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Abstract

A broadband sound-absorbing structure that combines a nonwoven sheet with a back air
space and a Helmholtz resonator is proposed. The incident surface of the nonwoven sheet
with the back air space is divided into two areas, and a sound-absorbing tile with high
sound absorption coefficients across a wide frequency range is created by incorporating a
Helmholtz resonator at the end of one of the back air spaces. Theoretical and experimental
analyses were performed. Sound absorption coefficients were measured using a two-
microphone impedance measurement tube and the theoretical values were derived using
the transfer matrix method. The results demonstrate that the proposed sound-absorbing
structure exhibits high sound absorption coefficients across a wide frequency range for
both experimental and theoretical values. The sound absorption coefficient of the proposed
sound-absorbing tile is improved in the low-frequency range, and the dip in the high-
frequency range is eliminated. The sound absorption curve of the proposed tile became
broader compared with either the Helmholtz resonator alone or the nonwoven sheet with
a back air space alone. Theoretical values closely match experimental trends; thus, it
is possible to estimate the sound absorption coefficients of the proposed structure with
sufficient accuracy for practical applications.

Keywords: sound tile; nonwoven fabric sheet; back air space; Helmholtz resonator; absorption
coefficient; transfer matrix method

1. Introduction
Porous elastic materials, e.g., fibrous materials [1], exhibit high sound absorption

performance in the mid-to-high frequency range; thus, they are frequently utilized in
various fields, including the automotive sector [2,3].

The acoustic properties of nonwoven fabrics vary with the fibers used, the layering
method, the surface density, and the ventilation resistance [4]. To achieve sound absorption
coefficients in the low-frequency range using nonwoven sheets, a corresponding back air
space thickness is required. In addition, sound absorption structures comprising porous
sheets and back air space exhibit periodic absorption peaks and dips; thus, previous studies
have attempted to broaden the absorption curve [5,6]. To achieve sufficient sound absorp-
tion across a wide frequency range, structures that combine multiple porous materials
or absorbers have been researched [7–10]. Among these, the Helmholtz resonator, which
offers a simple structure and excellent sound absorption coefficient at low frequencies,
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has been employed in various sound-absorbing structures. Structures combining multiple
Helmholtz resonators [11,12], hybrid structures incorporating other materials [13–15], and
configurations integrated with active Helmholtz resonators [16] have been investigated.

Previous studies have also investigated ways to estimate the sound absorption co-
efficient of porous materials, including work by Rayleigh [17–19]. Furthermore, several
models, e.g., the Rayleigh, Miki [20], and Komatsu [21] models, have been employed to
estimate the sound absorption coefficient of nonwoven sheets.

In this study, we propose a space-efficient sound-absorbing structure that integrates
the features of a Helmholtz resonator and a nonwoven fabric sheet with a rear air layer
into a single structure. This combination allows for high sound absorption across a wide
frequency range without increasing the footprint. The proposed acoustic tiles have several
practical applications, including sound-absorbing panels for walls and ceilings, partitions in
architectural acoustics, and integration into automotive interiors and industrial machinery.
To demonstrate the effectiveness of the proposed structure, structural parameters were
investigated through fundamental element experiments using a small impedance tube.
Furthermore, a prototype of a tiled array structure for practical applications was fabricated
and evaluated using a large impedance tube. Alongside these experiments, regardless of
impedance tube size, a theoretical prediction model for this structure was developed using
the transfer matrix method and validated via experimental testing.

In the theoretical analysis performed in this study, the nonwoven sheet, the back
air space of the nonwoven sheet, the neck of the Helmholtz resonator [22], and the air
cavity were mathematically represented using transfer matrices. In addition, the Rayleigh
model [17] was employed as the theoretical estimation model of the nonwoven sheet’s
sound absorption coefficient. These acoustic elements were represented by equivalent
circuits and transfer matrices, and the sound absorption coefficient was determined using
the transfer matrix method. Here, a two-microphone impedance measurement tube was
employed to measure the sound absorption coefficients, and then the theoretical and
experimental values were compared.

2. Measurement Apparatus and Samples
In this study a Brüel & Kjær (Nærum, Denmark) Type 4206 two-microphone

impedance measurement tube was employed to measure sound absorption coefficients.
Here, the test sample was mounted in the impedance measurement tube. Then, a sine wave
signal was generated from the signal generator integrated within a fast Fourier transform
(FFT) analyzer (Ono Sokki DS-3000, Kanagawa, Japan). Based on the generated signal,
sound waves were radiated into the tube via a loudspeaker. Then, the transfer function be-
tween the sound pressure signals from the two microphones attached to the measurement
tube was measured using the FFT analyzer. The measured transfer function was employed
to calculate the normal incidence sound absorption coefficient in accordance with ISO
10534-2 [23]. The measurement tubes used to enclose the samples had inner diameters of
either 29 or 100 mm. The system’s measurement frequency range was 500–6400 Hz for the
29 mm tube and 50–1600 Hz for the 100 mm tube.

The air ventilation resistance of the nonwoven sheets (3A01A, 3A51AD, and 3701B
from Toyobo Co. Ltd., Osaka, Japan and RW2100 and RW2250 from Idemitsu Kosan Co.
Ltd., Tokyo, Japan) was measured using a Kato Tech (Kyoto, Japan) KES-F8-AP1 automatic
air permeability tester. Here, air at a constant volume velocity was passed through the
nonwoven fabric, expelling and inhaling air in both directions, and the air ventilation
resistance Rn was calculated from the pressure loss during this process.

Table 1 shows the specifications of each nonwoven fabric used in the experiment.
In the experiment, a nonwoven fabric sheet was secured to a stainless-steel honeycomb
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panel; therefore, the vibration of the nonwoven fabric was considered negligible in this
analysis [5].

Table 1. Specifications of nonwoven sheets.

Name of
Product

Area Density
m [g/m2]

Thickness
t [mm]

Ventilation
Resistance

R [kPa × s/m]

Flow
Resistivity
σ [Ns/m4]

3A01A 103 0.4 0.336 8.41 × 105

3A51AD 152 0.45 0.528 1.17 × 106

3701B 70 0.24 0.440 1.83 × 106

RW2100 100 0.58 0.214 3.69 × 105

RW2250 250 0.82 1.255 1.53 × 106

Figure 1 shows a schematic diagram and the dimensions of the specimens used in the
experiment. As can be seen, Type A (Figure 1a) is a nonwoven sheet with a back air space.
Figure 1b shows a Helmholtz resonator, where the neck of the resonator is a perforated
plate with a thickness of 1 mm. Type B (Figure 1c) is a nonwoven sheet with a back air
space containing a Helmholtz resonator, with a perforated plate positioned at the midpoint
of the back air space. Type C (Figure 1d) is an absorption structure comprising Types
A and B with half the incident area. Here, the incident surface is divided in half by a
partition plate, with a perforated plate positioned at the midpoint of one back air space.
The perforation diameter of the perforated plates is either 2 mm or 1 mm, and the plates
are made of stainless steel with a thickness of 1 mm.

Figure 1. Schematic of samples: (a) Type A (a nonwoven sheet with back air space); (b) Helmholtz
resonator; (c) Type B (a nonwoven sheet with back air space including a Helmholtz resonator); and
(d) Type C (Types A and B with half the incident area).
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Figure 2 shows a schematic diagram assuming sound-absorbing tiles. Here, Type
C’ is equivalent to Type C acoustically, with the incident surface made square. When
considering an array of sound-absorbing tiles (Figure 2a), the sound absorption effect
remains equivalent even if the arrangement is changed to that shown in Figure 2b.

Figure 2. Example arrangements for sound-absorbing tiles: (a) gathered Type C’; (b) rearranged
gathered Type C’; and (c) rearranged gathered Type C’ without the partition (sound-absorbing tile).
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Here, the portion corresponding to Type A on the left of Figure 2b exhibits similar
sound absorption characteristics even if the partition plate is omitted; thus, it can be
replaced with the left side of Figure 2c. In addition, for the portion corresponding to Type
B on the right of Figure 2b, the upper half is a nonwoven sheet with a back air space.
Thus, omitting the partition plate (Figure 2c, right) yields equivalent sound absorption
characteristics. Furthermore, the lower half of Figure 2b, i.e., the array-like Helmholtz
resonator, is equivalent to a perforated plate with a back air space. Note that omitting the
partition plate yields nearly identical sound absorption characteristics; therefore, Figure 2b
can be considered nearly equivalent to Figure 2c.

As described previously, Type C assumes sound-absorbing tiles such as those shown
in Figure 2c for practical applications.

3. Theoretical Analysis
3.1. Analytical Models Corresponding to Each Sound-Absorbing Structure

In this study, we employed transfer matrices relating sound pressure and volume
velocity to analyze the acoustic systems and derive the sound absorption coefficients.

The equivalent circuits represented by electrical four-terminal networks corresponding
to the analytical models for Type A, the Helmholtz resonator, Type B, and Type C, are
shown in Figure 3a, 3b, 3c and 3d, respectively.

Figure 3. Equivalent circuits corresponding to test samples: (a) Type A; (b) Helmholtz resonator;
(c) Type B; (d) Type C.

3.2. Transfer Matrix Based on One-Dimensional Wave Equation

When a plane wave propagates through the sample used in this experiment, the
transfer matrix is expressed using the one-dimensional (1D) wave equation. This analysis
assumes 1D plane-wave propagation; however, practical applications may involve three-
dimensional (3D) acoustic behaviors due to edge effects, non-normal incidence of sound
waves, or large-scale installations. Here, the sound pressure at the incident surface is
denoted p1, the particle velocity is denoted u1, the sound pressure at the sample holder end
surface (rigid wall) is denoted p2, the particle velocity is denoted u2, and the cross-sectional
area of the sample holder is denoted S. Then, the transmission matrix T relating the sound
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pressure and volume velocity between the incident surface and the end surface can be
expressed as follows [24].

[
p1

Su1

]
= T

[
p2

Su2

]
=

[
A B
C D

][
p2

Su2

]
(1)

Here, the four-terminal constants A, B, C, and D in the transfer matrix T are expressed
by the 1D wave equation as follows:

T =

[
A B
C D

]
=

[
cosh(γl) Zc

S sinh(γl)
S
Zc

sinh(γl) cosh(γl)

]
, (2)

where γ, Zc, and l denote the propagation constant, the characteristic impedance, and the
length of the acoustic element, respectively.

3.3. Transfer Matrix of Nonwoven Sheets

The nonwoven sheet is represented by a transfer matrix. Here, the propagation
constant γnw and characteristic impedance Znw of the nonwoven sheet are expressed by the
following equations [17] using the Rayleigh model.

γnw =
jω
c

√
1 +

σnw

jωρ
(3)

Znw = ρc
√

1 +
σnw

jωρ
(4)

Here, j and σnw denote the imaginary unit and the flow resistivity of the nonwoven sheet,
respectively.

The transfer matrix Tnw of the nonwoven sheet is obtained by substituting
Equations (3) and (4) into Equation (2), where Snw and tnw denote the area and thickness of
the nonwoven sheet, respectively.

Tnw =

[
cosh(γnwtnw)

Znw
Snw

sinh(γnwtnw)
Snw
Znw

sinh(γnwtnw) cosh(γnwtnw)

]
=

[
Anw Bnw

Cnw Dnw

]
(5)

3.4. Transfer Matrix of Helmholtz Resonator Neck

Using the impedance Zhole of the Helmholtz resonator neck, the transfer matrix Thole of
the neck is expressed as follows [25].

Thole =

[
1 Zhole

0 1

]
(6)

The acoustic impedance Zhole of the neck is expressed as follows.

Zhole = Rhole + iωρ
lhole + 2δdhole

Shole
(7)

Here, the neck thickness is denoted lhole, the neck inner diameter is denoted dhole, the neck
area is denoted Shole, the acoustic resistance of the neck is denoted Rhole, and the coefficient
correcting for the influence of acoustic radiation is denoted δ.
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Acoustic energy is dissipated within the neck due to the viscosity and thermal conduc-
tivity of the inner wall. The acoustic resistance based on this theory is denoted Rhole and
expressed as follows [26].

Rhole = 4 Rv
Shole

lhole+lR
dhole

≃≃≃ 0.83×10−2
√

f
Shole

lh+dhole
dhole

= 4 × 0.83 × 10−2 1+lhole/dhole
Shole

(8)

Here, Rv is the viscous resistance coefficient ≃ 0.83 × 10−2
√

f , where f and lR denote the
frequency and the additional resistance correction length, respectively. Note that lR can be
approximated by the neck inner-diameter dhole.

In addition, the correction coefficient δ is expressed as follows [27].

δ = 0.4

{
1 − 1.47

(
Shole
Sbas

)1/2
+ 0.47

(
Shole
Sbas

)3/2
}

(9)

Here, Sbas denotes the cross-sectional area of the rear air layer, where Sbas = Snw.
From the above, the transfer matrix Thole for the neck region is obtained by substituting

Equation (8) into Equation (7).

Thole =

[
1 Rhole + i 2π f ρ(l hole+2δdhole)

Shole

0 1

]
=

[
Ahole Bhole

Chole Dhole

]
(10)

3.5. Transmission Matrix for Back Air Space

The transfer matrix Tbas for the back air space can be expressed as follows by neglecting
attenuation in the transfer matrix based on the 1D wave formula in Equation (2).

Tbas =

[
cos kL j ρc

St
sin kL

j St
ρc sin kL cos kL

]
=

[
Abas Bbas

Cbas Dbas

]
(11)

Here, k, ρ, c, and L denote the wave number, the density of air, the speed of sound in air,
and the length of the back air space, respectively.

3.6. Transfer Matrices and Sound Absorption Coefficients for Each Type

The transfer matrix for the entire acoustic system of each type is constructed by
multiplying the transfer matrices of each element from the sound wave incident surface
side. The transfer matrix TA for the acoustic system for Type A (Figure 3a) is expressed
as follows.

TA =

[
Anw Bnw

Cnw Dnw

]
×

[
Abas Bbas

Cbas Dbas

]
=

[
AA BA

CA DA

]
(12)

The transfer matrix TH for the acoustic system of the Helmholtz resonator (Figure 3b)
is expressed as follows.

TH =

[
Ahole Bhole

Chole Dhole

]
×

[
Abas Bbas

Cbas Dbas

]
=

[
AH BH

CH DH

]
(13)

The transfer matrix TB for the entire acoustic system of Type B (Figure 3c) is expressed
as follows.

TB =

[
Anw Bnw

Cnw Dnw

]
×

[
Abas Bbas

Cbas Dbas

]
×

[
Ahole Bhole

Chole Dhole

]
×

[
Abas Bbas

Cbas Dbas

]
=

[
AB BB

CB DB

]
(14)
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The sound absorption coefficient is calculated using the transfer matrix for each type.
Then, using the four-terminal constants A, B, C, D of the transfer matrix, and under the
condition of a rigidly terminated wall u2 = 0, Equations (12)–(14) are expressed as follows.[

p1

Su1

]
=

[
Ap2

Cp2

]
(15)

In addition, the specific acoustic impedance Z of this acoustic system, as viewed from
the incident surface, is defined as follows.

Z =
p
u

(16)

Here, with p = p1 and Su1 = Su, the specific acoustic impedance Z is expressed as follows.

Z =
p
u
=

p
Su

S =
p1

Su1
S =

A
C

S (17)

We determine the specific acoustic impedance ZTypeC as seen from the incident surface
of Type C in Figure 3d, where ZTypeC is represented by the parallel combination of the
specific acoustic impedances associated with Types Ahalf and Bhalf, which each possess-
ing half the incident area of Types A and B, respectively. Here, ZTypeAhalf and ZTypeBhalf

denote the specific acoustic impedance of Types Ahalf and Bhalf, respectively, as seen from
the incident surface when they are contained within Type C. Then, using Equation (17),
ZTypeC can be expressed as follows, where the factor of 2 in the numerator arises because
the incident surface of Type C is divided into two parts.

ZTypeC =
2

1
ZTypeAhal f

+ 1
ZTypeBhal f

(18)

When calculating ZTypeC, the incident areas of the included Types Ahalf and Bhalf each
become half their original values. Then, the relationship between the specific acoustic
impedance Z and the reflectance R for each type is expressed as follows.

R =
Z − ρc
Z + ρc

(19)

Furthermore, the sound absorption coefficient α is expressed as follows using the
reflectance R.

α = 1 − |R|2 (20)

4. Comparison of Experimental and Theoretical Values
4.1. Comparison of Experimental and Theoretical Values for Each Sound-Absorbing Structure

Figures 4–6 present the experimental results measured using the small tube and the
estimated results for each type, respectively. Although Helmholtz resonators are typically
advantageous for sound absorption in low-frequency bands, the structure proposed in
this study features a small cavity volume, limiting its sound absorption effectiveness
below 500 Hz. In addition, constraints such as microphone spacing in the impedance tube
measurement system, conforming to ISO 10534-2, restrict low-frequency measurements.
Therefore, results below 500 Hz are treated as reference values. Nonetheless, a comparison
with the measurement results of Type C12 using the large impedance tube, discussed later,
shows that the qualitative trends in sound absorption characteristics for the low-frequency
range are consistent. Thus, the measurement data obtained with the small impedance tube
below 500 Hz can also serve as reference values for discussion.
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Figure 4. Comparison of experimental and theoretical values (Type A and Helmholtz resonator,
nonwoven: 3A01A, neck diameter: 2 mm).

Figure 5. Comparison of experimental and theoretical values (Type B, nonwoven: 3A01A, neck
diameter: 2 mm).
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Figure 6. Comparison of experimental and theoretical values (Types A, B, and C, nonwoven: 3A01A,
neck diameter: 2 mm).

Figure 4 shows the experimental and estimated sound absorption coefficients for
Type A and the Helmholtz resonator. The sound absorption curve for Type B (Figure 5)
combines the characteristics of Type A and the Helmholtz resonator from Figure 4. In
addition, the length of the back air space and the volume of the Helmholtz resonator incor-
porated in Type B are half those of the case shown in Figure 4; thus, both of the absorption
peak frequencies in Figure 5 are higher than the two absorption peak frequencies shown
in Figure 4.

Figure 6 compares Types A, B, and C. As shown, the sound absorption curve for
Type C combines the characteristics of both Types A and B. In addition, the volume of
Type B contained within Type C is halved; thus, the first peak frequency (due to the
Helmholtz resonance) in Type C is higher than that in Type B. The second peak in Type
C (due to the contained Type A) exhibits a reduced peak value and an increased peak
frequency, influenced by the sound absorption curve of Type B. Furthermore, for Type
A, the absorption dip near 4 kHz is counteracted by Type B’s second absorption peak
(due to the upper back air space), which enables Type C to maintain a high absorption
coefficient. As demonstrated above, Type C achieves a high absorption coefficient across a
broad frequency range.

Figure 7 compares the theoretical values for Type C with those for Types Ahalf and
Bhalf, where the incident area is halved, to account for the fact that the incident area of
Types A and B contained in Type C is also halved. In other words, Type C can be described
as a structure where Types Ahalf and Bhalf are arranged in a side-by-side manner. Figure 7
indicates that the first peak of Type C corresponds to the first peak of Type B offset to
higher frequencies, whereas the second peak of Type C corresponds to the first peak of Type
A, also offset to higher frequencies. The third peak of Type C corresponds to the second
peak of Type B (originating from the nonwoven fabric), again offset to higher frequencies.
These results demonstrate that Type C achieves a high absorption coefficient over a broad
frequency band by superimposing the characteristics of Types Ahalf and Bhalf.

https://doi.org/10.3390/textiles6020069
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Figure 7. Type C as the combined theoretical result of Types Ahalf (half incidence surface area) and
Bhalf (half incidence surface area) (nonwoven: 3A01A, neck diameter: 2 mm).

Figures 8–12 show the experimental and estimated results for Type C for five types of
nonwoven sheet. Here, the hole diameter of the Helmholtz resonator used was either 2 mm
or 1 mm. For all nonwoven sheets, the general trends of the experimental and estimated
results matched. In addition, for the 2 mm hole diameter, high sound absorption coefficients
were obtained over a wide frequency range for all nonwoven sheets (except for the RW2250
product). The low sound absorption coefficient obtained using RW2250 was due to its
excessive ventilation resistance, as shown in Table 1. However, due to its thickness and
strength, RW2250 is considered highly practical for various applications, e.g., ceiling tiles,
where a large sound-absorbing area can be utilized. For the 1 mm hole diameter, the smaller
neck cross-sectional area of the Helmholtz resonator shifted the initial sound absorption
peak to lower frequencies; however, the peak sound absorption coefficient decreased. This
is attributed to the lower frequency band of the sound absorption coefficient (corresponding
to the Type Ahalf sound absorption curve in Figure 7) being superimposed on the Helmholtz
resonance peak.

To quantitatively evaluate the sound absorption coefficients of Types A, B, and C
between the experimental and theoretical values, Table 2 and Figure 13a show the average
sound absorption coefficients for each octave band based on the results shown in Figure 6.
As can be seen, Type C exhibits a high sound absorption coefficient across a broad frequency
range compared with Types A and B. Furthermore, it can be observed that the experimen-
tal and theoretical average sound absorption coefficients for all three types agree well.
Table 3 and Figure 13b–f present the average sound absorption coefficients for Type C, cor-
responding to the five types of nonwoven fabrics (Figures 8–12). These results are presented
for Helmholtz resonator neck diameters of 1 and 2 mm. The results confirmed the following
trend: the average sound absorption coefficient was higher across all frequency bands
when the neck diameter was 2 mm compared to 1 mm. The average sound absorption
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coefficient in the 304–707 Hz range shown in Table 2 is provided for reference, as it includes
values below 500 Hz measured with the small impedance tube. However, comparisons
with Type C12 indicate that the experimental data below 500 Hz obtained with the small
impedance tube possess sufficient accuracy to serve as reliable reference values.

Figure 8. Comparison of experimental and theoretical values (Type C, nonwoven: 3A01A).

Figure 9. Comparison of experimental and theoretical values (Type C, nonwoven: 3A51AD).
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Figure 10. Comparison of experimental and theoretical values (Type C, nonwoven: 3701B).

Figure 11. Comparison of experimental and theoretical values (Type C, nonwoven: RW2100).
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Figure 12. Comparison of experimental and theoretical values (Type C, nonwoven: RW2250).

Table 2. Average sound absorption coefficient at octave band frequencies corresponding to Figure 6
(nonwoven: 3A01A, neck diameter: 2 mm). ⋆ Values at 500 Hz are for reference due to limitation of
the measurement setup.

500 Hz ⋆⋆⋆
(304–707 Hz)

1 kHz
(707–1414 Hz)

2 kHz
(1414–2828 Hz)

4 kHz
(2828–5657 Hz)

3A01A

Type A
Measurement 0.403 0.798 0.973 0.530

Theory 0.372 0.777 0.970 0.529

Type B
Measurement 0.600 0.270 0.743 0.973

Theory 0.617 0.278 0.739 0.971

Type C
Measurement 0.574 0.780 0.906 0.869

Theory 0.523 0.731 0.905 0.898

Figure 13. Cont.
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Figure 13. Average sound absorption coefficient at octave band frequencies corresponding to
(a) Figure 6 and (b–f) Figures 8–12, respectively.

Table 3. Average sound absorption coefficient at octave band frequencies corresponding to Figures 8–12
(nonwoven: 3A01A, 3A51AD, 3701B, RW2100, RW2250, neck diameter: 1 mm, 2 mm). ⋆ Values at
500 Hz are for reference due to limitation of the measurement setup.

500 Hz ⋆⋆⋆
(304–707

Hz)

1 kHz
(707–1414

Hz)

2 kHz
(1414–2828

Hz)

4 kHz
(2828–5657

Hz)

3A01A

Type C
Neck 2 mm

Measurement 0.574 0.78 0.906 0.869

Theory 0.523 0.731 0.905 0.898

Type C
Neck 1 mm

Measurement 0.461 0.653 0.931 0.913

Theory 0.493 0.656 0.924 0.901

3A51AD

Type C
Neck 2 mm

Measurement 0.638 0.776 0.877 0.829

Theory 0.565 0.683 0.830 0.798

Type C
Neck 1 mm

Measurement 0.526 0.631 0.841 0.805

Theory 0.511 0.647 0.849 0.799

3701B

Type C
Neck 2 mm

Measurement 0.537 0.742 0.883 0.874

Theory 0.552 0.708 0.865 0.841

Type C
Neck 1 mm

Measurement 0.510 0.665 0.894 0.809

Theory 0.506 0.654 0.882 0.843

RW2100

Type C
Neck 2 mm

Measurement 0.449 0.723 0.953 0.889

Theory 0.455 0.720 0.939 0.964

Type C
Neck 1 mm

Measurement 0.416 0.553 0.946 0.881

Theory 0.457 0.596 0.941 0.968
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Table 3. Cont.

500 Hz ⋆⋆⋆
(304–707

Hz)

1 kHz
(707–1414

Hz)

2 kHz
(1414–2828

Hz)

4 kHz
(2828–5657

Hz)

RW2250

Type C
Neck 2 mm

Measurement 0.541 0.574 0.671 0.618

Theory 0.501 0.489 0.581 0.544

Type C
Neck 1 mm

Measurement 0.472 0.557 0.633 0.552

Theory 0.439 0.506 0.589 0.544

4.2. Parameter Study and Demonstration

The sound absorption coefficients for Type C obtained by varying the ratio of incident
area between the Type Ahalf and Type Bhalf sections, which had previously been set to
1:1, are shown in Figure 14. As shown, the incident area occupied by the Type Bhalf

section increases, the primary peak shifts toward lower frequencies, and the dip between
the primary and secondary peaks becomes larger. In addition, in such cases, the sound
absorption coefficient derived from the Helmholtz resonator, i.e., the primary absorption
peak, increases overall.

Figure 14. Variation in estimated absorption coefficient with incident area ratio (Type C, nonwoven: 3A01A,
neck diameter: 2 mm).

The determination of the dimensions for each part of Type C up to the previous section
was constrained by the cross-sectional area of the small impedance tube. Thus, this section
discusses a parameter study of the Type C12 acoustic tile, assuming a case similar to that
shown in Figure 2c, with an area of 88.62 mm × 88.62 mm and a thickness of 40 mm.
Figure 15 shows a schematic diagram and the dimensions of Type C12. Here, the incident
area of Type C12 is approximately 12 times that of Type C. In addition, experimental values
for Type C12 were measured using the large impedance tube, which has an incident area
12 times larger than that of Type C. Figure 16 presents the experimental and theoretical
results for Type C12, along with those for Type C for comparison. The theoretical values
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for both Type C and Type C12, as well as the experimental values for Type C12, nearly
overlap, indicating that Type C12 and Type C are acoustically equivalent. Furthermore,
although the experimental results for Type C are slightly overestimated at frequencies
below 500 Hz, they remain within an acceptable range for reference purposes. These results
indicate that under normal incidence conditions, expanding the sample size and the lateral
coupling from the presence or absence of partition plates have a negligible effect on sound
absorption characteristics. This supports the validity of the present model, which treats
the two subregions as parallel acoustic impedances. However, it should be noted that
in practical acoustic environments with oblique incidence or diffuse field conditions, 3D
acoustic behaviors may contribute, potentially limiting the predictive capability of the
1D model.

Figure 15. Schematic of Type C12.

Figure 16. Comparison of experimental and theoretical values (Type C12 and C, nonwoven: 3A01A).

The sound absorption coefficient of the nonwoven sheet with a back air space portion
(equivalent to Type Ahalf) is primarily determined by the ventilation resistance of the
nonwoven sheet and the thickness of the back air space. As a result, it is not affected by the
size of the tile. Thus, the ventilation resistance of the nonwoven sheet and its proportion of
the incident area become the key parameters.
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In addition, for the portion corresponding to Type Bhalf, there is considerable design
flexibility regarding several key parameters, e.g., the ventilation resistance of the nonwo-
ven sheet, the diameter and length of the neck portion of the Helmholtz resonator, the
resonator’s internal volume, and the proportioning of the thickness between the upper
back air space and the lower Helmholtz resonator. Thus, in the Type C12 acoustic tile, the
sound absorption curve can be modified to match the desired absorption frequency by
optimizing these parameters.

Furthermore, Figures 17 and 18 show the sound absorption coefficients obtained by
varying the number and diameter of holes in the Helmholtz resonator. First, we consider
the Type C12 case in Figure 15. Type C12 corresponds to simply arranging 12 Type C
units side by side and removing the boundary wall. Consequently, the two exhibit close
agreement. The slight difference between them occurs because the incident area of Type
C12 is precisely 11.89 times greater (not exactly 12 times).

Figure 17. Variation in estimated absorption coefficient with number of necks (Type C12 and C,
nonwoven: 3A01A, neck diameter: 2 mm).

Figure 18. Variation in estimated absorption coefficient with number of necks and neck diameter
(Type C12, nonwoven: 3A01A).

In Figure 17, the overall aperture ratio of the Helmholtz resonator decreases as the
number of holes decreases. In contrast, in Figure 18, the hole area is increased to correspond
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with the reduction in the number of holes; thus, the overall aperture ratio of the Helmholtz
resonator remains unchanged. In Figure 17, the peak frequency shifts significantly toward
the low-frequency range as the number of holes decreases; however, the peak sound
absorption value decreases. In addition, in Figure 18, the peak frequency shifts toward the
low-frequency range as the number of holes decreases, although the peak sound absorption
value does not decrease significantly. In both Figures 17 and 18, the primary absorption
peak frequency from the Helmholtz resonator and the secondary absorption peak frequency
around 2.5 kHz from the nonwoven sheet with a backing air space (equivalent to Type Ahalf)
become more separated as the number of holes decreases. As a result, the dip between the
primary and secondary absorption peaks becomes larger.

Figures 19 and 20 show the sound absorption coefficients obtained by altering the
thickness of Type C12. Similar to the result shown in Figure 18, the number of holes and
the hole area were varied in such a way that the overall aperture ratio of the Helmholtz
resonator remained unchanged. Figure 19 compares the sound absorption coefficients
when the thickness was set to 80 mm. Here, the length of the air space behind the nonwo-
ven fabric and the volume of the Helmholtz resonator cavity doubled compared with the
40 mm thickness. As a result, the overall sound absorption peak shifted toward lower fre-
quencies, achieving a high sound absorption coefficient across a frequency range spanning
approximately a decade. In addition, when the thickness was set to 20 mm, the overall
sound absorption peak shifted toward higher frequencies, as shown in Figure 20.

Figure 19. Variation in estimated absorption coefficient with neck diameter (Type C12, thickness: 80 mm,
nonwoven: 3A01A).
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Figure 20. Variation in estimated absorption coefficient with neck diameter (Type C12, thickness: 20 mm,
nonwoven: 3A01A).

5. Conclusions
This paper has proposed acoustic tiles comprising a layered structure of a nonwoven

sheet with a backing air space and a Helmholtz resonator, and a nonwoven sheet with a
back air space arranged in a parallel configuration. In the future, these tiles are expected to
be utilized in the architectural sector, automotive sector, and machinery-related applications.
Moreover, employing optimization techniques such as machine learning, as demonstrated
by Casaburo et al. [28], is expected to enhance sound absorption performance. The validity
of the theoretical model was investigated by comparing the experimental values measured
using a two-microphone impedance measurement tube with the estimated values. The
primary findings of this study are summarized as follows.

(1) Compared with the nonwoven sheet with only a back air space, the proposed sound-
absorbing tile demonstrated improved sound absorption performance in the low-
frequency range and eliminated the dip in the high-frequency range.

(2) The proposed sound-absorbing tile exhibits a broader sound absorption curve com-
pared with both the nonwoven sheet with only a back air space and that with a back
air space containing a Helmholtz resonator.

(3) The good agreement between the theoretical and experimental trends demonstrates
that it is possible to estimate the sound absorption coefficients with sufficient accuracy
for practical applications. As a result, the estimation of the normal incidence sound
absorption coefficient through a parametric study has provided design guidelines for
the sound-absorbing tiles discussed in this study.
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