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Summary 

The present study aims to examine the acoustic characteristics of a metamaterial made from 

tungsten loaded thermoplastic polyurethane (TPU) using COMSOL simulations. The 

investigation encompasses the simulation of single spheres with varied sizes, consecutive 

spheres with a fixed displacement, and spheres with different radii. The findings suggest that 

alterations in the dimensions and arrangement of spheres have a notable impact on resonance 

frequencies and acoustic absorption bandwidth. The objective of this study is to attain a 

broader absorption bandwidth at a frequency of 55 kHz. The simulations conducted in this 

research illustrate the possibility of modifying the parameters of the sphere to fulfil this 

objective. 

 

Moreover, the thesis investigates the implications of employing two spheres with different 

sizes within a singular simulation, thereby uncovering the possibility of generating wider 

peaks and enhanced bandwidth. The inquiry additionally explores the correlation between the 

spacing of two distinct spheres and the resultant bandwidth, thereby offering valuable 

insights into the phenomenon of coupling. 

 

In summary, this study makes a scholarly contribution to the advancement of optimum 

backing materials for underwater acoustic transducers. It provides an investigation into the 

impact of geometric parameters on acoustic behaviour. The results indicate that there are 

viable methods for customizing metamaterials to target specific frequency ranges, which 

could have potential uses in areas such as underwater exploration, navigation, and sonar 

systems.  
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1 Introduction  

An underwater acoustic transducer is a device that can convert the electrical signal to 

underwater acoustic waves and vice versa. It plays a vital role in a broad range of 

applications, such as ocean sampling networks, underwater exploration, navigation, sonar 

systems, distributed tactical surveillance, etc. [1]. This thesis is motivated to enhance the 

performance of low-frequency underwater acoustic transducers. There are several ways to 

improve the performance of underwater acoustic transducers. One way is by optimizing the 

backing material, which plays a big role in controlling its resonance frequency, bandwidth, 

and efficiency by damping unwanted vibrations and reflections. We aim to explore the effects 

of the metamaterials in backing using various design principles that are finely tuned to 

specific frequency ranges. 

1.1 Motivation 

The design of underwater transducers is significantly influenced by the broad range of 

frequencies that they may encounter in diverse applications. In order to enhance the 

performance of transducers across various frequency ranges, engineers are required to 

meticulously choose materials, geometry, and configurations that align with the particular 

demands of their intended application. This ensures that the transducer functions optimally 

with high efficiency within its designated frequency spectrum. In a broader context, 

underwater acoustic systems have traditionally covered a wide frequency range. The practical 

spectrum of underwater sound spans from approximately 1 Hz to well over 1 MHz, with the 

majority of applications occurring in expansive water bodies [2]. The research presented in 

this thesis involved collaboration with Nortek, a company specializing in the development of 

products for monitoring underwater movements through ultrasound technology, spanning 

frequencies ranging from 55 kHz to 6 MHz. There is the potential to utilize 3D printing 

techniques to produce structures with proportions suitable for the efficient manufacturing of 

designed metamaterials. Engineered acoustic metamaterials have the potential to facilitate the 

development of backing materials for underwater acoustic transducers that exhibit 

performance characteristics particular to both frequency and dissipation levels. For instance, 

the objective is to explore the feasibility of making such a material with consistent dissipation 

properties across a specified range of frequencies. 
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The research conducted in this thesis investigates whether a tungsten loaded scaffold 

embedded in matrix material can be used to engineer a dissipating backing structure. This 

scaffold is designed to possess a crystal-like structure, incorporating spherical resonators. For 

the lower range of frequencies indicated above, it may be possible to manufacture such 

scaffolds through additive manufacturing, opening the possibility for engineered materials 

with application-specific properties.  

The work is to explore the engineered backing for a given frequency range. This means being 

able to design the amount of dampening rather than just maximizing it. Broader bandwidth 

engineering can give us a chance to choose a wide range of frequencies to transmit and 

receive acoustic signals. Our target is to achieve a broader bandwidth at a specific frequency 

of 55 kHz by changing the geometry. We could have chosen different target frequencies, 

such as 55 kHz, 100 kHz, 250 kHz, 333 kHz, 500 kHz, 1 MHz, etc. But the reason behind 

choosing 55 kHz is for the sake of simplicity; the wavelength becomes longer, and with the 

relevant dimensions, it is more likely that the additive structures we are exploring are feasible 

to manufacture. 

1.2 Background of Acoustic Metamaterials 

Acoustic metamaterials represent a category of artificially designed materials with unique 

properties for manipulating acoustic wave fields, characteristics that are not naturally present 

in conventional materials. The term "meta" has its origins in the Greek language, specifically 

derived from a word that denotes ‘beyond’ the properties or changes the properties of 

naturally occurring materials that are used to control acoustic wave propagation in 

exceptional ways [3]. There has been a notable emphasis on metamaterials in recent decades 

owing to their unique characteristics and the rapidly increasing ability to fabricate them [4]. 

The reason for the increased focus is that advances in manufacturing have made it easier to 

produce structures of relevant dimensions for metamaterials. The technological 

breakthroughs and special properties of metamaterials play a crucial role in the ever-growing 

field of metamaterial research, making them an interesting subject for investigation in this 

thesis. 

Ma et al. [5] have introduced a locally resonant acoustic metamaterial, as depicted in (Figure 

1). The presenter displayed a cross-sectional representation of a representative unit cell, 
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which comprised a tiny metallic sphere enveloped by a uniformly thin coating of silicone 

rubber. The illustration was situated on the left side of Figure 1. On the right side of Figure 1, 

the presenter showcased a sample that had been constructed by employing epoxy adhesive to 

bond together the unit cells shown on the left. 

 

Figure 1 Initial realizations of locally resonant acoustic metamaterials [5]. 

1.2.1 Acoustic Metamaterial Characteristics for Sound Control 

After the year 2000, metamaterials rapidly developed, and many new metamaterials emerged 

with numerous distinctive features, including negative bulk modulus, negative mass density, 

negative refraction, and subwavelength structure [4]. The important material characteristics 

of acoustic metamaterials include the effective mass density (ρ) and the effective bulk 

modulus (K). These properties can manipulate the acoustic wave’s speed. Mike Haberman et 

al.'s [3] research highlights the fascinating capability of acoustic metamaterials to manipulate 

sound wave speeds, achieving extremes from exceedingly high velocities to near-zero or even 

negative speeds. This phenomenon arises from unconventional characteristics in both bulk 

modulus and mass density, where negative values of these properties contribute to unique and 

counterintuitive effects. Understanding this interplay offers new avenues for unprecedented 

control and modulation of acoustic wave behavior. Materials that possess either negative 

mass density and positive bulk modulus or positive mass density and negative bulk modulus 

are commonly referred to as single negative materials. Materials that possess a single-

negative property do not support propagating waves. Consequently, any acoustic wave 
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present within such materials will undergo exponential decay. This characteristic makes them 

special and superior as sound absorbers.  

1.3 Different Additive Manufacturing Techniques of Metamaterial 

In the realm of manufacturing metamaterials, numerous additive manufacturing techniques 

are available, each characterized by distinct advantages and disadvantages. This section 

provides an overview of some of the most popular and widely utilized additive manufacturing 

methods for metamaterials. 

Meisam et al. [6] extensively explored various additive manufacturing techniques in their 

study titled 'Additive Manufacturing of Metamaterials: A Review.' The research delves into 

different types of metamaterials and elucidates their manufacturing processes utilizing 

diverse additive manufacturing techniques. 

The choice of a suitable additive manufacturing technique is of utmost importance in our 

research for creating a tungsten loaded thermoplastic polyurethane (TPU) metamaterial. The 

upcoming 'Discussion' section will provide a comprehensive assessment of how these 

methods correspond to our specific goals, taking into account the distinct needs and factors 

involved in achieving the desired metamaterial features in tungsten loaded TPU. 

Stereolithography (SLA): 

Stereolithography (SLA) stands out as a prominent additive manufacturing methodology, 

employing a liquid resin as its primary material. The curing process involves the sequential 

application of a precise laser or ultraviolet (UV) light, leading to the gradual solidification of 

the material layer by layer. This layer-by-layer solidification results in the formation of a 

sophisticated three-dimensional structure. 

Selective Laser Sintering (SLS): 

Selective Laser Sintering (SLS) is a popular 3D printing technology due to its numerous 

advantages and it represents a manufacturing process that selectively fuses powdered 

materials, including polymers or metals or ceramics, using a laser. The laser executes a layer-
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by-layer sintering process to craft the final three-dimensional entity, showcasing the 

versatility of this technique. 

Fused Deposition Modelling (FDM): 

Fused Deposition Modelling (FDM) emerges as a widely employed additive manufacturing 

method. It entails the extrusion of thermoplastic filaments through a heated nozzle, 

depositing material in a layer-by-layer fashion to construct the intended configuration. FDM's 

prevalence lies in its accessibility and applicability for constructing structures with a variety 

of thermoplastic materials. 

Electron Beam Melting (EBM): 

Electron Beam Melting (EBM) stands as a widely adopted method in additive manufacturing, 

specifically leveraging metal materials. This technique utilizes an electron beam to 

selectively induce the melting and fusion of metal powders in a layer-by-layer manner, 

resulting in the creation of fully dense metal parts. 

Inkjet 3D Printing: 

Inkjet 3D Printing is characterized by the layer-by-layer deposition of liquid droplets onto a 

substrate. The subsequent solidification of these droplets culminates in the creation of the 

final three-dimensional configuration. This method showcases versatility in handling diverse 

materials, offering a unique approach to additive manufacturing. 

 

While numerous other additive manufacturing techniques exist, Stereolithography, Selective 

Laser Sintering, Fused Deposition Modelling, Electron Beam Melting, and Inkjet 3D Printing 

represent the most common approaches in the field. In the discussion part, we will further 

explore the advantages and disadvantages of these techniques, providing valuable insights for 

determining the most suitable approach in the context of our metamaterial manufacturing.  



___ 

14   

 

1.4 Research Objectives 

The mismatch of acoustic impedance between the piezoelectric material and water (the 

matching layer) can produce a ringing effect for pulse-echo applications, which is undesirable 

because it expands the pulse duration and lowers the bandwidth. To overcome this issue, a 

high impedance and absorptive backing material is used, which can dampen this ringing 

effect and increase the bandwidth. Typically, it's important to note that while matching layers 

are commonly used, in some cases, a backing material with a similar acoustic impedance to 

the transducer can be a preferred choice as it minimizes impedance mismatch and promotes 

efficient energy transfer within the system. However, it must be acknowledged that 

suppression of ringing or shortening of pulse duration is achieved by sacrificing sensitivity 

because a significant amount of energy is absorbed by the backing material. Several types of 

backing materials have been used, such as tungsten loaded epoxy, brass (70% Cu, 30% Zn), 

carbon, air, and different kinds of metamaterial [7]. Rojas et al. [8] have used a metamaterial 

made of 30% Al2O3 + EPO-TEK 301 epoxy as backing material for a 92-element phased 

array ultrasound transducer for cardiac imaging with X-ray computed tomography 

compatibility.  

The primary objective of this research is to produce a specialized form of metamaterial using 

tungsten loaded TPU scaffolds to optimize the design by tailoring the dimensions of tungsten 

loaded TPU nodes in an Epotek 301-2 matrix to achieve a specific frequency and the spacing 

between said nodes. This study will further describe how two distinct spheres can effectively 

create a bandwidth between two dissimilar resonant frequencies and relevant prior research 

using COMSOL Multiphysics simulations and also discuss the additive manufacturing 

technique of tungsten loaded TPU.  

1.5 Overview of Thesis Structure 

The first chapter provides readers with an introduction to the underlying motivation behind 

the research and outlines the research objectives. Specifically, it clarifies the proposed 

approach for optimizing the backing of an underwater acoustic transducer at a specified 

frequency of 55 kHz. The chapter also talks about the history of acoustic metamaterials and 

why tungsten loaded TPU was chosen as the material of choice. 
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Chapter 2 will provide an overview of the theoretical framework underlying this research. It 

will encompass crucial definitions, including the theory of acoustic wave propagation, and 

explain the significance of these concepts. Additionally, the rationale behind selecting TPU 

as a material and its combination with tungsten will be expounded upon.  

Chapter 3 will give an in-depth explanation of the technique employed, focusing primarily on 

the successive steps involved in conducting a finite element analysis of different sizes of 

tungsten loaded TPU and the spacing between them. Additionally, a detailed exposition will 

be presented on the systematic approach adopted for configuring the COMSOL model. 

Furthermore, a concise overview will be presented with the material properties of particular 

interest, namely tungsten loaded TPU and epoxy Epotek 301-2. 

Chapter 4 is dedicated to the presentation of results. It begins with an exploration of the 

acoustic behaviour of metamaterials. Following this, we delve into a comprehensive analysis 

of simulation results involving varying sphere radii in tungsten loaded TPU and the spacing 

between pairs of spheres.  

In Chapter 5, we will engage in the discussion phase, where we will expound on how the 

introduction of two distinct spheres can effectively establish a bandwidth spanning two 

different resonant frequencies. Additionally, we will scrutinize the impact of the spacing 

between these spheres on the resulting bandwidth. The discussion will also encompass the 

correlation between theory and expected results, potential weaknesses, and uncertainties 

inherent in our proposed model, any unexpected findings, and the connection between our 

approach and current studies in the field. 

In the upcoming chapters, with particular emphasis on Chapter 6, we will provide a 

comprehensive presentation of the conclusive findings derived from the current study. 

Additionally, Chapter 7 will contribute valuable insights and propose potential avenues for 

future research endeavours within the scope of this subject matter.  
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2 Theoretical Background 

2.1 Conventional Piezoelectric Transducer 

The conventional piezoelectric transducer (Figure 2) is an electroacoustic transducer that 

converts mechanical energy into electrical energy and vice versa [7]. It incorporates a 

piezoelectric layer positioned between two active electrodes, supplemented by the addition of 

two additional layers. An additional layer, known as acoustic impedance matching, has been 

placed above the transducer to enhance the efficiency of energy transfer between the 

piezoelectric layer and the medium [7]. To mitigate reverberation and provide mechanical 

support to the active element, an additional layer known as backing has been added [9]. 

 

Figure 2 A Conventional Piezoelectric transducer. 

2.2 Acoustic Wave Propagation Theory 

Acoustic wave propagation theory is primarily concerned with understanding how sound 

behaves and travels through different materials and environments. Understanding the 

behavior of sounds is a fundamental theory that holds significant importance in the field of 

engineering. The behavior of sound in matter can be described by (Equation 1) known as the 

acoustic wave equation for sound pressure in one dimension, as follows: 

  𝜕2𝑋

 𝜕𝑥2 =
1

𝑣2

 𝜕2𝑋

 𝜕𝑡2                                                                   (1) 
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The constant "v" denotes the velocity of sound and X is the displacement which varies with 

the change of position x and time t [10].      

In the following discussion, we will explore the methodologies employed in determining the 

speed of sound as it traverses various media, including solids and liquids. The speed of sound 

in a solid is dependent on Young's modulus 'Y' and the density ‘ρ’ of the material can be 

expressed by (Equation 2) [11].  

𝑣 = √
𝑌

𝜌
                                                                  (2) 

We will now proceed to analyze the concepts of compressive wave speed and shear wave 

speed. In contrast to compressive waves as P-waves, which propagate through solid, liquid, 

and gaseous substances, shear waves, denoted as S-waves, often move at half of the P-wave 

speed in solids and do not propagate through liquids and gases [12]. The shear speed of sound 

can be calculated by given (Equation 3): 

𝑣𝑠 = √
𝐺

𝜌
                                                                  (3) 

Where G represents the shear modulus or rigidity. The representation of the compressive 

wave speed is given by Equation 4 [13]. 

𝑣𝑝 = √
𝐵+

4

3
𝐺

𝜌
                                                                  (4) 

The symbol "B" is used to represent the bulk modulus. The bulk modulus of a substance 

dictates its resistance to compression and serves as a measure of its incompressibility. As the 

bulk modulus of a material increases, its compressibility decreases. Considering the absence 

of S-waves in liquids meaning G=0, the speed of sound in a liquid can be determined using 

(Equation 5). 

𝑣 = √
𝐵

𝜌
                                                                  (5) 
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If one wishes to establish the relationship between Young's modulus and bulk modulus, it can 

be expressed using (Equation 6) [12]: 

B =  
𝑌

3(1−2𝑛)
                                                                  (6) 

Where ‘B’ is the Bulk modulus, ‘Y’ represents Young’s modulus and ‘n’ denotes the 

Poisson’s ratio. 

2.2.1 Sound Absorption by Propagation 

The transmission of a sound wave is linked to the transfer of acoustic energy. The energy can 

be separated into two distinct forms: kinetic energy and potential energy. A phenomenon 

observed during the propagation of acoustic waves is the decrease in intensity, mostly 

attributed to the geometric dispersion and absorption of acoustic energy by the medium 

through which the waves propagate. The measurement of propagation loss holds significant 

importance in acoustic systems, as it serves to limit the loudness of the received signal [14].  

Attenuation is a crucial factor in limiting the loudness of a received signal. When sound 

waves encounter obstacles or pass through materials, a portion of the sound energy is either 

absorbed or scattered within the medium, resulting in a reduction in signal volume. 

Propagation loss measurement is crucial for researchers and engineers, providing essential 

insights into signal loss in specific mediums. This understanding informs informed decision-

making for optimizing transducers and acoustic systems by fine-tuning parameters like power 

and signal processing for improved signal volume and quality. 

2.2.2 Quarter Wavelength Resonance and Its Impact on Sound Absorption 

A quarter wave resonator (Figure 3) that is open on one side and closed on the other, with a 

length equal to one-fourth of the wavelength of the sound wave it contains is referred to as a 

quarter wavelength resonator [15]. 
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Figure 3 Quarter Wavelength Resonator [16]. 

The quarter-wavelength resonator is a fundamental component frequently employed in 

acoustics. Resonance occurs when an odd multiple of a quarter of the wavelength matches the 

resonator's radius. At these resonant frequencies, maximum sound absorption occurs, 

primarily due to the effect of elastic dissipation. The magnitude of these effects is chiefly 

dictated by the resonator's radius, as it plays a critical role in determining the primary 

frequencies at which sound is absorbed. 

Quarter-wavelength resonators are often utilized for attenuating acoustic waves, both for 

insulation and dissipation purposes, and also utilized as an impedance transformer. This 

thesis focuses on the realm of acoustic dissipation. At the resonant frequency, notable 

gradients in velocity and temperature arise within the boundary layer, leading to varying 

degrees of energy dissipation from the incident wave. Especially, at the resonance frequency, 

dissipation reaches its peak due to the dominant influence of internal frictional forces, which 

transform the wave's energy into heat through the Joule effect [15]. 

The resonant frequency, denoted as fres, can be mathematically expressed by (Equation 7) 

[17].  

fres =
(2𝑚−1)𝑉0

4𝑙𝑟𝑒𝑠
                                                                  (7) 
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Where V0 is the speed of sound, f is the frequency and m is an integer, and lres denotes the 

length of a quarter wavelength resonator.  

In perfect absorption, the reflected wave from one side exhibits a phase shift of 180 degrees, 

resulting in destructive interference, especially for hard materials [18]. This phenomenon 

offers a straightforward approach to achieving optimal sound absorption by wave 

cancellation. Destructive interference (Figure 4), also known as 180-degree, out-of-phase 

interference, arises when the crests of one wave coincide with the troughs of another wave, 

leading to the cancellation of positive and negative amplitudes, resulting in a wave with no 

amplitude [18]. 

 

Figure 4 Presentation of a destructive interference [18]. 

2.3 Mechanics of Tungsten Loaded TPU in Epoxy Matrices 

There are various methods to explore the backing material, such as modifying its 

composition, altering its thickness, or changing its structural properties. In this research, we 

will explore the advancement of backing materials for low-frequency underwater acoustic 

transducers. We will utilize tungsten loaded TPU scaffolds to absorb energy in terms of 

undesired vibrations and reflections within the backing. By changing the geometry of the 

spheres of tungsten loaded TPU, we will be able to fix the specific frequency range. The 

present study involves the experimental synthesis of an artificially designed material, 

commonly referred to as a metamaterial, by combining TPU and tungsten in various trials. 

The following part will explain the motivation and objective of the amalgamation and 

selection of these two items. 
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2.4 A Material for Sound Attenuation and Vibration Damping 

Rubber is widely recognized for its versatility as an elastomeric material, and its unique 

viscoelastic qualities and frequency-dependent damping characteristics contribute 

significantly to its role in sound attenuation. The efficacy of rubber in sound mitigation is 

derived from its distinctive capacity to convert kinetic energy into thermal energy, resulting 

in the efficient dissipation of sound energy [19]. 

One interesting characteristic of rubber is its ability to undergo significant elastic deformation 

when subjected to vibrations and sound waves, promptly returning to its original shape 

afterward. The behavior plays a critical role in the reduction of noise and vibration, as rubber 

demonstrates a noticeable delay in its deformation concerning variations in stress [20] [21]. 

The energy conversion process included in rubber serves the dual purpose of attenuating 

sound and reducing sound reverberation inside a confined area. [19] Moreover, the 

adaptability of rubber extends beyond its inherent qualities. Rubber, when appropriately 

blended with other compounds, demonstrates improved damping properties, rendering it a 

valuable component in composite materials engineered for mitigating noise and vibration 

[21]. 

In summary, rubber is considered a preferred material for achieving comprehensive noise and 

vibration reduction due to its viscoelastic properties, frequency-dependent damping, and 

enhanced damping characteristics resulting from blending with other compounds, along with 

distinctive energy conversion skills, is deemed a preferred material in the endeavor to achieve 

comprehensive noise and vibration reduction. 

2.5 Properties and Behaviour of Tungsten in Acoustic Materials 

Tungsten, known for its high density and acoustic velocity. Incorporating tungsten particles 

into epoxy resin has been demonstrated to significantly improve dissipation compared to 

epoxy resin without tungsten particles. This enhancement is attributed to various factors, 

including differences in density, acoustic impedance matching, as well as scattering and 

absorption phenomena. Due to its high density, the addition of tungsten into epoxy results in 

an increase in the overall density of the composite. Consequently, the enhanced density 
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facilitates a significant interaction between sound waves and the constituent materials, 

leading to higher energy losses through scattering and absorption. [22] 

2.6 Key Variables in Proposed Metamaterial Design 

The research will encompass a thorough examination of various crucial aspects pertaining to 

the design of frequency-specific acoustic metamaterials. Key variables to be investigated 

include: 

Material Setup and Frequency Range Simulation: This involves simulating a single 

frequency to determine the speed of sound. 

Sweeping Single Sphere Radius: The radius of a single sphere of tungsten loaded TPU will 

be systematically varied to identify the specific resonance frequency for a particular sphere. 

Sweeping Two Consecutive Spheres: This step entails sweeping the radius of two 

consecutive spheres of tungsten loaded TPU to compare the resonance frequency behavior 

with the simulation involving a single sphere. 

Sweeping Spacing Between Two Spheres: The investigation will involve varying the 

spacing between two consecutive tungsten loaded TPU spheres to observe its impact on 

resonance frequency. 

Combining Multiple Sphere Sizes and Spacing: Finally, different sphere sizes will be 

combined, and various spacings between spheres will be explored to achieve desirable 

"bandwidth enhancement" characteristics. 

These steps will be comprehensively explained in the subsequent Method section, with a 

detailed discussion of their implications on the results presented in the Results section. 
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3 Methods 

In this section, we will engage in a description of tungsten loaded TPU composites and the 

material characterization techniques and an in-depth analysis of the COMSOL simulation 

process, systematically explaining each stage and entering the exploration of various 

simulation methodologies. 

3.1 An Overview of TPU-Epoxy-Tungsten Composites 

This section will focus on the examination of TPU epoxy tungsten composites, specifically 

the combination of 10% tungsten with 90% TPU, as well as the advantages derived from the 

amalgamation of these two substances. The incorporation of tungsten into TPU composites 

leads to a significant increase in the composite's total mass owing to the high density of 

tungsten. This augmented mass, in turn, contributes to enhanced damping characteristics by 

providing more resistance to motion, providing a notable benefit to the composite material. A 

material with higher density has an enhanced capacity for energy absorption, as it effectively 

dissipates sound energy by transforming it into heat energy through internal friction and 

vibrations. Moreover, the increase in mass can reduce the resonance frequency due to the 

greater resistance to changes in motion exhibited by a larger mass. This results in a slower 

oscillation, and concurrently, it amplifies the damping effect across a broad range of 

frequencies. The interaction can be further described through (Equation 8), which 

demonstrates how the slowed oscillation enhances the overall damping response. Finally, the 

utilization of impedance matching with the surrounding material can facilitate the 

improvement of acoustic energy transfer by minimizing reflections. This enables a more 

efficient transmission of sound energy from the transducer to the medium. In addition to 

these numerous advantages, our primary motivation for developing TPU-epoxy-tungsten 

composites stems from the unique properties of TPU, especially its softness and its ease of 

3D printing when combined with tungsten. The general solution for the response of an 

overdamped harmonic oscillator can be expressed as [23]: 

𝑥(𝑡) = 𝑒−𝛽𝑡 [𝐴1  𝑐𝑜𝑠(𝜔2𝑡) +  𝐴2 𝑐𝑜𝑠(−𝜔2𝑡)]                             (8) 

Where, x(t) is the displacement at time t, A1 and A2 are the amplitude, β is the damping 

parameter, ω2 is the damped angular frequency. 
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This relation between a slower oscillation (larger β) and an amplified damping effect suggests 

that an increased damping parameter results in a more expedited dissipation of oscillation 

over time.  

3.2 Material Characterization Techniques 

In our study, we focus on TPU as our primary material, supplied by Nortek. The selection of 

TPU from Nortek was influenced by the availability of samples as we had already initiated 

this work. Our commitment to research reliability and consistency prompted us to use the 

TPU samples that were readily accessible. It's essential to note that traditional TPUs may 

exhibit varying material properties in different conditions, which further reinforced our 

decision to utilize the available TPU from Nortek for the sake of research consistency. 

Initially, we calculated the density of the TPU sample and determined the speed of sound. We 

then assessed the impact of introducing tungsten, analyzing the resulting speed of sound, and 

simulating potential benefits. In the following sections, we will briefly outline our method for 

TPU density calculation, setting the stage for exploring its acoustic properties. 

The calculation of the speed of sound has been performed by employing slide calipers and a 

weighing scale (Figure 5). This apparatus has been used to determine the density of the 

sample. Slide calipers were employed to measure the radius and thickness of the sample, 

while a weighing scale was used to measure its mass. 
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Figure 5 Identification of thickness, radius, and mass using slide calipers and a weighing 

scale. 

The density of our sample has been determined using the utilization of (Equation 9). 

𝜌 =
𝑀

𝐴⋅𝑡
                                                                  (9) 

Where A represents the area of the disc, t denotes the thickness of the disc, and M symbolizes 

the mass of the disc.  

A = π r2 = 4.87* 10-4 m2, 

t = 4.3*10-3 m and M = 2.11* 10-3 kg. 

Upon performing the necessary calculations for (Equation 9), it has been determined that the 

density of the TPU material is 1009 kgm-3.  

The composition of the material will consist of 10% tungsten and 90% TPU. The density of 

tungsten is around 19300 kgm-3 [24]. The resulting composite material consisting of tungsten 

loaded TPU will exhibit a total density. 

ρTLR =  (0.1 ∗  19300 + 0.9 ∗ 1009) Kg𝑚−3 =  2837 kg𝑚−3          (10) 
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3.2.1 Investigation of Material Properties in Tungsten Loaded TPU 

In his paper, D. Tabor found the bulk modulus of a typical TPU to be around 109 Pa [25]. 

This value, attributed to a typical TPU, serves as a reference for our TPU. 

Given the absence of precise material properties for tungsten loaded TPU in our current 

dataset, we find it necessary to assume the bulk modulus value for tungsten loaded TPU. This 

assumption becomes an integral step in our analysis as we explore and characterize the 

acoustic properties of the composite material. 

Given tungsten's renowned high density, we anticipated an increase in the material's bulk 

modulus (BTLR) by incorporating it into TPU. To provide a theoretical basis for this 

assumption, we considered the Voigt-Reuss-Hill average [26][27], a model commonly used 

for estimating bulk modulus in composite materials. However, it's important to acknowledge 

the influence of material processing on the actual composite properties. Factors such as the 

distribution of tungsten particles, and bonding characteristics introduced during processing 

can impact the bulk modulus. While the theoretical estimate, accounting for various factors 

and using the VRH average, predicted an increase of approximately 3.5 x 109 Pa, the actual 

observed increase may vary due to the intricacies of material processing and real-world 

conditions. 

The speed of sound through tungsten loaded TPU has been determined using (Equation 5) 

and a given value for the density of tungsten loaded TPU (ρTLR) from (Equation 10). 

𝑣𝑇𝐿𝑅 = √
𝐵𝑇𝐿𝑅

𝑝𝑇𝐿𝑅
                                                                  (11) 

The calculated speed of sound in tungsten loaded TPU has been calculated by (Equation 11) 

and is approximately 1111 m/s. The wavelength of tungsten loaded TPU indicated as λTLR, 

has been determined by utilizing the speed of sound from (Equation 11)  at the target 

frequency of 55 kHz. 

𝜆𝑇𝐿𝑅 =
𝑣𝑇𝐿𝑅

𝑓𝑐
                                                                  (12) 
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Where, VTLR denotes the speed of sound through tungsten loaded TPU and fc denotes 55 

kHz. 

3.2.2 Investigation of Material Properties in Epotek 301-2 

The determination of the speed of sound in a material involves the utilization of acoustic 

impedance and density in the calculation process. 

Z = ρC                                                                   (13) 

In the context of this study, Z signifies acoustic impedance, ρ represents density, and C 

denotes the speed of sound, the values of acoustic impedance and density for Epotek 301-2 

are 3.05 x 106 Rayls and 1150 kgm-3 respectively (Table 2). Utilizing these values in 

(Equation 13), we ascertain that the speed of sound through Epotek 301-2 is approximately 

2650 m/s. 

The wavelength of Epotek 301-2 is subsequently determined by employing the speed of 

sound and the target frequency of 55 kHz in (Equation 14): 

λe =  
𝑉𝑒

𝑓𝑐
                                                                   (14) 

Where, Ve denotes the speed of sound through Epotek 301-2 and fc denotes 55 kHz. 

3.2.3 Investigation of Material Properties of Tungsten Loaded TPU and Epotek 301-2 for 

COMSOL Simulation 

In order to generate blank material in a COMSOL simulation, it is necessary to specify three 

material properties. Three fundamental material properties are commonly considered in the 

fields of materials science and engineering. These properties are density, Young's modulus, 

and Poisson's ratio. TPU has a consistently approximate Poisson's ratio of close to 0.5 and 

exhibits variations within the range of 0.4 to 0.499, whereas tungsten demonstrates a 

comparatively lower Poisson's ratio of approximately 0.27 [24]. Therefore, it has been 

assumed that the Poisson's ratio in tungsten loaded TPU is approximately 0.45. The Young's 

modulus of tungsten loaded TPU has been determined by reorganizing (Equation 15). 
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B =  
𝑌

3(1−2𝑛)
                                                                   (15) 

In the given context, the symbols B, Y, and n represent the bulk modulus, Young's modulus, 

and Poisson's ratio, respectively. Upon calculating (Equation 3.8), it is determined that 

Young's modulus of tungsten loaded TPU is around 1.04 GPa. Through these analyses, we 

have successfully identified all the material parameters associated with tungsten loaded TPU. 

In order to simulate the Epotek 301-2 in COMSOL, the material parameters, including 

Young's Modulus, Density, and Poisson's ratio, have been sourced from (Table 2) 

 

3.3 Description of COMSOL Simulation Setup and Parameters 

3.3.1 Study and Properties: 

The present model is based on a two-dimensional spatial dimension framework, wherein the 

solid mechanics part has been chosen from the Physics section with frequency domain from 

COMSOL. The simulation of the model at a certain frequency of 55 kHz has been chosen to 

investigate the velocity of sound propagation through the materials. This decision was made 

after configuring the geometry, materials, solid mechanics, and mesh components. Following 

the simulation (Section 4.1), the speed of sound through tungsten loaded TPU was 

determined to be 1178 m/s, while for Epotek 301-2, it was found to be 2471 m/s. 

Additionally, the wavelength of sound waves at a specified frequency (55 kHz) was 

calculated for both materials, resulting in wavelengths of 44.927 mm for Epotek 301-2 and 

21.418 mm for tungsten loaded TPU. In (Table 1), the expression "epo301-2. lambda" 

denotes the wavelength of Epotek 301-2, while "TLR.lambda" represents the wavelength of 

tungsten loaded TPU. The parameters for COMSOL simulation will be specified in (Table 1), 

provided below: 
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Table 1 Chosen Parameters for COMSOL Simulation 

Name Symbol Expression Value 

Thickness of the whole model H 1.8*epo301-2.lambda 80.869 mm 

Width of the model w 1.8*epo301-2.lambda 80.869 mm 

Speed of sound in Epotek 301-

2 
Ve epo301.c 2471 m/s 

Speed of sound in tungsten 

loaded TPU 

VTLR 

 

TLR.c 1178 m/s 

Center frequency F0 - 55 kHz 

Wavelength of Epotek 301-2 λe epo301-2. lambda 44.927 mm 

Wavelength of tungsten 

loaded TPU 
λTLR TLR.lambda 21.418 mm 

Radius of sphere R - 5.35 mm 

Distance between two spheres D - 11.232 mm 

Minimum frequency fmin - 30 kHz 

Frequency step fstep - 0.125 kHz 

Maximum frequency fmax - 80 kHz 
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3.3.2 Geometry: 

The simulation system consists of three independent domains (Figure 6). Every domain has a 

significant role to play in the attainment of precise and enlightening outcomes. To improve 

clarity and comprehension, descriptive labels have been allocated to each domain. 

Backing Core (Domain 1): Domain 1 signifies the fundamental essence of the support. The 

epoxy material, Epotek 301-2, is enclosed within a square zone to effectively absorb the 

energy applied from the top of the square as a boundary load. 

Perfectly Matched Layer (Domain 2): Domain 2 encompasses a region with a thickness of 

8mm, wherein the implementation of the perfectly matched layer (PML) is situated within 

that square zone. The presence of the Perfectly Matched Layer (PML) is crucial to effectively 

reduce reflection and enhance the absorption of acoustic energy. This, in turn, leads to a more 

accurate representation of wave interactions in simulations.  

Tungsten loaded TPU Inclusion (Domain 3): The inclusion of Tungsten loaded TPU 

(Domain 3) is confined to a circular zone within the square shape of the backing. The 

aforementioned inclusion refers to the metamaterial employed to absorb the energy imparted 

by the top of the square as a boundary load. 
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Figure 6 Geometry of COMSOL Simulation Model 

3.3.3 Materials:  

A material model for tungsten loaded TPU, which contains 10% tungsten and 90% TPU, has 

been defined by utilizing blank material from the material section in COMSOL Multiphysics. 

This material has been specifically chosen for implementation within the circular domain. 

Using the identical methodology, we made Epotek 301-2 (an epoxy material), which has been 

chosen for application in the backing core including a perfectly matched layer (PML) region. 

The properties of both materials are shown in the subsequent (Table 2). 

Isotropic loss Factor:  

In COMSOL, various damping types are available [28], including Rayleigh Damping, 

Isotropic Loss Factor, Anisotropic Loss Factor, Orthotropic Loss Factor, and Viscous 

Damping. Among these, for frequency domain analysis encompassing all material types, the 

Isotropic Loss Factor is deemed appropriate, aligning well with our investigation's focus on 

frequency domain analysis. Consequently, we have selected the Isotropic Loss Factor as the 

damping parameter. 
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Our primary objective is to effectively absorb a significant amount of energy in tungsten 

loaded TPU. Accordingly, we have designated the isotropic loss factor in Epotek 301-2 to be 

one-tenth of the isotropic loss factor of tungsten loaded TPU. This choice is made with the 

recognition that real-world scenarios involve some energy absorption in Epotek 301-2, 

acknowledging that complete energy absorption cannot be achieved solely through the 

tungsten loaded TPU sphere. 

Table 2 Different Properties of Selected Materials 

 Tungsten loaded TPU Epotek 301-2 (epoxy)  

Young’s modulus 1.04 X 109 Pa 3.66 X 109 Pa[29] 

Poisson ratio 0.45 0.358[29] 

Bulk Modulus  3.5 X 109 Pa 4.3 X 109 Pa 

Speed of Sound 1178 m/s 2471 m/s 

Acoustic Impedance - 3.05 X 106 Rayls[30] 

Density 2837 kgm-3 1150 kgm-3[30] 

Isotropic loss factor 0.1 [31] 0.01 

A detailed explanation of the properties of Tungsten loaded TPU can be found in (Section 

3.2.1). 

3.3.4 Physics (Solid Mechanics): 

In this section, two linear elastic material sections have been employed for both Epotek 301-2 

and tungsten loaded TPU. Damping has been introduced by including isotropic loss factors 

with varying values (Table 2) for both Epotek 301-2 and tungsten loaded TPU. 
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3.3.4.1 Boundary Conditions:  

The model is subject to two boundary conditions. The first is the boundary load, which exerts 

a force per unit area (5 Nm-2) on the top of the model.  

The final boundary condition corresponds to the low reflecting boundary. The utilization of a 

low reflecting boundary on the lateral sides of the wall serves the objective of mitigating any 

excessive reflections from the walls within our model [32]. 

 

Figure 7 Boundary Conditions of the Model 

3.3.5 Mesh of the Model: 

In the COMSOL simulation, a free triangular mesh has been used for domains 1 and 3, while 

a mapped mesh has been selected for the perfectly matched layer section. The determination 

of the maximum element size for the mesh is guided by the consideration of the wavelength 

(one-fifth) across different materials. The choice of setting the maximum element size as one-

fifth of the wavelength is crucial for ensuring model stability. The rationale for selecting a 

mesh element size that is equal to or smaller than one-fifth of the wavelength is rooted in the 
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Nyquist criterion. This criterion establishes a minimum need of two points per wavelength to 

get an accurate representation of the wave within the mesh [33].  

This wavelength is typically calculated by identifying the highest frequency within the 

desired frequency range. In our investigation, we have established the maximum element size 

for domains 1 and 2 by performing calculations based on the wavelength of the Epotek 301-2 

material. Likewise, for domain 3, we have applied the wavelength of tungsten loaded TPU 

material. 

3.3.6 Frequency Domain and Parametric Sweep Analysis: 

In conducting the frequency domain analysis, our model is simulated across a specific 

spectrum of frequencies. The chosen frequency range for this study encompasses 30 kHz to 

80 kHz, wherein 30 kHz designates the minimum frequency (fmin) and 80 kHz represents the 

maximum frequency (fmax). The selection of this frequency range is strategically centered 

around our specified central frequency, which is set at 55 kHz. The determination of the 

center frequency is based on the average of the minimum and maximum frequencies, 

providing a balanced and representative focal point for our analysis. This approach ensures 

that our simulation captures a comprehensive view of the system's behavior across the chosen 

frequency spectrum. 

In the field of product development, it is frequently important to address multiple iterations of 

a given model to determine the ideal features of its design. Instead of manually modifying 

these property values and resolving the problem repeatedly, an alternative approach is to 

conduct a parametric sweep using COMSOL Multiphysics. A parametric sweep enables the 

manipulation of parameter values within a specified range [34]. In this experiment, the 

parametric sweep technique is being used to calculate various sphere sizes and spacing 

configurations between spheres. 

3.4 Exploration of Various Forms of Simulations 

This section will provide a comprehensive account of the investigations conducted on 

different types of simulations, focusing on the methodical investigation of varying sphere 

sizes, and spacing between the spheres. 
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3.4.1 Material Setup and Single Frequency Simulations 

This simulation aims to examine the velocity of sound propagation in two distinct materials, 

namely Epotek 301-2 and tungsten loaded TPU. Once the material parameters of both 

materials have been established, we proceed to mimic the frequency domain by applying a 

single frequency of 55 kHz. Upon determining the velocity of sound propagation in the 

substances, we have subsequently computed the wavelength of such substances by using 

(Equation 14) at a frequency of 55 kHz. The wavelengths of both materials have been utilized 

to establish the square and circular domains. The square domain has been established by 

employing a dimension that is 1.8 times the length of a quarter wavelength of λe.  

                                                                           

3.4.2 Sweeping Sphere Radius 

The circular part has been designed by using the wavelength passing through tungsten loaded 

TPU material at a frequency of 55 kHz. The quarter-wavelength of tungsten loaded TPU, 

which means λTLR/4 (Figure 8) has been utilized to create the sphere. After setting up this 

model, we have used parametric sweep for multiple simulations together by using the sphere 

radius from, e.g.,0.93 λTLR/4 to 1.14 λTLR/4 in steps of 0.07 λTLR/4. These steps will give us 

different resonant frequencies for each step. Further explanation will be discussed in the 

result section. 

Note: The justification for selecting multiplication factors such as 0.93 or 1.14, in 

conjunction with the quarter wavelength of tungsten loaded TPU, while avoiding 

precise multiples of 0.25, lies in the desire to create a versatile model. This approach 

enables the exploration of gradual changes in the system's behavior, moving beyond a 

focus solely on peak values. By avoiding strict adherence to specific multiples, the model 

becomes flexible enough to capture various phenomena and offers a more detailed 

representation of the system's dynamics. 
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3.4.3 Sweeping Radius of Two Spheres Maintaining a Fixed Displacement 

This section aims to elucidate the energy absorption capabilities of two tungsten loaded TPU 

spheres when positioned consecutively at a distance equivalent to one-quarter of the 

wavelength of Epotek 301-2 (λe/4), recognizing this spacing as a deliberate design parameter. 

The parameter λe/4, as depicted in (Figure 8), is not merely a geometric constraint but is 

strategically chosen to shape the material's response to external factors. We will modify the 

dimensions of the spheres according to the specifications outlined in Section 3.4.2. 

Specifically, we will adjust the size from 0.93 λTLR/4 to 1.14 λTLR/4 in steps of 0.07  λTLR/4 by 

ensuring a consistent spacing λe/4 between the two spheres. The obtained results will be 

compared to Section 3.4.2 in the result and discussion section.   

 

Figure 8 Two Tungsten-loaded TPU spheres maintaining a distance λe/4. 

3.4.4 Sweeping Parametric Spacing 

The model has been adjusted by maintaining a consistent gap of a quarter wavelength of 

Epotek 301-2 between two spheres. In this section, we are going to investigate how the space 

between two spheres influences absorbing energy.  
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The distance between the spheres will be varied incrementally, specifically, we will modify 

the spacing ranging from 1.43 λe/4 to 2.00 λe/4 with an increment of 0.19 λe/4. Throughout 

this investigation, the radius of the spheres (λTLR/4) will remain constant.  

3.4.5 Simulation of Spheres with Different Radius 

Upon conducting a comprehensive analysis and precise identification of all the simulations, it 

will become feasible to determine the specific sphere that is accountable for each resonance 

peak. Once the resonance peak of a certain sphere has been determined, it becomes possible 

to ascertain the flatness of the band by employing spheres with different radii (Figure 9) in a 

single simulation. This can be achieved by initially maintaining a consistent distance between 

the spheres and subsequently altering the spacing between them. Following the completion of 

this simulation, our objective is to establish the association between spheres with different 

radii and a specific band. 

 

Figure 9 Using spheres with different radii for identifying a broader bandwidth. 
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4 Results 

In this section, we will delve into the examination of the acoustic behavior within the 

metamaterial. Furthermore, we will scrutinize the outcomes of the various simulations 

outlined in the methodology section. 

4.1 Simulation Result of Acoustic Behaviour in the Meta-Material 

After setting all the material parameters (Section 3.3.3) and mesh elements (Section 3.3.5) in 

the COMSOL simulation, a single-frequency simulation was conducted at 55 kHz to 

determine the speed of sound. 

 

Figure 10 COMSOL simulation for identifying the speed of sound through different 

materials. 

Upon doing the simulation, we determined the equivalent speed of the pressure wave (m/s) 

by referring to the expression section in the settings. After performing the simulation on the 

structure at a specific frequency at 55 kHz, it was established that the tungsten loaded TPU 

displayed a pressure wave speed of 1178 m/s. In contrast, Epotek 301-2 exhibited a pressure 

wave speed of 2471 m/s. The determination of sound speed across various materials involved 

utilizing material properties such as Young’s modulus, Poisson’s ratio, and density obtained 
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from (Table 1) for both tungsten loaded TPU and Epotek 301-2. The white circle depicted in 

(Figure 10) represents the tungsten loaded TPU. Conversely, the violet portion represents the 

epoxy Epotek 301-2. 

4.2 Comparison of Simulation Result with Analytical Analysis 

If we desire to compare the simulated speed of sound with the analytically estimated speed of 

sound for tungsten loaded TPU, it is evident that there is minimal disparity between these two 

figures. The speed of sound through the tungsten loaded TPU was determined analytically to 

be around 1111 m/s. However, the value obtained by the COMSOL simulation was found to 

be 1178 m/s. The discrepancy might be disregarded since we have assumed the poison's ratio 

and the bulk modulus of tungsten loaded TPU. Based on the obtained value of the speed of 

sound through tungsten loaded TPU from the COMSOL simulation, we will proceed with 

conducting further simulations. 

For Epotek 301-2, a comparison between the analytical approach and simulated results 

reveals a slight discrepancy in the speed of sound. The analytical calculation yields a speed of 

around 2650 m/s, while the simulation indicates a value of approximately 2471 m/s. It is 

crucial to acknowledge the impact of several elements, including material heterogeneity, 

boundary conditions, and inherent assumptions, on the simulation model. Considering the 

complexities and limitations associated with simulations, we proceed with the results 

provided by COMSOL for our further analyses. 

4.3 Model Stability Checking 

Ensuring the changing of the dimensions of the backing core has no impact on our model is 

imperative. This is critical because any influence of dimension changes on our results would 

complicate the isolation of the primary effects on our design elements, specifically the 

tungsten loaded TPU. Therefore, an analysis is necessary to ascertain that alterations in 

model dimensions do not affect the energy loss spectrum. Our foremost goal is to accurately 

capture energy absorption within the tungsten loaded TPU and the epoxy material, 

Epotek301-2. Model dimensions maintain uniformity, as depicted in (Figure 11), where both 

width (w) and height (H) are set at 1.8 times the value of Epotek 301-2. lambda. 
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Figure 11 Width and height measurement of the model 

In this study, we sought to investigate the relationship between varying model heights and the 

loss vs. frequency spectrum. This objective was to notice any potential alterations in the 

spectrum resulting from these changes. If any alterations are observed in the spectrum, it 

would indicate that the dimension has a significant influence on the result, necessitating its 

removal. Our study employed three distinct height values: 1.8 times that of λe = 22.464 mm, 

2.3 times of λe = 44.927 mm, and 2.8 times the height of λe = 67.391 mm. These values were 

obtained by utilizing parametric sweep functionality inside the COMSOL software. 
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Figure 12(a) Changing the heights of the model      (b) Loss vs frequency spectrum. 

In Figure 12(a), the illustration illustrates a stationary sphere anchored at a specific point, 

while the measured distance from the bottom of the sphere gradually increases. Three 

separate diagrams portray distinct distances from the bottom of the sphere. Following a 

comprehensive exploration of these varying distances using the COMSOL simulation tool, 

we obtained a frequency spectrum, visually represented in Figure 12(b). Within this figure, 

the blue, green, and red diagrams correspond to the respective blue, green, and red spectra. 

Remarkably, the figure underscores a consistent resonance frequency of 51.0 kHz across all 

three spectra. This observation emphasizes the stability and constancy in the resonance 

behavior of the system, suggesting that alterations in the distances from the bottom of the 

sphere did not affect the resonance frequency. 

Now, we aim to investigate the potential impact on our results when introducing two spheres 

positioned consecutively in Figure 13(a) and altering dimensions as illustrated in Figure 12(a). 

Following the simulation, an analysis of the loss versus frequency spectrum can be 

conducted, as depicted in Figure 13. 
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Figure 13(a) Changing the heights of the model with two spheres   (b) Loss vs frequency 

spectrum. 

Analyzing Figure 13 uncovers uniform blue, green, and red spectra among the spheres, with a 

slight shift in the resonance peak to 51.4 kHz compared to the resonance frequency of 51.0 

kHz observed in the case of a single sphere. These findings currently offer compelling 

support for the stability of the model, emphasizing its negligible impact on our results. 

Additional details regarding the stability of the model as influenced by alterations in the 

model's width can be in the Appendix. 

4.4 Sweeping Sphere Radius 

The objective at hand is to determine the absorption characteristics of tungsten loaded TPU 

by varying the sphere radii. The objective of our study is to analyze the distinct resonance 

peaks shown by tungsten loaded TPU spheres of varying radii. To accomplish this, we 

employed the parametric sweep technique in COMSOL to investigate various sphere radii 

ranging from 0.93 λTLR/4 to 1.14 λTLR/4 with an increment of 0.07 λTLR/4. The objective was 

to evaluate the resonant frequency response over a range of sphere sizes. 

4.4.1 Loss vs. Frequency Spectrum 

The presented spectrum Figure 14(b) illustrates the energy dissipation within the tungsten 

loaded TPU sphere at frequency intervals spanning from 30 kHz to 80 kHz. The loss within 
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the sphere was incorporated by integrating the entire surface of the sphere using COMSOL. 

Upon conducting the model simulation, we have obtained the loss versus frequency spectrum 

as follows: 

 

Figure 14(a) One sphere diagram  (b) Loss vs. Frequency spectrum for sweeping different 

sizes of sphere. 

Figure 14(b) displays four distinct resonant peaks, each corresponding to a different spherical 

size. The blue sphere is primarily characterized by a radius of 5.0 mm, which is equivalent to 

(0.93 λTLR/4). Additionally, it has a resonance frequency of 60.3 kHz. In the present context, 

the green spectrum corresponds to a sphere with a radius of 5.3 mm, calculated as (λTLR/4). 

This spectrum exhibits a resonant frequency of 57.6 kHz. On the other hand, the red spectrum 

corresponds to a sphere with a radius of 5.7 mm, calculated as (1.07 λTLR/4). This spectrum 

exhibits a resonant frequency of 54.6 kHz. The cyan spectrum is characterized by a radius of 

6.1 mm, which corresponds to (1.14 λTLR/4). Additionally, the resonant frequency associated 

with this spectrum is 51.0 kHz. Within the overall spectrum, the cyan and red spectra stand 

out as particularly intriguing, primarily due to their distinctive feature of presenting a broad 

peak. 

From our simulation results, it is evident that the resonance frequencies of spheres vary, and 

incrementally increasing the sphere mass results in corresponding decreases in resonance 

frequencies. For the largest sphere with a radius of 6.1 mm, the resonant frequency is 

observed at 51.0 kHz, while the smallest sphere with a radius of 5.0 mm exhibits a resonance 

frequency of 60 kHz. These variations show an inverse relationship with the mass of the 
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system, aligning with the principles of the mass-spring theory [35]. According to (Equation 

16), the inverse relation between resonance frequency and mass is expressed as 

𝜔 = √
𝑘

𝑚
                                                                  (16) 

where ω represents the natural or resonance frequency, k is the stiffness constant, and m is 

the mass of the system. Our simulation results corroborate this theory, as an increase in mass, 

achieved by adding tungsten to the TPU, results in a lower resonant frequency. 

4.4.2 Normalized Loss to Surface Area 

To assess the efficacy of resonances accurately, it is crucial to mitigate the impact largely 

caused by an increased amount of dampening material. This phenomenon is referred to as 

normalized loss to surface area. The normalized loss to surface area can be obtained by 

dividing the energy loss by the surface area of the sphere. By doing a simulation similar to 

that described in Section 4.4.1, we may obtain the normalized loss to surface area vs. 

frequency spectrum as depicted below. 

 

Figure 15(a) One sphere diagram  (b) Normalized loss to the surface area vs. Frequency for 

sweeping different sizes of sphere. 

In Figure 15(b), the resonant peaks seen are like those in Figure 14(b), only with strong 

varying amplitudes. This discrepancy in amplitude can be attributed to the influence of 
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dividing loss by the surface area. The specific frequency for a particular sphere can be 

determined by referring to the table provided. 

Table 3 Specific resonant frequency for specific tungsten loaded TPU size 

Radius of the sphere Resonant frequency (kHz) 

(0.93 
λTLR

4
) or 5.0 mm 61 

(1.00 
λTLR

4
) or 5.3 mm 58 

(1.07 
λTLR

4
) or 5.7 mm 55 

(1.14 
λTLR

4
) or 6.1 mm 51 

Analyzing Table 3 leads to a noteworthy conclusion regarding the fluctuations in resonance 

peaks corresponding to different sphere radii. It is evident that an approximate 7 to 8 percent 

increase in sphere size results in a corresponding 7 to 8 percent approximate decrease in 

resonance peaks. This correlation could prove valuable for individuals seeking a specific 

resonance frequency, as they can achieve it by adjusting sphere sizes in accordance with this 

mathematical relationship. 

Figure 16 The correlation between resonant frequency and radius of the sphere. illustrates 

the relation between the resonant frequency and the radius of the sphere of single-sphere 

simulation. 
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Figure 16 The correlation between resonant frequency and radius of the sphere. 

4.5 Sweeping Radius of Two Spheres Maintaining a Fixed Spacing 

In this section, we shall employ a pair of tungsten loaded TPU spheres for the purpose of 

energy absorption. To have a comprehensive understanding of the model, it is recommended 

to refer to Section 3.4. The proposed modification involves adjusting the radius of the spheres 

from 0.93  λTLR/4  to 1.14  λTLR/4  . This will be done in increments of 0.07 λTLR/4 while 

keeping a distance of λe/4 between the two spheres by using the parametric sweep method, as 

described in Section 3.4.3. The primary objective of this study is to investigate the impact of 

two spheres on the resonance frequency and compare it with that of a single sphere. 

4.5.1 Normalized Loss to Surface Area 

The following spectrum (Figure 17) reported in this study illustrates the normalized loss-to-

surface area ratio across a frequency range of 30 kHz to 80 kHz for two consecutive spheres. 



 

  

___ 

47 

 

 

Figure 17(a) Two consecutive spheres diagram  (b) Normalized loss to surface area vs 

frequency spectrum for two consecutive spheres. 

In Figure 17 (b), the graph values correspond to the X and Y axes, where, for example, the 

blue spectrum represents 58.9 kHz on the X-axis and 3.54 X 10-4 Wm-3 on the Y-axis. This 

signifies that the frequency (X-axis) is 58.9 kHz, while the normalized loss to surface area 

(Y-axis) is 3.54 X 10-4 Wm-3. 

Upon comparing the spectra in Figure 15(b) and Figure 17(b), it becomes evident that the 

resonance frequency of the system of two identical spheres deviates from that of a single-

sphere simulation. Observable variations and notable changes in amplitude occur due to wave 

interference effects and coupling effects between two spheres. The utilization of two spheres 

for absorption yields a higher absorption level compared to a single sphere. A closer 

examination of Y-axis values between single sphere Figure 15 (b) and double sphere Figure 

17(b) simulations reveals varying losses. Consequently, the amplitude of the peaks fluctuates, 

exhibiting a pattern of increases and decreases when employing two identical spheres 

compared to a single sphere simulation, indicative of constructive and destructive 

interference between waves. 

Examining Figure 17 (b) in contrast to Figure 15(b) reveals a noticeable shift in all resonance 

frequencies within the simulation involving two identical spheres compared to the single 

sphere simulation. This shift ranges approximately between 1 to 2 kHz, as outlined in Table 

4. Particularly for the cyan spectrum, the resonance frequency shift is quite narrow, 

specifically at 0.4 kHz. Our analysis underscores that the use of identical spheres 
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significantly influences the modification of resonant frequencies and indeed exhibits a 

notable impact on altering the amplitude of the peaks when compared to the single-sphere 

simulation. 

Table 4 Specific resonant frequency for specific tungsten-loaded TPU sphere. 

Radius of the sphere 
Resonant frequency (kHz) (two 

consecutive spheres simulation) 

Resonant frequency (kHz) 

(single sphere simulation) 

(0.93 
λTLR

4
) or 5.0 mm 59 61 

(1.00 
λTLR

4
) or 5.3 mm 57 58 

(1.07 
λTLR

4
) or 5.7 mm 54 55 

(1.14 
λTLR

4
) or 6.1 mm 51 51 

4.6 Sweeping Parametric Spacing between Two Spheres 

In this study, we will examine the relationship between the separation of two spheres and its 

effect on altering the resonance frequency. Two spheres of equal size, defined as (λTLR/4), 

will be utilized in this study. The distance between the spheres will be varied incrementally, 

ranging from 1.43 λe/4 to 2.00  λe/4 with an increment of 0.19 λe/4. Upon doing this 

simulation, we will gain insights into the influence of the distance between two spheres on 

the alteration of the resonant frequency. 

4.6.1 Normalized Loss to Surface Area 

Upon the completion of the simulation, the resulting normalized loss to surface area against 

the frequency spectrum is as follows: 
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Figure 18(a) changes the spacing between two consecutive spheres. 

(b)Normalized loss to surface area vs frequency spectrum for spacing between two spheres. 

Figure 18(b) illustrates a graph featuring four distinct resonant peaks, each corresponding to 

varying distances between two tungsten loaded TPU spheres. These four distinct resonant 

peaks occur at frequencies of 58.9 kHz (depicted in blue), 57.1 kHz (in green), 54.9 kHz (in 

red), and 52.9 kHz (in cyan), while the distances between the two spheres are maintained at 

approximately 22 mm, 20 mm, 18 mm, and 16 mm, respectively. 

It is evident that alterations in the spacing between consecutive spheres exert a significant 

influence on the resonant frequency. This influence follows an inverse relationship: as the 

distance between the spheres decreases, the resonant frequency increases because of the 

enhanced coupling effect. The coupling effect signifies a phenomenon where the oscillation 

of one sphere significantly influences the other. As the distance between two spheres 

decreases, the coupling effect intensifies, resulting in a collective higher resonance frequency 

and a shift towards higher values [36]. In our analysis, as depicted in Figure 18, a distinct 

correlation between the distances separating two spheres and the resonance frequency is 

evident. Specifically, an approximate 2 mm increase in distance corresponds to an 

approximately 2 kHz decrease in the resonant frequency, providing empirical support for the 

underlying theory. This is again a specific correlation between the resonant frequency and 

distance between two spheres. This precise correlation could prove valuable for individuals 

seeking a specific resonance frequency, as they can achieve it by adjusting the distance 

between these spheres in accordance with this mathematical relationship. 
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4.7 The Simulation between Two Different Sphere Sizes  

Our current endeavor seeks to advance our exploration by expanding the bandwidth and 

achieving a broader peak within a specific resonance frequency. To accomplish this goal, we 

plan to conduct simulations involving two spheres with different radii. 

In reference to Table 3, it becomes evident how the specific dimensions of a sphere can exert 

a pronounced influence on a corresponding resonant frequency. Each unique sphere size 

corresponds to a distinct resonant frequency. Until now, our simulations have involved the 

use of two spheres of identical size. However, our current objective is to introduce a new 

approach by utilizing two different sizes of tungsten loaded TPU spheres within a single 

simulation. The rationale for incorporating two distinct sphere sizes lies in our aim to create 

bandwidth. We are interested in observing the impact on the frequency spectrum when 

combining a sphere with a resonant frequency of 55 kHz and another sphere with a resonant 

frequency of 61 kHz. This amalgamation is anticipated to yield a bandwidth encompassing a 

specific frequency range lying between these two frequencies.

Figure 19(a) single sphere radius of 1.07 λTLR/4    (b) Loss vs frequency spectrum 
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Figure 20(a) single sphere radius of  0.93 λTLR/4    (b) Loss vs frequency spectrum 

 

 

Figure 21 (a) combining of two different spheres radii of  1.07 λTLR/4    and 0.93 λTLR/4    

respectively. 

(b) Simulation of two spheres of resonant frequency with 55 kHz and 61 kHz respectively. 

Within Figure 21(b), we observe that the utilization of two distinct spheres, each possessing 

its own unique resonant frequency, results in the emergence of a specific frequency lying 

between these two distinct resonant frequencies. Notably, the resonant peak in this instance 

registers at 56.3 kHz, effectively positioning it between the two originally selected resonant 

frequencies of 55 kHz and 61 kHz and the bandwidth or peak at 56.3 kHz is observably 
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broader than what was observed in both the single-sphere simulation and the simulation 

involving two identical spheres. 

For our subsequent exploration, we intend to repeat this process with another pair of two 

different spheres, wherein one sphere will have a resonant frequency of 51 kHz and the other 

will exhibit a frequency of 58 kHz. 

 

Figure 22(a) single sphere radius of  1.14 λTLR/4    (b) Loss vs frequency spectrum 

 

Figure 23(a) single sphere radius of  1.00 λTLR/4    (b) Loss vs frequency spectrum 
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Figure 24 (a) combining of two different spheres radii of  1.14 λTLR/4 and 1.00 λTLR/4    

respectively. (b) Simulation of two spheres of resonant frequency with 51 kHz and 58 kHz 

respectively. 

Based on the findings presented in Figure 24(b), where the resonant peak is measured at 51.5 

kHz, falling within the range of 51 kHz and 58 kHz, it is evident that our initial assumption is 

confirmed. This illustrates that the choice of two distinct spheres can efficiently generate a 

broader peak or bandwidth compared to both the simulation involving single-sphere and the 

simulation involving two identical spheres. This phenomenon takes place when considering 

two different resonant frequencies, indicating dissimilar sphere sizes. It presents a practical 

approach to accomplishing our objective.  

4.8 Effect of Spacing for Increasing Bandwidth or Broader Peak 

In light of the observed impact on bandwidth resulting from the use of two different spheres, 

it is essential to acknowledge that altering the distance between the two spheres can also 

influence an increase in bandwidth or the creation of a broader peak. To shed light on this, 

our investigation involved varying the distance between two spheres across specific intervals: 

0.75 λe/4 ,0.35 λe/4 and 0.05 λe/4. These variations were explored using two distinct spheres 

with resonant frequencies of 55 kHz and 61 kHz, corresponding to radii of 1.07 λTLR/4 and 

0.93 λTLR/4, respectively. This comprehensive examination aims to elucidate the intricate 

relationship between sphere distance, resonance frequencies, and the resulting bandwidth 

characteristics. 
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Figure 25 Changing the distance between two different spheres. 

In Figure 25, it becomes visible that transitioning between two distinct spheres plays a crucial 

role in augmenting bandwidth. Notably, as the distance between the two different spheres 

decreases, there is a corresponding increase in bandwidth attributed to the coupling effect 

between them. Upon concluding the experiment, it becomes apparent that employing two 

different spheres and adjusting the distance between them significantly impacts the 

enhancement of bandwidth. 

5 Discussion 

The findings of our investigation relating to the acoustic properties within the metamaterial, 

specifically the computational modeling of tungsten loaded TPU and epoxy (Epotek 301-2), 

provide significant knowledge regarding the resonance attributes and energy dissipation of 

the composite structures. Nevertheless, it is imperative to undertake a thorough analysis of 

the uncertainties, limitations, and unanticipated discoveries inside our methodology. 
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5.1 Discussion about Findings and Their Necessities 

Our research has unveiled a distinct relationship between sphere radius and resonance 

frequency (Section 4.4.2). Furthermore, we've established a mathematical relationship 

between the distance separating consecutive spheres and resonance frequency (Section 4.6.1). 

Translating these findings into the manufacturing of tangible tungsten loaded TPU samples 

necessitates addressing answers to some crucial questions: 

 

Achieving a Flat Absorption Coefficient across the Desired Bandwidth: 

The critical aspect of achieving a flat absorption coefficient across the desired bandwidth is 

evident in Figure 25. The spacing between two distinct spheres plays a pivotal role. Notably, 

reducing the gap gradually enhances flat absorption. Analyzing Figure 25, a decrease in 

spacing from around 8 mm to 4 mm results in a flatter absorption (green) compared to the 

blue spectrum. Further reduction, from 4 mm to 0.5 mm, enhances the flatness, as indicated 

by the red spectrum. In essence, decreasing the spacing between spheres, as illustrated, is key 

to achieving a more uniformly flat absorption across the desired bandwidth. 

Scaling the Absorption Coefficient: 

The absorption coefficient can be scaled by employing diverse strategies. Comparing Figure 

15(b) and Figure 17(b), it is obvious that using two consecutive spheres, as opposed to a 

single sphere, alters the absorption coefficient. Additionally, adjusting the concentration of 

tungsten within the TPU also allows precise control. Increasing tungsten concentration 

elevates the overall mass, contributing to improved absorption. However, careful 

consideration must be given to bulk modulus and Poisson ratio, as the latter introduces 

uncertainties in absolute dimensions owing to tungsten's unique properties. 

Feasibility of Additive Manufacturing: 

Several factors impact the feasibility of manufacturing tungsten loaded rubber, including the 

choice of an additive manufacturing technique. Essential criteria include high precision, 

resolution, and robust adhesion between materials, particularly between tungsten and TPU. 
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After thorough analysis, the Selective Laser Sintering (SLS) technique emerged as the most 

suitable among various additive manufacturing methods. The decision is rooted in SLS's 

ability which has been discussed in the next section. 

In summary, our exploration of the relationship between sphere characteristics and resonance 

frequency serves as a foundation for addressing practical manufacturing considerations. 

Answering these questions not only advances our understanding of metamaterial behavior but 

also guides the practical realization of tungsten loaded TPU metamaterials for real-world 

applications. 

 

5.2 Discussion of Best Technique to Manufacture Tungsten 

Loaded TPU 

Each additive manufacturing technology possesses distinct advantages and disadvantages 

when employed for the production of various metamaterials [6]. In our study on the 

metamaterial tungsten loaded TPU, we have determined that Selective Laser Sintering (SLS) 

stands out as the most optimal additive manufacturing technology. This selection is based on 

the notable advantages it offers. Selective Laser Sintering (SLS) is a manufacturing technique 

that offers the utilization of a diverse array of materials, such as polymers (Nylon, TPU, 

Polyetherimide, etc.), metal powders (Aluminum, Titanium, Stainless Steels, etc), ceramics 

(Alumina, Zirconia, etc.) [37]. Notably, SLS exhibits exceptional precision, and resolution 

and the laser spot size in SLS printers ranges from 50 to 200 micrometers [37], depending on 

the printer model and settings, facilitating the creation of intricate three-dimensional 

structures using a layer-by-layer approach. Industrial SLS printers can offer build volumes of 

up to 1000 x 1000 x 1000 millimeters or larger [37]. Furthermore, this method ensures robust 

adhesion between layers [38], resulting in the fabrication of highly durable objects. 

Simultaneous production of several components is also achievable with the utilization of 

SLS. The numerous benefits associated with the SLS method have provided us with an 

opportunity to consider this technology as a viable option for the production of tungsten 

loaded TPU. However, it is important to acknowledge that SLS does generate a certain 

amount of waste [38].  
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Conversely, alternative methodologies possess some drawbacks that are deemed highly 

undesirable in the production of our metamaterial. Fused Deposition Modelling (FDM) 

encounters challenges in achieving high precision and requires meticulous attention to detail 

in order to fabricate intricate metamaterial structures. On the other hand, Electron Beam 

Melting (EBM) has mostly been employed for metal powders rather than polymers, hence 

posing issues in selecting an appropriate manufacturing method for our desired metamaterial. 

Both Stereolithography (SLA) and inkjet 3D printing encounter obstacles in achieving high 

resolution and desired composition. 

5.3 Relation between Theory and Expected Result 

The analytical and logical explanation of the resonance frequency of a sphere in our 

simulation results can be attributed to numerous crucial variables. 

5.3.1 Mass-Spring System 

The simulation we have developed adheres to the fundamental principles of a mass-spring 

system. Based on the principles of the mass-spring theory, as described by Equation 4.1, it 

can be observed that the resonance frequency (ω) exhibits an inverse relationship with the 

square root of the mass (m). The essential connection highlighted in this context emphasizes 

the significant influence of mass in defining the inherent frequency of the system. 

In our work, the inclusion of tungsten in the TPU spheres results in an increase in mass inside 

the system. The mass of the sphere grows proportionally to the increase in its radius, leading 

to a corresponding decrease in the resonance frequency. The observed inverse relationship is 

consistent with our simulation results. 

5.3.2 Effect of Material Properties 

The selection of materials, such as tungsten loaded TPU, induces alterations in the stiffness 

of the system. The total dynamics are influenced by the interaction between the mass derived 

from tungsten and the stiffness of the material. Examining the distinct characteristics of the 

material properties and their influence on the response of the system can yield a further 
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understanding of the reported resonance frequencies. This incorporates the factors of Young's 

modulus, density, and Poisson's ratio. 

5.3.3 Coupling Effects and Damping 

The resonance frequency is significantly influenced by the coupling effects and damping 

present inside the material. The simulation reveals that the resonance behaviors are governed 

by the interaction between the spheres. The coupling and damping mechanisms (Section 

4.6.1) within the system explain the processes by which energy is transported and dissipated, 

in addition to explaining the presence of resonance peaks. 

In brief, the resonance frequency exhibited by a particular sphere within our simulation 

findings can be related to a convergence of factors including the mass-spring model, material 

characteristics, and coupling phenomena. The detailed examination of these factors offers a 

rational and thorough justification for the observed peaks in our frequency spectrum. 

5.4 Possible Uncertainties and Weaknesses of Our Proposed 

Model 

The present study offers significant contributions to the understanding of interaction effects 

in the acoustic behavior of metamaterial spheres. However, it is crucial to note the presence 

of uncertainties and limitations in our methodology. The analytical calculations may be 

subject to uncertainty due to the assumptions made on Poisson's ratio and bulk modulus of 

tungsten loaded TPU. Moreover, it should be noted that the simulation model's dependence 

on certain material features and boundary conditions may not comprehensively encompass 

the complex dynamics of acoustic interactions in the real world. The simplifications 

employed in our model, such as assuming uniform material properties and idealized boundary 

conditions, may introduce certain restrictions that could affect the accuracy of our findings. 

5.5 Unexpected Findings 

We noticed something surprising – the calculated speed of sound and the simulated speed of 

sound for tungsten loaded TPU and epoxy material Epotek 301-2 are very close. Even though 

our calculations are based on certain assumptions, the simulation results match well with our 
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calculations. This unexpected agreement raises questions about the reliability of our 

assumptions and highlights the need for further investigation into the specific factors causing 

this alignment. 

5.6 Relation Between Our Results to The Other Studies 

In our investigation, we delved into the mass-spring theory to ascertain the resonance 

frequency of a specific sphere within the proposed metamaterial known as tungsten loaded 

TPU. Our findings revealed an inverse relationship between the mass or radius of the sphere 

and the resonance frequency of the system. Increasing the system's mass is achieved by 

enlarging the sphere's radius, leading to a corresponding decrease in the resonance frequency. 

Drawing parallels to Li Min et al.'s [39] exploration of a conventional metamaterial structure, 

the rectangular metallic antenna, we observed resonance mechanisms in the metamaterial. Li 

Min identified the resonance wavelength (λ0) as varying with the size of the metamaterial 

unit structure, specifically the length of the antenna (l). A proportional relationship was 

maintained, indicating that an increase in the antenna's length resulted in a corresponding 

increase in the resonance wavelength. Given the inverse relationship between wavelength and 

frequency, we deduced that the resonance frequency is inversely proportional to the size of 

the antenna, represented by the length of the antenna.  

Xiaoming Liu et al. [40] focused on a Mie resonance-based metamaterial perfect absorber 

(MPA) composed of a dielectric cube and copper. Their observations indicated that the 

absorption peak of the Mie resonance based MPA changes with variations in the size of the 

dielectric cube. The study demonstrated a clear inverse relationship, as the simulated 

absorption peak frequency decreased from 11.09 GHz to 9.02 GHz with an increase in the 

side length (a) of the dielectric cube from 1.9 mm to 2.1 mm.  

Son Tung Bui et al. [41] proposed a small-sized metamaterial perfect absorber with a 

sandglass structure. Their investigation highlighted the strong influence of the geometrical 

parameter (l), representing the length of the zigzag wire in the sandglass structure, on the 

absorption frequency. A notable inverse relationship was observed, as the absorption 

frequency significantly decreased from 452 to 323 MHz when the parameter l was increased 

from 1 to 5 mm.  



___ 

60   

 

P.V. Tuong et al. [42] introduced a perfect-absorber metamaterial based on a flower-shaped 

structure. Through meticulous investigation, it was established that the frequency of the 

perfect absorber peak is governed by the size of the flower (radius r). A quantitative 

relationship emerged, revealing an inverse proportionality of the resonance frequency with 

the square root of the radius.  

In a similar vein, Nishant et al. [43] proposed a LiTaO3-based metamaterial perfect absorber 

for the terahertz spectrum. The resonant wavelength of the metamaterial was found to be 

proportional to the radius of the metamaterial, and an empirical formula was established to 

express the resonant wavelength as a function of the radius.  

The exploration of the coupling effect emerged as a pivotal theory in our thesis, explaining 

the dynamic interaction between two spheres and their resonance frequencies. Our research 

underscores a noteworthy observation: as the proximity between the two spheres decreases, 

the coupling effects intensify. This heightened coupling effect significantly influences the 

resonance frequency. Notably, our investigation reveals a direct correlation—the closer the 

spheres, the stronger the coupling effect, leading to an elevated resonance frequency. Thus, 

our findings establish a proportional relationship between coupling effects and resonance 

frequency in the context of our study. 

In their article, Gao et al. [44] illustrated the coupling effect in dielectric metamaterials 

through a meticulous examination of adjacent resonator distances. The study delves into the 

impact of the separation between two dielectric cubes on coupling phenomena. Gao 

investigated the changes in magnetic resonance frequency within the structure when the 

distance between two dielectric cubes was varied, ranging from 0.5 µm to 2 µm. The findings 

revealed a discernible trend: as the distance of the dielectric cube along the electric field 

direction increased, the magnetic resonance frequency decreased from 7 THz to 5 THz. 

 

 

 

 



 

  

___ 

61 

 

6 Conclusion 

The objective of this study is to investigate the development of backing materials for low-

frequency underwater acoustic transducers using tungsten loaded TPU scaffolds. The study 

specifically focuses on examining the effects of resonance frequency, bandwidth, and 

efficiency. This study investigates the effects of numerous parameters, such as sphere size, 

spacing, and combinations of resonant frequencies, on the acoustic characteristics and 

efficacy of the metamaterial. The finite element approach (COMSOL simulation) is 

employed to analyze and evaluate these impacts. The results reported in this study provide 

useful insights into the possible applications and benefits of utilizing constructed 

metamaterials to enhance the performance of underwater acoustic transducers. 

 

The conducted simulations have provided a detailed understanding of the acoustic behavior 

of tungsten loaded TPU scaffolds. The analysis of single and consecutive sphere simulations 

demonstrated a distinct association between the size of the sphere and its resonance 

frequency. The parametric sweep of sphere radii effectively confirmed the predicted inverse 

relationship between mass and resonant frequency, as postulated by the mass-spring theory. 

This relationship yields a significant conclusion concerning the variations in resonance peaks 

associated with distinct sphere radii. The data clearly indicates that a change in sphere size of 

approximately 7 to 8 percent leads to a corresponding approximate decrease of 7 to 8 percent 

in resonance peaks. The precise connection shown above holds potential value for those who 

are looking to attain a specific resonance frequency. By altering the sizes of the spheres in 

accordance with this mathematical relationship, they can effectively reach their desired 

resonance frequency. 

Moreover, the examination of the influence of the spatial separation between two spherical 

objects underscored the importance of distance in modifying the resonance frequencies. The 

empirical correlation between the distance between spheres and the resonant frequency, 

which is attributed to the coupling phenomenon, offers a pragmatic comprehension of how 

the distance parameter can be modified to attain desired resonance frequencies. This 

relationship yields a significant conclusion concerning the variations in resonance peaks 
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associated with the distance between two consecutive spheres. The data clearly indicates that 

an increase in distance between two consecutive spheres by approximately 2mm leads to a 

corresponding approximate decrease of 2 kHz in resonance peaks. Again, this precise 

connection shown above holds potential value for those who are looking to attain a specific 

resonance frequency. 

The introduction of two spheres with different sizes successfully demonstrated the generation 

of broader bandwidths compared to single-sphere and identical-sphere simulations. This 

outcome signifies a potential avenue for optimizing underwater acoustic transducer designs 

by carefully selecting sphere sizes and adjusting their spacing. 

In summary, this study makes a valuable contribution to the field of underwater acoustics 

through its comprehensive investigation of the acoustic properties shown by tungsten loaded 

TPU scaffolds. The empirical associations observed between different variables and their 

influence on resonance frequencies establish a fundamental basis for the development of 

metamaterials customized to meet certain frequency criteria. The research presented in this 

study has the potential to be applied in various ways, particularly in the improvement of low-

frequency underwater acoustic transducers. It provides a comprehensive understanding of 

how engineered materials can be effectively utilized to attain specific performance 

characteristics. The results of this study can provide valuable insights for future research in 

the field of underwater acoustic transducers, specifically in the advancement of specialized 

backing materials. The acquisition of knowledge through quantitative analysis of acoustic 

behavior and the examination of various parameters can provide valuable insights for design 

purposes. This can ultimately result in the development of customized metamaterials that are 

tailored for specific frequency ranges. Furthermore, some potential areas for further research 

have been discussed in the following section. 

 

7 Suggestions for Future Research and Development 

Upon concluding this investigation, we have identified some promising directions for future 

research and development stemming from this thesis. In our study, we made certain 

assumptions about the material properties of tungsten loaded TPU, which, while providing 
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valuable insights, did not yield precise results for manufacturing the desired metamaterial. To 

advance our work, the following areas warrant further exploration: 

Optimizing Metamaterial Design: As we look ahead, a promising area for further study 

involves using theoretical models to design filters in metamaterials. We can explore how 

combining resonating structures can create special configurations like band-stop or band-pass 

filters. This approach offers great potential for improving metamaterial performance in 

different applications. By using theoretical frameworks, we aim to have better control over 

the way sound behaves. This future research can help us fine-tune the composition and 

structure of metamaterials, making them work better for various needs. Ultimately, it's about 

creating more versatile and effective designs. 

Manufacturing of Real Tungsten Loaded TPU: 

Since we made assumptions about the majority of the material properties for tungsten loaded 

TPU, it is imperative to physically manufacture it to ascertain the actual properties resulting 

from the amalgamation of tungsten with TPU. Obtaining these real values is crucial for 

gaining a more accurate understanding of our investigation. 

As part of future work for the thesis, it is recommended to further investigate the 

interconnects between the spheres in the context of tungsten loaded TPU manufacturing. 

Consideration should be given to exploring the necessity and implications of incorporating 

"rods" or other structural elements between the spheres. This inquiry becomes particularly 

relevant if the intention is to construct a scaffold to support the spheres before encapsulation. 

Examining the role and design of such interconnects would provide valuable insights into 

optimizing the structural integrity of the system under consideration. 
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