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Abstract

Here we propose a novel, fully automated framework for accelerated design of underwater acoustic
coatings, targeting the reduction of acoustic signature of naval platforms under operational conditions,
by coupling Bayesian Optimization (BO) with a 2-step Finite Element Model (FEM). The developed
FEMs evaluate the acoustic performance of polyurethane (PU) coatings with embedded metamaterial
features under the influence of varying depth of operation i.e., hydrostatic pressure-dependent acous-
tic attenuation. The frequency-dependent viscoelasticity, which has often been ignored in previous
studies, is also considered in the FEMs to obtain a realistic evaluation of the absorption behavior of
these coatings over a wide range of operational frequencies. The main contribution of the proposed
optimization framework is its efficient utilization of the expensive FEM simulations through BO. The
desired broadband and low-frequency attenuation is achieved under the varying operating depth by an
optimal design of the void layers. Moreover, this framework enables the targeted design of underwater
acoustic coatings by effective exploration of the 10-dimensional, vast and computationally expensive
design space, leading to a significant reduction in the number of simulations required to run compared
to conventional exhaustive search strategies.

Keywords: Underwater Acoustic Coatings, Bayesian Optimization, Hydrostatic Pressure, Viscoelastic,
Acoustic Metamaterials

1 Introduction

Underwater radiated noise management is crucial
for two main reasons, namely 1) mitigating the
negative impacts of anthropogenic noise and 2)

reducing the acoustic signature and hence increas-
ing the survivability and operational effectiveness
of naval platforms. Therefore, acoustic coating
materials have been continuously developed and
installed on naval platforms to attenuate sound



against active and passive sonar systems. Mod-
ern sonar systems are particularly effective in
the low-frequency range, where achieving effective
sound absorption has traditionally been difficult
[1]. Elastomeric materials, known for their tunable
and favorable viscoelastic properties, are widely
used as base materials for acoustic coatings [2]. In
theory, low-frequency sound absorption improves
with increased coating thickness, as thicker lay-
ers offer a longer path for sound wave dissipation.
However, practical applications impose strict con-
straints on the thickness of coatings due to limi-
tations in weight, space, and structural stability,
making it impossible to achieve optimal low-
frequency absorption through increased thickness
alone.

To address this limitation, metamaterials, i.e.,
resonant inclusions arranged in repeating patterns
in elastomeric matrix materials have emerged as
a promising solution [3]. These inclusions, strate-
gically embedded within the matrix material, col-
lectively generate a low-frequency sub-wavelength
absorption effect that enhances sound attenu-
ation across a wider frequency range than a
homogeneous material could achieve alone, thus
compensates for the constraints on thickness.

Viscoelastic materials and resonant inclusions
have been extensively studied, but most of them
were modeled without considering the influence of
the hydrostatic pressure arising from operations
at depth. For example, in the absence of pressure
effects, Sharma et al. [4] found that in a voided
rubber coating with a steel backing plate, sound
absorption is strongly dependent on Fabry-Pérot
mass-spring resonance; they also found that the
steel backing significantly affects acoustic perfor-
mance. In another work, they developed analytical
models to predict the monopole resonance fre-
quency of an array of cylindrical voids embedded
in soft elastic medium [5] and sound transmission,
reflection and absorption of such materials [6]. In
addition, geometric parameters have been found
to have a significant impact on the performance of
acoustic coatings [7].

However, hydrostatic pressure has also been
shown to have a considerable impact on the acous-
tic behavior of these materials [8]. A limited
number of studies have addressed the effect of
hydrostatic pressure, typical of the operational
depths of naval platforms, in their study of the
acoustic performance of these coatings. Fu et al.

[9] studied the impact of hydrostatic pressure on
a PDMS matrix embedded with periodic cylin-
ders using a numerical model. Fang et al. [10]
investigated low-frequency acoustic performance
of such metamaterial under hydrostatic pressure
using an analytical model. Both studies simpli-
fied their models of materials by ignoring the
frequency-dependency of the viscoelastic moduli
and only considered unrealistic constant complex
number for the moduli.

The acoustic properties of viscoelastic
materials[11-13] are inherently frequency-
dependent, and we have shown in our previous
study [14] that the frequency-dependency has
significant impact on the acoustic behavior of
these coatings. However, deformation of the
metamaterial induced by hydrostatic pressure is
time-dependent. Existing methods, such as finite
element modeling (FEM), typically evaluate the
two problems separately and have no direct way
to integrate them. This gap highlights the need
for a more integrated modeling framework.

To overcome these challenges, here, we develop
a two-stage FEM simulation that systematically
incorporates the hydrostatic pressure effects into
the acoustic analysis, which enables a compre-
hensive evaluation of the sound-absorbing perfor-
mance of metamaterials under realistic underwa-
ter conditions.

Several optimization approaches for the struc-
tural design of metamaterials have been explored
in the literature [9, 10, 14, 15]. Fu et al. [9] used
Nelder—-Mead algorithm to optimize the size and
location of a single layer of cylindrical voids within
the PDMS matrix. Fang et al. [10] leveraged the
analytical model to develop a genetic algorithm
for optimization. In our previous study [14], we
also developed a genetic algorithm integrated with
a deep neural network for simulating the acoustic
performance.

Although these methods have been effective in
previous research, they face significant limitations
when dealing with frequency-dependent viscoelas-
ticity under hydrostatic pressure. The high com-
putational expense of simulating with frequency-
dependent moduli makes evolutionary algorithms,
such as genetic algorithms, impractical due to
their excessive runtime. Additionally, generating
sufficient data for training an accurate neural net-
work that accommodates the infeasible solution



space becomes a considerable challenge [16]. To
address these difficulties, we employ a Bayesian
Optimization (BO) framework, which is proven
to offer a superior search strategy [17], where
objective function evaluation is expensive, and
infeasible regions are unknown [18, 19]. We showed
in our previous research [17, 20] that Bayesian
framework reduces the number of simulations
required to optimize polymer model parameters
by one order of magnitude compared to a DNN
framework.

To the best of our knowledge, there has been
no previous study on optimization of acoustic
coatings based on polyurethane[21] metamate-
rials with consideration of both the effect of
frequency-dependent viscoelastic properties of the
matrix and operational depth i.e., hydrostatic
pressure, simultaneously. The integrated frame-
work presented in this study, therefore, bridges
a critical gap in acoustic materials research by
integrating the structural effects of hydrostatic
pressure with the frequency-dependent acoustic
properties of viscoelastic materials into a uni-
fied optimization framework. This approach not
only provides a more accurate understanding of
the material’s performance under realistic opera-
tional conditions but also brings an acceleration to
the realm of metamaterial design. By maintaining
robust sound absorption across low frequencies in
high pressure environments, the proposed frame-
work offers a transformative solution for deep-sea
acoustic wave attenuation applications.

The manuscript is organized as following,
Section 2 describes the components of the devel-
oped optimization framework, including the FEM
description (Sect. 2.1) and the Bayesian Opti-
mization scheme (Sect. 2.2). Section 3 discusses
the findings of this study in multiple subsections.
Section 3.1 focuses on the effect of hydrostatic
pressure, on the geometric layout and the acoustic
performance of optimal design. Sect 3.2 com-
pares and discusses optimized designs based on
three commercially available polyurethane matri-
ces (PU80 3.2.1, PU65 3.2.2 and PU95 3.2.3) with
different stiffness levels. Finally, Section 4 summa-
rizes the conclusions, emphasizing the potential of
this BO framework in inverse design of acoustic
coatings and other materials systems.

2 Methodology
2.1 FEM model

We model a metamaterial system composed of
polyurethane elastomer as a matrix material mod-
ified with two layers of periodically distributed
cylindrical voids containing air, attached to a steel
backing that simulates the hull of a naval plat-
form. The system is modeled in 2-dimensions (D)
due to the unpractical computational costs asso-
ciated with a three-dimensional FEM simulation
across a large computational domain. A prior
study [22] has validated the effectiveness of a 2D
approach. Figurela shows the cross-section of a
unit cell of the 2D physical model of the coat-
ing system. The unit cell contains two layers of
two cylindrical voids, with varied spacing between
voids. The voids within a layer have equal radius.
The geometric design space has 10 degrees of
freedom in total, including Dy, Ds, By, Bs, Bs,
By, r1, m2, t and h as shown in Figurelb, repre-
senting the spacing between voids, radii of voids,
thickness and height of the polyurethane matrix,
respectively. The ranges of their values are listed
in Tablel. The goal is to find the best perform-
ing metamaterial by optimizing the geometrical
parameters in three candidate base polyurethane
materials with different hardness under the oper-
ational conditions, of which the environmental
variables and their ranges are listed in Table2.

Design variable Lower bound Upper bound

(mm) (mm)
1,72 2 15
Dy, Do 10 80
Bi, B2, B3, B4 10 80
h 30 80
t 30 80

Table 1: Design variables and their bounds

Variables Range/Value
Frequencies 100 - 10000 Hz
Depths 0 - 600 m

Table 2: Studied opera-
tional conditions.



We have developed a fully coupled acoustic-
structure FEM model in the COMSOL Multi-
physics Software Package version 6.2, to study
the underwater sound absorption performances
of metamaterials under various hydrostatic pres-
sures, ranging from 1 to 6 MPa. For individual
simulations, static pressure loads and sound prop-
agation are typically handled as separate models,
requiring data transfer between them. In this
coupled model, we integrate both steps. First,
structural deformation under static pressure is
computed in the stationary “Solid Mechanics”
module. Then, the deformed geometry is imported
automatically to the second step, which is coupled
with the “Pressure Acoustics, Frequency Domain”
module, in which the sound absorption coefficient
is derived under plane wave incidence.

We developed a Python script using the MPh
package [23], JPype module [24] and COMSOL’s
built-in Java API, to implement this approach,
which is later integrated into the BO framework.
This implementation enables automatic construc-
tion and importation of the deformed geometries
for evaluation of acoustic response, bypassing the
need for manual secondary modeling, which is
vital for the full automation of the whole opti-
mization process. In the FEM model shown in
Figure2b, which assumes a one-dimensional inci-
dent plane wave from water, the PU matrix
and steel plate are modeled as solid domains,
while water and air are treated as acoustic fluid
domains. Boundary conditions include, hydro-
static pressure, acoustic-structure coupling to sim-
ulate interactions between solid and the fluid
media, continuity conditions at interfaces, and
free boundary conditions at void-PU boundaries.
Periodic boundary conditions why? are applied
on the top and bottom boundaries to simulate
the structural periodicity in the y-direction, and
perfectly matched layers (PMLs) to terminate out-
going waves to prevent reflection. Reflection is
measured at the water-PU interface, and trans-
mission pressure was measured at the steel-air
interface.

To develop accurate models of the viscoelas-
tic materials, we considered temperature and
frequency-dependent complex Young’s modulus.
The master curves were generated based on exper-
imental data measured using dynamic mechanical

analysis (DMA) and adopted from our previous
work [14].

The experimental setup closely follows our pre-
vious study[14]. The polymer domain and steel
are modeled as viscoelastic solid and elastic solid
materials, respectively. The densities of PU and
steel were taken as 1026 kgm 2 and 7850 kgm ™3,
respectively at temperature T = 15°C and atmo-
sphere pressure P = 101.325 kPa. The thickness
of the steel backing was considered 30 mm. For air
and water, the inbuilt material properties avail-
able in the COMSOL materials library are used.
The developed FEM models have been validated
against data from literature [25, 26]. The gov-
erning wave equations were solved numerically,
and the absorption coefficient « is calculated as
Equation 1:

a=1—(|T]* +|R[*), (1)

where T and R are transmission and reflec-

tion coefficients, respectively. Next, the evaluated

absorption coefficients are passed on to the opti-
mization algorithm, illustrated in Figure 2a.

2.2 Bayesian Optimization

Bayesian Optimization (BO) is a powerful global
optimization framework designed for evaluation of
expensive black-box functions [27], where deriva-
tive information is unavailable, and function eval-
uations are costly [28]. Unlike traditional opti-
mization methods [29], BO leverages probabilistic
models (commonly Gaussian Processes) to esti-
mate the objective function and guide the search
towards the global optimum with minimal evalu-
ations.

Due to the nonlinear relationship between
structural parameters and the absorption coeffi-
cient under hydrostatic pressure, analytical meth-
ods are impractical for finding an optimal solution.
Additionally, with the high dimensionality in a
vast design space, each FEM simulation becomes
computationally expensive, requiring an efficient
method to balance the exploration-exploitation
trade-offs for the optimization process. Hence,
given the nature of our problem, BO proves to be
the appropriate optimization framework.

To achieve a low-frequency broad-band
absorption, we chose the objective function of our
BO as a frequency-weighted and depth-weighted
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sum of the absorption coefficients, which is to be
maximized, as shown in the Equation 2:

p infeasible
max
Zj]\i1 w;i (Zil ’wzfai,j) otherwise,

where «;; represents the absorption coefli-
cient for certain frequency at certain depth in
water; wlf represents the weight of each frequency
in the summation, which is higher for the lower
frequencies, to guide the algorithm to achieve a
low-frequency broad-band absorption; w? repre-
sents the weight of each depth of operation, which
in this study were set as equal except for a dou-
bled weight for 300 m which is designated as the
most common operational depth; and p represents
the penalty that accounts for manufacturing or
practical constraints that would lead to infeasible
solutions otherwise. At each iteration, objective
function evaluates «; ; by calling the FEM. The
range of frequencies studied is 1 ~ 10*Hz.

The BO framework iteratively refines its esti-
mation of the objective function using a Bayesian
surrogate model and an acquisition function. The
surrogate model is used to approximate the objec-
tive function and to provide a probabilistic esti-
mate of the function’s values and uncertainty at
unexplored points. Whereas acquisition function
determines the next point to sample by balanc-
ing exploration (sampling uncertain regions) and
exploitation (sampling regions likely to improve
the objective). Thus it minimizes the number of
expensive evaluations needed to identify the global
optimum compared to traditional exhaustive or
Brute force search strategies. In this study we
chose Gaussian Process (GP) as the surrogate
model, which is proven to be effective for low-
medium dimensional problems [30], and Upper
Confidence Bound (UCB) as the acquisition func-
tion, which balances between local exploitation
and global exploration [31].The fully-automated
integrated BO framework then is developed in
Python (version 3.10.9) using the Bayesian Opti-
mization package [32]. The size of the initial set
to construct the surrogate GP was set as 30,
consisting of 2 pre-determined and 28 randomly
generated designs. The number of iterations was
set as 100.

(a) Type I infeasibility ~ (b) Type II infeasibility

Fig. 3: Two types of possible infeasible designs.

2.2.1 Infeasible solution space

In the search for the optimal topological design of
the acoustic materials under hydrostatic pressure,
the design space for viable configurations exhibits
a non-uniform and fragmented distribution, char-
acterized by regions of infeasible combinations of
geometric parameters interspersed throughout the
search domain. These infeasible configurations can
be categorized into two distinct types:

Type I: Initial Design Constraints

This type includes invalid initial topologi-
cal configurations, such as overlapping voids or
voids exceeding the matrix boundary, as shown in
Figure3a. These issues can be identified analyti-
cally before running the simulations.

Mitigation Strategy: Type I configurations
were modeled as constraints within the BO frame-
work by modifying the acquisition function, so
that the optimizer avoids sampling points that are
likely infeasible [19, 32]. This adjustment signifi-
cantly reduces the likelihood of sampling within
the invalid regions, thus improving the computa-
tional efficiency of the BO process.

Type II: Simulation-Induced Failures

This type arises from numerical instabilities
or structural failures under hydrostatic pressure,
such as void collapse, as shown in Figure3b. These
issues can only be detected during or after a
simulation.

Mitigation Strategy: For Type II configura-
tions, a penalty was applied via assigning a very
low objective value to the failed designs. This
penalty mechanism encourages the algorithm to
avoid these regions in subsequent iterations. It is
worth mentioning that the simulation process was
carefully designed to automatically restart after
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encountering an error, preventing propagation of
erroneous results and ensuring the stability of the
optimization process.

3 Results and Discussion

3.1 Effect of hydrostatic pressure

We have investigated the impact of hydrostatic
pressure on the performance of metamaterial
designs under operational conditions, by evaluat-
ing the acoustic performance of the metamaterial
design optimized at atmospheric pressure (shown
in Figure4a) for PU80 matrix material, at dif-
ferent depths under hydrostatic pressure. The
results are presented in Figuredb. In addition,
we also obtained the design achieving the opti-
mal acoustic performance across all operational
depths (Figuredc), of which the performances are
shown in Figure4dd. Comparing the performances
of the two designs, we can see that the former
design shows noticeably worse acoustic perfor-
mance at the desired lower frequencies. Also, as

the depth increases, the performance gap increases
even more significantly at these frequencies (0.5
vs 0.85 at 500 Hz, 600 m). This demonstrates that
the design is susceptible to performance degrada-
tion under deep water. Our more comprehensive
approach eliminates such risk.

We can also see that the increased hydrostatic
pressure shifts the peaks of the absorption coeffi-
cient to higher frequencies, which is in agreement
with the literature [33-35].

3.2 Optimized designs for different
polyurethane matrices

Figureba-c shows the optimized designs of acoustic
coatings for three different PU matrix materi-
als. Figurebd-f shows the deformation maps for
the same coatings under hydrostatic pressure at
300 m. From the results shown in Figurebg, it
is evident that the shift in the frequency of the
absorption coefficient peaks toward higher fre-
quencies with increasing hydrostatic pressure is
consistent for all polyurethane cases. We can also
see that, although the values of the first peak
only change slightly, there are noticeable changes
in the location and intensity of the second peaks.
It is worth noting that the acoustic performance
is not monotonically correlated to the stiffness
of the material, but rather more influenced by
the frequency-dependent moduli, even though the
optimized void radii show a monotonic increas-
ing trend with stiffness values (illustrated in the
following subsections).

In our previous study [14], we showed that the
first peak of absorption coefficients is attributed
to the second layer of voids, while the second peak
is attributed to the first layer. We find that this
conclusion is consistent with our study taking into
account the hydrostatic pressure (see Fig. 6). It
also explains the magnitude of changes in peak
values of absorption coefficients. The deformation
caused by hydrostatic pressure is larger on the
first layer of voids and relatively smaller on the
second layer, which naturally produces more sig-
nificant impact of pressure on the high frequency
absorption peak.

The selection of an appropriate matrix mate-
rial plays a critical role in the optimization
of acoustic coatings, especially when void-based
geometries are employed. This section presents a
comparative analysis of three polyurethane (PU)
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matrices, which are coded PUG65, PU80, and
PU95, where the numbers following ‘PU’ repre-
sent the stiffness of the material, and PU65 being
the softest material and PU95 the hardest one.
Each material was optimized using our Bayesian
framework to maximize acoustic absorption per-
formance while addressing structural integrity
under varying hydrostatic pressure conditions. We
obtained optimized designs for the three PU mate-
rials at depths ranging from 100 m to 600 m,
and frequencies ranging from 102 to 10* Hz.
Figureb shows the optimized designs, the deforma-
tion under hydrostatic pressure at 300 m depth,
and the acoustic performances of the three differ-
ent matrix materials. This figure illustrates that
as the matrix material becomes softer, the opti-
mal radius of the voids becomes smaller to avoid
collapsing under high hydrostatic pressure.

3.2.1 Optimized design for PUS80

Figure7a illustrates the geometric configuration of
the optimal design for the PU80 matrix obtained
through BO. The absorption performance of this
optimized coating is characterized by two promi-
nent peaks, as shown in the same figure. These
peaks occur in the frequency ranges of 1200 -
2250 Hz and 4700 - 7550 Hz, with absorption
coefficients ranging from 0.9796 - 0.9878 and
0.9748 - 0.9919, respectively, with a general trend
to stretch horizontally and shift to higher fre-
quencies with increased depth. These consistently
high broad-band absorption values under relevant
depths of operations indicate that the optimized
PU8BO coating is highly effective in reducing the
acoustic signature of naval platforms.

The first peak is attributed to the Fabry-Pérot
acoustic resonator phenomenon, which stems from
constructive interference between sound waves
repeatedly reflecting back and forth within the
confined space of the steel backing and the second
layer of voids[14].

3.2.2 Optimized design for PUG65

The optimization results for the PU65 matrix
are presented in Figure8a-d, showing significant
changes in both the geometric layout and absorp-
tion performance of these coatings compared to
the PUSO design, where the voids in the softer
PU65 matrix are substantially smaller, reflecting

the need to prevent structural failure under high-
pressure conditions. Smaller voids reduce the risk
of collapse, addressing type II infeasibility and
ensuring the durability of the coating.

These geometric adjustments lead to shifts in
the absorption peaks, which now occur at higher
frequencies compared to the PU80 matrix. Its first
peaks appear between 1150 - 2350 Hz, ranging
between 0.7592 - 0.8349; and second peaks appear
between 3550 - 6300 Hz, ranging between 0.9404
- 0.9604. The observed shifts can be attributed to
the changes in size and spatial configuration of the
void layers, which alter the wave scattering. For
example, smaller voids increase the effective stiff-
ness of the coatings compared to those with larger
voids, influencing the interaction between acoustic
waves and the material layers.

3.2.3 Optimized design for PU95

The optimal geometry and performance results for
the coating systems based on PU95 matrix are
illustrated in Figure9a. The increased stiffness of
the PU95 material allows for larger void diame-
ters compared to PU65, without risking structural
failure under hydrostatic pressure. This flexibility
in void design enables the optimization frame-
work to explore larger voids, which in theory could
enhance absorption at lower frequencies.

However, the results indicate a significant
reduction in absorption performance in the low-
mid frequency range compared to the PUS0
and PU65 matrices. The acoustic behavior also
becomes more complicated: at higher depth,
instead of showing a clear first peak, the absorp-
tion coefficient curve enters into a plateau-like
behavior; and at all depths, rather than having a
clear single second peak, PU95 shows a twin-peak
phenomenon in mid-high frequency range. The
first peaks/plateaus appear between 1450 - 3000
Hz, ranging between 0.6254 - 0.6730; and the twin-
peaks appear between 5450 - 7300 Hz, ranging
between 0.9670 - 0.9997. The decline in low-
mid frequency range behavior could be attributed
to the increased stiffness of the material, which
reduces the material’s ability to dissipate acoustic
energy through void-based scattering mechanisms.
At higher frequencies, PU95 retains competitive
absorption performance, suggesting its potential
suitability for applications where high-frequency
sound is a primary concern.
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These results highlight the importance of
material selection in optimizing the performance
of acoustic coatings, to meet desired performance
requirements. Although, coatings based on PU95
demonstrate advantages such as structural sta-
bility at high depths, its reduced absorption effi-
ciency in critical frequency ranges may limit its

applicability in scenarios requiring low-frequency
broad-spectrum noise attenuation.

3.2.4 Convergence Analysis

Figure 10a compares the convergence trends of the
optimization algorithm for the three different PU
matrices. It is obvious that the rates of conver-
gence are highly dependent on the choice of matrix

10
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materials. There are relatively large improvements
at early stages of optimization in stiffer materials,
which is missing in PU65. However, the clear con-
verging trends toward the 100th iteration shown
in softer materials such as PU65 and PUS80 is also
missing in PU95.

Figure 10b shows the optimized designs at
the 15th, 50th and 100th iterations of the BO
optimization for PU80, and their corresponding
absorption coefficients, respectively. We can see
that once the acoustic performance is close to
converging, the result is robust in terms of distur-
bance in changes of some geometric parameters
(e.g. distance between the same layer of voids,
matrix height); however, may be sensitive to oth-
ers (e.g. radii of the voids).

3.3 Design Objectives

Depending on the application, design objectives
can vary. To assess the effect of different design
objectives, we have designed two case studies per
below.

3.3.1 Case A: overall optimization for
a range of operational depths

The most general application requires an over-
all optimization of the acoustic performance for
a range of operational depths rather than a sin-
gle depth. Our main study, therefore, tackles this
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problem using a weighed average sum of the
absorption coefficients per Equation 2.

3.3.2 Case B: optimization for a single
depth

To investigate the performance of coatings and
their operational effectiveness at a certain depth,
we also perform optimization at each depth, sep-
arately. The optimized designs yielded distinct
geometrical configurations for each target depth.
Figurell illustrates these configurations, high-
lighting variations in void diameter, spacing, and
layout across depths.

We then compared the performances at each
depth between the Case A (overall-optimization)
design, obtained in Section 3.2.1, and the Case B
(single-depth-optimization) design. It is noticeable
in Figurell that when hydrostatic pressure is rel-
atively low, the gap between performances of the
2 designs are small, both in terms of the objective
and the absorption coefficients at each frequency,
but when hydrostatic pressure is relatively high,
the difference becomes more significant. As a
result, when the application is designated for a
stable but high hydrostatic pressure environment,
the single-depth-optimization method should be
adopted.
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Fig. 10: a Convergence curves of (from left to right) PU65, PUS0 and PU95 (In order to clearly show
the percent change in objective values, different vertical scales are used here). b Optimized designs (top)
and the corresponding absorption coefficients (bottom) at 15th, 50th and 100th iteration (from left to
right) of BO optimization for PUS80.

4 Summary and Conclusion

In this study, we developed a fully-automated
2-step FEM simulation model to efficiently
study the acoustic performance of underwater
polyurethane acoustic coatings with 2 layers of
embedded cylindrical voids, while accounting for
the impact of hydrostatic pressure and frequency-
dependent complex moduli. Our automated 2-step

model removed the cumbersome manual trans-
fer of information between steps. Furthermore, we
integrated our 2-step FEM with a Bayesian opti-
mization (BO) framework in a design loop, which
allowed us to efficiently perform topology and lay-
out optimization of voids throughout the matrix
material for a 10-D design space. This framework
enabled accelerated design of acoustic coatings
with targeted performance, while overcoming the
challenges brought by hydrostatic pressure to the
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Fig. 11: a-c Deformation of the overall optimal design caused by the hydrostatic pressure, with their
objective values at 100 m (a), 300 m (b) and 600 m (c), unit: m. d-f The depth-specific designs and
their deformations caused by hydrostatic pressure at their designated depths: 100 m (d), 300 m (e) and
600 m (f), unit: m. The comparison of the absorption coefficient curves between overall optimal design
and depth-specific design at each designated depth.

development of FEMs. The constraints and penal-
ties included in the objective function of the BO
framework enhanced the efficient exploration of
the feasible solution space.

We find that the hydrostatic pressure plays a
vital role in the design of acoustic coatings, by
1) shifting the absorption peaks to the higher fre-
quencies, 2) affecting the feasible range of design
parameter values. We also notice that while the
stiffer material allows for larger voids, radii alone
does not guarantee better performance, as the
acoustic attenuation is attributed to the complex
interaction between intrinsic (e.g. dissipation as
heat due to the viscoelasticity of the base mate-
rial) and structural losses (Fabry-Pérot resonance
due to the voids in the metamaterial matrix).

The results demonstrate that this approach
achieves an effective topological design, ensuring
desired acoustic performance across the target
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depths while preventing metamaterial collapse/-
failure due to the hydrostatic pressure.

BO was employed to efficient explore the
design space, accelerating the development of
acoustic coatings with targeted performance. This
approach serves as a practical tool for making
effective use of computationally expensive FEM
simulations.

4.1 Future Remarks

In this study we assumed the viscoelasticity of
the PU matrix is not affected by its long-term
exposure to harsh operational conditions of deep
seawater and possible changes in its microstruc-
ture. However, exposure to hydrostatic pressure
over the life of the platform can potentially have
impact on polymer’s mechanical properties [36]
and lead to possible degradation [37]. Thus, for



a broader study on practical candidate materi-
als, this change may need to be taken in to
consideration through life-cycle assessment of the
coatings.

The significant role of frequency-dependent
viscoelastic moduli of the polyurethane matrix
on the acoustic performance of these coatings
underpins the critical need for bridging the
polyurethane chemistry (molecular scale) [38—40]
and bulk morphologies (mesoscale) into the realm
of macroscopic viscoelastic behavior. This requires
development and integration of several simulation
techniques such as molecular dynamics simula-
tions of polyurethane chemistry and phase field
modeling of its bulk morphologies to macroscopic
constitutive equation-based FEM as a possible
future work.

We used a simple polynomial approximation
for the master curve reconstruction to represent
the viscoelastic properties of the PU matrices,
which is efficient given there are only 3 candidate
materials. However in future study, when explor-
ing broader range of materials, other physics-
based constitutive models such as Prony series
[41-43] and fractional viscoelastic [44-46] models
could be adopted.
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