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Abstract: Hydroponics is a method of growing plants without soil and serves as an
efficient agricultural production system. Compared to traditional farming, hydroponic
crops offer significant water savings while also reducing the need for chemical pesticides
by eliminating soil-borne diseases and pests. Additionally, hydroponic materials are being
studied as a potential food source for space missions and as a substitute for industrially
produced animal feed during winter. This paper explores the acoustic absorption properties
of green materials derived from hydroponic systems. The roots of wheat grown in a porous
layer formed a rigid skeleton structure. After drying, test specimens were prepared for
acoustic measurements, undertaken using an impedance tube, to assess the material’s
sound absorption performance. The results indicate optimal absorption around 600 Hz and
2000 Hz, reaching o = 0.95-1.0, which is significant. A brief description of the substrate
layers is also provided.

Keywords: hydroponic systems; acoustic measurements; acoustic absorption; green tiles;
sustainability; eco-constructions

1. Introduction

Sustainable materials, also known as green materials, have been increasingly utilized
in recent decades for constructing building fabrics. These materials are primarily employed
to comply with regulations on energy savings and carbon dioxide (CO;) emission limits,
particularly in the case of thermal insulation [1]. More recently, sustainable materials have
also been applied in architectural acoustics as substitutes for traditional sound-absorbing
materials such as glass wool, polyester, and foams. A key advantage of sustainable ma-
terials is their recyclability without harming the environment. Eco-compatible materials,
derived from natural sources such as animals, plants, and minerals, are free from chemical
additives [2]. As a result, they do not emit pollutants harmful to the environment or human
health. These materials are also recyclable, biodegradable, and require low energy con-
sumption throughout their life cycle [3]. The construction sector is increasingly adopting
eco-compatible materials, driven by regulatory restrictions on energy consumption and
environmental impact. These materials also provide significant benefits for acoustic perfor-
mance [4,5]. National regulations for public construction projects increasingly encourage
their use, further promoting their absorption in the industry.

Many researchers have published studies on green materials [6], highlighting their
newly discovered functions, including high acoustic absorption—particularly at high
frequencies—comparable to traditional porous materials. Generally, green materials are
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triturated or mixed with other components and require a rigid skeleton to function effec-
tively as porous materials [7,8]. Previous research studies by Berardi [9] have reported
absorption coefficient values for materials such as kenaf, wood fibers, hemp [10], coconut,
cork, mixed cane, and cardboard [11]. These fiber-based materials show a linear, ever-
increasing absorption coefficient trendline. However, when green tiles have a granulated
composition (e.g., wood, canes), their absorption trendline exhibits two peaks. Absorption
coefficients have also been measured for broom-based tiles. Broom plants, commonly found
in Mediterranean regions, were cut and shredded to prepare multiple samples. The results
were promising, especially above 500 Hz, where samples consistently showed normal
sound absorption above 0.5. The absorption coefficients for straw, hay, broom, plant litter,
coarse-grained chestnut, wood chips, and fine-grained poplar wood chips show a double-
peak trendline, with maximum peaks recurring at constant intervals based on material
thickness [12,13]. Since these green materials are loose and granular, some manufacturers
have packed them in jute envelopes to create absorption panels for reducing reverberation
in classrooms [14], as shown in Figure 1.

(b)

Figure 1. Jute envelopes wrapping the absorption panels (a) and application of absorption coefficients

in classrooms (b).

Hydroponics is a method of growing plants without soil and serves as an efficient
agricultural production system. Compared to traditional farming, hydroponic crops offer
significant water savings while also reducing the need for chemical pesticides by eliminat-
ing soil-borne diseases and pests.

Hydroponic systems help reduce soil degradation and erosion, contributing positively
to sustainable land use. This technique utilizes sublayers of alternative materials such as
expanded clay, rock wool, perlite, paper, hemp, wood chips, and natural wool, combined
with nutrient solutions or water.

A key advantage of hydroponic systems is their ability to produce large quantities
of fruits or flowers in a much shorter time compared to traditional soil-based cultivation.
These systems are primarily developed to provide animal feed as an alternative to synthetic
or chemical-based options. Additionally, hydroponic cultivation is being explored as a
potential food source for future space missions [15]. In such contexts, plants provide
essential calories for humans while also supporting natural processes. Throughout their life
cycle, plants produce oxygen, absorb carbon dioxide through photosynthesis, and generate
potable water via transpiration.

The study of hydroponic systems for food is crucial in addressing the challenges
posed by climate variability, population growth, and fresh water depletion. In these
circumstances, alternative food production in controlled environments becomes essential
to ensure food security in a changing world [16]. In the future, hydroponic cultures could
also be employed in regions with scarce natural resources, where extreme conditions make
traditional agriculture unfeasible.
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Historically, hydroponic cultivation has played a role in Christian Easter traditions
since the Middle Ages. It has been used to grow decorative plants for church altars. During
Easter, natural ornaments made from wheat grown on paper or jute sublayers, cultivated in
the absence of light, are created. This lack of light gives the plants a characteristic yellowish
color due to the absence of chlorophyll. The final product consists of green tiles featuring
wheat plants that grow to a height of 20-30 cm, as shown in Figure 2.

T

@)
Figure 2. Christian church altar decoration during Easter: particular detail (a), overall scenogra-
phy composition (b).

The hydroponic material model was designed to create layers of sound-absorbing
materials. In this study, wheat was chosen, but other plants such as corn, chickpeas, beans,
or grasses like gramilla could be used. As the seed germinates, the plants develop on the
surface, while the roots penetrate the porous layer beneath, generating a rigid network that
compacts the substrate.

The objective of this research is to develop plant-based sound-absorbing materials
using hydroponic systems. Layers of varying thicknesses were developed with different
porous materials, serving as substrates for wheat growth. The wheat grains were cultivated
at room temperature and watered daily with small amounts of water. The material was
inserted in food-grade plastic containers and kept outdoors, where the temperature ranged
from approximately 18 °C at night to 35 °C during the day.

The porous materials used as substrates were as follows:
Hemp;

Triturated paper

Wood chips;

Triturated sugar canes from river water.

Over two weeks, the wheat grew to a height of 20 cm. During this process, the roots
penetrated the porous substrates, forming a compact material with a rigid skeleton. Once
dried, the water component was completely removed, resulting in a material with optimal
acoustic properties.

Various acoustic tests were conducted on the resulting green tiles, which were based
on different porous sublayers [17,18]. Samples with a diameter of 10 cm and thicknesses
ranging from 5 to 10 cm were prepared for testing. The primary aim of this research is
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to assess the absorption coefficient of these tiles at different thicknesses. The tests were
conducted using an impedance tube, which measures sound absorption coefficients at
normal incidence across a frequency range of 100 Hz to 2000 Hz.

2. Materials and Methods

When a sound wave hits the surface of a sample under test, the sound energy is
partially absorbed, partially reflected, and the remaining portion is transmitted through
the material. The absorption coefficient is therefore expressed as the ratio of absorbed and
transmitted energy to the incident wave. Sound absorption tests can be conducted with
an impedance tube. Given the known acoustic impedance of a material, it is possible to
determine its absorption coefficient.

Another factor influencing the absorption characteristics of a material is airflow re-
sistivity, which depends on the density of the fibers and specific flow resistivity. It is also
important to note that the bulk density is related to porosity, tortuosity, and viscosity of
a material.

The measurements using the impedance tube were conducted with two microphones
placed along the longitudinal axis. The absorption coefficient, which ranges from 0 to 1,
quantifies the amount of sound energy absorbed by a material. A coefficient value close
to 0 indicates that the material reflects most of the incident sound, while a value close to
1 signifies that the material absorbs most of the incident sound energy [19-22].

The sound absorption coefficient at normal incidence was determined according to the
procedure described in the ISO 10534-2 [23], with the transfer function method. For normal
incidence measurements, an impedance tube (Kundt’s tube) was used. The impedance
tube had the following characteristics: an internal diameter of 10 cm (corresponding to an
upper frequency limit of 2000 Hz), a length of 56 cm, and two %4’ microphones, placed
10 cm apart for measurements starting from 100 Hz.

To obtain reliable values of the absorption and minimize the effects of sample irreg-
ularities, four separate measurements were performed on each sample. The resulting
absorption values represent the average of these four measurements. The standard devia-
tion corresponds to <2%, and for this reason, it has been considered negligible.

The static airflow resistance (N-s-m~#) was measured in accordance with the interna-
tional standard ISO 9053-2 [24]. Measurements were carried out using the alternate flow
method at a frequency of 2.0 Hz. The testing device consisted of a cylindrical tube with
an internal diameter of 10 cm, sealed with the sample material. A piston system, driven
by a rotating cam, generated an alternating airflow inside the tube, while a microphone
measured the pressure disturbance. The SCS 9023 system forced air from the reciprocating
motion of a piston that moves at a frequency of 2 Hz; the internal pressure was measured
with a special microphone system. Knowing the density of the compact material and the
density of the hydroponic material, the porosity (Y) was determined. The apparent density
pm (kg/m?) was evaluated by weighing different material volumes into a graduated glass
tube, while the density of the solid psy;4 (kg/m?3) was obtained by weighing the uncrushed
material. Table 1 shows the density, porosity, and flow resistivity values. In this specific
case, since the material is porous and easy to handle, and based on experience acquired
over the years, measurements were carried out only once.

Table 1. Density, porosity, and flow resistance values.

. Density of Hydroponic . o Static Airflow
Materials Material p (kg/m?) Porosity Y (%) Resistance (N-s-m—4)
Hydroponic on hemp substrate 34 0.97 1.6-10°

Hydroponic on substrate of triturated paper 100 0.65 2.7-10°
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Table 1. Cont.

. Density of Hydroponic . o Static Airflow
Materials Material p (kg/m?) Porosity Y (%) Resistance (N-s-m—4)
Hydroponic on substrate of wooden chips 85 0.95 5.3-10°
Hydroponic on triturated canes 145 0.85 2.4-10°

Materials

Natural fibers can originate from three sources: animal, cellulose, and mineral. In this
study, only the cellulose-based fibers are considered, in particular wood fibers in the form
of sugarcane from river water and wheat grains from the stalk, jute, and hemp from the
bast [25,26]. The recycled material used in this study is paper.

The trituration of paper and sugarcane was necessary to enable the wheat grains to
extend their roots across the substrate, thereby forming a very compact and solid composite

once dried. Figure 3 shows the growth of green tiles based on different substrates.

Figure 3. Cultivation of wheat grains on substrate of paper (a), grains on triturated sugar canes (b),
and grains on hemp (c).

Once the wheat grains have germinated and grown in the pots, their roots bind the
substrates, regardless of whether they consist of small or large particles, creating a pure
green tile [27], as shown in Figure 4.

Figure 5 shows the impedance tube used for acoustic measurement (SCS—SCS 902A);
the two microphones were BSWA Tech model MPA416, while the sound amplifier was
Nobsounds model NS-10G. After the hydroponic material has grown, creating layers with
a rigid skeleton, it is dried and placed in cylinders to create measurement samples.

Figure 6 shows the SCS 9023 system for the flow resistance measurements; it is
composed of a 100 mm cylinder, holding a low-frequency pressure wave source, a low-
frequency response %’ microphone, and an adjustable sample holder. The low-frequency
pressure wave is generated by means of a piston, which is an alternating displacement
driven by a 10:1 geared motor and an electronic, closed-loop speed controller. Further to
the standard reference flow speed, three different flow speeds may be generated by simply
substituting one of the four calibrated cams on the geared motor shaft.
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Figure 6. SCS 9023 system for flow resistance measurements.

Figure 7 shows the hydroponic samples used for sound absorption measurements
with the impedance tube. The measuring tube has a circular cross-section with a diameter
of 10 cm; therefore, the samples are prepared by inserting the material into plastic cylinders.
For each type of material, two thicknesses, 5 cm and 10 cm, were prepared by inserting the
test material inside plastic pots of the desired dimensions. This approach allows for the
evaluation of the acoustic absorption coefficient as a function of thickness.
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Figure 7. Hydroponic material samples ready for impedance tube measurements (5 cm and
10 cm thicknesses).

3. Results

Acoustic measurements were performed on samples with thicknesses of 5 cm and
10 cm to evaluate sound absorption as a function of thickness and frequency [27,28]. The
results of the absorption tests are summarized in the following figures.

Figure 8 shows the absorption performance of the hemp material (black line: 5 cm
thickness, red line: 10 cm thickness). The highest absorption coefficient is found at
2000 Hz for the 5 cm thick substrate and at 800-1000 Hz for the 10 cm thick substrate.
As the thickness of the sample increases, the maximum value of sound absorption shifts
towards low frequencies; this is a characteristic behavior of porous material on a rigid wall.
However, the highest absorption values remain around 0.55.
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Figure 8. Absorption coefficients related to hemp (black line: 5 cm thickness, red line: 10 cm thickness).

Figure 9 shows the absorption coefficient when the hydroponic substrate is made
of hemp (black line: 5 cm thickness, red line: 10 cm thickness). For samples with 5 cm
thickness, the highest values around 0.55 are observed at 2000 Hz. When the thickness
increases to 10 cm, the highest values, around 0.60, occur at approximately 800 Hz.
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Figure 9. Absorption coefficients of hydroponic system grown on hemp substrate (black line: 5 cm
thickness, red line: 10 cm thickness).

As in the previous case, increasing the sample thickness shifts the acoustic absorption
toward mid to low frequencies. However, the absorption performance at low frequencies
remains low, close to zero.

When the hydroponic substrate consists solely of triturated paper, the absorption
coefficients are highly effective, reaching a value of 1.0 at 500 Hz for a 5 cm thickness and
at 250 Hz and 800 Hz for a 10 cm thickness, as shown in Figure 10.
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Figure 10. Absorption coefficients related to the substrate of triturated paper, with different thick-
nesses (black line: 5 cm thickness, red line: 10 cm thickness).

This is a remarkable result that can challenge any other traditional absorbing panel,
as improving performance at low frequencies typically requires a significant increase
in thickness. The green material demonstrates very promising results, achieving high
absorption efficiency with a maximum thickness of just 10 cm [29-33].

In a similar way, the absorption coefficients obtained with a hydroponic substrate
composed of triturated paper show a peak performance centered on high frequencies,
specifically around 1000 Hz for a 5 cm thickness and at 500 Hz for a 10 cm thickness. The
peak values range between 0.95 and 1.0, as shown in Figure 10.
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When the substrate consists of hydroponic wood chips, as shown in Figure 11, the
absorption performance does not improve for a thickness of 5 cm. In case of a substrate
of sugarcane, the peak values with a thickness of 10 cm reach a value of 0.86 at 500 Hz
and 0.96 at 1600 Hz, as shown in Figure 12, while the results related to 5 cm thickness are
similar to the others previously discussed.
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Figure 11. Absorption coefficients related to the substrate wood chips (black line: 5 cm thickness, red
line: 10 cm thickness).
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Figure 12. Absorption coefficients related the substrate of triturated canes from river water, (black
line 5 cm thickness, red line 10 cm thickness).

4. Discussion

The hydroponic system enables plant growth without soil consumption. This tech-
nique is used to create rigid skeleton-like materials from granulated compositions dissolved
in water. In this study, wheat grains were grown on a granular substrate, allowing the roots
to penetrate the granulated material and form a rigid skeleton.

The increase in microcavities makes these green tiles highly porous and, therefore,
more acoustically absorbent. Based on the results reported in the previous section, hydro-
ponically grown green materials appear to be a promising alternative to the decreasing
availability of soil due to rapid urbanization. This type of material can be used for systems
requiring sound absorption and noise reduction; it can be used inside plant barriers to
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reduce the reflection of sound in the surrounding environment, but it has a low transmis-
sion coefficient value and cannot be used in conditions where adequate sound insulation
is desired.

Below are the measurements trends categorized by thicknesses of 5 cm and 10 cm,
allowing for a comparison of differences in materials. The materials tested are as follows:

Hemp alone;

Hemp hydroponic substrate;
Triturated paper hydroponic substrate;
Wood chips hydroponic substrate;

Triturated canes hydroponic substrate.

Figure 13 illustrates the trend for 5 cm thickness, while Figure 14 presents the trend
for 10 cm thickness. The same results are numbered in Table 2. Notable differences are
primarily in the hemp and hydroponic hemp layer, whereas the other materials show
variations in the absorption coefficient values.
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Figure 13. Absorption coefficients related to 5 cm sample thickness.

In summary, the best absorption coefficients were observed with a 10 cm thickness,
particularly when paper and wood chips were used as substrates, achieving values between
0.95 and 1.0 across two frequency bands, as shown in Figure 13.

The newly developed sound-absorbing materials derived from hydroponically grown
wheat exhibit behavior like traditional porous materials. Thin layers do not absorb well at
low frequencies, whereas increasing the material thickness enhances sound absorption at
lower frequencies.

The acoustic absorption measurements were obtained using an impedance tube, with
the porous material placed on the rigid surface of the tube’s end. Acoustic absorption could
be increased by creating a back cavity between the material and the rigid back wall.

This paper presents, for the first time, the acoustic application of hydroponic material
created by sowing wheat on porous layers of loose granular material. Future research
should explore different types of seeds, such as beans, chickpeas, and couch grass, whose
roots can form a rigid skeleton. Additionally, this research should be integrated into the
food supply chain sector to achieve dual benefits: food production and the development of
green materials for acoustic panels. The acoustic characteristics of hydroponic materials
depend on the fact that the material has microcavities that allow the attenuation of the
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incident sound and therefore obtain a suitable acoustic absorption. The variations in the
absorption coefficient with frequency depend on the interactions of the sound inside the
material and the relative thickness. Future studies could provide more indications to
improve the acoustic absorption by varying the prosthesis and the resistance to the flow.
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Figure 14. Absorption coefficients related to 10 cm sample thickness.

Table 2. Tabulated data of absorption coefficients related to 5 cm and 10 cm sample thicknesses.

Test Sample 125 Hz 250 Hz 500 Hz 1kHz 2kHz
5 cm thickness samples
Hemp 0.02 0.11 0.16 0.36 0.60
Hemp hydroponic 0.02 0.12 0.16 0.37 0.70
Triturated paper hydroponic 0.02 0.31 0.95 0.65 0.60
Wood chip hydroponic 0.02 0.12 0.30 0.88 0.90
Triturated cane hydroponic 0.02 0.13 0.2 0.49 0.58
10 cm thickness samples
Hemp 0.05 0.21 0.48 0.54 0.50
Hemp hydroponic 0.01 0.17 0.35 0.54 0.47
Triturated paper hydroponic 0.45 0.95 0.57 0.86 0.60
Wood chip hydroponic 0.10 0.44 0.99 0.76 0.90
Triturated cane hydroponic 0.10 0.38 0.86 0.57 0.50

5. Conclusions

The sustainable concept of preserving soil for agriculture can be effectively explored
through hydroponic systems. To date, hydroponic systems have not been widely used for
interior design or architectural finishes. However, this study demonstrates the functionality
of green tiles in terms of absorption.

In particular, the absorption coefficients are tuned to specific frequency bands, reaching
2000 Hz with 5 cm thickness and shifting to around 600 Hz with 10 cm thickness. The
absorption magnitude in these cases reaches values between 0.95 and 1.0, especially when
using triturated paper or wood chips as substrates.

A significant change in architectural design is possible by adopting strategies that
reduce CO2 emissions and incorporate local, recycled materials aligned with the sustain-
ability principles. Future research studies will focus on applying these green tiles to real
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case studies by measuring the reverberation before and after installation. Additionally,
potential applications for impact noise reduction could be explored, particularly for green
roofs and penthouses, where terraces are often designed with trees and plants.
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