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Rapid thickness measurements using guided waves from a
scanning laser source
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Guided waves have been effectively used for rapid inspections of plates and pipes. However, the
guided-wave technique is not generally used for measuring the remaining thickness in a plate and
a pipe due to the difficulties in guided-wave motion. Instead, time-consuming and costly direct
contact thickness measurements are still used in practice. This study describes a thickness
measurement technique using the A0 mode of a Lamb wave generated by a laser source. A finite
element analysis of Lamb wave revealed that this mode propagates with small reflections and mode
conversions at a rounded shallow defect and has larger amplitude at thinner regions. Using these
characteristics, it is experimentally demonstrated that the distributions of plate thickness were
obtained from the amplitude of A0 mode generated by a scanning laser source and received by an
angle-beam transducer. The resulting distribution images were obtained at extremely high speed
compared to the conventional thickness measurements.
© 2009 Acoustical Society of America. �DOI: 10.1121/1.3177268�

PACS number�s�: 43.35.Zc, 43.35.Yb, 43.20.Mv �AJZ� Pages: 1101–1106
I. INTRODUCTION

Low-frequency ultrasonic propagation of guided waves
along elongated structures such as plates and pipes has been
widely used for nondestructive inspection of inaccessible re-
gions in large structures.1,2 Usually, in guided-wave inspec-
tion, defects are located by pulse-echo method using the ar-
rival time of defect echoes and the group velocity of the
guided waves. In pipe inspection, long-range screening has
been realized by the use of the nondispersive axisymmetric
torsional mode T�0,1�.3,4 Many studies have also examined
non-axisymmetric modes for improving pipe inspection.5,6

Hayashi and Murase7 and Davis and Cawley8 further devel-
oped defect-imaging techniques by the use of guided waves
in a pipe.

However, such fast and cost-effective techniques have
not been developed for evaluating remaining thickness of a
plate and a pipe, which is the most critical factor in the
maintenance of large structures such as tanks and pipeworks.
Thus, time-consuming and costly conventional techniques
using a contact ultrasonic transducer are still used for thick-
ness measurements.

The present study introduces a rapid thickness measure-
ment technique for plates using guided waves. Many studies
in the past discussed the amplitude change in pulse echoes
for different defect depths.2,9,10 Generally, the amplitude of
an echo signal tends to increase as the ratio of projected area
of the defect to its cross-sectional area increases. However,
the amplitude is also affected by the width, length, and shape
of a defect,11 and so in many cases, the amplitude alone
cannot be used as an index of the remaining thickness. Such
imaging techniques7,8 can be used to count defects, but not to
evaluate the remaining thickness.
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In this study, the authors use the A0 mode of a Lamb
wave generated from a laser source12,13 measured by an ul-
trasonic transducer located remotely from the source, rather
than a pulse-echo technique. A laser beam can be emitted far
from the inspected area, and the source of the laser-generated
ultrasonic wave can be rastered with a galvano scanner. The
Lamb wave is detected with angle-beam transducers located
far away from the source region. Rapid thickness measure-
ments can thus be carried out.

The paper is organized as follows. First, numerical
analyses are carried out to determine the scope of the thick-
ness measurement using a combined model of a semi-
analytical finite element �SAFE� method6,14–17 and a finite
element �FE� method. Next, the wave propagation of an A0
mode at a defect in a plate is discussed in detail. Then, im-
ages of remaining thickness of a plate are obtained experi-
mentally.

II. CALCULATION TECHNIQUE FOR GUIDED-WAVE
PROPAGATION

In order to understand guided-wave propagation around
defects, a combined SAFE6,14–17 and FE model was used in
this study. This section briefly describes the combination
technique for calculating guide wave propagation and then
evaluates the accuracy of the calculation code.

Recently, SAFE has been widely used in guided-wave
calculations.6,14–17 In that method, only the cross-section of
the object is divided into small elements, while the longitu-
dinal direction is expressed in terms of orthogonal functions.
Consequently, a smaller number of nodes are required than in
the ordinary FE method, so that less memory and shorter
calculation times are required. In addition, modal analysis is
easier because the wave propagation is described as a sum of
guided-wave modes. However, the geometry and material

properties must be constant in the longitudinal direction, and
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thus a plate or a pipe with a defect of complex shape cannot
be modeled only by the SAFE model. For this reason, a
combination technique18–21 is here adopted. Various combi-
nation techniques have been developed for an effective cal-
culation of Lamb-wave propagation. For example, Al-Nassar
et al.18 developed the combination technique of an analytical
solution of Lamb wave and FE method, Cho and Rose19

introduced the combination technique of an analytical solu-
tion and boundary element �BE� method, and Galan and
Abascal20 used the SAFE and BE models. In this study, the
authors adopt the similar combination technique, in which
the SAFE is used for intact regions and the ordinary FE
method is only used in defect areas.

In order to solve for Lamb-wave propagation in a plate
having a defect, such a combination method for a two-
dimensional elastodynamic problem is used here. As shown
in Fig. 1, the defect is described by a FE region divided in
both the vertical and horizontal directions into small rectan-
gular elements. At both ends of the FE region, SAFE regions
divided into layered elements are connected. In the FE re-
gion, a 16�100 rectangular mesh is used, where the elastic
constants of the elements in a dented region are specified to
be small. Using a uniform mesh of identical rectangular
shapes, the calculations in the FE region require less calcu-
lation time and memory. The SAFE and FE regions are con-
nected with continuous displacements and stresses at their
boundaries. Displacements and stresses within the plate can
be calculated at every frequency step. The frequency domain
data are converted to transient wave forms in time domain
using inverse fast Fourier transform �FFT�.

First of all, in order to evaluate the accuracy of the
SAFE and FE combination model, the reflection and trans-
mission factors were calculated and compared with the val-
ues obtained by Cho and Rose19 and Galan and Abascal20 for
a steel plate having an elliptical defect of horizontal radius s
and vertical radius h for A0 incident mode. These factors can
be calculated from the in-plane average power. The displace-
ments and stresses in the SAFE regions determine the in-
plane average power for the incident, reflected, and transmit-
ted waves. Taking the ratio of the reflected or transmitted
waves to the incident wave, the square root of the ratios
becomes the reflection and transmission factors, R and T.19,20

Figure 2 plots R and T of the A0 and S0 modes for A0
incidence in a steel plate of thickness d, longitudinal velocity
cL=5940 m /s, and transverse velocity cT=3200 m /s with
an elliptically rounded dent of s=1.5d and h=0.5d. The hori-
zontal axis is the product of frequency f and thickness d. Cho
and Rose19 and Galan and Abascal20 found the same results
for a value of fd below the A1 cutoff frequency of fd
=1.63 MHz mm. This agreement demonstrates that the com-

FIG. 1. SAFE and FE meshes used in the combination technique for mod-
eling a plate having a defect.
bination model has sufficient accuracy.
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In Fig. 2, below the cutoff frequency, reflections and
mode conversions are small, and the incident A0 mode
propagates through the defect while keeping its mode shape.
This phenomenon is an important characteristic for the thick-
ness measurements described next.

III. PROPAGATION OF AN A0 MODE AT A DENT AND
THICKNESS MEASUREMENT

Displacements and stresses are obtained at every fre-
quency step, and then the reflection and transmission factors
R and T are calculated. After collecting displacements at all
grid points on the cross-section of a plate, time-domain wave
forms are obtained by taking an inverse FFT. Then the wave
forms at all grid points can be visualized.17,21 In this section,
Lamb-wave propagation for A0 incidence is calculated and
visualized for explanation of the principles of the thickness
measurement technique described in this study.

Wave propagation around an elliptical defect �s=3d and
h=0.75d� is calculated for A0 incidence. For the comparison
with experimental results shown later, calculations after this
section are carried out for an aluminum plate of thickness d
�cL=6260 m /s and cT=3080 m /s�. Figure 3 shows the
group velocity dispersion curves for the aluminum plate, as
well as the frequency spectrum for incident waves ranging
below the A1 cutoff fd value where reflections and mode
conversions are small.

Wave forms at three different time steps obtained in the
calculation are shown in Fig. 4. Gray scale on the surface
denotes the displacement in the vertical direction. The inci-
dent A0 mode reaches the elliptical defect, and then it propa-
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FIG. 2. Transmission and reflection factors for A0 incidence in a steel plate
with cL=5940 m /s and cT=3200 m /s.

FIG. 3. Group velocity dispersion curves for an aluminum plate, along with

the frequency spectrum of the incident wave used in the calculation.
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gates with keeping the mode shape of flexural vibrations.
When propagating through smaller thickness, the out-of-
plane displacement of the A0 mode becomes larger. Finally,
the transmitted wave returns to the original amplitude in the
intact thick region. This amplitude change is caused by the
fact that almost all of the energy of the incident A0 mode
propagates through the defect region in this frequency range.

In other words, when an A0 mode in the frequency range
of small reflection and mode conversion is incident on a
rounded defect, we can roughly estimate the thickness by
measuring the normal amplitude at the surface of the defect.
Now, assume that the A0 mode emitted from an ultrasonic
transducer, such as angle-beam transducers, is detected by a
laser interferometer over a surface of an object. Though the
A0 mode can be emitted efficiently using the angle-wedge
whose angle is determined by Snell’s law, laser beam direc-
tion and focus must be controlled and adjusted very carefully
for stable measurements by the laser interferometer from a
distance.

On the other hand, the authors consider the case when
normal loading is applied to the surface of a plate and an A0
mode is detected using an angle-beam transducer. Taking
into account the reciprocal theorem, the wave form of the A0
mode is identical to the normal vibration detected at the
source by the angle-beam transducer. That is, when the nor-
mal vibration is applied to a thin region of a plate and an A0
mode in the frequency range of small reflection and mode
conversion is detected remotely, the amplitude of the de-
tected wave form becomes large. By contrast, if a vibration is
applied at a thick region, the amplitude of the detected sig-
nals is small.

When a laser beam is used for ultrasonic generation, it
can be easily rastered by mirrors and emitted from a remote
distance �e.g., 10 m away�. Therefore, remote rapid thickness
measurement can be realized by using a scanning laser
source12,13 �SLS� and angle-beam transducers to detect an A0
mode in the frequency range of small reflection and mode
conversion.

IV. SCOPE OF THE THICKNESS MEASUREMENT

The thickness measurement technique using a SLS re-
quires an A0 mode propagating through defects with small
reflections and mode conversion. Therefore, it can be esti-

FIG. 4. Propagation of the A0 mode around a defect.
mated that this technique has limitations in defect shape,

J. Acoust. Soc. Am., Vol. 126, No. 3, September 2009

ution subject to ASA license or copyright; see http://acousticalsociety.org/c
depth, and ultrasonic frequency. In this section, the scope of
the measurement is investigated for aluminum plates with
defects of various shapes.

First, consider the transmission factors for A0 incidence
shown in Fig. 5. Figure 5�a� shows a rounded defect of vary-
ing depth for a fixed shape s /h=2.0. On the other hand, Fig.
5�b� plots the transmission factors for a deep defect of fixed
depth h /d=0.75 but variable shape. Above the A1 cutoff, the
transmission factors become small as the frequency in-
creases. On the other hand, below the cutoff, the transmis-
sion factors are over 0.8 across the fd range of about
0.5–1.4 MHz mm except sharp and deep defects s /h=1.0,
h /d=0.75 and s /h=0.5, h /d=0.75.

Transmission factors for the A0 mode at fd
=1.0 MHz mm for defects with different s /h and h /d values
are plotted in Fig. 6. The general trend is that the transmis-
sion factors become smaller for sharper and deeper defects.

Generation of Lamb waves by a SLS and detection of
the A0 mode at a left remote intact region are next simulated.
When point loading is applied on the surface of a plate,
several modes propagate in both directions. Since the ampli-
tude of each mode can be separately calculated in SAFE
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FIG. 5. Transmission factors for A0 incidence at a rounded defect. �a� Dif-
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regions, the normal displacements of an A0 mode at the left-
SAFE region are obtained, as shown in Fig. 7. Similar to Fig.
1, the FE region is from x=−4d to +4d, and a harmonic
vibration of fd=1.0 MHz mm is applied to the upper surface
of the FE region. The center of the elliptical defect is at
x=0, and the horizontal axis is in multiples of the thickness
d. The normal displacement of A0 mode at the left region is
normalized by the value when the normal loading is applied
at the intact point x=+4d. The amplitude distributions for
defects of three different depths �d /h=0.25,0.5,0.75� and
fixed shapes s /h=4.0 are shown.

The amplitude distributions are roughly in inverse pro-
portion to the depths d /h. However, the modulation in the
defect region implies that there are some reflections and
mode conversions, especially in a deep defect of d /h=0.75

The inverse amplitude of the distributions in Fig. 7 is
graphed in Fig. 8 for the harmonic wave fd=1.0 MHz mm.
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FIG. 8. Estimated remaining thickness for defects of various shapes and
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The dashed lines denote the defect shape used in the calcu-
lation, while the solid lines are the estimated remaining
thickness obtained from the amplitude distributions. For a
rounded defect such as s /h=4 in Fig. 8�a�, good agreement
is found due to the small reflections and mode conversion.
On the other hand, for sharper and deeper defects, which
generate more reflected waves and larger mode conversions,
the estimated values do not agree as well. For example, in
Fig. 8�c� for s /h=1.0 and Fig. 8�d� for s /h=0.5, the peaks at
the left of the defect are caused by the reflections from the
defect, while the large values at the right are caused by the
fact that the transmitted waves are small due to the sharp and
deep defects.

V. EXPERIMENTS

In order to verify the remote thickness measurements
using a SLS, experiments were carried out using aluminum
plates of 3.0 mm thickness. Figure 9 shows the sample and
experimental setup. A Q-switched Nd/yttrium aluminum gar-
net laser beam �Quantel Brilliant Ultra, 532-nm wavelength,
20-Hz rate, 7.2-ns pulse duration, and 32-mJ pulse energy�
was scanned rapidly in the x and y directions by two galvano
mirrors placed about 300 mm away from the plate. The laser
spot diameter was adjusted to about 1.0 mm by a pinhole to
improve the spatial resolution of the images. The laser en-
ergy was attenuated to prevent damaging the surface of the
specimens. An A0 Lamb-wave mode was detected by an
angle-beam transducer composed of a 400-kHz 1-3 pi-
ezoelastic composite and a resin wedge. The detected radio-
frequency signals were amplified by 56 dB by a pre-
amplifier. Then, the signals were filtered by a fourth-order
Butterworth low-pass filter of 400 kHz and a high-pass filter
of 600 kHz to extract components below and above the A1
cutoff frequency of fd=1.53 MHz mm. Only direct signals
were gated to prevent the influence of edge reflections. The
signals were not averaged so that they could be measured as
quickly as possible. The measurement spots on the aluminum
plates were 81�81 points in 0.5-mm steps over a range of
40�40 mm2 in Fig. 10. In these cases, the distributions of
estimated remaining thickness were obtained in about 10
min. Since the entire process of galvano scanner control, data
acquisition, and display of results is now sequentially oper-
ated by LABVIEW software for the purpose of laboratory
study, the measurements can be further speeded up by opti-
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FIG. 9. �Color online� Sample and hardware setup.
mized acquisition done in ultrasonic microscopes.
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The specimens used were aluminum plates measuring
150�500�3.0 mm3. Groove defects of 2.0-mm �1� and
1.0-mm �2� depths were machined at the center of the alu-
minum plates to match the calculation model. Both defects
had a flat zone of 10-mm width at the bottom, and the edges
were cut by a ball end mill of 20-mm diameter. The cross-
section of these defects is shown in Fig. 10

Figure 10 shows the distribution of estimated remaining
thickness obtained when a laser beam is incident on the flat
surface of plates #1 and #2. In Fig. 10�a�, the signals were
filtered by a 400-kHz low-pass filter to extract the frequency
range below the A1 cutoff. The thickness distributions were
obtained by inverting the normalized amplitude of the sig-
nals. In this case, the average value of the amplitudes de-
tected at 81 points on the right edge of the figure is used for
normalization. The dashed lines denote the edges of the dent,
which agree with the area of the signal having large ampli-
tude.

Figure 10�b� was obtained from the same experimental
setup, but the signals were filtered by a 600-kHz high-pass
filter in order to show the result when unsuitable frequency
range is used. In contrast to Fig. 10�a�, several gray bands
can be seen in the defect region due to large reflections and
mode conversions in this frequency range.

In order to compare the distributions of remaining thick-
ness for defects of different depths, Fig. 10�c� shows the
distribution for a grooved defect of 1.0-mm depth �2�. Simi-
lar to the case of a deep defect in Fig. 10�a�, a laser beam
was incident on the flat surface, and the signals were filtered
by a 400-kHz low-pass filter. The difference between the
intact area of 3.0-mm thickness and the defect area is smaller
than for the deep defect in Fig. 10, which represents that the

FIG. 10. �Color online� Estimated thickness distributions. �a� At defect 1,
and a 400-kHz LPF was applied to the signals. �b� At defect 1, a 600-kHz
HPF was applied to the signals. �c� At shallow defect 2, a 400-kHz LPF was
applied to the signals.
defect in specimen 2 is shallower than that in specimen 1.
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To simulate more complex and realistic defects, speci-
men 3 has two grooved defects of 2.0-mm depth. The width
and depth of defects are the same as 1 in Fig. 10�a�, and the
centerline of the two defects are 30 mm apart. Figure 11
shows the estimated remaining thickness obtained from the
amplitude. Similar to Figs. 10�a� and 10�c� for 1 and 2, a
laser beam was incident on the flat surface of the plate, and a
400-kHz low-pass filter was applied to the signals. Two gray
bands representing the grooved defects of 2.0-mm depth are
clearly shown in Fig. 11, and the remaining thickness agrees
roughly with the true value for both bands. This result dem-
onstrates that remaining thickness can be evaluated even for
the case of plural defects.

In these cases, remaining thickness in whole regions
could be obtained with sufficient accuracy. However, direc-
tivity of an angle-beam transducer and attenuation and dis-
persion of an A0 mode may cause errors in an image of
remaining thickness. In such cases, directivity of a receiving
transducer can be improved by redesigning a transducer or
by using multiple transducers, and variation in sensitivity
due to attenuation and dispersion should be corrected from
the propagation distance.

VI. CONCLUSIONS

The present study described a rapid thickness measure-
ment technique using the amplitude of the A0 mode of Lamb
waves generated by laser emission. A combination calcula-
tion technique using a SAFE method and an ordinary FE
method revealed that the A0 mode in the frequency range of
fd=1.0 MHz mm below the A1 cutoff propagates through a
shallow rounded defect with small reflections and mode con-
versions. The calculations also demonstrated that the A0 am-
plitude generated at a point source is roughly inversely pro-
portional to the thickness at the source point. From such
characteristics, the distributions of remaining thickness were
experimentally obtained for aluminum plates with one and
two grooved defects at high speed using a SLS and an angle-
beam transducer.

Since laser-scanning using a galvano scanner is practical
at high speeds, thickness measurements can be carried out
much faster than in conventional contact-type thickness mea-
surements by hand. Use of suitable equipment would provide
a thickness image with the same speed as ultrasonic micro-

FIG. 11. Estimated thickness distribution for specimen 3 with two deep
defects. The laser beams were incident on the flat surface, and a 400-kHz
LPF was applied to the signals.
scopes.
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An axisymmetric L�0,1� mode propagates in pipes with
similar characteristics as the A0 mode of a Lamb wave.
Therefore, use of the L�0,1� mode would enable this tech-
nique to be applied to thickness measurements of pipes.
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