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Abstract 

Any analysis of continuous acoustic emission (AE) waveforms requires wideband AE sensors with a flat 

response curve, mainly because the characteristics of the measured processes are usually in the frequency 

domain. This paper presents a short description of the theory and basic principles of a broadband AE sensor. 

Most attention is given to the design of a new type of broadband sensors with pyramidal active elements; in this 

context, the authors describe the relation between the element dimensions, electrical impedance measured by an 

impedance analyser, and frequency response measured for the surface Rayleigh wave calibration. 
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1.  Introduction 
The utilisation of a continuous acoustic emission signal as a diagnostic signal requires using 

broadband sensors. The main part of the information carried by a continuous AE signal 

actually lies in in the spectral area, by contrast to a pulse emission used, for instance, to detect 

and locate cracks. A continuous AE signal can be employed for multiple purposes, inclusive 

of the following operations or processes: contactless measurement of distance based on 

changing the character of the AE signal generated during the outflow of a medium through a 

defined aperture; measurement of flow rates in one-phase and two-phase media; diagnosing 

the quality of heat transfer surfaces; and monitoring phase changes or friction. Regarding all 

the aforementioned applications, an important parameter, apart from the signal energy, 

consisted also in the power spectral density [1]. 

Given the necessary reproducibility of the experiments, the frequency characteristics of the 

used sensors should be known and repeatedly verified. Our laboratory utilises two basic 

calibration methods, namely the reciprocity technique according to NDIS 2109 [2] and the 

step function procedure based on ASTM E 1106 [3]. 

The reciprocity approach requires three reversible sensors that do not need to be calibrated in 

advance. The result is the amplitude and phase of frequency transmission of all the three 

sensors. Three values of voltage and three values of current for each frequency have to be 

measured in the required frequency range during the calibration. The sensors are excited by a 

harmonic pulse whose basic frequencies gradually change during the calibration within the 

required range. A large test block (with a size limited by the lower frequency range) and some 

less common laboratory instruments are needed, including a sensitive current probe. 

The step function procedure exploits the knowledge of the test block surface deflection 

occurring upon the release of a step force acting on a point on the block surface. The 

deflection of the unobstructed test block surface at the location of the calibrated sensor can be 

established via calculation using the theory of elasticity or by means of sufficiently accurate 

measurement with an absolute sensor of deflection exhibiting a known sensitivity; this latter 

approach is based on capacity or optical principles. The step force function is approximated 

by the breaking of a glass capillary having less than 0.2 mm in diameter. The magnitude of 

the force causing the capillary to crack is measured with a strain gauge load cell. 

Generally, there are three main limitations to the calibration of the sensors. First, the 

immediate deflection of the point on the test block surface is a three-dimensional vector, but 

the output of the sensor is scalar in nature; second, the sensor loads the surface of the test 



specimen and affects the measurement result by its mechanical impedance; and third, the 

output signal of the sensor is the function of the deflection of the measured surface, which is 

in contact with the sensor. This function does not only depend on time but also on the size, 

shape, and position of the measurement area of the sensor (aperture effect) [1]. 

 

2.  The Design of Wideband AE Sensors 
Currently, one of the most vital issues related to surface calibration is insufficient sensitivity 

of the sensor at frequencies above 500 kHz, where the aperture effect is rather pronounced in 

common sensing elements. This condition then necessitates the use of wideband sensors with 

a very small contact face. Several variants of piezoelectric sensors are used in practice, and 

the following modifications are generally known: 

The pinducer (Fig. 1) – a commercial wideband sensor with a crystal plate of 2 mm in 

diameter and a connected damper having 50 mm in length. The sensor has a stable frequency 

characteristic within the bandwidth of 0.1 - 2 MHz [4]. 

 
Fig. 1 A broadband AE piezoelectric sensor: the pinducer [4]. 

 

The NBS (NIST) laboratory sensor (Fig. 2) – a modification comprising an active element in 

the shape of a truncated cone of the PZT-5A piezoceramic material polarized in the direction 

of the longitudinal axis. The damping is ensured by a solid cylindrical block of about 40 mm 

in diameter and 25 mm in height. The sensor is sensitive only to normal deflection of the 

tested surface and is broadband without any significant resonances. The sensor transmission 

has been well described and calculated theoretically; for more information please refer to 

sources [5], [6]. 

The AERE Harwell wideband sensor [7] (Fig. 3) – a more robust version of the NBS sensor, 

facilitating outdoor (or extra-laboratory) measurement. A drop-shaped brass block ensures the 

attenuation of waves from the active element. The sensor contains a spring which creates a 

constant pressure between the active element and the specimen surface. The frequency 

characteristic equals up to approximately 2 MHz.  

The variants of broadband sensors based on a cone-shaped active element were analysed by a 

large number of researchers, such as Koberna [8], Glaser [9], Yan [10], Theobald [11], Lee 

[12], and Sebastian [13] (Fig. 4-6). The differences relate mainly to the  method of protecting 

the active element against the surrounding effects, the solution of the attenuation element, or 

adding the excitation option to the sensor. 

 



 

 

 
Fig.2. The NBS/NIST laboratory sensor with 

a conical piezoelement [5]. 

Fig.3 The AERE Harwell sensor [7]. 

 

 
 

 

 

Fig.4 The wideband sensor with a self-calibrating 

 AE energy source[10]. 

Fig.5 The wideband sensor [11]. 

 

 
Fig. 6 The design of a wideband sensor with a miniature piezoelectric conical transducer 

[12]. 

 



 

3.  Alternatives to the wideband AE sensor design 
A sensor with a pyramidal active element was fabricated for the purposes of testing the 

wideband sensor design and understanding the links between the mechanical dimensions, 

electrical parameters, and the resulting frequency response of the wideband AE sensor.  

 

 
Fig. 7 The design of the measured pyramidal active elements. 

 

 
Fig. 8 Photographs of the measured pyramidal active elements. 

 

The pyramidal active elements of the first type were made from thin disc layers with 

conductive electrodes between the discs; the fabrication of the two remaining modifications 

was performed via grinding the original cylindrical element. In the latter versions, we used the 

Noliac NCE51 piezoelectric material, with silver electrodes on the top and bottom. Finally, 

we glued the elements (using the Loctite 3880 conductive adhesive matter) to a brass damper 

of a size conforming to the NBS/NIST design. 

The impedance characteristics of the piezoelectric elements were measured by an Agilent 

E4294A precision impedance analyzer. The frequency response of the AE sensors including 

pyramidal elements was measured via the calibration methods described above, namely the 

reciprocity and step function approaches, which provided similar results. The impedance and 

frequency characteristics (the reciprocity method) for the sensors with a thin-disc sensitive 

element and a pyramidal sensitive element made from one piece are shown in the graphs laid 

out below (Fig. 9; Fig. 10). 



 

 
 

Fig. 9 The impedance characteristics of the thin disc layer elements (top), and the final AE 

sensor frequency characteristics (bottom). 

 



 

 
 

Fig. 10 The impedance characteristics of the dia7-dia2 pyramidal conical element (top), and 

the final AE sensor frequency characteristics (bottom). 

 

 

 

 



4.  Conclusion 
The aim of the experiments is to gain better understanding of how we can achieve a wide 

frequency range while maintaining a high sensor sensitivity. The presented sensors are 

suitable for decreasing the uncertainty with reciprocal calibration, namely for conditions 

where classical wideband sensors with a conical element do not provide the required 

sensitivity, especially at higher frequencies. Our experiments point to the fact that an 

appropriate choice of the element shape can be a defining factor for the resulting frequency 

response of the sensor, but only in one-piece elements without an internal conductive 

electrode. 

Another major result consists in the verification of the applied calibration methods and their 

usability within the frequency range above the natural resonant frequency of the calibrated 

sensor. 
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