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Acoustic metamaterials, a new type of material with great design flexibility, have been widely
studied by scholars in recent decades. For high-speed electric multiple units (EMUs), a membrane-
type acoustic metamaterial is used to design a lightweight sound insulation material that adapts to
the space requirements within the low frequency range. A theoretical analysis on the membrane-type
acoustic metamaterial was carried out. The sound insulation coefficient was calculated. Experimen-
tal comparisons were conducted on six different thicknesses of films combined with five types of
additional masses. The experimental results verified the sound insulation performance. It has great
potential for designing lightweight noise reduction structures.
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1. Introduction

With the increase of train speed, the problem of noise becomes more and more serious.
In order to solve the noise problem inside high-speed electric multiple units (EMUs), a large
number of control measures are adopted in the design process.

According to the traditional method of sound insulation quality, it is observed that dou-
bling the material mass results in only a 6 dB increase in sound insulation, making it relatively
easy to achieve high-frequency sound wave insulation. There are three main types of commonly
used sound insulation methods. The first involves using double-layer boards with air or vacu-
um sandwiched in between to enhance sound reflection and block sound wave propagation for
improved insulation. However, this approach increases volume and does not provide ideal acous-
tic performance for low-frequency bands. The second method entails plate reinforcement to
control stiffness and enhance material’s sound insulation properties, but it does not effectively
control low-frequency noise (Jung et al., 2019). The third method is to lay damping materials or
sound-absorbing materials on the surface of panels, which slows down panel structure vibration
to achieve the noise reduction function. However, this method increases the structural mass and
size and has certain limitations when used under space constraints.

The sound insulation design of the high-speed EMUs primarily incorporates the aforemen-
tioned methods, including the utilization of double-layer board materials for vehicle cross-section
structure, optimization of vehicle body structure profile parameters, and enhancement of damp-
ing for profile and interior panels. Sound insulation treatments are implemented for critical
noise sources such as interior flooring (e.g., aluminum honeycomb panels) and traction converter
equipment compartments (Lu et al,, 2016; Thompson et al., 2015). Nevertheless, components
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like interior flooring entail high costs, substantial mass, and intricate designs, resulting in in-
convenient maintenance. Furthermore, in order to fulfill the demands for light-weighting, energy
efficiency, environmental preservation, and reduction of environmental contamination in vehi-
cles, compromises are made with regards to acoustic design. This leads to a decline in sound
insulation performance and presents novel challenges for noise control within the train. Hence,
there is a necessity to develop a lightweight structure capable of achieving sound insulation
effects (Ho et al., 2003).

The emergence of acoustic metamaterials provides a new approach for the design of low-
frequency noise control structures. The localized resonance units (Assouar et al., 2016; Fang
et al., 2006) or other characteristic units (Song et al., 2015) contained in acoustic metamate-
rials can generate extraordinary physical properties such as negative refraction and negative
mass density, which offer new solutions to the challenges faced by traditional sound insulation
materials in low-frequency sound insulation (Jena et al., 2019; Wang et al., 2019). Liu et al.
(2000) proposed the concept of local resonant phononic crystals, which used small-sized struc-
tures to regulate low-frequency and long-wavelength mechanical waves (Sheng et al., 2003). This
design broke through the limitations imposed by traditional laws of mass and created a band
gap in the low-frequency range, preventing the propagation of sound waves and providing new
ideas for low-frequency vibration and noise control (Ma et al., 2014; Rostami-Dogolsara et al.,
2020). In recent years, membrane-type acoustic metamaterials (MAMSs) have become hot topics,
opening up new chapters for the realization and application of lightweight low-frequency sound
insulation materials (Ahluwalia et al., 1985; Kriegsmann et al., 1984).

Research on MAMs can be divided into studies on the acoustical vibration characteristics
of thin film structures with or without additional mass. Naify et al. (2011; 2012) from the Uni-
versity of Southern California, studied different combinations of thin film unit structures with
single or multiple masses added to them, comparing different sound insulation characteristics
using the finite element results and impedance tube test results. The results show that this
structure had over a five-fold improvement in sound insulation compared to traditional meth-
ods, forming multiple peaks at lower frequencies to broaden the soundproofing frequency band.
Zhang et al. (2013) studied the low-frequency sound insulation performance of thin film acoustic
metamaterials with different qualities attached to adjacent units, which was elaborated from
both the experimental and finite element aspects. The results show that when the total mass
remains unchanged, the film structure with different masses can form multiple sound insula-
tion peaks, and the sound insulation effect is better than that of the film structure with the
same mass.

On the other hand, research on MAMs often involves combining thin films with other struc-
tures without additional mass. Zhou et al. (2019) designed a combination structure of EVA per-
foration and PI film to study how structural parameters and material parameters affect sound
insulation effects. The structure showed improved sound insulation effects within the frequency
range of 80 Hz-800 Hz (Zhou et al., 2019; Yoshizawa et al., 2019). Although good sound insula-
tion effects can be achieved with various additional masses or other combined structures, these
structures have higher manufacturing costs which are not conducive to practical engineering
applications.

The purpose of this article is to study the application of film-type acoustic metamaterials
in low-frequency vibration characteristics and propose a method for designing sound insulation
structures to address low-frequency noise problems during the operation of high-speed trains.
In this article, structural design of the MAMs was conducted, and the characteristic theoretical
analysis was carried out in Section 2. The experiment was carried out to verify sound insulation
performance of MAMSs in Section 3.

This study has the following contributions: the proposed structure consists of a rigid frame,
elastic membrane, and additional mass, which form a high sound insulation area in the low-
frequency range through local resonance of the unit, thereby achieving sound insulation effects
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in this frequency range. Compared with traditional design solutions, this structure is lighter and
more compact, providing new ideas for lightweight sound insulation and noise reduction designs
for high-speed trains.

2. Structural design and theoretical analysis

The study shows that the interior of train compartment mainly experiences noise generated
by wheel-rail excitation during operation (Varanasi et al., 2013; Thompson et al., 2006). As the
bogies are distributed at both ends of the train compartment, when the train is running on
a straight track, the interior noise exhibits a characteristic where the sound pressure level is
greater at the end of the car than in the middle section. The frequency domain characteristics of
these two areas of noises are not significantly different.

When the EMUs is traveling at high speed, Fig. 1a demonstrates the comparison of noise
spectrum between the end and middle areas of the carriage. It indicates a high energy concentra-
tion in the middle and low frequency bands. Specifically, the noise is predominantly distributed
within the range of 125 Hz to 2000 Hz. The identification results of interior noise sources indicate
that most of them concentrate on floor areas in end sections as shown in Fig. 1b.
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Fig. 1. Noise characteristics inside the EMUs: (a) noise characteristics at the end and middle
of the carriage; (b) sound source distribution diagram at the end of the carriage.

According to sound insulation mass laws, achieving good sound insulation effects using tra-
ditional methods would require materials with dimensions much larger than those available in
the vehicle design space for this frequency range. Therefore, composite materials and structures
are used for design purposes; however, this method conflicts with lightweight design concepts
and may result in decreased sound insulation effects after weight reduction. The development
of MAMSs provides a solution to address these issues by utilizing their structural features which
can meet design space requirements while achieving good sound insulation effects.

In order to create desired structures, an analysis is conducted on acoustic vibration char-
acteristics of MAMs first. When the thin-film acoustic metamaterial is fixed in the acoustic
impedance tube for test measurement, the main distribution state of the internal sound pressure
is shown in Fig. 2a. Figure 2b illustrates one type of circular MAMs where orange represents
a membrane with radius R; and black represents additional mass with radius Ry. To simplify
the model, this paper considers the case of vertically incident unit plane waves and focuses on the
steady-state response of thin film structures.

For sound waves in a circular tube, rigid boundary conditions are satisfied with zero air
velocity at the wall. Due to the symmetry of the structure and acoustic pressure load, only
axisymmetric modes of the thin film structure need to be considered.
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Fig. 2. (a) Schematic diagram of plane wave incident acoustic wave tube; (b) schematic of circular MAMs.

The annular membrane vibrates under acoustic loading as following equation:
AP =P, + P, — P, (2.1)

where transmitted sound pressure is F;, incident sound pressure is P;, reflected sound pres-
sure is P,.

In the cylindrical coordinate system, the incident sound pressure is formed by the incident
wave and the reflected wave, and is expressed as

o0
pi + pp = e Tke® 4 Z RnJo(k,r)elV Kok, (2.2)

n=0

where Jj is zero-order Bessel function, k;, is wave vector, R,, is reflection coefficient, k, is wave
vector in the air.
Transmitted sound pressure is expressed as follows:

oo
t = nJ0 nre_A 3_%7 .
P T, Jo(k JVka—knz 2.3
n=0

where T, is the transmitted coefficient.

In a circular impedance tube, the propagation of sound pressure satisfies the wave equation.
The velocity of the rigid boundary is zero. The continuity condition is that the normal vibration
velocity of the air is continuous with the normal vibration velocity of the film.

Since the stiffness of the central mass block is much greater than that of the thin film,
its motion can be described by the rigid body translation displacement. The thin film acts as
a spring for the central mass, providing a restoring force F'.

From the aforementioned analysis, two vibration control equations of the MAMs can be
obtained. The first equation is the vibration equation under the acoustic pressure AP as fol-
lows:

—prw’m —TV?n1 = Ap, (2.4)

where the surface density of the elastic film is p;, and the transverse vibration displacement
under the action of tension T is 7.

Due to the symmetry of structure and the sound pressure load, the central mass is regarded
as a rigid body displacement 72. Then the motion equation of the mass block is shown in the
second vibration control equation:

—m R pony = / ApdSs — F, (2.5)

where the surface density of the central mass is p2, and the restoring force of the film acting on
the central mass is F'.
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The acoustic transmission coefficient of the structure can be obtained by means of the modal
superposition method. The structural vibration displacement can be expressed as

nr) =" Wnl(r)gm. (2.6)
m=1

Combined with boundary conditions and continuity conditions, the equation is as follows:

Di — Pr = Pt = JWPaCa), (27)

where p, and ¢, are density and sound speed of air, respectively.
Only a plane wave can propagate to the far field, the far field transmission coefficient is
determined by surface displacement of the structure as follows:

s
tp = |pacaw(n)| = pacawfg ‘ (2.8)
The sound insulation coefficient is expressed by the following formula:

According to Eq. (2.9), the sound insulation coefficient curve of the structure is calculated,
as shown in Fig. 3.

80 ‘
o) @ Transmission loss
=3 —
@ 70 == Avecrage displacement g
R 0.002 =
-
é 60 §
w0 I
= [
Z 50 E
<
40 o
¥
0.001 &
30 Z
20
10
00 1000 0

Frequency [Hz]

Fig. 3. Structure sound insulation curve and surface mean displacement curve.

In Fig. 3, the small figure is the modal shape of the structure at corresponding frequency
points. At the resonance frequency points (fi, f3), the sound insulation quantity is very small.
It can be seen from Eq. (2.8) that the transmission coefficient is related to the average dis-
placement 1 of the structure. According to the mean displacement curve, there is a significant
displacement of the structure itself at resonance, which means that the sound waves continue
to propagate through the structure. When the sound insulation peak occurs at fs point, the
average displacement of the structure is close to 0, which can be regarded as a rigid body which
greatly enhances structural sound insulation performance and reduces the sound transmission
coefficient. Therefore, it can be concluded that by adjusting parameters such as radius and sur-
face density of additional mass as well as surface density of thin films, one can design structural
sound insulation coefficients accordingly.
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3. Experimental analysis

In order to further verify acoustic characteristics under different parameters for this struc-
ture, different thicknesses of thin films along with small masses with different sizes and weights
are prepared for testing purposes, as shown in Figs. 4a and 4b. By using the acoustic impedance
tube to test these structures, the experimental results were compared with calculated results, as
shown in Fig. 4c. The presence of additional mass in the composite film structure results
in a higher sound insulation performance compared to pure film structures. This is mainly due
to the change in modal behavior and the emergence of new axisymmetric modes caused by the
presence of additional mass. It also leads to a larger equivalent mass when anti-resonance occurs.
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Fig. 4. Experimental results of thin-film acoustic metamaterials: (a) components of thin-film acoustic
metamaterials; (b) the prepared acoustic metamaterial cell; (c) sound insulation test results of films
of different thicknesses; (d) comparison of experimental and calculated results.

Experimental comparisons were conducted on six different thicknesses of films combined with
five types of additional masses, as shown in Fig. 4c. It can be seen that with the increase of film
thickness, the first-order resonance frequency (sound insulation valley frequency) of the structure
increases. The increase of thin film thickness can be equivalent to the increase of structural
stiffness, so that the first-order resonance frequency of the structure increases. On the other
hand, increasing the thickness of additional mass enhances the overall equivalent mass of the
structure, resulting in lower natural frequencies and shifting sound insulation valley frequencies
towards lower frequencies.

By comparing theoretical and experimental data for MAMs and analyzing their design pa-
rameters such as film thickness, mass thickness, and radius on sound insulation curves, suitable
design parameters are selected for addressing low-frequency noise issues inside high-speed train
compartments. Focusing on frequencies below 500 Hz, a structure composed of a 2mm thick
additional mass combined with a 0.1 mm thick film is chosen after screening processes since its
sound insulation curve exceeds 30dB within 125 Hz—500 Hz range, as shown in Fig. 4d.
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Incorporating this structure into flat panel noise reduction schemes showed improved sound
insulation performance compared to traditional structures, as shown in Fig. 5a. Considering the
problem of structural vibration transmission in the practical application process, the vibration
state of the surface of the two structures is tested and compared, and there is almost no differ-
ence, as shown in Fig. 5b, indicating that the internal metamaterials had little influence on the
vibration of the overall structure, and metamaterials mainly played a role in sound insulation.
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Fig. 5. Noise reduction comparison of different design schemes: (a) sound insulation comparison of design
schemes with or without acoustic metamaterials; (b) structural surface vibration comparison of different
schemes.

4. Conclusion

In this paper, the acoustic and vibration characteristics of MAMs were studied, leading to
the following conclusions.

By designing the characteristics of low frequency sound insulation, a noise reduction structure
of composite acoustic metamaterials was proposed to solve the problem of low frequency noise
reduction inside high-speed EMUs.

Through theoretical analysis, it can be concluded that by adjusting parameters such as radius
and surface density of additional mass as well as surface density of thin films, one can design
structural sound insulation coefficients accordingly.

Experimental comparisons were conducted on six different thicknesses of films combined with
five types of additional masses. The experimental results verified sound insulation performance of
composite acoustic metamaterials. With the increase of film thickness, the first-order resonance
frequency of the structure increases. Increasing the thickness of additional mass enhances the
overall equivalent mass of the structure, resulting in lower natural frequencies and shifting sound
insulation valley frequencies towards lower frequencies.

The MAMs analyzed in this research has already been studied for low frequency noise control.
However, it has not been used in high-speed EMUs. The proposed composite acoustic metama-
terials only consist of a single mass and a single film structure, which is simple in structure.
The plane-type structure can be applied to areas such as vehicle floors, roofs, and side walls
in the future. Due to its good acoustic performance, small thickness and mass, it has great
potential for designing lightweight noise reduction structures in small design spaces, providing
rich ideas for the noise reduction design of high-speed trains.
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