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Abstract: Woven fabric perforation is helpful to be adopted to meet the microstructure requirement
of a micro-perforated panel (MPP) absorber. Unlike conventional MPP, the woven fabric micro-
perforations are formed by yarn in the x (weft) and y (warp)-directions. Hence, minute holes of the
MPP with a diameter of 0.1-0.3 mm or a high perforation ratio are expected to be easily fabricated,
while such a specification is difficult to realize on a solid surface, as found in some studies. The
study presented here focuses on the use of minute holes in MPP absorbers by woven fabrics and
discusses the minute hole properties of woven fabrics and their associated absorption characteristics.
Theoretical results by Maa’s model are also used to validate resulting characteristics found from
the experimental investigations. It is found that minute holes with around 0.10-0.20 mm diameter
have been successfully fabricated by controlling weft yarn density. The woven fabrics are capable of
producing half-absorption bandwidth of up to 5000 Hz (>3 octaves), while the peak of the absorption
coefficient can be more than 0.8. In addition, varying hole diameter with the order of 1072 mm can
change the absorption behavior for both peak absorption and absorption bandwidth. Such behavior
is confirmed by comparing the results with the theoretical model. This study also indicates that Maa’s
model is still applicable for predicting absorption of MPP developed based on woven fabric material.

Keywords: woven fabric; micro-perforation panel absorber; minute holes; wideband sound absorption

1. Introduction

Micro-perforated panel (MPP) absorbers have been utilized in many noise control
treatments [1-5]. They have been an alternative absorber to mineral fibrous porous material
absorbers due to health and environmental issues. Theoretically, this kind of absorber
performance is governed by perforation parameters and cavity depth, as indicated in
theoretical models formulated by Maa [6,7]. With these parameters, the behavior of MPP
can be optimally tuned to meet specific absorption frequencies and amplitudes. Despite
this behavior, a narrow absorption bandwidth of MPP has limited its applications, so it is
still challenging to find the most efficient ways to cope with this issue.

Some efforts have been conducted to widen the absorption frequency bandwidth of
MPP. Generally, there are three approaches used for such purpose: (1) the use of multiple
MPPs in a series arrangement or parallel arrangement [8-10]; (2) increasing damping
capacity by combining MPP and porous media [11-13]; and (3) the use of a tiny pore
diameter or ultra-perforation [14-16]. Although the first and second approaches can
increase sound absorption frequency bandwidth, both need more than one MPP unit,
leading to structural complexity and increased dimensions. The advantage of the third
approach is that it can increase absorption bandwidth of a single MPP, as suggested by
Maa [7], and that the wideband absorption of MPP can be theoretically achieved by making

Buildings 2023, 13, 663. https:/ /doi.org/10.3390/buildings13030663

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


https://doi.org/10.3390/buildings13030663
https://doi.org/10.3390/buildings13030663
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-7888-2387
https://orcid.org/0000-0003-0662-7923
https://orcid.org/0000-0003-0733-126X
https://doi.org/10.3390/buildings13030663
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13030663?type=check_update&version=1

Buildings 2023, 13, 663

20f18

a finite hole with a diameter in between 0.1 and 0.3 mm, but, on the other hand, it needs a
specific technology for fabrication.

Several feasible methods for producing MPPs have been demonstrated, such as the in-
filtration method [17] and MEMS technology [18,19]. Alternatively, several researchers have
used woven fabric to realize the MPP absorber, such as micro-perforation back by mesh [20]
and the cotton yarn with facile dip-coating method [21,22]. In contrast, others focused
on modelling and numerical calculations for woven absorptions, such as Pieren [23-25],
Prasetiyo et al. [26,27], and Onen and Caliskan [28]. Meanwhile, Desendra et al. [29] con-
ducted early investigation on the sound absorption characteristics of commercial woven
fabrics under MPP configuration by performing a series of sound absorption measure-
ments.. This fact indicates that weaving technology and woven fabrics are proven for
the MPP development apart from the popularity of such materials as finishing materials
in the interior design of building due to their vibrant color, strength, and unique fiber
orientation. However, these efforts have not yet been discussed specifically with regard to
the issue of widening the absorption bandwidth by considering the use of minute holes
ranging from 0.1 mm to 0.3 mm, particularly in reference to addressing the linkage between
manufacturing techniques and the resulting holes, as well as to how sensitive the resulting
absorption characteristics are to such variations.

The purpose of the work presented here is to investigate the relationship of minute
hole properties of woven fabrics and their associated absorption characteristics, as well
as to investigate the techniques for fabricating such a hole in woven fabrics. The woven
fabrics are selected as they are widely used in building applications, while the minute holes
are critical for developing a wideband sound absorber with a single layer. It is expected
that our work can be an easier alternative to realizing minute holes in MPP while also
bridging the gap between MPP specifications and the technical realization of such holes in
the textile. For this, we demonstrate the fabrication of minute holes in woven fabrics for
a sound absorber system and analyze the relationship of the resulting minute holes and
associated absorption characteristics. Technically, such a hole in woven fabrics is created by
the interlacing between the weft yarn in the x-direction and the warp yarn in the y-direction.
Subsequently, the resulting woven fabrics are experimentally investigated further to collect
more evidence on their textile morphology and their associated absorption bandwidths
and coefficients. Maa’s model [7] is used to validate the experimental investigations and
test the applicability of the model in predicting the absorption behavior of woven fabrics
with minute holes. We expect that woven fabrics will be proven for use in MPP absorbers
and applicable in the broad area in which woven fabric is normally used, e.g., building and
room acoustics.

The remainder of this paper is divided into five sections. Section 2 describes woven
fabric fabrication and its associated material properties. Then, in Section 3, characterization
methods of geometrical and acoustical properties are presented. Section 4 presents some
discussions on the measured absorption coefficients behavior of woven fabrics by looking
further at absorption bandwidth and specific impedance characteristics. Theoretical valida-
tion of the resulting absorption is presented in Section 5. Finally, some significant results
are summarized in the conclusions.

2. Material and Structures
2.1. Material and Structure of Woven Fabrics

The material of woven fabrics consists of two yarns. The first yarn is the weft yarn, in
the x-direction (horizontal), and the second is the warp yarn, in the y-direction (vertical). In
the x-direction, the number of weft yarns determines the length of woven fabric, while in
the y-direction, the number of warp yarns determines the width of woven fabric. In this
study, the material for weft and warp yarns is TR Ne; 20. The TR yarn is a blended fiber
consisting of polyester (65%) and rayon (35%).

As shown in Figure 1, the woven structures are twill 3/1, indicating that the warp yarn
floats over 3 weft yarn and then floats under 1 weft yarn. These yarns interlace and float
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with each other, creating minute holes that are more manageable, and a stronger structure
can be expected. Therefore, a weaving machine can adjust the size and the form of holes in
woven fabrics. It should be noted that the variation of perforation parameters cannot be
determined in an exact factor number, as a consequence of TR yarn size, while the warp
density is kept constant.

Figure 1. The basic structure of woven fabric with twill 3/1 structure.

2.2. Textile Parameters and Perforation Properties

To adapt with the twill 3/1 structure, a geometrical hole is defined as indicated in
Figure 2. The nominal diameter of hole d and perforation ratio o of woven fabrics are
defined as follows:

b:b1+b2:(C+D)+(A+B) @)
2 2
2

~3(3)

Weft yarn
—

Warp varn
Py

Hole

Figure 2. Geometrical hole parameters of twill 3/1 structure.
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The hole size of woven fabrics is realized by adjusting the weft or warp density. The
weft density defines the number of weft yarns, in cm, and it changes the density in the
x-direction, while the warp density defines the number of warp yarns, in cm, and it changes
the density in the y-direction. For this study, the warp density was set to 39 yarns/cm,
and the weft density was varied from 14 to 28 yarns/cm with an increment of 2 yarns/cm.
All variations were realized in the weaving machine. Eight samples were produced and
designated as S1, S2, and so on, as listed in Table 1.

Table 1. The warp and weft density of eight woven fabric samples.

Sample (S) Warp Density (yarn/cm) Weft Density (yarn/cm)
S1 39 14
S2 39 16
S3 39 18
S4 39 20
S5 39 22
S6 39 24
S7 39 26
S8 39 28

2.3. Yarns Properties and MPP Structure

The fibers of polyester and rayon in yarn TR Nel 20 are twisted into each other to render
yarns that are coherent, compact, and dense components. Hence, the yarn can be considered a
solid surface. The actual woven fabric consists of micro-holes and non-hole parts, as seen in
Figure 3. The non-hole parts are created by yarns, while the micro-hole parts are a result of
warp and weft adjustment. This situation brings some consequences: (1) The non-hole parts
have a high impedance, so that it is considered as a solid surface; (2) Hole parts are responsible
for the absorption mechanism. Such a surface property is considered to be an acceptable best
approximation to satisfy microperforated panel (MPP) requirements.

Woven fabric

Yarn

Hole

Figure 3. The holes and the non-hole parts of woven fabric are formed by the yarns.

As shown in Figure 4, the MPP woven fabric-based system is realized by placing
woven fabric in front of the air cavity layer, where a specification of woven fabrics is
described in Table 1. In this study, the air cavity depth between the woven fabric and the
impervious layer is set to 15 mm.
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Figure 4. The basic structure of the MPP system considered in this study.

3. Methods
3.1. Geometrical Characterization

The thickness of woven fabric was measured by a fabric thickness tester (Teclock) accord-
ing to ISO 5084:1996 [30]. It was found that the thickness was equal to 0.5 mm. Meanwhile,
the geometrical properties were characterized using a digital microscope, and the samples
were taken from 10 different areas so that the results were statistically averaged. Figure 5
shows a magnification image sample of woven fabric taken with a digital microscope.
In this study, hole diameter d is determined from hypothetical rectangular holes, where
Equation (1) was used to obtain the hole diameter by which the equivalent area principle is
employed. Likewise, the pitch b is the average of b; and by.

Figure 5. Magnification of images of eight woven fabric samples with different weft densities. The
dark area indicates holes, otherwise the images consist of yarn. The magnification sample S5-S8 is
displayed bigger than S1-54.
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3.2. Flow Resistance Measurement

Flow resistance is an important parameter affecting sound absorption behavior. In this
study, the flow resistance Rs; was estimated from the measurement of air permeability of
textiles using the following equation [31]:

Ap.A;.1002

R
S QAP 7

4)

where A f is the fabric area tested for specific airflow resistance (cmz), Ap is the pressure
drop (Pa) which is nominally set to 200 Pa in this measurement, Q is the air permeabil-
ity (mm/s), and A, is the cross-sectional area of fabric in the test of air permeability
(cm?), which is nominally set to 20 cm?. The air permeability was measured using Testex
instruments according to ISO 9237.

3.3. Acoustic Characterization

Normal sound absorption coefficients of each woven fabric sample were measured
by an impedance tube using the transfer function method according to ISO 10534-2 [32].
During the measurement, a white noise source was produced inside the tube to produce
plane waves through a 3 cm and 10 cm diameter tube to cover 64 Hz to 6 kHz. The
traveling plane wave through the tube is recorded by two-spaced acoustic microphones.
Moreover, a special holder was designed using acrylic to hold the woven fabric as rigidly as
possible along its perimeter. The holder needs to be carefully designed in order to properly
allow for the stretching of the fabric while preventing air leakage between the main tube
and the backing tube. Figure 6 shows the schematic diagram, the absorption coefficient
measurement, and other relevant acoustic parameters of an impedance tube where the air
cavity was set to 15 mm for all woven fabric samples and 0-30 mm for sample S8.

’ PC/Laptop ‘

Holder
) e White Noise MC3242
Power Amplifier | 4ClLFFT
Loud Mic. 0 Moveable
Speaker 1l - Piston
—  »P e Woven
P, «— :‘)
~ : |
B
Sample
(a) (b)

Figure 6. The schematic of measurement setup: (a) impedance tube (b) holder and woven sample.

4. Results and Discussions
4.1. Relationship of Weft Density and Hole Diameter

Table 2 lists the resulting hole diameters and perforation ratios for all woven fabrics.
From this, the linear regression fitting between the weft density X and the hole diameter
is: d = —0.008399X + 0.338, with R* = 0.99 as shown in Figure 7a. The R-square value
suggests that adjusting the weft density to the associated hole diameter displays linear
characteristics that are useful from a practical point of view, and increasing the weft density
can lead to a smaller hole diameter. Similarly, the relationship of the perforation ratio
and the weft density is shown in Figure 7b, where it is found that o = —0.2235X + 10.97,
with R? = 0.92. Such relationships are useful for woven-fabric fabrication that is designed
specifically to be a sound absorber. In this study, the smallest hole diameter of 0.103 mm
has been successfully fabricated with o of 4.25%, obtained by the use of a weft density of
28 yarns/cm.
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Table 2. Hole diameter and perforation ratio woven fabrics.

Sample (S) Hole Diameter (d) Perforation Ratio o (%)
P (mm) (Equation (3))
S1 0.218 7.37
S2 0.206 7.33
S3 0.189 7.16
S4 0.170 6.85
S5 0.151 6.35
S6 0.135 5.74
S7 0.121 5.14
S8 0.103 4.25
024 T T T T T
d O measurement
0.22 fitted curve
0.2
0.18
e
£ 016
o
0.14 +
012 +
0.1
14 16 18 20 22 24 26 28
Weft density (yarns/cm)
(a)
8.5 3 T T 1
O measurement
81 m— fitted curve
751
7 —
3 6.5
<
b 6F
55
5 -
45F
4 ! l | l | | q
14 16 18 20 22 24 26 28
Weft density (weft yarns/cm)
(b)

Figure 7. (a) Linear regression fitting weft density and hole diameter; (b) Linear regression fitting
weft density and perforation ratio.
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4.2. Flow Resistance Characteristics

Table 3 shows the flow resistance of all samples. It can be seen that the air permeability
and airflow resistance of the woven fabric is a function of the hole diameter d. It is clear
that higher airflow resistance and lower air permeability are present as the hole diameter
increases. Such behavior is consistent considering Equation (4). It can be seen that the air
permeability is inversely proportional to the airflow resistance.

Table 3. Measured air flow resistance of eight woven fabrics.

S Hole Diameter (d) Air Permeability Airflow Resistance
ample (S)
(mm) (mm/s) (Pa s/m)

S1 0.218 1878 170.7
S2 0.206 1477 217.1
S3 0.189 1109 289.1
S4 0.170 877.4 365.4
S5 0.151 634.4 505.4
S6 0.135 434.8 737.4
S7 0.121 357.2 897.6
S8 0.103 222.1 1443.7

Compared with textile membranes, the hole diameters of the samples are much bigger
where the membrane hole diameter is in micron-scale, around 0.03 um to 10 um [33,34],
and therefore the air permeability of such a material is lower; around 1-58 cc/cm?/s,
air permeability is non-existent [35]. Moreover, coating treatments based on polymers
such as PVC, PTFE, ETFE, Silicone, and PU [36-39] are required to form a membrane in
textiles. This fact indicates that the samples used in this study should not be considered as
membranes. Hence, the absorption mechanism found in this study is expected as a result
of the existing holes on the surface rather than owing to other possible mechanisms.

4.3. Absorption Characteristics
4.3.1. Perforation Variation

Figure 8 shows sound absorption coefficients of all woven fabric samples. The absorp-
tion coefficient spectrums and associated bandwidths of S1 to S8 are gradually changed;
the peak sound absorption coefficient and the absorption bandwidth increase as the hole
diameter decreases, and vice versa. From Table 4, it can be seen that the reduction in the
hole diameter results in the increase of the peak sound absorption coefficient (ct,). The
bigger hole diameter S1 = 0.218 mm has the peak acoustic absorption coefficient 0.55, while
the smaller hole diameter S8 = 0.103 mm produces the peak acoustic absorption coefficient
0,86. In general, reducing the hole diameter further can lead to the reduction in the peak
of sound absorption coefficient «, as a very high resistance can be pronounced and can
cause reflection rather than allowing the wave to penetrate the holes. Such behavior can be
seen in the woven fabrics 56, S7, and S8. The woven fabrics S6 and S7 have a hole diameter
of 0.135 mm and 0.121 mm, respectively, which is greater than S8 with a hole diameter of
0.103 mm, but the peak of the absorption coefficients of S6 and S7 are greater than that of
S8. It is clear that the woven fabric S7 is outperformed by the woven fabric sample S8 even
though S8 has the smallest hole diameter. Similarly, the absorption coefficient of S6 is also
better than that of S8. Such behavior will be later discussed in the context of impedance
behavior in Section 4.3.2.
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Figure 8. The sound absorption coefficient of woven fabric S1-S8 for normal incidence wave.

Table 4. The peaks and absorption bandwidth of each sample.

Samples The peak of Sound Absorption Half-Absorption Bandwidth
Coefficient (0¢tmax) Acgs, Hz @ o =5 Hz ®
S1 0.55 4750 1750
S2 0.70 3600 2950
S3 0.84 3850 3230
S4 0.89 3850 3600
S5 0.95 4000 3950
S6 0.96 5050 5050
S7 0.98 5250 5150
S8 0.86 4930 4850

@) half-absorption bandwidth: Axgs = 0.5 X ayy. Half-absorption bandwidth is evaluated at a equal to half
of the maximum absorption coefficient. ®) half-absorption bandwidth evaluated at « = 0.5. Half-absorption
bandwidth is determined at &« =0.5.

In corresponding to half-absorption bandwidth Axg 5, where the bandwidth is evalu-
ated at « equal to half of the maximum absorption coefficient, the resulting bandwidth is
in the range of 3000 Hz-5000 Hz as recorded in Table 4. The reduction in hole diameter
can produce a wider absorption bandwidth. By using different definitions, where half-
absorption bandwidth is determined at & = 0.5, it can be seen that S1 has the half-absorption
bandwidth of around 1750 Hz and that increases to 5150 Hz, as indicated by S7. The value
is slightly lower for S8, where the half-absorption bandwidth is found at around 4850 Hz.
The results also indicate that there is an optimum value of hole diameter for the same air
cavity depth. Moreover, the absorption bandwidth produced by the minute holes of woven
fabrics can be greater than three octaves, as demonstrated by the woven fabrics S6 and S7.

It is evident that the absorption bandwidth increases as the hole diameter decreases.
Such a tendency can be seen in Figure 9, where the half-absorption bandwidths as per
definition @ and ®) in Table 4 are compared for all samples. The half-absorption bandwidth
Awg 5 (see Definition @) suggests the absorption bandwidth exists on a narrow absorption
bandwidth range, and it is relatively constant for a slightly different hole diameter e.g., S3
and S4; S6 and S7. Meanwhile, the half-absorption bandwidth evaluated at o = 0.5 (see
the definition ")) presents a wide absorption bandwidth range, but it is more consistent
to capture an acceptable absorption capability as well as a wider bandwidth of absorber.
From now on, most of the discussion in this paper is carried out based on definition ®.
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6000
5000
4000
3000
2000
1000

S1 S2 S3 S4 S5 S6 S7 S8
Sampel

Half- absorption Bandwidth, Hz

—&— Half-Absorption Bandwidth (0.5 of amax)

— & - Half-Absorption Bandwidth at a=0.5

Figure 9. The trend of half-absorption bandwidth for different hole diameter and bandwidth compar-
ison between Axys = 0.5 X &gy and a = 0.5.

It is instructive to evaluate the improvement attained by comparing the performance
of each sample to the other samples, where the sample S1 is chosen as a basis, as indicated
by Table 5. Interestingly, reducing the hole diameter of 0.218 mm by 0.097 mm can increase
the peak sound absorption coefficient up to 78%, while the half-absorption bandwidth Axg 5
is almost doubled, up to 194%. This can be beneficial as a reference for the development of
acoustic absorbers based on woven fabrics.

Table 5. Absorption performance difference between samples.

Percentage of the Peak Percentage of a

Difference of Hole . Difference the
Samples . Difference of Sound .
Diameter (mm) Absorption Coefficient (%) Half-Absorption
Bandwidth, Acxg 5 (%)
51-S2 0.012 27 69
51-S3 0.029 53 85
51-54 0.047 62 106
51-S5 0.066 73 126
51-56 0.083 75 189
51-57 0.097 78 194
51-S8 0.115 56 177

4.3.2. Surface Impedance Behavior

_ To further discuss the results in Section 4.3.1, the behavior of the surface impedance
Zypp obtained from the experimental works are presented in terms of the resistive part, or
Re{z Mpp}, and the reactive part of ZMpp OF Im{z MPP }, and the associated absorption
coefficients for the selected woven fabrics are presented in Figure 10. The woven fabrics S1
and S7 are selected to represent the worst and the best sound absorption coefficients (x)

and half-absorption bandwidths (Axg 5). Meanwhile, the woven fabrics S1 and S8 represent
the biggest and the smallest hole diameters of the fabrics.
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Figure 10. Sound absorption, resistive part, and reactive part of Zmpp for woven fabric S1, 57, and S8.

Overall, there is a significant difference between the peak sound absorption coefficient
(0) and the half-absorption bandwidth (Axg 5) of woven fabric S7 and that of S1. The woven
fabric S7 outperformed other sample specifications with a peak « = 0.98, while woven

fabric S1 is 0.55. It can be observed that Re{z Mpp} of the woven fabric S7 is close to 1 at
a frequency of 3750 Hz. This is not the case for the woven fabric S1, where Re{z M pp}

is 0.21 at a frequency of 4500 Hz. Apart from that, Im{z MP p} of both woven fabrics is

equal to zero at the corresponding peak absorption frequency, as expected. Meanwhile, the
behavior of woven fabric S8 is in between the woven fabrics S7 and S1. This tendency can
confirm the results where greater resistance leads to better absorptions. This description
can become a general explanation for the other woven fabric samples.

The half-absorption bandwidth of woven fabric 57 is 5150 Hz, starting from 850 Hz
to 6000 Hz, while that of woven fabric S1 is 1750 Hz, starting at 3550 Hz up to 5300 Hz.
Meanwhile, the half-absorption bandwidth of the woven fabric S8 is slightly narrower than
that of the woven fabric S7. Hence, the woven fabric S7 is also superior to the woven fabric
S1 for this parameter. Such a behavior can be verified by observing resistance behavior

at that frequency range where Re{z MP p} of the woven fabric S7 is around 1, while that

of the woven fabric S8 is above 1. By contrast, that of the woven fabric S1 is around 0.2.
Moreover, the reactance part of both woven fabrics is zero for the corresponding resistance.

Considering the hole diameter of woven fabric S8 is the smallest among the others,
the resistance is the highest for a similar perforation ratio so that a better performance is
expected. However, it can be seen that its performance is not necessarily outperformed by
the other woven fabrics. This suggests that the resistive value is required to be 1, while

lower or greater values are not advisable. Moreover, the value of Re{z M pp} greater than 1,
as demonstrated by the woven fabric S8, around 1.5-4, is still preferable to a value of
Re{ Zmp p} close to 0. To sum up the discussion, the target of hole diameter and perforation

ratio should consider the behavior of resistance and the reactance of impedance to ensure that
the absorption performance and associated half absorption bandwidth can satisfy a particular
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requirement; textile fabrication techniques allow us to form a small hole diameter, but this is not
always beneficial considering the relationship of pore geometry and acoustic impedance.

5. Comparison with Existing Theory
5.1. Absorption Mechanism

Micro-perforated panel absorption is present owing to the visco-thermal effect of a tiny
hole (d <1 mm), which is formulated as a short tube. By the array of the tiny holes and the
backing by air cavity, the resulting acoustic resistance effect on the maximum particle velocity
can be obtained. Hence, the presence of perforation is compulsory to ensure absorption
capability is present. As mentioned in the previous section, such a requirement can be
observed from woven fabrics where solid parts and holes exist on a thin surface. When
reducing holes further to a very tiny dimension, by which the associated resistance of hole
becomes large, reflection behavior becomes dominant. Considering the thin surface of the
woven fabric, such a material can evolve into a membrane where absorption characteristics
are also pronounced under the same structural configuration. For the membrane case, sound
absorption can be produced due to losses on both the front and rear surfaces, and even from
the back wall surfaces. Although both materials can display absorption characteristics when
interacting with incoming sound, the absorption is present due to different requirements
where visco-thermal layers in holes and around the surface are compulsory, while that of the
membrane is not. From a textile point of view, pore dimension can determine whether the
material is a class of fabric or membrane. This can be further verified by an air permeability
value in the range of 222.1 mm/s to 1878 mm/s.

A variation on perforation parameter and backing air cavity depth is required to
change the absorption behavior of MPP, and those aspects are validated further by Maa’s
model in this section. Meanwhile, the change of surface density, stiffness, loss factor, and
backing air cavity depth can determine membrane absorption behavior where a thin panel
or similar theoretical approach is applicable for such a case.

5.2. Theoretical Model

To verify the absorption behavior of the woven fabric under consideration, Maa’s formu-
lation [7] is employed, which is an approximate model for MPP based on the basic model of
Raleigh [40] and Crandall [41]. For normal incidence, the wave motion in all the short tubes
can be regarded as being in phase and additive. Therefore, surface acoustic impedance with
inclusion of the end correction as proposed by Morse and Ingard [42]. This yields [6]:

opocd? 32 32t oc 2

. 32t 1Y2 2 4\ wt k21712 d
Z =20+ jZiy = —21 <{1+] +£k7 +iY 1+{1+} +0.855 ®)

The perforation constant k = d+/wpy/41, where d is the perforation diameter, w is the
angular frequency, pg is the air density, and 7 is the coefficient of fluid viscosity and the
perforation ratio area with circular cross-section o = (71/4)(d/ b)z, where b is the center-to-
center distance between holes. This model is applicable under the following conditions:
(1) the perforation ratio area is less than 10%; (2) hole interactions are not allowed; and
(3) the panels are acoustically rigid. Considering the material and morphology properties
of woven fabrics, such conditions may not be satisfied.

To be effective in the absorption process, the MPP absorbers require a backing air
cavity with cavity depth D. Together with Z,, it is required to tune its absorption at a
resonance frequency fy at which the maximum absorption can be obtained. The combined
surface impedance of the MPP and the air in the cavity Zypp is thus given by:

Zypp = Z+ Zeaw (6)

where:

. wD
Zeqy = —j cot — (7)
co
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The sound absorption coefficient for normal incidence is thus defined as:
47,

ay = ®)
" (14 Z,)* + (Zip — cotwD/c)?
and the maximum coefficient is given by:
47,
Bmax = ———— )
max (1 + Zr>2

For « = 0.5 (half absorption) of the maximum absorption in Equation (10), the follow-
ing expression exists:
(14 Z,)* + (Zjp — cotwD/c)?

=2 (10)
(1+2)
Hence, the associated bandwidth can be determined by:
D
Zim — cot 2= = £(1+ Z,) (11)

Co

Considering wD/cg in Equation (12) is proportional to frequency so that the &= sign
indicates the lower and upper half-absorption points. For a wider absorption bandwidth,
smaller Z;,, and larger Z, are required. Such behavior is evident in the surface impedance
behavior, as presented in Section 4.3.2.

In the next section, validation results are presented. The root mean squared error
(RMSE) is then used to evaluate two result differences and is expressed as follows:

(12)

where g; is the measured absorption coefficient, «; is the predicted absorption coefficient by
Maa’s model, and # is the number of data.

5.3. Validation Results
5.3.1. Effect of Backing Air Cavity Depth

According to Equation (6), it can be seen that impedance of MPP Z),pp is a combination
of surface impedance and backing air cavity depth. The impedance of the backing air cavity
depth governs the mechanism of sound absorption, as seen in Equation (7). In order to
observe the sound absorption behavior of woven fabric as an MPP absorber, the sample S7,
with a variation in air cavity depth of 5-30 mm with an increment of 5 mm, designated as
D5, D10, D15, and so on, is validated using Maa’s model.

Figure 11 shows the sound absorption for variations of the air cavity depth D. It can
be observed from both experimental and theoretical results that the absorption peak shifts
to a lower frequency, as expected, as the backing air cavity depth increases. Moreover,
both results are in good agreement. Although Maa’s model can predict the behavior of
the absorption coefficient, there are deviations. As can be seen in Table 6, RMSE values
are around 0.07-0.17. For the woven fabric D5 and D10, with RMSE of 0.17 and 0.10, the
model prediction underestimates the measurement at the middle frequency (f < 3000 Hz).
The deviations can be expected coming from the use of average empirical values for hole
diameter d in Equation (1) and perforation ratio o in Equation (3), which were estimated
from measurements.

Table 6. RMSE for samples with different backing air cavity depth.

Sample RMSE Sample RMSE
D5 0.17 D20 0.07
D10 0.10 D25 0.07

D15 0.09 D30 0.14
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Figure 11. Sound absorption comparison results between Maa’s model and the measurement results
for woven fabric S7 with variation air cavity depth of 5-30 mm (D5-D30).

5.3.2. Effect of perforation ratio

The hole diameter d and perforation ratio o for all cases are taken from Table 2.
Meanwhile, the air properties used in the Maa’s model are co = 340 m/s, po = 1.21 kg/m?,
17 =179 x 107> kg/ms, and air cavity depth D = 15 mm.

It can be seen from Figure 12 that the experimental results and Maa’s model share
common features where the behavior of the absorption coefficient is similar. Such an
indication is evident from the RMSE values found around 0.05-0.11, as listed in Table 7.
This result shows that the behavior of woven fabric follows the typical behavior of an MPP
absorber. Apart from this, the Maa’s model is also applicable to MPPs based on woven
fabric material.
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Figure 12. Sound absorption comparison results between Maa’s model and the measurement results

for woven fabric S1-S8.
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Table 7. RMSE for each sample of woven fabrics.

Sample RMSE Sample RMSE
S1 0.06 S5 0.07
S2 0.05 S6 0.08
S3 0.06 S7 0.11
S4 0.06 S8 0.10

Although the trend of the absorption coefficient can be predicted by Maa’s model,
there are deviations between the model and measurement, particularly at frequency above
the resonance absorption. This can be attributed to the shape factor, as suggested from some
references [26,43]. For the woven fabric S3-56, with RMSE of 0.07-0.10, the model prediction
underestimates the measurement at high frequencies (f > 4000 Hz). The deviations can be
expected to come from the use of average empirical values for hole diameter d in Equation
(1) and perforation ratio o in Equation (3), which were estimated from measurements.

6. Conclusions

This paper has investigated minute holes in woven fabrics for a wideband MPP
absorber and the associated absorption behavior has been discussed. Micro-perforation
woven fabrics with diameters of 0.103 mm-0.218 mm have been fabricated in woven
fabric by varying the density of the weft yarn while the warp yarns remain. Hence, a
weft density is useful to control the hole diameter and perforation ratio. Half-absorption
bandwidth Axgs can be more than 3 octaves while a peak of the absorption coefficient
of greater than 0.8 is present. Such absorption bandwidth is greater than the one to two
octaves typically found in conventional MPP, so the wideband absorption requirement
can be satisfied. However, a smaller hole diameter cannot be a guarantee to obtain the
higher half-absorption bandwidth Axg 5 and the peak of the sound absorption coefficient
max. Moreover, a very small difference on the order of 102 mm in hole diameter can
change absorption behavior. This is related to the behavior of resistance and reactance
of impedance of woven fabric, which should be carefully determined to obtain a higher
half-absorption bandwidth A5 and peak of sound absorption coefficient amax. From this
study, it is also evident that the behavior of the sound absorption coefficient of woven fabric
is similar to results produced by Maa’s model for a particular frequency range, with RMSE
around 0.10-0.17. The behavior of woven fabric also follows Maa’s model as the air cavity
depth was varied. This suggests that woven fabrics can be an alternative approach to obtain
minute holes, while Maa’s model is applicable to predict its absorption characteristics.
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