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Resonant air-coupled emission (RACE) is a new method of detecting damage based on
local damage resonance (LDR). Resonant vibrations in defects excite airborne acoustic
wave, which emanates from the damaged area, and therefore could be used for
diagnostic imaging. A conventional approach to RACE imaging uses C-scanning of flat
surfaces with a microphone and provides high-resolution imaging in the near-field zone.
In this paper, some features of RACE field are studied experimentally to recognize the
possibility of imaging in transition zone between the near- and far-fields. A modification of
the RACE scanning mode by using a robot is investigated to be applied to complex shape
components. An alternative imaging technique proposed uses a microphone array and
provides full-field visualization of RACE field. The 64-microphone acoustic camera array
is applied for express testing and imaging. Multiple case studies are given to demonstrate
the potential of the both modes for diagnostic imaging of simulated and realistic defects
in polymers and composite materials.

Keywords: resonant air-coupled emission, local defect resonance, structural health monitoring, beamforming,
non-destructive testing

INTRODUCTION

Lightweight, fiber-reinforced composite materials have been a continually growing industry in
recent years. Due to increasing demand of light parts in automotive and aviation, it is expected
that production of composite materials will ramp up even more (Sauer et al, 2018). Unlike
metallic structures, hidden manufacturing defects, and accidental damage are critical threats for
composites. The most important damage in the materials composed of laminated plies is due to
weak bonds/disbonds (delaminations) and foreign object impacts. Both usually are more extensive
than that seen on the surface and require peculiar non-destructive testing (NDT) and structural
health monitoring (SHM) methods to be developed and adapted to these new materials.

A widely-used NDT inspection method is based on monitoring transient elastic excitations in
solids [acoustic emission (AE)] that occurs when a material undergoes irreversible changes in its
internal structure (Wevers and Surgeon, 2000). The waves are generated by momentary release
of strain energy due to material micro-cracking and are traditionally detected by using ultrasonic
transducers attached to the test surface. To determine the damage location, the transducers are
arranged in arrays to apply beamforming computation tool (McLaskey et al., 2010).

Recent studies show that conventional (internal) acoustic emission can also be accompanied
by “external” AE events and, therefore, can be detected remotely, e.g., by air-coupled transducers
(Matsuo and Hatanaka, 2019). An alternative approach for detecting and locating sound sources
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in air is concerned with the use of the beamforming method in
acoustic microphone arrays (acoustic cameras) (CAE Software
and Systems, n.d.). The algorithm represents the region of
interest as a grid of virtual sound sources whose signals are phase-
shifted due to various time delays. By drawing the root mean
square of the signals over the area in question, an acoustic image
is generated. Most applications of acoustic cameras are focused
on monitoring noise outside and inside transportation vehicles
(from cars to trains and airplanes).

For this reason, commercial acoustic cameras mainly operate
in an audible frequency range and cannot be directly applied
for conventional ultrasonic imaging of defects where the
frequencies of some 100kHz are required for reasonable
resolution (Movahed et al., 2019). Nonetheless, the feasibility of
acoustic camera imaging was demonstrated in (Pfeiffer et al.,
2013) for a guided wave scattered by an impact damage in a
honeycomb composite sandwich. Due to the low efficiency of
scattering, the signal-to-noise-ratio (SNR) of the direct image was
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FIGURE 1 | Comparison of RACE and LDR frequency responses for FBH in
PMMA plate.
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FIGURE 2 | RACE signal as a function of microphone height for different LDR
frequencies.

quite poor, and some additional signal processing was required to
visualize the defect fairly.

This paper proposes a new version of AE that differs from its
traditional counterparts. It is based on detecting specific airborne
sound of damage [resonant air-coupled Emission (RACE)]
(Solodov et al., 2017) activated by its resonant vibrations due
to local defect resonance (LDR). The LDR develops when the
driving frequency matches the particular characteristic frequency
of the defect (Solodov et al., 2011). Under LDR condition, the
input acoustic energy is delivered and trapped selectively in the
defective area that increases dramatically its vibration amplitude.
In recent years, the LDR approach has generated much interest
in development and applications of efficient resonant techniques
for NDT and imaging of defects in composites (Fierro et al., 2017;
Hettler et al., 2017; Rahammer and Kreutzbruck, 2017; Pieczonka
et al., 2018; Segers et al., 2018; Roy et al., 2019).

The following specific merits of the resonance sound emission
by defects are of great value to upgrade the applications in
acoustic diagnostic imaging. Firstly, the resonance manifold
increase on damage vibrations boosts the efficiency of acoustic
emission from the faulty area. The efficient sound radiation
occurs only locally in this area in the background of the low-
amplitude tremble of the rest of the specimen that naturally
provides high SNR of RACE image. For moderate severity
damage in composites (cm-sized defects), the LDR frequencies lie
in a low-kHz range, implying an opportunity of high-resolution
imaging in sonic frequency range.

The RACE pattern is, therefore, an acoustic footprint of
damage detected in ambient air and, thus, could be readily
used to detect, locate and visualize it, e.g., by 2D-scanning of
a receiving microphone. A modification of the RACE scanning
mode by using a robot is investigated to be applied to complex
shape components. An alternative imaging technique proposed
uses a microphone array (SoundCam) and provides express full-
field imaging of the RACE field. Multiple case studies are given
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FIGURE 3 | RACE scans along the diameter of FBH at different vertical
positions.
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to demonstrate the potential of the both modes for diagnostic
imaging of simulated and realistic defects.

EXPERIMENTAL PROCEDURE

RACE Field Features

Previous study of the RACE performance has showed high-
resolution defect imaging in the deep near-field zone of radiation
(Foote, 2014). These measurements, however, require high
precision of microphone alignment at small distances above
the specimen, which is barely applicable in the industrial
environment. Our study is aimed at finding more flexible
conditions for RACE testing by determining the dependence of
defect-imaging quality on the distance between the sound sensor
and the specimen surface.

In the experiments, commercial piezo-actuators (isi-sys,
Kassel, Germany) with a frequency response extended from low
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FIGURE 4 | RACE FBH images at various receiver heights: (A) 0.5 mm; (B)
4mm; (C) 10mm.

kHz (below 1 kHz) into high kHz range (above 100 kHz) are used.
The actuators are driven by a CW voltage generated by the HP
33120A arbitrary waveform generator. Transducers are vacuum-
attached to one of the sides of the sample while RACE vibrations
are measured on the opposite side of the specimen. To receive
the RACE signal, we used a %-inch condenser microphone (B&K
4130, sensitivity 10 mV/Pa) connected to 40-dB preamplifier
type B&K 2642 and power supply B&K 2810 (from Briiel &
Kjeer, Neerum, Denmark). The microphone is attached to a
micrometric screw to provide precise positioning above the
surface of the specimen.

To experimentally study the RACE field features, the
defects are simulated as circular Flat Bottom Holes (FBH)
of different sizes (radius and residual back wall thickness)
in Polymethylmetacrylat (PMMA) plates. To ascertain the
resonance of the defect, the wide-band piezoelectric excitation
with a chirp signal (1-150kHz) is combined with a laser
vibrometer (PSV 300 Polytec, Waldbronn, Germany) C-scan of
the specimen surface. It enables us to indicate all the resonances
in every point of the specimen with a sharp increase of vibration
amplitude in the defective area due to LDR. The LDR frequency
is identified as the frequency of maximal vibration amplitude for
the laser beam position in the center of FBH (~12,400 Hz in
Figure 1). After the resonance frequency range has been found,
the bandwidth is narrowed around the LDR frequency (10,500-
14,100 Hz in Figure 1) to increase spectral resolution, and LDR
frequency response is measured (solid line in Figure 1). To
measure the RACE frequency response, the microphone is also
positioned in the center of the defect and the frequency varies
stepwise (100 Hz step in Figure 1) over the LDR frequency range
determined. The correlation between RACE and LDR is clearly
validated in Figure 1: the increase of the RACE signal coincides
with the maximum of the frequency response of FBH resonant
LDR vibration.

The RACE signal as a function of the microphone position
above the surface (h) is shown in Figure 2 for FBH of different
LDR frequencies. All FBH have the same radii R = 1 cm
and different residual back wall thickness. At low frequency
(5,670 Hz), the RACE field displays a sharp decrease and then
decays monotonically, while, for the higher frequencies, it
manifests an oscillating pattern.

To analyze these features, we recall that for a circular piston
projector (a model for FBH radiator) the near-far field transition
distance is estimated as D = 4R%/x (Fierro et al,, 2017). At
frequencies below 10kHz, the wavelength A >> R, and one
would expect the far-field pattern even at the distances of the
order of a few mm. In this case (5,670 Hz curve, Figure 2), the far-
field diffraction reduces the RACE signal, which decays with the
distance from the surface close to 1/h dependence characteristic
of the spherical wave.

For the higher frequencies in Figure2, A ~ R, thus the
radiated near field extends over a few-cm distance and becomes
quite inhomogeneous along the aperture due to interference. A
finite size receiver/reflector (microphone), however, smoothes
out the interference ripples so that its output signal matches up
with a quasi-plane standing wave. This field manifests half-wave
resonances in the gap between the microphone and the specimen
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FIGURE 5 | RACE imaging of BVID defect in CFRP plate: (a) photo of the defect; (b) RACE scanning image.
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FIGURE 6 | Spectrum of fractional LDR for BVID defect in CFRP plate (Figure 5a).

Frequency, kHz

that causes the oscillations of the output signal in Figure 2. The
first maximum position, & ~ 7 mm, at the highest frequency
(28,050 Hz) is close to the half wavelengths of airborne wave at
this frequency in air, A/2 = ¢/2f &~ 6.1 mm, while the position
of the second maximum, 7 ~ 13 mm, matches well to the
wavelength at this frequency, A = 12.2 mm. A similar conclusion
is readily noticed from the plot at 17,520 Hz. Thus, in the higher
kHz frequency range, the RACE field can be readily detected in
the transition zone between near- and far- fields that extends well
beyond mm-range.

Scanning RACE Modes
2D-Scanning Version
The quasi-plane wave RACE signal in the near- and/or transition
zones is a footprint of the emission source and can be used
for imaging of damage area. To illustrate this opportunity, the
measurements of the RACE signal generated by a circular FBH
(R =10mm) at LDR frequency of 17,520 Hz are implemented
along the diameter line at different vertical positions (from
0.5 to 20.5mm) of the microphone (Figure 3). As shown in
the figure, the variation of the vertical position changes the
amplitude of the RACE signal, however, the size of the RACE
area remains basically unchanged and corresponds to the FBH
position (shown in the bottom of Figure 3).

The impact of the receiver position on imaging of the defect
is further demonstrated in Figure 4 for another FBH in PMMA

plate. To visualize the RACE area the microphone is attached to
a 2D scanner (Isel-automation) to produce the C-scan image.
The data acquisition system for imaging is triggered by the
stepped motor encoders and is running under UT-TOFD View-
E software by Dasel Sistemas, Madrid, Spain. The LDR for the
FBH is found to be 12,700 Hz, so that the transition zone for this
frequency extends up to D ~ 15 mm. Images a—c are taken at the
distances of 0.5, 4, and 10 mm, respectively, corresponding to the
positions between the near-field and the transition zones. As one
would expect from the above measurement (Figure 3), the image
distortion is fairly low, so that precise alignment of the receiver
close to the surface becomes unessential.

The application of RACE field to imaging of real defects
is demonstrated in Figure5 for a 20-] impact in the non-
crimp fabric carbon fiber-reinforced polymer (CFRP) plate
(I50mm x 100mm x 4.5 mm). The defect is mainly internal
and is barely visible damage (BVID) on the reverse side
(Figure 5a). The interior damage induced by the impact is
further characterized by LDR spectrum (Figure 6), obtained
using laser vibrometer. Unlike a single-peak LDR characteristic
of a fully loose (or tight) defect, the damage, which combines
multiple tight and loose parts (with different stiffness), manifests
multiple LDR peaks (fractional LDR resonances). They are
caused by resonant vibrations of the defect elements and reveal
a serious apparently depth-dependent damage. The vibrations
of the defect parts are coupled so any of these LDR resonances
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can be chosen to excite the resonance in the total area of the
defect. For this purpose, commercial low-cost piezo-element
distributed by Conrad Elektronik GmbH (Hirschau, Germany,
Piezokeramische Schallwandler FT-Serie) is used for acoustic
activation of defects. The result of the BVID imaging for the
microphone positioned in the RACE transition zone (mm/cm
range) at one of the fractional LDR frequency selected (18 kHz) is
shown in Figure 5b and clearly visualizes the real defect.

Robotic RACE Scanning

Unlike the 2D-RACE scanning of flat specimens, the use of
robots combined with the methods for optometrical analysis of
the surface provides fully autonomous detecting and imaging the
defective area in arbitrary shape components. In the experiments,
the feasibility of robotic scanning is tested by using the six-axis
robot IRB 120 from the supplier ABB, Switzerland. In order to
use the same ultrasound recorder as for the three-axis table, the

mm/s

FIGURE 8 | (a) photo of three FBH in plexiglass; (b) multiple RACE images in
a single scan noisy mode; (c) laser vibrometer image of FBH excited on their
LDR frequencies.

robot control unit IRC 5, ABB, Switzerland was instructed to send
pulses over IO-card to emulate encoder signals for virtual the
y- and z-axes. To detect the RACE signal the microphone in a
special holder is attached to the robot flange (Figure 7).

To avoid initial search for LDR frequency via laser vibrometry,
the wideband (1-100kHz, chirp/ noisy signal) LDR excitation
(isi-sys transducer) was applied in the robotic scanning mode.
In this mode, each point of the defect vibrates over a total
bandwidth so that LDR (if it is inside this frequency range)
is inevitably excited and visualized. Since the phases of the
excited resonant vibrations are different, the image has a noisy
structure. Figure 8b illustrates the potential of using robotic
RACE scanning for simulated circular FBH defects of equal radii,
R = 10 mm, but of different back-wall thicknesses in PMMA.
For this reason, their LDR frequencies are substantially different
(from 13,950 to 21,300 Hz). Nonetheless, the wideband mode
chosen (1-100 kHz) enables us to activate all of them in a single
C-scan. As one can see from Figure 8, the quality of similar
laser vibrometry images is higher; however, the positions and
the sizes of the defects, obtained by the RACE scanning, are
readily noticeable.

The fundamental LDR frequencies for cm-sized defects are
usually in the range of 10 kHz-100 kHz. Therefore, the wider
bandwidth used (100 kHz), in addition to the fundamental LDR,
also activates the higher-order resonances, which have different
vibration patterns but eventually cover a total defective area.
That is why the superposition of multiple-order LDR is known
to readily reproduce the shape of the defects (Rahammer and
Kreutzbruck, 2017). This is illustrated in Figure 9 for a set of four
square (20 mm x 20 mm) Teflon sub-surface inserts positioned
at different depths in a CFRP plate (5 mm X 290 mm x 330 mm).
The RACE robotic imaging demonstrates a decent quality of
visualization for both the positions and the shapes of the defects.

The wideband robotic mode can also be used to reproduce the
defects of much more complex shapes. Figure 10 demonstrates
the wideband RACE image (noisy signal) of the Teflon ring
delamination (outer diameter 55 mm) in CFRP plate (400 mm x
400 mm x 2 mm) compared with vibrometric picture obtained
for chirp (1-100kHz) excitation. For this defect, the laser
vibrometry reveals multiple fractional LDR in the range of 10-
50kHz. Each fractional resonance shows a particular part of
the defect, while the whole picture of the ring delamination is
reconstructed in the wideband RACE mode.

Full-Field RACE Mode Imaging

The results obtained in the experiments above show that the
scanning method visualizing of the defects is useful and provides
reasonable RACE imaging. However, this process is rather time-
consuming. For example, in the robotic experiment the scanning
speed was 10 mm/s, and it took 10-20 min to scan the area of
the defects. This drawback is avoided in a new full-field RACE
imaging method whereby an acoustic camera is used for instant
detection and imaging of the defect.

The feasibility of this technique is demonstrated below using
the acoustic camera SoundCam by CAE Systems (Giitersloh,
Germany) provided by Wolfel GmbH (Wiirzburg, Germany).
It contains 64 MEMS-microphones, the data acquisition system
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FIGURE 9 | Noisy mode of LDR imaging applied to four square inserts in CFRP: (a) RACE imaging; (b) wideband laser viorometry.

FIGURE 10 | (a) robotic scanning image of a ring delamination in CFRP; (b) wideband chirp laser vibrometry image.

with 24-bit resolution, sample rate of 48 kHz, with an operating
frequency range of 10-24kHz. The setup to provide full-field
RACE imaging is shown in Figure 11. The camera operation
included the adjustment of the distance to the sound source, the
dynamic range and the frequency of the receiver.

To test the acoustic camera operation, the acoustic field of the
piezo-actuator (isi-sys) was visualized first (Figure 12). As one
can see from the picture, the active zone of acoustic field of the
vacuum-attached transducer (diameter of 5mm) is highlighted
with a bright spot. This circular spot indicates the position where
the sound amplitude is maximal, which matches to the real active
zone of the transducer. The SoundCam interface, also shown in
Figure 12, indicates reasonably high (>10 dB) dynamic range of
the image and a fundamental frequency radiated (~ 13,100 Hz).

The vacuum-attached transducer was then used in the noisy
mode for the RACE excitation in a PMMA plate with two
FBH (Figure 13). The laser vibrometry test reveals different
LDR frequencies for those holes (Figures 13a,b). The frequency
bandwidth of the SoundCam receiver was then narrowed down
around the value of the LDR frequency (12,200-13,300 Hz,
Figure 13d) to demonstrate consecutive frequency-selective
RACE imaging of the defects.

FIGURE 11 | SoundCam setup for full field RACE imaging.

Full-field scanning can be applied for imaging of not only
simulated but also some realistic defects, as demonstrated
in Figures 14a,b, for an elliptic delamination above the
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FIGURE 12 | The interface of SoundCam and full-field image of acoustic field
for isi-sys transducer (frequency 13100 Hz).

actuator embedded in a glass fiber-reinforced polymer (GFRP)
plate. The active part of the delamination responds to LDR
excitation at frequency of 18,900 Hz and is seen in the laser
vibrometry scan (Figure 14b). Full-field RACE excited at this
frequency (Figure 14a) clearly indicates the resonance part of the
delamination but requires much less time for testing.

An application of RACE for full-field imaging of defects in a
lap joint is shown in Figures 14c,d. The joint is made by gluing
the flanges of the rectangular steel profile (500 mm x 50 mm x
65 mm) to 1.5-mm steel base. The disbond (length ~ 40 mm)
is simulated by the lack of adhesive between the flange and the
base (inside the white rectangular in Figure 14c). A piezoelectric
transducer is attached to the reverse side of the base and excited
with 20V noise signal. The two bright spots in Figure 14d)
disclose the acoustic waves generated by the transducer (left) and
the RACE field radiated by the disbonded area (right).

Two other examples of full-field imaging of real impact-
induced defects in CFRP are shown in Figure 15. The impact
damage in the stringer-reinforced CFRP plate results in a clearly
visible crack on the reverse side (Figure 15a) and is closely
visualized with laser vibrometry scan at LDR frequency 17,940 Hz
(Figure 15b). Interestingly, similar to the full-field ultrasonic
thermography imaging (Stoessel et al., 2000), where the vibration
of the crack tips leads to the dissipation of energy and the
temperature rise, the vibration around the tips area also produces
specific RACE pattern readily detected by the acoustic camera
(Figure 15c).

Another impact-induced BVID shown in Figure 15d is a
result of 20-J-impact in non-crimp fabric CFRP sample (150 mm
x 100mm x 3 mm). The damage becomes barely visible only
because of slight bleaching of the stitching yarn. The laser
vibrometry, nonetheless, reveals the damage most clearly seen
at fractional LDR frequency 32,200 Hz (Figure 15e). This value
is outside the bandwidth of the SoundCam; for this reason,
the acoustic camera image in the noisy mode (Figure 15f) is
obviously not as good as the laser vibrometry scan, however, it
still indicates the presence and the position of the defect.

a) 16830 Hz

b) 11750 Hz
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FIGURE 13 | Frequency-selective full-field RACE imaging (c,d) and laser
vibrometry (a,b) for a pair of circular FBH of different LDR frequencies.

CONCLUSIONS

Study of the RACE features implemented in the paper confirms
that the RACE field is produced by the resonant vibrations of
a defect (LDR). In the higher kHz frequency range, the RACE
field can be readily detected in the transition zone between
near- and far-fields that extends well beyond mm-range, and
precise alignment of the receiver closely to the surface becomes
unessential. This enables us to apply conventional RACE
scanning for imaging of serious defects in composites (including
BVID) with modest restrictions on the microphone distance
from the defect. Unlike 2D-RACE scanning of flat specimens,
the use of industrial robots provides fully autonomous detecting
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FIGURE 14 | SoundCam imaging of a delamination in piezo-actuator embedded in GFRP plate (a), 18,900-Hz LDR laser vibrometry image of the delamination (b),
steel profile with adhesive disbond (c), and full-field RACE image of the disbonded area (d).

Lack of

adhesive

Position of

transducer Steel profile

FIGURE 15 | (a) Crack in CFRP stringer-reinforced sample, laser viborometer LDR image (b), SoundCam image (c), 20-J-impact-induced BVID in non-crimp fabric
CFRP plate (d), vibrometry image at fractional LDR frequency 32200 Hz (e), and full-field visualization using acoustic camera (f).

and imaging of the defects in complicated shape components.
The robotic RACE scanning combined with wideband noisy
excitation proves the feasibility of simultaneous imaging of
multiple defects without prior search for LDR frequencies.

A new full-field RACE imaging method with an array
of microphones as a receiver avoids the drawback of time-
consuming scanning modes and is used for express detection
and imaging of defects. This case study of the full-field RACE
mode with acoustic camera array validates reliable imaging
of various defects in composites and disbonds in a steel
lap joint.
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