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Abstract: A new approach for characterization of local elastic anisotropy has been
developed and applied to various materials including long- and short-fibre
reinforced polymer composites as well as wood and paper. The method is based on
the excitation of plate waves by weakly focused air-coupled ultrasound. It uses
”resonance“ transmission of an acoustic wave in air through the sample due to
flexural plate mode excitation and re-radiation, which depends on the angle of
ultrasound injection. The value of the resonance angle enables to calculate the
velocity of the plate wave. By measuring the azimuth dependence of the flexural
wave velocity, the in-plane elastic anisotropy is determined. An automated
measurement system which comprises an angular scanner, computer-controlled data
acquisition and processing modules is developed and applied for mapping of local
elastic anisotropy and fibre orientation in composite materials.

1. Introduction
The majority of current and newly developing materials (polymers, composites, fibreceramics, nano-structures, etc.) exhibit an evident elastic anisotropy which provides
anomalous physical properties and a wide range of applications. Mapping of elastic
anisotropy is a sensitive tool for testing material structure and strength, monitoring of
product quality and its degradation caused by environmental factors or deviations in the
manufacturing process, progression of damage, etc. A flexible and reliable engineering
technology capable of providing such measurements on-line in an industrial environment is
not available at present.
Non-destructive measurements of elastic anisotropy are usually implemented
indirectly by X-ray, optical Brillouin scattering, or electromagnetic techniques, all of these
determining the orientation of the reinforcing fibres, not the elastic properties themselves.
These methods are time-consuming and require sophisticated and expensive equipment
which is not applicable to on-line testing in an industrial environment. A traditional
acoustic methodology involves direct measurements of bulk and surface elastic wave
velocities in samples cut along various directions of the material. Besides being destructive
and contact, such measurements are not local, i.e. the stiffness is always averaged over the
sample length so that local features of the material structure are ignored.
The Focused Slanted Transmission Mode (FSTM) of air-coupled ultrasound was
suggested as a non-contact technique for mapping the local elastic anisotropy [1]. It is
based on resonance transmission of air-coupled ultrasound at the angle of incidence
corresponding to plate wave excitation in the specimen [2]. The FSTM methodology
combines the benefits of a non-contact excitation of plate waves with a high spatial
resolution and allows for remote NDT of local stiffness by measuring the plate wave
velocity.
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In the present paper, the FSTM technique is adopted for automated measurements
of elastic anisotropy. The results obtained demonstrate a feasibility of on-line NDT
applications for monitoring of stiffness anisotropy in fibre-reinforced composites.

2. Methodology
2.1 Principle of Operation: Focused Slanted Transmission Mode (FSTM)
In a conventional configuration of normal incidence, a beam of air-coupled ultrasound
excites longitudinal waves which deliver information on defects in materials. The slanted
set-up enables to control the plate modes generated [2], because an efficient excitation takes
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Figure 1. Plate wave excitation with
air-coupled ultrasound.

Figure 2. FSTM-configuration.

place only if the ultrasonic wave in air and the propagating plate wave in the sample move
in phase along the surface (Fig. 1). This „coincidence rule“ leads to the relation between the
velocities of sound in air ( v air ) and plate (Lamb) wave ( v plate ) which determines the
“resonance” angle of incidence:

θ o = arcsin(v air / v plate ) .

(1)

Using weakly-focused transducers in the slanted configuration (Fig. 2), one can combine
the benefit of using a simple plane-wave relation (1) for the focused beam which provides a
high spatial resolution [3]. The calculated wave field (finite integration for CW mode) in
Figure 3 shows the amplitude distribution along the air-propagation distance of such a
spherically focused transducer (22 mm diameter, 0.8 mm wavelength) which is located on
the left of the shown field. One can see that the focused beam is supported over a
substantial distance (~ 20 mm) in the form of a quasi-plane wave so that equation (1) is
applicable.
For thin plates, only zero-order modes are excited which re-radiate acoustic energy
to both sides of the plate, with the receiving transducer picking up the signal, thus
providing a maximum transmission of air-coupled ultrasound through the specimen. Figure
4 shows the calculated dispersion curves for ao- and so-Lamb modes in isotropic materials.
The excitation efficiency for the ao-modes (flexural waves) is usually much higher due to
predominantly out-of-plane polarization. Since the flexural wave velocity depends strongly
on the elastic moduli and specimen thickness, either one can be remotely probed if the other
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is known. The FSTM-geometry also specifies an orientation of the plate wave propagation
in the incidence plane; by changing its position the velocity anisotropy can be measured
from which the in-plane stiffness anisotropy of the material is derived.
For this purpose, we developed an automated scanning system which monitors the
transmitted amplitude as a function of the angle of incidence θ (for various orientation
angles α), presenting the data in the form of a C-scan. From this data set the plate wave
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Figure 3. Calculated wave field of a pointfocused air-ultrasound transducer.

Figure 4: Calculated dispersion curves for a 0 / s 0
modes in isotropic materials.
Arrows indicate increase of Poisson`s ratio.

velocity is derived as a function of the orientation, presented as a polar diagram. Such a
procedure works well for resonance angles between 10 and 60 degrees corresponding to inplane velocities between 2000 m/s and 400 m/s. As Lamb modes are highly dispersive, by a
proper choice of ultrasonic frequency, the technique can be applied to a wide range of
materials and specimen thickness.

2.2 Automation of Measurements
In the development of the FSTM methodology for anisotropy measurements a DSP lock-in
amplifier was used to record theoutput amplitude as a function of θ) from which the
resonance angle was derived by choosing the amplitude maximum. This process requires
recording of an angular scans followed by manual rotation of the specimen for the next
azimuth angle. Besides being quite time-consuming, this two-step procedure uses CW
ultrasound that adds the problem of different sound-paths: continuous waves reflected from
parts of the set-up will always contribute to the recorded signal. In small-sized specimens
there is a possibility of in-plane standing waves introducing a geometrical dependence of
the excitation efficiency in the course of the azimuth rotation.
These problems are eliminated by automating the scanning process as well as by
using pulse-mode ultrasound leading to the construction of a two-axis tilt-rotate-scanner
(TRS) driven by stepping motors. This set-up (see Fig. 5) has a clear advantage that any
hardware-software-package that is capable of automatically recording an ultrasonic C-Scan
can be modified (mainly calibrated) to operate the TRS. The use of stepping motors without
path hysteresis avoids the need to actually measure the angles once the system is
thoroughly calibrated. Up to now the angular resolution is limited to one degree which
explains the quantized look of the results presented later.
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Figure 5: Experimental set-up for automated scanning of both angles (TRS).

In addition, the ultrasonic transducers can be driven at far higher voltages in pulseor burst-mode (250 Vpp for 10-period-bursts compared to 20 Vpp in CW-mode) so for most
materials the received signal is strong enough without averaging or lock-in integration.
The acquisition of the full tilt-rotate-scan is performed unsupervised and completed
in a few minutes, depending on the azimuth-angle-resolution required. The combination
with the three-axis linear scanner (seen in the background of Fig. 5), will allow for either a
fully-automated evaluation of a number of specimens or for the spatially resolved
measurement of the elastic properties of a single specimen.
The post-processing was done off-line using a Matlab-program with a graphical
user interface. The 3D data set (full time-signal (A-scan) for every α-Θ-coordinate) has to
be reduced to the resonance angles Θo for every orientation α between 0° and 180°. The
interval from 180° to 360° is extrapolated. Alternatively the plate wave velocities
calculated from the resonance angles by equation (1) can be presented. Figure 6 shows the
user interface with the C-scan representation of the TRS-data (top-left, peak-to-peak
contrast), a B-scan representing one tilt-scan (top-right) from which the angle of maximum
transmitted amplitude can be derived.

4

Figure. 6: Screenshot of the data analysis software for tilt-rotate-scans.
The measurement shown was done on a single ply of beech veneer.

To compensate for a low signal-to-noise ratio for highly dissipative media, the
amplitude of the Fourier transformation at the excitation frequency was used instead of the
peak-to-peak amplitude. As this eliminates all high-frequency noise from the signal, a
simple search for the absolute maximum in each tilt-scan yields the resonance angle that
can then be presented as shown in Figure 6 or exported for further analysis. Improved peakfitting algorithms will increase the angular resolution beyond that of the mechanical
scanning.
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Experiments and Results

3.1 Semi-Manual Measurements
Measurements of flexural wave velocity along various directions enable to derive in-plane
stiffness anisotropy of a material. The FSTM-methodology allows for remote
measurements of the in-plane velocity variation by monitoring the changes in the angle of
maximum transmission Θo or/and phase of the transmitted air-coupled signal as functions of
the azimuth angle α . The example anisotropy measurement (Fig. 7) is concerned with a
glass fibre-reinforced (GFR) injection moulded polypropylene plate. The axial line marks
the direction of maximum velocity which indicates the fibre orientation.
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Figure 7. Polar plot of the flexural wave velocity in short glass fibre reinforced
polypropylene as a function of the orientation angle α;

3.2 Automated TRS-Measurements
Automated TRS-measurements were performed on a number of different materials of
various degrees of anisotropy. Presented are the results for polycarbonate (blank CD, no
anisotropy), two types of carbon fibre reinforced plastic (CFRP, medium anisotropy) and
finally wood, which shows a very high degree of elastic anisotropy.

Figure. 8: Polar plot Θo(α) (left, in degrees) and v(α) (right, in m/s) for polycarbonate

A material with a high efficiency of air-ultrasound conversion into plate modes is
polycarbonate, which is readily available as 1.2 mm plates in the form of blank CDs.
Although the production process probably induces some degree of anisotropy, it is expected
to be below the detection threshold for our set-up. Thus this specimen is a good test for the
confidence level of the angular analysis. Figure 8 (left) presents the resulting angular data
which shows an almost perfect circle with a single one-degree step (the second one due to
the extrapolation). Manual evaluation of the raw data proved that the shift of the resonance
was close to half a degree, but shifting the maximum from one scanning step to the adjacent
one. As a result, any measured anisotropy resulting form a Θo-shift of more than one degree
can be taken as material property, not a measuring artefact.
The results for two CFRP-specimens are presented in Figure 9. The data for a 1.1
mm non-crimped-fabric laminate built from three unidirectional layers of equal thickness,
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the top and bottom being oriented in 0°-direction, the middle layer in 90° are shown in Fig.
9 (left). The other specimen was fully unidirectional (fibres oriented in 90°-direction) with
a thickness of 1.0 mm (Fig. 9, right). The orientation of the maximum reinforcement can be
evidently seen for both specimens in Figure 9. As assumed, in the latter case the anisotropy
is higher, but the difference is not as high as one would expect between a cross-ply material
with a 2:1-preference in fibre orientation (0°:90°) and a unidirectional material.

Figure. 9: Polar plot v(α) (m/s) for CFRP: Cross-ply (left) and unidirectional plate

Wood is a well-known natural fibre composite with a degree of anisotropy rarely
achieved in technical materials. It consists of unidirectional fibre-bundles with only loose
links across and can just barely be modelled as an isotropic matrix containing reinforcing
fibres. Figure 10 shows the resulting v(α) polar plot obtained by Θo(α) measurements for
600μm beech veneer. The calculated plate wave velocities range from 520 m/s for α = 80°
(which is close to the low-velocity limit of the experimental set-up) to 1050 m/s for α =
160°.

Figure 10. Polar plot of the flexural wave velocity in beech veneer as a function of the
orientation angle α;
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Conclusions

The Focused Slanted Transmission Mode of air-coupled ultrasound, that had already been
successfully used for the non-destructive evaluation of elastic material parameters was
shown to be applicable for a fully automated tilt-rotate scan with relatively low
instrumentation costs. The increased amplitude of the burst-mode ultrasound and a digitally
performed narrow-band filtering compensate for the loss of the extreme signal-to-noise
capabilities provided by a lock-in amplifier. Despite the quality of the resulting data
(especially the angular resolution) in automatic mode is yet below that for manually
performed tilt-scans, the results are already applicable for NDE of a wide range of
materials.
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