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Abstract 

In the last decades, Acoustic Emission (AE) technique gained attention in the context of 

Structural Health Monitoring (SHM) for detection of incipient damages. It refers to the 

phenomenon of stress waves in the ultrasound regime that emerge from structures as a result 

of damage initiation or propagation and, hence, enables in-situ monitoring of technical 

systems. In contrast to vibration analysis, which is a well-established technology in the field 

of condition monitoring of rotating equipment, AE measurements are highly sensitive to 

incipient damages, whereas significant damage is necessary to noticeably affect stiffness and 

vibration properties of the components. Compared to fixed structures, the application of AE 

technique to rotating equipment, such as gears, is challenging because of difficult sensor 

placement options. Due to possibly high attenuation of AE waveforms depending on 

propagation paths, it is often recommended to place the sensors as close to the source as 

possible. In previous attempts to AE-based damage detection of gear-boxes, sensors were 

mounted inside the gear box where complex mounting techniques or custom mounting 

fixtures are employed to attach the sensor directly to rotating parts. In the present work, AE-

experiments were performed on a gear-box test rig, which is used for wear-testing of 

lubricated spur gears at different operating conditions. To detect damages of spur gears, AE-

measurements were performed using piezoelectric sensors attached outside on the housing of 

the test rig. Using sensitive measurement chain, it can be shown that the gear meshing 

frequency can be obtained directly from the time-domain representation of AE signals. 

Furthermore, wavelet analysis is utilized to extract damage-specific signatures from the time-

frequency domain representation. Here, different wear states, in particular micro-pitting and 

pitting, are recognized from the frequency spectrum. These results indicate that damages of 

rotating parts can be identified by means of fixed sensors attached to the housing of the gear 

box during operation. 

Keywords: Acoustic emission measurements, Diagnosis of spur gears, Wavelet transform 

 

1. INTRODUCTION  

Gear transmission systems are power transmitting elements which are key components of 
modern drive trains. Due to cyclic loading patterns during operation, gear teeth are prone to 
fatigue failure. Depending on lubrication and loading conditions, also surface deterioration of 
the tooth flanks is observed. Besides wear, micro-pitting and pitting are frequently observed 
damage modes in gear transmission systems. Examples of micro-pitting and pitting are 
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presented in figure 1 a) and b), respectively. Pitting is known as surface fatigue, where 
subsurface cracks nucleate beneath the surface of the tooth flanks. Due to cyclic stresses, 
these cracks propagate through the material. Eventually, reaching the surface these 
subsurface cracks lead to extensive loss of material and formation of pits at the surface of the 
tooth flanks. In contrast to pitting, micro-pitting starts at the surface of the tooth flanks, 
where microscopic pits can be observed. These are detected from visual inspection by gray 
appearance of the tooth flanks. Besides transmission errors due to resulting profile deviations, 
surface cracks possibly initiate at deteriorated surfaces and propagate into the body of the 
gear tooth, ultimately leading to gear tooth bending fatigue failure. 

The Acoustic Emission (AE) technique recently gained attention in the context of structural 
health monitoring (SHM) as a non-destructive testing (NDT) method. It is a wave 
propagation-based approach, which refers to the local phenomenon of elastic stress waves 
emerging from structures on damage initiation or propagation. These stress waves, which 
travel through structures in the ultrasound regime in the range of [10 kHz 1 MHz], are 
characteristic to their source and therefore frequently used for diagnostic purposes. Besides 
damage related sources of AE, such as crack initiation or propagation, source mechanisms 
are manifold. For instance, operational background noise, such as cavitation or leakage is 
likely to generate stress waves in the ultrasound regime.  
Considering gears in particular, Tan and Mba [1] as well as Hamel et al. [2] identified 
asperity contact as major source of AE in meshing gears. During a meshing cycle, sliding and 
rolling contact of the mating surfaces occurs, where the teeth surfaces are subjected to normal 
and tangential forces, respectively. Here, continuous AE activity is presumably related to 
sliding contact of asperities, whereas burst type emissions are attributed to rolling contact of 
the gears [1]. Furthermore, bearing faults are masked by the meshing of the gears [3]. 
Therefore, the AE technique was recently considered for detection of different damages in 
gear boxes, i.e. pitting [4] or tooth root crack [5]. 
Whereas AE monitoring is a well-established technology for non-destructive testing of 
structural components, monitoring of rotating machinery, such as gears, is challenging due to 
difficult sensor placement options. Singh et al. [6] conducted a transmissibility study on a 
gear test rig, where the attenuation of AE signals across different interfaces was investigated. 
The results indicate that AE attenuation is strongly dependent on the particular interfaces. 
Therefore, optimal propagation path, which provides the least attenuation, is not necessarily 
determined by the shortest propagation distance or the least amount of interfaces. To achieve 
low attenuation of the AE amplitudes, AE sensors are frequently mounted directly on the 

                        a)                                                                                                    b) 
Figure 1: Damage modes of tooth flanks (a) pitting (b) micro-pitting, © Chair of Industrial and Automotive 

Drivetrains, Ruhr-Universität Bochum 
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gears. To this end, a slip-ring is most frequently used to connect sensors attached to rotating 
parts to the acquisition hardware [1, 2, 7–10, 4]. To avoid attaching sensors to moving parts, 
AE sensors are frequently mounted on fixed parts of gear box bearings (i.e. bearing races) [4, 
8]. Moreover, Loutas et al. [11] developed a custom mounting fixture for AE sensors based 
on friction contact, where constant contact force between the fixed sensor and the rotating 
wheel is achieved by a spring element. Sensor location was verified using attenuation tests, 
where pencil-lead break tests were performed at different locations. The results show variable 
attenuation of the AE signal depending on the source location. Furthermore, the measurement 
noise inherent to the proposed mounting procedure is investigated by running the gearbox 
without the pinion and RMS levels of noise due to the friction contact are determined. 
Comparing these RMS levels to normal operation (wheel and pinion) it is shown that the 
noise RMS of the measurement chain is considerably lower than RMS values of the actual 
measurement signal related to the gear mesh. 
To characterize burst type AE signals, typically time-domain features such as count rate, 
peak amplitude or rise time are considered. In context of gears, RMS value of the signal is 
frequently used to extract diagnostic information from the continuous or mixed AE 
waveforms [1, 7, 9, 11]. Also higher order statistical moments of the signal, for instance 
kurtosis [5] or crest factor [2] were considered to identify damage-specific features of 
different gear box damages. Furthermore, Al-Balushi et al. [12] proposed the Energy Index 
(EI), which is an time domain energy-based statistical feature, for extraction of diagnostic 
information from AE measurements. Only few researchers considered the frequency content 
of AE measurements to assess the condition of gears. Toutounzakis et al. [13] identified the 
frequency range of AE measurements associated with gear meshing as [25 kHz 350 kHz]. 
Scheer et al. [14] used wavelet analysis to extract damage specific frequency-domain features 
from AE measurements. In this context, tooth root crack and pitting faults are considered. By 
comparing AE measurements of each fault to a reference condition, short time pulses 
showing frequencies between [200 kHz 250 kHz] are clearly identified and attributed to tooth 
root crack. In contrast to this, a broad band response of increased duration is observed in 
context of pitting, where different effects below 100 kHz and up to 400 kHz are observed. 
Therefore, similarly precise mapping of frequencies is not provided in this case. 
Regarding the experimental procedures, damages are most frequently introduced artificially. 
For instance, Mazal et al. [15] used seeded gear damages by partially removing teeth by 
means of grinding. Also, Eftekharnedjad and Mba [9] investigated the detectability of seeded 
defects in a helical gear box using AE measurements. Here, a drill was used to introduce 
seeded defects of different sizes, which are recognized from the time domain representation 
of the AE measurements. Loutas et al. [5] used a cut close to the dedendum of a tooth to 
simulate tooth root crack. In contrast, some researchers considered natural damages during 
their experiments. For instance Hamel et al. [2] considered natural pitting, which was 
introduced by prolonged running of the gear box. Also Tan et al. [4] considered natural 
pitting faults to compare the sensitivity of different diagnostic methods to natural faults. 
Comparing the AE technique and vibration analysis, several authors came to the conclusion 
that AE is more sensitive to incipient damages than vibration analysis. Eftekharnedjad and 
Mba [9] concluded that in case of seeded defects, AE measurements are more sensitive to 
damage than vibration measurements. Also, Loutas et al. [5] compared the performance of 
vibration and AE technique for diagnosis of gears. In total, more than 40 signal features, 
containing conventional time domain as well as wavelet based features, were considered. The 
results indicate superiority of the AE technique over vibration technique for early detection 
of damage. Moreover, Tan et al. [4] compared three different condition monitoring 
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techniques: AE, vibration technique, and spectrometric oil analysis. According to the 
experimental results, the sensitivity of each method depends on the applied torque during 
operation. 
Another group of researchers investigated dependences between gear box operating 
conditions and AE activity. According to Tan and Mba [10], rate of wear and therefore AE 
activity are related to the oil film thickness. Raja Hamzah and Mba [7] stated, that operating 
conditions which primarily effect specific oil film thickness are temperature, load, and speed. 
Experimental results indicate strong coupling between AE RMS levels and gear box speed [1, 
8, 10]. Additionally, Toutountzakis and Mba [8] distinguished an instantaneous effect of 
changes in drive speed and a subsequent settling period. Furthermore, increase in AE RMS is 
also observed on increasing loads, but compared to the impact of speed the effect load is less 
pronounced [7, 10]. In particular, Tan and Mba conducted experiments under different loads, 
where maximum temperature deviations were reported as 3.5°C. From the results, it is 
concluded that the effect of load on AE activity is negligible under isothermal conditions 
supporting the view, that oil temperature is the dominant influencing factor on AE in 
gearboxes [10]. Moreover, Hamel et al. [2] investigated the effect of oil film thickness on the 
AE generation of defective gear teeth. In connection with natural pitting defects, the 
statistical parameters RMS, kurtosis and crest factor of the AE waveforms show decreasing 
values with increasing specific oil film thickness. Similarly, Toutountzakis and Mba [7] 
concluded, that increased RMS values on increasing loads are related to a reduction in oil 
film thickness. These results indicate that AE is a suitable means to characterize friction 
contact of tooth flanks. 
In this contribution, results of cooperative work between the Chair of Industrial and 
Automotive Drive Trains, Ruhr-Universität Bochum and the Chair of Dynamics and Control, 
Universität Duisburg-Essen are presented. Experiments were conducted to investigate the 
detectability of different wear states of gears by means of AE measurements using sensors 
outside the housing of a gear box. To this end, a standard gear test rig located at the Chair of 
Industrial and Automotive Drivetrains, Ruhr-Universität Bochum is used and examined using 
the AE-equipment and technology provided by the Chair of Dynamics and Control, 
University of Duisburg-Essen [16]. Besides normal operation, the damage modes micro-
pitting and pitting are considered. In section 2 of this paper, the experimental procedures and 
signal processing are described. In section 3, the experimental results are presented. Finally, 
the main results are summarized in section 4. 

2. EXPERIMENTAL SETUP 

In context of this work, experiments were conducted to investigate the detectability of 
different damage modes in gear transmission systems. To this end, piezoelectric sensors were 
mounted outside the housing of a gear box test rig and data was acquired during operation 
under different conditions. To relate the observations to actual machine states, a priori 
knowledge is used. In the sequel, the experimental setup and signal processing are described. 

2.1 Gear box test rig 

The measurements were performed on a standard gear box test rig, which is usually used in 
connection with standardized procedures for wear-testing of lubricated gears. Originally, this 
test rig was developed at Forschungsstelle für Zahnräder und Getriebebau (FZG). A 
schematic drawing of the FZG test rig is shown in figure 2. The test rig contains two 
cylindrical gear stages, namely testing and slave gears in a back-to-back arrangement. The 
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slave gears are driven by an electric drive. Static torque loading of the gears is achieved via a 
torque clutch. Defined loads, which are specified in terms of load stages (LS), can be applied 
by means of calibrated weights and a lever arm. Thus, the electric drive only provides energy 
losses due to friction resulting from the gears and bearings according to the principal of 
circulating power. Lubrication of the gears is realized using immersion lubrication. 
During the experiments, similar pairs of gears in different condition, including normal 
operation, micro-pitting and pitting, were used. The pinion of each pair has 16 teeth which 
meshes with the wheel with 24 teeth providing a transmission ratio of i = −1.5. The wheel 
was driven at a speed of 1450 rpm providing rotational speed of 2175 rpm at the pinion shaft, 
which corresponds to a gear meshing frequency of approximately 580 Hz. Furthermore, the 
AE sensor was mounted outside the housing of the gear box in a horizontal orientation above 
the roller bearing of the pinion, as indicated in figure 2. Besides the interface between the AE 
sensor and the housing, several interfaces are encountered along the propagation path 
including gear/shaft as well as shaft/bearing and bearing/housing interfaces. Because this 
bearing supports mainly radial loads, optimal transmission of AE is expected in this position. 

2.2 Data acquisition 

To record AE, detection of small surface displacements is necessary and therefore high 
sensitivity of the measuring system is required. During the experiments, a custom 
measurement chain was used that has been specifically designed for AE measurements and 
was successfully applied to characterize the wear state of metallic plates under sliding contact 
[16]. Disc-shaped piezoelectric elements of 0.55 mm thickness and diameter of Ø10 mm 

 Figure 2: Illustration of FZG standard test rig, © Chair of Industrial and Automotive Drivetrains 
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featuring a resonant frequency of 3.6 MHz were used. The AE waveform data was sampled 
continuously at a sample rate of 4 MHz.  
Time-frequency domain analysis of the measurement signal was performed by means of 
continuous wavelet transform. This method is particularly suitable for the analysis of low 
amplitude, high frequency signals such as AE. Due to variable time-frequency resolution, this 
transform provides improved time resolution on increasing frequencies and thus enhanced 
interpretability of the time-frequency domain representation. Furthermore, rescaling of the 
obtained matrix of wavelet coefficients was performed for illustrative purposes. Due to 
increasingly low signal intensities on increasing frequencies, each row was normalized to a 
maximum value of 1. Thus, decoupling of the color scales at different frequencies is 
achieved. This procedure allows highlighting of low intensity effects at high frequencies. 

3. RESULTS 

In the sequel, results of AE measurements from a FZG gear box test rig are presented. First, 
the sensitivity of the measurement chain to the meshing of the gears is verified by comparing 
the measurement results obtained under different operating conditions. Hereafter, joint time-
frequency domain representation of measurement results obtained from different machine 
states is studied in detail. Here, different patterns are recognized depending on the wear state 
of the gear box and the causal relation to different damage modes is discussed. 
In figure 3, measurement results of the gear box under normal operation are shown in time-
domain representation. In this case, the gears are fault free, which is considered the reference 
condition. Here, the signal is characterized by transient waveforms, which show a periodic 
pattern of similar peak amplitudes. Furthermore, the period duration is approximately 1.7 ms, 
which corresponds to a frequency of 588 Hz. This matches the theoretical meshing frequency 
of the gears, indicating that the measurement signal is dominated by the meshing of the gears.  

In the following, this baseline pattern is compared to the measurement results from faulty 
gears presented in figure 4. Visual inspection of the gears prior to the experiment revealed 
pitting at a single tooth of the pinion, while the wheel was classified as fault free. Here, the 
pitting defect acts as a marker indicating a full rotation of the pinion. From the 
measurements, a similar periodic pattern is observed. However, compared to the baseline 
pattern, additional discrete events are observed showing comparably large peak amplitudes. 
In between each peak amplitude event, 16 periods of the baseline pattern are observed. This 
is another strong indication of the causal relation between the observed periodic pattern and 
the gear mesh. Apparently, the observed baseline pattern is related to the meshing of the fault 
free pinion teeth and the wheel whereas peak amplitude events are observed each time the 
faulty tooth enters the mesh. 
From the above considerations it can be concluded that the measurement chain is sensitive to 
the meshing of the gears. Furthermore, gear meshing seems to be dominant component of the 
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measurement signal compared to possible additional sources of AE, i.e. roller bearings of the 
gear box, which is consistent with literature [3]. In the sequel, results of joint time-frequency 
decomposition of the AE measurements are presented. Here, different operating conditions 
are considered, including normal operation (fault free) under different loads as well as micro-
pitting and pitting.  

3.1 Load stages 

In the following, normal operation is considered as reference condition. To investigate the 
effect of different loading conditions on the baseline pattern, measurements were performed 
with fault free gears under different loads. Examples of the measurements time-frequency 
decomposition obtained from the load stages LS 8 and LS 10 are presented in figure 5. 
Besides a noise floor at approximately 400 kHz, peak frequencies are observed in the 
spectrogram at frequencies between [50 kHz 60 kHz].  

These results are consistent with those obtained by literature. Toutountzakis et al. [13] 
reported the frequency content of gear mesh in the range of [25 kHz 350 kHz]. Furthermore, 
frequency content below 20 kHz is generally considered as measurement noise [4]. In 
contrast to this, similar effects were not apparent at loads below LS 8. Similarly, Hamzah et 
al. [7] reported increasing AE RMS levels on increasing loads, which is attributed to an 
increase of asperity contact due to a reduction of the oil film thickness. Therefore, increased 
energy of the AE signal at these frequencies is presumably related to an increase in asperity 
contacts and thus indicating increased wear rates. 
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Figure 4: Time-domain representation of measurement results during faulty condition (pitting) 
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3.2 Micro-pitting 

In the following, the baseline pattern is used for comparison to identify characteristic, 
damage-related patterns from faulty gears. Here, a different set of gears is used. Prior to the 

experiments, visual inspection of the gears revealed matte grey surface appearance of several 
tooth flanks indicating micro-pitting as damage mode. The corresponding time-frequency 
decomposition of the measurement signal is presented in figure 6. Compared to the baseline 
examples, additional patterns are observed in the ultrasound regime. Besides increased 
activity in the lower frequency range below 60 kHz, a downshift of the peak frequencies to 
approximately 30 kHz is observed. Furthermore, additional effects in the frequency range 
above 100 kHz are apparent. The increase in the energy content at the lower frequencies 
below 60 Hz is likely related to increased surfaces roughness of the tooth flanks. In principle, 
increase in surface roughness leads to a reduction in specific oil film thickness causing 
increase in asperity contacts [17]. Hence, energy in this frequency range is suspected to 
indicate deteriorated surfaces of the tooth flanks. Presumably, AE activity at increased 
frequencies above 100 kHz is attributed to wear related processes. Here, geometric stress 
concentration (GSC) due to surface defects (i.e. tooling, debris dents, and disruption of the 
EHL film in general) as well as the hydraulic-pressure-propagation mechanism are suspected 
as underlying mechanisms causing fatigue cracking of the material [18]. 

3.3 Pitting 

Finally, similar measurements were performed with a pair of gears containing pitting 
damage. During visual inspection of the gears, pitting was identified at a single tooth of the 
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pinion whereas the wheel was fault free. Additional surface deterioration was not apparent. 
Results of the time-frequency decomposition of the signal obtained during meshing of the 
damaged tooth are presented in figure 7. Here, a broad-band response between 
[30 kHz 400 kHz] is observed. Similar results were reported by Scheer et al. [14]. Compared 
to the frequency content associated with micro-pitting, an upshift of peak frequencies in the 
lower frequency band is observed. These are mainly located above 40 kHz. However, these 
results are matching the reference condition, indicating the absence of abnormal surface 
roughness. Furthermore, disruption of the elastohydrodynamic lubrication (EHL) film at the 
pitting damage is expected. Therefore, peak frequencies below 60 kHz are suspected to result 
from asperity contacts between damaged gear surface and the mating gear. This is again a 
strong indication that peak frequencies below 60 kHz are related to the wear state of tooth 
flank surfaces. Additionally, during the sophisticated experiments high frequency 
components are observed for the first time, which are suspected to be related to underlying 
mechanical fracture processes, i.e crack initiation or propagation. 

4. SUMMARY AND CONCLUSION 

In context of this work, experiments were conducted on a spur gear test rig under different 
operating conditions including normal operation of fault free gears under different loads as 
well as different damage modes (i.e. micro-pitting and pitting). Despite attenuation due to 
multiple interfaces along the propagation path, the meshing frequency of the gears can be 
obtained directly from the time domain representation of the AE signal. Moreover, damage 
specific signatures in the joint time-frequency representation of the measurement signal could 
be identified depending on the condition of the gears. From these results the following can be 
concluded: 

i) The gear meshing is recognized from static sensors mounted outside the housing of 
the gear box. 

ii) Different damage modes can be recognized and distinguished from the time-
frequency decomposition of the AE signals. 

Furthermore, indication of deteriorated surface of the tooth flanks is suspected by peak 
frequencies in the lower ultrasound regime (i.e. [20 kHz 60 kHz]). Moreover, AE activity 
attributed to wear related processes (i.e. fatigue cracking of the material) is presumably 
located in the ultrasound regime at frequencies up to 400 kHz. 

REFERENCES 

[1] C. K. Tan and D. Mba, Experimentally Established Correlation Between Acoustic 
Emission Activity, Load, Speed, and Asperity Contact of Spur Gears Under Partial 
Elastohydrodynamic Lubrication, Proc. Inst. Mech. Eng. Part J J. Eng. Tribol., 219, 
401–409, 2005. 

[2] M. Hamel, A. Addali, and D. Mba, Investigation of the influence of oil film thickness 
on helical gear defect detection using Acoustic Emission, Appl. Acoust.,79, 2014. 

[3] F. Elasha, M. Greaves, D. Mba, and A. Addali, Application of Acoustic Emission in 
Diagnostic of Bearing Faults within a Helicopter Gearbox, Procedia CIRP, 38, 30–36, 
2015. 

[4] C. K. Tan, P. Irving, and D. Mba, A comparative experimental study on the diagnostic 
and prognostic capabilities of acoustics emission, vibration and spectrometric oil 
analysis for spur gears, Mech. Syst. Signal Process., 21, 208–233, 2007. 

[5] T. H. Loutas, G. Sotiriades, I. Kalaitzoglou, and V. Kostopoulos, Condition 



10 
 

monitoring of a single-stage gearbox with artificially induced gear cracks utilizing on-
line vibration and acoustic emission measurements, Appl. Acoust., 70, 1148–1159, 
2009. 

[6]  A. Singh, D. R. Houser, and S. Vijayakar, Detecting Gear Tooth Breakage Using 
Acoustic Emission: a Feasibility and Sensor Placement Study, J. Mech. Des., 121, 
587–593, 1999. 

[7] R. I. Raja Hamzah and D. Mba, The influence of operating condition on acoustic 
emission (AE) generation during meshing of helical and spur gear, Tribol. Int., 42, 3–
14, 2009. 

[8] T. Toutountzakis and D. Mba, Observations of acoustic emission activity during gear 
defect diagnosis, NDT E Int., 36, 471–477, 2003. 

[9] B. Eftekharnejad and D. Mba, Seeded fault detection on helical gears with acoustic 
emission, Appl. Acoust., 70, 547–555, 2009. 

[10] C. K. Tan and D. Mba, Identification of the acoustic emission source during a 
comparative study on diagnosis of a spur gearbox, Tribol. Int., 38, 469–480, 2005. 

[11] T. H. Loutas, J. Kalaitzoglou, G. Sotiriades, and V. Kostopoulos, A Novel Approach 
for Continuous Acoustic Emission Monitoring on Rotating Machinery Without the 
Use of Slip Ring, J. Vib. Acoust., 130, 2008. 

[12] K. R. Al-Balushi and B. Samanta, Gear fault diagnosis using energy-based features of 
acoustic emission signals, Proc. I MECH E Part I J. Syst. Control Eng., 216, 249–263, 
2002. 

[13] T. Toutountzakis, C. K. Tan, and D. Mba, Application of acoustic emission to seeded 
gear fault detection, NDT E Int., 38, 27–36, 2005. 

[14] C. Scheer, W. Reimche, and F. Bach, Early fault detection at gear units by acoustic 
emission and wavelet analysis, J. Acoust. Emiss., 25, 331–340, 2007. 

[15] P. Mazal, L. Nohal, F. Hort, and V. Koula, Possibilities of the damage diagnostics of 
gearboxes and bearings with acoustic emissions method, in 18th World Conf. 

Nondestruct. Test., 16–20, 2012. 
[16] D. Baccar and D. Söffker, Wear detection by means of wavelet-based acoustic 

emission analysis, Mech. Syst. Signal Process., vol. 60–61, 198–207, 2015. 
[17] G. Blake and J. Reynolds, Case Study Involving Surface Durability and Improved 

Surface Finish, in AGMA Fall Technical Meeting. 2011. 
[18] R. Errichello, Morphology of Micropitting, Gear Technol., 6,74–81, 2012. 
 


