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Abstract 

The National Spinal Cord Injury Statistical Center estimates there are 12,500 new 

cases of spinal cord injury (SCI) in the United States every year (www.nscisc.uab.edu, 

2014) and vehicular crashes are the leading cause. Spinal injuries can have extensive 

long term consequences leading to widespread social and economic costs as well as the 

human cost of living with chronic, sometimes debilitating, pain (Côté et al. 1998, Côté et 

al. 2001, Daffner et al. 2003, Harrop et al. 2001, Sekhon et al. 2001). Within the military 

population, spinal injuries are a common result of repeated loading from high-speed 

planing watercraft (Bass et al. 2005, Gollwitzer et al. 1995, Schmidt et al. 2012), high 

performance aircraft (Coakwell et al. 2004, de Oliviera et al. 2005), and underbody blast 

exposure (Vasquez et al. 2011, Wilson 2006). Therefore, there is interest within the 

automotive, military, and clinical communities to understand the biomechanics the 

failure mechanics of the osteoligamentous structures in the spine. 

Acoustic emissions have been shown to be produced during micro-cracking of 

cortical bone (Kohn 1995). However, there has been minimal work utilizing acoustic 

emission to detect cortical and trabecular bone damage. The research in this dissertation 

developed experimental and analytic methods of sensitively assessing when failure 

(both micro-cracks and more extensive failures) occurs in the cervical spine using 

acoustic emissions.  
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The acoustic emissions from cortical and trabecular bone failure were 

characterized using a Welch power spectrum density estimate and continuous wavelet 

transform. The power spectrum density results showed both cortical bone and 

trabecular bone failure produced wideband acoustic emission signals with spectral 

peaks between from 20 kHz to 1380 kHz and 24 kHz to 1382 kHz respectively. The 

continuous wavelet transform showed the spectral content begins with high frequency 

content followed quickly by low frequency content, but the low frequency lasts for a 

longer time causing it to dominate the response in the Welch power spectrum density. 

The first frequency component in the continuous wavelet transform was used to 

characterize the signals and was found to form three distinct bands in the cortical bone 

tests (166 ± 52.6 kHz, 379 ± 37.2 kHz, and 668 ± 63.4 kHz) and one band in the trabecular 

bone tests (185 ± 37.9 kHz). Therefore, observing spectral content within these bands 

suggests failure of the respective bone. 

This dissertation also uses continuous wavelet transform to identify failure in 

whole cervical spine compression tests. Whole cervical spines placed in a pre-flexed and 

pre-extended posture were compressed to induce failure while being monitored for 

acoustic emissions. Cortical bone failure was identified in the acoustic emissions when 

local maxima in the continuous wavelet transform fell within the spectral bands 

associated with cortical bone failure previously identified. The timing of these failures 

was matched to the force-displacement response to identify the initiation of failure and 
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the major failure. Cortical bone failure was detected at 70-90% of the failure load 

suggesting that the failure occurs as an evolution from micro-cracks to the eventual 

major failure. Locating these micro-cracks before the major failure forms may be useful 

in the prediction of the location of failure. 

 This dissertation also presents a technique to calculate the AE source location for 

AEs generated from fracture. The primary obstacle for AE source localization in the 

spine is that the speed of sound is different in cortical bone (Prevrhal et al. 2001), 

trabecular bone (Cardoso et al. 2003), intervertebral disc (Pluijm et al. 2004), ligaments 

(Kijima et al. 2009), and also differs based on its direction of travel in cortical bone (Kann 

et al. 1993) and likely in the other materials. Any algorithm must account for these 

differences to obtain any useful level of accuracy. The algorithm presented in this 

dissertation is based on  hyperbolic source location algorithms (De Ronde et al. 2007, 

O'Toole et al. 2012, Salinas et al. 2010) except that it iterates on the speed of sound over a 

specified range, and convergence is defined as when the solution change is minimized. 

This procedure calculated the AE source location with a mean error of 5.7 mm and a 

standard deviation of 3.8 mm. 

The contributions and conclusions of this dissertation provide methodology and 

results to evaluate the failure mechanics in the spine. Although these procedures were 

developed for use in the spine, they are of great value to the biomechanics community 

because they are applicable to every body region. The recommendations presented will 
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serve to better understand the failure mechanics of the human body and will likely lead 

to better defined and safer standards for protective equipment. It also provides data for 

the generation of finite element models that require failure criteria. 
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1. Introduction  

1.1 Statement of the Problem 

Spinal injuries can have extensive long term consequences leading to widespread 

social and economic costs as well as the human cost of living with chronic, sometimes 

debilitating, pain (Côté et al. 1998, Côté et al. 2001, Daffner et al. 2003, Harrop et al. 2001, 

Sekhon et al. 2001). The National Spinal Cord Injury Statistical Center estimates there are 

12,500 new cases of spinal cord injury (SCI) in the United States every year 

(www.nscisc.uab.edu, 2014) and vehicular crashes are the leading cause (Figure 1). 

Within the military population, spinal injuries are a common result of repeated loading 

from high-speed planing watercraft (Bass et al. 2005, Gollwitzer et al. 1995, Schmidt et al. 

2012), high performance aircraft (Coakwell et al. 2004, de Oliviera et al. 2005), and 

underbody blast exposure (Vasquez et al. 2011, Wilson 2006). Therefore, there is interest 

within the automotive, military, and clinical communities to understand the 

biomechanics and to determine the failure properties of the osteoligamentous structures 

in the spine. 

There are a number of spinal injuries that are not well understood due to the 

difficulty in assessing the biomechanics of these failures, even in vitro. For example, in 

vehicular accidents, cervical spinal ligament injuries occur during frontal (Panjabi et al. 
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2004, Pearson et al. 2005) and rear (Ito et al. 2004) impacts. Facet injuries typically consist 

of tears to the facet capsular ligament, articular cartilage damage, and synovial fold 

displacement (Jónsson et al. 1991, Pearson et al. 2004, Taylor et al. 1993). Whiplash 

associated disorders are estimated to effect greater than 300 people in every 100,000 

(Holm et al. 2008) and result in injuries to the soft tissues in the spine from 

hyperextension (Yoganandan et al. 2002) including injuries to the anterior longitudinal 

ligament (Ivancic et al. 2004). However there is not a consensus on the exact injury 

mechanisms that cause these injuries primarily due to the difficulty in obtaining clinical 

diagnosis of soft tissue injuries (Panjabi et al. , Yoganandan et al. 2002).  

 
Figure 1: Distribution of the causes of spinal cord injury (www.nscisc.uab.edu, 

2014). 
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Many studies have been conducted to investigate the tolerance of the spine to 

axial and bending moments (Bass et al. 2007, Ito et al. 2004, Ivancic et al. 2004, 

Nightingale et al. 2007, Nightingale et al. 1996, Stemper et al. 2011, Van Ee et al. 2000). 

These studies are typically performed in human cadaveric models in which the endpoint 

is drastic injuries that may clinically require extensive surgical intervention (Bass et al. 

2007, Ivancic et al. 2004, Nightingale et al. 2007, Nightingale et al. 1996, Panjabi et al. 

2004, Pearson et al. 2005, Stemper et al. 2011). As a result, many minor injuries, including 

trabeculae failures, cortical shell disruptions, and ligament fascicle separation/failure, 

are often overlooked even though these injuries are hypothesized to be precursors to 

major injuries (Bass et al. , Brinckmann et al.). Understanding these injuries will provide 

us with a great deal of information on the forces that cause low level injuries and may 

precede larger scale injures. 

Acoustic emissions are commonly used to identify material failure in many 

materials and structures including concrete (Berthelot et al. 1987, Carpinteri et al. 2006, 

Golaski et al. 2002, Grosse et al. 1997), bridges (Golaski et al. 2002, Nair et al. 2010, Yu et 

al. 2011), metal (Berkovits et al. 1995, Johnson et al. 2012, Kohn 1995, Kohn et al. 1992), 

and bone cement (Roques et al. 2004). The technique is becoming more frequently used 

in biological tissue testing (Aggelis et al. 2011, Cormier et al. 2011, Funk et al. 2000, Funk 

et al. 2002, Kent et al. 2008, Paschos et al. 2012, Shridharani et al. 2014, Van Toen et al. 
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2012) to detect material failure and pinpoint the time of failure and they are highly 

desirable due to their ability to detect the initiation of failure (Kohn 1995).  

The primary difficulty in interrogating acoustic emission signals is in 

determining if failure truly occurred. A sufficient characterization of the acoustic 

emissions related to bone failure has not been established. Without a sufficient 

characterization, it is difficult to justify that an acoustic emission is in fact a result of 

material failure and not due to other external factors such as test apparatus vibration, 

failure or slipping in the fixation materials, non-stationary electrical noise, or any other 

unanticipated events. 

Additionally, it is highly desirable to be able to immediately determine where a 

failure occurred without having to rely on imaging or invasive necropsy/surgical 

techniques. Having this information can provide insight into which structures are more 

prone to failure especially in situations where multiple failures occur and can even 

provide information on the stability of surgical implants.  Many source localization 

algorithms for acoustic emissions have been developed, but these algorithms must be 

adapted to the multiple materials and complex geometries that exist in biological 

specimens. 

This current uncertainty in how to analyze and interpret acoustic emissions 

generated in biological materials leads to some major questions when interpreting 
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acoustic emission signals. Do these acoustic emission signals truly indicate failure or do 

they show a different phenomenon? How can I unambiguously determine at what point 

in time failure occurred? Is there a way I can tell where the failure occurred? This 

dissertation aims to answer some of these questions. 

1.2 Clinical Relevance 

As previously discussed, spinal injuries and pain can have extensive long term 

consequences to a substantial portion of the population. It is estimated that up to 85% of 

adults experience lower back pain at least once during their life (Andersson 1999, Deyo 

et al. 2001, Friedly et al. 2010, Manchikanti et al. 2009) with annual prevalence ranging 

from 15% to 45% and point provenances averaging 30% (Andersson 1997) with 23% of 

patients reporting Grade II to grade IV low back pain and 15% reporting neck pain 

(Manchikanti et al. 2009). Additionally, chronic pain, defined as pain that lasts for longer 

than six months after injury, has associated psychological and physical comorbidities 

including lack of fitness, depression, obesity, smoking, drug dependence, heart disease, 

diabetes, thyroid disease, etc. (Manchikanti et al. 2009). 

1.3 Specific Aims 

This dissertation focuses on further developing the techniques by which acoustic 

emissions are used to detect injury in the spine. The work aims to alleviate some of the 

uncertainty in using acoustic emissions to detect injury as well as provide new 
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techniques to equip researchers and clinicians with additional information about the 

injury. This research will be accomplished using experimental and analytical techniques. 

To improve our understanding of acoustic emissions in biological tissues, the specific 

aims of this dissertation include: 

1. Characterize the response of acoustic emissions generated from cortical and 

trabecular bone failure using appropriate frequency response analysis 

techniques 

2. Determine when bone failure occurs in in the spine subjected to dynamic 

high-rate loading where the acoustic signals may not necessarily represent 

material failure 

3. Develop a methodology to calculate the acoustic emission source location 

using an array of transducers and microCT images to validate the accuracy of 

the algorithm. 

The major contributions of this work will be to determine a characterization for acoustic 

emissions generated by cortical and trabecular bone failure. Currently, the techniques 

used to analyze acoustic emissions assume that every acoustic emission is representative 

of material failure. Additionally, this dissertation will provide a technique to identify the 

time(s) at which bony failure occurs in dynamic tests where the acoustic emissions tend 

to be qualitatively chaotic and non-stationary. Lastly, an array of sensors can be used to 
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calculate where an acoustic emission from where an acoustic emission originated. The 

typical analysis techniques are inappropriate in biological materials due to the 

complication of various speeds of sound in the structure. 

2. Literature Review 

2.1 Injury Detection Techniques 

Many techniques have been utilized to assess injury in cadaveric biomechanics 

(Aggelis et al. 2011, Bass et al. 2007, Cormier et al. 2011, Funk et al. 2000, Funk et al. 2002, 

Ito et al. 2004, Ivancic et al. 2004, Kent et al. 2008, Nightingale et al. 2007, Nightingale et 

al. 1996, Panjabi et al. 2004, Paschos et al. 2012, Pearson et al. 2005, Van Ee et al. 2000, 

Van Toen et al. 2012).  One technique measures the force and displacement of the 

specimen under a specified loading scheme. Failure is often defined as a drop in load 

with increasing displacement, an instantaneous change in slope or as the maximum load 

applied to the specimen (Figure 2). A decrease in the force and the maximum load are 

typically associated with gross material failures such as burst fractures, wedge fractures, 

odontoid fractures, and total ligament transection (Bass et al. 2007, Nightingale et al. 

2007, Nightingale et al. 1996, Van Ee et al. 2000, Yoganandan et al. 2000). 
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Figure 2: Example of failure defined as an instantaneous change in slope, a 

drop load with increasing displacement, and the peak force. 

Other studies used changes in the material response between subsequent tests of 

the same specimen to assess material failure (e.g. Bass et al. 2007). For example, if the 

peak force or linear stiffness decreased compared to previous tests, the material was 

considered to have failed in the previous test (Figure 3). This failure identification 

process is more sensitive to minor failures that cannot be detected solely with peaks or 

inflection points in the stress-strain or force-displacement curve. 

When material failure occurs, some of the strain energy is converted to acoustic 

waves. Acoustic transducers can detect these acoustic waves and have been shown to be 

sensitive to crack formations (Kohn 1995). These sensors may be able to detect injuries 

that cannot be detected on the force-deflection curve either because the injury is too 

small to cause a drop in load or because the specimen undergoes a complicated 
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evolution of its stress state (i.e. buckling) complicating the failure force selection. They 

have also been used to characterize failure mechanisms in glass-reinforced polymers 

(Barre et al. 1994, Raghavendra et al. 1989), the anterior cruciate ligament (Aggelis et al. 

2011, Azangwe et al. 2000), carbon fiber in a polymer matrix (Giordano et al. 1998), fiber 

reinforce concrete (Aggelis et al. 2011)and many other materials.   Additionally, acoustic 

sensors can monitor the health of the specimen in real time without having halt testing 

to examine the structural integrity. This real time assessment is very valuable in the 

health monitoring of industrial systems and is beginning to be used to investigate 

surgical implant stability (Browne et al. 2005, Kohn et al. 1992, Sugiyama et al. 1989). 

 
Figure 3: The material response in subsequent tests of a ligament specimen 

tested to increasing strain levels. In this example, the 100% test was deemed the 
failure test because the stiffness decreased compared to the previous test (Bass et al. 

2007). 

Failure Test
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Imaging is a very valuable tool for the detection and classification of injuries. 

Injuries in cadaveric testing are often verified using x-ray computed tomography (CT) 

by comparing the 2-D axial slices before and after a testing protocol. The finest 

resolution achievable by clinical CT scanners is 0.625 mm voxel size, which is adequate 

for capturing overall spinal features (Figure 4a). Trabeculae, however, are approximately 

90-220 μm in thickness (Mosekilde 1988) and visualization of trabeculae benefit from 

microCT images (Figure 4b) which can have resolution as high as 1-3 μm. 

  
Figure 4: (a) Clinical CT image at 0.625 mm resolution and (b) microCT image 

at 56 μm resolution of the same vertebral body showing the relative ability to 
visualize the microstructure. 

 

2.2 Acoustic Emission Theory 

Acoustic emissions (AE) are generally defined as elastic waves generated by the 

sudden release of energy due to an externally applied stimulus, which can be 

mechanical, chemical, thermal, electrical, or magnetic (ASTM 1981, Kohn 1995). Acoustic 

emissions can be produced as a result of internal friction, micro-cracks, and crack 

a b
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propagation (Kohn 1995). Because acoustic emissions are released from crack formation, 

monitoring acoustic emissions is commonly performed to monitor damage in many 

materials and structures including concrete (Berthelot et al. 1987, Carpinteri et al. 2006, 

Golaski et al. 2002, Grosse et al. 1997), metal (Berkovits et al. 1995, Johnson et al. 2012, 

Kohn 1995, Kohn et al. 1992), bone cement (Roques et al. 2004), and biological tissues 

(Aggelis et al. 2011, Cormier et al. 2011, Funk et al. 2000, Funk et al. 2002, Kent et al. 

2008, Paschos et al. 2012, Van Toen et al. 2012). Acoustic emissions are widely used in 

industrial applications as a nondestructive method of detecting material defects, 

monitoring damage progression, predicting failure, characterizing failure mechanisms, 

and determining structures prone to damage (Kohn 1995). Compared to optical 

techniques, AE can be monitored and analyzed in real time providing quick feedback 

regarding the structural integrity of the specimen. Additionally, failures can be detected 

through the entire thickness of the specimen rather than only on the surface (Kohn et al. 

1992), which is very beneficial for material testing, and the methodology is noninvasive 

and nondestructive making it ideal in testing biological tissues. 
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Figure 5: Acoustic emissions are created by material failure typically due to a 

form of external stimulus (mechanical, electrical, chemical, thermal, etc.). The acoustic 
emission is then transmitted through the material and can be transduced into an 

electrical signal using piezoelectric acoustic sensors. 

AEs can also be generated by processes that do not damage the material. For 

example, continuous-type acoustic emissions are attributed to internal friction processes 

(e.g. shifting grain boundaries in metals) (Kohn 1995), which are often described as low-

amplitude, long rise-time, sinusoidal signals (Kohn 1995). Burst emission is 

characterized by high-amplitude, fast rise time signals with an exponential decay and 

are typically associated with material failure such as bone fracture or fiber breaking in 

boron-epoxy composites (Fischer et al. 1986, Schwalbe et al. 1999). 

The acoustic signal measured by acoustic waves traveling in bounded, non-

infinite materials often show evidence of three separate wave types: compressive, shear, 

and Rayleigh waves (Kohn 1995). The compressive wave consists of particles moving in 
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the same direction as the wave movement, shear waves consist of particles moving 

perpendicular to the wave motion, and Rayleigh waves occur at the material surface and 

consist of particles moving normal to the surface. Acoustic signals measured on the 

surface of a specimen generated either from an external vibratory stimulus or material 

failure often start with small amplitude waves from the compressive and shear 

components and is then dominated by the Rayleigh wave, which has the largest 

amplitude (Scruby 1987). Figure 6 provides an example of these waves for an acoustic 

emission generated by introducing a localized vibratory stimulus to a cervical spine 

vertebral body. 

 
Figure 6: Example of a compressive, shear, and Rayleigh wave for an acoustic 

emission generated by tapping on a cervical spine specimen and detected by a sensor 
mounted to the outside of the vertebral body. 
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Modern acoustic sensors primarily use piezoelectric elements to convert the 

small strain in the material caused by the acoustic wave into an electrical signal that is 

then measured by a data acquisition system (DAS) for analysis. Typical acoustic 

emission analysis in material testing involves calculating the peak amplitude, number of 

counts, and rise time for each AE detected to quantitatively describe the acoustic 

emission response during material failure or to characterize the failure mechanisms 

(Aggelis et al. 2011, Azangwe et al. 2000, Berkovits et al. 1995, Berthelot et al. 1987, 

Carpinteri et al. 2006, Funk et al. 2002, Golaski et al. 2002, Johnson et al. 2012, Kohn 1995, 

Kohn et al. 1992, Paschos et al. 2012, Roques et al. 2004). A threshold voltage is defined 

such that any signal that does not meet the threshold is assumed to be produced by 

mechanisms that are not associated with material failure, such as internal friction, and is 

thereby ignored (Kohn 1995). The number of “counts” is the number of times the AE 

signal crosses the threshold, the peak amplitude is the maximum voltage during the 

signal, the rise time is the time between the first threshold crossing and the peak 

amplitude, and the duration is the time between the first and final threshold crossing 

(Figure 7). These parameters and combinations of these parameters are suggested to 

correspond to specific failure mechanisms in composite structures.  
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Figure 7: Schematic of a single acoustic emission showing the standard 

calculated descriptive parameters including counts, rise time, duration, and 
amplitude. 

Although acoustic emissions are described as burst or continuous type events, 

these categories are extremes in a continuum of varying rise times, durations, and peak 

amplitudes (Fischer et al. 1986). The AEs can be described graphically using the 

Cumulative Event Amplitude Distribution (CEAD) (Fischer et al.). In cases where many 

acoustic emissions occur, the distribution of the AEs can be described using a power law 

relationship: 

𝐹𝐹(𝑉𝑉) = 𝐹𝐹(𝑉𝑉𝑜𝑜) �
𝑉𝑉
𝑉𝑉𝑜𝑜
�
−𝑏𝑏

(1) 

where V is the peak amplitude in the AE event, Vo is the detection threshold, F(V) is the 

number of events whose amplitude exceeds V, and –b is the slope of the CEAD line on a 
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log-log plot. The b-value is characteristic of both the material and the mechanism of 

failure (Pollock 1981). A higher b-value indicates a greater proportion of low-amplitude 

continuous type acoustic emissions whereas lower b-values indicated a greater 

proportion of high-amplitude burst type acoustic emissions (Fischer et al. 1986). 

AE can be thought of as dynamic stress and strain fields moving through a 

material or composite of materials. Therefore, the response of an acoustic emission 

measured by a transducer is dependent on the material that failed, on the failure 

mechanism, and on the materials the acoustic wave passes through before arriving at the 

sensor. Each material has its own specific attenuation coefficient that is typically 

frequency dependent (Thomas et al. 1988).  For example, bone in vertebral bodies have 

an attenuation of approximately 0.3 dB/cm (Thomas et al. 1988). Therefore, the 

amplitude of the measured signal will be affected by this attenuation and by the path the 

sound takes from the site of acoustic emission to the sensor. 

2.3 Acoustic Emission in Bone 

In the late 1980s and the early 1990s, Allsop loaded the human maxilla (Allsop et 

al. 1988) and temporo-parietal region (Allsop et al. 1991) by dropping an impactor at 

these locations to determine the failure strength and the stiffness. In both of these 

studies, the cadaveric head was instrumented with a load cell and acoustic sensors to 

detect injury. The results showed acoustic energy after the loading starts and before the 
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peak force. The initial acoustic energy may suggest incipient injury. This is followed by 

larger acoustic energy starting when the slope of the loading changes. The acoustic 

emissions before the peak force may indicate incipient failure, but only the acoustic 

emissions when the slope changes were used to determine the ultimate strength. The 

analysis in this study used the acoustic emissions primarily as a validation for assessing 

failure using a local change in curvature in the loading curve. 

The foot-ankle complex showed a different acoustic emission response compared 

to other bone injury literature. Specimens loaded in compression typically failed at the 

calcaneus or tibia pilon (Funk et al. 2000, Funk et al. 2002). Calcaneus injuries showed 

AE started at 97% ± 5% of the peak and continued approximately until the force 

returned to zero. Tibia pilon fractures showed small amplitude acoustic emissions 

during the loading and substantial acoustic emission at the peak load. The authors 

concluded that the calcaneus fracture is sudden and is associated with the peak force. In 

general, these findings are in agreement with previous studies showing that cortical 

bone produces fewer acoustic emissions at higher strain rates (Fischer et al. 1986, 

Zioupos et al. 2008). This study calculated the frequency response of the AE, which 

shows dominant frequency components centered at 80 kHz, and is the first known 

reporting of characteristic frequency of the AE from bone failure.  
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Often when using acoustic emission to detect injury, it is difficult to determine 

which acoustic emissions are of interest. Acoustic emissions can arise from many 

sources, some of which are not due to material failure (e.g. internal friction or rubbing 

between faces of a previously generated crack (Kohn 1995)). To differentiate between 

non-injurious and injurious acoustic emissions, many studies set an amplitude threshold 

in which only signals above a certain threshold indicate injury. Cormier et al. suggests 

any acoustic emissions with a signal greater than 9 V is associated with the onset of 

fracture, and they arrived to this criteria by conducting fracture and non-fracture tests 

(Cormier et al. 2011). However, this study shows there are several acoustic events in the 

injurious test that had greater magnitude than those in the non-injurious test, which may 

show evidence of injures not being detected or that amplitude alone may provide an 

accurate assessment of injury. Also, it is important to note that the 9 V threshold is only 

applicable for the sensor, amplification, sensor coupling technique, and experimental 

method used in this study. 

2.4 Acoustic Emission Localization 

Sensitively localizing acoustic emissions from injuries is very valuable in the field 

of injury biomechanics. It can provide information on how injuries are progressing (i.e. 

crack formation and growth), which locations are more susceptible to injury, and assist 

in validating material failure. Optical methods are limited in that they can only visualize 
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fractures that occur at the surface of the material. Acoustic emission localization, 

however, can be performed in vivo and noninvasively regardless of where the material 

failure is located. 

Current assessments of the acoustic emissions are limited in their validation of 

the material failure because, fundamentally, they assume each observed acoustic 

emission is a result of injury. However, perceived acoustic signals can occur due to 

mechanical vibration either in the test apparatus or the specimen, electrical interference 

from other equipment in the laboratory, or friction internal to the specimen, such as 

fretting. Fretting occurs when two faces of a crack rub against each other producing 

acoustic emissions not indicative of new failures. Additionally, in specimens where the 

bone and soft tissue are loaded simultaneously, assumptions on the relative magnitudes 

of acoustic emissions are made to determine if the acoustic emission is due to bone or 

soft tissue failure. By localizing the acoustic emission, the failed tissue can be 

unambiguously determined and assessments of the acoustic emissions from specific 

materials can be justified. 

Acoustic emission localization is commonly performed in metals and concrete 

(Carpinteri et al. 2006, Cole 1985, De Ronde et al. 2007, Fleischmann et al. 1981, Grosse et 

al. 1997, Johnson et al. 2012, Lympertos et al. 2007, Merhi et al. 2007, Tobias 1976, Winder 

2001), but there are very few studies using AE localization in bone or any biological 
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materials. Rajachar et al. did use a general purpose system to locate bone failures 

(Rajachar et al. 1999), however few details regarding the methodology were given. 

O’Toole et al. tested bovine bone and found the source location could be calculated with 

a median error of 1.78 mm using a constant speed of sound assumption and a median 

error of 0.7 mm using a variable speed of sound assumption (O'Toole et al. 2012). This 

technique works very well for bone where the direction specific speed of sound is well 

established and few different materials are present, but this technique is less applicable 

to the spine where the speed of sound is highly variable. 

Many acoustic emission source location techniques exist. The most straight 

forward technique is referred to as the “zone” technique. It works on the principle that 

the acoustic sensor closest to the failure should have the largest acoustic emission signal 

and the earliest time of arrival (Baron et al. 1987, Ge 2003, Hutton et al. 1977). The 

resolution of the source location is based purely on the density of sensors placed on the 

specimen and the ability to split up the zones into subzones. The major downside is that 

a large number of sensors needed to obtain substantial improvements in the source 

location accuracy. 

The tri-axial sensor approach uses sensors with at least three sensing elements 

(Ge 2003). Based on the time of arrival at each of the sensors, the angle from which the 

sound came can be calculated. Then, from the relative arrival times of the compressive 
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(P) and the shear (S) waves, the distance from the sensor can be calculated revealing the 

source location of the sound.  

Hyperbolic localization algorithms are the most common technique used today, 

and they typically depend on the material and geometry being tested.  For example, 

earthquakes generate detectable compressive and shear waves of known velocities with 

compressive waves moving faster than shear waves. These relative velocities can be 

used to determine how far away the earthquake site is from the transducer (Grosse et al. 

1997). In composite structures, the compressive and shear waves are often severely 

attenuated and localization is performed using the Rayleigh wave, which has larger 

amplitude. Regardless of the specific wave being analyzed, the analysis techniques are 

based on the same underlying concepts. These algorithms rely on measuring an acoustic 

emission using multiple transducers placed at known locations. By characterizing the 

speed of sound in the material, the following simple system of equations can be solved 

to calculate the AE source location: 

 𝑐𝑐 (𝑡𝑡2 − 𝑡𝑡1) = �(𝑥𝑥𝑠𝑠 − 𝑥𝑥2)2 + (𝑦𝑦𝑠𝑠 − 𝑦𝑦2)2 + (𝑧𝑧𝑠𝑠 − 𝑧𝑧2)2 − �(𝑥𝑥𝑠𝑠 − 𝑥𝑥1)2 + (𝑦𝑦𝑠𝑠 − 𝑦𝑦1)2 + (𝑧𝑧𝑠𝑠 − 𝑧𝑧1)2   
 𝑐𝑐 (𝑡𝑡3 − 𝑡𝑡1) = �(𝑥𝑥𝑠𝑠 − 𝑥𝑥3)2 + (𝑦𝑦𝑠𝑠 − 𝑦𝑦3)2 + (𝑧𝑧𝑠𝑠 − 𝑧𝑧3)2 − �(𝑥𝑥𝑠𝑠 − 𝑥𝑥1)2 + (𝑦𝑦𝑠𝑠 − 𝑦𝑦1)2 + (𝑧𝑧𝑠𝑠 − 𝑧𝑧1)2  (2) 
 𝑐𝑐 (𝑡𝑡4 − 𝑡𝑡1) = �(𝑥𝑥𝑠𝑠 − 𝑥𝑥4)2 + (𝑦𝑦𝑠𝑠 − 𝑦𝑦4)2 + (𝑧𝑧𝑠𝑠 − 𝑧𝑧4)2 − �(𝑥𝑥𝑠𝑠 − 𝑥𝑥1)2 + (𝑦𝑦𝑠𝑠 − 𝑦𝑦1)2 + (𝑧𝑧𝑠𝑠 − 𝑧𝑧1)2   
 

where c is the wave velocity, tn is the arrival time at sensor n, xn, yn, and zn are the 

coordinates of transducers, and xs, ys, and zs are the coordinates of the acoustic emission 

source. These equations can easily be expanded if additional sensors are available, 
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which generally increases the accuracy of the resulting location estimate (Kohn 1995). 

This procedure assumes each transducer detects the same wave moving at the same 

speed in a straight line. The effect of these assumptions is minimal for homogenous, 

isotropic materials, but it can cause substantial error in the spine where the speed of 

sound is different depending on the location (heterogeneous) and depending on the 

direction of travel (anisotropic). These composite structures may benefit from 

knowledge of the path-dependent speed of sound or models to estimate the effective 

speed of sound. 

 O’Toole et al. developed a technique to account for differences in the speed of 

sound in bone in the longitudinal and transverse direction (O'Toole et al. 2012). The 

technique assumes the average velocity of the acoustic wave is a ratiometric contribution 

of the transverse and longitudinal velocities, and the ratio depends on where the source 

is relative to the transducer. They present an iterative method changing the effective 

speed of sound for each transducer based on the estimated source location and found 

they could calculate the source location with median error of 0.7 mm in rectangular 

bovine bone. Although this technique is very promising, this technique is likely not 

applicable in the spine due to the complications brought forth when the sound crosses 

over an intervertebral disc. 
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3. MicroCT Compatible Loading Apparatus 

3.1 Objective 

The primary difficulty in visualizing tissue in vitro is limiting artifacts caused by 

metal in the test apparatus. Materials with high atomic number (Z) greatly attenuate X-

rays leading to beam hardening (Barrett et al. 2004). Generally, X-rays produced in CT 

scanners are polychromatic with a continuum of low to high energy photons. The low 

energy photons have less ability to penetrate high Z elements and are, therefore, 

preferentially attenuated increasing the average energy of the wave causing the beam 

transmission to deviate from the simple, expected exponential decay (Boas et al. 2012). 

Additionally, if sufficient X-ray energy is not available to penetrate the high Z material, 

the detector will detect little to no photons. This poses a problem for the reconstruction 

algorithm and results in dark and light streaks. 

The beam hardening issue is further influenced by Compton scattering, which 

causes photons to change direction and land in the incorrect detector element (Joseph et 

al. 1982). If the photons land in detector elements that should detect very few photons, 

black streaks form along the lines of greatest attenuation and bright streaks occur in the 

other directions (Figure 8). 
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Figure 8: MicroCT image showing starburst artifact caused by steel screws 

imbedded in a polyurethane casting resin. These artifacts are a result of beam 
hardening and Compton scattering. 

Presented is a test apparatus utilized in the experimental work in Chapter 4 to (1) 

apply compressive loading to bone specimens and (2) to hold specimens during 

MicroCT imaging without causing artifacts. The major benefit of this work is the entire 

apparatus can enter the MicroCT machine without having to unload and remove the 

specimen after each compression test. This will allow the specimen to be held and 

imaged in the loaded position, which should assist in identifying any material failures. 

3.2 Design Constraints 

Displacement: Since the intended loading scheme is uniaxial compression and 

the ultimate goal is to create micro-fractures, the required displacement rage is relatively 

small. Assuming a maximum specimen size of 2 cm x 5 cm (width x length) and a 

maximum strain of 50%, the linear actuator will need to be able to travel at least 2.5 cm. 
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Allowing additional space for handling the specimen and to allow for flexibility in 

future test series, the linear actuator should move at least 20 cm. 

Load: The failure load for micro-fractures in cortical bone is unknown, however 

the ultimate failure for cortical bone is well established. With an ultimate strength of 140 

MPa at quasi static rates (McElhaney 1966), maximum specimen thickness of 0.9 mm 

(Silva et al. 1994) and maximum width of 2 cm, the estimated load at ultimate failure is 

2520 N (567 lbf). Therefore, the apparatus should be able to apply 2520 N at quasi-static 

rates. 

Size: The entire test apparatus including load cells, displacement transducers, 

and any actuators needs to fit inside of the MicroCT machine (Nikon Metrology Inc., 

Model XTH 225 ST, Brighton, MI, 48116). Based on the internal dimensions of and the 

field of view of the MicroCT machine, the maximum dimensions of the apparatus can be 

300 mm x 300 mm x 710 mm.  

Materials: Due to the previously mentioned concerns with artifacts, not metal is 

allowed in the same imaging plane as the specimen. Aluminum is permitted in the field 

of view because it generally does not cause artifacts at clinical scanner X-ray energy 

levels. 
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3.3 Final Design 

An apparatus was designed to apply compressive loading without causing 

artifacts in CT images. It was also designed keeping in mind that future experiments 

may have different requirements (e.g. tension instead of compression). To remain CT 

transparent, the design utilizes polymers (particularly polycarbonate and Nylon) 

wherever possible. The only components that contain any metal are the stepper motor, 

load cell, and linear bearings. The vertical guide rails, loading platforms, and potting 

cups were all constructed of polycarbonate and the bolts holding the potting cups 

together and holding the top potting cup to the top loading platform were constructed 

of Nylon. The nuts holding the stepper motor support platform and the bottom support 

platform to the guide rails were also constructed of Nylon. Neither Nylon or 

polycarbonate will cause CT artifacts at the expected X-ray energy levels (>80 kV). 

Therefore, the region between the potting cups provides a safe imaging window (Figure 

10) assuming no X-ray attenuating hardware is used to fix the specimen to the potting 

cups. 
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Figure 9: 3D CAD rendering of the final design of the test apparatus. All of the 

light grey components are X-ray transparent (either polycarbonate or nylon), and the 
dark grey components contain metal, usually stainless steel. 

 

The non-captive stepper motor (Figure 9, Model 87F43, Ametek, Kent, Ohio 

44240, USA) internally rotates a gear causing the 12” screw (Figure 11) to move 

vertically. Each step in the motor results in 0.0127 mm of vertical displacement. The 

motor can apply tension or compression provided the specimen is securely attached to 

the potting cups. The maximum applied force is a dependent on the velocity of the top 

loading platform. At the slowest displacement rate of 0.64 mm/sec the maximum 

applicable force is 2550 N, and at the fastest displacement rate of 11.4 mm/sec the 

Stepper Motor

Potting Cup

Potting Cup

Load Cell

String Potentiometer

Compression

Guide Rails

Linear Bearing
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maximum applicable force is 175 N. The string potentiometer (Model LX-PA, 

UniMeasure, Corvallis, OR, USA) is capable of measuring up to 15” and covers the 

entire stroke of the top loading platform. 

 

  
Figure 10: Section view of the final 
design of the test apparatus showing 
the specimen location and the safe 
imaging window. No metal or other 
substantially X-ray attenuating 
material should be placed within this 
window. 

Figure 11: Diagram showing the support 
platforms for the specimen and potting 
cups. Compression in applied to the 
specimen by moving the top loading 
platform downwards. The applied force and 
displacement are measured by the load cell 
and string potentiometer respectively. 

 

The stepper motor is controlled using a Rambo v1.3 stepper motor controller 

which provides an interface between the stepper motor drives and a computer using a 

serial interface. This allows for easy programming of the desired stepper motor motion. 
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The stepper motor drives increment the motor in 1/16 microsteps (0.79 μm). The 

resulting force-displacement response can be seen in Figure 12 for a 3 mm command 

displacement at 10 mm/min loading rate. Overall, the controller provides a steady 

velocity (8.68 mm/min) from rest to right before the target displacement. The controller 

begins to slow down at 22 seconds as it reaches the command displacement and then 

slowly drifts to the target. There is also a slight ripple noticeable in the loading portion 

of the force curve due to the incremental movement of the motor. These are negligible 

for the generation of acoustic emissions, but it may be important for studies measuring 

material properties. 

 
Figure 12: Force and displacement time histories during over the first 80 

seconds (left) and 25 seconds (right) for a 3 mm command displacement at 10 mm/min. 
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Additionally, the stepper motor controller was modified to automatically stop 

moving when an acoustic emission was detected. Since the purpose of the subsequent 

work is to determine the acoustic emission response related to cortical bone injury, it is 

very beneficial to be able to stop the loading platform quickly after an acoustic emission 

to limit any further damage to the specimen. A 3 V digital high signal was generated by 

the data acquisition system at the time of the trigger. This was converted to a 5 V signal 

using a logic level converter and connected on the output side of the controller’s limit 

switches so that when an acoustic emission occurs, the controller thinks the 

displacement has reached its limit and quickly stops moving. The stepper motor 

drastically slows down at the time of the acoustic emission (Figure 14) causing the force 

to be begin relaxing. It takes approximately 10 ms for the displacement to completely 

stop resulting in an additional 15 μm displacement. 

 

 
Figure 13: Example MicroCT image generated of a cortical bone specimen 

while in the test apparatus. 
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Figure 14: Force and displacement time histories during a failure test for the 

first 25 seconds (left) and 10 seconds (right). The dotted line shows when the acoustic 
emission occurs, which quickly stops the displacement causing the force to begin 
relaxing. 

 
MicroCT images were generated to ensure the test apparatus does not introduce 

any CT artifacts. Figure 13 shows an example slice from this dataset. The images were 

generated at 18.2 μm voxel resolution and shows no evidence of beam hardening or 

Compton scattering artifacts. 

One potential limitation of this design is that most of the load bearing structures 

are constructed of polycarbonate which has an elastic modulus of 2.6 GPa. As load is 

applied, the apparatus will bear this load and deform causing errors in the measured 

displacement. These errors may be substantial in any studies investigating the 

mechanical properties (modulus, failure properties, viscoelastic response, etc.) of a 
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specimen, however, this does not cause a problem for the experiments in Chapter 4 of 

this dissertation because these experiments are not interested in the force/displacement 

parameters that cause failure but, instead, the acoustic emission response as a result of 

failure. To limit the effects of this compliance, the apparatus stiffness can be measured 

experimentally and used to correct the measured force and displacement (Nightingale et 

al. 2004). 
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4. Acoustic Emissions from Cortical and Trabecular Bone 
Failure 

Acoustic emissions are being used to identify aspects of injury/failure in 

biological specimens. In dynamic failure testing, acoustic emission signals can be 

produced by sources other than injury (e.g. test apparatus vibration, induced electrical 

currents, or other external stimulus). Therefore, it is of great interest to characterize the 

acoustic emission response from cortical and trabecular bone failure independently so 

that characteristics of material failure can be unambiguously assessed in dynamic failure 

testing. This chapter characterizes the acoustic emission signals from cortical and 

trabecular bone failure using both a Welch PSD estimate and a continuous wavelet 

transform (Paul wavelet). 

4.1 Introduction 

Spinal injuries cause large societal expenses due to the potential for long-term 

debilitating pain and substantial morbidity  (Côté et al. 1998, Côté et al. 2001, Daffner et 

al. 2003, Harrop et al. 2001, Sekhon et al. 2001). The gross failure mechanics of the spine 

have been studied extensively, primarily focusing on the static and dynamic loads that 

produce extensive mechanical damage (Bass et al. 2007, Ito et al. 2004, Ivancic et al. 2004, 

Nightingale et al. 2007, Nightingale et al. 1996, Panjabi et al. 1998, Panjabi et al. 2004, 

Pearson et al. 2004, Stemper et al. 2011, Van Ee et al. 2000). However, the criteria for the 

initiation of failure are not well established primarily because of a lack of a technique to 



 

 

34 

unambiguously identify failure initiation during dynamic testing. Although localized 

injuries (e.g. cortical shell disruption, localized trabeculae failure, etc.)(Lu et al. , 

Twomey et al. , Van Goethem et al. , Vernon-Roberts et al.) likely do not have the long-

term consequences associated with major injuries such as burst fractures, wedge 

fractures, etc. (Scane et al. , Silverman), minor injuries are hypothesized to be precursors 

to major injuries (Bass et al. , Brinckmann et al.), especially for repetitive exposure. 

Therefore, understanding the failure mechanics of minor injuries is important in 

understanding the initiation and time course of major injuries. 

Widely used techniques for detecting failure in biological tissues often rely on 

observing apparent discontinuities or inflection points in a material’s force-displacement 

curve (Figure 15). While these characteristics suggest material failure, they may also 

occur from the underlying material geometry (e.g. cervical spine buckling)(Nightingale 

et al. , Nightingale et al. , Panjabi et al.) and this phenomenon may not be observed in 

minor injuries. On the other hand, acoustic emissions can be used to sensitively assess 

material failure during crack propagation (Kohn 1995). They are regularly used to detect 

the initiation of damage at the material level (e.g. concrete, metals, glass, ceramics, 

composites) to more complex multi-material structures (e.g. bridges, buildings, pressure 

vessels). This technique works on the principle that acoustic waves are emitted during 

the release of energy at material failure independent of the extent of failure (Kohn 1995).  
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Acoustic emissions are commonly used in biological material testing to assess 

material failure when detection of failure is difficult (Aggelis et al. 2011, Cormier et al. 

2011, Funk et al. 2000, Funk et al. 2002, Kent et al. 2008, Paschos et al. 2012, Shridharani 

et al. 2014, Van Toen et al. 2012). However, most of these studies assume that any 

acoustic emission is a direct result of material failure. In reality, acoustic emissions can 

result from sources that do not indicate failure, such as test apparatus vibration. A 

definitive characterization of the acoustic emissions from bony failure is needed to 

confidently assess bone failure/injury. 

 
Figure 15: Example of a force displacement loading curve being used to 

identify material failure. 

Separating the frequencies of interest during dynamic loading situations, in 

which the acoustic emission signals are superimposed with specimen/test apparatus 

vibration, is critical in assessing the timing of injury. There are many methods to 

determine the time-frequency response of signals. Short Time Fourier Transforms (STFT) 
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divide a signal into individual, discrete, overlapping time series. A windowing function 

is used to prevent spectral leakage and the power spectrum is calculated over each time 

segment. This provides an indication of when specific frequencies enter the time 

domain; however, there is a tradeoff between time and frequency resolution vs available 

computational memory. Also, both the time and frequency resolution are generally 

lower than that compared to a continuous wavelet transform (CWT). 

Continuous wavelet transforms were developed as an alternative to STFT. 

Instead of calculating the frequency spectrum of discrete time histories, CWTs are a 

convolution of a scaled modulated mother wavelet with the measured signal. 

Compressing and dilating the mother wavelet provides correlation coefficients for high 

and low frequencies respectively while translating the wavelet provides correlation 

coefficients through time. Continuous wavelet transforms are often confused with 

discrete wavelet transforms (DWTs) since CWTs are often applied to discretely sampled 

signals. Discrete wavelet transform does not refer to discretely sampled signals but 

instead to the fact that the wavelets do not overlap in time as they do in continuous 

wavelet transforms.  

CWTs provide much greater time and frequency resolution compared to STFT 

however, the ability to detect changes in the frequency response can be dependent on 

mother wavelet selection if the mother wavelet is real or imaginary valued and the 
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shape of the mother wavelet’s frequency spectrum. Although continuous wavelet 

transforms offer improvements in time and frequency resolution, the tradeoff between 

time and frequency resolution still exists and cannot be avoided. 

4.2 Methodology 

4.2.1 Specimen Preparation – Cortical Bone 

This study was performed in accordance with the research protocol approved by 

the Duke University Institutional Review Board, Durham, NC, USA. Six cortical bone 

specimens (two from each donor) were excised from the anterior region of human 

thoracic vertebral bodies (T3-T4) and cleaned of all soft tissue, including the periosteum, 

using an osteotome. Although the primary objective was to characterize the acoustic 

emission response of cervical vertebral body bone, thoracic specimens were used as 

surrogates under the assumption that the AE response will be similar to that of cervical 

vertebral bone.  Donor age, weight, stature, and specimen dimensions can be found in 

Table 1. Trabecular bone was removed to direct the load path through the cortical bone. 

Two to four piezoelectric acoustic sensors (Model S9225, Physical Acoustic Corporation, 

Princeton Junction, NJ 08550, USA) were adhered to the cortical bone using 

cyanoacrylate glue and used to measure acoustic emissions during testing.  
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Table 1: Donor anthropometry and specimen dimensions for cortical bone 
experiments. 

Specimen 
Number (#) 

Age (years) Mass (kg) Height(cm) 
Dimensions 

W x H 
(mm x mm) 

1,2 77 68 178 22.69 x 19.7 
3,4 66 94 185 24.16 x 18.77 
5,6 77 74 180 17.51 x 22.08 
 

The specimen was secured in polycarbonate cups using a fast-curing urethane 

resin (#891, Golden West Mfg., Inc., Grass Valley, CA 95945, USA). A picture showing 

the potted specimen with adhered acoustic sensors can be found in Figure 16. Screws 

were not used in the fixation for two reasons: (1) to minimize the risk of causing 

premature failures at the fixation points that may influence the AE response and (2) to 

prevent artifacts in CT images. Instead, the ends of the specimen were placed in the 

urethane as it cured providing a custom fit and support for the specimen. 

 
Figure 16: Anterior view of a cortical bone specimen excised from a thoracic 

vertebral body and potted in a urethane resin. Four acoustic sensors are adhered to the 
anterior surface of the specimen. 



 

 

39 

4.2.2 Specimen Preparation – Trabecular Bone 

This study was performed in accordance with the research protocol approved by 

the Duke University Institutional Review Board, Durham, NC, USA. Five trabecular 

bone specimens were excised from the vertebral bodies of three vertebral bodies (T10-

T11). This was done by first using a bone saw to cut through the pedicles removing the 

posterior elements. The cortical bone surrounding the vertebral body was then removed 

leaving the trabecular bone exposed. This trabecular bone was then shaped into 

approximately 3 cm x 1 cm x 3 cm rectangular specimens  and the inferior end of the 

bone was potted in a fast curing urethane resin (#891, Golden West Mfg., Inc., Grass 

Valley, CA 95945, USA) to stabilize the specimen and hold it upright (Figure 17). 

Because trabecular bone is quite porous, it was difficult to get adequate adhesion 

between the acoustic sensors and the trabecular bone. A platform was built on the 

anterior and posterior sides using marine epoxy (Loctite 1405604, Henkel Corporation, 

Rocky Hill, CT 06067, USA) providing a platform to attach the acoustic sensors. Two 

acoustic sensors (Model S9225, Physical Acoustic Corporation, Princeton Junction, NJ 

08550, USA) were adhered to these platforms using cyanoacrylate glue. 
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Figure 17: Anterior (left) and side (middle) view of a trabecular bone specimen 

excised from a thoracic vertebral body and potted in a urethane resin. The grey 
portion in the left image is the epoxy platform where the acoustic sensor will be 
adhered. The right picture shows an acoustic sensor adhered to the epoxy platform. 

 

4.2.3 Signal Conditioning and Data acquisition 

The acoustic sensors in the trabecular and cortical bone experiments were 

conditioned and sampled in the same manner. Each sensor was amplified with 60 dB of 

gain (Model 2/4/6, Physical Acoustic Corporation, Princeton Junction, NJ 08550, USA) to 

ensure that even minor acoustic emissions were easily observed. A 1.9 MHz low-pass 

anti-alias filter (Model PLP-1.9+, Mini-Circuits, Brooklyn, New York 11235, USA) was 

placed in line with the signal to limit the bandwidth and the potential for aliasing in the 

digitally sampled signal. The signal was then coupled to the data acquisition system 

using a 50 ohm BNC terminator (Model BIF5M, L-com Inc., North Andover, MA 01845, 
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USA) to provide maximum power transfer from the sensor to the data acquisition 

system. 

The acoustic sensors were sampled at 125 MHz at 14 to 15-bit resolution using a 

digital oscilloscope (Model 5444B, Pico Technology, Tyler, TX, 75702, USA) to obtain 

high resolution timing of the AE with adequate bandwidth to cover the frequency 

response of the sensors. The trigger level was set to 5 mV above the steady state noise to 

avoid missing any AEs. 

The load cell and string potentiometer signals were recorded using a 14-bit data 

acquisition system (meDAQ, Hi-Techniques, Madison, WI) sampling at 10 kHz. This low 

rate was selected due to the low-rate quasi-static nature of the tests. The string 

potentiometer was powered with a 5 V power supply and was internally conditioned 

while the load cell was bridge balanced using the voltage injection bridge balancer in the 

DAS to remove any DC offset. 

 

4.2.4 Experimental Procedure – Cortical Bone 

After the cortical bone specimens were potted as described above, the potting 

cups were securely attached to the test apparatus described in Chapter 3. MicroCT 

images were generated at 20 μm resolution (Nikon Metrology Inc., Model XTH 225 ST, 

Brighton, MI, 48116) to obtain visualization of the undamaged specimens’ structure. 

Then acoustic sensors were attached to the bone and compression was applied at quasi-
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static loading rate (10 mm/min) until an AE was observed. At this time, the data 

acquisition system sent a 5 V transistor-transistor logic (TTL) signal to the stepper motor 

controller halting the movement and preventing further loading. This was done to 

isolate a single acoustic emission and a single injury endpoint. MicroCT images were 

then acquired at 20 μm resolution to confirm injury. If a positive confirmation of injury 

was not found, the specimen was reloaded and this procedure was repeated until 

positive confirmation was attained. This procedure is summarized in Figure 18. 

 

 
Figure 18: Experimental procedure for cortical bone failure testing. 

  

Place specimen in apparatus

Apply compressive displacement until AE 
occurs

Confirm injury with microCT images

Generate pre-test microCT images (~20 
um resolution)

Analysis – Welch Power Spectrum Density
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4.2.5 Experimental Procedure – Trabecular Bone 

After the specimens were potted in the polyethylene cups, they were scanned in 

the microCT machine to generate images of the uninjured specimen. Due to the 

difficulty in identifying injury in trabecular bone using microCT images, failure was 

induced at known locations by placing a sharp pick behind one of the trabeculae and 

pulling the trabeculae outwards (Figure 19). This applied force directly to an isolated, 

known trabecula to unambiguously create failure. 

 
Figure 19: View of a sharp pick placed behind a trabeculae just below the 

acoustic sensor. The pick was then pulled outwards to induce failure in the specified 
trabeculae. 
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4.2.6 Signal Analysis 

The acoustic signals were analyzed in the same manner for cortical and 

trabecular bone specimens. Since the purpose of these experiments is to characterize the 

spectral content of the acoustic emission signals and since a great deal of effort was 

taken to remove sources of electrical noise from the signal, the signals were minimally 

preprocessed before being analyzed for spectral content. DC offset was removed from 

the signals by subtracting the mean level of the pre-trigger signal. Spectral peaks were 

calculated using two techniques: first using a Welch power spectrum density (PSD) 

estimate and second through continuous wavelet transform. The Welch PSD was 

selected over a simple periodogram because it is particularly effective at reducing the 

noise in the resulting spectral density for large length signals.  A continuous wavelet 

transform was used characterize changes of the spectral content of the signal through 

time. 

Many of the CWT techniques and analysis procedure presented in this 

dissertation have been adapted from Torrence et al. 1998. For continuous signals, the 

CWT is calculated as:  

𝑋𝑋𝑤𝑤(𝑎𝑎, 𝑏𝑏) = 1
|𝑎𝑎|1 2⁄ ∫ 𝑥𝑥(𝑡𝑡)𝜓𝜓� �𝑡𝑡−𝑏𝑏

𝑎𝑎
� 𝑑𝑑𝑡𝑡∞

−∞ (3) 

 where 𝑥𝑥(𝑡𝑡) is the time signal, 𝜓𝜓 is the mother wavelet function, 𝑎𝑎 is the scale (𝑎𝑎 > 0), and 

𝑏𝑏 is the translational time shift value. By changing the scale parameter, the mother 
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wavelet is either compressed or dilated providing information in lower and higher 

frequencies respectively. For continuous wavelet transforms, the wavelet function must 

be non-orthogonal and follow the admissibility criteria i.e. it must have zero mean and 

be localized in both time and frequency (Farge 1992). For discretely sampled signals, the 

CWT is defined as: 

𝑊𝑊𝑛𝑛(𝑠𝑠) = �𝑥𝑥𝑛𝑛′𝜓𝜓∗ �
(𝑛𝑛′ − 𝑛𝑛)𝛿𝛿𝑡𝑡

𝑎𝑎
�

𝑁𝑁−1

𝑛𝑛′
(4) 

for time series 𝑥𝑥𝑛𝑛, wavelet function 𝜓𝜓𝑜𝑜(𝜂𝜂) where * indicates the complex conjugate, and 

N is the number of points in the time series (Torrence et al. 1998). Varying the wavelet 

scale, a, and the time translation, n, provides an image of how the frequency and 

amplitude content varies through time. The convolution above can be calculated quickly 

as inverse Fourier transform of the product of the discrete Fourier transform (DFT) of 

the sampled time signal and the wavelet: 

𝑊𝑊𝑛𝑛(𝑠𝑠) = �𝑥𝑥�𝑘𝑘

𝑁𝑁−1

𝑘𝑘=0

𝜓𝜓� ∗ (𝑠𝑠𝜔𝜔𝑘𝑘)𝑒𝑒𝑖𝑖𝜔𝜔𝑘𝑘𝑛𝑛𝑛𝑛𝑡𝑡 (5) 

where 𝜔𝜔𝑘𝑘 is the angular frequency and is defined over the interval: 

𝜔𝜔𝑘𝑘 = �
    

2𝜋𝜋𝜋𝜋
𝑁𝑁𝛿𝛿𝑡𝑡

∶  𝜋𝜋 ≤
𝑁𝑁
2

−
2𝜋𝜋𝜋𝜋
𝑁𝑁𝛿𝛿𝑡𝑡

:  𝜋𝜋 >
𝑁𝑁
2

(6) 

In the following work, the DFT was calculated as the fast Fourier transform (FFT). To be 

able to compare the wavelet transforms at each scale and across different data sets, the 
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wavelet function at each scale was normalized to have unit energy (Torrence et al. 1998). 

A Paul wavelet was selected as the mother wavelet because it is similar in shape to 

typical acoustic emissions, the frequency content is centered about a specific frequency 

while still providing good time resolution, and the wavelet function is both real and 

imaginary valued in time (Figure 20). The wavelet basis for the Paul wavelet is given by: 

 𝜓𝜓𝑜𝑜(𝜂𝜂) =
2𝑚𝑚𝑖𝑖𝑚𝑚𝑚𝑚!

(𝜋𝜋(2𝑚𝑚)!)
1
2

(1 − 𝑖𝑖𝜂𝜂)−(𝑚𝑚+1) (7) 

where m is the wavelet order, and 𝜂𝜂 is the time factor. The analytic form of the Paul 

wavelet’s Fourier transform is given by: 

𝜓𝜓�𝑜𝑜(𝑠𝑠𝜔𝜔) =
2𝑚𝑚

(𝑚𝑚(2𝑚𝑚 − 1)!)
1
2
𝐻𝐻(𝜔𝜔)(𝑠𝑠𝜔𝜔)𝑚𝑚𝑒𝑒−𝑠𝑠𝜔𝜔 (8) 

where 𝐻𝐻(𝜔𝜔) is the Heaviside step function. In this analysis, 𝑚𝑚 = 4 to pass the 

admissibility criteria. 

 
Figure 20: Time history (left) and frequency content (right) of the Paul wavelet. 

Notice the Paul wavelet has real and imaginary components and the frequency 
content is centered about a specific frequency with a slight left skew. 



 

 

47 

The typical method of calculating wavelet power spectra in CWT  as the square 

of the wavelet coefficient has been shown to be inherently biased towards the lower 

frequencies (Liu et al. 2007).  The wavelet power spectrum was adjusted for the bias by 

being calculated as the wavelet coefficient squared divided by the associated scale (Liu 

et al. 2007): 

𝐸𝐸 =
|𝑊𝑊𝑛𝑛(𝑠𝑠)|2

𝑎𝑎
(9) 

Due to the finite-length time series acquired through the data acquisition system, 

edge effects introduce error into the wavelet power spectrum at the beginning and end 

of the time series (Torrence et al. 1998). This region where edge effects can lead to 

questionable results is referred to as the cone of influence (COI) and is defined as the e-

folding time, or the time that it takes for the wavelet power for a discontinuity at the 

edge to drop by a factor of 𝑒𝑒−2. The e-folding time for a Paul wavelet is 𝜏𝜏𝑠𝑠 = 𝑠𝑠/√2 

(Torrence et al. 1998). The size of the COI can also be useful in analyzing the 

decorrelation time for spikes in the time series. By comparing decorrelation time to the 

width of a spike in the wavelet power spectrum, one can determine if the spike was due 

to a random effect or is a true harmonic component (Torrence et al. 1998). 

 To determine significance levels and statistical significance of the resulting 

wavelet transforms, the null hypothesis was stated that the peaks found in the wavelet 

power spectrum are the same as the peaks found in the background noise. The alternate 
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hypothesis was that the wavelet power spectrum is above the background noise 

spectrum.  The significance testing presented in this chapter is adapted from typical 

Fourier analysis and generally follows procedures from (Torrence et al. 1998).  The 

power at a specific frequency is a chi-square distributed variable with two degree of 

freedom (DOF) since the time series is assumed to be a normally distributed random 

variable (Torrence et al. 1998). The background spectrum was assumed to be red noise 

whose Fourier power spectrum is modeled as: 

𝑃𝑃𝑘𝑘 =
1 − 𝛼𝛼2

1 + 𝛼𝛼2 − 2𝛼𝛼 cos(2𝜋𝜋𝜋𝜋\𝑁𝑁)
(10) 

where 𝜋𝜋 = 0 … 𝑁𝑁
2
 is the frequency index (Gilman et al. 1963), and 𝛼𝛼 is assumed to be 0.72. 

Therefore, the distribution for the wavelet power spectrum  

|𝑊𝑊𝑛𝑛(𝑠𝑠)2|
𝜎𝜎2

(11) 

is distributed as: 

1
2
𝑃𝑃𝑘𝑘𝜒𝜒22 (12) 

where 𝜒𝜒22 indicates the chi-squared distribute with two degrees of freedom. 

Local maxima were found and tabulated from the Welch PSD and the continuous 

wavelet transform. The mean and standard deviation of the Welch PSD peaks with the 

greatest power across each sensor and each test were averaged to obtain a 

characterization of the acoustic signals. The first CWT peaks were found and binned to 
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characterize the initial spectral content of the acoustic emissions. All analyses were 

performed in Python (v3.4.3) using the Numpy (v1.10.4), Scipy (v0.17.0), and Machine 

Learning Python (v3.5.0) packages. 

4.3 Results 

The results presented in this section will focus on the acoustic spectral response 

from fracture calculated using both a Welch PSD and a continuous wavelet transform 

with a Paul wavelet (𝑚𝑚 = 4). 

4.3.1 Cortical Bone Results 

Cortical bone failure was produced in all specimens (Figure 21) and typically 

consisted of long crack formation. Acoustic instrumentation failed to collect data in one 

of the six specimens (Specimen #5) and that specimen has been excluded from this 

analysis. Individual, isolated acoustic emissions were measured and generally detected 

by each sensor adhered to the specimen (Figure 22). Each specimen was loaded at least 

twice before a positive identification of injury could be obtained from the microCT 

images.  

The acoustic signals show very small differences in their time of arrivals (<4 μs) 

and initial high frequency oscillation followed by a lower frequency long-term response 

(Figure 22). The Welch power spectrum density estimate (Figure 23) shows wideband 

frequency content with distinct peaks. Spectral peaks were found from 20 kHz to 1380 
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kHz. The peak with the maximum power is summarized in (Table 2) for all specimens 

and sensors and each spectral peak can be found in Appendix A (Table A-1). The peaks 

with the largest power were at a mean frequency of 93.2 ± 31.1 kHz (mean ± standard 

deviation). 

 
Figure 21: MicroCT images at 20 μm resolution of the cortical bone failures in 

three specimens. Images show some trabecular bone was not fully removed during 
specimen preparation but cortical bone failed in each test. 

Specimen #1 Specimen #2 Specimen #3 

   
   

Specimen #4 Specimen #6  
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Figure 22: Time history of an acoustic emission from cortical bone failure in 

specimen 1. Notice the acoustic emission is detected by each sensor with a similar 
time of arrival. 

 
Figure 23: Welch power spectrum density estimate of an AE from cortical bone 

failure in specimen 1 measured by sensor 3. Notice the wideband response from 40 to 
1000 kHz and the distinct peaks. 
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Table 2: Acoustic emission spectral peaks with the greatest power from cortical bone 
failure calculated using Welch PSD estimate 

Specimen # Channel Frequency (kHz) Power (dB) 

1 A 120 -68.9 
1 B 76 -63.4 
1 C 62 -61.0 
1 D 72 -60.7 
2 A 72 -60.8 
2 B 70 -64.3 
3 A 100 -66.2 
3 B 86 -49.3 
3 C 220 -54.7 
4 A 158 -40.2 
4 C 92 -45.6 
6 A 146 -37.0 
6 B 98 -49.6 
6 C 60 -48.2 

 

The continuous wavelet transform (Figure 24) also shows wideband response 

similar to the Welch PSD. Frequency content enters the time domain at distinct points in 

time and lasts for short periods of time. The beginning of the signal shows high 

frequency signal followed by low frequency. The CWT peaks that occur first can be seen 

in Figure 25 and shows three distinct clusters centered at 166 ± 52.6 kHz, 379 ± 37.2 kHz, 

and 668 ± 63.4 kHz for the three clusters. Each continuous wavelet transform showing 

the COI, 95% significance, and the selected peak can be found in Appendix B and the 

peaks are summarized in Table B-1. 
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Figure 24. CWT from cortical bone failure in specimen 1 sensor 3 showing 

acoustic emission frequency entering the time domain at distinct points in time. The 
shaded region shows the cone of influence where edge effects in the CWT algorithm 
can cause dubious results. The black outlined regions show the 95% significance 
contours. 

 
Figure 25. First spectral peaks to occur in the acoustic emission response of 

cortical bone failure. The differently colored dots separate the spectral clustering. 

668 ± 63.4 kHz
166 ± 52.6 kHz 

379 ± 37.2 kHz
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4.3.2 Trabecular Bone Results 

Trabecular bone failure was produced unambiguously in each specimen by 

pulling on a specific trabecula until an acoustic emission was observed. In each test, the 

visual observation of a failure was accompanied by a single acoustic emission. 

Individual, isolated acoustic emissions were measured and generally detected by both 

sensors adhered to the specimen (Figure 26). 

The acoustic signals show the wave arrives at both sensors at approximately the 

same time and appears to contain high and low frequency content occurring 

simultaneously (Figure 26). The Welch power spectrum density estimate (Figure 27) 

shows wideband frequency content with distinct peaks. Spectral peaks were found from 

24 kHz to 1382 kHz. The peak with the maximum power is summarized in (Table 3) for 

all specimens and sensors and each spectral peak can be found in Appendix C (Table C-

1). The peaks with the greatest power had a mean frequency of 81.6 ± 72.9 kHz (mean ± 

standard deviation). 
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Figure 26: Time history of an acoustic emission from trabecular bone failure in 

specimen 1. Notice the acoustic emission is detected by each sensor with a similar 
time of arrival. 

 

 
Figure 27: Welch power spectrum density estimate of an AE from trabecular 

bone failure in specimen 1 measured by sensor 1. Notice the wideband response from 
24 to 825 kHz and the distinct peaks. 
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Table 3: Acoustic emission spectral peaks with the greatest power from trabecular 
bone failure calculated using Welch PSD estimate 

Specimen # Channel Frequency (kHz) Power (dB) 

TB_H1 A 28 -30.7 
TB_H1 B 114 -34.1 
TB_H2 A 42 -35.4 
TB_H2 B 56 -52.0 
TB_H3 A 32 -23.8 
TB_H4 A 32 -44.4 
TB_H4 B 206 -49.2 
TB_H5 A 28 -50.0 
TB_H5 B 196 -55.1 

 

The continuous wavelet transform (Figure 28) also shows wideband response 

similar to the Welch PSD. Frequency content enters the time domain at distinct points in 

time and lasts for short periods of time. In contrast to the cortical bone testing, the 

spectral content generally starts with lower frequency components followed quickly by 

higher frequency components. The CWT peaks that occur first can be seen in Figure 25 

and shows a distinct cluster centered at 185 ± 37.9 kHz. Each continuous wavelet 

transform showing the COI, 95% significance, and the selected peak can be found in 

Appendix D and the peaks are summarized in Table D-1.  
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Figure 28. CWT from trabecular bone failure in specimen 2 sensor 1 showing 

acoustic emission frequency entering the time domain at distinct points in time. The 
shaded region shows the cone of influence where edge effects in the CWT algorithm 
can cause dubious results. The black outlined regions show the 95% significance 
contours. 

 
Figure 29. First spectral peaks to occur in the acoustic emission response of 

trabecular bone failure. The circled point shows the clustering in the lower frequency 
peaks. 

185 ± 37.9 kHz
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4.4 Discussion 

Few studies have investigated the frequency response of AEs from biological 

tissue material failure (Funk et al. 2000, Funk et al. 2002, Shridharani et al. 2014, Van 

Toen et al. 2012). Typically, the induced injury has extensive damage consisting of 

cortical bone and trabecular failure causing the measured acoustic signal to include the 

superposition of multiple AEs complicating the characterization of the spectral response. 

Additionally, the tests in these studies are dynamic and often at high rate causing 

degradation of the signals from vibrational modes in the specimen or test apparatus. In 

the work presented in this chapter, failure was induced in cortical bone specimens by 

applying load at a quasi-static low rate to limit the influence of non-injury related 

acoustic signals. The loading was immediately stopped at the first sign of acoustic 

signals after which the injury was confirmed with high resolution microCT images. In 

trabecular bone specimens, a single trabecula was loaded until an acoustic emission was 

detected and failure was observed. This provided confidence that the acoustic emission 

was a direct result of the material failure with limited influence from external factors. 
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4.4.1 Cortical Bone Discussion 

Spectral peaks were characterized using a Welch PSD as an overall assessment of 

the spectral content and also using continuous wavelet transform with a Paul wavelet to 

determine the time dependent frequency content. The Welch PSD showed the dominant 

peaks in cortical bone failure to occur at 93.2 ± 31.1 kHz. These results are similar to that 

found in previous studies (Funk et al. 2000, Van Toen et al. 2012), however additional 

frequency peaks as low as 20 kHz and as high as 1380 kHz were detected. The ability to 

observe higher frequency peaks is likely due to the relatively small size of the specimens 

tested and, therefore, the close proximity of the sensors to the failure location. Higher 

frequencies attenuate more quickly in bone (Sasso et al. 2007) so by having smaller 

specimens and short travel distances, the higher frequency components were not 

substantially attenuated and could be detected by the acoustic sensors. Furthermore, 

most of the trabecular bone was removed from the specimens in this studies, therefore 

strengthening the assumption that the observed spectral peaks are a direct result of 

cortical bone failure since trabecular bone can act as a filter attenuating acoustic signals 

(Lin et al. 2012). It is possible higher frequency components existed and were not 

measured either due to the 1900 kHz low-pass filter or the sensor’s limited response past 

1800 kHz. 
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The Welch PSD suggests the acoustic emission signals from cortical bone failure 

are primarily dominated by the lower frequency components. This is certainly accurate 

as the lower frequency components tend to last for a larger period of time, however 

what is of interest is the spectral content of the acoustic emissions when they first arrive 

at the sensor. The Welch PSD is an inappropriate tool for describing this initial 

frequency content as it is unable to determine when specific frequencies enter the time 

domain. Therefore, the decision was made to investigate continuous wavelet transforms 

for characterizing the AE spectral content. 

The continuous wavelet transforms generally showed high frequency content 

occurring immediately at the beginning of the signals followed by the lower frequency 

components occurring for a longer period of time. This matches what would be expected 

when visually observing the signals. The peaks were separated based on which ones 

occurred first (Figure 25) since these components are what indicate the first available 

detection of failure. This clustered the spectral peaks and showed three distinct bands of 

frequencies (166 ± 52.6 kHz, 379 ± 37.2 kHz, and 668 ± 63.4 kHz) with only three points 

falling in the lower frequency band. The observation of the lower frequency components 

dominating the signal is, again, likely because it is possible that the sensors in these tests 

were slightly farther away from the failure causing the higher frequency components to 

be attenuated before reaching the sensors. Therefore, the other two highest frequency 
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bands (379 ± 37.2 kHz and 668 ± 63.4 kHz) likely provide the most accurate 

representation of the initial acoustic emission signal during cortical bone failure. 

This criterion for cortical bone failure is based on the first spectral peak that 

occurs in time based on acoustic emissions with wideband response. There is minimal 

space between the spectral bands and they can nearly be described by one very wide 

spectral band. This suggests that the criteria for failure may be overly specific and may 

be broadened. The criteria may become more specific by increasing the number of 

specimens thereby decreasing the standard deviation. However, by decreasing the 

standard deviation, it is possible that the criteria would become too specific causing 

cortical bone failure to be missed. Additionally, the data suggests that the signals are 

wideband suggesting a wideband criterion is likely appropriate for describing the 

spectral peaks associated with failure.  Therefore, I recommend the broad criteria 

especially since this represents the large spread of failure-associated spectral peaks. 

These results suggest that the acoustic sensors are sensitive primarily to failure events 

and a high-pass filter rejecting frequencies below 100 kHz may prove useful in removing 

non-failure events. 
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4.4.2 Trabecular Bone Discussion 

Spectral peaks were characterized using a Welch PSD as an overall assessment of 

the spectral content and also using continuous wavelet transform with a Paul wavelet to 

determine the time dependent frequency content. The Welch PSD showed the dominant 

peaks in trabecular bone failure to occur at 81.6 ± 72.9 kHz. This shows a particularly 

large variance in the dominant peaks likely occurring since trabecular bone has been 

shown to be highly attenuating for acoustic emission signals (Lin et al. 2012). Therefore, 

the response measured by the acoustic sensors is a combined effect of the material 

failure and the attenuation caused by the trabecular bone. 

Similar to cortical bone, the trabecular bone showed very wideband response 

spanning similar ranges (20 kHz to 1380 kHz for cortical bone and for 24 kHz to 1382 

kHz trabecular bone). Contrary to the cortical bone tests, it appears that the frequency 

content at the beginning of the signal is dominated by the lower frequency components 

(Figure 29) again likely due to the attenuating characteristics of trabecular bone. 

Additionally, the sensors were coupled quite differently in the trabecular bone 

tests than the cortical bone tests. In the cortical bone tests, the sensors were coupled 

directly to the bone whereas in the trabecular bone tests, the sensors were coupled to an 

epoxy platform built within the trabeculae. It is possible that this platform causes the 

acoustic wave to reflect at the boundary of the trabecular bone and the epoxy limiting 
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the amount of the wave that is transmitted to the epoxy and thereby detected by the 

sensors. This could be further causing the lower frequency components to dominate the 

signal since the transmitted wave may be lower amplitude the higher frequency 

components may be attenuated to a level undetectable by the sensors. 

One limitation of this study is that the S9225 sensors used in this study are less 

sensitive to frequencies in the 0-300 kHz range than the 300-1900 kHz range, limiting the 

ability to detect lower frequency components. Therefore, the sensors may be 

preferentially highlighting the higher frequency components. Also, the sensors have a 

flat response from 300 kHz to 1800 kHz and the signals were hardware filtered with a 

1900 kHz cutoff frequency low-pass filter (3 dB loss at 2500 kHz). It is possible higher 

frequency components exist and were not detected either due to decreased sensitivity of 

the sensors and/or due to the hardware filter. 

4.5 Conclusions 

The work presented in this chapter is the first to extensively characterize the 

acoustic emission response from cortical bone failure and the first to provide any 

characterization of trabecular bone failure. The methodology was specifically chosen to 

gain confidence that the AE detected as in fact due to material failure and not due to 

external stimulus.  
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Cortical and trabecular bone failure produced wideband AE signals whose 

dominant component calculated by Welch PSD are similar to those published in 

literature. The Welch PSD is useful for describing the spectral content in the signal, but it 

is inappropriate for characterization of the time evolution of AE signals especially since 

the results show the initial acoustic emission response is not well represented. 

Continuous wavelet transform proves to be much more appropriate for characterizing 

the non-stationary signals. It shows the initial a for cortical bone has two primary bands 

of interested, 379 ± 37.2 kHz and 668 ± 63.4 kHz, and trabecular bone has one band of 

interest, 185 ± 37.9 kHz. It is recommended to identify frequency content in these bands 

when attempting to detect cortical and trabecular bone failure respectively. 
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5. Detecting cortical bone failure in dynamic failure testing 

5.1 Introduction 

Spinal injuries can have extensive long term consequences leading to widespread 

social and economic costs as well as the human cost of living with chronic, sometimes 

debilitating, pain (Côté et al. 1998, Côté et al. 2001, Daffner et al. 2003, Harrop et al. 2001, 

Sekhon et al. 2001). Therefore there has been large impetus within the biomechanics 

community to study the failure loads/moments and kinematics of the spine under 

various loading conditions (Bass et al. 2007, Ito et al. 2004, Ivancic et al. 2004, 

Nightingale et al. 2007, Nightingale et al. 1996, Panjabi et al. 1998, Panjabi et al. 2004, 

Pearson et al. 2004, Stemper et al. 2011, Van Ee et al. 2000) since during an injurious 

event these parameters affect spinal stability and risk of injury to the spinal cord. These 

studies generally apply loads/moments that cause extensive mechanical damage and 

identify the failure time as when the specimen has lost ability to support internal 

forces/moments. This time can be identified either as a reduced ability to support load 

for a given displacement (decrease in stiffness) or as the point at which the load bearing 

ability decreases with increasing displacement (drop in force for increasing 

displacement). 

However, the failure criteria for the initiation of injury are not well established or 

studied, primarily due to the difficulty in determining when failure initiates. Acoustic 
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emissions have been demonstrated to be created during the initiation of failure  and 

during the propagation of this failure (crack propagation) (Kohn 1995). Therefore, they 

are being used in biological material testing to assess material failure when failure 

detection is difficult (Aggelis et al. 2011, Cormier et al. 2011, Funk et al. 2000, Funk et al. 

2002, Kent et al. 2008, Paschos et al. 2012, Shridharani et al. 2014, Van Toen et al. 2012). 

The typical analysis procedures consist of calculating the peak amplitude, number of 

counts (when the signal crosses a predefined threshold), and rise time for each AE event 

detected to quantitatively describe the acoustic emission response during material 

failure or to characterize the failure mechanisms (Aggelis et al. 2011, Azangwe et al. 

2000, Berkovits et al. 1995, Berthelot et al. 1987, Carpinteri et al. 2006, Funk et al. 2002, 

Golaski et al. 2002, Johnson et al. 2012, Kohn 1995, Kohn et al. 1992, Paschos et al. 2012, 

Roques et al. 2004). Counts are calculated as the number of times the acoustic emission 

signal crosses a threshold. The threshold is defined such that any acoustic emissions 

above the level is assumed to be due to mechanisms associated with material failure. 

Differentiating between failure mechanisms is performed by making assumptions of the 

AE response for different failure modes. For example, Azangwe et. al. subjected rabbit 

hind stifle ACLs to tension at two different displacement rates (0.5 mm/min and 10 

mm/min) (Azangwe et al. 2000). They observed low amplitude, sporadic acoustic 

emissions during the initial loading followed by many burst-type acoustic emissions at 
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and following the peak load. Counts, rise time, signal duration, and peak amplitude 

were computed were for each acoustic emission, and the study found ratio of amplitude 

to rise time tended group around specific values (0-10 dB/μs, 45-60 dB/μs, and 170-180 

dB/μs). Based on research in glass fiber reinforced plastic composites (Raghavendra et 

al. 1989), the authors concluded that each group corresponded to a different failure 

mechanism. The 0-10 dB/μs group was attributed to fiber fracture, 45-60 dB/μs group 

was attributed to debonding, and matrix deformation and friction were attributed to the 

170-180 dB/μs group. 

Chapter 4 demonstrated a methodology to characterize the spectral content of 

acoustic emission from cortical bone failure using continuous wavelet transform to 

separate out the time-frequency dependence for non-stationary acoustic emission 

signals. This chapter presents a methodology and results of applying this 

characterization to detect when cortical bone failure occurs in dynamic cervical spine 

failure testing. 

5.2 Methodology 

This study was performed in accordance with the research protocol approved by 

the Duke University Institutional Review Board, Durham, NC, USA. Nine whole 

osteoligamentous cervical spine specimens were dissected from whole body specimens. 

Only enough musculature, skin, fat, and periosteum were removed from the anterior 
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region of the specimens to allow sensor placement. The specimens were frozen fresh and 

maintained in a -20 °C freezer prior to preparation. Donor anthropometry is shown in 

(Table 4). The basilar skull and T1 were included leaving the atlanto-occipital through 

C7-T1 joints intact.  The superior and inferior ends were used as platforms to load to the 

specimen. Wood screws were attached to the basilar skull and T1 to provide additional 

adhesion to the potting materials and polymethylmethacrylate (PMMA) was wrapped 

around these screws to distribute the stress. These ends were potted in aluminum cups 

using a fast-curing urethane resin (#891, Golden West Mfg., Inc., Grass Valley, CA 95945, 

USA) with six of the specimens placed in a pre-flexed and three in a pre-extended 

posture. The pre-flexed posture was obtained by angling the Frankfort plane at 25° from 

horizontal in flexion, the T1-OC angle at 10° ± 5° from vertical, and the Cobb angle at 15° 

± 5°. The pre-extended posture was obtained by angling the Frankfort plane to 25° from 

horizontal in extension, the T1-OC angle at 10° ± 5°, and the cobb angle at 15° ± 5°. The 

specimen was placed in a servo-hydraulic materials testing machine by rigidly attaching 

the superior pot to the frame and the inferior pot to the piston. 
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Table 4. Donor anthropometry for whole cervical spine specimens 

Specimen 
Number (#) 

Age (years) Mass (kg) Height (cm) Posture 

1 61 64 168 Pre-flexed 
2 75 77 183 Pre-flexed 
3 66 95 185 Pre-flexed 
4 77 68 178 Pre-flexed 
5 77 74 180 Pre-flexed 
6 67 74 173 Pre-flexed 
7 84 62 175 Pre-extended 
8 66 58 168 Pre-extended 
9 59 75 190 Pre-extended 

 

A total of 10 miniature acoustic sensors (Model S9225, Physical Acoustic Corporation, 

Princeton Junction, NJ 08550, USA) were adhered to the cortical bone of each specimen 

lateral to the anterior longitudinal ligament using cyanoacrylate glue. For the test 

conditions chosen, failure was expected to occur in bending near C4. More sensors were 

placed on this vertebral body to capture potential fracture events with sensors in close 

proximity to the fracture. The locations of all the sensors are summarized in Table 5 and 

a diagram of the setup is shown in Figure 31. These acoustic sensors were selected 

because they have wideband response from 50 kHz – 1800 kHz and are small in size (3.6 

mm x 2.4 mm). A 6-axis load cell (Model MC5-6-5000, Advanced Mechanical 

Technology, Inc., Watertown, MA 02472, USA) was used to measure the applied force 

and moment and a linear variable differential transformer (LVDT) (Model DC-ED-10000, 
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Measurement Specialties, Hampton, VA 23666, USA) was used to measure the piston 

displacement. 

The piston applied a compressive ramp-hold displacement at a high loading rate 

(nominally 1.2 m/s) to a maximum displacement known to cause injury based on 

previous experience (nominally 5-10% engineering strain). This loading rate and profile 

was chosen to unquestionably create injury. 
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Figure 30: Diagrams showing the cervical spine posture during pre-flexed (top) and 

pre-extend (bottom) testing. 

T1 potted 30° from 
horizontal

Frankfort Plane 
potted 25°
extension

Cobb angle 40 ° ± 5° Neck angle (T1-OC) 
10° rearward
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Figure 31: Acoustic sensors were instrumented at various locations along the 

specimen.  

Injuries were identified through necropsies by carefully dissecting the muscle 

and skin to expose regions of interest. Then visual assessment of the specimen was 

performed to detect soft tissue damage (e.g. ligament ruptures, inter vertebral disc 

bulging). Range of motion for each joint was assessed in anterior-posterior bending, 

lateral bending, and torsion. Joints were then disarticulated by cutting through the 

middle of the intervertebral disc and all connecting ligaments. The remaining soft tissue 

was cleaned and bone structures (i.e. vertebral body, spinous, transverse, and articular 

processes, facets, lamina, and pedicles) were inspected for fractures. 

Basilar Skull

Acoustic Sensor

Displacement



 

 

73 

The acoustic signals were analyzed using a CWT to provide a map of when 

different spectral content entered the time domain. The CWT, significance, and cone of 

influence calculations followed the same procedure presented in Chapter 4 and are also 

summarized here. A Paul wavelet was selected as the mother wavelet since it is similar 

in shape to acoustic emissions and since the frequency content is centered about a 

known, analytically determined frequency. This wavelet basis function follows the form 

 𝜓𝜓𝑜𝑜(𝜂𝜂) =
2𝑚𝑚𝑖𝑖𝑚𝑚𝑚𝑚!

(𝜋𝜋(2𝑚𝑚)!)
1
2

(1 − 𝑖𝑖𝜂𝜂)−(𝑚𝑚+1) (13) 

where m is the wavelet order, and 𝜂𝜂 is the time factor. In this analysis, 𝑚𝑚 = 4 to pass the 

admissibility criteria of having zero mean and localization in both time and frequency 

(Discussed in Chapter 4). The analytic form of the Paul wavelet’s Fourier transform is 

given by: 

𝜓𝜓�𝑜𝑜(𝑠𝑠𝜔𝜔) =
2𝑚𝑚

(𝑚𝑚(2𝑚𝑚 − 1)!)
1
2
𝐻𝐻(𝜔𝜔)(𝑠𝑠𝜔𝜔)𝑚𝑚𝑒𝑒−𝑠𝑠𝜔𝜔 (14) 

where 𝐻𝐻(𝜔𝜔) is the Heaviside step function. The continuous wavelet transform was 

calculated as the convolution of the discretely sampled 𝑥𝑥𝑛𝑛 with the scaled and translated 

version of 𝜓𝜓(𝜂𝜂)(Torrence et al.): 

𝑊𝑊𝑛𝑛(𝑠𝑠) = �𝑥𝑥𝑛𝑛′𝜓𝜓∗ �
(𝑛𝑛′ − 𝑛𝑛)𝛿𝛿𝑡𝑡

𝑎𝑎
�

𝑁𝑁−1

𝑛𝑛′
(15) 

Potential failure points were calculated as local maxima in the CWT calculated using a 

maximum filter. If these points fell within the 95% significance levels and within the 
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mean ± two standard deviations (𝑓𝑓 ± 2𝑠𝑠) of the spectral bands discovered in Chapter 4, 

then the points were considered to suggest cortical bone failure. The structural failures 

were defined as the acoustic emission at the beginning of the inflection point and the 

failure initiation was defined as the first acoustic emission before the failure point.  

Table 5: Locations of acoustic sensors. 

Vertebral Body Number of 
Sensors 

Sensor Location 

C2 2 Left (1x), Right (1x) 
C3 2 Left 
C4 4 Left (2x), Right (2x) 
C5 1 Right 
C6 1 Left 

 

5.3 Results 

Nine whole cervical spines were loaded to cause failure at fast loading rate (1.2 

m/s). Acoustic emission signals were detected in every test but not on every sensor: 

many sensors showed small amplitude acoustic emissions or showed no response other 

than the noise spectrum indicating either lack of acoustic signal or instrumentation 

errors. Generally, sensors that were more distant from the identified failure showed 

lower amplitude acoustic emissions. The sensors that did have acoustic signals generally 

showed multiple AEs before and near the peak force and displacement (Figure 32) and 

the sensors selected for analysis can be seen in Table 6. Small amplitude AEs occurred 
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between 9-11 ms before the larger AEs near the force-time history inflection points and 

peak force. The CWT shows wideband spectral content with local maxima falling within 

and outside the spectral bands for cortical bone failure calculated in Chapter 4 (Figure 

33). The necropsies found identifiable bony injuries in all specimens except for one 

(Table 6). The force displacement curve (Figure 34) shows AE occurring early in the 

loading period followed by AEs before and at the inflection point. 

 
Figure 32: Time history of the acoustic signal, applied axial force, applied 

displacement, and applied flexion-extension moment for the first specimen. Acoustic 
emissions occurred as the force was rising and immediately after the force began 

returning to zero. 

One specimen had acoustic emission response and did not have any spectral 

peaks that fell within the bands associated for cortical bone failure (Figure 35). The force-

displacement response for this specimen (Figure 36) shows a peak applied load of 774 N 

with a maximum applied displacement of 11.5 mm (Figure 36). The initiation and failure 
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forces (Figure 37) show failure initiates at 70-90% of the failure load. Two specimens had 

no evidence of a major failure and one had no evidence of any failure. 

The continuous wavelet transforms and force displacement curves for each 

specimen are plotted in Appendix E. 

 
Figure 33: Continuous wavelet transform of the acoustic emission signal in the 

first pre-flexed cervical spine failure test. The hashed region at the bottom shows the 
cone of influence and the horizontal hashed bars show the spectral bands associated 
with cortical bone failure. The red dots are all of the calculated local maxima and the 
blue dots are the local maxima that fall within the bounds for cortical bone failure. 

 
Figure 34: Force displacement curve in the first pre-flexed failure test along 

with timing of failure determined from the acoustic emission CWT analysis.  
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Figure 35: Continuous wavelet transform of the acoustic emission signal in the 

second pre-flexed cervical spine failure test (Test #15). The hashed region at the 
bottom shows the cone of influence and the horizontal hashed bars show the spectral 
bands associated with cortical bone failure. The red dots are all of the calculated local 

maxima none of which fall inside of the spectral bands for cortical bone failure. 

 
Figure 36: Force displacement curve in the second pre-flexed failure test 

showing no acoustic emissions associated with failure and no obvious change in the 
structural response.  
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Table 6: Injuries found in necropsy of whole cervical spine failure tests 

Specimen 
# 

Posture 
Sensor 

Location 
Injury Description 

1 Pre-flexed 
C4 anterior 

right 
C5 superior left facet fx 

C7 right transverse process fx 

2 Pre-flexed 
C3 anterior 

left 
C3 inferior endplate fx 

3 Pre-flexed 
C5 anterior 

right 

C6 spinous process fracture 
T1 superior left uncinate process fracture 

OC anterior articulating  surface fx 

4 Pre-flexed 
C3 anterior 

left 
C1 anterior arch avulsion fx 

5 Pre-flexed 
C6 anterior 

left 

C1 anterior arch avulsion fx 
C6 superior right facet fx 
T1 anterior endplate fx 

6 Pre-flexed 
C4 anterior 

left 
C4 wedge fracture 

7 
Pre-

extended 
C2 anterior 

left 
C4 inferior left transverse process fx 

8 
Pre-

extended 
C3 anterior 

left 
No injuries 

9 
Pre-

extended 
C4 anterior 

left 
C3 vertebral body fracture 
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Figure 37: Initiation of failure and failure force (top) and displacement 

(bottom) for the pre-flexed posture tests inferred from the failure timing found from 
the acoustic emissions and the force displacement response (Figure 33, Figure 34, 

Appendix E). 
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5.4 Discussion 

The primary difficulty in the analysis of acoustic emissions in dynamic testing is 

determining which component(s) of the signal indicate material failure. A simple 

Fourier transform or power spectrum density does a sufficient job of providing the 

frequency content of the signal, but it is unable to elucidate when frequencies occur or 

how frequencies change throughout time. Spectrograms have been used to shed light on 

this issue (Shridharani et al. 2014), but the technique is limited in temporal and spectral 

resolution. Wavelet transforms provide an improved representation of the signal, but it 

too is limited. The primary limitation in wavelet analysis comes from Heisenberg's 

uncertainty principle. There is a fundamental limit at which additional spectral 

resolution cannot be attained without sacrificing temporal resolution. Wavelet analysis 

benefits over STFT due to its scaling of the mother wavelet. This effectively acts as a 

non-fixed length window that is longer at lower frequencies and shorter at higher 

frequencies providing additional temporal resolution at higher frequencies and 

additional frequency resolution at lower frequencies (Loughlin et al. 2010, van Vugt et 

al. 2007). Wavelet analyses can differ based on the selection of the mother wavelet, the 

shape parameters, and the selection of scales. Therefore, a balance must be struck to 

obtain information on when specific material failure occurs. The analysis in this paper 

focuses on gaining temporal resolution by first determining the frequencies of interest 
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from isolated cortical bone testing and then performing a CWT to determine when these 

frequencies occur. 

The methodology proposed assesses when specific spectral content enters the 

time domain. Cortical bone failure is considered to occur at the points in time when local 

maxima in the wavelet s spectrum falls within the bands associated with cortical bone 

failure. In each failed specimen, low-amplitude acoustic emission(s) were observed 

during the initial loading period suggesting the initiation of failure followed by acoustic 

emissions near inflection points, which may be due to the propagation of the initial 

injury or due to larger injuries occurring at another location. Although these AEs can be 

visually identified (Figure 32), this technique determines the timing of the failure for 

closely spaced AEs without being influenced by the low frequency, slowly-dissipating 

signal components.  

Additionally, this technique was able to determine that failure did not occur in 

Test #8 (Figure 35), which appears to corroborate with the force-displacement plot 

(Figure 36) showing no evidence of failure. This is expected since this specimen is more 

compliant supporting only 774 N of load at the peak 11.5 mm displacement. This 

suggests that the methodology is able to identify non-failure acoustic emission signals. 

The traditional techniques of using counts, rise time, peak amplitude, and duration 

parameters would have suggested that failure occurred although no failure was found 
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in necropsy. Ligamentous injuries are expected to produce lower frequency content than 

bony injury (Van Toen et al. 2012), therefore it is possible that these acoustic emissions 

are representative of ligamentous injuries. However, characterization of the AE response 

from ligamentous injuries does not exist nor were any ligament injuries noted during 

necropsy. It is also possible that these acoustic emissions represent micro-cracks that do 

not cause noticeable changes in the force-deflection response and also happen to fall 

outside of the previously identified spectral bands. 

Failure was inferred as the failure timing associated with an inflection point in 

the force-displacement curve and failure initiation was inferred as the first acoustic 

emission prior to this inflection point (Figure 37). The results suggest that failure 

initiates at between 70% - 90% of the failure load. Confidence is gained in the failure 

timing due to the changes in structural load bearing response observed in the force-

displacement response. However, an assumption about the failure propagation and the 

source of the prior acoustic emissions was made to determine the initiation of failure. 

Although the assumption seems reasonable, it lacks validation and would be benefit 

greatly from high speed X-ray or dynamic failure localization. 

The methodology is limited in that it assumes the cortical bone failure will 

always produce a spectral peak within the spectral bands identified in Chapter 4; 

however, frequencies within the higher frequency spectral bands may be attenuated 
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causing the response to be dominated by lower frequency components. The distribution 

of local maxima in the continuous wavelet transforms of the 15 specimens (Figure 38) 

suggests this may not be a concern as there are many peaks occurring within the highest 

frequency band. I recommend using an array of sensors distributed over the specimen 

and analyze the response from the sensor with the earliest time of arrival to limit the 

influence of the attenuation. 

 
Figure 38: Local maxima in the continuous wavelet transform for each of the 15 

specimens. The horizontal bars show the spectral bands associated with cortical bone 
failure found in Chapter 4. 
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5.5 Conclusions 

Dynamic failure testing is commonly performed to evaluate the load bearing 

capability and the failure properties of the cervical spine. Failure is typically defined as a 

reduced ability to support load for a given displacement (decreased stiffness, inflection 

point) or as decreased load bearing ability with increasing displacement (drop in force 

for increasing displacement). Ultimate failure is often also defined as the overall 

maximum amount of load a specimen can support. However, using the inflection point 

as the failure point assumes that large changes in the specimen geometry and load path 

have not occurred. 

The work in this chapter presents a novel methodology to detect when cortical 

bone failure occurs during dynamic testing of biological specimens using acoustic 

emissions without being influenced by changes in specimen geometry or load path. The 

technique separates the acoustic signal into its time-frequency response to determine 

when frequency components associated with cortical bone failure occurs in dynamic 

failure tests. These points were then compared to the force deflection response to infer 

which acoustic emissions were associated with substantial structural changes and which 

were associated with micro-cracking during the initiation of failure. The results show 

failure initiates at 70 – 90% of the peak force. This inference could be better justified with 

use of high speed visualization of the fracture or dynamic failure localization. The 



 

 

85 

analysis procedure presented was capable of distinguishing between failure tests, non-

failure tests, and tests with buckling suggesting it can unambiguously detect failure. 

Although the presented methodology was developed in the cervical spine, the 

procedures are likely applicable to many other bony regions in the body. 
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6. Hyperbolic Fracture Localization 

Hyperbolic source localization is a commonly used technique to calculate the 

location of objects and is the general procedure used locating seismic activity, radio 

frequency (RF) sources, and acoustic emissions. There is great interest within the 

biomechanics community in detecting the source of acoustic emissions in biological 

materials to evaluate fracture processes and to predict failure in surgical implants and 

prosthesis. The primary purpose of this chapter is to evaluate the feasibility of using 

hyperbolic source localization to calculate the location of fracture in cortical bone in 

vertebral body specimens. 

6.1 Introduction 

Due to the potential long term consequences and extensive societal and economic 

costs associated with spinal injuries (Côté et al. 1998, Côté et al. 2001, Daffner et al. 2003, 

Harrop et al. 2001, Sekhon et al. 2001), there has been a great interest within the 

biomechanics community to study the failure mechanics of the spine. Understanding the 

failure mechanisms can help prevent injury and pain. Determining where bony micro-

cracks are forming can help to predict where a larger failure may be more likely to 

occur. Optical based systems for visualizing these cracks are useful in that they can 

provide real-time monitoring, however, they are limited in that they can only provide 

feedback on what is happening on the surface of the material. 
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Acoustic emissions have been shown to be produced during failure of bone and 

ligaments and are typically used to determine timing of failure (Aggelis et al. 2011, 

Cormier et al. 2011, Funk et al. 2000, Funk et al. 2002, Kent et al. 2008, Paschos et al. 2012, 

Shridharani et al. 2014, Van Toen et al. 2012). Whenever a micro-crack is formed, some of 

the stored strain energy in the material is released in the form of an elastic bulk wave 

(Kohn 1995) that can be detected by acoustic sensors. The benefit of this technique is that 

incipient and larger failures can be detected through specimen and not only at the 

surface. 

Allsop et. al. and showed small acoustic emissions occurring during the loading 

and larger acoustic emissions occurring near the peak force (Allsop et al. 1988). Funk et. 

al. also observed this phenomenon and found acoustic emissions without any obvious 

material damage. The source of these smaller acoustic emissions is unknown but likely 

due to highly localized micro-cracks that are not clinically important but may suggest 

structurally vulnerable locations that may be associated with more substantial injuries 

after further loading. A possible solution to elucidate the cause of these acoustic 

emissions is to determine where these acoustic emissions arose. 

Source localization provides a method of determining where the AE occurred 

and is highly desired for evaluating the fracture process and monitoring structural 

health of a specimen. Many methods exist in the literature to determine the source 
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location of an acoustic emission and are primarily developed and utilized in 

homogenous, non-biological materials. The “zone” technique works on the principle 

that the acoustic sensor closest to the failure should have the largest acoustic emission 

signal and the earliest time of arrival (TOA) (Baron et al. 1987, Ge 2003) The triaxial 

sensor approach requires placing three sensing elements in orthogonal positions to 

calculate the angle of arrival of the acoustic wave at the senor (Ge 2003). Another 

approach requires characterizing the time of arrival for simulated fractures at specific 

locations on the specimen defined by a grid pattern (Baxter et al. 2007). Then, the actual 

time of arrival during a failure test is compared to the pre-calculated time of arrivals to 

approximate the acoustic emission source location. Due to the limited range of sensor 

locations on cervical vertebrae, the zonal method was expected to be inaccurate and the 

triaxial sensor approach was impractical. The grid approach requires much time and 

analysis prior to testing and needs to be repeated for each specimen causing it to be 

impractical. Hyperbolic source localization is often chosen as the preferred method 

because it is straightforward, can be performed quickly and possibly in real time, and is 

extensible to different materials. 

Hyperbolic source localization method uses the time difference of arrival 

(TDOA), wave velocity, and sensor locations to define a hyperbola on which the acoustic 

emission must have originated. A third sensor can be used to obtain a second TDOA and 
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define a second hyperbola. The intersection of the two hyperbola is the calculated 

location of the acoustic emission in 2-D. A fourth sensor is required to localize the 

acoustic emission in 3-D (i.e. to calculate the x, y, and z coordinates of the AE location). 

Error in the source location arises from error in the wave velocity, time of arrival 

calculation, and location of the AE sensors. Hyperbolic source localization has potential 

to work for the localization of micro-cracks in bone, however, it assumes a constant 

wave velocity and linear path of transmission while bone has a complex geometry with 

variable speed of sound. Therefore, the algorithm needs to be modified to account for 

these sources of error. 

6.2 Methodology 

Four thoracic vertebral bodies were dissected from three caprine whole spine 

specimens, and ribs and all soft tissue were removed. Ligaments and periosteum were 

removed to provide locations to apply the acoustic sensors. Before testing, microCT 

images were acquired (Nikon Metrology Inc., Model XTH 225 ST, Brighton, MI, 48116) 

at 90 kVp, 290 uAs, 1000 ms, and 109.2 µm resolution to provide baseline images of the 

specimen structure before any induced damage. Four miniature acoustic sensors (Model 

S9225, Physical Acoustic Corporation, Princeton Junction, NJ 08550, USA) were placed 

on the anterior surface of each vertebral body lateral to the anterior longitudinal 

ligament (ALL) with two sensors on the left side and two on the right side at different 
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superior/inferior locations. The acoustic sensors were adhered to the cortical bone using 

cyanoacrylate glue. 

Each acoustic sensor was pre-amplified with 40 dB of gain (Model 2/4/6, Physical 

Acoustic Corporation, Princeton Junction, NJ 08550, USA) and powered using custom 

built constant current power supplies. The signals were sampled at 62.5 MHz to provide 

accurate timing of arrival time of the acoustic emission at the sensor. Failure was 

induced at three distinct locations on the anterior left, right, and center of the vertebral 

body by placing a ½” spade drill bit tip at the designated location and impacting the end 

of the bit with a rubber mallet. The rubber mallet was chosen to prevent any high 

frequency vibration from travelling down the drill bit and into the specimen corrupting 

the acoustic emission signal. After the testing was completed, post-test microCT images 

were generated (90kVp, 290uAs, 1000 ms, and 72.2 µm resolution) with the acoustic 

sensors still in place. The x, y, and z coordinates of the sensors and fracture locations 

were measured from the CT images using Avizo (Version 8.1, FEI Visualization Sciences 

Group, Hillsboro, Oregon 97124 USA). 

Localization was performed using a time difference of arrival hyperbolic source 

localization approach. The TDOA is the difference in the time of arrival of an acoustic 

emission at two sensors. The basis for this approach is that, for simple materials, TDOA 

is directly related to how much farther one sensor is from the acoustic emission source 
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than the other sensor. By assuming a constant speed of sound, the Euclidian distance 

formulation is used to form the following system of equations: 

𝑐𝑐(𝑡𝑡1 − 𝑇𝑇𝑜𝑜) = �(𝑥𝑥𝑠𝑠 − 𝑥𝑥1)2 + (𝑦𝑦𝑠𝑠 − 𝑦𝑦1)2 + (𝑧𝑧𝑠𝑠 − 𝑧𝑧1)2

c(𝑡𝑡2 − 𝑇𝑇𝑜𝑜) = �(𝑥𝑥𝑠𝑠 − 𝑥𝑥2)2 + (𝑦𝑦𝑠𝑠 − 𝑦𝑦2)2 + (𝑧𝑧𝑠𝑠 − 𝑧𝑧2)2 (16)
c(𝑡𝑡3 − 𝑇𝑇𝑜𝑜) = �(𝑥𝑥𝑠𝑠 − 𝑥𝑥3)2 + (𝑦𝑦𝑠𝑠 − 𝑦𝑦4)2 + (𝑧𝑧𝑠𝑠 − 𝑧𝑧3)2

c(𝑡𝑡4 − 𝑇𝑇𝑜𝑜) = �(𝑥𝑥𝑠𝑠 − 𝑥𝑥4)2 + (𝑦𝑦𝑠𝑠 − 𝑦𝑦4)2 + (𝑧𝑧𝑠𝑠 − 𝑧𝑧4)2

 

where xs, ys, and zs are the x, y, and z coordinates of the acoustic emission source; xi, yi, 

and zi are the x, y and z coordinates of the acoustic sensors; and tn is the time of arrival 

of the acoustic emission at the sensor. An autoregressive (AR) Akaike information 

criterion (AIC) function (Maeda 1985) was used to calculate this time of arrival: 

𝐴𝐴𝐴𝐴𝐴𝐴(𝜋𝜋) = 𝜋𝜋 log�𝑣𝑣𝑎𝑎𝑣𝑣(𝑥𝑥[0, 𝜋𝜋])� + (𝑁𝑁 − 𝜋𝜋 + 1) log�𝑣𝑣𝑎𝑎𝑣𝑣(𝑥𝑥[𝜋𝜋 + 1,𝑁𝑁])� (17) 

where x is the measured signal through time, k is the time index in the x array of length 

N, and var is the variance. The time at the minimum of the AIC function provides the 

time of arrival. The system of equations was solved by iterating on xi, yi, and zi to 

minimize the difference between the guessed time of arrival and the actual time of 

arrival. In this manner, the system of equations above can be expanded to include more 

than four sensors. The effective speed of sound, c, was iterated upon from 1000 to 4500 

m/s in 5 m/s increments to account for the uncertainty in the effective speed of sound 

and the acoustic wave path. Convergence was defined as the solution at which the 

distance between iterations was minimized. 
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6.3 Results 

The representative plot of the acoustic emissions in a failure test (Figure 39) 

shows the time history of the signal for the four sensors located on the T13 vertebral 

body for a failure at the T13 center location. Each sensor shows the acoustic emission 

starts at distinct times and the AIC method calculates these times. Four of the twelve 

tests had instrumentation error due to sensor failure and localization was unable to be 

performed. Localization of the acoustic emission source resulted in an error of 5.7 ± 3.8 

mm in terms of mean and standard deviation. The localization error for each test is 

shown in Table 7 and a to scale illustration of the error can be seen in Figure 40. 

Table 7: Error and effective speed of sound in localization of failure in each 
test 

Specimen 
# 

Failure 
Location 

Error 
(mm) 

Effective 
Speed of 

Sound 
(m/s) 

1 Left 4.27 3376 
1 Right 9.90 2045 
1 Center 2.63 2140 
2 Right 10.21 4040 
2 Center 6.66 2534 
3 Right 0.71 1275 
3 Left 9.44 2980 
4 Right 1.92 2731 
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Figure 39: Acoustic emission time history of a fracture on the anterior medial 

location of the T13 vertebral body showing the overall response (top) and the time of 
arrival (bottom).  
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Figure 40: Example localization results showing a microCT transverse image of 

the actual failure location and the calculated failure location at the center of the red 
dot. The error in this example is 4.3 mm due to out of plane errors not visible in this 

view. 

 

6.4 Discussion 

The typical hyperbolic source localization method was modified by iterating on 

the wave velocity to find the effective speed of sound that caused the solution to 

converge. This algorithm resulted in a mean error of 5.7 ± 3.8 mm, which is appropriate 

for determining the area of a specific vertebral body that is susceptible to failure (e.g. 

anterior/posterior/left/right vertebral body, left/right facet, endplate, etc.). It is likely too 

Failure
Location

Calculated 
Failure Location
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inaccurate, however, to provide a direct location of very minor injuries such as 

trabecular bone failure or micro-cracks in cortical bone, but may be used to show the 

area in which such failures have occurred for later identification in microCT images or 

other medical imaging.  

One source of error is the time of arrival calculation which was calculated as the 

time when the AIC function reaches a global minimum. This procedure generally picked 

a time of arrival that was later than that which would have been identified visually. This 

error in the time of arrival does not cause a very large error for large specimens with 

large spatial (and temporal) separation between sensors, but it can cause substantial 

errors in small specimens with small distances between sensors such as those tested in 

these experiments. 

The assumption of a constant wave velocity between the AE source and each AE 

sensor is likely a source of error in the osteoligamentous spine. Cortical bone has a wave 

velocity of 3972 ± 114 m/s (Prevrhal et al. 2001) and has been shown to vary directionally 

(Kann et al. 1993) while cancellous bone has a wave velocity from 1500 to 2300 m/s 

(Cardoso et al. 2003). Therefore, the effective speed of sound depends on the materials 

through which it travels, the relative direction of travel, and the available acoustic paths. 

Iterating on the wave velocity to obtain convergence provides an estimate for the 

effective speed of sound, however, the effective speed of sound is different for each 
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sensor and each acoustic path. Improvements in the source localization can likely be 

gained by accounting for these sources of variance in the speed of sound including 

material and path-dependent effects. 

6.5 Conclusions 

This chapter presents a modified hyperbolic source localization procedure to 

calculate the location of an acoustic emission with an error of 5.7 ± 3.8 mm. This level of 

accuracy is likely sufficient for calculating the specific structure where failure originates 

(e.g. anterior/posterior/left/right vertebral body, left/right facet, endplate, etc.), but likely 

not accurate enough to locate micro-cracks or trabeculae failure. This is very valuable to 

the biomechanics community to determine which structures are susceptible to failure 

and to predict where a substantial failure will occur. 

The accuracy can likely be improved by improving the time of arrival calculation 

and using knowledge of the specimen geometry and the directionally dependent 

acoustic wave velocity to provide more accurate acoustic path information, possibly 

based on medical imaging data. An iterative technique that adjusts the effective wave 

velocity for each sensor based on materials in a straight line between the AE location 

“guess” and the sensor may prove useful for accurately locating the AE source. 
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7. Conclusions 

Injuries and pain in the spine are common in our society. Injuries causing 

instability in the spine are a primary concern because they can lead to spinal cord 

injuries with extensive long term neurological consequences (Côté et al. 1998, Côté et al. 

2001, Daffner et al. 2003, Harrop et al. 2001, Sekhon et al. 2001). Understanding the 

failure mechanics of the spine and the evolution of failure in the spine can help develop 

protective equipment, test standards, safety testing protocols, and finite element models.  

Failure in bone is hypothesized to occur as an evolution of smaller, more 

localized failures in which micro-cracks form around structurally vulnerable locations 

and then propagate into major failures. In this case, the minor micro-cracks may not 

result in substantial changes in the load bearing capability of the spine and would not 

necessarily require surgical intervention. Major failures, however, may reduce load 

bearing capability and change mechanical structural stiffness and may require surgical 

intervention. Minor injuries have traditionally been difficult to assess due to limited 

methods of detection. They are difficult to visualize using high speed cameras because 

they often do not result in any large structural changes that can be seen on the surface. 

Acoustic sensors can detect the acoustic waves produced during a failure and have great 

potential for the detection of micro-cracks and major failures. They are particularly 

useful over optical techniques since they can detect failure through the entire specimen 
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thickness rather than just on the surface. However, since these sensors are sensitive to 

such a great range of failures, the signals also have the potential to be corrupted by non-

injury related events that would cause vibration in the range where the sensors are 

sensitive. Characterization of the acoustic emission signals due to material failure in 

biological tissues, particularly bony tissues, provides confidence that the measured 

signals are, in fact, due to failure.  Localization of this acoustic emission also would 

provide confidence in failure locations. 

7.1 Major Contributions 

This dissertation provides three major contributions to the field of injury 

biomechanics and the study of bony injuries in the spine (although the techniques 

presented are applicable to other body regions as well). The contributions provide a 

method to assess the existence, timing, and location of failure without having to rely on 

imaging or necropsy. 

Research in this dissertation determined that cortical and trabecular bone failure can be 

detected using acoustic sensors and contains frequency content within specified spectral bands 

using a Wavelet analysis. 

Chapter 4 presents the most extensive characterization of the acoustic emission 

response from cortical and trabecular bone failure to date. Cortical bone failure 

produced acoustic emissions with wideband spectral content whose first frequency 



 

 

99 

component falls within three distinct frequency bands: 166 ± 52.6 kHz, 379 ± 37.2 kHz, 

and 668 ± 63.4 kHz determined using continuous wavelet transform with a Paul mother 

wavelet. Trabecular bone failure also produces wideband response whose first 

frequency component falls within 185 ± 37.9 kHz. 

The cause of this wideband response is unknown but may be attributed to 

acoustic wave mode or failure size. The lower frequency components may be 

representative of the low amplitude slow rise time compressive/shear wave while the 

higher frequency components may be due to the larger amplitude faster rise time 

Rayleigh waves. However, it is difficult to confirm this hypothesis due to difficult in 

confirming the wave mode for a given failure event. 

Chapter 5 of this dissertation demonstrated a technique to use wavelet analysis and the 

spectral content characterization to discriminate between failure and non-injurious events. By 

comparing the micro-crack timing to the force-displacement response, assumptions can 

be made to determine the failure initiation and the final failure timing, force, and 

displacement. It was found that failure initiates at 70-90% of the failure load for whole cervical 

spine specimens in a pre-flexed posture. Using acoustic emissions to unambiguously 

determine the failure timing can provide information in the development of protective 

equipment, test standards, safety testing protocols, and finite element models. 
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Finally, this dissertation develops a procedure to calculate where an acoustic emission 

originated. This was done by expanding on typical hyperbolic source localization 

algorithm to synthetically account for the heterogeneous nature of the wave velocity in 

the spine and the complex geometry by iterating on the speed of sound until the 

solution converged, providing an estimate for the effective acoustic wave velocity and 

the AE location. This algorithm produced an error of 5.7 ± 3.8 mm which is appropriate 

for pinpointing the area from where failure occurred, but is likely not accurate enough 

for localizing trabecular bone failure or micro-cracks during failure initiation. This work 

is very valuable to the biomechanics community to determine which structures are 

susceptible to failure and to predict where a substantial failure will occur. 

7.2  Recommendations 

There are many experimental concerns that need to be considered when using 

acoustic emissions to detect failure and the timing of failure. The primary consideration 

is the sensor selection and sensor placement. The results in this dissertation suggest that 

response from at least 100 kHz – 1500 kHz is desired, however, it is possible that higher 

frequency components may have existed that were not detected due to the sensor 

response and analog filters chosen for this effort. Therefore, the sensors with the largest 

wideband response should be selected. This, of course, needs to be balanced with the 

size of the sensor considering the potential sensor adhesion locations. There was also a 
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great benefit in using an array of sensors in experiments where localization was not 

planned on being performed.  Often, the sensors on the same vertebral body as the 

failure produced saturated signals corrupting the calculation of the spectral response. In 

these cases, the nearest sensor that did not experience this instrumentation failure was 

selected for analysis. If large failures are expected, it is recommended to use an array of 

sensors to ensure the signal is captured effectively. Additionally, the preamplifier gain 

can be reduced to 20 dB to help prevent this signal saturation. 

A great deal of work was performed prior to any of the testing to reduce the 

noise in the system. I found that without proper coupling, the signals experienced large 

noise peaks starting at 1 MHz and continuing through the higher frequency ranges until 

the Nyquist frequency at 62.5 MHz. After coupling the signals to the data acquisition 

system with a 50-ohm terminator, these noise peaks were substantially reduced, 

effectively disappearing. Removing this noise was particularly important due to the 

wideband response of the sensors and the potential for important spectral peaks above 1 

MHz. 

Detecting when bone failure occurred was particularly useful for detecting when 

failure initiated and when the primary, larger failure occurred. There is no established 

correlation between the acoustic emission response and either a qualitative or 

quantitative estimate of the extent of failure. Therefore, I recommend that the AE 
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response be used as a tool to confirm potential failures suggested by the material’s 

structural response (i.e. displacement, force, moment response). 

The localization results show localization of acoustic emission response in the 

spine is possible with reasonable error. To obtain useful results, it was found that 

placing the sensors used in the calculation on the same vertebral level likely reduced the 

negative effects of the assumption that the effective speed of sound between the AE 

source and each sensor was the same. Therefore, I recommend placing acoustic sensors 

on the same vertebral body when using the localization algorithm presented in this 

dissertation. 

7.3 Future Work 

Much of the work presented in this dissertation has logical subsequent steps that 

could improve the methodology and provide improved failure identification and 

localization.  

To improve on the interpretation of the acoustic emission signals, a strong 

correlation between the acoustic emission response and extent of failure would prove 

very useful to the biomechanics community. The parameters needed to develop this 

correlation are currently unknown, however, a general linear model, machine learning, 

principal component analysis, or other composite approach may provide a useful 

estimate of the extent of damage using parameters as energy in the AE signal, peak 
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amplitude, duration, rise time, and/or spectral content. Having a robust correlation 

between general acoustic response and failure extent might provide injury risk models 

for minor and major failures by correlating loading parameters, acoustic emission 

response, and the severity of injury. 

Additionally, many acoustic emissions were generated without obtaining visual 

evidence of failure in the cortical bone testing. It is possible that these acoustic emissions 

were a result of highly localized minor injuries that were not large enough to easily 

visually identify in the medical imaging. It would be very beneficial to determine the 

source of these acoustic emissions.  This source and the signal response may provide 

insight into differences between the acoustic emissions produced from extensive failure 

and the response for minor failures. Further testing to expand on the current work 

would also assist in understanding the distribution of spectral content. 

It may also prove useful to assess the ability to predict failure in vivo. This may 

be feasible by placing acoustic sensors in athletic equipment (e.g. footwear, helmets, 

padding, shin guards, etc.) and utilizing analysis techniques similar to those presented 

in this dissertation to distinguish between motion artifacts and possible cortical bone 

failure. The localization procedure may also be useful to predict the location of a 

possible failure. 



 

 

104 

Improving the localization algorithm may be helpful in detecting these failures, 

however, the algorithm may be more accurate in isolated cortical bone tests where only 

one material is influencing the effective speed of sound. Regardless, the accuracy of the 

algorithm could be improved upon in multiple ways. The largest error is likely 

produced by the assumption that the wave velocity is the same for each sensor. The 

wave velocity in the spine varies greatly depending on the materials through which it 

travels: cortical bone (3972 ± 114 m/s (Prevrhal et al. 2001)), trabecular bone (1500 to 2300 

m/s, (Cardoso et al. 2003), ligaments (1580 to 1640 m/s, (Kijima et al. 2009)), and/or 

intervertebral disc(s) (1611 ± 3 m/s, (Pluijm et al. 2004)) and is different based on the 

direction of travel (Kann et al. 1993).  This assumption could be eliminated using an 

iterative approach where an initial guess of the source location is first made using an 

assumed constant wave velocity. Then, the wave velocity is adjusted based the initial 

solution and medical imaging (e.g. microCT) identification of the material geometry and 

the wave’s direction of travel between this solution and each sensor. Iteration would 

continue in this manner until the convergence criteria is met, which could be based on 

when the solution does not change more than a specified amount or converges to a 

particular set of acoustic paths. Additionally, using more than four sensors should allow 

for more accurate localization and provides a method of increasing the accuracy quickly 

and easily without investing much effort into the algorithm. 
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Ligamentous injuries prove to be a difficult injury to assess visually and 

acoustically. Van Toen attempted to perform isolated ligamentous tests and observed 

acoustic emission but did not obtain any ligamentous injuries besides periosteal 

stripping and an increased laxity assessed in the ligaments (Van Toen et al. 2012). It is 

expected that ligamentous injures would produce acoustic emissions at frequencies 

lower than bone due to the lower elastic modulus, however, it is possible these 

frequencies are difficult to assess using the instrumentation used in this dissertation. 

One of the pre-extended whole cervical spine specimens produced detectable acoustic 

emissions with lower frequency content then that expected for cortical bone failure. It 

was concluded that no failure existed, however it is possible that low-level ligamentous 

injury existed and could not be confirmed. Therefore, it is greatly desired to develop 

experimental methods to characterize the acoustic emission response from ligamentous 

injuries especially due to the difficulty in confirming these injuries.  
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Appendix A - Cortical Bone Failure AE Spectral Response 
(Welch PSD) 

Table A-1: Acoustic emission spectral peaks from cortical bone failure calculated 
using Welch PSD estimate 

Specimen 
# Channel 

Frequency 
(kHz) 

Power 
(dB) 

1 A 120 -68.9 
1 A 182 -70.5 
1 A 266 -71.4 
1 A 324 -75.3 
1 A 414 -76.0 
1 B 76 -63.4 
1 B 116 -64.2 
1 B 180 -65.9 
1 B 238 -71.5 
1 B 340 -67.2 
1 B 392 -70.7 
1 C 40 -62.5 
1 C 62 -61.0 
1 C 104 -63.7 
1 C 180 -65.8 
1 C 274 -63.0 
1 C 394 -61.9 
1 C 534 -67.0 
1 C 902 -66.4 
1 D 72 -60.7 
1 D 98 -67.0 
1 D 302 -71.2 
1 D 414 -67.8 
2 A 72 -60.8 
2 A 126 -70.2 
2 A 196 -67.3 
2 A 328 -68.3 
2 A 492 -66.9 
2 A 544 -66.6 
2 A 778 -74.7 
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Specimen 
# Channel 

Frequency 
(kHz) 

Power 
(dB) 

2 B 70 -64.3 
2 B 192 -69.2 
2 B 282 -76.0 
2 B 460 -68.5 
2 B 610 -66.7 
2 B 766 -66.4 
3 A 100 -66.2 
3 A 152 -68.1 
3 B 40 -56.1 
3 B 86 -49.3 
3 B 294 -62.9 
3 B 412 -62.5 
3 B 562 -62.9 
3 B 646 -69.1 
3 B 792 -69.0 
3 C 42 -55.7 
3 C 66 -57.0 
3 C 96 -60.9 
3 C 126 -58.2 
3 C 220 -54.7 
3 C 362 -66.0 
3 C 548 -70.0 
4 A 26 -55.7 
4 A 46 -58.6 
4 A 72 -56.1 
4 A 86 -54.5 
4 A 158 -40.2 
4 A 284 -40.8 
4 A 390 -46.1 
4 A 580 -45.3 
4 A 806 -48.0 
4 A 988 -63.3 
4 A 1268 -63.8 
4 C 92 -45.6 
4 C 126 -46.0 



 

 

108 

Specimen 
# Channel 

Frequency 
(kHz) 

Power 
(dB) 

4 C 238 -61.3 
4 C 318 -55.1 
6 A 20 -51.5 
6 A 44 -49.7 
6 A 74 -43.6 
6 A 146 -37.0 
6 A 286 -39.0 
6 A 404 -47.6 
6 A 534 -56.2 
6 A 790 -43.5 
6 A 1088 -55.8 
6 A 1230 -61.0 
6 A 1380 -62.6 
6 B 98 -49.6 
6 B 182 -50.4 
6 B 248 -61.4 
6 B 344 -68.3 
6 B 476 -69.2 
6 B 766 -63.6 
6 C 60 -48.2 
6 C 96 -53.9 
6 C 174 -57.3 
6 C 258 -65.0 
6 C 316 -65.2 
6 C 412 -64.9 
6 C 524 -71.6 
6 C 670 -62.7 
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Figure A-1: Welch power spectrum density for Cortical Bone Specimen #1 

Sensor #1 

 
Figure A-2: Welch power spectrum density for Cortical Bone Specimen #1 

Sensor #2 
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Figure A-3: Welch power spectrum density for Cortical Bone Specimen #1 

Sensor #3 

 
Figure A-4: Welch power spectrum density for Cortical Bone Specimen #1 

Sensor #4 
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Figure A-5: Welch power spectrum density for Cortical Bone Specimen #2 

Sensor #1 

 
Figure A-6: Welch power spectrum density for Cortical Bone Specimen #2 

Sensor #2 
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Figure A-7: Welch power spectrum density for Cortical Bone Specimen #3 

Sensor #1 

 
Figure A-8: Welch power spectrum density for Cortical Bone Specimen #3 

Sensor #2 
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Figure A-9: Welch power spectrum density for Cortical Bone Specimen #3 

Sensor #3 

 
Figure A-10: Welch power spectrum density for Cortical Bone Specimen #4 

Sensor #1 
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Figure A-11: Welch power spectrum density for Cortical Bone Specimen #4 

Sensor #2 

 
Figure A-12: Welch power spectrum density for Cortical Bone Specimen #4 

Sensor #3 
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Figure A-13: Welch power spectrum density for Cortical Bone Specimen #5 

Sensor #1 

 
Figure A-14: Welch power spectrum density for Cortical Bone Specimen #5 

Sensor #2 
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Figure A-15: Welch power spectrum density for Cortical Bone Specimen #5 

Sensor #3 

 
Figure A-16: Welch power spectrum density for Cortical Bone Specimen #6 

Sensor #1 
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Figure A-17: Welch power spectrum density for Cortical Bone Specimen #6 

Sensor #2 

 
Figure A-18: Welch power spectrum density for Cortical Bone Specimen #6 

Sensor #3 
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Appendix B - Cortical Bone Failure AE Spectral Response 
(CWT) 

Table B-1: Acoustic emission spectral peaks from cortical bone failure calculated 
using Welch PSD estimate 

Specimen 
# Channel 

Frequency 
(kHz) Energy Time (μs) 

1 C 662 241559 3.776 
1 C 342 88942 10.112 
1 B 355 103925 5.312 
1 B 177 83492 18.080 
1 D 407 34124 3.200 
1 D 98 48390 10.112 
1 A 218 68501 15.584 
1 A 44 10890 25.952 
2 B 685 426125 0.708 
2 B 121 26556 1.284 
2 A 576 239022 0.420 
2 A 61 25323 4.452 
3 C 380 22238 2.046 
3 C 211 144362 10.782 
3 C 51 15513 10.686 
3 B 617 40283 1.470 
3 B 121 88789 10.782 
3 A 113 45285 13.374 
4 C 331 22593 6.749 
4 C 125 63543 18.269 
4 C 28 10501 34.109 
4 A 422 244730 3.005 
4 A 177 70887 11.357 
6 C 734 28267 2.238 
6 C 436 65145 4.350 
6 C 58 44183 13.950 
6 B 165 168474 5.310 
6 A 734 126629 4.350 
6 A 184 130925 7.518 
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Figure B-1: Continuous wavelet transform for  Cortical Bone Specimen #1 

Sensor #1. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 

 
Figure B-2: Continuous wavelet transform for  Cortical Bone Specimen #1 

Sensor #2. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 
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Figure B-3: Continuous wavelet transform for  Cortical Bone Specimen #1 

Sensor #3. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 

 
Figure B-4: Continuous wavelet transform for  Cortical Bone Specimen #1 

Sensor #4. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 
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Figure B-5: Continuous wavelet transform for  Cortical Bone Specimen #2 

Sensor #1. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 

 
Figure B-6: Continuous wavelet transform for  Cortical Bone Specimen #2 

Sensor #2. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 
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Figure B-7: Continuous wavelet transform for  Cortical Bone Specimen #3 

Sensor #1. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 

 
Figure B-8: Continuous wavelet transform for  Cortical Bone Specimen #3 

Sensor #2. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 
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Figure B-9: Continuous wavelet transform for  Cortical Bone Specimen #3 

Sensor #3. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 

 
Figure B-10: Continuous wavelet transform for  Cortical Bone Specimen #4 

Sensor #1. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 
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Figure B-11: Continuous wavelet transform for  Cortical Bone Specimen #4 

Sensor #3. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 

 
Figure B-12: Continuous wavelet transform for  Cortical Bone Specimen #6 

Sensor #1. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 
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Figure B-13: Continuous wavelet transform for  Cortical Bone Specimen #6 

Sensor #2. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 

 
Figure B-14: Continuous wavelet transform for  Cortical Bone Specimen #6 

Sensor #3. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 
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Appendix C – Trabecular Bone Failure AE Spectral Response 
(Welch PSD) 

 

Table C-1: Acoustic emission spectral peaks from trabecular bone failure calculated 
using Welch PSD estimate 

Specimen 
# 

Channel Frequency 
(kHz) 

Power 
(dB) 

1 A 28 -30.7 
1 A 48 -38.3 
1 A 72 -43.9 
1 A 86 -43.1 
1 A 104 -48.2 
1 A 132 -43.0 
1 A 184 -52.4 
1 A 208 -53.7 
1 A 256 -52.2 
1 A 304 -56.0 
1 A 342 -54.3 
1 A 410 -61.8 
1 A 450 -62.4 
1 A 526 -60.6 
1 A 616 -68.9 
1 A 762 -69.9 
1 B 24 -35.2 
1 B 50 -40.5 
1 B 62 -47.2 
1 B 84 -42.6 
1 B 96 -43.8 
1 B 114 -34.1 
1 B 142 -36.5 
1 B 230 -49.5 
1 B 268 -55.7 
1 B 330 -63.4 
1 B 374 -58.3 
1 B 428 -61.6 
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Specimen 
# Channel 

Frequency 
(kHz) 

Power 
(dB) 

1 B 476 -68.7 
1 B 616 -71.2 
1 B 712 -69.9 
2 A 32 -37.7 
2 A 42 -35.4 
2 A 60 -47.1 
2 A 74 -45.4 
2 A 88 -46.8 
2 A 114 -46.7 
2 A 126 -50.4 
2 A 138 -52.2 
2 A 158 -54.8 
2 A 178 -55.3 
2 A 218 -55.3 
2 A 240 -58.9 
2 A 262 -47.9 
2 A 302 -51.8 
2 A 326 -46.4 
2 A 354 -58.1 
2 A 374 -57.4 
2 A 392 -53.8 
2 A 428 -67.9 
2 A 452 -64.7 
2 A 508 -65.5 
2 A 570 -69.0 
2 A 616 -72.7 
2 A 726 -63.7 
2 A 918 -59.7 
2 A 1382 -70.1 
2 B 40 -52.8 
2 B 56 -52.0 
2 B 72 -57.8 
2 B 90 -60.3 
2 B 124 -55.8 
2 B 140 -56.0 
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Specimen 
# Channel 

Frequency 
(kHz) 

Power 
(dB) 

2 B 166 -52.9 
2 B 202 -61.0 
2 B 218 -60.6 
2 B 256 -60.0 
2 B 304 -63.6 
2 B 328 -60.0 
2 B 354 -64.2 
2 B 378 -66.4 
2 B 406 -63.4 
2 B 432 -63.2 
2 B 530 -65.2 
2 B 616 -66.7 
2 B 720 -63.6 
2 B 794 -58.5 
2 B 904 -73.2 
3 A 32 -23.8 
3 A 44 -27.6 
3 A 64 -34.4 
3 A 80 -38.4 
3 A 98 -38.8 
3 A 142 -24.9 
3 A 162 -36.5 
3 A 200 -43.4 
3 A 230 -41.8 
3 A 258 -38.0 
3 A 352 -43.0 
3 A 408 -57.7 
3 A 438 -60.5 
3 A 516 -55.2 
3 A 600 -62.4 
3 A 758 -61.7 
3 A 1040 -64.2 
4 A 32 -44.4 
4 A 62 -53.2 
4 A 86 -55.4 
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Specimen 
# Channel 

Frequency 
(kHz) 

Power 
(dB) 

4 A 108 -56.2 
4 A 120 -59.2 
4 A 138 -58.5 
4 A 156 -56.3 
4 A 172 -55.9 
4 A 202 -44.7 
4 A 242 -53.3 
4 A 258 -52.6 
4 A 280 -50.7 
4 A 318 -66.6 
4 A 336 -65.3 
4 A 364 -66.0 
4 A 416 -64.0 
4 A 474 -71.7 
4 A 548 -71.7 
4 A 626 -71.6 
4 A 762 -66.5 
4 B 32 -54.0 
4 B 62 -58.6 
4 B 98 -55.0 
4 B 138 -58.9 
4 B 166 -55.1 
4 B 206 -49.2 
4 B 234 -53.2 
4 B 252 -52.0 
4 B 340 -54.0 
4 B 380 -63.3 
4 B 396 -62.3 
4 B 448 -59.9 
4 B 504 -71.4 
4 B 546 -76.6 
4 B 644 -68.4 
4 B 746 -69.1 
5 A 28 -50.0 
5 A 42 -60.6 
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Specimen 
# Channel 

Frequency 
(kHz) 

Power 
(dB) 

5 A 54 -61.8 
5 A 108 -57.1 
5 A 138 -61.7 
5 A 170 -59.9 
5 A 194 -65.2 
5 A 210 -65.7 
5 A 244 -58.4 
5 A 264 -61.2 
5 A 280 -60.8 
5 A 344 -78.7 
5 A 376 -75.2 
5 A 404 -71.9 
5 A 550 -75.7 
5 A 702 -67.7 
5 B 28 -55.8 
5 B 52 -64.3 
5 B 62 -64.1 
5 B 100 -72.7 
5 B 118 -66.0 
5 B 170 -60.6 
5 B 196 -55.1 
5 B 226 -68.7 
5 B 262 -60.6 
5 B 322 -72.1 
5 B 334 -72.7 
5 B 404 -69.2 
5 B 762 -70.9 
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Figure C-1: Welch power spectrum density for Trabecular Bone Specimen #1 

Sensor #1 

 
Figure C-2: Welch power spectrum density for Trabecular Bone Specimen #1 

Sensor #2 
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Figure C-3: Welch power spectrum density for Trabecular Bone Specimen #2 

Sensor #1 

 
Figure C-4: Welch power spectrum density for Trabecular Bone Specimen #2 

Sensor #2 
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Figure C-5: Welch power spectrum density for Trabecular Bone Specimen #3 

Sensor #1 

 
Figure C-6: Welch power spectrum density for Trabecular Bone Specimen #4 

Sensor #1 
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Figure C-7: Welch power spectrum density for Trabecular Bone Specimen #4 

Sensor #2 

 
Figure C-8: Welch power spectrum density for Trabecular Bone Specimen #5 

Sensor #1 
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Figure C-9: Welch power spectrum density for Trabecular Bone Specimen #5 

Sensor #2 
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Appendix D – Trabecular Bone Failure AE Spectral Response 
(CWT) 

Table D-1: Acoustic emission spectral peaks from cortical bone failure calculated 
using Welch PSD estimate 

Specimen 
# Channel 

Frequency 
(kHz) Energy Time (μs) 

1 A 177 13025 2.563 
1 A 39 9494 22.723 
1 A 26 27418 59.587 
1 A 16 20615 125.923 
1 B 130 108721 11.486 
1 B 32 19401 19.838 
2 A 843 19069 3.711 
2 A 288 37114 14.943 
2 A 67 42712 3.135 
2 B 617 182746 0.159 
2 B 160 105702 3.231 
3 A 177 40622 11.489 
3 A 32 14784 86.561 
4 A 234 168862 4.193 
4 A 35 14315 32.801 
4 B 355 129762 6.785 
4 B 218 112840 1.889 
5 A 734 30397 -1.279 
5 A 251 85938 15.713 
5 A 149 100517 -5.887 
5 A 28 14291 36.161 
5 B 211 143885 0.065 
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Figure D-1: Continuous wavelet transform for  Trabecular Bone Specimen #1 

Sensor #1. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 

 
Figure D-2: Continuous wavelet transform for  Trabecular Bone Specimen #1 

Sensor #2. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 
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Figure D-3: Continuous wavelet transform for  Trabecular Bone Specimen #2 

Sensor #1. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 

 
Figure D-4: Continuous wavelet transform for  Trabecular Bone Specimen #2 

Sensor #2. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 



 

 

139 

 
Figure D-5: Continuous wavelet transform for  Trabecular Bone Specimen #3 

Sensor #1. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 

 
Figure D-6: Continuous wavelet transform for  Trabecular Bone Specimen #4 

Sensor #1. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 



 

 

140 

 
Figure D-7: Continuous wavelet transform for  Trabecular Bone Specimen #4 

Sensor #2. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 

 
Figure D-8: Continuous wavelet transform for  Trabecular Bone Specimen #5 

Sensor #1. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 
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Figure D-9: Continuous wavelet transform for  Trabecular Bone Specimen #5 

Sensor #2. The shaded region shows the cone of influence and the outlined region 
shows the 95% significance contours. 

 

 

 

 

  



 

 

142 

Appendix E – Failure timing in whole cervical spine failure 
testing 

 
Figure E-1:  Continuous wavelet transform of the acoustic emission signal in 

Test #1 whole cervical spine failure test. The hashed region at the bottom shows the 
cone of influence and the horizontal hashed bars show the spectral bands 

associated with cortical bone failure. The red dots are all of the calculated local 
maxima and the blue dots are the local maxima that fall within the bounds for 

cortical bone failure. 

 
Figure E-2:  Test #1 force displacement curve along with timing of failure 

determined from the acoustic emission CWT analysis. 
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Figure E-3:  Continuous wavelet transform of the acoustic emission signal in 

Test #2 whole cervical spine failure test. The hashed region at the bottom shows the 
cone of influence and the horizontal hashed bars show the spectral bands 

associated with cortical bone failure. The red dots are all of the calculated local 
maxima and the blue dots are the local maxima that fall within the bounds for 

cortical bone failure. 

 
Figure E-4:  Test #2 force displacement curve along with timing of failure 

determined from the acoustic emission CWT analysis. 
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Figure E-5:  Continuous wavelet transform of the acoustic emission signal in 

Test #3 whole cervical spine failure test. The hashed region at the bottom shows the 
cone of influence and the horizontal hashed bars show the spectral bands 

associated with cortical bone failure. The red dots are all of the calculated local 
maxima and the blue dots are the local maxima that fall within the bounds for 

cortical bone failure. 

 
Figure E-6:  Test #3 force displacement curve along with timing of failure 

determined from the acoustic emission CWT analysis. 
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Figure E-7:  Continuous wavelet transform of the acoustic emission signal in 

Test #4 whole cervical spine failure test. The hashed region at the bottom shows the 
cone of influence and the horizontal hashed bars show the spectral bands 

associated with cortical bone failure. The red dots are all of the calculated local 
maxima and the blue dots are the local maxima that fall within the bounds for 

cortical bone failure. 

 
Figure E-8:  Test #4 force displacement curve along with timing of failure 

determined from the acoustic emission CWT analysis. 
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Figure E-9:  Continuous wavelet transform of the acoustic emission signal in 

Test #5 whole cervical spine failure test. The hashed region at the bottom shows the 
cone of influence and the horizontal hashed bars show the spectral bands 

associated with cortical bone failure. The red dots are all of the calculated local 
maxima and the blue dots are the local maxima that fall within the bounds for 

cortical bone failure. 

 
Figure E-10:  Test #5 force displacement curve along with timing of failure 

determined from the acoustic emission CWT analysis. 
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Figure E-11:  Continuous wavelet transform of the acoustic emission signal 

in Test #6 whole cervical spine failure test. The hashed region at the bottom shows 
the cone of influence and the horizontal hashed bars show the spectral bands 

associated with cortical bone failure. The red dots are all of the calculated local 
maxima and the blue dots are the local maxima that fall within the bounds for 

cortical bone failure. 

 
Figure E-12:  Test #6 force displacement curve along with timing of failure 

determined from the acoustic emission CWT analysis. 
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Figure E-13:  Continuous wavelet transform of the acoustic emission signal 

in Test #7 whole cervical spine failure test. The hashed region at the bottom shows 
the cone of influence and the horizontal hashed bars show the spectral bands 

associated with cortical bone failure. The red dots are all of the calculated local 
maxima and the blue dots are the local maxima that fall within the bounds for 

cortical bone failure. 

 
Figure E-14:  Test #7 force displacement curve along with timing of failure 

determined from the acoustic emission CWT analysis. 
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Figure E-15:  Continuous wavelet transform of the acoustic emission signal 

in Test #8 whole cervical spine failure test. The hashed region at the bottom shows 
the cone of influence and the horizontal hashed bars show the spectral bands 

associated with cortical bone failure. The red dots are all of the calculated local 
maxima and the blue dots are the local maxima that fall within the bounds for 

cortical bone failure. 

 
Figure E-16:  Test #8 force displacement curve along with timing of failure 

determined from the acoustic emission CWT analysis. 
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Figure E-17:  Continuous wavelet transform of the acoustic emission signal 

in Test #9 whole cervical spine failure test. The hashed region at the bottom shows 
the cone of influence and the horizontal hashed bars show the spectral bands 

associated with cortical bone failure. The red dots are all of the calculated local 
maxima and the blue dots are the local maxima that fall within the bounds for 

cortical bone failure. 

 
Figure E-18:  Test #9 force displacement curve along with timing of failure 

determined from the acoustic emission CWT analysis. 
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