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1. Introduction

Insulation materials used in building con
organic materials made from petrochemic
made using high energy processing route
attracting more and more attention, accordingly use of either nat-
ural or recycled materials is desirable as it leads to energy-saving

Generally speaking, the cellular foams being porous ma

and acoustic insulators [5]. Accordingly, a large amount of re
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Traditional models used to predict acoustic properties of poroelastic materials are usually applied to
fibrous layers or polyurethane foams. However, for new materials like complex cellular foams these pro-
cedures may not be applied due to the different cell microstructure. To this aim, the sound absorbing
properties of novel sustainable foam materials are investigated as a function of the nature and loading
of waste powders and their effects on the microstructure and the acoustic properties. The foams are pre-
pared from naturally occurring alginates that are in situ polymerized. The morphology and the acoustic

properties of the foam-cells appear linked to the particle size distribution of the starting powder.
Determination of the parameters of Johnson–Champoux–Allard acoustic model (tortuosity, viscous char-
acteristic length, thermal characteristic length, porosity and flow resistivity) was performed using five
different forecasting methods, including traditional analytical model for fibrous materials as well as
inverse procedure. A new procedure for tortuosity computation of foam is proposed and validated.
Transfer Matrix Method calculation of the absorption coefficient was performed and compared with
the experimental data, in order to assess the validity of the model. Indirect method technique is demon-
strated to be dependent on experimental measurement of thermal characteristic length.

structions are typically
als or inorganic fibers
s [1]. Sustainability is

or patent applications is recorded for the same period, signaling
the strong industrial interest of such materials.

1.1. Foam production
terials,

find a large variety of applications, irrespectively of their nature,
search
production routes, yet its industrial impact is still modest [1,2].
The recycle of inorganic materials, e.g. ceramic- or glass-based
waste, though industrially assessed, generally still requires an
energetic step though less demanding that the production of the
starting material [3].

Among the various insulation materials, cellular foams have
attracted an increasing interest of the researchers in the last
40 years, totaling about 5700 publications in the field (Fig. 1). For
comparison, an impressive number of 154.700 of published patents
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wherever a light-weight porous material is needed [4]. Among
them, ceramic foams find wide application, mostly as thermal
is carried out in this field (Fig. 1). For such applications that gener-
ally involve macroporous material, i.e. with pore diameter higher
than 50 nm, synthesis of ceramic foam is traditionally carried out
by three routes: i) replica technique; ii) use of sacrificial template
and iii) use of direct foaming agents [6,7]. In brief, there are some
conceptual similarities in the first two routes in the sense that a
precursor of the porous structures is prepared in the low temper-
ature synthesis, either by impregnation of a ‘‘sponge-like” material
or by inserting sacrificial particles as inclusions in the ceramic pre-
cursor network, followed by a calcination that removes the sacrifi-
cial material, leaving the porous cellular ceramic foam. The
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advantage is that, in principle, a porous network is created in the
low temperature synthesis step, which than constitutes the skele-
ton for the porous network generated in the calcination step. This
provides a powerful tool for creating porous structures, ranging
from microporous and/or mesoporous to macroporous [8]. As far

attracted attention also for a number of different applications,
ranging from membranes [16], fuel cell applications [17] to fire
retardants and insulation materials [18]. The ‘‘foaming” principle
applied for this synthesis is based on the concept of gel, which is
defined by IUPAC as a ‘‘Non-fluid colloidal network or polymer net-

Fig. 1. Results of Scopus search using combination of the indicated keywords
(search conducted in January 2019, the lines are used only as eye-guide).
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Fig. 3. Optimization TMM functional scheme (up). TMM sound wave propagation
scheme (down).
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as the use of foaming agent is concerned, in this case a foaming
agent is added to the starting mixture which, upon calcination,
generates gas bubbles in the melted material, leading to a porous
structure [6,7]. Carbonates are typically used for this purpose in
the industrial synthesis [9].

A common feature of all these methodologies is the necessity of
a high temperature, energy demanding, calcination step, which is
employed to generate the porous structure and to confer structural
rigidity to the product. Furthermore, use of sacrificial reagents
clearly contradicts the principles of sustainable chemistry, whereas
there is an increasing need for sustainability of both processes and
products [10]. In this context, use of nature derived renewable pre-
cursors and development of green production processes are of
interest [10–12].

Synthesis of open cell foams based on room temperature co-
gelling of alginates with glass waste as a viable and sustainable
process for production of glass-based cellular foams was recently
reported [13]. Alginates biopolymers have been widely investi-
gated, mostly in biomedical applications [14,15], and have recently
2 microphones

Fig. 2. Two microphones measurement test-rig with the 45 mm-dia
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work that is expanded throughout its whole volume by a fluid”
[19]. This means that there is a solid porous network where the
pores are filled with a fluid, which is normally liquid. Removal of
the liquid to achieve the porous solid causes a significant collapse
of pores due liquid surface tension, leading to aerogels, whereas gel
loudspeaker 

2 Hz actuator 

meter impedance tube (up). Airflow resistivity facility (down).



porous structure is conserved when water is removed avoiding the
liquid phase, as in supercritical drying, which leads to high surface
products called aerogels [20]. An alternative approach to avoid
pore collapse is the use of freeze-drying technique, leading to cryo-
gels [21]. This latter technique brings further interest elements

Over the years, further research has been presented to improve
the model on some points such as Pannetton’s modification on JCA
model related to the limp frame [31] or Kino’s models [32], but no
evidence of good agreement between predicted and measured val-
ues was proposed for complex foams, except polyurethane ones. In

In fact, theoretical models developed over the years include fibrous

Glass and fiberglass powder used to produce foams were

A Glass 10 11
B Glass 20 11
C Fiberglass 20 11
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since aligned porous structure can be achieved by directional
freezing [22,23]. Consistently, alginate gels subjected to freeze-
drying generate either isotropic or anisotropic pore structure
depending on the freezing method [24].

1.2. Foam acoustic properties

Open-cell foams generally feature excellent sound absorption
properties. For this reason, they are often used in both industry
and civil sector [25], both in panels exposed to sound waves to
reduce noise inside habitable volumes and in the cavity of walls,
partitions, false ceilings, bulkheads, doors, etc. However, the design
of these composite, complex microstructures requires a consider-
able amount of time and money. In fact, the choice of a right mate-
rial for an application requires numerous tests, validation
procedures, production of different samples with different config-
urations, etc. For these reasons, the availability of forecasting sys-
tems based on numerical or computational models is of paramount
importance and plays a role of primary interest in all fields of
applied acoustics.

Foams feature broadband sound absorption properties and con-
sist mainly of air interrupted by a very thin solid matrix that con-
stitutes the air cells. This particular microstructure is responsible
for the foams sound absorption. In essence, the dissipation of the
sound wave occurs through the interaction of the fluid with the
structure, taking into account the inertia of the viscosity and the
thermal characteristics. The energy is therefore partly transmitted
and absorbed by the fluid and partly by the rigid material around
the cell.

These aspects are responsible for the transformation of sound
energy into heat, mainly thanks to viscoelastic phenomena that
occur within the rigid material and in the interface between it
and the fluid in motion. For this reason, the material can be consid-
ered biphasic and can be effectively modelled with the Biot theory
[26–28]. According to this theory, foams can be defined as an
equivalent fluid you have an equivalent density and equivalent
bulk modulus according to the following equation (1):

Dpþ x2 q
�
eq

K
�
eq

p ¼ 0 ð1Þ

where q
�
eq and K

�
eq are the equivalent density and the equivalent

bulk compressibility modulus and p corresponds to the acoustic
pressure (the tilde symbol (~) specifies that the associated variable
is a complex value and related to the frequency). According to this
theory, knowledge of macroscopic parameters such as porosity,
flow resistance, etc., is necessary for the model assessment.

On the other hand, for the frequency domain Johnson et al. [29]
have proposed a model for porous materials with arbitrary cell
shape, while Champoux and Allard [30] suggested a model to
describe the thermal effects inside the porous medium.

At present, the Johnson–Champoux–Allard (JCA) model can pre-
dict frequency behavior throughout the audible range. This model
depends on the following parameters:

� flow resistivity r [N s m�4],
� porosity / [–],
� tortuosity a1 [–],
� viscous characteristic length K [lm]
� thermal characteristic length K0 [lm]
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these cases, the foam structure could be easily compared to fibers.
Complex foams are composed of different constituents such as

matrix and loading powder and represent a new sort of materials
both sustainable and performant. Because of their composite
microstructure, traditional acoustic procedures like inverse ones
may not be effective to describe and forecast their properties. JCA
based models could anyway be usable for complex foamed struc-
tures. To this end the paper discusses a modification of the analyt-
ical model and a procedure that does not imply (like traditional
ones on fibers) to start from the airflow resistivity or open porosity
and then use the inverse procedure, but to start from the thermal
lengths and then determine the other parameters, initially blocking
these first ones.

Furthermore, an attempt is made to produce some evidences
about possible agreement between the traditional analytical mod-
els and complex foams. Accordingly, research is needed in order to
develop predictive tools capable of reliably modelling these new
materials.

1.3. Aim and scope of the present work

There is no current, theoretical or numerical model able to reli-
ably predict the acoustic behavior of complex, non-oriented foams.
materials, or porous materials with cells delimited by fibers
[25,33]. In previous work, a novel alginate-based cellular glass-
containing foams by an alginate polymerization/freeze drying
technique was developed [34] and showed that this route allows
efficient incorporation of waste glass into a ‘‘green” insulation pro-
duct [13].

Here the aim is to assess the following acoustic aspects: (i) to
verify whether or not the available predictive models, such as
the JCA model, can safely predict the behavior of an open cell com-
plex foam thus allowing its extension to this type of materials and
(ii) to assess how the modifications of the foam microstructure
obtained by varying the production process conditions influence
the final acoustic performance. A sample of rock wool with known
characteristics is used to compare the results obtained from the
foam produced in the laboratory

2. Materials and methods

2.1. Samples synthesis
obtained by grinding glass and fiberglass wastes using a Herzog
mill with iron jar.

Alginic acid sodium salt from brown algae (medium viscosity),
D-Gluconic acid d-Lactone (GDL, �99.0%) and CaCO3 (98%, particle
size �30 lm) necessary for the sol–gel process were purchased
from Sigma Aldrich.

Table 1
Samples characteristics and identification.

Sample Powder precursor Powder concentration
[%w/v]

Thickness [mm]



The foam synthesis process is based on the incorporation of a
powder into an alginate composite hydrogel, which is then freeze-
dried [34]. The principle is that after the initial formation of a
three-dimensional porous hydrogel network, the cells are formed
in the freeze-drying step as the water entrapped in the gelation is

the microstructures, very small Knudsen number values (ration
of the gas molecular size and a characteristic pore) and intercon-
nected pore structures.

/ ¼ 1� qm ð2Þ
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removed by sublimation, obtaining a porous structure [35].
The powders (glass or fiberglass) in appropriate ratios (Table 1)

were dispersed in an alginate-containing aqueous solution and the
in situ gelation was then carried out by adding GDL and CaCO3. In
this way the calcium cations were slowly released from CaCO3

when the pH of the aqueous solution gradually decreased as a con-
sequence of GDL hydrolysis in water [36,37]. The gelation of
alginate-based solutions is due to the calcium ions that preferen-
tially bind to the G-blocks of the polysaccharide in a highly coop-
erative manner, resulting in ionic crosslinking.

Petri dishes with a diameter of 90 mm were used to obtain gels
with a final volume of 88 ml. Once gelled, the samples were freeze-
dried for ca. 24 h.

Freeze-drying was implemented in an Alpha 1–2 LD Plus freeze
drier, connected to a vane pump (Vacuubrand RZ 2.5).

Table 1 describes the samples synthetized and used in this
work, which were prepared under optimized gelation conditions
by varying the nature of the powder and its concentration.

2.2. Samples characterization methods

2.2.1. Compression tests
Compression tests were performed with a Shimadzu Autograph

2, AG-10TA equipped with a 500 N load cell. A constant compres-
sion speed of 2.5 mm/min was used according to the ASTM D1621
(ASTM 2000) and the compression modulus Ec was determined
from the load–displacement curves: deformation could be consid-
ered linear from 0.03 to 0.08 mm. Tests were performed on five
specimens for each type of foam sample and on five specimens
of 150 kg/m3 rock wool with an average diameter with an average
diameter of 28.9 mm and an average height of 25.4 mm.

2.2.2. Microscope and image analysis
Foam microstructure pictures reported in Fig. 4 were collected

using a Leica-Stereoscan 430i Scanning Electron Microscope
(SEM). Samples were sectioned and analysed by SEM after Au sput-
ter coating.

Image J software was used for image analysis in order to evalu-
ate the size of foam cells and FME workbench to evaluate porosity.

2.2.3. Acoustic experiments
Cylindrical samples with a diameter of 45 mm were produced

and acoustic parameters (absorption coefficient and impedance)
were measured using an impedance tube with a 45 mm diameter
according to ISO 10534-2:1998. A twomicrophoneswith hard back-
ing configurationwas used as shown in Fig. 2 using a loudspeaker as
noise source. The measurements were performed between 100 Hz
and 4000 Hz using a sine swept signal. Tests were done on three
specimens for each type of foam sample of 11 mm thickness and
on three 150 kg/m3 rock wool samples of same thickness.

Airflow resistivity was measured using a 2 Hz alternative air
flux, computing the value on the effective value (Fig. 2).

2.3. Acoustic numerical simulation

2.3.1. Acoustic model parameters
From an analytical point of view, flow resistivity, porosity (/Þ,

tortuosity (a1) and characteristic lengths (K,K0) can be determined
according to the following relationships (Eq. (2)–(5)), representing
the current state-of-the-art for general modelling of JCA parame-
ters [38]. Their general assumptions are related to periodicity of
qb

a1 ¼ 2� / ð3Þ

K ¼ r0
/ð2� /Þ
2ð1� /Þ ð4Þ

K0 ¼ r0
/

1� /
ð5Þ

where qm is the overall density of the sample and qb is the bulk
material composing the open cell. For the air flow resistance the
most used model is Tarnow’s one [39]:

r ¼ 4p
b2 �0:64ln dð Þ � 0:737þ dð Þ

ð6Þ

where g is the air viscosity, b is or square root of area per fiber
and d the volume concentration of cylinders.

The acoustic model parameters were calculated form the Eqs.
(2)–(6) using experimental data (SEM measurements, etc.) and
then employed as input values for the Transfer Matrix Method
(TMM) calculation of the acoustic absorption coefficient. The use
of these analytical model is explained by the fact that these are
the most used and simple predicting equations found in literature.
Thus, an attempt to understand if they could work also with com-
plex foams is of paramount important. If this case will not be ver-
ified, then a proposal for their modification will be provided.

2.3.2. Acoustic indirect method
Direct measurement of all fluid phase parameters (e.g. airflow

resistivity, open porosity, tortuosity, viscous and thermal lengths)
requires a set of test-rigs to be used and can be difficult to perform.
As an alternative, inverse identification methods, which is used
here, allows evaluating these parameters from the acoustical mea-
surements in a standing wave tube.

Using the experimental data, a minimization procedure (based
on a non-linear best-fit approach) is implemented in order to
determine 5 physical parameters that minimize the difference
between the experimental test and the analytical model. For this
simulation ICT_MAA software is used (http://www.materiacus-
tica.it/mat_Software_ICT.html).

The five parameters related to the fluid phase, were determined
by applying an inversion procedure algorithm to experimental lab-
oratory acoustic measurements [40–41].

2.3.3. Acoustic TMM numerical simulation
A Johnson–Champoux–Allard (JCA) model was implemented

using TMM. This procedure deals with a mathematical matrix
approach where many dedicated models could be introduced when
needed and solved in an all-inclusive one (Fig. 3 up).

More specifically, TMM generally solves a two-dimensional
problem related to the impact of a flat acoustic wave on the surface
of a structure composed of two or more layers. In general, the
method can be described analytically as follows (Eq. (7)):

V S1ð Þ ¼ T½ �V S2ð Þ ð7Þ
The vector V(S1) represents all the variables necessary to define

the acoustic indicators (pressure, stresses, velocity, etc.) present on
the surface S1, while the vector V(S2) contains the same descriptors
for the surface S2 (Fig. 3 down). Elements of matrix T depend on
physical and mechanical parameters relative to each specific layer.

http://www.materiacustica.it/mat_Software_ICT.html
http://www.materiacustica.it/mat_Software_ICT.html
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Fig. 4. Pictures of the produced complex foam. SEM pictures: (a) sample A 50x; (a1) details of sample A 50x, evidencing some of the glass powder inclusions; (b) sample B
50x; (b1) details of sample B 2500x evidencing some of the glass powder inclusions; (c) sample C 50x; (c1) details of sample C 500x evidencing some of the fibreglass
inclusions. (d) Macrostructure of sample A; (d1) sample C.
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In other words, the transfer matrix [T] describes the full trans-
mission of sound waves through the layered structure. The size of
this matrix depends on the nature of each layer, such as solid, fluid,
poroelastic or viscoelastic.

Assuming that the layered structure is enveloped in a semi-

As shown in Fig. 4(a)–(c), taken at higher magnifications, both glass
and fiberglass are well dispersed and engulfed within the cell walls
made of the alginate polymer.

Remarkable is the change of the shape and alignment of the
pores as the amount and nature of the solid additive is varied

Fig. 5. Granulometric analysis of glass and fiberglass powders: (a) cumulative %
undersize; (b) PSD; (c) PN.
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infinite fluid on both sides (hard-wall boundary condition), it is
possible to describe the complex reflection coefficient is defined
as follows (Eq. (8)):

R ¼ Zs cos h� Z0

Zs cos hþ Z0
ð8Þ

where Z0 = q0c0 represents the characteristic impedance of the fluid.
This is a function of density q0 and speed of sound c0 and h is the
incidence angle that is equal to zero, for sound absorbing coefficient
measured at normal incidence. Zs represents instead the surface
impedance of a layer of the package considered and can be calcu-
lated as follows (Eq. (9) and Eq. (10)):

zs ¼ det½D1�
det½D2�

ð9Þ

and

a hð Þ ¼ 1� R2
���

��� ð10Þ

being D1 and D2 matrices obtained from a complete matrix D (com-
bination of transfer matrix of each layer, coupling matrices and
proper boundary conditions) and a hð Þ the sound absorbing coeffi-
cient calculated for any h angle.

3. Results and discussion

3.1. Foam microstructure and mechanical properties

Our previous investigation showed that alginates as gelation
agent incorporate recycled glass powders leading to open cell foam
structures when the freeze-drying process is applied to the starting
gel. Since the intent of this research is to understand the influence
of the coarse foam structure, no bonding agent with these func-
tions was added. As a matter of fact, natural bonding agents with
function of aggregators and plasticizers like organic compound
were used in order to obtain flexible panels as well as rigid ones
[37,42–44], containing composite materials (or waste) and com-
posite polymeric materials (or wastes) as dispersed powders. If
the specimens are flexible, an improvement (or no differences
compared to rigid one)) of the sound absorption properties can
be obtained for medium high frequencies [45].

As described in Section 2.1, using the optimized synthesis con-
ditions, three samples A, B and C have been prepared containing
respectively 10 and 20% w/v of glass powders and 20% w/v of fiber-
glass. Fiberglass is a difficult and costly to recycle thermoset com-
posite [46,47], which makes of interest its use as a foam
component, as a possible, environmentally friendly, recycle route.
Fig. 4 reports the micro-structure of the as synthesized samples,
the macrostructure is exemplified for sample A as no significant
change is observed for specimens B and C. A macroporous open cell
morphology is observed for all the samples, confirming the effi-
ciency of the proposed methodology for preparing cellular foams.

Table 2
Average area of the foam pores.

Sample A B C
Pore medium area [mm2] 0.011 0.019 0.074
Standard deviation [mm2] 0.011 0.009 0.033
Radius mean value [lm] 29 38 75
Porosity 0.85 0.91 0.93

6

(Fig. 4(a)–(c), Table 2). Both glass containing samples A and B
mostly feature a quadratic/rectangular form the cells, the increase
of the amount of glass powder from 10% w/v to 20% w/v promotes
orientation of the cells and increases the pore dimensions. By sub-
stitution of the glass with fiberglass, the orientation of the cell is
lost and pores are slightly larger with respect to sample B. These
observations suggest the presence of a clear interplay between
the gelling agent, the powder and the freeze-drying process.

As for the powders, Fig. 5a reports the cumulative percentage
undersize plot for the glass and fiberglass particles from which
the particle size distribution (PSD) curves, expressed as weight
percentage (Fig. 5b), and particle number (PN) percentage
(Fig. 5c) were derived assuming a spherical particle geometry. As
for the weight-based PSD, the glass powder features smaller parti-
cles on average, the PSD peaking around 8 lm for glass while
around 128 lm for the fiberglass (Fig. 5b). Consistently, fairly large,
submillimeter, glass-fiber particles are detected in the SEM micro-
graphs; some of them are indicated by arrows in the Fig. 2c. Impor-
tantly, PN clearly shows that about 90% of the glass particles



feature a particle size minor than 4 lm in the glass powder, which
increases to ca. 60 lm for the fiberglass powder (Fig. 5c).

Generally speaking, freeze-drying synthesis is strongly affected
by the process conditions: for example, directional freezing effi-
ciently oriented the growth of the ice particles in a single direction,

Thus, the experimental determination of the sound absorption
coefficient clearly reveals a different capability of the samples
where the sample C performance results quite different compared
to samples A and B, showing a clear consistency of both
microstructural and acoustic properties.

solid, namely airflow resistivity, open porosity, tortuosity and vis-
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leading to monolith type of morphology [23,48]. This technique
could be applied also to alginate-containing gels leading to aniso-
tropic products [24]. Having employed uniform freezing condi-
tions, this effect is not expected to be responsible for the
observed oriented morphology of sample B. The amount of doping
powder and their particle distribution seem to provide a key for
the interpretation of our results: it seems reasonable to assume
that the effect of the particle size and number becomes more
important in the ice freezing process as the amount of the glass
component increases passing from sample A to B. The principle
of ice templating is that, during the crystallization, rejection of
the suspended particles/gel from the ice crystals occurs, leading
to a specific morphology dictated by the crystallized solvent [49].
Ice nucleation is essentially a heterogeneous process which is
favoured by small particles as they provide a large number of
nucleation centres [50,51]. Thus the huge amount of small particles
in sample A compared to B shown in Fig. 5c provides an interpre-
tation of the results: high amount of very small particles favours an
increase of the ice front velocity which would promote formation
of a columnar ice front that easily accounts for the glass-
containing samples A and B morphology [52]. At a comparable
solid material loading, sample C contains less small particles given
their larger average dimension, the rate of nucleation decreases to
produce an isotropic pattern of the open cells, which, however,
presents larger dimension consistent with the higher particle size
[49,50].

As far as the density and the compression modulus are con-
cerned (Table 3), the observed trend seems to correlate with the
dimension and hence number of the open cells in a fixed volume:
higher the pore area, lower the number of cells. Accordingly, den-
sity increases in the sequence: sample A, B and C, whereas the
opposite occurs for the compression modulus.

3.2. Acoustic performance and analytical model

Fig. 6 reports experimental sound absorption coefficient for
samples A, B and C. Samples A and B show similar behavior even
if sample B offers greater global sound absorbing properties com-
pared to A: the highest absorption coefficient observed for sample
B is 0.998 at 2190 Hz, which then rapidly declines. It appears clear
that sample C behaves differently from A and B with a maximum of
absorption peaking at about 2100 Hz followed by a slow decline.
These results appear in line with the different morphology of sam-
ple C compared to A and B thus leading to different acoustic prop-
erties. Consistently, the comparable performances of samples A
and B are in line with the observation that both glass-containing
samples feature a similar type of oriented morphology as clearly
evidenced by the SEM pictures (Fig. 4a, a1 and b).

Due to production technique and difficulty of properly adapting
the samples to the tube, there were some leakages that would not
provide reliable results above 3000 Hz. So, it was decided to limit
all the graphs to this more relevant frequency range.

Table 3
Density and Compression modulus.

Sample Density [kg/m3] EC [MPa] Standard deviation [MPa]
A 186 5.2 0.6
B 201 4.2 0.3
C 250 3.4 0.1
Rock wool 150 1.0 0.1
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In order to model the sound absorption coefficient, the five
parameters were calculated according to Eqs. (2)–(6) using the
measured densities and the thickness of the cells evaluated from
the SEM micrographs (Table 4).

The frequency trends of the sound absorption coefficient, which
were calculated using these parameters as input for the TMM pro-
cedure, are shown in Fig. 6.

The trends reported for materials A, B and C clearly show an
unsatisfactory agreement between the calculated and experimen-
tal data demonstrating that the analytical model procedure as
implemented using the Eqs. (2)–(6) does not provide a reliable
model for the complex foam structures. On the contrary, a reason-
ably good fit is obtained when the rock wool is modelled, which is
consistent with the general assessment of the application of this
methodology to fibrous materials [32,39]. An attempt was there-
fore made to extend this model to the considered foams, in order
to obtain more reliable prediction of their sound absorption
coefficient.

The microstructural data presented in Section 3.1 show the pos-
sibility of changing the internal morphology of the foam by con-
trolling the addition of the glass-containing powder, both by
modifying the quantity and particle distribution. The powder is
incorporated into the walls of the cells, which results in an exten-
sion of the free path that the wave can make within the material
itself. By increasing the powder percentage (from Material A to
Material B) this path will increase. For this reason, by modifying
the tortuosity parameter, the sound absorption can be modified,
without changing the thickness of the material. The equation
(11) is therefore proposed as a partial modification of the Eq. (3),
which is able to provide a more a reliable fit, up to 2500 Hz, for
materials A and B which extends to the whole frequency range
for material C, modifying the formulation of Archie for the tortuos-
ity [53], because this model depends only on the open porosity:

amod;1 ¼ 1
/12:72 ð11Þ

The exponent of the open porosity is calculated by a curve-
fitting procedure of all measured results. The values of the tortuos-
ity calculated using Eq. (11) are included in Table 4. The results of
absorption coefficient modelling using the modified tortuosity Eq.
(11) are reported in Fig. 7, which show a nice agreement between
the experimental and modelled data. Accordingly, the ‘‘traditional”
analytical model (Eq. (3)) will not considered further.

A comparison of the data reported in Figs. 6 and 7 clearly indi-
cates the crucial importance of the tortuosity factor in determining
the sound absorption capability of these materials: it is important
to highlight that this is the only parameter out of five which
changes in the two modelling.

3.3. Acoustic indirect method

As discussed, the modelling of the acoustic properties of porous
materials requires to determine physical parameters of the porous
cous and thermal characteristic lengths [54]. As an alternative
approach, an inversion method can be applied which consists in
a best fit procedure of the experimental acoustic data to provide
all these parameters as the output [40]. Such an approach could
successfully be applied to a number of different types of porous
materials [55]. This is exemplified in Fig. 8 which reports the



comparison between the measured and calculated trends for a free
inversion of the rockwool sample.

The inversion procedure algorithm was therefore applied to the
experimental acoustic measurements using three different
approaches: In the first one, no restriction has been applied to

Figs. 8–10 compare the measured sound absorbing coefficient
frequency trends as well as the complex impedance for the three
materials with the calculated ones (with TMM). A perusal of these
figures discloses a quite good agreement between the fitted and
experimental curves, suggesting that an appropriate fit has been

Table 4
Analytical model results: flow resistivity, porosity (/Þ, tortuosity (a1) and characteristic lengths (K,K0) calculated using Eqs. (2)–(6) and (11).

Material Flow resistivity (Eq.
(6)) (r)
[(N s) m�4]

Porosity (Eq.
(2)) (/)
[–]

Tortuosity (Eq.
(3)) (a‘)
[–]

Tortuosity (Eq.
(11)) (a‘)
[–]

Viscous characteristic length
(Eq. (4)) (K)
[lm]

Thermal characteristic length
(Eq. (5)) (K’)
[lm]

A 24,428 0.92 1.07 2.89 31 57
B 27,648 0.91 1.08 3.33 28 52
C 39,526 0.89 1.1 4.41 23 41

Fig. 6. Sound absorption coefficient as a function of frequency: Analytical model (calculated with TMM) vs. experimental values.
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the inverse procedure. In the second one, restrictions were applied
with the aim to achieve the best fit, based on the results of the ana-
lytical modified model. The limitations were applied in terms of
upper and lower limits of the flow resistivity (r) within which
the inverse procedure can fit. In the third one, the thermal charac-
teristic length (K0) value was imposed based on the experimental
data (pore radius in Table 2) in the inverse procedure. The choice
of these restrictions is motivated by the fact that these parameters
are those usually experimentally measured in respectively acoustic
and material science studies.
obtained for all the three approaches employed, unrestricted fit-
ting giving the best result (compare for example sample A).

To evaluate the goodness of the fit, a standard deviation calcu-
lated by considering the experimental values (average of three
measurements) as the average value (l) for each frequency and
the modelled data as experimental ones (Eq. (12)):

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

xi � lð Þ2
vuut ð12Þ



The deviation thus calculated clearly shows: (i) minor effects of
the restriction on the parameters on the goodness of the fit upon
variation of the fitting procedure; (ii) unrestricted fit is slightly bet-
ter than those restricted; (iii) the fit for samples A and B results sig-
nificantly better compared to sample C. As for the latter aspect, the

Fig. 7. Sound absorption coefficient as a function of frequency: Modified analytical
model, using Eq. (11) (calculated with TMM) vs. experimental values.
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microstructure investigation (Fig. 2) shows a more regular cell
morphology in the case of the glass-loaded foams whereas the
morphology sample C has somewhat irregular pore morphology.
Accordingly, the fitting procedure, based on an idealized structure,
fits better regular structures compared to those irregular.

3.4. Comparison of the results

Summarizing the results, four different parameter sets have
been derived by the above described procedures (Tables 3 and 5).

These were used to calculate the TMM-based forecast of the sound

adsorption capability and compared with the experimental data
(Fig. 11).

As a general observation, using the parameters calculated in the
modified analytical model, the calculated TMM profile fits worse
the experimental data compared to those obtained by the inverse
method. Consistently, calculation of standard deviation respec-
tively for samples A, B and C resulted in values of 0.741, 0.557
and 1.568, significantly higher than those calculated for the inverse
method (Table 5).

As for the inverse method, it was already noticed that the ‘‘free
parameter” inverse fitting provides the best fit. However, it is
important to relate the derived /,a,K andK0 parameters to the real
microstructure of foam materials in order to discriminate the
proper fitting model out of the four considered.

To facilitate this task, Fig. 12 reports the comparison of the
obtained acoustic parameters for the four sets expressed in terms
of relative percentages. A perusal of the Fig. 12 reveals a number
of significant features. By considering the comparison in terms of
the samples, the behavior of samples A and B clearly differs from
that of sample C in terms of concordance of the results of the dif-
ferent procedures. This is consistent with the significant difference
in the morphology of sample C with respect to samples A and B.

Specifically, sample C features very minor differences for the
parameters r, /, and a whereas the parameters K and K0 calcu-
lated for the modified analytical model result about half of those
calculated by the other procedures. As discussed below, these
parameters are linked to the physical nature of the cellular struc-
ture which can account for the underestimation of these values
given the different nature of these material as, compared to those
usually investigated [55].

As for the materials A and B is concerned, a remarkable dis-
agreement between the ‘‘free fit” inverse method and all the other
procedures is found for the a, K and K0 parameters. This may be
taken as clear evidence that a local minimum has been achieved
in this fitting [40,55], which, however, is irrelevant to the physical
nature of these samples (see below).

Noticeably, the tortuosity obtained by modified analytical
method well compares to those obtained from the inversion
method using the value of the fixed K0 parameter. Being this
method based on experimental results, this observation confirms
the reliability of Eq. (11). Consistently with our proposal, conven-
tional materials such as light-weight, fibrous materials (e.g. fibre-
glass and rockwool) and reticulated foams (e.g. polyurethane and
melamine open cell foams) feature porosity and tortuosity very
close to unity, whereas other materials tortuosity may assume val-
ues well above unity [55].



Another very important observation is related to the similarity
of the results provided by the modified analytical methods and
fixed K0 value inverse procedure for /, e, a parameters with

respect to all three materials: no method manages to calculate
with sufficient accuracy the value of the K0 parameter. Thus, this
should be measured with SEM or an equivalent technique to get
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Fig. 8. Comparison of modelled and measured values for rockwool and samples A, B, C and using parameters obtained from the free inversion procedure.
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a reliable result. This is an important observation as it indicates a
direct link between the parameters commonly analyzed and used
in the materials science and those used in acoustics.

Both the analytical model (Table 3) and the unrestricted inverse
fitting (Table 5, I) lead to an increase of values of this parameter in

absorption capability is observed for sample C at high frequencies,
the decline of the sound absorption being less important.

The tortuosity increases from sample A to sample C (except for
analytical model where the value it is almost constant), consistent
with an increase of powder concentration and powder weight. This

0

0.2

0.4

0.6

0.8

1

1.2

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

12
00

13
00

14
00

15
00

16
00

17
00

18
00

19
00

20
00

21
00

22
00

23
00

24
00

25
00

26
00

27
00

28
00

29
00

30
00

al
fa

 [-
]

frequency [Hz]

Restricted inversion vs. Measured values comparison 
Material A 

 Measured value

Inverse value

-25

-20

-15

-10

-5

0

5

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

12
00

13
00

14
00

15
00

16
00

17
00

18
00

19
00

20
00

21
00

22
00

23
00

24
00

25
00

26
00

27
00

28
00

29
00

30
00

Zs
 [-

]

frequency [Hz]

Restricted inversion vs. Measured values comparison 
Material A 

Zs [-] - Measurement - Real part

Zs [-] - Model- Real part

Zs [-] - Measurement - Imaginary
part
Zs [-] - Model - Imaginary part

0

0.2

0.4

0.6

0.8

1

1.2

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

12
00

13
00

14
00

15
00

16
00

17
00

18
00

19
00

20
00

21
00

22
00

23
00

24
00

25
00

26
00

27
00

28
00

29
00

30
00

al
fa

 [-
]

frequency [Hz]

Restricted inversion vs. Measured values comparison 
Material B 

 Measured value

Inverse value

-25

-20

-15

-10

-5

0

5

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

12
00

13
00

14
00

15
00

16
00

17
00

18
00

19
00

20
00

21
00

22
00

23
00

24
00

25
00

26
00

27
00

28
00

29
00

30
00

Zs
 [-

]

frequency [Hz]

Restricted inversion vs. Measured values comparison 
Material B 

Zs [-] - Measurement - Real part

Zs [-] - Model- Real part

Zs [-] - Measurement - Imaginary
part
Zs [-] - Model - Imaginary part

0

0.2

0.4

0.6

0.8

1

1.2

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

12
00

13
00

14
00

15
00

16
00

17
00

18
00

19
00

20
00

21
00

22
00

23
00

24
00

25
00

26
00

27
00

28
00

29
00

30
00

al
fa

 [-
]

frequency [Hz]

Restricted inversion vs. Measured values comparison 
Material C 

 Measured value

Inverse value

-20

-15

-10

-5

0

5

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

12
00

13
00

14
00

15
00

16
00

17
00

18
00

19
00

20
00

21
00

22
00

23
00

24
00

25
00

26
00

27
00

28
00

29
00

30
00

Zs
 [-

]

frequency [Hz]

Restricted inversion vs. Measured values comparison 
Material C 

Zs [-] - Measurement - Real part

Zs [-] - Model- Real part

Zs [-] - Measurement - Imaginary
part
Zs [-] - Model - Imaginary part

Fig. 9. Comparison of modelled and measured values for samples A, B and C using parameters obtained from the inversion procedure using restricted method (based on
analytical model).
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the sequence A to B to C, while this does not happen for the other
two inverse procedures. Whereas this could appears somewhat
intriguing, it must be underlined that for our materials a sensitivity
analysis [40] revealed that variation of this parameter scarcely
affected the goodness of the fit, the most relevant factor being
the tortuosity.

The profiles of the sound absorption vs. frequency (Figs. 8–10)
show a similar volcano-shape for samples A and B, whereas higher

1

suggests that by increasing the powder content (samples A and B),
occlusion of pores might be favored, increasing the tortuosity of
the path that the wave must cross through the microstructure.

The pore geometry is associated with viscous and thermal char-
acteristic lengths as illustrated in Fig. 13 [29], showing that the
average size of the foam cells is correlated to the thermal charac-
teristic length (~2K0). As for the characteristic viscose length K,
this parameter can hardly be derived from the microstructural



Table 5
Parameters obtained from inverse procedure using different fitting approaches.

Material Flow resistivity (r)[(N s) m�4] Porosity (/
)
[–]

Tortuosity
(a)
[–]

Viscous characteristic length
(K)
[lm]

Thermal characteristic length
(K’)
[lm]

Standard
Deviationa

(r)

I. Fitting with no restriction
A 17,744 0.87 6.78 91 194 0.0142
B 34,449 0.96 8.27 128 131 0.0157
C 43,607 0.99 4.78 39 79 0.1018
II. Fitting using restricted method (based on analytical model)
A 59,676 0.81 4.34 53 53 0.0251
B 40,429 0.92 4.95 53 53 0.0396
C 44,030 0.99 4.76 39 78 0.1017
III. Fitting using experimental pore dimension
A 59,181 0.82 2.88 29 29 0.0323
B 43,481 0.93 4.11 38 38 0.0385
C 45,312 0.99 4.68 38 75 0.1023

a Standard deviation of the calculated a from the experimental values assuming that the latter represent the average value in the range 200–3000 Hz.
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Fig. 10. Comparison of modelled and measured values for samples A, B and C using parameters obtained from the restricted inversion procedure, imposing the measured K’
value: absorbing coefficient vs. frequency and complex impedance.
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characterization, whereas its influence is important since narrow-
ing the interconnections between the foam cells, blocks the fluid
movement and transition, resulting in improved sound absorption
characteristics. The data reported in Tables 4 and 5 for these two
parameters suggest a neat effect of the powder addition to the

Fig. 11. Comparison expressed as relative % between the TMM calculated frequency
trends using inverse procedure results and analytical modified model.

Fig. 12. Comparison of modelled JCA values for samples A, B and C with modified
analytical, the inversion techniques: Values are expressed as % of the maximum
value observed for each material/parameter.

Pore wall

Pore

˜ 2Λ˜ 2Λ'

Fig. 13. Pore scheme and indication of thermal characteristic lengths.

M. Caniato et al. / Applied Acoustics 161 (2020) 107166 13

3
1



synthesis gel: substantial changes in the average dimension of the
pores and narrowing the interconnections between them seems to
occur, passing from sample A to B and C. As for the similarity of the
thermal and viscous characteristic length values, the complex foam
cells of our materials feature a parallelepiped interconnected
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geometry with appears consistent with the similarity of the two
parameters.

4. Conclusions

The sound absorbing properties of foam materials are investi-

gated, by means of the laboratory production of three customized
cellular alginate foams and applying five different forecasting

to influence the work reported in this paper.
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14
methods including traditional analytical, a modified analytical
with a new proposed equation, and inverse procedures. The acous-
tic performance was measured and compared with that calculated
from the determined acoustic parameters using TMM to assess the
reliability of the different procedures.

The analysis of the microstructure of the foams confirm that it
has been possible to produce samples with variable controlled
morphology, depending on the particle size distribution of the dop-
ing powder. Oriented regular cell patterns could be attained by the
freeze-drying in the presence of a number of small particles that
favors heterogeneous nucleation of ice formation leading to
mono-dimensional freezing process. On the contrary, presence of
mostly coarse particles leads to an un-oriented cellular sample
morphology.

The effects of cell orientation impact the acoustic properties as
the un-oriented cell morphology leads to enhanced sound absorp-
tion capacity compared to the samples with more regular and ori-
ented morphology.

As regards acoustic modelling, the analytical modelling of the
JCA parameters, namely tortuosity, viscous characteristic length,
thermal characteristic length, porosity and flow resistivity showed
some limitations of the applicability of the traditional equation,
because they are strongly related to fibrous materials rather than
foams.

For this reason, after the demonstration that this difference may
be caused by a wrong theoretical estimation of some parameters, a
new equation for the determination of the tortuosity was proposed
and validated against experimental data using TMM calculation
and inverse parameter determination.

The inverse determination of the physical parameters, using
three different fitting procedures was applied to the different
foams providing a deeper insight into the behavior of the materi-
als: consistent with SEM microstructural analysis, quite compara-
ble properties were found for Material A and B and somewhat
different those for Material C. This assessment allowed to demon-
strate that the sound absorbing performance depends on cell shape
identified by the thermal lengths results. As a matter of fact, the
same foaming agent including different doping powders presents
diverse sound absorption trends (volcano-shaped for material A
and B with glass powder and flat for material C with fiberglass
inclusions, as the decline of the sound absorption being less
important).

Finally, the inverse procedure using the thermal characteristic
length derived from the SEM micrographs as imposed parameter
demonstrated that the analytical obtained values of porosity and
the new proposed equation for the determination of the tortuosity
are in very good agreement. Moreover, results clearly highlight
that the inverse procedure has to be run only with the use of mea-
sured values of thermal characteristic length, in order to obtain
reliable results directly related to the real microstructure. Thus, a
direct link between the materials science property and acoustics
has been established.
research. M.C., G.K.d’A. and J.K. wrote the paper.
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