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A B S T R A C T

Underwater noise resulting from the monopile driving process can cause severe damage to marine wildlife, such
as hearing injury, behavioral disturbance, or even death. Although current noise-attenuation techniques used
in this process have shown a significant noise reduction at high frequency ranges, mitigating low-frequency
noise is still extremely challenging. To address the problem, here we propose an elastic metamaterial-based
structure composed of single-phase resonant structures. The proposed structure, which we call a meta-interface,
is introduced between the monopile and the hammer and is used to remove energy from the input signal
associated with high noise levels. To that end, we first identify the frequency ranges associated with high
sound pressure levels, which were shown to be related to the monopile’s eigenmodes. Then we design the meta-
interface’s periodic unit cells so that the elastic/acoustic waves at identified frequency ranges are attenuated.
A meta-interface is then realized by replicating the unit cell along the monopile wall (matching the thickness)
to form a ring-shaped layer, and then by stacking up these concentric layers. A frequency analysis of the
pile driving system with the meta-interface shows that the new noise levels attain a significant attenuation
in frequency ranges lower than 1000Hz. This demonstrates a novel solution for the low-frequency underwater
noise issue during the hammering of offshore monopiles.
. Introduction

Most offshore wind turbines are installed on top of monopiles,
hich are the foundation of choice (80.5% in 2020) due to their

traightforward manufacturing [1]. However, monopiles are driven into
he ground by hammering, which results in sound pressure waves that
ropagate for distances in order of kilometers in seawater causing
njuries to marine life [2–4]. To mitigate the high noise levels produced
y monopile driving, several mechanisms have been proposed, such
s enclosing the pile with casings [5], air-bubble curtains [6], and a
ombination of encapsulated bubbles with foam elements [7]. Such
echniques have proven to be effective at reducing noise higher than
kHz. Bellmann [8] reported that the highest noise reduction, among
ll available noise mitigation systems, was achieved in the 1–2 kHz
ange. For the next generation of monopiles, high noise levels can be
eached at lower frequencies as a consequence of the increasing average
apacity of wind turbines—from 2018 to 2019, such capacity increased
y 1 MW [1]. This is because larger monopiles are required to support
he higher-capacity wind turbines, which incidentally shift the high-
oise frequencies – associated to the monopile’s eigenmodes – below
kHz. Since traditional noise mitigation techniques are not suited for

∗ Corresponding author.
E-mail address: a.m.aragon@tudelft.nl (A.M. Aragón).

frequencies below 1 kHz, several mechanisms need to be combined to
reach the necessary noise reduction, which make it time consuming and
operationally expensive. The IHC Noise Mitigation System (IHC-NMS),
for instance, combines a double-wall steel pipe filled with air and a
bubble curtain between the pile and the pipe walls, resulting in a noise
reduction of about 7.5 dB at 800Hz [5].

Acoustic/elastic metamaterials (A/E MMs), architected structures
with unusual properties not commonly found in nature, have shown
to be viable for low frequency noise mitigation [9,10]. The attenua-
tion mechanism of A/E MMs originates from locally resonant struc-
tures [11]; these resonators produce resonant band gaps (BGs), which
are frequency ranges where waves are attenuated due to the res-
onator’s motion. A/E MMs can therefore realize subwavelength fre-
quency attenuation—i.e., the dimension of the periodic unit cell (PUC)
can be orders of magnitude smaller than the target attenuated wave-
length. The resonant effect of the first A/E MMs were initially attributed
to the combination of materials with high impedance mismatch [12–
14] and recently extended to single-material configurations, due to
the advances of additive manufacturing processes and laser-cutting
vailable online 5 December 2023
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Fig. 1. Schematic representation of the meta-interface device for controlling wave propagation. The meta-interface, which is formed by periodic single-phase unit cells, transfers
the impact’s energy from the hammer to the monopile’s head. The radial displacement of the monopile induces the propagation of pressure waves in water. The sound pressure
level (SPL) is then calculated and compared with that from the common interface. The energy associated to high SPL (determined by the SPL threshold) is removed due to the
functionality of the meta-interface.
techniques [15–20]. Although showing such intrinsic contributions in
wave control, the potential of single-phase A/E MMs has not been
fully explored in real-world problems, such as noise/vibration control
in offshore environments, specially because of the time demanded to
manufacture complex A/E MM designs for large-scale applications.

In this work we propose a novel single-phase A/E MM-based
structure – called henceforth a meta-interface – which reduces the
low-frequency underwater noise caused by the installation of offshore
monopiles. Here we explore a single-phase unit cell with a planar
geometry, so that straightforward manufacturing processes can be
used. During the installation, the impact load’s energy is transferred
to the monopile through longitudinal waves [2]. Due to Poisson’s
effect, those waves induce radial displacements of the monopile, which
produce a pressure field in water [21] (see Fig. 1). The meta-interface
is then properly designed to selectively filter high-noise levels at
specific frequencies – particularly, those related to the monopile’s
eigenmodes – so that the energy transmitted to the pile is enough to
drive it into the ground. Frequency ranges causing high noise levels are
identified via the analysis of the sound pressure level (SPL), which is
a metric used by international regulations to quantify the sound levels
in water [22]. Finally, the noise attenuation is compared to that of a
standard cushion – also made of nylon – commonly used for controlling
the amplitude and duration of the impact load, removing the stress
concentrations on the pile head, and reducing the noise level [23].
2

Noteworthy, the focus of this work is on the noise reduction properties
of the meta-interface. However, we also notice that the pulse used will
undoubtedly result in high stresses within the meta-interface that can
severely limit its functionality. Therefore, designing the meta-interface
needs to account for mechanical performance and will be the subject
of our future work. For sake of demonstration, here we design a meta-
interface containing resonators with the same geometry, however, it
is worth mentioning that multiple resonators with different ranges of
attenuation could be used. This would allow us to control the amount
of energy removed from the pile driving process. The proposed solution
shows a significant attenuation of SPL at low-frequency ranges, which
suggests its potential application in reducing the harmfulness in the
underwater environment.

2. Methods

2.1. Dynamic characterization of meta-interface

The proposed meta-interface is composed by unit cells properly
designed to filter energy from the impact load. To analyze the unit
cell’s dynamic characteristics, the band structure diagram is determined
for wave vectors 𝐤 varying through the boundaries of the irreducible
Brillouin zone. For a periodic medium, the displacement field 𝐮 satisfies
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Fig. 2. (a) The impact load 𝑓 (𝑡) applied on the top of the cushions is represented by a Gaussian pulse (in black) with corresponding frequency spectrum F(𝜔) in red; (b) Geometric
characterization of underwater sound prediction model. The darker gray cylinder represents the common cushion or the meta-interface. The geometric variables are presented in
Table 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
the Bloch–Floquet theorem [24]

𝐮(𝐫) = �̄�(𝐫,𝐤) 𝑒𝑖(𝐤⋅𝐫), (1)

where 𝐫 is the position vector, �̄�(𝐫,𝐤) is a periodic displacement vector,
and 𝑖 =

√

−1. The finite element method (FEM) is used to define the
eigenvalue problem, which is written as

[𝐊(𝐤) − 𝜔2
𝑛𝐌]𝐮 = 𝟎, (2)

where 𝐊(𝐤) and 𝐌 are the stiffness and mass matrices, respectively;
and the eigenvector 𝐮 gives the motion of the unit cell’s degrees of
freedom related to the angular frequency 𝜔𝑛. The band structure is
then calculated by varying 𝐤 along the IBZ’s boundary and the resonant
BGs are identified. In this study, a wavenumber sweep of 𝛥𝑘 = 0.001
and a total of 30 eigenfrequencies were used to determine the band
structure. The obtained eigenfrequencies 𝜔 = 𝜔(𝐤) can be normalized
as 𝛺 = 𝜔𝑎∕𝑐, where 𝑐 is the longitudinal wave speed of the constituent
material and 𝑎 is the unit cell size.

Since the band structure provides the dynamic characteristics for an
infinite periodic medium, it is important to verify the wave mitigation
in a finite domain. Thus, the transmission loss diagram is obtained by
exciting the finite meta-interface with a harmonic input signal 𝐔 =
�̄� cos𝜔𝑡, where �̄� is the displacement vector. The structure analyzed
consists of an array of 14 unit cells, being 𝐔1 and 𝐔2 the displacements
at points 𝐱1 (before) and 𝐱2 (after) the array, respectively. The input
signal, which is applied perpendicularly along the top boundary of
such array, consists of a prescribed displacement with an amplitude of
0.1mm. Periodic boundary conditions are applied at the left and right
boundaries. A PML is assumed at the bottom boundary to prevent the
contribution of reflected waves on the displacement of the measure
points. The input signal frequency is swept from 1Hz to 1000Hz with
steps of 1Hz. The frequency response is then evaluated by solving,

(𝐊 − 𝜔2𝐌)�̄� = �̄�, (3)

where �̄� denotes the amplitude vector of external harmonic forces
(𝐅 = �̄� cos𝜔𝑡). The transmission loss TL is defined as

TL (dB) = 20 log10

(

‖𝐔2‖

‖𝐔1‖

)

. (4)

2.2. Determination of the sound pressure level (SPL)

The SPL resulted from the pile driving process is calculated through
three steps. Initially, the contact problem for the hammer strike is
3

replaced by a compressive impact load applied at the top of the
cushions. This assumption neglects the rebound effect of the hammer,
which could induce a second impact load that may excite different
pile modes and would require different resonator designs. However,
the main part of the energy is transmitted to the pile through the first
impact [25]. This is an assumption usually used by underwater noise
prediction models and can give a good indication of the underwater
noise spectrum. In the second step, the interaction between the impact
load and the cushions are analyzed separately from the pile-soil–water
system. Through a frequency domain analysis, the reaction force is
determined at the bottom surface of both cushions. Finally, the reaction
force is introduced as a boundary condition in the pile-water–soil
model, from which the SPL is calculated in the frequency domain. More
details about each step are given further.

The impact load applied is modeled as a symmetric vertical Gaus-
sian pulse with amplitude 250MN and a duration of 5ms. It is worth
emphasizing that these load’s characteristics were selected so that a
realistic representation of SPL is guaranteed. Its spectrum of excitation
is determined by applying a fast Fourier transform (FFT), as shown in
Fig. 2(a). Notice that the load energy is concentrated at frequencies
lower than 800Hz, which restricts the sound measurements to this
frequency range. The load spectrum is then uniformly applied to the top
of both cushions, whereas the pile interaction at their bottom boundary
is replaced by an axial spring with stiffness 𝑘𝑝 = 𝐸𝑝𝐴𝑝∕𝐿𝑝, where 𝐸𝑝,
𝐴𝑝, and 𝐿𝑝 are the Young’s modulus, the cross-sectional area, and the
length of the pile, respectively. Damping is considered in the cushions
by applying an isotropic loss factor for Nylon of 𝜂𝑛 = 0.024 [26].
A frequency domain analysis provides the reaction spectrum at the
bottom of the cushions.

The reaction spectrum is then transferred to the pile-driving
system – which describes the pile-soil–water interaction – as the new
forcing function responsible for driving the monopile (See more details
about the reaction spectra in Section SI2 of Supplementary Infor-
mation). Since we assume that the impact load is symmetric, the
pile-driving system is treated as a 2D axisymmetric model. For the
monopile-water–soil system, a zero displacement is prescribed at the
bottom of the monopile. The seasurface is modeled as a boundary with
total pressure 𝑝𝑡 = 0, while the lateral sea ends have a cylindrical radi-
ation condition to eliminate wave reflections. Low-reflecting boundary
conditions are also assumed at the external boundaries of the soil
domain. Once the maximum frequency of the excitation spectrum 𝐹𝑚𝑎𝑥
is determined – the energy’s load is concentrated at frequencies below
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Table 1
Geometric and material parameters of the pile-soil–water system. The subscripts 𝑝 and 𝑠 denote pressure (longitudinal) and
shear wave speeds, respectively.
Pile Value Water Value Soil Value

Length 𝐿𝑝 (m) 55 Column height 𝐻𝑤 (m) 45 Depth of layer 𝐻𝑠 (m) 5
External radius 𝑅 (m) 2.5 Column width 𝑊𝑤 (m) 30 Soil width 𝑊𝑠 (m) 30
Thickness 𝑡𝑝 (mm) 90 PML width (m) 5 PML width (m) 5
Modulus 𝐸𝑝 (GPa) 210 Density 𝜌𝑤 (kg∕m3) 998 Density 𝜌𝑠 (kg∕m3) 1600
Density 𝜌𝑝 (kg∕m3) 7850 Wave speed 𝑐𝑤𝑝 (ms−1) 1480 Wave speed 𝑐𝑠𝑝 (ms−1) 1592
Poisson’s ratio 𝜈 0.28 Wave speed 𝑐𝑠𝑠 (ms−1) 159
800Hz – the minimum wavelength 𝜆 can be calculated through the
expression 𝜆 = 𝑐𝑚𝑖𝑛∕𝐹𝑚𝑎𝑥, where 𝑐𝑚𝑖𝑛 is the minimum wave speed of a
specific domain. Therefore, the wavelengths in water and soil are 𝜆𝑤 =
1.85m and 𝜆𝑠 = 0.19m, respectively. A minimum of five finite elements
er wavelength is considered in the model, which provides a minimum
lement size of 0.37m for water and 0.04m for soil. A frequency domain
inear analysis of a structural-acoustic finite element model is then
erformed to predict SPLs at the underwater environment [2,27].

To quantify the noise propagation in the water, the SPL is measured
t different locations. The SPL, in dB, is calculated as [28]

PL(𝜔) = 20 log10

(
√

2
2

|�̄�𝑡(𝑟, 𝑧, 𝜔)|
𝑝𝑟

)

, (5)

where 𝑟 and 𝑧 are the coordinates of the measurement points, �̄�𝑡 is
the total pressure in the frequency domain and 𝑝𝑟 is the reference
pressure, which for water is 𝑝𝑟 = 1 μPa. Since the modeled water
domain has finite extension, an exterior field calculation by means of
the Helmholtz–Kirchhoff integral [29] is set up to obtain the SPL at
the distance defined by German regulations (190 dB at 750m) based
on the pressure and its normal derivative at the external underwater
boundaries.

3. Results and discussion

3.1. Critical sound pressure levels

Fig. 2(b) describes the model used to predict the underwater noise
that results from the pile driving process. The monopile is represented
by a cylindrical shell made of steel, whereas the common interface,
which represents a cushion commonly used, is placed on top. The diam-
eter and thickness of the interface are equal to those of the monopile,
and its length is 𝐿𝑚 = 5m. The material used for the interface is Nylon,
with Young’s modulus 𝐸 = 2GPa, mass density 𝜌 = 1150 kg∕m3, and
Poisson’s ratio 𝜈 = 0.4. The water column is mathematically described
by an acoustic semi-infinite medium, in which perfectly matched layers
(PMLs) are used to avoid wave reflections and the total pressure at
the sea surface is 𝑝𝑡 = 0. A semi-infinite elastic continuum is used
to represent the soil. PMLs are also assumed at the soil’s lateral and
bottom surfaces. The geometric and material properties of the pile-
water–soil system are given in Table 1. Finally, the hammer’s loading is
represented by a Gaussian impulse (see Fig. 2(a)) and is prescribed as a
natural boundary condition applied at the top of the common interface.
The steps described in Section 2.2 are then followed to determine the
SPLs.

Several international regulations have defined the SPL threshold
according to the species living in the environment, the distance to the
noise source, the number of hammer blows, among other factors. From
those regulations, the German one defined a maximum SPL of 190 dB
at 750m from the pile [22]. Fig. 3 summarizes the SPL response of the
model at a point located 25m above the seabed and 750m away from
the pile wall. To identify the frequency ranges that correspond to high
sound pressure levels, the sound threshold is also drawn in the figure.
Since the water domain considered here is finite, the external pressure
field is calculated by means of the Helmholtz-Kirchhoff integral (see
4

Section 2.2 in Methods). The inset in Fig. 3 highlights the peak at which
the sound level is higher than the threshold. From an eigenfrequency
analysis of a clamped monopile, the first five natural frequencies are
calculated and marked in Fig. 3 with vertical lines. Their values are
𝑓1 = 22.955Hz, 𝑓2 = 68.739Hz, 𝑓3 = 114.1Hz, 𝑓4 = 158.58Hz, and
𝑓5 = 201.29Hz. It is worth noting that these frequencies correspond
to some SPL peaks. More specifically, the highest SPL occurs near
the frequency associated to the fifth monopile eigenmode 𝑓5. For the
remaining eigenfrequencies, we observe a relation between their values
and some lower-amplitude peaks. Such relation occurs due to the
coupling between the radial displacement of the monopile and the
water particle motion [2,3,23]. During the hammer impact, a radial
expansion/compression of the monopile undergoes as a result of the
Poisson effect. The energy associated to this motion is then transferred
to the surrounding water, which consequently causes the high SPL.
Based on this analysis, the unit cell is designed to realize a resonant
BG at the frequency range corresponding to the highest SPL.

3.2. Meta-interface design

In order to design the meta-interface, we first look at the single-
phase periodic unit cell, which consists of a cylindrical mass of radius
𝑅2 connected to an external frame with squared-size 𝑎 (and cavity’s
radius 𝑅1) through four identical beams of length 𝑙𝑏 and width 𝑤𝑏, as
shown in Fig. 4. The beam’s paths have width 𝑤𝑔 and depth 𝑙𝑔 . Finally,
the unit cell has a uniform thickness ℎ. These parameters were tuned
to create a resonant BG that falls in the frequency range corresponding
to the highest SPL. Now that the PUC is defined, the meta-interface is
realized by replacing it concentrically (with respect to the monopile’s
center), and then each layer is replicated vertically 12 times.

The single-phase unit cell presented in Fig. 4 has dimensions 𝑎 = 0.4
m, 𝑅1 = 0.42𝑎, 𝑅2 = 0.365𝑎, 𝑤𝑏 = 0.02𝑎, 𝑙𝑏 = 0.99𝑎, 𝑙𝑔 = 𝑅2 − 0.08𝑎,
𝑤𝑔 = 0.05𝑎, and ℎ = 0.225𝑎. Such dimensions were determined through
a parametric study (See Section SI1 of Supplementary Information). The
numerical characterization is conducted by obtaining the dispersion
relation (band structure) and transmissibility analysis. While the former
can be used to reveal band gaps by assuming an infinite metamaterial
(which is done by enforcing Bloch–Floquet periodic conditions), the
latter is used to obtain the actual attenuation of a finite-dimensional
structure. Notice that the 8-fold symmetry of the unit cell requires its
dispersion evaluation along the boundaries 𝛤 -X-M-𝛤 of the Irreducible
Brillouin Zone (IBZ) defined by the yellow triangle. Fig. 4 reveals a
complete resonant BG at a frequency range extending from 196.69Hz
to 205.54Hz (gray area). This means that waves with wavelength asso-
ciated to the complete BG are attenuated, regardless of their direction
of propagation. In the transmission loss diagram, a second peak at
a frequency of 388.77Hz is also observed, which is attributed to the
resonant mode of the unit cell (indicated by 𝑀2) and to the presence
of a negative group velocity (negative slope of the dispersion curve),
indicating a negative refraction index [30] in the 𝛤 −𝑋 direction (di-
rection of the impact load). Another observation is that the wavelength
associated to both frequency ranges is much longer than the dimensions
of the unit cell, which characterizes subwavelength frequency attenua-
tion. Finally, the asymmetric transmission loss observed along the BG

frequency ranges also demonstrates resonant-type BGs.
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Fig. 3. Sound pressure level in the water domain that results from the hammer’s impact. The measuring point is located at 25m above the seabed and 750m away from the
monopile wall. Vertical lines indicate the monopile’s first five eigenmode frequencies. The peak above 190 dB (SPL threshold) is located near the fifth monopile eigenfrequency
(𝑓5 = 201.29Hz).
3.3. Underwater noise reduction

To ensure that the SPL analyses (Section 2.2 of Methods) in a
pile system containing a common cushion and a meta-interface are
comparable, their heights are kept the same, (thus, the meta-interface
possesses 12 ring-shaped layers; each layer contains 36 unit cells), as
well as, the impact load (see Fig. 2(a)). Fig. 5 summarizes the results of
this comparison. A reduction of approximately 98 dB is observed at the
critical noise region. Such reduction is more than enough to guarantee
that SPL for this frequency range is kept below 190 dB. As discussed
in Section 3.2, the wave attenuation at such frequency range arises
from the complete band gap. For more details about such discussion,
please refer to Section SI3 of Supplementary Information. Other noise
reduction behavior is observed at frequency around 382.77Hz. For such
case, a noise gap of 34 dB is obtained due to the presence of a locally
resonant bandgap as shown in Fig. 4. It is important to notice that
SPL associated to bands below 20Hz are almost kept unchanged, which
means that the energy associated to those bands is transmitted to the
pile unaltered. At frequencies between 20Hz and 40Hz, we observe an
increase in SPL due to the excitation of the meta-interface’s natural
frequencies (see Section SI2 of Supplementary Information). Although
only the measurement at the middle of the underwater column is shown
here, we observed a similar behavior at different underwater heights
and close to the monopile (see Section SI4).

Fig. 5 shows that the SPL drops drastically at the band gaps (i.e, at
SPLs much lower than the threshold), which implies that less energy
is transmitted to the pile. The advantage of our system is that the
transmitted energy can also be controlled by adding or removing
5

unit cell layers—the minimum number of layers is chosen based on
the minimum attenuation required to reach the sound pressure level
threshold.

4. Conclusions

This work demonstrated numerically a meta-interface – a
metamaterial-based structure composed of single-phase unit cells – for
shielding the structural resonance of an offshore monopile to reduce
the high underwater low-frequency noise levels. The periodic unit cell’s
resonator was designed according to critical frequency ranges causing
high noise levels, which were shown to be associated to the natural
frequencies of the monopile. The dynamic characteristics of the single-
phase unit cells were analyzed via the dispersion relation and the
transmission loss, which have identified a resonant BG corresponding
to the critical frequency range. Such intrinsic features lead to a list
of advantages of the presented noise mitigation approach. Compared
with the common cushion, the proposed meta-interface guarantees a
noise attenuation at the critical frequency range. Even though the
inclusion of more unit cells allows us to obtain higher attenuation, the
aim of the meta-interface is to remove energy from the impact load
to a point that the SPL keeps acceptable levels and enough energy
is transmitted to drive the monopile. Regarding the manufacturing
process, the single-phase unit cell offers advantages for straightforward
fabrication, which can be performed not only via 3D-printing but also
with cutting techniques, such as laser cutting machines. Finally, the
sound control is performed directly at the source, unlike traditional
noise-reduction techniques that attempt at mitigating noise away from
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Fig. 4. Band structure of a periodic unit cell (PUC)—with an Irreducible Brillouin Zone (IBZ) defined in the yellow triangle, whose boundaries are given by the path 𝛤 -X-M-𝛤
—and transmission loss diagrams for an array composed by 14 PUCs. The gray area identifies a complete BG with range 𝜔 = [196.69Hz, 205.54Hz]. A partial BG is also identified
at a frequency around 382.77Hz (salmon area). The inset in the band structure diagram highlights the eigenmodes at the frequencies defining the band gaps in the 𝛤 -X direction.
In the vibration modes, the amplitude of displacement is indicated by the colormap from light green (minimum) to dark purple (maximum). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. SPL comparison between the common cushion (red dotted curve) and the meta-interface (solid black curve) at the measuring point shown in Fig. 3. The meta-interface
contains 12 layers of periodically distributed unit cells; each layer has 36 unit cells at the radial direction. The SPL threshold is highlighted by the dashed horizontal line. The
gray vertical lines indicate the frequencies where the noise reduction was obtained by the local resonance of the meta-interface. A reduction of 98 dB is observed in the region
with the highest SPL, which occurs around 200Hz (first vertical dashed line). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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the impact loading. Mitigating sound waves at their origin then avoids
the use of huge structures that are used to encase the monopile, which
further reduces costs and installation complexity and time.

Although the meta-interface concept predicts numerically the noise
reduction during the pile installation, further studies are required to
mature the concept. It is worth noting that the meta-interface design
shown was tailored for a monopile with specific dimensions; there-
fore, changing the monopiles dimensions – thickness, diameter, or
length – would require a completely different PUC design for attenuat-
ing different high noise levels effectively. Trial-and-error approaches
for designing unit cells with specific attenuation properties is not
straightforward, leading to the development of new design strate-
gies, such as gradient-based optimization procedures [31], evolutionary
algorithms [32], and inverse design by means of machine learning
techniques [33]. Due to its local resonant nature, the meta-interface’s
band gap covers a narrow bandwidth, which may result in efficiency
loss in the presence of manufacturing imperfections. To avoid this, a
precise manufacturing of the resonator should be guaranteed. It is also
important to highlight that other pile driving processes may generate
noise with wider noise bands. Some works have proposed strategies
to increase the attenuation band—for instance, by using MMs formed
by multi-resonators [33–35], which could be well implemented in the
presented unit cell design. Regarding the design, it is worth noting that
computational techniques such as topology optimization can be used to
create robust designs to manufacturing variability [34,35]. In addition,
the mechanical integrity of the meta-interface needs to be considered
early in the design process, since it is also necessary to withstand
repeated impact loads. In subsequent research, we will explore a multi-
objective optimization approach aimed at deriving unit cell geometries
that can withstand high impact loads while preserving their attenuation
characteristics within specified frequency ranges. The investigation
will focus on combining these optimal geometries to broaden the
attenuation band. Finally, an experimental validation is essential to
demonstrate the effectiveness and applicability of the meta-interface in
reducing SPL. Addressing such tasks might enable the potential use of
meta-interfaces as a new mitigation noise technique, which will greatly
improve the installation process of offshore monopiles.
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