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Abstract 

A novel experimental technique based on point contact and Coulomb coupling is devised and 

optimized for ultrasonic imaging of bulk and guided waves propagation in piezo-ceramics. The 

Coulomb coupling technique exploits the coupling and transfer of electric field to mechanical 

vibrations by excitation of phonons. The point contact excitation and detection technique 

facilitates the spatial-temporal imaging of ultrasonic waves. The motivation of this research is 

the diagnosis and localization of surface cracks in the piezoelectric sensors and actuators. The 

underlying principle of the detection scheme is that any discontinuity on the surface causes 

high localization of electric gradient. The localized electric field at the defect boundaries 

enables then to behave as secondary passive ultrasonic sources resulting in strong back 

reflections. However, due to the interference between transmitted and reflected wave 

components from rigid boundaries and defect, the resolution on the localization of the damage 

is challenging. Therefore, an algorithm based on the two-dimensional spectral decomposition 

is utilized for selective suppression of the transmitted wave. The algorithm includes data 

transformation and vectorization in polar coordinates for efficient spectral decomposition. In 

the spectral domain, the complex wave component (phase and amplitude) are suppressed for 

the transmitted wave field. The reflected wave component in the spectral domain is retained 

and retrieved back using inverse spectral transformation. The algorithm is successful in 

retaining and exemplifying only the reflected wave sources arising from the strong scattering 

of ultrasonic waves from the surface and sub-surface defects. In summary, a novel experimental 

technique based on Coulomb coupling and spectral decomposition technique has been 

implemented for localization of surface defect in piezo-ceramic structures.  

 

Keywords: Coulomb coupling, Lead Zirconate Titanate (PZT), Point contact excitation and 

detection, Spectral transform, Surface flaw, Ultrasonic waves 
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1. Introduction 

Piezoelectric materials, such as Lead Zirconate Titanate (ZrxTi1-x)O3 (PZT) and Lithium 

Niobate (LiNbO3) play an important role in several industrial and military applications, such 

as optoelectronic, telecommunication, biomedical devices, actuators, structural health 

monitoring and energy harvesting devices [1-5]. PZT ceramics are widely used as transducers 

in structural health monitoring applications as they possess several inherent advantages such 

as broad-band operational frequency, superior electromechanical coupling, low power 

consumptions, and impedance matching with various substrates [6-8]. In the harsh and extreme 

environmental conditions, such as corrosion, fatigue, temperature fluctuations and 

delamination due to extreme temperature fluctuations, several surface defects are introduced 

in the sensor. The surface or subsurface flaws may also be intrinsic to the bulk material as 

seldom they are introduced in the final stages of the fabrication or early stages of device 

operation. The near-surface flaws are critical for several applications as the operational stresses 

tend to concentrate along the periphery of the defects. These microscale defects in both the 

bulk and surface of the PZT ceramics act as a precursor to damage that limits the strength, 

lifetime, and performance of the sensors.  

Prior to installation, all sensors must be calibrated and compensated for errors and noises 

arising from harsh environmental conditions and temperature fluctuations. The error in the 

measurement is induced due to the minor defect in the degraded sensor that is often 

circumvented by correcting the acquired responses by a baseline compensation factor. Right 

after installation, the sensors are assumed to be healthy and thereafter considerable effort 

should be devoted for periodic assessment and monitoring of the health of the sensors [9]. 

However, a sensor with micro-scale cracks exhibits higher-order effect and nonlinear 

piezoelectric behaviour that discourages the use of simplified compensation factors. Therefore, 

it is of paramount interest to detect, localize and quantify the defect in the piezo- ceramic to 

avoid false alarm in SHM applications.  

In the last few decades, considerable amount of effort has been dedicated to develop 

innovative nondestructive evaluation (NDE) techniques for damage detection on the surface 

and inside the ceramic components [9, 10]. Apart from ultrasonic imaging, different optical 

methods have also been implemented in order to characterize the surface defect in the PZT 

ceramics. The most common optical measurements includes photoacoustic microscopy, optical 

coherence tomography, and optical gating technique [11-13]. PZT ceramics demonstrated a 

high scattering behavior at optical wavelength [12], which leads to a noisy measurement. Most 

https://mail.google.com/mail/u/0/#_ENREF_9
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recently, the scanning laser Doppler vibrometer (SLDV) has been employed for three-

dimensional visualization of acoustic wave interference with inclusions and damages in 

metallic plates, piezo-ceramics and piezo-crystals [14, 15]. The SLDV experiments are 

expensive and require a thin reflective coating on the sample surface.  

In addition to the above techniques, several ultrasonic methodologies have been implemented 

for evaluating the health of an integrated piezoelectric sensor [16-18]. Rabe et al.(2002) have 

characterized the elastic stiffness of the surface of PZT ceramic specimens using near field 

atomic force acoustic microscopy [18]. The technique is limited to quantify surface stiffness 

and unable to evaluate subsurface or bulk properties of the piezo-ceramics. Synchrotron 

radiation source has been explored to visualize the Rayleigh wave’s propagation on the surface 

of the LiNbO3 piezo-crystal [19]. This technique also facilitates the investigation of 

microscopic crystalline defects in ceramics. 

To the best of our knowledge, none of the above-mentioned techniques are capable of 

visualizing ultrasonic wave propagation within the PZT ceramics. Over the years, we dedicated 

our effort to optimize the point contact excitation and detection technique to excite broadband 

ultrasonic waves in piezoelectric crystal and ceramics [20-27]. Point contact excitation and 

detection technique is one of the versatile methods for the generation of ultrasonic waves both 

in bulk modes and guided wave mode in the piezoelectric substrate. The technique leverages 

the transfer of electromagnetic field to mechanical energy to excite phonon vibration in 

piezoelectric materials. The electro-mechanical coupling is governed by the gradient of the 

electric field and piezoelectric properties [26]. The main advantages of the point excitation 

technique are; (i) a wideband excitation and detection in absence of mechanical, geometrical 

and electrical resonances, (ii) low dynamical force requirements by means of mechanical 

contact for an effective acoustic coupling without surface distortion or damages, and 

(iii) independence of the technique with respect to the requirement of coupling media or photo-

lithography procedure. To excite and detect the ultrasonic waves, a probe made of a gold sphere 

and a steel sphere was used that acts as a Coulomb electrode. The influence of the radius of the 

electrode in Coulomb excitation and detection scheme plays a vital role [21]. Habib et al. 

(2007) have demonstrated the influence of probe radius on the directionality and forward 

contribution of the emitted and detected ultrasonic wave [21].  

Habib et al. (2012) have visualized the wave propagation and characterized the mechanical 

properties in PZT and LiNbO3 crystal using directional waves excited by Coulomb coupling 

technique [22]. The technique has demonstrated that the ultrasonic waves exhibit direction 
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dependent phonon focusing and the metamorphosis of the bulk wave to guided waves in 

anisotropic crystal for surface acoustic waves [24, 25].  

In this paper, we have extended the point contact excitation and detection technique to visualize 

the interaction of ultrasonic waves with a surface defect in sintered piezo-ceramic. The main 

goal of this paper is to demonstrate the transport phenomena of the ultrasonic wave and its 

interaction with a surface defect in the ceramic component. The point contact detection scheme 

is based on the transfer of electromechanical energy to acoustic potential into the piezoelectric 

materials. The discontinuity on the surface lead to high localization of electric potential causing 

phonon excitation that is propagated with directivity dictated by the topological footprint of 

the probe. The above-mentioned experimental modality aims to enhance the detectability of 

the damage on the surface of the PZT ceramics by increasing the effective electromechanical 

coupling.  

However, the ultrasonic wave suffers multiple reflections and interference due to the 

interaction with boundaries and defects. The localization of defect from wave visualization is 

difficult due to the interaction between forward propagating waves with back reflection from 

the defect. Therefore, the overarching goal of this paper is to orthogonally separate the forward 

propagating wave component from the backward or the reflected wave component. Michaels 

et al. (2011) have demonstrated the enhancement of the weak scattered waves by separation of 

the source in the frequency-wavenumber domain [28]. The wave mode separation from the 

received signal by suppressing source terms facilitates the visualization of wave mode 

conversion upon interaction with the defect [29]. Pluta et al. (2000) explored an angular 

spectrum approach based on two dimensional Fourier transform to compute group and phase 

velocity of the surface acoustic wave in anisotropic solids [30]. Pluta et al. (2003) have 

demonstrated the Fast Fourier technique as an efficient computational tool for evaluating 

amplitude and phase of ultrasonic waves [31]. Through phase reconstruction, an inverse 

problem was solved to evaluate elastic constants and localized primary and secondary sources 

such as defects. Ostachowicz et al. (2014) have reviewed several techniques for enhancement 

of the detectability of the defect and anomaly in thin-walled structures [32]. The notable 

techniques are based on cumulative kinetic energy methods, reflection separation and mode 

separation in frequency-local wavenumber domain, isolation of standing wave energy and 

wavenumber adaptive filtering technique. An et al. (2012) presented a signal processing 

technique based on the two-dimensional Fourier transform to separate crack induced standing 

wave energy [33]. The standing wave energy was evaluated based on the difference of total 

propagation energy and combined forward and backward propagating wave. Most often, the 
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damage is quantified by damage-sensitive features derived empirically using statistical signal 

processing [34-36]. Notable signal processing techniques that are widely accepted in SHM 

applications are Hilbert Huang Transform, Empirical Mode Decomposition, Wavelet 

Transform, Singular Spectrum Analysis, Frequency domain decomposition (FDD), Auto-

Regressive (AR) Model, Auto-Regressive Moving Average Model (ARMA) and Extended 

Kalman Filter Weighted Global Iteration techniques [36-42].These techniques provide a 

damage index parameter based on the spectral content or statistical evaluation of the time 

series. However, it is difficult to relate the statistically derived damage index with the physical 

parameters derived from the theory of wave propagation. In the absence of a theoretical 

framework, the damage-sensitive features become problem specific and irrelevant for practical 

applications. Therefore, our aim is to develop a robust numerical framework to selectively 

suppress the transmitted component of the acoustic waves and enhances the reflected waves 

from the surface flaw/defect. Towards this goal, a spectral signal processing technique has been 

implemented that enhances the backward propagating waves arising from a microscale defect. 

2. Coulomb Coupling-Point source excitation and detection scheme 

The Coulomb coupling in the piezoelectric material is the phenomena that transfer the electric 

energy to the acoustic energy by virtue of the coupling of the gradient of the electric field to 

the strain gradient. In the present study, a high voltage was applied to the steel sphere that acts 

as a Coulomb source. In Coulomb coupling, the dimension of the probe plays a significant role.  

To obtain a resolution equivalent to the diffraction limit, the approximate diameter of the sphere 

is given as 
0.24

pV
D


= . Here, pV  is the phase velocity of the acoustic waves in the medium 

and   is the frequency of the waves [21, 43]. At high voltage, the electric field is concentrated 

at the point contact tip of the Coulomb probes. In the Coulomb coupling scheme, the highly 

localized electric field at the point contact of the probe is coupled to the mechanical property 

through a strain gradient. Due to localized strain gradient at the point contact, phonons in the 

piezo-material are excited and ultrasonic waves are generated and propagated in the ceramic. 

The discontinuity in the geometrical and material properties at the surface also causes high 

localization of the electric field which acts as a secondary/passive wave source. The frequency-

dependent characteristic of the piezoelectric transducer is attributed to the resonance and 

geometrical interference of the piezo coupling. The Coulomb coupling phenomena are 

insensitive to the resonance and interference in the near field of the probe leading to large 
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bandwidth excitation. However, Rayleigh scattering from the grains causes excessive distortion 

in the electric field limiting the bandwidth.  

The general equation of motion including the coupling mechanism responsible for excitation 

and detection of acoustic waves in the piezoelectric crystal is given as 

 𝜌
𝜕2�⃑⃑� 

𝜕𝑡2
= ∇⃑⃑ . �̂� = ∇⃑⃑ . (�̂�: �̂� − �̂�. E⃑⃑ ),   (1) 

Where 𝜌 is the density, �⃑�  is the displacement, �̂�is the stress, �̂� the fourth order elastic tensor, �̂� 

the strain, �̂� the third order piezoelectric stress tensor, and E⃑⃑  the electric field. The Nabla 

operator in equation (1) must be applied to the components of the piezoelectric stress tensor �̂�, 

as well as to the components of the electric field. The driving term of the piezoelectric coupling 

is  −∇⃑⃑ ⃑⃑  ⃑. (�̂�. E⃑⃑ ) that act as the source of acoustic excitation in Coulomb coupling. In the interior 

of the crystal �̂� is assumed to be constant. Considering the conductive sphere acting as an 

electrical point contact source, the spatial derivatives of the electric field are not zero on the 

surface as well as in the interior of the crystal. Under the first approximation, we will assume 

that the surface terms dominate the coupling of the electric field to the strain gradient. 

Therefore, the Coulomb coupling technique is well suited for the detection of the surface 

anomaly and surface defects/cracks.  

3. Experimental Technique 

A novel experimental technique based on Coulomb coupling is developed for the excitation 

and detection of ultrasonic waves in a piezo-ceramic surface. A Coulomb coupling technique 

is based on the generation of electric field that induces stress waves by electro-mechanical 

excitation. The experimental technique was optimized for an efficient coupling of the electric 

field with elastic modulus and permittivity of piezo-ceramics. Two small pieces (2 cm) of 

fiber optical cable were glued on a plastic board (64 cm2) to form a triangular cantilever 

structure. The triangular cantilever was employed for precisely controlling the applied pressure 

to enhance the coupling of electric field. On the tip of the triangle, a steel sphere that acts as a 

Coulomb probe was placed and attached with epoxy glue. The steel sphere of diameter 

2.57 mm was connected to a copper wire using two component conducting silver epoxy (EPO-

TEK). Later, the scanning probe was placed in a heater for 2 hours at around 90o C for the 

solidification of the silver epoxy. This probe was used as a Coulomb exciter for generation of 

ultrasonic waves in the piezo-ceramics. A similar probe was fabricated and placed in a metal 

box that acts as a Faraday cage. The second probe acts as the receiver for acquisition of 

propagated ultrasonic waves. These two probes act in conjunction for simultaneous excitation 
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and detection of bulk waves in PZT ceramics. The characterization and detection of damage 

using ultrasonic waves is demonstrated on a 3 mm thick PZT ceramic plate. A PZT ceramic 

surface of size 2020 mm2 was chemically etched using Ferric Chloride solution in order to 

remove the conducting silver electrode (Ag) from both sides. After etching the silver 

from both sides, the PZT was washed with distilled water and dried with Nitrogen.  

An arbitrary function generator (Agilent 81150A) was used for the generation of the excitation 

pulse. A Dirac delta pulse of 75 ns time width was excited and delivered to radio frequency 

amplifier (Electronics & Innovation: 403LA, New York, USA) for signal amplification. The 

amplified signal was then supplied to steel sphere which was gently in contact with the surface 

of the piezo-ceramic sample. The excited signal generates the bulk waves, surface waves and 

guided waves that propagate through the thickness of the PZT ceramic specimen. On the 

opposite sides of the PZT ceramic plate specimen, a similar steel sphere was used for 

acquisition of the propagated signal which was then amplified by a trans-impedance amplifier 

(DHPCA-100). The amplifier converts the current into a voltage according to an adjustable 

amplification factor. Finally, the amplified signal was acquired using oscilloscope (Agilent 

3024A) capable of digitizing with up to 12 bits. The sampling interval of the data acquisition 

was 25 ns. This oscilloscope performs averaging of 256 pulse shootings and digitizes the signal 

which is then recorded in a personal computer (PC) via an USB connection. The PC also 

controls the mechanical scanner in the XY plane i.e. the step size is 50 μm in both directions 

and scanning area is 1010 mm2. Figure 1 illustrated the experimental setup for point contact 

excitation and detection in PZT ceramic samples. After completing the healthy state 

experiment, a calibrated damage was introduced using a high-speed diamond drill on the 

surface of the PZT ceramic. The dimension of the damage was approximately 1.21.3 mm2 and 

1.5 mm in depth. Figure 2 shows the optical images of the drilled PZT.   
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Figure 1. Experimental setup for point contact excitation and detection scheme for 

visualization of ultrasonic wave in piezo-ceramics 

 

 

Figure 2. Optical image of the surface flaw for the PZT ceramic sample. A surface flaw was 

introduced using a high-speed diamond drill. The dimension of the damage is 

around 1.21.3 mm2 and it is 1.5 mm deep. 

4. Results and Discussion 

Figure 3 shows the time domain signal which was recorded employing point contact excitation 

and detection method in the healthy state of PZT. The ultrasonic waves were excited by a delta 

pulse of 75 ns width. The transient signal was recorded at the center of the scan, where the 

sender and receiver probes were placed opposite to each other. The resonating frequency of the 

PZT ceramic was determined as 1.8 MHz. In figure 3, the 1st peak indicated the excitation 

signal which occurs at 0.056 s and marked as cross-talk. The second peak occurring at            

0.67 s (marked as L1) represents the first longitudinal wave signal. The third peak arriving at 
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1.61 s corresponds to the second longitudinal wave mode marked as L2. The wave mode 

arriving subsequent to L1 and interfering with L2 corresponds to contribution from internal 

reflection and mode conversion. The total acquisition time was 4s. The identification of the 

individual wave modes is facilitated by spatial and temporal imaging of the wave propagation. 

Figure 3. Transient signal amplitude recorded at center of the scanning area with a steel sphere, 

acting as a receiving electrode positioned on the opposite side of the PZT ceramic sample 

Figure 4 demonstrates the 2D representation of amplitude in spatial and temporal domain 

showing the evolution of acoustic waves in the PZT ceramic plate. In figure 4, the time 

difference of each frame is 75 ns.  From figure 4 (A1-A3), it is clearly visible that the highest 

intensity is at the center of the image due to the strong localized coupling of the electric field. 

The intensity depends on the position of the receiving electrode with respect to the transmitting 

electrode and is primarily determined from the time needed by the amplifier to recover from 

the crosstalk. In figure 4, the first two rows of image (A1-B6) show the initiation and 

propagation of the longitudinal bulk waves (L1) in the PZT ceramic sample. The bulk wave 

propagation in the PZT ceramics is almost isotropic which is evident from the circular wave 

fringes (refer figure 4). The bulk ultrasonic wave-front propagates uniformly in the radial 

direction. To identify the longitudinal wave mode, two distinct points were selected along the 

radial path from the center of piezo-electric ceramic separated by a distance of 4 mm. The time 

difference of arrival of the propagating wave between the two points was 0.94 s. For the non-
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dispersive longitudinal bulk wave, the measured velocity was (4255±220) m/s. Further, 

referring to figure 4, the average wavelength of the wave fringe was measured as (290±69) m. 

Based on the speed of sound and wavelength in piezo-electric ceramic ( c f = ), the excitation 

frequency was approximately 14 MHz that is in close resemblance with the frequency of the 

excitation pulse. The average velocity of the 4225 m/s is in close agreement with the 

longitudinal wave velocity of PZT ceramic [44, 45].  

Referring to figure 4, the images from B7-D7 represent the second longitudinal (L2) wave 

mode. The bulk wave velocity and the wavelength of the second longitudinal (L2) wave mode 

(figure 4, image B7-D7) is identical to L1 mode. The first longitudinal wave is free from any 

interference from boundaries and defects. However, for the second longitudinal wave, the 

reflection from the boundaries and defect interferes with the main signal (refer figure 3).  In 

the Coulomb coupling setup, the excitation probe consists of a steel sphere of diameter 2.57 

mm. The excitation of the ultrasonic waves is generated due to the coupling of the electric field 

to piezo-electric mechanical vibration at the contact tip of the Coulomb probe. During the 

excitation of ultrasonic waves, the first longitudinal wave is excited and directly propagated in 

the bulk of the ceramic. At the same instance, the ultrasonic waves are simultaneously 

generated that is propagated internally within the steel sphere. The first echo of the ultrasonic 

wave will traverse a distance of twice the diameter of the sphere (5.14 mm). The time of 

reverberation of the bulk wave within the steel sphere is measured as 0.94 s (refer figure 

3) that closely resembles theoretical time of flight in steel sphere.  After, the first reverberation, 

the internally oscillating wave within the sphere is coupled back to the piezoelectric ceramic 

and thereby a second longitudinal wave is generated. The phenomena can repeat itself for 

multiple reverberations within the steel sphere due to nonlinear contact at the probe and piezo-

ceramics.  
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Figure 4. Time sequential image of acoustic waves evolving in a 3 mm thick sintered PZT 

ceramic plate excited by a delta pulse. 1st image (A1) corresponds to the initiation of bulk 

acoustic waves in the PZT ceramic sample. Scan area of the image in 1010 mm2. The time 

difference for each frame is 75 ns.  

After imaging the PZT ceramic, an artificial surface flaw/defect was introduced using a high-

speed diamond drill with a depth of 1.5 mm. Then, the PZT ceramic plate was placed for 

scanning with similar condition as for the healthy state. The surface defect was placed at 

the lower right corner in order to observe the acoustic waves’ back reflection from the 

propagated waves. Figure 5 shows the time sequential images of acoustic waves evolution in a 

3 mm thick sintered PZT ceramic plate with surface detect excited by a delta pulse. In figure 

5, images A1-B6 refers to the first longitudinal wave mode. In figure 5, Image B7-D7 are due 

to the second longitudinal wave mode due to internal reverberation with the point contact 

Coulomb probe.  
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Figure 5. Time sequential images of acoustic waves evolving in a 3 mm thick sintered PZT 

ceramic plate with surface defect excited by a delta pulse. Scan area of the image in 1010 

mm2. The time difference for each frame is 75 ns.  

The excited acoustic waves propagated in the outer radial direction and thereafter reflected 

from the boundaries of the surface flaw. The interaction of the longitudinal wave mode with 

the surface defect is visible from figure 5, A6 image and onwards. Some attenuation of the 

forward propagating wave is also observed due to the presence of damage. The contribution 

towards partial back reflection and transmission of the acoustic wave is sensitive to the 

dimension of the surface flaw. Here, the surface flaw on the PZT ceramic sample is observed 

to act as a strong reflector as well as an attenuator of the propagated waves. Figure 5 shows the 

interference of the forward propagating transmitted wave and back propagating reflected wave. 

The dispersion phenomena of the back reflected waves is observed from figure 5 (D3-D7). 

From figure 5, it is difficult to accurately localize the damage in the piezo-ceramic due to 

occurrence of multiple phenomena such as interference and dispersion of the guided and bulk 

waves in the PZT sample. Therefore, to reliably localize the damage in the piezo-ceramics, a 

novel damage detection algorithm based on the enhancement of the reflected component of the 

ultrasonic wave is proposed and discussed in the subsequent section. 

5. Proposed Algorithm 

As observed from the experimental wave field images (figures 4 and 5), it is difficult to 

accurately localize the damage in spatio-temporal images due to multiple interference between 

transmitted and reflected waves. To overcome this difficulty, we present an algorithm 
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possessing a capability to selectively suppress either transmitted or reflected waves generated 

from the interaction with defects that act as the secondary or passive wave source. The 

important aspect of the present techniques is selective suppression of either forward/backward 

propagating wave based on the 2D Fourier transform. The algorithm does not rely on algebraic 

subtraction of forward/backward from total energy to quantify standing wave interaction with 

surface defects [33]. On the contrary, the proposed algorithm selective suppresses the vectorial 

component of forward/backward propagating wave. As the decomposition of the proposed 

algorithm performs in the wave vector domain at a particular frequency, the algorithm offers 

suppression of vector wave component in an arbitrarily selected direction. The piezoelectric 

transducers can be tailor to excite mode selective wave component possess mix mode of 

longitudinal, fast/slow transversal wave. Under, the influence of mode selective excitation, the 

proposed algorithm offers the opportunity to transform the time-varying images in the principal 

components and subsequently suppress angular information for forward/backward 

propagation.  

The localization of damage in the PZT ceramic is performed using two-dimensional Fast 

Fourier Transform (2D FFT) that effectively suppresses the transmitted wave component. The 

algorithm operates on the sequence of the input data matrix X  such that 

 1 2 3( ) , , , tp q t  =X I I I I  with each 2D frame (1 )i i t I  of dimension p q , where ,p q  

and t  represent the number of pixels in x and y directions and time index, respectively. The 

next step involves the conversion of each frame iI  from the polar space to the Cartesian space 

to obtain ( )i r P . Two video frames of the observed wave evolution in the PZT ceramic 

sample in polar space and Cartesian space are shown in figure 6. The input matrix X  

considered in this study is of the dimension 200 200 3681  .  
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Figure 6. The image of the observed wave evolution in PZT ceramic sample in (a) polar space, 

and (b) Cartesian space.  

 

The video frames in the Cartesian space are then vectorised to form ( )i sv , where s r=  

represents the frame resolution. This mapping from ( )i r P  to ( )i sv  is represented by a 

function f , i.e. : ( ) ( )i if r s →P v . Figure 7a shows the acquired vectors that forms the 

column vectors of the matrix V such that  1 2 3( ) , , , ts t =V v v v v . A 2D FFT is then used 

to convert the dataset ( )s tV  from the spatial domain to the Fourier domain to arrive at a 

complex matrix ( )s t  . The values of r  and   used in this study are 100  and 360  

respectively.  

 
Figure 7. (a) A segment of matrix V  with each column containing vectorized sequential 

images; (b) An enlarged region of matrix V  containing both transmitted and reflected 

components of the propagating wave; (c) An enlarged region of matrix V containing only the 

transmitted component of the propagating wave. The solid and dotted arrows represent the 

direction of normal or perpendicular to the orientation of the transmitted and reflected 

component of the propagating waves, respectively. 
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A discrete 2D Fourier transforms of an image ( , )g x y ( [1, ], [1, ])x M y N   is given by: 

 

u vM N -i2π x +y
M N

x=1 y=1

G(u,v)= g(x,y)e

 
 
    (1) 

where the spatial frequencies in the horizontal and vertical directions are represented by u  and 

v , respectively. The sinusoids that make up the image in the spatial domain is represented as 

amplitudes and phases in the Fourier domain. The magnitude and direction of the vector ( , )u v  

represent the frequency and orientation of sinusoids, respectively. Figures 7 (b) and (c) show 

the opposite directions of the transmitted and reflected components of the propagating waves 

in the image matrix ( )s tV . The directions of the forward and backward propagating waves 

in the spatial domain represent the positive and negative phases 1tan
v

u
 −  
=   

  
, respectively 

in the Fourier domain. As a result, the transmitted component of the waves is represented in 

the first and third quadrant of amplitude spatial frequency spectrum, and the reflected 

components of the waves are represented in the second and fourth quadrant of amplitude spatial 

frequency spectrum. In order to suppress the transmitted component of the waves and visualize 

only the reflected components of the wave, values corresponding to only negative phases   in 

the matrix ( )s t   (as shown in figure 8) are selected and the values corresponding to the 

positive ones are suppressed. The attained matrix, named as ( )s t   is then reconverted into 

spatial domain by using inverse 2D-FFT to obtain ( )s tC . In figure 8 several horizontal and 

vertical lines or bands are observed. However, they are of little importance as they are primarily 

the effect of vectorization. 
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Figure 8. Amplitude frequency spectrum with the angle of arrow w.r.t. horizontal axis 

representing the phase  . The blue coloured quadrants correspond to negative phase and 

contain information about the reflected wave. 

 

Let each column of ( )s tC  be represented by ic , where : [1, ]i t→ . Then the matrix 

formation  or unfolding of the column ic  vector is carried out by mapping it to ( )i r S  using 

1 : ( ) ( )i if s r − → c S [1, ]i t  . Thereafter, each matrix ( )i r S  is transformed from 

Cartesian space back to the polar space to form the output video frame ( )i p qO .  

The concise form of the algorithm is presented in the pseudocode stated below: 

Algorithm: Reflected wave segregation 

Input: A series of video frames  1 2 3, , , ( )t p q t=  I I I I X  with each frame of dimension 

p q , where ,p q  and t  represent number of pixels in x  direction, number of pixels in y  

direction, and time index, respectively.  

Output: A series of video frames  1 2 3, , , ( )t p q t=  O O O O Y  with each frame of 

dimension p q . 
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Section 1: 

for 1i   to t   

- Transform each video frame iI  from Polar space to Cartesian space to form 

( )i r P  .  

- Perform vectorization of each frame matrix ( )i r P  to form ( )i sv , where s r=

. Let this be represented by : ( ) ( )i if r s →P v   

end 

- Define  1 2 3( ) , , , ts t =V v v v v   

 

Section 2: 

- Apply 2D-FFT on ( )s tV for obtaining ( )s t   

- Suppress quadrants of ( )s t   corresponding to positive phase   to segregate 

reflected wave from the main wave. Let the obtained matrix be named as ( )s t  . 

- Apply inverse 2D FFT on ( )s t   to obtain ( )s tC . 

 

Section 3: 

- Let each column of ( )s tC  be represented by ic , where : [1, ]i t→   

for 1i   to t   

- Convert ic  to a two-dimensional matrix iS  by: 
1 : ( ) ( )i if s r − → c S   

- Transform each matrix ( )i r S  from Cartesian space to polar space to form 

( )i p qO   

end 

 

 

 

The intermediate steps of each section is further simplified and shown in graphical format as 

below.  

 

Section 1: Data Transformation and Vectorization  
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Section 2: Spectral Decomposition and suppression 

 

  
 

 

Section 3: Inversion and Recovery  

 
 

 
Figure 9. Time sequential images of reflected acoustic waves evolving in a 3 mm thick damaged 

sintered PZT ceramic plate excited by a delta pulse. 1st image (A1) corresponds to the initiation of 

the second longitudinal bulk waves in PZT ceramic sample. Scan area of the image is 

1010 mm2. The time difference for each frame is 75 ns.  

 

Figure 9 shows the output video frames with suppressed transmitted component indicating the 

success of algorithm for sole visualization of reflected component of the acoustic wave. The first two 

images corresponds to the arrival of the longitudinal bulk waves in the PZT ceramic plate (at time 

index 267). Thereafter, each image is plotted at a time interval of 75 ns. In figure 5 frame A7, B2, 

C6 and D4, at few time instances only, the defect could be seen with a reasonable accuracy. However, 

at any other time steps, the identification and localization of damage is not reliable due to multiple 

wave interferences. Through the proposed algorithm, once the waves start to interact with the crack, 

we are able to localized the defect. The false positives and true negatives indicators are successful 

eliminated using the proposed algorithm. Through figure 9, we are able to localized the defect 

through all time stamped images without any ambiguity of true negative. The proposed algorithm 
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localized the damage in space at all the time instances as it retains only the reflected wave 

components. In figure 9 only the reflected component of the ultrasonic wave propagating over PZT 

sample is present. The reflected components are the direct reflection from the surface defect that act 

as a passive wave source. Based, on the proposed algorithm any backward propagating wave 

component is resulting from the reflection of the transmitted wave from the secondary source, i.e 

defect and surface flaws.  

6. Conclusion 

In this paper, we have demonstrated the imaging of ultrasonic waves in piezo-ceramic plates using 

point contact excitation and detection technique. A Coulomb coupling technique leverages electro-

mechanical coupling between elastic modulus tensor and permittivity tensor. The technique 

exhibits wideband excitation and detection in the absence of mechanical, geometrical and electrical 

resonances without the requirement of coupling fluid or photo-lithography. The developed technique 

acquires spatio-temporal evolution of elastic waves to visualize anisotropic ultrasonic wave 

propagation in piezo-ceramic plate. The point contact technique is used to localize the surface 

damage/flaw by virtue of singularity of electric potential at the edges of defects. Calibrated point 

contact experiments for pristine and damage states were conducted to evaluate the phenomenon of 

wave scattering from the damage source.  To enhance the detectability of defect through wave field 

imaging, a two-dimensional spectral decomposition technique is explored with an objective to 

suppress radially outward propagating transmitted acoustic wave and retaining and amplify only the 

reflected wave components. For efficient defect localization, the motivation is to exaggerate reflected 

wave components as they seldom arise from the boundaries and/or surface defects.  We have 

demonstrated the efficacy of spectral decomposition technique for localization of defect by retaining 

and enhancing the reflected wave from the defect that act as passive wave sources.  
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