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Abstract 

 

An experimental methodology for tracking the locations of multiple individual sources of 
acoustic emission (AE), in cyclically loaded fiber reinforced polymers (FRP), is presented.  The 
approach is developed, discussed, and demonstrated using AE data measured during the fatigue 
testing of an assembled CFRP prosthetic foot.  The results are presented as 2D images where 
paths show evolution of AE sources.  From these paths, the locations of the AE sources in each 
fatigue cycle can be tracked.  Hence, this methodology makes it possible to monitor damage 
growth and to identify AE sources. The technique forms the basis for further study which other-
wise would be difficult to accomplish due to the overwhelming number of sources with similar 
characteristics.  As a result a useful tool for monitoring and evaluating the health of a composite 
is developed. 
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Introduction 

 
Carbon Fiber Reinforced Polymer (CFRP) composites have many interesting properties such 

as high strength-to-weight ratio and excellent corrosion and fatigue tolerance.  Despite this, dam-
age in composites develops early in service [1-4] and continues to accumulate throughout the 
service life.  The fatigue tolerance can be attributed to resistance to inhomogeneous damage 
growth, which is a property of highly inhomogeneous materials [3].  The high damage tolerance 
of composites means that composites are able to meet their in-service requirements for prolonged 
period of time while damage accumulates and grows.  Consequently, there is a definite need to 
detect, monitor and evaluate individual damages.  A system, which enables successful diagnosis 
and prognosis, can possibly be used to extend the service life and to prevent catastrophic failure. 

 
The type and the location of damages are random and the fatigue behavior changes with dif-

ferent lamina sequences, geometry and loading conditions.  For these reasons, and the fact that 
testing of composites shows a high experimental scatter [3, 5], fatigue modeling of composites is 
generally a formidable task.  Existing fatigue models are based on certain materials, laminate se-
quences and loading conditions [1, 6, 7].  Due to these restrictions, the models cannot generally 
be extended to composites, which have different lay-up or are used under different loading con-
ditions.  Under repetitive or cyclic loading conditions, AE is emitted from both damage progres-
sion and from cumulated damage; i.e., rubbing of delaminated surfaces.  As a result, multiple AE 
transients with varying amplitude, duration, and frequency are emitted in each cycle and many 
are emitted simultaneously.  Furthermore, the values of the AE signal features from cumulated 
damage usually fall in the same range as the ones from damage growth [4, 8].  Waveform based 
parameters such as ring down count, amplitude, and energy have been used for the detection of 
damage; i.e., delamination, matrix cracking, debonding, fiber cracking, and fiber pull-out [8-12].  
For this reason, an intuitive approach to monitoring is to keep track of one or more waveform 
parameters, which characterize the AE from the source of interest.  Each parameter will follow a 
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probability distribution, which changes when the source (damage) changes.  Because of the pa-
rameter fluctuations and the high rate of AE with similar parameter values, waveform parameters 
alone are not sufficient for distinguishing between sources.  Additional indication is therefore 
needed.  If each source emits an AE at the same load level in each cycle, then the load level of 
AE occurrence is sufficient to distinguish between the sources.  However, as the delamination 
cracks grow, the load level of occurrence changes. 

 
The methodology presented in this paper uses both the time of occurrence and the AE ampli-

tude in each cycle for monitoring the evolution of many individual AE sources simultaneously.  
From the resulting images, one can locate interesting AE sources for further study, or for track-
ing, which otherwise would be difficult to accomplish due to the overwhelming number of 
sources with similar characteristics. 

 
The remainder of the paper is organized as follows.  In section 2 the proposed methodology 

is developed and in section 3, it is demonstrated and discussed by applying it to AE data, which 
has been studied before by the authors in [13].  Finally, a conclusion of the work is presented. 
 
Methodology 

 
This section describes the proposed experimental methodology, which is a graphical tool de-

veloped for tracking the locations of individual AE sources.  It was designed for monitoring ob-
jects subjected to repetitive loading conditions.  By using the images generated by the methodol-
ogy, one can monitor the evolution of individual AE sources and locate interesting AE signals 
for further study.  Figure 1 shows a schematic overview of the methodology. 
 

 

Fig. 1.  Schematic overview of the proposed experimental methodology. 
 

The first step of the approach is to split the AE signal into segments of length equal to the pe-
riod of one cycle.  If the AE signal is not continuously acquired, i.e., measured periodically, then 
care must be taken to ensure that the segments all start at the same phase of each cycle.  A refer-
ence signal, such as displacement or load, can be measured simultaneously and used for seg-
menting.  In the next step, each segment is bandpass filtered into N subbands.  The user selects 
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the type of filtering, number of subbands (N), and the individual subband bandwidths.  Figure 2 
illustrates these two steps. 

 
In the third step, a feature vector is generated from each subband segment.  Each feature vec-

tor is generated in two stages.  In the first stage, the AE feature of interest is extracted from the 
segment.  Both the positions within the segment and the feature values are logged.   

 

Fig. 2.  The AE signal is segmented and each segment is split into N subbands. 
 

 

Fig. 3.  For each subband segment, new feature vector is computed by first rectifying the signal, 
then computing a piecewise constant envelope, and finally down sampling the envelope. 
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In the second stage, the segment is partitioned into K intervals and the features extracted 
within each interval are processed.  The user selects the number of intervals, K. The results from 
the processing are output as a feature vector (K 1).  Depending on the processing in the second 
stage, the first stage can in some cases be omitted; i.e., when the energy in each interval is com-
puted, or the maximum amplitude.  In order to illustrate how a feature vector is generated, the 
maximum amplitude in each interval was chosen.  Figure 3 explains the procedure.  Each sub-
band segment is first rectified and partitioned into K intervals and then the maximum amplitude 
within the interval is found; i.e., a piecewise constant envelope is generated.  The envelope is 
then down-sampled by a factor L/K, where L is the length of the subband segment.  The resulting 
feature vector contains one sample from each interval of the envelope.  The amplitude filtering 
and down-sampling process extracts the amplitude of the strongest transient in each interval.  
Hence, the tracking capability is limited by this filtering.  However, since the filtering is per-
formed in all the subbands the tracking ability is improved because the AE energy from different 
sources often resides in different subbands.  The down sampling also helps keep the data man-
ageable since the number of samples acquired during one fatigue cycle can be high. 

 

 

Fig. 4.  For each subband, new feature vectors are appended to previous vectors and an intensity 
image is generated. 

 
In the fourth step, each new feature vector is appended to previous vectors from the same 

subband and an intensity image is generated.  Figure 4 illustrates this procedure.  In the fifth and 
the last step, image processing is performed in order to enhance the images and to make the paths 
more prominent. 
 
Experimental Procedures and Results 

 
In order to demonstrate the methodology outlined above, it was applied to an experimental 

data measured during fatigue testing of an assembled CFRP prosthetic foot made by Össur hf.  
The foot was placed in the test machine and two actuators were used to apply amplitude con-
trolled cyclic loading at 1 Hz.  One actuator applied load to the forefoot and the other to the heel.  
The foot was cyclically tested until a 10% change in displacement, with respect to initial value, 
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was observed for either actuator.  Figure 5 shows a schematic representation of the experimental 
setup. 

 

 

Fig. 5.  A schematic representation of the experimental setup. 
 
The AE signal and the position of the forefoot’s actuator were measured simultaneously for 

2.2 seconds every 5 minutes throughout the test.  The sampling rates were set to 1.25 MHz and 
500 Hz, respectively, for the AE and the position measurements.  The L-Gage Q50 infra-red dis-
placement sensor from Banner Engineering was used for the position measurements of the actua-
tor loading the forefoot.  For measuring the AE signals, the VS375-M AE transducer and the 
AEP3 preamplifier from Vallen Systeme GmbH were used.  The preamplifier was equipped with 
110-kHz high-pass and 630-kHz low-pass filters.  The gain was set to 49 dB.  The output from 
the preamplifier was fed to a 16-bit A/D converter for a full waveform digitization.  For further 
information about the experimental setup the reader is referred to [13].  The position measure-
ments were used for reference when the AE signal was segmented.  Each AE measurement was 
trimmed so that it represented exactly one fatigue cycle, starting at the lowest position of the 
forefoot’s actuator.  Elliptical bandpass filters, each with 33-kHz bandwidth, were used to de-
compose the AE signal above 100 kHz into subbands.  The bandpass filtering was performed us-
ing a phaseless filtering in order to avoid phase delay [14]. 

 
Each subband segment was divided into K = 200 intervals before computing the piecewise 

constant envelope.  Figure 6 shows the resulting intensity image for the 133-166 kHz subband 
and also the evolution of the AE energy and the AE hit count from each segment.  Intensity im-
ages are a convenient way to visualize the range of data; i.e., the higher the amplitude, the 
brighter the image pixels.  The energy and the hit counts were computed from the unfiltered AE 
signal.  The AE energy is the sum of the signal's values squared.  The AE hits were determined 
using a short-term Fourier transform-based approach [13].  By comparing the evolution of the 
energy, and the AE hit count, to the subband images, one can gain better understanding of the 
changes, which are occurring in the material.  An example is the energy spike, which occurred at 
segment no. 130.  This spike was due to the formation of a new damage.  After this spike, the 
signal’s energy provided no further information about the damage evolution.  However, from the 
subband images, the beginning of two new paths can be observed at segment 130 and their 
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evolution can be monitored up to segment no. 239 where an apparent increase in AE amplitude 
can be seen.  At segment 239, a half of the foot delaminated but the 10% displacement failure 
criterion was not met. 

 

 

Fig. 6.  The resulting images for the 133-166 kHz subband. 
 

Figure 7 shows the resulting images for the 266-300 kHz (left) and 366-400 kHz (right) sub-
bands.  The evolution of some of the sources is present in both images; i.e., these sources emit 
AE signals, which lie in both subbands.  The evolution of other sources is present in either image 
and not matched in the other.  By studying different subbands, one can possibly detect band-
limited AE and distinguish between two damages that emit AE signals at the same time but are 
evolving in different directions, as can be seen by comparing the circled paths in the left and 
right images of Fig. 7. 

 

 

Fig. 7.  The resulting images for the 266-300 kHz (left) and 366-400 kHz (right) subbands. 
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Conclusions 

 
An experimental methodology for tracking the evolution of individual AE sources while 

monitoring cyclically loaded objects was presented.  The decomposition of the AE signal into 
subbands enables the detection of band limited sources which otherwise would possibly go unde-
tected.  The methodology is a graphical tool, which aids with the monitoring and interpretation 
of AE data and should be a welcome addition to the toolbox of any engineer involved in AE 
monitoring of cyclically loaded objects. 
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