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Abstract: Local resonant sonic crystals (LRSCs) window as a novel design has recently been proposed
to achieve a good balance between noise mitigation, natural ventilation and natural lighting. In
an effort to explore the feasibilities of such designs in civil residential buildings, an optimization
methodology was proposed to develop a more compact LRSCs window with high noise attenuation
performance in the present study. Specifically, the Taguchi method was adopted for the design of
experiments on the parameters of interest and their corresponding levels, and SN ratio analysis
was then applied for the parametric evaluations on the noise attenuation on specified frequencies
in traffic noise (concentrated sound energy frequency range: 630–1000 Hz). Three optimal sets of
design parameters on the interested frequencies, namely, 630 Hz, 800 Hz and 1000 Hz were obtained.
ANOVA analysis was conducted to quantificationally identify the design parameters with statistical
significance and remarkable contribution to the desired performance. Results indicate that the slit size
has the most significant influence on the overall noise attenuation performance, followed by cavity
width. An optimal set of design parameters to achieve the overall best noise reduction performance in
the frequency range of 630–1000 Hz was finally determined by combining the SN ratio and ANOVA
analysis. A prototype of the final optimized LRSCs window was then fabricated and tested in a semi-
anechoic chamber. Good agreement was found between the experiment and numerical simulation. In
comparison to the benchmark case, the final optimized design can achieve a further noise reduction
by 2.84 dBA, 3.48 dBA and 5.56 dBA for the frequencies of 630 Hz, 800 Hz and 1000 Hz, respectively.
The overall noise reduction for the interested frequency range can be promoted by 3.28 dBA. The
results indicate that the proposed optimization methodology is practical and efficient in designing a
high-performance LRSCs window or improving similar applications.

Keywords: local resonant sonic crystals window; noise attenuation; structure optimization; Taguchi method

1. Introduction

With the acceleration of urbanization, noise pollution has become the main source
of urban environmental pollution. Noise regarded as unpleasant sound harms the public
physical and mental health, and hence it is particularly important to reduce noise pollution
with active or passive methods in our modern society [1,2]. Sonic crystals (SCs) as a passive
noise attenuation method has recently received great attention from the research committee.

The concept of using sonic crystals (SCs) to reduce noise was first appeared in the
1990s [3,4]. SCs are normally periodically distributed sound scatterers that are forms of
square or triangular lattices composed of two or more solid media. SCs can produce
destructive Bragg interference in a certain frequency range. As a result, a band gap can be
created and the noise at the specific frequency range can be attenuated [5–7]. Up to now, SCs
have been widely applied in the designs of noise barriers and green belts that can be used
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in railway, expressway and some other public areas with noise pollution concerns [8–12].
Lee et al. [13] presented a maze structure that would be regarded as an SC structure. They
reported that the maze structure can attenuate 17.9 dBA noise in the frequency range below
1000 Hz and broaden the frequency band. Such structure was proposed to be used in
children’s playgrounds or gardens to reduce noise while providing a green landscape at
the same time. Huang et al. [14] investigated the band gap attenuation mechanism of the
natural SC of trees distributed in the urban area through theoretical and experimental
methods. They noticed that hard soils and larger tree height were beneficial to obtain a
wider band gap. However, for SCs, the band gap only appears when the wavelength of the
sound wave is equal to or less than the lattice constant of the SCs, hence normal SCs are
not suitable for the reduction of low-frequency noise.

Recently, the concept of local resonant sonic crystals (LRSCs) which have resonance
characteristics has been proposed to reduce the lower frequency noise and broaden the
band gaps with smaller SCs structures. Liu et al. [15] reported a pioneer work regarding
the concept of LRSCs. They noticed that SCs with small size structures were able to reduce
the low-frequency noise more effectively. A 2cm lattice structure was reported to generate
a band gap at about 400 Hz. Cui et al. [16] introduced an SC with resonator cavity and slit.
They found that the resonant cavity plays an important role in the band gap to achieve a low-
frequency acoustic absorption. Lardeau et al. [17] conducted numerical and experimental
studies to investigate the acoustic characteristics of a system applying square-rod rigid
scatterers that are composed of quarter wavelength resonators. They found that such a
system can easily activate the coupling effects between the resonators to obtain a broad-
band gap of 590 to 3220 Hz. Chen et al. [18] studied the acoustic performance of double-
layer plates cavity. It was observed that within a certain limit a better noise attenuation
performance can be attained when the volume of the cavity was increased. Mohapatra
et al. [19] studied the insertion loss of four different scatterers that were comprised of two
cylindrical shells (inner and outer) but different configurations of the opening slit. It was
discovered that the function of the outer shell tended to shift the resonance frequency of
the scatterer to the low-frequency side while the inner shell indicated the opposite effect.
The scatterers that had the outer shell with slit while the inner shell without slit can obtain
a plurality of resonant bands with significant band width.

The Helmholtz resonator as a typical compact LRSC shows some excellent noise
reduction characteristics and hence gains significant attention from the applications of
noise control. Wang et al. [20] theoretically studied the band structure of one-dimensional
SCs that applied Helmholtz resonators without any geometrical size restrictions. The
interface response theory was applied to study the geometric effects on the band structures,
transmission spectra, and defect states. The results indicated that the presence of Helmholtz
resonators was apt to generate a band gap at a low frequency. The integration of single or
periodical Helmholtz resonators can be practically applied in designing any acoustic band
gap materials. Wang et al. [21] through theoretical and experimental methods studied the
band structure and acoustic localization capability of a two-dimensional phononic crystal
resonator (PCR) with slit design. They found that the structure of the resonator had a
strong acoustic localization capability, and the resonant frequency and acoustic pressure
amplification amplitude by PCR can be adjusted by regulating the geometric parameters of
the slotted tube. According to the concepts of slow sound and critical coupling, Jimenez
et al. [22] introduced an acoustic metamaterial panel that was made of periodic Helmholtz
resonators (HRs). It was indicated that such an acoustic panel can acquire a perfect
absorption of sound by controlling the geometry of the slit and HRs. Gupta et al. [23]
investigated a muffler that has different shapes of Helmholtz resonators at the inlet by
numerical and experimental studies. They reported that the use of Helmholtz resonators in
the muffler can produce a lower resonate frequency to attenuate the low-frequency noise,
and the proposed Helmholtz resonator with cylindrical shape can reduce the transmission
loss up to 4.47 dB at 340 Hz. Due to its excellent noise attenuation performance, studies
were also carried out to investigate the geometric effects of the Helmholtz resonator on noise
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reduction. Selamet et al. [24] characterized the influences of length, shape and perforation
of extension neck of Helmholtz resonator on the resonant frequency and transmission loss.
It was found that the increase of neck length tended to reduce the resonance frequency
and attenuation band when the cavity volume was kept constant. Li et al. [25] investigated
the effects of slit size and number of slit openings of phononic crystal with embedded
Helmholtz resonators on the bandgap characteristics. It was found that reducing the slit
size led to a lower position and narrower band gap, and the design with one opening
demonstrated a wider bandgap in a lower position than that of the design with two
openings. Yang et al. [26] explored the effects of the slit width of the inner resonator of the
dual/multilayer Helmholtz resonator on the multi-resonance tunneling of acoustic waves.
They noticed that increasing the slit of the inner resonator can make the tunneling peaks
shift to the high frequency.

Following the principles of the Helmholtz resonator, a novel concept of SCs window
was proposed and tested in our previous studies [27–29]. The effects of resonator shapes,
configurations and number of columns on the ventilation and noise attenuation of the SCs
window were investigated. Results showed that the SCs window with the rectangular
Helmholtz resonators exhibited the best noise reduction performance. However, in order
to achieve a significant noise attenuation performance, the proposed SCs window was
designed with a configuration of four columns of Helmholtz resonators. As a result, the
overall thickness of the SCs window was up to 281.3 mm which exceeded the thickness
of a normal outer wall (i.e., 220 mm) of civil residential buildings in China. This restricts
the potential application of such windows since some safety hazards such as protrusion
from the walls, as well as the unpleasant facade of buildings, could be caused by installing
such windows. Therefore, in order to reduce the overall thickness of the SCs window while
maintaining or even enhancing the noise attenuation performance, the present study aims
to propose an optimization methodology for the parametric designs of high-performance
LRSCs window with less column of Helmholtz resonators and hence thinner window
thickness. On the basis of the concept of our previous studies [27–29], the specific goal
is to develop a high-performance LRSCs window with only three columns of Helmholtz
resonators installed within a limited window thickness of 220 mm.

2. Methodologies

According to our previous study [27–29], the configurations of the resonators in the
SCs window including the geometries, arrays and relative positions were found to have
a significant influence on the acoustic performance. However, the effort on a systematic
optimization of these configuration parameters is still lacking. As shown in Figure 1, a
prototype of the LRSCs window with the rectangular Helmholtz resonators in our previous
study is demonstrated. The hollow rectangular aluminum tubes with an opening slit
are arranged with 4 columns in the window to reduce noises while maintaining good
performance in ventilation and natural lighting. The hollow rectangular aluminum tube
is performed as a Helmholtz resonator, and the geometry of the hollow tube is sketched
in Figure 1c. In literature, it is well known that the geometry of the resonator determines
the resonance frequency of a Helmholtz resonator. Hence, the geometric parameters
of the resonator such as the slit size (a), length of the neck (l), internal width (b) and
height (c) are suggested to have a considerable impact on the noise attenuation performance
of an LRSCs window. In the present study, numerical experiments combined with the
optimization methods—the Taguchi method and analysis of variance method (ANOVA)
to investigate the respective and comprehensive influences of these geometric parameters
on the acoustic performance. Finally, an optimal set of parameters will be proposed and
applied for the fabrication of an LRSCs window prototype with only three columns of
resonators within an overall window thickness of 220 mm. Experiments will be then
conducted to investigate the noise attenuation performance of the prototype and verify
the proposed design methodology. In the following sub-sections, details regarding the
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optimization method, procedures, numerical and experimental methods will be introduced
and discussed.
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(4 columns); (c) geometries of a rectangular Helmholtz resonator.

2.1. Taguchi Method and The Design of Experiments

The Taguchi method firstly introduced by Dr. Genichi Taguchi, is a widely used
scientific method for the optimization of products or systems with multiple designs or
operating variables. By a special design of orthogonal arrays with fewer experimental tests,
it can obtain the same results as a full-factorial test after a systematic analysis of the results,
and hence make the optimization process much more efficient. In practice, it is usually
implemented together with the ANOVA method to explore the optimal operating (design)
parameters of a system (product) to obtain the best performance (quality). Therefore, in
order to design an LRSCs window with high noise attenuation performance, the Taguchi
and ANOVA methods are applied to figure out the best geometric parameters of an LRSCs
window with the rectangular hollow tubes according to our previous work [27–29]. In
particular, the sensitivities of the geometric parameters such as a, b, c, and l of the rectangular
SC tubes on the noise reduction performance will be characterized as shown in Figure 1c.

In the Taguchi method, a signal-to-noise (SN) ratio is used to measure the quality
characteristics deviating from the desired values. The desired objective, on the other
hand, is determined by the related parameters to be assessed. For the SN ratio, the
terms “signal” and “noise” stand for the desired and undesired effects for the output
quality characteristics, respectively. In analysis, the quality characteristic can be generally
divided into three categories: the-nominal-the-better, the-smaller-the-better and the-larger-
the-better. In the present study, the quality characteristic obtained from the numerical
experiments is the equivalent sound pressure level. Thus, in terms of the design objective,
the smaller-the-better category is applied, and the SN ratio can be defined as:

SN = −10 log

[
1
N

N

∑
i=1

y2
i

]
(1)

where yi is the result of the test, and N is the number of repeated tests. Since numerical
experiments are applied in the present study, the results of tests are assumed to be obtained
under ideal conditions and therefore the impacts of the environment on the numerical
results are ignored (N is set as 1). The specific steps of the Taguchi method are applied
as follows:

i. Identify the desired objective. The aims of the present study are to figure out the
optimal geometric parameters of an LRSCs window in order to achieve the best
noise reduction performance.

ii. Selection of quality characteristics and target values. As abovementioned, the
quality characteristic is the equivalent sound pressure level, and the target value is
set to be as small as possible.
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iii. Determine the critical control factors and corresponding levels. The proposed
LRSCs window is used to attenuate noise by generating resonant frequencies
through Helmholtz resonators, and the calculation of resonance frequency ( fc)
can be given by [30]:

fc =
v

2π

√
S

V(l + 0.9a)
(2)

where v is the speed of sound in air, S is the cross-sectional area of the resonator opening,
V is the volume of resonator cavity, l is the length of neck and a is the slit size, as shown
in Figure 1. According to Equation (2), related geometric parameters that determine the
resonance frequency of a Helmholtz resonator are the slit size (a), length of the neck (l),
internal width (b) and height (c) of the resonator. Hence, for brevity, Equation (2) can be
further simplified as

fc =
v

2π

√
a

bc(l + 0.9a)
(3)

The proposed configuration of resonators in the new LRSCs window is presented in
Figure 2. In this study, the noise of interest to be attenuated by the LRSCs window is the
traffic noise which has the concentrated sound energy in the frequencies from 630 Hz to
1000 Hz. As aforementioned, the width of the LRSCs window is fixed at 220 mm. The
internal height (c) of the resonator is also fixed at 57.5 mm which is selected according to
the size of the LRSCs window. This is because the main influences of “b” and “c” are both to
affect the volume of cavity volume of the resonator so that varying only the parameter “b”
is suggested to be good enough for the optimization analysis. Hence, the studied control
factors to affect the equivalent sound pressure level include the slit size (a1, a2 and a3),
the cavity width (b1, b2 and b3), and the neck length l (maintained the same in the three
columns). The values of the three levels of each control factor are summarized in Table 1.
They are determined according to the fixed window thickness of 220 mm and the interested
frequency band of noise. As shown in Figure 2, the first column of resonators is designed
to attenuate the noise at the frequency of 630 Hz, and therefore the levels of the control
factors are calculated according to Equation (3) and the target frequency of 630 Hz. The
same principles are applied for the second and third column of the resonators which are
designed to attenuate the noise at the frequencies of 800 Hz and 1000 Hz, respectively.
In this study, the influence of noise factor due to experiments is irrespective since the
numerical experiments are conducted.

iv Orthogonal test table. In the Taguchi method, the size of the orthogonal test table is
determined by the control factors and their relative levels. As discussed above, this
orthogonal test considers seven control factors, and each control factor considers three
levels. Therefore, the orthogonal test table of L18(2

1 × 37
)

is applied as shown in
Table 2. As can be seen, there are only 18 tests needed in comparison to a full-factorial
test which requires 37 = 2187 tests.

v Data analysis. After completing the 18 numerical tests in Table 2, the numerical
results are then analyzed using the ANOVA method. The correction coefficient CF,
the sum of squares for all tests ST , the sum of squares for individual control factor
SQ, the variance of factor Vfactor, the Fisher ratio F and the contribution rate λ of the
individual control factor are calculated as follows:
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Table 1. Summary of control factors and their relative levels.

Control Factor Level 1 Level 2 Level 3

A a1 (mm) 4.3 6 8.8
B a2 (mm) 5.9 8 11.4
C a3 (mm) 12.6 20 42
D b1 (mm) 53.1 60 68.5
E b2 (mm) 34.2 37.5 41.4
F b3 (mm) 29.3 31.7 34.4
G l (mm) 2 3 4

Table 2. L18(2
1 × 37) orthogonal test table.

Test Number A B C D E F G

1 1 1 1 1 1 1 1 1
2 1 1 2 2 2 2 2 2
3 1 1 3 3 3 3 3 3
4 1 2 1 1 2 2 3 3
5 1 2 2 2 3 3 1 1
6 1 2 3 3 1 1 2 2
7 1 3 1 2 1 3 2 3
8 1 3 2 3 2 1 3 1
9 1 3 3 1 3 2 1 2

10 2 1 1 3 3 2 2 1
11 2 1 2 1 1 3 3 2
12 2 1 3 2 2 1 1 3
13 2 2 1 2 3 1 3 2
14 2 2 2 3 1 2 1 3
15 2 2 3 1 2 3 2 1
16 2 3 1 3 2 3 1 2
17 2 3 2 1 3 1 2 3
18 2 3 3 2 1 2 3 1

CF =

(
n
∑

j=1
SNj

)2

n
(4)

ST =
n

∑
j=1

SNj
2 − CF (5)

SQ =

m
∑

i=1
SNi

2

n/m
− CF (6)
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Vf actor =
SQ

DOF
(7)

λ =
SQ − (Verror × DOF)

ST
(8)

F =
Vf actor

Verror
(9)

where n is the number of tests, m is the number of levels for individual control factor; SNj
is the SN ratio of individual test, SNi is the sum of SN ratios for a control factor at level
i (i = 1, 2 and 3); DOF is the degree of freedom of a control factor, Verror is the variance of
error. The contribution rate λ indicates the individual impact of individual control factor on
the quality characteristic. The higher is the contribution rate, the more significant influence
is the control factor.

2.2. Numerical Methods

Following the previous work [28], the “Pressure Acoustics, Frequency Domain” acous-
tic model in COMSOL software was employed for the two-dimensional (2D) acoustic
simulations [31]. Rather than a full 3D simulation, the reasons for the selection of 2D
simulations are the lower computation resource required and the capability that has been
proved in similar problems [28,32,33]. As shown in Figure 3, the geometry of the 2D numer-
ical model is corresponding to the experimental setup that is installed in a semi-anechoic
chamber (4.0 m (L) × 3.6 m (W) × 2.4 m (H)). The radiation boundary condition which has
been successfully employed by other researchers [11,34,35] was applied for the boundaries
of semi-anechoic chamber walls, indicating no reflection on these boundaries. For the
rest of the walls, the sound hard boundary conditions were applied [11,34]. A monopole
point source of 1 Pa was used to simulate the sound source, and a domain point probe
was used as a virtual sensor to receive the sound signal. The material that fills up the
fluid computation domain is air which has a density of 1.1839 kg/m3 and sound speed of
343 m/s. Since the walls of the window structure are considered as sound hard boundaries,
the material of the window is simply defined as aluminum which is the actual material
of the fabricated SCs window in the experiments. In this numerical study, the calculated
frequency range is from 100 to 5000 Hz which covers the main frequencies of traffic noise.
In order to ensure the accuracies of simulation, a grid independent study was carried out
and the final refined meshes with good quality were generated. Particularly, the maximum
element size of the meshes was set to be less than one-sixth of the minimum wavelength,
so that the effects of wavelength can be scrutinized. As shown in Table 3, the parameters in
the setting of final grid systems are tabulated. For the 18 simulation cases listed in Table 2,
the adopted grid systems consist of approximately 0.8 million elements with an average
element quality higher than 0.95. A typical mesh profile in the present study is illustrated
in Figure 4.

Table 3. Parameters of the grid system in simulations.

Maximum element size (m) 0.00686

Minimum element size (m) 0.0001

Maximum element growth rate 1.1

Curvature factor 0.2

Resolution narrow regions 1
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A detailed description of the proposed LRSCs window is illustrated in Figure 5a. It is
comprised of 3 columns and 11 rows of rectangular hollow aluminum tubes. The thickness
of the whole window is limited to 220 mm, and the center distances between the first
two columns and last two columns of resonators are fixed at 90.75 mm and 76.05 mm,
respectively. In order to have reasonable natural ventilation and lighting performance [29],
the center distance between the two adjacent rows of resonators is fixed at 140 mm, and
the distance from the upper/bottom row of resonators to the window wall is fixed at
75 mm. Under such configuration, the Bragg interference induced by the three columns of
resonators will generate two band gaps which have the calculated center frequencies of
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1890 Hz and 2255 Hz, respectively. In comparison to the interested frequency range 630 to
1000 Hz, the distances between the columns of resonators are supposed to have an insignif-
icant influence on the targeted noise attenuation performance. Thus, the distances between
the resonator columns are not considered in the optimization of geometric parameters. In
this study, the benchmark window is a semi-push-open glass window that is widely used
in civil residential buildings in China, as shown in Figure 5b.
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2.3. Experimental Methods

A prototype of the LRSCs window with the final optimized geometric parameters
from the Taguchi and ANOVA methods was fabricated, assembled and tested in a semi-
anechoic chamber (4.0 m (L) × 3.6 m (W) × 2.4 m (H)), as shown in Figure 6. The equipment
employed in the experiments includes a YAMAHA power amplifier (model PX3), an SKC
sound calibrator (model C224), three BSWA microphones (model MPA201), a BSWA dodec-
ahedral non-directional sound source (model OS003A) and a BSWA data collector (model
MC3642A). BSWA software (VA-Lab4) was installed in a computer for data collection
and post-processing. In experiments, the white noise, pink noise and traffic noise were
performed through the dodecahedral non-directional sound source. All sound pressure
level data were collected by the microphones with the frequency range from 100 Hz to
5000 Hz and an interval of the center frequency of one-third octave band. The positions of
the microphones (M1–M10) are indicated in Figure 6a. The sound pressure levels obtained
in the same positions of simulations are therefore used for the comparison between the
simulations and experiments. Detailed positions of the equipment and the LRSCs window
can be found in Figure 6a,b. During the experiments, sound-absorbing panels were placed
on the ground of the semi-anechoic chamber to prevent the reflection of sound waves from
the ground as shown in Figure 6c. The simulated walls surrounding the LRSCs window
were covered with soundproof material in order to reduce the sound wave diffraction
around the window.
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2.4. Evaluated Parameters

For the results analysis, the equivalent sound pressure level (LAeq) of noise contribu-
tion at each frequency and the equivalent sound pressure level attenuation (∆LAeq) are
defined as

LAeq = 10 × log
n

∑
i=1

10
SPLi

10 (10)

∆LAeq = LAeqb − LAeqLRSC (11)

where SPLi is the sound pressure level of each frequency, LAeqb and LAeqLRSC are the LAeq
of the benchmark and LRSCs windows, respectively. For all experiments, the data obtained
was the LAeq of one-third octave band. Hence, only the equivalent sound pressure level
attenuation (∆LAeq) is calculated.

The attenuation performance of traffic noise by applying the LRSCs window is the
focus of the present study. Hence, the frequency range of interest is from 630 to 1000 Hz,
which is the main frequency region of traffic noise with the concentrated sound energy.
For this frequency range, three 1/3 octave band center frequencies are included, namely,
the 630 Hz, 800 Hz and 1000 Hz, and their respective upper to lower frequencies are
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562–708 Hz, 708–891 Hz and 891–1120 Hz. The 1/3 octave band is employed due to the
fact that human hearing is more sensitive to the frequencies of this octave band. In the
following sections, the LAeq−630Hz, LAeq−800Hz and LAeq−1000Hz are the LAeq of the LRSCs
window at 630 Hz, 800 Hz and 1000 Hz, respectively.

3. Results and Discussion
3.1. Optimizations Study

In line with the orthogonal test table in Table 2, the equivalent sound pressure levels
of the frequencies at 630 Hz, 800 Hz and 1000 Hz obtained from the 18 numerical tests are
summarized in Table 4. The SN ratio for each frequency is calculated by Equation (1) and
presented in Table 4 as well.

Table 4. Numerical results of the LAeq and the corresponding SN values.

Test Number
630 Hz 800 Hz 1000 Hz

LAeq-630 Hz (dBA) SN630 Hz(dB) LAeq-800 Hz(dBA) SN800 Hz(dB) LAeq-800 Hz(dBA) SN1000 Hz(dB)

1 99.85 −39.99 98.41 −39.86 94.62 −39.52
2 101.99 −40.17 97.06 −39.74 93.82 −39.45
3 102.76 −40.24 97.40 −39.77 96.30 −39.67
4 97.40 −39.77 93.21 −39.39 100.30 −40.03
5 98.99 −39.91 98.05 −39.83 96.71 −39.71
6 100.54 −40.05 102.59 −40.22 94.71 −39.53
7 100.00 −40.00 100.46 −40.04 98.14 −39.84
8 100.95 −40.08 98.52 −39.87 96.84 −39.72
9 99.19 −39.93 98.83 −39.90 96.19 −39.66

10 101.47 −40.13 99.78 −39.98 100.51 −40.04
11 98.87 −39.90 91.59 −39.24 99.53 −39.96
12 103.61 −40.31 102.80 −40.24 89.84 −39.07
13 101.35 −40.12 96.67 −39.71 94.27 −39.49
14 98.90 −39.90 97.82 −39.81 101.02 −40.09
15 99.12 −39.92 98.06 −39.83 97.76 −39.80
16 98.25 −39.85 102.06 −40.18 102.72 −40.23
17 99.71 −39.97 96.44 −39.69 99.78 −39.98
18 103.86 −40.33 97.17 −39.75 90.78 −39.16

In the Taguchi method, the SN ratio analysis is applied to identify the optimal design
parameters for the LAeq of the targeted frequencies at 630 Hz, 800 Hz and 1000 Hz, respec-
tively. The larger the value of the SN ratio, the better the quality characteristic. In order to
achieve a comprehensive evaluation, the ANOVA analysis is conducted to determine the
design parameters that are statistically significant and further quantify the contribution
rate of each design parameter on the desired objective. With the assistance of these two
methods, an optimal set of design parameters can be finally brought forward to develop an
LRSCs window with high noise attenuation performance. In the following sub-sections,
the results from the analysis of SN ratio and ANOVA are presented and discussed in detail.

3.1.1. SN Ratio Analysis

Based on the SN ratio obtained from the numerical tests, the averaged SN ratios for the
three levels of each control factor are calculated and plotted in Figure 7. The mean SN ratio
indicates the response or sensitivity of the control factor level on the quality characteristic.
For a studied control factor, the level that achieves the highest mean SN ratio indicates the
best for the desired performance. As shown in Figure 7, the optimal levels of the design
parameters are highlighted in circles for the targeted frequencies.
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It is obvious that the optimal settings for the control factors on the performance of
630 Hz can be easily grouped as Set 1, where a1= 6.0 mm, a2= 5.9 mm, a3= 12.6 mm,
b1= 60.0 mm, b2= 41.4 mm, b3= 29.3 mm, and l = 3.0 mm. Similarly, for the frequency
of 800 Hz, the optimal settings for the control factors can be grouped as Set 2, where
a1= 6.0 mm, a2= 8.0 mm, a3= 12.6 mm, b1= 68.5 mm, b2= 37.5 mm, b3= 34.4 mm and,
l = 4.0 mm. For the frequency of 1000 Hz, the optimal settings for the control factors
can be grouped as Set 3, where a1 = 4.3 mm, a2= 11.4 mm, a3= 20.0 mm, b1= 53.1 mm,
b2= 34.2 mm, b3= 34.4 mm and l = 2.0 mm (Figure 7). To better understand the overall
performance of these optimal sets, their equivalent sound pressure levels LAeq under
different frequencies are tabulated in Table 5. It is evident that the optimal set of parameters
obtained under the specific frequency has indicated the best performance for that frequency
among the three optimal sets. For instance, the optimal Set 1, Set 2 and Set 3 perform
the best under the frequencies of 630 Hz, 800 Hz and 1000 Hz, respectively. For the
entire frequency range of 630–1000 Hz, Set 1 achieves the best performance among the
evaluated optimal sets, followed by Set 2. From these results, it is expected that a truly
comprehensive set of design parameters for the optimal performance of the entire frequency
range (630–1000 Hz) should exist. However, the current simple application of SN ratio
analysis is not able to deal with a comprehensive optimization problem. Hence, in order
to convert the optimization problem from the multi-objectives (i.e., 630 Hz, 800 Hz and
1000 Hz) to a single comprehensive objective (630–1000 Hz), the ANOVA analysis is
then introduced.
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Table 5. The LAeq obtained by the numerical simulations of optimal sets of control factors (unit: dBA).

Set 630 Hz 800 Hz 1000 Hz 630–1000 Hz

1 93.25 100.08 96.71 102.30
2 98.87 91.59 99.53 102.58
3 100.40 104.30 88.47 105.86

3.1.2. ANOVA Analysis

As shown in Tables 6–8, the ANOVA analysis for the frequencies 630 Hz, 800 Hz and
1000 Hz are presented, respectively. These results are obtained with a level of confidence of
95% (the level of significance is 5%). In the ANOVA analysis, a control factor with a p-value
less than 0.05 means that this factor has a statistical significance on the output response. For
a control factor that has a contribution rate larger than the contribution rate of error, it can
be considered as a significant factor on the desired performance. Hence, by combining the
contribution rate (λ) and the mean SN ratio of the control factors, the overall significance of
the control factors on the noise reduction performance can be characterized individually.

Table 6. ANOVA for 630 Hz.

Factor Degree of
Freedom

Sum of Square
(SQ)

Variance
(Ve) F-Ratio p-Value Contribution

Rate λ (%)

a1 2 0.093 0.047 12.40 0.035 20.26
a2 2 0.086 0.043 11.45 0.039 18.57
a3 2 0.153 0.076 20.27 0.018 34.25
b1 2 0.003 0.002 0.43 0.686 0.00
b2 2 0.041 0.020 5.41 0.101 7.83
b3 2 0.026 0.013 3.46 0.166 4.37
l 2 0.010 0.005 1.35 0.382 0.62

Error 3 0.011 0.004 14.09
Total 17 0.423 100.00

Table 7. ANOVA for 800 Hz.

Factor Degree of
Freedom

Sum of Square
(SQ)

Variance
(Ve) F-Ratio p-Value Contribution

Rate λ (%)

a1 2 0.042 0.021 6.94 0.075 3.21
a2 2 0.203 0.101 33.56 0.009 17.61
a3 2 0.332 0.166 55.03 0.004 29.21
b1 2 0.014 0.007 2.33 0.245 0.72
b2 2 0.090 0.045 14.93 0.028 7.53
b3 2 0.423 0.212 70.11 0.003 37.37
l 2 0.003 0.002 0.53 0.636 0.00

Error 3 0.009 0.003 4.34
Total 17 1.116 100.00

From Table 6, the control factors with statistical significance (p-value < 0.05) for the
frequency of 630 Hz are a1, a2 and a3 which have contribution rates of 20.26%, 18.57%
and 34.25% (the error contribution is 14.09%), respectively. The results reveal that the slit
size of the third column resonator (a3) imposes the most significant influence on the noise
reduction at this frequency, followed by the slit size of the first column resonator (a1).

From Table 7, the ANOVA analysis for 800 Hz shows that the statistical significance
(p-value < 0.05) control factors are a2, a3 and b3 which have contribution rates of 17.61%,
29.21% and 37.37% (the error contribution is 4.34%), respectively. The cavity width of the
third column resonator (b3) shows a more significant impact on the noise reduction at this
frequency, followed by the slit size of the third column resonator (a3).
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Table 8. ANOVA for 1000 Hz.

Factor Degree of
Freedom

Sum of Square
(SQ)

Variance
(Ve) F-Ratio p-Value Contribution

Rate λ (%)

a1 2 0.092 0.046 3.65 0.157 3.93
a2 2 0.510 0.255 20.28 0.018 28.62
a3 2 0.655 0.327 26.04 0.013 37.18
b1 2 0.018 0.009 0.72 0.554 0.00
b2 2 0.307 0.153 12.20 0.036 16.62
b3 2 0.032 0.016 1.26 0.401 0.39
l 2 0.043 0.021 1.70 0.320 1.05

Error 3 0.038 0.013 12.21
Total 17 1.693 100.00

As for the frequency of 1000 Hz in Table 8, the ANOVA results indicate that the slit
size of the third column resonator (a3) is the most significant factor which has a percentage
of contribution up to 37.18% and followed by the slit size of the second column resonator
(a2), and then the cavity width of the second column resonator (b2).

In order to have a full-scale view of the ANOVA results, the contributions rates of
the control factors and the associated errors are illustrated in Figure 8. Generally, it can
be found that the slit size (a) of the resonators has the most significant influence on the
noise attenuation performance of the frequency range 630–1000 Hz and followed by the
cavity width (b). Whereas the neck length (l) of the resonators indicates negligible effects
on the final performance. This could be due to the fact that the slit size determines the
speed of airflow in and out of the cavity of the resonator, which directly affects the resonant
frequency and thereby the noise attenuation performance. The same explanation is also
applied to the effects of the cavity width which solely determines the volume of the cavity
of the resonator in the present study.
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Comprehensive optimization of the control factors on the noise attenuation perfor-
mance of the frequency range 630–1000 Hz can be performed by combining the analysis in
Figures 7 and 8. As aforementioned, the mean SN ratios of the design parameters (control
factors) are as large as possible for the optimization by Taguchi analysis. From Figure 8,
it can be seen that the control factor a1 only has a remarkable effect on 630 Hz. Therefore,
the optimal value of a1 can be simply selected as the one which has the maximum mean
SN ratio at 630 Hz: 6 mm. Similarly, the optimal value of the control factor b3 is selected
as 34.4 mm which has the maximum mean SN ratio at 800 Hz as shown in Figure 7. For
the control factor a2, significant impact is observed for all three frequencies. Since a2 is
originally used in Equation (3) for the design of the second column resonator for the noise
attenuation at 800 Hz, the optimal value of a2 is selected at 8 mm which achieves the
maximum mean SN ratio at 800 Hz. Following the same principle, the optimal values of a3
and b2 are therefore selected at 20 mm and 37.5 mm, respectively. For b1, it is manifested
as an insignificant factor in the ANOVA analysis. However, as it is originally designed to
account for the noise attenuation at 630 Hz, the optimal value of b1 is selected at 60 mm
which has the maximum mean SN ratio at 630 Hz from the Taguchi analysis. Finally, for
the neck length l as the other insignificant influence factor, it is purposely selected at the
median value of 3 mm for the consideration of weight and easy manufacturing of the
window prototyping.

According to the above analysis, the final optimal set of control factors for the overall
performance of the frequency range is determined as illustrated in Figure 9. The numerical
results of the final optimal design show that the equivalent sound pressure levels at the
frequencies of 630 Hz, 800 Hz and 1000 Hz are 98.68 dBA, 96.31 dBA and 94.05 dBA, respec-
tively. The equivalent sound pressure level for the entire frequency range of 630–1000 Hz is
101.52 dBA. Comparisons between the final optimized set and the individual optimized
sets under the frequencies of 630 Hz, 800 Hz and 1000 Hz are shown in Figure 10. It can
be found that although the final optimized design has not achieved the best performance
for all individual frequency, it has attained the second best in general. Furthermore, it is
obvious that the final optimized design has the best performance over the entire frequency
range. This is suggested that the proposed methodology for the optimization design of the
configuration of resonators for an LRSCs window is workable.
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different optimization indices.

3.2. Experimental Results and Comparison

In order to verify the acoustic performance of the final optimized LRSCs window, a
prototype of the LRSCs window with the design parameters in Figure 9 was fabricated.
Experiments were then carried out in a semi-anechoic chamber as introduced previously.
As shown in Figure 11, the experimental results are presented and the comparisons between
the experiment and simulation are illustrated.
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Figure 11a shows the acoustic performances of the LRSCs window under three differ-
ent noise sources, namely the white, pink and traffic noises. It can be seen that the LRSCs
window has similar performance on the attenuation of these three noises, especially in
the frequency range of 500–1600 Hz. This is expected since the LRSCs window is devel-
oped through the optimization of noise attenuation performance in the frequency range
of 630–1000 Hz. The noise attenuation performances by the LRSCs window for different
noises should be close to each other near this frequency range. The negative values of
∆LAeq manifest that the noise attenuation performance by the LRSCs window is worse than
the benchmark in the lower frequency region (<500 Hz). This is possibly due to the fact that
in the lower frequency region where the resonance mechanism of noise reduction by the
resonators is not actively functioned, the longer sound wavelength tends to have stronger
reflection when it propagates through the LRSCs window. Furthermore, it is obvious
that over the entire frequency range (100–5000 Hz), the best attenuation performance by
the LRSCs window falls in the frequency range of 630–1000 Hz, which is in accordance
with the objective of the optimization efforts. In other words, the proposed optimization
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methodology in the design of resonator configuration is applicable and significant in ac-
tual applications. The results show that the developed LRSCs window with the current
optimized design parameters can attenuate the traffic noise by 2.84 dBA, 3.48 dBA, and
5.56 dBA for the frequencies of 630 Hz, 800 Hz and 1000 Hz, respectively, as shown in
Table 9. For the frequency range 630–1000 Hz, the overall acoustic performance can be
improved by 3.28 dBA.

Table 9. The ∆LAeq of experiments for three noises and simulations.

Frequency White Noise Pink Noise Traffic Noise Simulation

630 Hz 3.01 2.77 2.84 4.09
800 Hz 4.00 3.51 3.48 5.38

1000 Hz 5.89 5.40 5.56 7.34
630–1000 Hz 3.53 3.15 3.28 5.49

Figure 11b shows the comparison between the experimental and numerical results.
Since the point noise source is applied in the simulation, the experiment results of white
noise are utilized for comparison. As can be seen, over the entire frequency range of
100–5000 Hz, the trends and magnitudes of the experiment and simulation results are
corresponding and particularly well compared in the frequency range of 630–1000 Hz. This
firstly suggests that the simulation model is feasible for the current numerical experiments
and the reported simulation results are supposed to be convinced [19,32,33,35–37]. It is
noted that the highest value of ∆LAeq is occurred at 1000 Hz both in experiment and
simulation, followed by 800 Hz. This implies that the optimized resonator configuration
for the LRSCs window is more effective in reducing the noise near 1000 Hz, suggesting
more pronounced resonant effects in this frequency.

In order to better understand the resonant effects for the current optimal configuration,
the simulated map of the sound pressure level (SPL) by the LRSCs window at different
resonant frequencies is demonstrated in Figure 12. For the resonators in the first column,
the effective noise attenuation is found to be activated at the frequency of 586 Hz which
is close to the designed frequency of 630 Hz for this column of resonators, as shown in
Figure 12a. As also illustrated, the functions of the resonators in the second and third
columns are almost null under this frequency. As shown in Figure 12b, for the second
column resonators, the resonant frequency occurs at the frequency of 781 Hz which is
closer to the designed frequency of 800 Hz as compared to the first column resonators.
At this frequency, the resonators in the first column can still play a visible role in the
noise attenuation while the third column is ineffective. This could explain the findings in
Figure 11 that the current configuration of LRSCs is more effective in reducing noise at the
frequency of 800 Hz than that at 630 Hz. For the third column resonators, the resonant
frequency is happening at the frequency of 1005 Hz which is almost coincided with the
designed frequency of 1000 Hz as shown in Figure 12c. Aside from the third column of
resonators, it can be noticed that the second column also exerts a significant impact on the
noise reduction at this frequency. This could explain the best noise attenuation performance
by the LRSCs window in the frequency of 1000 Hz as shown in Figure 11.
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4. Conclusions

Optimization methodology combining the methods of Taguchi and ANOVA analysis
has been proposed to develop a more compact and better acoustic performance LRSCs
window. Numerical experiments based on the orthogonal table designed by the Taguchi
method were firstly conducted on the COMSOL Multiphysics platform to investigate the
parametric effects on acoustic performance. Then, the SN ratio and ANOVA analysis were
carried out to identify the parameters that have statistical significance and remarkable
contributions on the desired performance. An optimal set of design parameters were
finally determined and used for the fabrication of an LRSCs window prototype. Acoustic
characteristics of the LRSCs window prototype were thereby scrutinized in a semi-anechoic
chamber. The main conclusions can be drawn as follows:

1. Three optimal sets of design parameters have been explored at the targeted frequencies
of 630 Hz, 800 Hz and 1000 Hz by the SN ratio analysis. The optimal set of parameters
on the basis of the evaluated frequency is found to achieve the best noise attenuation
performance on that frequency.

2. According to the ANOVA analysis of the numerical results, the slit size (a) has indi-
cated the greatest influence on the overall noise reduction performance and followed
by the cavity width (b). Whereas, the effect of neck length (l) is negligible.

3. With the combination of the SN ratio and ANOVA analysis, a comprehensive evalu-
ation of the design parameters on the acoustic performance has been carried out to
search after an optimal set of design parameters that performs the overall best noise
attenuation performance over the frequency range of 630–1000 Hz. The results of
the final optimal design are in accordance with the design objective, suggesting that
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the proposed optimization methodology is applicable and effective in designing the
geometries of resonators and their configurations for an LRSCs window.

4. Experimental results are found to be well compared with the simulation results,
indicating that the applied numerical experiments are accurate and reliable. It further
confirms the feasibility of using the current optimization methodology to develop
compact LRSCs windows or similar applications for high noise reduction.

5. In comparison to the benchmark window on the mitigation of traffic noise, the equiv-
alent SPL attenuation of the optimized LRSCs windows are 2.84 dBA, 3.48 dBA and
5.56 dBA at the frequencies of 630 Hz, 800 Hz and 1000 Hz, respectively, and the
overall equivalent SPL attenuation is 3.28 dBA in the frequency range of 630–1000 Hz.
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Nomenclature

yi Result of Test
CF Correction coefficient
SQ Sum of squares for individual control factor
F Fisher ratio for individual factor
λ Contribution rate
n Number of tests
SNj SN ratios of individual test
fc Resonance frequency (Hz)
v Speed of sound in air (m/s)
a Silt size of resonator (mm)
a2 Silt size of the second column resonator (mm)
b Inner width of resonator (mm)
b2 Inner width of the second column (mm)
l Length of the resonator neck (mm)
N Number of Repeated Tests
ST Sum of squares for all tests
Vfactor Variance of factor
Verror Variance of error
m Number of levels for individual factor
SNi Sum of SN ratios for a control factor at level i (i = 1, 2 and 3)
DOF Degree of freedom of a control factor
S Cross-sectional area of resonator opening (mm2)
V Volume of resonator cavity (mm3)
a1 Silt size of the fist column resonator (mm)
a3 Silt size of the third column resonator (mm)
b1 Inner width of the fist column resonator (mm)
b3 Inner width of the third column resonator (mm)
c Inner height of resonator (mm)
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