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ABSTRACT 
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for Enhanced Sound Absorption  

 

Jun Hyeong Park 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

This dissertation deals with wave skewing metaporous structures for enhanced sound 

absorption performance. Metaporous structures are combined structures composed 

of sound dissipating porous materials and periodic structures manipulating wave 

propagation, i.e. metamaterials and metasurfaces. Porous materials are widely used 

for noise reduction due to their absorbing nature, but they are most effective in a 

relatively high-frequency range unless porous layers are extremely thick. To 

overcome this intrinsic limitation, several works on metaporous structures have been 

proposed recently. While most of the proposed metaporous structures have been 

successfully realized enhanced performance in sound absorption, the directional 

characteristics of wave behavior by metaporous structures are not fully considered. 

In the thesis, wave skewing metaporous structures utilizing the directional 

characteristics of wave propagation are newly proposed to further enhance sound 
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absorption performance.   

There are two types of wave skewing metaporous structures covered in this 

dissertation. The first one is acoustic metamaterial based metaporous structure in 

which rigid inclusions that scatter sound waves multi-directionally. For acoustic 

metamaterial based metaporous structures, the directional characteristics of sound 

power dissipation are newly defined and further investigated by both numerical and 

experimental analyses. The directional components of sound power dissipation are 

also utilized to design wave skewing metaporous structures with improved sound 

absorption performance. The second one is acoustic metasurface based metaporous 

structure, which is an ultra-thin porous layer backed by elaborately designed local 

resonator arrays. The proposed acoustic metasurface based metaporous structures 

realize sound absorber with controllable frequency band. The frequency range of 

high sound absorption performance can be controlled through the design of 

metaporous structures by considering the coupled local resonance modes of local 

resonators and the directional characteristics of reflected wave propagation by the 

acoustic metasurface. The corresponding wave physics are minutely investigated by 

theoretical and numerical approaches, and utilized for the design of wave skewing 

metaporous structures with high sound absorption in the target frequency band. 

 

Keywords: Sound absorption, Acoustic metamaterials, Acoustic metasurfaces, 

Metaporous structures and Directional characteristics 
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CHAPTER 1.  
Introduction 

 

 

 

1.1 Motivation 

Sound is a pressure wave which is produced by a vibrating object. When the sound 

is generated from a source, it transfers acoustic energy by making particles of the 

medium move back and forth repeatedly. Sound can propagate in an acoustic fluid 

such as a gas, a liquid and even in an elastic solid. It means that sound is everywhere 

and can be regarded as a common part of our lives. Humans can hear sounds from 

20 Hz to 20,000 Hz, which is called audible frequency range. We perceive sound 

waves by our own ears when we have conversation and listen to music. But, there 

exist various sounds which annoy people. This unwanted and unpleasant sound is 

called noise, which potentially results in emotional stress and hearing loss.  

Noise can be generated from various sources such as automobiles, trains, aircrafts, 

industrial machines, etc. Sound waves radiated from such sources are propagating in 

acoustic media (e.g. air) and perceived by ears. Hence, the noise reduction problem 
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is focused on how effectively the noise at the receiving point is reduced to an 

acceptable level. For noise reduction, there have been various conventional 

approaches using sound absorbing materials [1], acoustic enclosures [2], sound 

barrier [3], vibration damping materials [4] and vibration isolators. [5]  

In terms of sound propagation, the noise reduction problem can be divided into sound 

absorption problem and sound transmission problem. The main concern of this 

dissertation is the sound absorption problem. The absorption problem is mainly 

focused on the reflected waves while the transmission problem deals with both 

reflected and transmitted waves. It is because the sound absorbing structures backed 

by the impervious hard wall is generally considered in the sound absorption problem. 

In other words, reducing reflected waves from the sound absorbing structure is the 

goal of conventional sound absorption problem.  

One of the most representative solutions for the sound absorption problem is the 

sound absorber made of porous materials. Porous materials are widely used for noise 

reduction due to their exceptional ability of sound dissipation. Typically, they are 

highly effective in mid- and high-frequency regime. But, the performance in low-

frequency regime is relatively poor unless the layer of porous material is extremely 

thick. This is originated from the fact that the sound absorption performance of 

homogeneous porous layer is determined by its thickness when they are backed by 

the impervious wall. In detail, the first peak frequency of sound absorption in 

homogeneous porous layer is appears when the thickness of layer is equal to the 

quarter-wavelength of incident sound waves. Hence, high sound absorption at the 
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low frequency requires thick porous layer. 

For a practical application of porous absorber, the thickness constraint of porous 

materials should be overcome. There have been several attempts to overcome this 

intrinsic limitation. For examples, the use of additional acoustic elements [2] or 

optimal sequencing [6, 7] and shaping of porous materials [8-10] were investigated. 

Recently, efforts [11-20] to adopt the concept of acoustic metamaterials have 

received much attention; elaborately engineered periodic structures were embedded 

in porous layer to utilize the extraordinary wave phenomena. The combination of 

porous materials with the concept of acoustic metamaterials, which are usually 

referred as metaporous layers, have been successful to realize enhanced performance 

in sound absorption. Meanwhile, the concept of acoustic metasurface have also been 

newly added [21, 22] to porous materials to enhance the sound attenuation 

performance. In this dissertation, such combinations of porous materials with the 

periodic structures including acoustic metamaterials and metasurfaces will be called 

‘metaporous structures’ in a broad sense. 

Most of the existing works have been focused on local resonances or realization of 

metaporous structures with high refractive index. However, a straightforward 

approach to overcome the thickness constraint of porous layer is utilizing the lateral 

dimension of porous layer. Motivated by the issue, this dissertation is focusing on 

how the directional characteristics of sound waves contribute to the enhancement of 

sound absorption and further proposes wave skewing metaporous structures. In other 

words, the proposed wave skewing metaporous structures are devised by taking into 
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account the wave behavior in the lateral direction as well as the one in the thickness 

direction for enhanced sound absorption. In the following sections, previous works 

on acoustic metamaterials, metasurfaces and metaporous structures will be briefly 

reviewed. And, the research objectives and the outline of the thesis will be given. 

 

1.2 Previous works 

Metamaterials and metasurfaces are engineered composite structures with periodic 

arrangements of subwavelength unit cells. Due to their ability to manipulate the 

propagation of electromagnetic [23-27], acoustic [28-35] and elastic waves [36-40], 

they have been extensively studied. In particular, extraordinary phenomena of sound 

propagation by metamaterials and metasurfaces in acoustic field have been 

extensively used to various applications such as sound attenuation [41-43], 

enhancement of sound transmission [44-46], subwavelength imaging [47, 48], sound 

diffuser [49, 50], acoustic holography [51, 52] and cloaking. [53, 54] 

Among various applications, the sound absorption problem is one of the most 

popular subjects in the field of acoustic metamaterial and metasurfaces due to a huge 

demand in in practical applications. Numerous works have been performed using the 

subwavelength metamaterial absorber [55-63] while there exist a few works on 

metasurface [64] absorbers. Specifically, there exist membrane-type metamaterial 

[55-57], coupled resonator absorbers [60, 61, 63, 64], space coiling-up metamaterial 

[58, 62] and slow wave metamaterial [59, 61] as sound absorbers with excellent 

performance. The membrane-type metamaterials composed of the elastic membrane 
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with a mass absorb sound by using monopole, dipole resonances and their hybrid 

resonance. The coupled resonator absorbers eliminates reflected waves with slightly 

detuned resonators or by controlling the position of resonators. Also, the space 

coiling-up and slow wave metamaterials realize the elongation of actual and effective 

wave paths in metamaterials to increase the low frequency sound absorption. The 

metamaterial sound absorber are based on the local resonance by subwavelength 

scaled structures. For this reason, the absorbers exhibit great absorption performance 

at the low frequencies although they show narrow band characteristics inherently.  

Because sound absorbers made of acoustic metamaterials and metasurfaces enable 

significant increase of absorption performance in the low frequency range, the 

disadvantage of porous materials, i.e. relatively poor response in low frequency 

range, can be drastically improved if the concept of such periodic structures and 

porous materials are integrated. The combined structures called metaporous 

structures [11-20] have recently been investigated in recent years. The metaporous 

structures can be regarded as an advanced version of porous materials since a 

dissipative mechanism of porous materials is appropriately incorporated to the 

acoustic metamaterials and metasurfaces. In the metaporous structures, the wave 

phenomena induced by the periodic structures especially improve the low-frequency 

sound absorption. In detail, exotic wave phenomena resulting from Helmholtz 

resonances [13, 14, 16, 18], trapped modes [11-16, 18, 19], resonance modes of 

elastic inclusions [19], wave path elongation [17] and slow wave propagation [20] 

contributed to realize enhanced performance in sound absorption. Meanwhile, there 
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also exist couple of works dealing with porous material based acoustic metasurface. 

[21, 22] But, they are more related to sound transmission problem than absorption 

problem. 

 

1.3 Research objectives 

While the previously proposed metaporous structures have shown enhanced sound 

absorption performance comparing to the conventional porous materials, there is still 

room for improvement. In this dissertation, the wave skewing metaporous structures 

for enhanced sound absorption are proposed. Unlike the conventional metaporous 

structures, the wave skewing metaporous structures utilize the directional properties 

of sound propagation. Thus, the concept of wave skewing is handled especially in 

how the directional characteristics of sound propagation by metaporous structures 

affect to the sound absorption. Moreover, the concept is applied to the design of the 

wave skewing metaporous structures which exhibit enhanced sound absorption 

performance. 

The wave skewing metaporous structures in this dissertation are structures based on 

acoustic metamaterials and metasurfaces. In terms of directional characteristics, 

acoustic metamaterials are able to manipulate the propagation direction inside the 

media while acoustic metasurfaces can control the propagation of scattered wave 

from the media. Thus, in this thesis, metamaterial-based structures are engineered 

periodic structures embedded in porous layers. And, metasurface-based structures 

are porous layers backed by reflective metasurfaces. (i.e. phase modulated resonator 
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array) 

The main objective of this thesis is a proposition of the wave skewing metaporous 

structures for enhanced sound absorption performance. In detail, wave physics 

involved in enhancement of sound absorption are explained and the design of wave 

skewing metaporous structures are further presented. Firstly, the directional 

characteristics of sound power dissipation in the metamaterial-based structure are 

defined and analyzed, which have not been explored so far. The directional sound 

power dissipation tells the dissipation phenomena at peak frequencies of sound 

absorption. This newly defined concept of sound dissipation will enrich the design 

of metaporous structures. Secondly, sound absorbers with controllable frequency 

band are realized by metasurface-based structures. The physical origins of sound 

absorption band are revealed by various analyses. And they are directly exploited for 

the design of sound absorber for enhanced performance. 

 

1.4 Outline of thesis 

In the following chapters, contents on the wave skewing metaporous structures 

including wave physics, theoretical models, numerical and experimental analyses, 

design will be provided. In particular, the main effort is on the wave skewing 

metaporous structures based on metamaterials and metasurface, which are 

represented in Chapter 3 and 4, respectively. 

In Chapter 2, the theoretical background for understanding main contents of the 

thesis is provided. In detail, the fundamental physics of acoustic wave propagation 
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in both non-dissipative and dissipative media. Especially, the rigid-frame porous 

materials are handled in the thesis, as one of the dissipative porous media. At the end 

of this chapter, several methods to evaluate the sound absorption performance are 

introduced.  

In Chapter 3, the directional power dissipation in metamaterial-based metaporous 

structures is defined and analyzed. The power dissipation in total is decomposed into 

the sound power dissipation in the layer thickness direction and its normal direction. 

The relevant numerical and experimental analyses are also delivered to validate the 

newly defined power dissipation. Furthermore, some works on design are given at 

last.  

In Chapter 4, a sound absorber of ultra-thin porous layer backed by a reflective 

metasurface is studied. The considered sound absorber exhibits high absorption 

performance in the desired frequency range. To figure out its inherent physics, 

theoretical models are built at first and the numerical analyses are also performed. 

The revealed physical origin of enhanced sound absorption is directly utilized for the 

design of metasurface-based metaporous structures. 

In the last chapter, the concluding remarks on the thesis are described. 
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CHAPTER 2.  
Theoretical Background 

 

 

 

In this chapter, the theoretical background of acoustic wave propagation will be 

presented for understanding the wave behavior in acoustic media. Especially, the 

fundamental description of physical quantities and equations for sound waves in 

general acoustic media will be provided for a better understanding of main contents 

of this dissertation. In the following sections, the acoustic governing equation and 

relevant quantities for non-dissipative and dissipative acoustic media are introduced 

firstly. For dissipative acoustic media, rigid-frame porous materials which constitute 

the metaporous structures are covered. In particular, the characteristics of wave 

propagation in homogeneous dissipative acoustic media will be introduced and the 

sound power dissipation by viscous and thermal effects will be characterized. Finally, 

the conventional sound absorption problem handled in this dissertation will be 

presented in the last section of the chapter. And, various methods to evaluate 

reflection and absorption performances of acoustic structures will be given and 

compared for homogeneous porous layer. 
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2.1 Acoustic waves in non-dissipative media 

2.1.1 Acoustic wave equation 

Acoustic waves transport sound energy by continuous exchange of restoring force 

and inertia force. With repeated adiabatic compression and expansion, the particles 

in acoustic media oscillate and this enables the transfer of sound. Thus, the 

propagation of acoustic waves can be described by using a pressure fluctuation in a 

compressible fluid. Here, the governing equation of acoustic waves can be derived 

from the equation of the state, conservation of mass (the equation of continuity) and 

conservation of linear moment (the equation of motion called Euler’s equation). 

 

The equation of state 

The equation of state for acoustic media relates three physical quantities from 

thermodynamic principles. The quantities are pressure, density and temperature. For 

general acoustic media, the thermodynamic process can be regarded as nearly 

isentropic (adiabatic and reversible). In that sense, the linearized relationship 

between pressure and density fluctuations can be represented by  

 

0
0 0

0

P P K � �
�
�

� �                      (2.1) 

 

where P  is the instantaneous pressure, 
0P  is the equilibrium pressure, �  is the 
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instantaneous pressure, 
0�  is the equilibrium pressure and 

0K  is adiabatic bulk 

modulus. If the acoustic pressure fluctuation is defined as p  and the change in 

density for equilibrium fluid density is defined as condensation, � �0 0s � � �� � , 

then the equation of state can be simplified as  

 

0p K s� .                          (2.2) 

 

Equation of continuity: conservation of mass 

While the fluid moves with compression and expansion, the total amount of mass in 

any fixed volume element should be preserved. In other words, the net rate of fluid 

mass flow into the volume through its surfaces should be identical to the net rate of 

increase in fluid mass within the fixed volume. For a fixed volume element V�  as 

shown in Fig. 2.1, the conservation of mass can be expressed as   

 

� � 0
V

d
t
� �

�

�� ��� � � �� ��� �� v ,    (integral form)          (2.3) 

� � 0
t
� ��
��� �

�
v .    (differential form)         (2.4) 

 

where v  is the particle velocity vector. In Eq. (2.4), the first term represents the 

rate of change in mass with respect to time, and the second term denotes the volume 

density of net flux of mass flow. Assuming that the condensation s  is very small, 
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the linearized equation of the continuity can be obtained as  

 

0
s
t
�

�� � �
�

v                         (2.5) 

 

from the definition of acoustic condensation, � �0 0s � � �� � . 

 

Equation of motion (Euler’s equation): conservation of linear moment 

From the Newton’s second law, the equation of motion for the fluid can be obtained. 

Assume that the fixed volume element in Fig. 2.1 is subject to instantaneous pressure 

P  and the fluid particle in the volume moves with the velocity v . Then the 

equation of motion can be expressed as 

 

ˆ
V V

dP d d
dt

�
�� ��

� � � �� �
vn .                 (2.6) 

 

By using the definition of convective derivative 

 

d
dt t

�
� � ��
�

v ,                      (2.7) 

 

and applying the divergence theorem to the left-hand side of Eq. (2.6), the equation 

of motion can be expressed in the differential form as 
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� �P
t

� �� ��� � � ��� ��� �

v v v .                   (2.8) 

 

Here, substituting 
0p P P� �  and � �0 1 s� �� �  into Eq. (2.8) gives  

 

� � � �0 1p s
t

� �� ��� � � � ��� ��� �

v v v .                (2.9) 

 

If 1s 1  and � �t� � ��v v v� ���� ��� v����  are assumed for linear acoustic waves, the 

linearized equation of motion is then obtained as  

 

0p
t

� �
�� �

�
v

.                      (2.10) 

 

This equation is often called linear Euler’s equation. 

 

The governing acoustic wave equation 

The governing acoustic wave equation can be obtained from the combination of 

equation of state, equation of continuity and equation of motion. This combination 

yields a partial differential equation with a single dependent variable. By taking the 

divergence of Eq. (2.10), the equation (2.10) is rewritten as  
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2

0 0p
t

� �� �� ��� �� ��� �

v
.                   (2.11) 

 

And, substituting Eq. (2.2) into Eq. (2.5) and taking time derivative to the equation 

give  

 

2

0
02

0

0
p

K t t
�

�� �� ��� � �� �� �� �

v
.                 (2.12) 

 

To constitute a partial differential equation of a single dependent variable p  only,  

Eqs. (2.11) and (2.12) are combined with the elimination of the second term of each 

equation. Then, the governing linearized wave equation is obtained as 

 

2
2

2 2

1
0

pp
c t

�
� � �

�
,                   (2.13) 

 

where c  is the thermodynamic speed of sound in the fluid. Here, c  is defined by 

the material properties of acoustic medium 
0�  and 

0K  as 

 

2 0

0

Kc
�

� .                     (2.14) 
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The derived governing wave equation (2.13) is the linear and lossless acoustic wave 

equation for the fluids with phase velocity c . With the assumptions presented above, 

the governing equation is always valid for small amplitude of p  in inviscid and 

isentropic fluid medium. 

 

2.1.2 Dispersion relation 

The solutions to governing acoustic wave equation (2.13) can be represented as a 

function of the space x  and time t ,  

 

� � � �
,

j tp t pe �� � �� � �j t�pe ttk xx .                   (2.15) 

 

where pp  is a complex amplitude of pressure, k  is the wavenumber and �  is the 

angular frequency. When the equi-phase plane and equi-amplitude plane are 

perpendicular to the direction of wave propagation, i.e. pp  and k  are constant for 

given � , the wave solution (2.15) can be referred as called plane wave. The acoustic 

wave described by Eq. (2.15) propagates along the direction ˆ ˆ ˆx x y y z z= k e k e k e� �k  

for three-dimensional space where ˆxe , ˆye  and ˆze  are the unit vectors in the three-

dimensional Cartesian coordinates. 

By substituting the time-harmonic solution (2.15) into the governing wave equation 

(2.13), the dispersion relation of conventional non-dissipative acoustic media can be 

obtained as 
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kc� � .                         (2.16) 

 

From the dispersion relation, the phase velocity and the group velocity, which 

provide the direction of phase and power propagation, respectively, can be obtained 

as follows [65]: 

 

pv c
k
�

� � ,                       (2.17) 

gv
k
��

�
�

.                        (2.18) 

 

where pv  and gv  are the phase and group velocity, respectively; see Ref. [65] for 

a detailed derivation. In structured materials such as acoustic metamaterials, a 

dispersive wave behavior can be observed whereas sound propagation in most of the 

conventional acoustic media shows non-dispersive characteristics. For example, 

consider one-dimensional wave behavior in non-dispersive and dispersive bulk 

acoustic media. For non-dispersive and dispersive acoustic media, dispersion curves 

(i.e. spectral dispersion) which relate the wavenumber and angular frequency can be 

expressed as shown in Fig. 2.2 (a) and (b), respectively. In non-dispersive acoustic 

media, the phase velocity and the group velocity are always equal regardless of the 

frequency. On the other hand, the phase and group velocity are dependent on the 
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frequency. Hence, they usually have different values, which means the propagation 

of phase and power is temporally dispersed. 

 

2.2 Acoustic waves in dissipative media 

2.2.1 Modelling of rigid-frame porous materials 

Porous materials [1] are made of a solid skeleton and a network of interconnected 

pores saturated by fluid. It is well known that porous materials have superior sound 

dissipating capability, so they are widely used as acoustic component for passive 

noise control. The sound dissipating characteristics are mainly originated from the 

viscous and thermal effects by the relative motion of solid and fluid phases. In this 

dissertation, rigid-frame porous materials of which solid skeleton is regarded as 

acoustically rigid are considered among various kinds of porous materials. Then, the 

major origins of sound dissipation are viscous layer and thermal conduction effects 

by the interaction between wall of rigid skeleton and saturating fluid. 

Because the elastic behavior of a solid skeleton is negligible in the rigid-frame 

porous materials, they can be regarded as an equivalent fluid in terms of wave 

propagation. In other words, the acoustic wave equation for porous materials is same 

as the one for non-dissipative media except for the material properties. For an 

appropriate modelling of rigid-frame porous materials, there have been efforts [66-

73] in the past decades. The modelling of porous materials is concerned with how 

the material properties (i.e. density, bulk modulus) or wave properties (i.e. 
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wavenumber, impedance) of porous materials can be defined. There are two 

representative approaches to model the rigid-frame porous material as an equivalent 

fluid: Empirical models [66-69] and semi-phenomenological models. [70-73] The 

empirical models deal with equivalent wave properties such as the complex 

wavenumber and characteristic impedance based on a large number of experimental 

measurement data. On the other hand, the semi-phenomenological models are based 

on the theory of wave propagation in a network of complicated shape of pores. Also, 

the semi-phenomenological models involve several parameters of porous materials 

to define equivalent complex material properties.  

In this dissertation, JCA (Johnson-Champoux-Allard) model, one of the semi-

phenomenological models, is adopted for modelling rigid-frame porous materials. 

The model is based on the two works done by Johnson et al. [70] and Champoux and 

Allard. [71] In the respective work, Johnson et al. suggested the description of 

equivalent complex density of porous materials. Champoux and Allard proposed to 

describe the equivalent bulk modulus of porous materials. The combined JCA model 

is capable of describing the equivalent material properties (i.e. equivalent mass 

density, equivalent bulk modulus) with physical parameters of porous materials. The 

physical parameters of porous materials are open porosity ( ), flow resistivity (! ), 

tortuosity (	" ), viscous characteristic length ( v# ) and thermal characteristic length 

( t# ). Explanations for the parameters provided as below. 
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Open porosity ( ) 

Open porosity is the ratio of fluid volume to the total volume of porous material. 

Here, the fluid volume should be considered only for the fluid which is not 

completely closed by the solid skeleton. It is known that open porosity is very close 

to 1 for most of the fibrous materials and plastic foam. 

 

Flow resistivity (! ) 

Flow resistivity is defined as the ratio of the pressure difference across a material 

sample to the normal flow velocity trough the sample. In general, this parameter 

largely affects to the amount of sound absorption in porous materials.  

 

Tortuosity (	" ) 

Tortuosity is a parameter that represents the complexity in micro-geometry of pores. 

In other words, the parameter is highly relevant to the cross-sectional shape of pores 

and connectivity of pores. For this reason, the parameter is defined by using the 

concept of particle velocity in pores and affects to equivalent dynamic density. 

 

Viscous characteristic length ( v# ) 

Viscous characteristic length is a parameter that represents the viscous interaction 

between the pore wall and saturated fluid. This parameter only depends on the 

geometry of solid skeleton. 
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Thermal characteristic length ( t# ) 

Thermal characteristic length is a parameter adopted for characterizing the high-

frequency behavior of the bulk modulus. This parameter is also affected only by the 

geometry of solid skeleton as well as viscous characteristic length. 

 

Based on the parameter above, JCA model describes equivalent dynamic density and 

bulk modulus of porous materials as  

 

2

0 0

2 2 2

0

4
1

v

j
j

� �	 � $! � 	
 �� !  

"
"

� �
� � �� �

#� �� �
,             (2.19) 
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 ��

��� �� �#� �� �� � � � �� �� �#� �� �� �

.      (2.20) 

 

The material properties in Eqs (2.19) and (2.20) except  , ! , 	" , v#  and t#  

are relevant to the saturating fluid inside pores. In this thesis, air is considered for 

the saturating fluid and the corresponding material properties are presented in Table. 

2. 1.  

 

2.2.2 Wave propagation in rigid-frame porous materials 

The wave equation for the rigid-frame porous materials is identical to acoustic 
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Helmholtz equation (2.13) except that material properties are replaced by equivalent 

fluid properties of rigid-frame porous material. The equivalent material properties 

�  and K  are complex valued. Correspondingly, the wave parameters such as 

wavenumber k  and characteristic impedance cZ  ( cZ K�� ) are also complex 

valued. For the time-harmonic pressure wave with j te � , the imaginary parts of �  

and K  are negative and positive, respectively. This leads to the relation for sign 

convention of wave parameters as below: 

 

� � � �Re Im 0k k� � ,                    (2.21) 

� �Re 0cZ & ,                      (2.22) 

� �Im 0cZ � ,                      (2.23) 

 

where � �Re , � �Im  denote the real and imaginary parts of complex value, 

respectively. The relations above imply that the equivalently modelled porous 

materials are passive and dissipative. Consider the propagation of acoustic waves in 

infinite porous media as shown in Fig. 2.3 (a). With Eq. (2.20), the amplitude of 

acoustic wave of Eq. (2.15) in bulk dissipative media decays exponentially as the 

wave propagates. In this case, the directions of wave propagation and attenuation 

coincide; see arrows in Fig. 2.3 (a). For the configuration as shown in Fig. 2.3 (b), 

the relations in Eqs. (2.21), (2.22) and (2.23) also hold. But, the inhomogeneous 
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plane waves are generated at the interface between non-dissipative media (e.g. air) 

and dissipative media (e.g. porous materials). [74] Inhomogeneous plane waves are 

plane waves with distinct equi-phase and equi-amplitude planes. [1] In other words, 

the direction of phase velocity differs from the direction of power dissipation for 

inhomogeneous plane waves. [75] This wave behavior is illustrated in Fig. 2.3 (b). 

When a plane wave impinges from air to porous material, the transverse wavenumber 

should be preserved by Snell’s law,  

 

0 sin sini tk k� �� ,                     (2.24) 

 

where 
0k  is a wavenumber in air, i�  and t�  are incident and refracted angles, 

respectively. Because the left hand side of Eq. (2.24) is real-valued and, the 

imaginary part of the right hand side of Eq. (2.24) should be 0. It means that the 

wavenumber of porous materials in x-direction should be real valued while the 

wavenumber in z-direction remains complex. In other words, the propagation of 

phase directed by Snell’s law whereas the direction of power dissipation (or damping) 

is always perpendicular to the interface.  

 

2.2.3 Acoustic power balance equation 

In this subsection, acoustic power balance equation for dissipative acoustic media is 

derived and analyzed. From the acoustic equations of conservation, Eqs. (2.5) and 
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(2.10) with replaced material properties,  

 

� � � �Re Im 0p j
t

� � �
� � � � � �� � �

v
,                (2.25) 

1 1
Re Im 0

pj
K K t

� � �� � � �� � � �� � � �� � �� � � �� �
+ v .               (2.26) 

 

Since the time-harmonic dependence is considered as j te � , Eqs (2.25) and (2.26) 

can be rewritten as  

 

� � � �Re Im 0p
t

� � ��
� � � �

�
v v ,                (2.27) 

1 1
Re Im 0

p p
K t K

��� � � �� ��� �� � � ��� � � �
v .               (2.28) 

 

By multiplying v  to Eq. (2.27) and p  to Eq (2.28) and summing up both 

equations, the differential form of power balance equation is obtained: 

 

d
e P
t

�
�� � �

�
I ,                        (2.29) 

where 

� � 2 21 1 1
Re Re

2 2
e p

K
� � �� � � �

� �
v ,                (2.30) 
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p�I v ,                           (2.31) 

� � 2 21 1 1
2 Im Im

2 2
dP p

K
� �� �� �� � � �� �� �� �

v .              (2.32) 

 

where the symbol e  represents the instantaneous acoustic energy density, I  

denotes the acoustic intensity and dP  indicates the density of acoustic power 

dissipation. In an integral form, the power balance equation can be expressed as 

 

ˆ d
d e d d P d
dt � �� �

�� � � � �� � �I n ,               (2.33) 

 

by using the Gauss theorem. Eq. (2.33) tells that the sum of decrease of acoustic 

energy in temporal perturbation and the net inward acoustic power flow across the 

volume surface ��  is equal to the sound power dissipation in the volume � . 

Moreover, the expression in Eq. (2.32) shows the power dissipation in porous media 

is contributed by the viscous and thermal effect; the first and second term of the right 

hand side of Eq. (2.32) respectively represent the effects. 

 

2.3 Reflection and absorption coefficients 

The conventional sound absorption problem is characterized by the existence of hard 

wall boundary as shown in Fig. 2.4. In the absorption problem, the plane acoustic 

wave impinges on the acoustic structure and reflected from the interfaces between 
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air and the structure, the structure and hard wall. Because the hard wall is impervious, 

i.e. no waves can pass through the boundary, there is no transmission of acoustic 

waves. The reflection and absorption coefficients are important measures to estimate 

the reflective and absorptive performance of structures. The reflection coefficient r  

is defined as 

 

r

i

pr
p

� ,                         (2.34) 

 

where ip  and rp  are complex amplitudes of incident and reflected plane waves, 

respectively. And, the absorption coefficient 	  is defined as  

 

2
1 r	 � � .                        (2.35) 

 

The absorption coefficient is a normalized power coefficient while the reflection 

coefficient is built by the amplitudes of plane waves. It means the absorption 

coefficient represents how much sound power is absorbed by the given acoustic 

structure.  

In this subsection, the evaluation methods for reflection and absorption coefficients 

are introduced. Especially, the reflection and absorption coefficients for conventional 

homogeneous acoustic media and periodic structures are handled. The evaluation 

method can be categorized into two groups: methods for the plane wave reflection 
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and non-plane wave reflection. For the plane wave reflection, two microphone 

method and surface impedance based method [1] are most popular. The two 

microphone method is based on the measured field values at the two microphone. As 

illustrated in Fig. 2.5, the complex amplitudes of total pressure field, 
1p  and 

2p  

at 
1z z�  and 

2z z� , are firstly measured. Then the field expressions are 

represented as 

 

0 1 0 1

1

jk z jk z
i rp p e p e�� � ,                   (2.36) 

0 2 0 2

2

jk z jk z
i rp p e p e�� � ,                   (2.37) 

 

where 
0k  is a wavenumber in measured area (e.g. air in general case). From Eqs. 

(2.36) and (2.37), the complex amplitudes of incident and reflected plane waves can 

be obtained as 

 

� � � �

0 2 0 1

0 1 2 0 1 2

1 2

jk z jk z

i jk z z jk z z

p e p ep
e e� � �

�
�

�
,                  (2.38) 

� � � �

0 2 0 1

0 1 2 0 1 2

1 2

jk z jk z

r jk z z jk z z

p e p ep
e e

� �

� � �

� �
�

�
.                  (2.39) 

 

Here, substituting Eqs. (2.38) and (2.39) into Eqs. (2.34) and (2.35) yields the 

reflection and absorption coefficients for the reflected plane waves.  

The second method for the plane wave reflection is a surface impedance based 
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method. The surface impedance is defined as the ratio of total pressure to the 

associated normal component of particle velocity [1, 2],  

 

ˆ

pZ �
�v n

.                        (2.40) 

 

It represents the quantity by which the particle motion induced by a pressure applied 

to a surface is changed. In general case, the surface impedance Z  cannot be 

considered a function of surface position, however, Z  can be characterized by the 

surface position for homogeneous media or subwavelength structures. In other words, 

Z  can be a pointwise value for conventional homogeneous media or subwavelength 

acoustic metamaterials. This property is quite useful for the evaluation of reflection 

and absorption coefficients. Consider the surface impedance at the points 1L , 2L  

and in Fig. 2.6, 

 

� �
� � � �

� � � �

1 1

1 1
1

jk L jk L

e jk L jk L

p e p eZ L Z
p e p e

�
� �

�
� �

�
�

�
,               (2.41) 

� �
� � � �

� � � �

2 2

2 2
2

jk L jk L

e jk L jk L

p e p eZ L Z
p e p e

�
� �

�
� �

�
�

�
,               (2.42) 

� �
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jk L jk L
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�
,               (2.43) 
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where 0Z  and cZ  are characteristics impedances of air and homogeneous 

acoustic media, and p�  and p�  represent the complex amplitudes of pressure 

waves in homogeneous acoustic layer along positive and negative z-direction, 

respectively. With the definition of reflection coefficient (2.34), the reflection and 

absorption coefficient can be expressed by � �3Z L : 

 

� � � �
� �

3 0

3

3 0

Z L Z
r L

Z L Z
�

�
�

,                    (2.44) 

� � � � 2

3 31L r L	 � � .                    (2.45) 

 

The position dependent reflection coefficient implies a change of phase in reflection 

coefficient according to measuring position. But, this implies also the reflected 

power and absorption coefficient are irrelevant to the position.  

From Eq. (2.41), it can be written that 

 

� �
� �

� �121

1

j kz Lc

c

Z L Zp e
p Z L Z

��

�

�
�

�
.                (2.46) 

 

Substituting Eq. (2.42) into Eq. (2.41) gives 
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� � � � � �
� � � �

1

2

1

cot

cot

c
c

c

jZ L kH Z
Z L Z

Z L jZ kH
� �

�
�

.              (2.47) 

 

Here, the point 
1L  is located on the hard wall boundary. Thus, the normal 

component of particle velocity is 0 and � �1Z L  becomes infinity. This simplifies 

� �2Z L  in Eq. (2.47) to 

 

� � � � � �2 1 cotZ L jZ L kH� � .                  (2.48) 

 

The surface impedance at the point 3L  is equal to the impedance at the point 2L  

since the pressure and the normal component of particle velocity should be 

continuous. From the continuity condition, it can be showed that the reflection and 

absorption coefficients can be characterized by material and geometric properties of 

given acoustic layer: 

 

� � � �
� �

0

3

0

cot

cot

c

c

Z jZ kH
r L

Z jZ kH
�

�
�

,                (2.49) 

� �
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�

.                (2.50) 

 

When the frequency of incident plane wave is high enough, the characteristic 
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dimension of basis unit for periodic structures exceed the wavelength, the reflected 

waves are not planar any longer. This is due to the existence of higher order 

diffraction modes. [76-78] In other words, the reflected wave cannot be defined by 

using the complex amplitude rp . Furthermore, Eqs (2.34) and (2.35) are no longer 

available for the evaluation of coefficients. Consider a plane wave impinges to the 

periodic structures as shown in Fig. 2.7. If the lateral dimension of their basis unit, 

i.e. characteristic length in x-direction, is larger than the wavelength of incident wave, 

it is hard to define the equi-amplitude plane. For this reason, acoustic power based 

method [79, 80]which is utilizing the time-averaged intensity field is additionally 

adopted in this dissertation. Basic definition of reflection power coefficient R  and 

absorption coefficient 	  is described as 

 

ref

inc

P
R

P
� ,                        (2.51) 

1 1
ref

inc

P
R

P
	 � � � � ,                    (2.52) 

 

where the incident power incP  and reflected power refP  are defined as  

 

� �*1
ˆRe

2
inc i iP p d

�
� � �� v n ,                 (2.53) 

� �*1
ˆRe

2
ref s sP p d

�
� � �� v n .                 (2.54) 
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The values of incident and scattered pressure field ( ip , sp ) and the complex 

conjugated values of incident and scattered particle velocity field ( *

iv , *

sv ) are 

utilized for calculating the time-averaged intensity field of incident and reflected 

waves. Those values are evaluated by using the theoretical model and finite element 

method (FEM) in this dissertation. 
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Table 2.1 The material properties of the air. 

Material property Symbol Unit Value 

Acoustic density 0�  
3kg m� �� �  1.205 

Specific heat ratio %   1.4 

Ambient temperature 0T  ' (K  293.15  

Ambient pressure 0P  ' (Pa  101432  

Gas constant R  ' (J kg K  286.7 

Sound speed 0c  ' (m s  343.0227  

Bulk modulus 0K  ' (Pa  141790  ( 0 0RT% �� ) 

Specific heat pc  ' (J kg K  1005 

Kinematic viscosity )  
2m s� �� �  51.511 10�*  

Fluid dynamic viscosity $  ' (kg m s  51.8208 10�* ( 0� )� ) 

Thermal conductivity Tk  ' (W m K  0.0257 
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Fig. 2.1 Fixed volume element V�  of fluid flow. The surface boundaries and their 

surface normal vectors are denoted by V��  and n̂ . 
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Fig. 2.2 Dispersion curves of (a) non-dispersive acoustic meida and (b) dispersive 

acoustic media. 
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Fig. 2.3 (a) wave propagation in infinite porous domain, (b) wave propagation at the 

interface between semi-infinite domain of air and porous material. Black arrows 

denote the direction of wave propagation whereas red arrows represent th direction 

of power dissipation. 
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Fig. 2.4 Schematic diagram of the convetional sound absorption problem. 
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Fig. 2.5 Schematic diagram for two microphone method. 
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Fig. 2.6 Schematic diagram for surface impedance based method. 

 

 

 

 

 



39 

 

 

 

 

 

 

Fig. 2.7 Schematic diagram for time-averaged intensity based method. 
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CHAPTER 3.  
Metamaterial-based 

Wave Skewing Metaporous Structures 
 

 

 

3.1 Overview 

When rigid inclusions are inserted in hard-backed porous layers, their sound 

absorption performances can be significantly increased. The resulting composite 

type porous layers, called metaporous layers (i.e. metamaterial-based metaporous 

structures), exhibit multidirectional effects in sound power dissipation not observed 

in homogeneous porous layers. In evaluating the sound dissipation performance of 

metaporous layers, not only the global quantities such as sound absorption 

coefficients and surface impedances but also the directional characteristics of sound 

power dissipation are important. However, the existing works on metaporous 

structures have not considered such directional effects enough. Furthermore, the 

directional mechanism of power dissipation at sound absorption peak frequencies 

has not been explained although it is fairly responsible for the sound absorption 
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performance.   

To reveal the directional mechanism of sound power dissipation, a new approach is 

required. For the conventional acoustic metamaterials, the homogenization approach 

is generally used and it can also be applied for a metamaterial-based metaporous 

structure when the wavelength is much larger than the characteristic length of the 

periodic structure. The macroscopic acoustic wave behavior in the layer can be 

expressed with the effective medium description, [81-83] and sound absorption 

performance of metaporous layers can be easily predicted using the globally defined 

quantities, such as absorption coefficients and surface impedances under plane wave 

assumption. Using these quantities, one can estimate the total amount of dissipated 

sound power inside the metaporous layers. However, the directional sound power 

dissipation cannot be described correctly in the homogenized medium. This is 

because a plane wave propagating inside homogeneous dissipative medium (e.g. 

porous materials, viscoelastic solids) lose power along only the direction 

perpendicular to the interface when the plane wave is incident from non-dissipative 

medium (e.g. air, water). [74, 75] Therefore, the inhomogeneous model should be 

considered when evaluating the power dissipation in metaporous structures. 

Recalling the fact that sound power dissipation is a scalar quantity without any 

directivity in a space, a directional decomposition of sound power dissipation may 

be artificial manipulation. But, successful quantification of the directional sound 

power dissipation is important to understand the spatial characteristics in the sound 

dissipation phenomena. Moreover, the technique will provide effective and powerful 
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evaluation tools in the analyses and design of metaporous layers. 

In this chapter, the directional power dissipation in metaporous layers is investigated. 

Firstly, we define the power dissipation in the thickness and lateral directions of the 

layer by using the spatial variation of time-averaged acoustic intensities. Then, it is 

verified that the power dissipation in total is expressed as a sum of the power 

dissipation in each direction. We also examine the directional effects of sound 

dissipation, varying the geometric parameters of metaporous layers. It is found that 

the formation of the absorption peaks is differently contributed by power dissipation 

in the thickness and lateral directions of the layer. Also, the variation in directional 

power dissipation is affected by the distribution of inclusions in the metaporous 

layers. Inspired by the observations, we finally consider a design problem to 

demonstrate how the lateral contribution of power dissipation affects the overall 

sound absorption at a target frequency band. 
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3.2 Directional characteristics of wave propagation 

Consider sound wave propagation in acoustic media which exhibit the isotropic 

characteristics. In such a conventional media, the direction of phase propagation 

coincides with the direction of power propagation. Acoustic materials are typically 

known as isotropic materials, however, it has been revealed that the engineered 

acoustic materials can be anisotropic from the several works on acoustic 

metamaterials. [84-86] In anisotropic acoustic media such as acoustic metamaterials, 

the direction of power propagation does not coincide with the direction of phase 

propagation unlike the conventional isotropic acoustic media. This can be easily 

predicted by the equi-frequency contour (EFC) analysis, i.e. dispersion analysis 

which can be derived from the homogenization approach. [83, 87] The EFC is a set 

of wave vectors of propagating mode at the given frequency. Since this spatial 

dispersion relation provides the information of propagating wave vectors, one can 

predict the direction of phase and power propagation from the definition of phase 

and group velocity presented in the previous chapter. For example, consider the two-

dimensional wave propagation problem as shown in Fig. 3.1 (a) firstly. When a plane 

wave is normally incident on the interface between two dissimilar isotropic acoustic 

media, the reflected and transmitted waves propagate as depicted in Fig. 3.1 (a). It is 

because the reflected and transmitted waves are governed by Snell’s law that the 

transverse component ( xk ) of wave vector should be preserved for a given plane 

wave incidence. This determines the phase propagation in isotropic media 2 which 



44 

is denoted by blue arrows in Fig. 3.1 (a) and (c). From the definition of the group 

velocity, g ���v k , the direction of power propagation should be perpendicular to 

the EFC at the corresponding point. (e.g. see green dotted arrows Fig. 3.1 (c) and 

(d).) Hence, the direction of phase and power propagation should be always identical 

since an EFC of such media has an exactly circular shape. A similar aspect of phase 

propagation can be predicted for the two-dimensional problem as shown in Fig. 3.1 

(b). In the problem the isotropic media 2 is replaced by anisotropic acoustic media. 

However, the behavior of power propagation is quite different from the case in Fig. 

3.1 (a) and (c). The EFC of anisotropic acoustic media can be elliptic or hyperbolic 

as shown in Fig. 3.1 (d). Therefore, the direction of power propagation is usually 

different from the direction of phase propagation. 

In comparison to the direction of phase and power propagation, the direction of 

power dissipation shows far different aspect, which is regardless of isotropy and 

anisotropy. More importantly, the direction of power dissipation is irrelevant to the 

direction of power propagation. Thus, Rather than considering the direction of power 

propagation, for the wave skewing metaporous structures, the direction of power 

dissipation should be considered. Consider the conventional sound absorption 

problem, i.e. sound waves impinge from air to the sound absorbing layer. At first, 

one can observe from Fig. 3.2 (a) that homogeneous porous layers under normal 

incidence of plane wave from air dissipate sound power only along the thickness 

direction. This unidirectional sound power dissipation pattern remains unchanged 

even if a sound wave is obliquely incident [1], as shown in Fig. 3.2 (b). When rigid 
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inclusions are inserted in homogeneous porous layer, on the other hand, the incident 

sound power can be dissipated in multiple directions due to the formation of 

additional interfaces inside the layer. Figure 3.2 (c) suggests that the sound power 

dissipates not only along the thickness direction (the z coordinate) but also its 

perpendicular direction (the x coordinate) when circular inclusions are periodically 

inserted. From the result in Fig. 3.2 (c), it is argued that this directional sound 

dissipation property can affect the overall sound absorption capability of a 

metaporous layer over a frequency range of interest and that the homogenization 

based analysis alone (using sound absorption coefficient or surface impedance) 

cannot reveal the multi-directional effects in sound power dissipation. Therefore, it 

is necessary to investigate the directional characteristics of power dissipation for 

understanding and designing the metamaterial-based wave skewing metaporous 

structures. 
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3.3 Directional decomposition of sound power dissipation 

In Fig. 3.3, a schematic configuration of the considered metaporous layers, which 

are constructed with rigid inclusions in homogeneous porous layers, is presented. If 

the porous medium is modeled as an equivalent fluid, the power balance equation in 

Eq. (2.33) can be directly adopted to formulate the power dissipation relation in 

metaporous layers. When a plane acoustic wave impinges on the metaporous layer 

shown in Fig. 3.3, the power balance equation in the dissipative porous domain p�  

is rewritten from Eq. (2.33) as  

 

ˆ
p p p

d
d e d d P d
dt � �� �

�� � � � �� � �I n .               (3.1) 

 

Here, the dissipated power density dP  is determined by the ‘intrinsic’ material 

parameters � �, K�  and the field variables � �,p v  as presented Eq. (2.32). 

By averaging Eq. (3.1) over a temporal period ( 2+ � ), the time-averaged power 

balance equation is obtained as 

 

ˆ
p p

dd P d
�� �

� � � �� �I n ,                  (3.2) 

 

where the angle bracket denotes the time-averaging operator. The right-hand side of 

Eq. (3.2) represents the time-average power dissipation over p� . Here, we set 
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p
d matP d D

�
� , ��  in order to indicate that the time-averaged power dissipation is 

determined by the intrinsic material parameters of the porous layer. Using the symbol 

matD  and applying the divergence theorem to the left-hand side of Eq. (3.2), the 

following equation can be obtained  

 

p
matd D

�
� �� � �� I .                     (3.3) 

 

From Eq. (3.3), one can see that the dissipated sound power matD  determined by 

the intrinsic material parameters � �, K�  and the field variables � �,p v  of the 

domain can be obtained simply by integrating the divergence of the time-averaged 

acoustic intensity, which is defined as � �*1 2Re p�I v , where � �*
 denotes its 

complex conjugate. Here, we examine Eq. (3.3) to investigate the directional effects 

of sound power dissipation. Equation (3.3) can be used to offer a different viewpoint. 

First, we note that because the acoustic intensity is a vector quantity, its divergence 

term (�� I ) can be decomposed into two terms along the two orthogonal directions. 

For the decomposition of the divergence term, the left-hand side integral in Eq. (3.3) 

is written as � �
p

z xI z I x d
�

� � � � � � �� . Then, we interpret each term in the 

expression, � �z xI z I x� � � � � , as the directional densities of the dissipated 

sound power inside the domain p� . Based on this observation, we define the 
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following quantities: 

 

p

z
z

I
D d

z�

�
, � �

�� ,                     (3.4) 

p

x
x

I
D d

x�

�
, � �

�� .                     (3.5) 

 

The quantities zD  and xD  in Eqs. (3.4) and (3.5) represent the relative 

contribution of dissipated sound power along the z and x coordinates, respectively. 

If these quantities are used, the directional contributions in the sound absorption 

performance of sound dissipative metaporous layers can be evaluated because the 

following relation always holds: 

 

z x matD D D� � .                      (3.6) 

 

Equations (3.4), (3.5) and (3.6) are apparently simple, but the consequence is 

significant; zD  and xD  can directly estimate the relative amount of the sound 

power dissipation along the z and x directions, respectively, inside p�  of a 

metaporous layer because Eq. (3.6) is always valid. 

While the power dissipation in total matD  should be larger than 0 and the Eq. (3.6) 

always holds, it can be possible one of the directional component of power 

dissipation is smaller than 0, i.e. 0zD �  or 0xD � , especially when there exists 
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strong coupling between the z and x directions. It is because zD  and xD  are 

defined by using the spatial variation of sound intensity (i.e. sound power flow). 

From the definition, this negative power dissipation in a specific direction implies 

the variation in the direction of time-averaged sound intensity. For example, consider 

the power flow around the infinitesimal region near the point � �0 0,z x  as illustrated 

in Fig. 3.4. If zD  and xD  are evaluated at the point � �0 0,z x , 0zD & , 0xD �  

and 0z xD D� & . (see the change in length of z and x components of time-averaged 

sound intensity.) It seems that the length of x-component of sound intensity is 

increased ( 0xD � ), while the length of z-component of sound intensity is decreased 

more rapidly. ( 0zD &  and z xD D& ) Thus, the total amount of sound power 

dissipation remains positive. ( 0mat z xD D D� � & ) Therefore, in the strict sense, zD  

and xD  are the directional contribution of sound power dissipation. 

When the total sound power dissipation matD  is normalized by the incident sound 

power incP , it is identical to the sound absorption coefficients defined in Eq. (2.52). 

In other words, the total sound power dissipation matD  defined in porous domain 

p�  is identical to the sound absorption coefficient 	  that is evaluated in the air 

domain a�  as long as the incident sound power is a unit value. Unless otherwise 

state, therefore, all the quantities zD , xD  and matD  in this chapter are assumed to 

be so normalized by the incident sound power that the relation matD 	�  remains 

always valid.   
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3.4 Analyses of directionally decomposed power dissipation 

In this section, we will investigate on the directionally decomposed sound power 

dissipation using the metaporous layers presented in Figs. 3.3 and 3.7. They are hard-

backed metaporous layers with tilted rectangular inclusions. Because thin 

rectangular inclusions inserted inside metaporous layers can reflect sound waves 

effectively, the directional characteristics of power dissipation inside metaporous 

layers may be well observed. 

 

3.4.1 Numerical analysis 

Referring to Fig. 3.3, the dashed boxes in the inset of Fig. 3.3 indicate the unit cell 

of a metaporous layer with the width W  and height H . The rigid inclusions are 

specified by the width w , height h  and tilted angle � . The specific geometric 

values are given in the caption of Fig. 3.3. The unit cells are assumed to be 

periodically arranged in the x-direction while the background porous material 

saturated by air is treated as a homogeneous equivalent fluid by using the JCA model 

[1, 70, 71] presented in chapter 2. In two-dimensional problems considered in this 

section, a layer of Fireflex [11, 14] is used as a porous layer. Its material parameters 

are provided in Table. 3.1. 

For the metaporous layer shown in Fig. 3.3, we calculate the sound power dissipation 

in total and its directional contribution inside the layer under plane sound wave 

incidence. Figure 3.5 compares zD , xD , z xD D� , matD  and 	  over a wide 

range of frequencies. All numerical results including those shown in Fig. 3.5 are 
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calculated by using cubic finite elements of COMSOL Multiphysics®. 

As described in the previous section, it is verified that the sound power dissipation 

in total matD  is equal to the conventional sound absorption coefficients 	  from 

the results in Fig. 3.5. Also the plots in Fig. 3.5 clearly confirm that the sum of zD  

and xD  calculated from the time-averaged intensity field, i.e. Eqs. (3.4) and (3.5), 

is identical to the total sound power dissipation ( matD ) evaluated from the intrinsic 

material properties. In other words, the dissipated sound power in the metaporous 

layer can be decomposed exactly into two directional contributions. Therefore, we 

will discuss on the directional contribution in some detail below. 

An important observation that can be made from Fig. 3.5 is that two peaks in the 

total sound power dissipation curve ( matD ) correspond to the peaks in the directional 

power dissipation curves. Specifically, zD  is dominantly contributed to total power 

dissipation at the first peak frequency ( 1f ) while xD  is contributed to power 

dissipation in total more than zD  at the second peak frequency ( 2f ). It is because 

the first peak around 1f  is induced predominantly from the z-directional resonance 

while the second peak around 2f  is mainly resulted from the x-directional one as 

shown in pressure distribution of Fig. 3.6. It is thus apparent that the directional 

dissipation curves can reveal the specific dissipation mechanisms at the peak 

dissipation frequencies, but the total dissipation curve alone cannot. The 

identification of the origin of the peaks in the matD  curve by using zD  and xD  is 
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important in explaining the resonance mechanism especially because enhancing 

sound absorption capabilities of metaporous layers by resonance are widely used. 

[11-20] Also, the analysis of the directionally decomposed sound power dissipation 

can give an insight into the design of metaporous layers. 

Figures 3.6 also shows the contour plots of the local dissipation and its directional 

contribution at the peak frequencies 1f  and 2f . The dissipation related local 

values in Fig. 3.6 are calculated by integrating the spatial differentiation of time-

averaged intensity over each finite element and normalizing by its area. Note that the 

locations where the field variables are nearly singular near the corner of inclusions 

are intentionally shadowed in the contour plots for meaningful comparison. As 

discussed with the sound power dissipation curves in Fig. 3.5, Fig. 3.6 (a) shows that 

the local pattern of the total sound power dissipation at the first peak 1f  is quite 

close to that of the z-directional contribution, but the x-directional one weakly 

influences to the total one. At the second peak 2f , the directional contribution of 

the sound power dissipation are switched between the z- and x-directions as shown 

in Fig. 3.6 (b). Note that some negative values in the local contribution of power 

dissipation in each direction which cannot be seen in the dissipated power curves 

were observed in Fig. 3.6. As explained in section 3.3, the negative dissipation 

implies the redirection of power flow and occurs around the corner of inclusions 

where the direction of the time-averaged intensity changes rapidly. While the local 

power dissipation and its directional contribution tell the proposed directional 
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decomposition is valid in local point of view, the quantities defined over domain 

p�  ( zD , xD  and matD ) are more useful in evaluating the sound absorption 

performance.  

 

3.4.2 Experimental analysis 

The results in Fig. 3.5 are obtained for two-dimensionally configured metaporous 

layers in the z-x plane so that the sound power dissipation can be decomposed into 

the thickness (z) and lateral (x) directions, respectively. On the other hand, Fig. 3.7 

(a) shows the cylinder-shaped metaporous layers and the photos of the fabricated 

samples are shown in Fig. 3.7 (b). In this case, the lateral contribution of sound power 

dissipation includes the directional components both in the x and y coordinates, while 

the thickness directional contribution can be defined along the z coordinate. The 

porous foam (Sungho Soundproof Interior Co., Ltd., Republic of Korea) made of 

polyurethane was utilized as a base porous layer, which is modeled as an equivalent 

fluid using the JCA model with the material parameters listed in Table. 3.1. The 

diameter of the cylindrical porous layers d  is fixed to be 29 mm in order to 

measure their sound absorption coefficients by using a standard impedance tube 

(Type 4206, Brüel & Kjær, Denmark). As shown in Fig. 3.7 (b), aluminum plates 

(the geometric dimension of which are shown in Fig. 3.7 (a)) are inserted in the 

cylindrical porous layer with different tilted angles e� . Note that each of the 

aluminum plates is tailored in order to make the outer boundary fit the diameter of 
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the impedance tube. Because the pressure field inside the metaporous layers cannot 

be measured by the impedance tube, the directionally decomposed values from 

power dissipation in each case are numerically calculated. However, their sums can 

be compared with the sound absorption coefficients measured by experiments. 

Figures 3.7 (c), 3.7 (d) and 3.7 (e) show the numerical and experimental results of 

the dissipated sound powers and the sound absorption coefficients. For each sample 

of the metaporous layers, the decomposed components of sound power dissipation 

zD  along the thickness direction are plotted by the dashed lines with open circles, 

while the lateral contribution of dissipated sound power calculated as the sum of xD  

and yD  are denoted by the dotted lines. The directional components of dissipated 

power in the thickness and lateral directions are summed up to obtain the total sound 

power dissipation matD  ( mat z x yD D D D� � � ). These quantities are denoted by 

black solid lines. On the other hand, red solid lines represent the sound absorption 

coefficients 	  measured in the impedance tube. The examination of Figs. 3.7 (c), 

3.7 (d) and 3.7 (e) clearly shows that the calculated total sound power dissipation 

matD  agree well with the measured sound absorption coefficients 	  in the 

measured frequency range between 500 Hz to 6,000 Hz. 

In Figs. 3.7 (c) and 3.7 (d) corresponding to Sample 1 ( 90e� � ) and Sample 2 

( 0e� � ), respectively, the lateral components ( x yD D� ) of the dissipated sound 

power are calculated to be zero, i.e. mat zD D� . This means that the sound power 
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dissipation occurs only along the thickness z-direction as in homogeneous porous 

layers without an inclusion. Although Samples 1 and 2 contain an aluminum plate as 

a rigid inclusion, they cannot change the direction of power dissipation. On the other 

hand, non-zero directional contributions of power dissipation along the later x- and 

y- directions occur are observed for Sample 3 ( 45e� � ) as seen from Fig. 3.7 (e). 

Note that the lateral component of sound power dissipation in Sample 3 originates 

from the multiple reflections between the aluminum plate and the tube wall. [88] 

Although Sample 3 is not periodic unlike the previous planar metaporous layer 

shown in Fig. 3.3, the present directional decomposition approach listed in Eqs. (3.3), 

(3.4) and (3.5) is still valid. As also observed earlier with the planar metaporous layer, 

the present decomposition approach offers a way to evaluate the directional 

contributions of the sound absorption in the metaporous layer. 
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3.5 Design of absorption enhanced metaporous structures 

3.5.1 Influence of geometrical variation  

Based on the results obtained so far, it can be stated that the dissipated sound power 

in the metaporous layer can be directionally decomposed and the directional 

contribution to the total sound power dissipation are dependent on the considered 

frequencies. For a better understanding of the directional effects caused by the rigid 

inclusions in metaporous layers, sound power dissipation (absorption) performance 

is investigated by varying the geometric parameters of the unit cell. For parametric 

studies, we used the metaporous layer shown in Fig. 3.3 consisting of a Fireflex layer 

with rigid inclusions. Figures 3.8 and 3.9 show how the sound power dissipations 

can vary depending on the values of the titled angle �  of the inclusion in the unit 

cell and the width W  of the unit cell, independently. 

For different values of � , we compared zD , xD  and matD  ( 	� ) in Fig. 3.8. The 

figure shows that the insertion of periodic inclusions enhances sound absorption 

performance in general in a wide frequency range except for the case of 0� � . The 

inclusions with 0� �  cannot affect the wave field either along the z- or x-

directions in the porous medium. Therefore, the sound absorption performance in 

this case is similar to that in the homogeneous porous layer. When �  is increased, 

the first peak frequency in the matD  curve decreases while the second peak 

frequency increases. At both the first and second peak frequencies, the modified 

quarter wavelength resonances, which are often called ‘trapped modes’, occur in the 
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metaporous layer. Because the variation in �  results in the alteration of wave 

propagation path inside the metaporous layer, the corresponding peak frequencies 

are changed as shown in Fig. 3.8. A larger shift in the second peak frequency than 

the first peak frequency occurs because the second peak frequency involves 

relatively shorter wavelengths. 

The second and third plots in Fig. 3.8 show how the variation of �  affects the 

relative dominance of zD  and xD . When 90� � , the metaporous layer exhibits 

good behavior in the zD  curve which dominantly affects the first peak while xD  

vanishes. The lateral contribution of power dissipation (associated with xD ) is most 

significant when 45� �  although the thickness z-directional component of 

dissipation is worst among the considered cases. This phenomenon occurs because 

the first mode is induced by the wave interaction between inclusions and hard-

backed wall at z H�  (i.e., along the thickness direction) and the second one is 

formed mainly by wave interactions between adjacent inclusions. (along the lateral 

direction) 

To investigate the effects of the unit cell width W  on the sound power dissipation, 

we fix �  to be 45  at which the lateral (x-directional) contribution of sound 

power dissipation in largest. Other geometrical dimensions are the same as those 

used for the parametric study with � . The first plot in Fig. 3.9 shows that as W  

increases, the second peak frequency in the total sound power dissipation decreases 

drastically, while the first peak frequency remains nearly unchanged. This occurs 
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because the variation in W  does not affect the first modes that are related to the 

thickness resonances in the z-direction; see the second plot in Fig. 3.9. However, the 

increase in W  directly changes the spatial characteristics of metaporous layer in 

the lateral direction. Therefore, the second trapped modes occur at much lower 

frequencies as evident from the third plot in Fig. 3.9. 

 

3.5.2 Design example 

From the studies in the previous subsection, it is found that the geometrical variation 

in the periodic inclusions of the metaporous layer changes the spatial characteristics 

of the dissipative porous domain, and accordingly alters the directional contributions 

of power dissipation. Based on this observation, one may consider to design a 

metaporous layer with the maximized lateral power dissipation around the second 

peak frequency. To this end, two rectangular inclusions inside the unit cell shown in 

Fig. 3.10 (a) are considered in order to possibly generate interactions between the 

inclusions as well as those between the inclusions and hard-backing wall boundary 

at z H� . To facilitate the design, an optimization problem using a gradient-based 

optimizer [89] is set up. The upper plot of Fig. 3.10 (a) shows an initial layout of the 

unit cell used for the design optimization problem. Note that the unit cells are 

periodically repeated in the x-direction. To see the influence of relative arrangement 

between two inclusions, the respective tilted angles 
1�  and 

2�  are chosen as the 

design variables. The material properties of a base porous layer (Fireflex) are listed 
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in Table. 3.1 and the geometric parameters including initial values of the design 

variables are given in Table. 3.2. 

Starting from the initial angles 
1 2 45i i� �� �  as configured in Fig. 3.10 (a), the 

design optimization is carried out by solving the following minimization problem: 

 

� � � �min ; , min
u

l

f

l u x
f f

L f f D f
�

� �
� �� �

� �
-x

x ,              (3.7) 

 

where L  denotes the objective function with respect to the design variable vector 

� �1 2,
T� �x =  and the upper and lower bounds � �,l uf f  of a target frequency band. 

To increase the x-directional contribution of power dissipation in the frequency range 

where the dissipated sound power of the metaporous layer of the initial layout is 

relatively small, lf  and uf  are chosen to be 3,000 Hzlf �  and 4,000 Hzuf � . 

The formulation in Eq. (3.7) is expected to yield an optimal layout of the inserted 

rigid inclusions to form the second peak frequency resulting from the maximized 

xD . The objective function in Eq. (3.7) is calculated at every 100 Hz and the 

sensitivity of the objective function with respect to the design variables is evaluated 

by the finite difference method. The design variables are updated by using the design 

sensitivity until convergence. 

After 113 iterations, the optimal values � �1 2,o o� �  listed in Table. 3.2 are obtained 

and the corresponding optimal unit cell layout is shown in Fig. 3.10 (a). The sound 
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power dissipations by the optimized design are compared in Fig. 3.10 (b) against 

those by the initial layout and also those by the homogeneous porous layer. The first 

plot in Fig. 3.10 (b) shows that the overall sound absorption performance is 

substantially enhanced by the optimized design at the target frequency band. This 

enhancement is due to the huge improvement in xD  as revealed by the third plot in 

Fig. 3.10 (b). Compared to the xD  in the metaporous layer with the initial unit cell 

in terms of the objective function value, the x-directional contribution is increased 

approximately by 330% when the optimized metaporous layer is used. Even though 

we consider only two design variables which are tilted angles of two identical 

rectangular inclusions, the results presented in Fig. 3.10 confirm that the directional 

power dissipation and thus the overall sound absorption performance can be 

significantly increased with properly arranged inclusions. 
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3.6 Concluding remarks 

In this chapter, we investigated the directional characteristics of sound power 

dissipation, which is unique only in metamaterial-based metaporous structures, not 

found in a homogeneous porous layer or an acoustic layer. The directional 

contribution of sound power dissipation defined by using the spatial derivative of the 

time-averaged acoustic intensity field was shown to be proper physical quantity to 

characterize the dissipation mechanism inside a metaporous layer. For metamaterial-

based wave skewing metaporous layers consisting of porous layers and periodically 

embedded tilted rectangular inclusions, the use of the directional power dissipation 

showed that the first and second sound absorption peaks are dominated by power 

dissipation mainly along the layer thickness direction and its perpendicular direction 

(i.e. lateral direction), respectively. It is also found that power dissipation inside the 

metaporous layer is largely influenced by wave interactions between the inclusions 

and also between the inclusions and hard-backing wall. By considering a problem to 

maximize the lateral contribution of power dissipation around the second peak 

frequency, we confirmed that the directional decomposition of sound power 

dissipation effectively characterize the dissipation mechanism of metamaterial-based 

wave skewing metaporous structures. The proposed direction concept of sound 

power dissipation offering a unique perspective into the dissipation mechanisms of 

metaporous layers is expected to play an important role in the design of various 

metaporous layers. 

  



62 

 

 

 

 

 

 

 

 

Table 3.1 Parameters of the porous materials used in Chapter 3. 

 4N s m! �� �� �� � 	" ' (m$# ' (m$.#

Fireflex 0.95 8900 1.42 180 360 

Black foam 0.96 12050 1.29 69 194 
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Table 3.2 Geometric parameters of the initial and optimal configurations for the 

design optimization problem 

 

 

 

 

 

 

  

Non-design variables Design variables 

' (mmW  60 ' (1 mmz  15 1i�  45  

' (mmH  30 ' (2 mmz  45 2i�  45  

' (mmw  2 ' (1 mmx  15 1o�  149.28  

' (mmh  29 ' (2 mmx  15 2o�  55.20  



64 

 

 

 

 

 

Fig. 3.1 (a) Schematic diagram of the incident, reflected and transmitted waves at 

the interface between two dissimilar isotropic media. (b) Schematic diagram of the 

incident, reflected and transmitted waves at the interface between isotropic media 

and anisotropic media. (c) Plots of EFCs for the configuration presented (a). The left 

one is for the isotropic media 1 and the right one is for the isotropic media 2. (d) 

Plots of EFCs for the configuration presented (a). The left one is for the isotropic 

media and the right one is for the anisotropic media. For the incident, reflected and 

transmitted waves, the blue solid arrows in the figures represent the direction of 

phase propagation while the green dotted arrows in the figures respresent the 

direction of power propagation. 
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Fig. 3.2 Sound dissipation patterns in two-dimensional sound absorbing layers at a 

given frequency (a) in a hard-backed homogeneous porous layer under normal 

incidence, (b) in a hard-backed homogeneous porous layer under oblique incidence 

and (c) in a hard-backed porous layer with periodically embedded circular inclusions 

(black circles) under normal incidence. The layer in (c) is called the metaoprous layer. 

(i.e. metamaterial-based metaporous structures) 
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Fig. 3.3 Schematic diagram of a two-dimensional hard-backed metaporous layer 

under normal plane wave incidence. Gray region in the metaoprous layer denoted by 

p�  and region outside the metaporous layer denoted by a�  represent porous 

domain and air domain, respectively. Black region denotes rigid inclusions. The inset 

shows the unit cell of metporous layer. The geometric specifications of the unit cell 

are given by 45 mmW � , 30 mmH � , 3 mmw� , 29 mmh �  and 45� � . 
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Fig. 3.4 Schematic map of power flow around the point � �0 0,z x  in the metaporous 

layer. Black, red and blue arrows denote the time-averaged sound intensity and its z- 
and x-components, respectively. 
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Fig. 3.5 Curves of sound power dissipation in total and its directional contribution 

( matD , z xD D� , zD  and xD ) for the metaporous layer given in Fig. 3.3. Sound 

power dissipation in total and the conventional absorption coefficients are also 

compared. The symbols 
1f  and 

2f  with arrows indicate the first and second peak 

frequencies, respectively. 
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Fig. 3.6 The local pressure distribution, local patterns of dissipation and its 

directional contribution at (a) 
1f f�  and (b) 

2f f� . 
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Fig. 3.7 (a) Schematic top and lateral views of a cylindrically fabricated porous foam 

with a rectangular inclusion. (b) Photos of 3 metaporous samples to be used for 

impedance tube experiments. The tilted angles of the aluminum inclusions are 

90e� �  for Sample 1, 0e� �  for Sample 2 and 45e� �  for Sample 3. The 

other geometric paramters of samples are given by 29 mmd � , 29 mmeH � , 

25 mmeh �  and 3 mmew � . The numerically evaluated total power dissipation 

and its directional components ( matD , zD  and x yD D� ) and experimentally 

measured absorption coefficient (	 ) are compared for (c) Sample 1, (d) Sample 2 

and (e) Sample 3. 
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Fig. 3.8 Sound power dissipation in total and its directional contribution in the 

metaporous layers for varing tiltied angles of 0� � , 22.5 , 45 , 67.5  and 90 . 

The other geometric paramters are set to be 60 mmW � , 30 mmH � , 2 mmw�  

and 29 mmh � . The inset in the upper plot represents the unit cell of the considered 

metaporous layer. 
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Fig. 3.9 Sound power dissipation in total and its directional contribution in the 

metaporous layers for varing unit cell width of 20 mmW � , 30 mm , 40 mm , 

50 mm  and 60 mm . The other geometric values are 30 mmH � , 2 mmw� , 

29 mmh �  and 45� � . The inset in the upper plot represents the unit cell of the 

considered metaporous layer. 
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Fig. 3.10 (a) Initial (upper plot) and optimizaed (lower plot) configurations. The red 

dots denote the center of the rectangular inclusions. (b) The total sound power 

dissipation and its directional contribution in the initial and optmized metaporous 

layers. ( matD  in upper plot, zD  in middle plot and xD  in lower plot) The shaded 

area between red dotted lines indicates the target frequency band. 
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CHAPTER 4.  
Metasurface-based 

Wave Skewing Metaporous Structures 
 

 

 

4.1 Overview 

Metasurfaces are thin wave modulating surfaces composed of subwavelength 

structures. They provide wavefront-shaping functionalities in the field of optics [26, 

90-95], elasticity [39, 40, 96] and acoustics. [21, 22, 34, 35, 51, 52, 54, 93, 95, 97-

103] The subwavelength structures inside metasurfaces shift the phase of scattered 

waves, and this enables the manipulation of wave field. Due to their unique ability, 

there have been numerous works utilizing metasurfaces for beam steering [26, 34, 

35, 39, 90, 91, 96-98], wave focusing [34, 39, 96], self-acceleration beams [99, 100], 

holography [52, 92, 104], cloaking [54, 93, 95] and sound insulation. [21, 101-103] 

Among the various applications, the sound absorption problem is the main concern 

of this chapter.  

In this chapter, we investigate wave skewing metaporous structure based on acoustic 
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metasurface which is newly proposed for enhancement of sound absorption 

performance. The proposed wave skewing metaporous structure is a thin porous 

layer backed by the reflective metasurface. This structure exhibits high sound 

absorption performance in the specific frequency band which can be controlled.  

The concept of a resistive layer backed by structures for enhanced power dissipation 

[105-109] is not entirely new. More than 15 years ago, it was revealed that a structure 

with a resistive layer on top of sound diffuser can show high absorption performance. 

[105, 106] Recently, near-perfect sound absorber [110] was realized by utilizing 

dissipative porous layer and different length of multiple acoustic channels. In those 

works, sound absorption is enhanced by the local and coupled resonances induced in 

acoustic cavities. Meanwhile, there have also been several works for electromagnetic 

[108, 109] and sound waves [107] that observed the extraordinary absorption peak 

by the guided mode in a resistive layer. However, the realization of the sound 

absorber with controllable frequency band has not been explored so far. 

The most distinct feature of the metasurface-based wave skewing metaporous 

structures distinguished from metamaterial-based one (i.e. metaporous layer in the 

previous chapter) is that it is able to manipulate the scattered sound field (i.e. 

reflected field) from the media. In particular, the directional characteristics of 

scattered waves by metasurface are explicitly utilized for the manipulation of high 

sound absorption band. The key physics for the realization of the high sound 

absorption band is converting normally incident waves to 90  reflected waves by 

the metasurface at the target frequency. Hence, the backing metasurface is composed 
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of local resonators supporting constant phase gradient. In other words, the 

metasurface can redirect reflected waves to the specific direction. Moreover, the 

width of backing metasurface is determined for the realization of 90  wave 

reflection at the target frequency. 

In the following sections, we reveal the inherent physics of proposed wave skewing 

metaporous structures. Specifically, the analytical modelling is firstly built to predict 

the wave scattering by the structure. And, the physical origins of sound absorption 

mechanism are analyzed by means of theoretical and numerical analyses. Finally, 

several design examples of wave skewing metaporous structures for the control of 

sound absorption band are presented. 
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4.2 Analytical modelling for scattered pressure field 

4.2.1 Generalized Snell’s law of reflection 

The sound scattering by the reflective metasurface can be predicted by Generalized 

Snell’s law of reflection. [26, 94] Consider sound reflection as shown in Fig. 4.1 (a): 

a wave is incident from point A and reflected to point B. Since the metasurface has 

subwavelength thickness, it can be modelled as an interface with abrupt phase shift 

as depicted in Fig. 4.1 (b). For the interface of phase discontinuity, we assume two 

wave paths from point A to point C (i.e. mirrored point from B) which are denoted 

by blue and green arrows. By applying Fermat’s principle, two wave paths are 

infinitesimally close each other, therefore, the phase difference between them is zero: 

 

� �0 0sin sini rk dx d k dx� / / � /� � � � ,             (4.1) 

 

where 
0k  is wavenumber in air, i�  is the angle of incidence, r�  is the angle of 

reflection, /  and d/ /�  are, respectively, the phase values at the locations 

where two paths meet the interface and dx  is the infinitesimal distance between 

the crossing locations. This relation directly leads to the generalized Snell’s law of 

reflection: 

 

0 0sin sinr i
dk k
dx
/� �� � .                  (4.2) 
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As described in the previous chapter, the metasurface considered in this work (see 

Fig. 4.2) is composed of local resonators supporting constant phase gradient. Since 

the difference of phase delay between adjacent resonators is equal and the phase 

delay by the local resonators covers full 2+  span, the phase profile supported by 

the metasurface is quite close to the one with constant phase gradient. (i.e. linear 

phase profile) From the generalized Snell’s law of reflection in Eq. (4.2), one can 

easily predict that the scattered wave is reflected along the unique r�  for the 

considered metasurface.  

 

4.2.2 Mode-matching method 

The wave scattering by metasurface can also be predicted by the diffraction theory. 

[111] While the generalized Snell’s law can predict the wave scattering by 

metasurface effectively, the method [105, 106] based on the diffraction formalism is 

more precise when the phase profile is discrete. Also, the diffraction theory based 

approach enables the evaluation of scattered field by the metasurface. Moreover, the 

approach can even predict the wave behavior in a high frequency region where the 

high-order diffraction modes exist. Here, the method is often called mode-matching 

method. [107, 108]  

In this section, based on the mode-matching method, we deal with analytical 

modelling to predict the scattered wave field by the conventional metasurface and a 

thin porous layer backed by the metasurface. (e.g. see Fig. 4.2.) Firstly, consider the 
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problem for the conventional metasurface shown in Fig. 4.2 (a). The sound field in 

Region I can be decomposed into the incident plane wave � �,ip x z  and the 

scattered wave field � �,sp x z  which consists of propagating and evanescent 

surface waves. Then the total wave field � �,p x z  is expressed as  

 

� � � � � �, , ,i sp x z p x z p x z� � ,                 (4.3) 

 

where 

 

� � � �
0, x zj k x k z

ip x z p e � �� ,                    (4.4) 

� �, n nj z j x
s n

n
p x z A e e% 0

"
� �

��"

� - .                  (4.5) 

 

The wavenumber components are  

 

0

0

cos

sin

z i

x i

k k
k k

�
�

�
�

.                        (4.6) 

 

Since the metasurface is periodic in x-direction, the scattered field should also be 

periodic in x-direction. Hence, the scattered pressure field can be expressed using 

Fourier expansion as represented in Eq. (4.5). The x- and z-components of wave 
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vector of the spatial harmonics in Eq. (4.5) are determined from the periodicity and 

the dispersion relation of surrounding acoustic media (i.e. air), respectively:  

 

0

2
n n

W
+0 0� � ,                        (4.7) 

� �

2 2 2

0

2

0 0sin 1

n n

n i

k

jk n W

% 0

% � 


� �

� � � �
,                 (4.8) 

 

where 
0 xk0 � , W  is the width of supercell and 

0
  is the wavelength in air. 

When n%  is purely imaginary, the scattered wave is evanescent. Therefore, the 

radiating harmonic indices n  of which scattered wave can propagate to the far field 

are determined from 

 

� � � �
0 0

1 sin 1 sini i
W Wn� �

 


� � 1 1 � .                (4.9) 

 

Region II can be modelled as an equivalent surface with normalized surface 

admittance ( )G x . At the interface between Region I and II, the normal component 

of particle velocity field should be continuous. Hence, the following boundary 

condition should be satisfied:  

 



81 

0 0

0

2

0

0

( , ) ( ) ( ,0)

cos z n x

z

j n x
jk z j z jk xWn

i n
n

Z v x z G x p x

p e A e e e
k

+
%%

�
� �" � � �� �� �

��"

� �

� �
� �� �
� �� �

-
,    (4.10) 

 

where 
0Z  is the characteristic impedance of air. Here, Eq (4.10) can be rewritten as  

 

2 2

0 0

0

cos ( )
j n x j n x

W Wn
i n n

n n
p A e G x p A e

k

+ +%
�

� � � �" "� �� � � �
� � � �

��" ��"

� �
� � �� �

� �� �
- - .      (4.11) 

 

Since ( ) ( )G x G x W� � , ( )G x  can be expanded into a Fourier series as  

 

2

( )
j n x

W
n

n
G x g e

+� �" � � �
� �

��"

� - ,                    (4.12) 

where 

2

2

2

1
( )

W j n x
W

Wng G x e dx
W

+� �
� �
� �

�
� � .               (4.13) 

 

By substituting Eq (4.12) into Eq. (4.11), Eq. (4.11) is expressed as  

 

2 2 2

0 0

0
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j n x j n x j n x

W W Wn
i n n n

n n n
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+ + +%
�
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� � � �
� � �� � � �

� � � �� � � �
- - -   (4.14) 

 

And, multiplying 

2j m x
We
+� �

� �
� �  and integrating over the spatial period give the following 
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inhomogeneous linear system equations for the amplitudes of pressure fields:  

 

� �0 ,0 ,

0

cos n
i m m n m n m n

n
p g A g

k
%

� 2 2
"

�
��"

� �
� � �� �

� �
-             (4.15) 

 

where 
,m n2  is the Kronecker delta function. For the metasurface composed of N  

quarter-wavelength resonators (QRs), ( )G x  is assumed as stepped profile. Hence, 

the Fourier coefficients ng  in Eq. (4.13) can be obtained as 
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where rw  is the width of QR, kx  is the center position of kth resonator. In this 

work, we assume that there is no viscous and thermal dissipation in the QR channels 

since the thickness of viscous and thermal boundary layer is much thinner than rw . 

Moreover, it is assumed that there exists only the fundamental modes in the channel 

because rw  is much smaller than the wavelength. Thus, the normalized surface 

admittance at kx , the reciprocal of normalized surface impedance, is evaluated with 
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the surface impedance ( )QR kZ x  of conventional QR  which can be characterized 

by the height kh  of QR: 

 

� �0( ) cos tan cosk i i kG x j k h� �� .                (4.18) 

 

As described in the previous section, we consider the metasurface which manipulate 

the scattered wave to propagate along x-axis ( 90r� � ) for the normally incident 

plane wave ( 0i� � ) at the target frequency tf . The metasurface is composed of 11 

QR channels. The QR channels cover 2+  span and support constant phase gradient. 

Hence, according to the generalized Snell’s law of reflection, the width of supercell 

is set to be equal to the wavelength at the target frequency ( tW 
� ) for desired wave 

skewing performance. (i.e. 90r� �  for 0i� � ) The geometrical parameters of 

QRs can be characterized by the following relations: 

 

� � � �
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,                (4.19) 

 

where 2 mmwt � . In principle, the infinite set of diffraction modes should be 

considered in Eq. (4.15) to solve the system equation. However, considering spatially 
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diffracted modes of 2n N1  and 2m N1  can also provide converged solutions. 

[105, 106]  

For the metasurface characterized by 1,000 Hztf �  and 11N � , we evaluate the 

scattered pressure field by solving Eq. (4.15). The calculated scattered pressure fields 

are presented in Fig. 4.3. At 600 Hzf � , the evanescent modes are calculated, as 

shown in Fig. 4.3 (a), while the 0th mode represent specular reflection characterized 

by 0r� � . Similar aspect can be observed in the scattered field at the target 

frequency shown in Fig. 4.3 (b). The scattered pressure field evaluated by summing 

all diffraction modes represent the 90  propagation of reflected waves. However, 

there also exists 0th mode due to impedance mismatch problem. [112] Acoording to 

Eq. (4.9), there can exist propagating diffraction modes of 1, 0,1n � �  at the target 

frequency. In Fig. 4.3 (b), it is expected that the 90  propagation of reflected wave 

corresponds to the 1n �  mode of scattered wave. It means that the wave reflection 

predicted by generalized Snell’s law is identical to the 1n �  mode predicted by the 

mode-matching method. [111]  

The scattered pressure field in front of a porous layer backed by the metasurface, i.e. 

wave skewing metasurface-based metaporous structures, can also be predicted by 

the mode-matching method. Since the porous layer of thickness H  is added to the 

configuration as shown in Fig. 4.2 (b), we consider 3 regions. In a similar way to the 

conventional metasurface case, the total pressure field and the normal component of 

particle velocity field in Region I is expressed as  
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where 2 2 2

1 0n nk% 0� � . The propagating modes can be predicted based on Eq. (4.9) 

as in the previous case. In Region II, the fields can be expressed as  
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where 2 2 2

2n p nk% 0� � , pk  and pZ  are the wavenumber and characteristic 

impedance of porous material, respectively. Region III is modeled as a surface with 

normalized admittance ( )G x  exactly same as in the previous case. 

To relate the field variables in each region, we apply the boundary condition. At the 

interface between Region I and II, the continuity boundary condition should be 

satisfied, the total pressure field and the normal component of the particle velocity 

field should be continuous:   
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At the interface between Region II and III, the boundary condition, 
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should be satisfied. Using the orthogonality of Fourier series, the boundary condition 

in Eq. (4.26) can be expressed as  
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By solving the system equations (4.24), (4.25) and (4.27), one can obtain the 

amplitudes of pressure field nA , nB�  and nB�  in Region I and II. 

Based on the method presented above, we calculated the scattered pressure field in 

front of a thin porous layer (thickness 10 mmH � , Fireflex in Table 3.1.) backed 
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by the metasurface designed for 1,000 Hztf �  and 11N � . The evanescent 

modes along with 0th mode reflection are calculated at 600 Hzf �  as shown in Fig. 

4.4 (a). It can also be observed that the magnitude of scattered pressure field is 

smaller than the one in the previous case due to the dissipative porous layer. At the 

target frequency 1,000 Hztf � , the 90  propagation of reflected wave is clearly 

seen from Fig. 4.4 (b). This is originated from the fact that the dissipative porous 

layer mitigate the impedance mismatch. [112] In other words, the porous layer 

dissipates diffraction modes of 0, 1n � � . Hence, the mode of anomalous reflection 

( 1n � ) which can be predicted by generalized Snell’s law of reflection remains only. 

Since we assume that there is no viscous and thermal dissipation in the local 

resonator array, the sound absorption in the structures occurs only at the porous layer 

on top of the metasurface. It means that there is no sound absorption in the 

conventional metasurface case. For metasurface-based wave skewing metaporous 

structures, the absorption coefficient should be evaluated from the equations (2.52), 

(2.53) and (2.54) because there might exist the higher order diffraction modes. By 

utilizing the field expression defined in Eqs. (4.20) and (4.21), the absorption 

coefficient can be obtained as 
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The impressive property of Eq. (4.28) is that the reflected power is computed by the 

magnitude of each diffraction mode. It implies that the spatial harmonics of different 

order are not coupled so they cannot contributed to the reflected sound power. To 

validate the mode-matching method presented in this section, we compare the 

absorption coefficient of the metaporous structure evaluated by Eq. (4.28) and FEM. 

From Fig. 4.5, it is verified that the absorption coefficients evaluated by both method 

are well matched.  

In Fig. 4.5, it can also be observed that more than 90 percent of sound power is 

absorbed from around 400 Hz  to 1,000 Hz . In the next section, we figure out the 

inherent physics of such high sound absorption band induced by metasurface-based 

metaporous structure. 
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4.3 Physical interpretation of sound absorption characteristics 

As briefly observed in the previous section, the proposed structure, a thin porous 

layer backed by the metasurface, exhibits the high sound absorption performance in 

the specific frequency range. The sound absorption performance is considerably 

improved comparing to a thin porous layer of same thickness backed by hard wall. 

Moreover, the formation of frequency band in the sound absorption curve is quite 

remarkable. In this section, we investigate on the physics behind sound absorption 

characteristics of the metaporous structures. While the sound absorption in the 

structure takes place at the dissipative porous layer only, the characteristics of sound 

absorption in the metaporous structures are largely affected by the backing 

metasurface. Hence, it is necessary to focus on how the metasurface affects to the 

sound absorption characteristics of wave skewing metaporous structure. 

We firstly look into the sound absorption at the lower bound frequency lbf  of the 

band. At the lower bound frequency, a large amount of sound is absorbed due to the 

quarter-wavelength resonance induced by the longest channel in the metasurface. 

The height of the longest QR channel in the metasurface is designated as half 

wavelength at the target frequency to cover full 2+  phase span. To confirm it, we 

compare the sound absorption coefficients of proposed metaporous structure, a 

10 mm  thick porous layer backed by QR array composed of 11 identical QR 

channels and a 10 mm  thick porous layer backed by single QR channel. Here, the 

height of the QR channel is same as the one of longest QR channel in the metasurface, 
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i.e. 2N th 
� . The compared sound absorption coefficients are presented in Fig. 

4.6. Since the height of the QR channel of the structures, a porous layer backed by 

QR array and single QR, is equal to half-wavelength at 1,000 Hztf � , their 

absorption peak should appear at 500 Hz . However, the peak frequency of a porous 

layer backed by QR array is slightly lower than 500 Hz  due to the presence of a 

porous layer on top of the structure. Moreover, the peak frequency of a porous layer 

backed by a single QR channel is even lower than the peak frequency of QR array 

structure. Here, the lower bound of frequency band for the metaporous structure 

corresponds to the peak frequency of sound absorption for a porous layer backed by 

a single QR as illustrated in Fig. 4.6. With the observation above, it can be concluded 

that high sound absorption at lbf , in the metaporous structure, is directly induced 

by the quarter-wavelength resonance in the longest QR channel. Also, the lower 

bound frequency for the metaporous structure can be predicted by 2lb tf f f� �  

where f  represents the slight frequency shift. 

The metasurface in the proposed metaporous structure is composed of 11 QR 

channels with different height to cover 2+  phase span. Hence, there possibly exist 

11 peaks corresponding to the height of each QR channel. Among the 11 peak 

frequencies, 6 peak frequencies are included in the sound absorption band shown in 

Fig. 4.5. It might seem that the sound absorption band is a simple compound of sound 

absorption peaks by 6 individual QR resonances. However, the sound absorption in 

the middle of frequency band related to the coupling of adjacent resonators. The 
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phase difference of scattered field from adjacent resonators while the actual distance 

(i.e. 2 rw ) between adjacent resonators is much smaller than the wavelength, hence 

the wavenumber sxk  of the scattered wave becomes much larger than the 

wavenumber 
0k  in air. Thus, it can be qualitatively stated [64, 110] that the 

scattered wave becomes evanescent and decays rapidly in z-direction because of the 

dispersion relation, i.e. 2 2 2

0sz sxk k k� � . Such evanescent scattered waves appear as 

a result of the coupled resonance mode. For example, we present the scattered 

pressure field at 545 Hz  in Fig. 4.7. From the figure the surface evanescent modes 

at the interface between air and metaporous structure can be observed. This 

evanescent mode is called the bounded surface mode because sound energy is 

efficiently bound to the near field. It should be also noted that the relatively low 

absorption performance below lbf  appears while there could exist the bounded 

surface mode because the transverse wavenumber sxk  of scattered wave is also 

large enough in the low frequency range. In fact, there exist weak coupling between 

adjacent resonators in the low frequency range. However, a little amount of sound 

power is dissipated in the porous layer because the particle velocity in the layer is 

relatively small. On the other hand, in the middle of sound absorption band, the 

pressure difference between neighboring QR channels is so large that the relatively 

large particle velocity field appears in the porous layer because of the coupled 

resonance mode. This leads to considerably increased viscous dissipation in the 

porous layer. This also tells that the higher sound absorption coefficients of a porous 
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layer backed by a single QR channel than by QR array at the peak frequency, which 

can be seen in Fig. 4.6. 

From Fig. 4.5 and 4.6, it can be observed that the drastic decrease of sound 

absorption coefficient when the frequency is even slightly increased from the upper 

bound frequency 1,000 Hzubf � . It is relevant to the directional characteristics of 

scattered wave field by backing metasurface. From Eq. (4.9), one can find out the 

propagating diffraction modes of scattered waves. In the frequency range below 

1,000 Hztf � , the fundamental mode ( 0n � ) can propagate only while the 

diffraction modes of 1, 0,1n � �  can propagate from 1,000 Hz  to 2,000 Hz . It 

is more clearly seen from Fig. 4.8 which illustrate the real and imaginary parts of 

wavenumber zk . The diffraction modes of 1,1n � �  exist even in the frequency 

below tf , but they are evanescent modes. (see the imaginary part of zk  in Fig. 4.9 

(b).) The modes of 1,1n � �  are converted to propagating modes from the 

frequency tf , which can be observed from Fig. 4.8 (b). Hence, it can be stated that 

the converted propagating modes may contribute to the drastic decrease of the sound 

absorption (i.e. drastic increase of reflected sound power) near tf . Figure 4.9 in 

which we illustrated the magnitudes of amplitude of each diffraction mode and their 

relative contribution to the reflected sound power confirms the argument. It is also 

observed that the amplitudes of 1, 0n � �  modes decrease due to the dissipation 

effect by porous layer while the amplitude of 1n �  mode increases. As pointed out 

earlier, the 1n �  diffraction mode is identical to the anomalous reflection which 
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can be predicted by generalized Snell’s law of reflection. Thus, nearly perfect sound 

absorption appears at the target frequency where the scattered waves reflect with 

90r� � . Above the target frequency, the 1n �  diffraction mode is dominant and 

the anomalous reflection appears dominantly in the scattered field as a result. Figure 

4.9 (b) tells exactly same physics. Since the 1,1n � �  diffraction modes are 

evanescent below the target frequency, the fundamental mode contribute to the 

reflected sound power only at the corresponding frequency range. However, the 

anomalous reflection mode is largely involved in the sound reflection above the 

target frequency. This can also be confirmed by the behavior of scattered field. As 

shown in Fig. 4.7, the evanescent surface modes are observed below the target 

frequency. And, the anomalous reflection of 90r� �  is observed at the target 

frequency as shown in Fig. 4.10 (a). The corresponding mode at the frequency above 

1,000 Hz  propagates with 90r� �  as depicted in Fig. 4.10 (b). Therefore, it can 

be argued that the drastic decrease of sound absorption is originated from the 

propagation of anomalous reflection mode, i.e. the 1n �  diffraction mode. This 

leads to the conclusion that the target frequency tf  is identical to the upper bound 

frequency ubf  of the proposed wave skewing metaporous structure, i.e. ub tf f� . 

Because the high sound absorption in the middle of frequency band is induced by 

the coupled resonance between local QR channels and the appearance of 1, 1n � �  

diffraction modes is determined only by the width of supercell, it might seem that 

the sequence of QR array in the supercell is less important. However, the wave 
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skewing functionality of metasurface that converts normally incident wave to reflect 

the specific direction (i.e. 90r� �  at tf f�  and 90r� �  at tf f& ) is most 

crucial to form the desired sound absorption band. To verify such argument, we 

compare the sound absorption performance of a 10 mm  thick porous layer backed 

by metasurfaces composed of 11 QR channels with 3 different sequences as shown 

in Fig. 4.11. While the metasurface of sequence 1 is identical to the proposed one 

which supports the constant phase gradient, the QRs in the metasurface of sequence 

2 are arranged as a shape of sawtooth and the QRs in the metasurface of sequence 3 

are randomly distributed. (see the caption of Fig. 4.11 for the detailed description) It 

is clearly seen from the Fig. 4.11 (b) that the relatively drastic decrease around the 

target frequency in the sound absorption curve for the metaporous structure of 

sequence 1 appears in comparison to those for the structures of sequence 2 and 3. 

This shows evidently that the wave skewing functionality is quite important for the 

determination of upper bound frequency ubf . 
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4.4 Design examples 

Based on the inherent physics of high sound absorption band revealed in the previous 

section, we examine the effects of geometrical parameters to the sound absorption 

band and further propose the compact design of sound absorber with the desired 

performance. 

The effect of periodicity to the sound absorption band is firstly investigated. To see 

the effects we consider 2 metaporous structures of different supercell width. The 

metaporous structures are designed basically same as the one in section 4.2 except 

the width of supercell. In other words, their geometrical parameters satisfy the 

relation (4.19) for the desired wave skewing performance, 90r� �  for 0i� � , for 

the 2 different target frequencies. We set those 2 target frequencies as 700 Hz  and 

2,100 Hz , then the widths of the respective supercells are correspondingly 

determined as 490 mm  and 163.3 mm. The widths are same as the wavelengths 

at each target frequency. We present the absorption performance of the structures in 

Fig. 4.12. As discovered in the previous section, the target frequency is identical to 

the upper bound frequency of high sound absorption band. The width of supercell  

is also concerned with the lower bound frequency because the height of longest QR 

channel should be the half-wavelength at the target frequency. In case of the structure 

with 700 Hztf � , the lower (
,1lbf ) and upper (

,1ubf ) bound frequencies are 

,1 310 Hzlbf �  and 
,1 700 Hzubf � , respectively. When the supercell width is 

increased, the larger sound absorption band can be obtained although the lower 
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bound frequency is also increased. This can be observed in Fig. 4.12 (b). The 

structure with 2,100 Hztf �  exhibits high sound absorption band in the frequency 

range from 
,2 900 Hzlbf �  to 

,2 2,100 Hzubf � . The observation above reconfirms 

an explicit relation that the lower and upper bound frequencies are determined as 

0 2lb tf c f
� �  and 
0ub tf c 
� . From the relation, the selection of higher target 

frequency results in broader absorption band since 
0 2ub lb tf f c 
� 4  holds. 

However, the manufacturability and the reliability of the structures, especially the 

rigid partitions and a thin porous layer should be considered when the target 

frequency is chosen because most of the geometrical dimensions are determined 

from the width of supercell. (i.e. tW 
� ) 

As indicated in section 4.2, the sound absorption occurs only in the dissipative 

porous layer. Thus, we examine the effects of variation in the thickness of porous 

layer by altering only the thickness H  of porous layer and keeping other 

parameters same as in section 4.2, i.e. 1,000 Hztf �  and 11N � . As presented in 

Fig. 4.13, the coupled resonance modes explicitly appear when the thickness H  of 

porous layer is 1mm . As H  increases, the sound absorption coefficients are also 

increased and the absorption curves become flatten. Here, it can be seen that the 

lower bound frequency slightly decreases as H  increases. It is because that the 

porous layer affects to the lowest QR mode. In the previous section, we argued that 

the high sound absorption is originated from the coupled resonance modes of QR 

channels. Thus, the sound absorption must be affected by the number of QR channels 
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in the backing metasurface. We compared the absorption performance of metaporous 

structure with 3 different number of QR channels while 1,000 Hztf �  and 

10 mmH � . The results are illustrated in Fig. 4.14. It is observed in Fig. 4.14 that 

the number of coupled resonance modes inside the target frequency band is increases 

when the number N  of QR channels increases. This obviously tells that the 

appropriate number of QR channels are required for the realization of high and 

constant absorption performance aside from the performance relevant to the 

production of anomalous reflection. We also investigated the effects of the thickness 

of rigid partitions, wt , to the sound absorption performance by comparing the 

absorption coefficients of metaporous structures with different values of wt  while 

keeping the other parameters as 1,000 Hztf � , 10 mmH �  and 11N � . As 

shown in Fig. 4.15, the heights of absorption curves decrease as wt  increases. It is 

originated from the fact that the width of QR channel is determined by the choice of 

wt  from the geometrical relation (4.19). In detail, the reflected sound power 

increases as the width of opening decreases due to the impedance mismatching. 

Therefore, the proper width of the opening ( wt ) should be considered especially for 

the design of metaporous sturctures in a compact size.   

When designing the metaporous structure for the desired sound absorption band, in 

summary, the width of supercell in the metaporous structure should be firstly 

considered to achieve high sound absorption over the target frequency band. Then, 

the proper choices of thickness of the porous layer, the number of local resonators 
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and the thickness of rigid partitions have to be followed.  

For example, consider designing the wave skewing metaporous structures satisfying 

the requirement: The designed structure dissipates more than 85% of sound power 

from 700 Hz  to 1,500 Hz  in a compact size. To satisfy the design requirement, 

we propose the metaporous structures composed of folded QRs as presented in Fig. 

4.16 (a). Although the folded QR channel shown in Fig. 4.16 (b) exhibits slightly 

curved path, the spectral characteristics of local resonance is quite similar to those 

in straight QR channel. The geometric parameters of designed structure is basically 

same as those in section 4.2 except 1,500 Hztf �  and the characteristic length of 

curved region kl  which is shown in Fig. 4.16 (b). The relevant values are presented 

in Table. 4.1.  

The metaporous structure composed of folded QRs is more compact than the one 

composed of straight QR array. Moreover, although the folded QR array has 

narrower openings than the straight QR array, the sound absorption in the designed 

metaporous structure is not degenerated so much as confirmed from the result shown 

in Fig. 4.15. We present the sound absorption coefficients of the designed 

metaporous structure in Fig. 4.17. It is clearly observed that the sound absorption 

coefficients of the designed structure is more than 0.85 over the frequency range 

between 700 Hz  to 1,500 Hz . The maximum thickness of designed metasurface 

structure is about 63.6 mm . We compared, in Fig. 4.17, the absorption coefficients 

of the designed structure, a 10 mm  thick porous layer backed by QR array of 
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53.6 mm  height, 10 mm  and 63.6 mm  thick porous layers backed by hard wall. 

While a 63.6 mm  thick porous layer backed by hard wall shows higher sound 

absorption coefficients than those of the designed structure in most of the frequency 

range, the designed structure exhibit distinct high sound absorption band over target 

frequency band as shown in Fig. 4.17. This confirms that the designed structure 

satisfies the design requirement described above. Meanwhile, the designed structure 

shows considerably improved sound absorption performance comparing to a 

10 mm  thick porous layer backed by QR array of 53.6 mm  height and a 10 mm  

thick porous layer backed by hard wall. This obviously shows that the proposed 

metaporous structures enhances sound absorption even with a very thin porous layer. 

It can be deduced especially from the comparison of the absorption coefficients of 

the designed structure and 10 mm  a thick porous layer backed by hard wall shown 

in Fig. 4. 17. Therefore, the proposed wave skewing metasurface will be useful for 

applications that require the limited usage of porous materials. 
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4.5 Concluding remarks 

In this chapter, we dealt with the metasurface-based wave skewing metaporous 

structures. The proposed structure was composed of a thin porous layer backed by 

reflective metasurface. In the sound absorption curves of the proposed metaporous 

structures, high absorption coefficients over the specific frequency band are 

observed. To figure out the inherent physics of such high absorption band, we built 

the analytical model based on the mode-matching method and performed full wave 

simulations. It was shown that the sound absorption of the metaporous structure took 

place in a porous layer, but the characteristics of sound absorption were largely 

affected by the backing metasurface. Through both analytical and numerical 

approaches, the physical origins of high sound absorption band were revealed. The 

absorption band was basically originated from the coupled resonance modes induced 

by the backing metasurface, variable heights of local resonators. And the lower 

bound frequency was simply predicted by the quarter-wavelength resonance of the 

longest channel. More importantly, the upper bound frequency was determined by 

the directional characteristics of backing metasurface. In detail, the propagation of 

anomalously reflected waves at the frequency slightly above the upper bound of 

absorption band was key factor in forming sound absorption band. Based on the 

newly revealed physics, we proposed a compact design of wave skewing metaporous 

structure. We expect that the proposed wave skewing metasurface will be utilized for 

industrial applications that require the limited usage of porous materials in particular. 
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Table 4.1 The characteristics length of twisted region in folded QRs 

 

 

 

 

 

 

 

  

1 [mm]l  4 5 [mm]l  12 9 [mm]l  12 

2 [mm]l  8.5 6 [mm]l  12 10 [mm]l  12 

3 [mm]l  12 7 [mm]l  12 11 [mm]l  12 

4 [mm]l  12 8 [mm]l  12   
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Fig. 4.1 Schematic diagram for generalized Snell’s law of reflection. (a) Incidence 

and reflection of waves for the reflective metasurface. (b) Two infinitesimally close 

wave paths from point A to point C (mirrored from point B). The solid and dashed 

arrows denote path of incident waves and reflected waves, respectively. 
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Fig. 4.2 Schematic diagram of (a) the conventional metasurface, (b) a thin porous 

layer backed by metasurface. 
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Fig. 4.3 Scattered pressure field in front of the conventional metasurface at (a) 600 

Hz and (b) 1,000 Hz. The left panel in each figure represents 0th mode scattered field 

while the right one respresents the sum of all diffraction modes. 
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Fig. 4.4 Scattered pressure field in front of the proposed metaporous structure at (a) 

600 Hz and (b) 1,000 Hz. The left panel in each figure represents 0th mode scattered 

field while the right one respresents the sum of all diffraction modes. 
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Fig. 4.5 Absorption coefficients of the proposed metaporous structure. Open circles 

denote the coefficients evaluated by the mode-matching method and solid line 

indicates the coefficients evaluated by FEM. 
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Fig. 4.6 Sound absorption coefficients of the proposed metaporous sturcture, a 

10 mm  thick porous layer backed by QR array composed of 11 identical channel 

( 2t
 ) and a 10 mm  thick porous layer backed by a single QR channel ( 2t
 ). 

Red dotted line indicates the lower bound ( lbf ) of frequency band. 
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Fig. 4.7 Scattered pressure field (at 545 Hz ) in the middle of frequency band. The 

bounded surface mode is observed. 
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Fig. 4.8 (a) The real part and (b) imaginary part of wavenumber zk  of scattered 

waves. 
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Fig. 4.9 (a) The magnitudes of amplitudes of diffraction modes ( 1, 0,1n � � ) and (b) 

their relative contributino to the reflected sound power. 
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Fig. 4.10 Scattered pressure field at (a) 1,000 Hz  and (b) 1,050 Hz . Anomalous 

relfections of (a) 90r� �  and (b) 90r� �  are observed in the respective scattered 

field. 
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Fig. 4.11 (a) Supercells of metaporous structrues with 3 different sequences of QRs. 

For 1,000 Hztf � , the length of QRs of sequence 1 are 
1h , 

2h , 
3h , 

4h , 
5h , 

6h , 

7h , 
8h , 

9h , 
10h  and 

11h  from the left to the right. On the other hand, the length of 

QRs of sequence 2 are 
11h , 

9h , 
7h , 

5h , 
3h , 

1h , 
3h , 

5h , 
7h , 

9h  and 
11h  from 

the left to the right, and the length of QRs of sequence 3 are 
7h , 

9h , 
3h , 

10h , 
5h , 

2h , 
1h , 

8h , 
11h , 

4h  and 
6h  from the left to the right. (b) Comparison of sound 

absorption coefficients for the metaporous structure of sequence 1, 2 and 3. The 

increasement of frequency tf  is 50 Hz .     
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Fig. 4.12 Sound absorption performance of the metaporous structures of which 

supercell widths are (a) 490 mmW �  and (b) 163.3 mmW � . The red shaded 

region indicates the high sound abosrption band. 
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Fig. 4.13 Comparison of sound absorption performance. The metaporous structures 

with various thickness ( H ) of porous layer are compared. 
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Fig. 4.14 Comparison of sound absorption performance. The metaporous structures 

composed of 7, 11 and 15 QR channels are compared. 

 

 

 

 

 

 

 



116 

 

 

 

 

 

 

Fig. 4.15 Comparison of sound absorption performance. The metaporous structures 

with various thickness ( wt ) of rigid partitions between local resonators are compared. 
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Fig. 4.16 (a) A supercell of designed metaporous structure. (b) Detailed description 

of kth folded QR in the metaporous structure shown in (a). 
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Fig. 4.17 Sound absorption coefficient (blue solid line) of designed metaporous 

sturctures with folded QR array. The red shaded region indicates the high sound 

abosrption band of the designed metaporous structures. Sound absorption 

coefficients of the porous layer (10 mm ) backed by hard wall (black dotted line), 

QR array whose height is same as the thickness of longest folded QR channel (gray 

dashed line) and the porous layer ( 63.6 mm ) of which thickness is identical to the 

thickenss of the designed metaporous structure backed by hard wall (gray solid line) 

are also presented for the comparison. 
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CHAPTER 5.  
Conclusions 

 

 

 

In this thesis, the wave skewing metaporous structures based on both metamaterial 

and metasurface were newly presented. The proposed metaporous structures exhibit 

an enhanced sound absorption performance in comparison with the conventional 

sound absorbers made of porous layer. Their enhanced absorption performance are 

mainly originated from the wave phenomena by periodic structures. In particular, the 

main focus of this thesis was the improvement of sound absorption performance due 

to the directional characteristics of wave propagation induced by such periodic 

structures.  

The metamaterial-based metaporous structure was composed of a porous layer and 

periodically embedded rigid rectangular inclusions. For the metamaterial-based 

metaporous structures, wave scattering inside the layer was responsible for the 

improved sound absorption. Hence, the directional contribution of sound power 

dissipation which characterize the sound absorption mechanism in the metaporous 

structure was defined by utilizing the concept of the time-averaged acoustic intensity. 
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The proposed directional dissipation quantities were verified by both numerical and 

experimental approaches. And, the absorption mechanisms at the peak frequencies 

were revealed by means of the proposed quantities. Through the concept of proposed 

directional dissipation, it was found that sound absorption in the metamaterial-based 

metaporous structure is largely affected by wave interaction between the inclusions 

and also between the inclusion and hard backed wall. By using the observations, 

design optimization was also performed to maximize the lateral contribution of 

sound power dissipation.  

The metasurface-based metaporous structure was composed of a thin porous layer 

backed by reflective metasurface, i.e. elaborately designed QR array. Unlike the 

metamaterial-based structure problem, wave scattering outside of the structure was 

also fairly responsible for the absorption performance. The proposed metasurface-

based metaporous structure exhibited relatively high sound absorption performance 

in the specific frequency range. Although the sound absorption occurs only in the 

porous layer, its characteristics were determined by the reflective metasurface. The 

inherent physics behind the high sound absorption band were revealed by the 

analytical model and the numerical simulations. The main contribution of sound 

absorption was the coupled resonance modes by adjacent local resonators. However, 

the directional characteristics of scattered wave by reflective metasurface were the 

most important factor in forming sound absorption band. 

Both metamaterial- and metasurface-based metaporous structure showed fairly 

enhanced sound absorption performance in a relatively compact size. They utilized 
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in common the directional characteristics of periodic structures for the enhancement, 

but the sound absorption mechanisms were quite different because of their distinct 

wave manipulating abilities. For this reason, the former mainly requires relatively 

large amount of porous layer while the latter can exhibit high sound absorption 

performance only with a very thin porous layer. Hence, they can be exploited various 

kinds of industrial applications depending on the environment. 
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