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ABSTRACT

In recent years, the search for sustainable materials has
gained increasing importance in order to optimize re-
source use and reduce carbon emissions. In this con-
text, bio-materials have emerged as an alternative due to
their low environmental impact. In particular, those with
a fibrous morphology, both vegetal or animal based, have
proven effectiveness as sound absorbers in room acoustics
applications. In this study, the acoustic absorption prop-
erties of a type of sheep wool are evaluated. The charac-
terization of the acoustic absorption coefficient under nor-
mal incidence was carried out using the two-microphone
impedance tube method and compared with the reverber-
ant chamber method. Subsequently, the reverberation time
of a selected room was measured before and after the im-
plementation of two walls covered with the chosen ma-
terial. The impulse response was also recorded using
a spherical microphone array, which allowed the visual-
isation of early reflections applying beamforming algo-
rithms. These measurements were used to validate the
simulated impulse response of the room and to determine
the most accurate absorption data for the model.
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1. INTRODUCTION

The use of sustainable materials has become a signifi-
cant trend in recent years, towards a strategy of zero-
carbon emissions. Building materials typically come from
non-renewable and synthetic resources. Porous materials
are commonly derived from petrochemical products like
polyester or polyurethane, which have a high environmen-
tal impact after use. Natural materials have emerged as a
viable alternative, utilising renewable resources and gen-
erally exhibiting lower levels of environmental impact and
embodied energy. Several studies have reported the acous-
tical properties of oil palm fibres [1], sugarcane bagasse
[2], hemp fibres [3] and kenaf fibres [4].

Sheep wool is a natural material that has many ad-
vantages compared to others, such us their good thermal
insulating performance and low flammability since it is
self-extinguishing and does not ignite easily [2]. Further-
more it does not release any toxic particles or gases during
combustion and, it is a renewable and recyclable material
with a natural decomposition cycle. However, sheep wool
is having less demand for applications in the textile indus-
try and nowadays most of the surplus is burned or sent to
landfill [5].

The sound absorbing properties of porous materials
are normally linked to their porosity and flow resistiv-
ity. According to their structure, porous materials can be
classified as cellular, fibrous and granular [6]. Fibrous
materials are among the most widely used due to their
high availability and origins from both animal and veg-
etable sources. The absorption properties can be mea-
sured through various methods. One of them is using an
impedance tube. This method requires small samples and
relatively inexpensive equipment. However it can only
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characterise the absorption at normal incidence and up
to the cut-on frequency of the impedance tube, that de-
pends on the tube’s diameter [7]. In contrast, the rever-
beration chamber method (ISO 354) implies the use of 10
m? samples, making it less convenient and more expen-
sive. While the absorption coefficient obtained through
this method is more representative of the material’s be-
haviour in real world situations — reflecting conditions
under a diffuse field — low reproducibility between lab-
oratories can yield varying results [8]. Additionally, the
placement of the material within the chamber can influ-
ence the measured absorption coefficient [9]. Within this
context it can be not clear which values are more accu-
rate to use when feeding computational models for room
acoustic simulations in order to have results matching the
reality.

In this paper the sound absorption properties of a
sheep wool absorber was evaluated and used as an in-
put material for feeding computational models for room
acoustics. Furthermore the impulse response of a room
was measured and the reverberation time deduced before
and after covering the walls with sheep wool panels. Early
reflections were observed by using a spherical microphone
array and beamforming algorithms. These measurements
were used to validate the computational model of the room
and investigate which absorption data is more accurate to
be used as input material in the model.

2. MATERIALS AND METHODS

The material selected was a sheep wool, wrapped in pan-
els of 6 mm thickness. Three samples of 45 mm diameter
were extracted as shown in 1 and their sound absorption
properties were measured in an impedance tube. The ma-
terial was provided by Farrds Home - Spain and in par-
ticular this model has also a coating of a series of natural
resins that act as a catalytic converter. It absorbs the C'O2
and N Oz, contributing to the ecological balance.

Figure 1: Samples of sheep wool.

2.1 Impedance tube measurements

The sound absorption coefficient was measured using a
two microphones impedance tube according to the stan-
dard ISO 10534 [7]. The system was implemented with a
cylindrical tube of 45 mm diameter allowing the charac-
terisation of the sound absorption coefficient up to a cut-
off frequency of 3800 Hz. The samples were mounted on a
rigid back-end and two 1/4” microphones were spaced 45
mm from each other to measure the pressure field. On the
other extreme of the tube a loudspeaker generated a broad
band white noise as test signal. The transducers were con-
nected to an OROS Type OR36 analyser, which measures
the complex transfer functions between the microphones.
The absorption coefficient was calculated given the sam-
ple thickness d as:

a=1-|R> (1)
Zs — poc

= 2

Zs + pPoC ( )

Zs = —jZ.cot(k.d) 3)

Where R is the sound pressure reflection coefficient,
Zs 1is the surface impedance of the sample, Z, its char-
acteristic impedance, and pg and c the density of air and
speed of sound.

The results shown in section 3 are the average of three
samples. The resulting curves are compared to the results
of sound absorption measurements carried out in a rever-
berant room with the same material.

2.2 Impulse response measurements

The impulse response of a room with a volume of ap-
proximately 33 m? was measured with a NTi Audio XL.2
sound level meter mounting a Type 1 microphone. The
impulse was generated wiht a Delta Clapper. The sketch
of the room with the measurement positions is presented
in Figure 2 and the setup is shown in Figure 3. The rever-
beration time (RT) was measured in accordance with the
guidelines established in ISO 3382-1:2009. According to
this standard, the reverberation time T20 and T30 were
calculated through the backward Schroeder integration in
octave bands from 63 Hz to 8000 Hz. The results obtained
from four microphone positions at 1.5 m height were aver-
aged to obtain a representative reverberation time for the
room as shown in Figure 2. The same measurement po-
sitions and procedures were repeated after applying the
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Figure 2: Top view of the room showing the po-
sitions of the sound source and microphones. The
height is 2.7 m.

acoustic treatment to the room. In what follows for all the
measurements the absorptive material was installed cov-
ering walls 1 and 2 indicated in Figure 2.

2.3 Acoustic camera measurements

The measurement campaign was conducted using a
Sphere48 AC Pro by gfai tech which is an advanced acous-
tic camera system designed specifically for 3D localiza-
tion of sound sources in enclosed spaces. This spheri-
cal microphone array is equipped with 48 high-precision
microphones arranged to capture sound from all direc-
tions, making it particularly suitable for indoor applica-
tions such as vehicle interiors, rooms, and architectural
spaces. This tool represents a powerful and compre-
hensive solution for the localisation and visualisation of
acoustic reflections in three dimensions. The array was
positioned centrally within the room, mounted on a high-
stability tripod, ensuring a clear line of sight to all ma-
jor reflective surfaces (walls, ceiling, floor, furniture) (see
Figure 4). The system was connected to a multi-channel
data acquisition unit running the gfai tech NoiseImage
software suite.

A series of impulsive sound stimuli were generated

Figure 3: Sound level meter placed in the room.

using a NTi Audio Delta Clapper placed at various loca-
tions within the room, mainly corners. Each impulse was
recorded by the 48 microphones, capturing both the direct
sound and the subsequent early and late reflections. To en-
sure spatial accuracy, the integrated Intel® RealSense™
depth camera was used to match the array position inside
the 3D model captured by a laser-scanner, allowing beam-
forming results to be mapped directly onto the geometry
of the room. The same measurement positions and proce-
dure was repeated after the acoustic treatment.

2.4 Computational simulations

Room acoustics simulations were performed using the
software Treble, which is a hybrid room acoustic simu-
lation tool that combines wave-based simulations at low
frequencies, to capture the important wave and modal
behaviour up to a transition frequency (typically the
Schroeder frequency), and geometrical acoustic simu-
lations at high frequencies, to take advantage of the
faster calculations. The geometry was first modelled in
Sketchup and then imported into the software. The source
and microphone positions were introduced according to
those shown in Figure 2. After theat the materials and
properties of the walls, roof and ceiling were defined ac-
cording to the Table 1.

The transition frequency was set to 710 Hz and the
number of rays for the geometrical solver was set to
20,000, considering up to 5th order reflection. The calcu-
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Figure 4: Sphere acoustic camera inside the room.

lations, running on a dedicated server associated with the
software, took around 3 minutes per complete simulation.

The measured sound absorption coefficients (both in
impedance tube and reverberant chamber) of the sheep
wool were entered as input to perform the simulations be-
fore after the acoustic treatment. The strategy was to com-
bine the absorption values of the walls with those of the
sheep wool, under the hypothesis that the wool panels are
thin enough not to introduce significant damping, thus not
change the low frequency absorption behaviour of the wall
panels. For this purpose, the software allows for the intro-
duction of combined sound absorption coefficients, and it
calculates the surface impedance of the component using
a fitting algorithm. In Figure 5 an example of the mate-
rial generation window of the software is shown, where
the inserted values (target) and the derived values (results)
of sound absorption coefficient can be seen. Internally,
during the fitting process, the software estimates the sur-
face impedance, which is necessary to recover the phase
information for the modal based solver.

3. RESULTS AND DISCUSSION
3.1 Absorption properties of the samples

The sound absorption coefficient in third-octave bands of
the sheep wool is shown in Figure 6. As it can be seen, it
has a typical behaviour of a fibrous material with a cres-
cent absorption value towards the high frequency range
crossing the 0.3 line at around 3000 Hz. On the same
graph it is shown the absorption coefficient of the same
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Table 1: Sound absorption properties of the materi-
als used for the simulation

Frequency| 10 mm | Wooden Brick
(Hz) gypsum flooring painted
board + (ceiling)
100 mm
mineral
wool
63 0.39 0.16 0.05
125 0.27 0.15 0.04
250 0.14 0.13 0.04
500 0.08 0.1 0.03
1000 0.05 0.08 0.04
2000 0.05 0.07 0.05
4000 0.07 0.07 0.05
8000 0.07 0.07 0.05

Figure 5: Estimation of the absorption properties of
the material after a fitting process inside Treble soft-
ware.

material measured previously in reverberant room accord-
ing to the ISO 354. As expected, the values are higher
than the ones measured in impedance tube since in the
last one only normal incidence behaviour of the sample is
captured, while in the reverberant chamber a diffuse field
condition is reached. However, the absorption coefficient
in this last case can be overestimated due some drawbacks
of the methods such us diffraction effects on the border of
the sample. Consequently both curves are fed as input into
the computational model and the impact on the reverbera-
tion time considering one or the other absorption curve is
analysed in Section 3.2.
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Figure 6: Sound absorption coefficient of the sheep
wool measured in impedance tube and reverberant
chamber

3.2 Impulse response of the room and simulations

The results obtained from the Reverberation Time (RT)
measurements, indicate a significant reduction in RT val-
ues, particularly from the 500 Hz third-octave band on-
wards. The overall RT value decreased from 1.35 s to
0.99 s after the installation of the acoustic treatment as it
can be seen in the solid line curves in Figure 7. On the
same graph the results of the RT from the simulation can
be seen. A very good agreement is observed between the
measured and the simulated RT of the room without the
porous material. When the absorption is applied, the RT
curve considering the material measured in reverberation
chamber is more close to the measured one than the case
considering the absorption values from impedance tube.
This might suggest that for non very high absorptive mate-
rials the reverberation chamber values potentially can give
more accurate results in the model. The mismatch at 63
Hz can be attributed to a fitting difference in the material
building module inside the software. For the rest of the
frequency the curves follow the same tendency with slight
differences.

Additionally, the use of a 3D Acoustic Camera en-
abled the identification and analysis of early acoustic re-
flections within the room. This tool was instrumental in
comparing the acoustic behaviour of the space before and
after installing the absorptive material on two of the walls.
The visual data clearly demonstrate the effectiveness of
the material in attenuating acoustic reflections at its in-
stalled locations. This is particularly evident as shown in
Figure 8 in the 2500 Hz third-octave band and with differ-
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Figure 7: Reverberation time measured and simu-
lated, with and without absorbing material.

ences of about 5 dB at 1250 Hz and at 800 Hz third-octave
bands, where the absorption performance aligns with the
material’s specified acoustic properties.

4. CONCLUSIONS

In this work a room acoustic study was conducted. First
the acoustic absorption properties of a sheep wool ma-
terial was assessed and used as input data to fed com-
putational simulations. The same material was used to
perform an acoustic correction of a room and the rever-
beration time before and after the acoustic treatment was
measured to compare the situations. The acoustic camera
was utilised to visualise the first reflections and verify the
reduction of level in presence of the sheep wool materi-
als. The room was simulated using a hybrid wave-based
and geometrical acoustic software to investigate the re-
sponse of the room. The model was validated using the
experimental measurements. Sound absorption values of
the same material measured in impedance tube and rever-
beration chamber were implemented in the software. It
was shown that in the last case the values were closer to
the measured ones. Despite normally the reverberation
chamber method tends to overestimate the absorption co-
efficient, this might suggest that potentially for not very
highly absorptive materials the most accurate option for
use as input data in simulation models is the absorption
coefficient measured in reverberant rooms.
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Visualisation of the first reflection on the

walls at 2500 Hz third-octave band.

(1]

(2]

(3]

(4]

5. REFERENCES

K. H. Or, A. Putra, and M. Z. Selamat, “Oil palm
empty fruit bunch fibres as sustainable acoustic ab-
sorber,” Applied Acoustics, vol. 119, pp. 9-16, 4 2017.

M. H. Beheshti, A. Firoozi, M. Jafarizaveh, and
A. Tabrizi, “Acoustical and thermal characterization
of insulating materials made from wool and sugarcane
bagasse,” Journal of Natural Fibers, vol. 20, 2023.

A. Santoni, P. Bonfiglio, P. Fausti, C. Marescotti,
V. Mazzanti, F. Mollica, and F. Pompoli, “Improving
the sound absorption performance of sustainable ther-
mal insulation materials: Natural hemp fibres,” Ap-
plied Acoustics, vol. 150, pp. 279-289, 7 2019.

Z. Y. Lim, A. Putra, M. J. Nor, and M. Y. Yaakob,

llth

2610

(5]

(6]

(7]

(8]

(9]

FORUM ACUSTICUM
A, EURONOISE

25

“Sound absorption performance of natural kenaf fi-
bres,” Applied Acoustics, vol. 130, pp. 107-114, 1
2018.

B. Petek and R. M. Logar, “Management of waste
sheep wool as valuable organic substrate in european
union countries,” 1 2021.

J. P. Arenas and M. J. Crocker, “Recent trends in
porous sound-absorbing materials,” Sound and Vibra-
tion, vol. 44, no. 7, pp. 12-17, 2010.

UNE-EN ISO 10534-2, “Determinacion del coefi-
ciente de absorcién actstica y de la impedancia
actstica en tubos de impedancia,” 2002.

C. Scrosati, F. Martellotta, F. Pompoli, A. Schiavi,
A. Prato, D. D’Orazio, M. Garai, N. Granzotto, A. Di
Bella, F. Scamoni, M. Depalma, C. Marescotti, F. Ser-
pilli, V. Lori, P. Nataletti, D. Annesi, A. Moschetto,
R. Baruffa, G. De Napoli, F. D’ Angelo, and S. Di Fil-
ippo, “Towards more reliable measurements of sound
absorption coefficient in reverberation rooms: An
Inter-Laboratory Test,” Applied Acoustics, vol. 165,
p. 107298, 2020.

J. Cucharero, T. Hidnninen, and T. Lokki, “Influence
of Sound-Absorbing Material Placement on Room
Acoustical Parameters,” Acoustics, vol. 1, no. 3,
pp. 644-660, 2019.

Convention of the European Acoustics Association
Malaga, Spain * 23" — 26" June 2025 ¢

SOCIEDAD ESPAROLA

SEA” F



