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Abstract This article investigates the sound absorption coefficient of materials manufactured from

natural wastes. Fruit stones from some crops are one of the most available natural wastes in the

Mediterranean Region. Recycled and vegetable products are becoming an interesting alternative

to traditional materials to be used as sound-absorbing panels.

Fruit stones can be profitable for a number of applications, such as biomass to produce energy.

This research work intends to demonstrate that one of their applications can be ecological sound

absorbers in building acoustics.

Different four fruit stone samples, with different air gap volume percentages, display similar

behaviour to multiple Helmholtz resonators (MHRs). By adding a 40 mm-thick rockwool layer,

the sound absorption coefficients are compared for each sample.

The experimental results allow establishing some analogies between MHRs and the new absorb-

ing materials according to thickness, fruit type and the air gap volume. These fruit stones have been

demonstrated as a good choice from acoustic and sustainable points of view.
� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

One of the causes of health problems in modern societies is

noise pollution due to traffic, machines and crowded spaces
[1–4]. Noise pollution problems often lead to hypertension,
ischaemic heart disease, less efficiency in study and work posi-

tions, etc.
By observing these problems, which started in the 1960s,
the noise regulations in the Architectural Acoustics field
include restrictive conditions to limit noise pollution and to

protect people inside buildings.
These problems caused by undesirable noise and reverbera-

tions can be reduced by sound-absorbing panels. Difficulties

are significant at low frequencies (20–400 Hz), and absorbing
sound is easier at medium and high frequencies.

Qiu Xiaojun [5] studied the literature on the principles of

sound absorbers, and provides a wide range of works and
researchers who investigate in the noise reduction field.

One of the most widely used resources are microperforated
panels that absorb sound at particular frequencies depending

on some geometric parameters [6–8]. These panels are applied
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in building acoustics, and also in the automotive and aero-
space sectors [9,10]. Occasionally, natural, synthetic or mineral
fibres are added to these microperforated panels to widen the

frequency range within which a material absorbs sound [11–
14]. Other researchers have conducted works with fibrous
materials by determining the sound transmission loss (STL fac-

tor) [15], whose intended use is in sound insulation.
Another solution to absorb noise at particular frequencies

is the Helmholtz resonator, which appears in a number of

research works [16–21], as well as innovative solutions by
means of metamaterials for the absorption of low-frequency
sounds [22,23].

In the research conducted to improve sound absorption

properties by reducing materials’ thickness, some works are
about employing metallic foams like 10-mm aluminium foams
[24–26].

However, because of climate change and the need to min-
imise its effects, the use of natural materials has rapidly
extended.

According to Arenas and Asdrubali, most ecomaterials are
divided into four categories: natural materials; recycled mate-
rials; mixed and composite materials; green walls [27].

In the sound absorption field, porous materials made of
natural fibres are the most widely studied, such as pineapple
leaves [28], wood-based materials [29,30], tea leaves [31], wool
[32], esparto grass [33], sugar cane [34], kenaf [35,36], hemp

[37], coconut [38] and others [39].
Some other previous research works are related to acoustic

panels made from natural grains [40,41]. Part of this research

was conducted to develop empirical models based on the
experimental results. Some authors have developed similar
models to predict materials’ acoustic properties [42,43].

The properties of natural and recycled materials influence
the acoustic behaviour of their components. In the particular
case of recycled materials, some works are available about

crumbed end-of-life tyres with different granulometry [44].
In some applications, biomass is used as an additive to con-

crete but other applications to reduce noise imply a higher
added value for the material [45,46]. Another field of interest

regarding biomaterials is the biogenic waste generated world-
wide. This case is explained by Casadesús et al. by manufactur-
ing sound-absorbing non-woven materials with chicken feather

waste [47].
In the present work, four fruit stone varieties are

employed to manufacture sound-absorbing panels. The

shapes of the different hard fruit stones result in distinct
acoustic properties, as previously studied [48]. The acoustic
performance of other types of natural fibres mixed with
grains has been investigated with interesting results at low

frequencies [49,50].
Fruit stones are waste materials that can be profitable in a

number of applications. In line with the Spanish Ministry of

Agriculture report ‘‘Fruta de Hueso: Análisis de la realidad
productiva 2020” (Stone Fruit: Analysis of Productive Reality
2020), the percentages of the surface used to grow fruit with

stones are represented in Fig. 1.
New peach plantations are directed towards mid-season

and late varieties of yellow peaches by reducing the areas used

for early varieties of peaches. This means that peaches with
yellow skin already account for 45% of the total planted area.
However, this crop’s area has been reduced on the whole by
11% to almost 27,000 ha.
With apricots, although the total area has decreased by 1%
because the production areas of traditional yellow varieties
have disappeared, the areas with orange varieties have

increased and now represent 58% of the total. The south-
eastern part is Spain’s main producer (34%) with almost
6000 ha.

The area where cherries are grown increased the most in
2020 while this study was underway, and has grown by 9%
compared to the previous year and gone from 21,000 to

23,000 ha. Early (27%) and mid-season (25%) cherry varieties
are the groups that occupy the most hectares.

The situation with olive stones is slightly different because
the range of applications is wider than the other fruit stone

types. Among others, olive stones are used to generate agro-
biomass energy to produce heat. In Spain, 78% of the facilities
that employ agrobiomass to generate thermal energy resort to

olive stones.
This energy source is gaining a better reputation because it

respects the environment. It also has a high calorie value (4500

calories per gram) and is very cost-effective (saves 70% more
than if gasoline or diesel is used). With 2 kg of olive stones,
it is possible to heat in an equivalent way to what a litre of

gasoline achieves.
The present research allows to broaden the knowledge

about these materials’ acoustic behaviour and considering
them offers the possibility of manufacturing sound-absorbing

panels with air layers and rockwool.

2. Experimental

2.1. Materials and samples

The samples studied in this work are four different fruit stone
types: olive, cherry, apricot and peach (Fig. 2). The physical
properties of the raw materials and their preparation are

explained in the previous research by the authors of this work
[48].

The sample manufacturing process consists of mixing the

fruit stones with the binder in the appropriate proportion so
that the binder does not excessively influence acoustic perfor-
mance. As a binder, cyanoacrylate adhesive is applied to glue
the fruit stones. The samples were manufactured in cylindrical

PVC tube moulds of 100 mm diameter.
Table 1 explains the terminology used for samples and their

meaning:

The sequence is repeated for each thickness per sample, as
indicated in Table 2.

2.2. Standing wave tube

In order to determine the sound absorption coefficient, a
standing wave tube with an inner diameter of 100 mm was

used.
The frequency range was determined by Standard ISO

10534-2 [51] which states that the lower frequency depends
on the distance between microphones (80 mm for these tests)

and the higher frequency is limited by the tube’s inner
diameter.

According to Standard ISO 10534-2, the equipment con-

sists of an impedance tube with a circular section. The test
specimen is located at one end of the tube and a sound source
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Fig. 1 Surface percentage of fruit stone in Spain (2020) according to the Spanish Ministry of Agriculture.

Fig. 2 Olive, cherry, apricot and peach stones (from left to right).
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generates plane waves from the other end. Two microphones

located close to the sample measure sound pressures.
The experimental setup to conduct tests is represented in

Fig. 3. The microphones were G.R.A.S., model 40AO. The

data acquisition card was National Instruments model NI-
9233. The Matlab software was used for processing signals.

3. Theory

3.1. Sound absorption coefficient

Recommendations from Standard ISO 10534-2 were followed
to evaluate these materials’ sound absorption coefficient with

an impedance tube by determining the reflection coefficient
from the transfer function method.

According to this standard, specific acoustic impedance is
calculated from:

Z

qÂ � c ¼
R

qÂ � cþ
X

qÂ � c j ¼
ð1þ rÞ
ð1� rÞ ð1Þ

where R, the real component of impedance; X, the imaginary

component of impedance; qÂ � c, the characteristic impedance
(density multiplied by sound velocity); r, the reflection coeffi-
cient; Z, acoustic impedance. The reflection coefficient is deter-

mined from:

r ¼ H12 �Hi

HR �H12

Â � e2jkox1 ð2Þ

and the sound absorption coefficient is given by:

/¼ 1� rj j2 ð3Þ
where: H12, is the transfer function from microphone positions
1 and 2, HR, is the real part of H12, Hi is the imaginary part of

H12, k0 is the wave number, x1 is the distance between the sam-
ple and the first microphone.

The tests to determine the sound absorption coefficient

were conducted on the apricot, cherry, olive and peach samples
with their different thicknesses and air layers.

3.2. Multiple Helmholtz resonator

The obtained results allowed us to consider these samples’
behaviour as if they acted as multiple Helmholtz resonators
(MHRs). Resonators are basically tubes and cavities intended



Table 1 Terminology of samples with the first thickness (1).

Sample Thickness (mm) Air layer (cm)

Olive – 10 22 0

Olive – 11 22 1

Olive – 12 22 2

Olive – 13 22 3

Olive – 14 22 4

Olive – 15 22 5

Olive – 14lr 22 4 cm with rockwool

Cherry � 10 24 0

Cherry � 11 24 1

Cherry � 12 24 2

Cherry � 13 24 3

Cherry � 14 24 4

Cherry � 15 24 5

Cherry – 14lr 24 4 cm with rockwool

Apricot � 10 24 0

Apricot � 11 24 1

Apricot � 12 24 2

Apricot � 13 24 3

Apricot � 14 24 4

Apricot � 15 24 5

Apricot – 14lr 24 4 cm with rockwool

Peach � 10 20 0

Peach � 11 20 1

Peach � 12 20 2

Peach � 13 20 3

Peach � 14 20 4

Peach � 15 20 5

Peach – 14lr 20 4 cm with rockwool

Table 2 Thicknesses of

samples.

Specimen Thickness (mm)

Olive-1 22

Olive-2 43

Olive-3 55

Olive-4 77

Olive-5 98

Cherry-1 24

Cherry �2 42

Cherry �3 55

Cherry �4 77

Cherry �5 97

Apricot-1 24

Apricot �2 40

Apricot �3 55

Apricot �4 75

Apricot �5 95

Peach-1 20

Peach �2 35

Peach �3 55

Peach �4 75

Peach �5 95

Data 
acquisition 

system

Acoustic Impedance tube

Microphones

Speaker

Sample
PC

Air gap

Fig. 3 Scheme of the acoustic impedance tube to measure the

sound absorption coefficient.
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to lower sound pressure levels. When a series of MHRs is used
as a sound-absorbing surface, the resonant frequency is given
by [52].

fr ¼ 5480Â �
ffiffiffiffiffiffiffiffiffiffi
e

TsTp

r
ð4Þ

where: e is the ratio between the area with holes and the area

without holes in the cross-section; Tp is the sample’s thickness
(cm); TS is the air gap’s thickness (cm).

4. Results and discussion

4.1. Experimental results

The sound absorption coefficient for each fruit stone type was
obtained by testing samples in the standing wave tube.

Figs. 4–7 represent the sound absorption coefficient for
each sample depending on the frequency for thickness one.

With thickness one, the four stone fruits showed low acous-
tic absorption for the whole studied range of air gaps. All the

values were below 0.6 except for Olive 11, whose maximum
was between 1200 and 1400 Hz. However, all the fruit stones
obtained high acoustic absorption values when rockwool was

added. These values came close to 1 for cherry, olive and apri-
cot within the frequency range of 600–800 Hz, and for peach
within the frequency range of 800–1200 Hz.

Figs. 8–11 represent the sound absorption coefficient
depending on the frequency for thickness two.

For thickness two, the acoustic absorption of the four fruit
stones showed the same tendency when the air gap decreased

and obtained the higher values with maximums within the fre-
quency range of 1200–1600 Hz. All the values were below 0.8,
except for Apricot 20. When the gap was filled with rockwool,

all the acoustic absorption values of fruit stones were above 0.8
at certain frequencies. These values came close to 0.9 for
cherry, olive and apricot within the frequency range around

500 Hz, and for peach within the frequency range of 600–
800 Hz.

Figs. 12–15 represent the sound absorption coefficient

depending on the frequency for thickness three.
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Fig. 4 Apricot samples, thickness 1 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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Fig. 5 Peach samples, thickness 1 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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Fig. 6 Olive samples, thickness 1 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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With thickness three, the acoustic absorption of the four
fruit stones showed significant differences. Their acoustic
absorptions displayed the same tendency as thickness two,

but with maximums within a lower frequency range of 800–
1200 Hz. All the values were below 0.8, except for Apricot
30 and Cherry 30. When the gap was filled with rockwool,

the acoustic absorption values for all the fruit stones was
above 0.8, with a slight reduction in acoustic absorption com-
pared to thickness two.

Figs. 16–19 represent the sound absorption coefficient

depending on the frequency for thickness four.
With thickness four, the stone fruits’ acoustic absorption

showed the same tendency as thickness three but with maxi-

mums towards the frequency range of 600–800 Hz. In this case,
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Fig. 7 Cherry samples, thickness 1 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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Fig. 8 Apricot samples, thickness 2 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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Fig. 9 Peach samples, thickness 2 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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the differences between the maximum values for each air gap
were less significant. All the values were below 0.8, except

for Cherry 40. When the gap was filled with rockwool, all
the fruit stones obtained acoustic absorption values of around
0.8, which indicates a clearly declining tendency.
Figs. 20–23 represent the sound absorption coefficient
depending on the frequency for thickness five.

With thickness five, all the fruit stones displayed two
acoustic absorption peaks within the studied frequency
range: the second one within the range of 1200–1600 Hz
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Fig. 10 Olive samples, thickness 2 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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Fig. 11 Cherry samples, thickness 2 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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Fig. 12 Apricot samples, thickness 3 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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had the highest acoustic absorption values, which came close
to or exceeded 0.8. When the gap was filled with rockwool,

the acoustic absorption values of all the fruit stones were
around 0.8, except for cherry whose value was 0.9 at around
500 Hz.
From the experimental results, we can conclude that the
shapes of the stones have an influence on the sound absorp-

tion. Stones with a rougher surface absorb much more energy
than fruit stones with a smooth surface, as happens in other
known materials depending on their porosity.
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Fig. 13 Peach samples, thickness 3 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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Fig. 14 Olive samples, thickness 3 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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Fig. 15 Cherry samples, thickness 3 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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5. Conclusions

The sound-absorbing applications of fruit stone panels made
of food industry waste represent a step towards environmental

care. The use of such a product is a viable solution to manage
the waste generated by consuming these fruits.
This work has been focused on the influence of the air gap
between samples and the rigid wall. This influence was studied
by varying the air gap thickness and adding a rockwool layer

to one particular gap. The experimental results for the sound
absorption coefficient presented the general tendency of having
higher values at low frequencies by increasing the thickness. A
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Fig. 16 Apricot samples, thickness 4 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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Fig. 17 Peach samples, thickness 4 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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Fig. 18 Olive samples with thickness 4 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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similar tendency was observed when increasing the thickness of
the air gap.

The porosity of the fruit stones and the air gap between the

sample and the rigid wall influences the acoustic absorption,
acting as a resonator at certain frequencies. The absorption
is higher when the porosity increases since it depends on the

surface roughness of the material, among other factors. Den-
sity also influences the absorption of the material, the less
dense the material the higher the absorption.

With thickness one, the four stone fruits showed low acous-

tic absorption within the whole studied range of air gaps. For
thickness two, the acoustic absorption of the four fruit stones
showed the same tendency when the air gap decreased and

obtained the higher values with maximums within the fre-
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Fig. 19 Cherry samples, thickness 4 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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Fig. 20 Apricot samples, thickness 5 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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Fig. 21 Peach samples, thickness 5 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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quency range of 1200 to 1600 Hz. Regarding thickness three,
the acoustic absorption of the four fruit stones showed signif-

icant differences. Their acoustic absorptions displayed the
same tendency as thickness two, but with maximums within
a lower frequency range of 800–1200 Hz. With thickness four,

the stone fruits’ acoustic absorption showed the same tendency
as thickness three but with maximums towards the frequency
range of 600–800 Hz. Finally, with thickness five, all the

fruit stones displayed two acoustic absorption peaks within
the studied frequency range: the second one within the
range of 1200–1600 Hz had the highest acoustic absorption

values.
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Fig. 22 Olive samples, thickness 5 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.
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Fig. 23 Cherry samples, thickness 5 with 0, 1, 2, 3, 4 and 5 cm of air layer. And the sample with a 4 cm layer of rockwool.

Sustainable multiple resonator sound absorbers made from fruit stones and air gap 10229
The sound absorption results demonstrated that these

materials‘ acoustic behaviour is like MHRs because higher
sound absorption values appeared at specific points, which
corresponded to resonant frequencies. This fact would allow

an analytical model to be developed for each fruit stone
panel by considering the thickness of both the sample and
air gap.

The present research concludes that an air gap improves the

sound absorption properties of these stone fruit panels and
makes them more versatile to be used in the acoustics field
by reducing the noise generated inside buildings, especially at

some particular frequencies. These materials are convenient
for specific acoustic applications, such as auditoriums, the-
atres, classrooms, among others, and offer the possibility of

covering exposed surfaces with decorative effects given their
organic appearance. This work extends previous research by
offering the possibility of combining these materials with other
traditionally used to manufacture multilayer panels for the

acoustic conditioning of buildings.
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