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ABSTRACT

This study reports the development of a new source location method using Lamb waves on anisotropic
carbon-fiber reinforced plastic (CFRP) plates. We monitored Lamb waves produced by pencil-lead
breaks and steel-ball impacts using four resonant-type AE transducers mounted on 300-mm square
corners within 500-mm square plates and determined arrival time of 65 kHz A0-Lamb waves, extracted
by using a wavelet transform. For square arrangement, source location was first narrowed into one of
four quadrants by the first arrival to the nearest sensor. Next, the source location in the particular
quadrant was determined by sequential iteration. Here, the measured arrival-time differences were
matched with those computed by moving a virtual source position in selected steps. We developed an
algorithm providing automatic determination of arrival times and coordinate computation. It takes less
than one second for each source location identification. Orientation dependence of Lamb waves for the
CFRPs are experimentally measured and included in the algorithm. Accuracy of the source location for
a unidirectional-CFRP plate is better than 5.6 mm within the 300 x 300 mm square. The average error
of 2.4 mm was obtained for a quasi-isotropic CFRP plate. Results for several other CFRPs will be
reported.

INTRODUCTION

Accurate source location of an impact and fracture is an important engineering problem for the precise
identification of a damaged area. The source location of acoustic emission (AE) signals is impractical
for many structures of fiber reinforced plastics (FRPs) due to strong orientation and frequency
dependence of wave velocities (anisotropy and dispersion) and large attenuation. The velocity
anisotropy can be measured, and for samples of limited dimensions, we can achieve three-dimensional
source locations within 1.0 mm of a microfracture source in unidirectional FRPs [1-3]. The source
location in thin plate is reduced to a planar (two-dimensional) problem, but a difficulty arises due to the
dispersive nature of the Lamb waves [4]. Strong orientation dependence of Lamb wave velocities poses
another problem. Several recent studies [5-9] attempted to improve source location methods. For
example, Kwon et al. [9] recently utilized wavelet and inverse-wavelet transform for locating lead-
breaks on aluminum and cross-ply CFRP plates. They utilized the arrival-time differences with threshold
crossing method of single frequency A0-component. This method improves the source location accuracy,
but the anisotropy issue remains unresolved. We have developed a new method for the source location
based on dispersive, anisotropic Lamb waves. Here, measured arrival-time differences are matched with
those computed by moving a virtual source position in small steps. We report the algorithm for source
location and source location accuracy of impact on CFRP plates.

SOURCE LOCATION METHOD

The present source location method consists of the following steps; 1) Perform wavelet transform of
detected waveforms, extracting the A0-mode component at a selected frequency. This frequency is
chosen to be the major component of the observed signals and to best differentiate the desired wave
mode from others. 2) Determine the arrival times of the detected waveforms. The arrival time is defined
at the instant when the wavelet coefficient reaches 20% of the peak value. (The position of the peak
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value, or peak-arrival time, can also be used.) 3) Select a zone. Utilizing the sequence of the arrival
times, the source location is confined to a zone; e.g., one of the four quadrants for a square four-
transducer arrangement. 4) Determine the source location by sequentially minimizing the differences of
the measured arrival times and the arrival time differences computed by moving a virtual source position
in the quadrant determined in the previous step. The position is moved by a preset amount (typically 10
to 20 mm) in the X- and Y-directions. When a minimum is found, the preset amount is halved and a
minimum is searched again in the immediate neighborhood. This is repeated several times until a certain
level of accuracy is achieved. 5) In the calculation of step 4, experimentally measured, anisotropic group
velocity of A0-mode Lamb waves is used. The velocity is frequency dependent and the values must
correspond to those of the selected frequency.

MATERIALS AND VELOCITY PROFILES

We used in experiment three types of carbon-fiber reinforced plastic (CFRP) plates of 500 mm square.
One is 24-ply unidirectional (UD-)CFRP, where the X-direction refers to the fiber direction of UD-
CFRP. The second plate is 32-ply and quasi-isotropic (0o

4/45o
4/90o

4/-45o
4)s and the X-direction is along

the 0o top/bottom lamina fibers. The third type is cross-ply CFRPs ((0o
n/90o

n)s, n=4, 6, 8) of various
thickness (2.0, 3.0, 4.0 mm). We measured the orientation dependence of A0-Lamb waves, produced by
pencil-lead breaks. The waves were detected by two transducers (PAC, type PICO) located at 40 and 90
mm along the angle θ (measured from the 0o fiber). Examples of detected waveforms and their wavelet
coefficients at 65 kHz, in the direction of θ = 0o (fiber direction), 30o and 90o for UD-CFRP, are shown
in Fig. 1.

Fig. 1 Examples of Lamb waves and their 65 kHz components in UD-CFRP plate as a function of the
propagation direction θθ.

The wavelet coefficients were extracted by a wavelet transform with Gabor function as the mother
wavelet. Velocities were measured by dividing the inter-transducer distance (50 mm) by the first-peak
arrival time differences ∆t of 65 kHz A0-Lamb. Orientation dependence of 65 kHz A0-Lamb velocities
for UD-, quasi-isotropic and cross-ply (thickness=2.0 mm) CFRP are shown in Fig. 2. Measured data
was approximated by a 6-th order polynomial equation (solid line). Velocity anisotropy of the quasi-
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Fig.2 Orientation dependence of 65 kHz A0-Lamb velocities in (0o
4/45o

4/90o
4/-45o

4)s CFRP plate (top),
UD-CFRP plate (the center) , and cross-ply CFRP of 2.0mm thickness (bottom).
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Fig.3 Schematic illustration of source location method of Lamb waves produced
by impacts at #1 to #9 positions on CFRP plate.

isotropic plate is small, or 6 %, whereas a strong velocity anisotropy exists for the UD-CFRP with the
ratio of maximum to minimum velocities of 1.7. It is also noted that the velocity variation for the quasi-
isotropic plate is asymmetric to the Y-axis. That is, the velocity at θ = 135o (1312 m/s) is faster by 152
m/s than that (1160 m/s) at 45o probably due to the eight -45o plies at mid-thickness.

SOURCE LOCATION

Figure 3 shows the schematic illustration of source location method. Source location experiment used
four AE transducers (PAC, type PICO; 4.0 mm diameter; nominal resonant frequency, 0.45 MHz). These
were mounted on the corners of a 300 mm square on 500 mm square CFRP plates. The origin of the
coordinate is set at the channel 1 transducer. Lamb waves were produced by simulated impacts (pencil-
lead break and steel-ball drops). Outputs of the transducers were amplified 40 dB and digitized at an
interval of 800 ns with 1024 points at 10 bit amplitude resolution, and fed to a work station (Sun Spark
Station 5) for analysis. Wavelet transform is useful in getting arrival-time information with a high S/N
ratio and sharp peak definition. Shown in the top row of Fig. 4 are examples of Lamb waveforms
produced on the quasi-isotropic CFRP plate by a pencil-lead break (left) and a steel-ball drop (right) at
#2 position, corresponding to the coordinate (150, 225). These waves were monitored by channel-4
transducer. The waves produced by the pencil-lead break contains both the S0-Lamb component
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Fig.4 Examples of Lamb waveforms (the top) produced by pencil-lead break (the left) and
steel ball drop (the right) on (0o

4/45o
4/90o

4/-45o
4)s CFRP plate. The bottom two figures

represent the time  transient of wavelet coefficients at 65 kHz.

(arriving first, high-frequency, low-amplitude) and the late-arriving large amplitude A0-Lamb
component. The wave due to steel-ball impact contains only the A0-Lamb component, having lower
frequency and large amplitude. The bottom two figures represent the time transient of 65 kHz wavelet
coefficient, corresponding to the 65 kHz-components of the signals. The S0-components can not be seen
in these figures because of their low amplitude.

Selection of a particular frequency component for the source location depends on two factors. One is to
use the strong frequency components of propagating Lamb waves. This is affected by the mechanism of
wave generation, wave propagation characteristics and transducer parameters. The other is a sufficient
velocity difference of the S0- and A0-Lamb waves, so that the A0-Lamb arrival is adequately separated
from the S0-Lamb wave component. For example, in the quasi-isotropic CFRP plate used here, the
velocity of A0-Lamb at 65 kHz is calculated as 1.3 mm/µs while that of S0-Lamb is 5.5 mm/µs. These
were obtained by Adler's matrix transfer method [10]. At 250 kHz, both velocities are similar and it is
impossible to separate the A0-Lamb from the S0-Lamb waves. This means that the utilization of low
frequency Lamb waves is better for determining the arrival times of impact-induced waves. The use of
even lower frequencies is limited by the lack of transducer sensitivity, although the attenuation is lower.
It is also expected that spatial definition becomes poor as the wavelength increases proportionately.
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a. Source Location on Quasi-isotropic CFRP Plate

The source location on a quasi-isotropic CFRP plate was determined by first exciting Lamb waves by
breaking a pencil-lead and by dropping a steel-ball (7 mm diameter, 1.4 g mass, 20 mm height) at
position #1 to #9 in Fig.3. Square transducer arrangement was used. The upper row of Fig. 5 shows
typical waveforms excited by pencil-lead breaks at position #2 (150, 225) and monitored by four
resonant transducers (ch.1 to 4). Their 65 kHz wavelet coefficients (or A0-components in this case) are
shown in the bottom row. From the wavelet coefficients vs. time curves, we determined the arrival

Fig.5 Examples of Lamb wave (top) and their 65 kHz A0-components (bottom) produced by pencil-
lead break at #2 position and monitored by four AE transducers on (0o

4/45o
4/90o

4/-45o
4)s CFRP plate.

times of the detected waveforms, which were taken at the points in time when the wavelet coefficient
reaches 20% of the peak value. This compensates for the attenuation of wave amplitude. We also
compared them with the positions of the peak value, or peak-arrival times, but the 20%-threshold
approach was slightly better in final location accuracy. Although the peak position coincides better with
the arrival of the particular frequency component judging from the shape of the waveform, broadness of
the peaks probably contributes to the observed discrepancy. The determination of the arrival time was
performed as a part of computer program along with the wavelet transform. Owing to a good S/N ratio
and sharply rising wavelet profiles, arrival times can be accurately identified. Using the arrival time
data, we obtained next the sequence of the arrival times. This identifies the source location within one of
the four quadrants for the square four-transducer arrangement used. The final step of this source location
method is to use measured arrival time differences and orientation dependence of A0-Lamb waves, and
to estimate a source location. The differences of the measured arrival times are matched to computed
arrival time differences, by using one of iterative processes. Results are shown in Fig. 6 for pencil-lead
break (left) and steel-ball drop sources (right), which indicate an original position by a square and
estimated source position by an X. The estimated source locations agree well with the given locations.
The location results are given in Table 1. The maximum error of 6.8 mm and average error of 2.4 mm
were obtained for pencil-lead break sources on this quasi-isotropic CFRP plate. For steel-ball drops, the
maximum error of 6.3 mm and average error of 3.0 mm were obtained. Computation time was less than
one second. The importance of utilizing anisotropic Lamb wave velocities can be demonstrated by a
comparison with source location results with an isotropic velocity. Table 2 summarizes the results,
which indicate the maximum error of 26.4 mm and average error of 17 mm. Even though 65 kHz A0-
Lamb velocities only varies from 1.17 mm/µs to 1.33 mm/µs (or 6%), this velocity variation decreases
the location accuracy to an unacceptable level.
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Fig.6 Comparison of given source location (oo ) and estimated location (X) of pencil-lead break (the
left) and steel-ball drop (the right) on (0o

4/45o
4/90o

4/-45o
4)s CFRP plate.

Table 1 Source location of pencil-lead break (the left) and steel-ball drop (the right)
 on (0o

4/45o
4/90o

4/-45o
4)s CFRP plate.

b. Source Location on UD-CFRP Plate

The source location analysis of pencil-lead breaks and steel-ball drops is performed on a UD-CFRP
plate that has stronger anisotropy. Specimen size and transducers layout are the same as those used for
the quasi-isotropic CFRP plate. Procedures are identical to those used earlier and 65 kHz A0-
components were utilized. The source location results for pencil-lead breaks and steel-ball drops are
summarized in Table 3.
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Table 2 Source location on (0o
4/45o

4/90o
4/-45o

4)s CFRP plate using 65 kHz A0-component assuming
the symmetric velocity distribution to the Y-axis.

Table 3 Source location of pencil-lead break and steel-ball drop on UD-CFRP plate.

 The source location for pencil-lead break was determined within 5.6 mm maximum error with the
average error of 3.1 mm. Accuracy of source locations for steel-ball drops is also good, with the average
error of 4.0 mm and 8.4 mm maximum error. The results demonstrate that, in spite of a higher velocity
anisotropy of UD-CFRP, the source location can be accurately estimated by the present method.

c. Source Location on Cross-ply CFRP Plates

The source location analysis of pencil-lead breaks is performed on cross-ply-CFRP plates of three
different thickness (2.0, 3.0 and 4.0 mm). Specimen size and transducers layout is the same as those
used for the quasi-isotropic CFRP plate. Procedures are identical to those used earlier and 65 kHz A0-
components were again utilized. The source location results for pencil-lead breaks are summarized in
Table 4. The source location for pencil-lead break was determined within 6.5 to 11.8 mm maximum
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Table 4 Source location of pencil-lead break on Cross-ply-CFRP plates.

error with the average error of 4.8 to 7.0 mm for these plates. The results demonstrate that, in spite of a
lesser velocity anisotropy of cross-ply CFRP plates, the source location accuracy was comparable to the
other plates. This implies that the accuracy limitation is due to the lack of homogeneity in the plates
used rather than the source location algorithm.

CONCLUSION

We developed a new source location method applicable to anisotropic plates, and demonstrated its utility
for the source location of quasi-isotropic, unidirectional and cross-ply CFRP plates with velocity
anisotropy and dispersion. The orientation dependence of A0-Lamb velocities for CFRPs plates was
measured at selected frequencies by a wavelet transform of AE signals. This velocity data was
incorporated for the source location analysis. The computer algorithm developed provides performing
wavelet transform, determining the arrival time of a selected frequency A0-Lamb component and
computing the source coordinates. The source was first estimated to one of four quadrants within 4
transducers by using the arrival times, and then accurately determined by sequential iteration. Here, the
measured arrival-time differences were matched with those computed by moving a virtual source
position in pre-set steps. The source locations of pencil-lead breaks in 300 x 300 mm square enclosed by
four transducers on both the quasi-isotropic and unidirectional CFRP plates were determined with the
maximum (average) error of 6.8 (3.1) mm. Steel-ball drop sources were located with the average error of
3.0 mm for the quasi-isotropic plate and 4.0 mm for the UD-CFRP plate. Speed of the source location
was less than one second in all the cases.
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