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ABSTRACT

The development of acoustic materials with broad-
spectrum efficiency remains a critical challenge, par-
ticularly for achieving effective low-frequency absorp-
tion. This study presents a composite sound absorber
that combines a dense, conventional felt matrix with ad-
ditively manufactured 3D printed inclusions designed to
enhance low-frequency attenuation. These inclusions,
fabricated using cost-effective Fused Filament Fabrica-
tion (FFF) technology, feature labyrinthine geometries
with high tortuosity, designed to achieve subwavelength
resonances. The combination of these elements results in
a thin, lightweight, and scalable solution for sound atten-
uation. The design procedure developed for such compos-
ites is based on complex but fully analytical modelling.
The composite material exhibits exceptional performance,
achieving high levels of absorption at the designed low
frequency due to inclusions, while maintaining efficient
broadband characteristics of the matrix. The analytical
predictions are confirmed experimentally by impedance
tube measurements. By leveraging the advantages of addi-
tive manufacturing and conventional materials, this work
paves the way for economically viable, tailored acoustic
solutions.
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1. INTRODUCTION

Low-frequency sound absorption remains a major chal-
lenge in acoustic material design. Traditional porous ab-
sorbers, such as fibrous or foam-based materials, rely
on viscous and thermal losses to dissipate acoustic en-
ergy [1]. While effective at mid-to-high frequencies, these
materials require considerable thickness to achieve mean-
ingful absorption at lower frequencies due to the inherent
limitations of quarter-wavelength resonance. This con-
straint often conflicts with the practical need for thin,
lightweight, and efficient sound absorbers, particularly
in applications such as automotive interiors and aircraft
structures.

To overcome this limitation, researchers have ex-
plored various approaches to enhance low-frequency
sound absorption without excessively increasing material
thickness. Acoustic metamaterials [2] have been devel-
oped to manipulate wave propagation in unconventional
ways, enabling sub-wavelength sound absorption through
engineered periodicity and resonance effects.

Many of these solutions are based on the use of res-
onant structures, such as Helmholtz resonators [3–5] of
unconventional geometry, often in parallel arrangements,
or micro-perforated panels [6, 7] backed by air cavities of
various shapes. The aim is to exploit resonance effects
in order to improve acoustic absorption in specific low-
frequency bands. Impedance-matching techniques [8–10]
are used for graded or hierarchical structures to help trans-
fer sound energy more effectively into dissipative regions.
Another way to approach the problem is to extend the ef-
fective propagation path of sound waves in the volume
of the material, thereby improving the energy dissipation
mechanisms without a substantial increase in the mate-
rial thickness. Solutions based on this idea include coiled-
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Figure 1. (a) Acoustic composite made of a black polyester felt panel with yellow 3D-printed inclusions
embedded in a periodic arrangement; (b) sample of the composite panel inside a circular impedance tube.

up cavities and labyrinthine channels [11–14]. In parallel
to the aforementioned strategies, the integration of engi-
neered materials and metamaterials within composite ab-
sorbers [12, 15–17] has gained increasing attention. By
embedding carefully tailored acoustic structures into con-
ventional porous materials, it is possible to enhance en-
ergy dissipation mechanisms and extend the absorption to
lower frequencies.

This study presents an experimentally validated an-
alytical modelling of an acoustic composite to demon-
strate how inexpensive and easy-to-3D-print inclusions
can enhance the low-frequency sound absorption of con-
ventional felt-based materials. The work addresses the
above-mentioned critical limitation of traditional porous
absorbers, which require significant thickness to achieve
effective performance in the low frequency range.

The paper is structured as follows. Section 2 describes
the composite material design and its components, includ-
ing their fabrication and assembly. An acoustic modelling
for predicting the performance of the composite absorber
is discussed in Section 3. Section 4 discusses sound ab-
sorption results and provides experimental validation ob-
tained through impedance tube measurements of a com-
posite sample under normal incidence conditions. The key
findings and conclusions are summarised in Section 5.

2. COMPOSITE PANEL

2.1 Design and components

Conventional polyester acoustic felt is known for its ex-
cellent sound absorption capacity in the mid- and high-
frequency range. However, its relatively low tortuosity
and high porosity limit its effectiveness at lower frequen-
cies. To overcome this limitation, a composite structure
is proposed in which labyrinthine metamaterial inclusions
are embedded in a felt matrix.

Figure 1 (a) shows an example design of such a com-
posite panel with a simple, periodic arrangement of iden-
tical inclusions. These inclusions have the shape of a
cuboid with a square base and dimensions W ×W ×H ,
see Figure 2 (b) and Table 1 for the actual values of
these and other dimensions. The inclusion thickness H
is greater than the thickness HF of the felt matrix, so an
air gap is created behind the felt layer, which increases
its absorption capacity. The proposed acoustic composite
panel consists therefore of three materials: a conventional
polyester felt, 3D-printed inclusions with labyrinthine
channels, and air. The air fills the gap behind the felt layer,
but also saturates the pores in the felt and the labyrinthine
channels of the inclusions, thus acting as a medium for the
propagation of sound waves.
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Table 1. Useful dimensions (mm).

D W H HF HG w a b

63.5 40 18 9 9 1.05 0.8 6.35

An important aspect of designing the composite panel
is determining the appropriate ratio of the inclusion sur-
face area to the surface area of the felt matrix. This ra-
tio plays an important role in the composite modelling,
as discussed in Section 3. In this study, this proportion
was adopted so that a composite sample that is repre-
sentative of the entire composite panel could be tested
in a circular impedance tube with an internal diameter of
D = 63.5mm, see Figure 1 (b).

2.2 Composite sample

Figure 2 shows two components, i.e. (a) the felt matrix
and (b) the metamaterial inclusion, of a circular sample of
the composite panel, as well as (c) the assembled sample
ready for testing in a circular impedance tube. The com-
ponent manufacturing and sample assembly procedure are
described below.

A circular matrix sample of diameter D, see Fig-
ure 2 (b), was cut from the felt panel of thickness HF, us-
ing an optical laser cutter (Sculpfun S30 Pro Max). The
cutting diameter was increased by the laser beam width
of 0.3mm. This dimensional compensation was applied
to ensure precise fit of the sample inside the impedance
tube. A similar compensation was applied when cutting
the square hole with dimensions W×W for the inclusion.

The labyrinthine inclusion shown in Figure 2 (b)
was designed to contain three identical labyrinthine slits
(channels) characterised by very high tortuosity, see Fig-
ure 3, and optimised for low-frequency sound absorp-
tion. It was additively manufactured from the thermoplas-
tic polymer acrylonitrile-butadiene-styrene (ABS), which
was selected for its reliability, quality and good mechani-
cal properties. The two-dimensional inclusion design (see
Figure 3) was optimised to facilitate efficient 3D-printing
via Fused Filament Fabrication, taking into account in par-
ticular the size of the printing nozzle.

To ensure proper integration within the polyester felt
matrix and eliminate acoustic leakage, aluminium tape
was glued to the back and side surfaces of the inclusion
as shown in Figure 2 (b). The taped inclusion was tightly
fitted into the square hole of the felt matrix during assem-
bly of the composite sample, Figure 2 (c).

D

HF

H

W W

aluminium tape alu
minium tap

e

(a)

(b)

(c)

Figure 2. (a) Matrix cut from a polyester felt panel;
(b) 3D printed labyrinthine inclusion with the bot-
tom and side surfaces covered with aluminium tape;
(c) assembled composite sample.

3. ACOUSTIC MODELLING

3.1 Equivalent fluid approach

Acoustic modelling of the composite is based on the
equivalent-fluid approach [1]. This means that both com-
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Table 2. JCAL parameters for the composite panel components.

Material
ϕ

(%)
α∞
(–)

Λv

(10−6m)
Λth

(10−6m)
K0

(10−10m2)
Θ0

(10−10m2)

polyester felt 96 1.1 27.3 82.5 3.21 5.89
labyrinth 52.43 38.02 1050 1050 12.67 481.7

ponents, i.e the felt material and the labyrinth inclusion,
are modelled as effective acoustic fluids equivalent to rigid
materials with open porosity saturated with air.

The well-known Johnson-Champoux-Allard-Lafarge
(JCAL) model [1] is employed for both equivalent fluids.
This model requires six intrinsic parameters of a porous
material to fully describe its acoustic behaviour. These pa-
rameters are: porosity (ϕ), tortuosity (α∞), viscous char-
acteristic length (Λv), thermal characteristic length (Λth),
static viscous permeability (K0), and static thermal per-
meability (Θ0). They are discussed below for both com-
posite components.

Once the six parameters are known for a porous ma-
terial, its two dynamic permeabilities – viscous and ther-
mal – can be calculated using the scaling functions of
the JCAL model. The scaling functions, and therefore
both dynamic permeabilities, depend on the frequency f .
The dynamic viscous permeability also depends on the
kinematic viscosity of the air saturating the pores, while
the dynamic thermal permeability depends on the ther-
mal diffusivity of air. The dynamic permeabilities are
used to calculate the effective properties of the equivalent
fluid: firstly, the effective density and compressibility, and
then also the effective speed of sound and characteristic
impedance. For this purpose, the ambient mean pressure
and some other air properties are also required. Details
can be found in Refs. [1, 18].

3.2 Parameters for the conventional acoustic felt

For the acoustic polyester felt, the JCAL parameters were
determined experimentally using inverse characterisation
combined with gravimetric analysis. The Porosity was es-
timated directly by the gravimetric analysis, while the re-
maining five parameters were obtained by fitting theoreti-
cal predictions of the surface acoustic impedance and re-
flection coefficient to the corresponding experimental re-
sults measured in an impedance tube on a circular sam-
ple of the felt panel. This hybrid procedure ensured cor-
rect parameter estimation, enabling precise modelling of

the acoustic behaviour of the felt. The parameters charac-
terised for the felt material are given in Table 2.

3.3 Parameters for the labyrinthine inclusion

In contrast to the felt, all six JCAL parameters can be de-
termined analytically for the 3D printed labyrinthine in-
clusion, because its microstructural geometry is relatively
simple and well-defined. It is clearly visible in Figure 3
which shows a cross-section of the composite sample. The
inclusion has three identical labyrinthine channels of con-
stant width w, which along with the remaining two di-
mensions a and b (see Figure 3) uniquely define the two-
dimensional microgeometry of the inclusion. The actual
values of all necessary dimensions are given in Table 1.
These dimensions allow for a direct calculation or estima-
tion of the required JCAL parameters.

The porosity defined as the volume ratio of air in the
three channels to the total volume of the inclusion can
be determined from the microstructural geometry of its
cross-section (see Figure 3), namely

ϕ =
3wℓ

WH
, (1)

where
ℓ = 16a+ 14b+ 14w (2)

is the length of each labyrinthine channel (calculated
along its centreline with sharp corners at each bend).

Since the channels are identical and have a constant
width, the kinematic tortuosity can be estimated using the
definition of geometric tortuosity [13, 19, 20], i.e. as the
squared ratio of the channel length ℓ to the material thick-
ness H . Zielinski et al. [13] demonstrated that to make
this estimation more accurate the channel length should be
replaced by the estimated length of the flow path through
the channel

ℓ̃ ≈ ℓ− 24w + 24
π

2

w

2
. (3)

Here, the flow path is accurately approximated by the
channel centreline with rounded corners (at each of
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Figure 3. Cross-section of the composite panel (see Table 1 for the actual dimensions).

24 bends), marked with a red curve in Figure 3. Therefore,
the tortuosity of the labyrinthine material is calculated as
follows

α∞ ≈
(
ℓ̃
/
H
)2
. (4)

For a channel with constant width, the thermal char-
acteristic length is equal to its width. This also applies to
the characteristic viscous length if the channel is straight.
When it is tortuous, as in the case of labyrinthine slits of
this work, the channel width is still a very good approxi-
mation of the viscous length [1, 13]. Therefore,

Λv ≈ Λth = w . (5)

Based on the determined parameters, the viscous and
static thermal permeabilities can be computed for the ma-
terial with labyrinthine slits, using the following formulae

K0 ≈ ϕw2

12α∞
, Θ0 ≈ ϕw2

12
. (6)

The values of JCAL parameters calculated for the
labyrinthine inclusion are listed in Table 2, where they can
be confronted with those determined for the felt material.

3.4 Surface acoustic impedances

The JCAL parameters determined for the felt matrix and
labyrinth inclusion (see Table 2) allowed the calculation
of the effective properties for both equivalent fluids that
represent these materials in acoustic modelling. In partic-
ular, the effective speed of sound for the felt material cF

and for the labyrinth cL were calculated along with the
corresponding characteristic impedances, ZF and ZL, re-
spectively. Recall that all these effective properties are
complex functions of frequency.

The effective properties can be used to determine
sound wave propagation in fluids equivalent to porous
materials. Important acoustic indicators such as surface
acoustic impedance of a porous layer can be determined.
The surface acoustic impedance ZsF of a hard-backed felt
panel with thickness HF and the surface impedance ZsL
of a hard-backed labyrinthine material with thickness HL
are calculated as follows

ZsF = ZF coth
(
iωHF/cF

)
, (7)

ZsL = ZL coth
(
iωH/cL

)
. (8)

Here, ω = 2πf is the angular frequency and i =
√
−1.

Recall that the felt matrix in the composite panel is
backed by an air gap of thickness HG = H − HF, see
Figure 3. Therefore, the surface acoustic impedance of
such a two-layer system is required, i.e.

ZsFG =
Z2

sF + ZsFZsG

ZsF + ZsG
. (9)

In the formula above

ZsG = Z0 coth
(
iωHG/c0

)
(10)

is the surface acoustic impedance of a hard-backed air gap
with thickness HG. Here, Z0 and c0 are the characteristic
impedance and speed of sound in air, respectively.
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Figure 4. Sound absorption measured and predicted for the acoustic composite sample, measured for the felt
panel backed by an air gap, and calculated for the labyrinthine material.

Finally, the surface acoustic impedance of the com-
posite panel can be determined as

ZsC =
1

ΦL/ZsL + (1− ΦL)/ZsFG
, (11)

where

ΦL =
W 2

πD2/4
(12)

is the fraction of the inclusion face area relative to the
front surface area of the composite sample, see Fig-
ure 1 (b). Formula (11) describes in fact the combined
surface acoustic impedance of two components, i.e. the
air-supported felt matrix and the labyrinthine inclusion ar-
ranged (acting) in parallel [21].

4. SOUND ABSORPTION

4.1 Predictions and measurements

This section presents the predictions and measurement
results of sound absorption at normal incidence for the
acoustic composite studied in this work. The predictions

were calculated using the surface acoustic impedances
defined in Section 3.4 and the well-known formulae
for the reflection and sound absorption coefficients, see
e.g. Ref. [1]. The experimental measurements were per-
formed on the composite sample, see Figure 1 (c), us-
ing an impedance tube set-up according to ISO standard
10534-2 [22]. The impedance tube has an internal diame-
ter of D = 63.5mm, which ensures plane wave propaga-
tion within the frequency range of interest up to 3.2 kHz.
The transfer function method with two microphones was
used to determine the sound absorption coefficient under
normal incidence conditions [22].

Figure 4 shows both the experimental and analytical
results obtained for the composite sample. A prediction
of sound absorption for the labyrinthine material itself is
also presented, as well as the absorption curve measured
for the homogenous felt panel backed by an air gap.

4.2 Comparison and discussion of the results

The sound absorption curves shown in Figure 4 can be
compared, as they all correspond to configurations with
the same total thickness of H = 18mm.
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The black curve with square markers represents the
absorption coefficient measured for a reference configu-
ration consisting of a 9mm polyester felt backed by a
9mm air gap. As expected, this material exhibits very
good absorption capacity in the mid- and high-frequency
ranges, but rather poor performance at lower frequencies,
although the overall absorption is improved by the air gap.
Furthermore, the undesirable effect related to the reso-
nance of the elastic skeleton of the felt is clearly visible
around 700Hz. It locally reduces the already weak low-
frequency absorption. Incidentally, such poroelastic be-
haviour occurs only around this resonant frequency of the
skeleton, and the rigid-frame equivalent-fluid model is ap-
propriate and valid for the entire frequency range beyond
the elastic-skeleton resonance.

To overcome the limitations of the felt acoustic panel,
a labyrinth inclusion was designed using the model de-
scribed in Section 3 to introduce a subwavelength res-
onance with a frequency similar to the resonance fre-
quency of the elastic skeleton of the felt. This is evidenced
by the corresponding sound absorption calculated for the
labyrinthine material, represented with the blue curve with
diamond markers in Figure 4. This curve has two absorp-
tion peaks and perfect absorption is achieved with the first
peak at about 750Hz.

After embedding the labyrinthine inclusion in the
polyester felt to form an acoustic composite panel, signif-
icant improvement in sound absorption was achieved in
the targeted low frequency range. The predicted and mea-
sured acoustic absorption performance of the composite
is shown in Figure 4 by two red curves marked with cir-
cles. These curves show good agreement with each other,
which confirms the validity of the analytical model pro-
posed in Section 3. It is easy to observe that incorporating
the labyrinthine inclusion into the polyester felt does not
degrade its good mid-to-high-frequency sound absorption.
Instead, the combined acoustic absorption performance of
a conventional porous matrix and a metamaterial inclusion
is achieved.

5. CONCLUSIONS

An acoustic composite panel combining conventional
acoustic felt with 3D-printed labyrinthine inclusions was
researched and designed to enhance low-frequency sound
absorption while retaining the natural ability of the felt to
absorb mid- and high-frequency noise.

The impedance-tube measurements performed on a
composite sample confirm that tailored labyrinthine in-

clusions can significantly increase the sound absorption at
low frequencies through a quarter-wavelength resonance
tuned in design. At the same time, embedding metama-
terial inclusions into the felt matrix in the appropriate
proportion does not significantly affect the good perfor-
mance of the matrix material in the mid and high fre-
quency range, offering a lightweight and space-saving so-
lution for broadband sound absorption.

The good agreement of the measurement results with
the predictions proved that the applied analytical mod-
elling based on the equivalent fluid approach and the cal-
culation of the surface impedance of the sound-absorbing
elements working in parallel are correct and accurate.

Future work will focus on manufacturing larger com-
posite samples and testing them in different configurations
and noise conditions, e.g. as liners in a duct or in a diffuse
field, to evaluate their performance under real-world con-
ditions.
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