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Abstract: Internal radial clearance is a key factor influencing bearing fatigue life. Moreover, bearings inevitably suffer from 

various wears and tears, which result in gradual increase of clearance and shorten bearing life. Monitoring bearing clearance 

changes using vibration can effectively indicate the bearing wear and provide good leading time to perform maintenances. 

Previous studies show that vibration at ball pass frequency on outer race (BPFO) can be based for clearance monitoring. 

However, such clearance induced vibration has not been well understood, especially under complicated dynamic interactions 

such as in a gearbox system. To fill this gap, this paper presents a nonlinear gear-shaft-bearing-housing vibration model with 

fourteen degree of freedom (DOF) to investigate the vibration responses under the dynamic gear meshing force and 

progressively changed radial clearances at first. Then, the model was verified through a two-stage spur gearbox. Furthermore, 

bearing characteristics with different radial clearances under the influence of gear are revealed and indicator based on 

modulation signal bispectrum-sideband estimator (MSB-SE) was proposed. Finally, vibration data from a run-to-failure 

gearbox test rig was utilized to verify the effectiveness of the MSB-SE indicator for bearing clearances monitoring. Simulation 

results show that BPFO is modulated on gear meshing frequency (GMF) and BPFO amplitude from envelope spectrum 

increases with bearing clearances under the influence of gear meshing. Indicator based on MSB-SE, possessing the capability 

of purifying the interferences of gear meshing and strong noises, is effective to capture the variance of bearing clearances. 

The experiment based on a run-to-failure gearbox test rig provided evidence for the effectiveness of the proposed indicator, 

which is more accurate than BPFO amplitude from conventional envelope analysis and time-domain indicators, such as RMS 

and kurtosis. These findings are of significance for bearing fault diagnosis and maintenance. 

Keywords: Rolling element bearing, Internal radial clearance, Gear-shaft-bearing-housing system, Modulation signal 

bispectrum-sideband estimator, Gearbox condition monitoring 

1. Introduction 

Rolling element bearings and gear are key components in rotating machinery, especially in a gearbox, which realize the 

transmission of power and motion and is widely used in many major fields of industrial production, such as machine tools, 

vehicles and wind turbines [1][2][3][4]. Complex working environments can easily reduce the reliability of bearings and 

induce various faults on bearings, resulting in unscheduled maintenance and downtime [5][6]. For example, in wind turbine 

system, over 50% of faults in gearboxes were related to bearings [7] and abrasive wear is the most common [8]. Thus, accurate 

condition monitoring of bearings is of great significance to the actual production. 

Internal radial clearance is the play within a ball bearing. It is the geometrical clearance between the inner ring, outer ring 

and ball. Different from bearings with tapered roller elements, in which the clearance can be adjusted at the time of assembly, 

the clearance of a ball bearing is determined after design and construction. Thus, it is a fundamental factor in bearing selection 

before the machine running due to its direct effect on bearing rotating life, temperature and vibration [9]. Besides, it is well 

deemed that bearings undergo various wear and tear, which are the key type of bearing invalidation during their lifetimes and 

reduce bearing service time by about 30% [10]. However, wear during the bearing lifetime is difficult to measure because of 

the compact structure with a narrow space. Debris is feasible for measuring wear loss, but it needs extra particular equipment 

[11]. Fortunately, wear on bearings will leads to large clearances and high vibrations [12][13]. Consequently, considering the 

significant influence of bearing clearance on bearing load distribution and fatigue life [14][15], it is urgent to study the 

mechanism and monitoring of bearing internal clearances from vibration signals. 

To reveal the mechanism of clearances, literature can be found focusing on modeling bearing vibration responses taking 

into account the effect of bearing clearance [16][17][18][19]. However, from above studies, it finds that bearing clearances 

usually regarded as a constant in different models, which did not correspond to the increasing bearing clearance under different 

kinds of wear and tear during its lifetime. Besides, a comprehensive cognition of clearance can be formed when focusing on 



different levels of bearing clearances on vibrational responses, which will be benefit to account for various vibration 

phenomena and monitor bearing clearances. On this aspect, Oswald [10] utilized empirical equations to study the bearing load 

distribution and fatigue life of ball and roller bearings with radical load considering four levels of internal radial clearances. 

Recently, Rehab et al. [13] investigated the diagnostic features under two group bearing clearances through model-based 

method with presenting a nonlinear dynamic shaft-bearing-housing model and point out the difference on characteristic 

frequencies of bearings with local defect. More recently, in [20], the authors studied the bearing vibration characteristics when 

taking into account continuously changing bearing clearances from 0 to 100ʈÍ and different working conditions through a 

six-degree-of-freedom (DOF) dynamic model. It found that ball pass frequency of outer race (BPFO) is conspicuous through 

the envelope spectrum for ball bearing before obvious local defect on raceways. The above studies, especially through model-

based method, were meaningful explorations on bearing clearances, but the mechanism seems like insufficient to match with 

the complex working conditions and wide applications of bearings, especially in a gear-shaft-bearing-housing system, a 

typical structure in gearbox. Under this case, the motion of bearing and gear are coupled together dynamically, combined with 

the complicated modulation and noise effect, it is difficult to distinguish and diagnose the fault of bearing and gear. Even it is 

more meaningful to reveal the ambiguous interaction between them, the mechanism study in this field remains rare. 

In real application, bearing and gear usually work together and both of them are key components in a gearbox, which is 

widely used in mechanical transmission. To study the dynamic behaviors of bearings or (and) gears in a gear-shaft-bearing 

system, some relevant works could be found from literature. Sawalhi and Randall [21][22] presented a vibration model for a 

gearbox test rig and investigated the interactions between gear and bearing in the presence of bearing localized faults, 

including inner race, outer race and rolling elements defects. Zeng et al. [23] established a dynamic model of a gear-shaft-

housing system by finite element method to investigate the vibration responses of different points on the gearbox and pointed 

out that the vibration increases with the gear meshing stiffness. Hu et al. [24] developed a finite element node dynamic model 

of a high-speed gear-rotor-bearing system considering the time-varying mesh stiffness, backlash, gyroscopic effect and 

transmission error excitation. Xiao et al. [25] explored the vibration transmission characteristics and energy dissipation 

through an eight-degree-of-freedom (DOF) dynamic model of the gear-shaft-bearing-housing system through the multiple 

transmitting interfaces under the impulsive force due to the gear fault. Fernandez et al. [26] proposed an enhanced model of 

gear transmission dynamics for condition monitoring considering the effect of bearing clearances. Chen et al. [27] investigated 

the characteristics of the geared rotor-bearing system taking into account gear meshing, shaft and oil-film bearing. It finds 

that above studies mainly focus on gear dynamics through considering the influences of bearing in a gear-bearing system, few 

of them investigated the effect of dynamic gear meshing force on bearing vibration characteristics, especially on bearing 

clearances before distinct localized defects. 

On the other hand, to monitor the bearing clearances, encouraged by tribology-focused techniques on diagnosing bearing 

wear through measured condition monitoring data [12][28], efforts can be found in previous studies. Zmarzğy [29] evaluated 

the vibration level affected by bearing radial clearance through experiment and pointed out that bearing clearances has an 

effect on the frequency spectrum components in medium frequency band. Georgiadis et al. [30] used spectral kurtosis to 

indicate bearing clearance changes through the measured vibration data under different rotating speed. Yakout et al. [15] 

studied the variance of bearing damping characteristics and natural modes under different radial clearances through 

experimental tests. However, the simple indicators from frequency domain are easily affected by other joint components 

through modulation and are also contaminated by background noise, which bring many difficulties for bearing clearances 

monitoring. In [31], kurtosis, recurrences and neural networks were adopted to measure changes of the bearing vibration level 

and signal structure under different clearances. In [20], the authors investigated the bearing vibration responses under different 

clearances and working conditions through model-based method and found that both RMS and spectral centroid increase with 

the radial clearance in general but some local fluctuations. Through the verification of simulation and tested signals, the 

spectral centroid shows better performance on monitor clearance. However, it is suitable for the simple bearing system, which 

is rare in real applications. But in real application, bearing usually work with other mechanical components, such as gears. 

Under such circumstances, modulation phenomenon happened duo to the nonlinear relationship among bearings, gears and 

other components with certain complexity. In addition, investigations show that when a gearbox is in good condition, due to 

a near normal distribution of the frequency amplitude on gear meshing frequency (GMF) and its harmonics, many time-

domain monitoring indicators, such as variance and kurtosis, usually give a stable value close to zero [32]. Especially, for a 

gearbox operating under normal conditions, the vibration signature of the bearings is weak, and it is usually masked by the 



vibrations from the meshing excitations [33]. Fortunately, investigations show that focusing on the modulation between the 

GMF and the associated shaft frequency can indicate tooth wear during the long-time operation [34][35][36]. It seems that 

study on effect of gear meshing on bearing from mechanism could provide more useful information for bearing clearance 

monitoring, which is a promising work. More recently, Wang et al. [37] attempted to monitor the change of bearing clearance 

online based on modulation signal bispectrum (MSB) and Gini-index, which is a comparatively rough estimation on three 

shafts rather than precise assessment for each bearing. 

Overall, literature can be found concentrated on bearing clearances and pointed out significant findings; three 

shortcomings were existed in these studies. The first one is lacking sufficient mechanism research, failed to consider the 

variances of clearances due to bearing wear and especially failed to reveal the influence of dynamic gear meshing force on 

bearing clearances in a gearbox. The second one can be attributed to incomplete vibration characteristics. Due to the 

insufficient mechanism study, it is still not revealed what characteristics the response will show in such a gear-shaft-bearing 

system, resulting in difficulties to realize the bearing clearance monitoring. The third shortcoming consists in insufficient 

reasonable monitoring indicators, which made it impossible for accurate monitoring of bearing clearance online. All these 

deficiencies lead to incomplete understanding of bearing clearance and result in disadvantage for bearing detection and 

maintenance. 

Thus, to bridge the gap, this paper devoted to study on bearing clearance taking into account the influence of gear 

dynamics through a nonlinear gear-shaft-bearing-housing vibration model, which is proposed to reveal the mechanism 

between bearing and gear and investigate the vibration characteristics and indicators for bearing clearances monitoring. Firstly, 

a fourteen-DOF gear-shaft-bearing-housing dynamic model, including nonlinearity of radial clearance and dynamic gear 

meshing force, is established on the basis of kinematics analysis. Then, a spur gearbox test was used to verify the rationality 

of the proposed vibration model. Furthermore, vibration characteristics at a gradually extended range of radial clearance were 

expounded and clearance monitoring indicators were proposed based on MSB-SE. Finally, the effectiveness of MSB-SE 

indicator was verified through a run-to-failure two-stage gearbox test rig. 

2. Numerical Model of Bearing Clearances in a Gearbox 

2.1 Gear-shaft-bearing-housing Model 

In previous works, vibration responses of a single bearing under different radial clearances and constant external load 

were expounded through model based method, ignoring the influence of dynamic load. Thus, in this paper, to reveal the 

bearing vibration responses under various radial clearances with the influence of gear dynamics, aiming to explore the 

interaction between bearings and gears on spectrum from kinetic analysis, a lumped gear-shaft-bearing-housing vibration 

model is developed with fourteen DOFs, as is shown in Fig. 1. The model consists of a pair of gear, two shafts and four 

bearings. The detailed bearing and the gear vibration model is shown in Fig. 2 and Fig. 3, respectively. 

Besides, wear is one of the major failure modes happened in gear transmission system and progressive material loss 

during the wear process could lead to occurrence of other failures, such as pitting, spalling, which affects the fatigue life of 

gear. Thus, it is noted that, to consider the complexity of a gear-shaft-bearing-housing system, both normal gear and gear with 

spalling defect were included in the proposed model as different cases to mimic real working condition. Especially, there is  

only one obvious spalling on gear surface and the increase of spalling size was set as the increase of width in this study. 



 

Fig. 1. Schematic diagram of a gear-shaft-bearing-housing vibration system 

  

Fig. 2. Schematic diagram of bearing vibration model in the system: (a) bearing 1,2 and (b) bearing 3,4 

 

Fig. 3. Schematic diagram of a gear vibration model in the system 

The gear-shaft-bearing-housing vibration model can be presented in Eq. (1)ï(14). For the bearing part, ὓ denotes the 
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mass of each component in bearing system, while the subscript ί and Ὤ stands for shaft and housing, respectively. ὑ and 

ὅ means stiffness and damping coefficients, respectively. Particularly, ὑ  and ὅ  represent the stiffness and damping 

between raceways and rolling elements. Besides, ‏ and ὺ means the nonlinear deformation and nonlinear velocity of the 

Ὥ ball, respectively; ‰  represents the angle position of the Ὥ ball; ὔ denotes the number of rolling elements. ὢ, 

ὢ  and ὢ  stands for the displacement/velocity/acceleration in ὼ  direction, while ὣ , ὣ  and ὣ  means the 

displacement/velocity/acceleration in ώ  direction. The subscript Ὥ ίȟὬ  for shaft and housing, while Ὦ ρȟς  means 

bearings on shaft 1 and shaft 2, respectively. For the gear part, ὓ and ὐ is the mass and moment of inertia of gears, 

respectively. Ὕ  is the applied torque, —  represents angular acceleration, ὢȾὢȾὢ  stands for 

displacement/velocity/acceleration in ὼ  direction, ὣȾὣȾὣ  is displacement/velocity/acceleration in ώ  direction, ὓ  

means the normal mesh force moment, ὓ  is the friction force moment, ὔ is the net contact force due to the elasticity, and 

the subscript Ὥ ὴȟὫ for pinion and gear, respectively. 

ὓὢ ὅ ὢ ὢ ὑ ὢ ὢ В ὑίὬ‏
ȾÃÏÓ‰ В ὅίὬὺ ÃÏÓ‰ ὊÃÏÓ‌Ⱦς, (1) 

ὓὣ ὅ ὣ ὣ ὑ ὣ ὣ В ὑίὬ‏
ȾÓÉÎ‰ В ὅίὬὺ ίὭὲ‰ ὊÓÉÎ‌Ⱦς, (2) 

ὓ ὢ ὅὢ ὑὢ В ὑίὬ‏
ȾÃÏÓ‰ В ὅίὬὺ ÃÏÓ‰ π, (3) 

ὓ ὣ ὅὣ ὑὣ В ὑίὬ‏
ȾÓÉÎ‰ В ὅίὬὺ ÓÉÎ‰ π, (4) 

ὓὢ ὅ ὢ ὢ ὑ ὢ ὢ В ὑίὬ‏
ȾÃÏÓ‰ В ὅίὬὺ ὧέί‰ ὊÃÏÓ‌Ⱦς, (5) 

ὓὣ ὅ ὣ ὣ ὑ ὣ ὣ В ὑίὬ‏
ȾÓÉÎ‰ В ὅίὬὺ ίὭὲ‰ ὊÓÉÎ‌Ⱦς, (6) 

ὓ ὢ ὅὢ ὑὢ В ὑίὬ‏
ȾÃÏÓ‰ В ὅίὬὺ ÃÏÓ‰ π, (7) 

ὓ ὣ ὅὣ ὑὣ В ὑίὬ‏
ȾÓÉÎ‰ В ὅίὬὺ ÓÉÎ‰ π, (8) 

ὐ— Ὕ ὓ  (9) 

ὐ— Ὕ ὓ  (10) 

ὓ ὢ ὊάÃÏÓ‌ ὑ ὢ ὢ ὅ ὢ ὢ  (11) 

ὓ ὢ ὊάÃÏÓ‌ ὑ ὢ ὢ ὅ ὢ ὢ  (12) 

ὓ ὣ ὊάÓÉÎ‌ ὑ ὣ ὣ ὅ ὣ ὣ  (13) 

ὓὣ ὊάÓÉÎ‌ ὑ ὣ ὣ ὅ ὣ ὣ  (14) 

As can be seen from the schematic diagrams and dynamics equations, the bearing and gear are coupled together through 

the motion of shaft and gear, shaft supporting stiffness and gear dynamic meshing force. Under this circumstance, gear 

meshing force will act as an external load on bearings with dynamic characteristics, which is different from a constant load 

on bearing vibration responses, while bearing motion influence gear meshing in turn. But to simplify the model, the developed 

vibration model was constructed on the basis of the following assumptions and considerations. 

(1) In the whole system, the displacement, velocity and acceleration in axial direction (Z) were ignored, i.e., only vertical 

(X) and horizontal (Y) direction was taken into account. 

(2) In the whole system, errors derived from geometry and assembly were ignored. 

(3) The vibration system operates under sufficient lubrication and isothermal conditions, i.e., insufficient, abnormal 

lubrication and temperature are not considered. 

(4) The shaft was rigid, and torsional deformation and deflection are ignored in this model. It means that the 

symmetrically placed baring 1 and bearing 2 have the same response, while bearing 3 and bearing 4 are the same. 

(5) For the bearing, sliding and skidding between raceways and rolling elements are neglected, i.e., the motion among 

them is treated as pure rolling. 

2.1.1 Bearing Deformation and Contact Stiffness 

In the bearing vibration model, the deformation ‏ and velocity ὺ for each element could be calculated by the 

displacement/velocity of the shaft, housing and the orbital angle of ball, as shown in Eq.(15) [13][38] and Eq.(16) [20] 

‏
ὢ ὢ ÃÏÓ‰ ὣ ὣ ÓÉÎ‰ ὧȾς ρ ÃÏÓ‰ ‏      πȟ
                       π                           ‏ πȟ

 (15) 
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ὺ
ὢ ὢ ÃÏÓ‰ ὢ ὢ ÓÉÎ‰              ‏ πȟ

                  π                        ‏ πȢ
 (16) 

where ὧ denotes radial clearance. 

The total comprehensive stiffness among the inner race, rolling element and outer race can be obtained through Hertz contact 

theory [14], which is given as 

ὑ
Ⱦ Ⱦ Ⱦ Ⱦ Ⱦ Ⱦ

Ⱦ

  (17) 

where ὑȟ is the Hertz contact stiffness between the outer and inner raceways with the ball, respectively. 

ὑȟ
Ѝ

В Ⱦ ᶻ

Ⱦ

  (18) 

where Ὁ is Youngôs modulus, ʉ is Poissonôs ratio, В” is the curvature sum and ‏ᶻ is the dimensionless contact deflection. 

The equivalent damping coefficient [39][40] between two raceways of the bearing can be obtained on the basis of the mass 

and stiffness of rolling element, as well as a damping ratio. 

ὅίὬ ςʏάὦ ὑ  (19) 

where ʏ is the damping ratio and ά  is the mass of each ball. It is noted that the damping of the shaft and housing are also 

calculated according to Eq. (19) with its corresponding mass and stiffness. 

2.1.2 Gear Deformation and TVMS 

In the gear vibration model, the time-varying mesh force can be calculated through the time varying mesh stiffness 

(TVMS) and damping, as shown in Eq.(20). The dynamic normal mesh force and friction force, as well as the moments, 

among the gear pair can be expressed as 

Ὂ ὑ ‏ ὅ ’  (20) 

ὓ Ὂ ὶ  (21) 

ὓ Ὂ ὶ  (22) 

where, ὑ  means the TVMS, ὅ represents the mesh damping. The relative displacement ‏  and velocity and ὺ  can 

be given as 

‏
ὢ ὢ ὧέί‌ ὣ ὣ ίὭὲ‌ ὶ — ὶ ‏     — πȟ

                       π                           ‏ πȟ
 (23) 

ὺ
ὢ ὢ ὧέί‌ ὣ ὣ ίὭὲ‌ ὶ ‫ ὶ ‏     ‫ πȟ

                  π                        ‏ πȢ
 (24) 

where ‌ is the contact angle and ὶὦὭ is the base radius. 

During the meshing process, the TVMS of the gear pair changes with the alternate mesh of single and double teeth. 

According to the beam deformation theory in material mechanics, based on the above gear tooth bending deformation, shear 

deformation, axial compression deformation, Hertz contact deformation and matrix deflection deformation, the meshing 

stiffness excitation of the gear pair can be obtained by, [1][3]  

Ὧὸ В ρ
ȟ
В

ȟ ȟ ȟ ȟ
ȟ   (25) 

where subscripts Ὦ ρȟς stands for the first tooth gear pair and second gear pair. +, +, +, + and + denotes bending 

stiffness, shear stiffness and axial compression stiffness, Hertzian contact stiffness and the deflection stiffness, respectively, 

which can be obtained through energy method expressed as [41][42] 

᷿ Ὠὼ, ᷿
Ȣ

Ὠὼ, ᷿ Ὠὼ, , ὑ   (26) 

where, Ὁ and Ὃ are the elastic modulus and shear modulus of the material respectively; Ὅ and ὃ are respectively the 

moment of inertia and the area of the section at the point ὼ from the action point of meshing force, ’ is Poisson's ratio, ὒ 

is the tooth width, Ὂ is the mesh force in the action line and ‏ is the fillet-foundation deflection. 

2.2 Model Setup and Characteristic Frequencies 

In the vibration model, bearing 6205 is adopted to investigate the effect of bearing clearance. The main geometry parameters 

and main physical properties were shown in Table 1 and Table 2, respectively. Besides, the main physical properties of the gear 

pair and the gear spalling size are shown in Table 3 and Table 4, respectively. 

 



Table 1 

Main geometry parameters of deep groove ball bearing 6205 

Description Notation Value 

Nominal bore diameter (ÍÍ) Ὠ 25 

Nominal outside diameter (ÍÍ) Ὀ 52 

Inner race diameter (ÍÍ) Ὠ 30.60 

Outer race diameter (ÍÍ) Ὠ 46.40 

Pitch diameter (ÍÍ) Ὠ  46.96 

Ball diameter (ÍÍ) Ὠ 7.90 

Number of rollers ὔ  9 

Contact angle (ę) ɻ 0° 

Original radial clearance (ʈÍ) Ã 0, 20 

 

Table 2 

The main physical properties for bearing study 

Description Notation Value 

Mass of shaft (kg) ά  1.30 

Mass of house (kg) ά  0.50 

Mass of each ball (kg) ά  ςȢωυρπ 

Stiffness of shaft (N/m) ὑ σȢπ ρπ 
Stiffness of housing (N/m) ὑ  υȢπ ρπ 
Damping of shaft ὅ 3949.68 

Damping of housing ὅ 3162.28 

 

Table 3 

The main parameters of the gear pair 

Parameters Pinion Gear 

Module (mm) 3 3 

Teeth number 25 53 

Pressure angle (°) 20° 20° 

Width (mm) 60 50 

Moment of inertia (kgÅm2) 1.37×10-3 2.31×10-2 

Mass (kg) 1.56 5.85 

Torque (Nm) 28.30 φπᾀςϳ ᾀρ  60 (set by the brake) 

Driven speed (rpm) 1500 194.73 

Poissonôs ratio 0.3 0.3 

 

Table 4 

The main parameters of the gear spalling 

Parameters of Spalling Notation Value 

Length (mm) ὰ 2 

Width (mm) ύ 0,10,20,30,40 

Depth (mm) Ὠ 1 

Distance to the gear top (mm) ὒ 1.8 

 

2.3 Dynamic Response 

The main characteristic frequencies of the bearing and the gear are shown in Table 5 and Table 6. 

 

Table 5 

Characteristic frequencies of the gear 

Characteristic Frequencies (1500 rpm)  Notation Value 

First-order Mesh frequency ρz Ὢ 625 

Second-order Mesh frequency ςz Ὢ 1250 

Third-order Mesh frequency σz Ὢ 1875 

 



Table 6 

Characteristic frequencies of the bearing 

Characteristic Frequencies 
Bearing on Shaft I 

(1500 rpm)  

Bearing on Shaft II 

(1500/53 25=707.55 rpm)  

Rotational frequency Ὢ  25 11.79 

BPFO (Hz) 89.42 42.18 

BPFI (Hz) 135.58 63.95 

Cage frequency 9.94 4.69 

BSF 58.35 27.52 

To show the influence of clearance on vibration based on the dynamic model, taking a typical working condition with 

the rotational speed of 1500rpm and torque of 60Nm as an example, when gear is normal, the waveform and FFT spectrum 

of bearing 1,2 with and clearances of πʈÍ and ςπʈÍ are shown in Fig. 4. From time domain, the waveform presents 

impulses with the period of ρὪϳ , while the amplitude of these impulses fluctuate with another period of 1/BPFO related to 

bearing. And a higher fluctuation happens when under a larger bearing clearance (ςπʈÍ). From the FFT spectrum, it finds 

that GMF and its harmonics are key frequency components. Especially, the harmonics of the GMF in high frequency band 

have comparatively higher amplitudes due to the resonant frequency of shaft (about 2417.74Hz) and housing (about 

5032.92Hz) in the vibration system. However, in real gearbox test, high frequency band usually weakened by transmission 

path and energy dissipation, while low frequency band shows much energy from the spectrum. Thus, considering the 

characteristics of the real test, this study focused on low frequency band. From Fig. 4(c), sidebands of BPFO can be seen from 

both side of GMF and its harmonics. In addition, the sidebands are more distinct with clearance of ςπʈÍ than zero clearance. 

Based on the sideband analysis, envelope spectrum is utilized to reveal the modulation components, as shown in Fig. 5, which 

shows higher amplitude on BPFO under lager clearance. Besides, the similar results can be found when spalling on gears 

(ύ ςπάά). It is noted that envelope spectrum was carried out on the narrow frequency band between 0Hz and 1875Hz 

(σȢυ Ὢ), which covering the first three GMF harmonics. If there is no special description, the envelope spectra are operated 

on this frequency band in this study. 

To show the influence of gear on the system, vibration responses under normal gear and spalling gear (ύ τπάά) are 

depicted in Fig. 6, while clearance is set as ςπʈÍ. It can also find that the waveform presents periodic impulses with the 

frequency of GMF. In addition, when spalling occurs on gear surfaces, more obvious impulses can be discovered with the 

frequency of Ὢ, which can be found in envelope spectrum and is higher than BPFO of bearing. 

   

 

1/BPFO12=1/89.42=0.01118s

1/fm=1/625=0.0016s
(a) (b) 

(c) 



 

  

Fig. 4. Numerical simulation results of bearing 1,2 on vertical direction: (a, b) waveform, (c) FFT spectrum and (d) low 

frequency band of first three harmonics of GMF 

 

  

Fig. 5. Envelope spectra on vertical direction of bearing 1,2 under (a) bormal gear and (b) spalling gear 
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Fig. 6. Numerical simulation results of bearing 1,2 on vertical direction: (a, b) waveform (c) low frequency band of first 

three harmonics of GMF and (d) envelope spectrum  

From Fig. 6, it is found that the GMF and its harmonics have higher amplitude due to the gear meshing. In Ref. [20], the 

authors have found that BPFO is dominant frequency from the envelope spectrum for bearing without obvious local defects 

and shows an uptrend with the increase of radial clearance. Through aforementioned analysis, for a gear-shaft-bearing system 

in a gearbox, when there is no fault on gear, BPFO is easy to be distinguished in the spectrum. But when local defect, such as 

spalling, appears on gears, the amplitude of shaft rotating frequency is more dominant than BPFO, due to the fault gear 

extracts much more energy in the gearbox. Besides, in a real gearbox with much joint components and background noise, the 

BPFO is usually weakened by the transmission path and submerged by the other components in the spectrum, which brings 

much difficulty for bearing health condition monitoring. Even so, in view of the modulation phenomenon between bearing 

and gear, it should be used for bearing health condition monitoring, instead of seeking for other resonant frequency bands for 

demodulation. Thus, this study was motivated by this finding. 

2.4 Experimental Verification 

It is noted that, the model is mainly focus on the system including bearing and gear, and bearing clearance is a factor in 

the model. Consequently, the verification mainly focuses on the bearing clearances and influence of gear, which consists of 

two parts. The first part is a strict bearing test rig to verify the influences of bearing clearance on vibration responses, while 

the second part is a gearbox test rig to verify the vibration responses of the gear-shaft-bearing system. 

To show the influence of bearing clearance on vibration, a strict experiment is designed on a bearing test rig, which is 

shown in Fig. 7. Bearing 6205 with clearances of CN and C4 are selected in the experiment duo to that CN is commonly used 

and there is no overlap between CN and C4. Besides, the rotating speed is 1800rpm, and the sampling frequency is 10240Hz. 

(c) 

(d) 



 

Fig. 7. Bearing test rig 

The waveform, FFT spectrum and envelope spectrum are shown in Fig. 8. It can be found that C4 is larger than CN form 

the waveform, and BPFO is distinct in the envelope spectrum. Specially, the amplitude on BPFO of C4 is larger than CN. The 

result is consistent with the findings in Ref.[20]. However, in Ref.[20], shaft rotating frequency also presents high amplitude 

in the envelope spectrum. It can be attributed to the structural characteristics of the test rig. 

   

Fig. 8 Bearing test result: (a) waveform, (b) FFT spectrum and (c) envelope spectrum 

To verify the effectiveness of the proposed model on modeling the vibration of the system with bearing, shaft and gear, 

including clearances, normal gear and spalling gear, a two-stage reducer test rig is utilized to measure the vibration signal of 

rolling element bearing. The experiment setup is as shown in Fig. 9. Table 7 shows the characteristic frequencies under 700, 

900 and 1100rpm, including rotational frequency of each shaft, the mesh frequencies and BPFO. 

  

  

Fig. 9. Experimental setup: (a) Gearbox test rig and (b) schematic drawing. 
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