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Abstract 

 

 Threshold and timing parameters are two fundamental factors that control arrival times and 

waveform signatures collected in an acoustic emission test. While this approach works success-

fully in many applications, recording the complete, continuous waveforms emitted from an AE 

test independently of threshold value is more appropriate for some specific applications. Appli-

cations such as those with high background noise or complex structures with numerous bounda-

ries and interfaces are better served by continuously streaming with duration in the order of hun-

dreds-of-ms instead of the traditional hundreds-of- s-long AE waveforms. State-of-the-art AE 

data-acquisition hardware enables this “AE Waveform Streaming” approach at high sampling 

rates throughout a traditional AE test. These waveforms can subsequently be analyzed in real 

time to extract traditional AE features in the time and frequency domain. 

 

 In this paper, the application of waveform streaming will be shown on detecting corrosion 

pitting on gear teeth under a high background noise environment. The tests were performed us-

ing an FZG machine to generate pitting corrosion on gear teeth under fatigue. In these tests, a 

recently designed “integrated” AE-vibration sensor was used for collecting high- and low-

frequency data while monitoring the condition of the gears. Recording the complete, continuous 

waveforms provided flexibility during post-processed data analysis, which can be implemented 

in real time during consecutive tests. The paper also presents the impact of the waveform stream-

ing approach in terms of understanding threshold effects on waveform signatures, in the ability 

to set and analyze different digital filters, and in the extraction of low frequency vibration infor-

mation. 
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Introduction 

  

 Threshold-based data acquisition has been used and operated successfully in many acoustic 

emission (AE) applications. Threshold is a key factor for AE technology as the technology is 

mostly based on arrival times for source location and time- and frequency-domain feature extrac-

tion for pattern recognition [1, 2]. However, the threshold-based approach creates a detection re-

liability problem for high noise, high hit-rate applications, such as monitoring of highly dynamic 

systems or process monitoring. Additionally, threshold and timing settings may perturb the direct 

AE wave signature, which is substantial for a quantitative analysis and source discrimination [3]. 

While this approach works successfully in many applications as presented in Table 1, recording 

the complete, continuous waveforms emitted from an AE test independently of threshold value is 

more appropriate for some specific applications.  In this paper, we will present the use of wave-

form streaming in addition to threshold-based data acquisition. The advantages of streaming 

waveform approach are discussed using the gearbox-testing application.  
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Table 1. The comparison of threshold based and waveform streaming approaches. 

Threshold Based  

Approach 

Waveform Streaming 

Approach 

Capabilities Limitations Capabilities Limitations 

Very well applied for 

flaw detection, location 

and many other applica-

tions 

Complete waveforms 

with no distortion due to 

DAQ setting 

Memory and fast 

computer need for 

very long duration 

waveforms 

Not much memory 

needed, real time feature 

extraction and fast 

analysis 

In high noisy environ-

ments and high hit-rate 

applications, the system 

saturates and loses data 
Extracting vibration 

information for rotating 

machinery 

Time of arrival ex-

traction can be cum-

bersome 

 

Approach 

 

 The high sampling rate required and the high hit-rate of AE signals are two constraints for 

the continuous recording of waveforms. State-of-the-art data acquisition hardware allows record-

ing waveforms continuously with high sampling rates throughout an AE test. The data acquisi-

tion system can record long-duration waveforms with high sampling rate continuously or at pre-

defined time intervals.  The waveform shown in Fig. 1 has 2-sec. duration sampled with 500-kHz 

rate at 5-sec. interval. The waveform presents several transient signals during the 2-sec. period as 

shown in the zoomed view. This transient signal is an indication of bearing damage. These tran-

sient signals have typical AE signal characteristics; i.e., short duration, rise time and decay time. 

The waveform streaming approach allows the identification of the transient signal characteristics 

without being affected by threshold and timing parameters. 

 

Fig. 1. An example of long-duration waveform (2 sec.) sampled with 500-kHz rate. 
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The waveform streaming can be triggered using four different modes: 

 Hit-based trigger:  When the data acquisition system detects a hit exceeding threshold, the 

system records a long duration waveform (longer than the hit duration defined by timing pa-

rameters). 

 Time-based trigger: The system streams waveforms at each time interval. The time-based 

trigger is an efficient way to determine the condition of machinery that requires periodic 

measure of a machine’s ability to perform efficiently.  

 Manual trigger: Waveform streaming is activated manually during acquisition. 

 External trigger: If there is a certain parametric input such as pressure, the waveform stream-

ing is activated as a function of parametric input level. 

 Continuous mode: Waveforms are streamed throughout an entire AE test.  

 

 Recording complete, continuous waveforms provides flexibility during post-processed data 

analysis, which can be implemented in real time in consecutive tests, for example: 

 Understanding the effect of threshold and timing settings on waveform feature extraction that 

can be used to optimize the settings of threshold-based acquisition for consecutive tests. 

 Extracting time-domain features using post-process digital filters and different threshold set-

ting. 

 Optimizing frequency segments for spectral feature configuration. 

 Extracting low-frequency vibration information if AE waveform length is sufficiently long to 

capture multiple revolutions.  

 

Additionally, although the arrival-time information of transient signals is not registered in 

real time, single or multiple AE hits in a streamed waveform can be separated with their actual 

arrival times using the NOESIS
TM

 software. The NOESIS
TM

 software has an option to extract 

features and arrival times of multiple transient signals in a streamed waveform, based on thresh-

old or length. Furthermore, streamed waveforms of multiple channels can be synchronized so 

that the relative arrival times of transient signals of different channels can be extracted or wave-

forms of different channels can be cross-correlated in order to find arrival-time differences. The 

waveform streaming can be acquired using PCI-2 (2-channel) or PCI-8 (4-channel AE, 4-channel 

vibration) board developed by Physical Acoustics Corporation [PAC]. It is important to note that 

these boards have the capability to record threshold-based data and waveform streaming concur-

rently. A successful application of waveform streaming together with threshold-based approach 

was demonstrated on the condition monitoring of a rolling-element bearing [4]. In this paper, the 

application of the approach on the detection of pitting corrosion growing on gear teeth due to fa-

tigue is demonstrated.  

 

Gearbox Application  

 

As an example of the flexibility offered by the waveform-streaming approach for practical 

AE monitoring, a series of tests were performed at the Ohio State University Gearbox Labora-

tory using an FZG machine to generate micro-pitting or spalling in spur gears at elevated tem-

peratures. The temperature at steady state reached 90°C. The rotation speed of the input gear was 

1440 RPM with 220 N·m torque. The input gear had 26 teeth; the output gear had 17 teeth.  The 

first data set included a gear with no damage at the beginning and end of 1-hr duration testing. 

The second data set included a gear with damage at the beginning of the testing and the damage 

grew over the 1-hr test duration. The third data set included a gear with no damage at the begin-

ning of the testing and the damage (pitting) formed and grew over a 6-hr test. In these tests, AE 
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and vibration data was collected continuously.  The first and second tests were used to form a 

classifier for background noise and pitting emission; the third test was used to determine if the 

classifier could detect the pitting formation. Table 2 is a summary of the tests and the damage 

states of the specimens at the beginning and end of the tests. 

Table 2. The initial and end conditions of the test specimens. 

Test No Duration (hr) Initial State End State 

1 1 Undamaged No visual damage 

2 1 Damaged 
Damage grew consid-

erably 

3 6 Undamaged Small pitting initiated 

 

The gear pitting formation under fatigue was monitored using two integrated AE-vibration 

[AE/VIB] sensors recently developed by PAC [5]. The sensors were mounted on the front and 

side panel of the FZG machine (shown in Fig. 2b). AE/VIB 1 was mounted below the lubricant 

level of the machine and AE/VIB 2 was mounted at the same level as the lubricant. A PCI-8 

board was used to record the data from two AE/VIB sensors. The board has 16-bit A/D conver-

sion capability and 1-MS/s waveform-streaming rate.  The board was installed inside a PAC μ-

Samos chassis, and this DAQ system was controlled by a laptop as shown in Fig. 2c.   

 

 

Fig. 2. Photographs of (a) input and output gears, (b) AE/VIB sensors, (c) DAQ system. 

 

AE waveforms having 100-ms duration were collected every second. The sampling rate for 

AE waveforms was 1 MHz. The band-pass analog filter setting was 20 kHz to 400 kHz. The AE 

sensor gain was 40 dB.  
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Extracting features using different sets of digital filters and spectral divisions 

Test 1 included a gear with no damage at the beginning and end of 1-hr test. Test 2 included 

a gear with a minor damage at the beginning of the testing and the damage grew over the 1-hr 

test. The same gear but opposite teeth was used at Test 1 and Test 2. Fig. 3 shows the energy 

trends of two tests recorded by the AE/VIB 1. The fluctuation was because of water pump opera-

tion to cool the lubricant inside the gearbox. While the same gear was used during the tests, the 

time-domain signal level changed because the gearbox was opened and the opposite side of the 

gear teeth, which had a minor damage tooth, was mounted. Variation of time-domain feature due 

to mechanical feature indicates the difficulty of comparing one test to another if the mechanical 

structure has any slight modification. Spectral features gain significance as descriptors to differ-

entiate damage emissions and background noise emissions.  

 

 

Fig. 3. Time-domain feature, energy (e.c.), trends for two tests recorded for ~3600 sec. The fluc-

tuations were generated due to the operation of water pump inside the gearbox. 

 

Figures 4a and 4b show examples of a raw, streamed waveform and its frequency spectrum. 

The frequency spectrum of the raw waveform, Fig. 4b, indicates the dominant frequency compo-

nents to be due to mechanical noise at 22 kHz and 33 kHz. If frequency centroid or peak fre-

quency were calculated directly using a raw waveform, the mechanical noise frequencies would 

mask the result. When a waveform is streamed from an AE sensor, it is expected that low-

frequency mechanical noise and high-frequency damage growth emission would be summed. 

Extracting high-frequency, relatively low-amplitude (as compared to mechanical noise) damage-

growth emissions, requires filtering background noise frequencies. Figure 4c shows the same 

waveform with 80-kHz high-pass filter using 10
th

-order Butterworth filter. Figure 4d shows the 

frequency spectrum of the segmented section between two green lines as shown in Fig. 4c. The 

peak frequency of complete waveform is dominated by low frequencies (<50 kHz). Digital filter-

ing and segmented frequency spectrum provide information about the content and occurrence 

time of high-frequency transient signals. As shown in Fig. 4d, the segmented section of AE 

waveform has the frequency peak at 240 kHz together with 120 kHz and 300 kHz frequency 

components.  
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The software allows segmenting (green lines) the time-domain waveform for frequency spec-

trum calculation. Spectral features, such as peak frequency, partial powers (partial powers indi-

cate how the energy distribution at defined frequency segments changes as compared to the full 

defined spectrum band) can be extracted using digital filters.  

 

 
Fig. 4. A streamed waveform of Test 2 (a) raw waveform and (b) its frequency spectrum (0-500 

kHz), (c) filtered waveform having 80 kHz high-pass and (d) its segmented (between green lines 

in c) frequency spectrum (0-500 kHz). 

 

Applying pattern recognition to determine pitting corrosion emissions during Test 3 

In this application, AE features were extracted from streamed waveforms using 35-dB 

threshold, complete waveform length and 80-kHz high-pass, 10
th

-order Butterworth filter. In the 

initial set, the features extracted from Test 1 and Test 2 waveforms were amplitude, absolute en-

ergy, frequency centroid, peak frequency and partial powers. Partial powers indicate how the en-

ergy distribution at defined frequency segments changes as compared to the entire spectrum 

band. Energy values at individual frequency segments are normalized to the entire spectrum 

band. In this application, the entire spectrum band was chosen as 80 to 400 kHz segmented into 

three parts, 80-100 kHz, 100-200 kHz and 200-400 kHz. In pre-processing, AE features were 

normalized using unit variance. Principal component analysis was performed. The max-min dis-

tance method with Euclidian distance and 0.8 distance threshold were the parameters of the un-

supervised pattern recognition method. Different sets of AE features were used to optimize the 

clustering result using R and Tou criteria [6]. Peak frequency, PP1 and PP2 resulted in the most 

optimal set of AE features. As mentioned above, time-based features are sensitive to mechanical 

variation from one test to another while there is no damage growth. The unsupervised algorithm 

identified three clusters having one cluster further apart than two clusters. In our interpretation, 

we called the farthest cluster as “damage AE” (detected mostly during Test 2, in which pitting 

corrosion occurred), and the other two clusters as two distinct background noise sources.  
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The classifier was used to identify if pitting developed on the gear teeth used in Test 3. In 

Test 3, no tooth had pitting at the beginning of the test; however at the end of the fatigue test, 

some teeth show pitting as shown in Fig. 5. Therefore, the classifier would have been expected to 

find some data points corresponding to the “damage AE” cluster. The data points were pre-

processed and classified. Figure 6 shows the result of the last 40 minutes of the data.  
 

 

Fig. 5. The end state of the gear used in Test 3. 

 

Fig. 6. The classification result of Test 3 using the classifier formed above. a) PCA analysis for 

axes 0 and 1; b) PCA analysis for axes 0 and 2; c) Classified hits vs. time for Damage (red), 

Noise 1 and 2 (blue and green); PCA analysis for axes 1 and 2. 
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As discussed above, principal component analysis (PCA) was conducted to minimize the 

number of AE features used for the classifier formation. Three PCA axes were selected to repre-

sent the data sets. Figure 6a shows the scatter plot of PCA 0 and PCA 1 axes after the classifier 

was applied to the usage set (Test 3 data). The 2-D distributions of PCA 0 versus PCA 1 (Fig. 

6a) and PCA 1 versus PCA 2 (Fig. 6d) indicate distinctly the separation of “damage AE” class 

from background noise classes. The 2-D distribution of PCA 0 versus PCA 2 has significant 

overlap of “damage AE” and “noise 2” classes. However, the use of three principal component 

axes provides multidimensional analysis to discriminate class centers and classifies unknown hit 

class accurately. Figure 6c shows the AE accumulation of three classes. Two background noise 

classes were consistently detected during the testing. However, “damage AE” activities were de-

tected at random time intervals as expected from a corrosion-pitting source, which grows 

throughout a fatigue loading test. 

 

Fig. 7. Extracting gear-mesh frequency using a long duration AE waveform, (a) AE waveform, 

(b) Average Signal Level (ASL) trend, (c) ASL spectral energy. 

 

Extracting gear-mesh frequency 

Vibration monitoring detects coupling failure by comparing two different states (undamaged 

versus damaged) of structural components. The most fundamental challenge for detection of 

cracking is that it is typically a local phenomenon and may not significantly influence the lower-

frequency global response of a structure that is typically measured during vibration tests [7].  

However, vibration monitoring provides additional information to the findings of AE method. It 

is advantageous to extract vibration information using long-duration AE waveforms.  

 

 The gear-mesh frequency is the combined effect of all gear inertia. In these tests, the input 

gear rotation speed was 1440 RPM, which corresponds to 24-Hz frequency. The input gear has 

26 teeth, which correspond to gear-mesh frequency of 624 Hz. Figure 7a shows a long-duration 

AE waveform acquired in Test 2. The time-variant Average Signal Level (ASL) is extracted 

from this streamed waveform so that high frequency noise is filtered out as shown in Fig. 7b. 
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ASL spectral energy is further calculated based on the time-variant ASL and its maximum spec-

tral energy that just lies in the gear-mesh frequency as shown in Fig. 7c. ASL spectral energy 

plot indicates that the streamed AE waveform can be effectively used to extract a gear-mesh re-

lated feature that is not available with the conventional AE signal processing technique.  

 

Summary  

  

 Waveform streaming, recording complete, continuous waveforms, provides flexibility during 

post-test data analysis, such as, understanding signal characteristics without being influenced by 

threshold and timing parameters, and identifying damage emission frequency information. Addi-

tionally, governing vibration frequencies can be extracted using AE sensor if AE waveform 

length is sufficiently long to capture multiple revolutions. Waveform streaming can also be used 

to optimize the settings of threshold-based data acquisition.   
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