole fre-
quency range of interest, i.e. 100–5000 Hz [45], with a spec-
tral resolution of 2 Hz. The sample holder consists of a tube
with a sliding rigid piston. A specific plastic sample holder
is used as shown in figure 4(b). The method allows a better
control on the positioning of the different samples into the
flanged sample holder of the tube. The 3D printed samples
have a reflective overall surface and a diameter allowing for
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Figure 5. (a) FE mesh in the model of the impedance tube containing the labyrinthine UC. Blue transparency region corresponds to the area
of application of the boundary pressure, while the red ones to the areas where the average pressure is sampled. In the inset, the blue
transparency region highlights the domain where the poroacustic conditions (JCA in analytical model) are applied and the cross-section
sizes of the UC used for the narrow region change. (b) Acoustic pressure field and (c) dissipated energy inside the UC at the peak absorption
frequency, with corresponding colour scale.

tolerances such that the circumferential effect discussed in [47]
can be considered negligible. The effect of any possible irreg-
ularity in the samples, and in particular at the edges, is taken
into consideration by repeating the tests for each structure
with three nominally identical samples, to evaluate reprodu-
cibility. Temperature and atmospheric pressure are monitored
by calibrated transducers. The acoustic pressure is measured
by two microphones set at a distance of 29 mm from each
other along the length of the tube. The absorption coefficient
spectrum α(f) of the UC is obtained using the transfer func-
tion method [35]. This procedure is repeated several times for
each experimental configuration to reduce dispersion in the
measurements.

For further comparison, a numerical finite element (FE)
model reproducing the experimental setup is implemented,
as shown in figure 5(a), comprising the air domains of the
tube, the aperture, and the UC. The model is implemented in
COMSOLMultiphysics and is performed using the Acoustics
module and ‘narrow region’ condition for the tube and the
UC, and ‘poro-acoustic’ one for the aperture. At the boundary
located at the position x0, a plane wave radiation of the form
P= Aeik0x is applied, with A= 1 Pa, k0 = 2π f/c0, while the
average pressure at the cross section of the tube is sampled
at the surfaces located at x1 and x2 to compute the transfer
function, and the absorption. Figure 5(b) shows the pressure
field at the peak absorption frequency, where we observe a
spatial distribution that increases up to six times the input pres-
sure amplitude, in absolute value, while remaining equal at the
aperture. Due to this gradient in pressure, the particle velocity
increases accordingly. Figure 5(c) shows the dissipated energy
which is concentrated in the aperture region, with a smaller
contribution from the cavity, due to the larger friction in the
latter.

Figure 6. Comparison of analytical, numerical and experimental
absorption spectra.

A comparison of the analytical, numerical, and experi-
mental absorption spectra of one of the labyrinthine UCs is
shown in figure 6, as an illustrative example. The tested sample
has a UC lateral size of a = 19.7 mm and a thickness of
t = 9.6 mm. The experimental absorption spectrum features
an absorption coefficient of α = 0.95, at a frequency fexp ∼
1480 Hz with a peak width of ∆fexp ∼ 390 Hz. This result
is used to calibrate the analytical model’s correction factors
ψ = 8.4× 10−2L and αs = 1.9 (see appendix). Although
excellent matching is achieved in the neighborhood of the
absorption peak frequency, the analytical curve underestim-
ates the absorption for the other frequency ranges and the
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width of the peak by ca. 70 Hz. This underestimation is prob-
ably due to the missing thermo-viscous losses taking place
on the walls of the tube itself, which are instead present in
the FE simulation. In the numerical model, although the peak
frequency is underestimated by 40 Hz, the spectrum presents
a larger absorption for lower and higher frequencies with
respect to the peak and accurately predicts the peak bandwidth
∆fnum ∼ 360 Hz obtained in experimental results, together
with the correct behavior in the higher frequency range.

Given the objective designing a rainbow panel, the res-
onance frequency dependence on the dimensions of the UC
cavity is studied [21]. In order to quantify the resonance
frequency dependence on the geometrical size, several UCs
similar to the ones in figure 1 were manufactured, varying
both in thickness t (within the 10.0–25.0 mm range, keep-
ing their UC edge size a fixed to 21.2 mm) and lateral edge
size a (within the 13.0–20.0 mm range, keeping their thick-
ness t fixed to 12.6 mm). Analytical, numerical and experi-
mental results in figures 6(a) and (b) show the frequency peak
value vs thickness t and edge size a, respectively. The ana-
lytical model underestimates the peak frequencies somewhat,
due to the fact that the empirical correction factors αs and
ψ (see appendix) are maintained constant for the different
sizes, without performing any fitting of the model. Despite
this, there is a fairly good agreement with numerical and exper-
imental results. The resonance frequency scales approximately
linearly by a factor dfr

dt = −42.7 Hz mm−1 with the sample
thickness t, and by a factor dfr

da = −145.3 Hz mm−1 with the
UC edge size a. Thus, the influence of the UC lateral edge
size allows to tune the working frequency in a larger inter-
val, while the thickness dependency can be employed to fine-
tune the frequency in a smaller frequency range to the desired
value.

4. Rainbow AM labyrinthine panel

4.1. Panel design and fabrication

Using impedance tube data, relative to the characterization
of the chosen UC, we establish the target frequency range
of interest for sound absorption (e.g. for aeronautics applic-
ations), between 800 and 1300 Hz. This can be achieved by
exploiting various UCs of different lateral sizes and thick-
nesses, so that the resulting resonance spectrum is given by
their combination, and the corresponding absorption range
extends over the desired range. An AM panel is thus designed,
consisting of differently sized UCs, with varying thicknesses
and surface areas. The internal wall thickness of each UC is
proportional to the UC edge area. Starting from two UC edge
sizes (a1 = 19.5mm and a2 = 26.0mm) at different thick-
nesses (t1 = 10÷ 15 mm for the a1 UC, and t2 = 23÷ 25mm
for the a2 UC), a spatial pattern of repeated a1 and a2 UCs is
conceived, covering a total module of 156 × 156mm2 area.
We define this module ‘macro-cell’ (M and M′ in figures 7(a)
and (b)) because of its intermediate size between an UC and

the complete sound absorbing panel. The complete panel con-
sists of the combination of 20 macro-cells arranged in the
plane (figure 7(b)), to cover a total surface of 628 × 784mm2,
i.e. the area of the panel. Adjacent macro-cells are rotated by
90 degrees and reflected (figure 7), to ensure maximum spatial
homogeneity in the sound absorbing properties.

The UCs are selected so as to provide different absorp-
tion peaks, whose superposition provides a wider working fre-
quency spectrum in the chosen target frequency range. The
arrangement of the UCs, on the other hand, is chosen so as
to guarantee as far as possible spatial uniformity, whereby, at
least theoretically, the overall impedance of the panel can be
calculated as the combination in parallel of the impedances of
the single UCs [39].

The polyamide panel is then manufactured through select-
ive laser sintering (SLS), a technique where each level is
sintered by a laser beam, directed by a scanning system.
The process is repeated, and the prototype is built layer by
layer. SLS is chosen as the most appropriate fabrication tech-
nique since it does not require supports to sustain oblique
and horizontal protrusions and it allows to fabricate under-
cuts. However, to manufacture hollow structures like the UCs,
it is necessary to include at least two apertures (on the top and
bottom surfaces) for each UC cavity, in order to remove any
residual powder from the fabrication process, so an additional
opening is added for each UC. For the measurement phase,
these additional openings are closed with properly sized poly-
amide caps that are fixed with aluminium tape to guarantee
an acoustic seal. A 3D view of the final panel is shown in
figure 8(c).

4.2. FE model of the AM panel

The FE model of the full panel is shown in figure 9. Periodic
Bloch-Floquet boundary conditions are applied to the sides
of the acoustic waveguide. A source load of plane wave radi-
ation is applied to the wave path with the same pressure field
described in the previous paragraph. The domains are modeled
using approximately 540000 elements. Themaximum element
size is∆max =

λmin
10 , where λmin is the smallest wavelength and

the minimum element size is ∆min =
λmin
30 . Viscous-thermal

losses are modeled using the ‘narrow region acoustics’ model,
which allows to account for the thermal and viscous losses
that occur in narrow ducts where the cross-section is compar-
able in size to the thermal and viscous boundary layer thick-
ness. This option allows to avoid solving a full thermo-viscous
acoustic model in the whole domain. The narrow regions
are defined in the front and back caps and in the UC cavit-
ies. The loss is calculated based on rectangular duct, taking
the width (w) and the thickness (t) of the duct as paramet-
ers. In the configurations where the back caps are closed, no
narrow regions are applied. Boundary walls are considered
perfectly rigid, since results from fully vibro-acoustic (not
shown) and simple acoustic simulations give rise to negligible
differences.
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Figure 7. Absorption peak frequency variation vs. the (a) UC thickness t and (b) edge size a. The error bars on the experimental results are
calculated as the peak width.

Figure 8. Modular elements of the complete sound absorption panel. (a) Two adjacent macro-cells. Each macro-cell consists of several UCs
of edge size a1 and a2 with varying thicknesses (T1–T6); (b) Schematic top view of the final panel, consisting of a regular arrangement of M
and M′ macrocells (geometrical sizes are indicated in mm); Adjacent macro-cells are reflected and rotated by 90◦ in order to guarantee a
globally homogeneous spectral response. (c) 3D view of two adjacent macrocells.

4.3. AM panel characterization

The measurement of the sound absorption of the complete
panel is performed in a small-scale reverberation room at
the Politecnico di Torino. A full validation of the perform-
ance of the room is presented in [48], highlighting the 400–
5000 Hz working frequency range. The mean reverberation
time of the empty room between 100 Hz and 5000 Hz is
of 0.95 s with a Schroeder frequency fs of 1152 Hz [49].

In order to ensure a high diffusivity of the sound field, the
room is equipped with 8 diffusers on the ceiling, covering
13.5% of the total room area. The panel characterization
procedure consists in using the integrated impulse response
method [43] for simultaneous measurements on six differ-
ent microphone positions in two conditions, i.e. with and
without the sample on the floor of the room. The meas-
urement chain includes a set-up of six 1/4’ BSWA Tech
MPA451 microphones and ICP104 (BSWA Technology Co.,
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Figure 9. FE model of the AM panel: (a) rectangular duct (‘acoustic domain’) in which acoustic wave propagation is simulated, with
normal incidence on the labyrinthine AM panel and backing cavity; (b) corresponding FE mesh, with refinement in the AM region.

Figure 10. (a) AM panel absorption measurement setup in the small-scale reverberation room; (b) Absorption spectrum of the labyrinthine
AM panel in the reverberation room measurements. The experimental spectrum is compared to the analytically and numerically predicted
ones.

Ltd, Beijing, China), two ITA High-Frequency Dodecahedron
Loudspeakers with their specific ITA power amplifiers
(ITA-RWTH, Aachen, Germany) and a Roland OctaCapture
UA-1010 sound card (Roland Corporation, Japan) in order
to perform 12 measurements (the minimum number required
by ISO 354 [43]). We use a Matlab code combined with the
functions of the ITA-Toolbox (an open-source toolbox from
RWTH-Aachen, Germany) for sound generation, recording
and signal processing. We perform a spatial averaging consid-
ering all the 12 sources and microphone combinations, check-
ing the temperature (⩾15 ◦C) and humidity (between 30–
90%) conditions. According to the ISO 354 standard [50], the
equivalent specimen absorption area is calculated (in square
meters), using the formula:

AT = 55.3V

(
1
c2t2

− 1
c1t1

)
− 4V(m2 −m1) , (2)

where t1, t2 are the reverberation times (in s) of the cham-
ber without and with the specimen, respectively; V is the
volume of the empty reverberation room in m3; c1 and c2
are the sound propagation speeds in air in the reverberation

roomwithout and with the sample, respectively;m1,m2 are the
power attenuation coefficients of the climatic conditions in the
reverberation room without and with the sample. Finally, the
random-incidence absorption coefficient of the tested speci-
men is computed as α= AT

S , where S is the area covered by
the test specimen, expressed in m2.

4.4. AM panel sound absorption results

As shown in figure 7, the panel has a flat upper surface and
an uneven lower surface. The upper surface is equipped with
apertures from which the sound waves access the UCs, while
the lower surface is fully sealed. Figure 10(a) displays the
experimental test configuration of the panel: the flat surface is
facing the sound source. This configuration corresponds to the
configuration in which the panel has an attenuating effect on
sound waves. In figure 10(b), the comparison of analytically,
numerically and experimentally predicted absorption spectra
is shown. Frequencies of interest are reported in third-octave
bands in the range of interest (250–5000 Hz). The orange line
shows the effective sound absorption of the upper surface,
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which is close to the ideal value of 1 in the desired frequency
range between 800 and 1300 Hz. Additionally, an analytical
absorption curve (in blue) is obtained for a fine band spectrum
computing the overall impedance of the panel considering the
UCsworking in parallel, as detailed in [39]. Although the pres-
sure field of the analytical and numerical model impinges nor-
mally on the surface, while in experimental testing conditions
of the reverberation room there is a diffused field, the two
absorption spectra show good agreement in the main absorp-
tion peak range, indicating the effectiveness of the panel also
in non-normal conditions. Numerical results, calculated with
the model described in the previous Section (again for normal
incidence), are also included in the plot in figure 10(b), show-
ing excellent agreement with analytical and experimental res-
ults. Some discrepancy emerges at higher frequencies (above
3 kHz) between experimental and predicted results, probably
due to the greater influence of a non-normal incidence angle.
Edge effects due to the finite sample size were not considered.
As discussed in [48], these would become significant at fre-
quencies below 400 Hz for the considered reverberation room
and sample size. However, the impact of these effects is par-
ticularly significant at low frequencies in the case of thick
samples and highly absorbing materials [51, 52].

5. Numerical evaluation of different labyrinthine
sound absorption panel solutions

5.1. Macrocell with backing cavity

Given the promising results for the design procedure outlined
in the previous Sections, and the good agreement between
numerical and experimental results, a further numerical study
is performed to evaluate possible developments of the AM-
based sound absorption panel. The objective is to assess
its acoustic performance under different design configura-
tions. More specifically, three additional configurations are
assessed: (a) the addition of a melamine foam inside the UCs
of the panel; (b) the addition of a rigid rear backing cavity
applied in correspondence with the uneven bottom surface
of the panel (in this case with open apertures), with/without
melamine foam filling; (c) a combination of (a) + (b). The
acoustic performance of each of these features can be stud-
ied and compared to the original configuration (taken as a
baseline), again performing FE simulations with COMSOL
Multiphysics, focusing on a single marcocell, taken as repres-
entative of the panel behavior. Again, thermo-viscous effects
need to be accounted for.

In the second configuration, the AM panel is coupled to
an additional acoustic domain of a depth equal to four times
its side length (figures 11(a) and (b)). Non-reflective per-
fectly matched layer boundary conditions are applied to the
back of the acoustic domain. Once again, structural domains
are considered perfectly rigid, since results from fully vibro-
acoustic and simple acoustic simulations give rise to negligible
differences. The foam material is chosen as melanine, whose
properties are summarized in table 1.

Table 1. Melamine foam material properties used in FE simulations.

Parameter Value

Porosity 0.995
Flow resistivity 10 500 Pa·s m−2

Thermal characteristic length 470 µm
Viscous characteristic length 240 µm
Tortuosity factor 1.0059

Figure 11. FE model of the AM panel with a backing cavity. (a)
Rectangular duct (‘acoustic domain’) in which acoustic wave
propagation is simulated, with normal incidence on the labyrinthine
AM panel and backing cavity. (b) Corresponding FE mesh, with
refinement in the AM region, as shown in the side and rear view
enlargements.

5.2. Results

Figure 12 shows the calculated absorption coefficient in the
three considered cases. The baseline simulation, correspond-
ing to the dashed curve in figure 10(b), is shown in red. The
effect of the presence of a backing cavity (5 mm thick) filled
with melamine foam (green dashed curve in figure 12) is to
shift absorption peaks to lower frequencies (the lowest from
1 kHz to about 700 Hz), with a beneficial effect for the atten-
uation of low frequencies. The addition of a foam filling in
the AM cavities, on the other hand, leads to a more uniform
absorption coefficient over the whole frequency range, at the
expense of a lower efficiency at the AM working frequencies.
This solution can however be useful in the case where a more
distributed attenuation effect is required over the whole fre-
quency range, rather than at specific target frequencies. Other
types of foams can also be considered to optimize the com-
bined effect with the AM.
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Figure 12. FE simulation results for absorption coefficient vs.
frequency for different sound attenuating panel solutions: the initial
panel (AM), with the addition of a 5 mm foam-filled backing on the
panel (AM+ foam backing) and additionally filling the AM cavities
with foam (foam AM +foam backing).

6. Conclusions

In this work, we have provided an experimental proof of
concept for a novel approach to noise attenuation, exploit-
ing a rainbow-based design using labyrinthine metamaterials
and combining UCs of varying thickness and lateral size in
a quasi-periodic arrangement that ensures good homogeneity
in the panel response. We have described the full design and
validation procedure, from numerical design and modeling of
the UC, to its characterization in an impedance tube, to the
design of the macrocells composing the panel, and its real-
ization using SLS. The final structure has then been charac-
terized experimentally in a small-scale reverberation cham-
ber, demonstrating a close to ideal absorption over the tar-
geted low frequency range, centered at 1 kHz, thus validating
the approach. Finally, detailed FE simulations have allowed to
evaluate possible improvements/modifications to the panel by
adding a foam filling and a foam backing cavity. The proposed
prototype can be further developed, and thanks to its mod-
ular design, can be employed in diverse applications, e.g. in
room acoustics, in automotive parts, or aeronautics in general.
This approach, together with other metamaterial-based solu-
tions proposed in the literature, contributes to an alternative (or
complementary) route to the use of traditional sound absorb-
ing materials in noise control. The proposed solution can be
particularly attractive due to the reduced thickness of the pan-
els and relatively small density of the required parts emerging
from the subwavelength nature of the labyrinthine metamater-
ials used in the design.
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Appendix

The general theory of sound propagation in a cylindric tube in
presence of viscous-thermal losses was initially developed by
Kirchhoff [53] using the linearized Navier–Stokes equation.
Given the complexity of the analytical solution, Zwikker and
Kosten [54] developed approximate solutions for narrow and
wide tube diameters. Subsequently, Stinson [42] derived an
approximate solution for an infinitely long tube with arbit-
rary cross-sectional shape. This model was employed to cal-
culate the variation of impedance along the coiled-up tube
(figure 1(b)). The thin inlet was instead described using the
JCAmodel, as pointed out in [55]. Themodel allows to include
not only the losses taking place along the inlet, but also those
around the aperture due to the sudden cross-section variation.

Considering the rigid backing as a wall of infinite imped-
ance we canwrite the impedance beneath the aperture (Z

(
x−1

)
)

as:

Z
(
x−1

)
=−iZ c

effcot(k
c
effx1) , (3)

where x1 = 3lc, lc =
√
a2 +w2 −ψ , and x−1 indicates the x1

value inside the cavity. ψ is an empirical correction factor
that models the effective propagation path due to the initial
assumptions of an infinite straight tube of the Stinson’s model
[30]. The comparison with experimental results have shown
that this factor is approximately 9% or less of the UC size
a. Zc

eff =
√
ρceff/C

c
eff, and k

c
eff = ω

√
ρceffC

c
eff are the effective

impedance and propagation constants, where ω is the angular
frequency, and ρceff and C

c
eff are the complex density and com-

pressibility function averaged over the channel cross-section
according to the Stinson’s approximation:

ρceff =
ρ0νw2t2

4iω

[ ∞∑
k=1

∞∑
n=1

[
α2
kβ

2
n

(
α2
k +β2

n +
iω
ν

)]−1
]−1

,

(4)

Cceff =
1
P0

[
1− 4iω (γ− 1)

ν ′w2t2

∞∑
k=1

∞∑
n=1

[
α2
kβ

2
n

(
α2
k +β2

n +
iωγ
ν ′

)]−1
]
,

(5)

where αm =
(m+ 1

2 )π
w/2 , βm =

(m+ 1
2 )π

t/2 , ν = η/ρ0, η is the air
dynamic viscosity, and ν ′ = κ/ρ0Cv with κ the thermal con-
ductivity of air, Cv the specific heat at constant volume of
air and γ = Cp/Cv where Cp is the specific heat at constant
pressure of air. The impedance at the aperture’s top entrance
(Z

(
x−2

)
) is computed as:

Z
(
x−2

)
= Z a

eff

−iZ
(
x+1

)
cot(kaeffx2)+ Z a

eff

Z
(
x+1

)
− iZ a

eff cot(k
a
effx2)

, (6)
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where and x+1 indicates the x1 value inside the aperture,
x−2 indicates the x2 value inside the aperture, Z

(
x+1

)
=

Z
(
x−1

)
SA
SC
, with SA = w2 and SC = w × t, Za

eff =
√
ρaeff/C

a
eff,

kaeff = ω
√
ρaeffC

a
eff are the effective impedance and propaga-

tion constant for the aperture and where ρaeff and C
a
eff are the

complex density and compressibility functions at the aperture
according to the JCA model [39]:

ρaeff =
α∞ρ0
Φ

+
σ

iω

√
1+

4iα2
∞ηρ0ω

σ2Λ2Φ 2 , (7)

Caeff =
γ− (γ− 1)

[
1+ 8η

iρ0ωPrΛ ′2

√
1+ iρ0ωPrΛ ′2

16η

]−1

γP0/Φ
, (8)

where α∞ = 1 is the tortuosity of the aperture, Φ = 1 is the
porosity of the panel (see table 1), Λ and Λ ′ are the viscous
and thermal characteristic lengths, which in this case are both
equal to the hydraulic radius of the aperture, here computed as
rhyd = w/4. σ = [( 2h

rhyd
+ 1)(αsRs/Φ)(1/h) ]SA/ST, where αs

is an empirical fitting parameter accounting for the viscous
effects occurring at sharp edges [39] and Rs = 1

2

√
2ηωρ0 is

the specific airflow resistance.
Finally, the impedance at the surface is computed as:

ZS = Z
(
x+2

)
= Z

(
x−2

) ST
SA
. (9)

Where x+2 indicates the x2 value inside the tube, and ST
is the cross section area of the Kundt’s Tube (diameter φ 0 =
35 mm) in which the relative sample is experimentally meas-
ured. The analytical absorption spectrum (figure 2(a)) obtained
setting ψ = 0, and αs = 1, shows a perfect absorption peak
attained at 1370 Hz, i.e. for a normal incident acoustic wave
of wavelength λ∼ 250 mm, which is about 26 times larger
than the UC thickness.
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