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Abstract

This paper aims to analyze the characteristics of the flexural wave propagation and the acoustic fields
generated by the flexural wave suitable for objective applications. The flexural wave and the generated
acoustic fields have been analyzed using various experiments and calculations. However, there were few
applications using the acoustic fields those were generated by flexural waves with a wide frequency band
in audible frequency. Therefore, this study aims to excite the flexural wave in audio frequency, analyze the
generated acoustic fields, and propose applications using the characteristics of the acoustic fields.

The dispersions of the phase velocities of the flexural waves in the homogeneous panel and the sandwich
panel are different from each other. In the case of the homogeneous panel, the phase velocity that obtained
using the motion equation of the beam was determined as the theoretical value. A planar transducer that
consists of acrylic plastic plate was designed to measure the phase velocity of the flexural wave. It was
confirmed that the experimental values were in good agreement with the theoretical values. In the case of
the honeycomb sandwich panel, the method of the calculation of the phase velocity of the flexural wave was
proposed. The theoretical value of the phase velocity was obtained using a plate equation by combining the
full equation of motion for elastic material and constitutive relations. The elastic constants of a honeycomb
core layer were calculated using the shape and the physical property of the honeycomb cell to substitute
into the theoretical equation. In addition, the phase velocity of the flexural wave was measured using the
honeycomb sandwich panel made of aluminum to compare among the theoretical value, the simulated value,
and the experimental value. The simulated value was well-accorded with the theoretical value. On the other
hand, the gap between the theoretical value and the experimental value was caused due to the effect of the
mass of the adhesive layer. However, it was indicated that the behavior of the honeycomb sandwich panel
that has complex structure can be predicted easily using the proposed method. Using these knowledge,
the acoustic transducer that generates the inclined sound and the evanescent sound field is designed by the
calculation of the characteristics of the flexural wave.

A flat panel loudspeaker using inclined sound for generating guiding sound was proposed. The inclined
sound is radiated in air when the phase velocity of the flexural wave is larger than the sound velocity in air.
The honeycomb sandwich panel was designed for generating inclined sound by changing the core height
and the cell size in honeycomb structure. It was found that the phase velocity and the group velocity of
the flexural wave increased rapidly at low frequency with increasing the core height so that the sound field
became non-evanescent. In addition, the phase velocity becomes almost non-dispersive at low frequency
with increasing the cell size. The sound radiation from the designed panel was simulated using FEM. It
was confirmed that the characteristic of radiating sound with uniform angle is useful for indicating the di-
rection of the destination. The obtained results suggested that the proposed loudspeaker using a honeycomb
sandwich panel is suitable for audio guidance systems.

A planar acoustic transducer generating the evanescent sound field for near-field acoustic communication
was proposed. We attempt to generate the evanescent wave in audio frequency with large level so that
mobile devices equipped with microphones can be receive the acoustic data. The distribution of sound
pressure level of the sound field above the acoustic transducer was evaluated by means of a simulation
and an experiment. The obtained results suggest that the proposed acoustic transducer can generate the



evanescent wave because amplitude of sound pressure was attenuated exponentially. In addition, it was
clarified that acoustic data can be received near the plate by mobile device since sound is generated with
uniform level from all over the surface and small time delay. However, it was found that attenuation of
sound pressure becomes small because of the sound leakage from the evanescent sound field. Therefore, a
method of suppressing sound leakage to the far field of a near-field acoustic communication system using an
evanescent sound field was proposed. A sound wave leaks slightly over an evanescent sound field because of
the broadening of the wavenumber spectrum caused by the presence of a discontinuity in the particle velocity
distribution. Therefore, we calculated an optimal window function, which performs spatially-weighting the
particle velocity field near a vibrating plate, in order to suppress sound leakage. It was confirmed that the
optimized window function can limit the area in which acoustic data is transmitted while securing high sound
pressure level near the vibrating plate. Additionally, it was found by simulation using the three-dimensional
FEM that sound radiation can be suppressed by placing a sound insulator made of porous material, which has
a spatially-weighted shape as the optimized window, above the vibrating surface. Therefore, the applicability
of the realization of near-field acoustic communication system using the proposed acoustic transducer was
indicated.

These results provides the valuable knowledge for the multiple areas of analyzing and utilizing of the
flexural wave and the acoustic fields.
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ũ Complex amplitude of displacement u
d Thickness of panel
L Length of panel
W Width of panel
tf Thickness of face plate of honeycomb sandwich panel

vii



ta Thickness of adhesive layer of honeycomb sandwich panel
h Core height of honeycomb sandwich panel
n Total number of layers in sandwich panel
w Displacement of sandwich panel in z-directionl
ψ Cross section angle of sandwich panel makes with z-axis
D Stiffness of flexural deformation
K Stiffness of shearing deformation
I Rotary inertia
M Mass
ci j Elastic stiffness
li Length between natural plane and panel surface of each
N Number of half wavelengths in panel
ωTS Natural frequency of fundamental thickness-shear mode
Zi Impedance
Ri Characteristic impedance
γi Wavenumber of shear wave
a Wall thickness of honeycomb cell
s Size of honeycomb cell

Piezoelectric ceramics quantities:
cEij Elastic stiffness (E = 0)

ei j Piezoelectric stress constant
ϵSij Relative permittivity (S = 0)

Communication quality:
Tg Group delay time
τ Maximum tolerable delay time difference
pe Bit error rate
Eb/N0 Energy per bit to noise power spactral density ratio

Window function:
l Shoulder length of window
Lmax Maximum sound pressure level
S Total area of the vibration surface
Z Characteristic impedance
γ Propagation constant
Rf Flow resistivity

viii



Chapter 1

Introduction

1.1 Background

Lamb wave propagating in elastic solid has been studied as guided wave for non-destructive inspection in the
past decades.1–4) The word guided wave is commonly used in referring to modes of ultrasound propagating
on boundaries of a panel and bar in a longitudinal direction. Guided wave is characterized by propagating
long distance with small energy dissipation. Therefore, high speed long distance inspection of elongated
material such as a pipework and railroad rail is achieved using the characteristics of Lamb wave.

Lamb wave has dispersibility of the phase velocity.5) Basic researches has been carried out to analyze the
frequency characteristics of Lamb wave in detail.6) Especially, the phenomenon called leaky Lamb wave,
whose energy is partly radiated into an adjacent medium, has been received broad attention. This occurs
when the phase velocity is larger than the sound velocity in the medium. Non-contact inspection using
the leaky Lamb wave has been attempted to evaluate defects of the panel by receiving radiated wave from
the leaky Lamb wave.7) In addition, the radiation pressure has been also utilized in many fields, such as
non-contact transportation8) and ultrasonic cleaning.9)

In contrast, it is known as interesting phenomenon that the energy from Lamb wave propagating on
the panel is localized on nearby surface of the panel when the phase velocity is smaller than the sound
velocity in the adjacent medium.10) The generated wave is called an evanescent wave, especially the field
is called an evanescent field. The evanescent wave does not propagate in free space and its magnitude
decays exponentially in the direction perpendicular to the boundary surface. The evanescent wave has been
particularly studied in the areas of optics and electromagnetics.11, 12) When a light wave (transverse wave)
enters an adjacent medium that has low refractive index from a medium that has high refractive index in
excess of the critical angle, the light wave reflects totally at the interface. The evanescent wave is generated
in the adjacent medium. Total internal reflection fluorescence microscope uses the evanescent wave as
lighting for fluorophores.13) The evanescent wave is suitable for the observation of the phenomenon on
nearby surface of the cover slip because fluorophores are excited only in the distance of the wavelength.
Using the same principle, the evanescent wave excites surface plasmon resonance and it is utilized for the
biosensor.14) In the area of acoustics, the use of the evanescent sound field is relatively new field of study.
For instance, near-field acoustic holography allows high spacial resolution imaging by use of evanescent
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1.2 Objective

component as well as radiating component.15–17) In addition, a wavenumber-frequency calibrator of sonar
array generating the evanescent sound field under water has been proposed to reduce the impact of flow
noise on array.18) This calibrator consists of planar array using a sheet of polyvinylidene difluoride. It has
been reported that the electric admittance changes when an object is brought into the evanescent sound field
generated at an edge of the vibration panel.19, 20) Therefore, a proximity sensor using the characteristics
has been proposed. Furthermore, a loudspeaker system using dipole acoustic transducers and digital filters
for generating the evanescent sound field in audio frequency has been studied recently.21) As stated above,
the characteristics of the acoustic fields have been studied with great interest and attempted to create its
application.

1.2 Objective

Figure 1.1 shows examples of applications using Lamb wave, leaky Lamb wave, and the generated acoustic
field. Lamb wave and the generated acoustic fields has been analyzed using various experiment and calcu-
lation. However, there were few applications using the acoustic fields with a wide frequency band in the
audible frequency. One mode of Lamb wave is assumed as the flexural wave in the case of low frequency,
i.e., audio frequency in which the wavelength is larger than the panel thickness. Therefore, this study aims to
excite the flexural wave in audio frequency, analyze the generated acoustic fields, and propose applications
using the characteristics of the acoustic fields.

In order to design the acoustic transducer for utilize of the acoustic fields, the characteristics of the flexural
wave is calculated. The motion of the flexural wave propagating on the homogeneous panel are described
using the motion equation of the bar. The frequency characteristics of the phase velocity is analyzed to de-
sign an acoustic transducer by comparison between theoretical equation and experiment. On the other hand,
the dynamic behavior of the multi-layered panel, such as the honeycomb sandwich panel, has been analyzed
by simulation using the three-dimensional (3D) finite element method (FEM) in recent studies.22, 23) There
is a problem that the computational effort of the 3D FEM increases owing to the complex structure of the
honeycomb sandwich panel. Therefore, the prediction of the behavior of the sandwich panel using a the-
oretical equation is attractive for optimizing the structure of the panel by varying the parameters such as
the thickness of the core layer or the face plate. For the reason, an easily-calculated method to analyze the
sandwich panel including the honeycomb sandwich panel is proposed. It will be helpful for the design and
adjustment of a loudspeaker if the phase velocity of the flexural wave can be easily calculated using these
parameters of the honeycomb sandwich panel.24)

The plane wave with inclined angle with respect to the panel is radiated when the leaky Lamb wave
propagates in one direction. The radiated plane wave is called the inclined plane wave in this paper.25) The
inclined plane wave propagates extensively with uniform level and direction. We aim to apply the inclined
plane wave to audio guidance system since the characteristics are attractive to lead pedestrians accurately.
From the viewpoint of the application in an audio guidance system, we need to generate the inclined plane
wave in a wide-frequency band with a small velocity dispersion so that people can perceive the direction
easily. Moreover, the distribution of sound pressure and the direction of sound in a sound field above the
proposed loudspeaker are determined in the simulation to identify the inclined plane wave generation.

2



Chapter 1 Introduction

Lamb wave (Guided wave)

- Non-destructive inspection for elongated material

Leaky Lamb wave and sound radiation

In acoustics

In optics and electromagnetics

- Non-contact inspection

- Non-conact transportation

- Ultrasonic cleaning

- Audio guidance system

- Near-field acoustic holography

- Wavenumber-frequency calibrator of sonar array

- Proximity sensor

- Loudspeaker system in auditory frequency

- Near-field acoustic communication system

- Fluorescence microscope

- Surface plasmon resonance excitation

- Wireless powering device

Evanescent wave

Near-field

Far-field

Elastic field
in panel

Figure 1.1: Applications using Lamb wave, leaky Lamb wave, and the generated acoustic field.

In addition, near-field acoustic communication system is proposed using the evanescent sound field that
can provide the acoustic data only near the surface of the vibration panel.26) It is confirmed using the
simulation and experiment that the receivable area of the acoustic data can be limited to prevent information
and noise leakage. Furthermore, a sound insulator made of the porous material is designed to suppress sound
leakage to from the evanescent sound field.27)

1.3 Composition of thesis

This paper aims to analyze the characteristics of the elastic wave and its acoustic fields to generate the
acoustic fields for objective application. The dispersion of the phase velocity of the flexural wave is different
between the homogeneous panel and the sandwich panel. Therefore, the calculation method to analyze the
characteristics of the flexural wave propagating on the panel is proposed. In addition, the feasibility of the
applications using the inclined plane wave and the evanescent sound field is estimated. The composition
and contents of this paper is shown in Fig. 1.2.

In chapter 2, the frequency characteristics of the phase velocity of the flexural wave propagating on ho-
mogeneous panel and honeycomb sandwich panel are analyzed. First, the propagation characteristics of the
elastic wave, especially Lamb wave, is explained. Next, the motion equation of the beam is indicated as
the theoretical equation for the homogeneous panel. The phase velocity of the flexural wave is measured
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1.3 Composition of thesis

Capter 1

   Introduction 

Homogenous panel

Capter 2

   Analysis of flexural wave propagating on flat panel

Capter 3

   Application of inclined plane wave

Capter 4

   Application of evanescent sound field

- Design method of honeycomb sandwich panel

- Analysis of inclined plane wave

- Application to audio guiding system

Honeycomb sandwich panel

- Analysis of evanescent sound field

- Application to near-field acoustic communication

- Suppression of sound wave leakage

Capter 5

   Conclusions

Figure 1.2: Composition and contents of this paper.

using a planar transducer that consists of the acrylic plastic and the piezoelectric transducer, and compared
to the theoretical value. Finally, the calculation method of the phase velocity of the flexural wave for the
honeycomb sandwich panel is proposed. The applicability of the proposed method for design the honey-
comb sandwich panel is confirmed by comparing among the theoretical value, simulated value, and the
experimental value.

In chapter 3, a flat panel loudspeaker using inclined plane wave for generating guiding sound is proposed.
First, the demand of the audio guidance system and the problem of existing system is mentioned. Next, the
principle of generating inclined plane wave by the flexural wave is indicated. Using the proposed calculation
method in chapter 2, the honeycomb sandwich panel for generating inclined plane wave is designed. The
sound radiation from the designed panel is simulated using FEM. The angle of radiated sound from the
honeycomb sandwich panel is calculated to show the suitability of the proposed loudspeaker as an audio
guidance systems.

In chapter 4, a planar acoustic transducer generating the evanescent sound field for near-field acoustic
communication is proposed. First, the background of the near-field communication system and the existing
application using the evanescent sound field is mentioned. Next, generation of the evanescent sound field
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Chapter 1 Introduction

is confirmed by FEM simulation and the experiment. The communication quality of the proposed acoustic
transducer is estimated. It was found that a sound wave radiates over an evanescent sound field because
of the broadening of the wavenumber spectrum caused by the presence of a discontinuity in the particle
velocity. Therefore, in order to suppress sound leakage, we calculate an optimum window function applying
to the particle velocity field near a vibrating plate. We investigate a suitable method for calculating the
sound pressure level at the far field, and the sound pressure level at the far field with respect to the frequency
was calculated for different window shapes. In addition, leaking sound is suppressed using sound insulator
made of a porous material in FEM simulation. The applicability of the realization of near-field acoustic
communication system using the proposed acoustic transducer is indicated.

Chapter 5 is conclusions of this thesis.
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Chapter 2

Analysis of flexural wave propagating
on flat panel

2.1 Characteristics of flexural wave propagating on flat elastic panel

Lamb wave is a type of elastic wave propagating on a elastic panel with thickness comparable to its wave-
length. The displacement of the panel surface is symmetric or antisymmetric with respect to the central
plane. These vibration modes are called symmetric mode and antisymmetric mode, such as S0-mode, A0-
mode, and their higher order modes. Here, Fig. 2.1 shows the dispersion curves of the phase velocity of
aluminum (5754 H-22). There are multiple modes that have different phase velocity dispersions. The phase
velocity vary greatly depending on frequency, i.e., the phase velocity has high dispersivity. Figure 2.1(a)–
(d) show the displacement distribution of S0-mode, S1-mode, A0-mode, and A1-mode. At low frequency
in which the wavelength is larger than the thickness of the panel, A0-mode Lamb wave on thin panel is
assumed as flexural wave.
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Chapter 2 Analysis of flexural wave propagating on flat panel

2.2 Analysis of phase velocity of flexural wave propagating on ho-
mogeneous panel

2.2.1 Calculation of phase velocity of flexural wave propagating on homogeneous
panel

Flexural vibration is expressed as beam vibration. The motion of elastic beam is given as following equation.

ρ
∂2u
∂t2
= −Eκ2

∂4u
∂x4

, (2.1)

where u is displacement in the z-direction, as shown in Fig. 2.1. The density and Young’s modulus is
expressed as ρ and E. For the thickness of the beam d, radius of gyration is expressed as κ = d/

√
12. Here,

general solution of Eq. (2.1) is expressed as sine wave as following equation.

u(x) = ũ exp [ j (ωt − kpx)] , (2.2)

where ũ, ω, and kp are complex amplitude, angular frequency, and wavenumber of beam in the x-direction.
There exists a relation among phase velocity of the flexural wave vp, ω, and kp as follows; ω = kpvp. By
substituting Eq. (2.2) into Eq. (2.1), vp is obtained.

vp =

(
ω2 Eκ2

ρ

) 1
4

, (2.3)

It can be seen that vp is proportional to the square root of frequency, i.e. has frequency dispersion.
Here, we take an acrylic plastic panel (Mitsubishi Rayon SHINKOLITE) as an example. The density and

Young’s modulus of the panel are 1,225 kg/m3 and 5.613 GPa, respectively. Figure 2.2 shows the frequency
characteristics of the phase velocity and the wavelength of the flexural wave propagating in acrylic plastic
with the thickness of 2 mm, which are calculated using Eq. (2.3). The left vertical axis and solid line show
the phase velocity of the flexural wave, and the right vertical axis and dotted line show the wavelength of the
flexural wave, respectively. According to Fig. 2.2, when sound velocity in air is 340 m/s, the phase velocity
of the flexural wave whose frequency is under 15 kHz is slower than the sound velocity. Then sound does
not propagate from infinite panel, and the evanescent sound field is locally generated in theory. In order to
confirm that the frequency characteristics of the phase velocity of the flexural wave propagating on the finite
homogeneous plate, we design a planar acoustic transducer, and examine the phase velocity.

2.2.2 Measurement of phase velocity

A planar transducer was designed to measure the phase velocity of the flexural wave. Figure 2.3 shows the
shape of a planar acoustic transducer and a position of a probe microphone on the xz-axes PC controlled
stage. This transducer consists of acrylic plastic plate (vibration plate) and piezoelectric ceramic transducers
(vibration source). The width of the piezoelectric ceramic transducers was assumed as mirror symmetry at
edge of the plate since flexural wave reflects at edge of the plate. Widths of the piezoelectric ceramic
transducers were 7.5 mm, which is 1/4 of wavelength of the flexural wave at 10 kHz frequency as shown
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Figure 2.3: Shape of a planar acoustic transducer and a position of a probe microphone on the x- and z-axes
PC controlled stage.

in Fig. 2.3. Young’s modulus and Poisson’s ratio of acrylic plastic were 5.613 GPa and 0.32, respectively.
Table 2.1 shows elastic stiffness c, piezoelectric stress constant e, and relative permittivity ε of piezoelectric
ceramic transducers (Fuji Ceramics C-213).

We used a probe microphone whose bore was enough smaller than wavelength of sound to avoid effect of
reflection on the sound field. The probe microphone was scanned to calculate received signal at each point.
The center and the surface of panel was defined as the origin of the xz-coordinates as shown in Fig. 2.3. The
probe microphone was scanned between -150≤x≤150 mm for every 1 mm. The microphone was maintained
under 5 mm distance from the surface of the panel. Time stretched pulse (TSP) signal was used as driving
signal, and the impulse response of the acoustic transducer at each receive point was obtained. The number
of sampling of TSP signal was 65,536, and the amplitude of TSP signal was 10 V. Received signal by the
probe microphone was sampled at 100 kHz by Analog-Digital converter (NI USB-6212).
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Chapter 2 Analysis of flexural wave propagating on flat panel

Table 2.1: Material constants of C-213.

Elastic stiffness (GPa)
cE11 138.9
cE12 77.8
cE13 74.3
cE33 115.4
cE44 25.6
cE66 30.6

Piezoelectric e stress constant (C/m2)
e31 -5.2
e33 15.1
e15 12.7

Relative permittivity
εS11 762.5
εS33 664.2

2.2.3 Results and discussions

The phase velocity of the flexural wave on the panel was calculated. Sound pressure with respect to each
frequency at each receive point was found using the transfer function obtained by computing the discrete
Fourier transform of the impulse response. The spatial frequency spectrum with respect to each frequency
was calculated by computing the discrete Fourier transform of complex amplitude distribution of sound
pressure on the x-coordinate. The dispersion curve of vp with respect to each spatial frequency can be
calculated by dividing the frequency by the spatial frequency spectrum; vp = 2π f /kp. A wave number
spectrum of sound pressure at the surface of the panel was obtained by measured sound pressure in the
experimental result. In addition, frequency characteristics of the phase velocity of the flexural wave was
calculated by the wavenumber spectrum. Figures 2.4(a) and 2.4(b) show the frequency characteristics of
the phase velocity of the flexural wave in cases of the panel without the damper, and with the clay damper
attached at the end of the panel, respectively. Normalized power was shown as contrasting density. The
power was normalized by the maximum power of each frequency. The solid line shows the theoretical
values calculated using Eq. (2.3). The positive and negative directions of the phase velocity follow the
x-axis in Fig. 2.3.

The phase velocity in the experimental result was well fitted with the theoretical values as shown in
Fig. 2.4. Additionally, Fig. 2.4(a) shows that a component of negative direction of the phase velocity existed
because the flexural wave reflected at the edge of the panel in the case of the panel without the damper. On
the other hand, Fig. 2.4(b) shows that the flexural wave proceeded in a single direction in the case of the
panel with the damper. Figures 2.5(a) and 2.5(b) show the phase velocity when driving frequency f was 10
and 20 kHz in cases of the panel without the damper, and with the damper, respectively. The solid line and
chain line show the results of f = 10 and 20 kHz, respectively. The circle marks show the theoretical values.
The dashed line shows the sound velocity of the plane wave in air (340 m/s). It is confirmed that the phase
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velocity of the flexural wave was slower than sound velocity in air when f = 10 kHz. On the other hand,
the phase velocity was faster than the sound velocity in air when f = 20 kHz. According to these results, it
was substantiated that the phase velocity of the flexural wave with respect to the sound velocity in air can
be analyzed using the motion equation of the beam. In other words, the vibration panel for the application
using the acoustic fields can be designed by calculating the condition under which the evanescent sound
field or the inclined plane wave is generated.
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Chapter 2 Analysis of flexural wave propagating on flat panel

2.3 Analysis of phase velocity of flexural wave propagating on hon-
eycomb sandwich panel

2.3.1 Calculation of phase velocity of flexural wave propagating on honeycomb
sandwich panel

The calculation method of the phase velocity of the flexural wave is proposed to analyze the behavior
of a honeycomb sandwich panel. Here, we provide the following methods that are used to establish the
theoretical equation.

Plate theory Figure 2.6 shows the structures of honeycomb sandwich panels. The sandwich panel that
is modeled by a five-layered structure composed of two face panels, two adhesive layers, and a core layer,
as shown in Fig. 2.6(a). The sandwich panel can be treated as a three-layered structure when the dynamic
behavior of the panel is analyzed when the adhesive layers are very thin, as shown in Fig. 2.6(b). In that
case, the thickness of the adhesive layer is ignored, and the adhesive layer and the face panel are considered
as a single panel whose weight and stiffness are a combination of those of the face panel and the adhesive
layer. Thompson et al. have developed a plate equation by combining the full equation of motion of for
elastic material and constitutive relations:28)

D
∂2ψ

∂x2
− K

(
ψ +

∂w

∂x

)
= I

∂2ψ

∂t2
, (2.4)

K
(
∂ψ

∂x
+
∂2ψ

∂x2

)
= M

∂2w

∂t2
. (2.5)

Here, w is the displacement of the panel normal to its face and ψ is the angle that a cross section of the panel
makes with respect to the z-axis:

D =
2

3

n∑
i=1

(
c11 −

c13c31
c33

)
i

(
l3i − l3i+1

)
, (2.6)

K = Iω2
TS, (2.7)

I =
2

3

n∑
i=1

(
l3i − l3i+1

)
, (2.8)

M = 2
n∑
i=1

ρi (li − li+1) , (2.9)

where D and K are the stiffnesses of the flexural and shearing deformations, respectively. The elastic
constants of the honeycomb core are expressed as c11, c13, c31, and c33, which are given by the physical
property of the material and by the wall thickness and length of honeycomb cell.29) The parameter I is
rotary inertia and M is mass. The subscript i refers to the index of each layer, and n is the total number of
layers, as shown in Fig. 2.6. The panel is symmetric with respect to the neutral plane, which is parallel to
the xy-plane, and Fig. 2.6 shows li defined as the distance between the neutral plane and the surface of each
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Figure 2.6: Structures of honeycomb sandwich panel: (a) five-layered model and (b) three-layered model.

layer. The density of each layer is expressed as ρi . In addition, the natural frequency of the fundamental
thickness-shear mode ωTS was calculated using the transmission-line model.30)

Calculation of natural frequency of the fundamental thickness-shear mode based on the
transmission-line model We derived the natural frequency of the fundamental thickness-shear mode
ωTS from calculations based on the transmission-line model. Figure 2.7 shows the transmission-line model
of a three-layered sandwich panel. The sandwich panel is modeled as a one-dimensional transmission line.
The characteristic impedance and propagation velocity of the shear wave in each layer are differ when the
thickness of each layer is assumed as the length t of each transmission line. The impedance Zi of each layer
is obtained using the following equations:

Zi = Ri
Zi−1 + jRi tan γiti
Ri + j Zi−1 tan γiti

, (2.10)

Ri =
√
ρic55i, (2.11)

γi = ω

√
ρi

c55i
, (2.12)

where R and γ are respectively the characteristic impedance and wavenumber of the shear wave obtained
from the density ρ and the stiffness modulus c55 of each transmission line. Angular frequency is expressed
as ω. The natural frequency ωTS corresponds to the frequency at which the input impedance becomes zero.

Elastic constants of honeycomb core The calculation method the elastic constants c11, c13, c33,
and c55 is indicated. When the honeycomb core layer is assumed as an orthotropic continuum, c31 is equal
to c13. An ideal honeycomb cell is formed with a regular hexagon whose walls have identical thicknesses.
In practice, two walls of the cell are double the thicknesses of the others because a honeycomb core is made
by bonding cell walls together, as shown in Fig. 2.8. Young’s modulus, shearing modulus of rigidity, and
Poisson’s ratio of the practical honeycomb core are calculated mathematically using the wall thickness and
wall length of the cell. Table 2.2 shows the equivalent moduli proposed by Ogasawara et al., where Es, Gs,
and νs are the Young’s modulus, modulus of rigidity, and Poisson’s ratio of the material forming the cell,
respectively. The core ratio R is obtained using the wall thickness a and the cell size s, R = a/s. The elastic
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Figure 2.8: Cell form of practical honeycomb core in which two walls of a cell are double the thicknesses
of the others because a honeycomb core is made by binding cell walls together.

constants of the honeycomb core layer were obtained from the parameters in Table 2.2 by assuming the
core as an orthotropic continuum. Here, it was found that flexural stiffness was diverged when νxy was 1.
Therefore, we calculated the elastic constants of the honeycomb core layer by approximating νxy by 0.999
since an alteration of vp by the approximation of νxy was extremely small. In the five-layered sandwich
panel, the elastic constants of the face panel and adhesive layer are determined on the basis of the physical
parameters of each layer. On the other hand, we can treat the five-layered sandwich panel as a three-layered
panel by assuming that the face panel is combined with the adhesive layer. In this work, we calculate the
theoretical value of the phase velocity vp of the flexural wave in a honeycomb sandwich panel by these
mathematical methods.

Calculation of phase velocity of flexural wave propagating on sandwich panel Here, the
general solutions of Eqs. (2.4) and (2.5) are assumed such that w = A exp [ j (ωt − kpx)] and ψ = B exp[ j (ωt−
kpx)], where kp is the wavenumber of the flexural wave. Amplitude is expressed as A and B. By eliminating
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Table 2.2: Equivalent material properties.

Young’s modulus Modulus of rigidity Poisson’s ratio
Ex = 12R3Es Gxy =

36
5 RGs νxy = 1

Ey = 12R3Es Gyz =
5
3 RGs νyz =

9
2 R2νs

Ez =
8
3 REs Gxz = RGs νxz = νs

Table 2.3: Physical parameters of honeycomb sandwich panel.

Parameter Value Reference cited
Thickness of face plate tf (mm) 1 3A Composites, ALUCORE
Thickness of adhesive layer ta (mm) 0.12 Thompson et al.28)

Height of honeycomb core h (mm) 13 or 23 3A Composites, ALUCORE
Wall thickness of honeycomb core a (νm) 70 3A Composites, ALUCORE
Cell size of honeycomb core s (mm) 6.35 3A Composites, ALUCORE
Density of face plate ρf (kg/m3) 2660 3A Composites, ALUCORE
Density of adhesive layer ρa (kg/m3) 5292 Thompson et al.28)

Density of cell material ρc (kg/m3) 2730 3A Composites, ALUCORE

A and B after substituting the general solutions into Eqs. (2.4) and (2.5), we obtain the following equation:

{K M + (DM + K I) k2}ω2 − DK k4 − I Mω4 = 0. (2.13)

The wavenumber of the flexural wave kp is expressed using the angular frequency ω and the phase velocity
vp of the flexural wave in the sandwich panel; kp = ω/vp. The phase velocity vp is obtained using the
following equation:

v2p =
ω2 (DM + IK ) − ω

√
ω2 (DM + K I)2 − 4MDK

(
ω2I − K

)
2M

(
ω2I − K

) . (2.14)

The theoretical value was calculated by substituting these parameters into Eq. (2.14). Table 2.3 shows
the structural parameters of a honeycomb sandwich panel used for theoretical equations (3A Composites
ALUCORE). In addition, Table 2.4 shows the elastic constants of face plate, honeycomb core, and adhesive
layer of the honeycomb sandwich panel obtained using the parameters listed in Table 2.3. The adhesive
layer was assumed as HT 42 type III. We used the parameters for the theoretical equations to calculate the
theoretical vp value of the three-layered panel in this study.

2.3.2 Simulation using finite element method

Next, two models of the sandwich panel was simulated. Figures 2.9 shows the finite element divisions
and coordinates of these models. The honeycomb sandwich panel was modeled by shell elements using
simulation software (COMSOL Multiphysics 4.4) based on FEM, as shown in Fig. 2.9(a). This model is
called the honeycomb model in this paper. The form of the honeycomb cell was the same as that of the
previous section, and the crossover of the cell wall was double the thicknesses of the others. In addition, we
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Table 2.4: Elastic constants of honeycomb sandwich panel (GPa).

Elastic constants of faceplate
c11 200
c13 49.72
c33 200
c55 25.56

Elastic constants of honeycomb core
c11 3.1281 × 10−3

c13 1.86 × 10−3

c33 2.06
c55 2.90 × 10−1

Elastic constants of adhesive layer
c11 9.90
c13 4.24
c33 9.90
c55 2.83

simulated another model that has the orthotropic continuum core, which was given physical parameters by
Tables 2.3 and 2.4. This model is called the simplified model in this paper, as shown in Fig. 2.9(b). In both
simulations, the face plate including the adhesive layer was treated as a single shell, which was the given
physical parameters of the three-layered panel. All the boundaries and edges of the plate were mechanically
free. The length L in the x-direction of the panels is 1,000 mm, and the width W in the y-direction is 11 mm,
as shown in Fig. 2.9(c). The natural frequencies fN of the flexural wave in the x-direction were simulated,
and the frequency dependence of the phase velocity vp was given by the general expression vp = 2L fN/N ,
where N is the number of half wavelengths in the panels.

2.3.3 Measurement of phase velocity

Finally, the phase velocity of the flexural wave in the sandwich panel was measured experimentally. Fig-
ure 2.10 shows the experimental arrangement for impulse response measurement of the honeycomb sand-
wich panel. The wall length, thickness, and height of the honeycomb core were identical to those in the
simulation. In the case of the core heights h = 13 and 23 mm, the lengths L in the x-direction of the pan-
els are 1,956 and 2,186 mm, and the widths W in the y-direction are 284 and 285 mm. The center and
surface of the panel were defined as the origin of the x-coordinate, as shown in Fig. 2.10. The panel was
suspended by two light strings in order to assume that the panel was mechanically free. A microphone array
consisting of 7 microphones whose interval was 40 mm was scanned from -1,000≤x≤1,000 mm every 50
mm to calculate the signal received at each point. The microphones were maintained under 5 mm distance
from the surface of the panel. The time-stretched pulse (TSP) signal was used as the driving signal, and the
impulse response of the panel at each receiving point was obtained after pulse compression. The number of
samples of the TSP signal was 65,536, and the amplitude of the TSP signal applied to an electromagnetic
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Figure 2.9: Outline of the honeycomb sandwich panels in FEM simulation: (a) finite element division with
shell elements, (b) finite element division with solid element, and (c) coordinates and size of the panel.

exciter (Brüel & Kjær 4809) was 6 V. The signals received by the microphones were sampled at 50 kHz
by an analog-to-digital converter (NI USB-6212). The dispersion curve of vp with respect to each spatial
frequency was calculated by the method using the wavenumber spectrum indicated in the previous section.
Modal distribution exists in the y-direction as well as in the x-direction because the width W is not suffi-
ciently small with respect to the length L of the panel used in the experiment. In this study, we indicate the
phase velocity vp in the case of the 0th-order mode in the y-direction by averaging the impulse response of
the microphone array so that the panels can be assumed as beams.

2.3.4 Results and discussion

Figure 2.11 shows the frequency characteristics of the phase velocity of the flexural wave in the panels. The
results in the case of h = 13 and 23 mm are shown in Figs. 2.11(a) and 2.11(b), respectively. Curve a with
a solid line indicates the theoretical vp value calculated using Eq. (2.14). The circle and cross marks also
show vp in FEM simulation in the honeycomb model and simplified model, respectively. Here, in order to
find the difference between the honeycomb sandwich panel and the homogeneous plate in the dispersion of
vp, the vp values of homogeneous plates were also calculated using Eq. (2.3). Curves b and c indicate the
vp values of the homogeneous plates A and B, respectively. The thicknesses of the homogeneous plates A
and B were set as 20 and 1 mm, respectively. vp of the homogeneous plate A was higher than the sound
velocity in air at a frequency identical to that of the honeycomb sandwich panel (h = 13 mm). The material
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Figure 2.10: Experimental arrangement for impulse response measurement of honeycomb sandwich panel.

properties of the homogeneous plates A and B were the same as those of the face plate. Curve b shows
the sound velocity in air (340 m/s). The experimental value of vp is shown by the darker-shaded area. The
power was normalized by the maximum power of each frequency.

We focused on the frequency dispersion of the phase velocity vp. The curve that appeared in the frequency
band of 1≤ f ≤2.5 kHz, as shown in Fig. 2.11(a), is vp in the case of the 2nd-order mode in the y-direction.
This curve was ignored in this study in order to assume that the panels are beams since we focused on vp in
the case of the 0th-order mode in the y-direction. The results of the honeycomb model shown as circles and
the simplified model shown as cross marks were in good agreement with that obtained using the theoretical
equation. Here, it can be seen that the elastic constants of the honeycomb core layer obtained using the
parameters of the cell form were properly estimated. In addition, it is possible to calculate vp easily using
theoretical equations that assumed the honeycomb core layer as an orthotropic continuum without the need
to simulate the complex structure. Therefore, we compared between theoretical and experimental results.
The dispersion of vp in the experimental results shown as contrasting density became small in over f =
3 kHz, and vp approached asymptotically to around 600 m/s, as shown in Fig. 2.11. On the other hand,
vp in the theoretical results approached asymptotically to approximately 700 m/s. The theoretical results
were in good agreement with the experimental values in the frequency band of 0≤ f ≤1 kHz. However, a
gap of asymptotic phase velocities was derived from the difference in the frequency at which the dispersion
became small. It was confirmed that the frequency at which the dispersion became small depends on the
natural frequency of the thickness-shear mode, ωTS, which is determined by the modulus of rigidity and
the density of the face plate. Therefore, vp seems to be affected by the stiffness and mass of the adhesive
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Figure 2.11: Frequency characteristics of phase velocity of the flexural wave in honeycomb sandwich panel
and homogeneous plate: (a) h = 13 mm and (b) h = 23 mm.

layer summed into that of the face plate. The physical parameters of the adhesive layer were given not by
the measured value but by the assumed value. According to this fact, the gap was presumably caused by
the mass of the adhesive layer. However, it was clarified that the characteristics of the honeycomb sandwich
panel can be predicted using the theoretical value and the simplified model.

2.4 Summary

The frequency characteristics of the phase velocity of the flexural wave propagating on a homogeneous
panel and a honeycomb sandwich panel are analyzed. In the case of the homogeneous panel, the phase
velocity that obtained using the motion equation of the beam was determined as the theoretical value. A
planar transducer that consists of acrylic plastic plate was designed to measure the phase velocity of the
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Chapter 2 Analysis of flexural wave propagating on flat panel

flexural wave. It was confirmed that the experimental value was in good agreement with the theoretical
value.

In the case of the honeycomb sandwich panel, the calculation method of the phase velocity of the flexural
wave was proposed. The theoretical value of the phase velocity was obtained using a plate equation by
combining the full equation of motion of for elastic material and constitutive relations. The elastic constants
of a honeycomb core layer was calculated using the shape and the physical property of the honeycomb cell
to substitute into the theoretical equation. The honeycomb core layer was modeled by shell elements called
the honeycomb model, and by the orthotropic continuum called the simplified model in the simulation using
FEM. In addition, the phase velocity of the flexural wave was measured using the honeycomb sandwich
panel made of aluminum to compare among the theoretical value, the simulated value, and the experimental
value. The simulated value was well-accorded with the theoretical value. On the other hand, the gap between
the theoretical value and the experimental value was caused due to the effect of the mass of the adhesive
layer. However, it was indicated that the behavior of the honeycomb sandwich panel that was complex in
structure can be predicted easily using the proposed method.

Using these knowledge, the acoustic transducer that generates the inclined plane wave and the evanescent
sound field is designed by the calculation of the characteristics of the flexural wave.
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Chapter 3

Application of inclined plane wave to
flat panel loudspeaker

3.1 Background of flat panel loudspeaker

Audio guidance systems in public spaces have recently been receiving broad attention as not only barrier-
free facilities but also information service making up for visual information.31) In particular, evacuation
guidance in the case of emergency requires a way for people to perceive the destination direction intuitively.
The requirement of acoustic signal to localize sound image has been well investigated,32) and an additional
study for guidance sound has been reported.33) On the other hand, there have been attempts to realize an
escape guiding system that makes it easy to notice the destination direction by a unique sound generation
technique using the precedence effect of audio signals.34) The precedence effect uses an aural characteristic
that a sound image is localized in the direction of the first coming sound when a number of the same sounds
are generated with little time lag.35) However, the method has a limitation such as varying the localized
direction by reducing the effectiveness of the precedence effect near the loudspeaker since the difference in
loudness between the subsequent sound and the first coming sound becomes small. Therefore, it is necessary
for the guiding system to indicate the right direction regardless of position on a pathway.

To lead pedestrians using sound more accurately, we attempt to propose a loudspeaker for generating
guiding sound, as shown in Fig. 3.1. We focused on sound radiation with an inclined angle from a flexural
wave propagating in an elastic panel, and it was considered as inclined plane wave. The mechanism is the
same as that of the leaky Lamb wave. In the past, there had been no applications using the leaky Lamb
wave for sound generation in auditory frequency. Therefore, we first attempted to find the requirement for
inclined plane wave generation in auditory frequency. The inclined plane wave is radiated in air when the
phase velocity of the flexural wave is larger than the sound velocity in air. It was confirmed that a vibration
plate requires high stiffness and low density, similarly to beryllium, in order to generate a flexural wave
with high phase velocity. In addition, in the case of a homogeneous elastic plate, the phase velocity of
the flexural wave has dispersion, which causes dispersive group delay and radiation angle variance with
increasing frequency. Therefore, a homogeneous plate is unsuitable for generating guiding voice and the
proposed loudspeaker is still a challenge. On the other hand, a sandwich plate that consists of two face
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Direction of
radiated sound

Radiation area

Face plate

Honeycomb core

Direction of
flexural wave

ex.) Emergency exit

Proposed loudspeaker

Pedestrian

Figure 3.1: Proposed loudspeaker for audio guidance system using honeycomb sandwich panel.

plates and an interjacent honeycomb core layer is a well-known material given its hardness and lightness.
Furthermore, a study has shown that the dispersion of the phase velocity becomes smaller with increasing
frequency in the auditory frequency band. The characteristics are attractive for generating voice-guiding
navigation; hence, in this study, we aim to construct a sound radiator using a honeycomb sandwich panel.

3.2 Principle of generation of sound by flexural wave

In two-dimensional problem, the physical quantity in the acoustic field adjacent to a plate is homogeneous
in the y direction. Velocity potential ϕ is written in the wave equation

1

c2
∂2ϕ

∂t2
=
∂2ϕ

∂x2
+
∂2ϕ

∂z2
. (3.1)

The general solution of the wave equation is expressed as

ϕ(x, z) = A exp [− j (kx x + kz z)] exp ( jωt) , (3.2)

where c is sound velocity in the air, kx and kz are components in the x and z directions of the wave number
vector k. Particle velocity of the air requires to be coincident with normal velocity of the plate u on the
boundary (z = 0) in Eq. (2.2);

∂ϕ

∂z
= − jωu. (3.3)

x component of wavenumber in the acoustic field kx equals the plate wavenumber kp. In addition, the sound
pressure is expressed using the velocity potential.

p(x, z) = ρ
∂ϕ

∂t
, (3.4)

where ρ is the density of air. Then, the general equation of the sound pressure is obtained as following
equation:

p(x, z) = jωρA exp [− j (kx x + kz z)] exp ( jωt) . (3.5)

When the phase velocity of the flexural wave, vp, is greater than the sound velocity in the air, c: kp< |k |,
inclined plane wave radiate from the surface of the plate as shown in Fig. 3.2(a). The theoretical radiation
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Figure 3.2: Sound generation from flexural wave propagating on a plate: (a) Phase velocity of flexural wave
is greater than the sound velocity in the air: kp< |k | and (b) phase velocity is smaller than the sound velocity:
kp> |k |.

angle θ with respect to the z-axis is obtained using vp and the sound velocity in air, c, as using the following
equation:36)

tan θ =
√
|k |2/k2p. (3.6)

On the other hand, kz is pure imaginary number when phase velocity is smaller than the sound velocity:
kp> |k | as shown in Fig. 3.2(b). Thereby, it is found that the sound pressure p attenuates exponentially with
the distance from the plate in the z-direction. In this situation, the sound is not radiated to far field but the
evanescent sound field is generated in the region adjacent to the plate surface.

3.3 Design of flat panel loudspeaker using inclined plane wave

3.3.1 Design procedure of loudspeaker generating inclined plane wave

For the realization of the proposed loudspeaker for the audio guidance system, the loudspeaker has to be
designed to satisfy the following requirements.

• vp is larger than the sound velocity in air in auditory frequency.

• The group delay dispersion is small in auditory frequency.
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3.3 Design of flat panel loudspeaker using inclined plane wave

• The loudspeaker can be driven by a realistic actuator.

We found that the theoretical value and the simplified model are applicable to the prediction of the char-
acteristics of the honeycomb sandwich panel, as mentioned in the previous sections. Therefore, the design
procedure using the theoretical equation and the simplified model is given below:

(1) Shape and physical properties of the face plate, the adhesive layer, and the honeycomb core are as-
sumed.

(2) ωTS is calculated using the parameters of (1).

(3) D, K , I, and M are calculated by substituting the parameters of (1) and (2) into Eqs. (2.6) – (2.9).

(4) The frequency characteristics of vp and vg are obtained using the parameters of (3).

(5) Steps (2) – (4) are repeated while changing the parameters so as to obtain the desired dispersion.

We performed steps (1) – (4) in the previous sections. Now, we attempt to design the optimized loud-
speaker after verifying how the parameters of the panel affect vp and vg. Figure 3.3(a) shows the frequency
characteristics of vp and vg with varying the core height h when the cell size s is 6.35 mm. The solid line
and dotted line indicate vp and vg, respectively. It is found that vp increased rapidly at low frequency with
increasing h. As a result, vp and vg, which become constant with respect to frequency, become large. Fig-
ure 3.3(b) shows the frequency characteristics of vp and vg with varying the cell size s when the core height
h is 23 mm. The solid line and dotted line also indicate vp and vg, respectively. It appears that the frequency,
at which the dispersion of vp becomes constant, becomes lower with increasing s. The modulus of elasticity
of the core depends on the cell size s. However, vg increased excessively at low-frequency band when s
was large. Consequently, the group delay dispersion became large at low frequency. Therefore, we have to
choose optimum parameters. The bold-solid line and bold-dotted line in Fig. 3.3(b) indicate vp and vg of
the honeycomb sandwich panel whose h is 23 mm and s is 25.4 mm, respectively. The other parameters
were identical to those of the honeycomb sandwich panel described in the previous sections. In the case of
this panel, it is found that vp was larger than 340 m/s when f ≥300 Hz. In addition, vg had a small disper-
sion when f ≥1 kHz. Therefore, this panel is called the optimized model. Additionally, we simulate sound
radiation by the proposed loudspeaker to confirm its realizability.

3.3.2 Simulation of generating inclined plane wave using finite element method

Figure 3.4 shows the shape of the proposed loudspeaker with sound field and boundary conditions in the
simulation. In order to find the difference between the honeycomb sandwich panel and the homogeneous
plate in terms of mobility, the homogeneous plate A in the previous section was also simulated. Since these
models were symmetric with respect to the xz-plane, only one side of the model across the symmetry plane
was simulated so as to reduce computational effort. The length was L = 2,000 mm, and the width was
W /2 = 5.5 mm. In the cases of the optimized model and the homogeneous plate, the core heights were
defined as h = 23 and 20 mm, respectively. Rayleigh damping is introduced for convenience instead of the
damping material for attenuating vibration. The stiffness damping coefficient β was introduced in order to
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Figure 3.3: Frequency characteristics of phase and group velocities of the flexural wave: (a) with varying
only the core height h when the cell size s is 6.35 mm, and (b) with varying only the cell size s when the
core height h is 23 mm.

generate only traveling wave, as shown in Fig. 3.4(b). The minimum value of β was 0 at x = 200 mm, and
β increased linearly with respect to the x-coordinate. The maximum values of β at x = 1,000 mm were
0.8. The boundary of the sound field was the absorbing boundary condition. The rigid wall was placed at
the same height as the surface of the plate, as shown in Fig. 3.4(a). The frequency response of the flexural
wave on a plate and the generated sound field were simulated in three-dimensional space using a finite
element simulation software (COMSOL Multiphysics 4.4). The computational domain was divided by the
tetrahedral element whose maximum edge size was 54 mm. The number of elements was 232,236, and the
degrees of freedom were 331,704. A force load of 3.025 ×10−4 N was applied at a driving area assumed as
an electromagnetic exciter. The elastic wave field was coupled with the sound field through the interface.
The interface interchanges the particle velocity of the elastic wave in the normal direction and the particle
velocity of the sound field. In addition, the pressure of the sound field was input into the surface of the
loudspeaker.

3.3.3 Results and discussion

Figure 3.5 shows the distribution of the sound intensity generated by the proposed loudspeakers. Fig-
ures 3.5(a) – 3.5(c) and 3.5(d) – 3.5(f) indicate the results of the optimized model and the homogeneous
plate A, respectively. The length of arrows was indicated as a logarithmic expression whose maximum
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Figure 3.4: Outline of FEM simulation: (a) shape of the proposed loudspeaker and boundary conditions and
(b) size of the panel.

vector length of sound intensity in each sound field was defined as 103. It can be seen that inclined plane
wave radiated from the loudspeaker at each frequency which meets the condition of sound radiation. Here,
we focused on the radiation angle. vp values of the optimized model and the homogeneous plate A were
obtained and shown in Figs. 3.3 and 2.11, respectively. The simulated radiation angle was calculated using
an average of the sound intensity in the line whose x- and z-coordinates were from (-0.5, 0.5) to (0.5, 0.5).
Figure 3.6 shows the frequency characteristics of the theoretical and simulated radiation angles. The solid
line and circle mark show respectively the theoretical and the simulated value of the optimized model. The
dotted line and cross mark also show the theoretical and the simulated value of the homogeneous plate A.
In the case of the optimized model, the difference between the theoretical and the simulated value was from
0.015 to 0.063 rad. On the other hand, in the case of the homogeneous plate, the difference between the
theoretical and the simulated value was from 0.005 to 0.071 rad. It was confirmed that the radiation angle
can be roughly predicted using the theoretical vp value. The prediction of the sound field is required for
the design of the proposed loudspeaker. In addition, the variance of the radiation angle with the change
in the frequency of the optimized model was small. This characteristic of radiating sound with uniform
angle is useful for indicating the direction of the destination. Therefore, the proposed loudspeaker using the
honeycomb sandwich panel is suitable for audio guidance systems.

3.4 Summary

A flat panel loudspeaker using inclined plane wave for generating guiding sound was proposed. The inclined
plane wave is radiated in air when the phase velocity of the flexural wave is larger than the sound velocity
in air. The honeycomb sandwich panel was designed for generating inclined plane wave by changing the
core height and the cell size. It was found that the phase velocity and the group velocity of the flexural
wave increased rapidly at low frequency with increasing the core height. In addition, the phase velocity
dispersion becomes constant at low frequency with increasing the cell size. The sound radiation from the
designed panel was simulated using FEM. It was confirmed that the characteristic of radiating sound with
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uniform angle is useful for indicating the direction of the destination. The obtained results suggested that
the proposed loudspeaker using a honeycomb sandwich panel is suitable for audio guidance systems.
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Chapter 4

Application of evanescent sound field
to near-field acoustic communication
system

4.1 Background of near-field acoustic communication system

Along with the popularization of mobile devices, various communication methods have actively been used;
e.g., IC cards using electromagnetic wave, optical data communication using infrared ray. These methods
are utilized for one-on-one communication with high-security level such as electronic payment because the
area where data signal can be reached by a mobile device is limited.37–39) However, these methods require
extra hardware, which is essentially needless for mobile devices. Such a hardware prevents reduction in
size and weight of devices. Therefore, acoustic data communication method for mobile devices has recently
received broad attention. The acoustic data communication is attractive because the method requires only
loudspeaker and microphone those are originally attached to mobile devices.40, 41) Acoustic data communi-
cation has been used mainly in underwater acoustic communication because acoustic wave in underwater
can propagate longer distance than electromagnetic wave.42, 43) On the other hand, acoustic data commu-
nication for short-range in air has not been well researched except for use of indoor positioning (acoustic
beacon).44, 45) However, near-field acoustic communication method has not well been researched nor used.
If near-field acoustic communication method is realized, this method would limit the area reaching acoustic
data signal to a mobile device, and be utilized for one-on-one communication such as IC cards as shown
in Fig. 4.1. Furthermore, localized sound generation keeps silent environment because the sound does not
propagate in the distance. Therefore, we propose suitable device for near-field acoustic communication for
mobile devices.

In this study, evanescent sound field is utilized for generating sound in near-field. We focused on that
evanescent sound field decays along a distance between sound source and receiving point. This study aims
to construct a planar acoustic transducer generating the evanescent sound field. The fabrication of the planar
acoustic transducer is simpler than the array shape. In addition, from viewpoint of application utilized
for acoustic communication with mobile devices, we need to generate the evanescent sound field in audio
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Mobile device
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Acoustic transducer
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Figure 4.1: Near-field acoustic communication system using an evanescent sound field generated near the
surface of a vibration plate.

frequency with large level enough to receive by mobile devices equipped with microphones. In this paper, we
design the acoustic transducer for generating the evanescent sound field by the theoretical equation to meet
these conditions. Moreover, the acoustic transducer is made with design-based shape, and the distribution of
sound pressure level of the acoustical field above the acoustic transducer is measured in the simulation and
experiment. Finally, the applicability of the realization of near-field acoustic communication system using
the proposed acoustic transducer is indicated.

4.2 Generation of evanescent sound field by planar acoustic trans-
ducer

4.2.1 Simulation of generating evanescent sound field using finite element method

Figure 4.2 shows the shape of a planar acoustic transducer and boundary conditions in the simulation. Since
these models were symmetric with respect to the xz-plane, only one side of the model across the symmetry
plane was simulated so as to reduce computational effort. The conditions of the panel and the piezoelectric
ceramic transducer were identical with those in the simulation. The boundary of sound field was absorbing
boundary condition, and the boundary which was placed at same height with surface of plate was rigid wall.
A frequency response of the flexural wave on a plate and generated sound field were simulated in three
dimensional space using a finite element simulation software (COMSOL Multiphysics 4.2). Input voltage
to piezoelectric transducer was assumed to 10 V. Elastic wave field was coupled with sound field through
the interface. The interface interchanges particle velocity of elastic wave in normal direction and particle
velocity of sound field.
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Figure 4.3: Scan area of a probe microphone in sound field on a planar acoustic transducer, and scan interval
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4.2.2 Experiment of generating evanescent sound field

Figure 4.3 shows the scan area of a probe microphone in sound field on a planar acoustic transducer, and
scan interval of the xz-axes. The conditions of the plate and the piezoelectric ceramic transducer were
identical with those in the simulation. We used a probe microphone that was identical to the microphone
in the previous section. The probe microphone was scanned to calculate received signal at each point. The
center and the surface of plate was defined as the origin of the xz-coordinates as shown in Fig. 4.3. The
probe microphone was scanned between -150≤x≤150 mm for every 1 mm, and 0≤z≤50 mm for every 2
mm. Time stretched pulse (TSP) signal was used as driving signal, and the impulse response of the acoustic
transducer at each receive point was obtained. The number of sampling of TSP signal was 65,536, and the
amplitude of TSP signal was 10 V. Received signal by the probe microphone was sampled at 100 kHz by
Analog-Digital converter (NI USB-6212).
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4.2.3 Results and discussion

The sound field of a piston sound source was also simulated in order to compare attenuation distance of
sound wave from the piston sound source with that of evanescent sound field. Normal particle velocity in
the uniform amplitude and phase was input into the boundary corresponding to the surface of the proposed
acoustic transducer. Only this case is pure acoustical analysis, in which the acoustic transducer is not
included.

Figures 4.4 shows the sound pressure level of the sound field on the xz-plane in the simulation and the
experiment. Figure 4.4(a) shows the result of piston sound source, f = 10 kHz. Figures 4.4(b), 4.4(e) and
4.4(c), 4.4(f) show the results when driving frequency are 10 and 20 kHz, respectively. Figures 4.4(d) and
4.4(g) show the result when f = 10 kHz with damped plate. Although vibration is attenuated by damping
material actually, Rayleigh damping was introduced for convenience, and stiffness damping coefficient β
is introduced. When input voltage was 10 V, maximum sound pressure level were 85, 80, and 70 dB in
case of 10 and 20 kHz, and 10 kHz with damping, respectively. These results are enough to be received
by microphones of mobile devices.Attenuation of sound pressure level was compared. The distribution of
sound pressure level in the experiment was mostly agrees with that in the simulation. Sound wave from
the piston sound source propagated in the distance in Fig. 4.4(a). In contrast, the sound from the proposed
acoustic transducer was highly attenuated under conditions generating the evanescent sound field as shown
in Figs. 4.4(b), 4.4(d), 4.4(e), and 4.4(g). When driving frequency was 20 kHz, propagating wave was
caused as shown in Figs. 4.4(c) and 4.4(f). In addition, according to Figs. 4.4(b), 4.4(c), 4.4(e), and 4.4(f),
standing wave was caused by reflecting flexural wave at edge of the plate. If an evanescent sound field has
nodes, a sound receiving area may be limited. However, in the case of the damped plate, an evanescent
sound field was generated without nodes as shown in Figs. 4.4(c) and 4.4(g). Next, sound pressure level at
x = -25 mm is shown in Fig. 4.6. Curves a, b, c, and d correspond to sound pressure level when f = 10, 20,
and 10 kHz in the case of damped plate and f = 10 kHz in the case of piston sound source, respectively.
From the curves b and d in Fig. 4.6, sound pressure level was attenuated 20 dB at z = 15 mm. On the
other hand, sound pressure level was attenuated 20 dB at z = 45 mm from the curves a and c in Fig. 4.6.
It was confirmed that the proposed acoustic transducer can generate the evanescent sound field when phase
velocity of the flexural wave is smaller than sound velocity in air ( f = 10 kHz and f = 10 kHz with damped
plate). According to these results, it was found that we can design the acoustic transducer generating the
evanescent sound field in the simulation.

Finally, resonant frequency of the plate was compared. Figures 4.5 shows frequency characteristics of
sound pressure level at (x, z) = (-25, 0) in the simulation and the experiment. Figure 4.5(a) shows the
results of the plate without the damper, and Fig. 4.5(b) shows the results of the damped plate. Solid line
and dotted line show the results of the experiment, and of the simulation, respectively. In the case of the
plate without the damper, it is clear that the plate has high Q-value. Sound pressure level of sound field may
be greatly changed at resonant frequency. On the other hand, frequency characteristics of sound pressure
level became flat when the plate was damped. In addition, clay is pasted on a plate as the damper to prevent
causing standing wave in the experiment as shown in Fig. 4.4(g). The shape of clay is defined in order that
resonant characteristics of the plate with clay in the experiment is similar to that of the damped plate in the
simulation. According to Fig. 4.4(g), the evanescent sound field was generated without nodes as is the case
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Figure 4.4: Sound pressure level of the sound field on xz-plane: (a) driving frequency f = 10 kHz in the
case of piston sound source, (b) f = 10 kHz, (c) f = 20 kHz, (d) f = 10 kHz in the case of damped plate in
the simulation. (e) f = 10 kHz, (f) f = 20 kHz, (g) f = 10 kHz in the case of damped plate in the experiment.

in Fig. 4.4(e). It is preferable that frequency characteristics of sound are flat in data communication when
modulation method such as OFDM is used. In the proposed acoustic transducer, it is clear that frequency
band of 8 – 15 kHz meets the conditions; frequency characteristics are flat and the evanescent sound field
can be generated. Acoustic data signal could be received by the microphone attached to mobile devices in
this audio frequency band. However, group delay difference which is caused by the dispersion of phase and
group velocities is a shortcoming with the proposed acoustic transducer. For realization of the near-field
acoustic communication, there is a need to determine if group delay difference influence the availability of
data communication.

4.3 Communication quality of near-field acoustic communication sys-
tem

4.3.1 Influence of group delay difference for acoustic communication

Communication quality of near-field acoustic communication system is investigated. We look at the effect
of group delay difference on acoustic communication. In the case of vibration plate made from a homoge-
neous plate, group delay difference is caused with respect to frequency because phase velocity of the flexural
wave has dispersion as shown in Fig. 2.2. Therefore, we attempt to calculate the group delay difference in
frequency band 8 – 15 kHz which was considered appropriate for data communication in previous subsec-
tion. Figure 4.7 shows frequency characteristics of group delay time Tg at edge of the proposed acoustic
transducer ((x, z) = (100, 0) in Fig. 4.4) was calculated. Here, group delay time difference ∆Tg at the re-

35



4.3 Communication quality of near-field acoustic communication system

120

20

70

120

20

70

0 10 205 15
Frequency (kHz)

S
o

u
n

d
 p

re
ss

u
re

 l
ev

el
 (

d
B

)

Measured value by experiment

Calculated value by simulation

(a)

(b)
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ceiving point is expressed as following equation using group delay time Tg at edge of the proposed acoustic
transducer ((x, z) = (100, 0) in Fig. 4.4) because of its monotonically decreasing in the proposed acoustic
transducer.

∆Tg = |Tg( fc max) − Tg( fc min) |. (4.1)

Where fc max and fc min are maximum and minimum frequency of carrier wave, respectively. Figure 4.8
shows outline of transmitting signal and receiving signal that has delay time with respect to frequency.
Multicarrier modulation method such as OFDM has a property of maximum tolerable delay time difference
τ = 1/∆ fc; ∆ fc is frequency bandwidth of carrier wave. Demodulation is difficult in basic OFDM system
when ∆Tg > τ. According to group velocity calculated using phase velocity shown in Fig. 2.2, ∆Tg =
0.107 ms and τ = 0.143 ms when frequency band is 8 – 15 kHz. It is clear that delay time difference in
the proposed acoustic transducer is insignificant for data communication. If vibration plate is longer and
frequency bandwidth is wider, ∆Tg becomes large and τ becomes small. Therefore, it is preferable that we
choose the vibration plate whose phase velocity has small dispersion. From these results, it was confirmed
that acoustic data can be received at any point near the plate by mobile devices since sound is generated
with uniform level and small time delay. Therefore, the proposed acoustic transducer can be utilized as an
near-field acoustic data generator for mobile devices.

4.3.2 Receivable distance of near-field acoustic communication system

Receivable distance of acoustic data is compared. We assumed that the near-field acoustic communication
system using the proposed acoustic transducer can be generate sound whose maximum level is 20 dB larger
at the surface of the acoustic transducer than noise level emanating around the system. Carrier-noise ratio
(CNR) at x = 25 mm in the simulation is obtained using the distribution of sound pressure level shown in
Fig. 4.4. Here, the bit error rate (BER) in the binary phase-shift keying (BPSK) as a function of the Eb/N0
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(energy per bit to noise power spectral density ratio) is given by following equation,

pe =
1

2
erfc *,

√
Eb

N0

+- , (4.2)

where erfc is the error function.46) Eb/N0 is obtained for the product of CNR and the link spectral efficiency
of a digital communication system. The link spectral efficiency is 1 when near-field acoustic communication
which is proposed as a digital modulation method based on orthogonal frequency-division multiplexing
(OFDM) is used. Therefore, Eb/N0 is equivalent to CNR. Figure 4.9 shows the BER in x = 25 mm obtained
by substituting CNR into Eq. (4.2). The horizontal axis shows the distance from the surface of the plate,
and the vertical axis shows the BER. Curves a, b, c, and d correspond to sound pressure level when f = 10
and 20 kHz, f = 10 kHz in the case of damped plate and f = 10 kHz in the case of piston sound source,
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Figure 4.8: Outline of transmitting signal and receiving signal: (a) transmitting signal and (b) receiving
signal that has delay time with respect to frequency.

respectively. In general, it is described that the data communication is available when the BER is under
0.01. According to the curves a and c in Fig. 4.9, these BERs are under 0.01 until z = 45 mm. On the other
hand, according to the curves b and d in Fig. 4.9, these BERs are under 0.01 during 0≤z≤12 mm. It is clear
that the proposed acoustic transducer can limit the distance receiving acoustic data signal. Also, in the case
of the plate without the damper shown by the curves b and c in Fig. 4.9, these BERs become high at the
position of nodes in the sound field shown by the curves b and c in Fig. 4.9. On the other hand, in the case
of the proposed acoustic transducer with the damper, difference of the BER depends only on the distance
from the surface of the plate since its evanescent sound field is uniform, as shown in Fig. 4.4(d). Therefore,
the damper needs to attach on the proposed acoustic transducer to attenuate flexural wave at the end of the
plate.

4.3.3 Leakage of non-evanescent sound field

We examine the root cause of sound wave leakage from the proposed acoustic transducer. The proposed
acoustic transducer can increase the data transmission speed using a wide frequency band including auditory
frequencies because the generated sound does not reach the audible spatial area in theory. However, a
discontinuity of the sound field exists at the edge of the finite vibration plate in practice. This increases
the extent of the wavenumber spectrum, and the vibration plate fails to satisfy the condition of kp>k. In
consequence, a sound wave radiates over the evanescent sound field, causing the leakage of acoustic data
and sound noise. Therefore, we need a method for reducing the extent of the wavenumber spectrum or a
vibration plate that always satisfies the condition of kp>k. Since the proposed acoustic transducer consists
of a homogeneous vibration plate, kp can be increased by reducing the thickness or by choosing a material
that has a high density and low Young’s modulus. However, the area in which data communication can be
performed becomes extremely narrow because the attenuation of the sound pressure with increasing distance

38



Chapter 4 Application of evanescent sound field to near-field acoustic communication system

100
z (mm)

3020 5040

10
0

10
-1

10
-2

10
-3

10
-4

B
it

 e
rr

o
r 

ra
te

b. f = 10 kHz, evanescent

c. f = 20 kHz,

not evanescent

a. f = 10 kHz,

piston sound source

d. f = 10 kHz,

with damped plate

Figure 4.9: Bit error ratio at x = -25 mm in the simulation.

from the surface of the vibration plate becomes too large with increasing kp. Accordingly, we must consider
the use of near-field acoustic communication.

Figure 4.10 shows the wavenumber spectrum of a flexural wave propagating on an infinite vibrating plate
with the wavenumber kp and that obtained by applying a finite rectangular window to the particle velocity
field. The solid line and dashed line show the results for the infinite vibrating plate and finite rectangular
window, respectively. In the case of the infinite vibrating plate, only the component with the wavenumber kp
exists in the particle velocity field, and no extra components of the wavenumber spectrum, called spurious
signals, appear. Thus, the evanescent wave dominates the sound field. On the other hand, in the case of
the finite rectangular window, the wavenumber spectrum has a main lobe with a finite bandwidth and the
spurious signal is large. Additionally, a non-evanescent sound wave radiates since a large power exists at
wavenumbers smaller than k, the wavenumber of a plane wave in air. Therefore, the window function is
necessary for suppressing sound leakage and securing a spatial area for data communication.

Here, we discuss the window functions used in this study and their characteristics. We use a triangular
window, a Hann window, a cosine window, and a Blackman window. Figures 4.12 and 4.13 respectively
show the window functions and their wavenumber spectra. The solid line, dashed line, chain line, and
two-dot chain line in Fig. 4.12 show the triangular window, Hann window, cosine window, and Blackman
window, respectively. It is confirmed that the triangular window and cosine window have a large side lobe
level. However, the main lobe of the cosine window is the narrowest. The width of the main lobe of the Hann
window is identical to that of the triangular window. Nevertheless, the spurious level of the Hann window is
lower than that of the triangular window. On the other hand, the Blackman window has the smallest spurious
level and the widest main lobe. Since these windows have different characteristics, optimization calculation
is necessary to determine the window function most suitable for data communication. Figure 4.11 shows an
example of a window function with a shoulder part consisting of a cosine roll-off. This window is called the
cosine roll-off window. The window function is optimized by varying the ratio of the shoulder part to the
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flat part of the window, as shown in Fig. 4.11. To secure a large sound pressure level in the receivable area,
the minimum value of the window inside the receivable area is unity.

In addition, it is predicted that the sound pressure level of a sound wave leaking to a far field changes with
the ratio of kp to k. We have to take into account the fact that the wavenumber kp is defined as a function of
the frequency in the case of the vibrating plate, as shown in Fig. 2.2. Therefore, we calculate the variation
of the sound pressure level at the far field with respect to the frequency and window shape. Calculation
methods for the sound pressure level at the far field from a vibrating plate are investigated.

4.4 Suppression of sound wave leakage using optimization of win-
dow function

4.4.1 Calculation of sound pressure level at far field of vibration plate

We investigated calculation methods of sound pressure level at far field from a vibration plate. First, we
used a calculation method of sound pressure level at the finite distance from the vibration plate, as a realistic
method. Acoustic holography is well-known as a method for calculating sound field on a plane using another
sound field on parallel plane. The acoustic holography can be utilized for the evaluation of the difference of
sound pressure level between an adjacent surface of the vibration plate and a parallel surface at a distance
from the vibration plate. However, we should consider about sound wave radiating at an angle given by
Eq. (3.6) when the wavenumber kp of the flexural wave is smaller than the wavenumber k of plane wave
in air. The calculation surface at far field for evaluating all of sound radiation in a finite length is not on
the parallel plane but a spherical surface. Therefore, we used Rayleigh integral that can calculate sound
pressure at any observation point.47) Figure 4.14 shows the position of the vibration plate of the proposed
acoustic transducer on the xy-plane, and the calculation area of sound pressure level at far field. The length
L of the vibration plate was 200 mm. The calculation area, which disallows data communication, was
defined outside of semicircle of radius 500 mm that was far enough from the center of the vibration plate.
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The boundary of the calculation area was called the evaluation boundary. The calculation interval on the
evaluation boundary was tenth part of the maximum wave length λ of radiated sound. It was assumed that
the proposed acoustic transducer, which was surrounded by an infinite baffle at z = 0, vibrated with flexural
wave at particle velocity v(x, t). Additionally, particle velocity distribution of the y-direction was assumed
to be uniform within the range of the width of the vibration plate. When sound pressure radiated from a
point r0 = (x0, y0, z0) on the vibration plate is observed at a point r = (x, y, z), velocity potential ϕ(r ) in
harmonic analysis is indicated as following equation.

ϕ(r, t) =
"

S

1

2π |r − r0 |
v

(
t − |r − r0 |

c

)
dx0dy0, (4.3)

v

(
t − |r − r0 |

c

)
= up exp

(
− j kpx

)
exp

[
jω

(
t − |r − r0 |

c

)]
. (4.4)

The following equation that separated exp ( jωt) from Eq. (4.4) was utilized so as to perform harmonic
analysis in this study.

ϕ(r ) =
"

S

1

2π |r − r0 |
up exp

(
− j kpx

)
exp

[
− jω
|r − r0 |

c

]
dx0dy0, (4.5)

where S, c and up are the total area of the vibration surface, sound velocity of plane wave in air and the
amplitude of flexural vibration, respectively. The calculation intervals in the x- and the y-directions on the
vibration surface were hundredth part of the maximum wave length λp and tenth part of λp of the flexural
wave.

Next, we also investigated a calculation method of sound pressure level at infinite field. The method
employs the Frounhofer approximation to define the wavenumber spectrum of a vibrating surface as the
sound pressure level at an infinite far field.48) The wavenumber spectrum was calculated by performing a
Fourier transform with respect to the distribution of the sound pressure on the vibrating plate. The sound
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wave radiating at an angle given by following equation when the wavenumber kp of the flexural wave is
smaller than the wavenumber k of plane wave in air. Therefore, the sound pressure level at the angle of an
infinite distance was calculated by converting the wavenumber kp into the angle using Eq. (3.6). The region
of the vibrating plate and the calculation area on the x-axis were -100≤x≤100 mm and -1,000≤x≤1,000
mm, respectively. The calculation interval was λp/100.

In both methods, we compared between sound pressure level at far field under the condition generat-
ing evanescent sound field, i.e., kp > k and that under the condition radiating sound wave, i.e., kp < k.
Therefore, flexural wave propagating in 6 and 30 kHz on the acrylic plastic plate shown in Fig. 2.4 was
assumed.

We compared the distributions of sound pressure level at the finite distance and infinite field from the
vibration plate. The z-axis was set standard as 0 rad. Sound pressure level was normalized using the
maximum value in a range from −π/2 to π/2. Figures 4.15(a) and 4.15(b) show the angular characteristics
of sound pressure level in 6 and 30 kHz frequency, respectively. The solid line and the dotted line show
sound pressure level on the evaluation boundary and that obtained at infinite field.

In the case of f = 6 kHz under the condition of generating evanescent sound field, the angular charac-
teristics of sound pressure level at the finite distance was in good agreement with that of infinite field, as
shown in Fig. 4.15(a). In addition, sound pressure level differences with respect to angle were small. On the
other hand, in the case of f = 30 kHz under the condition of radiating sound wave, sound pressure level at
infinite field had maximum value with a sharp peak at π/4. Level difference between the maximum value of
the main lobe and that of an adjacent peak was approximately 13 dB. Sound pressure level on the evaluation
boundary also had maximum value at π/4, however, the main lobe was wider than that of infinite field. It
is inferred that the sound wave is radiated similarly to a beam from the finite vibration plate, and the beam
width was not short enough with respect to the perimeter of the semicircle of the evaluation boundary, as
shown in Fig. 3.2(a). Consequently, sound pressure level on the evaluation boundary was in disagreement
with that obtained at infinite field.

We aim to design the window function that reduces the maximum sound pressure level at far field for
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suppressing leaking sound wave. Therefore, the error at the dip shown in Fig. 8 is not going to matter as
much when the peak values of both methods are identical. According to Fig. 4.15(a), the differences of
the level and the position at the peak between the case of the finite distance and that of infinite field would
not be caused under the condition of generating evanescent sound field. Additionally, the method using the
wavenumber spectrum on the vibration plate can calculate easily compared to that using Eq. (4.5). Since
this study aims to suppress the radiation component of evanescent sound field, we evaluate sound pressure
level at far field using the method that calculates the wavenumber spectrum on the vibration plate.

4.4.2 Frequency characteristics of sound pressure level with respect to window
shape

The distribution of particle velocity has to be designed to suppress sound pressure level at far field. There-
fore, sound pressure level at far field from the vibration plate with respect to frequencies and window shapes
is calculated. Here, we set some limiting conditions for the window function that determine the distribution
of particle velocity of the vibration surface. First, the entire length of the window function was identical to
the length of the vibration plate of the proposed acoustic transducer, i.e., L = 200 mm. The window function
was symmetry at the center of the vibration plate. Next, ratio of the shoulder part and the flat part of the
window were changed by varying the shoulder length l from 0 to 100 mm. In addition, it was inferred that
sound pressure level at the receivable area above the vibration plate becomes small by increasing the ratio
of the shoulder. Therefore, the area where the data should reach was defined as a range -50≤x≤50 mm, and
the minimum value of the window inside the area was set as 1. Additionally, the window functions that have
the shoulders consisted of the triangular window, the Hann window, the cosine window, and the Blackman
window are called triangular-type window, cosine roll-off window, cosine-type window, and Blackman-type
window, respectively. Maximum value of sound pressure level within a range under the condition of radi-
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calculation area of sound pressure level at far field.

ation sound kp < k was obtained by calculating the wavenumber spectrum on the vibration plate when
the window functions were given to the particle velocity field. Finally, we require consideration of the fact
that the proposed acoustic transducer was designed for data communication intended for mobile devices.
Therefore, frequency characteristics of sound pressure level was calculated in the frequency band 1≤ f ≤15
kHz that was under the condition of generating evanescent sound field theoretically and can be received by
the microphone attached in mobile devices. The calculation interval of frequency was 0.1 kHz.

Figure 4.16 shows sound pressure level at far field from the vibration plate with respect to frequencies
and window shapes. Figures 4.16(a), 4.16(b), 4.16(c), and 4.16(d) show the results of the triangular-type
window, the cosine roll-off window, the cosine-type window, and the Blackman-type window, respectively.
In addition, it is clear from Figs. 4.16(a) – 4.16(d) that sound pressure level increased at approximately
f = 10 kHz. The frequency band under 15 kHz meets the condition of generating evanescent sound field
theoretically when the vibration surface has infinite length. However, it was inferred that the main lobe
of the wavenumber spectrum increased in width owing to cutting the length off finitely in all windows.
Therefore, the part of the main lobe already existed in the area smaller than the wavenumber k of the plane
wave in air at f = 10 kHz. For the fact that sound pressure level of radiated sound is large in all windows,
it was indicated that the frequency band over f = 10 kHz is unsuitable for limiting the communication
area near the proposed acoustic transducer. In addition, the maximum sound pressure level at far field was
changed depending on frequency, the length of the shoulder, and the types of the windows. The window
function, in which the maximum sound pressure level is small, has to be designed for suppressing sound
leakage. However, the proposed acoustic transducer aims to transmit acoustic data with wide-bandwidth of
frequency to permit high-data transmission speeds. It is also necessary to prevent sound from radiating at
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Figure 4.15: Angular characteristics of sound pressure level in frequency (a) f = 6 kHz and (b) f = 30 kHz.

specific frequency so as not to leak out sound noise as well as acoustic data. Therefore, we optimize the
window function in the frequency band 1≤ f ≤10 kHz so that the maximum sound pressure level at far field
becomes the smallest.

4.4.3 Procedure of optimization of window function

The limiting conditions in the optimization of the window function follow those in the previous section.
Here, we describe the evaluation function use in the optimization. Similarly, the sound pressure level was
calculated using the wavenumber spectrum on the vibrating surface by the same method as that in the
previous section. The maximum sound pressure level of the radiated sound at the infinite far field from the
vibrating plate was calculated. The window function in which the maximum sound pressure level at the far
field has the smallest value in the frequency band 1≤ f ≤10 kHz was obtained. Under these conditions, the
optimization involves the following steps.

(1) The maximum sound pressure level Lmax at an infinite far field in the frequency band 1≤ f ≤10 kHz
for each shoulder length in the range of 0≤ l ≤100 mm is calculated.

(2) The shoulder length of the optimal window that gives the minimum value of Lmax in step (1) is
searched for.

Using the evaluation function, the optimized window that suppresses sound leakage at the far field when
using the proposed acoustic transducer for data communication was determined.
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Figure 4.16: Sound pressure level at the far field from the vibrating plate with respect to the frequency for
the (a) triangular-type window, (b) cosine roll-off window, (c) cosine-type window, and (d) Blackman-type
window.

4.4.4 Results and discussion

Figure 4.17 shows Lmax with respect to the shoulder length of the window in the frequency band 1≤ f ≤10
kHz. The solid line, the dashed line, the chain line, and the two-dot chain line show Lmax of the triangular-
type window, the cosine roll-off window, the cosine-type window, and the Blackman-type window. The
shoulder lengths, which took the minimum value of Lmax of the triangular-type window, the cosine roll-off
window, the cosine-type window, and the Blackman-type window, were 80，84，100，74 mm, as shown
in Fig. 4.17. The corresponding values of Lmax were 17.22, 22.75, 22.11, and 25.35 dB, respectively. Thus,
the triangular-type window with l = 80 mm, for which the minimum value of Lmax was obtained among the
four types of windows, was determined as the optimized window.

The distribution of sound pressure level at the xz-plane (y = 0) was calculated using Rayleigh integral to
confirm that the sound pressure level varies depending on the presence or absence of the optimized window.
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The calculation intervals in the x- and y-directions on the vibrating surface were one-hundredth of the
maximum wavelength λp and one-tenth of λp for the flexural wave. The calculation area in the sound field
was -500≤x≤500 mm and 0≤z≤1,000 mm. The calculation interval was 1 mm. Figure 4.18 shows the
distribution of sound pressure level at the xz-plane (y = 0). Figs. 4.18(a) and 4.18(b) show the distribution
of sound pressure level without and with the optimized window in f = 6 kHz, respectively. The maximum
sound pressure level in each sound field was normalized as 0 dB, and the level was shown until -50 dB.

First, we focused on the area whose level was in the range from 0 to -10 dB. According to Figs. 4.18(a) and
4.18(b), this area was included within the area -50≤x≤50 mm. This suggests that a sufficiently high sound
pressure level can be secured within the area defined as the minimal spatial area for data communication.
Next, we focused on the sound pressure level at the far field. In the case without the optimized window,
the area where the sound pressure level decreased from -40 to -50 dB existed at z = 1,000 mm, as shown in
Fig. 4.18(a). On the other hand, in the case with the optimized window, the area where sound pressure level
decreased from -40 to -50 dB existed within -150≤x≤500 mm and 0≤z≤250 mm, as shown in Fig. 4.18(b).

It was predicted that the Blackman window is the most effective for suppression of sound leakage in the
case of a single frequency since the spurious of the wavenumber spectrum is the smallest. However, the
acoustic transducer using evanescent sound field has been proposed for near-field acoustic communication
transmitting the acoustic data with a frequency bandwidth. Therefore, we had to secure large level in a
receivable area as well as to suppress sound wave leakage. The results indicated that large sound pressure
level can be secured within the area that was defined as the minimal spatial area for data communication.
The sound pressure level decreased in a shorter distance than in the case without the optimized window.
Therefore, it is possible to design an optimized function using the evaluation function and to limit the
area that transmits acoustic data using the optimal window while securing a high sound pressure level near
the vibrating plate. According to these results, near-field acoustic communication with suppressed sound
leakage can be achieved by applying the optimal window to the particle velocity field.
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4.5 Shading of sound source using porous material to suppress
sound leakage

4.5.1 Acoustic characteristics of porous material

To confirm the feasibility of distributing the particle velocity field in reality, we simulate the particle velocity
above the vibration surface when a sound insulator made of porous material is put into the evanescent sound
field. Porous materials are often used for sound absorption and insulation. The characteristic impedance
Z and propagation constant γ of a porous material are expressed as the following functions of the flow
resistivity Rf and frequency f in the Miki model:49, 50)

Z ( f ) = R( f ) + jX ( f ), (4.6)

γ( f ) = α( f ) + j β( f ), (4.7)

R( f ) = ρc
1 + 0.070

(
f

Rf

)−0.632 , (4.8)

X ( f ) = −0.107ρc
(

f
Rf

)−0.632
, (4.9)

α( f ) =
ω

c

0.160
(

f
Rf

)−0.618 , (4.10)

β( f ) =
ω

c

1 + 0.109
(

f
Rf

)−0.618 , (4.11)

where c and ω are the sound velocity in air and the angular frequency, respectively.
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Figure 4.19: Shape of the sound insulator along with the sound field and boundary conditions in the simula-
tion using the three-dimensional FEM.

4.5.2 Simulation using finite element method

Here, the distribution of the particle velocity in the case that a porous material, as an example of a sound
insulator, is placed above the vibrating surface was calculated by FEM simulation. The evanescent sound
field was generated by interchanging the normal particle velocity of a flexural wave traveling in the positive
x-direction on the vibrating surface and that of the sound field. The pressure of the sound field was input
into the vibrating surface. The flexural wave was assumed to be propagating with a frequency of f = 6 kHz
on the acrylic plate in accordance with Fig. 2.2. The shape of the sound insulator should be designed so that
the distribution of the particle velocity above the sound insulator is extremely close to that obtained using
the optimized window function. However, the attenuation characteristics in the porous material have not
been analyzed in detail when the material is placed in the evanescent sound field. On the other hand, it is
well known that the amplitude decreases with increasing thickness of the porous material in the case of a
plane wave. Therefore, we investigate the possibility of distributing the particle velocity above the vibrating
surface using a sound insulator with a continuous thickness distribution. The sound insulator had a wedge
shape so that the distribution of the particle velocity at the edge of the vibrating surface changes smoothly.
Figure 4.19 shows the shape of the sound insulator along with the sound field and boundary conditions in
the simulation. Since the sound field, vibrating surface, and sound insulator were symmetric with respect
to the xz-plane, only one side of the symmetry plane was simulated so as to reduce the computational
cost. Therefore, the widths of the vibrating surface and sound insulator were 5 mm, i.e., half the width
of the proposed acoustic transducer. The length of the vibrating surface was identical to the length L of
the proposed acoustic transducer. The flow resistance Rf of the sound insulator, assumed to be rock wool,
was 1×106 Pa·s/m2, and the characteristic impedance and propagation constant of the porous material were
calculated using Miki model. The maximum thickness of the sound insulator was 8.96 mm, which was one-
quarter of the wavelength of the flexural wave when f = 6 kHz. In addition, the slope length of the sound
insulator was 80 mm. The boundary of the sound field was assumed to satisfy the absorbing boundary
condition. The vibrating surface was surrounded by a rigid wall. The distribution of the particle velocity at
a distance of 1 mm from the sound insulator (z = 9.96 mm) was calculated.
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4.5 Shading of sound source using porous material to suppress sound leakage

4.5.3 Results and discussion

Figure 4.20 shows the distributions of the particle velocity at a distance of 1 mm from the sound insulator
(z = 9.96 mm) when f = 6 kHz. Figures 4.20(a) and 4.20(b) show the distributions of the particle velocity
obtained without and with the sound insulator, respectively. The particle velocity at the flat part was nor-
malized as 1. The solid line and dashed line respectively show the ideal value obtained using the Rayleigh
integral in the previous section and the simulation result obtained by FEM simulation. The chain line shown
in Fig. 4.20(b) shows the result obtained by FEM simulation in the case of inputting the optimized function
in the vibrating surface. The chain line cannot be seen because it is in exact agreement with the solid line
obtained using the Rayleigh integral. In addition, in the result obtained without the sound insulator, the
distribution of the particle velocity at z = 9.96 mm was in good agreement with the ideal value in that the
particle velocity increased at the edge of the vibrating plate, as shown in Fig. 4.20(a). The results suggest that
it is appropriate to calculate the distribution of the particle velocity by FEM simulation. From Figs. 4.20(a)
and 4.20(b), it can be seen that the distribution of the particle velocity was asymmetric regardless of the
presence of the sound insulator because the phase of the vibrating surface was also asymmetric. In the result
obtained with the sound insulator, the right part of the slope was in good agreement with the ideal value, as
shown in Fig. 4.20(b). However, only the left part of the slope increased rapidly despite the symmetry of
the sound insulator. The increase in particle velocity was presumably due to the interference of the leaking
wave from the edge of the vibrating surface and from the thin part of the sound insulator. According to
these results, even if a symmetric sound insulator is placed in the evanescent wave field, it cannot produce a
symmetric distribution of the particle velocity field.

Furthermore, the sound radiation from the vibrating surface with the distribution of the particle velocity
shown in Fig. 4.20(b) was obtained using the Rayleigh integral. Figure 4.21 shows the distributions of
the sound pressure level on the xz-plane when f = 6 kHz. Figures 4.21(a) and 4.21(b) show the simulation
results obtained with the optimized window and with the sound insulator, respectively. The maximum sound
pressure level in each sound field was normalized as 0 dB, and the sound pressure level was shown down
to -50 dB. It can be seen that the sound field obtained by the sound insulator shown in Fig. 4.21(a) was in
good agreement with that shown in Fig. 4.18(b). On the other hand, the suppression effect of the sound
insulator seems to be small in comparison with the optimized window function in this simulation as shown
in Figs. 4.21(a) and 4.21(b). Nevertheless, the area where the sound pressure level decreased from -30 to -50
dB was limited in comparison with the result obtained without the sound insulator shown in Fig. 4.18(a).

According to the results, it was clarified that the sound insulator can control the distribution of the particle
velocity via its thickness distribution. In addition, it was suggested that a sound insulator made of a porous
material can suppress sound leakage by placing it above the vibrating plate. However, the sound insulation
characteristics vary intricately with the physical properties of the porous material, such as the density, the
diameter of the fibers, and the percentage volume of air pores. Therefore, the attenuation characteristics
of the evanescent sound field in the porous material should be analyzed in more detail. For this reason, it
remains a challenge to propose a theoretical method for calculating the shape of a sound insulator that gives
an identical distribution to the window function optimized by the evaluation function. To further verify the
applicability of the evaluation function for calculating the optimized window function, we plan to propose
a theoretical equation for calculating the shape of the sound insulator using the optimized window function

50



Chapter 4 Application of evanescent sound field to near-field acoustic communication system

0 100 200-100-200

Ideal value

FEM simulation
with
sound insulator

Position (mm) Vibration surface

FEM simulation
with
optimized window

0 100 200-100-200
Position (mm)

(b)(a)

0

1

2

FEM simulation

Ideal value

M
ag

n
it

u
d
e

Figure 4.20: Distribution of the particle velocity at the distance 1 mm from the sound insulator (z = 9.96
mm) in f = 6 kHz (a) without sound insulator and (b) with sound insulator.

while considering the physical properties and insulation characteristics of the sound insulator as a future
work.

4.6 Summary

A planar acoustic transducer generating the evanescent sound field for near-field acoustic communication
was proposed. An attempt was made to generate the evanescent sound field with large sound pressure level in
audio frequency so that mobile devices equipped with microphones can receive the acoustic data sufficiently.
The distribution of sound pressure level of the sound field above the acoustic transducer was measured in
a simulation and an experiment. The obtained results suggest that the proposed acoustic transducer can
generate the evanescent wave because amplitude of sound pressure was attenuated exponentially. It was
clarified that acoustic data can be received near the plate by mobile device since sound is generated with
uniform level and small time delay. In addition, a method of suppressing sound leakage to the far field of
a near-field acoustic communication system using an evanescent sound field was proposed. A sound wave
radiates over an evanescent sound field because of the broadening of the wavenumber spectrum caused
by the presence of a discontinuity in the particle velocity. Therefore, in order to suppress sound leakage,
we calculated an optimum window function applying to the particle velocity field near a vibrating plate.
We investigated a suitable method for calculating the sound pressure level at the far field, and the sound
pressure level at the far field with respect to the frequency was calculated for different window shapes. A
window function in which the maximum sound pressure level at the far field has the smallest value in the
frequency band 1≤ f ≤10 kHz was obtained, and it was defined as the optimized window function. It was
confirmed that the optimized window function can limit the area in which acoustic data is transmitted while
securing high sound pressure level near the vibrating plate. Additionally, it was found by simulation using
the three-dimensional FEM that sound leakage can be suppressed by placing a sound insulator, which has a
spatially-weighted shape as the optimized window, above the vibrating surface. Therefore, the applicability
of near-field acoustic communication system using the proposed acoustic transducer was indicated.
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Chapter 5

Conclusions

This paper aimed to analyze the characteristics of the flexural wave and the acoustic fields generated by the
flexural wave for creation of objective applications. The dispersion of the phase velocity of the flexural wave
is different between the homogeneous panel and the sandwich panel. Therefore, the calculation method to
analyze the characteristics of the flexural wave propagating on the panel, especially of sandwiched struc-
ture, was proposed. In addition, the feasibility of the applications using the inclined plane wave and the
evanescent sound field was estimated.

In chapter 2, the frequency characteristics of the phase velocity of the flexural wave propagating on
homogeneous panel and honeycomb sandwich panel were analyzed. First, the propagation characteristics of
the elastic wave, especially Lamb wave, was explained in section 2.1. Next, the motion equation of a beam
was indicated as the theoretical equation for the homogeneous panel in section 2.2. The phase velocity of the
flexural wave was measured using a planar transducer that consists of the acrylic plastic and the piezoelectric
transducer, and compared to the theoretical value. It was confirmed that the experimental values were in
good agreement with the theoretical values. Finally, the calculation method of the phase velocity of the
flexural wave for the honeycomb sandwich panel was proposed in section 2.3. It was suggested that the
proposed method was useful to design the honeycomb sandwich panel by comparison among the theoretical
value, simulated value, and the experimental value. The vibration panel for the application using the acoustic
fields can be designed by calculating the condition under which the evanescent sound field or the inclined
plane wave is generated.

In chapter 3, a flat panel loudspeaker using inclined plane wave for generating guiding sound was pro-
posed. First, the demand of the audio guidance system and the problem of existing system was mentioned
in section 3.1. Next, the principle of generating inclined plane wave by the flexural wave was indicated
in section 3.2. Using the proposed calculation method in section 2.3, the honeycomb sandwich panel for
generating inclined plane wave was designed in section 3.3. The sound radiation from the designed panel
was simulated using FEM. It was confirmed that the characteristic of radiating sound with uniform angle
is useful for indicating the direction of the destination. The obtained results suggested that the proposed
loudspeaker using a honeycomb sandwich panel is suitable for audio guidance systems.

In chapter 4, a planar acoustic transducer generating the evanescent sound field for near-field acoustic
communication was proposed. First, the background of the near-field communication system and the ex-
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isting application using the evanescent sound field was mentioned in section 4.1. Next, generation of the
evanescent sound field was confirmed by FEM simulation and the experiment in section 4.2. The com-
munication quality of the proposed acoustic transducer was estimated in section 4.3. It was clarified that
acoustic data can be received near the plate by mobile device since sound is generated with uniform level
from all over the surface and small time delay. However, it was found that a sound wave leaks slightly over
an evanescent sound field because of the broadening of the wavenumber spectrum caused by the presence of
a discontinuity in the particle velocity distribution. Therefore, we calculated an optimal window function,
which performs spatially-weighting the particle velocity field near a vibrating plate, in order to suppress
sound leakage in section 4.4. We investigated a suitable method for calculating the sound pressure level at
the far field, and the sound pressure level at the far field with respect to the frequency was calculated for
different window shapes. It was confirmed that the optimized window function can limit the area in which
acoustic data is transmitted while securing high sound pressure level near the vibrating plate. In addition,
suppression of sound leakage was attempted using a porous material, which has a spatially-weighted shape
as the optimized window applying to the vibrating surface. The leaking sound was suppressed using sound
insulator made of the porous material in FEM simulation in section 4.5. Therefore, the applicability of
near-field acoustic communication system using the proposed acoustic transducer was indicated.

As stated above, the calculation method of the flexural wave propagating on the flat panel and the appli-
cation using generated sound field was proposed. In the field of the audio guidance system, the proposed
loudspeaker using inclined plane wave is effective in indicating the direction of the destination exactly.
Therefore, the proposed guiding system is expected to guide the pedestrian smoothly and safely in case of
emergency. In the field of the near-field acoustic communication system, it was clarified that acoustic data
can be received near the plate by mobile device. Thus, the proposed communication system can be utilized
as a new communication tool for mobile devices. In addition, these results provides the valuable knowledge
for the multiple areas of analyzing and utilizing of the flexural wave and its sound field.
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