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Abstract. Resonant modes of NDT which make use of local damage resonance 
(LDR) have been developed recently and demonstrated a significant increase in 
efficiency and sensitivity of hybrid inspection techniques by laser vibrometry, 
ultrasonic thermography and shearography. In this paper, a new fully-acoustic 
version of resonant NDT is demonstrated for near-surface defects in composite 
materials relevant to automotive and aviation applications. The technique is based 
on an efficient activation of defect vibrations by using a sonic/ultrasonic wave 
matched to a fundamental LDR frequency of the defect. On this condition, all points 
of the faulty area get involved in synchronous out-of-plane vibrations which produce 
a similar in-phase wave motion in ambient air. This effect of resonant air-coupled 
emission (RACE) results in airborne wave emanating from the defect area which 
can be received by a commercial microphone (low LDR frequency) or an air-
coupled ultrasonic transducer (high frequency LDR). A series of experiments 
confirm a feasibility of both contact and non-contact versions of the technique for 
NDT and imaging of simulated and realistic defects (impacts, delaminations, 
disbonds) in composites.  

Introduction  

Light-weight, high-strength composite materials characterized by unprecedented 
performance, energy efficiency, safety, and environmental compatibility represent a fast 
growing industry vital to development in many sectors of economy. The requirements and 
standards of quality assurance for composites continue to be upgraded constantly to meet 
the ever-growing demands for reliability and safety in modern engineering systems. In this 
regard, it is imperative to work further on creation of new approaches to inspection and 
troubleshooting in engineering composite materials and industrial components. 

Traditional ultrasonic methods of non-destructive testing (NDT) consider 
attenuation and scattering of high-frequency (MHz range) ultrasound as the primary effects 
of its interaction with defects. The outcome of ultrasonic reflection/scattering from a defect 
depends on its acoustic impedance, geometry and orientation. The role of ultrasound 
frequency is usually evaluated as “to be high enough” to overcome diffraction limit defined 
by the ratio of the defect size and the ultrasonic wavelength. However, in the fibre-
reinforced composite materials the high frequency ultrasound is not always applicable due 
to substantial damping. The low-frequency ultrasonic sensors (kHz range) are more adapted 
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to inspection of large components in industrial environment, however, suffer from low 
scattering even for cm-size defects. The orientation of defects is also difficult to change; for 
example, a surface breaking crack is basically ‘invisible’ for ultrasonic wave incident 
normal to the surface. In many cases, therefore, a low efficiency of ultrasonic 
reflection/scattering has to be accepted and taken as given since no changes can be 
introduced in the above mentioned factors.  

The efficiency of acoustic wave-defect interaction can also be characterized by the 
amplitude of the defect vibration developed by the driving wave. A natural way to increase 
the vibration amplitude is to drive the specimen at one of its natural frequencies. This 
approach is used in various ultrasonic NDT techniques with an obvious drawback of 
„missing” the defect due to the nodal lines in a standing wave pattern.  

A more rational way to “rock” a defect is concerned with acoustic driving at its own 
natural frequency to result in the so-called Local Defect Resonance (LDR) [1], which 
intensifies defect vibrations and keeps them confined in the damaged area. The increase in 
local vibration of the damaged area results in enhanced efficiency and sensitivity of the so-
called derivative effects in acoustic wave-defect encounter. They include LDR activated 
nonlinear, thermosonic, and shearosonic responses demonstrated to be beneficial for NDT 
and imaging of damage [2].  

In this paper, a new LDR induced derivative effect is reported and applied for NDT 
and imaging of various flaws in composite materials and components. It is demonstrated 
that under LDR conditions strong local vibrations of the defect efficiently radiate 
sound/ultrasound waves in ambient air. Such Resonant Air-Coupled Emission (RACE) is 
produced by a local standing wave vibration developed in the damaged area via LDR in the 
form of quasi-spherical waves emanating from this area. The frequency of the RACE is 
related to LDR frequency, which is determined by the size of the damaged area and its local 
stiffness caused by the presence of damage, i.e. is related to overall gravity of the flaws. For 
moderate gravity thresholds (cm-size defects, like impacts, disbonds, delaminations) in 
polymer/composite materials, the resonant frequencies are shown to be in the kHz range. 
This enables to simplify considerably the integration of the NDT system by using 
inexpensive low-frequency and fully acoustic instrumental devices. 

1. Experimental evidence for RACE 

The experimental evidence for RACE is demonstrated for a resonant acoustic wave 
interaction with impact damage (5x5 mm2) in CFRP specimen shown in Fig. 1.  A local 
vibration in the damage reveals a resonant increase while the impact was activated with 
110-kHz plate wave (the peak in Fig. 1, a). The scanning of the specimen surface with a 
laser vibrometer (LV) also shows the wave fields before and behind the defect (Fig. 1, a) 
which clearly indicate that the energy of the incident burst wave is trapped and converted 
into LDR vibrations of the impact area. The local resonance is highly frequency-selective 
with maximum amplitude at fundamental LDR frequency of around 110 kHz (Fig. 1, c).   

To visualise the airborne field produced by LDR vibrations the reflection scheme of 
air-coupled vibrometry [3] is applied. The technique uses a focused laser beam which 
propagates through the air above the wave field in the specimen, then bounces back from a 
fixed reflector and enters a sensitive heterodyne inter- ferometer of the laser vibrometer 
Polytec 300. Due to photoelasticity of air the optical path length of the beam and its 
frequency are modulated according to the pattern of the airborne acoustic pressure. The 
frequency shift induced is recognised by the Doppler vibrometer as a variation in vibration 
velocity which is visualised and can also be measured.  

 



3 

 
 
 
 
 
 
 
 
 

Fig. 1. a) LDR in plate wave interaction with an impact in CFRP specimen (b); LDR frequency response (c). 

The application of the 
technique to visualisation of RACE in  
CFRP specimen with LDR is 
illustrated in Fig. 2. The airborne field 
in Fig. 2, a) is measured for a 90 kHz 
plate wave incident (in the direction of 
the red arrow) on the impact whose 
position is indicated by the white 
circle. This frequency is clearly 
outside the range of LDR shown in 
Fig. 1, c) and, as expected, the 
pressure field in air above the sample 
(and the defect) is a phase matched 
airborne plane wave propagating at an 
angle defined by the ratio of the sound 
velocities in air and in the specimen 
(Cherenkov^s radiation).  

When the wave frequency 
corresponds to LDR frequency (110 
kHz) the airborne field changes 
dramatically (Fig. 2, b): the radiation 
from the defect area dominates and 

turns into a spherical wave at a distance of a few wavelengths from the defect. In the near 
field zone, a part of the wave front could be considered as a plane wave emitted by the 
defect in a vertical direction (dotted area in Fig. 2, b). Since the amplitude of a spherical 
wave is the reciprocal of the distance from the source the near field part of radiation is 
preferable for receiving the RACE signal. Depending on the LDR frequency for this 
purpose one can use either non-focused air-coupled ultrasonic (ACU) transducers or a 
microphone positioned in a close proximity to the specimen surface 

2. Defect detection and imaging via RACE 

2.1. Contact RACE mode  

 

As it has been shown above, to activate RACE the frequency of the driving acoustic wave 
should match the LDR frequency. A direct way to experimentally reveal LDR is to measure 
an individual contribution of each point of the specimen in its overall frequency response in 
a wide frequency range. For this purpose, an ultrasonic excitation by a wideband 
piezoelectric transducer is combined with a LV scan of the specimen surface. It enables to 

Fig. 2. Airborne field above CFRP specimen with an 
impact: a) non-resonant case (90 kHz excitation); b) LDR 
case at 110 kHz excitation. 
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probe and indicate all possible resonances in every point of the specimen. The origin of 
each maximum is then verified by imaging the wave pattern in the specimen at the 
corresponding frequency. 

In the experiments, commercial low-cost piezo-elements with fundamental 
frequencies in the range of 2-5 kHz distributed by Conrad Elektronik GmbH 
(Piezokeramische Schallwandler FT-Serie) (Fig. 1, b) were used for acoustic activation of 
defects. It was found that the transducers provide reasonable excitation efficiency at 
frequencies well beyond fundamental frequencies in a wide frequency range up to a few 
hundred kHz. Despite inhomogeneous frequency response, the use of Conrad transducers 
was applicable to a search of LDR frequencies for various defects in composites.  

Another option for activation of defects was developed by using piezo-actuators 
manufactured by SI Scientific Instruments GmbH with a frequency response extended into 
100-200 kHz range. The actuators are vacuum attached to the specimens and can be used 
for on-site measurements of large components. To identify the LDR frequency the 
transducers are driven in sweep or chirp modes (bandwidth above 100 kHz, input voltage 
10-20 V) generated by the HP 33120A arbitrary waveform generator combined with HVA 
3/450 amplifier for Conrad transducers and HVA-B100 amplifier for SI transducers.  

The RACE signal is received by a ½ inch condenser microphone (B&K 4130, 
sensitivity 10mV/Pa) combined with 40 dB preamplifier type B&K 2642 and power supply 
B&K 2810 positioned at a distance of 2-3 mm above the specimen surface and attached to a 
2D scanner (Isel-automation) (Fig. 3). The microphone is connected to Airscope TT 
wideband amplifier and 14bit A/D converter (sampling frequency up to 25 MHz). The C-
scan data acquisition system is triggered by the stepped motor encoders and is running 
under UT-TOFD View-E software by Dasel. 

The viability of the RACE 
imaging system is first tested in 
inspection of a large CFRP specimen 
(480x380x7 mm3) with a set of flat-
bottomed holes (FBH) of 2 cm 
diameter and different depths. The 
laser vibrometry images of the two 
FBH shown in Fig. 4, a, b) reveal 
different LDR frequencies which are 
then used as inputs of RACE system. 
The RACE images clearly visualise 
the defects and reproduce their size 
and shape (Fig. 4, c, d). 

Fig. 4. Laser vibrometry LDR images of FBH in CFRP (a, b) and RACE images at the same frequencies (c, d)  

 
Fig. 5 compares RACE and LDR vibrometry imaging of a simulated delamination (square 
insert 27x27 mm2) in a CFRP plate (300x300x5 mm3). Both techniques readily visualise a 
core part of the defect as a circular fundamental LDR vibration pattern at 8.9 kHz.  

c) d) a) b) 

18540 Hz 29300 Hz 

Fig. 3. Experimental setup of RACE imaging system. 
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Fig. 6 illustrates RACE imaging of 
an adhesive disbond in H-shaped 
CFRP spar aviation component 
(provided by IAI, Tel Aviv) 
consisting of a CFRP plate 
(250x180x2 mm3) with two flanges 
(250x90x4 mm3) and a CFRP rib 
(155x65x5 mm3) glued to the plate 
with adhesive (Fig. 6, left). The 
20x20 mm2 disbond is produced at 
internal spar-adhesive interface 
beneath the rib. A SI transducer was vacuum-attached to one of the flanges and driven at 
LDR frequency of 15250 Hz while a microphone scanned the critical area of the vertical 
plate behind the rib. The image in Fig. 6, right confirms the applicability of RACE for NDT 
of disbonds in adhesive joints of complicated components. 

According to the product data of 
the microphone used its -3 dB level of the 
frequency response is around 20 kHz. 
However, it was found that it responded 
to ACU well beyond this limit and, 
therefore, could be used for detecting 
high-frequency RACE which corresponds 
to small-sized defects. Fig. 7 shows 
RACE imaging of 5x5 mm2 impact area 
in 280x40x1 mm3 CFRP plate (LDR 
frequency ~110 kHz, Fig. 2, c). Despite 
an inefficient reception at higher 
frequencies the RACE signal is 
measurable and visualises the defect with 
noticeable signal-to-noise-ratio (SNR). 

To quantify overall efficiency of 
the RACE imaging system a total 
insertion loss factor can be introduced as: 

inout VVL /log20 , where outV  is the 

RACE induced output voltage of the 
microphone for a particular defect and the 
input driving voltage inV  of the 

transducer. This factor estimated for a FBH in CFRP (LDR frequency 18540 Hz, Fig. 4) 
resulted in outV 3 mV for inV =1 V, i.e. L 50 dB. Since typical losses of each untuned 

acoustic transducer are in the range of 20-30 dB the value of  L  obtained is similar to that 
for a conventional two-probe ultrasonic NDT system.  

2.2. Non-contact RACE mode  

The enhanced input-output conversion efficiency of RACE enables to decrease an input 
acoustic power and opens an opportunity for remote activation of defects. As it was shown 
above, for cm-sized defects, LDR frequencies are in audible kHz-frequency range. 
Therefore, for non-contact defect activation we used piezoelectric loudspeakers CTS 232 
with max frequency response between 3 and 20 kHz. The speakers were positioned at a 
certain distance (20-30 cm) from reverse side of the specimen (Fig. 8). Both normal and 

Fig. 5. Laser vibrometry (left) and RACE (right) images of  
a square insert in CFRP plate at LDR frequency 8900 Hz. 

Fig. 6. RACE imaging of 20x20 mm2 disbond in 
adhesive joint (right) of CFRP spar specimen (left). 

LDR frequency of the defect is 15250 Hz. 

 

Fig. 7. RACE imaging of ~5x5 mm2 impact area in 
CFRP plate at 112600 Hz frequency. 
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slanted incidence (speakers tilt angles 30-40°) set-ups were tested. To quantify sound 
intensity I  (along with max sound pressure p  and vibration velocity v ) the radiometer 

technique [4] was used, which is based on measurements of a radiation pressure radP  

exerted by a sound wave on a light reflector (Al-foil pendulum): 
 

                                                   (1) 
 

where cZ   is the air impedance,   is the density and с  is the sound velocity in air.  

The sound intensity required for 
the resonant activation of defects in the 
experiments below was found to be in the 
range of 85-100 dB obtainable readily for 
moderate inputs of (30 – 50 V).  

The RACE images of FBH in 
CFRP specimen (LDR frequency 18540 
Hz) obtained for normal and slanted 
sound incidence in the non-contact mode 
are shown in Fig. 9. Both versions 
visualise the defect with reasonable SNR. 
It is seen that the normal incidence suffers 
a higher level of spurious signals caused 
by standing waves in the whole specimen. 

The slanted option is making use of 
excitation of plate waves which are 
strongly scattered and dissipated at the 
specimen boundaries so that the standing 
waves are suppressed.  

Fig. 10 shows RACE application 
to NDT of another type of defect: heat-
induced local damage in CFRP plate 
(300x300x4 mm3, Fig. 10, a). A local 
heating causes near-surface damage 
(burnout of epoxy) and induces 
delaminations between a few upper plies 

of CFRP. LDR frequency for ~ 8x10 mm2 heat-induced delamination was found to be 
10600 Hz and used for insonation by airborne sound from the piezoelectric loudspeaker. 
The image obtained in a slanted remote RACE mode (Fig. 10, b) demonstrates a fairly high 
SNR and is only slightly inferior to that acquired in a contact RACE mode (Fig. 10, c).  

22 //2 vZcpсIPrad 

Fig. 8. A normal incidence setup for noncontact 
RACE mode. 

Fig. 9. Non-contact RACE images of FBH in CFRP 
specimen: Normal sound incidence (left) and slanted 

incidence version (right). The RACE frequency in both 
cases is 18540 Hz. 

b c) a) 

Fig. 10. RACE imaging of heat-induced damage in CFRP (a): Non-contact slanted (b) and contact version (c) 
images. 
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Noisy RACE mode 

 The RACE case studies presented in the previous sections are based on preliminary LV 
measurements of LDR frequency which is then used for a monochromatic resonant 
activation of defects. Alternatively, one can also consider a different approach which does 
not require the knowledge of LDR frequency and, hence, involvement of LV. For this 
purpose, a wideband acoustic activation by using a noise-like input voltage of a piezo-
transducer (or a loudspeaker) can be applied instead of a sinusoidal signal at LDR 
frequency. Provided the acoustic bandwidth includes an LDR frequency, the defect 
resonance is developed and a RACE signal is generated. The noisy mode of RACE, 
therefore, should be applicable to simultaneous imaging of any and all defects whose LDR 
frequencies occur within its bandwidth. 

In the experiments below, the noise input voltage for a vacuum attached piezo-
transducer is produced by an arbitrary signal generator (Stanford research systems Model 
DS 345) and covers the range 0-20 MHz. Overall acoustic bandwidth generated by the 
transducer is, however, limited by its frequency response and demonstrates quite an 
inhomogeneous spectral distribution mainly within 100 kHz bandwidth (Fig. 11). 

The two examples illustrating 
multiple defect imaging via noisy 
RACE mode are shown in Fig. 12. 

A zoom-in picture of one of the 
inserts (Fig. 13) shows that the noisy 
RACE mode reproduces fairly well a 
square shape of the defect unlike a 
circular pattern observed at LDR 
frequency in monochromatic mode 
(Fig. 5). 

This effect has already been 
noticed in LDR thermosonics [5] and 

is concerned with excitation of the higher-
order LDR modes. Unlike vibration pattern 
of the fundamental LDR the higher-order 
resonances also support vibrations at the 
periphery of the defect and thus contribute 
to full-scale defect imaging. Provided the 
frequencies of the higher-order resonances 
are within the driving acoustic spectrum 
these resonances are excited similar to the 
fundamental LDR. To ascertain the 
contribution of the higher-order LDR to 
noisy RACE imaging, a Digital Fourier 
Transform (DFT) of the image in Fig. 12, b 
was calculated and particular frequencies 
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Fig. 11. Acoustic spectrum generated by a piezo-
transducer for a noise input voltage. 

a) b) 

Fig. 12. Multiple defect imaging in noisy mode of RACE: 4 circular FBH of different depths (a) and 4 square 
inserts at various depths (b) in CFRP plates 

Fig. 13. Zoom-in image of (the second from the left, 
Fig. 12, b) square insert in CFRP plate obtained in a 

noisy mode of RACE. 
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responsible for various-order LDR of the defect were found. The images shown in Fig. 14 
clearly validate the effect using one of the inserts in Fig. 12, b. 

The DFT approach also enables to determine fundamental LDR frequencies of 
defects from the noisy RACE data. For this purpose, one selects the spectral maxima which 
correspond to a circular fundamental resonance vibration pattern. The results are 
demonstrated in Fig. 15 for the images of FBH in Fig. 12, a.  

The discrepancy between the frequencies indicated in Fig. 15 and the direct measurements 
of fundamental LDR (see Fig. 4) are within 1-2%. 

3. Case studies of defect imaging via noisy mode of RACE 

As it is shown above, the use of the noisy mode of RACE enables in a single measurement 
to visualise any defect whose LDR frequencies are within the bandwidth of acoustic 
excitation. It expands substantially the opportunities of its practical application in NDT: an 
efficient resonant interaction with defects and their full-scale RACE imaging are now 
provided independent of their particular LDR frequencies, i.e. their size, shape, material 
properties, etc. The case studies given below validate this observation by using a few 
examples of noisy RACE imaging for diverse defects. 

Fig. 16 compares imaging results of noisy RACE and wideband LV (chirp 
excitation 20-40 kHz) for a pair of circular inserts (diameters 10 and 5 mm) simulating 
delaminations in a large (400x400x2 mm3) CFRP plate. Despite the quality of the LV 
image is somewhat better the basic information on the defects (size and position) is readily 
provided by RACE technique which in return is far less sophisticated and costly. 

The excitation bandwidth of 
around 100 kHz used in the experiments 
(Fig. 11) enabled to visualise the defects 
of even more complex shapes. Fig. 17 
shows the results of imaging of a Teflon 
ring (diameter 50 mm) embedded in a 
CFRP plate (thickness 2 mm). The quality 
of the RACE image is quite comparable 
with that of wideband LV (chirp 
excitation 1-50 kHz).  

18250 Hz 

28050 Hz 

31700 Hz 

a) b) 

c) d) 

Fig. 14. Noise RACE higher-order LDR images of 
a square insert via FFT: Fundamental (8840 Hz) (a), 
fourth-order (15390 Hz) (b), sixth-order (21460 Hz) 

(c), and eighth-order LDR (30810 Hz). 

Fig. 15. Fundamental LDR frequencies of 
FBH obtained via FFT of noisy RACE images 

in Fig. 12, a). 

Fig. 16. Noisy RACE (left) and wideband LV (right) 
images of a pair of inserts in CFRP plate.  
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Our experiments showed that the 
RACE field generated by vibrations of 
the specimen is also sensitive to the 
presence of structural flaws in material. 
In Fig. 18, RACE methodology is 
applied to inspection of a CFRP plate 
with an area of undulation. A 10° fibre 
undulation area is produced in three 0° 
layers of eight ply [0°, 90°] CFRP plate 
(200x200 mm2, Fig. 18, left).  

The image in Fig. 18, right 
clearly indicates that RACE can be produced not only by localised inclusions or damage 
but also by acoustic vibrations of vast area of structural flaws, like disarrangement in fibre 
pattern in a composite material. 

RACE NDT of another type of structural defects is demonstrated in Fig. 19. The 
experiment addresses the problem of stiff inclusions in a honeycomb structure 
(340x340x0.5 mm3 GFRP skin plates and 15 mm nomex hexagon cells). The panel has 
three simulated areas of excessive amount of epoxy with 100%, 75% and 50% cell fillings 
(from left to right in Fig. 19, a).  

 
 
 
 
 
 
 
 

Fig. 18. A CFRP plate with fibre undulation area (left) and its RACE image (right). 

The vacuum attached transducer is 
positioned on a reverse side of the panel 
which is excited with a noise signal. The 
RACE image obtained (Fig. 19, b) 
demonstrates an „inverse RACE“ pattern: 
a strong radiation of the regular cells of the 
panel and a low-level emission from the 
areas where vibration is restrained due to 
excessive mass loading in the epoxy-filled 
areas. 

A final example illustrates the 
RACE ability for NDT of non-composite 
materials. The specimen shown in Fig. 20, 
a) is a rectangular steel profile (500x50x65 
mm3) with 2 cm flanges glued to 1.5 mm 

steel plate in the base. It is distributed to NDT groups by Consortium of automotive 
industry in Germany to find out the optimal way for NDT of adhesive disbonds. The 
disbond is simulated by the lack of adhesive between the flange and the sole steel plate. In 
the test, the transducer was vacuum-attached to the top of the profile while the microphone 
scanned an edge part of the sole plate beneath the flange. The image in Fig. 20, b) reveals a 
strong RACE from the disbonded  area where LDR develops due to a drop in a local 
stiffness.  

Fig. 17. Noisy RACE (left) and wideband LV (right) 
images of a Teflon ring embedded in (400x400x2 

mm3) CFRP plate.  

b) 

a) 

Fig. 19. Excessive epoxy inclusions in GFRP-
Nomex honeycomb structure (a) and noisy RACE 

image of the area (b).  
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Fig. 20. A steel profile with adhesive disbond (photo and layout, left) and RACE image of the disbonded area 
(right). 

Summary 

In this paper, a new acoustic wave induced effect of airborne sound emission by resonant 
inclusions in solids is reported and applied for NDT and imaging of flaws in various 
materials. The resonant air-coupled emission (RACE) is produced by local standing wave 
vibration developed in the defect area via LDR in the form of quasi-spherical waves 
emanating from this area in ambient air. Resonant acoustic activation at LDR frequency 
increases substantially local vibrations of defects and enhances efficiency of air-coupled 
emission.  The rise in radiation efficiency enables to reduce an input signal in contact 
excitation mode and opens an opportunity for remote activation-reception of airborne 
radiation. 

A different experimental approach which does not require preliminary knowledge of 
LDR frequency is based on a wideband acoustic activation by using a noise-like input 
signal. Provided the excitation bandwidth includes an LDR frequency the defect resonance 
is developed and a RACE signal is generated. The noisy mode of RACE is applicable to 
simultaneous imaging of any and all defects whose LDR frequencies occur within the 
bandwidth of acoustic excitation. The DFT of the images obtained in the noisy activation 
mode resolves a reverse problem of finding LDR frequencies. The noisy mode also 
provides full-scale imaging of the shape of the defect due to excitation of the higher-order 
resonances.   

The noisy mode expands substantially the opportunities of RACE practical 
application in NDT: an efficient resonant interaction with defects and their full-scale 
imaging are now provided independent of their particular LDR frequencies, i.e. their size, 
shape, material properties, etc. The case studies confirmed RACE applicability to detection 
and imaging of various localised defects as well as the areas of structural flaws in 
composite materials and components. The RACE approach simplifies integration of the 
proposed NDT imaging system which includes inexpensive fully acoustic instrumental 
components. 
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