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Abstract 

This paper is focused on the calibration of acoustic emission (AE) sensors by means of the reciprocity method. 

Therefore, the problem of the reciprocity criterion in the case of ultrasonic waves in solid is addressed. This 

latter criterion is well established and widely used for the calibration of electro-acoustic transducer. However, 

and despite that the first papers have been published forty years ago, its application in the case of ultrasonic 

wave in solids now raises a number of discussions in the community of acoustic emission. To start with, we 

present a review of the concept of reciprocity since its origin in electromagnetism to its application to electro-

acoustic transducers. We follow a critical analysis on the validity of the reciprocity theorem in the case of AE 

sensors. Next, a new aperture function will be presented. Finally, an original method for shear wave calibration 

of AE sensors will be presented. 
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1. Introduction 
 

The reciprocity method is based upon the reciprocity theorem. In the field of electrical 

networks the following statement can translate the reciprocity theorem: “a given e.m.f. in the 

p-th branch will produce the same current in the q-th branch of a circuit as the same e.m.f. in 

the q-th branch would produce in the p-th branch” [ 1]. As a consequence of the principle of 

electro-mechanical equivalence, this theorem is applied to ultrasonic transducer. 

McLean [ 2] was the first to propose a reciprocity-based technique for the calibration of 

electroacoustic transducers. The reciprocity technique has since then been developed and 

extended to carry out primary calibration of microphones, accelerometers and ultrasonic sonar 

transducers. It appears that this technique can be developed further to carry out calibration of 

transducers operating on an isotropic solid medium [ 3], and in particular for acoustic emission 

sensors as first proposed formally by Hatano [ 4]. 

The basic principle of the reciprocity calibration method is that three transducers, all of which 

are uncalibrated, are used as emitter and receiver successively. The basic experimental 

arrangement is shown in Figure 1.
 
 

The conditions of validity of this method are defined as follows: 

- AE sensors are assumed linear and reversible 

- The coupling of the sensors must be reproducible (defined materials, constant 

thickness) [ 5] 

- The propagation medium is free of interference referred to the wave (attenuation, 

reflections, conversions ...)  

 

As shown in Figure 1, reciprocity calibration process consists of three steps. Each step 

involves two sensors: the emitter and the receiver. At each step current absorbed by the 

emitting sensor and voltage across the receiving sensor are measured. The sequence is 

repeated for the three AE sensors pairs. 
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Finally, computation performed on the measured voltages and currents yields the sensitivities 

of all three sensors. The reciprocity calibration process is relatively straightforward. The 

receiving sensitivity of sensor 2 can be written as: 

  
where H is the reciprocity parameter. H is frequency dependent and is defined as the ratio M/S 

for a given transducer. M is the receiving sensitivity of the transducer, and S the emitting 

sensitivity of the transducer. In this paper we review the theoretical basis of the reciprocity 

parameter and reciprocity calibration of AE sensors. 

 
Using this methodology, we obtain the the reception sensitivity curve of the sensor to be 

calibrated with a reproducibility on the sensitivity to the resonant frequency of the order of 

2dB, with some limitations: 

- Only the surface wave response is available in the frequency band of 50 kHz to 1 MHz 

- Some difficulties remain to calibrate sensors low frequencies 

For what concerns Rayleigh waves calibration, our results are consistent with those obtained 

by the original work of Hatano [ 6] and those recently shown by other research teams [ 7- 9]  

 

This article is divided into three parts. The first section discusses the question of reciprocity 

criterion in the case of AE sensors. Then follows the introduction of a new aperture function. 

Finally, an original method for shear wave (S-wave) calibration of AE sensors will be 

presented. 

 

2. The reciprocity parameter 

 
To give a proper definition of the reciprocity parameter is not a simple task. Generally, the 

reciprocity parameter is defined by either quoting an equation or quoting a definition, neither 

of which gives any physical insight into the meaning of the parameter. The literature on 

acoustic reciprocity calibration is also confusing although the measurement procedure is 

relatively straightforward. 

To our knowledge the only theoretical work on the reciprocity method in the case of acoustic 

transducer is owed to Bobber [ 10]. He showed that the reciprocity parameter can be expressed 

as the ratio of acoustic volume velocity to the mean pressure at the face of the transducer. He 

also proved that the reciprocity parameter is actually the transfer admittance of the medium. 



He deduced from that, reciprocity parameter for: (i) spherical wave, (ii) plane wave, (iii) 

acoustic couplers, (iv) diffused sound, (v) tubes. 

Bobber's conclusions are relevant to the case of transducers totally immersed in fluid medium. 

Since in standard operation AE sensors are stuck to the external surface of solid medium, how 

reciprocity parameter can be derived? 

Hill and Adams [ 5] gave the answer to that question, by defining AE measurement procedure 

in terms of transfer functions. Dimensional analysis of the equations obtained yields that the 

medium is excited by a surface velocity. Hill and Adams noted that this observation is 

consistent with the transformation of electrical to acoustical quantities. Most of the theories 

relating to the calibration of ultrasonic transducers in fluid use volume velocity for the source 

output and acoustic pressure as the received quantity. However, Hill and Adams have shown  

that other input and output quantities are possible. Among these possibilities, the ratio 

Velocity/Force is indicated for AE sensors. As a result R-wave reciprocity parameter is 

obtained from the basic theory of surface wave propagation on a semi-infinite half space – 

Lamb [ 11]. Hill and Adams showed that the reciprocity parameter is derived by considering a 

point force driving the surface, yielding vertical velocity a distance d away. This definition is 

the starting point for the finite element simulations we conducted in our laboratory. However, 

the results are not consistent with the conclusions of Hill and Adams. Further investigations 

are currently conducted. Various expressions of the reciprocity parameter according to the 

type of wave and the propagation medium are summarized in Table 1, all coming from [ 12] 

except for S-ware. In that particular case, we simply propose to adopt the same definition as 

for L-waves but replacing the expression of longitudinal wave velocity by the shear wave 

velocity. 

Table 1: Expressions of reciprocity parameter 

 

Medium Geometrical arrangement Reciprocity Parameter H 

Fluid 

Spherical wave 

 

Plane wave 

 

Solid 

Rayleigh wave (R-wave) 

 

Longitudinal wave (L-wave) 

 

Shear wave (S-wave) 

 

d is the propagation path distance, ρ is the material density, f is the calibration frequency, C is the 

compliance of coupling medium, K and Y are numerical solutions to Lamb's equation for specific 

values of Poisson's ratio, σ is the material Poisson's ratio, E is Young's modulus. 



So far we have pointed the question of the definition of the reciprocity parameter. Now, it is 

necessary to make some special remarks about the fulfillment of the reciprocity criterion in 

the case of AE sensors. 

The case of bulk waves (e.g. L-wave) is handled in Bobber's paper. In that case the reciprocity 

criterion is met for AE sensors. In the case of surface wave (R-wave), a phenomenon, called 

the aperture effect, makes possible the existence of frequencies, at which the sensor response 

is null. Thus, for those cutoff frequencies, the sensor can emit but cannot hear anything. 

Consequently reciprocity is not met. 

We discussed the definition of the reciprocity parameter. Bobber defined a general reciprocity 

parameter for electro-acoustical transducer. Hill and Adams have defined the reciprocity 

parameter for AE sensors calibration. Although AE sensors in L-wave configuration met the 

reciprocity criterion, it is not the case for R-wave configuration due to aperture effect. In the 

next section we shall go into more details about the aperture function. First, a classical 

approach will be used to define it. Next, a new aperture function based on an original 

approach will be presented. 

 

3. The aperture effect 

 
Let us consider a wave, propagating on the surface of a propagation medium. An AE sensor is 

positioned on the propagation medium. When the sensor is submitted to the wave, the normal 

vibration velocity at each point of its face is not uniform. It can be derived that the voltage 

across the sensor is proportional to the average vibration velocity. Such average depends on 

the wavelength of the incident wave and the sensor diameter. This phenomenon is called the 

aperture effect. The aperture effect acts as a filter applied to the R-wave sensitivity of the 

sensor. It can be shown that removing the aperture effect from R-wave sensitivity yields L-

wave sensitivity. 

In a paper published in 2003, Goujon [ 13] proposed an aperture function. He made the 

assumption that the local sensitivity at sensor face is uniform. The resulting aperture function 

is shown in Figure 3. Cutoff frequencies can be seen in the sensor bandwidth. 

The fundamental difference between the new approach presented here and the one of Goujon 

is that we take into account the local sensitivity at the sensor surface. A protocol to establish 

such local sensitivity has been designed. To start with, the local velocity of the surface of the 

emitting sensor is measured. Figure 2 shows the result obtained for a typical commercial AE 

sensor: PAC µ80. The tests consisted of sending short current bursts at AE sensor. Sending a 

short electrical burst allows driving the transducer with a broadband excitation. The velocity 

of each point of the sensor surface is then measured by a laser velocimeter, and its Fourier 

spectrum is measured. It can be seen in Figure 2 that the local velocity at the sensor surface is 

far from being uniform. As an example, this figure shows the velocity profile extracted from 

300 kHz component, which corresponds to the central frequency of the resonant transducer. 

The local sensitivity at the sensor face is derived from the local velocity measured. A 

proportionality relation is assumed between those quantities. 



 

The local velocity at sensor surface is then extracted and normalized. Next the results for each 

frequency in the frequency band of interest are injected in the computation of the aperture 

function. Finally the resulting aperture function is shown in Figure 3 and referred as 

Monnier's aperture function [ 14]. 

The consequences of this observation are twofold. First, the absence of cutoff frequencies is 

in favor of compliance toward the criterion of reciprocity. Also as we expected, as shown in 

Figure 4, correcting the R-wave sensitivity with the new aperture function yields a sensitivity 

quite close to the L-wave sensitivity. 

In the previous section we mentioned that aperture effect undermines the reciprocity criterion. 

With the new aperture function we showed that L-wave sensitivity can be derived from R-

wave sensitivity. In other words R-wave configuration for AE sensor meets reciprocity 

criterion. 

 

 

Figure 2: Local velocity at the sensor face. 

Figure 3: Comparison of Goujon's aperture function and Monnier's. 



 

4. Shear wave calibration of AE sensors 

 
To our knowledge there are no previous attempts of S-wave calibration of AE sensors. Our 

first attempt was the classic arrangement for reciprocity calibration: three AE sensors and a 

propagating medium. The experimental arrangement is the same as the one Hatano used for 

L-wave calibration of AE sensors in [ 15]. With that method, it is possible to detect S-wave 

but it is not possible to isolate it from the whole signal. Indeed S-wave is partly buried in the 

preceding L-wave. To workaround that issue, two of the AE sensors have been replaced by 

normal incidence S-wave transducers: Panametrics V151. As S-wave calibration requires 

repeatable sensor coupling, a solid cement was used to validate the method. For practical 

reasons, namely to ease the sensor repositioning, a thick couplant was also used. This shear 

wave couplant from Sofranel showed good repeatability and produced comparable result to 

the one that was get from the use of the cement. 

As shown in Figure 5 the L-wave component became negligible compared to S-wave. Before 

computations the L-wave component is removed by proper windowing. 

Conventional hardware has been used for the calibration. Current is sent to the emitting 

sensor by means of the Agilent 33210A arbitrary waveform generator. Philips PM9355  

current probe/amplifier is used to measure current absorbed by the emetting sensor. Bruel & 

Kjaer 2638 amplifier is used to preamplify the voltage across the receiving transducer. 

Finally, voltage and current are recorded by a Tektronix Tds-340 oscilloscope. Signals are 

recorded with 512 averages. 7. 

Figure 4: Aperture effect correction of R-wave sensitivity and 

comparison with L-wave. 



 

What can be observed in Figure 6 is the comparison between L-wave and S-wave 

sensitivities. It appears that the S-wave sensitivity is 15 dB below L-wave sensitivity. 

However both sensivities have the same evolution. Tests were conducted with other sensors 

and different coupling fluids but this trend is confirmed. 

S-wave AE calibration is a prime. We proposed a method with one AE sensor and two normal 

incidence S-wave transducer. Obtained results have demonstrated the technical feasibility of 

that method. It is also important to note that S-wave sensitivity and L-wave sensitivity are 

linked. As a result, relying on R-wave sensitivity and the aperture function, one can derive L-

wave sensitivity and finally S-wave sensitivity. 

 

 

Figure 5: S-wave calibration : The current through the emitter and 

voltage across the AE sensor. 

Figure 6: S-wave calibration : comparison with L-wave sensitivity. 



5. Conclusion 

 
Although proper definition of the reciprocity parameter is not a simple task, the objective of 

this paper was to present elements that are essential to a better understanding of the 

reciprocity parameter. First we have seen that Bobber's conclusions give physical insight to 

the definition of this parameter and that Hill and Adams extended it to AE sensors calibration. 

Next we presented a new aperture function. We have seen that aperture effect correction of R-

wave sensitivity can be used to derive L-wave sensitivity. Finally, an original method for S-

wave calibration of AE sensors has been presented. The first results showed that it might be 

possible to derive S-wave sensitivity from L-wave sensitivity. As a result it can be infer that 

knowledge of R-wave sensitivity is sufficient for the complete characterization of AE sensors. 
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