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ABSTRACT* 

Acoustic Emission (AE) testing is a non-destructive 

evaluation technique widely used in numerous fields 

providing ongoing monitoring to detect and track early 

signs of damage within structures. To ensure an effective 

interpretation of AE signatures in relation to damage 

mechanisms, a combination of numerical and experimental 

approaches is crucial for a comprehensive study of the 

measurement chain, including excitation sources, 

propagation mediums, sensors, acquisition systems and 

signal processing. This study aims to model the AE 

measurement chain using highly reproducible and reliably 

characterized emission waves from a piezoelectric sensor. 

To achieve this, the first step was to calibrate the source 

using a laser vibrometer. The aperture effect and several 

parameters of the sensor responses were investigated. Then, 

3D models incorporating these source mechanisms within a 

metallic material were developed simultaneously by 

experiment and simulation to analyze AE wave propagation 

and measurement chain effects. Validated results in time 
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and frequency domains showed good agreement, 

demonstrating the accuracy of the numerical approaches. 

These findings are crucial for gaining a significant 

understanding of AE sensors, contributing to sensor 

calibration processes, modelling of the entire measurement 

chain to enhance the interpretation of damage mechanisms. 

Keywords: Non-Destructive Evaluation (NDE), Acoustic 

Emission (AE), AE simulation, AE transmitting sensor, 

Aperture effect. 

1. INTRODUCTION 

Non-Destructive Evaluation (NDE) techniques are widely 

used in numerous industrial fields to assess structural health 

and detect early damage without causing permanent harm 

of components and structures. These techniques provide 

inspections that are both safe and reliable, while remaining 

cost-effective and able to be conducted without interrupting 

ongoing operations. Acoustic Emission (AE) method is one 

of the most frequently employed NDE methods to detect 

and track early signs of damage in mechanically loaded 

structures and components. In such cases, the AE waves are 

generated by the sudden releasing of energy under the form 

of elastic waves and propagating in all directions within the 

material. The source of AE events may come from natural 

phenomena (earthquakes, rock bursts) [1], deformation 
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processes [2], crack propagation [3], damage mechanisms 

in composite structure [4], etc. These AE waves are usually 

captured by sensors which convert the mechanical 

disturbance on the contact surface into a voltage-time 

waveform signal, providing information about the location 

and characteristics of AE events. The detection process of 

AE signals is described by the measurement chain 

illustrated in Figure 1. According to this, an AE signal in 

time domain S(t) is obtained by the convolution ( ) of the 

characteristics of all elements in the measurement chain, 

from excitation source F(t), propagation medium G(t), 

coupling conditions C(t) and sensor transfer function H(t), 

and acquisition system A(t) as Eqn. (1): 

 

Figure 1. Measurement chain used for detection of 

AE waves. 

         (1) 

The main scientific obstacles in enhancing our 

understanding of AE results lies in comprehending how 

the signal evolves from the excitation source to the 

obtained signal that highly dependent on the 

measurement chain configurations, such as excitation 

source mechanisms [5-6], structure and material 

properties, observation distance and direction [12-14], 

and sensors characteristics and its coupling conditions 

[15]. Piezoelectric sensors are widely used in AE testing 

due to their high sensitivity and affordability; however, 

their transfer function varies significantly based on 

sensor type, structure, and operating frequency [16-17]. 

These significant influences of the measurement chain 

configuration lead greater challenges when determining 

a robust correlation between AE signal characteristics 

and their respective actual excitation mechanisms. 

Addressing these challenges requires a well-defined 

characterization of each element in the measurement 

chain, which can be achieved through an effective 

combination of numerical and experimental approaches. 

For this purpose, studies should be carried out with 

configurations that include well-defined source 

mechanisms and propagation medium properties, 

facilitating a more straightforward analysis of the other 

elements in the measurement chain. With the rapid 

advancements in science and technology, numerical 

simulation tools have become essential and widely used 

by researchers to analyze the complex interactions and 

propagation of AE waves. Several mechanisms, 

simplified from AE events, have been used in 

simulations involving changes in applied force, 

displacement, or released energy over a very short 

excitation time. For instance,  pencil-lead breaks sources 

are used to validate numerical results against 

experimental data, supporting the modeling of conical 

sensors, and considering the influence of geometrical 

specimen on AE signal characteristics [8, 18]. Moreover, 

glass tube fracture sources have been modeled and 

applied in research calibration processes for AE sensors 

[10, 16]. The mechanical impact sources are used to 

investigate the boundary reflection conditions and sensor 

characteristics in detecting AE wave propagation [19].  

Another AE source mechanism consists of using a laser 

to generate an ultrasonic excitation that was used to 

obtain the calibration curve of piezoelectric sensors [20]. 

Furthermore, an artificial source generated by an AE 

sensor directly excited by an electrical pulse is also used 

in numerical research to study the complex behavior of 

piezoelectric conversion in AE sensors, as well as the 

influence of factors related to the propagation mediums 

of AE waves [14, 21]. Compared to other sources, the 

one generated by transmitting sensors offers higher 

reproducibility through control of the electrical pulse 

configuration, while also facilitating a better 

understanding of the electrical-mechanical conversion 

process, known as the sensor's response, thus 

contributing to successful sensor modeling in numerical 

approaches. The sensor’s response is influenced not only 

by the sensor's geometry and the spatial variations across 

the sensor surface but also on the operating frequency, 

known as aperture effect [7, 21-22]. To the best of our 

knowledge, there has been limited exploration in 

literature regarding the precise determination of the 

response of transmitting sensors and its application in 

numerical studies to examine the influence of the AE 

measurement chain. 

In this study, the source mechanism from AE sensors in 

terms of the normal velocity response was first 

characterized by using a laser vibrometer.  Two types of 

sensors were used, including a resonant sensor, R15α, 

and a wideband sensor, F15α (from Physical Acoustics, 

USA). The influences of aperture effect on the response 
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of each sensor were investigated. Next, 3D models 

incorporating these mechanisms were developed to study 

the wave propagation and the influence of the 

measurement chain. The simulation results were 

validated with experiments to verify the accuracy of the 

modelling parameters and setup. Finally, the impact of 

contact surface conditions on the amplitude of the sensor 

response was taken into account to enhance the accuracy 

of the simulation results. 

2. MEASUREMENT OF THE SENSOR’S 

RESPONSE 

The vibration velocity responses across the active surface of 

sensors are non-uniform due to the aperture effect. To 

demonstrate this, a simplified model of the velocity 

response assumes that the variation across different 

positions on the sensor surface can be represented by the 

maximal velocity response usually measured at the center 

region of the surface, vcenter(t), multiplied by a k parameter 

as shown in Eqn. (2) [7]. 

                           (2) 

Where S denotes the contact surface area of sensor, k(r) is 

called the aperture effect function of the sensor and is a real 

number ranging from 0 to 1. This parameter represents the 

sensitivity of the normal vibration velocity at a position 

located at radius r, relative to its value at the center region 

of the sensor surface. In this study, two types of AE sensors 

were utilized: the narrowband resonance sensor, type R15α, 

with an operating frequency range from 50 kHz to 400 kHz, 

and the wideband flat frequency sensor, type F15α, with an 

operating frequency range from 100 kHz to 450 kHz.  

Figure 2 shows the setup of the testing for measuring AE 

sensor response in terms of normal vibration velocity on its 

active surface. The acquisition includes an OFV-505 sensor 

head connected to an OFV-5000 vibrometer controller 

which was set with a VD-09 decoder board, and bandpass 

filter from 100 Hz to 1 MHz adapted to AE wave 

characteristics [1]. Ultrasonic excitation was obtained using 

a UTC110 system (MISTRAS, France), controlled through 

the EuroScan V software. AE sensors were fixed on a 

displacement system by plastic clamping units. The 

measurements on the active surface of the sensors were 

conducted along the centerline with a spacing of 200 μm 

between each point. The experimental data from the tests 

were processed using MATLAB® with a 4th-order 

Butterworth low-pass filter as in [18], with a cutoff 

frequency of 500 kHz adapted to operating frequency 
ranges of used sensors. 

 

Figure 2. Test layout for measuring sensor’s 

response in term of normal vibration velocity. 

3. 3D MODELS OF WAVE PROPAGATION 

3D models incorporating source mechanisms generated by 

transmitting sensors’ response were established 

simultaneously by experiment and simulation as shown in 

Figure 3 a, and b, respectively. In the case of experiment, 

the same acquisition system as previous measurements 

were used to capture normal velocity of AE waves within 

an aluminum plate of dimensions 500 mm x 500 mm x 

2mm. The AE sensor was mounted on the specimen surface 

by a thin layer of silicon glue. After several tests to 

determine the optimal excitation parameters, an excitation 

pulse with 100 volts and a rise time of 700 ns was applied 

to the AE sensor. The signals were obtained at two 

positions located at 30 mm and 90 mm as distances from 

sensors. A finite element approach was conducted by using 

the software COMSOL Multiphysics® through module 

“Solid Mechanics (Elastic waves)”. The setup includes a 

3D aluminum plate dimensioning 250 x 300 x 2 mm with 

its properties referred to [8]. The low-reflection conditions 

were applied to minimize the effects of reflected waves 

adapted to free conditions of wave propagation in larger 

geometry as experimental condition. The source from 

transmitting sensors were set on its contact surface using 

velocity response according to Eqn. (2) based on 

experimental results. Several tests were performed to 

determine the convergence of mesh element size and 

critical timestep. Based on these findings, the element size 

of 1 mm, corresponding timestep of 0.15 µs were chosen, 

offering a good compromise with computational time. On 

the other hand, a linear combination of mass and stiffness 

matrices were applied considering the attenuation of wave 

amplitude during propagating. Here, α and β are the mass 
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and stiffness proportionality coefficients, as known as 

Rayleigh damping coefficients. Both AE sensors used with 

operating frequency range less than 500 kHz, so the impact 

of β (mostly in high frequency) is neglected. Only α is 

applied (in low frequency), set to 30000, adapting with a 

damping factor of 0.002 at maximum frequency of 1 MHz 

based on experimental results. 

 

Figure 3. 3D models of wave propagation used for 

experiment (a) and simulation (b). 

4. RESULTS AND DISCUSSION 

4.1 Sensor surface velocity response and aperture 

effects 

4.1.1 Sensor velocity response of sensors 

The results in the response of two sensors at the surface 

center in terms of normal vibration velocity are illustrated in 

Figure 4. The normal velocity response varies significantly 

depending on the sensor type, affecting both waveform and 

its amplitude. The R15α resonant sensor shows higher 

sensitivity in peak velocity compared to the F15α wideband 

sensor, measuring 4.5 mm/s and 3.4 mm/s, respectively. 

Due to the inherent characteristics of resonant sensors, the 

R15α can maintain oscillations with minimal excitation 

energy, resulting in extended signal retention and higher 

amplitude responses compared to the F15α sensor.  

 

Figure 4. The velocity response measured at the 

center of surface for R15α (a) and F15α (b) sensors. 

4.1.2 Peak velocity response across entire sensor surface 

Figure 5 shows the results of peak velocity response 

across full measured diameter on active surface of both 

sensors. The standard deviation of peak velocity across 

32 consecutive measurements remained below 0.1 mm/s 

(less than 3% of the max values) in most cases, 

demonstrating high reliability of tests. It can observe that 

the obtained peak velocity tends to exhibit symmetry 

along the centerline of the sensor's active surface. The 

results indicate that the peak velocity response varies 

with position on the sensor's contact surface, with higher 

values at the central region and decreasing towards the 

edges, depending on the sensor type. This is consistent 

with previous tests conducted on the µ80 sensor [22]. 

These findings highlight the influence of the aperture 

effect on the response of the AE sensors. 

 

Figure 5. Peak normal velocity of the sensor 

response measured by laser vibrometer. 

4.1.3 Aperture effect function of sensors 

The k(r) factor, representing the influence of the aperture 

effect (Eqn. (2)), is illustrated in Figure 6. The analysis 

focuses on half of the sensor surface, taking into account 

its symmetrical response along the centerline. Here, the 

k(r) values were determined by normalizing the peak 

velocity at a given position r with respect to the 

maximum peak velocity response measured at the central 

region, followed by smoothing using a Savitzky-Golay 

filter [23]. For the R15α sensor, the highest k(r) value 

was found at the center, gradually decreasing toward 

edges of the sensor. Conversely, the F15α sensor 

exhibited a more uniform distribution, with k(r) values 

ranging between 0.93 and 1 over a central region 

extending up to 4 mm. These findings indicate that the 

peak amplitude variation across the sensor surface does 

not follow a simple uniform decay, as previously 
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assumed [7], but rather depends on both sensor 

characteristics and radial position r. The observed 

variations can be attributed to the aperture effect, which 

influences the sensor’s transmitting transfer function, 

with dependencies on spatial positioning and operating 

frequency [7, 21-22]. This study enhances the 

understanding of how AE sensors convert electrical 

excitation into mechanical vibrations, providing valuable 

insights into source identification using transmitting 

sensors, contributing directly to accurate numerical 

sensor modeling, and the characterization of AE sensor 

transfer functions. 

 

Figure 6. The values of k(r) as aperture effect 

function for both sensors. 

4.2 AE wave propagation modelling 

4.2.1 Excitation source mechanisms caused by AE sensors 

 

Figure 7. Source mechanisms generated by AE 

sensor response applying to numerical models. 

The excitation source mechanisms generated by the 

transmitting sensor response for the R15α and F15α sensors 

are illustrated in Figure 7. These results were calculated 

using Eqn. (2), considering the sensor response at the center 

of the surface and its aperture function, which were applied 

for simulation. 

4.2.2 Comparison of experimental and numerical results in 

both time and frequency domains 

To match the configuration of the laser vibrometer in the 

testing setup, a 4th-order Butterworth bandpass filter (100 

Hz – 1 MHz) was applied to the numerical results. 

Validation was performed by comparing the simulated and 

experimental normal velocity waveforms in the time 

domain and their corresponding FFTs, as shown in Figures 

8 and 9, respectively, at observation points 30 mm and 90 

mm away. Overall, the results show strong agreement 

across both domains.  In order to quantify this agreement, 

the Pearson's correlation coefficient [24-25] was calculated 

for the full signal duration, a 30 µs window from the onset 

(limited between two vertical dash line), and the FFT 

results, summarized in Table 1. It is noted that a maximum 

correlation coefficient of 1 indicates a perfect positive 

correlation, -1 represents a perfect negative correlation, and 

0 indicates no correlation. In all cases, the correlation 

coefficient ranged from 0.61 to 0.8 for the full signal, from 

0.56 to 0.78 for the 30 µs window, and remained around 

0.85 for the FFT results. These values align well with 

previous studies on AE wave modeling from pencil-lead 

breaks [9, 43]. A slight discrepancy in peak velocity was 

observed for the F15α sensor, with a difference of 1.3 mm/s 

at 30 mm and 0.3 mm/s at 90 mm, while for R15α sensor it 

is negligible. In the frequency domain, the R15α sensor 

results closely matched in both peak frequency and 

magnitude, while the F15α sensor showed a deviation of 

approximately 35 kHz and 10 dB, respectively. These 

differences might be caused by variations in sensor contact 

conditions during measurements and validation, as 

previously discussed in [21] and further discussions in the 

final section. A strong agreement between the experimental 

and simulation results validated the accuracy of the 

proposed numerical model, the calibrated excitation source 

mechanism from the transmitting sensors’ responses and its 

aperture effect, and its application to AE wave propagation. 

Table 1. Summary of the correlation coefficients of 

validated results. 

Sensors R15α F15α 

Positions 30 mm 90 mm 30 mm 90 mm 

Full duration 0.61 0.8 0.63 0.62 

Within 30 µs 0.56 0.78 0.73 0.72 

FFT 0.86 0.86 0.85 0.84 
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Figure 8. Validated results for the normal velocity of 

AE wave propagation generated by the response of 

R15α (a) and F15α (b) sensors. 

 

Figure 9. Validated results for FFT transformation of 

the AE wave propagation generated by response of 

R15α (a) and F15α (b) sensors. For vertical axis, 0 

dB is referenced at 1 V/(mm/s). 

4.2.3 . Consideration of the influence of sensor contact 

conditions 

 

Figure 10. Validated results of normal velocity 

signals, accounting for the influence of the loss factor 

due to different sensor surface contact conditions, for 

R15α (a) and F15α (b) sensors. 

As mentioned previously, differences in sensor’s contact 

conditions may explain the slightly higher peak velocity 

and FFT magnitude observed in the simulation compared to 

the experiment in the near field. In sensor response 

measurements, the transmitting sensor's active surface was 

in free contact with air, whereas in the validation tests, it 

was in loaded contact with the specimen surface through a 

thin layer of silicon glue. In free contact conditions, the 

large impedance mismatch between the sensor and air could 

lead to increased oscillation energy at the surface, 

potentially enhancing resonance effects. In contrast, under 

loaded contact conditions, the smaller impedance mismatch, 

along with the applied pressure and coupling, resulted in 

smoother vibrations with lower amplitudes [21]. To account 

for the reduction in sensor response amplitude due to 

contact condition changes, a constant correction factor was 

introduced to improve simulation accuracy. Numerical 

simulations were conducted to evaluate the impact of 

different amplitude loss factors on the velocity response of 

transmitting sensors. The findings indicate that applying a 

loss factor of 0.7 improves agreement between simulated 

and experimental results. The damping coefficient α was 

recalculated and set to 12000 corresponding to the 

incorporating losing factor and its impact on the excitation 
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source's maximum amplitude. The final normal velocity 

signals are presented in Figure 10, comparing the original 

simulation (black dotted line), the simulation with a 0.7 loss 

factor (red line), and the experimental results (solid black 

line). Applying the loss factor improved the alignment 

between simulation and experiment, with a maximum error 

below 0.5 mm/s for the F15α sensor, while maintaining 

similar accuracy for the R15α sensor. 

5. CONCLUSION 

In this study, the normal velocity response on the active 

surface of two types of piezoelectric AE sensors was 

analyzed: the R15α, a narrowband resonant sensor, and the 

F15α, a wideband sensor with a flat frequency response. 

Additionally, 3D models were developed to simulate AE 

wave propagation generated by the response of transmitting 

sensors within an aluminum plate. To begin with, the results 

indicated that the normal velocity response is not uniform 

across the sensor surface and decreases toward the edges of 

the surface. Resonant sensors exhibited higher energy, with 

maximum sensitivity concentrated in a small central region 

of the surface, whereas wideband sensors showed lower 

energy but distributed peak sensitivity over a broader area. 

The study further examined k(r) as a function of the 

aperture effect, emphasizing the effects of sensor geometry, 

spatial variations, and operating frequency in shaping the 

peak normal velocity response. These findings provide 

valuable insights into AE sensor behavior, enabling 

improved sensor modeling in numerical methods without 

requiring detailed physical geometry. On the other hand, a 

very good agreement was observed between simulation and 

experimental results in both time and frequency domains, 

validating the accuracy of the numerical approach. To 

address variations in sensor response amplitude due to 

different coupling conditions, a loss factor was introduced, 

refining the simulation accuracy by accounting for changes 

from free contact (air) to loaded contact (specimen surface). 

These results contribute to a more comprehensive 

understanding of signal transformation from the source 

mechanism through wave propagation to the acquisition 

system, supporting the development of an improved AE 

measurement framework. 
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