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ABSTRACT 
 

  To find out the sensory mechanisms of the bone-conducted ultrasound, the propagations of 
intracranial acoustic are simulated by the finite difference time domain (FDTD) method.  Elastic 
wave propagation in some models consisting of solid and liquid are studied experimentally and 
numerically and it is confirmed that both two results are agreed well.  The sound field of 
intracranial acoustic wave are also studied and it is shown that some interesting results are 
obtained concerned with the peripheral part in the sensory mechanisms. 
 
 
INTRODUCTION 
 
  It is known that the bone-conducted ultrasound is able to perceive up to about 40 kHz, even 
although the human threshold of hearing is from 20 Hz to 20 kHz.  Furthermore, even deaf people 
who have no cochlear could be perceived the auditory perception of the bone-conducted 
ultrasound, and this finding could be applied to hearing aids.  To realize new type of hearing aids, 
it is necessary to know the sensory mechanisms of the bone-conducted ultrasound.  However, 
the peripheral part in the sensory mechanisms has not been expressed enough.  On the other 



hand, the powerful calculation tool of the finite difference time domain (FDTD) method have been 
developed and applied to the sound field.  In this report, to find out the mechanisms, the 
simulation of intracranial acoustic wave propagations is tried by the FDTD method.  Firstly, to 
examine the validity of the FDTD method, the propagations of elastic wave in some models 
consisting of a homogeneous solid and liquid are studied numerically by the elastic-FDTD method 
including both the longitudinal and transverse waves.  Then experimental studies were also 
carried out using the same models and compared with the calculated results.  Finally, intracranial 
sound fields are performed by the acoustic-FDTD method considering just the longitudinal wave, 
and the sensory mechanisms are discussed based on the calculated results. 
 
 
OUTLINE OF THE FDTD METHOD 
 
  The sound wave in a 2-dimensional sound field is described by the following differential 
equations.  Equations (1) and (2) show the generalized Hooke’s law in x- and y- directions, 
respectively, Eq. (3) shows the displacement and distortion, and Eqs. (4) and (5) show the motion 
in x- and y- directions, respectively. 

xxNS
yxxx

y

v

x
v

t
σηλµλσ −

∂
∂

+
∂
∂+=

∂
∂

)2(   (1) 

yyNS
yxyy

y

v

x
v

t
σηµλλ

σ
−

∂
∂

++
∂
∂=

∂
∂

)2(   (2) 

xySS
yxxyxy

x

v

y
v

tt
σηµ

σσ
−





∂
∂

+
∂
∂=

∂
∂

=
∂

∂   (3) 







∂

∂
+

∂
∂=

∂
∂

yxt
v xyxxx σσ

ρ
1    (4) 







∂

∂
+

∂
∂

=
∂

∂
yxt

v yyxyy σσ
ρ
1    (5) 

where, ijσ  is the stress tensor, iv  is the particle velocity, ρ  is the density, NSη  and SSη  
are absorption loss coefficients for the longitudinal and transverse waves respectively, and 
λ  and µ  are the Lame’s constants.  These 5 equations are approximated by the central 
finite difference in the time and space domain.  An initial condition is given to the stress 
tensor of longitudinal wave, the particle velocity is calculated and the stress tensor is 
calculated step by step.  The spatial distributions of sound pressure are visualized by using 
calculated results. 
 
 
COMPARISON BETWEEN CALCULATIONS AND EXPERIMENTS 
 
Calculation Conditions 
  In making the experimental model, a flat plate and a cylinder of acrylic resin (Fig. 1) were 
alternatively put in the water.  Figures 2(a) and 2(b) show the 2-dimensional analysis areas for 
two models of which dimensions are 60 mm in length and 120 mm in width, and 35 mm in and 80 
mm, respectively.  The flat plate was rotated and the rotation angle is represented by θ .  The 
analysis areas were divided into square-grids of 0.05 mm in length and the stress tensor was 



calculated sequentially in a time step of 0.01 sµ .  As the boundary condition of analysis areas, 
the 2nd-order Higdon boundary operator was accommodated on the boundaries to make them 
non reflective.  The sound source was assumed to be a group of point sources within a space of 
10 mm, to be perfectly reflective and to have the piston action.  The values used in the calculation 
are shown in Table 1.  As the initial condition, a single sinusoidal wave of 1 MHz is set to the 
stress tensors ( xxσ  and yyσ ). 
 
 
 
 
 
 
 
 
 

Fig.1 Samples of acrylic resin 

(a) a flat plate (b) a cylinder.  

 
 
 
 
 
 
 
 
 

Fig.2 Spatial models of 

(a) a flat plate (b) a cylinder.
 

Table 1 Acoustic constants. 
 
 

 
 
 
 

 
Experimental Conditions 
  To examine the validity of calculation the FDTD method, an experiment was performed using the 
observation system as shown in Fig. 3.  A water tank was filled with degassed water.  A 
transmitter and a receiver were placed facing each other and the sample were put between them.  
The distance between the transmitter and receiver was set to 100 mm for the flat plate and 70 mm 
for the cylinder.  The flat plate was rotated about the z-axis as shown in Fig. 1.  As same as the 
calculated initial condition, a single sinusoidal wave with of 1 MHz was generated, then the 
transmitted waves through the sample are picked up by the receiver.  
 
 
 
 
 

 
Fig.3 Measurement system. 

 

Results of Calculation and Experiment and Discussion 
  Figure 4(a) and 5(a) show the observed waveforms when θ  = 0 o and θ  = 20 o , respectively.  
These waveforms are normalized by the maximum amplitudes.  In this figures,   
is the wave that travels straight through the acrylic and   is the wave that is reflected two times.  

Many waves were observed in the condition of θ  = 20 o , however some of these waves cannot 
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be appeared when θ  = 0 o .  The waves,   ,   , and   , appeared as a result of mode conversion 
and propagation by transverse waves in the acrylic.  The polarity reversal is observed in   . 
  Figures 4(b) and 5(b) show the calculated waveforms by FDTD method.  The calculated results 
are agreed well with the observed results in both the conditions.  It is also found the appearance 
time, the amplitudes, and the polarity of waves are well simulated.  However the small ringing 
phenomena are appeared in the calculated results.  
 
 
 
 
 
 
 
 

 
Fig.4 Waveforms traveling through the acrylic flat plate for  = 0 deg.  

(a) observed waveform (b) calculated waveform. 

 
 
 
 
 
 
 

 
Fig.5 Waveforms traveling through the acrylic flat plate for  = 20 deg. 

(a) observed waveform (b) calculated waveform. 
 

  Figure 6(a) shows the observed waveform in the case of cylindrical sample.  The waveform was 
normalized by the maximum amplitude.  In this figure,    is the wave that travels straight through 
the acrylic,    is the wave that travels through the acrylic with a reflection two times between the 
acrylic cylinder and the surface of the transmitter, and    is the wave that travels through with a 
reflection two times in the acrylic cylinder.  
  Figure 6(b) shows the calculated waveforms by the FDTD method.  The calculated results 
are also agreed well with the waveforms.  However the small differences are found between 
the observed and the calculated waveform in the some parts of waveforms. 

 

 

 

 
Fig.6 Waveforms traveling through the acrylic cylinder.  

(a) observed waveform (b) calculated waveform. 
  The followings are given to explain the difference. 
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(a) The value of absorption loss in the numerical calculation was not suitable. 
(b) The initial waves used in the calculation was different from actual waves according to the 
transitional characteristic of the transducers. 
(c) The surface of transmitters did not vibrate uniformly. 
 
 
CALCULATION OF A HUMAN’S HEAD MODEL  
 
Calculation 
  In this section, the intracranial sound field is discussed.  Human’s head is consisted of solid and 
liquid, so that both the effects of longitudinal and transverse waves have to be considered.  
However, it is necessary to know the absorption effects of the transverse wave for the exact 
estimation in the elastic-FDTD method.  But the absorption loss in the brain is not clear in wide 
frequency range, so the acoustic-FDTD method is used in this report. 
  As shown in Fig. 7, the heterogeneous head model [1] was consisted of seven tissues, bone, 
brain, muscle, eye, fat, skin and lens.  The model of cell size was 2.5 mm and the number of 
lattice was 100 in length, 100 in width and 110 in height.  The transducer of 10 mm in diameter 
was set near the left ear of the head model and the stimuli of the bone-conducted ultrasound is 
simulated.  It is calculated sequentially in a time step of 0.25 sµ .  The tissues were classified 
into two groups, bone and the others as soft tissue.  Acoustic constants used in the calculation 
are shown in Table 2 [2][3].  The acoustic source was continuous sinusoidal waves of 3-40 kHz.  
To avoid the ringing effects, the lamp function is multiplied to the starting phase of 5 or 10 waves. 
 
 
 
 
 
 
 

 
Fig. 7 The heterogeneous head model of 

(a) the sagittal slice, (b) the coronal slice, and (c) the transverse slice. 
 

Table 2 Acoustic constants. 
 

 
 
 

Results and Discussion 
  Figure 8(a)-(f) show the distribution maps of maximum sound pressure at the xy-plane including 
cochlear when the left side of the ear is stimulated in some frequencies.  In the case of the 
frequencies are 3 kHz and 10 kHz, the peak of sound pressure was observed at the same side of 
stimuli.  However when the stimulated frequencies were set over 15 kHz, the peak of sound 
pressure was found not only the same side but also at the opposite side of stimuli, and the 
distribution of sound pressure show the complex patterns.  A wavelength is shorter than 100 mm 
when the frequency is over than 15 kHz, so the size of the parts cannot be ignored to the 
wavelength, so that spatial the distribution of sound pressure was complicated.  It is thought that 
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the movement phenomena of sound images, reported in the bone-conducted ultrasound [4], can 
be expressed by the presented calculation results.  
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 8 Spatial distribution of intracranial sound pressure for 
(a) 3 kHz, (b) 10 kHz, (c) 15 kHz, (d) 20 kHz, (e) 25 kHz and (f) 30 kHz. 

 
 
CONCLUSIONS 
 

  Some examples of sound field simulation based on the numerical calculation using the FDTD 
method were presented.  These calculated results can be demonstrated much more effectively 
by computer simulation.  It is recognized that calculated such a simulation technique may 
contribute to intuitive understanding the sensory mechanism of the bone-conducted ultrasound. 
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