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Abstract
The implementation of structural health monitoring systems in modern aircraft structures made of carbon
fibre reinforced plastics requires a deeper understanding of the propagation of impact generated Lamb
waves. In this paper a digital shearing interferometry method is presented that allows visualization of
laser generated Lamb waves. The contactless full field measurement of these waves is performed by a
Mach-Zehnder interferometer which combines spatial phase shifting technique and shearography. The
latter is a laser-based coherent speckle-technique whereby the first order derivative of the displacement is
recorded.
The recording of the laser generated propagating wave field at predetermined times requires a stable
experimental arrangement with high accuracy. We present here an appropriate interferometric setup that
allows imaging out-of-plane surface displacements and in which the wave field is reconstructed from the
measured first order derivatives. The shearographic results are validated by comparison with optical
vibrometry.
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1. Introduction
During the past years the use of carbon fiber reinforced plastics (CFRP) in the aircraft
industry has steadily increased. In order to ensure structural integrity and maintain
safety, aerospace structures have to be inspected regularly. Recent years have shown a
range of different non destructive techniques (NDT) for so called “structural health
monitoring” (SHM) using permanently attached sensors.
The implementation of a SHM system, which is based on the analysis of either impact
or piezo electrically generated Lamb waves, requires a deeper understanding of wave
propagation in CFRP structures. Since these waves travel over large areas a measuring
tool which provides two-dimensional (2D) measurements is preferred. In contrast to
scanning [1] methods which perform point-wise measurements, we present a contactless
full field measuring system, which is based on shearography [2]. Since it displays the
first order derivatives of the displacement in the direction of the shear a numerical post
process [3] is necessary which reconstructs the out-of-plane displacement.
In this work we present an optically based system that is suitable for getting access to
piezo-electrically and laser generated Lamb waves. The used measuring tool is a MachZehnder interferometer which combines a shearing element and the possibility to enable
spatial phase shifting [4] which is necessary since a dynamic process is observed. In the
experimental section the measured data are compared with a point measuring tool and
we demonstrate the influence of delamination on Lamb wave propagation.

2. Shearing and spatial phase shifting
In Fig.1 a Mach-Zehnder interferometer setup is displayed. In this setup the two
independent moveable mirrors allow the implementation of both, the spatial carrier
method and the shearing at the same time but they can be adjusted independently. The
optical setup consists of two beam splitters and two adjustable mirrors. The reflected
wave front passes through an aperture which is placed at the focus of a lens. After
passing the lens the wave front is split into two and is recombined behind the second
beam splitter. By tilting either one of the mirrors a spatial carrier frequency is generated.
By translating the other mirror a shear between both wave fronts is introduced.

Figure 1. Sketch of a Mach-Zehnder-Interferometer for surface inspection [4]

Without tilting mirror 1 the translation of mirror 2 leads to a shear of the two wave
fronts on the CCD array by “S”. Because of the translation of mirror 2 each object point
appears twice on the CCD array. Consequently the camera sees the regular and a
sheared speckle image of the object. These two images interfere on the sensor area and
result in a speckle field, which carries the object information. Since the optical path of
object and reference wave is nearly the same the setup is less sensitive to environmental
influences. Furthermore, shearing the two wave fronts enables changing the measuring
sensitivity without changing the optical setup. These advantages make shearography an
interesting measuring tool for non-destructive testing. For instance mobile shearography
is used already for defect inspection of aircraft.
Using shearography two images in different states of the object are taken. The first
image is taken in the unloaded reference state. After loading the specimen, which can be
heat, pressure or a mechanical load, a second image is taken and compared with the
unloaded state. To quantify the phase distribution on the resulting shearogram different
phase-shifting methods - either temporal or spatial can be used.
In dynamic processes like Lamb wave propagation, the temporal phase shifting method
is not practicable. Therefore the spatial carrier phase shifting technique is used. The
implementation of the spatial carrier method offers the possibility of receiving the phase
information from one single fringe pattern which is in contrast to the standard temporal
phase shifting technique where at least three phase shifted fringe patterns are recorded.
The rotation of the mirror 1 in the Mach–Zehnder interferometer leads to a tilt between
the two wave fronts. The angle α between these two wave fronts induces an interference
pattern with a sinusoidal intensity distribution on the CCD sensor.
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The intensity is given by the equation 1 with f0 = sin (α)/λ giving the modulation in x
direction, I1, I2 being the two wave fronts and ∆φ being the desired phase information. It
can be seen that only the last two terms carry the desired phase information. To obtain
the desired phase, these terms must be separated. This is done by Fourier transformation
[5]. In the Fourier domain, three terms occur whereby the centre term is a convolution
of both phase independent terms and two by ± f0 shifted phase depending terms. Now
the centre term and one of the sidebands can be separated. The remaining phase ramp is
removed by shifting the remaining sideband by f0 in the direction of zero. Now an
inverse Fourier transformation delivers the desired phase distribution ∆φ.
Due to the shearing process, the measured data comprise only information about
differences between the phase under investigation and a laterally shifted copy of itself,
where the term shear refers to the shift between both signals. To restore the desired
phase distribution the data must be post-processed. In this work a method is used which
was developed by Falldorf et al [3]. The approach needs only one single sheared
distribution to calculate the desired phase distribution. It has the precondition that the
phase distribution under investigation is spatially limited, meaning different from zero
only within a limited area. Since our experiments fulfill these conditions the out-ofplane displacement of both piezoelectric waver active sensors (PWAS) and laser
generated Lamb waves can be reconstructed.
Fig. 2 shows measured data of the reference and the loaded state using the MachZehnder interferometer and the numerical procedure to receive the deformation which
represents the Lamb wave.
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Figure 2. Schematic procedure for the evaluation of the out-of-plane deformation.

In the next section we describe the experimental setup of the full field measuring MachZehnder interferometer. To prove the measuring accuracy of the interferometer the
experimental data of a PWAS generated wave field on a CFRP component are
compared with a point measuring vibrometer. Subsequently we will demonstrate the
influence of delamination on laser generated Lamb waves.

2. Experiments
The objective of our experiments is the full field measurement of piezoelectric and laser
generated lamb waves on CFRP components by the method of shearography. In the first
part of our experiments we used piezoelectric generated Lamb waves to validate our
optical set up regarding the spatial carrier method and the reconstruction algorithm by
comparing our experimental results with a single point laser vibrometer measurement.

In the second part we demonstrate the influence of delaminations on laser generated
Lamb waves.
To demonstrate the propagation of laser and PWAS excited Lamb waves with a high
temporal resolution in CFRP components 200 single measurements have been taken.
Combining these single results leads to a video sequence of 200 frames showing the
propagation of the wave field with a time gap of 1µs between each phase frame.
Therefore an experimental setup with a trigger regime which steers the experimental
flow by controlling the illumination laser, the CCD camera and the PWA-actuator with
a high time accuracy was installed. By using a full field measuring technique each
frame is build up by 250000 points, displaying a measuring field of 16x16 cm².
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Figure 3. Experimental setup for the visualization of PWAS generated lamb waves, with excitation signal

In Fig. 3 the experimental setup with a PWAS actuator is illustrated. Here the 2 mm
thick CFRP plate build up by 4 layers with a 0°/90°/0°/90° orientation, which is
clamped on a frame, is illuminated by a ruby laser delivering 700mJ within a pulse
width of 20 ns. The Mach-Zehnder interferometer is placed 150 cm in front of the
specimen. The used circular-shaped PWAS operate on structures through strain and
stress coupling with the structural material. As a result of their design these sensors are
generating circular outgoing wave fronts on isotropic components. With a
programmable frequency generator windowed burst signals are used to excite bending
waves. The exciting signal with 60Vpp is displayed in Fig. 3 on the right side.
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Figure 4. Lamb wave propagation at different predefined times after a centred PWAS-excitation.

In Fig.4 the experimental results are displayed in a sequence of three phase frames. The
time gap between each recording is 40µs. By viewing the three frames the almost
elliptically outgoing wave front can be seen, which is a consequence of the
[0°/90°/0°/90°]s lay up of plies.

To prove the measured displacement and therewith the un-shearing process of the phase
distribution, the experimental results are compared with measurements performed by a
vibrometer. In Fig. 5 the experimental results of both measurements are displayed. The
y-axis displays the amplitude in nm, the x-axis the time in seconds after Lamb wave
excitation. The measuring point is directly opposite to the PWA actuator. The measured
pulse has a width of 90µs and, as expected, corresponds to the excitation signal. The
measured signals have maximum peak to peak amplitude of 250 nm. The comparison of
both measurements results demonstrates that it is possible to measure quantitatively outof-plane displacements by digital shearography and that both experimental findings are
in a very good agreement.
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Figure 5. Comparison of vibrometer and shearography results of a PWA actuator generated Lamb wave.

2.1 Laser generated Lamb waves
For the second experimental part the PWA actuator is replaced by a Nd:YAG short
pulse laser with a pulse duration of 7ns delivering a maximum energy of 27mJ. For the
Lamb wave generation a circular shaped laser spot was used. The laser energy was
below the damage threshold, the generation was done in the thermoelastic regime. To
demonstrate the influence of delaminations on the propagation behavior of a laser
generated wave field a 2mm thick unidirectional CFRP component having a centered
delamination was inspected by shearography and by laser ultrasonics.

Figure 6. Amplitude C-Scan. The measuring field of the shearographic inspection is sketched by a square.

The amplitude C-Scan pictured in Fig.6 of the 40x40cm² large and 2mm thick
unidirectional CFRP component was carried out by a laser ultrasound system which was
build up by BIAS and Airbus Bremen. The system consists of a CO2 generation laser, a
confocal Fabry-Perot interferometer and a customized Nd:YAG long pulse laser. The
inspection with the laser ultrasound system showed that the centered delamination
affects the ultrasound in a way that a 6dB amplitude decay in the centered region was
detectable.

Figure 7. Experimental result showing the Lamb wave propagation on a unidirectional CFRP component

The results obtained with shearography are presented in Fig.7. Here a sequence of four
images is displayed. The elliptical out going wave front can be recognized; also the
influence of the delamination on the wave front can be seen.
The next experiment was carried out on a 4mm thick quasi isotropic CFRP component
which was impacted by a drop weight impact machine. The impact energy was given by
the rate of fall which was measured with two photo sensors and the height of the drop
weight after impacting the specimen. The impact energy was 24J. The results received
with the shearograpic interferometer are presented in Fig.8. The measuring field is
160x160mm. The sequence shows the wave field at four different times after laser
generation, starting with 40µs and going up to 240µs. After 60µs the wave reaches the
delamination which can be seen in frame number two where the wave front is disturbed
and part of the wave is reflected. The last frame is taken 240µs after the Lamb wave had
been generated; the wave has already passed the delamination but still it can be
detected, the reason could be that the region is heated by the passing wave front.

Figure 8. A sequence of four frames showing the out going laser generated Lamb wave and the
interaction with the 30mm large delamination.

3. Conclusions
In this paper we have shown the possibility of measuring Lamb waves excited by a
thermo elastic event and by surface bonded PWAS using digital shearography. By using
the un-shearing calculation it was possible to obtain the out-of-plane displacement of
generated wave fields. Good results were achieved by comparing the experimental
result of a single point measuring vibrometer and the full field measuring MachZehnder interferometer. In the second part of our experiments we used a short pulse
Nd:YAG laser to generate Lamb waves on CFRP components. We demonstrated the
detection of delaminations with different sizes using Lamb waves. Further
investigations have to be performed to find the limits of the method regarding defect
size and for understanding the properties of the defects and their interaction with the
Lamb waves.
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