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Abstract 

Monitoring fracture processes of faunal and human bones by acoustic emission (AE) analysis open new avenues 
for both physicians and scientists. First experiments have shown that AE is able to record fractures in bones 
load-dependently. Therefore, bones of sheep, bulls and pig have been loaded. Several uniaxial pressure tests 
have been conducted to investigate capabilities of signal-based AE techniques for the recording, localization and 
characterization of acoustic emissions using different type of sensors (multi-resonant and high-fidelity). For data 
processing related to these first experiments an effective approach was to localize events and to compare the 
results using a time-dependent hit rate. Further studies will include the evaluation of the signals with respect to 
their frequency-time dependent behavior studying different failure mechanisms. Preliminary results will be pre-
sented. 
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1.  Introduction 
 
The femur belongs to the longest bones in the human skeleton and is divisible in its lower 
extremities where it is almost cylindrical in the greater part of its extent. In the erect posture it 
is not vertical, being separated from its above constituent by a considerable interval, corre-
sponding to the breadth of the pelvis. The femur inclines gradually downwards and medial, so 
as to approach its lower constituent, at an appropriate angle for the purpose of bringing the 
knee-joint near the line of gravity of the body. 
 
During the daily life, the femur is subjected to physiological stress. High intensity sports ac-
tivities can cause micro-fractures e.g. to the femur, which are usually healed by a living bone 
itself. The worst case, however, is a complete fracture, which is often caused by a high-energy 
impact like a fall or crash. Studies have shown that there is a significant increase of femoral 
neck fracture for women by the age of 60 years and older, which is critical in terms of the 
direct treatment process as well as the aftercare [1]. In this context it is unclear how the frac-
ture originates and how the fracture processes in particular within the cancellous bone (spon-
giosa). 
 
Acoustic emission analysis (AEA) is principally able to record fractures in the cancellous 
bone load-dependently. Based on a velocity model, a 3D localization and an evaluation of 
different fracture mechanics and damaging processes (friction, micro-fractures, shearing, cell 
wall damaging, etc.) are feasible. To determine the onset time of transient signals an auto-
regressive AIC picker is used [2]. Damage accumulation of cortical bovine bone during static 
and cyclic compression was already investigated by Wakayama and Suemune [3]. They sug-
gest a correlation between AE events and the stage for critical damage.  
 
The aim of this study is to carry out an acoustic emission analysis on models (artificial bones, 
ovine, bovine and porcine bones and femurs) in order to clarify the parameters and settings 
before testing a human femur. The objective is to assess the capacity of this procedure to iden-
tify and localize initial fracture processes before conducting extensive test series.  
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2.  Sample material and preparation 

 
2.1 Artificial Sawbones 

 

Solid rigid polyurethane foam (Sawbone type ASTM F-1839-08) was alternatively used as a 
human cancellous bone. The original block with a standard size of 18 x13 x 4 cm in X, Y and 
Z-direction, respectively, was subjected to ultrasound (US) transmission impulse measure-
ments. Afterwards an L-shaped form was resected and employed for load-dependent experi-
ments.   
 

 
a) Typical ovine bones. Lower position: armbones. 
Upper Position: foreshank bones (ulna and radius) 

 
b) Cleaning of a bovine femur 

 
c) fixed porcine femur before embedding 

 
d) porcine femur embedded in cast resin 

Fig.1: Animal bones 
 
2.2 Animal Bones 

 
Several bones were harvested from different animal species, namely sheep (ovine), bulls (bo-
vine) and pig (porcine). Fresh bones were provided by a local butcher. The bones were thor-
oughly cleansed and most of the soft tissues (muscle fibers, ligaments etc.) were removed 
with a scalpel (Fig.1). Finally the surface was degreased with ethanol. In order to achieve a 
stable base, the cleansed bones were vertically embedded at their distal part in casting resin 
(two-component polyurethane-elastomer, RenCast Polypl 53 and Isocyanate 53, Huntsman, 
Everberg, Belgium). 
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3.  Methodology  
 

3.1 Acoustic emission recording equipment 
 
To record the full waveforms of the acoustic emissions a 16 channel Elsys transient recorder 
was used at a digitization rate of 2 MHz for ovine bone and 2.5 MHz for bovine bone at 16 bit 
amplitude resolution. The waveforms were recorded directly to a solid state disc at a mini-
mum dead time. Several thousands of waveforms can be recorded per minute without a loss of 
data.  
 
3.2 Sensors 
 
For the recording of the acoustic signals, two different types of sensors were tested during the 
load-experiments. As a prerequisite the employed sensors needed to exhibit broad-band fre-
quency characteristics as well as suitable geometric dimensions, as it is the case with the Gla-
ser and Panametrics V103 sensors (Fig. 2). The sensors were linked via BNC cables. 
 

 
a) SteveCo KRNBB-PC point contact sensor  

(“Glaser-Sensor”) 

 
b)  Panametrics V103Rb with aperture of 16 mm 

Fig.2: acoustic emission sensors used  
 
3.2.1 Panametrics Sensors 

 

Panametrics sensors were coupled with hot-glue on the investigated material. In case a sensor 
did not couple properly the surface was roughed with sand paper and a thin layer of super glue 
was spread. After drying the sensors were hot-glued to this super glue layer.  
 
Depending on the experiment, up to eight Panametrics sensors were used (Fig. 3). For the 
eight channels a bandpass filter (0.1 Hz – 1 MHz) was applied. The incoming signal was en-
hanced using a Tektronix amplifier. Signals from the bovine and ovine bone experiments and 
also from the sawbone (Solid Rigid Polyurethane Foam Block) block experiments were also 
recorded without amplification using further eight channels.  
 
3.2.2 Glaser Sensors 

 

Glaser sensors reveal a single tip at the end, which is very suitable for getting a good contact 
to the complex geometries of a bone and to avoid aperture effects. Metal frames were super-
glued to the bone material and the Glaser sensor was screwed in until the tip touched the sur-
face.  
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3.3 Experimental setup of load dependent AE testing 

 

The distribution of the sensors along the femoral shaft was governed by the surface geometry 
of the investigated bone. The best sensor locations will be a matter of further investigations. A 
good and reliable contact was a prerequisite condition. The compression test experiments 
were performed using a universal testing machine (Wolpert TZZ-707 with a 50 kN load cell, 
class 0.05). 
 

  

 

 

 

Fig.3: Artificial and faunal bones with AE sensors and beddings. The picture on the left illustrates a processed 
artificial bone with a typical angular shape mimicking a human femur. The picture on the right demonstrates a 
bovine femur clamped in a testing machine.   
 

3.4 Ultrasound (US) pulse transmission method 

 

For a better understanding of the anisotropic nature of bone structures and saw bones, the US 
pulse transmission method was applied prior to the stress test. US is commonly used to identi-
fy characteristic sound velocities in a material. A transducer emits ultrasound waves at a 
known travel distance to a receiver utilizing the piezoelectric effect. The measurements were 
performed along the long axis of a faunal bone and the short axis (smallest diameter). Typical 
results for a sheep bone are shown in section 4. A sawbone was scanned along their x, y, and 
z-axis in order to detect anisotropic behavior. All measurements were repeated after the stress 
test. 
 
3.5 Pencil-lead break test 

 

For a better understanding of propagation characteristics of elastic body waves within a (saw) 
bone, pencil-lead break tests [6] were performed. Therefore artificially generated sound waves 
according to ASTM E 976 (Hsu-Nielsen source) were emitted on a well-defined location on 
the test objects surface. Incoming signals, recorded by sensors, will help interpret the bone 
structure by analyzing ray paths and travel times of the elastic waves. The sensors were arbi-
trarily distributed in order to cancel out anisotropy effects.  
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4.  Results 

 
4.1 Load test 

 
4.1.1 Bovine Femur 

 
In the following first results of load dependent experiments on a bovine femur are described. 
The speed of the path-controlled compression was set to 5 mm/min. The experiment was ter-
minated at a load of around 22.5 kN. Fig. 4 illustrates a load-time diagram together with the 
cumulated number of AE events as well as the triggered recordings of a single representative 
channel. The analog signal was amplified ×200 using a preamplifier.  
 

 
Fig.4: The diagram is illustrating a load time curve (black) together with the cumulated AE events (red) as well 
as the signal triggered recordings from a single AE transducer (green). 
 
The load time curve reveals a piecewise linear increase with varying slopes. The different 
slopes can be roughly separated in time intervals of their occurrence (0 s – 18 s – 40 s – 60 s – 
72 s – 90 s). A remarkable event took place around 72 s, where the exerted force abruptly 
dropped by around 5%. At 90 s the machine was stopped as the experimental setup was about 
to become unstable because of a drift of the load cell. Each major change of the gradient of 
the slope coincides with a significant increase of AE events and amplitude of the recorded 
signals. A representative example of a typical AE event at 25 s is shown in Fig.5. Whereas 
channels 1 to 4 exhibit a significant damping resulting in a clear transient waveform, channels 
5 to 8 indicate a longer coda and are subjected to low frequency noise oscillations.  
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Fig.5: Typical waveforms of an acoustic emission event recorded by eight Panametrics V103Rb  
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Fig.6: Load time curve (black) and cumulative AE events (red) of a processed sawbone block 

 

4.1.2 Sawbones 
 
Similar to the bovine femur experiment above, an artificial bone was loaded, where the load 
was exerted at the uppermost flat part (see Fig.3). The load time diagram together with the 
cumulated AE events is shown in Fig.6. It reveals a gradually declining slope without abrupt 
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changes, whereas the number of events steadily increases. At 84 s a significant increase of AE 
activity took place but without showing any visible effects on the load time curve. When the 
saw bone finally broke a sharp increase of AE events took place. The location of the fracture 
process was initiated in the saw bone right above the resin.   
 
4.2 Results of ultrasound (US) transmission measurements 

 
The artificial femur was tested three times in each direction (X, Y and Z) and the averaged 
results are shown together with a standard deviation determined from three measurements in 
Table 1. Whereas the X and Y direction indicate similar compressional velocities VP, the Z 
direction revealed about 5% faster velocity. The measurements along the surface of the bo-
vine (single measurement) and ovine (two measurements) bones revealed different results 
with 3940 m/s and 4190 m/s, respectively.  
 
Table 1: Results of US transmission measurements of an artificial bone (Sawbones) as well as an ovine and a 
bovine bone. Compressional velocities are denoted as VP and σ denotes the standard deviation.  
 

Sawbones VP in m/s σ in m/s    
18 cm (X) 1620 4 
13 cm (Y) 1605 12 
4 cm (Z) 1705 15 
   
Ovine   
surface  3940 28 
   
Bovine   
surface 4160 35 

 
4.3 Results of the Hsu-Nielsen experiment  

 

The Hsu-Nielsen experiment (pencil-lead break test) were performed on the Sawbone, bovine 
and ovine bones. Nine measurements were carried out. The measurements on the Sawbone 
revealed an average velocity of 1644 m/s, which is in good agreement with the US transmis-
sion results. For the localization maximum deviations in spatial directions dx, dy, and dz are 
0.9 cm, 0.5 cm and 0.9 cm, respectively.  
 
5. Discussion 

 
5.1 Load-dependent experiments 

 

5.1.1 Bovine Bone 

 

Juxtaposing the force-time curve with the cumulative AE events (Fig. 4) gives a first insight 
into fracturing processes of cancellous bone materials under loading. The slightly shifted from 
the origin curve is a result of some minor movements of the bone and the mechanical setup in 
the beginning. The almost linear slope in the first section between 0 s and 40 s can be ex-
plained by both major elastic and minor plastic deformations. It is assumed that plastic de-
formation will trigger acoustic sound waves, however, not all of them were recorded as the 
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trigger condition was set to record only signals over a certain energy level to keep the amount 
of recorded data on a reasonable size in these preliminary experiments.  
 
Changing slopes in this diagram further indicate more dramatic structural changes within the 
bone, which took place when certain energy levels, triggering major fracturing events, were 
surpassed. In particular between 40 s and 60 s an almost plateau like behavior of the load-time 
curve suggests ongoing fracturing processes until the exerted force increased again with an 
even steeper slope until enough (activation) energy is available to release a further series of 
cracks and deformation in the bone. The superposition of a low frequency in a series of events 
described in the result section hampers an unambiguous determination of the first arrival of a 
signal. In order to localize the internal crack in a femoral neck bone this problem must be 
eliminated. 
 

5.1.2 Artificial Bone (Sawbones) 

 
The load-time curve of the Sawbones can be roughly divided in two sections. Whereas the 
first section 0 s – 10 s reveals a near linear increase, the second showed a combination of elas-
tic and plastic deformation ending in a sudden failure (brittle fracture). Similar to the bovine 
bone experiment first acoustic signals were recorded when plastic deformation already began. 
In particular at 90 s until failure the curve is nearly horizontal indicating a strong intrinsic 
deformation process which is underpinned by an increase of AE events. 
 

5.1.3 Additional load dependent experiments 

 
Further experiments carried out with porcine and ovine bones revealed a similar behaviour as 
seen for the bovine bone. Also here a major problem was the coupling of the sensors to the 
bones surface resulting in signals strongly differing in their amplitude. Self-calibration effects 
can be excluded by conducted tests prior to the load experiment. As the bones surface is very 
uneven and bent there is hardly a suitable area to attach the sensors. In particular the 
Panametrics sensor with a relatively large coupling area tends to have a bad coupling. This 
can be overcome by either grinding a flat surface into the bone or by using (Glaser-type) point 
contact sensors. But also the coupling with Glaser-type sensors used for example during the 
porcine bone experiments is not optimal. Since the tip protrudes only a little from the chassis 
uneven and bent bone geometries hamper a good coupling. In particular the Glaser-type sen-
sors exhibited a noise signal which has to be identified before continuing with further experi-
ments. Also the low frequency superposition appeared in the transients recorded by them. Fast 
Fourier and/or wavelet transformation did not yet reveal useful information about a significant 
frequency spectrum of the first arriving signals which is significant to the noise signal. A rea-
son therefore could be a critical attenuation of acoustic waves within the bone hindering an 
acquisition of signals. First attempts to simulate the degree of attenuation were carried out by 
Padilla et al. [4].  
 
5.2 Interpretation of the US transmission and Hsu-Nielsen experiment 

 

The transmission experiments on both real and artificial bone materials revealed reasonable 
results within the values given by various literatures e.g. [5]. As each bone has its individual 
structure sonic speed will differ to a certain amount. A difference of velocities in the Saw-
bones reveals a significant anisotropy with similar velocities in the X-Y plane but an increase 
of velocity along the Z-axis.  
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Whereas the ovine and bovine bones revealed similar velocities around 4000 m/s, they are 
significantly different from the velocities found in the artificial bone (1650 m/s). The high 
velocities found in faunal bones can be explained by the fact that sound waves primarily 
propagate along the surface which consists mainly of compact bone material. On the contrary 
the artificial bone contains only porous material since its purpose is to mimic spongy bone 
material which can be particularly found in the femur neck. The porous nature leads to lower 
velocities. Comparable measurements along the femur neck will give further information. 
Though these measurements are very difficult as travel paths of US, crucial for the determina-
tion of US velocities, is hard to identify. At the moment the geometric, anisotropic and heter-
ogenic (cancellous and cortical bone structures, water etc.) will hamper a reliable determina-
tion. A possibility to overcome this problem is to cut the bone in halves, dry the interior and 
resect the parts of interest.   
 
5.3 Interpretation of Hsu – Nielsen experiment 

 

A first attempt to localise an AE generated by a pencil-lead break on a Sawbones exhibited, 
with a maximum deviation of 9 mm, a reliable result. In comparison to a CT-Scan this resolu-
tion seems to be rather low, however, in medical terms it would be already a milestone to re-
veal a tendency of an inertial fracture zone. Using all nine measurements an average velocity 
of 1644 m/s was found which is in good agreement to the US transmission measurements. As 
the sensors were evenly distributed along the Sawbones block, anisotropic effects were can-
celled out. Localisation experiments on a real femur were not successful at this stage, as 
strong anisotropy and heterogeneity needs to be factored in to obtain reliable results.  
 

6. Conclusions 
 
Theses first experiments (load dependent AE tests, US transmission, Hsu-Nielsen) were pri-
marily done to find out about the potential of NDT methods applied in biomechanics. In par-
ticular AE results, of both artificial and faunal bones, proved that monitoring fracture process-
es is feasible. Also a first approach with a Hsu-Nielsen test on an artificial bone exhibits 
promising results in terms of localising an AE signal.  
 
Considering reports by other scientists [7, 8], several problems will be addressed in further 
experiments. Especially the coupling of the sensors on the bones surface needs to be im-
proved. As the bone material is not only very anisotropic and heterogeneous it also differs 
among species. Therefore all tests and experiments, regarding an attempt of localisation, need 
to be carried out on the same bone. Future experiments will first consider a zonal localisation 
of AE in a bone. The obtained results will then be compared with CT scans taken prior to and 
after a compressional load experiment. 
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