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1 | Introduction

The urgent need for sustainable solutions in different industrial sectors has led to a grow-
ing interest in using natural and recycled fibrous materials for acoustic and thermal insu-
lation. While these materials offer significant environmental benefits, their commercial
production is still limited also due to a lack of standardised characterization and design
methods. This paper addresses this gap by presenting a comprehensive methodology to
develop and acoustically optimise sustainable fibrous materials. The approach combines
small-scale experimental characterisation with an analytical framework that models acous-
tic performance as a function of material density. The effectiveness of this method is dem-
onstrated through case studies involving a variety of sustainable materials, including hemp,
jute, posidonia, and recycled fibre mixtures. The results validate the methodology’s ability
to accurately predict the sound-absorbing properties of these materials, enabling the de-
sign of high-performance solutions capable of achieving acoustic ratings comparable to
traditional materials. This article, invited by the RIA editorial board, is not an original study.
Instead, it synthesizes existing research by reanalysing and integrating the data from mul-
tiple studies using a single, unified methodology.

Keywords: fibrous materials, sustainability, acoustic modelling, JCA, optimisation, sound
absorption

Sviluppo e ottimizzazione acustica di materiali fibrosi sostenibili

Limpellente necessita di trovare soluzioni sostenibili in diversi settori industriali ha por-
tato a un crescente interesse per l'utilizzo di materiali fibrosi naturali e riciclati per I'iso-
lamento acustico e termico. Sebbene questi materiali offrano significativi vantaggi am-
bientali, la loro produzione commerciale &€ ancora limitata anche a causa della mancanza
di metodi standardizzati per la loro caratterizzazione e progettazione. Questo articolo
affronta tale lacuna presentando una metodologia completa per sviluppare e ottimizzare
acusticamente i materiali fibrosi sostenibili. Lapproccio integra la caratterizzazione spe-
rimentale su piccola scala con un modello analitico per stimare le prestazioni acustiche di
un materiale in funzione della sua densita. Lefficacia di questo metodo & dimostrata at-
traverso casi di studio che coinvolgono una varieta di materiali sostenibili, tra cui canapa,
iuta, posidonia e miscele di fibre riciclate. | risultati validano I'affidabilita della metodologia
per la stima delle prestazioni fonoassorbenti di questi materiali, consentendo la progetta-
zione di soluzioni sostenibili in grado di raggiungere prestazioni paragonabili ai materiali
tradizionali. Questo articolo, su invito del comitato editoriale RIA, non € uno studio origi-
nale. Si tratta invece di una raccolta di ricerche esistenti, i cui dati sono stati rianalizzati e
integrati attraverso una metodologia unificata.

Parole chiave: materiali fibrosi, sostenibilita, modellazione acustica, JCA, ottimizzazione,
assorbimento acustico

a major contributor to global energy and resource consump-
tion [1-4]. Traditionally, building acoustic and thermal insula-

The development of sustainable solutions in various sectors
has become a top priority due to global challenges associated
with climate change. The construction industry, in particular, is
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tion relies on materials derived from petrochemicals, such
as polystyrene, or from mineral sources processed with high
energy consumption, like mineral wools. While effective, these
conventional materials pose significant environmental impacts
throughout their life cycle, including the use of non-renewable
resources, high embodied energy consumption, and difficul-
ties in recycling and disposal [5, 6]. In alignment with inter-
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national imperatives, such as the United Nations Sustainable
Development Goals (SDGs), particularly SDG 12 on Responsi-
ble Consumption and Production, and the ambitious targets
of the European Green Deal, there is an urgent need for in-
novative solutions that promote resource efficiency and cir-
cularity. This has led to a growing interest in the research and
development of alternative materials that offer performance
comparable to conventional ones but with a significantly re-
duced environmental footprint. Sustainable fibrous materials
for acoustic and thermal applications can be broadly classified
into two main categories: natural (bio-based) materials and
recycled materials. Natural materials include agricultural and
forest by-products, such as hemp, jute, reeds, sugarcane ba-
gasse, straw, and oil palm fibres, which can be processed into
panels or loose fibres [7-13]. Recycled materials, on the oth-
er hand, originate from industrial and post-consumer waste,
such as recycled textile fibres (e.g., cotton, polyester, denim,
wool, acrylic) and recycled glass. Their ability to sequester
carbon during growth (in the case of bio-based materials) or
to reduce landfill waste (for recycled materials) makes them
an ideal choice for boosting the circular economy and achiev-
ing decarbonization goals. Fibrous (and porous) materials are
effective at absorbing sound waves by converting acoustic
energy into heat through visco-thermal effects. Their acoustic
performance, generally expressed in terms of sound absorp-
tion coefficients, depends on their micro-structural character-
istics and is strongly influenced by their density. Even though
various studies have shown that bio-based or recycled porous
materials can achieve acoustic performance comparable to
traditional solutions, many of these unconventional materi-
als remain in a research or prototyping phase with limited
commercial diffusion. While several studies have analysed the
acoustic properties of different kinds of sustainable fibrous
materials, there is a notable lack of comprehensive characteri-
zation of their physical properties and a systematic approach
to design optimization to achieve acoustic performance com-
parable to traditional sound-absorbing materials.

This paper addresses this need by presenting a compre-
hensive methodology to develop and acoustically optimise
sustainable fibrous materials, focusing on both bio-based
and recycled alternatives. Such materials offer a promis-
ing pathway to significantly reduce the embodied carbon
and operational energy of buildings, directly contributing to
a circular economy in the construction sector and foster-
ing a more sustainable urban future. Section 2 provides the
theoretical framework and describes an inverse characteriza-
tion approach suitable for a wide range of acoustic fibrous
materials. Section 3 illustrates different case studies, dem-
onstrating how the proposed methodology can be employed
to develop sustainable sound-absorbing materials, including
bio-based solutions that can achieve Class A acoustic per-
formance like traditional materials, and to design mixtures
of recycled fibres by predicting their acoustic performance.
Finally, Section 4 discusses the key challenges for the real-
world application and commercialization of bio-based sus-
tainable fibrous panels.
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This article, invited by the RIA editorial board following
the oral presentation at the AIA International Symposium “In-
novative Materials in Acoustics: Between Sustainability and
Technology”, does not present on a novel study. Instead, it is a
comprehensive synthesis of several existing studies whose re-
sults were partially presented in various journals and at scien-
tific conferences. To ensure consistency and coherence across
all data, the findings from these studies have been thoroughly
reanalysed and integrated using a single, unified methodology,
which is described in the next section. All original sources are
thoroughly referenced.

2 | Materials and methods

Optimizing the acoustic performance of porous materials ne-
cessitates the integration of experimental techniques and an-
alytical models. This combined approach significantly reduces
the time and cost associated with developing new materials.
The following sections outline the various phases of the opti-
mization process developed at the Acoustics Laboratory with-
in the Department of Engineering at the University of Ferrara.
While this discussion primarily focuses on fibrous materials,
the methodology can be extended, with appropriate modifica-
tions, to include cellular materials (open-cell foams) and ag-
gregates of recycled materials.

2.1 | Experimental characterisation
The first phase of experimental characterization aims to de-
termine the acoustic descriptors and physical macrostructural
properties (also defined transport parameters) of the fibrous
material under analysis. This involves testing small material
samples using laboratory equipment. The primary instrument
used in this phase is the impedance tube (or plane wave tube),
for measuring the surface acoustic impedance and normal
incidence acoustic absorption. This technique, standardized
by ISO 10534-2 [14], allows us to test very small quantities of
material under controlled and well-known conditions, yielding
acoustic information across a wide frequency range. For the
specific equipment we use, samples have a 45 mm diameter,
and measurements cover a frequency range from 100 Hz to
4300 Hz, as shown in Fig. 1. This initial experimental phase,
especially for fibrous materials, can generally be applied to
loose fibres, from which optimised panels will be made of a
small quantity of loose fibres (approx. 10 grams) is progres-
sively compressed inside the sample holder. This allows us
to obtain a series of measurements at decreasing thickness
and increasing density. This process it is very fast, does not
require prototypes of samples at varying densities while can
provide information about the acoustic behaviour of the mate-
rials as a function of density changes.

Besides impedance tube acoustic measurements, addi-
tional experimental tests can be performed on small sam-
ples to evaluate the transport parameters that influence the
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acoustic performance of porous material, which require spe-
cialised experimental equipment. Examples include devices
for measuring airflow resistivity ¢ (ISO 9053-1 [15], or ISO
9053-2 [16]), porosity ¢, tortuosity a,, viscous A and thermal
A' characteristic lengths. While there aren’t specific standards
for porosity, tortuosity, and characteristic lengths, several
methods are described in the literature (e.g., [17-24]). Moreo-
ver, indirect and inversion characterisation methods have been
proposed by several authors [25-30]. Numerical approaches
are also commonly used to characterise the transport pa-
rameters of a porous medium, by geometrically modelling its
micro-structure in a Representative Volume Element (RVE)
[31-34]. A comprehensive review of direct, indirect, and in-
verse measurement techniques used to assess the transport
parameters of acoustic porous materials have been recently
published by Di Giulio et al. [35]. Additionally, for fibrous ma-
terials, whose structure is relatively simple and changes pre-
dictably with compression, Santoni et al. [36] developed an
optimization process that doesn’t require these direct meas-
urements. The transport parameters are determined as a
function of the material density through an inversion method
based on the measured normal incidence sound absorption
coefficient. his method is further described in Section 2.2.

The final product validation requires the experimental
characterization of its acoustic performance. Sound absorb-
ing panels have to be tested by measuring samples with a
surface area between 10 m? and 12 m? in a reverberation
chamber (Fig. 2), according to the standard ISO 354 [37]. The
experimental evaluation of the diffuse sound field absorption
coefficient is essential for certifying the final product and
the rate its acoustic performance according to the standard
ISO 11654 [38]. The main limitation of this technique is that
it requires a significant material surface area, which comes
with associated production or prototyping costs. Furthermore,
the diffuse sound field sound absorption coefficients results,
measured according to this standard, strongly depend on the
reverberation chamber’s characteristics, especially for materi-
als with high sound absorption. For these reasons, within the
product optimization process, we aim to minimize the use of
this technique, reserving it primarily for the final validation of
the finished product and its acoustic certification.

Fig. 1 - Impedance tube test ring and fibrous material mounting
Tubo ad impedenza e montaggio del materiale fibroso
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Fig. 2 - Testing sample installed into the reverberant chamber
Camera riverberante con campione di prova installato

2.2 | Acoustic analytical model

The analytical modelling of acoustic wave propagation in fi-
brous materials, as a first approximation, focuses on the vis-
cous and thermal effects introduced by the material’s struc-
ture, which is considered rigid and motionless. The material,
comprising a fluid phase and a solid phase, is thus modelled
as an equivalent dissipative fluid. Its acoustic properties are
described by either the characteristic acoustic impedance (Z)
and propagation constant (k ), or by the effective density (p_)
and effective compressibility (K). These acoustic properties
are expressed as functions of frequency (f), the parameters
of the fluid saturating the material structure (air), and physical
parameters that describe the material’s structure and its vis-
cous and thermal effects on acoustic wave propagation within
the medium: the transport parameters.

There is extensive literature on analytical models for
porous materials, primarily distinguished by the number of
physical parameters required to describe the acoustic field
within the medium. For fibrous materials, notable examples
include the Delany-Bazley empirical model [39], which uses
airflow resistivity as its sole parameter, and the Miki model
[40] which adds porosity and tortuosity to the previous model.
Semi-phenomenological multi-parametric models have also
been proposed, such as the 5-parameter model based on the
works of Johnson et al. [41] and of Champoux and Allard [42],
known as the JCA model. This widely use method was further
extend by Lafarge et al. [43] (JCAL, a 6-parameter model) and
by Pride et al. [44] (JCAPL, a 8-parameter model). These multi-
parametric models offer the advantage of better describing
acoustic propagation in media with more complex structures
(like foams or aggregates). They also effectively model the
acoustic field in highly compacted fibrous materials (i.e., those
with reduced porosity, ¢ < 0.95).

For the studies on sustainable fibrous materials, detailed
in Section 3, it is preferable to use multi-parametric models
like JCA. This is because the characteristic fibre dimension is
often quite large, and to achieve high acoustic performance,
these fibres must be significantly compressed, resulting in
reduced porosities. Within the JCA framework, the frequen-
cy-dependent complex effective density p_, which accounts
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for inertial and viscous forces, is expressed by the following
equation:

Simultaneously, the complex frequency-dependent dy-
namic bulk modulus K, which incorporates thermal exchanges
between the material’s frame and the fluid, is determined as:

Y Po/d
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In these equations, w = 2nf is the angular frequency, p,
represents the density of air, y is the heat capacity ratio, P_is
the Prandtl number, 7 is the dynamic viscosity of air, and P is
the ambient pressure.

From the complex effective density and dynamic bulk
modulus given in Egs. (1) and (2), we can compute the char-
acteristic impedance Z_and the complex wavenumber k_of the
equivalent fluid medium as follows:

Z. = \/peKe 3)
Pe

= —_ 4

ke=w X, Q)

For a porous material of thickness h placed on a rigid,
reflecting boundary, the surface impedance for normal inci-
dence (Z) is given by:

Zg = —jZ. cot(k:h) (5)

Finally, the normal incidence sound absorption coefficient
(a) is evaluated as:

4Re{ Zs }
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Here, c, represents the speed of sound in air.

2.3 | Acoustic fibrous material optimisation

The inverse characterisation approach described in reference
[36] can be applied to optimise the acoustic performance of
fibrous materials. The transport parameters are expressed
through a set of analytical equations. The open-cell porosity
@, is evaluated from the fibre’s density p_ and the apparent
density of the material p as:

p
p=1-— ™)
Ps
The material’s airflow resistivity o can be approximated
as a function of porosity ¢ and the effective radius 7, of an
equivalent 2D monodisperse fibrous medium [45,33]:
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The remaining transport parameters used in the JCA
model can be expressed analytically as functions of poros-
ity ¢ or the effective radius r, The latter is one of the design
parameters of the multi-variable function to be optimized.

The high-frequency limit of tortuosity «_, is computed using
Archie’s empirical law based on the material’s porosity ¢ [46]:

o=

1 B 1 0.9574
=3 - 6)
“\¢ ¢

Although the constant f could be generally considered a
variable depending on the microstructure of the fibrous me-
dium, a constant value 8 = 0.9574 was assumed, as proven
to be suitable for a wide range of fibres independently of
their effective radius r, [36]. The scale-of-pores geometrical
quantities representing viscous A and thermal A' characteristic

lengths are determined using empirical equations proposed by
Pompoli [13].

A=A, (1 —¢) 4 (10)
A= Azr,(1— )44 11

The unknown coefficients, denoted as A, (with i = 1,2,3,4)
along with the effective radius r, serve as the optimization
design variables to be determined by a minimization algorithm.
This algorithm calculates the normal incidence sound absorp-
tion coefficient using the JCA model, with the transport pa-
rameters expressed through Egs. (7) to (11). The primary goal
of this optimization is to determine this set of design variables
x ={r,A,A,A,A,} that minimizes an objective function, F(x).
This function is defined based on the normalised difference
between the experimentally measured normal incidence sound
absorption coefficients A, o and those predicted by the JCA
model @, jen averaged over m frequency lines and n investi-
gated densities.

1 1
j:(x) = ?:1 ;Zﬁlz |an,exp,i,l - an,]CA,i,ll (12)

The minimisation of the objective function given in Eq.
(12) defines the design variable x and thus the transport pa-
rameters required as input data by the JCA model, expressed
as a function of the material density.

Using the transport parameter density functions deter-
mined through this inverse characterization approach, we
can predict the acoustic performance of porous materials.
Through the Transfer Matrix Method (TMM) [47], the sound
absorption coefficient can be evaluated whether the material
is standalone or integrated within a multilayer system, such
as with an air cavity or a screed layer. TMM is a widely used
approach for investigating plane wave propagation in laterally
infinite multilayer structures. These structures can encompass
various media, including equivalent fluid, elastic, and poroe-
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lastic materials, as well as porous or impervious screens and
resonators. The TMM framework considers an acoustic plane
wave incident at an angle 6 on the system being investigated,
with the system backed by a rigid, reflective wall termination.
The sound absorption coefficient is then computed as:

Z4(0) cos® — pycy 2

a®) =1- Z,(0) cos 0 + pycy

13

As expressed by Eq. (13), the surface impedance Z, thus
the sound absorption coefficient a, depend upon the angle
of incidence @ of the impinging plane wave. The diffuse field
sound absorption coefficient can be approximated as:

f;/z a(8) cos B sin 6d 6
O(d = /2 (14)
Jy '~ cosBsinbd 6

The TMM assumes laterally infinite media, leading to po-
tential deviations when comparing predicted results with ex-
perimental sound absorption coefficients (measured accord-
ing to 1ISO 354). However, the accuracy of the TMM approach
can be improved by introducing the finite-size radiation im-
pedance to airborne excitation Z,(6) [48-51] when computing
the diffuse field incidence sound absorption coefficient:

/2 493{25 (6)} .
I AOES RO

f:/zcosesinede

nodo
(15)

Qgr =

3 | Optimisation examples

3.1 | Jutefibre

This study focused on developing two sound-absorbing pan-
els made from jute fibre for indoor applications. The first is
a 40 mm thick panel for wall-mounting applications, and the
second is a thinner panel (20 mm) designed for false sus-
pended ceilings with an air cavity. These panels were manu-
factured in India using jute fibres and natural latex as a binder.
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g
;5 0.2 —h =80 mm — p = 75 kg/m®
g —h =65 mm — p =92 kg/m?®
8 h =50 mm — p =120 kg/m3
g —h = 40 mm — p = 150 kg/m?

0
10° 10°
frequency - f(Hz)

Fig. 3 - Normal incidence sound absorption coefficient:
experimental measurement on various combinations
of thickness and density
Coefficiente di assorbimento acustico per incidenza normale:
misure sperimentale su diverse combinazioni di spessore e densita
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Jute fibres are sourced from Corchorus Capsularis plants, a
species of the Malvaceae family, abundant in the eastern mon-
soon regions. The production process, which utilizes natural
latex as a binder, results in a 100% biodegradable panel. The
acoustic design process for both panels started from the ex-
perimental characterisation of a small quantity of loose fibres.
We used an impedance tube to measure the normal incidence
sound absorption as the material was progressively com-
pressed, as described in Section 2.1. The experimental results
obtained for different combinations of density and thickness
are shown in Fig. 3.

From the experimental results, we derived the transport
parameters required by the JCA equivalent dissipative fluid
model, expressed as density functions, using the inverse char-
acterisation approach detailed in Section 2.3. Table 1 presents
the calculated physical parameters for densities ranging from
120 to 240 kg/m?3.

Tab. 1 - Transport parameters obtained from jute loose fibres as a
function of the sample density though inversion characterization
Parametri di trasporto ricavati con metodo di inversione dalle
misure sulle fibre sciolte di juta in funzione della densita

p @ o a, A A
[kg/m’] [-] [kNs/m’] [-] [pm] [rm]
120 0.91 15.9 1.10 65 133
140 0.89 21.1 1.12 50 123
160 0.88 27.3 1.13 39 115
180 0.86 34.8 1.15 32 108
200 0.85 43.7 1.17 27 102
220 0.83 54.3 1.19 23 97
240 0.82 66.8 1.22 19 93

Using the TMM approach, including the diffuse field as-
sumption and the finite-size correction proposed by Rhazi et
al. [49] (as described in Section 2.3), we estimated the diffuse
incidence sound absorption performance of the two systems,
for various combinations of panel thickness, density (and op-
tional air cavity). The estimation directly correlates with re-
sults experimentally obtainable in a reverberation chamber.
The primary objective of this optimisation, requested by Hub-
bub ApS, was to develop the two systems capable of achieving
Class A performance (a, = 0.90) according to ISO 11654. The
entire optimization procedure was rigorously validated through
experimental tests performed on 10.8 m? panels in a rever-
beration chamber in accordance with ISO 354. Table 2 pre-
sents the computed «a,, values at different densities, for both
analysed systems. The optimisation goal was to identify the
optimal density that would enable the target acoustic perfor-
mance («,, = 0.90), while meeting the client’s specified panel
thickness requirements (driven by commercial and production
requirements).

As shown in Table 2, achieving Class A performance re-
quires specific minimum densities for each panel configura-
tion. For the 40 mm wall-mounted solution, a minimum den-
sity of 220 kg/m? is necessary. Conversely, the 20 mm panel
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combined with a 200 mm air cavity demands a lower minimum
density of 160 kg/m3.

Tab. 2 - Predicted «, as a function of the fibrous panel density in
the wall-flush mounting and suspended ceiling configurations:
jute fibres
Valori calcolati di «,, in funzione della densita dei pannelli per
configurazione a parete e controsoffitto: fibre di juta

p %y 40mm P %y, 20/200mm
[kg/m?] (wall-panel) [kg/m?] (false ceiling)
160 0.80 120 0.80
180 0.85 140 0.85
200 0.85 160 0.90
220 0.90 180 0.90
240 0.90 200 0.90

Fig. 4 presents the computed diffuse incidence sound ab-
sorption coefficient in octave band spectra, for the 40 mm panel
at different densities. This figure also details the a,, calculation
reference curves (dotted black lines), specified in ISO 11652.
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Fig. 4 - Evaluation of « for wall-flush mounted 40 mm panels
of different densities from the octave band sound absorption
coefficient computed trough the analytical model.

Calcolo di a,, per pannelli di 40 mm di diverse densita dalle curve
in bande di ottava del coefficiente di assorbimento acustico
stimato con metodo analitico

For the investigated systems, the weighted sound ab-
sorption coefficient a,, is primarily governed by the acoustic
performance at frequencies below 250 Hz, as clearly illustrated
in Fig. 4 for the 40 mm panel across various densities. Conse-
quently, increasing the panel’s density while keeping its thick-
ness constant effectively enhances low-frequency absorption,
allowing an a, = 0.90 value to be achieved. Based on these
findings, we selected densities of 220 kg/m?® for the 40 mm
wall-mounted solution and 160 kg/m?® for the 20 mm panel
with a 200 mm air cavity in the suspended ceiling configuration.

Panels manufactured according to these specifications
were subsequently tested in a reverberation chamber. Fig. 5
presents the experimental results for diffuse incidence sound
absorption (in one-third octave bands), comparing them di-
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rectly with the TMM calculated results. This comparison re-
veals a remarkable agreement between our computed results
and the experimental sound absorption coefficient. Minor dif-
ferences at high frequencies are attributed to the experimen-
tal approach outlined in ISO 354.
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Fig. 5 - Diffuse incidence sound transmission coefficient:
comparison between experimental and predicted results -
a) 40 mm panels (wall configuration, density 220 kg/m?3);
b) 20 mm panels with 200 mm air cavity (suspended ceiling
configuration, density 160 kg/m?)

Coefficiente di assorbimento acustico per incidenza diffusa:
confronto tra i risultati sperimentali e quelli previsionali - a) pannelli
da 40 mm (soluzione a parete, densita 220 kg/m?3); b) pannelli da 20
mm (con intercapedine da 200 mm, densita 160 kg/m®)

3.2 | Posidonia fibre

This study on Posidonia fibres stems from the urgent need to
find a sustainable use for a material currently classified as spe-
cial waste, with disposal incurring significant costs for coastal
municipalities. These materials, scientifically known as aegagro-
piles, appear as ellipsoidal agglomerations of fibres, shown in
Fig. 6 (a). They are formed from the fraying leaves of Posidonia
oceanica, which macerate in seawater until the fibres are re-
leased and then aggregated by wave action. Posidonia oceanica
is an aquatic plant, endemic to the Mediterranean Sea, belong-
ing to the Posidoniaceae family (monocotyledon angiosperms).
It forms extensive meadows on sandy seabed near coastlines.
This research [13] aimed to investigate the feasibility of using
loose fibres obtained from Posidonia agglomerations to create
sound-absorbing panels. To this end, we extracted loose fibres
from the aegagropiles and evaluated their physical and acoustic
characteristics across a range of densities (as described in Sec-
tion 2.1). The Posidonia fibres investigated in this research were
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collected from aegagropiles harvested on sandy beaches of
Southern Sardinia. To ensure the removal of any residual mois-
ture, they were left to sun-dry for several days. The fibres were
manually separated from the aegagropiles, with any internal
sand meticulously removed via sieving. Cylindrical samples, ob-
tained from clean fibres were experimentally tested, as shown in
Fig. 6 (b), measuring the normal incidence sound absorption co-
efficient, in accordance with the ISO 10534-2, by progressively
compressing the sample to investigate a range of densities.

Fig. 6 — Posidonia oceanica fibres: a) Aegagropiles deposited on
the beach by the sea; b) Fibrous sample tested in the laboratory

Fibre di Posidonia oceanica: a) Egagropili depositate dal mare sulla
spiaggia; b) campione fibroso testato in laboratorio

The transport parameters required by the JCA model to
analyse Posidonia fibres as a function of the material density
were obtained from the experimental normal incidence sound
absorption coefficient, as described in Section 2.3. Moreover,
to further validate the inverse characterisation approach open
porosity ¢ and airflow resistivity o were experimentally meas-
ured, respectively according to the air volume compression
method [17] and to the standard ISO 10534-2. The porosity
was experimentally evaluated only for a given apparent density
p and then extended across the considered range using Eq. (7)
by knowing the fibre density p_ = 1518 kg/m? On the other
hand, the airflow resistivity was measured for different densi-
ties obtained by progressively compressing the tested sample
of loose fibres, to further validate the approach described in
Section 2.3. The other physical parameters, namely the tortu-
osity a and the viscous and thermal characteristic lengths A
and A' were obtained for each investigated density through a
well-known inversion approach [29].
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Fig. 7 presents a comparison of the density-dependent
curves for the transport parameters evaluated using JCA
modelling, alongside values obtained either experimentally or
through other well-established inversion methodologies. In
both cases, a good consistency among the different analysed
methods is observed.
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Fig. 7 - Posidonia oceanica fibres: transport parameters used by
the JCA model as a function of the material density

Fibre di Posidonia oceanica: parametri di trasporto del modello JCA
al variare della densita del materiale.

Fig. 8 further illustrates our findings by providing a com-
parison, in one-third octave bands, between experimental
measurements of normal incidence acoustic absorption per-
formed on samples at different compression ratios and re-
sults obtained from the JCA analytical model. Moreover, Table
3 compares the simulated weighted sound absorption co-
efficients @, of Posidonia oceanica panels, with a thickness
of 40 mm and 50 mm, at different densities. This compari-
son clearly demonstrates that Posidonia oceanica, a sustain-
able material, when compressed to an adequate density, can
be effectively employed as a sound-absorbing material in its
loose fibre form, offering acoustic performance able to reach
a Class A rating comparable to traditional solutions.
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Fig. 8 - Posidonia acoustic performance, comparison between
predicted and experimental results
Prestazioni acustiche fibre di Posidonia, confronto tra dati
previsionali e sperimentali
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Tab. 3 - Predicted «,, as a function of the fibrous panel density
computed from TMM predictions: Posidonia fibres
Valori calcolati di a, in funzione della densita dei pannelli: valori
calcolati con TMM: fibre di posidonia

p [kg/m?] 50 100 150 200 250
Ay somm 0.65 075 075 0.8 0.85
Class C C C B B
@y somm 0.70 0.85 0.90 0.95 1.00
Class c B A A A
3.3 | Hemp fibre

Although several studies exist regarding the acoustic char-
acterization of natural fibres, as detailed in the introduction
of this paper, there is a notable lack of correlation with fi-
bre type or geometry, and limited detail on the specific pro-
cessing and chemical treatments involved in their production.
This motivated a study investigating how different production
processes can affect the acoustic properties of hemp fibres
[11], ultimately aiming for their optimization. The experimen-
tal analysis was conducted on loose, binder-free hemp fibres
(Cannabis Sativa var. ‘Lipko’) obtained through four consecu-
tive processes: mechanical carding (1.CAR), alkaline treatment
with NaOH (5% 1h) (2.NaOH), mechanical wide-tooth combing
(3.WTC), mechanical fine-tooth combing (4.FTC). As an exam-
ple, Fig. 9 shows Scanning Electron Microscope (SEM) images
of the hemp fibres after different processing treatments.

EHT = 1500 kY
WD = 12.0 mm

Signai A = SET
Mag= 100X

200 psm ERT = 1500 kY
WD =12.0 mm

Date :27 Nov 2017

Fig. 9 - SEM images of the hemp fibers at different processing
stages: a) irst processing stage (1.CAR); b) Final processing
stage (4.FTC)

Immagine al SEM delle fibre di canapa: a) primo processo di
lavorazione (1.CAR); b) ultimo processo di lavorazione (4.FTC)
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While SEM images are typically used to determine fibre di-
ameter distribution, natural fibres, like hemp, often show high
variability, as demonstrated in Fig. 9. For this reason, an alterna-
tive approach to characterise the size of hemp fibres obtained
after each process is through the effective radius r, introduced
in Eq. (8). To this purpose, for each processing stage, we tested
loose hemp fibres in an impedance tube to measure their nor-
mal incidence sound absorption. We did this by progressively
increasing their compression ratios, following the methodology
described in Section 2.1. Fig. 10 illustrates the normal incidence
sound absorption coefficient as a function of the apparent den-
sity of the fibrous samples after the different processes. This
shows that, regardless of the process, compressing the sam-
ples significantly influences the measured sound absorption.
However, the acoustic performance also heavily depends on the
fibre’s characteristics, which are directly related to the specific
treatment each material underwent. To highlight this, Fig. 11
compares the normal incidence sound transmission coefficients
measured on samples from each process at the same density.
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Fig. 10 - Hemp acoustic performance: experimental normal
incidence sound absorption coefficient after different processes
as a function of the material density
Prestazioni acustiche fibre di Canapa: coefficiente di assorbimento
acustico per incidenza normale misurato a varie densita dopo
i diversi trattamenti
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Fig. 11 - Hemp acoustic performance: experimental normal
incidence sound absorption coefficient after the different
processes on samples with density 117 kg/m?
Prestazioni acustiche fibre di Canapa: coefficiente di assorbimento
acustico per incidenza normale misurato dopo i diversi trattamenti
su provini con densita apparente pari a 117 kg/m?
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Based on these experimental datasets, we estimated the
transport parameters for each type of hemp fibre as a func-
tion of material density by applying the inverse characteriza-
tion approach described in Section 2.3. As Fig. 12, illustrates,
the physical parameters vary according to density consistently
with our experimental sound absorption coefficient observa-
tions. Fig. 12 displays only the airflow resistivity and the vis-
cous and thermal characteristic lengths. Porosity and tortuos-
ity are not shown as they are not significantly influenced by the
processing method; they primarily depend on fibre density and
the sample’s compression ratio, as expressed in Egs. (7) and
(9). It is noteworthy that the alkaline treatment (2.NaOH), which
follows the carding process (1.CAR), has a limited influence
on both acoustic performance and the physical parameters.
Conversely, the mechanical combing treatments (both 3.WTC
and 4.FTC) significantly improve the fibrous material’s acoustic
performance. This behaviour is consistently reflected in the
physical parameters, showing an increase in airflow resistivity
(due to a reduction in fibre diameter) and a corresponding re-
duction in the characteristic lengths. These density-dependent
transport parameters, evaluated for different hemp fibre types,
can be used to optimize panel density to meet specific acous-
tic requirements, as illustrated in Section 3.1.
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Fig. 12 - Physical parameters obtained for Hemp fibres as a
function of the density: a) airflow resistivity; b) viscous
and thermal characteristic lengths

Parametri fisici ottenuti per le fibre di Canapa in funzione della
densita: a) resistenza al flusso; b) lunghezze caratteristiche
termica e viscosa

Table 4 compares the computed weighted sound absorp-
tion coefficients «,, of 40 mm thick hemp fibre panels, at dif-
ferent densities, after each processing stage: 1.CAR, 2.NaOH,

Tab. 4 - Predicted «,, as a function of the fibrous panel density
computed from TMM predictions: hemp fibres
Valori calcolati di a, in funzione della densita dei pannelli: valori
calcolati con TMM: fibre di canapa

p [kg/m?] 50 100 150 200
@y sommrcnn 0.65 0.75 0.75 0.80
Class @ C C B
X somm 2iaon 0.65 0.75 0.75 0.80
Class C C C B
X sommsrec 0.75 0.80 0.85 0.90
Class C B B A
@y sommarrc 0.75 0.80 0.90 0.90
Class C B A A
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3.WTC, and 4.FTC. This comparison clearly demonstrates that
hemp fibres are a valuable alternative to traditional sound-
absorbing materials, offering acoustic performance that can
achieve a Class A rating when processed and compressed
adequately.

3.4 | Recycled fibre mixture

The automotive industry is increasingly using sound-absorbing
components made from recycled fibre mixtures; a shift is driv-
en by a need to cut costs and reduce the environmental foot-
print of vehicle production. These fibres often come from vari-
ous industrial waste streams, such as recycled PET plastics or
textile industry scraps. By varying percentages of coarser and
finer fibres it is possible to optimise the acoustic and struc-
tural properties of the final component, tailored for specific
applications. For instance, using larger diameter fibres results
in stiffer components with enhanced load-bearing capacity.
Conversely, incorporating finer fibres significantly improves the
component’s acoustic absorption performance. Typically, fibre
mixtures are bound together by a specific type of fibre that,
when heat-treated, undergoes localized fusion. This process
creates mechanical connections between the fibres, forming a
cohesive panel. The characteristics of each single type of fibre
involved in the mixture and its percentage significantly affect
the acoustic performance of the final product.

As presented in ref. [52], to accurately assess the acous-
tic properties of a fibre mixture from its composition and the
characteristics of its loose constituent fibres, the equivalent
density of the mixture (p, ) is calculated as the weighted av-
erage of the density of each i*" individual fibre type (pﬁ'.), based
on its percentage by weight (X):

Pmix = —Xl (16)

Similarly, an equivalent effective radius for the mixture
r. . can be computed from the effective radius of each fibre

e,mix

typer,, within the blend.

Temix =

17)

From Eq. (7), the open porosity of the fibre mixture ¢
can be determined using its density (p_ = p, ). The airflow re-
sistivity of the fibre mixture o, depends on the mixture’s ef-
fective radius r, . and its porosity ¢,_,, as expressed in Eq. (8).
The tortuosity « only depends on the latter parameter, as
given in Eq. (9). Consistently, equivalent values of the viscous
and thermal characteristic lengths must be determined. While
the most straightforward approach would suggest computing
the arithmetic average of the values obtained for each fibre,
this method has proven to be inaccurate. Therefore, the coef-
ficients A,y Tequired to determine the viscous characteristic

00, mix
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length A . and thermal characteristics lengths A’ of the mix-

ture, given in Egs. (10) and (11), are evaluated from the coef-

ficients of the loose fibres involved in the mixture, considering

their percentage weight w;:

= Wi A

Al,le - Z?:l w; (18)
As an example, the proposed methodology is applied to
three different kind of fibres mixtures, taken from the work
presented by Santoni et al. [52]. It should be noted that in the
original work the loose fibres were modelled through the JCAL
equivalent fluid model, and a different approach was adopted to
characterise the required transport parameters, based on the ex-
perimental evaluation of the airflow resistivity at different com-
pression ratios. The results presented in this paper, are obtained
by characterising the loose fibres through the method described
in Section 2, based on the experimental normal incidence sound
absorption coefficient measured at different compression ra-
tios and the JCA equivalent fluid model. The three considered
mixtures m_, m,, and m_are composed by six different recycled

fibres which can be grouped in three different categories:

e PES (polyester) synthetic fibres, obtained from the made
by recycling post-consumer plastic. PET (polyethylene tere-
phthalate) is the most common polyester resin, primarily
recycled from water bottles melted and re-extruded with
different diameters. Loose fibres If,, If, (PES) If, If, (PET).

e Cotton fibres (Cot), obtained from the mechanical re-
cycling of textiles to be reused, coming from different
supply chains (e.g., used clothing or industrial processes).
In this case, the variability in the origin of the materials
results in a wide variability in fibre size. Loose fibre If .

e Bicomponent fibres (BiCo), used for the thermal bond-
ing of fibres thanks to the presence of two coaxial lay-
ers of material with different melting points. When an
intermediate temperature is reached during the thermal
treatment of the mixture, the outer part of the fibre melts
and bonds all the fibres together, providing mechanical
stability to the component. Typically, this component can
vary between 15% and 50%, depending on the mechanical
properties desired for the panel. Loose fibre If..

Table 5 provides the characteristics of the different loose
fibres, including the nominal dtex (a commonly used unit ex-
pressing the fibre mass in grams per 10.000 meters of yarn),

Tab. 5 - Loose fibres characteristics and mixtures composition
Caratteristiche delle fibre sciolte e composizione delle miscele

Loose fibre dtext P, r, Fibre Mixture

Id type g/10km kg/m? um Wma me \)(/mc
If, PES, 11 1370 7 - 35% -
If, PES, 280 1370 35 - 10% -

If,  PET 1.5

15

If,  PET, 250

If. Cot 20
If.  BiCo 4.4

1370 9 20% - -

1370 37 30% - -

1500 12 5% 35% 83%

1370 16 45% 20% 17%
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the density Py provided by the producer, and the effective ra-
dius r, determined through the inversion characterisation ap-
proach described in Section 2.

loose fibre I fp loose fibre I f¢ loose fibre I fr

? Toxp

—0
opt.

‘0

—0 —

exp)

opt. opt.

60 80 100 120 50 100 150 200 50 100 150 200
p (kg/m?) p (kg/m?) p (kg/m?)

Fig. 13 — Comparison between experimental airflow resistivity
measured on loose fibre at different density and the optimised
density-function computed from Eq. (8)

Confronto tra la resistivita al flusso sperimentale misurata su fibre
sciolte a diverse densita e la curva funzione della densita calcolata
con I'Eq. (8)

To evaluate the accuracy of this approach in characterizing
these kinds of fibres, Fig. 13 compares the airflow resistiv-
ity density-function, computed according to Eq. (8), with the
experimental results measured according to the standard ISO
9053-2 [16]. The experimental results, provided with error bars
representing the associated standard deviation, were averaged
over ten measurements at different compression rates. A gen-
erally good agreement can be observed between the experi-
mental airflow resistivity values and the analytical curves. The
slight underestimation of the airflow resistivity obtained from
the analytical model can be associated with an overestimate of
the effective radius due to the model's assumptions.

Additionally, Fig. 14 compares the experimental normal
incidence sound absorption coefficient with the analytical re-
sults computed with the JCA model for different densities.

This comparison highlights a good approximation of the
experimental results even though the investigated loose fi-
bre samples exhibited a resonance that cannot be accounted
for by the JCA model. To overcome this issue, the frequency
range affected by the resonance was excluded from the op-
timization used to evaluate the fibres’ transport parameters.

Finally, in Fig. 15 the experimental normal incidence
sound absorption coefficients of three different fibre mixtures
are compared to the analytical results computed using the
JCA equivalent fluid model. The transport parameters used as
input data in the JCA model are estimated from the parame-
ters associated with the loose fibres employed in the mixture,
as expressed in Egs. (16) to (18). The results are plotted as a
shaded area, representing the uncertainty associated with ei-
ther the experimental measurements or the analytical results,
related to the variation in sample density and thickness. A
good approximation can generally be achieved by the adopted
model, although it should be noted that accuracy decreases
at higher densities, where the computed sound absorption
slightly underestimates the experimental values. Neverthe-
less, this approach might represent a handy tool to design
fibre mixtures, even in the automotive industry, where recycled
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loose fibre Ifp fibres are generally employed in fibre mixtures for acoustic
¢ =0.865 ¢ =0.954 ¢ =045 treatments at high compression ratios. Although predictions
might slightly underestimate the mixture’s sound-absorbing
performance, they predict the trend of the sound absorption
coefficient with satisfying accuracy, as demonstrated by the
results provided in Fig. 15.
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¢ =0.944 ¢ =0.939 ¢ =0.908 | Discussion

Table 6 summarises and compares the acoustic properties of
the different presented fibres, providing the key character-
istics, such as fibre density, effective radius, and optimized
coefficients for seven distinct fibres.

10°
f (Hz)

loose fibre Ifr Tab. 6 - Density, effective radius and optimised coefficients
$=0.944 $=0.926 ¢ =0.904

of different types of sustainable fibres

Densita, raggio effettivo e coefficienti ottenuti dall’ottimizzazione
per diverse tipologie di fibre sostenibili

° Fibre Py r, A, A, A, A,
- Gneny kg/m? um
» _QnJCA
e %2 ‘ma % Jute 1300 262 0039 1739 1481 0518
# (Ha) f (Ba) F () Posidonia 1518 33.6 0065 1.372 1.209 0.755
Fig. 14 - Comparison between experimental and analytical normal Hemp_,. 1300 201 0050 1449 1965 0.533
incidence sound absorption coefficient for different types PES,, 1370 34.9 0.274 0993 0630 0.919
of recycled loose fibres at various densities
. _ . . . PET 1370 9.4 0.252 0.963 1.484 0.459
Confronto tra il coefficiente di assorbimento acustico per 15
incidenza normale sperimentale e calcolato analiticamente Cot 1500 12.0 0.237 0.995 0418 0.839
per diversi tipi di fibre sciolte riciclate a varie densita BiCo 1370 16.2 0.212 0993 1.937 0.469
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incidence sound absorption coefficient for different mixtures of
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fibres cannot be precisely designed, their acoustic properties
can be optimized through specific manufacturing processes,
as demonstrated by the Hemp_,, sample, which achieved an
airflow resistivity similar to traditional fibrous materials after
various treatments.

It is important to note that a higher airflow resistivity
does not always translate to better acoustic performance. On
the contrary, an excessive increase in material resistivity can
lead to a reduction in sound absorption. Therefore, optimal
acoustic performance can be achieved with materials having
coarser fibres by adjusting their apparent density to modify
the transport parameters.

Posidonia
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Fig. 17 - Heat map represent the weighted sound absorption
coefficient calculated as a function of the density and the
thickness for two kinds of fibres: a) Posidonia; b) PET,

Grafico a mappa di calore che rappresenta il coefficiente di
assorbimento acustico ponderato calcolato in funzione della
densita e dello spessore per due diverse fibre: a) Posidonia; b) PET,,

This optimization process is graphically illustrated in Fig.
17, which compares the heat maps of the weighted sound ab-
sorption coefficient (a,,) computed as a function of the densi-
ty and the thickness for Posidonia and PET _ fibres. This com-
parison clearly shows that both materials can achieve a Class
A sound absorption rating with an adequate combination of
thickness and apparent density. While the finer PET,, fibres,
can achieve a performance «,, = 0.9 at lower density, they are
less suitable for denser panels. In contrast, natural fibres like
Posidonia exhibit better performance in denser panels. The
graphs in Fig. 17 serve as a useful tool for quickly optimizing
the density of sound-absorbing panels for a specific material
and thickness.
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4 | Applicability considerations

This final section discusses the practical applicability of sus-
tainable fibrous sound-absorbing panels in real-world scenari-
os. While previous sections have demonstrated that these ma-
terials can be engineered to match the acoustic performance
of traditional products, their market viability is contingent
upon meeting stringent certification requirements. Key among
these are fire safety, durability, and low chemical emissions.

A primary challenge is the inherent combustibility of un-
treated natural fibres. Achieving the necessary fire safety
classifications, such as those defined by EN 13501-1 stand-
ard [53], requires the integration of fire-retardant treatments.
However, common retardants, including halogenated, phos-
phorus-based, or inorganic compounds, are often synthet-
ic chemicals that pose significant health and environmental
risks. Their addition can also alter the fibre’s porous structure,
potentially affecting acoustic performance, and fundamentally
compromise the material’s end-of-life advantages by hinder-
ing biodegradability and complicating recycling. Nevertheless,
industrial and academic research is very active in study solu-
tions to overcome these issues, guaranteeing fire safety with-
out undermining sustainability and acoustic performance of
bio-based fibrous materials.

Furthermore, the long-term durability of bio-based panels
must be ensured. They are susceptible to degradation from
moisture, fungi, and microorganisms, often necessitating ad-
ditional protective treatments. As mandated by certifications
like the CE marking, products must be assessed not only for
durability but also for their impact on indoor air quality, par-
ticularly the emission of Volatile Organic Compounds (VOCSs).
Ultimately, the successful commercialisation of sustainable
acoustic solutions demands a holistic engineering approach
that balances acoustic efficacy with these essential safety,
health, and durability standards.

5 | Conclusions

This study successfully demonstrated the effectiveness and
efficiency of a combined experimental and analytical meth-
odology for optimizing the acoustic performance of sustain-
able fibrous materials. By integrating impedance tube meas-
urements on a small amount of loose fibres with an inverse
characterisation approach based on the JCA equivalent fluid
model, we developed an easily implementable tool that signifi-
cantly reduces the effort required to characterize the physical
properties of fibrous materials.

Four case studies, involving different fibrous materials —
jute, posidonia oceanica, hemp, and recycled fibre mixtures
— are presented to illustrate the potential of this approach
and assess its accuracy and reliability, even when applied to
natural or recycled fibres. The results consistently showed
that the approach provides a satisfyingly accurate prediction
of a material’'s acoustic behaviour. For jute and hemp fibres,
the optimization process successfully identified the ideal den-
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sities and processing methods needed to achieve a Class A
sound absorption rating, showcasing these sustainable ma-
terials as viable alternatives to traditional solutions. Specifi-
cally, the study revealed that mechanical combing significantly
improves hemp fibre performance. Similarly, the research on
posidonia oceanica proved that this material, currently classi-
fied as special waste, can be repurposed into an effective and
sustainable sound-absorbing product. Finally, the analysis of
recycled fibre mixtures demonstrated that the methodology
could serve as a valuable design tool for accurately predicting
the acoustic properties of complex fibre blends, widely used in
the automotive industry, from the knowledge of the physical
parameters of their individual components.

This research provides a practical and efficient tool for
advancing the use of sustainable materials, fostering a more
circular economy. While the model generally provides a good
approximation of experimental results, a slight underestima-
tion of sound absorption was noted at higher densities. Future
work should focus on further extending the methodology by
including a poro-elastic model, ensuring greater accuracy for a
wider range of fibrous materials and densities.

Conclusioni

Questo studio ha dimostrato con successo l'efficacia e I'efficienza di
una metodologia ibrida, sperimentale e analitica, per I'ottimizzazione
delle prestazioni acustiche di materiali fibrosi sostenibili. Integrando
le misurazioni nel tubo a impedenza su una piccola quantita di fibre
sciolte con un approccio di caratterizzazione inversa basato sul mo-
dello a fluido equivalente JCA, abbiamo sviluppato uno strumento di
facile implementazione che riduce significativamente lo sforzo richie-
sto per caratterizzare le proprieta fisiche dei materiali fibrosi.

Vengono presentati quattro casi di studio, che coinvolgono di-
versi materiali fibrosi —iuta, posidonia oceanica, canapa e miscele di
fibre riciclate — per illustrare il potenziale di questo approccio e valu-
tarne l'accuratezza e I'affidabilita, anche se applicato a fibre naturali o
riciclate. I risultati hanno mostrato che I'approccio fornisce una pre-
visione sufficientemente accurata del comportamento acustico di un
materiale. Per le fibre di iuta e canapa, il processo di ottimizzazione
ha identificato con successo le densita ideali e i metodi di lavorazione
necessari per raggiungere un coefficiente di assorbimento acustico
di Classe A, dimostrando che questi materiali sostenibili sono vali-
de alternative alle soluzioni tradizionali. Nello specifico, lo studio ha
rivelato che il processo di pettinatura meccanica migliora significa-
tivamente le prestazioni delle fibre di canapa. Allo stesso modo, la
ricerca sulla posidonia oceanica ha dimostrato che questo materiale,
attualmente classificato come rifiuto speciale, puo essere riutilizzato
in un prodotto fonoassorbente efficace e sostenibile. Infine, I'analisi
delle miscele di fibre riciclate ha evidenziato che la metodologia puo
essere impiegata come strumento di progettazione per prevedere le
proprieta acustiche di miscele di fibre complesse, ampiamente uti-
lizzate nell’industria automobilistica, partendo dalla conoscenza dei
parametri fisici dei loro singoli componenti.

Questa ricerca fornisce uno strumento pratico ed efficiente per
promuovere I'uso di materiali sostenibili, favorendo I'economia pit cir-
colare. Sebbene il modello fornisca generalmente una buona appros-
simazione dei risultati sperimentali, & stata notata una leggera sotto-
stima dell’assorbimento acustico nei materiali a densita pil elevate.
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Lo sviluppo futuro dovrebbe concentrarsi sull’ulteriore estensione
della metodologia includendo un modello poro-elastico, garantendo
una maggiore precisione per una pitl ampia gamma di materiali fibrosi
e densita considerate.
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