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Bone fatigue accumulation is a factor leading to bone fracture, which is a progressive process of microdamage deteri-
orating under long-term and repeated stress. Since the microdamage of the early stage in bone is difficult to be investigated
by linear ultrasound, the second harmonic generation method in nonlinear ultrasound technique is employed in this paper,
which is proved to be more sensitive to microdamage. To solve the deficiency that the second harmonic component is
easily submerged by noise in traditional nonlinear measurement, a weighted chirp coded sinusoidal signal was applied as
the ultrasonic excitation, while pulse inversion is implemented at the receiving side. The effectiveness of this combination
to improve the signal-to-noise ratio has been demonstrated by in vitro experiment. Progressive fatigue loading experiments
were conducted on the cortical bone plate in vitro for microdamage generation. There was a significant increase in the
slope of the acoustic nonlinearity parameter with the propagation distance (increased by 8% and 24% respectively) when
the bone specimen was at a progressive level of microdamage. These results indicate that the coded nonlinear ultrasonic

method might have the potential in diagnosing bone fatigue.

Keywords: nonlinear ultrasonic Lamb wave, bone fatigue, chirp code, pulse inversion

PACS: 43.25.Ba, 43.60.Ek, 43.80.Ev, 62.20.me

1. Introduction

Bone is an important part of the human body structure.
It protects internal organs and supports the body to complete
all kinds of physical activities. Just like various components
used in industrial production and other fields, the bones will
suffer from fatigue due to a long time and high strength stress
in the process of service.!'?l For example, the weight-bearing
bones will be bent while the human body is loaded or doing
some strenuous exercise. Once the bending or damage ex-
ceeds a limit, the microdamage of the internal structure cannot
be repaired efficiently. The accumulation of microdamage can
lead to bone fatigue in severe cases, making it one of the main
reasons for overuse fracture.3! It is of great demand and sig-
nificance to evaluate the microdamage or fatigue level in the
bone to prevent further deterioration.

The traditional methods of monitoring bone health con-
ditions are using computer tomography (CT) or dual x-ray
absorptiometry (DXA), which are convincible ways to eval-
uate bone fatigue and fracture. Still, they have shortcom-
ings such as radiation and relatively low resolution. Although

the synchrotron radiation micro-computed tomography (SR-
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puCT) can effectively assess the micro-cracks at a micro-scale
resolution,*71 it cannot be used to detect microdamage in
vivo due to its destructive features. Ultrasound technique has
the advantages of non-ionizing radiation and high sensitiv-
ity to defects, making it a reliable approach to assess bone
health conditions. The ultrasound technique for evaluating
bone fatigue can be divided into two categories: linear ul-
trasound and nonlinear ultrasound, depending on the relation-
ship between stress and strain. The parameters related to bone
properties (such as thickness,®! bone mineral density, ! and
porosity %) of linear ultrasound are speed of sound (SOS) and
broadband ultrasound attenuation (BUA). But these two pa-
rameters are not highly correlated to bone microdamage, ']
which means they may be incapable to evaluate the damage
of bone in the early stage. The nonlinear ultrasonic technique
provides us with a novel way of detecting bone microdam-
age. It was firstly applied in industrial nondestructive test-
ing because of the high sensitivity to micro defects such as

[13-16] dislocations, ”-18] and precipitates. !9

micro-cracks,
The physical mechanism of nonlinear behavior between wave
and micro-cracks is that the incident wave is distorted while

penetrating through the micro-crack, resulting in a nonlin-
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ear response, which is so-called contact acoustic nonlinearity
(CAN).I21 Besides, the second and third-order elastic coeffi-
cients near the micro-cracks and within the crack differ,[??!
thus amplifying the nonlinear response. For crystals, the
displacement of dislocations also contributes to the nonlin-
ear behavior of materials, since there is a transformation of
stress. However, the aforementioned microdamages do not
significantly change the Young modulus and the Poisson ra-
tio, which means they cannot be detected by conventional lin-
ear methods. The main methods of nonlinear ultrasound tech-
nique consist of nonlinear elastic wave spectroscopy (NEWS),
nonlinear resonance ultrasound spectroscopy (NRUS), >3] dy-
namic acoustic elasticity test (DAET),>*2>] higher harmonic

26-28] and nonlinear ultrasound vibro-modulation

generation, |
(NUVM).[29]

As the nonlinear ultrasound research goes further, some
researchers have pointed out that nonlinear ultrasonic nonde-
structive testing can be applied not only for the health detec-

1301 put also for composite materials!!

tion of metal materials
and even bones. Muller et al. showed that nonlinear ultra-
sound can be used to detect cumulative damage to human
bones in 2007.123 Furthermore, nonlinear ultrasound is used
to monitor the microdamage of bone,*?! including cortical
bone!*331 and cancellous bone.?*! However, the relationship
between second harmonic generation in bone and fatigue accu-
mulation has not been fully investigated experimentally. Hau-
pert et al. firstly reported the nonlinear elastic hysteretic be-
havior (assessed by the nonlinear elastic parameter o) and
microdamage accumulation in real bone samples./*! To gen-
erate microdamage in bone, a four-point-bending fatigue cy-
cling experiment was conducted. After each cycle of bend-
ing, the nonlinear hysteretic parameter and the biomechanical
parameters of cortical bone are measured. The number and
size of micro-cracks in the specimen after each cycle is also
monitored by SR-puCT. Their results suggested that the dam-
age steps had a statistically significant effect on the nonlin-
ear hysteretic parameter oy measured by NRUS. These studies
are mainly based on analyzing bulk waves in bone structure.
Since second harmonic generation is also part of nonlinear ul-
trasound technique and has a wide range of applications, this
study aims at trying to apply this method to the detection of
microdamage accumulation in bone by coding and decoding
to increase the signal-to-noise ratio.

In summary, the nonlinear ultrasonic technique has its
unique advantages in nondestructive testing and it is entirely
feasible in bone fatigue evaluation. Yet, despite the common-
ality in the microdamage assessment of bone and industrial
materials (such as aluminum and steel), there are some diffi-
culties in practical application. It is known that the bone is a
porous medium, the attenuation of ultrasound in bone is rel-
atively high and tends to result in a low SNR. Besides, since

the nonlinear effect is weak when the material damage is in
the early stage, we cannot accurately extract the features of
nonlinearity from a low amplitude signal.[*> The general ap-
proach to solve the problem is to increase the amplitude of the
excitation significantly to get a higher amplitude of the second
harmonic, which puts higher requirements on both the excita-
tion voltage and transducer.

The objective of this work is to determinate the relation-
ship between second harmonic accumulation phenomenon and
bone fatigue, we had an experimental observation on the non-
linear guide wave in the bone. The progressive fatigue loading
experiment is also conducted, verifying that the microdamage
level is indeed closely related to the nonlinearity of the bone.
To improve the SNR of second harmonics in bone, we applied
a signal coding method to the nonlinear measurement. The
idea of coding was originally used in the radar system and
has been gradually applied to ultrasonic detecting.3%37! The
coding of the signal can be divided into linear frequency mod-
ulated (FM) signals or nonlinear FM signals, and the phase
codes. Depending on the type of carrier signal and modulating
signal. Compared to traditional tone burst excitation, coded
excitation has a longer duration in the time domain.!®8! Be-
sides, the SNR of the receiving signal can be improved through
decoding. The main works of this paper are listed below:

(i) A weighted chirp signal is applied to the ultrasonic ex-
citation of guided waves in bone, meanwhile, the SNR of the
received signal gets improved through decoding.

(i1) The progressive damage experiment is conducted on
cortical bone plates, with the coding ultrasound method being
applied to the nonlinearity measurement. The results verified
that the fatigue level of cortical bone can be characterized by
the nonlinearity of bone efficiently.

The rest of the paper is organized as follows. Section 2 in-
troduces the fundamental theories and methods. The material
and experimental setup are illustrated in Section 3. Section 4
and Section 5 present the experiment results and discussions.
The conclusion is given in Section 6.

2. Theory and methods
2.1. Dispersion of Lamb wave

This paper mainly focuses on the second harmonic com-
ponent generation while ultrasound propagating in a bone
plate, i.e., the nonlinear Lamb wave.

The mathematical equation of ultrasound propagating in
an isotropic solid plate can be expressed as!>’]

(A4+2u)-V(V-U)—u-VxVxU
= pd*U/dr*, 6 =0 (y==d), (1)
where U denotes the displacement of a single point, p is the

density of the material, ¢ stands for time, ¢ is the stress of
the material, A and p are the lame coefficients. By solving
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Eq. (1), we can get the dispersion equation of the Rayleigh—

Lamb wave 3]

tan (gh) / tan (ph)= —4k*pq/ (ktqz)z, (2a)
tan (gh) / tan (ph)= — (K —¢*)* /4K°pg, ~ (2b)

where k is the wave-number. the coefficients p and ¢ can be
given by

Pr=0’/q -k, @ =0tk 3)

with ¢p, and ct being the longitudinal and shear velocities of
the ultrasound. According to Egs. (2a) and (2b), the Lamb
wave can be divided into the symmetric and antisymmetric
modes, depending on the distribution of displacement.

2.2. Cumulative second harmonic generation and mode se-
lection

The second harmonic fields of Lamb waves are complex
because of their multimode and dispersion features. To ob-
serve an obvious nonlinear phenomenon, the second harmonic
needs to meet the cumulative condition. As for the ultrasound
excitation, it is also required to excite only the fundamental
mode at the excitation end, ensuring that the other mode will
not have interference to the generation of the second harmonic.

The cumulative harmonic Lamb wave generation requires
phase synchronism and nonzero power flux. The first refers to
the phase velocity matching condition: the phase velocity of
the second harmonic mode at the second frequency must be
identical to the phase velocity of the fundamental mode at the

1401 the second condition means that

fundamental frequency;
the energy flux from the fundamental mode to the second har-
monic mode is nonzero.*! The energy flux is generated by the
nonlinearity of the material itself, which is the driving force of
the fundamental wave to the second harmonic. And the phase
velocity matching condition ensures that the energy transfers
from the fundamental to the second harmonic mode.

The phase—velocity dispersion curves for a 1-mm-thick
cortical bone plate are shown in Fig. 1, which were computed
by the software Disperse (Imperial College, London, UK). The
density of the cortical bone was 1900 kg/m? and the measured
longitudinal velocity and the shear velocity were 3850 m/s and
1650 m/s respectively. According to previous research,*?! no
matter the fundamental mode is symmetric or antisymmetric,
the power flux is nonzero only for the case that the second
harmonic mode is symmetric. In other words, the cumulation
of the harmonic wave only occurs when the second mode is
symmetric. The dashed lines stand for the symmetric dou-
ble frequency modes, with the frequency axis scale reduced to
half of the fundamental mode. In this way, the intersections
with the primary dispersion curves represent phase matching.
There are two intersections, as shown in Fig. 1. The results

show that mode pairs S1-S2 and S2-S4 can meet the cumu-
lative harmonic wave condition at 1.78 MHz and 2.55 MHz,
respectively.

Phase velocity (m/ms)

1t — symmetric mode
- - double frequency Lamb wave mode
— antisyminetric tpode

0 1 2 3 4 5
Frequency-thickness (MHz-mm)

Fig. 1. Phase—velocity dispersion curves of the fundamental Lamb waves and
the second harmonic Lamb waves propagating in a 1-mm-thick cortical bone
plate.

The mode pair S1-S2 was chosen as the fundamental
and secondary modes, not only because they have a lower
frequency at the phase matching point and higher frequency
Lamb wave tends to generate severe dispersion, but also for
the reason that the observation of the second harmonic requires
a high efficiency of internal resonance to produce harmonics.
For a plate-like material, the most efficient mode pair to gen-
erate cumulative harmonic Lamb wave is S1 and S2,*1 which
refers to point DO in Fig. 1.

2.3. Weighted linear chirp ultrasound excitation

Linear chirp signal, as the name implies, refers to a si-
nusoidal signal for which the frequency linearly varies with
time. As one of the most commonly used frequency modula-
tion methods, the chirp signal is often applied as the excita-
tion of ultrasound imaging. Because its center frequency and
bandwidth, duration are adjustable compared to tone burst or
phase-modulated signals. The chirp signal can be represented
by

C(1) =w(t)cos (2mfot + ut*/2) , )

where w (¢) is a window function, fj is the start frequency, u
is a constant related to the frequency sweep bandwidth B over
signal duration T, defined by u = 2zxB/T. Typically, chirp
excitation has wide application in the pulse-echo mode ultra-
sonic scenario, which is related to its need for axial resolution
in ultrasound imaging. Nevertheless, some researchers have
pointed out that chirp excitation can be applied for ultrasonic
guided waves.[*3* As long as the bandwidth of the desired
excitation falls within that of the chirp, the corresponding re-
sponse of the tone burst excitation can be separated from the
chirp response signal.
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Fig. 2. (a) Time-domain of weighted linear chirp (f; = 0.5 MHz, B= 0.1 MHz, T = 50 ps), (b) spectrum of chirp, (c) time-domain of weighted
tone burst excitation signal (fy = 0.5 MHz, T = 50 ps), and (d) spectrum of tone burst.

Another reason for choosing chirp as the excitation in
our work comes down to the properties of the cumulative sec-
ond harmonic in nonlinear ultrasonic detection. Matsuda and
Biwal%! demonstrated by mode expansion analysis as well as
numerical simulations that there is no strict frequency depen-
dence in the generation of cumulative second harmonics. The
second harmonic Lamb waves can be generated cumulatively
when the phase velocity matching condition is satisfied in an
approximate sense.

The chirp signal maintains the same amplitude over the
entire time domain, which can be regarded as adding a rectan-
gular window of amplitude 1 (w(¢) = 1). For suppression of
the peak sidelobe level, the signal is weighted by a Hanning
window function.*’! The expression of w(t) in Eq. (2) is as
follows:

w(t)=0.5—-0.5cos 2wt /T) for 0 <¢<T, Q)

thus C(t) is a weighted linear FM signal. A Hanning win-
dowed chirp and tone burst sinusoidal signal are shown in
Fig. 2.

2.4. Second harmonic extraction

It is a challenge to have an experimental observation of
cumulative second harmonics in bone, especially when the
propagation distance is relatively long. The attenuation in
bone is so high that even though the fundamental frequency
component is apparent, the interference of noise and second
harmonic is strong. This paper is motivated by second har-
monic imaging in ultrasound diagnosis, both of which have
the demand of extracting the second harmonic signal as accu-
rately as possible. The conventional method used for nonlin-
ear Lamb wave measurements is hardware-filtering at the re-
ceiver side, which is inevitably limited by the fixed passband

and stopband of the filter. Song et al. proposed three methods
for coded tissue harmonic imaging (CTHI) in 2010 and 2011:
bandpass filtering (BF), pulse inversion (PI), and pulse mod-
ulation (PM). #8491 We choose pulse inversion as the method
to extract the second harmonic. The principle of pulse inver-
sion is that the transmitter emits two excitations of the opposite
phase as follows:

(6a)
(6b)

[
+
—

~
~—

|

w (t) cos (27 fot + ut*/2),
c—(t) = —w(t) cos (27 fot +/.Lt2/2) ,

where ¢ (¢) stands for the baseline emission signal and c_ ()
is an inverted replica of ¢4 (z). For the inversed signal, the
odd frequency components (fundamental, the third harmonic,
etc.) have an inverted phase compared to the former. while the
even frequency components (the second harmonic, efc.) have
a 360-degree phase shift. Therefore, assuming the ultrasonic
response system is linear, the components in the received sig-

nal can be expressed as follows:

(7)
(7b)

ri(t) =rip () +r2p (1) +r37 (1),

r (1) = —=rip () +rop (1) =37 (1),
where 7,7 (t) denotes the n-th frequency component. Sum-
ming these two received signals, it is theoretically possible to
achieve the effect of suppressing the fundamental frequency

component and increasing the magnitude of the second har-

monic.

3. Materials and experimental setup
3.1. Experimental framework

The system framework is shown in Fig. 3. A PC con-
trolled the function generator to edit the excitation, which was
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amplified by a signal amplifier AG 1021(T & C Power Con-
version, Inc, USA). The high voltage signal was sent to a 0.5-
MHz PZT transmitting transducer (Valpey Fisher, USA). The
ultrasound, propagating through the cortical bone plate, car-
ried the information of the second harmonic waves and was
measured by the receiving transducer. Since the second har-
monic component was significantly weaker than the funda-
mental (the amplitude of the second harmonic component is

almost 1% of the fundamental), the receiving transducer had
a center frequency at approximately the second harmonic fre-
quency, which made the first and second harmonic frequency
amplitudes be detected simultaneously. A broadband PZT
transducer centered at 1 MHz (V539-SM, OSSA, USA) was
used as the receiver. An oscilloscope (DSOX1204G, Keysight,
USA) was used for real-time display and acquisition of the re-
ceived signals.

\ function
oscilloscope \ generator
waveform
data |
channe sync /

sync cha{mel

PC

NDT 5900PR input
TR R amplifier AG 1021
° output
(1
receiving transmitting
transducer wedge - ""WMWMWMWM" wedge transducer
7
. v 7
bone plate specimen ars

Fig. 3. Structure of the nonlinear ultrasonic guide wave measurement system and fatigue loading on the cortical bone.

The transducer was glued to a plexiglass wedge to avoid
excitation of other modes because of the multimode feature of
Lamb waves. According to Snell’s law

0 =sin"! (cw/cp), (®)

where ¢y, = 2650 m/s is the longitudinal wave velocity of the
wedge and ¢, = 3870 m/s is the phase velocity of the funda-
mental mode (seen in Fig. 1, DO) in the material. According
to Eq. (8), the calculated angle 8 of the transmit transducer
should be around 43°, and the receiving transducer was placed
at the same angle.

The procedures of nonlinear ultrasonic measurement ex-
periments are as follows: the bone plate specimen was placed
on a horizontal plane, and the transducers were coupled to
the plexiglass wedges by liquid coupling, while the transmit-
ting transducer converted the amplified voltage signal to ultra-
sound. After propagated through the plate specimen, the ultra-
sonic Lamb wave was then sensed by the receiving transducer.
The oscilloscope is triggered synchronously by the function
generator, while the received signal is observed in real-time,
which was amplified by NDT 5900PR.

3.2. Bovine tibia plate in vitro and fatigue test

The experiment materials in this article were three corti-
cal bone plates, the detailed parameters are listed in Table 1,

with a density of 1900 kg/m>, which were polished from the
bovine tibias obtained from a butcher shop. To explore the
relationship between bone fatigue and nonlinearity, a fatigue
loading experiment of the cortical bone plate was conducted.

Table 1. Dimensions of three bone specimens.

Parameters Specimen #1  Specimen #2  Specimen #3
Length (mm) 150 153 151
Width (mm) 21 22 20

Thickness (mm) 4.26 3.98 4.12

To simulate the early microdamage response of corti-
cal bone, a tensile testing machine (WDW-25C, Hualong,
China) was used to stretch the bone plate longitudinally, as
shown in Fig. 3. According to previous research, the tensile
test has a better effect in inducing more microdamage than
compression. %! To avoid macroscopic damage while in-
ducing microdamage, it is necessary to ensure the magnitude
of tension is between the fatigue limit and the tensile strength
of the bovine bone. The above requirements can be met at
maximum stress of 34 MPa,!>?! corresponding to a maximum
force of 2000 N. The tension was set to 400 N as an initial
force, and the rate of tension growth was 200 N/S. When the
force reached 2000 N, it then decreased at the same rate. The
process repeated until the set number of times was reached.
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4. Results

4.1. Nonlinear Lamb wave measurement before fatigue
loading

The nonlinearity measurement, as shown in Fig. 3, was
conducted on specimen #1 to provide a benchmark. The prop-
agation distance ranged from 45 mm to 90 mm, with a step
size of 5 mm. To compare the performances of the chirp and
conventional tone burst excitation, we conducted separate ex-
periments, with a consistent duration. As can be known from

the frequency thickness product in Fig. 1, the phase matching

frequency of the tone burst signal is around 0.42 MHz. The
center frequency of the chirp signal was set to 0.42 MHz and
the bandwidth was 0.1 MHz. A 21-cycle Hanning window
modulated sinusoidal signal was chosen as the tone burst exci-
tation. Both these signals have a duration of 50 us to eliminate
the influence of excitation time on the results.

The received signal at a propagation distance of 9 mm is
shown in Fig. 4. Figure 4(a) shows the result of the received
weighted chirp signal, the pulse inversion (PI) result is given
in Fig. 4(b). Meanwhile, the received signal of tone burst ex-
citation is shown in Fig. 4(c).

Z 20 ; x ; 5 =
° (a) —— excitation signal (positive phase) -
g 10F —— received signal (positive phase) v:
= —— receive signal (negative phase) £
[o% 0 40 .
E E
5 &
g —10 o
= Q
E —20 1 1 1 —0.5 5
g 0 50 100 150 200 g
& Time (us) A~
— 002 T T T
S5 (b)
5 0.01p 1
ket
£ 0 - 1
a
;EE —0.01F B
—0.02 L . .
0 50 100 150 200
Time (us)
. 20 T T T 0.5
3 (C) ——weighted tone burst excitation ://
2 10 MM Mn ——received signal ©
E 0 “VAV.\ VAVAV!\M Mﬂvl\vl\v 40 é
T
—20 L L L —0.5 X
0 50 100 150 200
Time (us)

Fig. 4. Received signals in two different modes of excitation at the distance of 90 mm before the fatigue loading: (a) result of weighted chirp
excitation, (b) pulse inversion result, (c) result of weighted tone burst excitation.

There is no significant difference in the time domain be-
tween the two except for a longer signal duration after pulse
inversion. Since the calculation of nonlinear acoustic parame-
ter requires the values of the fundamental and the second har-
monic signals, we investigate the effect of the weighted chirp
signal on the second harmonic extraction in the frequency do-
main.

Figure 5 shows the spectra of the signal processed by the
two methods. In Fig. 5(a), the blue and green lines repre-
sent the spectra of the excitation waveform. While the spectra
of the received weighted chirp signal and the received tone
burst signal are marked with black and red lines. It is obvious
that the second harmonic component in received signal is not
caused by the excitation. Figure 5(b) demonstrated the spectra
of the pulse inversion result and the received tone burst sig-
nal. By applying the pulse inversion method, the amplitude

of the second harmonic can be improved effectively while the

fundamental component is suppressed (as shown in Fig. 5(a)).
The improvement of the second harmonic is about 6 dB. Con-
cerned about SNR of the received signal, when the weighted
tone burst excitation was chosen, the SNR of the fundamen-
tal component is about 64 dB and the SNR of the second
harmonic is about 19 dB. While applying pulse inversion of
weighted chirp excitation, the SNR of the fundamental and
the second harmonic signals are 49 dB and 36 dB respectively.

Furthermore, the nonlinear parameter at a single propaga-
tion distance is not so valuable for assessing the microdamage
of material. We either concentrate on the variation of nonlinear
parameters with the degree of microdamage at the same point
or the cumulative effect with propagation distance. Specifi-
cally, the acoustic nonlinear parameters increase linearly with
propagation distance when the second harmonic accumulation
condition is satisfied. Therefore, we explore the effect of the
chirp coding method on the fitting of this growth trend.
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Fig. 5. The spectra of excitation and received signals before fatigue loading:
(a) spectrum of excitation and received signals, (b) spectrum of pulse inver-
sion and tone burst excitation results, (c) normalized amplitude spectrum.

The same measurement was conducted on specimen #1
under different distances. After completing the measurements
at the entire distance segment, the nonlinear parameters were
calculated. Here, we give the results of the linear fit of the non-
linear parameters with propagation distance after applying the
coding method and tone burst excitation, as shown in Fig. 6.
The nonlinear parameter is normalized to the maximum value.

As can be seen from Fig. 6, for the conventional tone

burst excitation, the correlation between the linear fitting curve
(green solid line) and the experiment data (green triangle dot)
is not significant. When the propagation distance is short, a
linear growth trend can be obtained, but as the distance in-
creases, the resolvability of the second harmonic decreases
dramatically, leading to inaccurate calculation of the nonlin-
ear parameters. For the weighted chirp excitation method, the
correlation of the experimental data fit was high, R> = 0.86
(p < 0.05). The linear growth of the nonlinear parameters
with the propagation distance is also obvious.

Q
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Fig. 6. The comparison of the cumulative effect of the nonlinear parameter

in the specimen obtained by the two methods.

4.2. Nonlinear Lamb wave measurement after fatigue
loading

To determine the level of bone fatigue, we define two
stages of bone damage, corresponding to 5000 and 10000 fa-
tigue loading cycles.
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'g 10+ rece%ved bsignal (posi‘?ive phase) 10.2 ’Oi
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Fig. 7. Received signals in two different modes of excitation at the distance of 90 mm after the fatigue loading: (a) result of weighted chirp

excitation, (b) pulse inversion result, (c) result of weighted tone burst excitation.
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The nonlinearity measurement was applied to the same
bone plate at these two stages while the ultrasound excitation
parameters remain unchanged. Figure 7 shows the received
signals under the weighted chirp and tone burst excitation.

Figure 7(b) shows the summed signal by pulse inversion,
the received signal of tone burst excitation is given in Fig. 7(c).
The result is consistent with the case without fatigue loading.

Figure 8(a) shows the spectra of the received signals after
10000 tensile loadings, including received signal of weighted
chirp excitation (the black line), and received tone burst sig-
nal (the red line). The spectra of the pulse inversion result and
the received tone burst signal are further compared in Fig. 8(b)
and Fig. 8(c). The results indicate that the signal after pulse in-
version still has a good performance in improving the second
harmonic magnitude and SNR.

The SNR of received signal under weighted tone burst
excitation was 59 dB and 18 dB, corresponding to the funda-
mental and the second harmonic components. For the received
signal under weighted chirp excitation, the pulse inversion in-
deed improved the SNR of the second harmonic to 36 dB.

a 50 T chiTp excitationl T
Z 30 weighted tone burst excitation e
o received signal of chirp excitation
”g 10 received signal of tone burst excitation
£ —10 h
2 —30H Ty v,"‘ 1
Z a0 1
0.3 0.5 0.7 0.9 1.1 1.3
Frequency (MHz)
Eﬂ\ 50 T |1 - — ! T
° 30 pulse inversion result i
° received signal of tone burst excitation
2 10 1
£ -10
g- —-30
< —50
0.3 0.5 0.7 0.9 1.1 1.3
o Frequency (MHz)
el
2 10— . : . .
= (C) pulse inversion result
2 0.8F ) . . o
g received signal of tone burst excitation
s 0.6f i
T o0.4f :
T 0.2 1
é 0 : —
S 0.3 0.5 0.7 0.9 1.1 1.3

Frequency (MHz)
Fig. 8. The spectra of excitation and received signals after fatigue loading: (a)
spectrum of excitation and received signals, (b) spectrum of pulse inversion
and tone burst excitation results, and (c) normalized amplitude spectrum.
Therefore, the pulse inversion is chosen as the decoding
approach for subsequent experiments.

4.3. Bone fatigue evaluation

It can be seen from the spectrum of the ultrasonic sig-
nal (Figs. 5(c) and 8(c)) that the relative amplitude of the
second harmonic wave is higher for the case in which the
bone plate has not been fatigue loaded. In other words, the
fatigue or microdamage in cortical bone has an apparent ef-
fect on nonlinearity. Therefore, the relationship between bone

microdamage and ultrasonic nonlinearity is being further dis-
cussed. The nonlinearity of materials is generally quantified
by the equivalent nonlinear parameter 3, which is defined as
B =Ay /A% Ajy and Ay represent the amplitude of the sec-
ond harmonic and fundamental frequency components in the
frequency domain,?!! respectively. To reduce the influence
of coupling and other measurement factors on the results, ten
measurements were taken at each propagation distance under
three fatigue stages. The average data with error bars from the
ten measurements and the best linear fit is shown in Fig. 9,
with the equivalent nonlinear parameters normalized to the
maximum value.
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Fig. 9. The fitting curves of nonlinear parameter and propagation distance:
(a) specimen #1, (b) specimen #2, and (c) specimen #3.

The nonlinear parameters of the three fatigue levels show
a trend of linear growth with the propagation distance, which
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is because the elastic modulus and other parameters of the
bone plate have not changed too much while being stretched.
With the dispersion curve changes slightly, the cumulative har-
monic conditions are still satisfied at the same excitation fre-
quency. In the experiments of three specimens, the excitation
frequency and bandwidth are set as 0.42 MHz and 0.1 MHz
respectively. The correlation coefficient and the slope of the
fitting curves of these three specimens are summarized in the

following Table 2.

As Table 2 shows, the slope of nonlinear parameters with
propagation distance k is the smallest when the bone plates
have not been stretched; when the number of fatigue loading
times reached 5000, the slope k had an average increase of 8%,
compared to the case of intact bone; when the loading times

reached 10, the average increase of slope is 24.9%.

Table 2. Experiment parameters and results of three specimens.

Parameters Specimen #1 Specimen #2 Specimen #3
Slope of fitti
ope O lithng curve 0.016/0.018/0.020 0.014/0.015/0.018 0.019/0.020/0.023
(stage 1/2/3)
Rate of slope change 12.5%/25% 7.1%/28.6% 53%/21.1%

(stage 2/3)

Note: stages 1, 2, 3 refer to the level of microdamage.

5. Discussion

The nonlinear ultrasound technique has the advantage
of being sensitive to micro-cracks in material.!'>!'4l The uti-
lization of nonlinear ultrasound can be expanded to bone fa-
tigue evaluation since the existence of nonlinear ultrasonic
response was proved when the microdamage in bone is
accumulating, 33

As a medium with irregular internal structure, bone has
a large absorption and scattering effect on ultrasound, making
the signal extremely weak. Although researches on nonlinear
ultrasonic measurement have been carried out on bones, it is
difficult to extract the second harmonic amplitude due to the
defects of anisotropy, rough surface, and noise.

The method of applying the pulse inversion to the chirp
excitation to extract the second harmonic component plays an
important role in the work. Pulse inversion, as a special fil-
tering method, is often used in harmonic imaging. The spec-
tral overlap between fundamental and second harmonic signal
content is common for harmonic imaging. 33! Although band-
pass filtering is the most commonly used method to extract the
second harmonic, it is still a challenge to filter out the funda-
mental component because of the spectral overlap. However,
pulse inversion has the advantage to extract the second har-
monic without bringing in the range sidelobe artifact. More
importantly, the migration of the method from harmonic imag-
ing to Lamb waves second harmonic detection can break the
limitation of imaging frame rate, since the pulse inversion re-
quires two transmissions. The detection of second harmonic
generation is a one-time process, there is no requirement for
imaging frame rate, nor the penetration and axial resolution.

In terms of cumulative second harmonic generation con-
ditions, excitation with chirp rather than single frequency tone
burst eliminates the need to find the best phase-matching fre-

quency point. Once the approximate excitation frequency is

figured out, the corresponding chirp excitation can be settled.
It provides the possibility of in vivo nonlinear ultrasound de-
tection. The skeletal properties (such as cortical thickness,
elastic modulus) vary in people of different ages, so for the
cumulative second harmonics, the excitation frequency fluctu-
ates over a range rather than a fixed value.

The results of applying pulse inversion of chirp signals
to nonlinear ultrasound detection are also promising. From
the spectral analysis, the amplitude of the second harmonic
is doubled after pulse inversion, which can be inferred from
Egs. (7a) and (7b). Theoretically, the fundamental frequency
component will be eliminated after pulse inversion, but in the
actual experiment, the fundamental frequency is two orders of
magnitude higher than the second-harmonic amplitude, which
makes the suppression not so ideal.

In summarization of the chirp-coded excitation part, the
chirp coding and pulse compression method significantly im-
prove the amplitude of the second harmonic, which is also
equivalent to improving the SNR of the second harmonic.

In evaluating bone fatigue with ultrasonic guided waves,
nonlinear characteristics have greater advantages than linear
features. In the study of Bai er al.,’¥ after 2 x 10* fatigue
loadings, the phase velocities of the Al and S1 modes de-
creased by 6.6% and 5.3%. In our work, the linear fitting
coefficient k between the normalized equivalent nonlinear pa-
rameter Ao s /Aj% and the propagation distance has an average
variance of 8% and 24.9%, corresponding to 0.5 X 10* and 10*
fatigue loadings, which indicates a more significant correlation
between nonlinearity and bone fatigue.

There are also some limitations in this work. Although a
fatigue loading experiment was conducted to simulate the mi-
crodamage or degradation in bone, the level of microdamage
accumulation was not assessed quantitatively. The measure-
ment of the second harmonic Lamb wave was limited to a reg-
ular and isotropic plate-like sample, while most of the bones
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are anisotropic and have an irregular shape. More practical
simulation models and experiments should be explored in fu-
ture studies.

6. Conclusion

In this study, the nonlinearity of the cortical bone plates
before and after fatigue loadings were observed and compared
using an encoding and nonlinear ultrasound. The main find-
ings of this article are as follows. Firstly, the chirp signal ap-
plication in nonlinear ultrasound detection could ensure cumu-
lative second harmonic generation while eliminating the step
of finding the optimal frequency point. Secondly, the cod-
ing and pulse inversion method applied to the nonlinear ultra-
sonic measurement could improve the measurement accuracy.
Thirdly, there is a significantly positive correlation between
the in vitro bone fatigue level and the growth rate of the second
harmonic amplitude with propagation distance, as well as the
relative nonlinear parameter. The coded nonlinear ultrasound
measurement method might become an early evaluate tool for
bone progressive process of microdamage deteriorating under
long-term and repeated stress.
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