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ABSTRACT

Acovstic emission (AE) s in widespread wse ax a means of nondestruetivel) testing the structural intearite
of fndustrial materialy. AE has séveral advantages over otlier dimage monftoring rechnigues. AE Is a
very  sensitive technigue. that con be performed  confineowsly in real fime. b i nosimiasiie,
nondestructive, and does not réguive Mt the matevial wnder testing be homogeneous or have o standard
geometry.  In this study, AE I wsed to evaluate the time of fracture of human Tower legs under axial
loading Two wideband acoustic sensors were mounted to the tibia (proximal or distal) and to the medial
caleanens. Acoustic sensors suecessfully collected dara in eighteen tests and proved sensitive in detecting
Sfracture.  In tests with injury, all acoustic sensors mounted to the specimen recorded a sudden high-
amplitude burst of AE regardless of the sensor location.  In the two tests with no injury, low-level
confinuos AE weay venevited. In tests with lnfury. the total duration of AE averaged 5.2 £ 3.9 ms. The
stimerd was wsually made up of onle a small member of events (14 4+ 7). but a lavge number of couwnis {310
£ 2]0).  The counts began suddenly, and acewmlated o a fuirly constant rate until fracture was
complete. In comtrast, the two tests without injtery had fowr coumts and zero counts, respectively. In tests
where the calcaneus was fractured. s acoustic burst initiated néear the tme of peak footplate force.
When ribia pilon fracture was the only injury to the foat'ankle complex, the onset of the acoustic bursi
acctirred near the time of peak tibia force, In tests with no injury, fow-level continuons AE was generared
during the time period of high axial loading. AE provides wseful information abour the fraciure
mechanics af bone in dynamic tese evems and aflows the aceurate determination of time of fracture for
axial doading of the livwer leg.

INTRODUCTION

he science of acoustic emission (AE) was first developed by Josal Kaiser (Kaiser, 1950), and is now

in widespread commercial use as a means of nondestructively tesung the structural imtegrity of
industrial materials.  Applications. of AE include detecting material defects and incipient Failure,
monitoring damage progression, characterizing failure mechanisms, and locating areas of weakness in a
structure (Kohn, 1995). AE has several advantages over other damage monitoring techniques. AE isa
very sensitive technique that ¢an be performed continuously in real time. |1 15 noninvasive,
nondestructive, and does not require that the material under testing be homogeneous or of a standard
geometry. AFE does have certain limitations. For example, compared to imaging techniques, AE can
provide very little detail regarding the size and shape of the damage zone in a material.
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Acoustic emission is defined as the elastic stress witves generated by the sudden release of strain energy
in a material (ASTM. 1981). Examples of AE range from seismic waves in earthquakes to microcracking
in metal or bone (Wright, 1981). AE is spomtaneously produced by the material itself as a resull of an
externally applied mechanical stimulus. Of course, not all of the energy released by an AT source is in
the form of an acoustic wave. Depending on the material and the énvironment, energy is also dissipated
in the form of dislocations, plustic flow, crack initiation and propagation, and heat (Kohn, 1995). In
general, AE may be one of two types. Continuous emission is composed of low-amplitude signals with a
long rise time and a sinusoidal envelope. 1t is thought to be caused by internal friction processes in the
material (Schwalbe, 1999), Burst emission, on the other hand, is characterized by a sudden, high-
amplitude signal with an exponentially decaying envelope. These bursts are thought 1o be caused by
crack initiation and propagation.

In engineering materials, there are a number of potential types of microscopic damage that can act as
sources of AE, including dislocation motion, slip, twinning, strain hardening, and microcracking {Kohn,
19495), AE can also be generated by mechanical processes that do not damage the materinl. Hoth elastic
and plastic deformation can generate detectable levels of AE without damage. In the clastic range,
densification and microstraining are documented sources of conbinuous, low-amplitude AE,  Different
types of materials will have different sources of AE. In 3 ductile material, most AE is generated in the
plastic zone. Sources of AE in ductile materials include shenr bunds, erscking ol inclusions, and void
coalescence, In a brittle material, suberitical cruck growth, cleavage, and tearing are all AE sources.

The source of AE and extent of damage can be estimated to some degree by the amplitude of the signal.
For example, the acoustic wave produced by a single dislocation is below the threshold of detectable AE
{Kaohn, 1995), However, the superposition of waves produced by several dislocations will result in
dislocation pileups and slip, and will gencrate detectable AE. Micromechanical mechamsms deour prioy
to the onsel of crack initintion and produce continuous, low-amplitude AE.  After crack initiation,
micromechanical sources still generate AE, but more macroscopic mechanisms tend to dominate the
signal. The accumulation of microcracks will result in macrocracking, which will produce larger
amplitude signals, For that reason, most AE is generated around the time of vielding, then again just prior
o fracture (Wright, 1981), However, there is no unique relationship between the amplitude of an AE
event and the failure mechanism (Kohn, 1995},

It is usually desirable to separute the AE generated by non-damaging sources from the AE produted by
damage in a material. These two signal components are typically separated by eliminating the continuous
low-amplitude AE thought to be indicative of non-damaging friction processes. This is accomplished by
thresholding the signal to a particular voltage and ignoring any signal that occurs below this voltage
(Kohn, 1995). What remains is high-smplitude burst AE. thought to be characteristic of cracking and
other types of damage. In order to rigorously determine the threshold voltage associated with the onset of
damage In a given experiment, AE must be aupmented with another crack detecting modality, such as
optical microscopy.

Standard data processing procedures exist for AE analysis. Any acoustic signal with an amplitude greater
than the threshold voliage is considered part of an AE event. An AE event is typically characterized by a
high-amplitude damped sinusoid with a short rise time and exponential decay after the peak (Figure 1), A
count is defined as a local peak in the signal that is greater than the threshold volage. Events are
considered separate if the AE signal falls below the threshold voltage for a predetermined “dead time”
{Zioupos, 1994), Commaonly reported parameters in AE studies are number of events, event duration,
number of counts, count rate, peak amplitude, and event amplitude distribution. For dynamic testing, the
most important parameter in an AE event is the peak amplitude as this is a measure of the strength of the
ACOUStE BTISSIOn.
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Figure 1. Schamatic represantation of an AE signal {adapted from Zioupus, 1994},

The event amplitude distribution is used (o characterize the type of AE signal generated by a material,
Although AE is commonly categorized as either continuous or burst, these divisions represent the
extremes of o continuum. The AE signul ¢an be expressed graphically by the Cumulative Event
Amplitude Distribution (CEAD) (Fischer, 1986), For many materials, the amplitude distribution of the
AE signal follows a power-law relationship:

FIV)=Fv,Xvv, )" (n

where WV 13 the highest voltage recorded in an AE event, Vy is the detection threshold, and FiV) is the
number of events whose amplitude exceeds V. The slope of the CEAD line on a log plot, the b-value, is a
charactenistic of the material and mechanism of fatlure, The higher the bevalue, the greater the percentoge
of low-amplimade events, and the more the AE signal resembles the continuons variety of AE. Low b
values indicate n higher percentage of high-amplitude events that characterize the burst type of AE.
Analysis of the CEAD is best suited 1o testing modes that produde a large number of separate AE events,
such as quasistatic or fatigue tests. In impact testing, analysis of the CEAD s hindered by the fact that
the time duration of the test is too short to produce a large number of separate AE events,

The purpose of analyzing the acoustic emission of a material is 1o monitor damage. It is important 1o be
able to discriminate AE due to damage and AE due to background noise, both of which contribute to the
signal (Sugiysma, 1989). Normally, the tvpe of mechanical testing that is monitored with AE equipment
is nondestructive and quasistatie.  Quasistatic testing would not be expected to produce high amplitude
waves due to vibration and background noise. However, dynaomic impact testing has the potential to
produce high levels of background noise due to vibration of the specimen and of the test apparaius. Cne
possible method of decoupling this nose and vibration from the signal of mterest 18 by comparmg the
frequency content of each. In this study, AE is expected to come from four possible sources. It has been
shown that there is almost complete separation between the frequency ronges of each signal source (Funk-
200003, which allows the AE induced by bone lracture to be isolated via bandpass fltering of the signal
(Figure 2). Based on previous AE studies, it is assumed that cracking creates AE with frequencies in the
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Figure 2. Expecied frequency ranges of AE signal components,

mange of 50 kHz — 300 kHz (Wells and Rawlings, 1985; Sugivama, |98%; Hasegawa, 1993; Schwalbe,
1999); Any signal higher than 500 kHz is assumed to be electrical noise.

Acoustic Emission in Bone

AE can provide insight into the microstructural failure mechanisms of bone, especially when combined
with microscopic analysis. The science of AE has been extensively developed for the study of sotropic
enginecring materials, but its application to bone testing has been limited.  AE is essentially a qualitative
method even when performed on standard engineering materials, When applied 10 bone, AE is an
egpecially mexact science, due to the lack of quantitative knowledge about the microstructural fracture
properties of bone, Nevertheless, much can be learned about the fracture mechanics of bone by analvzing
its AE. Thesensitivity of AE is well suited to the study of bone. AE can dietect damape zones a8 smnll a8
|0 pm. This compares favorably to the smallest microstructural failure mechanisms that have been
phserved in bone, which are on the order of 150— 300 pm (Kohn, 1995),

Detectable AE in bone was first documented by Hanagud ef o, (Hanagud, 1973) in bovine femurs. Since
then, several studies have used AE to monitor damage in bone, These studics have emploved a wide
variety of methodologies to analyze the AE signal. 1t 1s often difficult to directly compare the resulis
from different siudies, because each study uses different kinds of bone specimens, varying types and
locations of transducers, and alternate datm processing procedures.  Ofien, invesuigators offer very little
detail regarding the procedures they employed 1o obtain and analyze the acoustic signals. For example,
investigators almost universally report counts without providing o threshold voltage.  Amplitude is
commaonly reported in decibels without supplying a reference voltage. Most previous siudies have been at
quasistatic rates (Table 1)

Only one previous study has attempted to use AE methodology in dynamic testing of bone. Allsop et al,
(Allsop, 1988) conducted compressive impact tests on the human fice and vsed acoustic sensors 1o deteet
the exact time of fracture,  Acoustic sensors were mounted o the skull on waveguides, and an
instrumented impactor was used W measure the impact force, Tt was reported that a sudden burst of high-
amplitude AE invariably coincided with a sharp discontinuity on the force-displacement curve, This time
point was therefore tuken as the time of fracture, |t was noted that fracture did not always occur at the
time of peak force. In general, they determined that the force level at the time of fracture varied between
50% and 100% of the peak force developed in the test
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Table 1. Summary of Methodological Parameters from Pravious AE Studies of Bane.

Study Typo of bone Loading mode  Strain rate  Sensor frequency  Important parametsrs
Makz et al 1680 canine libia & femur  tarsion fi dégls 220 kMz courits
Wright ef al. 1881  bovine cotical tansion 00250 ot repaned courts
;‘:ﬁm’;'}"ﬂm canine tibia & femur  toraion 8 degls whagiiide ampitide, onaet time
N e !

m:m. 1985 hugresn Hbda snd femiur comprassion 0.1-5 mmimin 150 kHz, wanegulds mﬁﬂmmmn.
':;ﬁ"” oLz, Bovine corical tnsion 0.001/s, 0,01/8 ot repored ampatude distribution
Thomas and < counts, amplitude, avent
Evans, 1588 hurmgn varsbres COMpIEassion 1 mmimin 250 kHz i ratie
f';gg““ -, human femoral head  forson 0s 160 kHz onssl time
'.'I‘;ﬁm" Al hurman trabecular compression 0. min 250-500 kHz :mﬁ peak
:‘;;‘;”"“'a otal.  pyman verabae somaressian 01 mmimin 140 kHz LR, Sekmt Fle
Doupus &t al. bawvine cortical, dear counts, countsEvent,
1694 e 3-pt banding 2 mamyimEn 200-500 kHr ampiitude
Schwalbe el al, banding and
1599 human feswrs Sovsion quasistatic 100 kHz Sunts
Allsop of al., 1886  human facial bones  compeession dynamic WL onset time

human b & counts, count rais; onsat
Funk, 2000 SR compression [+:3 150 & 250 kHz Himm

Although the results from the study by Allsop et al. (Allsop, 1988) appear reasonable, no evidence was
presented 1o validate their ¢laim that fracture occurred at the onset of the AE signal  Because all tests
were conducted 1o failure, it is impossible 10 know whether the source of the AE was bone fracture or
background noise. Because the sensors were mounted (o waveguides, it is possible that friction or
vibration of the waveguides due to impact could have generated a signal. Furthermore, Allsop et al. did
not report standard AE parameters, such as signal amplitude or the number or rate of counts. The figures
presented by Allsop et ul. show AE traces that appear to be clipped at 10 V, which would preclude full
knowledge of the signal amplitude and frequency content. Furthermore, a great deal of low-amplitude
AE, and some high-amplitude AE, appears to occur prior to the indicated time of fracture. Without
validation from non-injury tests, it is impossible to know how accurately the AE signal répresented bone
fracture in these tesis.

80, if AE 15 to be used to detect fracture time, it is necessary to isolate the signals resulting from crack
mitintion and propagation from the signals that can occur in the absence of pathological mjury (due
microstructural fatigue damage or vibration). Specifically, the signals from both injury and non-injury
tests must be compared in order to establish a meaningful signal signature that represents pathological
hone eracking. This signature may have a characteristic amplitude threshold and frequency spectrum. As
discussed earlier, the acoustic signal produced by bone vibration is expected be of a much Jower
frequency than AE that is generated by bone cracking. Therefore, the background noise due to vibration
may be eliminated by highpass filtering the signal. In addition, not all AE in bone is indicative of
pathological fracture (Schwalbe., 1999), Microstructural fatigue damage is a normal consequence of
loading in the physiological range, and is thought 16 stimulate bone remodelimg (Kohn, 1995), Sub-
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failure impact loading has also been shown to produce non-pathological microcracks in bone {Banglmaier
et al., 1999). This microstructural damage is assumed to produce only a very faint acoustic emission tha
may be eliminated by thresholding. Using AE in this study of dynamic bone failure may also provide
insight into the fracture mechanics of bone at high strain rates.  Although quasistatic festing provides
interesting results about the microstructure failure properties of bone, dynamic testing 15 more relevant lo
the impacts that cause dynamic bone fructure,

METHODS

Diynumic impact tests were conducted on above-knee cadaver limbs in order to investigate lower leg
injury due to axial loading. A test apparatus was constructed 1o deliver dynamic axial impact loads to the
plantar surface of the foot of 4 cadaver specimen via a compound pendulum (Figure 3). Footplate and
tibia load cells ($-axis) recorded loads and moments during the impact event. Axial loads applied to the
foot were caleulated by inertially compensating for the mass of the footplate. Axial loads in the tibia
were measured directly by the tibia load cell, which was implanted in the mid-shaft of the tibia using via
bone cups and epoxy. Details regarding the methods and results of this lesting are reported elsewhere
{Funk et al., 2000),

Footplate lead cell

Ti Ter piston
rans ai pisto Tibia load call Knee load call

. oooollfloccooco B E

Femur load boll

! | o s

Figure 3. Test apparatus and instrumentation. A pendulum (not shown) strikes the transfer piston,
causing longitudinal footplate intrusion and axial compression of the leg specimen.

Acoustic sensors, mounted directly 1o specimens using a technique described in Duma et al. {(Duma,
1997), were used to determine the time of fracture initiation. Two different kinds of acoustic sensors
were used: the pico sensor (Pico, Physical Acoustics, Princeton Junction, NJ) and the nano sensor (Nano
30, Physical Acoustics, Princeton Junction, NJ). The pico sensar was small (5 mm diameter x 4 mm
height) and had an operating range of 200-750 kHz with a center frequency near 250 kHz. The nano
sensor was slightly larger (8 mm diameter x 8 mm height), with an eperating range from 125-750 kHz
und @ center frequency of approximately 140 kHz. The scoustic sensors were mounted in various
combinations to the distal anterior tibia, medial calcaneus, and/or proximal tibia, Sensors were powered
with a 28 V regulated power supply. The signal from each sensor was amplified 60 dB and lowpass
filtered with a cutoff frequency of 400 kHz (1220-A, Physical Acoustics, Princeton, NJ) (Figure 4).
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Figure 4. Schemalic diagram of acoustic emission (AE) monitoring system.

Acoustic sensor data were sampled at 3 MHz using a digital storage oscilloscope.  Pre-amplifiers applied
a lowpass hardware filter with a cutoff frequency of 400 kHz 10 the signal and amplified the signal 60 dB.
In the first tests with acoustic sensors, the power supply was not regulated, and noisy data were obtained.
In later tests, & regulated power supply was used. After acquisition, the acoustic data were bandpass
filtered from 50 kHz — 150 kHz.

The onset of the acoustic hurst was defined as the first time the vpltage rose above a given threshold,
which was chosen o be 2 V, based on experimental results. An AE count was defined as o local peak in
the signal hoving an amplitude sbove the threshold voltage, An AE ¢vent was defined as a series of local
peak amplitudes, all having an amplitude above the threshold volinge, For each signal, the onset time,
peak amplitude, total duration, number of events, number of counts, count rate, cumulstive amplitude, and
cumulative energy were recorded.  Details regarding the meaning and importance of cach of these
parameters are provided in the next section.

Acoustic Emission Data

Data were successfully collected from acoustic sensors in 18 Jower extremity axial impact tests, In fact,
the acoustic sensors proved 1o be substntially more sensitive than strain gauges in detecting frocture, In
tests with ingury, all scoustic sensors moumed to the specimen recorded a sudden high-amplitude burst
with peak amplitude ranging from 82V - 162V (133 & 2.0 V), regardless of the sensor location. In the
two tests with no injury, low-level continuous AE (< 2 V) was generated. A threshold level of 2 V was
chosen based on these results In tests with injury, the 1al duration of AE averiged 5.2 + 3.9 ms. The
neoustic signal was wsually comprised of only a small number of events (14 = 7), but a large number of
counts {310 = 210). The counts began suddenly, and accumulated at a fairly constant rate until fracture
wius complete (Figure 5) In contrast, the two tests without injury had 4 counts and zero counts,
respectively (Table 2).
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Figure 5. Cumulative AE counls in a representative lest (BL),

The AE parameters were not strongly affected by the location or type of sensor. The location of each type
of sensor was varied for different test series. When the nano and pico sensors were mounted next {o each
other on the distal anterior tibia, the pico sensor usually produced o higher amplitude peak signal and
mere counts.  This may be atributed to the lower center frequency of the nano sensor. However, the
reverse was typically true when the nano sensor was placed on the distal anterior tibia and the pico sensor
was mounted to the medial calconeus or proximal tibm. In these configurations. the nano sensor usually
recorded a higher amplitude peak voltage and more counts, regardless of where fracture occurred.

In an attempt to quantify the AE characieristics of bone fracture, represeniative cumulntive event
amplitude distributions (CEAD) were plotted (Figure 6). In most tests, there were very few AE cvents,
and the CEAD s did not show a linear behavior when plotied on a log-log curve, The convex shape of the
curve suggested that there were a relatively high number of high-amplitude events compared to o curve
with & linear CEAD. Because there were 4 large number of counts, cumulative count amplitude
distributions were also plotted, but these showed the same trend as the CEAD s (Figure T),
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Table 2. Summary of AE Parameters. (Unless noted, all specimens were Injured. If injury occurred in
the immediate vicinity of the sensor localion, the Jocation is appended with an asterisk ( )).

Evonts Counts Peak  Duration Count rate

Test Sensor Location L] " v {ms) {ifimim) Comments
&8 wCo dizial tit 10 81 123 1.6 &0 noisy raw dats
BC pico distal ib* [i] 240 14.0 3z bl nalsy raw data
8D pic distal tib 16 342 14.8 51 ar Noigy raw daia
BE pica distal tib T 112 14.0 18 58 nedsy raw data
&F piga distal ib" a ar 13.0 1.8 55 nodsy raw data
B8H pico distal tiby 2 4 i 0.0 121 o injury
Bl plea distal fib 1] ¢] ar a0 0 o Inpury
8L nena dental tib 10 400 14.8 53 78
pico distal tib 13 185 145 a7 52
BN nana destal 1ib g 51 a2 1.0 53
pico distal fib 12 150 13 18 w
60  nano distal fib ] 163 108 25 85
pico distal fib 13 5 121 ar 86
TA nang distal i 13 B5a 1655 B8 63 detached dunng test
peco med calc* 15 270 128 41 66 detached durning test
T8 feEng distal fi 24 553 161 10.3 54 detached during test
i mmed cak® 21 440 126 8.2 0 detachied during test
7c nano distal tib 22 202 14.3 a7 43
pico med cale 17 158 131 22 75
o] nano dimtal tib* 17 BT4 18.2 138 L] aetached during lest
pico mied calc 26 354 135 6.2 58
BA plea prox Hb 7 3m 10.0 5T 53
BB nana dietal tib 30 T4 4.7 1413 &0
plen pros b 21 838 141 2.3 aa
ac nana distal tib 15 120 137 28 43 detached durning lest
pico prox i 16 M3 104 20 55
B0 nano dintal tib* 2 101 148 1.4 Ta detached during test
plco prox tik® 15 Gag 154 119 58
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Figure 7. Representative cumulative count amplitude distributions.

The pico sensor consistently exhibited a greater count rate compared to the nano sensor (Table 2). This
probably reflects the higher center frequency of the pico sensor compared with the nano sensor. Fourier
transforms were applied to signals from injury tests. Local maxima in the frequency response occurred
around 80 kHz and 300 kHz (Figure 8). The former peak likely represents a characteristic frequency of
AE from fracture for this system, the latter peak likely represents the ¢ffect of an interaction between the
lowpass hardware filter at 400 kHz and the sensor trace.

The key parameter in this study, however, was the timing of the onset of the AE burst.  This parameter
depended strongly on the fracture location. The onset time of AE was therefore defined as the first
instance of an AE signal greater than 2 V. When the calcaneus was [ractured, the acoustic burst initinted
near the time of peak footplate force (Figure 9). When tibia pilon fracture was the only injury 10 the
foot/ankle complex, the onset of the acoustic burst occurred near the time of peak tibia force (Figure 10,
In tesis. with no injury, low-level continuous AE was generated during the time period of high axial
loading (Figure 1),
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Figure B, Representative power spectrum of the AE signal from an injury test {TD). Local paks are
circled at 80 kHz and 280 kHz.
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Figure 9. Represenialive axial load time histories and acoustic 8mission ina specimen sustaining a
calcaneus fracture (BL)
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Figure 11. Representative axial load time histories and acoustic emission in a specimen sustaining no
Injury (61). (The acoustic signal is plotted using the same scale (not shown) as in Figure' 9

and Figure 10.)

The onset of AE did not always coincide with the peak axial load (Table 3). Notable exceptions occurred
in specimens from individuals with below average bone density. In these osteoporotic individuals, the
AE initiated much earlier in the event, In addition, one specimen sustained a lateral malleolar fracture
and a pilon fracture (TD), Two distinct bursts of AE were visible. The initial AE was penerated well
before the time of peak footplate force, but the second high-amplitude AE burst initiated at precisely the
time of peak tibia force (Table 3), In a few tests (6F, 60), the onset of AE occurred slightly after the time
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of peak force. In the remaining tests, the onset of AE oceurred slightly before the time of peak axial
force, or else at a time corresponding 1o a load level that was approximately 90% of peak force or greater.
In most cases, the nano sensor and the pico sensor recorded remarkably similar signals. In some tests
(78, TD, 8B, 8D), the nano sensor reported the onset of AE nearer the time of peak force than did the pico
ENsor,

Table 3. Onset ol AE Compared o (he Nearesl Measurement of Peak Axlal Force,

Test Injury Poak F, - AE onsot (ms) F,at onsol | Peak F, (%) Comments
Pica Hano Pico Hano
B Artdlaciual fx 0.08 HE 5%
BC Pilan 020 T1.6%
BO Calcaneus 0.24a BS T
gE Calesnsus 074 o1 4%
BF Pian 024 B80.5%
Bl Calcaneus 0.0t -0.03 ar.am, o0 A%
BN Calcaneus 068 056 B8 0%, B9 2%
80 Calocanaun 044 <[ 45 T4.3% T4, 1%
TA Calcansus 113 1.08 57.3% G1.4% osteaporolic
78 Calcaneus 0.86 052 48 1% 64 9% osteoporoiic
7D Malleolis -0.80 0,44 B0 0% T5.6%
D Pilan ooe .12 100.0% 99.2%
BA Calcannus Q.26 881 oEteoporotin
a8 Caicanais 1.43 047 44.0% BO.5% ostooporobic
BD Filoa 084 010 85,3% 98 5%
DISCUSSION

AE provides useful information about the fracture mechanics of bone, In this study, the microstructural
sources of AE were not independently investigated with alternate crack-sensing modalities, Nevertheless,
it is possible to theorize relationships between microstructural events and observed AE based on results
from this study and previous studies. Like many previous studies, two types of AL were observed in this
study, low-amplitude continuous AE and high-amplitude burst AE.  The distinction between the two
types of AE was clear, [n non-injury tests, the amplitude of the AE did not exceeded 2 V, whereas in
injury tests, the peak amplitude ranged from 82V — 162 V. Therefare, a threshold level of 2 V was
chosen to exclude the low amplitude continuous AE from analvsis,

The low amplitude AE was attributed to non-damaging sources within the bone, This tvpe of AE was
generated in non-injury tests and in some injury tests immediately prior 1o frocture.  Non-damaging
sources of AE that have been suggested in the literature are Muid displacement through trabecular caniculi
(Wells and Rawlings, 1985) and elustic microstraining (Kohn, 1995), These sources may apply to this
study, although there is no evidence to support this claim. In addition, the insertion of the tibia load cell
created artificial defects in the bone, which have been shown to be sources of AE at sub-failure load
levels (Thomas, 1977), Fuorthermore, the interfoce between bone and an epoxy cement 15 a documented
source of AE (Sugivama, 1989). AE may therefore have emanated from the epoxy-bone interface at the
tibia foad cell in this study,

It is also likely that low amplitude continuous AE is associated with a small amount of microscopic

damage. In their dynamic impact study of the tibio-femoral joint, Banglmaier et al. (Bannglmaier, 1999)
reported occult microfractures at the interface between the cartilage and the subchondral bone in

17



Infury Seichee Research

uninjured specimens, It is reasonable to assume that similar damage occurred in the uninjured specimens
in this study, However, this damage cannot be reparded as pathological, at least in the short term, becanse
in hoth studies, there was no evidence of injury either in post-test x-rays or from detailed dissections. The
concepl of non-pathological microcracking is well established. Microcracks have been documented at
physiolagical levels of Toading in the bone and have long been thought to stimulale bone remodeling
(Kohn, 1995), This type of damage sssociated with continuous AE has been linked to the failure of
collagen fibers in quasistatic bone tests ( Wright, 1981 Zioupus, 19494).

On the other hand, high amplitude burst AE was clearly associated with pathological fracture in this
study.  Previous quasistatic studies have attributed burst AE to failure of the hydroxyapatite crystals
(Wright, 1981; Wells and Rawlings, 1985; Zioupos, 1994}, However, the nature of the AE was different
in this study, due to the very fast strain rate. which was several orders of magnitude higher than most of
the quasistatic AE studies of bone as shown in Table 1. In quasistatic studies, each AE event was
ussumed to have orginated from a single source (Fischer, 1986). Thomas and Evans (Thomas, 1988)
reporied that the failure of an individual trabeculae produced a single 46 dB acoustic event that Justed 2.8
ms and consisted of 250 counts, In this study, AE was generated by dynamic failure, which is
characterized by the simulianeous initiation and propagation of 8 host of microcracks. Hundreds of
trabeculae failed during an average duration of 52 ms of AE, The comminuted appearance of fractures
indicates that failure did not occur via the propagation of a single crack, but rather occurred due to
multiple cracks initisting and propagating simultancously. AE from numerous sources was therefore
combined and superimposed, but hod the appearance of a single event,

The AE data in this study was processed using traditional methods so that the AE parameters could be
compared to other studies. The sensitivity of acoustic wave measurement in this study compares
favorably with results achieved by other investigators. Interestmgly, minimal attenuation of the acoustic
wave was observed in this study, even when it traveled distances of up to 20 cm through multiple joint
interfaces. This result differs from early studies, which described problematic levels of attenuation in the
AE signal within a single bone (Netz, 1980; lonsson and Eriksson, [984). However, later studies
reported only mild attenuation of AE in bone, as was found here (Thomas and Evans, 1988).

Peak amplitudes in this study were in the range of 10 V - 15 V. The few studies that have reported their
raw data have generally reported peak amplitudes m the range of 2 ¥V — 5 ¥ (Allsop, 1988, Schwalbe,
1999). Of course, the peak voltaze is an arbitrary number that depends as much on the amplification of
the signal and the position of the sensor as it does on the signal itself.  For that reason, researchers
typically report peak amplitude relative to the lowest detectable signal that can be distinguished from the
hackground noise. Previous studies have reported peak amplitudes anywhere in the range of 40 — 90 dB.
In this study, the peak amplitudes were only around 40 dB. This comparatively low amplitude was not
due 1o a lack of transducer sensitivity; instead, it was a result of imitations in the data acquisition in the
digital storage scope. Because data was recorded with only 8-bit resolution, the smallest detectable
amplitude of AE was 0,15625 V. However, there was no noise at this level, so it seems likely that with
better resolution, the transducer would be able to detect AE at a considerably lower amplifude. For
example, if the transducer were able to detect AE as low as 10 pV, as was the case in the sudy by
Zioupus (Zioupos, 1994), then the peak amplitude in this study would have been 120 dB.

Previous studies on bone have generally reported a very high total number of AE events, on the order of
hundreds {Wells and Rawlings, 1985; Zioupus, 1994; Schwalbe, 1999 ar thousands (Thomas and Evans,
|U8S: Fischer, 1986). In this study, most tests pencrated only 10-20 separate AE events as shown in
Table 2. This is not necessarily because less AE activity occurred in these tests, On the contrary, AE
signals were of a particularly high amplitude in this study, The reason fewer AE events were recorded in
these tests has to do with the way an AE “event” is defined and interpreted.  In quusistatic studies,
separate AE events are defined by a 100 s “dead time”™ and assumed to originate from a single source us
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shown in Figure | (Zioupus, 1994; Fischer, 1986). In this study. AE from multiple sources was
superimposed on the signal to guickly to be separated by a 100 pis dead time. Essentially, all of the AE
events that would have been recorded separately in a quasistatic test were récorded simultaneously in this
study. The imerpretation of what constitutes an AE event must therefore be modified in the context of
high-rate testing. For example, the AE evenis in this study did not have the characteristic appearance of a
damped sinusoid (Wells and Rawlings, 1985; Zioupus, 1994; Kohn, 1995), Rather, the envelope of the
sinusoidal signal showed no particular pattern which is consistent with the idea that a single AE event in
this study was actually the superposition of many damped sinusoids generated by multiple sources.

Because the nature of the AE events in this study was fundamentally different from quasistatic tests, it is
not surprising that the cumulative event amplitude distributions (CEAD) in this study were not linear.
The non-linear amplitude distribution obtamed in this study is skewed towards high amplitude events
(Figure 6). This is consistent with the notion that individusl low amplitude events could not be
distinguished from high amplitude events beeanse they occurred simultaneously, In guasisiatic tests of
stundard metals, the AE event amplitude distribution has been reported to be log-linear (Kaohn, |993),
Previous quasistatic studies on bone have produced mixed results with regard 10 the CEAD. Fischer et ul.
(Fischer, 1980) reported that the AE in the post-vield region of the stress-strain curve for bone had o
lincar amplitude distribution. However, Wells and Rawlings (Wells, 1985) did not find o lincar amplitude
distribution for the post-yield AE in their study.

Other AE parameters also differ between this study and previous research that otilized quasisiatic loading.
Muny studies have reported that the accumulation of AE coums follows something of an exponential time
course, with AE initiating at vield and progressively increasing ot preater and grester rates until fracture
occurs (Wright, 1981; Wells and Rawlings, 1985; Schwalbe, 1999), However, in this study, the AE count
dceumulation followed an initially linear time course, and then leveled off (Figure 5). The reason for this
discrepancy is that a different type of AE is being characterized in this study. These studies characterized
sub-failure AE, which was entirely eliminated by the voltage threshold in this studv.  Because so few
investigators provide detnils regarding their AE data processing procedures, it is difficult to compare
thresholding techniques between studies. Based on available mformation, the threshold applied to the AE
signal in this study appears to be higher than previous studies (Wells and Rawlings, 1985), All of the AE
in this study occurred after fracture, Other studies have reported that AF count rate increases prior 1o
failure, but then remains Rirly constant after fracture, which reconciles the datn reported here with data
from previous studies (Hasepawa, 1993 Tioupus, 1904},

In general, the first AE count in most tests corresponded very closely o the time of peak axial load
measured nearest the location of fracture. The degree (o which the onset of AE corresponded to the time
of peak foree varied depending on the bone quality of the specimen, the type of acoustic sensor, and the
location of the initial fracture. In specimens with below average bone mineral density, the onset of AE
oceurred much earlier in the axial loading curve compared to specimens with high quality bone {Table 3).
This result is consistent with the findings of previous studies that dumage and AE occur earlier in the
londing curve of osteoporotic specimens compared to normal controls { Leichter. 1990; Hasegnwa, 1993).
Hasegawa et al. attributed the early onset of AE in esteoporotic bone to microscopic damage occurring at
subfailure load levels. They hypothesized that osteoporotic bone was not only poorly mincralized, but
also poerly organized. Damage therefore accumulated gradually: in osteoporotic bone, as opposed 1o
healthy bone, where failure occurred all at once lrom o massive coalescence of microfractures, The AE
results from this study support this hypothesis. In healthy specimens. fracture was characterized by a
sudden, high-amplitude burst of AE al the time of peak force, whereas in osteoporotic individuals, AE
initiated early in the loading event, and Eailure generally occurred at o lower peak force,

The tvpe of acoustic sensor nlso pluyed a4 small role in the iming of the onset of AE. In general, when
used together, the nano sensor and the pico sensor gave very similar traces and predicted nearly identical
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onset times. In tests where the sensors reported different onset times, the pico sensor typically predicted a
slightly earlier onset time. This phenomenon probably has to do with the relationship between the
frequency content of the scoustic signal and the frequency response of the sensors.  Unfortunately, it was
not possible to compare the lrequency content of the AE from an injury and & non-injury test, due to
signal conditioning problems, However, the power spectrum of the nano sensor showed a peak at 80 kHz
(Figure &), Because the center frequency of the pico sensor is higher than that of the nano sensor, this 80
kHz component of the signal is strongly sttenuated by the pico sensor. If 80 kHz s actually o
characteristic frequency of bone fracture, then the nano sensor i$ a more optimal crack sensor than is the
pico sensor.  Regardless of the reason, the onset of AE according to the nane sensor generally
corresponded more closely than the pico sensor to the time of fracture as defined by peak axial load.

The relationship between the onset of AE and the time of peak force also varied depending on the location
of the fracture. In cases of calcaneus fracture, the onset of AE was not always coincident with peak
footplate force, even in healthy specimens. The onset of AE sometimes occurred slightly earlier or later
than the tme of peak footplate force. One possible explanation for this is that the footplate axial load was
calculated, rather than directly measured. Footplate axial load was calculated by inertially compensating
for the mass of the footplate and subtracting off the Achillés tension fo obtain the force applied by the
footplate 1o the battom of the foot. Inertial compensation not only changes the peak load, it ulso changes
the timing of the peak (Figure 12). Because loading was dynamic, a slight phase shift may have been
intraduced in the Achilles tension measurement due to the uncompensated nertin of the hardware
between the footplate and the load cell used to measure Achilles tension. Though small, this emror could
have altered the timing of the peak calealated footplate force. This might explain the anomalous results in
test 60), where both the nano sensor and the pico sensor recorded a sudden onset of burst AE
approximately (1.5 ms after the time of peak footplate force.

25000
06ms —s  a— —Raw
time shift
20000 — Inertially
Compensated

Force (N

Time (ms}

Figure 12. lllustration of the effect of inertial compensation on the time history of the foolplate load (B0,

In cases where tibia pilon fracture was the initial injury, the onset of AE corresponded particularly closely
to the time of peak tibia force. In both cases where the nano sensor was used and pilon fracture oceurred,
the onset of AE otcurred ot 99% of the peak axial tibia force (Table 3). These results suggest that tibia
pilon fracture is very strongly associated with the local peak axial load. The results from this study imply
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that calcaneus fracture is also strongly associated with the local peak axial load measured at the footplate.
However, this relationship may not hold rue for other types of fractures, such as malleolar fractures. [n
test 703, the specimen sustained o lateral malleolur fricture nnd a tibia pilon fmeture. Two distinet bursts
of AE were observed, one occwrming 0.44 ms before the peak footplate load, and one occurring 0,1 ms
before the peak tibia lond. The onset of the first burst of AE oceurred at only 60% of the peak footplate
force, whereas the onset of the second AE burst oceurred at 99% of the peak tilvia force (Table 3), Based
on its anatomical location, fracture of the lateral malleolus would be expected o oceur near the time of
peak footplate force, much like a calcancus fracture. The lateral malleolus actually makes contact with
the middle of the caleaneus bone when the foot is everted, However, fracture of the lateral malleolus may
not disrupt the load path of the bone encugh to prevent further buildup of axial force.

One limitation of the acoustic sensors was that they were too sensitive in certain respects, AE generated
b any location in the entire below-knee complex was recorded by all acoustic sensors mounted anywhere
on the specimen, Because the duration of AE activity was often in excess of 10 ms, it was often
imposaible 1o distinguish separate bursts associated with different fractures in specimens that sustained
multiple injuries. In most tests with seoustic sensors, only the onset time of the initial AE burst could be
pocurately determined. This trend notwithstanding, it was possible (o distinguish two separate acoustio
hursts associated with two separate fractures in one of the tests (7).

CONCLUSIONS

A new and sensitive technigue using acoustic emission (AE) 10 detect fracture lime was invesligated in
this study. A threshold value of AE amplitude was empirically derived that successfully distinguished
between fracture and non-pathological damage. AE produced at fraciure was attributed 1o microstructural
failure of both the collagen and the mineral components of the bone tissue, with the majority of the signal
amplitude caused by fracture of the hydroxyapatite erystals whin the bone. Low-level AE was seen in
tests without pathological injury and may have been evidence of microcracking or frictional processes.
Excepling osteoporotic specimens, fracture of the calcaneus or tibia pilon was invariably associated with
a high amplitude burst of AE that initinted very near the time of peak axial force. Calcaneus fracture
occurred at the time of peak foolplate force, and tia pilon fracture occurred at the time of peak tibia
force. This result conforms with expectations, because the lower exmremity is shaped like a slender rod,
and is not expected to be able to bear additional load afier fracture,
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