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Abstract:

Failure in gears, transmission shafts and drivetrains is very critical in machineries such as aircrafts and 
helicopters. Real time condition monitoring of these components, using predictive maintenance 
techniques is hence a proactive task. For effective power transmission and maximum service life, gears 
are required to remain in prefect alignment but this task is just beyond the bounds of possibility. These 
components are flexible, thus even if perfect alignment is achieved, random dynamic forces can cause 
shafts to bend causing gear misalignments. This paper investigates the change in energy levels and 
statistical parameters including Kurtosis and Skewness of gear mesh vibration and airborne sound 
signals when subjected to lateral and angular shaft misalignments. Novel regression models are 
proposed after validation that can be used to predict the degree and type of shaft misalignment, provided 
the relative change in signal RMS from an aligned condition to any misaligned condition is known.

Keywords: Gearbox, Misalignment, Vibration, Acoustic, Prediction, Statistics

1. Introduction

Gearboxes are widely used in automobiles, aircrafts, helicopters and nuclear power plants to transmit 
motion and vary speed and torque. Failure of a gear in these applications can lead tragic incidents and 
can have serious consequences on human lives. In 1999, 28 out of 192 failure of helicopters were 
primarily due to gearbox failure [1]. In 2011, a Puma helicopter crashed in the North Sea because of a 
gearbox failure due to a faulty maintenance error [2]. After these incidents, the employment of the 
Health Usage and Monitoring Systems (HUMS) was recommended on helicopters for predicting 
impending component failure for maintenance at an early stage and warning pilots of imminent 
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degradation in gearboxes and drivetrain [3]. Vibration and noise based health monitoring techniques 
are considered viable for many rotating and reciprocating machines especially gearboxes [4-7]. Using 
these techniques along with deployment of advanced sensors has now become conventional on all 
helicopters and for other machines. The technologies have now matured enough claiming a number of 
successes with respect to accident prevention. The HUMS at present is around 70% effective in 
evaluating the airworthiness of any aerospace structure [8]. The improvement in setting appropriate 
thresholds for the gearbox condition indicators (CIs) can also take place through investigation of gear 
mesh misalignments since the vibration and noise study on the mentioned misalignments is not widely 
studied in the literature.

Earlier studies on the dynamic behavior of gear pairs investigated the effect of increasing speeds on 
gear teeth loads and the corresponding reduction in service life [9]. Tharmakulasingam investigated the 
effect of transmission errors (TE) on the dynamic behavior of the spur gears [10]. It was suggested that 
the tooth profile errors and variation in the torsional mesh stiffness cause generation of abnormal gear 
vibration and noise. Other sources of the abnormal dynamic behavior of gears are characterized under 
axial forces from bearings, eccentricity errors in gear shafts and pitch errors. Åkerblom [11] stated the 
contact deformations (due to Hertz contact stresses, teeth bending, run-out errors, gear blank 
deflections, shaft and bearing deflections) as another source of abnormal gear vibration. The 
transmission errors were classified into 4 types, namely, 1) manufacturing transmission errors due to 
errors in tooth geometry, 2) static transmission error that occurs at low load conditions as teeth deform 
elastically, 3) kinetic transmission error that occurs due to asperities contact on tooth surface like surface 
roughness and ruggedness, and, 4) dynamic transmission error that could occur due to dynamic forces. 
A new approach proposed the tooth contact analysis for geared systems and investigated the effect of 
loads on TE [12]. More et al. investigated the effect of TE, misalignment and manufacturing errors on 
the shuttling force excitations and overall noise generated in a helical gearbox using a load distribution 
program and Finite Element Analysis (FEA). The contribution of shuttling moment and TE in 
generation of vibration signals was also discussed in later research [13]. Zhan et al. developed a novel 
method by integrating FEA and numerical algorithms for evaluating the time varying torsional mesh 
stiffness of gears [14].  The simulation of gearbox components was also used to identify the causes of 
gear failures including TE, macro and micro geometrical errors, material homogeneity errors and other 
possible causes of gear noise to optimize and improve gearbox life [15]. Zhang et al. incorporated the 
unavoidable meshing errors in their study on the gear tooth modification (GTM) and provide an 
improved shape for the gear dynamic performance [16]. The effects of constant and fluctuating loads 
and the shaft speed on the helical gear dynamic response were used to establish a direct relation between 
shaft speed and its alignment [17]. With rising demand for electronic vehicles (EV), the dynamic 
requirements for the gear systems will change as it will be possible to run gears at higher speeds on 
electric motors compared to internal combustion (IC) engines. Harris et al. simulated gear 
misalignments, contact patches, TE, system deflections and the complete drivetrain of an EV [18]. They 
also compared conventional noise, vibration and harshness to understand sources of noise in an EV 
transmission. The Monte Carlo simulations were also used to evaluate minimum backlash in gear 
dynamics studies [19]. These simulations were helpful to analyze the gear responses under 
misalignments, face width variation, center distance variation, lead, run-out and pitch variations. 

The past research efforts related to misaligned gears mostly used the finite element analysis for the 
stress evaluation under different misalignments and load conditions. Hani [20] in his work evaluated 
the effect of shaft misalignments on the stress distribution of the spur gears. He showed using FEA that 
the stresses distribution and its concentration on tooth were directly proportional to the misalignment 
angle. Similar work was reported on the effects of linear and angular misalignments of a spur gear pair 
[21]. The research work evaluated the effects of misalignments on the mesh stiffness variation, the load 
sharing ratios and the mesh forces on teeth. Prabhakaran [22] performed FEA for the stress evaluation 
of the spur gears subjected to the yaw misalignments at 1 and 2 degrees. The evaluation of stresses in 
axial misalignment condition was also reported in a later research [23]. These studies helped to 
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determine the strength of gears under misalignment but not expressing the details about the gear 
dynamic responses. 

The experimentation and numerical based research on vibrations of misaligned gears is relatively new; 
and as per authors’ knowledge the first and only paper yet on the problem was published in 2012 [24]. 
The work reported the changes in the vibration signatures due to the axial and the radial misalignments 
in the gear meshing region, using a limited set of experimentations for each type. It also highlighted the 
need for further experimentations to develop stronger correlations. Recently, the effects of the tooth tip 
corner contact and the shaft misalignments with high contact ratio gears were also analyzed using FEA 
[25]. They used different flank sizes and compared tooth sharing loads for each case. 

The gears should be in perfect mesh alignment for an efficient power transmission. This perfect teeth 
alignment provides a uniform load distribution on the teeth which can maximize the gear service life 
and hence reduce the probability of a premature failure. The vibration and the noise characteristics in 
gear meshing under different shaft misalignments is not comprehensively discussed in the available 
literature. Therefore, the prime objective of this paper is to empirically investigate these characteristics 
and analyze them with the help of the condition indicators like RMS energy, Kurtosis and Skewness. 
This paper highlights the change in energy levels of regular components of a gear mesh (Fast Fourier 
Transform) FFT when subjected to a change in the meshing areas due to degrees of axial, radial, yaw 
and pitch shaft misalignments. A torsional loaded spur gear test rig was used in experiments with 
vibration and airborne sound sensors.  Novel regression models were also proposed after validation. 
These models were used to predict the degree and type of the shaft misalignment if the relative change 
in signal RMS from an aligned condition to any misaligned condition was available.

2. Gear Misalignments and Condition Indicators 

Gears are designed for a long operational life and with a high factor of safety but this can be 
compromised if the lubrication quality falls, shaft bearings wear out, shaft loses eccentricity or shaft 
bends/deforms resulting in teeth to lose the perfect alignment condition displayed in Fig. 1 (a). Teeth 
misalignments cause gears to run under increased loads and as a result contact stresses rise. Two types 
of lateral and angular gear shaft misalignments were experimentally tested and analyzed in this paper 
as shown in Fig.1 and described below:

2.1 Lateral Misalignment:
2.1.3 Radial Misalignment: Gears are subjected to radial misalignment when gear teeth are brought 
away from each other by increasing the center-to-center distance while the shafts remain parallel as 
shown in Fig. 1 (b). It reduces the contact area of the teeth under mesh and hence ultimately reduces 
the teeth meshing stiffness (the resistance of teeth to deformation when in the meshing region due to 
the hertz contact stresses). The backlash and tooth bending also increases as the meshing contact region 
moves nearer to the addendum or tooth tip. Furthermore, the contact ratio also reduces due to lesser 
asperities in contact and hence reduces the gear noise.
2.1.4 Axial Misalignment: When subjected to axial misalignment, the gears center-to-center distance 
remains unchanged, but one gear is advanced along its axis forward, so that contact is lost along some 
of its face width as shown in Fig. 1 (c). Although the contact ratio and backlash remains same, the 
contact area decreases and due to increased contact stresses and deformation, there is a reduction in 
meshing stiffness.
2.2 Angular Misalignment:
2.2.1 Yaw Misalignment: In this misalignment, the gear shafts are positioned non-parallel and moved 
at an angle on the horizontal plane as shown in Fig. 1 (d). Gears are then subjected to an increase or 
decrease in the contact area depending on whether the pinion shaft is displaced towards or away from 
the gear shaft at a horizontal angle. The contact ratio changes as the misalignment angle is varied. If the 
pinion shaft is displaced towards the gear at a horizontal angle, the pinion teeth intrude further into gear, 
reducing the gear clearance from optimal value. Hence, the asperities in contact should increase, causing 



  

4

more gear noise. While if the pinion is displaced away from the gear, gear backlash increases, the 
contact ratio and the asperities in contact decreases and resulting a low noise. 
2.2.2. Pitch Misalignment: Gears can be subjected to pitch misalignment, when the pinion and the 
gear shafts are misaligned by introducing an angle in the vertical plane as shown in Fig. 1 (e). As the 
pinion shaft is displaced at a vertical angle, its teeth are tilted and hence more edge region comes in 
contact in meshing region compared to the rest of the face width. This causes contact to be at a point 
rather than on a line (as in perfect alignment case) which can increase the deformation and reduce the 
mesh stiffness. Pitch misalignment causes more edge wear on flank and provides reduced cushioning 
effect (i.e. Gears come into impact and separation on the flank edge while meshing). According to the 
FEA analysis performed in previous studies [24], pitch misalignment causes most rise in contact stresses 
as compared to the others. 

Fig. 1 Misalignment Cases

Condition indicators (CI) [26-29] were normally employed on the vibration and the noise signals to 
evaluate the health/condition of a gearbox. Gearboxes were subjected to the degrees of tooth cut/ 
breakage and improper chamfering [30] in previous studies and mainly crack growth in gear tooth or 
rim was studied by using the vibration and the noise signals and their respective CIs [31-36]. However, 
there will be a dominant change in the vibration and the noise signatures if the gears are subjected to 
the above mentioned misalignments. These changes in the mentioned signature are not widely studied 
in published literature and hence is the focus of this presented research work. The primary CI which is 
used in this work, is the Root Mean Square (RMS) energy analysis. Kurtosis and Skewness are also 
used to validate the trend in RMS. In RMS Energy Analysis, the RMS function [37-40] is based on the 
energy content of vibration or noise signal in a cumulative manner as given in Equation 1.

(1)𝑅𝑀𝑆 =
1

N
∑N

i = 1
s2

i

Where si is the ith member in the dataset s, and N is the number of points in the dataset.

Kurtosis [26,29] defines the peakedness in the shape of the amplitude distribution of the signal as given 
in Equation 2. The Kurtosis is the fourth centralized moment of the signal and is normalized by the 
signal variance. The Kurtosis of a normal distribution is 3, values greater than 3 indicate a heavy tailed 
distribution while values lesser than 3 indicate light tailed distributions.

(2)𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 =
𝑁.∑𝑁𝑖 = 1

(𝑠𝑖 ‒ 𝑠)4

(∑𝑁𝑖 = 1
(𝑠𝑖 ‒ 𝑠)2)2

Skewness [26] indicates the symmetry of the amplitude distribution of the vibration and the airborne 
sound signal and is given in Equation 3. It is the third order moment in statistical analysis. Skewness of 
a normal distribution is zero, while negative skewness indicates data is shifted towards left and positive 
skewness indicates data is shifted to right side (i.e. the right tail is longer than left).
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(3)𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 =
𝑁.∑𝑁𝑖 = 1

(𝑠𝑖 ‒ 𝑠)3

( ∑𝑁𝑖 = 1
(𝑠𝑖 ‒ 𝑠)2

)3

In Equation 2 and 3, N is the number of points in time domain of the signal, si is the ith point in the 
signal and  is the signal mean. s

3. Experimental Procedure

A customized gear test rig was used to generate the vibration and the noise signatures under different 
misalignments. The rig has a provision for introducing degrees of different misalignments in its design. 
The experimental setup is shown in Fig. 2 (a). The driving motor which runs at 1500 rpm and 3 HP, 
was rested on an adjustable bed which was supported by horizontal and vertical screws. The movable 
bed accommodated the driving shaft which could be aligned by using the available vertical and 
horizontal screws. The gearbox contained a spur pinion and a gear. The driven gear was mounted on 
the shaft which was connected to a rotor based loading mechanism. The box of the loading mechanism 
was filled with viscous oil and hence on rotation offered resistance and loaded the gears torsionally. A 
constant oil level in the loading unit offered a torque load of 43.5 Nm and same was used in all 
experiments. The whole setup was also rested on a base table. The locations of accelerometer and 
microphone sensors are shown in Fig. 2 (a). The vertical plane and horizontal plane adjustment screws 
used for aligning and misaligning the driving shaft are shown in Fig. 2 (b) and (c).

Fig. 2 Experimental Setup (a),  showing horizontal plane (b) and vertical plane (c) adjustment screws

A set of analogue deflection dial gauges were also used for aligning the rig in horizontal plane as shown 
in Fig. 2 (b). A digital vernier caliper and a phone gyroscope were also employed for the vertical 
alignment as shown in Fig. 3. The same set of equipment was also used in introducing controlled 
misalignments during the tests. A schematic of positioning of the rig in the laboratory and the key sensor 
positions is given in Fig. 4.
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Fig. 3 Vernier Caliper for Vertical plane adjustment and for inducing pitch misalignment

Fig. 4 Placement of the gear rig in the room (a), and key sensor and measurement positions on the gear rig (b)

Two Tenlee® single axis accelerometers were mounted on the motor and the gear side bearing for 
acquiring the vibration data. A GRAS© 40 PP microphone was placed directly above the gearbox for 
acquiring acoustic signals as shown in Fig. 2 (a). The sensors were connected to a DAQCard™ NI 9234 
through NI cDAQ™ 9174 Chassis to a laptop. SignalExpress™ 2015 was used for signal acquisition 
and processing as shown in Fig. 5. The sensor characteristics for accelerometers and microphone is 
listed in Table 1.

Table 1 Sensor Properties

Sensor Accelerometer Microphone
Model No. TL122A05 GRAS 40 PP
Sensitivity 4.81mV/g 50mV/Pa
Impedance 50 Ω 50 Ω

Frequency Range Up to 12kHz 10Hz to 20 kHz
Temperature Range -40 to 121 oC -10 to 50 oC
Excitation Current 2-10 mA 2 to 20 mA
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Fig. 5 Instruementation and Signal processing setup

The pair of gears used in the experiments is shown in Fig. 6. The design parameters of the used gears 
are provided in Table 2. The material of the gears was AISI 4140 steel. The gear machining was 
performed on a CNC to achieve close tolerances; while CNC milling was carried out for the teeth 
grinding. The error tolerances of 5% were specified during manufacturing. Gears with close error 
tolerances were paired up for each misalignment case. Dimension errors of the gear pairs are given in 
Table 3. 

Fig. 6 Gearbox (with Axial misalignment spacer collar)

Table 2 Pinion and Gear design parameters

Gear Parameter Design Value
Module 2.25

Number of teeth 31
Pitch Diameter 69.75 mm

Face width 21.2 mm

Table 3 Gear tolerance errors

Misalignment case Gear No. Pitch Diameter (mm) Face-Width (mm)
Gear 1 72.65 22.02

Radial
Gear 2 73.20 21.69
Gear 3 67.33 23.12

Axial
Gear 4 68.21 23.59
Gear 5 70.32 19.26

Yaw
Gear 6 70.07 19.53
Gear 7 65.21 20.56

Pitch
Gear 8 66.03 21.07
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4. Methodology

For each type of misalignment, a new pair of spur gears was used. This was done in order to record just 
the effects of one type of misalignment on the gears. The zero alignment condition control reading was 
also performed each time for each gear pair when changing to a different misalignment type. 

The perfect alignment in a gearbox is beyond the bounds of possibility and even close to perfect 
alignment is a very challenging milestone to achieve. A set of deflection dial gauges, Vernier caliper, 
and a gyroscope was used to achieve a zero misalignment with a 0.01 mm accuracy. These tools were 
used in aligning the movable bed which housed the driving pinion shaft. The zero-control position was 
marked on the rig using this equipment before any misalignment was done. This position was then used 
to induce other misalignments using the set of dial gauges, Vernier caliper and gyroscope. The 
experimental scheme is tabulated in Table 4.

Table 4 Experimental Scheme

Misalignment 

Case #
Gear Set

Misalignment 

Type
Misalignment Step Signal Purpose

1 0.2 mm
For model 

development

2 0.3 mm For RMS Validation

3 0.4 mm
For model 

development

4 0.6 mm
For model 

development

5 0.8 mm For RMS Validation

6

Pair 1 Radial

1.0 mm
For model 

development

7 +0.025 deg
For model 

development

8 +0.05 deg
For model 

development

9 +0.06 deg For RMS Validation

10 +0.075 deg
For model 

development

11 +0.1 deg
For model 

development

12 -0.025 deg For RMS Validation

13

Pair 2 Yaw

-0.75 deg
For model 

development

14 1 collar = 0.7 mm
For model 

development

15 2 collar = 1.4 mm
For model 

development

16 3 collar = 2.1 mm For RMS Validation

17 4 collar = 2.8 mm
For model 

development

18

Pair 3 Axial

5 collar= 3.5 mm For RMS Validation



  

9

19 0.025 deg
For model 

development

20 0.05 deg
For model 

development

21 0.075 deg
For model 

development

22 0.1 deg For RMS Validation

23 0.15 deg For RMS Validation

24

Pair 4 Pitch

0.2 deg
For model 

development
For radial and yaw misalignments, the set of deflection dial gauges were used to take shaft displacement 
reading in radial and yaw misalignments cases. The horizontal plane alignment screws were used to 
move pinion shaft in these cases. For axial misalignment, collars of 0.7 mm thickness were used 
between the shaft and the gear to displace it on the axial axis as shown in Fig. 6.

The operational frequencies of the components of the gear rig as calculated for the mentioned 
experimental setup is shown in Table 5.  The gear mesh frequency was of main interest in all the 
experiment. It was acquired at a sampling frequency of 3.5 kHz and  the first two harmonics were 
recorded for analysis as used in the previous research [41]. Each raw signal was acquired by operating 
the gear rig for 4.2 minutes and the number of time averages was set at 250 on SignalExpress™. A high 
band pass filter with limit of 10 Hz was employed to remove the 0 Hz sensor DC offset peak [42] and 
low frequency noise, along with a Hanning window filter to minimize spectral leakage. 

Table 5 Frequencies of the gear testing rig

Frequency Value

Gear Rotational Frequency Frg 25 Hz
Pinion Rotational Frequency Frp 25 Hz

Gear Mesh Frequency GMF 775 Hz
Bearing Fundamental Train Frequency FTF 10.16 Hz
Ball Passing Frequency Outer (BPFO) Race 91.47 Hz
Ball Passing Frequency Inner (BPFI) Race 133.528 Hz

Ball Spin Frequency (BSF) 64.54 Hz

Each case listed in the experimental scheme was repeated three times which ensures the repeatability 
in the results. The time averaged and raw signals are shown in Fig. 7.

Fig. 7 Raw input (red) and time averaged (blue) signals in time domain
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The FFT graphs for vibration and airborne signals of a control reading are illustrated in Figs. 8 and 9, 
respectively, with its regular components of interest marked. The frequency spectrum graphs were 
computed with RMS peak conversion in SignalExpress™. Same components from all cases of vibration 
and noise tests were used for further RMS analysis.

Kurtosis and Skewness analysis was carried out to support the trends observed in RMS. For this 
purpose, the raw signals were used to make amplitude histograms. The upper and lower bounds of the 
histogram was set equal to the maximum and minimum amplitude values of the time domain signal as 
shown in Fig 10. The bin size was calculated using the ceilings formula [43], given in Equation 4. 

 (4)𝑘 =
𝑠𝑚𝑎𝑥 ‒ 𝑠𝑚𝑖𝑛ℎ

Where smax is the maximum amplitude of the signal, smin is the minimum amplitude and h is bin width 
calculated using Scotts Normal Reference Rule [44], given in Equation 5.

(5)ℎ =
3.5𝜎

3 𝑁
where σ is the standard deviation of the signal, and N is the number of samples in the signal. The number 
bins for all histograms was set equal to 40. The Kurtosis and Skewness of the histograms were 
calculated in Microsoft® Excel using the KURT and SKEW function respectively.

Fig. 8 Power Spectrum FFT graphs of a typical Vibration signal of the gearbox under test
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Fig. 9 A typical Airborne sound signal of the gearbox under test

Fig. 10 Amplitude Histogram for a typical Vibration Signal of the gearbox in SignalExpress™

The baseline spectrum for gear pairs used in all misalignment cases is given in Fig. 11. The variation in 
these spectrums is due to slight differences in gear geometry because of manufacturing errors. Partially 
the variations are also due to the fact that exactly the same aligned condition is not possible to achieve 
every time and there may be slight dissimilarity in while aligning gears each time.
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a)

b)

c)

d)

Fig. 11 Baseline vibration signals for a) radial b) axial c) yaw & d) pitch misalignment
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5. Results 

The RMS analysis of vibration and air-borne sound signals of the gearbox was carried out in 
SignalExpress™. In the past research [41–42, 45], the effect of misalignments in the rotating shafts was 
reflected in the FFT spectrum specially affecting the shaft speed harmonics peaks and the gear mesh 
frequency region. It was believed that the increasing shaft misalignments tend to increase the RMS 
energy of first few harmonics of the shaft speed frequency and also caused the leakage of the main gear 
mesh frequency energy into its sidebands. It was mentioned in the literature [46] that the misalignments 
in the shafts affect the 1X, 2X and 3X peaks of the shaft speeds on the FFT spectrum. But the available 
literature is still unable to mention which type of misalignment tends to affect a specific shaft speed 
harmonic the most. Therefore, the RMS peak values of the regular components in the frequency 
spectrum were measured for each misalignment case alongside with the total RMS values. The RMS 
values were fitted by using the MATLAB® Curve Fitting Toolbox™ and were plotted for each regular 
peak against the degree of misalignment. The recorded values were fitted using the exponential 
regression as it offered the best statistical RMSE and Adjusted R-Square Values [47], which should be 
close to 0 and 1 respectively for the best statistical fit. A value closer to 1 for adjusted R-square shows 
that the regression model can be used for prediction with good accuracy [47]. The RMSE value closer 
to zero indicates that the value predicted by the regression model is very close to the actual value [47]. 
This procedure was repeated for all types of lateral and angular misalignments and the results are 
discussed below. As hypothesized before, increasing radial, axial and yaw misalignment would cause 
the signal RMS to decline because of the decrease in metal surface contact area. This trend was obtained 
in the total signal RMS, the shaft speed frequency and the GMF of vibration and the airborne sound 
signals under radial, axial and yaw misalignments as shown in Figs. 12-13 (a, b, and c respectively). 

Pitch misalignments test was performed in the range of 0o to 0.2o. It was explained above that pitch 
misalignment could cause the loss of contact across the face width and this causes more face edge 
striking (gear damage) which results in more noise. Pitch misalignment also puts more axial loads on 
bearings and is treated as the most unsafe misalignment. This was reflected in an increase in RMS levels 
as pitch misalignments was increased and is shown in Figs. 12-13 (d). A creaking noise was also 
observed from the bearings in experiments where misalignments were greater than 0.2o. Hence tests 
were not performed above than this range. The trends for the total RMS of the signal, the shaft speed 
and the GMF are shown in Figs. 12-13 (d) for pitch misalignment tests. 

Fig. 12 Vibration Signal RMS trends for misalignment tests
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Fig. 13 Noise Signal RMS trends for misalignment tests

The RMSE and the Adjusted R-square values for all the curves shown in Figs. 11-12 used the 
exponential regression models and their values are shown below in Table 6. 

Table 6 Goodness of fit statistics values for signal components

Misalignment Signal
RMS 

Component
RMSE Adjusted R-square

Total RMS 0.3648 0.8483

Vibration 25Hz 0.000503 0.9213

775 Hz 0.1336 0.8608

Total RMS 0.22383 0.87458

Airborne sound 25Hz 0.00158 0.97208

Radial

775 Hz 0.15918 0.9256

Total RMS 0.6118 0.7979

Vibration 25Hz 0.006588 0.9276

775 Hz 0.08109 0.8815

Total RMS 0.1286 0.7844

Airborne sound 25Hz 0.1653 0.8107

Axial

775 Hz 0.02762 0.8858

Total RMS 0.2198 0.9754

Vibration 25Hz 0.008211 0.9943

775 Hz 0.08683 0.9472

Total RMS 0.21981 0.98266

Airborne sound 25Hz 0.01981 0.60432

Yaw

775 Hz 0.01636 0.99884

Total RMS 0.08123 0.9713

Vibration 25Hz 0.000913 0.9875

775 Hz 0.03606 0.913

Total RMS 0.07746 0.9732

Airborne sound 25Hz 0.01391 0.7192

Pitch

775 Hz 0.05866 0.9387
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The Kurtosis represents how peaked or flat the frequency amplitude distribution is. It is proposed that 
for radial, axial and yaw misalignments, Kurtosis should decrease with increasing misalignments. The 
peakedness of the amplitude distribution represents the intensity of gear meshing energy. As the 
misalignment is increased, the number of surface asperities coming into contact on gears decreases 
reducing the meshing energy intensity. This will cause the amplitude distribution to become flatter, 
hence reducing the Kurtosis value.  This trend in Kurtosis for radial, axial and yaw misalignments is 
displayed in Figs. 14-15 (a, b and c respectively) for vibration and airborne sound signals. Exponential 
regression was used for curve fitting as it gave the best RMSE and Adjusted R-Square Values as given 
in Table 7.

As proposed for RMS, the vibration energy levels increases when gears wear under pitch misalignment. 
The increased edge striking causes increased gear damage (edge wear), which would cause Kurtosis to 
increase as well. This is displayed in Figs. 14-15, (d) for vibration and airborne sound signals under 
pitch misalignment.

Fig.14 Vibration Signal Kurtosis for misalignment tests
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Fig. 15 Airborne sound Signal Kurtosis for misalignment tests

Table 7 RMSE and Adjusted R-Square for Curve Fitting Kurtosis

Misalignment Signal Adjusted R-Square RMSE

Vibration 0.8135 0.6887
Radial

Airborne sound 0.9587 0.08832

Vibration 0.3938 0.2049
Axial

Airborne sound 0.8519 0.04451

Vibration 0.9464 0.2379
Yaw

Airborne sound 0.9296 0.03776

Vibration 0.8003 0.3611
Pitch

Airborne sound 0.7039 0.07154

Skewness of the vibration and the airborne sound signals indicate the symmetric characteristics of 
amplitude histograms. A time series with many small values and few large values is positively skewed. 
The spiky nature with few large values of time domain signal is indicative of higher skewness and 
higher vibration levels as shown in a typical aligned case in Fig. 16.

Fig. 16 Time domain vibration signal under aligned condition
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The skewness value is proposed to drop with increasing radial, axial and yaw misalignment as the spiky 
nature (few large values in the time domain signal) decreases (i.e. number of large values relative to 
overall signal, increases), and amplitude levels drop as well. This is shown in Figs. 17-18 (a, b, c 
respectively) for vibration and noise signals.

For pitch misalignment, the skewness is proposed to increase with increasing misalignment. This will 
happen because the vibration amplitude levels will increase and there will be fewer large peaks in time 
domain signal as a result of more gearbox damage (edge wear). This is shown in Figs. 17-18 (d) for 
both vibration and airborne sound signals.

Fig. 17 Vibration Signal Skewness for misaligned tests

Fig. 18 Airborne sound Signal Skewness for all misaligned tests

The curve fitting exponential regression values for skewness are shown in Table 8. 
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Table 8 Regression Curve Fitting Values for Skewness

Misalignment Signal Adjusted R-Square RMSE

Vibration 0.7789 0.1691
Radial

Airborne sound 0.9836 0.03542

Vibration 0.8519 0.04451
Axial

Airborne sound 0.4547 0.06696

Vibration 0.8485 0.1613
Yaw

Airborne sound 0.9213 0.0314

Vibration 0.9128 0.07936
Pitch

Airborne sound 0.6398 0.05441

     

Consistency in results was observed with RMS, Kurtosis and Skewness analysis for all the 
misalignments tests carried out. But, RMS is used for further discussion, from this point onwards to 
make regression models for misalignment prediction purposes. It indicates the variation in the overall 
energy content of the signals, with the change in misalignment, and hence seems a better indicator. 

6. Discussion

The principle cause of the gear noise in the meshing process is the impact and the separation of the gear 
teeth that comes into contact. In the results mentioned above it was observed that the radial, the axial 
and the yaw misalignments caused a loss in the contact area in the meshing region. This reduced the 
number of surface asperities coming into contact and hence reduced the overall energy of the vibration 
and the noise signals as reflected by the curves of the total RMS, the energies of the shaft speed and the 
gear meshing frequency. The pitch misalignment caused more contact at the edges of the face width 
and hence increased the vibration levels. This caused more edge wear/chipping and heavy loads on the 
bearings. This was reflected as an increase in the energy levels of the total RMS of the signals, the 
energies at the shaft speed and the GMF. The change in RMS under pitch misalignment was not due to 
the reduction in number of surface asperities coming into contact, but the intensity of edge strikes (gear 
damage). The hypothesis of the change in the RMS due to the change in the meshing area or the change 
in number of surface asperities coming into contact, did not stand for the pitch misalignment and hence 
expressed in degrees.

It was assumed that the principles would be the same for change in the RMS values of the gears of any 
type or size if subjected to misalignments. Therefore, the axial, the radial and the yaw misalignments 
can be characterized in terms of the relative change or loss in tooth contact area inside the meshing 
zone. The relationship between the two variables (i.e. change in RMS values and contact area) can be 
generalized for all types and sizes of the gears. This would allow the prediction of the percentage loss 
in contact area of the meshing teeth provided the percentage loss in signal RMS is known. For this 
purpose, the designed gears were imported into SolidWorks© and the area calculations for each 
misaligned case of the axial, the radial and the yaw misalignments were performed and discussed below.  
The gear tooth face was a curved profile so projections were used to calculate the approximate area by 
assuming the tooth face as straight surfaces. The conditions for each misalignment were simulated in 
SolidWorks© and misalignments were replicated as they were carried out on the test rig. The replication 
model steps are shown in Figs. 19. The process was started by positioning the gears in the required 
conditions. 

Once the pinion and gear were positioned in required alignment, planes and split lines were made to 
confine the approximate contact area as shown in Fig. 19 (a).  This method created the split line on the 
tooth face of the adjacent gear and showed the line where the teeth would come in contact. The split 
lines were created on the tooth faces of both the driving and the driven gears.   In the next step, straight 
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lines were created in between the split lines and the adjacent tooth edge to denote the corners of the 
contact area as shown in Fig. 19 (b).

A small portion of the split line was noticed to be out of contact with tooth edge as shown in Fig. 19 (c) 
which was rejected.  In the final step, the corners were simply connected to obtain the contact area 
shown in Fig 19 (d). SolidWorks© Measure tool was used to calculate the contact area. The highest 
possible accuracy was used to obtain the precise values. These areas were the closest approximation to 
the actual contact area.

Fig. 19 Steps for Area Calculation in SolidWorks©

After the calculations of areas, the percentage loss in area for each misalignment case was calculated 
by using Equation 6:

(6)%𝐴𝑟𝑒𝑎 𝑙𝑜𝑠𝑠 =
𝐴𝑟𝑒𝑎𝑎𝑙𝑖𝑔𝑛𝑒𝑑 ‒ 𝐴𝑟𝑒𝑎𝑚𝑖𝑠𝑎𝑙𝑖𝑔𝑛𝑒𝑑𝐴𝑟𝑒𝑎𝑎𝑙𝑖𝑔𝑛𝑒𝑑 × 100

The % loss in meshing area calculations are listed in Table 9.

Table 9 Area loss Calculation

Misalignment

Degree 
(o)

0o 0.025o 0.05o 0.075o 0.1o -0.025o -0.075o

Area 
(mm2)

118.68 110.21 102.05 93.8 85.5 126.41 134.27Yaw

% loss 0 7.13 14.009 20.88 27.95 -6.51 -13.13
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Degree 
(mm)

0 0.7 1.4 2.1 2.8

Area 
(mm2)

118.68 115.068 111.45 107.84 104.23Axial

% loss 0 3.04 6.08 9.13 12.17

Degree 
(mm)

0 0.2 0.4 0.6 0.8 1

Area  
(mm2)

118.68 114.08 109.48 104.88 100.28 95.68Radial

% loss 0 3.87 7.75 11.62 15.5 19.37

The aligned condition RMS value for each misalignment type was characterized as the baseline value. 
The percentage loss in signal RMS for each succeeding misalignment test was calculated in difference 
with this as given in Equation 7:

(7)%𝑙𝑜𝑠𝑠 𝑖𝑛 𝑅𝑀𝑆 =
𝑅𝑀𝑆 𝑎𝑙𝑖𝑔𝑛𝑒𝑑 ‒ 𝑅𝑀𝑆𝑚𝑖𝑠𝑎𝑙𝑖𝑔𝑛𝑒𝑑𝑅𝑀𝑆𝑎𝑙𝑖𝑔𝑛𝑒𝑑 × 100

The relative change in the energy content of the vibration and the air-borne sound signals with the 
relative change in the tooth meshing area is now discussed for radial, axial and yaw misalignment in 
Figs. 20-21 (a, b, c respectively).

The highly unsafe and severe characteristic of pitch misalignment is shown in Figs. 20-21 (d) in which 
a rise of about 8 times is observed in RMS energy of GMF, and 2 times in total signal RMS of vibration 
and airborne sound signals when exposed to up to 0.2o of pitch misalignment

Fig. 20 Regression based Misalignment Prediction models for Vibration Signals
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Fig. 21 Regression based Misalignment Prediction models for Airborne sound signals

These relation graphs between RMS change and misalignment tests were then validated with following 
additional misalignment tests carried out on the gear testing rig, and errors are specified in Table 10. 
The validation tests were repeated 3 times each. The signal RMS values were taken from 
SignalExpress™ and compared with values from the regression models developed above. The 
percentage error was calculated as given in Equation 8. 

(8)%𝑃𝑟𝑒𝑑𝑖𝑐𝑖𝑡𝑜𝑛 𝐸𝑟𝑟𝑜𝑟 =
𝑅𝑀𝑆𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 ‒ 𝑅𝑀𝑆𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑅𝑀𝑆𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 × 100

Table 10 Validation Readings for the Regression models with errors specified.

Misalignment Signal
FFT 

Component

Misalignment 
used for 

validation

Observed 
RMS of 

validation 
point 
from 

experime
nt

Predicted 
RMS of 

validation 
point 
from 

regression

Prediction 
Error

Total RMS 1.6742 1.624 2.9

25Hz 0.0038 0.0033 13.1Vibration

775 Hz 0.462 0.4345 5.9

Total RMS 2.5948 2.3619 8.9

25Hz 0.0622 0.0596 4.1
Airborne 

sound
775 Hz

0.3mm

0.5923 0.696 -17.5

Total RMS 0.6420 0.6354 1.0

25Hz 0.0020 0.0016 20

Radial

Vibration

775 Hz

0.8mm

0.1430 0.1204 15.8
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Total RMS 1.8010 1.6096 10.6

25Hz 0.0420 0.0435 -3.5
Airborne 

sound
775 Hz 0.1610 0.1922 -19.3

Total RMS 3.1998 3.0594 4.38

25Hz 0.0030 0.0041 -36.6Vibration

775 Hz 1.1400 0.8690 23.7

Total RMS 5.1740 4.8330 6.5

25Hz 0.1820 0.2060 -13.1
Airborne 

sound
775 Hz

-0.025deg

0.4180 0.4109 1.6

Total RMS 1.054 1.008 4.3

25Hz 0.000422 0.00038 9.9Vibration

775 Hz 0.2913 0.2761 5.2

Total RMS 1.7892 1.6445 8.0

25Hz 0.08862 0.0988 -11.4

Yaw

Airborne 
sound

775 Hz

+0.06deg

0.09678 0.0876 9.4

Total RMS 0.9856 0.9553 3.0

25Hz 0.003614 0.00312 13.6Vibration

775 Hz 0.1459 0.1362 6.6

Total RMS 1.18 1.0747 8.9

25Hz 0.08902 0.0955 -7.2
Airborne 

sound
775 Hz

0.1 deg

0.168 0.1895 -12.7

Total RMS 1.29521 1.28316 0.9

25Hz 0.002 0.000863 56.8Vibration

775 Hz 0.36 0.227 36.9

Total RMS 1.31457 1.4227 -8.2

25Hz 0.118 0.1111 5.8

Pitch

Airborne 
sound

775 Hz

0.15 deg

0.23 0.33 -43.4

Total RMS 0.769986 0.7659 0.5

25Hz 0.0029 0.00267 7.9Vibration

775 Hz 0.18 0.1828 -1.5

Total RMS 1.74431 1.4793 15.1

25Hz 0.077 0.0830 -7.7
Airborne 

sound
775 Hz

2.1 mm

0.413 0.2398 41.9

Axial

Vibration Total RMS 3.5 mm 0.7326 0.6771 7.5
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25Hz
0.000221

24
0.00015

32.2

775 Hz 0.1248 0.1529 -22.5

Total RMS 1.2126 1.3 -7.2

25Hz 0.06724 0.0550 18.2
Airborne 

sound
775 Hz 0.1723 0.164 4.8

It can be noted from Table 9, the total RMS values predicted by the regression models are very close to 
the actual values for all misalignment types. The largest error for the total RMS (15.2%) was observed 
in the airborne sound signal of axial misalignment. This could be explained by the external noise coming 
from the unwanted sources in the testing area. The high prediction errors occurring in other components 
of the FFT (like shaft speed frequency and GMF). This was because of the fact that the shaft 
misalignments could distribute the energy of the source speed running frequency into its harmonics. 
This could result an increase in the amplitudes of 2X, 3X and 4X shaft speeds. The noise bed in FFT 
would not be reduced by the same proportion as we used 250-times average in each test. Further, the 
energy of the GMF could also leak into its sidebands and the proportion that leak into the sidebands 
may be unique for each misalignment type. Hence the change in total RMS content of the signal could 
be a better measure for type of misalignment as, compared to the energy of the shaft speed or the GMF.

One more source of error could be the fact that the base table is not perfectly rigid, and since it has the 
highest mass amongst the rig components, it may have some vibrating energy when the rig is running, 
contributing to the signal noise. Bolting the base table to the floor and adding dampers can help reduce 
the error. Vibrations that result from varying mesh stiffness, bearing stiffness, variation in motor torque 
and dynamic misalignments are other sources of error. Using a voltage stabilizer could have reduced 
the voltage fluctuations, minimizing the variation in motor torque. Moreover, the fact that there could 
be machining tolerance errors, manufacturing defects, involute and spacing errors in gear geometry 
cannot be over ruled. The rig assembly could be dismantled and reassembled between each 
misalignment test to remove the effects of the configuration errors. But even in real world machineries, 
the system is not dismantled when small faults are repaired, hence errors in our models due to 
configuration closely approximate the machines in practical world. Above all, the alignment of gears to 
perfection is never possible and error due to this will always be present.

The parametric equations for the Total RMS curves based misalignment prediction models shown in 
Figs. 20-21, have been inversed and are given in Table 10. The type of misalignment for any given 
faulty signal would be identified by examining which of the trends developed in Figs. 12-13 it closely 
follows. This would be done by computing the absolute change in RMS using the provided relative 
percentage change in RMS from baseline aligned to any misaligned condition for any faulty case.  This 
difference can then be examined amongst all graphs in Figs 12-13 and the curve it closely matches with 
would identify the type of misalignment. The equations in Table 11 can then be used to compute the 
degree of misalignment in terms of the relative change in meshing area (variable Y) (except for pitch 
misalignment for which case Y is the absolute pitch misalignment), given that the relative change in 
signal RMS (variable X) from baseline aligned condition to any misaligned condition is provided. The 
advantage of this proposed framework is: the type or degree of shaft misalignment in any gearbox could 
be approximated (within the range of misalignments studied in this work) in terms of relative percentage 
change from aligned to any misaligned condition, irrespective of the gears’ dimensions.

Table 11 Total RMS curves parametric equations for the misalignment diagnostic prediction models

Misalignment Signal Total RMS Parametric Model
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Vibration Y=-10.32*ln(0.01*X+1)
Radial

Airborne sound Y=-27.32*ln(0.01*X+1)

Vibration Y=-12.561*ln(0.01*X+1)
Axial

Airborne sound Y=-9.425*ln(0.01*X+1)

Vibration Y=-20.97*ln(0.01*X+1)
Yaw

Airborne sound Y=-25.68*ln(0.01*X+1)

Vibration Y=0.1694*ln(0.01*X+1)
Pitch

Airborne sound Y=0.1782*ln(0.01*X+1)

7. Conclusion and Future Work

The results show the efficacy of using the regression models developed in this research, for predicting 
the type and degree of misalignment for gears used in this research when the relative change in RMS 
from baseline condition is known. It is proposed to use only the relative change in total signal RMS for 
the prediction purposes as it offers the least error for all misalignment types. The misalignments 
prediction framework developed could be used for any gear in terms of the relative loss in the teeth 
meshing area, with the specified error. This study can help to improve the existing HUMS systems in 
detection of the dynamic misalignment problems. 

The regression models can be improved with more experimentations for each type of misalignment. 
Gearbox condition health indicators like Crest Factor and Energy Ratio can also be studied to investigate 
the effect of different misalignment on these statistical tools. The research was limited to the time 
domain analysis in this research work, but can also be extended to frequency domain, time-frequency 
domain and cepstrum analysis. The presented work considered one type of misalignment in each of the 
performed experiments, which would not always be the real scenario. The tests were also limited to 
constant load and a fixed running speed. In the real world, dynamic forces can cause a combination of 
angular and lateral misalignments, hence combined misalignment tests under variable loads and 
different running speeds will be carried out in near future which will significantly improve the impact 
of the presented work. The proposed method can be applied to misalignment diagnosis in other types 
of gears including worm, bewel and helical gears to further support the hypothesis. This warrants 
modifications to the test rig which requires considerable time, effort and funding. Gear rig modification 
and misalignment tests for other types of gears will be carried out in the near future.
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