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Abstract 
 

We will report on experiment on characterizing AE sensors commonly available and utilized. 
Many AE applications need to detect plate waves, but no calibration scheme for these waves is 
available. We utilized bar waves with a long metal bar and plate waves using a large aluminum 
plate. The waves are excited using a transmitter driven by a fast step pulse of high voltage. 
Displacements of the bar are characterized with a laser interferometer. Displacement signals 
lasting over several hundred µs are generated, and the uniformity across the width is adequate. 
For the plate, ultrasonic transducers are used as reference to obtain power spectra of AE sensors. 
Frequency from 100 kHz to 1 MHz showed some variations in intensity, but the changes are 
smooth enough for characterization purpose. Using FFT, the power spectra of AE sensors were 
obtained. Deconvolution procedures were used, but currently suffer from noise. The plate-wave 
based approach of sensor evaluation better simulates many AE applications and its further 
development is warranted. We also demonstrate that reciprocity calibration methods lack the 
physical foundation of electrical-mechanical reciprocity of transduction because different 
vibration modes of an AE sensor operate in transmitting and receiving waves.  
 
Introduction 
 

In any acoustic emission (AE) work, AE sensors play an important role. It is essential that we 
understand how these are excited and produce outputs. The transfer function describes its input-
output relationship. When we set out to determine the transfer function of piezoelectric AE 
sensors using pulse laser input and measuring the displacement response, we anticipated 
obtaining results in a straightforward fashion. As we reported previously [1], it was anything but 
simple. Piezoelectric AE sensors have complex behavior and we needed to account for the types 
of input waves, even among the normal incident waves detected at the epi-center on the opposite 
face of a plate. With a point-like pulse laser source, spherical waves reach the receiving sensor 
and its response depended on the thickness of the plate, which corresponds to the radius of the 
spherical waves. A broadband ultrasonic transmitter can generate plane (flat wave front) waves 
within the area facing the transmitter. In this case, most AE sensors with disc-shape piezoelectric 
elements and piezoelectric discs themselves responded as dictated by the thickness resonance. 
This offers experimental confirmation of the reverse effect of piezoelectric disc vibration, to 
which a short transient electrical pulse was applied. This result agreed with theory. Sato and 
Yoshida [2] analyzed the transient behavior using the equivalent circuit method and predicted 
alternate polarity pulse with period, T = t/v (t = disc thickness and v = wave velocity). This was 
observed in our experiment. However, no radial resonance was excited in our experiment [1]. 
Since typical AE sensors are designed using radial resonance mode, the characterization with 
plane waves has no practical value despite providing substantive physical insight to sensor 
behaviour. 

In this work, we first give results of measuring temperature dependence of an AE sensor. 
Next, we examine sensor responses to plate- and bar wave excitation. This is expected to lead to 
useful characterization methods applicable to practical AE work. Lastly, we demonstrate that 
reciprocity calibration methods lack the physical foundation of electrical-mechanical reciprocity 
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of transduction. The lack of reciprocity arises from the nature of mode excitation of an AE sensor 
when it is driven electrically or mechanically.  

 
Temperature Dependence of an AE Sensor 
 

We first examined the temperature dependence of an AE sensor. Wang et al. [3] recently 
determined temperature dependence of dij of PZT5H quasi-statically using strain gages over –
120˚ to 80˚C under high electric fields (up to 2 MV/m). Strain coefficient d33 increased and d31 
decreased about a factor of two while d15 increased 3.5 times. The inverse of d33 corresponds to 
AE sensing situation. We measured responses to laser excitation as temperature of a typical 
commercial sensor (PAC R15) was slowly raised after cooling it first to –60˚C using cooled 
nitrogen gas while keeping it sealed inside a glass cylinder. Sensor response to normal incidence 
on the front face was measured from –45˚C to 63˚C, as shown in Fig. 1. This indicates reduced 
sensitivity (in terms of amplitude of the initial two peaks) as temperature increased and the 
decrease was 30% or –3 dB. The present setup measures the equivalent of dynamic 1/d33 response 
and the results are comparable to quasi-static data, which decreased 40% over the same 
temperature range [3]. Wang noted that their results are 50% larger than low field data 
(applicable to AE sensor), so the observed change was actually 26.7%. This implies a good 
agreement with our observation. This relatively small variation in sensor thickness response is in 
accordance with practical experiences.  

 

 
Fig. 1 Response to normally incident laser pulse at various temperatures. PAC R15 sensor. Data 

at 24˚C was the initial test condition before cooling. 
 
 



   

 

 
Fig. 2 Displacement output of FC500 excited by a pulse and its power spectral density. 

 
Plate Wave Experiment 
 

Sensor characterization with plate waves utilized a large aluminum plate, 1230 x 1150 x 12.7 
mm (6061-T6 Al). An ultrasonic transducer (AET FC500; 19-mm element diameter, 2.25 MHz 
nominal resonance) was driven by high-voltage step pulses (up to 285 V, 0.08 µs rise time). 
Surface displacement waveform on the face of FC500 is shown in Fig. 2. The initial fast rise and 
trailing tail over 10 µs resembles a one-sided exponential pulse, which has inverse frequency-
squared (f –2) power spectral density (PDF). The PDF shown in Fig. 2 follows f –2, illustrated by 
the slope of –2. This transducer was mounted to one edge of the plate at the middle position. 
After traveling 400 mm, surface motion was detected using another ultrasonic transducer 
(Aerotech, 5 MHz, 6.4-mm diameter) using 60-dB PAC preamplifier (1220A, 20-1000 kHz 
filter). The output is shown in Fig. 3a, with FFT power spectrum in Fig. 3b. The spectrum 
indicates relatively flat (±6 dB) response over 20 kHz to 1.0 MHz. Since the displacement at the 
sensing position is expected to have f –2-PSD as will be discussed later, the nearly flat PSD 
response appears to arise from the velocity sensitivity of the receiver. When one differentiates a 
harmonic displacement signal, D(t) = A sin(�t), resultant dD(t)/dt contains the proportionality 
with � = 2πf and its power density has f 2-term [4]. Therefore, the sensor response becomes flat 
in frequency. 

The waveform may contain reflected waves beyond 250 µs after the initial arrival (at 210 µs in 
the figure), but these are buried in noise due to heavily damped nature of this receiver and 
damping materials (plumber’s putty) placed on the plate surface beyond 450-mm distance. At 400 
mm from the transmitter, 25-mm off-center position reduced the intensity 1 dB, while the 
corresponding reduction was 3 dB at 100 mm. Thus, the larger distance was chosen even though 
the effect of reflected waves is less at the shorter distance. Without damping, reflected waves 
were usually visible; flexural waves appear to attenuate only ~10 dB/m at >100 kHz and ~4 dB/m 
at 30-60 kHz. Damping adequately reduced higher frequency components, but was ineffective 
<100 kHz.  
 



   

 

 
Fig. 3 a) Surface motion detected by Aerotech, 5-MHz transducer using 60-dB PAC pre-amplifier 

(1220A, 20-1000 kHz filter). b) FFT power spectrum in dB. 
 

By placing an AE sensor on the aluminum plate, its response to arriving waves can be 
determined. Figure 4 shows the power spectral density of four sensors against frequency. R15 
sensor indicates the peak sensitivity at 160 kHz and subsidiary peaks at 250-450 kHz. This is 
similar to PAC’s calibration curve with the sweep-frequency face-to-face method. FC500 sensor 
has peaks at 140, 310 and 625 kHz and dips at 225 and 485 kHz. This sensor had a flat response 
in face-to-face calibration, but the dips appear to result from wave cancellation, as discussed by 
Beattie [4]. Sensing element was 19-mm diameter so flexural waves can provide this effect. For 
Pico and WD sensors, the response curves differ markedly from factory calibration, which 
showed smoother curves. It is possible to subtract the corresponding spectrum of the reference 
Aerotech sensor. However, the nearly flat PSD-response curve allowed omitting this step.  

Effects of reflected waves were minor after adding damping layer on one surface. However, at 
frequency below 100 kHz, these remained clearly visible as shown in Fig. 5 for AET AC30L. 
This sensor has strong responses at 30-60 kHz. Initial weak waves arrived at 62 µs from the 
excitation pulse, indicating the compressional velocity of 6.2 mm/µs. This is followed by So 
Lamb waves at 74 µs and other modes. At 225 µs in Fig. 5, reflected waves started to arrive. Both 
extensional (225-300 µs portion) and flexural (beyond 300 µs) waves were attenuated only 6-7 
dB, but the high frequency components are no longer prominent. 

It is important to note that radial responses of these AE sensors are excited with the present 
plate-wave excitation method. When a sensor is excited using plane-wave input [1] or using spot 
laser excitation as in the previous section, initial sensor response is due to reverberating waves 
between the front and back faces. In the case of AC30L, radial component at 170 kHz was strong 
initially, masking the low-frequency sensitivity obtained by mass-loading effect. 
 



   

 

 
Fig. 4 Responses of AE sensors. a) PAC R15. b) AET FC500, c) PAC Pico, and d) PAC WD. 

 

 
Fig. 5 Bar-wave responses of AE sensor: waveform and PSD for AET AC30L. 

 
The results shown above indicate that the present plate-wave calibration setup provides 

realistic basis for calibrating AE sensors for plate-wave detection applications.  We still need to 
get absolute displacement or velocity responses at the calibration position in order to give the 
procedure the solid basis. One issue is the size of the plate needed. Although the width of the 
plate may be cut in half, the length is still insufficient to eliminate low-frequency reflection. 
However, as long as the complete wave train can be characterized, the entire wave can be used 
for calibration. 

Another aspect of plate wave calibration is the orientation dependence. Some sensors, like 
shear sensors (DECI SH225), have high sensitivity direction. In the case of SH225, it responds to 
waves propagating parallel to the shear sensing direction 7 dB higher than to the normal 
direction. The spectral response was centered at 225 kHz for the parallel direction, but additional 
subsidiary peaks were present for the normal direction.  



   

 
Bar Wave Experiment 
 

We next experimented using long aluminum bars as wave propagation media. In order to 
avoid reflected waves from returning to the calibration position, a longer propagation medium is 
required. However, it is impractical to use wide and long plates.  Hayashi and Tanaka analyzed 
guided waves in rectangular bars using semi-analytical finite element method [5]. They showed 
more numerous modes propagating in a flat Al bar (5 x 100 mm). They also reported that modes 
giving higher surface displacements (on the broad bar face) were those propagating at 3.5 mm/µs 
or higher and having extensional modes.  

In this experiment, we used Al bar with 6.4 x 25.4-mm cross section and 3.66-m long. One 
end was polished and AET FC500 was attached to this end. Again, step-pulse excitation was 
applied. Displacement signals were detected using an interferometer as shown in Fig. 6. At 300 
mm from transmitter, signal intensity decreased 3 dB at 10 mm off-center. At 640 mm, the 
difference between the center and near edge positions was 1 dB and this distance was selected. 
Signals lasted well over 600 µs, indicating the presence of numerous slow-moving modes. The 
main motions corresponded to initial So and stronger flexural modes. 

 

 
Fig. 6 Surface displacement waveforms at 300 and 640 mm from transmitter. Edge position is 

100 mm off-center. 
 

Power spectrum of the displacement signal shown in Fig. 7 has many peaks and valleys. The 
strongest peak appeared at 25 kHz and next strongest was at 330±20 kHz. Generally, the 
envelope of PSD has a decreasing trend of the inverse squared frequency as in the input PSD 
(Fig. 2). From 25-kHz peak to 1 MHz, PSD decreased about 60 dB. Wavelet transform of 
displacement signal is shown in Fig. 8. Effects of dispersion are visible, especially in the 
spreading of signal power over a longer period. Initially, we obtained displacement responses 
(transfer function) of AE sensors placed on the bar at 600 mm using a deconvolution procedure. 
However, signal-to-noise ratio was less than 10 dB and results were noisy. We need a stronger 
pulser to increase the amplitude of surface motion. 



   

 

         
Fig. 7 Power spectrum of the main part of displacement      Fig. 8 Wavelet transform of displace- 
signal at 600 mm.      ment signal at 500 mm. 
 

We then used the same approach used for plate wave experiment. That is, we use a UT sensor 
as a reference standard. In this case, we used a Valpey-Fisher pinducer, which had a flat response 
(±5 dB from 20 to 900 kHz) when placed on FC500 directly. Here, sensor responses on the plate 
and on the bar are compared. Figure 9 shows two cases; Left side compares VF pinducer 
responses while the right side those of PAC S9220. Overall PSD curves are quite similar, 
including the values of PSDs although PSD reduction below 300 kHz was noticeable in both. 
However, on the bar, more peaks and valleys are found. As the aperture is small for the pinducer 
(1.3 mm), additional peaks and valleys may be due to the nature of bar waves. This general 
similarity between the pinducer PSDs indicates that the displacement spectrum on the plate also 
possesses f -2-dependence. Ten other sensors tested also showed good correlation between the 
plate and bar media, indicating the utility of a long bar as calibrating medium. The use of a long 
bar should especially be valuable for the cases of lower frequency sensors since the earliest 
reflection comes back after 1 ms with the 3.7-m length. The handling ease can be improved by 
bending the bar with large curvatures, limiting the overall length to 1 m.  

 

 
Fig. 9  Comparison of PSD spectra of VF pinducer and PAC S9220 sensors on plate and bar. 



   

 
 

Reciprocity Breakdown 
 

Reciprocity AE sensor calibration method has been claimed to be “absolute” [6, 7] and had 
recent follow-up studies [8, 9]. However, the fundamental assumption of sensor reciprocity has 
never been tested or proven experimentally.  

We showed previously [1] and here that normal incidence mechanical pulse input to sensors 
based on piezoelectric discs results in a series of electrical pulses with the interval equaling the 
travel time through the thickness. See Fig. 1 for an example in the case of R15 sensor. This is in 
accord with theory [2]. Radial resonance builds up only after several oscillations [1]. Figure 4(a) 
also shows that the same sensor is most sensitive at 150-kHz radial resonance when excited by 
plate waves. Waveform for this case shows 150-kHz oscillations from the beginning. 

When an electrical pulse is imposed on a disc-based sensor, it responds immediately via radial 
resonance and thickness resonance effects are secondary. Figure 10 shows the displacement 
response of R15 sensor to a fast-rise step electrical pulse; the initial seven cycles average 146 
kHz and PSD at 150 kHz is 24 dB above the thickness resonance frequency of 350 kHz.  These 
findings clearly show the absence of reciprocity. 

 

 
Fig. 10 Displacement response of R15 sensor to a fast-rise step pulse, initial waveform, and PSD 

of displacement waveform. 
 

The same conclusion is reached when we examined the behavior of PAC WD sensor, which 
has three (disc and rings) sensing elements. Figure 11(a) and (b) illustrate the displacement 
response of a WD sensor to electrical pulse of a fast-rise step and its PSD. This was measured by 
a laser interferometer. The low-frequency (30-kHz) oscillations are the strongest when WD was 
electrically driven. When a plane-wave mechanical pulse excited the WD sensor at normal 
incidence [1], its electrical output had much higher frequency contents as shown in Fig. 11(c). No 
reciprocity is observed in this case as well. 

The results given here demonstrate the invalidity of reciprocity calibration for AE sensors [10] 
because such methods disregard the nature and condition of incident waves as well as the waves 
transmitted from the sensors under test. We have previously shown that sensor responses are 
sensitive to the nature of incident waves, so that current standards of sensor calibration based on 
the NIST procedure also need reevaluation. The methods proposed in this work using bar and 
plate as propagating media are promising and worth further development. 

 
Conclusions 

 
We have conducted a series of experiments aided by laser interferometry and conclude that; 

(1) The temperature dependence of an AE sensor is relatively small in thickness-resonance 
response. More systematic evaluation is needed when extreme testing conditions are anticipated. 
(2) Plate-wave and bar-wave calibration schemes work well in characterizing AE sensor under 
realistic plate-wave conditions, which simulate practical AE applications. AE sensor behavior 
was obtained excluding effects of reflected waves in bar-wave setup. 



   

 
(3) Break-down of reciprocity principle is demonstrated for AE sensors, showing that the so-
called reciprocity sensor calibration method lacks foundation. 
 

 
Fig. 11 (a) Displacement response of a WD sensor to a fast-rise step electrical pulse, (b) PSD of 

waveform in (a), (c) WD sensor electrical output due to a displacement pulse input. [1] 
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