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Abstract
The paper contains a brief description of the current state in our calibration facility for the acoustic emission 
sensors. We have implemented the reciprocity method according to the NDIS 2109, ISO/TR 13115, using the 
step function according to ASTM 1106, ISO 12713 and the longitudinal wave calibration according to NPL. The 
greatest attention is given to problems relating to the correct implementation of AE sensor calibration 
methodology. It describes in detail influence of the aperture effect on the frequency response to the Rayleigh 
wave calibration of a wideband sensor. Briefly described is the basic principle and design of a wideband AE 
sensor with a conical active element and frequency characteristics of our reference sensors are specified as 
obtained from all types of absolute calibration for the surface waves and longitudinal waves.
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1.  The development and present state of the laboratory for AE sensor 
calibration at Brno University of Technology

The paper introduction describes the present state of our laboratory for calibration of the 
acoustic emission sensors and the progress of experiments and their results. By stages of 
differing intensity, we have studied the problems relating to sensor calibration since 1995. 
This primarily follows from our laboratory’s field of interest, which is the use of the 
continuous acoustic emission as a diagnostic signal and the relating need to use broadband 
sensors. The main part of the information carried by a continuous AE signal is actually in the 
spectral area, unlike a pulse emission used e.g. to detect and locate cracks. We have used the 
continuous AE signal e.g. in contactless measurements of distance based on the principle of 
change of the character of an AE signal generated during an outflow of a medium through a 
defined aperture, in measurements of flow rates of one-phase and two-phase media, within 
diagnosing the quality of heat transfer surfaces, during the phase changes, friction and 
suchlike. Regarding all the aforementioned applications, an important parameter, apart from 
the signal energy, was also the power spectral density.
Given the needed reproducibility of experiments, the frequency characteristics of the used 
sensors had to be known and repeatedly verified. First there were trials with secondary 
calibration of sensors using a duralumin and steel cone-shaped reflection-free block according 
to ASTM E976, where the source was a spark discharge, fracture of graphite, gas-jet or 
possibly a piezoelectric converter. The results were not very satisfactory, hence a steel 
cylinder of a 900 mm diameter, 430 mm height and 2.5 tonne total mass was procured, with 
the assistance of Vítkovice Ironworks, in 2001. The cylinder was machined in company 
ŽĎAS, the cylinder heads were plane-parallelly ground in and their surface was polished. In 
this way we obtained the essential element to build our facility for calibration of sensors in 
our laboratory.
First the calibration by the reciprocity technique was implemented, according to the Japanese 
standard NDIS 2109 [1]. The technique requires three reversible sensors that do not need to 
be calibrated in advance. The result is the amplitude and the phase of frequency transmission 
of all three sensors. Three values of voltage and three values of current for each frequency 
have to be measured in the required frequency range within the calibration. The sensors are 
excited by a harmonic impulse, whose basic frequencies gradually change during the 
calibration in the required range. A large test block (its size being limited by the lower 
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frequency range) and less common laboratory instrumentation is needed, e.g. a sensitive 
current probe.
The instrumentation then available was used for reciprocity calibration, with an HP89410A 
spectral analyzer and a Tektronix P6022 current probe forming its base. The setup of the 
calibration facility then built is described in the paper presented at EWGAE 2002 [2]. The 
main disadvantage of the performed reciprocity calibration was the time of measurement 
(almost two hours) and the necessary operator’s presence throughout the calibration. 
Therefore the next logical step was an effort to effect automation of the whole calibration 
process. Our colleague ing. Keprt has made a major contribution to achieving progress in this 
area, by extending the set of devices by a three-channel switch with an extremely high 
suppression of mutual cross-talks, enabling automatic “cycling“ of the measured sensors; 
subsequently he effected full automation of the whole calibration process by means of 
software developed in the LabVIEW environment.
The next step involved implementation of primary calibration by applying force in the step 
function according to ASTM E 1106 [3]. This calibration technique is based on the 
knowledge of deflection of a test block surface on releasing a step force acting on a point on 
the block surface. The deflection of an unobstructed surface of the test block in the place of 
the calibrated sensor may be established using the theory of elasticity by calculation or by a 
sufficiently accurate measurement with an absolute sensor of deflection of a known 
sensitivity, based on the capacity or the optical principles. The step force function is 
approximated by the break of a glass capillary of a smaller than 0.2 mm diameter. The 
magnitude of force causing the capillary to crack is measured with a strain gage load cell.
The calibration facility was equipped with a breaking apparatus enabling a defined and 
replicable capillary break, and a reference deflection sensor – a Polytec OFV-5000 laser 
interferometer with OFV-505 optical head and DD-300 ultrasonic module with a 75nm 
working range in a frequency range up to 20 MHz. A detailed description of the calibration 
facility after implementing the calibration using step function was the subject matter of our 
paper at Defektoskopie 2006 [4].
In the following years, several hundred calibrations were made on approximately thirty 
sensors with the aim of localizing and minimizing possible sources of measurement 
uncertainties for both the methods, and comparing their results. Regarding the calibration by 
the step function, the following was studied: the effect of the capillary diameter, the effect of 
the rate of increase of the force needed for the capillary break and the effect of the mutual 
position and orientation of the sensor and the place of source. Regarding the reciprocity 
calibration, the effect of the type and amount of the binding medium, the effect of time 
needed for the sensor to “settle“, mutual distances of the sensors and pressure forces were 
studied. Given the amount of experiments performed it became necessary to replace the 
Agilent spectral analyzer by a National Instruments PXI 5122 digitizer with a much higher 
performance. This has not only reduced the time needed for measurements, but also the 
metrological properties of the complete chain have considerably improved in consequence. 
For the decisive effect on the overall uncertainty of measurement is also produced by the 
noise generated by the measurement devices along with the binding medium. The 
measurement channel noise is critical mainly at the higher frequencies, where the useful 
signal only reaches tens of microvolts. The conclusions on the completed measurements and 
experiments were presented at EWGAE 2008 conference in Krakow [5].
In recent years the software was extended by a routine for calibration uncertainty 
establishment and reciprocity calibration was extended to the case where one of the three 
sensors measured is not reversible. The other methods implemented were those of reciprocity 
calibration by a longitudinal wave according to ISO/TR 13115 and the longitudinal wave 
calibration according to the NPL methodology, presented at EWGAE 2010 by dr. Theobald



[6]. The NPL method is based on the comparison of responses of the reference optical 
interferometer and the tested sensor. We use an Olympus V101 transducer supplied from a 
400V/0,5us impulse generator of an Olympus Epoch 600 ultrasonic defectoscope as a source 
of excitation impulse to generate a longitudinal wave. Surface velocity is measured by a 
Polytec OFV5000 interferometer with an OFV-505 optical head and a VD-02 digital decoder. 
The output signal from the interferometer and from the scanned sensor is digitalized by a PXI 
NI9122 digitizer. The signal is processed by the LabVIEW programme on the PC.

2.  The main issues in relation to sensor calibration

Several basic issues and limitations [7] need to be considered in relation to the calibration of 
sensors and the issue of achievable accuracy and credibility:

1. An immediate deflection of a point on the test block surface is a three-dimensional 
vector, but the output of the sensor is scalar in nature. We can only measure the value 
of voltage or charge. Therefore it is frequently assumed that the output voltage is only 
proportional to the normal component of the surface deflection, which, however, may 
not be true in some cases.

2. The sensor loads the surface of the test specimen and affects the measurement result 
by its mechanical impedance. The interaction of the block impedance and the sensor 
determines the deflection of the sensor measurement area. Both these impedances are 
complex functions depending on frequency and there is no simple method to measure 
them. Therefore it is assumed during calibration that the sensor input is the deflection 
of the unloaded block surface and the sensor – block interaction is disregarded. This is 
of course gross distortion of the actual situation – a sensor placed on the blocks made 
from different materials of different acoustic impedances will have different 
calibration curves. Hence the calibration report always has to specify the material used 
in the calibration. On the other hand, the shape of the sensor’s frequency characteristic 
does not significantly change its character, as it is the difference in impedances of the 
sensor and the measured surface that has the main effect on the general sensitivity of 
the sensor. As a result of reduction of acoustic impedance of the measured surface, the 
output signal of the sensor is also reduced.

3. The output signal of the sensor is the function of 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. This 
significantly affects the characteristic of the sensor within the pass-through
longitudinal calibration. The problem is described in more detail in the following 
chapter.

3.  The aperture effect

The aperture effect caused by the final size of the sensor contact area tends to be frequently 
disregarded. This may only be done, though, if the diameter of the sensing pad is negligible 
compared to the measured wave lengths, or the movement of all points of the sensing pad is in 
phase with the sensor surface. The first assumption is only met for very small diameters of an 
active area of the sensor (max 2-3 mm). The second assumption is only met if a plane wave 
hits the sensor along an axis perpendicular to its surface.
Generally, however, the output of a sensor corresponds with the weighted average of the 
surface deflection under the sensing pad. The practical consequence is that the calibration of a 
sensor differs with different types of the incoming wave (pass-through and surface 
calibrations) and with different propagation velocities of these waves inside the test block.



The following relation can be used to calculate the output voltage of a sensor [7]:
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where
S – surface of the area A, covered by the sensor front,
u(x, y, t) – surface deflection,
r(x, y) – sensor local sensitivity.

Regarding a sensor with a circular sensing area and constant sensitivity over the whole pad, 
the aperture effect anticipates zero sensitivity in the roots of the Bessel function [3] for the 
passing direct wave:

0)(0 kaJ

where k=2f/c [m-1], 
f –  frequency [Hz], 
c – the Rayleigh speed in the test block [m.s-1], 
a – radius of the sensing pad [m].

The following diagrams show the calculated dependence of the ideal sensor sensitivity on the 
frequency of the passing surface wave for various diameters of the sensor front pad and a 
frequency characteristic of an ideal sensor distorted by the aperture effect. The frequency of 
the passing direct wave is plotted in kHz along the horizontal axis, the Rayleigh speed 
selected for the calculation equalled c = 3000 m/s.

Fig.1. Influence of the aperture effect on the sensitivity of an ideal sensor

Fig.2 Influence of the aperture effect on an ideal sensor frequency response



4.  Design of wideband AE sensors

One of the greatest issues in relation to surface calibration today is insufficient sensor 
sensitivity to the frequencies above 500 kHz, where the aperture effect is rather pronounced in 
common sensors. This makes it necessary to use wideband sensors with a very small contact 
face. Several variants of piezoelectric sensors are used in practice. Generally known are the 
following:
Pinducer-like sensor (Fig. 3) – wideband sensor with a PZT disk usually from 1 mm to 2 mm 
diameter and with a 30 - 150 mm long connected damper. The sensor has a stable frequency 
characteristic in the bandwidth of 0.1 - 2 MHz [8]. Sensors are commercially available from 
Valpey-Fisher Corporation.

Fig. 3 Broadband AE piezoelectric sensor, pinducer-like sensor [8]

NBS (NIST) laboratory sensor (Fig. 4) – with an active element in the shape of a truncated 
cone of PZT-5A piezo-ceramic polarized in the direction of the longitudinal axis. The 
damping is ensured by a solid cylindrical block of about 40 mm diameter and 25 mm height. 
The sensor is only sensitive to the normal deflection of the tested surface and is broadband 
without significant resonances. The sensor transmission is well described and calculated in 
theory. For more information please refer to the literature [9], [10].
AERE Harwell wideband sensor [11] (Fig. 5) – a more robust version of a NBS sensor,
allowing for measurement also out of the laboratory. A drop-shaped brass block provides 
attenuation of waves from an 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 approx. 2 MHz. 

Fig.4. NBS/NIST laboratory sensor with 
conical piezoelement [9]

Fig.5 AERE Harwell sensor [11]



The variants of broadband sensors based on a cone-shaped active element were also published 
by e.g. Koberna [12], Glaser [13], Yan [14] Theobald [15], Lee [16], Sebastian [17] and many 
others. The differences relate mainly to the method of protecting the active element against 
the surrounding effects, solution of the attenuation element or adding a possibility of 
excitation to the sensor.

Fig.6 Wideband sensor with self-calibrating
AE energy source[14]

Fig.7 Wideband sensor [15]

Fig. 8 Design of the wideband sensor with miniature piezoelectric conical transducer [16]

5.  Practical realization of a wideband sensor

With regard to practical application of a wideband sensor, the simplest variant – NBS/NIST 
sensor – was chosen. A cone-shaped element from the piezoelectric material 432, with nickel 
electrodes of 1.5 mm and 4 mm base diameters and 2.5 mm height, was glued with Loctite 
3880 conductive adhesive to a brass damper of a size conforming to NBS/NIST.
Fig. 9 represents the sensor construction and a record of the output voltage of the sensor in 
comparison with a surface deflection recorded by a laser interferometer, which shows a very 
good level of consistency. Nonetheless it has been proved with regard to practical usage that it 
is not possible to use the sensor, even in laboratory conditions, for a long period of time, as 
the measured characteristics were changing in relation to time and replicability was also poor. 
This is in all likelihood due to a fuzzy definition of the mechanical and mainly the electrical 
contact of the lower electrode with the specimen surface. For this reason, a more resilient 



variant of the reference sensor was produced in cooperation with the Dakel company. 
The applied model has a piezoelectric cone covered by a thin metal membrane which at the 
same time serves as an electric contact for the lower electrode. 

Fig. 9 Our own production NIST (NBS) sensor and time response (red) to capillary break
compared to laser interferometer response (blue)

Design of the new robust DAKEL AEKON05A reference sensors with conical element and 
frequency characteristics of three sensors are shown in Fig. 10 and. Fig. 11. A frequency 
characteristic is stable up to approx. 400 kHz, beyond that the aperture effect begins to be felt, 
and apparently also the influence of a specific shape of the sensor protective membrane. 
Repeatability of the frequency characteristic is very good.

Fig. 10 Design of the new DAKEL AEKON05A reference sensors with conical element

Frequency dependence of a DAKEL AEKON05A broadband sensor on the longitudinal wave, 
measured with the reciprocity method according to ISO/TR 13115 and measured with the 
NPL methodology are different. The differences in the measured sensitivity are probably 
caused by insufficient sensitivity of our sensors during reciprocity calibration, where the 
excitation sensor cannot stimulate sufficient deflection amplitude on the side of the receiving 
sensor at certain frequencies. The signal to noise ratio is then insufficient for the correct 
assessment of some frequencies for this wideband low sensitive sensors. On the other hand 
for NPL calibration method is insufficient sensitivity and SNR of our reference laser 
interferometer.



Fig. 11 Frequency response of sensitivity to the Rayleigh surface wave for DAKEL 
AEKON05A reference sensor with conical active element measured by reciprocity technique

6. Conclusion

The calibration facility for the acoustic emission sensors is in routine operation, the surface 
calibration by reciprocity method according to ISO 13115 (NDIS 2109) and by step function 
according to ISO 12713 (ASTM 1106) is fully implemented. The facility now has the 
instrumentation available for the ´pass-through´ calibration according to the NPL 
methodology. The facility has further components added in gradual steps, currently the main 
task is to simplify and clearly arrange the cabling and reduce the amount of used components 
and individual devices by creating a compact unit that will contain all the needed supplies, 
filters, amplifiers and switches. A task still unresolved is the replacement of the source for a 
step force function – the capillary break for calibration according to ASTM. An appropriate 
replacement appears to be a generator using a magnetostrictive transducer, which can generate 
very short impulses with outstanding reproducibility and thus may be even better suited than a 
laser impulse used for similar purposes.
As to reciprocity calibration, the greatest issue consists in inadequate sensitivity of sensors 
used in testing for frequencies, where the mutual response between sensors is low. The only 
possible solution would be our own development of sensitive broadband sensors and exciters. 
Another possibility is the use of a power broadband amplifier with adjustable volume, by 
means of which a sufficient distance of the useful signal would be maintained from the 
background noise by increasing the excitation current.
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