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Abstract

The problem of textile industry waste has become increasingly relevant. Recycling clothing
industry waste to build acoustic panels is one of the most popular and relatively inexpensive
ways to use clothing industry waste. We see a lack of information on the acoustic properties
of panels made from waste from the clothing industry. The aim of this research is to
determine the acoustic properties of a wide range of clothing industry waste recycled into
acoustic panels. The acoustic panels were made from clothing industry waste, a different
composition of textile and paper residues generated during digital printing processes. We
see that panels made from square-cut scraps knitted and woven fabrics, and from yarns
and fibers have relatively good acoustic properties. The panel made only of paper had
good acoustic properties, the production of panels from paper and textile resulted in similar
acoustic properties. Analyzing the acoustic properties of the double specimen, it was found
that testing the double-layered panels, the insertion loss is better; by tripling the samples,
it was found that although the acoustic properties improved, they were only marginal.
Cellulose fiber boards were characterized by significantly higher air resistance. The air
resistance of the boards made from fabric scraps was lower.

Keywords: textile; paper; waste; clothing industry; acoustic panels

1. Introduction

Fast fashion trends, population growth, and their increasing purchasing power are
driving the production and consumption of clothing, footwear, and household textiles.
In 2022, 7.6 million tonnes of finished textile products were produced in the EU-27, with
consumption reaching 19 kg per person [1]. By 2030, textile production is predicted to
increase to 145 million tonnes [2]. The textile sector has a huge impact on the environment
and climate, in terms of greenhouse gas emissions, waste generation, water and land
use, pollution from the use of chemicals, as well as microplastic pollution [2-7]. Envi-
ronmental challenges are one of the factors driving the transformation of the sector in
order to implement the European Green Deal, the updated EU Industrial Strategy, the 2030
Agenda for Sustainable Development, and the EU Strategy for Sustainable and Circular
Textiles [8-11]. The transformation of the textile sector is related to the transition from a
linear economic model to a circular one, in which sustainable waste management practices
are particularly important [12-18]. Alongside other textile waste management initiatives,
recycling is an important step toward reducing the environmental impact and conserving
resources, as well as supporting a circular economy by transforming waste into valuable
resources. The integration of textile recycling products into the supply chains of other
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sectors strengthens industrial symbiosis and promotes sustainable economic models. A
comprehensive scientometric and systematic analysis of the literature review revealed that
there is a growing interest in the use of textile waste in the construction and building sector
for several years [19], considering environmental pressures and the need for sustainable
solutions in this sector [20].

In addition to other areas such as the use of textile waste in concrete constructions,
reinforcement, and thermal insulation, much attention is being paid to the transformation of
this type of waste into acoustic panels, seeking a sustainable alternative to traditional materials.

Research on the latter topic shows that materials produced from textile waste have
good sound performance. A study of the sound absorption properties of nonwoven com-
posites made from recycled cotton/polyester fibers mixed with rigid polyurethane foam as
a binder revealed that these materials have excellent absorption of high frequency sound
waves and can be used as sound barriers [21]. Panels made from the combination of textile
fibers and rubber crumbs were obtained and showed a good characteristic of loss of sound
transmission, especially at high frequencies [22]. The investigation of eco-friendly acoustic
panels made from recycled textile waste and thermoplastic polypropylene fiber showed that
natural and regenerated fibers with high cellulose content had the best sound absorption co-
efficients [23]. Several researchers are specifically focusing on the use of denim waste as an
effective material for soundproofing. The successful design and production of sustainable
fire-resistant panels from discarded post-consumer denim for sound was demonstrated
in a study [24]. When developing an interior finishing panel from denim waste with an
ecological binder, it was found that waste with different structures provides different sound
insulation, and a panel made from fabric threads had better sound insulation properties
than a panel made of square-cut scraps [25]. High value-added composite materials by
combining denim fabric and packaging waste, such as polypropylene and polyethylene
bottle caps, food and cleaning containers, were investigated in [26]. The results show
that the textile-based composite panels developed are applicable as commercial support
materials and have good thermal and acoustic insulation properties. There are several
other studies that examine panels made from textiles in conjunction with other categories
of waste. Ruzickij et al. produced and tested 16 different composite panels from tire textile
fiber and paper sludge [27]. The researchers found that such panels have good acoustic
parameters. Similar results of a good absorption coefficient were obtained for scraps of
wool and paper panels in [28]. Also, a good thermal and acoustic behavior was found
during the investigation of panels produced by scrap paper and textile fibers, joined by
glue [29]. However, the results of the preliminary life cycle assessment showed that these
panels cause relatively large energy consumption and a high potential for global warming.

Comparisons of acoustic panels made from textile waste with commercial products
for similar purposes show the advantage of textile-based panels. A group of researchers
who have studied the acoustic and mechanical properties of eco-composites made from
jute, hemp, coconut, biaxial linen fibers, and fibers obtained from textile waste claim that
these materials are a real and effective alternative to traditional composites of synthetic
matrices and fiberglass reinforcement [30]. When investigating the design possibilities
of an acoustic panel with macro-openings, a panel made from shredded unsorted textile
waste showed excellent results of sound absorption coefficient, demonstrating that such
a panel can replace commonly used Plexiglas panels [31]. The results indicated that
a composite produced from used and discarded denim bound with phenolic resin can
successfully compete with commercial glass wool products for noise control [32]. Similar
findings, namely that denim shoddy effectively absorbs sound, with better results than
glass wool, were obtained in the study by Raj et al. [33]. After research and comparison
with commercially available acoustic insulation material (gypsum board), it was concluded
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that recycled denim fiber products with Sorona® or PLA binder fiber had better insulation
properties [34]. In the study [35], the test results showed that the sound insulation properties
of samples made with mixed cotton/polypropylene waste and natural rubber as a binder
were comparable to commercially available sound insulation boards. It was found that their
sound insulation increases with increasing thickness. Rubino et al. conducted extensive
research on the development of nonwoven materials for construction applications from
textile waste and bicomponent fibers as a binder, from prototype to industrial scale-up, and
the study of the possibilities of using these materials in conjunction with existing building
structures [36-39]. The results showed promising sound absorption properties of these
nonwovens, which allow them to be used to improve the sound insulation of buildings.

It should be noted that even if the properties of acoustic textile-based panels are not the
best, their use is relevant due to other factors, such as reducing the environmental burden,
good thermal insulation characteristics, and more. The study revealed [40] that household
materials at their end of life, including clothing, are suitable for the production of acoustic
panels, while highlighting that such panels are an effective solution to the problem of
acoustic discomfort for low-income households. When semifinished panels of different
compositions (mainly polyester, cotton, and mixed fabrics) obtained from post-consumer
textile waste were tested, medium acoustic performances were observed. Considering
this, as well as good thermal insulation properties, such panels can be used in building
partitions and interior spaces [41]. However, the acoustic panel, made from non-separated
textile waste mixed with a mixture of water-based and PVA adhesives, isotonic solution
and sodium bicarbonate, needs to be upgraded by improving its porosity, surface texture
and binder to achieve better acoustic properties [42].

As the analysis of the scientific literature shows, most studies have been conducted
with post-consumer textile waste, but there are some studies that focus on the incorporation
of waste generated during the manufacturing process of textiles and clothing. Acoustic
panels were produced from waste from the spinning and weaving industry [43], insula-
tion blankets for roofs and internal walls of buildings were made from polyester cutting
waste [44], waste from the production of safety footwear was used to make acoustic and
thermal insulation material [45]. The results of these works show similar insulation charac-
teristics or higher compared to conventional materials. Using industrial PET nonwoven
textile waste, which is generally a clean and high-quality material, thermal insulation
boards with a noise reduction coefficient of more than 0.2 were produced, so they can be
effectively used as sound absorbent elements [46]. Sewn-in label edge waste, typically
composed of PES, has been used to create insulation panels. In the case of the thickest
panel, excellent acoustic insulation was achieved [47]. The acoustic properties of boards
made from woolen yarn waste, generated in various yarn production processes, are very
similar to those of conventional thermal insulating and sound absorbing materials [48].

Islam et al., discussing the current progress in the use of industrial and post-consumer
recycled textiles in insulation materials, emphasize that research in this area is still in its
initial stages [49]. Textile waste has the potential to be used as an environmentally friendly
insulation material, but well-focused research is needed.

The analysis of the scientific literature has shown that great attention to environmental
awareness and the tightening of sustainability requirements in the construction and textile
sectors determine the relevance of scientific research on the use of textile waste as secondary
raw materials for the creation of building materials. Although environmental benefit is
the main value of soundproof panels made from textile waste, it is equally important that
the results of scientific research contribute to solving vital tasks such as reducing noise
pollution and creating a healthier indoor environment. Many studies have demonstrated
that textile-based composites exhibit favorable sound absorption properties; however,
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the scientific problem of determining the optimal combinations of matrix (binder) and
reinforcement components, as well as the appropriate production parameters, remains
unsolved. This is particularly relevant in order to maximize the share of textile waste in the
panel, while expanding the effective range of acoustic properties.

Existing studies have focused mainly on post-consumer textile waste, with a pre-
dominance of single fiber waste streams, often with an emphasis on sound absorption
coefficients alone. Meanwhile, industrial textile waste, although relatively clean, abundant
and diverse in composition, has not been systematically investigated in the context of
acoustic building products. There is a lack of systematic acoustic evaluation of various pre-
consumer knitted/woven scraps, yarns and mixed paper—textile waste. Furthermore, most
research focusses on determining the sound absorption coefficient, which is important for
the attenuation of architectural materials, but for building materials used for soundproof-
ing, insertion loss, which characterizes the ability of a material to attenuate noise levels,
is more informative. Comparative datasets on insertion loss (not only absorption) using
waste streams from the garment industry according to a consistent production protocol
are lacking.

The aim of this study is to conduct a systematic evaluation of the acoustic properties
(insertion loss and total insertion loss) of composite panels produced from waste generated
during garment production. By applying a uniform production method and comparing
different waste compositions, the study provides new insights into the acoustic behavior
of understudied pre-consumer textile waste streams and their potential applications in
sustainable acoustic building materials.

2. Materials and Methods

The acoustic panels were made from clothing industry waste, different compositions
of textiles and paper, of which large quantities remain after the sublimation process; a
mix of them has been investigated in this research. The list of test specimens used in this
research is given in Table 1.

Table 1. Type and description of the sample material.

No

Specimen/Material Type Description of Specimen

M1

Knitted or woven fabric

Knitted fabric, surface density 225 g/m?, composition: 85% Recycled Polyester,
15% Elastane.
Panel was made from square-cut scraps, ranging in area from 0.5 to 1.5 cm?,
panel thickness ~1.65 cm, density 491 kg/m?.

M2

Knitted fabric, surface density 270 g/ m?2, composition: 94% Polyester,
6% Polyurethane.
Panel was made from square-cut scraps, ranging in area from 0.5 to 1.5 cm?,
panel thickness ~1.74 cm, density 402 kg/m?3.

M3

Woven fabric, surface density 144 g/m?, composition: 85% Recycled Polyester,
15% Elastane.
Panel was made from square-cut scraps, ranging in area from 0.5 to 1.5 cm?,
panel thickness ~1.53 cm, density 464 kg/m?.
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Table 1. Cont.

No Specimen/Material Type Description of Specimen

Knitted fabric, surface density 190 g/ m?, composition: 78% Recycled Polyester,
22% Elastane.
Panel was made from square-cut scraps, ranging in area from 0.5 to 1.5 cm?,
panel thickness ~1.40 cm, density 509 kg/ m3.

Knitted fabric, surface density 139 g/m?, composition: 92% Recycled coffee
ground Polyester, 8% Spandex.
Panel was made from square-cut scraps, ranging in area from 0.5 to 1.5 cm?,
panel thickness ~1.60 cm, density 474 kg/ mS.

Panel made from Flax fibers with lengths ranging from 1 to 5 cm,
panel thickness ~1.40 cm, density 559 kg/m?3.

Panel made from Flax thread with lengths ranging from 1 to 5 cm, panel
thickness ~1.17 cm, density 540 kg/m?3.

Woven fabric, composition 100% Flax, surface density 182 g/m?.
Panel was made from square-cut scraps, ranging in area from 0.5 to 1.5 cm?,
panel thickness ~1.45 cm, density 546 kg/m?3.

Panel made from cotton thread with lengths ranging from 1 to 5 cm, panel
thickness ~0.87 cm, density 511 kg/m3.

Paper, surface density 100 g/m?.
Panel was made from square-cut scraps, ranging in area from 0.5 to 1.5 cm?,
panel thickness ~1.40 cm, density 617 kg/m?.

10 P1
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Table 1. Cont.

Specimen/Material Type Description of Specimen

11

P2

Paper + textile

Panel was made from 50% Paper and 50% Knitted fabric (85% Recycled
Polyester, 15% Elastane, surface density 225 g/m?). Panel was made from
square-cut scraps, ranging in area from 0.5 to 1.5 cm?, panel thickness
~1.62 cm, density 504 kg/ m3.

12

P3

Panel was made from 50% Paper and 50% Knitted fabric (78% Recycled
Polyester, 22% Elastane, surface density 190 g/ mz). Panel was made from
square-cut scraps, ranging in area from 0.5 to 1.5 cm?, panel thickness
~1.58 cm, density 522 kg/m?3.

13

P4

Panel was made from 50% Paper and 50% Knitted fabric (94% Polyester, 6%
Polyurethane, surface density 270 g/m?). Panel was made from square-cut
scraps, ranging in area from 0.5 to 1.5 cm?, panel thickness ~1.57 cm,
density 478 kg / mS.

14

P5

Panel was made from 50% Paper and 50% Woven fabric (85% Recycled
Polyester, 15% Elastane, surface density 144 g/m?). Panel was made from
square-cut scraps, ranging in area from 0.5 to 1.5 cm?, panel thickness
~1.73 cm, density 531 kg/ m3.

15

pPé6

Panel was made from 50% Paper and 50% Knitted fabric (92% Recycled coffee
ground Polyester, 8% Spandex, surface density 139 g/m?). Panel was made
from square-cut scraps, ranging in area from 0.5 to 1.5 cm?, panel thickness

~1.46 cm, density 510 kg/m?3.

The panels were made from pre-consumer textile and paper waste of different struc-
tures. The textile and paper components of the composite were prepared separately and
mechanically mixed with a binder. Corn starch was chosen as the binder due to its good
structural compatibility. A 1:1 mass ratio of waste material to dry corn starch was used,
the starch was dissolved in 1 L of warm water and the mixture was stirred mechanically
until the mass became homogeneous. The material and binder mixtures were pressed
into a circular mold with a diameter of 315 mm and heated for 24 h at a temperature of
40 °C in a ventilated oven. It is known from previous experiments [25] that this time is
sufficient for the panels to dry completely (the mass of the sample remains constant). A
constant external load of 967 Pa was applied to all samples during pressing in the mold and
heating. The thickness of the panels depends on the material composition and compression.
After heating, the load was removed, and the panels were conditioned for at least 24 h at a
temperature of 23 & 2 °C and 50 + 5% humidity before testing. Recycling of waste from
the clothing industry into acoustic panels is presented in Figure 1.
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Clothing industry waste Shredding of clothing Acoustic panels
industry waste in to production and research

—p fibers

5 threads

square-cut
scraps

Figure 1. Recycling of waste from the clothing industry waste into acoustic panels.

The insertion loss is the acoustic property of the materials, which were determined in
this investigation following the recommendations of ISO 7235 and ISO 5135 [50,51]. This
property characterizes the materials capability of attenuation of sound. The higher the
values of insertion loss, it means that materials better reduce the sound level.

The insertion loss was determined on a custom-made test bench. The test bench was
installed in the acoustic laboratory premises. For this purpose, two adjacent rooms with
window testing openings were used between them. The principal scheme (plan view) of
the test bench is given in Figure 2.

Microphones

Loudspeaker Isolated tube —

\ &

E\ﬂ) ) 2 afetatatatatanitatatits <
Isolated box Isolated wall
Source room Reverberation room

Figure 2. Scheme of the acoustic test bench.

The test bench consists of an isolated box with one-way Yamaha CZR12 loudspeaker
installed inside to generate sound located in the source room. The box was constructed
using a wooden plank and OSB boards (Figure 3). The entire inner surface of the box was
covered with mineral wool (density 130 kg/m?) of 100 mm thickness that to eliminate
sound reflection from the box walls. The isolated box was connected with a 3000 mm length
and 315 mm diameter PVC tube. The PVC tube was isolated with 100 mm thick mineral
wool mat (density 45 kg/m3). The tube goes through an isolated window opening and
connects the sound source box in the source room with the reverberation room (Figure 3).
The window test opening was isolated using 6 layers of high density (120-165 kg/m?)
mineral wool slabs and 4 layers of OSB boards (density 600 kg/m?).
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(@)

(b)

Figure 3. Insertion loss test bench: (a) view from the sound source room side, (b) view from the

reverberation room side. 1—isolated box with sound source inside; 2—isolated tube; 3—test specimen.

The six fixed microphone positions for measurements were used inside the reverber-
ation room. Measurements in each microphone position were repeated three times. The
sound pressure level was measured in the 100-5000 Hz frequency range. The measurements
were performed using Norsonic Nor850 acoustic system which is verified in an accredited
laboratory. This system is the first accuracy class. The expanded uncertainty of the system
is £0.19-0.26 dB in the 100-5000 Hz frequency range. Before and after each measurement
session, all microphones were calibrated with a verified calibrator Nor1251. The pink noise
was used in this research. The measurement procedure was as follows: first, the noise was
turned on and the sound level measured in the reverberation room without a test specimen
on the test bench, the tube with open end. Second, the test specimen was installed on
the test bench (at the open end of the tube), the noise was turned on, and the sound level
was measured.

This procedure was repeated for all test specimens. After all test specimens were
measured, the insertion loss (D;) was calculated according to the following formula [50]:

D; =L,—Ly (dB) 1)

there:

Ly—sound level in the reverberation room without specimen in the test bench;
Li—sound level in the reverberation room with specimen in test bench.

Airflow resistance is a property that was determined according to ISO 9053-1 [52] in
this investigation. This property characterizes the permeability of the materials of the air.
The higher the values, it means that materials stop airflow better. Airflow resistance was
determined on a custom-made test bench (Figure 4). The test bench consists of a cylinder
PVC tube (diameter 315 mm) with several measurement cells, device to produce airflow
(air compressor), device to measure volumetric airflow (rotameter RM-2.5 GUZ), device to
measure differential pressure (calibrated dual channel digital micromanometer Retrotec
DM32) (Figure 4).
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(b)

Figure 4. Airflow resistance test bench: (a) general view, (b) principal scheme. 1—test specimen;
2—rotameter; 3—micromanometer; 4—air flow.

The measurement procedure was the following: the test specimen was placed in the
measurement cell and the perimeter was sealed. After that, the air compressor was turned
on for airflow generation. Using a rotameter, the airflow rate of airflow was changed from
0.2 m?/h to 1.6 m3/h. The change in air flow rate was measured by measuring the pressure
difference using a micromanometer. Using measurement data (airflow rate and pressure
difference), airflow resistance (R) is calculated according to the following formula:

Ap
Jo

R= @)

there:

Ap—air pressure difference, across the test specimen with respect to the atmosphere, Pa;
go—volumetric airflow rate, passing through the test specimen, m?/s.

The airflow resistance measurement equipment is calibrated, the RM-2.5 GUZ ro-
tameter with an uncertainty of £0.01 m3/ h, and micromanometer Retrotec DM32 micro-
manometer with an uncertainty of +0.6 Pa. All tests were carried out under laboratory
conditions (20 °C, 50% RH).

Statistical analysis was performed using the mean £ 95% confidence interval (CI)
based on repetitions. The number of repetitions (1) was as follows: n = 3 for insertion loss
measurements, and n = 5 for airflow resistance measurements for each panel variant. CI
were computed assuming approximately normal distribution of the repeated measurements
and using a two-sided t-interval due to the limited sample size.

3. Results and Discussion

In the context of textile waste, according to the ISO 5157:2022 standard [53], waste is
divided into categories to ensure clarity and consistency in recycling processes, circular
economy and sustainability evaluation. Key categories include the following;:

e  Pre-consumer textile waste, that is, waste from the production process that has not
yet been used by the end user, as spinning residues, weaving by-products, dyeing
sludge, short fibers, garment cutting waste, defective products, surplus fabric rolls,
deadstock from textile production, as well as trims, yarns, belt, buttons, and other
items used in the manufacturing. His category also included items returned unused
by the consumer to the retailer. Postindustrial textile is often used as synonymous
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with pre-consumer textile waste. Postindustrial textile waste refers to textile waste
generated during the production of intermediate or final products in the textile and
clothing industry. This category includes cutting scraps, rejected fabric batches, and
off-spec garments that have not reached the customer;

e  Post-consumer textile waste, that is, products that have already served their purpose
for the end user and are discarded because they are no longer needed. This includes
used clothing, used home textiles (furniture upholstery, curtains), or end-of-life indus-
trial textile products;

o  Textile process waste, i.e., waste generated during the manufacturing or processing of
textile materials and products. This is waste from spinning, weaving, dyeing, finishing
processes, and other by-products of textile production. This is a more general term
that includes all waste from fiber to the final product in the production stages, with
an emphasis on production processes. The generation of waste in textile and clothing
production processes is inevitable, depending on the stage of production, it amounts
to 5-20% [43,54,55], although, for example, leftovers can reach 40% of the total amount
of fabric used in products [56].

This study focuses on waste from the clothing manufacturing process, whose recycling
has received less attention in scientific research compared to other categories of waste.
It can be assumed that more attention is paid to post-consumer waste because the latter
represents the majority of waste, corresponding to 87% in EU countries [57]. Although the
amounts of pre-consumer waste are relatively small compared to consumer waste, it still
amounts to more than a million tons of waste per year. Furthermore, a growing population
and increasing consumption of fashion products mean increased production volumes.
Textile process waste has several advantages compared to post-consumer textile waste.
These are often clean, unused textile products eliminated directly from the production
process, free from external contamination due to long-term use (detergents, sweat, and
smells). The material characteristics of these kinds of waste are known (fiber composition,
surface density of the material, finish), which is very important for implementing targeted
recycling. Waste from the same production line usually has similar properties, allowing
consistency in the development of new products. In the case of post-consumer textile waste,
determining the fiber composition of a product can be difficult, especially when using
manual sorting, because composition labels can be removed, worn out, and it is also a slow
process. Meanwhile, industrial waste, due to its uniform composition and cleaner form, is
more easily adapted to mechanical or chemical recycling, without the need for intensive
sorting, cleaning, or disinfection. Often, this waste is continuously generated and can be
supplied in large quantities as secondary raw materials at a low cost or free of charge, while
part of consumer textile waste remains uncollected, despite the efficiency of the collection
process. With proper regulation of legal regulations and management of collection pro-
cesses, the quantities and content of collected production waste are predicted, which is
very relevant in order to ensure industrial flows of innovative products from textile waste.
In order to achieve the goals of circular economy and waste reduction, the environmental
responsibility and requirements of manufacturers are increasing, determining the interest
in participating in waste management.

All of the advantages listed emphasize the relevance of scientific research in identi-
fying and substantiating the potential of pre-consumer textile waste for the creation of
valuable products. The interest of the scientific community in textile process waste is
demonstrated by the fact that in recent years, in addition to these conventional macro-sized
textile wastes, attention has been paid to microfiber waste [5]. The textile industry also con-
tributes significantly to microplastic pollution, with most microfibers released during the
manufacture of textile products [58]. In the search for solutions to contribute to sustainable
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waste management in the textile industry, efforts are also being made to find applications
for this waste [59].

In addition to the use of textile process waste, the study performed also focused on
non-fibrous waste generated in the textile value chain. The study examined the possibilities
of using paper waste in the development of acoustic panels, specifically sublimation trans-
fer paper residues generated during digital printing processes in the textile industry. The
widespread use of dye-sublimation printing technologies in the fashion and sportswear
sectors creates a significant waste stream of sublimation paper, which is currently not
explored in waste utilization studies. By integrating sublimation paper waste into proto-
types of acoustic composite panels, together with textile production waste, the aim is to
unlock the circular economy potential of this underutilized resource and contribute to the
development of innovative materials for the construction and soundproofing sectors.

Figures 5-7 present the average insertion loss results of the tested panels in the
frequency range 100-5000 Hz, obtained based on three repeated measurements. The mean
with a 95% confidence interval was calculated for each frequency, and the resulting range
of CI from 0.0 to 1.2 indicates high measurement accuracy.

30

o
==

Insertion loss, dB
N
wn

p—
wn

10

(9]

100 125 160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000
Frequency, Hz
M1 M2 M3 — M4 M5

Figure 5. Insertion loss in the 100-5000 Hz frequency range of textile scrap panels.

When evaluating the variation in the insertion loss of the plates in the frequency range
from 100 to 5000 Hz of textile scrap panels (Figure 5), we see that in virtually all cases, the
insertion loss from 100 to 500 Hz does not have a constant trend. Although the insertion
loss tends to decrease in the 125-500 Hz frequency range, a sharp increase is observed at
200 Hz in all cases studied. From 500 Hz onwards, the insertion loss increases in all cases,
in means that sound is better attenuated at higher frequencies.

On evaluation of the obtained results, we see that panels made from square-cut scraps
knitted and woven scraps have relatively good acoustic properties. The best results in this
group are the panel M5, which is knitted fabric, surface density 139 g/m?2, composition: 92%
Recycled coffee ground polyester, 8% Spandex. Similarly to M5 performance, we have M2.
M2 have 2-3 dB lower attenuation than M5 in the 100-2500 Hz frequency range, but from
3150 Hz is almost the same (difference up to 1 dB). Panels M1, M3, and M4, which have
a higher surface density, have very similar acoustic properties, yielding almost identical
results. Their insertion loss is up to 5 dB worse compared with M5 in the 100-1600 Hz
frequency range and up to 15 dB in the frequency range 2000-5000 Hz. This means that
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panels with lower surface density better absorb sound as a result of their more porous
structure—more cavities inside inner structure, so the noise could be better attenuated.
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Figure 6. Insertion loss in the 100-5000 Hz frequency range of cellulose fiber panels: (a) flax panels,
(b) denim panel.

Although pore size distribution and tortuosity were not directly measured in this
study, density and airflow resistance are indirect but informative indicators of the internal
structure. Lower density specimens generally exhibited lower airflow resistance, indicating
a more open and interconnected pore network. The type and shape of the textile waste
play a key role in shaping this effective pore structure. Knitted fabrics tend to deform more
easily under compression than woven fabrics, and woven structures may collapse more
under load, resulting in denser areas and reduced permeability.
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Figure 7. Insertion loss in the 100-5000 Hz frequency range of panels containing paper.

Panels made from cellulose fibers (Figure 6) also exhibited similar acoustic properties
and curve character as square cut scraps knitted and woven fabrics. In the analyzed
frequency range, the curve is more of the L type than the M type.

This means that attenuation of sound is similar in all frequency ranges due to the
structure of the panels. In this group, we can distinguish the L1 panel, made of flax fiber;
insertion loss of this panel was the highest (Figure 6a). The other two flax panels, made
from flax yarn (L2) and made from square cut scraps of flax woven fabric (L3), had slightly
lower (up to 5 dB) insertion loss. A panel made from shredded denim threads also had
good acoustic properties. (Figure 6b) and performs similarly to L1 acoustic performance.
These panels (L and D) are stiffer than M, and this also influences curve character and
attenuation level.

Considering that the clothing industry generates a lot of paper production waste, a
panel made entirely of paper and a panel made using 50% paper and 50% textile scraps
from group M were produced. On the basis of the results obtained, we see that the panel
made only of paper had the highest insertion loss in this group (Figure 7).

The insertion loss value of P1 comparing with other P group specimens is up to 5 dB.
The panels of paper and textile resulted in very similar acoustic properties (difference
between P2-P6 is 2-3 dB). In this case, as in previous results, the composite of paper and
M5 panel had better acoustic properties. The acoustic performance of these panels is similar
to M type panels and means that the textile structure influences sound attenuation and
influences insertion loss value.

The results of the total insertion loss (mean value with 95% CI) of each panel tested
are given in Figure 8.

The CI ranged from 0 to 0.14 dB, indicating precision of the results. Analyzing the
results of total insertion loss of a single panel of each variant, it was found that the highest
attenuation was achieved, respectively, with M5, L1, D1, and P1 panels.

Therefore, these panels were chosen for further research. The combination of double
and triple specimens was made (Table 2). The measurements were performed according to
the same procedure as with single specimens.
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Figure 8. The total insertion loss of panels tested; error bars represent 95% CI of the mean.

Table 2. Combinations of specimens in tests.

Double Specimen Triple Specimen
D1+P1 L1+D1+M5
L1+P1 L1+D1+P1
P1 + M5 M5 + D1 +P1
L1+D1 P1+L1+M>5
L1+M5 -

D1 + M5 -

Analyzing the acoustic properties of the double specimen (Figure 9), it was found
that when testing the double-layered panels, the insertion loss is better compared to single.
Analyzing the dependence of insertion loss on frequency (Figure 9a), we can see that the
character of the curve remains the same as in the case of the single specimen: decrement
in the 100-630 Hz frequency range except at 200 Hz and increment from 800 to 5000 Hz.
However, results are better (higher attenuation of sound) in panels up to 10 dB in analyzed
frequency range compared with single panels. Analyzing the total insertion loss (the mean
value with 95% CI, CI ranged from 0 dB to 0.38 dB) (Figure 9b), we see that in this case, also,
better results (higher attenuation of sound) are obtained. The highest total insertion loss,
23.8 dB, was determined with L1 + D1 (panel made from Flax fibers with lengths ranging
from 1 to 5 cm + panel made from cotton thread with lengths ranging from 1 to 5 cm)
panels. The total insertion loss of the combination of D1 + P1 panels is similar (difference
1.2 dB), reaching 22.2 dB. The combination consisting of other panels had worse acoustic
performance up to 7 dB compared with L1 + D1. The P1 + M5 panel had the worst acoustic
properties of all double specimens. This difference can be explained by the structure and
stiffness differences in the materials used.

By tripling the samples and measuring the possible combinations of panels under
study (Figure 10), it was found that although acoustic performance improved, it was only
marginal. The trend of the dependence of the insertion loss on the frequency remained the
same as in the previous variants.
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Figure 9. Insertion loss of double panels: (a) insertion loss in 100-5000 Hz frequency range, (b) total
insertion loss; error bars represent 95% CI of the mean.

And when analyzing the total insertion loss (the mean total insertion loss with 95%
CI, ranged from 0.14 dB to 0.29 dB), it was found that adding a third panel, in some cases,
even worsened the acoustic properties (Figure 10b). Studies have shown that the addition
of another board combination of L1 + D1 boards reduced the loss of insertion most in
both cases. This difference in triple specimens compared to double specimens could be
influenced by impedance mismatch between layers of different materials, reduced beneficial
pore connectivity, and increased stiffness, leading to different transmission pathways. Also,
this could influence the type of specimen which first is orientated to the source side. Softer
specimens vibrate more than rigid and attenuate more noise, but some combination of
them could have resonances, which increases sound transmission. For example, adding the
M5 panel to L1 + D1 reduced the insertion loss from 23.8 dB to 21.6 dB, and adding the P1
paper panel to the aforementioned combination reduced it to 22 dB.
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Figure 10. Insertion loss of triple panels: (a) insertion loss in 100-5000 Hz frequency range, (b) total
insertion loss, error bars represent 95% CI of the mean.

In the case of doubled P1 + M5 panels, the opposite result was obtained; when the
D1 panel was added to this combination, the total insertion loss increased from 16.7 dB to
20.7 dB, and when the L1 panel was added, it increased to 21.6 dB. In general, in this case, it
was found that the total insertion loss of all combinations is quite similar and ranges from
20.7 to 22 dB. Thus, in this case, adding a third panel does not always give a positive result.
This could be influenced by the structure and the stiffness difference. The best results are
obtained by combining panels with the D1 panel, as this panel has the highest insertion
loss among the tested panels and determines the best properties of the entire combination.

The airflow resistance results of the tested panels are presented in Figures 11 and 12.
The data from five measurements show low variability, with ID in the range of 0.23-3.18,
confirming high precision of the measurements.

Analyzing the air flow resistance of the panels, it was found that different panels have
different air conductivity (Figure 11). When evaluating the air resistance of panels made
from textile scraps, it was found that the highest resistance, 20.3 kPa/s/ m?3, was observed
in panel M5, which was made from square-cut scraps of knitted fabric (surface density
139 g/m?), composition: 92% Recycled coffee ground Polyester, 8% Spandex. The highest
air permeability resistance of 12.2 kPa/s/m? is for panel M2, which was also made from
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square-cut scraps of knitted fabric, but with a surface density of 270 g/m?2, composition:
94% Polyester, 6% Polyurethane. The air permeability of panels M1, M3, and M4 was
almost the same, reaching approximately 7 kPa/s/m?3.
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Figure 11. Airflow resistance of the tested panels, error bars represent 95% CI of the mean.
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Figure 12. Airflow resistance: (a) double panels, (b) triple panels, error bars represent 95% CI of
the mean.

Cellulose fiber boards were characterized by significantly higher air conductivity
resistance. When evaluating linen boards, high air conductivity resistance was determined
for boards made of fibers (36.1 kPa/s/ m3) and yarns (30 kPa/s/ m3). The air resistance of
the boards made of fabric scraps was significantly lower. There are fewer gaps between the
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threads and fibers, and the fabric has a spatial structure, which means that air permeability
is higher. The highest airflow resistance of all the panels tested is that of a panel made of
denim fabric (Figure 11); in this case, the airflow resistance reaches 49.9 kPa/s/ m3. The low
air permeability characteristics of cellulose panels can also be explained by the swelling of
cellulose fibers during panel production, as a result of which the panel is more uniform,
there are no gaps, and it is characterized by impermeability.

When analyzing the panels made of paper, textile scraps and paper (Figure 11), it was
found that the highest resistance to air conductivity was observed only in the panel made of
paper (24.2 kPa/s/m?). When comparing panels made of only textile waste and paper with
textile waste, we see that the additional paper only slightly changed the air conductivity
of the panels. This could be explained by the fact that textile materials are spatial and
allow larger gaps between their structures. Paper is flat, does not have a strongly expressed
spatial structure, and therefore, it adheres better to the plate and is less permeable to
air flow.

When evaluating the air conduction resistance of samples from two (Figure 12a) and
three (Figure 12b) samples, we see that the results are similar. The samples that were
paired with the D1 plate had higher air resistance (D1 + P1, L1 + D1 and D1 + M5), which
ranged from 72.3 to 70.3 kPa/s/m?3. The air resistance of the other pairs of plates was about
three times lower. Analogous results were obtained with samples from three plates.

As airflow resistance shows the specimens resistance to air passing through it and can
be linked with insertion loss of tested material. The relationship between total insertion
loss and airflow resistance was established in Figure 13. From the relationship, it could
be seen that specimens with low airflow resistance have lower insertion loss value (worse
isolate sound) and the panels with higher airflow resistance value have higher insertion
loss (better isolate sound). These two properties depend on specimen porosity. It means
that specimens M and P type except M5 and P1 have more open porosity as air as well as
sound easily pass through these specimens (pores are interconnected and connected to the
surface). The specimens L type, except L3, D1, and P1, have more closed porosity and tight
pores (pores are sealed off from one another) as the air and sound are more attenuated
in these specimens. The specimens M5, L3, and P1 have similar amounts of closed and
open pores as their air flow resistivity is in the middle. The specimens made of textile and
paper + textile material are themselves more porous than specimens made of just paper,
flax, and denim, and have worse airflow resistance and insertion loss.
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Figure 13. Relationship between total insertion loss and airflow resistance.
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Thus, after evaluating the results of the conducted research, it can be seen that the use
of various wastes from the clothing industry in acoustic panels is possible and textile waste
is the main component in these panels. Thus, after evaluating the results of the conducted
research, it can be seen that the use of various wastes from the clothing industry in acoustic
panels is possible and textile waste is the main component in these panels. Therefore,
the research presented shows that clothing production can be waste-free by introducing
acoustic panel production.

4. Conclusions

When evaluating the variation in the insertion loss of the plates, we see that in all
cases from 500 Hz onwards, the insertion loss increases in all cases. Evaluating the results
obtained, we see that panels made from square-cut scraps knitted and woven fabrics have
relatively good acoustic properties.

Panels made from cellulose fibers exhibited similar acoustic properties, we can distin-
guish the panel, made of flax fiber; the acoustic properties of this panel were the best. The
other two flax panels, made from flax yarn and made from flax woven fabric square-cut
scraps, had slightly lower insertion loss. A panel made from shredded denim threads also
had good acoustic properties.

On the basis of the results obtained, we see that the panel made only of paper had
good acoustic properties. The production of panels from paper and textile resulted in very
similar acoustic properties.

Analyzing the acoustic properties of the double specimen, it was found that when
testing the double-layered panels, the insertion loss is better. Analyzing the total insertion
loss, we see that better results are obtained. The highest total insertion loss was determined
after doubling the panel made of flax fibers and the panel made of cotton thread panels.

By tripling the samples and measuring the possible combinations of panels under
study, it was found that although the acoustic properties improved, they were only
marginal, and it was found that adding a third panel, in some cases, even worsened
the acoustic properties. Thus, in this case, adding a third panel does not always give a
positive result.

When evaluating the air conduction resistance of the panels, it was found that the
cellulose fiber boards were characterized by significantly higher air conductivity resistance.
High air conductivity resistance was determined for boards made of flax fibers and flax
yarns. The highest airflow resistance of all the tested panels is that of a panel made of
denim fabric yarns.

When the panels made of paper, textile scraps and paper were analyzed, it was found
that the highest air conductivity resistance was observed in the panel made only of paper.
The additional paper changed the air conductivity of the panels only slightly. When
evaluating the air conduction resistance of samples from two and three samples, we see
that the results are similar.

In all cases, a relationship was established between total insertion loss and airflow
resistance, and the panels with a higher airflow resistance have better acoustic properties.
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