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Abstract: This study presents a foam sandwich structure reinforced with carbon fiber
columns (FSS-CFC), which exhibits strong mechanical and sound insulation properties.
The FSS-CFC consists of two face-sheets and a polyvinyl chloride (PVC) core containing
multiple CFC cylinders arranged in a periodic array. The sound transmission loss (STL)
measured in acoustic tube experiments closely aligns with the finite element simulation
results, validating the reliability of the present research. Through characteristic analyses,
the study reveals the sound insulation mechanism of FSS-CFC, identifying three distinct
sound insulation dips caused by the standing wave resonance of the core, column-driven
same-direction bending vibrations, and column-constrained opposite-direction bending
vibrations in the sheets. It is also demonstrated that the sound insulation performance of
FSS-CFC is insensitive to hydrostatic pressure changes. Finally, the FSS-CFC is optimized
by the genetic algorithm in MATLAB and COMSOL. The optimized FSS-CFC displays
good improvements in both mechanical and acoustic performance compared to the initial
structure. The average STL in the frequency of 500 Hz to 25,000 Hz has increased by 3 dB,
representing an improvement of approximately 25%. The sound insulation mechanism
in FSS-CFC could provide valuable insights for the development of a pressure-resistant
acoustic structure for use on deep-water vehicles.

Keywords: sandwich structure; carbon fiber column; sound insulation; hydrostatic pressure

1. Introduction
Due to the strong absorption effects of seawater on electromagnetic waves, under-

water communication and detection primarily rely on acoustic waves. But, the quality
of these works is significantly interfered with by underwater noise. Additionally, the
noise generated has adverse impacts on marine ecosystems during underwater operations.
Therefore, the design of underwater sound insulation structures is important in areas
such as underwater acoustics engineering [1,2], noise reduction [3–5], and environmental
protection [6,7]. Among various solutions, composite sandwich structures have garnered
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widespread applications in the isolation of noise due to their light weight, high strength,
and customizable core [8–10]. The primary principle of sound insulation relies on the
impedance mismatch between different materials, which leads to the reflection of sound
energy and thus enhances STL.

Early research on homogeneous multilayer structures focused mainly on theoretical
studies [11–14], demonstrating their potential for achieving a good sound insulation per-
formance. However, these structures often suffer from a limited load-bearing capacity due
to the core material, which restricts their practical application. As a result, there has been
increasing interest in adding lightweight reinforcements such as pyramid [15–18], hon-
eycomb [19,20], hourglass [21,22], X-shaped [23] and chiral lattice [24,25] reinforcements
into the core layer to enhance their mechanical properties. Although the reinforcements
can improve the mechanical performances of these structures, they also provides a path
for sound waves, leading to a decrease in STL [26]. Theoretically, there are two main
approaches for modeling the reinforcements. One method involves formulating the gov-
erning vibroacoustic equation for the reinforcement, where the force is transmitted at
the interface between the reinforcement and panel [26]. The second approach treats the
reinforcement as an equivalent spring, transferring the force between the upper and lower
panels [27,28]. Both methods are combined with Fourier transforms, space harmonics,
and the principle of virtual work to solve the vibration equation [29–31]. Moosavimehr
et al. [32] demonstrated that the truss lattice provides s significantly higher STL compared
to the honeycomb lattice for structures of equal mass. Arunkumar et al. [33] showed that
embedding polyurethane foam within lattice cores leads to an improvement in sound insu-
lation performance. Wang et al. [34] developed a hybrid structure combining the pyramidal
truss and membrane-type metamaterials, achieving a balance of mechanical and acoustic
properties. Lin et al. [35] proposed a design of integrating an intermediate thin plate and
mass blocks within orthogonal stiffeners, and achieved a structure with enhanced STL in
specific frequency range. The above studies prove that the lattice-reinforced sandwich
structures offer excellent design flexibility. They can be tailored with various reinforcement
types and core combinations to meet specific application requirements.

For sound insulation analyses on underwater structures, Wang et al. [36] stated that
the transmission coefficient of chiral honeycomb structures is significantly lower than that
of square honeycombs. Based on density-based topology optimization, Wang et al. [37]
designed an underwater sound insulation structure that exhibits a good low-frequency
sound insulation performance. Underwater sound insulation structures should also con-
sider hydrostatic pressure compared with air. It is generally difficult for conventional
sound insulation structures to work properly in deep water [38]. To solve this problem,
Wang et al. [39] designed a rubber–steel–rubber structure that achieved an average STL of
10 dB in the frequency range of 2000 Hz to 10,000 Hz under a pressure of 3 MPa. Based
on topology optimization, Zhao et al. [40] developed an underwater sound-insulating
and load-bearing metamaterial, gaining an average STL of 14.78 dB within the range of
20 Hz to 3000 Hz under 1 MPa pressure. Similarly, Wang et al. [41] created a chiral meta-
material capable of isolating over 95% of acoustic energy across a wide frequency range
of 1000 Hz to 5000 Hz, and its sound insulation performance remained stable under low
hydrostatic pressure.

In summary, sandwich structures with reinforcement exhibit strong sound insulation
performances. However, most existing studies have been conducted in air, with limited fo-
cus on their performance in underwater environments. Although there are a few structures
that demonstrate effective low-frequency sound insulation underwater, their insulation
capability tends to diminish as the hydrostatic pressure increases. Furthermore, these
designs are relatively complex, which can further hinder their practical implementation
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in high-pressure underwater settings. Thus, this paper presents a PVC foam sandwich
structure reinforced with carbon fiber columns (FSS-CFC). The STL of the sample is mea-
sured by using an acoustic propagation experiment based on the pulse tube method. The
experimental result shows a good agreement with the simulation in COMSOL. To further
study the sound insulation mechanism of FSS-CFC, parameter analyses are performed.
Finally, the structure is optimized by using a genetic algorithm.

This paper is believed to make the following contributions. First, the FSS-CFC consist-
ing of two face-sheets and a PVC core containing multiple CFC cylinders is proposed and
prepared for the first time. The experimental data obtained from the acoustic tube test can
be used as a reference for future research. Second, the sound insulation performance of
FSS-CFC is insensitive to hydrostatic pressure. Third, the FSS-CFC exhibits three distinct
sound insulation dips, and the causes and factors influencing these dips are analyzed.
Furthermore, the dimensions of the FSS-CFC are optimized, and the optimized FSS-CFC
has enhanced mechanical and acoustic performance compared to the initial structure.

2. Experimental Procedure
2.1. Description of the Structure

As shown in Figure 1a, the FSS-CFC consists of two face-sheets and a PVC core
containing multiple CFC cylinders arranged in a periodic array. Figure 1b shows a top
view of the structure and highlights two modeling approaches: the acoustic tube model
(indicated by a blue circle) and the single cell model (indicated by a red square). The
acoustic tube model, with a diameter of 56 mm, includes four CFC cylinders, while the
single cell model is a cuboid structure containing only one CFC. The acoustic tube model
is used to simulate acoustic tube experiments, while the single cell model is used for a
comparative analysis with the acoustic tube model and to study specific sound absorption
characteristics. Figure 1c displays a side view, showing dimensions such as CFC distance,
L = 30 mm, CFC cylinder diameter, Dr = 5 mm, core thickness, Hc = 40 mm, and face-sheet
thickness, Hm = 5 mm. The material parameters of the FSS-CFC are given in Table 1.

J. Mar. Sci. Eng. 2025, 13, x FOR PEER REVIEW 3 of 18 
 

 

these designs are relatively complex, which can further hinder their practical implemen-
tation in high-pressure underwater settings. Thus, this paper presents a PVC foam sand-
wich structure reinforced with carbon fiber columns (FSS-CFC). The STL of the sample is 
measured by using an acoustic propagation experiment based on the pulse tube method. 
The experimental result shows a good agreement with the simulation in COMSOL. To 
further study the sound insulation mechanism of FSS-CFC, parameter analyses are per-
formed. Finally, the structure is optimized by using a genetic algorithm. 

This paper is believed to make the following contributions. First, the FSS-CFC con-
sisting of two face-sheets and a PVC core containing multiple CFC cylinders is proposed 
and prepared for the first time. The experimental data obtained from the acoustic tube test 
can be used as a reference for future research. Second, the sound insulation performance 
of FSS-CFC is insensitive to hydrostatic pressure. Third, the FSS-CFC exhibits three dis-
tinct sound insulation dips, and the causes and factors influencing these dips are analyzed. 
Furthermore, the dimensions of the FSS-CFC are optimized, and the optimized FSS-CFC 
has enhanced mechanical and acoustic performance compared to the initial structure. 

2. Experimental Procedure 
2.1. Description of the Structure 

As shown in Figure 1a, the FSS-CFC consists of two face-sheets and a PVC core con-
taining multiple CFC cylinders arranged in a periodic array. Figure 1b shows a top view 
of the structure and highlights two modeling approaches: the acoustic tube model (indi-
cated by a blue circle) and the single cell model (indicated by a red square). The acoustic 
tube model, with a diameter of 56 mm, includes four CFC cylinders, while the single cell 
model is a cuboid structure containing only one CFC. The acoustic tube model is used to 
simulate acoustic tube experiments, while the single cell model is used for a comparative 
analysis with the acoustic tube model and to study specific sound absorption characteris-
tics. Figure 1c displays a side view, showing dimensions such as CFC distance, L = 30 mm, 
CFC cylinder diameter, Dr = 5 mm, core thickness, Hc = 40 mm, and face-sheet thickness, 
Hm = 5 mm. The material parameters of the FSS-CFC are given in Table 1. 

 

Figure 1. Description of the FSS-CFC: (a) schematic, (b) acoustic tube model and single cell model, 
(c) dimensional parameters, and (d) sample of FSS-CFC. 

  

Figure 1. Description of the FSS-CFC: (a) schematic, (b) acoustic tube model and single cell model,
(c) dimensional parameters, and (d) sample of FSS-CFC.



J. Mar. Sci. Eng. 2025, 13, 380 4 of 16

Table 1. Material properties of components of the FSS-CFC sample.

Material

Young’s Modulus
(GPa)

Shear Modulus
(GPa) Poisson’s Ratio Mass Density

(kg·m−3)
Loss

Factor
Exx = Eyy Ezz Gxy Gxz = Gyz υxy υxz = υyz

Face-sheet (GFRP) 20 9.5 8 4 0.3 0.28 1750 0.02
CFC 5 110 8 2.3 0.3 0.3 1300 0.02

Core (PVC) 0.067 / 0.3 60 0.02

2.2. Pulse Tube Method

The pulse tube method was used to measure the STL of FSS-CFC sample. The measur-
ing device used for the pulse tube method is shown in Figure 2. The bottom of the pulse
tube was equipped with a transducer for both transmitting and receiving acoustic signals.
The tube was filled with water and the top of the tube was a standard reflector. The interior
of the pulse tube was filled with water, and the top portion contained air as a standard
reflector, causing no transmission of sound waves. The transducer was connected to the
computer measurement system, which comprised various components. These included a
signal generator, power amplifier, electronic switch, band-pass filter, signal collector, and
computer for data processing and visualization. The tube was 5000 mm in height and
57 mm in diameter. Before the experiment, the tube was filled with water and stabilized for
48 h, and the sample was immersed in water for 24 h to ensure it was fully wetted.
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First, when no sample was placed in the tube, the transducer emitted sound waves
through the computer, signal generator, and power amplifier. The signal collector recorded
the electrical signals corresponding to the sound pulses reflected by the standard reflector.
These recorded signals were processed using discrete Fourier transform through the elec-
tronic switch, band-pass filter, signal collector, and computer. This processing resulted in
the voltage amplitude Vi of the incident sound pressure.

Next, the sample was placed in the tube, 1800 mm from the transducer and 3200 mm
from the air. As the sound waves passed through the sample, two electrical signals were
received by the transducer due to the different paths of the sound waves. The first signal
was generated when the sound waves are reflected by the surface of sample. When the
sound waves pass through the sample, they were first transmitted, then reflected by the
air, and subsequently transmitted through the sample again, generating the second signal.
Using the same signal processing method as before, the voltage amplitude Vt corresponding
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to the transmitted sound pulse was measured. Since the transmitted wave passed through
the sample twice, the transmission coefficient of the sample can be expressed as follows.

T =

√
Vt

Vi
(1)

Therefore, the sound transmission loss can be expressed as

STL = 20lg
1
T

(2)

3. Results and Discussion
3.1. Verification Analyses

To verify the accuracy of the experimental results, the STL of FSS-CFC is calculated
by the finite element method in COMSOL 6.2. Figure 3a represents the simulation model
of FSS-CFC in the acoustic tube, and Figure 3b is the simulation model of the single cell
structure. In both models, from bottom to top, the layers are a Perfectly Matched Layer
(PML), water (incident sound wave domain), FSS-CFC, water (transmitted sound wave
domain), and another PML. An incident sound wave with an amplitude of 1 Pa drives
the FSS-CFC from the water domain below, producing a transmitted wave after passing
through the structure. The PML simulates an infinitely large water domain with no sound
wave reflection. The boundary conditions of the two models are different. In the acoustic
tube simulation model, the displacement around the boundaries is set to zero to simulate
the acoustic tube boundaries in the experiment. In the single cell structure simulation
model, Floquet boundary conditions are applied around the boundaries to simulate the
infinite FSS-CFC. In the numerical simulations, a hexahedral swept mesh is employed to
ensure a high accuracy in capturing the structural response. The maximum mesh size is
3 mm which is less than one-sixth of the wavelength. To effectively analyze the sound
insulation characteristics of the FSS-CFC while ensuring computational efficiency, the
simulation frequency range is set from 2000 Hz to 25,000 Hz with a step size of 200 Hz.
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As can be seen in Figure 3c, there are some differences in the sound insulation dips
(SIDs). The single cell model employs Floquet boundary conditions, which constrain the
number of vibration modes. In contrast, the experiment and acoustic tube model has more
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complex boundary conditions, leading to additional vibration modes and, consequently,
more SIDs in the STL curve. Specifically, the acoustic tube model exhibits four distinct SIDs,
while the single cell model shows only two. To explore these differences, Figure 4 illustrates
the displacement at the SIDs for both models. Two SIDs at 17,000 Hz and approximately
21,000 Hz are caused by the resonance of the PVC core and the bending vibration in the
sheets (as discussed in Section 3.2) in both models. The additional two SIDs in the acoustic
tube model are caused by differences in the boundary conditions and model configuration.
In the acoustic tube model, the SID at 11,600 Hz is induced by additional sheet bending
vibration, and the SID at 19,000 Hz is caused by the higher-order resonance of the PVC core.
Overall, the STL results show similar trends in the finite element model and experiment.
The average sound transmission loss STLave for the acoustic tube model, single cell model,
and experimental results are 9.5 dB, 11.0 dB, and 10.3 dB, respectively, indicating close
agreement among the three approaches. Thus, the effectiveness of the present analyses is
proved. Considering the fact that the mesh number and computation time for the acoustic
tube model are significantly higher than those for the single cell model, the subsequent
characteristic analyses will adopt the single cell model.
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3.2. Characteristic Analyses

This section primarily investigates the effects of various parameters on the STL of
FSS-CFC and elucidates its intrinsic sound insulation mechanism. Due to the inherent
complexity of modeling anisotropic behavior and to facilitate a clearer understanding of
the sound insulation mechanism, both the face-sheet and the CFC are assumed to behave
as isotropic materials. The Young’s modulus and Poisson’s ratio of the face sheet are set
to 20 GPa and 0.3, respectively, while those of the CFC are set to 110 GPa and 0.3. The
frequency range for the calculation spans from 500 Hz to 25,000 Hz, with a step of 200 Hz.

3.2.1. Effects of CFC Distance

This subsection analyzes the effects of CFC distance L on STL, with the help of a
comparison of the results with those of the FSS. The FSS is equivalent to a case where
the CFC distance approaches infinity. Figure 5a illustrates the STL for CFC distances of
L = 25 mm, 30 mm, and 35 mm.

As seen in Figure 5a, the STL curve of the FSS-CFC exhibits three SIDs. The SIDs
are identified and preliminarily labeled as SID-A, SID-B, and SID-C, corresponding to
the symbols “△”, “#”, and “□”, respectively. Notably, three SIDs are observed only
for L = 35 mm, while the cases of FSS and L = 25 mm lack SID-B and SID-C, and the
case L = 30 mm lacks SID-C. To explain this phenomenon, Figure 5b presents the average
z-direction velocity amplitude |uz| at the interface between the transmissive sheet and
water. Peaks in |uz| correspond to the SIDs in Figure 5a, indicating that |uz| is inversely
correlated with the STL. Furthermore, Figure 6 illustrate the displacement and sound
pressure isosurfaces at SID-A and SID-B. For the FSS where L = 25 mm and 30 mm, SID-B is
not observed, and the frequency of 23,500 Hz is shown instead in Figure 6. From Figure 6,
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the SID-A is primarily caused by standing wave resonance (SWR) in the PVC core, with
a frequency of f = 15,500 Hz, satisfying the first-order standing wave resonance formula

f = c
2Hc

= 15, 326 Hz, where c =

√
E(1−υ)

ρ(1+υ)(1−2υ)
is the longitudinal wave velocity of

the PVC core, and E, ρ, υ are the Young’s modulus, density, and Poisson’s ratio of the
PVC core. As the CFC distance decreases, the constraint of the PVC core is strengthened,
shifting the frequency of SID-A to higher values. In addition, the vibration mode of FSS-
CFC approaches that of FSS. SID-B is primarily attributed to the bending vibration in the
transmissive sheet, where a greater vibration displacement radiates more acoustic energy
outward. However, if the CFC distance is too small, the sheet is excessively constrained
and SID-B is suppressed. Similarly, when the CFC distance is too large, as in the FSS case,
an insufficient z-direction constraint prevents the bending vibration from generating SID-B.

J. Mar. Sci. Eng. 2025, 13, x FOR PEER REVIEW 7 of 18 
 

 

 

Figure 5. (a) STL and (b) |uz| for different CFC distances. 

As seen in Figure 5a, the STL curve of the FSS-CFC exhibits three SIDs. The SIDs are 
identified and preliminarily labeled as SID-A, SID-B, and SID-C, corresponding to the 
symbols “△”, “○”, and “□”, respectively. Notably, three SIDs are observed only for L = 
35 mm, while the cases of FSS and L = 25 mm lack SID-B and SID-C, and the case L = 30 mm 
lacks SID-C. To explain this phenomenon, Figure 5b presents the average z-direction ve-
locity amplitude |uz| at the interface between the transmissive sheet and water. Peaks in 
|uz| correspond to the SIDs in Figure 5a, indicating that |uz| is inversely correlated with 
the STL. Furthermore, Figure 6 illustrate the displacement and sound pressure isosurfaces 
at SID-A and SID-B. For the FSS where L = 25 mm and 30 mm, SID-B is not observed, and 
the frequency of 23,500 Hz is shown instead in Figure 6. From Figure 6, the SID-A is pri-
marily caused by standing wave resonance (SWR) in the PVC core, with a frequency of f 
= 15,500  Hz, satisfying the first-order standing wave resonance formula 

15,326 Hz
2 c

cf
H

= = , where (1 )
(1 )(1 2 )
Ec υ

ρ υ υ
−=

+ −
 is the longitudinal wave velocity of the 

PVC core, and E, ρ, υ are the Young’s modulus, density, and Poisson’s ratio of the PVC 
core. As the CFC distance decreases, the constraint of the PVC core is strengthened, shift-
ing the frequency of SID-A to higher values. In addition, the vibration mode of FSS-CFC 
approaches that of FSS. SID-B is primarily attributed to the bending vibration in the trans-
missive sheet, where a greater vibration displacement radiates more acoustic energy out-
ward. However, if the CFC distance is too small, the sheet is excessively constrained and 
SID-B is suppressed. Similarly, when the CFC distance is too large, as in the FSS case, an 
insufficient z-direction constraint prevents the bending vibration from generating SID-B. 

 

Figure 5. (a) STL and (b) |uz| for different CFC distances.

J. Mar. Sci. Eng. 2025, 13, x FOR PEER REVIEW 8 of 18 
 

 

 

Figure 6. Displacement and sound pressure isosurfaces in the transmissive water region at SID-A 
and SID-B. 

Notably, for L = 35 mm, a clear second |uz| peak is observed at 17,900 Hz, and the 
corresponding SID-B is less pronounced. The magnified view of Figure 5a reveals only a 
slight fluctuation at this frequency. Because SID-B is primarily induced by the coupled 
vibration in the CFC columns and the sheets, to focus on the relevant displacement dy-
namics, Figure 7 illustrates the displacements of the sheet-CFC-sheet at three SIDs for L = 
35 mm, while the displacements of the PVC core are omitted for simplicity. The SID-B 
frequency 17,900 Hz is close to the SID-A frequency 16,300 Hz. It is deduced that the slight 
fluctuation in STL at the frequency of SID-B resulted from the interference effect of the 
SWR of SID-A. Specifically, SID-A amplifies the displacement of the incident sheet while 
suppressing that of the transmissive sheet, weakening SID-B. For L = 30 mm, the same-
direction bending vibration (SBV) occurs between the incident and transmissive sheets at 
SID-B, driven by the longitudinal vibration in the CFC. SID-A is caused by standing wave 
resonance in the PVC core, leading to an inward contraction of both sheets. In contrast, 
SID-C arises from the opposite-direction bending vibration (OBV) of both sheets, with the 
CFC providing a constraining effect, distinguishing it from the mechanism of SID-B. 

 

Figure 7. Displacements of the sheet–CFC–sheet structure at different SIDs for L = 35 mm with the 
displacement at SID-B for L = 30 mm included for comparison. 

3.2.2. Effects of CFC Diameter 

This subsection analyzes the effect of CFC diameter Dr on STL, with FSS serving as 
the reference case, which can be considered as the case where Dr = 0 mm. From Figure 8, 
as the CFC diameter increases, the constraint on the PVC core becomes stronger, which 
causes the SWR of SID-A to shift towards a higher frequency. As shown in Figure 9, SID-

Figure 6. Displacement and sound pressure isosurfaces in the transmissive water region at SID-A
and SID-B.

Notably, for L = 35 mm, a clear second |uz| peak is observed at 17,900 Hz, and
the corresponding SID-B is less pronounced. The magnified view of Figure 5a reveals
only a slight fluctuation at this frequency. Because SID-B is primarily induced by the
coupled vibration in the CFC columns and the sheets, to focus on the relevant displacement
dynamics, Figure 7 illustrates the displacements of the sheet-CFC-sheet at three SIDs for
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L = 35 mm, while the displacements of the PVC core are omitted for simplicity. The SID-B
frequency 17,900 Hz is close to the SID-A frequency 16,300 Hz. It is deduced that the slight
fluctuation in STL at the frequency of SID-B resulted from the interference effect of the
SWR of SID-A. Specifically, SID-A amplifies the displacement of the incident sheet while
suppressing that of the transmissive sheet, weakening SID-B. For L = 30 mm, the same-
direction bending vibration (SBV) occurs between the incident and transmissive sheets at
SID-B, driven by the longitudinal vibration in the CFC. SID-A is caused by standing wave
resonance in the PVC core, leading to an inward contraction of both sheets. In contrast,
SID-C arises from the opposite-direction bending vibration (OBV) of both sheets, with the
CFC providing a constraining effect, distinguishing it from the mechanism of SID-B.
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3.2.2. Effects of CFC Diameter

This subsection analyzes the effect of CFC diameter Dr on STL, with FSS serving as
the reference case, which can be considered as the case where Dr = 0 mm. From Figure 8,
as the CFC diameter increases, the constraint on the PVC core becomes stronger, which
causes the SWR of SID-A to shift towards a higher frequency. As shown in Figure 9, SID-B
is generated by SBVs in the sheets, which are driven by the longitudinal vibration of CFC.
In this case, the mass of the CFC plays a dominant role in the resonance behavior. A
larger CFC diameter with a higher mass leads to a lower resonance frequency for SID-B.
Furthermore, as the CFC diameter increases, the vibration becomes more pronounced,
resulting in a greater outward radiation of sound energy and lower SID-B values. Due
to the strong constraint imposed by the CFC, the OBV and SID-C do not appear in the
frequency range analyzed.
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3.2.3. Effects of Core Thickness

This subsection analyzes the effect of core thickness Hc on STL. Figure 10 presents the
STL and |uz| for core layers of 30 mm, 40 mm, and 50 mm. SID-A is significantly influenced
by the core thickness. According to the formula f = c

2Hc
, the frequency ratios of SID-A for

the three thicknesses (21,700:17,100:14,300) are approximately inversely proportional to
their thicknesses (1/30:1/40:1/50). For SID-B, the frequency slightly decreases as the core
thickness increases. As shown in Figure 11, a larger core thickness implies an increased
height of the CFC, leading to a greater mass and reduced stiffness, which lowers the
frequency of SID-B. This is similar to the effect of increasing the CFC diameter discussed in
Section 3.2.2. However, increasing the core thickness does not significantly alter the CFC’s
constraint on the sheets. As a result, the magnitude of the sheets’ SBV remains similar, and
the STL values are also relatively consistent.
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3.2.4. Effects of Sheet Thickness

This subsection analyzes the effect of sheet thickness Hm on STL, with the results
shown in Figure 12. From Figure 12a,b, it can be observed that the sheet thickness has
little effect on SID-A, as SID-A is primarily caused by the SWR of PVC core, which is
independent of the sheet. A thicker sheet does not lead to the generation of SID-B or SID-C.
Although thinner sheets offer better low-frequency sound insulation, they generate SID-C
after SID-A, causing the STL to be lower than that of thicker sheets. Furthermore, Figure 13
shows the displacement and sound pressure isosurfaces for different panel thicknesses at
SID-B and SID-C. Since SID-B is primarily induced by sheet OBV due to the longitudinal
vibration of the CFC, a thinner sheet provides weaker constraint on CFC, resulting in a
lower SID-B frequency. In contrast, thicker sheets suppress CFC vibrations and do not
produce SID-B. SID-C is mainly caused by sheet OBVs under the constraint of the CFC. As
the sheet thickness increases, its mass and stiffness increase, making SID-C more likely to
occur at a higher frequency. Therefore, the SID-C is only observed at Hm = 3 mm.
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3.2.5. Effects of Hydrostatic Pressure

The FSS-CFC is designed to withstand hydrostatic pressure, so it is necessary to
analyze its sound insulation performance under different hydrostatic pressures. In this
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analysis, the water region shown in Figure 3b is set as a moving mesh, and the STL is
calculated based on the deformed mesh under hydrostatic pressure. The hydrostatic
pressure (0–4 MPa) is applied at the interface between the incident sheet and the incident
water region. The interface between the transmissive sheet and transmissive water region
are set with fixed boundary conditions. Symmetric boundary conditions are applied around
the structure, and the acoustic boundary settings remain consistent with those described
in Section 3.1.

Figure 14a shows the average displacement s at the interface between the incident
sheet and the incident water region. The CFC significantly reduces the impact of hydro-
static pressure, as evidenced by the notable decrease in displacement for the FSS-CFC.
Figure 14b,c indicate that, as hydrostatic pressure increases, the STL curve of FSS shifts
markedly towards a higher frequency. In contrast, the STL curve of the FSS-CFC exhibits
only a slight rightward shift, showing its sound insulation performance remaining virtually
unaffected by hydrostatic pressure. This demonstrates that the FSS-CFC possesses resis-
tance to hydrostatic pressure, making its sound insulation performance highly insensitive
to pressure.
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3.3. Optimization of FSS-CFC

In this section, a genetic algorithm (GA) is implemented to optimize the structural
and acoustic performance of the FSS-CFC. The previous works [42–44] have proven that
the GA is a powerful optimization technique inspired by the principles of natural selection
and evolution. The processes begin with initializing a population of potential designs,
where each “chromosome” encodes certain parameters. A fitness function evaluated
the performance of each design, prioritizing those with higher STL and better structural
stability. The GA then iteratively improved the population through crossover, combining
favorable traits from parent designs, and mutation, introducing random variations to
explore novel configurations.

3.3.1. Simplification of FSS-CFC Model

GA optimization requires a significant number of repetitive calculations, making it
essential to simplify the unit cell model further. As shown in Figure 15a, due to the FSS-CFC
structure exhibiting strong symmetry, an eighth of the FSS-CFC unit is set as simplified
model and setting symmetric boundary around its side. The calculation frequency range
is 500 Hz to 25,000 Hz in the simplified model, with the step 500 Hz. Figure 15b,c show
that the strain ε and STL from both modes are nearly identical. This indicates that the
simplified model can significantly reduce computation time while maintaining accuracy,
thereby improving the efficiency of the optimization process.
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3.3.2. GA Optimization Process and Parameters

Figure 16 shows a flowchart of GA optimization. The GA optimization is conducted in
MATLAB R2023b and the strain and sound insulation are calculated in COMSOL 6.2. The
data transfer between MATLAB and COMSOL is facilitated through the COMSOL with
MATLAB. First, variables and boundary conditions are defined in MATLAB. The GA is
configured with a population size of 80 individuals per generation, ensuring a balanced
exploration of the solution space. A crossover fraction of 0.8 is applied to encourage a high
degree of genetic diversity through recombination, while a migration fraction of 0.2 allows
for the movement of individuals between subpopulations, further promoting diversity and
preventing premature convergence. The algorithm runs for a maximum of 200 generations,
providing ample opportunity for convergence toward an optimal solution. A constraint
tolerance of 1 × 10−6 is used, ensuring that solutions remain within acceptable limits for
the imposed constraints. The optimization involved four design variables, CFC distance L,
CFC cylinder diameter Dr, core thickness Hc, and face-sheet thickness Hm. The boundary
conditions of these four variables are as follows:

20 mm ≤ L ≤ 50 mm

3 mm ≤ Dr ≤ 8 mm

30 mm ≤ Hc ≤ 60 mm

3 mm ≤ Hm ≤ 8 mm

(3)

To improve optimization efficiency, the first entry of the initial population is set as
L = 30 mm, Dr = 5 mm, Hc = 40 mm, and Hm = 5 mm. The input variables are set to a
simplified model in COMSOL for the calculation. Populations with s not exceeding the
initial strain ε0= 0.00275 at 4 MPa are used to calculate the average sound transmission loss
STLave within the frequency range of 500 Hz to 25,000 Hz. For populations where ε > ε0,
the STLave is set to zero. The calculated STLave values are returned to MATLAB to evaluate
fitness. The objective function is

obj =

{
−STLave, i f ε ≤ ε0

0, otherwise
(4)

Specifically, the objective function ensures that the optimized FSS-CFC exhibits a
mechanical performance superior to its initial value. Within a population with a high
mechanical performance, the algorithm iteratively generates offspring with improved
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sound insulation capabilities. Finally, through iterative processes of crossover and mutation,
the optimal fitness value is obtained, representing the final optimization result.
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3.3.3. Result of Optimization

Figure 17a illustrates the iterative processes of GA, which undergo a total of
189 iterations before converging to the optimal solution. As shown in Table 2, the op-
timization results in slight enhancements to the mechanical performance of the structure.
The average STL increased by 3 dB, representing an improvement of approximately 25%.
From Figure 17b, the optimization results reveal a broader bandwidth with sound in-
sulation exceeding 10 dB and show improved STL in the mid and low frequency range
(below 12,000 Hz) compared to the initial structure. This improvement ensures that the
FSS-CFC remains robust under the required operational conditions, such as high-pressure
underwater environments.
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Table 2. Parameters of the FSS-CFC before and after optimization.

Parameter L/mm Dr/mm Hc/mm Hm/mm ε/×10−3 STLave/dB

Before optimization 30.00 5.00 40.00 5.00 2.75 10.93
After optimization 34.62 4.99 51.36 7.97 2.65 13.65

4. Conclusions
This study designs an FSS-CFC with good mechanical and sound insulation properties.

The STL obtained from the acoustic tube experiments aligns well with the simulation results.
Then, the sound insulation mechanisms of FSS-CFC are revealed through characteristic
analyses, showing three distinct SIDs caused by the SWR of the PVC core, column-driven
SBVs in the sheets, and column-constrained OBVs in the sheets, respectively. The results
under different pressures indicate that the sound insulation performance of FSS-CFC is
insensitive to pressure variations and effectively resists the deformation caused by hydro-
static pressure. In addition, the structure is optimized using GA, leading to improvements
in both mechanical and acoustic performance compared to the initial FSS-CFC. The average
STL after optimized increased by 3 dB.

In summary, the FSS-CFC is suited for use in deep-sea vehicles, underwater com-
munication systems, and marine monitoring platforms, where efficient sound isolation is
essential to reduce acoustic interference and ensure operational reliability in high-pressure
environments. The design and mechanism of the FSS-CFC provide valuable insights for
the development of pressure-resistant acoustic structures for use on deep-water vehicles.
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