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Abstract 
 

This paper reports on experiment on characterizing AE sensors commonly available and util-
ized. 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-down pulse of 
high voltage. Displacements of the bar are characterized with a laser interferometer. Displace-
ment 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 20 kHz to 1 MHz showed substantial 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 tried, but currently suffer from noise. 
The bar-wave based approach of sensor evaluation better simulates many AE applications and its 
further development is warranted.  
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1. 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 sen-
sors using pulse laser input and measuring the displacement response, we anticipated obtaining 
results in a straightforward fashion. As we reported previously [1, 2], 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 epicenter on the opposite face of a 
plate. With a point-like pulse laser source, spherical waves reach the receiving sensor and its re-
sponse 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 near-field region. Strictly, these waves should be called quasi-plane 
waves as diffraction effects produce non-uniform intensity distribution within the near-field re-
gion. 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 confirma-
tion 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 [3] 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, 2]. Since typical AE sensors are designed using ra-
dial resonance mode, the characterization with plane waves has no practical value despite provid-
ing substantive physical insight to sensor behavior. 

 
In this work, we first report sensor responses to plate- and bar-wave excitation. This is ex-

pected to lead to useful characterization methods applicable to practical AE work. This is  
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followed by evaluation of sources of out-of-plane displacement using an ultrasonic transmitter. 
This is used to examine sensor responses to plane wave input, but buffer plate thickness has un-
expected effect that needs to be studied further, making the use of transfer function approach 
even more restrictive than previously reported [1]. Lastly, we report additional findings that raise 
serious questions on AE sensor calibration methods as currently practiced. 

  

	  
Fig. 1 Displacement output of FC500 excited by a pulse and its power spectral density. 

 
2. 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-down pulses (385 V step maximum, 0.04-
0.08 µs rise time). Surface displacement waveform on the face of FC500 was measured using a 
laser interferometer and is shown in Fig. 1. The initial fast rise and trailing tail over 10 µs resem-
bles a one-sided exponential pulse, which has inverse frequency-squared (f –2) power spectral 
density (PSD). The PSD shown in Fig. 1 follows f –2, illustrated by the slope of –2. The trailing 
part is due to the radial response of the transmitter and has center frequency of 25 kHs. The peak 
displacement in Fig. 1 corresponds to 31 nm (100 mV interferometer output = 1 nm).  

 
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. 2a, with FFT power spectrum in Fig. 2b. 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(ωt), resultant dD(t)/dt contains the proportionality with ω = 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 
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dB/m at 30-60 kHz. Damping adequately reduced higher frequency components, but was ineffec-
tive at lower frequency below 100 kHz.  
	  

	  
Fig. 2 a) Surface motion detected by Aerotech, 5-MHz transducer using 60-dB PAC pre-
amplifier (1220A, 20-1200 kHz filter). b) FFT spectrum in dB scale.  
	  

By placing an AE sensor on the aluminum plate, its response to arriving waves can be deter-
mined. Figure 3 shows the power spectral density of four sensors (in dB scale) against frequency. 
The sensitivity of these sensors is to be compared directly to the reference (Aerotech) sensor. No 
spectrum subtraction is performed. R15 sensor indicates the peak sensitivity at 160 kHz and sub-
sidiary 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. These spectra (Figs. 2-4) were obtained using AEWin 
software.  

 
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. 4 for AET AC30L. 
This sensor has strong responses at 30-60 kHz. Initial weak waves arrived at 62 µs from the exci-
tation pulse, indicating the longitudinal wave velocity of 6.2 mm/µs. This is followed by So 
Lamb waves at 74 µs and other modes. At 225 µs in Fig. 4, 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. 
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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 fast 
rise-time spot laser excitation, 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. 3 FFT results of AE sensors. a) PAC R15. b) AET FC500, c) PAC Pico, and d) PAC WD. 
	  

	  
Fig. 4 Plate-wave responses of AE sensor: waveform and FFT for AET AC30L. 
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The results shown above indicate that the present plate-wave calibration setup provides real-
istic 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 proce-
dure 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 calibra-
tion. Even the plate size used here is large for its handling, two to three times longer plates would 
present a difficulty. 

 
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 direc-
tion. The spectral response was centered at 225 kHz for the parallel direction, but additional sub-
sidiary peaks were present for the normal direction.  
 
3. 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), but some modes are similar to 
plate waves of the same thickness. They also reported that modes giving higher surface dis-
placements (on the broad bar face) were those propagating at 3.5 mm/µs or higher and having 
extensional modes.  

 
Here, we used 6061Al bars with 6.4 x 25.4-mm cross section and 3.66-m long, either straight 

or bent into a coil with large radii and a 700-mm long flat section. Shorter bars were also used in 
trials. One end was polished and AET FC500 was attached to this end. Again, step-pulse excita-
tion was applied. Displacement signals were detected using an interferometer as shown in Fig. 5. 
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 se-
lected. Signals lasted well over 600 µ s, indicating the presence of numerous slow-moving 
modes. The main motions corresponded to initial So and stronger flexural modes. Reflection can 
be ignored as it returns only after 1 ms or more and attenuated fully with plumber’s putty. 

	  
Fig. 5 Surface displacement waveforms at 300 and 640 mm from transmitter. Edge position is 
100 mm off-center. 
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Power spectrum density of the displacement signal shown in Fig. 6 has many peaks and val-
leys. The strongest peak appeared at 25 kHz and next strongest was at 330±20 kHz. Generally, 
the envelope of PSD has a decreasing trend, similar to the inverse frequency squared, found in 
the input PSD (Fig. 1). From 25-kHz peak to 1 MHz, PSD decreased about 30 dB. (Note here 
that dB scale for power has the multiplier of 10.) Wavelet transform of displacement signal is 
shown in Fig. 7. Effects of dispersion are visible, especially in the spreading of signal power 
over a longer period. Initially, we determined the transfer functions of AE sensors placed on the 
bar at 600 mm using deconvolution. However, signal-to-noise ratio was less than 10 dB and re-
sults were noisy. We need a stronger pulser to increase the amplitude of surface motion. 

 

    
Fig. 6 Power spectrum of the main part of displacement      Fig. 7 Wavelet transform of displace- 
signal at 600 mm.      ment signal at 500 mm. 
 

 
Fig. 8 Effect of smoothing filter on displacement signals at 600 mm (280-µs segment). 

 
We then examined effects of propagation distance systematically. Because of 10-20 dB dips 

observed in the spectra, a smoothing filter was applied, as given below; 

 fi = [ fi+n
n=−2

2

∑ ] / ( n +1)  

where fi is the ith component of power spectral density. This reduced large dips, yet preserved 
most peaks and valleys observed. Effect of smoothing filter on the power spectral density of dis-
placement signals at 600 mm can be seen in Fig. 8. All subsequent spectra are treated with this 
filter. Increasing n value to 3 improved the smoothness slightly, but visibly affected peak height.  
The smoothed PSD were used in a partial deconvolution scheme (ignoring phase data) to obtain 
sensor PSD responses by the frequency-domain divisions; i.e., by subtracting logarithmic values 
of displacement PSD from the corresponding signal PSD values of AE sensor under test.  
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Figure 9 show smoothed power spectra of the main part of displacement signals at 100 mm to 
600 mm. Left figure is for the distance of 100 to 300 mm over 0-500 kHz and right figure is for 
the distance of 400 to 600 mm over 0-1 MHz, respectively. The delay of signal arrival was un-
compensated and resulted in some loss of 330-380 kHz components for 600-mm result (signal 
used was the segment from 110 to 300 µs). Otherwise, the overall trend of inverse frequency-
squared is carried over from 100 mm to 600 mm data, although it is obvious that oscillations are 
larger at shorter distances of 100 and 200 mm. In all distances, peaks exist at 25 kHz and around 
300 kHz. As noted elsewhere, the 25-kHz peak comes from the radial resonance of FC500. 
 

 
Fig. 9 Power spectral density of the main part of displacement signals at 100 to 300 mm (left); 
Same for the data taken at 400 to 600 mm (right). 
 

 
Fig. 10 AE sensor output due to displacement signal on the aluminum bar. R15, 600 mm. 

 
 As the first step, we placed a PAC R15 sensor at the positions where displacement signals 
were recorded; i.e., at 100 to 600 mm from the transmitting FC500, driven by step-down pulses. 
An example waveform taken at 600 mm is shown in Fig. 10, which displays output signal from 
100 to 250 µs. Here, R15 output was directly fed to a digital oscilloscope at 1 M-ohm input im-
pedance and digitized at 20-ns interval, as was the case for the interferometer output. The wave-
form shows So-arrival at 110 µs, followed by Ao-mode at 170 µs. The latter appears about 10% 
faster than expected in an Al plate of the same thickness, while the So-arrival corresponds to 5.45 
mm/µs speed in agreement with the So-mode in a plate. The sensor response was obtained by the 
frequency-domain division of the sensor power spectral density by displacement power spectral 
density using the subtraction of respective logarithms at each frequency. Results were converted 
to dB scale by multiplying 10 as these are power spectra. Figure 11 plots the obtained spectra for 
an R15 sensor, where six graphs are given representing the data at various distances. The dis-
tance values in mm are noted with each figure. 
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Fig. 11 Power spectral density (PSD) representing the sensitivity of an R15 sensor. Vertical scale 
is in dB relative to the displacement spectra. Horizontal axis: 0 – 1 MHz. 
 

The variation of the sensitivity spectra of the R15 is remarkably small; All six show the main 
peak frequency at 159 kHz and similar peak height (27±1 dB). A few secondary peaks also ap-
pear at same frequencies. The main peak seems to be excited by the So-mode waves at 130-160 
µs, while Ao-mode (170-250 µs) contribute to slightly higher frequency (~200 kHz) output. A 
peak at ~580 kHz seems to exhibits large variation in amplitude and this may be related to a 
spectral scatter in the displacement spectra. This near independence on the propagation distance 
on the bar indicates that even though the displacement spectra show large changes as a function 
of distance, the spectral division method can be utilized to obtain the sensor spectrum. 

 
Comparing Fig. 11 to the plate calibration result in Fig. 3, one notes the similar main peak 

position, but secondary peaks have slightly different frequencies and varying relative peak 
heights. A peak does seem to exist near 600 kHz, as observed in Fig. 11. Since the reference 
spectrum used in the plate method needs further verification, we have to wait for assessing corre-
lation of the two methods. 

 
The use of a shorter propagation distance, like 300 mm, is advantageous as one can use a 

shorter overall length. A comparison between spectra taken at 300 and 600 mm is favorable in 
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using the shorter bar. However, the structure of peaks with 600-mm distance appears more natu-
ral and is expected to be more representative of the true spectrum. Use of bent bar shape reduces 
the need to carry a long bar and improves the convenience factor. 

 
The sensor calibration curves from the manufacturers are not useful in our discussion here as 

almost all of them are obtained by a face-to-face method. The waves we use are plate or bar 
waves propagating some distance from a source. Still, the peak resonance frequency of R15 
matches what was found in Fig. 11. Since the reference data we utilize is displacement meas-
urement, the sensitivity has the basic dimension of sensor output voltage per displacement or 
V/m. However, both are expressed in power spectral density and results are given non-
dimensionally in relative dB values. Here, it is noted that 10-nm displacement is detected as 1.0 
V interferometer output. Thus, 0 dB is nominally 1-V sensor output per 10-nm displacement. 
Further study is needed to verify the absolute calibration scale in our case because the sensor re-
sponse must be integrated over the sensing surface, whereas the displacement was taken at a 
point. 

 

 
Fig. 12 The power spectral density of six broadband sensors. a) V101; b) V103; c) V112; d) 
B1080; e) Pinducer; f) WD. See text for details on sensors. PSD in dB vs. frequency (0-1 MHz). 
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Bar-Wave Calibration of AE Sensors 
 
Using the method described in the previous section, we determined sensor responses from a 

number of sensors from various manufacturers. These include broadband types, such as 
Panametrics V101, V103 and V112; Digital Wave B1080; Valpey-Fisher Pinducer (VP-1093); 
PAC WD and S9208. Miniature sensors include: PAC S9220, Pico, HD50 and conventional 
resonant sensors include: Dunegan S140B, AET AC30L, MAC175L and AC375L; PAC R3 and 
R6. Results are given in the following figures and appropriate discussion will be provided. Most 
data was taken at 600 mm propagation distance. When two curves are show, blue curve was 
taken at 300 mm, while red curve was at 600 mm. We anticipate the 600-mm data is the more 
reliable spectrum. However, these all show that 300-mm data is quite good approximation for the 
600-mm data and may be substituted for field use, for example. 

 
Figure 12 shows the power density spectra of six broadband sensors. First three are well-

damped ultrasonic transducers (UT).  Some of them, like V103 has been widely used in concrete 
and geotechnical applications [6, 7]. B1080 has an integral FET and shows higher sensitivity. 
Pinducer has perhaps the smallest aperture size (of 1.3 mm diameter) among AE sensors with the  
highest sensor-element frequency (10 MHz), but requires care to mount it. PAC WD is a popular 
broadband sensor based on multiple sensor elements. 

 
These six sensors have broadband response, but can hardly be called flat frequency response. 

In detecting propagating bar waves, it is inevitable that geometrical cancellation occurs, explain-
ing some of the dips in the observed spectra. Figure 12 a) and b) show peaked nature most 
strongly. These Panametrics UT sensors are difficult to even classify as broadband with a series 
of distinct frequency peaks. V112 (Fig. 12 c) may be called broadband with the sensitivity range  

 
Fig. 13 The power spectral density of a displacement and three small sensors. a) S9208; b) 
S9220; c) HD50; d) Pico. PSD in dB vs. frequency (0-1 MHz). 
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of only ±5 dB albeit with many peaks and valleys. B1080 is similar to V112, but sensitivity 
variation is greater. Among the six, Pinducer (Fig. 12 e) is the smoothest, but it also suffers from 
non-flatness of the spectrum. WD (Fig. 12 f) was designed to have multiple resonances and gives 
good sensitivity at the designated frequencies even without integral FET. 
 
 Figure 13 a) shows the sensitivity of a displacement sensor (S9208). When used in the bar-
wave detection, this has two distinct peaks and becomes similar to any common resonant sen-
sors. Three other sensors have small sizes. In particular, Pico (Fig. 13 d) has been used often as a 
broadband detector, even though manufacturer calibration showed a broad peak at ~500 kHz. 
The present result indicates its response from 150 to 900 kHz is closer to flatness than any other 
we tested. S9220 does have good high frequency response in the bar-wave condition, but not to 
the extent shown by the manufacturer calibration. 
 

 
Fig. 14 The power density spectra of six conventional AE sensors. a) AC30L; b) R3; c) R6; d) 
S140B; e) MAC175L; f) AC375L. See text for further identification of sensors. PSD in dB vs. 
frequency (0-1 MHz). 
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 Figure 14 shows the spectra of six resonant sensors, commonly used in AE testing. They all 
show good sensitivity at the peak frequencies. (Except for R3 and R6, these are vintage sensors, 
all 20-30 years old. Additionally, AC30L was slightly lower as it had been subjected to shock-
wave testing.) Again, these show quite different characteristics in comparison to the manufac-
turer’s face-to-face calibration curves, as expected. It may be noted that even though some of the 
sensors have similar element sizes, expected geometrical cancellations do not manifest them-
selves. We may need to reexamine this aspect more carefully. 
 
 When R15, S140B and MAC175 are compared, one finds a large variation in spectral re-
sponse in terms of the sharpness of the main peak and the location and height of secondary 
peaks. All of them have piezoelectric ceramic disks around 12 mm in diameter and 6 mm thick 
and the differences arise from backing and case design.  One may think of them as a group of 
nearly identical sensors, but each of them provides unique characteristics. 
 
 The low-frequency sensors (AC30L, R3 and R6) appear to rely on mass-loading effect to ob-
tain the low-frequency resonance. In order to monitor low-frequency AE signals, Fig. 14 clearly 
demonstrates the need of low-pass filtering the natural resonance response of the sensing piezoe-
lectric element, as manufacturers often omit the high frequency responses of these sensors. 
 
 From the results described here, the bar-wave calibration method provides sensor calibration 
for common measurement needs.  It does require an access to a laser interferometer, but once the 
bent bar setup with a transmitter is characterized it can be taken to field since it is transportable.  
Additional work is needed for getting averaged displacement history (or velocity) covering an 
area of typical AE sensor faces. Comparison with the results using a velocity-sensitive interfer-
ometer should shed light on the nature of sensor responses. 
 
4. Related Experiments on Sensor Characterization 
 
Out-of-plane sources 
 In characterizing AE sensors using normally incident waves, we reported previously a useful 
setup of using a UT sensor as a transmitter, coupled to a plate [1].  This complements another 
source using a YAG laser as a point-like source [8]. The latter was also used in NPL study [9] 
and generates spherical waves at the surface where a sensor-under-test is placed.  Our setup with 
a UT transmitter produces waves closer to planar wavefront due to a larger size of the source. 
We typically utilize 19-mm diameter FC500 sensor (AET).  In the previous study, we used Al 
plates of two thickness, 25 mm and 100 mm. We added 12.5 mm Al and 11.7-mm and 48-mm 
thick PMMA plates here and obtained the out-of-plane displacement at the epicenter position. 
The pulser was the same as before, supplying 280 V step-down pulses (40 ns rise time). 
 
 Displacement waveforms obtained on the face of FC500 (shown in Fig. 1, but expanded the 
initial part here) and those after passing various thickness plates are shown in Figs. 15 and 16. 
The steepest part of the waveforms remains essentially unchanged, but the trailing part varies 
systematically with increasing thickness of buffer plate.  As can be seen in both figures, the dis-
placement starts to decrease more rapidly as the thickness of the buffer plate becomes larger. 
This sharpens the initial broad pulse that lasted over 10 µs into a narrower pulse. With 100-mm 
Al plate, the unipolar initial pulse has an extrapolated base width of 0.6 µs [1], while the use of 
48-mm PMMA plate produced a pulse width of 2 µs at base. At medium thickness, Figs. 15 b, c 
and 16 b show double-peak shapes, although the second peaks are broader than the first peaks. 
Higher frequency components are dictated by the initial fast-rising part of the displacement and 
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Fig. 15 Displacement waveforms from FC500 transmitter directly or with Al buffer plate. a) Di-
rect, b) with 12.5 mm Al plate, c) with 25 mm Al plate, d) with 100 mm Al plate. 
 

 
 
Fig. 16 Displacement waveforms from FC500 transmitter directly or with PMMA buffer plate. a) 
Direct, b) with 11.7 mm PMMA plate, c) with 48 mm Al plate, d) same over longer period. 
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produce useful out-of-plane calibration sources at different thickness. Larger thickness reduces 
the displacement amplitude, especially for Al plates but less so for PMMA, but it acts to separate 
the radial component of 25 kHz that propagates at shear wave speed. With 48-mm PMMA, the 
shear waves arrive at 36.5 (=65–28.5) µs while the main out-of-plane displacement step arrives 
at 18 (=46.5–28.5) µs.  
 
 By placing a sensor-under-test at the epicenter position, we can get the sensor response. As 
reported previously [1, 8], the transfer function of a sensor can be determined or the frequency 
response obtained using the same procedure described in the previous two sections of this paper.  
Actually, this is partly identical to one of the procedures described in ASTM E-976-10 standard, 
except E976-10 does not utilize direct optical measurements. By adding the use of modern opti-
cal instrumentation, the standard E-976-10 procedures acquire the physical foundation. This is 
urgently recommended. 
 
Buffer plate effects 
 Because the steep initial parts of the displacement pulses observed after passing buffer plates 
of varying properties and thickness remain basically unchanged, sensor responses at varying 
thickness should be similar. However, this was not the case for the reason to be discussed in this 
section.  First, we report changes in the responding waveforms produced by sensors as the thick-
ness of buffer plates increases.  
 

 
Fig. 17 Output waveforms from a Pinducer. a) face-to-face to FC500 transmitter, b) after passing 
12.5-mm PMMA buffer plate and c) after passing 51-mm PMMA. 
 
 The first example is given in Fig. 17, which shows the output waveforms from a Pinducer 
with a 1.3-mm aperture size; a) face-to-face to FC500 transmitter, b) after passing 12.5-mm 
PMMA buffer plate and c) after passing 51-mm PMMA. The Pinducer was directly connected to 
a digitizer input (1 M-ohms impedance).  The response to direct acoustic coupling to FC500 was 
a negative-going unipolar pulse, as shown in Fig. 17 a). As the thickness of the buffer plate in-
creases, the Pinducer output changes to bipolar, as can be seen in Fig. 17 b) and c). The ampli-
tude ratio of the second (positive) to first (negative) peaks was 0.58 or 0.6.  It is noted that the 
shape of the first pulse is similar to the direct pulse even after passing PMMA plates; only the 
second peak height grew with increasing plate thickness. This behavior was observed with dif-
ferent combination of plate material (Al, PMMA and steel) and thickness (up to 154 mm was 
used). 
 
 Next two examples are shown in Fig. 18, where V103 sensor was used with Al and steel 
plates. We used this sensor because Manthei used a capillary break to show its apparent velocity 
response behavior [7]. In both, the left-most curve is for face-to-face to FC500 transmitter.  
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Figure 18 a) shows the changes due to increasing Al plate thickness (data for 13.1 to 46 mm 
shown). The amplitude ratio of the second-to-first peaks increased from near zero to 0.34 and 
0.93 and, at 154-mm thickness, it was 0.87. Similar trend was found with steel plate (25-mm 
thickness, Fig. 18 b) and the amplitude ratio was 0.78. The amplitude ratio of the peaks grows 
linearly at first and tends to saturate at 0.6, 0.8 and 0.9 for PMMA, steel and Al plates. The satu-
ration is reached at about 25 mm for steel and Al, and for PMMA at 40~50 mm.  Again, the peak 
shape remains almost identical independent of the thickness. In case of Al plates, the first peak 
width is slightly reduced when the pulse became bipolar; i.e., after passing 25 mm of Al. In all 
cases, the bipolar pulse is not the result of differentiation of the initial unipolar pulse because the 
pulse width did not decrease substantially. A slight decrease of pulse width (20-30%) can be seen 
in Figs. 17 and 18. This implies that we cannot use the bipolar pulse as an indication of the ve-
locity response of a sensor. 
 

(a) 

(b) 
Fig. 18. a) Output waveforms from V103 sensor. Face-to-face to FC500 transmitter, after passing 
13.1, 25.1 and 46.2-mm Al buffer plates. b) Same after passing 25.0-mm steel. 
 
 In order to examine whether the medium has an effect on the observed shape change, we 
used immersion test method with water as transferring medium. The results for Pinducer are 
given in Fig. 19. The face-to-face data is similar to Fig. 17 a) with the peak amplitude of –0.4 V. 
Figures 19 a) and b) correspond to water paths of 9.0 and 20.0 mm. Both show the bipolar nature 
in contrast to the unipolar nature of direct contact data (Fig. 17 a). Thus, the presence or absence 
of shear waves is not a factor in the shape change behavior. Immersion test results for larger di-
ameter UT sensors with water path of 51 mm are shown in Fig. 20. For V103 (12.7-mm diame-
ter), the second peak height now is larger than the first (Fig. 20 a), while the amplitude ratio for 
FC 500 (19-mm diameter) is almost unity (0.98). Thus, the unipolar to bipolar transition in pulse 
shape is observed regardless of receiver aperture size. Note that in the immersion tests of three 
different sensors, the rise time was unchanged as was the case of contact testing. 
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Fig. 19. a) Immersion tests for Pinducer. Water path of 9 mm. b) Same as a), but with 20-mm 
water path. FC500 transmitter was used. 
 

 
Fig. 20. a) Immersion test for V103 receiver. Water path of 51 mm. b) Same for FC500 receiver, 
51-mm water path. FC500 transmitter was used. 
 
 It was noted that a similar waveform change results from band-pass filtering of a unipolar 
pulse, as shown in Fig. 21. Here, a signal from V112 was generated by FC500 transmitter, face-
to-face (Fig. 21 a) and was fed to a PAC 2/4/6 preamplifier (20-1200 kHz filter, gain at 20 dB). 
The output is shown in Fig. 21 b), and has the bipolar nature. Because of the lower input imped-
ance of 2/4/6, actual amplification is 3.15x, much less than the nominal value of 10x, and the po-
larity was reversed. Obviously, this indicates that cutting off high and low frequency components 
produces a similar effect on waveforms, adding the trailing half cycle to a unipolar pulse (ampli-
tude ratio = 0.46) and increasing the pulse width slightly. Naturally, the similarity of pulse shape 
change is in form only and based on an unrelated physical phenomenon.  

 
Fig. 21. a) Output from V112 receiver into high impedance input; FC500 transmitter. b) Output 
in a) passed through PAC 2/4/6 preamplifier at 20 dB gain with 20-1200 kHz filter. 
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 Next, we examined the PSD of full- and half-cycle sinusoidal pulses, as shown in Fig. 22. 
The two pulses compared have 1-V peak amplitude with periods of 2 µs and 1 µs, respectively 
(Fig. 22 a); 4 µs-portion shown, 10 ns interval, 8192 points). Their FFT are shown in Fig. 22 b). 
The comparison yields the decreasing low-frequency components of the full-cycle pulse, with 
similar high-frequency responses. The PSD value decreased 10 dB going from 400 to 25 kHz. 
Thus, the pulse shape transition reflects the loss of low-frequency components, or from high-pass 
filtering in electrical circuits. Obviously, this arises from the presence of dc component in the 
unipolar half-cycle pulse. 

 
Fig. 22 a) Full- and half-cycle sinusoidal pulses, 1 Vp. b) PSD of the two pulses. 

 
 It has become apparent that the buffer plates exert similar influence on the frequency spectra 
of the displacement pulse generated by an UT transmitter. Up to now, the similarity of the initial 
fast-varying segments was assumed to provide the similarity in PSD. From the above result, such 
an assumption is untenable.  Figure 23 illustrates the PSD of six displacement waveforms, given 
in Figs. 15 and 16. We used 160 µs segment for this calculation (20 ns interval, 8192 points) and 
the same spectral smoothing filter was applied as before.  
 

 
Fig. 23 a) PSD of displacement signals with Al plates, shown in Fig. 15. 160 µs long segment. b) 
Same for signals with PMMA plates, shown in Fig. 16. PSD for FC500 direct and with 100-mm 
Al plate shown in both for comparison. 
 
 PSD results show clearly higher attenuation of the low-frequency components. In the case of 
Al buffer plates, PSD difference at 1 MHz is 17 dB for 100-mm plate and the difference becomes 
28 dB at 200 kHz and 32 dB at 20 kHz, respectively. Similarly, for 48-mm PMMA plate, PSD 
difference at 1 MHz is 2 dB and the difference becomes 10 dB at 200 kHz and 12 dB at 20 kHz, 
respectively.  Such differences in PSD are adequate to produce the observed changes in received 
waveforms from unipolar to bipolar pulse shape.  Consequently, the unipolar responses of AE 
sensors, such as Pinducer and V103, can be concluded to be due to their displacement responses. 
The apparent velocity response of V103, as reported by Manthei [7], arises from the differential 
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attenuation of the low-frequency components in the buffer plate, and it is not from the inherent 
sensor behavior.  
 
 The observed differential attenuation of the low-frequency components in buffer plates can-
not be attributed to the material absorption because such attenuation is higher at higher fre-
quency. This effect is instead due to the directivity of the waves generated by the transmitter. It 
is well known that a circular piston radiator (or a piezoelectric disk transducer) has the angle of 
beam spread, θ = sin-1 (λ/D), with λ = wavelength and D = disk diameter [10]. Here, the trans-
mitter (FC500) has D = 19 mm. In Al, θ = 22º at 1 MHz, but λ ~ D when the frequency becomes 
300 kHz, implying θ = 90º. The equation for the beam spread cannot apply at such large angles, 
but the beam tends to become omni-directional. The beam spread is less in PMMA and water, 
but the trend of larger θ is unchanged. In PMMA, wave velocity is 2.67 µs/mm and λ ~ D at 140 
kHz.  
 
 The present finding points to another problem in AE sensor calibration guidelines per ASTM 
E-976-10. In particular, arbitrary choice of buffer plate thickness must be narrowed and the pre-
sumed flatness of transmitter PSD must be replaced by the measured PSD using an independent 
instrumentation, such as optical interferometers.  
 
Radial mode excitation 
 It has been well known that the radial resonance of piezoelectric disks provided the founda-
tion of most widely used AE sensors, such as S140B, AC175, R15 and more recently VS150. In 
Sec. 3, we showed one of them, R15, responds with the peak frequency of 159 kHz with bar-
wave excitation. In a previous study [1], we showed that the same sensor does not exhibit this 
radial resonance until 10+ µs after the initial longitudinal wave arrival (as shown in Fig. 24 c). 
Initial response of R15 is due to the thickness reverberation, in agreement with theory [1, 3]. In 
contrast, when this sensor is excited face-to-face with a broadband transmitter (FC500, Fig. 1), it 
responds immediately from the beginning at the radial resonance frequency (see Fig. 24 a).  This 
excitation of the radial mode comes from the radial vibration of the transmitter, FC500.  The ra-
dial motion measured on FC500 under pulse excitation is shown in Fig. 25, where part (a) gives 
details of setup using an interferometer. A small metal block is glued to the face just outside the 
piezoelectric element and the measuring laser beam was focused at 1-mm height. Figure 25 b) 
shows the waveform of the radial (or shear) motion, which has 20.4 kHz resonance frequency 
(the first cycle was at 36 kHz). This radial motion excites the radial resonance of a disk trans-
ducer and generates the main peak of sensors such as R15. When R15 is coupled to a Pinducer, 
the thickness response is detected clearly (see Fig. 24 b), but the 159-kHz component (6.3 µs pe-
riod) is difficult to discern. 
 
 Using S140B, the same face-to-face result was found, showing the radial resonance (Fig. 26 
a). When S140B was immersed in a water tank and was separated by 51 mm from FC500 trans-
mitter, only the thickness resonance response is clearly visible. Water effectively eliminates the 
shear motion generated at the transmitter. 
 
 This observation on radial motion also has practical significance in sensor calibration. It is 
normal for a sensor manufacturer to provide a calibration curve obtained by the face-to-face cali-
bration method as described in ASTM E-976-10. This standard specifies a transmitter of 2.25-5 
MHz UT sensor of 1.25-cm or larger diameter with face-to-face arrangement or through a metal 
buffer plate or block. Such a condition does excite sensor resonances and provides a measure of 
AE sensor sensitivity. However, the lack of specifics of this procedure contributes to the varia-
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tions in measuring the sensor response and it is highly doubtful that AE sensor sensitivity can 
refer to normal incidence acoustic waves or to any physically measurable standards. As shown in 
Fig. 15, displacement waveforms depend on the buffer plate thickness (also PSD, see Fig. 23).  
 

 
Fig. 24. a) R15 face-to-face with FC500 transmitter. b) R15 face-to-face with Pinducer. c) R15 
excited by FC500 transmitter via 100-mm Al buffer plate [same as Fig. 16 of ref. 1]. 

 
Fig. 25. a) Measurement setup of FC500 radial displacement using an interferometer. b) Dis-
placement waveform, excited by a step-down pulse. 
 
 These can be used to convert ASTM E-976-10 procedures into absolute measurement stan-
dard, not just relative guidelines. Since E-976-10 does not specify the metal plate thickness, 
moreover, the arrivals of longitudinal and shear wave components can be separated differently. 
In Fig. 16 d), for example, the shear components arrive 30 µs after the longitudinal waves for 48-
mm PMMA and for the case of 100-mm Al plate, the delay is also about 30 µs (not shown in 
Fig. 15 d). This gives different responses compared to the face-to-face arrangement, where radial 
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transmitter motion arrives instantaneously. Conversely, the use of face-to-face calibration excites 
the radial resonance of the sensor-under-test. Thus, the method no longer can refer to the “sound 
pressure” as has been assumed commonly. Therefore, both of these issues further necessitate the 
revision of E-976-10 procedures in addition to the problems raised earlier. 
 

 
Fig. 26. a) S140B face-to-face with FC500 transmitter. b) Immersion test of S140B with 51-mm 
water path. 
 
Reciprocity Breakdown 

Reciprocity AE sensor calibration method has been claimed to be “absolute” [11–13] and had 
recent follow-up studies [14, 15]. 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 disks results in a series of electrical pulses with the interval equaling the 
travel time through the thickness. See Fig. 24 c) for an example in the case of R15 sensor or Fig. 
26 b) for S140B. This is in accord with theory [3]. Radial resonance builds up only after several 
oscillations [1]. Figure 11 also shows that the same sensor, R15, is most sensitive at 159-kHz 
radial resonance when excited by bar waves.  

 

Fig. 27 Displacement response of R15 sensor to a fast-rise step pulse, initial part of the same 
waveform, and PSD of displacement waveform. 
 

When an electrical pulse is imposed on a disc-based sensor, it responds immediately via ra-
dial resonance and thickness resonance effects are secondary. Figure 27 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. 

 
The same conclusion is reached when we examined the behavior of PAC WD sensor, which 

has three (disc and rings) sensing elements. Figures 28 a) and b) illustrate the displacement  
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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 inci-
dence [1], its electrical output had much higher frequency contents as shown in Fig. 28 c). No 
reciprocity is observed in this case as well. 

 

 
Fig. 28 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] 
 

The results given here demonstrate the invalidity of reciprocity calibration for AE sensors 
[13] 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 (such as ASTM E-1106-10) also need reevaluation. The methods pro-
posed in this work using bar and plate as the propagating media are promising and worth con-
ducting further development. 

 
5. Conclusions 

 
We have conducted a series of experiment for AE sensor characterization aided by laser inter-

ferometry and conclude that; 
 

(1) 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 the bar-wave setup, which is the most prom-
ising because of its direct traceability to displacement measurements and of its portability. 
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 (2) Out-of-plane sources using a UT sensor as a transmitter with or without a buffer plate are 
characterized. Systematic thickness effect on detected sensor output is noted and is attributed to 
the frequency-dependent directivity of transmitted ultrasonic beams. Shear motion also plays a 
significant role in exciting AE sensor resonances of radial mode. 
 
(3) Break-down of reciprocity principle is demonstrated for AE sensors, showing that the so-
called reciprocity sensor calibration method lacks foundation. 
 
(4) Sensor calibration guide, ASTM E976-10, should be revised because of demonstrated vari-
ability of PSD as a function of buffer block thickness.  Radial motion of transmitter also must be 
accounted for in the revised procedure. 
  
Acknowledgment 
 

One of the authors acknowledges fruitful discussion with Dr. A.G. Beattie.  
 

References 
 
[1] Ono, K., Cho, H. and Matsuo, T., J. Acoustic Emission, 26, 72-90 (2008). 
[2] Ono, K., Cho, H. and Matsuo, T., “Bar-Wave Calibration of Practical AE Sensors”, Proc. 
EWGAE 29, Vienna, (2010) p. 426. 
[3] Sato M. and Yoshida, Y., J. Acoustical Soc. Japan, 53 (11), 857-863, (1997). 
[4] Beattie, A.G., J. Acoustic Emission, 2 (1/2), 95-128 (1983). 
[5] Hayashi, T., Tanaka, T., Proc. Japan Soc. Mech. Engr., 72 (717), 743-748 (2006). 
[6] Katsaga, T. and Young, R.P., J. Acoustic Emission, 25, 294-307 (2007). 
[7] Manthei, G., Bull. Seism. Soc. America, 95 (5), (2005) 1674-1700; “Characterization of 
Broadband Acoustic Emission Sensors”, Proc. EWGAE 29, Vienna, (2010) p. 435. 
[8] Ono, K., Cho, H. and Matsuo, T., Proc. EWGAE 28, Krakow (2008), p. 25. 
[9] Theobald, P., and Pocklington, R., Proc. EWGAE 29, Vienna, (2010), p. 406. 
[10] Krautkrämer, J. and H., Ultrasonic Testing of Materials, Springer, (1969) p. 57. 
[11] Hatano, H. and Mori, E. J. Acoustical Soc. America, 59 (2), 344-349 (1976). 
[12] Hatano, H, Chaya, T., Watanabe, S. and Jinbo, K., IEEE Trans. Ultrasonics, Ferroelectrics, 
and Frequency Control, 45, 1221-28 (1998).  
[13] "Absolute calibration of acoustic emission transducers by a reciprocity technique," NDIS 
2109, Japanese Society for Nondestructive Inspection, Tokyo, Japan, 1991. 
[14] Herve, C., Maillard, S., Zhang, F. Jaubert, L., Catty J. and Cherfaoui, M., Proc. EWGAE-28, 
Krakow 2008, pp. 1-11. 
[15] Keprt J. and Benes, P., Proc. EWGAE 28, Krakow 2008, pp. 19-24. 
 


