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ABSTRACT 

 

In Acoustic Emissions (AE) Hsu-Nielsen Pencil-Lead Breaks (PLB) are used to generate 

sound waves enabling the characterization of acoustic wave speed in complex structures. The 

broadband signal of a PLB represents a repeatable emission, which can be applied at different 

regions of the structure, and therefore can be used to calibrate the localization algorithms of 

the AE system.  In recent years, the use of Finite Element Method (FEM) has flourished for 

modelling acoustic Lamb wave propagation, which is present in thin plate-like structures. 

The primary challenge faced by the AE community is the lack of a well-known mathematical 

function of a PLB signal that can be applied in numerical simulations.  This study makes use 

of a Time Reversal (TR) approach to identify the emission source of the PLB on a 7075-

T651 aluminum plate. An ABAQUS CAETM model with piezoelectric actuators and sensors 

was developed. In order to avoid edge reflections, absorbing boundaries based on the 

Stiffness Reduction Method (SRM) were considered. The captured PLB signals were used 

as input to the FEM and was time-reversed. Furthermore, a band-limited white noise signal 

was used to calibrate the contribution of the broadband frequencies found in the transmitted 

wave packet.  Preliminary results indicate that the TR approach can be used to understand 

the shape and function of the original transmitted signal.  

 

1.  Introduction 

Acoustic Emission (AE) is an effective method for detecting, localizing and monitoring 

growing fatigue damage in metallic structures under operational service environments. A 

localization algorithm used by AE system is based on the detection of AE events by several 

piezoelectric transducers. The knowledge of the recorded Time of Arrivals (ToA) and the 

wave speeds are used to identify the origin of the AE through triangulation techniques. This 

is particularly important in thin plate-like structures, where a Lamb wave can propagate 

independently in two modes – symmetric (Sn) and anti-symmetric (An) with different wave 
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speeds.  Even if the localization algorithm scheme is relatively simple, determining and 

identifying the correct wave speed based on the ToA can still be challenging when the wave 

packets contain multiple modes. As such, in 1981 Hsu and Nielsen introduced the Pencil-

Lead Break (PLB) technique, in an attempt to simulate an AE source and thereby, determine 

the proper threshold and wave speed.  

 

Material failure at a microscopic level causes the release of energy in the form of transient 

elastic waves. Those waves propagate through the structure and can be detected by 

piezoelectric sensors located on the surface. AE sources are associated with crack growth, 

yielding, friction, fretting, impacts and others material degradation events (1) (2). As a means 

of creating similar AE events to those associated with material degradation, PLB are used. 

In a PLB experiment, the lead of a mechanical pencil, (usually a 0.3 or 0.5 mm diameter 2H 

hardness) is pressed against the structure at a defined angle between 20° and 60°. In order to 

be consistent, it is recommended to use the same angle, lead diameter and length, which is 

typically between 2 and 3 mm (3). The elastic potential energy is released when the pencil 

lead breaks, thus generating an AE event. The frequency and intensity of the different Lamb 

wave modes generated by the PLB can be used to determine the group velocity and measure 

signal attenuation. In addition, PLB emitted waves have been used for sensor tuning and 

source localization performance (4). 

 

MGR Sause developed a numerical model in Comsol MultiphysicsTM comparing different 

PLB signals (5). MA Hamstad used Finite Element Methods (FEM) for studying the 

differences between PLB and real AE sources. In particular, it was observed that PLB sources 

can be considered monopoles applied in the specimen surface while real AE are modeled as 

dipoles buried inside the sample (4). A time-frequency analysis was performed by M Lorenc 

and T Boczar. The two researchers estimated that the frequency spectrum of the PLB source 

ranges from 40 kHz to 600 kHz (6). H Dunegan demonstrated that PLB on the surface and 

on the edge of a plate can replicate the AE produced by noise sources and by a growing crack 

in a plate respectively (7). 

Analytical solutions are available only for a restricted class of wave propagation problems 

with simple geometries, such as flat plates. However, FEM has been shown to be an efficient 

tool for the analysis of Lamb waves in real complex structures (8). It is common to find 

Hanning-windowed signals with a defined central frequency in Structural Health Monitoring 

(SHM) studies of Lamb wave propagation. Nevertheless, the lack of a well-known 

mathematical function of a PLB prevents the researchers from implementing these types of 

sources in FEM codes, denying the possibility of comparing numerical results with PLB and 

broadband signals.  A primary challenge faced by the SHM community is how to obtain a 

characteristic PLB signal. In the specific case of a central frequency signal, Time Reversal 

(TR) has been used to reconstruct the original emission. RK Ing and M Fink studied for the 

first time the behavior of time-reversed Lamb waves in the context of Non Destructive 

Testing (NDT). Their research highlighted the capability of the TR method to automatically 

compensate for the dispersive nature of Lamb waves (9). Further studies emphasized the 

potential of time reversal of acoustic wave for the production of a statistical damage classifier 
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capable of identifying delamination in composite plates without any available baseline data 

(10). 

 

In 2003, CH Wang et. al., addressed the problem of the TR process between two piezoelectric 

transducers using a generic signal (11). A theoretical approach, based on the Mindlin plate 

theory (12), was developed introducing the time reversal operator. It was shown that the time 

reversal operator is frequency dependent. If the signal spectrum is not uniformly scaled, the 

reconstruction of the original excitation is compromised. So far, the TR approach has been 

only used with narrowband waveforms in order to lessen the frequency dependency. 

 

Reflections coming from the boundaries complicate the received signal and affect the 

effectiveness of the TR technique. To minimize the boundary reflections, the concept of Non-

Reflective Boundaries (NRB) has been applied to reproduce infinite medium conditions 

within a FEM (13). This was done through the implementation of absorbing boundaries based 

on the Stiffness Reduction Method (SRM) (14). In the SRM method, the wave decay is 

induced by altering the material properties at the edges of the plate. Moving outward from 

the plate’s edge, the mass proportional damping coefficient is increased according to a user-

defined function while the Young’s Modulus is gradually decreased through every element 

in the SRM region, ultimately reaching 1% of its original value (14). In this study, the 

application of SRM, TR for PLB signals are addressed. The primary objective is to 

characterize PLB emissions on a 7075-T651 aluminum plate using the Time Reversal (TR) 

method in an attempt to obtain a representative PLB emission signal for use in FEM.  

 

2.  Methodology 

The TR technique has been used in the literature to reconstruct narrowband signals, with a 

great degree of accuracy (15). However, due to mode decomposition only the central segment 

of the wave packet can be considered as a scaled version of the original signal (16). Issues 

occur when the TR technique is applied to broadband signals. In this paper, the use of a 

transfer function, which is representative of the plate-sensor system that accounts for 

frequency dependency, is considered. 

 

The methodology followed in this study is outlined in Figure 1. Referring to Figure 1, the 

derivation of the transfer function is performed by: (a) generating a band-limited white noise 

signal from the central actuator – Lead Zirconate Titanate (PZT) A, (b) recording it at the 

four sensors (PZT 1 to 4), (c) time reversing it at all four sensors and sending it back again 

toward the actuator, and (d) reconstruction of the original signal at PZT A. The frequency 

spectra of the original band-limited white noise signal, Figure 1 (a), and the time-reversed 

version of the output, Figure 1 (b), are compared using Fourier transforms. Consequently, 

the system transfer function is obtained by means of the ratio between the original and the 

time-reversed spectra. This transfer function provides information on which frequencies of 

the signals are amplified and which are decreased for the specific structure/sensor 

configuration during the TR process. 
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Figure 1. Methodology to derive the transfer function. 

Assuming a mechanical-electro-efficiency close to one - implying a perfect reversibility of 

the TR process, the voltage response at sensor PZT 2,	�#(�), produced by the injected band-

limited white noise signal at PZT A, �(�), is given by Equation (1): 

 

 �#(�) = ���� +�,(�) ∙ �(�)0 (1) 

where, the IFFT symbolizes the Inverse Fast Fourier Transform operation, �,(�) is the input 

signal represented in the frequency domain, and the term �(�) represents a frequency 

dependent transfer function for the forward propagation from the central actuator to PZT 2, 

as shown in Figure 1 (b) (17). A similar voltage function can be derived for PZT 1, 3, and 4.  

As a follow on step, the recorded signal in the time domain is time-reversed, as shown in 

Figure 1 (c). This operation is equivalent to taking the complex conjugate of the Fourier 

transform of the signal in the frequency domain (15), as described by Equation (2):  
 

 
�#(� − �) = ���� +�, ∗(�) ∙ �∗(�)0 (2) 

where the superscript (*) represents a complex conjugate. The reversed signal becomes the 

new voltage input applied at sensor PZT 2, and re-transmitted back to the PZT A. The output 

of PZT A is then represented by Equation (3), where	�(�) is directional independent. 

 

 �3(�) = ���� +�, ∗(�) ∙ �∗(�) ∙ �(�)0  (3) 

The original input V(t), applied to the system at the central actuator, must be equal to the 

time-reversed signal obtained in Equation (3), as shown by Equation (4), where VA(T-t) 

represents the time-reversed signal at PZT A: 
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 �(�) = �3(� − �) = ���� +�,(�) ∙ �∗(�) ∙ �(�)0 (4) 

In the case of a Hanning-windowed signal, the product	�∗(�) ∙ �(�), shown in Equation (4), 

becomes a constant and therefore the reconstructed signal is a scaled version of the original 

signal. However, in this study the Hsu-Nielsen source analyzed is a broadband signal. 

Therefore, the product �∗(�) ∙ �(�) is unknown and the reconstructed signal will be a 

distorted version of the original one, since each frequency component is scaled at different 

magnitudes.  

 

The system transfer function, given by the product �∗(�) ∙ �(�), is computed through a 

numerical simulation, in which the original input signal �(�) is a known band-limited white 

noise that has its energy uniformly distributed along the considered range of frequencies. 

Applying the Fourier transform to both sides of Equation (4), one obtains: 

 �,3∗(�) = �,(�) ∙ �∗(�) ∙ �(�) (5) 

 

The time reversal operator �∗(�) ∙ �(�) can be obtained by means of the ratio between the 

spectrum of the reconstructed Time-reversed (TR) signal at the central transducer �,3∗(�), 
and the spectrum of the original band-limited white noise signal �,(�), leading to: 

 �∗(�) ∙ �(�) = 	�,3
∗(�)
�,(�)  (6) 

The same transfer function can be obtained from different independent simulation and is 

valid for that particular sensor configuration and plate specimen. In the case of the PLB as 

input function, the term �(�) is replaced by the unknown signal �456(�) and �,3∗(�) becomes 

the TR response to the PLB. This translates into a time-domain voltage signal of the PLB as: 

 

 
�456(�) = ����7 �,3∗(�)�∗(�) ∙ �(�)8 

 

(7) 

2.1 Experimental setup 

A 7075-T651 aluminum plate measuring 304.8 mm by 609.6 mm by 1.6 mm was used in this 

study. Plasticine was applied around the edges of the aluminum plate to minimize wave 

reflection from the boundaries. Ten PLB experiments were performed at the central section 

of the plate as shown in Figure 2 (a). The produced AE signals were recorded by a Vallen 

AE System using VS900M broadband sensors (18). The average of the three most in-phase 

signals were taken as reference. The sensor coordinates with respect to the PLB emission 

region are found in Figure 2 (b). 

 

2.2 Localization algorithm  

The localization algorithm provided by the Vallen System uses the first threshold crossing as 

a reference to determine the Time of Arrival (ToA). Therefore, with the selected threshold 

value of 38.1 dB obtained from a background noise test, the ToA was related to the fastest 
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mode recorded by the piezoelectric transducers. As such, the velocity used in the localization 

algorithm was set to 5245.1 m/s, corresponding to the symmetrical �: Lamb wave mode 

speed for 130 kHz, which corresponds to the primary frequency of the PLB for this setup.  

 

  
Figure 2. Sensor layout (a) experimental setup, (b) location, and (c) numerical setup  

2.3 Modelling wave damping  

Modelling wave attenuation is a crucial step in the TR process. Equation (8) shows the 

damping equation applied to a propagating wave as a function of distance from the AE source 

(r) and the time (t) (19): 

 �(�, �) = � 1
√� �BCD�E(FGBHD) (8) 

Where � is the magnitude of the signal, � is the angular frequency, � is the wave number 

and � is the damping coefficient that has to be estimated experimentally (19). Several PLB 

experiments (21 in total) were performed in order to curve fit the experimental findings into 

Equation (8) to determine the coefficient �, which was found to be 2.6, following the 
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procedure described in (19). This value of � was used in the FEM in order to identify the 

correct values of the mass proportional damping coefficient (α = 2 ∙ 10N) and the stiffness 

proportional damping coefficient (β	 = 0) required by the ABAQUS CAETM model. 

 

2.4 Numerical setup 

The numerical simulations were performed in a Window 10 workstation with 2 Intel® 

Xeon® CPU E5-2620 v3 (12 cores and 24 logical) running at 2.40 GHz. Figure 2 (c) shows 

the numerical model layout with the implementation of absorbing boundaries using the SRM.  

These SRMs were tuned to absorb the frequency range centered at 130 kHz. Finally, the 

element size and time step setup in this model followed those proposed in (20) and (21), 

which guarantees sufficient mesh refinement (�Q = 0.25 − 0.4 mm) and time step resolution 

(�� = 1.25 ∙ 10BV s) to avoid aliasing of transmitted acoustic signals. The number of 

elements associated to the model mesh were between 1,909,908 and 3,573,738 with elements 

type C3D8R and C3D8E, depending on the simulated signal frequency.  
 

2.5 Band-limited white noise simulation 

The white noise was generated using a MatlabTM code with a mean value µ = 0 and a 

standard deviation � = 0.1. The signal length was of 50 µ� normalized within the interval     

[-1,1]. In the experimental setup, the PLB spectrum was found to range from 50 kHz to 400 

kHz. Therefore, a 6th-order Butterworth low-pass filter of 400 kHz was applied. The band- 

limited signal was then imposed as an electric potential boundary condition at the top surface 

of PZT A with a maximum positive value of 10 V.  

 

2.6 Time reversal simulation 

The experimental signals were normalized in order to compare with acoustic signals 

generated numerically. With the knowledge of the distance (r) from the emitted source, it 

was possible to rescale the received signals according to Equation (8). The signal vectors 

were then truncated due to multimode effects, considering only the fundamental guided 

waveform, flipped in time, rescaled according to Equation (8), and sent back to the PLB 

location. 

 

3.  Results 

 
3.1 Experimental data 

The Lamb waves recorded at PZT 2 are shown as an example in Figure 3. The results confirm 

the repeatability of the Hsu-Nielsen AE source. 
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Figure 3. Plot of the 10 PLB tests recorded by sensor PZT 2 

 

3.2 Transfer function and Time Reversal (TR) process 

Using the methodology developed in Section 2, the system transfer function G∗(ω) ∙ G(ω) 
was derived. The obtained vector was interpolated in MatlabTM using a 7th order polynomial 

function. Figure 4 (a) shows the interpolated function in the range of 50 kHz to 400 kHz. As 

seen in the same figure, the frequency ranges of the system that appear amplified (above 1), 

and appear reduced (below 1), are indicated by the crossing of the dotted line at 1. The 

application of the newly found transfer function to the time-reversed reconstructed signal of 

a PLB is shown in Figure 4 (b). 

 

Figure 4. (a) Transfer function and (b) received signal and modified signal according to Equation (7) 

3.3 Comparison between experimental and numerical results 

In order to prove the applied methodology, a comparison between a numerical simulation 

using the reconstructed PLB, as shown in Figure 4 (b), and a received experimental PLB was 
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performed, as shown in Figure 5. The experimental PLB signal consists of an average of the 

recorded PLB at one of the sensors (PZT 4). A cross correlation function was used for phase 

matching of the experimental and numerical signals. 

 

 
Figure 5. Experimental vs. numerical received signal using a PLB as AE source 

 

4.  Discussion 

 

In this study, the Time Reversal (TR) approach has been used to compute a representative 

transfer function of a piezoelectric/plate system using ABAQUS CAETM.  The derivation of 

a transfer function, made use of a band-limited white noise signal transmitted from a central 

transducer and captured at four other sensors. The received signal was time-reversed, re-

scaled and sent back to the transducer located at the centre of a plate. The received signal 

was further processed in order to eliminate the multi-mode effects typically associated with 

the TR process. Due to the multimode dispersion phenomenon, the acoustic signal shows two 

extra wave packets at the beginning and at the end of the fundamental signal. Those initial 

wave packets are denoted as �:/�: which is to state that the �: wave was generated by time 

reversing the �: mode, and an �:/�: due to the �: wave being generated from the time-

reversed �: mode, as explained by HW Park et al. (16). For this reason, particular attention 

has been posed in the determination of the fundamental wave packet to be reversed in time. 

Finally, the ratio between the TR reconstructed signal spectrum and the originally transmitted 

band-limited white noise spectrum corresponds to the transfer function of the system.  

 

In both the numerical and the experimental domain, reflections coming from the edges of the 

plate had to be considered. In the numerical model, non-reflective boundaries were obtained 

using a Stiffness Reduction Method (SRM), while in the experimental setup, plasticine at the 

edges of the plate was used as an absorbing medium. In addition, it is important to note that 

the SRM is only effective at a specific frequency. Thus, when a broadband signal such as a 
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band-limited white noise is transmitted, only a narrow range of frequencies is effectively 

absorbed.  In this study, the absorbing boundaries were optimized for 130 kHz, the main PLB 

frequency component for the given sensor, geometry and material properties. The amount of 

the resulting reflections was negligible and did not compromise the quality of the received 

signals. 

 

Wave attenuation was taken into account using the Rayleigh damping model available in 

ABAQUS CAETM. This aspect of the study required the authors to transmit a Hanning-

windowed of a known frequency (130 kHz) and measure the varying amplitude recorded 

along the wave propagation path. Finally, the mass and stiffness proportional damping 

coefficients were obtained allowing for comparison of both numerical and experimental 

results.  

 

The reconstruction of a “PLB signal” in the FEM, followed by the application of a transfer 

function as shown in Figure 4 (b), suggests that the transfer function does not change the 

received signal significantly. This result could be associated with the fact that most of the 

energy for a PLB had a main central frequency of 130 kHz for this setup.  

 

Finally, the obtained PLB signal was applied as input in the numerical model. The received 

signals at the four sensors of the numerical model were compared with the signals recorded 

in the experiments. Figure 5 indicates that the numerical and experimental results, produced 

by a modelled and real PLB AE respectively are similar in nature, especially considering the 

Ao portion of the signal. The lack of similarity, mainly associated with the So portion of the 

wave packet, could be related to the non-perfect correspondence between the numerically 

derived transfer function and the actual one associated with the experimental setup. Another 

potential reason could be attributed to sensor tuning.  

 

5.  Conclusions 

In this study, the use of TR applied to broadband signals typically associated with PLB has 

been considered. The proposed methodology was demonstrated to be effective in the 

reconstruction of the original signal at the emission source. It was found that for the analyzed 

setup and PLB signals studied, the computed transfer function,	G∗(ω) ∙ G(ω), did not affect 

the reconstructed signal. This is thought to be primarily due to the PLB signal having a main 

central frequency of 130 kHz for the experimental setup. However, the methodology outlined 

in this study opens the possibility of obtaining distinct signals for detecting and monitoring 

the growth of fatigue damage in metallic structures, which is of broadband in nature. 
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