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Abstract: The piezoelectric signals generated in water-saturated cancellous bone with oblique
trabecular orientations were numerically simulated. The waveforms of the piezoelectric signals
in cancellous bone and the ultrasound signals through the bone when an ultrasound wave was
irradiated were calculated. The simulated results suggested that the piezoelectric waves could
primarily depend on the fast and slow waves in the ultrasound signals but could be also affected

by the other factors.
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Introduction

Bone is a piezoelectric material [1], and bone
formation can be accompanied by the piezoelectric
effects [2]. This mechanism is utilized in accelerating
bone fracture healing using ultrasound [3]. To establish
an ultrasound healing method for joint bones, it is
essential to understand the piezoelectric properties in
cancellous bone, which constitutes the majority of the
epiphysis. As the ultrasound signals propagated
through cancellous bone can change depending on the
trabecular orientation [4], it is expected that the
piezoelectric signals generated in the bone by
ultrasound irradiation can be largely affected by the
orientation. In the present study, the piezoelectric
signals in water-saturated cancellous bone with
oblique trabecular orientations were numerically
simulated.

Methods

Numerical simulations of the piezoelectric signals in
water-saturated cancellous bone were performed
using a piezoelectric finite-difference time-domain (PE-
FDTD) method, which is an advanced elastic FDTD
method with piezoelectric constitutive equations. The
governing equations are as follows [5].
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In Egs. (1)—(5), the variables are v; of the particle
velocity, 7; and 7;; of the normal and shear stresses, E;
of the electric field, and D, of the electric displacement.
The constants are p of the density, 4 and u of the first
and second Lamé coefficients, e; of the piezoelectric
constant, g; of the dielectric constant, and o; of the
conductivity.

The simulation model is shown in Fig. 1. Three-
dimensional (3D) X-ray microcomputed tomographic
(UCT) images of cancellous bone were obtained from
positions with porosities of 0.70 and 0.83 (70 and 83%)
of a bovine femur. To create the 3D cancellous bone
models with angles 8= 0-90 ° of the major trabecular
orientation, each uCT image was rotated at 6, cut into
a cube with a side length of 5.7 mm, and binarized into
the values of the solid bone and the pore space. The
pore spaces were saturated with water.
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Fig. 1: Numerical model for simulating piezoelectric
signals generated in cancellous bone with an oblique
angle 6 of the major trabecular orientation when an
ultrasound wave is irradiated.

Tab. 1: Elastic [6,7] and piezoelectric [8—10]
parameters in piezoelectric finite-different time-
domain (PE-FDTD) simulations.

Solid bone  Water

Density p (kg/m?3) 1960 1000
1st Lamé coefficient A (GPa) 14.8 2.2
2nd Lamé coefficient u (GPa) 8.3 0
Piezoelectric constants (uC/m?)

es31, €32, €33 0.21 0

ey, -exs 1.32 0

eis, €4 0.26 0

Others 0 0
Dielectric constant & (nF/m) 50.0 0.7

In the simulation model, the cancellous bone model
was located at the position of 20 mm apart from the
ultrasound transmitting surface with a diameter of 6.0
mm. The square electrodes with a side of 5.0 mm were
assumed to be in the center of the front and back
surfaces of the cancellous bone model. However, the
electrodes were regarded as perfect conductors, and
the elastic properties were ignored. Twenty grids of
perfectly matched layers (PMLs) were set at all
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Fig. 2: An input waveform of ultrasound signal
irradiated to cancellous bone in piezoelectric finite-
difference time-domain (PE-FDTD) simulations.

boundaries surrounding the simulation region. The
spatial and temporal intervals were 57 um and 3 ns,
respectively. The elastic [6,7] and piezoelectric [8-10]
constant values of the solid bone and water are listed
in Tab. 1.

The input of the irradiated ultrasound signal was the
experimental signal emitted from a Pb(Zr,Ti)Os (PZT)
ultrasound transmitter driven by one-cycle burst
voltage at 1 MHz, and the waveform is shown in Fig. 2.
The output was the piezoelectric signal generated in
cancellous bone and the ultrasound signal propagated
through the bone. The piezoelectric signal was
calculated from the voltage (electric field) induced
between the front and back electrodes, and the
ultrasound signal was calculated from the normal
stress on the surface of the back electrode.

Results and Discussion

The simulated waveforms for the cancellous bone
models with porosities of 0.70 and 0.83 are shown in
Figs. 3 and 4, respectively; (a) and (b) show the
waveforms of the piezoelectric and ultrasound signals,
respectively.

It is known that two ultrasound waves of “fast and
slow waves” can propagate through water-saturated
cancellous bone [11]. The fast and slow waves
propagate mainly in the solid bone and the pore space
parts, respectively. At the relatively low porosity, the
fast wave amplitude becomes larger. Therefore, the
fast wave was majorly observed at the porosity of 0.70
in Fig. 3(b). However, both the fast and slow waves
were observed at the porosity of 0.83 in Fig. 4(b).
Moreover, it is reported that the fast wave speed
decreased with the ultrasound angle to the trabecular
orientation [12]. Therefore, the first arrival time
decreased with the angle @ of the major trabecular
orientation. As a result, the overlap of the fast and slow
waveforms became larger.

The piezoelectric signal waveforms in Figs. 3(b) and
4(b) were largely different from the ultrasound signal
waveforms in Figs. 3(a) and 4(a). This was because the
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Fig. 3: Calculated waveforms for cancellous bones with a porosity of 0.70 and angles 6 = 0-90 ° of the major
trabecular orientation in piezoelectric finite-difference time-domain (PE-FDTD) simulations; (a) shows the
piezoelectric signals generated in the bones, and (b) shows the ultrasound signals propagated through the bones.

piezoelectric signal detected between the electrodes
or between the front and back surfaces of the
cancellous bone specimen can be regarded as a
superposition of piezoelectric signals generated at the
local points in the ultrasound direction. Although it
appeared that the piezoelectric signals could be
separated into two waves, like the fast and slow waves
in the ultrasound signal, the separation times in the
signals at the porosities of 0.70 and 0.83 [Figs. 3(a) and
4(a)] were different, being about 15 and 17 uys,
respectively. Moreover, the peak time of the wave
after the separation time at the porosity of 0.70
increased with the angle @ of the major trabecular
orientation, but the time at the porosity of 0.83 was
almost constant. This was considered to be because
the piezoelectric waves at the porosity of 0.70 could be
majorly due to the fast wave, but the piezoelectric
wave at the porosity of 0.83 could be majorly due to
the slow wave. In the piezoelectric signals at the
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porosity of 0.83, the waves before 17 us could be
further separated, which was considered to be
because the waves due to the fast and slow waves was
mixed.

The changes in the piezoelectric signals did not
necessarily agree with the changes in the ultrasound
signals. The causes for this were considered to be the
complex mixture of the piezoelectric waves due to the
fast and slow waves, and the properties other than the
ultrasound properties.

Conclusions

In the piezoelectric signals, two waves attributed to the
fast and slow waves in the ultrasound signals were
observed. The changes of the piezoelectric waves did
not necessarily depend on only the changes of the fast
and slow waves, which was suggested that the
piezoelectric signals could be affected by factors other
than the ultrasonic signals.
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Fig. 4: Calculated waveforms for cancellous bones with a porosity of 0.83 and angles 6 = 0-90 ° of the major
trabecular orientation in piezoelectric finite-difference time-domain (PE-FDTD) simulations; (a) shows the
piezoelectric signals generated in the bones, and (b) shows the ultrasound signals propagated through the bones.
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