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Abstract

The adoption of carbon fiber-reinforced polymer (CFRP) composites in aircraft structures
has significantly reduced structural weight but compromised mid-frequency sound insula-
tion performance. To address this issue, this study develops a lightweight membrane-type
acoustic metamaterial design targeting the 2000 Hz sound insulation valley of aeronautical
composite panels. An impedance tube test platform was constructed to characterize the
full-frequency sound transmission loss (STL) of CFRP specimens, and a structure—acoustic
coupled finite element model incorporating equivalent boundary stiffness was established
and validated. The mean absolute error (MAE) of the simulation above 1000 Hz is within
3 dB, with a maximum single-point error of 3.9 dB, satisfying the engineering accuracy
requirement for most frequency points. Under the constraint of no more than 5% weight
increase, a forward-design methodology for membrane metamaterials is proposed based
on modal analysis and local resonance tuning. Experimental results show that the proposed
design achieves a 16.5 dB STL enhancement at 2000 Hz with a 2.29% weight increase under
normal incidence conditions at the unit-cell level, exceeding the 3 dB technical requirement.
This work provides a practical engineering reference for lightweight mid-frequency noise
control in aircraft cabin applications.

Keywords: composite materials; membrane-type acoustic metamaterial; sound transmission
loss; finite element analysis; impedance tube testing; lightweight design

1. Introduction

Amid global efforts toward carbon neutrality, the aviation industry is actively pursuing
W) Check for updates . . . . .. ... ..
structural lightweighting as a core strategy. The International Civil Aviation Organization
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noise control. During cruise flight, cabin noise originates primarily from turbulent bound-
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ary layer pressure fluctuations, engine noise radiation, and equipment-borne vibrations,
This article is an open access article
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alloy panels rely on relatively high area density to provide adequate low- to mid-frequency
sound insulation. Carbon fiber-reinforced polymer (CFRP) composites, by contrast, have
significantly lower area density and show anisotropic mechanical properties, resulting in
acoustic behavior markedly different from that of homogeneous metallic structures. This
discrepancy exacerbates the sound insulation deficiency in the low- to mid-frequency range.
Traditional countermeasures such as adding mass or sound-absorptive materials would
directly offset the benefits of lightweight design. According to the mass law, sound trans-
mission loss improves by approximately 6 dB per doubling of area density, implying that
enhancing low-frequency insulation through mass addition is highly inefficient and incom-
patible with aviation lightweight requirements. Alternative approaches, including damping
treatments, porous absorption, and resonant structures, still suffer from limitations such as
insufficient low-frequency performance and excessive space requirements [2].

In recent years, acoustic metamaterials have emerged as a promising technology
for low-frequency sound insulation. In 2008, Yang et al. first proposed a membrane-type
acoustic metamaterial consisting of a prestressed membrane loaded with concentrated proof
masses [3]. This configuration exploits the anti-resonance coupling between the membrane
and the masses, generating a distinct insulation peak between two adjacent resonance
frequencies. The underlying mechanism involves negative dynamic mass density within the
structure, which induces total wave reflection and enables significant low-frequency sound
insulation with minimal added weight. Naify et al. further investigated the transmission
loss and dynamic response characteristics of membrane-type locally resonant metamaterials,
establishing systematic analytical models for their acoustic behavior [4,5].

Subsequent studies have further explored the sound insulation characteristics of mem-
brane metamaterials. Zhang studied the effects of membrane parameters and mass con-
figurations on sound insulation performance and established equivalent analysis models.
Wau et al. provided a systematic review of the sound insulation mechanisms of membrane-
type acoustic metamaterials, summarizing advances in structural design and performance
optimization [6-9].

1. Inthe aerospace field, researchers have begun exploring metamaterial-based solutions
for aircraft cabin noise reduction. Wang conducted a systematic study on lightweight
acoustic metamaterial design for aircraft cabin noise control, analyzing the engineer-
ing constraints and performance requirements of aeronautical applications. Several
studies investigated the sound insulation improvement of composite panels embed-
ded with membrane metamaterials, validating the effectiveness of the integration
scheme through experimental testing [10-14].

2. Despite these advances, several critical gaps remain in the current literature. First,
most existing studies focus on low-frequency applications below 1000 Hz, whereas the
2000 Hz mid-frequency range, which is particularly relevant to turbulent boundary
layer noise in aircraft cabins, has received limited attention. Second, many proposed
configurations rely on custom-fabricated membranes and complex assembly pro-
cesses, hindering their practical deployment in industrial settings. Third, systematic
design methodologies for membrane metamaterials targeting specific frequency val-
leys under strict lightweight constraints remain underdeveloped. Addressing these
gaps is essential for translating membrane metamaterial technology from laboratory
demonstrations to practical aeronautical applications [15-17].

3. This study addresses the lightweight sound insulation challenges of aeronautical CFRP
structures through a systematic investigation encompassing component-level testing,
numerical modeling, forward metamaterial design, and experimental validation. The
main contributions are summarized as follows:
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4. A forward-design methodology for membrane-type acoustic metamaterials target-
ing the 2000 Hz sound insulation valley of aeronautical composite panels is estab-
lished under strict lightweight constraints (<5% weight increase), providing an
engineering-oriented design flow directly applicable to aircraft cabin noise reduction
scenarios [10-12].

Compared with existing membrane-type metamaterial studies that primarily focus on
low-frequency applications below 1000 Hz and often rely on custom-fabricated membranes,
the present work targets the 2000 Hz mid-frequency range relevant to aircraft cabin tur-
bulent boundary layer noise and uses commercially available standard PET film (150 pm)
with mature die-cutting and bonding processes.

2. Theoretical Foundation
2.1. Plane Wave Propagation and Interface Transmission

The schematic diagram of sound transmission through a single-layer fiber-reinforced
composite laminate is shown in Figure 1, which illustrates the sound transmission mecha-
nism of a single-layer panel. Assuming the plate is infinitely large and homogeneous, a
plane pressure wave propagates through the single-layer panel from the external side. The
angle between the incident pressure wave and the normal axis is denoted as ¢1, while the
angle between the incident pressure wave and the x-axis is 6. Similarly, for the transmitted
wave, the angles with respect to the normal axis and the x-axis are 6; and ¢;, respectively.
The density and sound speed of the fluid medium on the incident side are denoted as p;
and c;, respectively, while those on the transmitted side are p; and c;.

'
3 '
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P, i Incidence side
i yt
i L L/

v

Figure 1. Sound Transmission Through a Single-Layer Panel.

The pressure waves on the incident side satisfy the wave equation.

P(pitr) _, )

GVApi+pr) - — 5

In this context, p; and p, respectively denote the incident wave and reflected wave.
On the transmitted side, the transmitted wave satisfies the wave equation:

azpt
Z P 2

C%VZPt -
In this context, c; represents the sound propagation speed on the transmitted side, and

pt denotes the transmitted wave.
The equation of motion for the single-layer fiber-reinforced composite laminate is

given by
L11 le L13 uq —11 0 0 az uy 0
Lyy Ly Lp|qovieg+| 0 L 0 2 (= 0 3)
L31 L3z Laz| (w1 0 0 -5 w1 (pi +pr) —pt

In this context, 11, v1, w1 represent the displacement components of the single-layer
fiber-reinforced composite laminate in the X, y, and z directions, respectively. The operator
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L;; denotes the differential operator, while I; represents the inertial term of the single-layer
fiber-reinforced composite laminate.

At the interface, the single-layer panel must satisfy the following boundary condi-
tions [18]:

a(pl + pr) o aZZU1
9z =M 12 o (4)
apt 82w1
o = b (5)
oz o |,_py

where H represents the thickness of the composite laminate.
The incident pressure wave can be expressed as a harmonic function in terms of time

and space:
pl — Pie*i(klxerklyy*klzZ) (6)

where P; is the amplitude; the wave number of the incident wave can be expressed as
k1 = w/c;, and the components of the wave number in different directions are given by

k1x = kq sin @1 cos 6
k1 = ki sin @1 sin 6 (7)
k%z = k% B (k%x + k%y)

On the transmitted side, the corresponding wave number can be expressed as
ky = w/ct, and the components of the wave number in different directions are given by

kox = kix
kay = kay (8)
k%z = k% - (k%x + k%y)

To satisfy Equations (1)-(3), pr, pt, 41, v1, wq can be expressed as

pr = pre*i(klxXJrklyy*kuz)

pr = Ptefi(k2xx+k2yy+k2,zz)

1y = Uye—ilkurtkyy) o)
0 = Vle—i(klxx+k1yy)

W) = Wle—i(k1xx+k1yy)

Substituting the above expressions into the equations of motion and boundary condi-
tion equations for single-layer fiber-reinforced composite laminates yields five algebraic
equations. When the incident wave amplitude P; is known, these algebraic equations can
be used to solve for the unknowns p;, ps, u1, v1, w1.

When a sound wave is obliquely incident on the upper surface of a plate, the ratio of
the transmitted wave’s acoustic intensity to the incident wave’s acoustic intensity (i.e., the
acoustic intensity transmission coefficient) T can be expressed as

2
_ Liransmitted _ ’P 112/ (202¢2) __ 4p1c1pacp cos 6 cos b (10)
Jincident ’Pi | 2/ (Zpl Cl) (PZCZ cos 0 + pjcq cos 9;})2
The average sound intensity transmission coefficient T can be expressed as

27T r@m .

_ Jozo 10 TSN @1 cos @1dp1df "

T= o rom (11)
6—0 J g 0 SN P1 COS p1dp1d0
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where ¢, denotes the limiting angle assumed when no acoustic wave is received, and it is
taken as 78° when there is no external flow.
Therefore, the random incidence sound transmission loss of the panel can be defined as

TL = 10lg% (12)

2.2. Mass Law for Sound Insulation

For a homogeneous dense thin plate, in mid-to-high frequencies and neglecting stiff-
ness and damping effects, the sound insulation follows the classical mass law.

TL = 20log,,m + 201log;, f — 201og,,(0oc, /, 7T) (13)

In the formula, f represents the frequency of the incident sound wave (Hz); m denotes
the surface density of the structure (kg/m?); and py is the air density (kg/m?). Under
standard temperature and pressure conditions, (ogc ~ 415 Pa-s/m), and substituting this
value into the equation simplifies it to a commonly used form in engineering applications.

TL = 20log;,m + 20log,, f — 42 (14)

At this point, the sound transmission loss is primarily determined by the surface
density of the partition and is independent of its stiffness and damping. The greater the
surface density, the higher the sound transmission loss, resulting in better sound insulation
performance. When the surface density doubles, the sound insulation increases by a specific
amount, which follows the commonly used mass law. The mass law reveals the fundamen-
tal limitation of traditional sound-insulating structures: the sound insulation is proportional
to the logarithm of both frequency and surface density. To improve low-frequency sound
insulation, it is necessary to significantly increase the structural mass, which comes at
the cost of adding significant weight. This is also the root cause behind the degraded
low-frequency sound insulation performance in lightweight composite material panels.

2.3. Structure—Acoustic Coupling Finite Element Method

The sound insulation process of thin plate structures is essentially a bidirectional
coupling between structural vibrations and the acoustic field: incident sound waves apply
acoustic pressure excitation, inducing structural vibrations, which in turn radiate sound
energy to the transmitted side. When solving using the finite element method, the coupled
system is formed by combining the equations of structural dynamics with the Helmholtz
equation for acoustics [19-21].

Structural Domain Governing Equation:

] (i} + (G (i} + (K] {u} = (B} + { B} (15)

In the equations, [M;] denotes the structural mass matrix; [Cs] denotes the structural
damping matrix; [Ks] denotes the structural stiffness matrix; {F ¥ } denotes the reaction force
vector from the acoustic field; and {F;} denotes the external load vector on the structure.

Acoustic Domain Governing Equation:

Mal{p} + [Ca{p} + [Kel {p} = {F:} (16)
In the equations: [M,] denotes the acoustic mass matrix; [C,] denotes the acoustic

damping matrix; [K,| denotes the acoustic stiffness matrix; {F,} denotes the acoustic load
vector; and {p} denotes the sound pressure vector.
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The finite element matrix equations for the acoustic—structure coupling system are
defined as follows:

M, 0 ||u C 0 | F
R e i

By coupling the degrees of freedom between the two physical fields through the

Ks —A
0 Kg

u

p

u

p

interface, the sound pressure distribution on the transmitted side can be solved for, and
subsequently, the sound transmission loss of the structure can be calculated.

2.4. Sound Insulation Mechanism of Membrane-Type Acoustic Metamaterials

The core mechanism by which membrane-type acoustic metamaterials overcome the
mass law limitation relies on anti-resonance effects and negative dynamic mass.

2
Meff(w) = mg + mmL (18)

w2y — w2

where m; is the equivalent mass corresponding to the film’s surface density, and m,, is the
mass of the attached concentrated mass block. The system’s natural frequency is denoted by
wp. When the excitation frequency approaches and slightly exceeds the natural frequency,
the overall dynamic mass M,f¢(w) becomes less than zero. At this point, the motion
direction of the mass block is opposite to that of the film, causing the structure to show
rigid reflective characteristics towards the incident wave. This results in a significant sound
insulation peak.

The anti-resonant frequency is determined by the film tension T, surface density of
the film p;, mass of the attached mass block m,,, and its dimensions [22-24]. It can be
approximated by the following expression:

1 8T

2\ my, In(R/a) (19

fantu =

where R is the radius of the film unit, and a is the radius of the mass block. By adjusting
parameters such as film tension, surface density, mass block mass, and dimensions, the
sound insulation peak can be precisely controlled to target frequency bands. Since the sound
insulation effect of the film-type acoustic metamaterial does not depend on the overall
surface density of the structure, excellent low-frequency sound insulation performance can
be achieved with minimal weight penalty [18,25].

3. Numerical Modeling and Experimental Scheme
3.1. Basic Parameters of the Research Object

In this study, a total of four carbon fiber composite material component-level speci-
mens were prepared, covering two material systems, three thicknesses, and multiple layup
methods. The specific parameters are shown in Table 1. The specimens were fabricated
using the autoclave curing process, with layup angles including 0°, 45°, corresponding
to different structural stiffness and surface densities. Among them, Sam1 is a large-size
specimen of 100 mm, compatible with the CIT100 impedance tube; the other three are
small-size specimens of 30 mm, compatible with the CIT30 impedance tube. The actual
photos of the four specimens are shown in Figure 2.
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Table 1. Basic parameters of composite material component-level specimens.
Specimen . Weight . .
Diameter (mm) Material System Layup Method Thickness (mm)
Number (g)

Sam1 100 45.8 AC531/CF8611 [45/45/0/0/45/45/0/0/45]s 3.96
025011-02 30 4.43 AC531/CF8611 [45/45/0/0/45/45/0/0/45]s 3.96
025012-21 30 1.84 AC531/CF8611 [45/0/45/0/0/45/0/45] 1.76
025013-01 30 2.10 5228A /CF3031 [45/0/45/0/0/45/0/45] 1.84

Figure 2. Composite material specimens suitable for impedance tube testing.

Two types of composite material systems show orthotropic anisotropic mechanical
properties, as shown in Table 2. Due to the anisotropic nature of composite materials’
mechanical performance, the tensile modulus can vary by an order of magnitude across
different layup angles. This directly results in significant differences in sound insulation
characteristics among specimens with varying layups [26,27].

Table 2. Performance Parameters of Composite Material.

Elastic Densit Poisson’s Single-Ply
Material Symbol Constant (k /m3})’ Ratio Thickness
(GPa) & (mm)
El11 155
AC531/CF8611 E22 9.80 1580 0.046 0.23
G12 4.96
E11 65
5228A/CF3031 E22 62.3 1580 0.3 0.21
G12 6.5

The mesh consists of hexahedral acoustic elements with a maximum element size of
5 mm, to ensure at least 6 elements per wavelength at the maximum analysis frequency
of 8000 Hz. The composite specimen is meshed with quadrilateral shell elements with an

element size of 2 mm.

3.2. Finite Element Modeling

Using LMS Virtual.Lab acoustic simulation software((Version 13.3) to establish an
impedance tube-specimen coupled finite element model, the model consists of three parts:
incident acoustic cavity, transmitted acoustic cavity, and composite material specimen. The
incident segment is set with plane wave incidence as the boundary condition. Both ends are
defined as non-reflecting boundaries to simulate an infinitely long duct. The two sides of

https://doi.org/10.3390 /machines14091042
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the film are coupled with corresponding faces of the acoustic tube, defining the structural
and air coupling characteristics. For a detailed visualization of the model, refer to Figure 3.

Non-Reflecting
Boundary

Composite Material Specimen

Non-Reflecting
Boundary

}

r
|
i
|
|
|
\

L

Figure 3. Composite material specimen sound insulation analysis finite element model.

The model incorporates the following key aspects:

1.  The incident cavity and transmitted cavity are both meshed with hexahedral acous-
tic elements, with element sizes satisfying the precision requirement of at least six
elements per wavelength under the maximum analysis frequency. The composite ma-
terial specimen is modeled using quadrilateral shell elements to accurately simulate
its structural behavior. The individual layers of the composite are defined through a
composite material layup tool, specifying each layer’s orientation angle and material
properties. This approach ensures precise representation of the orthotropic anisotropic
characteristics inherent in the composite structure.

2. To account for the boundary conditions, a ring of equivalent rubber layer is modeled
along the edges of the specimen in contact with the fixture. Constrain the translational
degrees of freedom (DOFs) in the X, Y, and Z directions of the outer ring nodes of the
equivalent rubber layer, and release the rotational degrees of freedom. By adjusting the
stiffness of this rubber layer, the sound insulation curve is matched, avoiding the use
of idealized fixed boundary conditions and more realistically capturing the interaction
between the specimen and its mounting setup, thus improving the accuracy of low-
frequency simulation results. The parameters of the equivalent rubber ring are shown
in Table 3. The equivalent rubber layer parameters were determined through inverse
calibration by adjusting the rubber layer stiffness to match the low-frequency sound
transmission loss curve of the bare composite specimen. The significant difference
in Young’s modulus between the CIT100 (75,000 MPa) and CIT30 (11 MPa) fixtures
reflects their different clamping stiffness. Note that the Young’s moduli in Table 3
are equivalent, inverse-calibrated boundary stiffnesses rather than the true material
moduli of the rubber; the very large CIT100 value reflects the near-rigid bolted flange
rather than the rubber itself.

3. On the upper and lower surfaces of the specimen, structural-acoustic coupling in-
terfaces are defined to establish a connection between the structural and acoustic
domains. Each structural node is carefully matched with its corresponding acoustic
node, to ensure precise bidirectional interaction between structural vibrations and the
acoustic field.

Table 3. Parameters of the equivalent rubber layer model.

Ring Diameter Young’'s Modulus Density . , .
mm (MPa) (kg/m?) Poisson’s Ratio
100 75,000 1580 0.3
30 11 1580 0.46

3.3. Impedance Tube Test System

Sound insulation tests were carried out using the BOACH Test-Material-CIT series
circular impedance tube system (Suzhou BAOCH Acoustic Technology Co., Ltd., Suzhou,
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China; Figure 4), following the transfer function method specified in the GB/Z 27764-
2011 [28] standard for normal incidence sound transmission loss measurements. The
system primarily consists of a sound source section, incident section, specimen fixture,
transmitted section, and anechoic termination. It is complemented by 1/4-inch microphones
and a multi-channel acoustic analysis system to ensure precise and comprehensive testing
procedures [29], as illustrated in Figure 5.

Test-Material-CIT100

Figure 4. Test equipment: CIT30/100 impedance tube.

Data Acquisition System

X, X |

Xz

Microphone

Loudspeaker

Figure 5. Schematic diagram of the impedance tube test system.

e  CIT100 Impedance Tube: Inner diameter of 100 mm, effective test frequency range
from 100 Hz to 6300 Hz, designed for mid-to-low frequency testing of large-sized
specimens.

e  CIT30 Impedance Tube: Inner diameter of 30 mm, effective test frequency range
from 800 Hz to 8000 Hz, suitable for mid-to-high-frequency testing of small-sized
specimens.

The test environment is a laboratory with ambient temperature and pressure, where the
environmental background noise level is below 30 dB(A). Before testing, the microphones
are calibrated for phase matching. During the test, it is ensured that the specimen is
properly sealed with the fixture to avoid acoustic leakage, which could lead to lower test
results. Each specimen is tested three times, and the average value is taken as the final
result to ensure data repeatability.
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During testing, specimens were carefully installed to prevent gaps caused by cutting
or other factors. Sealant putty was applied to any gaps between the specimen and the
impedance tube wall to ensure an airtight seal.

4. Analysis of Sound Insulation Performance and Model Validation
4.1. Analysis of Sound Insulation Characteristics for Composite Material Specimens

The sound insulation simulation results for the four specimens are presented in
Figure 6. All specimens show typical thin-plate sound insulation behavior, characterized

by a low-frequency stiffness-controlled region and a mid-frequency mass-controlled region,
with the boundary defined by the frequency corresponding to the first-order drum mode.

90 T T T T T T T
Sam1
80 = = =025011-02 |
----- 025012-21
708 e 025013-01 ||

'Sound insulation valley

] 1000 2000 3000 4000 5000 6000 7000 8000
Frequence/Hz

Figure 6. The sound insulation simulation curves for the four specimens.

e  When the composite material component-level specimens are under drum-type mode
conditions, the entire structure moves in one direction, resulting in minimal sound
insulation.

e  In the low-frequency stiffness-controlled region, the sound insulation level decreases
as frequency increases, primarily dominated by structural stiffness. Higher stiffness
results in better low-frequency sound insulation performance.

e In the mid-frequency mass-controlled region, the sound insulation level generally
increases with rising frequency, in accordance with the mass law. However, due to the
influence of structural modal resonance, the curve shows significant fluctuations.

e  Within the same material system (AC531/CF8611), the thicker specimens (3.96 mm,
with more plies and higher area density) exhibit higher overall sound insulation
than the thinner specimen (1.76 mm). Sam1 and 025011-02, however, share the same
material system, layup, and thickness (3.96 mm) and differ only in specimen diameter
and fixture (100 mm in the CIT100 versus 30 mm in the CIT30); the slight difference
between their curves is therefore attributable to specimen size and the mounting
boundary rather than to the layup, which is consistent with the boundary-stiffness
coupling analyzed in Section 4.2. Conversely, 025012-21 and 025013-01 adopt the
same layup and close thicknesses (1.76 versus 1.84 mm) but different material systems,
yet their mid-to-high-frequency responses remain close. Overall, the mid-to-high-
frequency sound insulation is governed primarily by area density and depends only
weakly on the material system and the layup.
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4.2. Experimental Comparison Verification

A comparison of the finite element simulation results with the impedance tube test
results is shown in Figure 7. In the figures, “CAE” (computer-aided engineering) refers
to the simulated (finite-element) results and “Test” to the measured results. Overall, the
simulation curves for the mid-to-high-frequency range show good agreement with the test
curves, with consistent trends and peak/valley positions; however, there is some deviation
in the low-frequency range, although the general trend remains consistent.

60

50 50
40 40
o o
k] kS
= 30 = 30
(%) %)
20 20
10 Sam1-Test 10 —025011-02-Test
—&6— Sam1-CAE —— 025011-02-CAE
0 0
500 1000 1500 2000 2500 3000 1000 2000 3000 4000 5000 6000
Frequence/Hz Frequence/Hz
(a) Sam1, diameter 100 mm, thickness 3.96 mm (b) specimen 025011-02, diameter 30 mm, thickness 3.96 mm
60 60
50 50
40 40
fos) m
k) k]
':| 30 = 30
%) (%)
20 20
10 ——025012-21-Test 10 ——025013-01-Test
—6—025012-21-CAE ——025013-01-CAE
0 0
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
Frequence/Hz Frequence/Hz
(c) specimen 025012-21, diameter 30 mm, thickness 1.76 mm (d) pecimen 025013-01, diameter 30 mm, thickness 1.84 mm

Figure 7. Comparison of Analysis and Test Results on the Sound Insulation Performance of
Material Samples.

In the frequency range below 1000 Hz, an analysis of the discrepancies between
simulation and test results reveals significant insights into the sound insulation performance
of composite panels. The findings indicate that thicker composite panels show higher
stiffness, which directly impacts the test results through the rigidity of the specimen’s
sealing mechanism. This is exemplified by specimens Sam1 and 025011-02, where the
low-frequency test and simulation results show significant deviations. This discrepancy
arises because the stiffness of the specimen closely matches that of the sealing structure,
leading to a significant contribution from both components and amplifying the deviation.
This stiffness coupling mechanism can be understood as follows: for thicker specimens
such as Sam1 and 025011-02 (3.96 mm), the bending stiffness of the specimen is of the same
order of magnitude as the sealing structure stiffness, resulting in strong coupling effects.

For the effective frequency band above 1000 Hz, a quantitative error analysis was
carried out and summarized in Table 4. The results indicate that the mean absolute errors
(MAE) for all four specimens are below 3 dB, with 025012-21 showing an MAE of 1.94 dB
and 025011-02 demonstrating an MAE of 2.28 dB. The root mean square errors (RMSEs)
range from 2.09 dB to 2.56 dB. The maximum single-point errors across all specimens
range from 2.6 dB to 3.9 dB. Note that the maximum errors of 3.6 dB and 3.9 dB slightly
exceed the £3 dB criterion at individual frequency points, while the majority of frequency
points satisfy the engineering precision requirement. Overall, the data presented in Table 4
validate the accuracy of the simulation model for predicting sound insulation performance
above 1000 Hz.
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Table 4. Error Statistics of Simulation and Test Sound Insulation (Above 1000 Hz).
Specimen Maximum Mean Absolute Root Mean Precision
IEI)umber Single-Point Error Square Error Requirement Compliance
Error (dB) (dB) (dB) (dB)

Sam1 2.6 2.23 2.34 <3 Vv
025011-02 3.6 2.28 2.56 <3 Mostly
025012-21 2.8 1.94 2.09 <3 vV
025013-01 3.9 2.09 249 <3 Mostly

Across all impedance tube specimens, the simulation tends to slightly underestimate
sound insulation in the 2000-3000 Hz range. Still, the good agreement between simulation
and experimental results confirms the reliability of the finite element model in this frequency
band, supporting its use for metamaterial design optimization.

5. Design of Membrane-Type Metamaterials for Targeted Sound Insulation
5.1. Design Objectives and Constraints

To enhance the sound insulation performance of composite material components, thin-
film metamaterial compositing technology has been applied to process the composite mate-
rial specimens. The optimization objective is clearly defined as: within the 2000-3000 Hz
frequency band, improve the sound insulation performance and ensure that the structural
valley sound insulation level increases by at least 3 dB [30]; simultaneously, the constraint
condition stipulates that the additional weight of the metamaterial must not exceed 5% of
the original composite material specimen’s weight. This frequency band corresponds to the
primary energy range of turbulent boundary layer noise and represents a critical frequency
range for mid-to-low frequency noise control in the cabin, thus holding significant practical
application value.

The optimization design variables include: film thickness (0.05-0.2 mm), mass density
of the counterweight (800~9000 kg/m?), and maximum counterweight mass of 2.29 g (5%
of the 45.80 g panel). A schematic diagram of the film structure is shown in Figure 8.

Film

Proof Mass
Frame

Figure 8. Schematic diagram of membrane assembly.

5.2. Membrane-Type Material Parameter Calibration

Due to the non-uniform thickness of the film, discrepancies exist between nominal
parameters and actual equivalent parameters. Therefore, an acoustic parameter calibra-
tion was first carried out for the Polyethylene Terephthalate (PET) substrate film using a
combined “experimentation and inversion” approach to determine the equivalent Young’s
modulus. The procedure involved fabricating unweighted circular film specimens and
testing their sound insulation curves using an impedance tube. Simultaneously, a finite
element model was established, with Young’s modulus as the variable in iterative compu-
tations. When the simulation curve achieved optimal alignment with the test curve, the
corresponding parameters were identified as the calibrated values. The experimental and
simulation systems are shown in Figure 9. The calibration results are shown in Table 5.
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Figure 9. The experimental and simulation systems.

Table 5. Calibrated PET Film Material Parameters.

Young's Modulus Poisson’s Density Thickness Loss Factor
MPa Ratio kg/m? mm
3800 0.32 1600 0.15 0.12

5.3. Membrane-Type Metamaterial Design

Sound insulation simulations were carried out for film thicknesses ranging from 0.05
to 0.2 mm, and the results are presented in Figure 10. As the film thickness increases from
0.05 to 0.2 mm, both the mass per unit area and structural damping increase simultaneously,
leading to a continuous improvement in sound insulation performance at 2000 Hz. Consid-
ering that 0.15 mm is the standard production scale for domestically produced PET films,
with mature processes such as die-cutting and bonding, and achieving a sound insulation
efficiency of 13.57 dB at 2000 Hz, the base film design thickness was determined to be
0.15 mm [31].

20

—6—T=0.05mm-STL ' ' |
18 ——T=0.075mm-STL
T=0.1mm-STL

16| o T=0.125mm-STL
-+ =T=0.15mm-STL
14| T=0.175mm-STL
—#—T=0.2mm-STL

1500 2000 2500 3000
Frequence/Hz

0 500 1000

Figure 10. Sound Insulation Performance for Films with Different Thicknesses.
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The equivalent stiffness range at the center of the finite element model was extracted as

14,200-15,800 N /m. Based on the simplified formula for localized resonance fg,¢, = % %,
the theoretical mass range was calculated to be between 0.09 and 0.1 g. Ultimately, the
thin-film metamaterial design was finalized as follows: a 0.15 mm PET film with a single

central mass block weighing 0.1 g, and a frame weighing 0.1 g.

5.4. Experimental Validation

According to the optimized parameters, a film metamaterial specimen (designated as
AMMO02) was prepared. The substrate used was a 150 um PET film, which was tensioned
and fixed using a ring fixture. The total mass of the final specimen was approximately
1.05 g, consisting of a 0.15 mm thick PET film weighing 0.85 g, a single central mass
block weighing 0.1 g, and a frame weighing 0.1 g. The AMMO2 film metamaterial was
then combined with the Sam1 composite material specimen to form a composite sound
insulation structure consisting of “composite material + film metamaterial,” [32] as shown
in Figure 11.

(a) AMMO2 (b) Sam1+AMMO2

Figure 11. Composite Soundproofing Structure.

The simulation and analysis results of the sound insulation characteristics of the
AMMO2 specimen are shown in Figure 12. The simulation and experimental results validate
the effectiveness of the parameters, showing a clear anti-resonance peak at 2000 Hz, with
an increase of 4.64 dB compared to the pure membrane structure (13.57 dB).

25

T
—— AMMO2-Test
—o— AMMO2-CAE

20

.
0 500 1000 1500 2000 2500 3000 3500
Frequence/Hz

Figure 12. Comparison of simulated and experimental sound insulation of the AMMO2 specimen.

The quantitative comparison before and after metamaterial integration is presented
in Figure 13 and Table 6. The test results show that with only a 2.29% weight increase,
the sound insulation performance improves by 16.5 dB at the 2000 Hz valley. This gain
is well above what the mass law predicts for the same added mass, confirming that the
anti-resonance mechanism rather than mass loading is responsible.
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Figure 13. STL comparison before and after metamaterial integration.

Table 6. Comparison of Weight and Sound Insulation Performance Before and After Optimization.

. Total Weight Frequency STL . STL Improvement
Specimen g Hz 4B Weight Increase dB
Sam1 45.80 2000 25.07 —_— —_—
AMMO02 1.05 2000 18.21 —_—
Sam1 + AMMO02 46.85 2000 41.57 2.29% 16.5

To further understand the enhancement mechanism, three configurations were com-
pared: the bare Sam1 panel, AMMO2 alone, and the Sam1-AMMO02 composite structure.
The bare Sam1 panel shows an STL valley of 25.07 dB at 2000 Hz, typical of the coincidence
effect in thin composite panels. AMMO2 alone produces an anti-resonance peak at 2000 Hz,
with an experimental STL of approximately 18.21 dB (simulation: 17.89 dB), a 4.64 dB gain
over the baseline film. When AMMO02 is coupled to Sam1 with a 3 mm air gap, the com-
posite structure reaches 41.57 dB at 2000 Hz—a 16.5 dB improvement over the bare panel.
This 16.5 dB value is a point measurement at the 2000 Hz valley under normal incidence; it
is not a broadband average. The >3 dB bandwidth spans roughly 1800-2200 Hz, and the
band-averaged gain over 2000-3000 Hz is about 8-10 dB.

6. Discussion

The results show that membrane-type acoustic metamaterials can provide targeted
sound insulation enhancement with minimal added weight. Attaching a 150 pm PET
membrane (0.85 g) with a 0.1 g central proof mass and a 0.1 g supporting frame (total
assembly mass 1.05 g) to the Sam1 composite panel yields a 16.5 dB STL improvement
at 2000 Hz with a 2.29% weight increase. This gain is well above what the mass law
would predict for the same added mass, confirming that the anti-resonance mechanism
rather than mass loading is responsible for the improvement. The result is encouraging for
weight-critical applications, though it should be read as a unit-cell, normal-incidence result
rather than a diffuse-field panel-level performance.

Experimental validation confirms that the designed membrane metamaterial effec-
tively introduces localized resonance at the target frequency, significantly modifying the
dynamic response of the composite structure. This mechanism is consistent with theoretical
predictions derived from the local resonance principle, wherein the mass and stiffness
parameters of the membrane collectively determine the anti-resonant frequency. The cali-
bration procedure for PET film material parameters further supports the accuracy of the
finite element model, to ensure reliable simulation predictions across the frequency range
of interest.
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The practical significance of this research is particularly relevant to aircraft cabin
noise control, where mid-frequency noise induced by turbulent boundary layers remains a
persistent challenge. By directly targeting the critical frequency band associated with such
noise sources, the proposed membrane metamaterial offers a viable lightweight solution
for noise reduction in transportation systems including aircraft, high-speed trains, and
automotive vehicles [33].

This study also contributes to the broader field of acoustic metamaterials by showing
that engineered membrane thickness and concentrated mass placement can be exploited to
achieve targeted acoustic performance. The adopted methodology, combining experimental
characterization with inverse parameter calibration, provides a systematic framework for
membrane metamaterial design. This approach ensures that nominal material properties
are accurately mapped to actual acoustic behavior, improving the predictive reliability of
numerical simulations [34].

Future research will extend the current design toward broader frequency coverage
through multi-mass configurations and graded thickness distributions. In addition, the
synergy between membrane metamaterials and other noise control techniques, such as
damping layers and multi-layered structures, needs further study. The compatibility of
these lightweight solutions with existing structural systems, coupled with their minimal
weight penalty, renders them highly attractive for aerospace, automotive, and other weight-
sensitive industrial applications [35].

In summary, this study shows that innovative membrane metamaterial designs can
effectively address the mid-frequency sound insulation deficiency of lightweight composite
structures. With minimal weight penalty, significant STL enhancement is achieved at the
target frequency, offering a practical pathway toward efficient lightweight noise control
solutions for engineering applications.

7. Conclusions

This study addresses the mid-frequency sound insulation deficiency of aeronautical
CFRP composite panels through the design and experimental validation of a membrane-
type acoustic metamaterial. The main conclusions are as follows: (1) A structure—acoustic
coupled finite element model with equivalent boundary stiffness was established and
validated against impedance tube tests. The mean absolute error above 1000 Hz is within
3 dB, with a maximum single-point error of 3.9 dB. The CFRP specimen shows a distinct
sound insulation valley at 2000 Hz. (2) A forward-design procedure for membrane meta-
materials under a 5% weight constraint is proposed. Within the 50-200 um thickness range,
sound insulation increases monotonically with thickness without resonance frequency shift.
A 150 um PET film with a 0.1 g central proof mass and a 0.1 g frame (total 1.05 g) was
selected as the final design. (3) Both AMMO02-only and composite structure tests confirm
the design. With a 2.29% weight increase, a 16.5 dB STL enhancement at 2000 Hz was
achieved under normal incidence at the unit-cell level, exceeding the 3 dB design target.
Comparison of the bare panel, AMMO02-only, and composite structure results indicates a
synergistic interaction between the metamaterial and the panel. (4) A complete design
flow of ‘material calibration-membrane selection—target frequency tuning—experimental
validation’ is established, providing an engineering reference for mid-frequency noise
reduction in aircraft cabins.

Note that this work presents a unit-cell-level proof-of-concept study. Large-scale panel
tests and environmental durability evaluations will be conducted in future engineering
development.
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In addition, the current study focuses on single-frequency optimization at 2000 Hz,
while actual aircraft cabin noise covers a broader spectrum. Future work will explore
multi-frequency and broadband sound insulation requirements through two approaches:
(1) multi-mass configurations, where proof masses of different weights are distributed
across the membrane to create multiple anti-resonance peaks at targeted frequencies; and
(2) graded thickness distributions, where the membrane thickness varies spatially to achieve
a continuous broadband insulation effect.
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The following abbreviations are used in this manuscript:

ICAO  The International Civil Aviation Organization
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STL Sound Transmission Loss

DOF  Degrees Of Freedom

MAE  Mean Absolute Error

RMSE Root Mean Square Error

CAE Computer-Aided Engineering

PET Polyethylene Terephthalate
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