
J. Acoustic Emission, 25 (2007) 331 © 2007 Acoustic Emission Group 

EARLY FAULT DETECTION AT GEAR UNITS 

BY ACOUSTIC EMISSION AND WAVELET ANALYSIS 
 

CHRISTIAN SCHEER, WILFRIED REIMCHE and FRIEDRICH-WILHELM BACH 

Institute of Materials Science, Department of Non-Destructive Testing,  

Leibniz Universität Hannover, An der Universität 2, 30823 Garbsen, Germany 
 
 
Abstract 

 
 To secure the availability of machines and facilities, the reaction to beginning damage must 

be as fast as possible. Thus, early detection of damage initiation is crucial to the quick planning 

and execution of reconditioning measures. This helps to minimize downtime and increase avail-

ability.  Modern high performance transmissions in fabrication and energy industries more and 

more have to satisfy high requirements concerning their nominal load, running properties and 

operational stability. Helical cut gears with small modules are usually used to meet these de-

mands. To assure an undisturbed operation, to avoid unplanned downtimes and consequential 

damages of high performance transmissions a condition monitoring and fault diagnosis is useful. 

 

 Vibration analysis is a good tool for detecting faults and unacceptable operating conditions of 

machines in an early stage, due to its large dynamic range when using spectral and correlation 

analysis. Detecting a defect in a machine by vibration analysis is however not possible before the 

degree of damage is already affecting its vibration characteristics. Using classical vibration 

analysis, especially the detection of cracks and their propagation in rotating shafts and gear 

wheels, is possible only with relatively short forecasting times before failure. Early detection of 

cracks in shafts and gear wheels is possible by acquisition and analysis of acoustic emissions 

(AE). Unlike accelerometers that capture the physical behavior of the component, like low- or 

high-frequency vibrations up to 200 kHz with a linear frequency response, an AE sensor is very 

sensitive in its resonances at higher frequencies in order to detect ultrasonic impulses caused by 

changes within the material’s structure like crack formation and crack propagation [1, 2]. 

 

 For the detection of gear defects in transmissions by AE analysis, the signal path should be as 

short as possible. This minimizes interferences, like the influences of ball bearings and other 

machine parts and emphasizes on useful information about faults. At a gear wheel test bench, 

acoustic emission sensors were placed on the gearbox casing and additionally on the ends of the 

rotating shafts in order to detect defects at an early stage as well as enabling their location and 

the determination of the affected component. Because of the superimposed emissions of the roll-

ing element bearings and other components it is not sufficient to regard only the number and 

intensity of the emissions. Therefore an additional evaluation of the short-time excitations in 

frequency domain is necessary using wavelet analysis. Compared with an FFT, wavelet analysis 

offers a higher resolution in time domain especially for high frequent events. The crack initiation 

and crack propagation at the root of a tooth shows early changes in the wavelet plot, which are 

periodic with rotational speed. Propagating pitting shows a different behavior. Both different 

faults show a characteristic development during the lifetime of a gear wheel. 
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Introduction 

 

 Due to increasing competition, companies are forced to introduce innovative production 

technologies rather than only relying on the evolution of established processes. The striving for 

economic production methods with short processing times as well as the more stringent require-

ments for properties of today’s high performance components brings near-net-shape forming 

methods into the centre of attention. The goal of the Collaborative Research Centre 489 (SFB 

489) is to develop new technological and logistical innovative as well as economic process 

chains, based on precision forging technology for the mass production of high performance com-

ponents. One main target is to realize a considerable reduction of the entire process chain, which 

is founded on the integration of manufacturing steps as well as the substitution of metal cutting 

sequences by the employment of the precision forging technique. Thus, it is necessary to convert 

smooth metal cutting sequences for the precision forging process together with an integrated heat 

treatment [3]. 

 

Dynamic load test of components in the process chain “Precision Forging” 

 The high demands on technological properties of the precision forged components like gear 

wheels require tests at realistic operating conditions. Hence one central point of the project is 

fixed by the diagnosis of components where the precision forged gear wheels are tested in the 

gear test bench to analyze the running behavior and the development of damages. In addition to 

the running and sound behavior the rate of wear and the development of damages have to be ac-

quired and described by adapted measurements of acceleration and improved analysis tech-

niques. 

 

 Another point is the out-of-phase determination of quality features dependent on the loading 

state, like the tooth flank strength and the tooth root strength of precision forged gears, which is 

essential for the optimization of the component’s properties and the manufacturing steps in the 

processing line. Other factors of influence given by the manufacturing process are the surface 

finish, deviation of tolerances, the reshaped material itself, and the hardening process. The preci-

sion forged components are compared with conventional machined components to characterize 

the influences of the heat treatment and the hard finishing on the qualities and the properties. 

This enables the other sectional projects to optimize the component and the individual process 

steps [3]. 

 

Wavelet-analysis 

 Wavelet analysis provides a method of decomposing a recorded signal into a family of com-

ponent parts. It is therefore a suitable new analysis technique to determine fault patterns. For 

general signal analysis, the objective is usually to extract frequency data from the signal and 

learn how its frequency composition changes with time. Besides the short-time-Fourier transform 

(SFFT), the wavelet transform is a method for the visualization of the time-frequency-intensity 

behavior. But in this case the wavelet transformation allows a higher resolution in time domain 

than the SFFT. Using the wavelet transform a so-called mother-wavelet has to be chosen, which 

is continuous in time and frequency and has an average value of zero. The wavelet transform 

scales this mother-wavelet for each section of the signal to allow the best fit in frequency and 

amplitude. The two scaling factors plotted in time domain are the frequency and amplitude coef-

ficients of the wavelet plot. The wavelet transform has the advantage of showing low-frequency 

signal components as well as high frequency components with a high resolution in time domain, 

even if they only arise for a short time [4, 5]. 
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Acoustic Emission Analysis at Rotating Machinery 

 

 In addition to the instrumentation with accelerometers one of the gearboxes was equipped 

with AE sensors at different measurement positions. At first gear wheels were tested as can be 

seen in the right part of Fig. 1. For these tests two AE sensors were placed on the two bearing 

housings, fixed bearing and loose bearing. One was placed on the lubrication conduit and another 

one right in the oil beam of the oil conduit in order to obtain AE signals, which may cause a 

feedback via the oil beam. Last but not least a rotating AE sensor was placed at the end of the 

shaft with the test gear. The sensor itself is positioned at the rotating end of the shaft, containing 

a sender, which is facing a receiver and sending the AE information via induction [6]. 

 

 Further tests were performed using pinion shafts as displayed in the left part of Fig. 1. An-

other arrangement of sensors was used to enable location of AE events. At the corners of the 

gearbox four sensors are placed in addition to two rotating ones at the ends of the shafts. 

 

 For data acquisition a multi-channel AE measurement system was used using statistical 

methods to investigate AE properties like amplitude, energy, hits and counts. Additionally, the 

sensor signals were periodically obtained by a high frequent transient measurement system to get 

transient data of several revolutions of the test shaft [7-9]. 

 

 

Fig. 1: Arrangement of AE-sensors at gearbox. 

 

 During the first test measurements with different speeds and different loads the influences of 

these parameters on the signal to noise ratio were identified and the thresholds for the AE ampli-

tudes were set. Different loads ranging from 200 to 450 Nm showed no significant influences. 

For the following description of the fault initiation and propagation only the information of the 

rotating acoustic emission sensor at the end of the test shaft is used. The other sensors showed no 

significant information about the condition of the test wheel because of their complex signal path 
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and superimposed AE from other components of the test bench. Figure 1 shows the arrangement 

of the different sensors and the transmission path from the teeth to the sensor. The mounting of 

an AE sensor directly on the gearwheel was not possible because of the shape and size of the 

gear wheel and the dimensions of the gearbox. Additionally, the connection of signal cables to a 

sensor directly on the gear wheel via the rotating shaft is quite difficult. 

 

 After the mounting of a test wheel and start-up of the test bench during the first hours of op-

eration a quite high amount of AE signals can be detected. Seizing of the keys and contact areas 

of the test gear and the shaft caused these AE signals. After a few hours, this run-in effect is over 

and the normal operation condition with only a small amount of events is reached. Additional 

disturbances may occur if there is too much slack between shaft and gear wheel. Therefore, seiz-

ing occurs between shaft and gear wheel, which causes a high amount of AE signals. Another 

event causing AE signals was the fracture of a key between shaft and gear wheel. The propagat-

ing fault caused AE signals over several hours. In this case the detection of faults at the gear 

wheel is possible only with a close fit between shaft and gear wheel. Additionally the test bench 

has to be run-in and has to be working at operating temperature. 

 

 

Fig. 2: Run-in behavior of gear wheel. 

 

 The start-up of the test bench with gear wheels and too much slack between shaft and gear 

wheel is shown in Fig. 2. The relation of the hit rate to the other properties of AE signals shows 

information about the source of the AE signals. A high hit rate with concurrent high amplitudes 

or energy assumes the source of AE signals to be close to the sensor and therefore in the area of 

the joint between shaft and gear wheel by the keys. Because of the long distance between sensor 

and teeth mesh AE signals from the teeth reach the sensor at the end of the shaft with low ampli-

tudes only. 
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 The fixed bearing at the beginning caused the high amount of AE signals with low ampli-

tudes. Figure 3 shows AE signals at start-up, which occur with ball-spin frequency (BSF) at the 

fixed bearing. Intense heating of the shaft after start-up causes decrease in bearing gap. When the 

operating temperature is reached, the bearing gap is correct and there is a decrease in AE signals. 

Additionally there are increased relative motions between surfaces during start-up and run-in. 

After about three hours the run in effect is finished and there is normal operation with low hit 

rates only. 

 

 

Fig. 3: Influence of fixed bearing at start-up. 

 

Detection of Gear Faults by AE Analysis 

 

 The progression of the properties of an AE signal for the undisturbed reference condition 

after run-in and the crack initiation and propagation until the failure of the gear wheel and shut 

down of the test bench is displayed in Fig. 4. For the description of the AE signals, the number of 

hits and the energy of the signals are shown, which are usually used for failure detection. 

 

 In the upper part of the figure, the number of hits during the reference condition is very low, 

whereas in the lower diagram the crack initiation can be detected by an increasing hit rate caused 

by the opening and closing of the crack during one revolution of the test wheel. With an increase 

of load cycles the fracture of one half of the tooth occurs. Since the other half of the tooth is still 

carrying the load the test bench could be operated further. In this case, the energy of the AE-

signals shows no significant changes regarding the fracture of a gear wheel tooth. 

 

 Another example of the detection of gear faults is presented in Fig. 5. Here, the beginning 

and propagation of pitting at the teeth flanks is shown. Compared to the reference condition, 

there is an increase in the hit rate, which is not as great as in the case of a crack. Also the hit rate 

may decrease again, when pitting has developed. There is a more fluctuating behavior of the hit 

rate. The propagation of pitting in the lower diagram of Fig. 5 shows this swelling progression to 

be more significant. 
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  Fig. 4: AE data of reference and crack. 

 

 

Fig. 5: AE data of reference and pitting. 

 

 More significant differences between crack development and pitting show transient signals of 

the shaft sensor, logged over several revolutions of the shaft. These were recorded using an addi-

tional high-speed data-acquisition card with 1-MHz acquisition rate through 250 ms. The ampli-

tude of an AE sensor is influenced chiefly by its main resonance ranges because of its non-linear 

behavior. To evaluate signal components out of these ranges a transformation into frequency 

domain is necessary. Especially the wavelet transform is a good means for this kind of high fre-

quency analysis with short-time events. 
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 The time-frequency components of a crack development compared to the reference condition 

are displayed in Fig. 6. The wavelet transform is used here with the Morlet-wavelet as the 

mother-wavelet. The reference condition as well as the crack at a single tooth shows high ampli-

tudes at about 100 kHz (resonance of the sensor, resp. the measurement chain). These low-

frequency parts of the signals are not detected by the AE system because it uses a 120 kHz high-

pass filter. The crack is clearly visible by short-time pulses in the frequency range of 200-

250 kHz. They appear at ca. 0.04 s intervals, which equals the rotational speed of 25 Hz. Six 

revolutions are displayed in the diagram and during each revolution there is a short-time excita-

tion at 200-250 kHz when the damaged tooth comes into mesh. 

 

 

Fig. 6: Wavelets of reference and crack. 

 

 The behavior of pitting can be seen in Fig. 7 in contrast to the crack development in Fig. 6. 

The dominant signal component at 100 kHz is visible in this plot, too. There is a much more 

broad-banded signal component visible over the whole frequency range up to 400 kHz, which 

lasts much longer than the excitation of the crack development. It is excited more than once per 

revolution because of the pitting development at several teeth simultaneously. When these teeth 

are in mesh the pitting propagates and AE signals are generated. 

Location of Fault-specific Events 

 

 Because of the very high acquisition rates of up to several MHz, the location of AE signals is 

possible using run-time analysis of several sensor data. The sound waves propagate in concentric 

circles, resp. spheres, from the point of origin and can be detected by AE sensors. Propagating 

through solid matter the waves are damped. The maximum range of the sound waves depends 

upon the material properties, the geometric and surrounding conditions of the object and the 

number of surface contacts between different objects. At metal parts these high frequency sound 

waves may be detected beyond a distance of several meters.  The determination of the speed of 

sound, which is necessary for the location, is quite difficult at complex three-dimensional struc-

tures, because it varies dependent on different media and many contact surfaces. Performing this 
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location of AE events inside a gearbox an averaged speed of sound is used. Further analysis of 

the signal paths, the materials and contact surfaces will improve this method. 

 

 

Fig. 7: Wavelets of reference and pitting. 

  
  Fig. 8: Location of teeth mesh inside the gearbox. 

 

 Four sensors at the corners of the gearbox near the shafts are used to locate AE-events inside 

the gearbox (Fig. 1, Fig. 8). This enables a location on a sectional plane of the gearbox. Because 

of the very good results of the shaft sensor an additional rotating sensor was placed at the end of 

the second shaft to realize a linear location between these two sensors. 
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 Additionally, the gear test bench has been modified for a pinion shaft as another test object. 

The advantage to the gear wheel is the difference between signal path for the sensor and trans-

mission path of the load. The power transmission is not in the area of the signal path from teeth 

mesh to the rotating sensor at the end of the shaft (Fig. 1). This causes much less AE events by 

seizing in the fit and at the keys. Therefore, the run-in effect could be minimized and additionally 

a higher rotational speed of 45 Hz could be used. 

 

 The locations of the AE events inside the gearbox are presented in Fig. 8 and Fig. 9. The lin-

ear location between sensor 1 and sensor 2 is visualized in the upper part of the figures. In the 

lower part of the figures, the sectional plane of the gearbox is visible showing the location of AE 

events inside the gearbox. Figure 8 shows the reference condition with only few events located 

between the sensors 1 and 2 and in the area of the teeth mesh in the sectional plane located by the 

sensors 3 to 6. 

 

 The propagation of faults is shown in Fig. 9. Regarding the linear location a deviation of the 

hit maximum towards sensor 1 is clearly visible. The distances from the maximum to sensor 1 

and sensor 2 identify the AE events as coming from the area of the teeth mesh. The location by 

the sensors at the gearbox shows a similar result. Using the sensors 3 to 6, there is an accumula-

tion of AE events in the area of the teeth-mesh and at the roller bearing on the pinion shaft. The 

AE signals from the teeth mesh are generated by the teeth mesh itself as well as by the develop-

ment of a crack, shown in green. The AE signals in the bearing area are caused by seizures in the 

close fits and a wrong fit of the bearing inner ring, shown in red (cp. Fig. 1). Additionally, there 

are several location results, which are not feasible, shown in light blue. 

 

 
  Fig. 9: Location of faults inside the gearbox. 

 

 Future work consists of filtering the AE data according to their location to improve the dis-

tinction between different gear faults, run-in effects, seizures and faults at other components like 

rolling element bearings. 
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Summary 

 

 Condition-based maintenance is a contribution to ensure the reliability of operation, high 

availability and efficiency of industrial machines and plants. This necessitates the acquisition of 

information about the condition of single components. 

 

1. The condition monitoring of the gear test bench at the Institute of Materials Science (IW) is 

achieved by vibration measurements to describe the operating condition and detect the develop-

ment of faults by analysis in both the time and frequency domains. Slow developing faults like 

pitting can be detected quite early by this method. The detection of cracks leading to tooth frac-

tures is possible with a very short forecast time only. 

2. The analysis of AE signals allows an early detection of cracks in the tooth root because of the 

crack propagation before the teeth mesh is disturbed and the vibration behavior changes. 

3. The location of acoustic emission events enables the allocation to specific components inside 

the gearbox to improve the distinction between gear faults, run in effects, seizures, and rolling-

element bearing faults. 

 

Acknowledgements 

 

 We express our sincere thanks to the German Research Foundation for the promotion of this 

work within the Collaborative Research Centre 489 “Process Chain for the Production of Preci-

sion-forged High Performance Components”. 

 

References 

 

1. Toutountzakis, T., Mba, D.: Observations of Acoustic Emission Activity during Gear Defect 

Diagnosis, NDT&E International, 2003, 26, 471-477. 

 

2. Tan, C. K., Irving, P., Mba, D.: Prognostic Potential of the Acoustic Emission Technique for 

Spur Gears, Essential Technologies for Successful Prognostics, 59
th

 Meeting of the Society for 

Machinery failure Prevention Technology, Virginia Beach, US, April 2005. 

 

3. Bach, Fr.-W., Kerber, K.: Sonderforschungsbereich 489 „Prozesskette zur Herstellung präzisi-

onsgeschmiedeter Hochleistungsbauteile“, www.sfb489.uni-hannover.de, 2006. 

 

4. Misiti, M., Misiti, Y., Oppenheim, G., Poggi, J.-M.: Wavelet Toolbox User’s Guide, 

Mathworks, 2000. 

 

5. AGU-Vallen Wavelet, wavelet transform tool, Vallen-Systeme, Icking, 2005. 

 

6. Sporer, A.: Hohe Sensibilität entwickeln, Acoustic-Emission-Systeme für die Schleifprozess-

überwachung, Walter Dittel GmbH, Werkstatt und Betrieb 03/2006. 

 

7. Vallen, H.: Die Schallemissionsprüfung, Castell-Verlag, 2003. 

 

8. Vahaviolos, S.J.: Acoustic Emission: Standards and Technology Update, ASTM STP-1353, 

1999. 

 

9. AMSY-5 Users Manual, Vallen-Systeme GmbH, 2004. 


