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Abstract

Manipulating acoustic waves, especially at low frequencies, has been a challeng-
ing task for engineers. Conventional materials are unable to provide sufficient
sound isolation since signals with longer wavelengths require wider structures
to achieve the desired absorption, which is often infeasible for many applications.

Acoustic metamaterials is an emerging research field that aims to design
meta structures with specifically adjusted material parameters (i.e. negative
effective density, negative effective bulk modulus etc.). As a result, the overall
structure exhibits desired properties that allow advanced control over acoustic
waves that can not be achieved with standard materials.

Even though acoustic waves do not carry a significant amount of energy,
the wideness of application areas, such as sound absorbers near highways or
airports, creates a possibility to generate a considerable supply of energy from
low-frequency sound waves. This study aims to investigate the possibility of
converting acoustic waves into electricity with means of acoustic metamaterials
designed to attenuate low-frequency sound.
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1. Introduction

Sound attenuation has been a deeply investigated subject for a long time.
Acoustic noise that emanates from a device or an operation is generally con-
sidered disturbing and thus desired to be reduced or, if possible, eliminated.
Conventional techniques such as the use of porous material or absorber walls
to manipulate acoustic waves near highways, airports, industrial sites, power
plants or other types of noise sources are widely being used.

The excess noise causes noise pollution, which is disturbing and even un-
healthy to exposed individuals. Certain standards are being used to limit noise
originating from commercial or industrial exploitation of devices. For instance,
according to the standards of the Occupational Safety and Health Act (OSHA)
introduced in 1970, the duration of exposure to high-level noise in workplaces
must be limited, see Table 1.1.

Duration (hour per day) SPL (dBA)
8 90
6 92
4 95
3 97
2 100
1.5 102
1 105
0.5 110
0.25 115

Table 1.1: Permissable noise exposures. (OSHA, 1970)[36]

According to the table, as the sound level increases the allowed exposure du-
ration decreases severely, meaning that noise reduction is necessary for contin-
uous operations. Yet these applications contain limitations due to the physical
limitations of conventional materials, especially in a low-frequency range.

The elimination of noise offers a distinctive opportunity. The wave energy
of noise that needs to be extracted from a medium can be harvested for bene-
ficial usage. During the absorption process, the energy of an acoustic wave is
typically transformed to heat and dissipates within the absorbing medium. A
harvesting mechanism can be utilized to convert this energy into useful electric
energy, resulting in an alternative energy source from sound.

Recent studies on acoustic metamaterials provided vast knowledge on con-
trolling wave dynamics. These specifically designed structures extend the noise-
damping techniques beyond the limitations mentioned. This work aims at
the investigation of a new methodology for combined acoustic energy harvest-
ing/attenuation purpose by means of membrane-type acoustic metamaterials
(MAM) for predefined frequency ranges.
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1.1 Metamaterials

The concept of dynamic metamaterials is based on the design of a material(or
structure) to enable a specific property that can not be achieved with conven-
tional materials or mechanisms[17]. Essentially, metamaterials can be catego-
rized under composite structures. The distinctive characteristics of dynamic
metamaterials are their ability to have unusual dynamic effective parameters
and different behaviour under varying inputs. This is usually related to the
frequency of an incident wave [34]. The dynamic effective parameters can have
negative values in certain frequency ranges, which is impossible to achieve with
conventional materials. The ability to tune the parameters according to the
desired function enables the control over waves beyond natural limits [24].

1.1.1 Acoustic metamaterials
Dynamic metamaterials designed to manipulate sound waves are known as
acoustic metamaterials. Usually consisted of periodic arrays, the macroscopic
behaviour of the meta-structures depends on the properties of its local cells
rather than the lattice itself [27]. The individual cells are generally smaller than
the wavelength they affect. Such a structure enables control over acoustic waves
with sub-wavelength elements [5]. The physics of these elements are defined by
their effective material parameters. For applications in acoustics, effective bulk
modulus and effective mass density hold a major importance [9].

Helmholtz resonators (HR) are a very common type of structure used in
acoustic wave control. It is able to capture waves at a certain frequency and it
can attenuate the acoustic energy at its resonance frequency. It is widely used in
literature to provide perfect absorption PA [[31],[4],[1]], broadband absorption
[[16],[19]] and energy harvesting purposes [[41],[27]]. Due to its ability to control
and absorb acoustic waves at certain frequencies, it builds the base for the
proposed system in this research.

1.1.2 Acoustic energy harvesters
Converting acoustic energy into electricity is studied deeply in the last few
decades. It is possible to transform the energy of the sound wave to me-
chanical energy by using structures such as cantilever[33], membranes[22] or
films[41], known as acoustic energy harvesters(AEH). The piezoelectric effect is
used widely in these structures to generate electricity from the deformation of
the structure caused by acoustic energy. Using a method similar to this, it is
possible to convert the acoustic energy trapped inside a HR to electricity.

1.2 Problem definition

Within the context of classical materials, the sound absorption performance of
a material or structure is described by the mass-density law which suggests that
doubling the mass of the insulating element can only increase the transmission
loss (TL) by approximately 6dB or quantitatively:

TL = 20 ∗ log f + 20 log ρA − 47dB[40] (1.1)
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where f is the frequency of an incident sound wave and ρA is the surface den-
sity(mass per unit area) of an isolation element.

This leads to a complication that the amount of required mass (hence the
volume) increases greatly to achieve a higher TL for conventional insulation
solutions which would be hardly feasible or from the opposite point of view,
as frequency decreases, the required mass increases resulting in a situation that
low-frequency waves penetrate the insulating structure unless sufficient isolation
is provided with large structures.

One other problem that will be stated in this research is the possibility of
conversion of the absorbed acoustic energy into electric energy. In conventional
isolation solutions, acoustic energy is absorbed by the material rather than be-
ing reflected or transmitted. This means that the energy of acoustic waves is
transferred to the material, resulting in mechanical vibrations. These vibrations
damp out in time, turning into heat. Hence, acoustic energy is converted into
heat. It is logical to assume that this waste energy could be harvested.

There are various methods to convert acoustic wave energy into useful forms.
The studies mentioned in Section 2 indicate several solutions. The main chal-
lenge with such a study is that acoustic waves carry low energy and therefore
the acquirable energy can be insufficient for any kind of application.

In conclusion, these two problems can be summarized as follows

1. Attenuating low-frequency sound waves requires large structures made of
conventional materials due to their poor attenuation performance. Uti-
lizing such absorbers can be both economically and physically unfeasible.
Alternative approaches are required to develop an absorber with smaller
dimensions.

2. Acoustic waves do not carry a large amount of energy. Even though the
generation process does not require an additional financial or physical
input, since the usable energy is scant, it may not be possible to effectively
utilize this energy.

This study aims to solve these two issues about low-frequency sound attenuation
and acoustic energy harvesting. The scope of the study and the methodology
are defined to address these problems.

1.3 Scope and methodology

The project intends to investigate the possibility of an energy harvesting mech-
anism while attenuating the noise, using acoustic metamaterials. However, the
feasibility of a potential solution is not in the scope of interest. Therefore,
the study will remain on a theoretical route rather than exploring real appli-
cations. The possibility of simultaneously harvesting and attenuating acoustic
waves within a sub-frequency domain is the main topic of interest.

3



The proposed solution will consist of a combination of two isolation ele-
ments, Helmholtz resonators and a membrane-type acoustic metamaterial. A
cross-section draft of the intended design is given in Figure 1.1a and the printed
sample of this design can be seen in Figure 1.1b. The blue material repre-
sents the air inside the waveguide and the resonator. The green part is the
piezoelectric membrane and the red part is the added mass to tune the reso-
nance frequency of the system. The mass is attached to the membrane and the
membrane is placed at the top of the resonator, replacing the rigid wall. The
resonator has the ability to trap acoustic waves at its resonance frequency while
a vibrating membrane is known to provide extreme wave control abilities [43].
The focus is on evaluating the attenuation performance of the coupled solution.

The energy harvesting possibility from vibrations of a membrane will be
examined. For this purpose, piezoelectric materials are promising alternatives to
convert mechanical energy to electricity. The vibration energy of a piezoelectric
membrane can be used to generate energy in a similar way.

1.4 Research questions

Within the explained context and the defined problem, the goal of this research
is to explore theoretical aspects of acoustic energy harvesting while achieving
sufficient noise reduction by using meta-structures. The main research question
is;

"How can membrane-type metamaterials be used to reduce
structural dimensions and attenuate noise, concurrently generating

energy from acoustic waves?"

In order to identify the study steps, the main research question is divided into
sub-questions. Each of the sub-questions is designated to a specific step and
finding the answers to the sub-questions will lead to the answer to the main
research question.

1. How does the tuning of Helmholtz resonators affect the attenu-
ation frequency?
Increasing the stiffness or the inertia of a resonator-membrane coupled
system results in variations of its resonance frequency. This also changes
attenuation and energy harvesting. The establishing of the dependency of
the varying tuning parameters will be the first milestone.

2. How does the configuration of a HR affect the design and per-
formance of the system?
Using single, dual or multiple resonators is an option to achieve the desired
objective. These different configurations have different outputs in terms of
attenuation and energy generation. Similarly, a hard-backed tube(closed-
end) or anechoic tube(open end) also affects these properties. Thus, the
design should be adjusted according to these conditions. Hence, the sec-
ond milestone is defining the configurations and their impact on the target
characteristics.

4



(a)

(b)

Figure 1.1: The proposed structure, (a) built in COMSOL and (b) manufactured
by 3D printing.
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3. Does the energy harvesting process affect the efficiency of the
noise reduction performance?
To achieve maximum noise reduction, critical coupling conditions are anal-
ysed. Since the initial goal is to increase the transmission loss, the energy
output is estimated for the maximum sound attenuation. However, the
effect of the energy harvesting system on noise reduction performance is
a property of interest.

4. What is the effect of the membrane elasticity on flow character-
istics?
Using a membrane in a HR reduces the stiffness of a system, therefore af-
fecting the flow. The pressure and velocity distribution within the waveg-
uide can give valuable insight into the acoustic properties. Investigating
these properties is helpful to understand the behaviour of a membrane
coupled HR to enhance its design.

1.5 Structure of the thesis

Section 2 provides necessary background information about recent studies on
acoustic metamaterials, AEH’s and several different types of solutions address-
ing the aforementioned problems. The state-of-art studies in topics of acoustic
metamaterials, sound attenuation and acoustic energy harvesting are demon-
strated in this section.

Section 3 defines the research methodology and study steps to clarify the route
taken to reach the research goal. The mathematical formulation of the prob-
lem, the solution steps and optimization procedures are explained in this section.

Section 4 explains and interprets the results obtained from the study. The
efficiency of the proposed solution, comparison with different configurations are
discussed.

Section 5 briefly summarizes the work done and the answers to the stated re-
search questions. The limitations are explained in the section as well as the
potential future work paths.

6



2. State-of-art literature

The field of acoustics, noise reduction and sound attenuation problems have
been studied extensively. Energy harvesting through acoustic waves has also
been considered by many researchers.

2.1 Metamaterials

The discovery of negative index materials dates back to the late 1960s. Victor
Veselago conducted research on electromagnetic wave propagation in a special
material, which is known as metamaterial today, proving the presence of neg-
ative effective indices is possible to be achieved. He also invented the term
"left-handed materials" in his study by building an electromagnetic metamate-
rial with both negative permittivity and negative permeability [39]. However,
the usage of metamaterials with the purpose of manipulating the acoustic waves
became an attractive research area after Martînez-Sala et al. published a paper
about the sound attenuation properties of a periodic hollow tube structure in
1995. The structure was a piece of art, a metallic sculpture placed in a park.
The researchers discovered that the periodicity of the sculpture provided ex-
treme sound attenuation properties, even though it was not intended to be [29].

2.2 Acoustic metamaterials

The field of acoustics has evolved significantly with the introduction of meta-
materials. In this study, since two aspects are considered as the main focuses
namely sound attenuation and energy harvesting, the reviewed studies are cate-
gorised according to their subject: about acoustic properties or about the energy
harvesting mechanism.

2.2.1 Perfect absorption
Most of the studies investigating an advanced attenuation performance use pe-
riodic structures to exploit the local resonance of the cells. An example study
for low-frequency sound attenuation was planned to be an array of plates placed
on top of each other with cavities in between by Brooke et al. with the name
of “pancake absorbers”. A representation of this structure is given in Figure
2.1. An analytical solution was found and validated through experiments. The
material was able to provide an absorption coefficient up to 1 in both linear and
nonlinear regimes of airflow [4].

7



Figure 2.1: Pancake absorbers. Redrawn from [4].

Helmholtz resonators build the base of many studies in the field of acoustics
and sound absorption and they are deeply studied for attenuation purposes.
Achilleos et al. studied a single Helmholtz resonator attached to a tube to mea-
sure its absorption performance where both linear and nonlinear losses were
taken into account. They were able to prove experimentally that, it is not pos-
sible to achieve more than 50% absorption with a single resonator [1].

A more generalized case was investigated by Merkel et al. and a similar
result was found. In a study about resonant scatterers, they demonstrated that
with symmetric structures, even in the critical coupling conditions a one-sided
absorber can achieve a maximum of 50%. The term one-sided here refers to a
hard-backed tube, meaning that the closed-end performs as a perfect reflector.
In the same study, it was also proven that asymmetric structures are able to
provide absorption rates of over 90% in a one-sided absorber [30]. The maximum
of absorption in one-sided(one-port, closed-end) resonators can be expressed
quantitatively by;

A = 4
Cleak ∗ Closs

(Cleak + Closs)2
, (2.1)

where "leak" subscript indicates the radiation leakage and "loss" subscript in-
dicates intrinsic losses, both with a unit of kg/s [35] [20]. It can be deduced
from the equation that the maximum attenuation can reach a value of 1 when
Cleak = Closs, indicating the critical coupling.

In general, two factors affect the ability to reach PA: whether the resonator
is a single port or two-port and whether if it’s symmetric or not. The potential
solutions are categorized as a two-sided tube with a single resonator, a one-sided
tube with a single resonator, a two-sided tube with two symmetric resonators
and a two-sided tube with two detuned resonators. In the first case, the max-
imum absorption is 0.5 and at the maximum of absorption, the transmission
and reflection coefficients are 0.25 and equal due to the radiation symmetry
[30][1] [20]. In the second case where a single resonator is placed in a tube with
a closed-end, the reflected waves from the closed end of the tube can cancel
the reflected waves from the resonator, resulting in a destructive interface to
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achieve PA. In this case, the resonator must be placed a distance of quarter
wavelength of the resonance frequency away from the end of the tube(d ≈ λ/4).
The third case fails to achieve PA due to the symmetry. [30] [20] However if the
symmetry is broken, the radiating waves from each resonator would be able to
cancel each other, resulting in PA. In conclusion, the system has to be either
one-sided(single port) or it has to be two-sided(two-port) that contains a dual
resonance [20]. A schematic representation of these conditions can be seen in
Figure 2.2.

(a) (b)

(c) (d)

Figure 2.2: (a) Single resonance resonator in one-port system placed away from
the reflector, (b) single resonance resonator in one-port system placed on the re-
flector, (c) dual resonance resonator in two-port system and (d) single resonance
resonator in two-port system. Redrawn from [20].

Another factor that affects systems with multiple resonators is the dis-
tance in between. Using two resonators means adding another degree of free-
dom to the system. If it is a two-port system, perfect absorption can be
achieved by keeping the distance between the resonators shorter than the quar-
ter wavelength(d � λ/4) [20] [11]. However, it should also be noted that
the largest attenuation band can be achieved by keeping the distance at half-
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wavelength(d ≈ λ/2) [11]. It is possible to find an optimum solution for both
achieving high attenuation and large bandwidth, yet it is not in the scope of this
study thus, it will not be discussed further. According to the study conducted
by Gautam et al. in the case of a quarter wavelength separation, the pressure
distribution is out of phase between the resonators, meaning that while one res-
onator is having a maximum, the other one has a minimum. The experimental
study suggests that the first resonator, in this case, is responsible for the high
attenuation peak while the second one provides an increased bandwidth of at-
tenuation. On the other hand, while the separation is half of the wavelength,
the resonators are in phase. This configuration results in larger bandwidth at-
tenuation in both resonators, causing the largest bandwidth, yet, the maximum
attenuation is lower than the previous configuration [11].

Another milestone for acoustic metamaterial study can be referred to as the
study of Huang, Hu and Sun about membrane-type acoustic metamaterials cou-
pled with mass. After modelling the vibroacoustic characteristics of a membrane
analytically, the difference in eigenmodes and sound transmission with an added
mass on the membrane was studied. The study discovered that presence of a
central mass shifts the eigenfrequency of the mass-membrane system to lower
frequencies while providing a dramatic drop of sound transmission between the
first two eigenmodes. The study also suggests that by adding an eccentricity
to the position of the mass, it is possible to tune the MAM and change the TL
peaks [43]. The placement of the membrane in the tube and the mass on the
membrane is given in Figure 2.3.

Figure 2.3: Mass coupled membrane absorber. Redrawn from [43].

Another mass-membrane coupling was used in a study by Lu et al. where
a MAM with eccentric masses was designed for sound isolation. Attenuation
performance and range of a square membrane with a ring mass was investigated
in the study and it was found out that depending on the parameters such as
membrane thickness, pretension or mass configuration, it was possible to obtain
TL peaks of 20dB within the range of 50-250 Hz [28].

It is also possible to build an asymmetric resonator system with membrane
resonators decorated with mass. By using a degenerate membrane resonator,
Yang et al. achieved perfect absorption in their study. A single decorated mem-
brane resonator and a coupled one were attached to a panel, creating perfect
absorption. The particle velocity distribution in the study shows how the sys-
tem achieves 99% absorption. The velocity is towards the resonators on the
inlet side, but on the outlet side, the particles are moving away from the single
resonator, towards the coupled resonator, creating 0 velocities at outlet [42].
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Mi and Yu used a MAM in a ’U’ shaped tube to couple two HRs. The two
ends of the tube were connected via a bridge with 2 identical coupled Helmholtz
resonators that are separated by a membrane. Analytical and finite element
solutions are used for validation and it was determined that a TL up to 50dB
was achievable within the regime of 100-600 Hz [31]. The configuration of this
system and the structure of the HR used in this system is given in Figures 2.4a
and 2.4b.

(a) (b)

Figure 2.4: The geometries of the (a) U shaped tube and (b) the HR bridge
between two ends of the tube. Redrawn from [31].

The analytical solution to the physics of the MAM was derived by Langfeldt
et al. to calculate the TL with rectangular and circular membranes. The results
were then compared to the finite element solution for validation [18].

The usage of elasticity was investigated by other scientists too as Cui et al.
proposed a soft material based resonator to achieve almost absolute absorption
of acoustic waves. The system is basically achieved by replacing the walls of the
resonator with elastic materials and adjusting the structure according to that.
Several aspects were investigated in the study along with the difference between
the soft and the rigid HR. The first topic was the effect of the opening radius. It
was observed that almost 90% absorption was possible in a low-frequency regime
with smaller openings (3 mm) and several peaks of absorption were identified
in larger openings (5 mm). Material properties were also in the area of interest.
The effect of Young’s modulus and wall thickness interaction on the absorption
coefficient was also investigated. In conclusion, it was observed that the soft
materials enable absorption in multiple frequencies, Young’s modulus of the
material adjusts the bandwidth of the absorbed frequency and the dimensions
can be adjusted to tune the resonator similar to simple HR’s [8].
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2.2.2 Broadband absorption
Even though HR’s are effective in sound absorption applications, the major
drawback is that they work in a narrow band [20]. In real applications, a single,
narrow attenuation peak is very likely to be considered adequate. It is possible
to increase the bandwidth of attenuation or to tune the system to operate at
the desired frequency.

One way to increase the bandwidth is to use "Rainbow Trapping Absorbers"
as defined by Jimenez et al. which is a panel, decorated with an array of 8
nonidentical Helmholtz resonators. The asymmetry of the resonators results
in slightly different resonance frequencies. By coupling those resonators, it is
possible to increase the attenuation bandwidth of the overall system. The study
of Jimenez et al. demonstrated that an attenuation band of approximately 100
Hz was achieved with two coupled resonators, 200 Hz with three resonators and
a band of approximately 700 Hz was achieved with 8 coupled resonators. The
panel has a size of 10x3 cm, between 10% and 30% of the frequency band [16].
A representation of this design is shown below.

Figure 2.5: Rainbow-trapping absorber. Redrawn from [16].

Rather than achieving broadband absorption, a simpler solution is to tune
the peak attenuation frequency to the desired level. In a Helmholtz resonator,
the resonance frequency can be adjusted by changing the effective stiffness(the
volume of the cavity) or by changing the effective mass(the volume of the neck)
[13]. For example, Lee et al. proposed a tubular array of Helmholtz resonators
to freely adjust the working frequency range. The volumes of the resonators are
controlled by plungers, moving towards or away from the resonator to change the
cavity volume, adjusting the resonance frequency [19]. Figure 2.6 demonstrates
the working principle of this system.
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Figure 2.6: Highly tunable resonator. Redrawn from [19].

The development of membrane absorbers led scientists to investigate the
applicability of the solution in various conditions. Liu and Du investigated the
tuning properties of membrane-type acoustic metamaterials. In their study,
the researchers used strip masses attached to a membrane that is planted on
the sidewalls of a rectangular tube. The mode shapes of the membrane and the
strip masses were examined and the effect tuning parameters on peak frequencies
such as eccentricity of the mass, number of masses and weight were explained
to enable the fine adjustment of the insulator [26].

2.3 Acoustic energy harvesting

Converting acoustic energy to electrical energy is a subject of interest for a long
time. A MEMS(Microelectromechanical system) based AEH was proposed by
Horowitz et al. in a study in 2005 where the circuit was used with a piezoelectric
ring inside a HR. Two energy peaks were observed in the simulations, one for
the resonance of the resonator and one for the eigenfrequency of the harvesting
mechanism [15].

An example study to harvest energy from low-frequency sound waves was
conducted by Li et al. in 2013. In the study, the group used piezoelectric can-
tilevers composed of polyvinylidene fluoride to harvest the acoustic energy in a
quarter wavelength resonator. The experiments were done for single cantilever
and multiple cantilevers. The cantilevers were designed to have an eigenfre-
quency equal to the excitation frequency, which is the first eigenmode of the
resonator in order to maximize the energy output of the proposed system. The
experiments were done with a sound wave of 100dB with a 146Hz frequency.
The study investigates several aspects; the position inside the resonator to place
the cantilever, the number of cantilevers and the placement order of cantilever
beams(straight line and zigzag configuration) that maximize the energy output
were investigated. The results suggested that 9 piezoelectric cantilevers, ordered
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in a zigzag configuration in the first half of the resonator provided the maximum
voltage output [21].

Another harvesting mechanism was proposed by Pillai et al. in 2014 where
they used a Helmholtz resonator with a tapered neck and a PVDF cantilever
to harvest the acoustic energy at the resonance frequency of the HR. The res-
onator was designed to have a resonance frequency of 284 Hz and the cantilever
was designed to have the same eigenfrequency. The system was excited with an
incident wave of 95 dB. During the experiments, an output voltage of 396 mV
was observed [33].

Guang-Sheng Liu et al. built an array of coupled Helmholtz resonators
through an elastic membrane to generate power from a wide frequency range of
sound waves. In the study, adjacent resonators with rectangular cross-sections
were coupled by changing the mutual walls of the adjacent resonators with
piezoelectric membranes. The resonators are adjusted to have different reso-
nance frequencies, causing a phase difference between two resonators which is
used to vibrate the membrane to harvest the acoustic energy. This structure
can be seen in Figure 2.7 [25].

Figure 2.7: Membrane coupled-resonator array for acoustic energy harvesting.
Redrawn from [25].

Wang et al. proposed a real application of simultaneous sound attenuation
and acoustic energy harvesting in 2018 by using noise barriers that are com-
posed of arrays of HRs, containing piezoelectric films in their cavities to prevent
the transmission of the noise and to convert the acoustic energy to electricity.
The study was able to achieve up to 50 mV at 500 Hz. The proposed sound
barriers were designed to be used near high-speed railways [41].

Li et al. proposed a structure that is capable of providing large transmission
loss as well as converting acoustic energy into electricity. The research used
the structure from [43] as the base and changed the membrane material to a
thin piezoelectric film to generate energy with displacement. The mass is used
to tune the membrane. The sound attenuation performance of the study was
similar to the study by Huang et al. but the power generated from the system
is limited to a level of nano-watts [22].
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3. Methodology

To achieve the goal introduced in Section 1.2 we need to specify a geom-
etry that is capable of both attenuating the wave energy and transforming it
to amplified mechanical vibrations with the aim to harvest the energy through
piezoelectric materials. For this purpose, HRs are excellent candidates to am-
plify the wave energy at their resonance frequency and are also widely used
as sound absorbers due to their high absorption coefficient at these frequencies
[14], [32]. The trapped and amplified waves can be transferred into mechanical
vibrations and eventually to electricity, using PVDF films.

The task is to tune the eigenfrequency of a Polyvinylidene fluoride film to
match the resonance frequency of a HR. The MAM proposed by Yangyang et
al. [43] will be taken as a reference point to adjust the natural frequency of the
PVDF film.

3.1 Mathematical formulation

The basic element of the structure is represented in Figure 1.1a. The basic
element is built by a mass-loaded membrane coupled HR attached to a tube.
The acoustic wave enters the system through the inlet of the tube. The waves
with a frequency equal to the HR frequency are trapped inside the cavity of
the HR. The acoustic pressure in the resonator causes the elastic membrane to
vibrate and the membrane generates electricity due to the piezoelectric effect.
The piezoelectric film is connected to a circuit for further usage such as storing
the electricity or directly using it.

However, several modifications are required on this basic element to achieve
the desired functions. The first step to build the model is to construct the ge-
ometries for the system. Two alternative solutions are inspected at this stage:
two-port and one-port systems.

Two-port system contains two resonators attached to a tube with an open
end, providing anechoic termination. One-port system has a single resonator
and a closed end, assumed to be a perfect reflector. As explained by Lee et al.
[20] one-port system can achieve PA by placing a HR at a distance of d = λ/4
from the perfect reflector. In a two-port system, two resonators are required to
reach PA. Those two resonators should be slightly de-tuned and separated by
a distance of d� λ/4. Conducting an analysis on two alternatives can provide
sufficient information to answer research questions 2 and 3. Thus, two models
are constructed: a single resonator-closed end tube and dual resonators-open
end tube. The section view of these two systems are given in Figures 3.1a and
3.1b.
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(a)

(b)

Figure 3.1: Sectional views of geometries for the proposed (a) two-port and (b)
one-port systems.

The green domain is the membrane with the attached red mass. The blue
areas represent the air inside the HR and the tube. The grey part is the material
of the proposed system.

To express the problem mathematically, we start from investigating the pres-
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sure distribution in the tube. First we define the effective compressibility and
effective density of air as functions of frequency. Stinson’s study on general-
ization of plane sound waves in tubes (1990) is used to calculate the these pa-
rameters for a circular tube [38], which are given by equations (3.1) and (3.2),
respectively:

ρ(ω) =
ρ0

1− 2√
−iw
v

× J1(rw∗
√

−iw
v )

rw∗J0(rw∗
√

−iw
v )

, (3.1)

C(ω) =
1

γP0
∗

1 +
2(γ − 1)√
−iwγ
v

×
J1(rw ∗

√
−iwγ
v )

rw ∗ J0(rw ∗
√
−iwγ
v )

 . (3.2)

The parameters ω, Jn and rw in the equations are the angular frequency of the
incident wave, Bessel function of order n and the radius of the tube, respec-
tively. The equivalent bulk modulus of air, used in the model is the inverse of
the equivalent compressibility, (3.2).

Knowing the effective bulk modulus(Ke) and density (ρe), one can calculate
the effective speed of sound in the tube:

ce =

√
Ke

ρe
(3.3)

and the corresponding wave number:

ke =
ω

ce

2
(3.4)

The pressure distribution in the tube then can be represented mathematically
by equation (3.5).

pb = p0 ∗ e
−i∗ke∗

r·ek
‖ek‖ , (3.5)

where p0 is the amplitude of the background pressure, r is the spatial coordinate
and ek is the incident wave direction.

The boundary conditions for this step are the sound hard boundary walls
for the inner walls of the structure shown in Figure 3.1 and plane wave radia-
tion boundaries to the open ends of the tubes. Those conditions are expressed
mathematically by equations (3.6) and (3.7)[12], respectively.

−n ·
(
− 1

ρc
(∇pt − qd)

)
= 0, (3.6)
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i
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∇T p =

i

2kρc
∇T pi+i

k

ρc
pi+n·

1

ρc
∇pi. (3.7)

Equation (3.6) indicates that the normal component of acceleration at the given
boundaries is 0. The wave only propagates through the air, not through the
material. Equation (3.7) expresses the reflected wave from the surface. The
reflection decreases with the angle of the surface to the normal vector of the
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wave, meaning that the reflection is zero for normally incident waves [12].

The HR locally modifies the pressure distribution in the tube. Transmission,
reflection and attenuation properties of the tube are indeed greatly affected
with the presence of a HR. Thus, it is essential to tune the HR to achieve
the desired acoustic properties. Since the maximum absorption occurs at a
resonance frequency of the resonator, the first step is to identify this frequency.
In a HR, the air inside the cavity is considered to be compressible but when
the volume of air in the neck is relatively smaller compared to the cavity, it
can be considered as incompressible. The compressible air inside the cavity acts
as a spring while the incompressible air in the neck vibrates as a mass. This
assumption enables the modelling of a HR as a mass-spring system with the air
in the neck being the mass and the air in the cavity is the spring. The resonance
frequency is given by the equation (3.8) [7] :

fH =
c

2π

√
A

V0Leq
, (3.8)

where c is the speed of sound, A is the equivalent area of the neck, V0 is the
static volume of the cavity and Leq is the equivalent length of the neck. The
equivalent length and the equivalent area of the neck are calculated by equations
(3.9) and (3.10) [23].

Leq = L+ 0.6 ∗Rneck, (3.9)

A =
Vn
Leq

(3.10)

with Vn being the volume of air in the neck.

The next step is to study the vibrations of the membrane. The membrane
is attached to the top of the HR, replacing the rigid wall on top. Geometry and
the placement of the membrane are shown in Figure 3.2. The green domain is
the membrane and the red domain is the attached mass. The blue part shows
the inside of the HR. The pressure inside the HR causes displacement on the
membrane. The basic approach to the solid mechanics problem is given by
Equation (3.11),

0 = ∇ · S + Fv, (3.11)

where∇S is the divergence of stress and Fv is the volume force on the membrane.

The boundary conditions for this problem are the fixed constraints on the
side walls of the membrane (3.12), preventing in-plane displacements and initial
stress on the membrane surface (3.13).

u = 0, (3.12)

S = S0, (3.13)

where S0 is the initial stress matrix.
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Figure 3.2: Placement of the membrane.

Calculating the vibration frequency of the membrane is also necessary to tune
the membrane frequency to match the Helmholtz resonator frequency. Natural
frequencies of the membrane can be calculated by equation (3.14) [3].

fm =
αij

2 ∗ π ∗R

√
F

t ∗ ρm
. (3.14)

Here R is the radius of the membrane, t is the thickness, ρm is the material
density, F is the surface tension force and αij is a parameter used to calculate
the frequencies of higher modes of vibration which takes the positive root of the
Bessel function for the corresponding eigenfrequency as its value. Its value for
the first two modes are α10 = 2.4048 and α20 = 5.5201.

The acoustic pressure causes out-of-plane deformation on the membrane.
The volume of the cavity changes with the deformation of the membrane, af-
fecting the pressure. This multiphysics coupling problem is defined by Equations
(3.15) and (3.16), defining the acoustic pressure acting on the membrane and
the resulting pressure from the displacement of the membrane.

FA = ptn, (3.15)

where pt is the total acoustic pressure, FA is the load experienced by the struc-
ture and n is the normal vector of the surface.

The modified pressure field with the displacement of the membrane is ex-
pressed as;

−n ·
(
− 1

ρc
(∇pt − qd)

)
= −n · utt, (3.16)
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where ρc is the density of air, qd is given as the dipole source and utt is the
structural acceleration.

The final task is solving the piezoelectric energy generation. The membrane
is built from Polyvinylidene fluoride and a deformation creates charge imbalance,
generating electricity. The governing equations for the electrostatic problem and
piezoelectric charge conversion are as follows;

E = −∇V, (3.17)

∇ ·D = ρv, (3.18)

where V is the dependent variable, electric potential, D is the electric displace-
ment and ρv is the charge density. The effective strain on the membrane is
calculated by (3.19),

ε =
1

2

[
(∇u)T +∇u+ (∇u)T∇u

]
, (3.19)

while the electric displacement is solved by (3.20),

D = Dr + eεel + ε0,vac(εrS + JC−1 − I)E, (3.20)

and
e = dS−1

E (3.21)

where d is the element of the coupling matrix and SE is the element of the
compliance matrix. erS is the relative permittivity and ε0 is the initial strain
on the membrane. The initial strain can be found from initial stress by using
Equations (3.22) and (3.23),

ε = SET + dTE, (3.22)

and
D = dT + e|rSE, (3.23)

where T is the stress and E is the electric field.
The boundary conditions for this problem are a ground node for one side of

the membrane (V = 0) and a floating potential for the other side as expressed
in Equation (3.24), ∫

δΩ

D · ndS = Q0. (3.24)

3.2 Numerical modelling

The problem is solved numerically by the means of the commercial finite-element
software COMSOL Multiphysics 5.5 with Pressure acoustics, Solid mechanics
and Electrostatics modules. Two type of physics coupling is necessary to con-
sider: acoustic-structure coupling and structural-electrostatic coupling. A step-
by-step approach was adopted to understand the physical process and to mini-
mize unnecessary complifications at earlier steps. The physics of the three way
interaction will be considered separately, then merged in smaller groups and
finally, in a complete model.
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3.2.1 Acoustic model
The structures that are analysed in this section are shown in Figures 3.1a and
3.1b. However, building the solid material of the system (grey domain) causes
computational complexities that are unnecessary to consider. The boundary
between the air and the system is assumed to be sound hard, meaning that the
resonator and tube material has no influence on the computation. To reduce
the computational complexity of the problem, the resonator and tube material
is not modelled in COMSOL. The air inside the resonator, the membrane and
the mass are the geometries constructed in COMSOL. The representation for
there two models are given in Figures 3.3a and 3.3b.
A background pressure field is defined along the axis of the tube. For each

section of the tube and the resonator with a different radius, a pressure module
is defined to define the thermoviscous losses.

For the single port system, the tube has a single HR attached and the only
difference is the outlet boundary condition, which is a closed-end in this case so
defined as a sound hard boundary.

The physical properties of air that are necessary to implement to the model
are given in Table 3.1.

ρ 1.2044[kg/m3] Density of air at T0

c 343 [m/s] Speed of sound in air
η 1.8140e-5 [Pa*s] Dynamic viscosity at T0

γ 1.4 Specific heat ratio
P0 1 [atm] Absolute pressure
T0 293.15 [K] Temperature
Cp 1005.4 [J/(kg*K)] Heat capacity at constant pressure
kt 0.025768 [W/(m*K)] Thermal conductivity

Table 3.1: Physical properties of air.

Two additional parameters to be used, the bulk modulus of air and the
Prandtl number, are expressed by equations (3.25) and (3.26).

K0 = γ ∗ P0 = 1.4186e5Pa, (3.25)

Pr = η ∗ Cp/kt = 0.70778. (3.26)

The COMSOL interface does not include thermoviscous losses by default. The
losses must be either modelled by defining the boundary layer for the flow,
which would require many elements and increase the computational complexity
severely or must be introduced manually by adjusting material parameters for
air. Effective density and effective bulk modulus can be used at this step to de-
fine the losses. Effective density is expressed with Equation (3.1) and effective
bulk modulus is the inverse of the effective compressibility expressed in Equa-
tion (3.2).

The next step is to determine transmission and reflection coefficients and
introduce losses to calculate absorption. It is possible to calculate these values
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(a)

(b)

Figure 3.3: Geometry of the numerical model. (a) The two-port system: an
open-end tube with two HRs. (b) The one-port system: a closed-end tube with
a single HR.

experimentally by placing 4 microphones inside the tube and taking measure-
ments from the upstream and downstream sides of the HR [10][37]. This ex-
perimental setup is shown in Figure 3.4 for an open-end tube. The setup for a
closed-end tube is the same except the termination is hard-backed, acting as a
reflector and the two microphones on the downstream side is redundant so only
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two microphones are used.

Figure 3.4: Experimental scheme of the open-end tube for tranmission and
reflection measurements.

This experimental setup can be simulated in COMSOL environment by using
pressure probes at certain points in the tube. The pressure values are named
as P1..4, with P1 estimated at the closest point to the inlet and P4 referring to
the pressure at the closest point to the outlet for the two-port system. For the
closed-end tube, the two points are between the inlet and the resonator. P1 is
the point close to the inlet and P2 is the point closer to HR. The representation
of this method is shown in Figure 3.5.

Figure 3.5: Pressure measurement points in the open-end tube.

For the placement of the probes, the standards of ASTM were used as guide-
lines [2]. The standard indicates several important aspects regarding the place-
ment. Those are listed below:

• The upper limit for a working frequency is defined by equation (3.27).

fu =
Kc

d
, (3.27)

where c is the speed of sound, d is the tube diameter and K is a constant
equal to 0.586.
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• The distance between the sound source and the closest probe must be
three times larger than the tube diameter.

• Increasing the distance between two probes (sn) enhances accuracy.

• The distance between two probes must not be larger than half wavelength
of the upper-frequency limit, (3.27).

• The lower frequency limit is determined according to the purpose of the
analysis while ensuring that the following condition is satisfied.

• The distance between two probes must be larger than 1% at the wave-
length of the lower frequency limit.

The formula for the reflection coefficients for two and one-port systems is given
by Equation (3.28) and transmission coefficient for two-port system by Equation
(3.29) [10][37]:

R =
p1 ∗ eikl1 − p2 ∗ eik(l1+s1)

p2 ∗ e−ik(l1+s1) − p1 ∗ e−ikl1
, (3.28)

T =
sin (ks1)

sin (ks2)
∗ p3 ∗ eiks2 − p4

p1 − p2 ∗ e−iks1
∗ eik(l1+l2) (3.29)

with variable k indicating the wave number. Parameters l1, l2, s1 and s2 are
dimensions from the impedance tube, which are demonstrated in Figure 3.4.
The blue disks represent points P1..4. The distances between the points are s1

and s2 in the equations. The parameters l1 and l2 are the distance from the
point to the position of the HR.

With the reflection and transmission coefficients, the absorption coefficient
can be calculated for the two-port system with Equation 3.30 and for the one-
port system with Equation 3.31.

A = 1−|R|2 −|T |2 , (3.30)

A = 1−|R|2 . (3.31)

The goal is to reach the critical coupling conditions for the system at a sub-
wavelength scale. The starting point is a validated design to ensure the accuracy
of the methodology. The mirror-symmetric scatterer from the study of Merkel
et al. [30] is used as a base geometry for the two-port system. The resonators
in the single-port and two-port systems are initially identical. Their parameters
are given in Table 3.2.

Neck radius 1 [cm]
Neck length 1 [cm]

Resonator radius 2.15 [cm]
Resonator length 4 [cm]

Table 3.2: The geometric parameters of the HRs.
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The structural differences between one-port and two-port systems are in the
placement of the resonators and the length of the tube. These data are given
in Table 3.3.

Waveguide radius 5 [cm]
Waveguide length 80 [cm]

Two-port resonator 1 position 32 [cm]
Two-port resonator 2 position 62 [cm]
One-port resonator position 47 [cm]

Table 3.3: Tube dimensions for the two-port and one-port systems.

The pressure measurement points and the distances between the points are
selected according to ASTM standarts as in Table 3.4. Additionally, the upper
frequency limit is 4019 Hz and the lower frequency limit is 170 Hz according to
the standarts.

Distance from inlet 20 [cm]
l1 = l2 30 [cm]
s1 = s2 1.8 [cm]

Distance to termination 5.5 [cm]

Table 3.4: Measurement point distances.

With the given parameters, the calculated resonance frequency of the HR is
645 Hz with Equation 3.8. The wavelength at this frequency is 0.53 meters. The
results agree with the findings from the aforementioned study. The reflection
and transmission coefficients for two-port and one-port systems are given in Fig-
ures 3.6a and 3.6b for a range of 300 - 950 Hz. The acoustic pressure and SPL for
both models are shown in Figures 3.7a, 3.7b, 3.8a and 3.8b, respectively. Since
the two-port system would also transmit the incidence waves, it is necessary to
calculate the transmission loss (TL). The related plot is given in Figure 3.7c. It
can be seen that the two HRs ensure a TL of ≈ 60 dB at the resonance frequency.

Diameter of the tube, resonator, neck; length of the neck, resonator and the
distance between two resonators are the parameters to be adjusted to match the
frequency of the HR to the frequency of the MAM. The resonators are planned
to be identical and fine-tuning of the system is done through the MAM rather
than the resonator.

The parameter list for the one-port and two port systems after the adjust-
ments are given in Table 3.5 as well as the acoustic pressure, SPL and TL plots
for the corresponding systems in Figures 3.9 and 3.10.
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(a)

(b)

Figure 3.6: (a) Transmission, reflection and absorption coefficients for the initial
two-port system. (b) Reflection and absorption coefficient for the initial one-
port system.

Waveguide radius 1.9 [cm]
Neck radius 0.35 [cm]
Neck length 3.3 [cm]

Resonator radius 2.75 [cm]
Resonator length 6.6 [cm]

Position of the first resonator (two-port) 32[cm]
Distance between resonators (two-port) 27 [cm]
Position of the resonator (one-port) 22[cm]

Table 3.5: Adjusted dimensions for the two-port and one-port systems.
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(a)

(b)

(c)

Figure 3.7: Acoustic properties with respect to the incident frequency for the
initial two-port system. (a) Acoustic pressure and (b) SPL and (c) the corre-
sponding TL.
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(a)

(b)

Figure 3.8: Acoustic properties with incident frequency for the initial one-port
system. (a) Acoustic pressure and (b) SPL.

The correspinding reflection, transmission and absorption plots for the ad-
justed two-port and one-port systems are given in Figures 3.11a and 3.11b.

28



(a)

(b)

(c)

Figure 3.9: Acoustic properties with respect to the incident frequency for the
adjusted two-port system. (a) Acoustic pressure and (b) SPL and (c) the cor-
responding TL.
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(a)

(b)

Figure 3.10: Acoustic properties with incident frequency for the adjusted one-
port system. (a) Acoustic pressure and (b) SPL.

30



(a)

(b)

Figure 3.11: (a) Reflection, transmission and absorpiton coefficients for the
adjusted two port system. (b) Reflection and absorpiton coefficients for the
adjusted one-port system.

3.2.2 Analysis of structural vibrations of a membrane
The membrane has two functions in our systems: to improve the tunability as
explained with the example studies in Section 2 and to generate power through
piezoelectric effect. Therefore, the rigid end of the HR is replaced with a thin
membrane to enable these functions. Geometry of this membrane is represented
in Figure 3.12.
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Figure 3.12: Geometry of the MAM.

Structural mechanics module of COMSOL Multiphysics is used to analyse
the membrane vibrations. The membrane is attached to the upper end of the
resonator with fixed constraints on the outer boundaries of the membrane the
membrane is arranged to be a piezoelectric domain with initial in-plane stress.

Similar to the study on acoustics, the starting point for modelling the mem-
brane is a geometry from a validated study. The membrane-type acoustic meta-
material used in the study of Chen et al. [43] is taken as an initial model
and modified according to the purposes. The dimensions of the mass and the
membrane are given in Table 3.6.

Membrane radius 1 [cm]
Mass radius 3 [mm]

Membrane thickness 280 [um]
Mass thickness 1.36 [mm]

Table 3.6: Dimensions for the membrane-mass model.

The material of the membrane is polyvinylidene fluoride(PVDF) and steel
for the mass. The mass has Young’s modulus of 200 GPa and a Poisson’s ratio
of 0.33 while the membrane has a Poisson’s ratio of 0.49 and the elasticity of the
PVDF is given as a default material parameter in COMSOL with the compliance
matrix with (3.32).

SE =


4.43e− 010[1/Pa] −9.91e− 011[1/Pa] −3.10e− 010[1/Pa] 0 0 0
−9.91e− 011[1/Pa] 5.04e− 10[1/Pa] −3.19e− 010[1/Pa] 0 0 0
−3.10e− 010[1/Pa] −3.19e− 010[1/Pa] 1.14e− 9[1/Pa] 0 0 0

0 0 0 1.82e− 09[1/Pa] 0 0
0 0 0 0 1.70e− 09[1/Pa] 0
0 0 0 0 0 1.45e− 09[1/Pa]


(3.32)

The last parameter for the study is the prestress on the membrane. Initial
stress of 51.2 N/m is applied on the membrane in the planar direction. With
the given parameters and Equation (3.14), the first two eigenfrequencies of the
membrane without the mass is calculated as 523 Hz and 1200 Hz. The numerical
solution of this problem suggests eigenfrequencies of 529 Hz (Figure 3.13a) and
1216 Hz (Figure 3.13b), in agreement with the analytical solution.
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(a) First mode.

(b) Second mode.

Figure 3.13: The first two vibration modes of a membrane.

The colour map represents the out of plane displacement as red indicating
the maximum of the displacement and blue representing the minimum displace-
ment.

Attaching the mass has a major influence on the vibration frequencies of
the membrane. The computed eigenfrequencies for the first two mode of the
mass-loaded membrane are 148 Hz (Figure 3.14a) and 1004 Hz (Figure 3.14b),
showing excellent agreement with the aforementioned study [43].
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(a)

(b)

Figure 3.14: The first two modes of a membrane vibration with an added mass
at the center.

Since the membrane is attached to the resonator, its diameter must be equal
to the HR. In addition, the vibration frequency of the membrane is desired
to match the HR frequency to increase the power output by enabling larger
deformations on the membrane. Thus, its dimensions are adjusted to provide
the desired properties. The adjusted dimensions for the membrane are given in
Table 3.7.

34



Membrane radius 2.75 [cm]
Membrane thickness 80 [µm]

Tension 220 [N/m]
Mass radius 0.3 [cm]
Mass weight 0.1 [g]

1st natural frequency 143 [Hz]
2nd natural frequency 481 [Hz]

Table 3.7: Adjusted dimensions for the MAM.

3.2.3 Electrostatics
To convert the acoustic energy into electric form a PVDF film is used. Modelling
piezoelectric effects in COMSOL requires coupling of the electrostatics module
with the structural mechanics module. Hence defining the electrostatics is an
essential step to build the coupling conditions.

The boundary conditions of the electrostatics problem are a ground bound-
ary on the outer side of the membrane and a floating potential on the inner face
of the membrane. A piezoelectric charge conversion domain is applied to the
membrane.

The optimization of the harvesting mechanism is not within the scope of
this research as mentioned, therefore, the material parameters are taken directly
from the material library of the software. Those standard parameters are listed
in Table 3.8.

ρ 1780 [kg/m3] Density
εr 6.8 Relative permittivity, xx
εr 8.4 Relative permittivity, yy
εr 7.3 Relative permittivity, zz

Table 3.8: Material parameters for the PVDF.

The coupling matrix to express the piezoelectric effect is give in (3.33).

d =


dxx
dyy
dzz
dyz
dxz
dxy

 =


1.36E − 011[C/N ]
1.94E − 011[C/N ]
2.97E − 011[C/N ]
2.01E − 011[C/N
1.93E − 011[C/N ]

0[C/N ]

 (3.33)

3.2.4 Acoustic - structural coupling
The coupling problem is handled by using the membrane defined in section 3.2.2
with the acoustic problem defined in section 3.2.1. The membrane is attached
to the close end of the HR and excited by the acoustic pressure inside the cavity.
The attenuation performance, as well as membrane displacement at resonance,
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is being investigated at this stage.

The only difference between the HR with membrane model from the simple
HR (Section 3.2.1) is, the closed end of the resonator is replaced with a mem-
brane that has an attached central mass.

The boundary conditions for both the pressure acoustics and structural me-
chanics parts of the problem is identical with those in the sections 3.2.1 and
3.2.2.

The acoustic-structure interface is defined on the face of the membrane that
contacts the pressure field in the HR. The frequency-domain analysis was done
in the range of 10-250 Hz.

The coupling increases the elasticity in the HR and the stiffness of the mem-
brane. This results in a decreased frequency of HR and increased vibration
frequency of the membrane. The displacement of the membrane with respect
to frequency is represented in Figures 3.15a and 3.15b, showing the maximum
point of the displacement at 97 Hz and 105 Hz for open-end and closed-end
tubes, respectively. The pressure distribution and SPL in the resonators with
the MAM attached is given in Figure 3.16 and 3.17.

Figure 3.16a shows that the resonators work out of phase at the resonant
frequency. The slight difference in the resonant frequency can also be seen since
the first resonator has a maximum at 100 Hz and the second resonator has a
maximum at 96 Hz. The difference can also be observed in Figure 3.16b, where
the de-tuning caused a slight shift on the maximum point of the SPLs.

For the closed-end tube, the resonance frequency is shifted from 140 Hz as
calculated in Section 3.2.1 to 105 Hz due to increased elasticity of the MAM.
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(a)

(b)

Figure 3.15: Displacement of membranes versus frequency of an incident wave
(a) the two-port system and (b) the one-port system.
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(a)

(b)

Figure 3.16: Acoustic properties of the HR-MAM couplings for two-port system.
(a) acoustic pressure in the resonators, (b) SPL in the resonators.
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(a)

(b)

Figure 3.17: Acoustic properties of the HR-MAM couplings for the one-port
system. (a) acoustic pressure in the resonator, (b) SPL in the resonator.

3.2.5 Structural - piezoelectric coupling
The structural dynamics and electrostatics is linked through the piezoelectric
domain in the structural mechanics. The domain is charged through induced
strains in the membrane. The coupling boundary is the entire membrane do-
main.

Electrical circuit

A scheme of an the electrical circuit describing induced electricity in the piezo-
electric membrane is given in Figure 3.18. The voltage source, PVDF membrane
is connected to a ground node through a resistance, creating a current.
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(a) (b)

Figure 3.18: Electrical circuits in (a) the two-port and (b) the one-port systems.

The voltage sources are the PVDF films and the resistors in the open-end
tube and closed-end tube, R1, R2 and R are the default resistors in COMSOL’s
electrical circuit physics node with a resistance of 1000 Ω.

3.3 Tuning the frequency with the membrane pa-
rameters

It can be seen from Equation (3.14) that the natural frequency of the membrane
depends on the density(material), the thickness, the pretension and the radius.
Even though altering the thickness and stress can be used to tune the mem-
brane, it is infeasible to obtain a very thin or very thick membrane. Similarly,
the tunability with the force is limited. The radius, on the other hand, has a
larger effect on the vibration frequency. However, altering the radius also affects
the frequency of the HR. Tuning the membrane with the attached mass is the
most efficient and feasible option.

The thickness of the membrane, initial stress, radius of the attached mass
and the thickness of the mass are the tuning parameters. There are PVDF
films with 80µm, 100µm and 120µm commercially available so the thickness
is selected among these options. The remaining parameters can be arbitrarily
adjusted according to specific requirements.

The membrane and the mass parameters are used to tune the resonance to
maximize the attenuation capability. It is explained in several studies given in
Section 2 that with perfect coupling conditions, it is possible to achieve quasi-
perfect(>95%) or even perfect(>99%) absorption rates [30] [20] . The goal is to
achieve the critical coupling conditions.

For the two-port system, a slight difference of resonance frequency is required
in the resonators so that the resonators are excited out of phase, resulting in
a destructive interface on waves [20]. This means that two resonators will be
partly de-tuned. For the one-port system, the distance from the resonator to
the closed end of the tube is a function of wavelength(d ≈ λ/4), meaning that
with its adjustment, the length of the tube will also be modified. The tuning
parameters and their admissible ranges are given in Table 3.9.
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Membrane thickness 80 / 100 / 120 µm
Membrane tension 50 - 250 N/m

Mass radius 0.2 - 0.7 cm
Mass weight 0.1 - 1.5 g

Table 3.9: Tuning parameters for the MAM.

After the fine tuning of the MAMs is complete, the study suggests a maxi-
mum of 95% attenuation at 98 Hz for open-end tube and 99% attenuation for
closed-end tube at 106 Hz with the selected parameters in Table 3.10. The
outcomes of the study will be further discussed in the following section.

Two-port One-port
MAM1 MAM2

Membrane thickness [µm] 80 100 120
Membrane tension [N/m] 220 100 170

Mass radius [cm] 0.3 0.3 0.7
Mass weight [g] 1 0.5 0.1

1st eigenfrequency [Hz] 143 137 346

Table 3.10: Critical coupling conditions of the MAM’s for open-end and closed-
end tubes.

3.3.1 Mesh
To mesh the air inside the tube, the neck and the resonator, free tetrahedral
elements are used. The mesh is calibrated for fluid dynamics in these parts. Ap-
proximately 10 - 12 nodes per wavelength are desired for an acoustic simulation
and the shortest wavelength in these calculations is 36 cm, which corresponds
to 950 Hz. The minimum element quality requirement, in this case, is 3 cm.

For the membrane, since out of plane deformation is the action of interest,
the number of elements in the direction of normal is preferred. The faces of
the membrane contain free triangular mesh to match with the tetrahedral mesh
in the resonator and a sweep is done on the thickness of the membrane. Each
element of the sweep has a length of 10µm.

The mass has triangular elements on its surfaces to match the resonator and
the membrane but it has only a single element on its thickness direction. This
is because the working frequency range is too low to cause deformation on the
membrane, so it can be considered as a rigid body. To reduce the computational
complexity, the mass is not meshed in its normal direction.

Among the three physic computations, pressure acoustics require the highest
computational power. The degree of freedom in this problem, which is defined as
the number of dependent variables multiplied by the number of nodes, is 117244,
resulting in a computation time of approximately 20 minutes. However, the
complexity increases severely when the problem is coupled with solid mechanics
and electrostatics. The coupled model has 1450156 degrees of freedom, causing
a computation time of approximately 9 hours.
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4. Results and Discussions

4.1 Parametric study

The alteration of the parameters of the membrane enabled the de-tuning of the
two resonators, resulting in enhanced absorption. Yet, de-tuning a resonator
also affects the frequency of the absorption peak. The dependency of the peak
frequency on tuning parameters is investigated and represented below.

Figure 4.1a demonstrates the dependency of the absorption peak frequency
on membrane tension and the radius of the attached mass. The weight of the
mass is kept constant at 0.1 g, where the highest absorption is observed. Figure
4.1b demonstrates a similar result by keeping the radius constant at 0.7 cm and
altering the weight of the attached mass and Figure 4.1c keeps the pretension at
170 N/m. The results are compatible with the fact that the resonance frequency
of a system depends on the stiffness and the inertia. Increasing the membrane
tension increased the frequency in both cases due to the increased stiffness.
Increasing the weight of the mass increases the inertia of the membrane, thus,
reducing the frequency.

4.2 Flow properties

4.2.1 Pressure distribution
The pressure distributions inside the open-end tube at the frequency of peak of
attenuation and at the frequency of minimum point of attenuation are given in
Figures 4.2a and 4.2b.

First, in the two-port system, note that the resonators are out of phase
at the maximum attenuation frequency. The resonator on the inlet side has
a maximum pressure while the resonator on the outlet side has a minimum
pressure. As mentioned before, the increased attenuation capacity is observed
due to this phase difference in the operation of the resonators. The pressure
inside the tube is gradually decreasing except for the discrepancies caused by
the resonators. When the pressure inside the resonators are both at a minimum
point, which also indicates the in-phase operation, the attenuation reaches the
minimum point at 150 Hz as in Figure 4.6.

Since the one-port system has a single resonator and a closed end, the pres-
sure distribution is slightly different than for the two-port system (Figure 4.3).
At the maximum of attenuation, the resonator has a negative maximum and at
the dip of attenuation the resonator is a part of the gradual descent of pressure
within the tube.
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(a)

(b)

(c)

Figure 4.1: The dependency of the peak attenuation frequency to (a) radius of
the mass, (b) weight of the mass and (c) tension on the membrane.
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(a)

(b)

Figure 4.2: Pressure distributions in the two-port system at (a) maximum at-
tenuation frequency, 97 Hz and (b) minimum attenuation frequency, 150 Hz.

4.2.2 Flow velocity
The final flow property under consideration is the velocity of the air inside the
tube and around the area of the HRs. Figures 4.4 and 4.5 represent the direction
of the flow at the frequency of peak of attenuation.

As explained in Section 4.2.1, the first resonator (left) has a positive pressure
while the second resonator (right) has a negative pressure inside the cavity at
the peak attenuation frequency. This leads to the airflow out of the second
resonator and inside the first resonator, as can be seen in Figure 4.4a. The flow
direction inside the waveguide is from the second resonator to the first resonator,
which can also be seen in Figure 4.4b.
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(a)

(b)

Figure 4.3: Pressure distributions in the one-port system (a) maximum attenu-
ation frequency, 106 Hz and (b) minimum attenuation frequency, 150 Hz.

Similar to the open-end tube, the pressure inside the resonator for closed-
end tube at the peak attenuation frequency has a negative value, leading the
flow to point towards the resonator. Since the right hand side of the resonator
is closed, the velocity at that point is zero.
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(a)

(b)

Figure 4.4: Velocity distribution in (a) the resonators and (b) in the open-end
tube.
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(a) .

(b) .

Figure 4.5: Velocity distribution in (a) the resonators and (b) in the closed-end
tube.

4.3 Noise reduction

The numerical data reveals excellent noise reduction for both two-port and
one-port systems. Two-port system exhibits approximately 95% attenuation
(α ≈ 0.95), which is addressed as "quasi-perfect absorption" while the one-port
system has even better absorption over 99% (α > 0.99). Figure 4.6 represents
the transmission(T), reflection(R) and attenuation(A) coefficients of the two-
port system. For the one-port system, since the transmission is not possible,
only reflection(R) and attenuation(A) coefficients are calculated. Those are
given in figure 4.7.
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Figure 4.6: R, T and A coefficients of the two-port system.

The absorption coefficient at the resonance frequency is 0.95, indicating the
quasi-perfect absorption. While the bandwidth of attenuation(∆f0.5) is 9.5 Hz.

Figure 4.7: R and A coefficients of the one-port system.

The attenuation of the one-port system is over 0.99, indicating perfect ab-
sorption. The bandwidth in this case is ∆f0.5 = 11.6 Hz.

Transmission loss is defined as the decrease of the energy of a wave in a
certain domain [6]. It is used to define the isolation performance of an insulator
or in this case, the performance of the two-port system. The transmission losses
for the two-port system is given in Figure 4.8. Since there is no acoustic outlet
for the one-port system, TL can not be calculated. For the two-port system, a
TL over 40 dB was calculated. In addition to the resonance frequency of the
resonator, two other smaller TL peaks of approximately 25 dB are observed
at 181 Hz and 204 Hz, at the higher modes of the membrane, enabling noise
reduction at a larger frequency range.
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Figure 4.8: Transmission loss of the two-port system.

4.4 Energy harvesting

The energy output of the system is given in Figures 4.9 and 4.10 for two-port
and one-port systems, as well as the voltage output in Figures 4.9b and 4.10b.
It is obvious that the energy output is on a nanoscale, which could be considered
"inefficient" for such a design. However, it must also be noted that the focus
of this research was not on the optimization of the harvesting mechanism. The
results indicate that it is possible to generate acoustic energy into electricity by
the means of the proposed systems, meaning that the research goal is sufficiently
reached.

Even though the attenuation capacity of the one-port system is slightly
higher, the energy output for the two-port system is similarly higher than that
for the one-port system. Since the radius for the PVDF film is the same in all
resonators, the two-port system has two times more piezoelectric material since
it has two resonators and films attached, which makes it reasonable to conclude
that for energy harvesting purposes, the two-port system is more efficient.
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(a)

(b)

Figure 4.9: (a) The power output and (b) the voltage output of the two-port
system.
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(a)

(b)

Figure 4.10: (a) The power output and (b) the voltage output of the one-port
system.
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5. Conclusions

The study aimed to investigate the possibility to attenuate the sound on
a sub-wavelength scale while generating energy. The method to conduct this
research was to utilize a Helmholtz resonator coupled with a membrane-type
acoustic metamaterial to adjust the characteristics of the resonator according
to the requirements. The analysis mentioned in Section 3 provided sufficient
answer to the main research question stated as;

"How can membrane-type metamaterials be utilized to tune a
structure with the purpose of concurrently attenuate the noise and

generate energy from acoustic waves?"

The four sub-questions derived from the main research question are explained
and answered in this section. The decomposition of the main problem is ex-
pressed as following:

1. How does the tuning of the resonators affect the attenuation fre-
quency?

The answer to the first question was investigated through a parametric
study where the four membrane parameters; thickness, tension, weight of
the mass and radius of the mass; are tested through a range to determine
the effect on the peak attenuation frequency and maximum attenuation
rate.

By tuning the MAM, it is possible to tune the frequency response of
the resonator up to 35% of its resonance frequency in the given range.
Increasing the stiffness of the system through the tuning parameters such
as increasing the tension or the thickness of the membrane leads to an
increase in the resonance frequency. Increasing the inertia of the system
by increasing the mass weight or radius decreases the frequency [43].

2. How does the configuration of the HR affect the design and per-
formance?

Two alternative approaches were studied numerically: a one-port system
with a single resonance and a closed-end tube and a two-port system with
a dual resonance and an open-end tube. For the dual-resonance system,
the distance between two resonators causes an extra degree of freedom to
the design process of the tube. For the closed-end version, the distance
between the resonator and the reflective surface on the closed end is a
function of frequency, thus, it is not considered as a design parameter.
Adjusting the length and the diameter of the tube was also a requirement
to ensure that the structure is capable of attenuating the desired wave-
length.
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When the tube has a closed-end, total absorption can be achieved when
the backward reflecting waves from the end of the tube creates a destruc-
tive interface with the forward radiating waves from the resonator [20]. To
reach this condition, the distance should be arranged to be a quarter of the
wavelength of the resonance frequency, d ≈ λ/4. For the open-end tube,
the requirement for PA is to keep the distance between two resonators
smaller than the quarter of the wavelength, d < λ/4. The closed-end tube
performed slightly better(4% higher absorption) than the open-end tube
for sound attenuation. The length and diameter of the tube were opti-
mized to maximize the attenuation rate. Even though reducing the size
of the tube was intended, too much reduction results in the incapability
of successfully attenuating waves with a large wavelength. On the energy
generation side, the open-end tube performed better than the closed-end
tube, which was expected since the closed-end tube has a single PVDF
film that converts acoustic energy into electricity while the open-end tube
has two.

3. Does the energy harvesting process affect the efficiency of the
noise reduction performance?

The study started with a validation step where designs from published
studies were used as starting points to confirm the accuracy of the nu-
merical models in this study. Therefore, the initial models aimed only to
investigate the acoustic properties. These models are then adjusted by
changing the dimensions and finally coupled with the membrane and the
energy harvesting mechanism.

Both for the two-port system and one-port system, over 0.95 absorptions
were observed, meaning that coupling the HR with the membrane and
energy harvesting mechanism did not cause a significant reduction in the
noise reduction performance.

4. What is the effect of the introduced elasticity by the membrane
on the flow characteristics within the impedance tube?

The top surface of the HR was replaced by a MAM with a piezoelectric
material, increasing the elasticity of the resonator. Since Helmholtz reso-
nance is basically a mass-spring system with the air inside the cavity acting
as the spring and the air inside the neck as the mass, reducing the rigidity
results in a decrease of the resonance frequency. On contrary, the pressure
field inside the resonator causes an increased force on the membrane, in-
creasing its stiffness. The eigenfrequencies of the membrane increase due
to this effect. The difference between the separate models and the coupled
model is also observable in the attenuation. The peak frequency of atten-
uation is decreased for the coupled model, which supports the research
as the intention was to attenuate wavelengths much larger than the di-
mensions of the structure. With the final configuration, the wavelength of
maximum attenuation is 50 times larger than the length of the resonator
and 4.5 times larger than the total length of the impedance tube.

53



5.1 Limitations of the study

Even though the study relies mostly on numerical analysis, several assumptions
were made to simplify the computation. The sound hard boundaries at the
walls of the impedance tube and the resonator assume that the wave propaga-
tion speed at the wall(and the solid material of the wall) is 0. It was not covered
in this study how much this assumption affects the results.

Experimentation is usually a crucial part of acoustic studies. Although the
results from the numerical analysis appear to be solid, a validation through
experiment would strengthen the concluding statement.

5.2 Future research

The study provided insight into the acoustic properties of a MAM coupled HR
while optimizing the tuning parameters for maximum attenuation. Yet there
still remain several aspects that can be done in the following studies to enhance
the outcomes of this research.

To start with, as mentioned before, the interest of this study was limited to
the sound attenuation performance of the proposed system. However, the opti-
mization of the energy harvesting mechanism stands as a solid research topic.
The material used in this study as the piezoelectric film was Polyvinylidene fluo-
ride and the material properties were taken as default from COMSOL’s interface.
However, it is possible to engineer the material according to this specific purpose
to achieve maximum energy generation. Moreover, the MAM-HR coupling can
be tuned for energy harvesting purposes. The HR resonance frequency for the
current configuration is slightly lower than the eigenfrequency of the membrane
to achieve maximum attenuation. Tuning the two frequencies to exactly match
to increase the displacement on the membrane would provide maximum energy
harvesting. An optimization between two desired properties(attenuation and
generation) could be another opportunity.

The study focused on single resonance and dual resonance resonators, how-
ever, the number of resonators on an impedance tube is not limited. It was
explained in Section 2 that HR’s have a narrow band of attenuation and demon-
strated in Section 4 that the two-resonator model provided higher energy gener-
ation because it had two energy harvesters instead of one in the single-resonance
resonator. Similarly, the number of resonators could be increased for higher en-
ergy harvesting and also for a broader band of attenuation.

The HR frequency and MAM frequency in the coupled model deviates from
the separate analysis as shown in Section 3. The increased elasticity in the
resonator causes the resonance frequency to drop and the increased pressure
on the membrane causes the vibration frequency to increase. The analytical
model for this coupling effect on frequencies can be a challenging subject to
investigate.I
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