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Abstract: Noise pollution from the environment may wreak havoc on a person’s wellbeing. Numer-
ous sound-absorbing materials are employed to address these issues, one of which is textile-woven
fabrics. In this study, 12 woven textiles with four different weave structures (plain, rib, sateen, and
twill) and those formed from three distinct polyester yarns were evaluated for their sound absorption
properties using an impedance tube. The study was conducted within the range of 80-5000 (Hz)
frequency. Part of the investigation was measuring different layers of woven fabrics under three
different measuring conditions. Firstly, only woven fabrics were evaluated. Following that, woven
and nonwoven textiles were measured. The third variant, in addition to the woven fabrics, included
an air gap. In addition, this study includes tests and analyses of the effect of roughness and porosity of
the fabric structure on the effectiveness of noise reduction by woven fabrics. The absorption capacity
of plain fabric is higher at lower frequencies than other woven fabrics. Other weave structures noise
reduction efficiency is higher as the frequency range increases. The absorption efficiency of plain
fabric decreases with fabric layering. Utilizing woven fabric combined with nonwoven fabric reduces
noise more effectively than the air gap variant. Low surface roughness and a highly porous surface
of the fabric indicate a high noise reduction coefficient (NRC).

Keywords: acoustic barrier; woven fabric; polyester yarn; surface roughness

1. Introduction

The term “absorption of sound” refers to the process by which the energy contained
in an incoming sound wave is converted into materials via damping and viscous loss.
The sound absorption coefficient (a) of a material is defined as the ratio of the substance’s
absorption energy to the incident sound energy. The sound absorption coefficient is the
most critical indicator for evaluating the absorption capacity of a material. In addition,
the noise reduction coefficient (NRC) must be computed in order to compare the sound
absorption effectiveness of various materials. The value of the sound coefficient is directly
related to the characteristics of the material, the frequencies of the sound wave, and the
direction of incidence [1-3].

Sound-absorbing materials play a vital role in securing human wellbeing from the
unnecessary noise generated by the environment. The sound absorption characteristics
of porous fibrous materials have been extensively researched, and one of them is woven
fabric. The porous sound absorption material in general determined by characteristics
such as mass per unit area, porosity, pore size, density, and thickness [3-5]. The analysis of
fabric porosity, area density, pore size, air permeability and thickness on sound absorption
were studied [6-8]. It was found that the acoustic absorption coefficients were significantly
related to air permeability. As a result, lower air permeability in woven and nonwoven
fabrics usually means preindication of better sound absorption.

Materials 2021, 14, 6220. https:/ /doi.org/10.3390/ma14206220

https://www.mdpi.com/journal /materials


https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-4305-4485
https://orcid.org/0000-0002-8127-477X
https://orcid.org/0000-0003-3689-3958
https://doi.org/10.3390/ma14206220
https://doi.org/10.3390/ma14206220
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14206220
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14206220?type=check_update&version=2

Materials 2021, 14, 6220

20f16

As stated, refs. [4,9-12] density is a crucial characteristic for porous sound absorption
materials. The sound wave may not reach the interior of materials with too closely packed
fibers. As a result, the sound wave friction between the pore and the fiber strand is reduced.
On the other hand, the energy lost as heat will be negligible if the material’s fiber content
is very low. The thickness of the sound absorber material is another important factor
that affects effective absorption, especially in the low frequency range. A homogeneous
porous material (HPM) with a thickness equal to one-quarter of the sound wavelength
was used to demonstrate effective low-frequency noise absorption. Combining isotropic or
anisotropic porous screens (1 mm thickness or less) with a slight increase in the thickness
of sound-absorbing material can also improve sound absorption [13-15].

In porous acoustic textiles, the tortuosity value indicates the flow resistance of the
material. The material’s high flow resistivity is due to its long and complex porous
structure, which causes it to be high tortuosity. As a result, porosity and the material’s
normal thickness is directly proportional to tortuosity [16-18].

The cover factor, yarn density, fabric treatment, and the air gap behind the fabric all
play a significant role in the sound absorption performance of woven fabrics. However,
the intrinsic properties of woven fabrics have a negligible effect on their noise absorption
coefficients at low frequencies (f < 500 Hz), they have a noticeable effect at high frequencies
(f =4000 Hz) [3].

In addition to the weave structure of the fabric and the yarn properties, the variation
in the number of filaments leads to a variance in sound absorption performance even
among textiles with the same weave structure. Additionally, variation in yarn density
within the same weave structure produces a different effect. As a result, the number of
filament yarn and the density of the yarn are directly related to the effectiveness of a weave
type on sound absorption. Furthermore, the paper [9] demonstrates that loosely fibrous
patterns improve the sound absorption capabilities of woven fabrics. Inversely, a larger
fiber diameter and higher linear density reduce the absorption of sound waves. On the
other hand, the angle of sound incidence has been reported to have a significant effect on
the effectiveness of sound absorber materials [19,20].

Multilayered materials are often utilized to increase the efficiency of fabric absorp-
tion [2,21]. However, when a woven fabric layer is combined with a nonwoven layer, the
fabric behaves like a resistive layer, modifying the absorption [22,23]. The study [24] shows
that combining woven fabrics with a high noise reflection coefficient together with several
layers of nonwoven fabrics demonstrates that the woven fabric provides a significant
amount of noise absorption capacity (20-40%) in the low frequency range (f < 500 Hz).

Considering the advantages of woven fabrics’ mechanical capabilities and a variety of
aesthetic features, it encourages us to use them as sound absorber materials. Simultaneously,
this may expand the range of woven fabric applications. The research presented in this
paper is a follow-up study to the previous study’s findings, which are presented in the
publication [20]. This paper presents the result of the noise absorption performance of a
single layer to several layers of polyester woven fabric using an impedance tube measuring
device. The measurement method is applied by combining nonwoven fabric with woven
fabric and air gap with woven fabric. A total of 12 polyester woven fabrics were used for
this research. Apart from the impedance tube test, this research investigated the effect
of the fabric’s surface roughness and porosity on the sound attenuation performance of
woven fabrics. The findings and analysis were conducted in order to get a comprehensive
knowledge of the sound absorption properties of woven fabric in various configurations.
This may aid in understanding the conditions that exist during the manufacturing and
application of such material.

2. Material

Polyester yarn of varying characteristics was utilized in this experiment, such as
drawn textured yarn (DTY) dtex 167 x 2 (f 32 x 2), twisted yarn dtex 334 f 32 x 2, (595),
and staple yarn 200 x 2 dtex. The selected four weave structures are presented in Figure 1.
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In the Lukasiewicz Research Network-Textile Research Institute (Lodz, Poland), 12 fabrics
were woven using a Sample Dobby Loom SL 8900 S (CCI Tech Inc., New Taipei City,
Taiwan). The measured warp and weft density of yarns together with mass per unit area
are presented in Table 1. The fabric mass per unit area was tested according to PN-ISO
3801:1993 [25]. Detailed woven fabrics preparation, technical description, and their analysis
were published in the previous paper [20].

Warp rib 1/1(0001000}

Sateen 1/4(3) Twill (S) 371

Figure 1. Types of fabric weave interlacement.

Table 1. Fabric construction parameters [20].

Weave Sample Warp Density ~ Weft Density =~ Mass Per Unit

Yarn Type Type Code (Threads/cm)  (Threads/cm) Area, (g/m?)
Plain TP 31+0 18+0 195 + 1.5
Rib TR 38+0 17 £0 2244238
Textured yarn
Sateen TS 34404 20+ 0.6 213 +£2.1
Twill TT 32+0 18 £ 0.6 210+ 4.2
Plain SP 32+02 17 £ 0.6 213+ 1.6
Rib SR 35+0 17 £05 211+ 15
Staple yarn
Sateen SS 33+1.1 16 £0 202+ 05
Twill ST 33+0.2 18 £0 210+ 3.3
Plain TWP 31+0 17 £0.8 189 £ 0.75
Rib TWR 35+0.1 16 £ 0.6 203 +2
Twisted yarn
Sateen TWS 35+0 17 £1 195 £ 0.63
Twill TWT 34402 20+1 197 £0.8

3. Methods
3.1. Acoustic Test

The sound absorption coefficient () of each sample was determined as a function of
the impinging wave’s octaves band frequencies, which was within the range of 80-5000 Hz.
According to PN-EN ISO 10534-2:2003, the sound absorption coefficient was measured
using the transfer function method [26]. Three measurements were made on each sample in
accordance with the specifications of the standard using an impedance tube (Figure 2), and



Materials 2021, 14, 6220 40of 16

the findings were given as a mean value. The sound absorption coefficient measurements
were performed using three different measurement variants. In the first variant only
woven fabric was tested, whereas the woven fabric with a nonwoven polyester base
(PES) in the second one. Finally woven fabric with a 30 mm air gap between their and
the solid plate (Table 2). The nonwoven base thickness was 30 mm, reaching mass per
unit area of 623 g/ m?. In each variant, the arrangement of the woven fabric was into
single, double, and triple layers of woven fabrics inside the impedance tube. The woven
fabric holder made of acrylic was used as a unique sealing, securing textiles as firmly as
possible. In Tables 2 and 3 the variants for determining the sound absorption coefficient
were summarize, showing the number and angle of woven fabric layers inside the tube.

Figure 2. Sound absorption coefficient measurement-impedance tube.

Table 2. Measurement variants inside the impedance tube.

Position of Tested Sample Inside the Impedance Tube

Microphones

Speaker

Variant 1.
Woven fabric

Woven fabric

Solid plate

Microphones

Speaker /\

Variant II.
Woven fabric + nonwoven

‘Woven fabric -
Solid plate

Non-woven

Microphone

/\

Variant I1L.
Woven fabric + air gap

Woven fabric

Solid plate

Air gap
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Table 3. Arrangement and setting of woven fabrics.

Arrangement and Set of Woven Fabrics

Woven fabric Double woven fabrics Triple woven fabrics

3.2. The Percentage Number of Yarn in the Fabric (Volume Porosity)

The percentage number of yarn in the fabric (volume porosity) is a part of the porosity
analysis on the fabric surface that indicates how many fibers are in the fabric. The amount
of polyester fiber in the fabric volume (Pv- Volume porosity) is calculated as follows;

Pv=Mp/(h x q) x 100% 1)

where:

h—Fabric thickness [m],
Mp—Mass per unit area [kg/m?],
Q—Raw material (polymer) density [kg/m?] for polyester, 1.38 g/cm3 = 1380 kg/m?>.

3.3. Measurement of Surface Roughness Test

Measurements were made using a MicroSpy® profile profilometer with an FRT CWL
sensor. A total of 12 woven fabrics were analyzed for roughness index (Ra). The first step
was to prepare the square samples 5 cm x 5 cm fitting the MicroSpy® measuring area. Then,
the measurements were performed according to the DIN EN ISO 4287 standards [27]. From
each sample, three repeated measurements were performed in the warp and weft directions
of the fabric. The result in Figure 3 presented the mean value of the sample measurements.

70
50

10
30
20
10 |
o JibT

%

i TR TS T sp SR S5 ST | TWP | TWR | TWS [TWTT]
B Single woven fabric (NRC %) 5 5 5 5 5 5 5 5 5 4 4 4
M Single woven + nonwoven (NRC %) | 58 51 48 49 59 44 41 48 59 50 47 | 47
Single woven + air gap (NRC %) 53 46 42 +4 52 36 35 43 50 46 42 42
B Roughness (Ra) % 41 42 66 63 41 45 52 52 32 37 41 52
W Porosity % 17|55 15| 34|84 | 69|08 27|97 ] 31| 04] 23
m Pv % (fiber percentage in the fabric) | 27 20 17 19 27 22 21 20 30 20 19 15

Fabric type

Figure 3. Noise reduction performance of the woven fabric and its relation to the characteristics of
the fabric.
3.4. Porosity Test

The optical porosity test was evaluated using Olympus stereoscopic microscope
with transmitted light source located inside its table and with a magnification of 10x.
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The porosity of the sample was evaluated using Test Procedure No. 60, as elaborated in
Textile Research Institute. The measurement is based on the quantity of light which pass
through the textile sample placed horizontally on the microscope table. The sample was
illuminated with passing light at a constant intensity of 1000 lux. The porosity is defined
as the proportion of the thresholded area to the total sample image area. The area of
sample through which the light passed are usually pores in fabrics structures. The image of
samples grabbed in such conditions is thresholded to differentiate pore and solid material
areas of woven fabric. The summary area of pores is calculated, giving the percentage
of sample areas covered by light-transmitting pores. The test was performed under the
normal atmospheric conditions, according to PN-EN-ISO 139:2006/A1:2012, which means
a temperature of 20 £ 2 °C and relative humidity of 65 £ 4% [28]. The findings are
summarized in Figure 3.

4. Results and Discussion
4.1. Noise Reduction Properties Comparison

The noise reduction coefficient (NRC) is presented to compare the effectiveness of
sound absorption between fabrics. This metric expresses the degree of sound absorption
and is proportional to the sound absorption coefficient. The NRC of the fabrics calculated
at the mid-range frequencies and the arithmetic average of NRC was at frequencies 250,
500, 1000, and 2000 Hz octaves. The NRC of the samples was calculated at the frequencies
at which the human ear was mostly sensitive. A sound-absorption material is generally
required to have a noise reduction coefficient (NRC) value greater than or equal to 0.20.
Practically useful materials have an NRC higher than 0.4, while materials with an NRC
greater than 0.56 are referred to be high-efficiency sound-absorbing materials [3,29,30]. The
amount of reflected sound waves from the tested surface are presented in percentages.
In Table 4, the noise reduction coefficients (NRC) of the fabrics and reflection of sound
incidence are presented according to the different types of measurement variants. The
nonwoven fabric has an NRC of 0.21 and a reflectance of 79%. Additionally, the NRC and
reflection of the test performed without the sample were 0.028 and 97%.

NRC = (az50 + a500 + 1000 + ¥2000)/4 ()

Table 4. Percentage of noise reduction coefficient (NRC) of the samples.

Variant I Variant IT Variant III
Single Double Triple Single . Single Double Triple
Woven Woven Woven Woven + Wi ?o:gl%ri Trllgliyolren Woven Woven Woven
Sample Fabric Fabric Fabric Nonwoven 4 ‘l)\l:nwgvenc NO?IWOCVEII Fabric + Air  Fabric + Air  Fabric + Air
Code NRC/ NRC/ NRC/ NRC/ NRC/ NRC/ Gap NRC/ Gap NRC/ Gap NRC/
Reflection Reflection Reflection Reflection Reflection % Reflection % Reflection Reflection Reflection
% % % % eflection % eflection % % % %
TP 0.05/95 0.08/92 0.08/92 0.58/42 0.6/40 0.57/43 0.53/47 0.49/51 0.48/52
TR 0.05/95 0.05/95 0.07/93 0.51/49 0.59/41 0.61/39 0.46/54 0.51/49 0.5/50
TS 0.05/95 0.06/94 0.08/92 0.48/52 0.56/44 0.6/40 0.42/58 0.51/49 0.54/46
TT 0.05/95 0.06/94 0.08/92 0.49/51 0.56/44 0.6/40 0.44/56 0.51/49 0.52/48
SP 0.05/95 0.05/95 0.07/93 0.59/41 0.59/41 0.58/42 0.52/48 0.5/50 0.46/54
SR 0.05/95 0.06/94 0.07/93 0.44/56 0.53/47 0.58/42 0.36/64 0.47/53 0.51/49
SS 0.05/95 0.06/94 0.08/92 0.41/59 0.51/49 0.55/45 0.35/65 0.44/56 0.49/51
ST 0.05/95 0.06/94 0.07/93 0.48/52 0.56/44 0.6/40 0.43/57 0.49/51 0.51/49
TWP 0.05/95 0.06/94 0.07/93 0.59/41 0.57/43 0.56/44 0.49/51 0.5/50 0.46/54
TWR 0.04/96 0.06/94 0.07/93 0.5/50 0.58/42 0.6/40 0.46/54 0.5/50 0.5/50
TWS 0.04/96 0.05/95 0.07/93 0.47/53 0.56/44 0.59/41 0.42/58 0.5/50 0.52/48
TWT 0.04/96 0.06/94 0.1/90 0.47/53 0.54/46 0.58/42 0.42/58 0.49/51 0.52/48

The NRC results demonstrate that as the layer of woven fabric increases, the noise
reduction also increases somewhat in variant I and significantly increasing in variant II and
III except for plain fabrics. The result of the II variant demonstrates a substantial increase in
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NRC to that of the I and II variants. The second variant result is the presence of nonwoven
fabric. However, by integrating woven and nonwoven fabrics, the NRC performance of
woven fabrics is enhanced; also, the performance of nonwoven sound absorption is raised.
In addition, these variants also have several advantages, including the ability to increase
the nonwovens’ mechanical capabilities and the aesthetic appearance of materials.

In contrast, comparable results are demonstrated on textured and twisted yarn fabrics
with higher sound reduction than other staple yarn fabrics, especially II and III variants.

Taking under consideration plain fabric, the effectiveness of sound attenuation plum-
mets as the number of layers increased both in variant II (TWP) and variant III fabrics TP,
SP, TWP as well. Therefore, the sound absorption properties of the TP SP and TWP fabrics
in IT and III variants were higher than other investigated fabrics. The highest level of noise
reduction (0.6) giving the lower reflection (40%) was achieved for a triple woven fabric TR,
TS, TT, ST, TWR in the II variant. In addition, 0.61 of NRC results were demonstrated by
triple woven rib fabric made of textured yarn together with nonwoven fabric.

The I variant generally showed that the tested materials could not be classified as
sound absorber materials since their NRC values were less than 0.2, as specified in [29,30].
The second variant (II) results showed the greatest sound reduction compared to the
other variants. Therefore, plain fabrics (TP, SP, TWP) could be classified as high-efficiency
materials in variant II. Except for the SS weave structure, triple textiles with nonwoven
demonstrated high-efficiency sound absorption. According to obtained results, woven
fabrics made from textured yarn seemed to have a higher absorption rate than fabrics made
from other yarn types in variant II, and therefore have a lower sound reflection. Finally,
the III variant yielded somewhat lower results compared to the II variant. Nevertheless,
all samples in III variant could be classified as useful acoustic material, because of the
absorption coefficient values between 0.4 and 0.56, except for SR and SS.

Different weave structures exhibit varying degrees of sound attenuation capability. As
previously stated, [20], the plain 1/1 fabric has a high degree of interlacement compared
to the other weave types. Additionally, plain fabric thickness ranged between 0.4 and
0.6 mm, indicating that plain fabrics are thinner than other structures. TP (195 g/m?)
and TWP (189 g/m?) have a lower mass per unit area than SP (213 g/m?). The low air
permeability characteristics and acoustic test results from the anechoic chamber indicate
that plain fabrics other than rib, sateen, and twill weave types have higher sound reduction
properties. Additionally, the acoustic result from the impendence tube indicates that
a single layer of plain weave structures has higher NRC results when combined with
nonwoven and airgap. The rest of the weave structures exhibited a variable range of
NRC values.

4.2. The Relationship between Physical Fabric Characteristics and Noise Reduction Coefficient of
the Fabrics

The findings and discussion based on the surface roughness, porosity, and percentage
of PES fiber in the fabric and their effect on sound absorption efficiency (Figure 3) are
carried out. The NRC results are derived from Table 4. In Figure 3, the NRC is expressed in
percentages for comparison with the physical characteristics of woven fabrics.

4.3. Roughness Result

The roughness test was conducted for both directions (weft and warp), from which
the mean value was calculated. Plain weave structures such as TP, SP, and TWP have
a low roughness (Figure 3, blue bar) compared to other weaves, followed by rib fabric
structures TR, SR, and TWR. This phenomenon may have been connected to the degree of
interlacement of the fabric structure. As the interlacement of warp and weft increased, it
plunged the fabric roughness. This phenomenon is shown by the roughness values (Ra)
(Figure 3, blue bar) of plain fabrics compared with other weave types. The comparison
regarding yarn types shows that fabrics made with twisted yarn have a lower roughness
than others.
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The fabrics (single woven with air gap and nonwoven) TP, SP, and TWP showed high
NRC and low surface roughness properties compared to other fabric types. On the other
hand, the triple woven fabric (Table 4) TS showed the highest NRC properties together
with high surface roughness (Figure 3). This phenomenon indicates that as the number
of fabric layers increased, the fabric’s roughness effect became insignificant on the sound
reduction properties.

It is possible to conclude, as the research results indicated, that the low fabric rough-
ness showed high sound absorption of the single layer woven fabric. In addition, the
increasing roughness of the fabric’s surface may increase the possibility of wave scattering
from the surface. This phenomenon will cause the decreasing absorption of sound waves
into the fabric. As a result, during the preparation of sound barrier materials, the effect of
surface roughness on the sound absorption performance must be considered.

4.4. Percentage of PES Fiber Volume (Pv%)

Figure 3 (green bar) demonstrates that the amount of fiber in the fabric was dependent
on the weave structure. In this case, the plain fabric’s structure contained a lot of fiber in
comparison to others. The second-highest fiber content is found in the rib fabric structure.
The percentage of fibers in sateen and twill fabrics are very similar. The relationship
between noise reduction and fiber content of the fabric indicated that as the proportion
of fiber in the fabric rises, the noise absorption improved. The TP, SP, and TWP fabrics
verified this relationship as well.

4.5. Porosity Test Results

The outcome of the porosity test (Figure 3, purple bar) shows that the plain fabric
structure has a large pore surface area compared to other weave types. Compared to other
yarn types, the TP fabric has the most porous surface (11.4%). On the other hand, the sateen
fabric generally presented a negligible porous surface, the sateen fabric (TWS) has the least
porous space (0.4%) of all fabrics. The images presenting the highest and the lowest porous
fabric surfaces are shown in Figure 4. The area of pores in fabric is colored green.

TP (textured yamn, plain) TS (textured yam, sateen)

TWP (twisted yarn, plain) TWS (twisted yarn, sateen)

Figure 4. The distribution of porous surfaces on the fabric surface.

As compared to other weave structures, the plain fabric was highly interlaced. As the
interlacement became greater, it increased the number of pores created between the warp
and weft yarns. This porous space created a favorable surface for the entrance of sound
waves to the structure. At that time, there was a possibility to change sound waves into
energy during the friction between waves and particular fibers inside the yarn structure. In-
versely, depending on the weave type, as the yarn floating in the fabric structure increased,
the number of pores decreased simultaneously. This decreased the possibility of sound
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absorption by the material. As a result, the relationship between NRC and the fabric’s
porosity indicated that TP, SP, TWP fabrics have highly porous surfaces (compared to the
other fabrics) and high NRC results. In general, the high number of porosities in woven
fabric creates a favorable environment for sound waves to penetrate and absorb inside the
yarn structure.

4.6. The Acoustic Results, Based on the Range of Frequencies

Single-woven fabric sound absorption coefficient result comparison based on various
measurement variants.

The sound absorption coefficient (x) increased somewhat with frequencies in all
fabrics (Figure 5A—C). The highest value « (0.1324) was verified in a sateen fabric (pink
color) made of textured yarn (TS). The result of measurement A and B shows very similar
absorption results at 1000 Hz. At the same frequency (1000 Hz) it showed that TWP fabric
has a higher absorption point than others. However, tested single fabrics showed negligible
sound absorption coefficient values, having nearly no effect on blocking, or absorbing
sound waves.

Single fabric - Textured yarn Single fabric - Staple yam
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Figure 5. Sound absorption coefficient () versus frequency f (Hz) result of measurement variant (I)
(A-C) single woven fabric.

The II variant of measurement findings included both single fabrics and nonwoven
materials. Nonwoven fabric (orange color) has a maximum sound absorption of between
0.5 and 0.6 («) at higher frequencies 2500-4000. The rest of the fabrics results demonstrated
the combination of nonwoven and woven fabrics” sound absorption capabilities. The
outcome showed that very different results from variant (I).

Furthermore, plain fabrics (purple curve) presented different « results than other
fabrics (Figure 6D-F). The increasing absorption point of plain fabrics (TP and SP) started
at 200-250 Hz, reached the maximum at 1600 Hz.

This indicates that plain fabrics have a high sound absorption capacity at lower
frequencies than other fabrics. For TWP however, the maximum absorption occurred at
1000 Hz. Higher sound absorption coefficients were demonstrated at high-frequencies
ranges between 2000 and 2500 Hz.

The III variant (G-I) incorporated a 30 mm air gap between the solid plate and the
fabric. The air gap sound absorption (blue curve) is below 0.1 (x). However, when the
air gap followed woven fabric, their absorption performance went up significantly, in
comparison to I variant. The air gap approach indicated that plain fabric could better
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absorb sound at low frequencies than other textiles. However, up 800 Hz, the outcome
began to fluctuate.
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Figure 6. Sound absorption coefficient (o) versus frequencies f (Hz) results of II variant (D-F) single

woven fabric + nonwoven.

At a frequency of 2000 Hz, the TP fabric has a higher absorption value, showing («)

0.9. At 1250 Hz, the SP fabric demonstrated its superior sound absorption properties.

Rib, sateen, and twill fabrics perform similar results, with the highest absorption level

occurring at frequencies (2000-2500 Hz). Except for plain fabrics, textured and twisted
yarn fabrics generally have a maximum sound absorption coefficient close to 1. Regarding
staple yarn fabrics, ST has the second-highest absorption efficiency next to SP fabric. The
third and least sound absorption were demonstrated on SR and SS fabric structures, as is
shown in Figure 7 (III H).
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Figure 7. Sound absorption coefficient (x) versus frequency f (Hz) result of III variant, (G-I) single

woven fabric + air gap.
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Sound absorption coefficient outcome and discussion of double-woven fabrics mea-
sured in different variants.

The absorption of double fabric tested in I variant at lower frequencies was extremely
low (Figure 8J-L). However, as the frequency range increased, the absorption of wave in
double textiles showed improvement, beginning at 1000 Hz compared to the (I) single fabric
measurement results. Between 1600 and 4000 Hz, TP (purple curve) increased absorption
to the same extent as other textiles.
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Figure 8. Sound absorption coefficient (x) versus frequency f (Hz) result of the variant (I), (J-L) double

woven fabric.

Figure 9M-O shows the substantial improvement of sound absorption for the II second
variant (II). In contrast to other woven structures, plain fabrics exhibited increased sound
absorption at low frequencies, similarly to previously presented I variant results. Addition-
ally, the effect of reducing sound absorption was shown beginning at 1000 Hz. On the other
hand, other tested woven fabrics in II variant textiles provided very comparable findings,
with a maximum sound absorption coefficient approaching 1 at higher frequencies levels
between 1600-3150 Hz. Finally, above >3150 Hz, the decreasing effect of the absorption
is shown.
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Figure 9. Sound absorption coefficient (x) versus frequency f (Hz) result of II variant (M—O) double
woven fabric + nonwoven.
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According to the findings of the III variant (Figure 10P-R) the plain fabric (purple
curve) presented a lower sound absorption coefficient than tested in II variant. Air gap
variant, on the other hand, enhanced the absorption of sound waves in low-frequencies.
The maximum sound absorption of TP fabric occurred at 800 Hz. Other weaves provided
quite similar results, reaching maximum sound absorption coefficient (o« = 1) at 2000 Hz.
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Figure 10. Sound absorption coefficient (x) versus frequency result f (Hz) of III variant (P-R) double
woven fabric + air gap.

Sound absorption coefficient outcome and discussion of triple woven fabrics measured
in different variants.

Figure 115-U illustrates the performance of the three layers of woven sound ab-
sorption. As the layer count of the fabric increases, the absorption at higher frequencies
increased too compared to the double fabrics tests. Different yarn types exhibited varying
degrees of sound absorption. TS showed higher sound absorption results than the rest of
the fabrics, comparison with the same yarn types. SP provided the best outcome when it
comes to staple yarn fabrics. In terms of twisted yarn, TWT presented the leading result.
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Figure 11. Sound absorption coefficient (o) versus frequency f (Hz) for result obtained in I variant
(8-U) triple woven fabrics.
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The result of II variant (Figure 12V-X) shows that triple fabrics together with nonwo-
ven gave the sound absorption coefficient, except for plain fabric, between 0.9 and 1 (x)
from 1600 to 2500 Hz. These results were similar to double woven fabric in II variant
results. Thus, plain fabrics exhibited a low sound absorption as woven fabric layers in-
crease compared to the double layer in II variant. On the other hand, plain fabric structures
absorbed low frequencies better than the other fabrics.
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Figure 12. Sound absorption coefficient (x) versus frequency f (Hz) result of II variant (V-X) triple
woven fabrics + nonwoven fabric.

The triple fabric in the case of III variant results shows, that the plain fabrics were
characterized by lower sound absorption than the double fabrics in III variant. TS, TT, TWS,
and TWT fabrics show similar results for the maximum « (>0.9) as in III variant too. SR
and SS fabrics present an absorption coefficient close to 1 from 1600 to 2000 Hz (Figure 13).
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In general, plain fabrics absorb more sound waves at lower frequencies than the rest of
fabric structures. At higher frequencies, the absorption of other weave structures increases
significantly. Depending on the variant’s comparison, the II variant (fabric with nonwoven)
absorbs more sound than the I and III variants. On the other hand, the effect of an increasing
layer of woven fabric has the following outcomes are demonstrated. Firstly, the sound
absorption coefficients for just woven fabric are lower. As the number of layers of fabric
increases, the sound absorption shows some improvements. Secondly, for plain fabrics,
increasing the layer number, specifically with the nonwoven and air gap, decreases the
sound absorption as increasing frequencies. Thirdly, except for plain fabric with nonwoven
and air gap, increasing the number of woven fabric layers has no significant effect, and
nearly identical results were achieved between 0.9 and 1.

5. Summary and Conclusions

This study compares the sound absorption efficiency of various layers of woven
textiles measured according to three variants, such as woven fabric (variant I), woven fabric
with nonwoven (variant II), and woven fabric with an air gap (variant III). Furthermore,
the impact of fabric physical properties on sound absorption of woven textiles, such as
surface roughness, porosity, and PES fiber content in the fabric, was investigated. The
results are as follows:

e  The noise reduction coefficient (NRC) results enable us to compare the absorption ca-
pacity of various fabrics. Textiles made of textured and twisted yarn show comparable
NRC findings for variants II and III and greater absorption than staple yarn fabrics
except for the plain fabric and ST. In variants II and III, plain fabrics have a greater
sound absorption capacity than other fabric structures, particularly single layer woven
fabric and double woven TP fabric. Variant I result cannot be considered an absorber
material due to the NRC being below 0.2. The second (II) variant achieves a significant
reduction in noise than the I and II variant. The III variant shows intermediate results
that are much higher than those of the I variant and lower than those of the II variant.

e  When the surface roughness of the woven fabric is reduced, the noise reduction co-
efficient performance of the fabric rises. This phenomenon is directly related to the
possibility of wave scattering from the surface as an increase in roughness. Further-
more, higher PES fiber content and porosity indicate that plain fabrics have higher
noise reduction coefficient results than other weaves such as rib, sateen, and twill.

e In general, based on the sound absorption coefficient, the I variant, sound absorption
(), demonstrates no sound absorption properties. On the other hand, apart from
plain fabrics, the sound absorption coefficient of all fabrics in II variant is between
0.9 and 1 (x) at higher frequencies (1600 to 2500 Hz). Similarly, plain fabrics” sound
absorption coefficient () decreases as the number of woven fabric layers rises in
variant II (TWP), and in variant III, TP, SP, and TWP. However, these fabrics have a
more excellent absorption at low frequencies (200 to 1000 Hz) than the others.

e  Combining woven and nonwoven fabrics has advantages in improving sound barrier
properties. The first is to make the sound absorption performance better for both
textiles. Secondly, integrated materials may have better mechanical characteristics
than nonwoven itself. Thirdly, the aesthetic value of such mixed materials can be
achieved by giving elaborated woven fabrics as a front layer. Generally, the absorption
improvement at low frequencies for single layer plain fabrics together with nonwoven
or air gaps gives a clue for further investigation into developing such materials for the
application of low sound absorber materials.

Author Contributions: Conceptualization, B.T.S. and M.B.; methodology, B.T.S., EEW. and L].; val-
idation, B.T.S. and M.B.; investigation, B.T.S., EW. and L].; resources, B.T.S., M.B. and E.W.; data
curation, B.T.S.; writing—original draft preparation, B.T.S.; writing—review and editing, M.B., B.T.S.,
E.W. and L].; visualization, B.T.S.; supervision, M.B. and E.W. All authors have read and agreed to
the published version of the manuscript.



Materials 2021, 14, 6220 15 of 16

Funding: This work was supported by a scholarship award under the project of the Integrated Pro-
gram of Lodz University of Technology-2nd edition [contract number: POWR.03.05.00-00-Z005/18].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available by request to the corre-
sponding author.

Acknowledgments: The study was conducted in cooperation with the Lukasiewcz Research Network-
Textile Research Institute (preparation of samples), and (acoustic experiments). Faculty of Material
Technologies and Textiles Design, Institute of Architecture of Textiles, University of Technology
Lodz, Poland (surface roughness measurements). The authors are very grateful to Magorzata Matu-
siak for providing apparatus and guidance on the surface roughness experiment. The article was
written when the first author was a doctorate candidate at the Lodz University of Technology’s
Interdisciplinary Doctoral School.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Moser, M. Engineering acoustics: An introduction to noise control. J. Acoust. Soc. Am. 2004, 116, 2707-2708.

2. Segura-Alcaraz, P.; Segura-Alcaraz, J.; Montava, I.; Bonet-Aracil, M. The use of fabrics to improve the acoustic absorption:
Influence of the Woven Fabric Thread Density over a Nonwoven. Autex Res. J. 2018, 18, 269-279. [CrossRef]

3. Shoshani, Y;; Rosenhouse, G. Noise absorption by woven fabrics. Appl. Acoust. 1990, 30, 321-333. [CrossRef]

4. Tang, X,; Yan, X. Acoustic energy absorption properties of fibrous materials: A review. Compos. Part A Appl. Sci. Manuf. 2017, 101,
360-380. [CrossRef]

5. Arenas, ].P; Crocker, M.]. Recent trends in porous sound-absorbing materials. Sound Vib. 2010, 44, 12-18.

6. Atalla, N,; Sgard, F. Modeling of perforated plates and screens using rigid frame porous models. | Sound Vib. 2007, 303, 195-208.
[CrossRef]

7. Chevillotte, F. Controlling sound absorption by an upstream resistive layer. Appl. Acoust. 2012, 73, 56-60. [CrossRef]

8.  Yang, Y; Li, B,; Chen, Z; Sui, N.; Chen, Z.; Xu, T.; Li, Y,; Fu, R;; Jing, Y. Sound insulation of multilayer glass-fiber felts: Role of
morphology. Text. Res. . 2017, 87, 261-269. [CrossRef]

9.  Witczak, E.; Jasiriska, I.; Lao, M.; Krawczyriska, I.; Kamiriska, I. The influence of structural parameters of acoustic panels textile
fronts on their sound absorption properties. Appl. Acoust. 2021, 178, 107964. [CrossRef]

10. Liu, J.; Bao, W.; Shi, L.; Zuo, B.; Gao, W. General regression neural network for prediction of sound absorption coefficients of
sandwich structure nonwoven absorbers. Appl. Acoust. 2014, 76, 128-137. [CrossRef]

11. Wang, Y,; Zhang, C.; Ren, L.; Ichchou, M.; Galland, M.A.; Bareille, O. Sound absorption of a new bionic multi-layer absorber.
Compos. Struct. 2014, 108, 400-408. [CrossRef]

12.  Pieren, R.; Heutschi, K. Predicting sound absorption coefficients of lightweight multilayer curtains using the equivalent circuit
method. Appl. Acoust. 2015, 92, 27—41. [CrossRef]

13.  Zhao, H.; Wang, Y.; Yu, D.; Yang, H.; Zhong, J.; Wu, F.; Wen, J. A double porosity material for low frequency sound absorption.
Compos. Struct. 2020, 239, 111978. [CrossRef]

14.  Allard, ].E. Propagation of Sound in Porous Media, Modelling Sound Absorbing Materials; Elsevier Applied Science: London, UK, 1993.

15. Everest, FA.; Pohlmann, K.C. Master Handbook of Acoustics, 5th ed.; McGraw-Hill / TAB Electronics: New York, NY, USA, 2009.

16. Memon, H.; Abro, Z.A.; Ahmed, A.; Khoso, N.A. Considerations while designing acoustic home textiles: A review. J. Text. Appar.
Technol. Manag. 2015, 9, 3.

17.  Vigran, T.E. Building Acoustics; CRC Press: Trondheim, Norway, 2014.

18.  Champoux, Y.; Allard, J.E. Dynamic tortuosity and bulk modulus in air-saturated porous media. J. Appl. Phys. 1991, 70, 1975-1979.
[CrossRef]

19. Barburski, M.; Blaszczak, J.R.; Pawliczak, Z. Influence of designs of weaves on acoustic attenuation of fabrics. J. Ind. Text. 2019,
49, 33-45. [CrossRef]

20. Samuel, B.T,; Barburski, M.; Blaszczak, J.R.; Witczak, E.; Abramczyk, K. The Influence of Yarn and Weave Structures on Acoustic
Materials and the Effect of Different Acoustic Signal Incidence Angles on Woven Fabric Absorption Possibilities. Materials 2021,
14, 2814. [CrossRef] [PubMed]

21. Tang, X.; Yan, X. Multi-layer fibrous structures for noise reduction. J. Text. Inst. 2017, 108, 2096-2106. [CrossRef]

22. Pieren, R. Sound absorption modeling of thin woven fabrics backed by an air cavity. Text. Res. ]. 2012, 82, 864-874. [CrossRef]

23. Segura Alcaraz, M.P,; Bonet-Aracil, M.; Segura Alcaraz, ].G.; Montava Segui, I. Sound absorption of textile material using a
microfibers resistive layer. IOP Conf. Ser. Mater. Sci. Eng. 2017, 254, 072022. [CrossRef]

24. Shoshani, Y.K. Noise absorption by a combination of woven and nonwoven fabrics. . Text. Inst. 1991, 82, 500-503. [CrossRef]


http://doi.org/10.1515/aut-2018-0006
http://doi.org/10.1016/0003-682X(90)90081-5
http://doi.org/10.1016/j.compositesa.2017.07.002
http://doi.org/10.1016/j.jsv.2007.01.012
http://doi.org/10.1016/j.apacoust.2011.07.005
http://doi.org/10.1177/0040517516629142
http://doi.org/10.1016/j.apacoust.2021.107964
http://doi.org/10.1016/j.apacoust.2013.07.026
http://doi.org/10.1016/j.compstruct.2013.09.029
http://doi.org/10.1016/j.apacoust.2015.01.003
http://doi.org/10.1016/j.compstruct.2020.111978
http://doi.org/10.1063/1.349482
http://doi.org/10.1177/1528083718769945
http://doi.org/10.3390/ma14112814
http://www.ncbi.nlm.nih.gov/pubmed/34070482
http://doi.org/10.1080/00405000.2017.1315793
http://doi.org/10.1177/0040517511429604
http://doi.org/10.1088/1757-899X/254/7/072022
http://doi.org/10.1080/00405009108659237

Materials 2021, 14, 6220 16 of 16

25.

26.

27.

28.

29.

30.

PN-ISO. Textiles—Fabrics—Determination of linear and Area Mass; PN-ISO 3801:1993; Polish Committee for Standardization: Warsaw,
Poland, 1993.

PN EN ISO. Acoustics—Determination of Sound Absorption Coefficient and Impedance in Impedance Tubes—Transfer Function Method;
PN-EN ISO 10534-2:2003; Polish Committee for Standardization: Warsaw, Poland, 2003.

DIN ENISO. Geometrical Product Specifications (GPS)—Surface Texture: Profile Method—Terms, Definitions, and Surface Texture
Parameters; DIN-ENISO 4287: 2010-07 (ISO 4287: 1997); German Version EN ISO 4287 (1998); German Institute for Standardization:
Berlin, Germany, 2010.

PN EN ISO. Textiles—Standard Atmospheres for Conditioning and Testing; PN-EN ISO 139:2006/A1:2012; Polish Committee for
Standardization: Warsaw, Poland, 2013.

Su, W,; Li, X.Y,; Liu, S.S. Discussion on feasibility of nonwoven sound-absorbing materials used for road noise-deafening barrier.
J. Zhejiang Fashion Inst. Technol. 2009, 2, 8-12.

Liu, Y,; Lyu, L.; Guo, J.; Wang, Y. Sound absorption performance of the poplar seed Fiber/PCL composite materials. Materials
2020, 13, 1465. [CrossRef] [PubMed]


http://doi.org/10.3390/ma13061465
http://www.ncbi.nlm.nih.gov/pubmed/32210178

	Introduction 
	Material 
	Methods 
	Acoustic Test 
	The Percentage Number of Yarn in the Fabric (Volume Porosity) 
	Measurement of Surface Roughness Test 
	Porosity Test 

	Results and Discussion 
	Noise Reduction Properties Comparison 
	The Relationship between Physical Fabric Characteristics and Noise Reduction Coefficient of the Fabrics 
	Roughness Result 
	Percentage of PES Fiber Volume (Pv%) 
	Porosity Test Results 
	The Acoustic Results, Based on the Range of Frequencies 

	Summary and Conclusions 
	References

