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Abstract 
 
In order to identify the location of acoustic emission (AE) sources in large plate-like struc-

tures it typically requires the use of at least three widely spaced sensors. The distance between 
these sensors is defined by, for example, expected AE intensity and attenuation of the signals. 
This work presents a novel configuration of the three sensors, which are installed in a closely 
arranged triangular array with the sensors just a few centimetres apart. The algorithm locates AE 
sources by determining the direction from which the wave is approaching the array using the 
time of arrival and the distance the wave has travelled using the wave mode separation. Tests 
were conducted on a composite (CFRP) plate with anisotropic lay-up. In this work it is shown 
that the technique is able to accurately identify the source location. The technique is particularly 
suitable for Non-Destructive Testing (NDT) and Structural Health Monitoring (SHM) applica-
tions where the close positioning of the sensors allows the array to be installed in one housing to 
simplify mounting and wiring. It is expected that this sensor arrangement could reduce the num-
ber of sensors needed to monitor large plate-like structures compared to more conventional AE 
source location methods. 
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Introduction 

 
Source location of acoustic emission events has become an important tool for Non-

Destructive Testing (NDT) and Structural Health Monitoring (SHM) research and field applica-
tions. Localising the exact origin of an AE wave in a structure can help determine the source 
type, for example, crack propagation from a drill hole or rivet, impact damage or even just fric-
tion between different parts of the structure. This information can be used to evaluate the severity 
of the damage for the structure and can also help understand the damage mechanism and propa-
gation. 

 
Many different source location methods have been developed in the past with a variety of 

applications and accuracies. The simplest method is the “first hit” method or zone location where 
the sensor with the first arrival or the highest amplitude of the wave is said to be the closest to 
the source [1]. This is adequate when the sensor spacing or the area to be monitored is small or 
the likely damage initiation point is known (for instance a bolt or notch). Other source location 
methods use the time of arrival of the AE wave at the different sensors. This method is often re-
ferred to as Time of Arrival (TOA) [2]. Two sensors can be used for linear source location be-
tween the sensors. At least three sensors are necessary to pinpoint a source on a plate. The source 
must be located inside or near the sensor array to give an adequate result and the wave velocity 
must be known. 
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Recent papers are increasingly using the modal nature of AE waves for source location pur-
poses [3 - 5]. Acoustic emission in thin structures propagates in two fundamental wave packages. 
The first, usually faster wave package is a compressional wave where the material oscillates in 
the same direction as the wave propagates. The wave mode is referred to as symmetrical mode 
(S0 mode). The velocity of this mode depends on the material properties (tensile stiffness), which 
can result in different propagation velocities in different direction in anisotropic materials [6]. 
The second, usually much slower propagating mode is a flexural wave where the material oscil-
lates perpendicular to the wave propagation. This mode is referred to as anti-symmetrical mode 
(A0 mode) and is mainly caused by shear stress inside the material [7]. This mode is dispersive, 
depends on the thickness of the structure (flexural stiffness) and is not affected by the fibre orien-
tation [6]. The amplitude ratio between both modes can vary depending on the source orientation 
in the specimen and the amount of shear stress and tensile stress affecting the material [8]. Since 
both modes travel with different velocities the wave packages separate during propagation and 
the distance between the origin of the wave and the sensor can be calculated when both velocities 
are known. Using this method source location is not limited to the area enclosed within an array 
of sensors. Other authors use the modal analysis to determine the exact wave velocity depending 
on which mode triggered the AE system [9]. 

 
Sachse [10] patented a source location method with a small array of four sensors. This 

method monitors the area exterior to the array by determining the distance and direction to the 
source without prior system calibration and group velocity measurements. 

 
Another method proposed in the literature where the source location is not calculated but the 

arrival time of an event at different sensors is compared with an arrival time map. This map has 
to be generated for the area to be investigated beforehand using artificial AE [2, 5].  
 
Proposed Source Location Method 

 
The proposed source location method in this paper uses modal analysis to evaluate the origin 

of the AE event with respect to the centre of the sensor array. The sensor arrangement is a close 
triangular setup with a sensor spacing of just 45 mm. The algorithm in the method first deter-
mines the direction from which the wave travels to the array and secondly, the distance between 
sensor array and source using the wave mode separation. 
 
Experimental setup 

Artificial AE was generated using pencil-lead fractures (Hsu-Neilsen source or H-N source) 
on a large carbon fibre reinforced epoxy composite plate (CFRP). The plate was manufactured 
by Carbon-Composite Technology with a carbon fibre twill weave, an approximate fibre content 
of 60% and fibre alignments in 0° and 90°. The dimensions of the plate were 1300 x 900 x 2 mm 
(1.17 m2 area). Bubble wrap was placed between the composite plate and the table to reduce 
wave dispersion effects into the table. Three AE sensors (Micro-80S, Physical Acoustics Corpo-
ration, 100-1200 kHz, sensor diameter: 10 mm) were installed in the centre of the plate in a tri-
angular arrangement with a sensor to sensor distance of 45 mm (centre point to centre point) re-
spectively. The signal was pre-amplified by a Vallen Systeme AEP4 (40 dB) and recorded by a 
Gage Octopus CompuScope CS-8280 data acquisition card (12 bits, 5MS/s, 100 MHz band-
width) driven by LabView. The recording was threshold triggered, where a pre-trigger setting of 
the data acquisition card allowed the capturing of data prior the triggering event to ensure that 
the whole event was recorded. Afterwards the raw data was digitally filtered by a band-pass filter 
of 100-1000 kHz and processed using LabView and Scilab. The plate was divided into a 15 x 23 
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grid starting 100 mm from the four edges of the plate respectively to avoid signal corruption by 
reflections. The grid spacing was 50 mm in horizontal and vertical directions. Three pencil-lead 
breaks were performed on every grid point (a total of 1035 events) and the arrival time of the S0 
mode and the A0 mode was determined for all events and for all three sensor signals respectively.  

 

 
 

 

 
Wave mode analysis 

An algorithm was written in LabView to automate the arrival time measurement of both 
wave modes for every event. First of all, the Gabor wavelet transform (WT) was calculated to 
generate a time–frequency representation of the signal. Fig. 2a) shows an AE signal generated by 
a pencil-lead break. This event was located in a distance of about 540 mm from the sensor array. 
Both wave modes are clearly visible in the Gabor WT, as shown in Fig. 2b). Since the wave ve-
locity is dependent on material, wave mode and frequency [7], a narrow frequency band was 
chosen to measure the mode arrival time for both modes respectively. For the automated wave 
mode detection a frequency was chosen where both modes were present, but the earlier arriving 
S0 mode had a much smaller amplitude in comparison to the A0 mode. In the test setup used here, 
the frequency of 100 kHz was best suited and an example of the WT coefficient of the signal is 
shown in Fig. 2c). A threshold was set just above the noise level to detect the beginning of the 
event and a peak detection tool in LabView was used to find the first peak after the first thres-
hold crossing. The peak detection should lower the influence of the actual threshold setting. 
Since the S0 mode is the faster propagation wave, the first peak is said to be the S0 mode. A sec-
ond threshold is set to 90% of the maximum amplitude of each event respectively and again a 

Fig. 1: Test rig. 
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peak detection tool is used to find the first peak after the crossing. This second peak is said to be 
the A0 mode. 

 

 
Fig. 2: H-N source 540mm away from sensor: a) sensor signal, b) Gabor WT, c) Gabor WT co-
efficient at 100 kHz. 

In comparison, Fig. 3 shows the sensor signal and the Gabor transform of a pencil-lead frac-
ture event generated in close approximation to the sensor. The same wave feature triggered both 
the S0 and A0 threshold. In general, both modes are generated at the same time and separate due 
to their velocity difference. In this example travelled distance of the wave was not sufficient en-
ough to develop a noticeable separation and hence the wave mode separation is 0 µs. 
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Fig. 3: H-N source close to sensor: a) sensor signal, b) Gabor WT, c) Gabor WT coefficient at 
100 kHz. 

Misreading of the mode arrival times were identified when one result differs significantly 
from the result of neighbouring grid points or from the result of the other two sensor signals of 
the same event. These events were then manually inspected. A total of 47 of the 3105 AE signals 
(1035 events x 3 sensors) had to be reassessed. This is an error of 1.51%. In most cases just one 
of the three sensor signals were corrupted. 

 
This automated wave mode detection was used for H-N sources, which are quite repeatable. 

However the wave mode amplitude ratio varies significantly for real AE data dependent on the 
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source orientation and failure mechanism [8]. This will affect the accuracy of this method for 
“real” AE testing. Also noisy environmental could make the detection of a weak S0 mode at low 
frequencies difficult. In that case it is recommended to measure this mode at a higher frequency 
where it is more pronounced. 

 
Evaluating direction from which the wave approaches the array 

In the first step to locate an AE source the direction from which the wave travels to the sen-
sor array has to be determined. In anisotropic materials, such as CFRP, this has to be undertaken 
before calculating the distance because the S0 wave velocity is dependent on the fibre orienta-
tion. The A0 mode is chosen to determine the direction since its velocity is not dependent on the 
fibre orientation. 

 

 
Fig. 4: A0 mode arrival time differences (ΔtA0) for all three sensor pairs in µs. 

Figure 4 shows the arrival time differences of the A0 mode (ΔtA0) for all three sensor pairs at 
every grid point. Values between grid points were interpolated. The maximum absolute differ-
ence in the arrival time of the A0 mode (ΔTmax) between two sensors would be measured when 
the AE source is in line with the sensor pair (dark red and dark blue colour shades). This time is 
calculated using the distance between the sensor and the wave velocity. When the source is lo-
cated perpendicular to a strait line through the sensors the wave would arrive at exactly the same 
time at both sensors (green colour shades), thus ΔtA0 is zero. 

 

 
Fig. 5: Theoretical ΔtA0 hyperbola. 

[µs] 
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The theoretical ΔtA0 hyperbola example is shown in Fig. 5 to clarify the ΔtA0 pattern found in 
Fig. 4. The direction in which the hyperbola opens is dependent on which sensor picks up the 
signal first. The opening angle is dependent on the time delay between both sensors. Each hyper-
bola represents the position of all points with the same ΔtA0. Strictly speaking, the algorithm pre-
sented in the following paragraph calculates the angle of the asymptotes of the hyperbola (dashed 
lines). 

 
Fig. 6: Angle of arrival calculation. 

The angle of arrival referenced to the centre point of one sensor pair can be calculated using 
the inverse cosine function (Arcus-Cosine) (Fig. 6). However this leads to two possible results: 
One angle between 0° and 180° (denoted as α) and the other one is the angle α mirrored about 
the 0°-180° axis (360°– α). This ambiguity can be removed by introducing the third sensor to the 
array. The First Hit method is used to break down the search area in three segments (Fig. 7). The 
sensor at which the AE wave arrived first gives the indication in which segment the source is lo-
cated. The angle is calculated with the smallest absolute arrival time difference of all three sensor 
pairs in the array. Thereby the two results of the Arcus-Cosine function are relatively far apart 
(First result: between 30° and 150°; second result between 210° and 330° with respect to the sen-
sor pair). Only one result can be within the area found by the first hit method. 

 

 
Fig. 7: First hit method. 

This result is relative to the sensors pair chosen for the calculation. Dependent on the orienta-
tion of this sensor pair, the angle needs to be rotated to coincide with the global coordinates. For 
example: the coordinate system for the array should be 0° pointing to the right and 90° pointing 
upwards, the angle α for sensor pair 1-2 is α – 60°, for sensor pair 1-3 α = α – 120° and sensor 
pair 2-3 coincide already with the global coordinate system. 
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Evaluating Sensor to Source Distance 
The distance between each sensor and the AE source can be calculated by the formula [11]: 

 
If the velocities of both modes (VA0 and VS0) are known and the arrival time of both modes is 

bA0 and bS0, the distance between sensor and source is L. 
 
If the material is isotropic or quasi-isotropic, the waves propagate with the same velocity in 

all directions. However in anisotropic materials the wave velocity depends on the material prop-
erties and its orientation. In the case of CFRP, the wave speed of the compression wave mode 
(S0) varies depending on the fibre orientation. This problem must be addressed for an accurate 
source location. 

 

 
Fig. 8: Wave mode separation in µs at sensor 1. 

The composite plate used in this experiment had a fibre lay-up in 0° and 90°. The S0 mode 
has a velocity of 5.80 mm/µs in fibre direction and 4.80 mm/µs in 45° direction. The A0 mode 
had a constant velocity of 1.68 mm/µs in all directions. Hence the modes are slightly faster sepa-
rating in fibre direction compared to 45° (and 135°) direction. The wave mode separation for the 
whole plate is shown in Fig. 8. The separation gradually increases with distance from the sensor. 
The effect of the fibres is barely visible in this plot but had noticeable effect on the source lo-
cation result if not considered. 

[µs] 
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Fig. 9: Wave mode velocity dependent on angle. 

The wave propagation pattern in the plate is illustrated in Fig. 9. This pattern can be repre-
sented sufficiently by the cosine function with an offset and an amplitude dependent on the wave 
velocities of both modes. The actual wave velocity (VS0) can be calculated as a function of the 
angle of arrival (α) using the following formula: 

 

 
 

The maximum S0 velocity (VSmax) is in the 0° and 90° direction, VSmin is diagonal to the fibre 
orientation (±45°). If the propagation pattern is elliptical in unidirectional composites, the factor 
of 4α needs to be replaced by a factor of 2α. 

 

 
Fig. 10: Sensor-to-Source distance. 

The source-sensor distance was identified for all sensors and then the average of all three re-
sults was calculated to get a result, which is relative to the array centre point. This causes an er-
ror for sources inside or close to the array but decreases rapidly with distance (Error <1.7 mm at 
a radius 100 mm). This error is tolerated since it is very small in comparison to the error caused 
by mode arrival measurements. For example sources inside of the array are too close to the sen-
sors to detect a separation of modes and hence the calculated distance is zero. The Standard 
Deviation of wave mode separation measurements for H-N sources at the same location was 
about 4µs which is correspondent to an error of ±10 mm. 

a) b) 
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Source Location Block Diagram 
 
Figure 11 illustrates the source location algorithm. It gives a stepwise guideline to reproduce 

the algorithm but does not include the actual programming code.  
 

 
Fig. 11: Block diagram of source location algorithm. 
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The input is the A0 mode arrival and mode separation at all sensors. Furthermore the S0 and 
A0 wave velocities are needed and the maximum theoretical time delay of the A0 mode arrival at 
different sensors (ΔTmax), which is a function of the sensor-to-sensor distance and the wave ve-
locity. 

 
The algorithm could also be enhanced to issue warnings when an error in the measured mode 

arrival is likely. This could be, for example, when the time delay of the mode arrival from one 
sensor to another is larger than the theoretical maximum time delay (ΔTA0 > ΔTMAX) or when 
there is a significant deviation between the measured mode separation at different sensors. 
 
Results 
 

The result of the source location of each event can either be expressed as polar coordinates 
(distance, angle) or as Cartesian coordinates (x, y) relative to the array centre point. Figure 12 
shows the source location result of one AE event for each grid point respectively (randomly se-
lected). “x” represents the actual source location and “Δ” the calculated location. Each calculated 
location is connected to its real counterpart by a line. 

 
It can be seen that this method works quite accurate on close range, but its accuracy de-

creases with distance. The Standard Deviation in a radius of 350 mm from the array was 13 mm, 
whilst for the whole plate was 33 mm. 

 
It also can be seen that the radial distance between array and source is usually determined 

quite accurately but the angle is more prone to errors. This is probably due to errors when meas-
uring the exact arrival times especially of highly attenuated signals. The Standard Deviation of 
the angle was 4.3° in a radius of 350 mm and 6.0° for the whole plate. The Standard Deviation of 
the distance was 7 mm and 11mm respectively. 

 
Benefits and Limitations of the Proposed Source Location Method 

 
The biggest challenge for this method is to get the exact mode arrival times. There are situa-

tions when one mode is very weak and hardly detectable. This source location technique only 
works when both modes are detected in the same event. Tests with real damage had shown that 
usually a large number of events are emitted long before the specimen finally fails and even if 
not all events can be used for source location, areas with high AE activity can still be located. 

 
The range of this array is limited by the actual attenuation in the material. Theoretically the 

accuracy of the direction decreases with distance but the main error is thought to be associated 
with the uncertainty in detecting the mode arrival times. 

 
The main benefit of a closely arranged sensor array is the possibility to install all sensors in 

one housing. This would simplify mounting and wiring up of the AE system. Furthermore it is 
suitable for wireless application where the three sensors, the power supply and the transmitter 
could be installed as one unit. 

 
Since the sensors are installed very close to each other, the signal of an event should look 

fairly similar at all sensors. This makes it easier to identify exactly the same wave feature in all 
three sensor signals. In a wide spread sensor array, the signal changes quite significantly due to 
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attenuation and dispersion. As a result wave features could alter, be hidden or completely disap-
pear in the different sensor signals. This could lead to measuring errors. 

 
Fig. 12: Source location results (x = actual location; Δ = calculated location; ● = sensor). 

 
Fig. 13: Comparison of covered area of TOA (left) and local triangular sensor array (right) 
method. 
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Another advantage of this source location method is the potential for reducing the sensor 
number needed to monitor a large area. A propagating damage releases energy in form of mo-
tion, heat and acoustic emission. The energy of the acoustic wave is proportional to the overall 
energy released during the event [12]; hence is related to the damage size and propagation speed. 
It also depends on other different factors such as the material involved. The AE wave propagates 
from the source and attenuates due to wave spreading, reflections and friction in the material. 
The maximum distance between sensors depends on the minimum damage size to be detected 
and the intrinsic attenuation characteristics in the material. The circles in Fig. 13 represent this 
minimum distance. The left figure represents a conventional Time of Arrival (TOA) source lo-
cation method. Source location is only possible in the red area in the middle where all three 
circles are overlapping. Acoustic emission will also be detected in the other areas, but the exact 
position cannot be evaluated. The sensor array presented here covers a bigger area as long as 
both wave modes can be detected. 
 
Conclusion 
 

A new source location method has been introduced which uses a closely arranged sensor ar-
ray. The location of AE sources is determined by a combination of time of flight and modal an-
alysis. Its benefits and limitations have been highlighted as well. 
 
References 
 
1. K. Ono, "Acoustic Emission," in Handbook of acoustics, M.J. Crocker, Ed. New York: 

Wiley-Interscience Publication, 1998, ch. 53, p. 643. 

2. M.G. Baxter, R. Pullin, K.M. Holford, and S.L. Evans, "Delta T source location for acous-
tic emission," Mechanical Systems and Signal Processing, 21, 1512-1520, 2007. 

3. M. Surgeon and M. Wevers, "One sensor linear location of acoustic emission events using 
plate wave theories," Materials Science and Engineering, A265, 254-261, 1999. 

4. K.M. Holford and D.C. Carter, "Acoustic Emission source location," Key Engineering Ma-
terials, 167-168, 162-171, 1999. 

5. J.J. Scholey, P.D. Wilcox, M.R. Wisnom, and M.I. Friswell, "Two dimentional source lo-
cation techniques for large composite plates," in European Conference on Acoustic Emis-
sion Testing, Krakow, 2008, pp. 160-165. 

6. A.A. Pollock, "Classical Wave Theory in Practical AE Testing," in 8th International 
Acoustic Emission Symposium, Tokyo, 1986, pp. 708-721. 

7. J. Rose, Ultrasonic waves in solid media. Cambridge: Cambridge University Press, 1999. 

8. W.H. Prosser, "Applications of advanced, waveform based AE techniques for testing 
Composite Materials," in SPIE Conference on Nondestructive Evaluation Techniques for 
Aging Infrastructure and Manufacturing, Scottsdale, 1996, pp. 146-153. 



 

 98  

9. J.J. Scholey, P.D. Wilcox, M.R. Wisnom and M.I. Friswell "Quantitative experimantal 
measurements of matrix cracking and delamination using acoustic emission," Composites: 
Part A, 41, 612-623, 2010. 

10. W.H. Sachse, "Acoustic Emission source location on plate-like structures using a small ar-
ray of transducers," 4592034, May 27, 1986. 

11. J. Jion, B. Wu, and C. He, "Acoustic emission source location methods using mode and 
frequency analysis," Structural Control and Health Monitoring, 15, 642-651, 2008. 

12. ASTM, "Standard Definition of terms relating to Acoustic Emission," ANSI/ASTM E619-
77, 1977. 

 


