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Abstract  The occurrence and aggravation of local defects in ball bearings are closely
linked to the skidding behavior of the ball. Previous studies have given less attention to investi-
gating the impact of localized defects on the problem of bearing skidding. To investigate the 
dynamic response of defective bearings due to skidding, a dynamic model of the ball bearing is
developed that considers various factors, including self-rotation, revolution, and radial motion of 
the ball, as well as the contact forces and friction forces of ball/cage and ball/race, time-varying 
displacement excitation, and elastohydrodynamic lubrication (EHL). Experimental signals col-
lected from a machinery fault simulator test rig are used to validate the accuracy of the pro-
posed model. The impact of race defects on the vibration characteristics of the bearing is ana-
lyzed, and the patterns of variation in contact and friction forces within one cycle of inner race
rotation are described. The results indicate that the presence of defects intensifies the force 
fluctuation of the ball and causes it to deviate from its normal rolling condition. By comparing 
the skidding characteristics of a healthy bearing with a defective one under slippage, local de-
fects will increase the skidding ratio of bearings. The proposed model can investigate the im-
pact of race defects on the vibration response of ball bearings under the skidding condition. 

 
1. Introduction   

Ball bearings are crucial components of mechanical equipment, including aircraft, high-speed 
trains, and large generators. The dynamic performance of ball bearings significantly impacts 
the reliability of machines [1-3]. During the operation of bearings, skidding should not be ig-
nored, as it can generate bearing defects and accelerate performance degradation, causing a 
complex vibration response [4, 5]. A dynamic model that considers skidding in defective bear-
ings can be employed to investigate the mechanisms of vibration and the intricate coupling 
behavior between defects and skidding. Studying the vibration characteristics and skidding 
behavior of faulty bearings can be used for diagnosing faults in bearings. 

Dynamic modeling is commonly employed by numerous scholars to investigate the vibration 
characteristics of bearings. The study of vibration mechanisms in faulty bearings contributes to 
understanding the generation mechanism of fault characteristics in vibration signals [1, 6-8]. 
Based on the race defect plane dynamic model, which mainly analyzed the translational motion 
of the components, Zhao et al. [9] systematically investigated the influence of the size, number, 
and distribution of defects on the nonlinear dynamical behavior of bearings. Liu et al. [10] sug-
gested an improved time-varying excitation calculation method based on the dynamic model of 
rolling element bearings (REBs), which can be used to examine the acoustic characteristics of 
different defect types in the outer race. Qin et al. [11] proposed a new approach to compute 
displacement excitation, which can more accurately describe the impact effect of rolling ele-
ments passing through defects. Tian et al. [12,13] utilized an established inter-shaft dynamic 
model to discuss the impact of rotation direction of the double rotors on the vibration properties 
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of faulty bearings. Ambrożkiewicz et al. [14] investigated the 
influence of nonlinear characteristics, such as stiffness, damp-
ing, and clearance, on the vibration response of REBs in a 
mathematical model of bearings with 2 Degrees of Freedom 
(DOFs). Khanam et al. [15] proposed an analytical model 
based on impact forces to explain the excitation mechanism 
caused by the sphere impacting the edge of the defect. Addi-
tionally, the motion characteristics of defective bearings under 
different lubrication states have also received attention. Luo et 
al. [16] explored the connection between the surface defect 
size of races and double-pulse features based on isothermal 
elastohydrodynamic lubrication (EHL). They also established 
an REB dynamic model with inner race spalling and further 
explained the double-pulse excitation mechanism. Wang et al. 
[17] examined influences of thermal Interaction on vibration 
characteristics of faulty bearings by introducing thermal EHL 
into the REB with a local defect. 

In order to describe the dynamic behavior of REBs compo-
nents more comprehensively, Gupta [18, 19] developed a rep-
resentative 6 DOFs dynamic model, which is useful for study-
ing complex dynamics problems such as cage collisions and 
thermal coupling. Niu et al. [20] investigated the vibration char-
acteristics of balls passing through local defects by combining 
the local surface damage model with the high-speed REBs 
model. Cao et al. [21] studied vibration characteristics of faulty 
bearings by developing a dynamic model of spatial cylindrical 
roller bearings (CRBs) that includes multiple defect types. Ji-
ang et al. [22] identified the shortcomings of the lumped pa-
rameter model for describing the dynamics of rolling elements 
and cages in bearings. They developed a comprehensive dy-
namic model of faulty REBs and explored the three-
dimensional geometric relationship between balls and defective 
regions in detail. Additionally, finite element models can pro-
vide further insights into the contact relationship between bear-
ing components [23, 24]. 

Most of the bearing models discussed above take into ac-
count the effects of defect excitation, contact relationship, and 
lubrication performance on vibration characteristics. However, 
in the complex motion of REBs, the pure rolling behavior of 
rolling elements cannot be sustained for long periods [25]. To 
address this issue, Harris [26] proposed an analytical method 
for predicting high-speed REB skidding, which effectively ana-
lyzes the impact of load and spindle speed on REB skidding. 
Han et al. [27] studied the slipping characteristics of CRBs 
under compound time-varying loading conditions and summa-
rized the influential factors that can weaken the roller skidding 
ratio. The dynamic model of REB taking skidding into account 
was used to investigate the impact of various load states on 
skidding performance by Wang [28] and Oktaviana et al. [29]. 
Meanwhile, Tu et al. [30] constructed a skidding dynamic mod-
el of REB that describes the effect of friction force on the vibra-
tion response of roller bearings during skidding. Additionally, 
the skidding ratio of cage and ball has been a concern for 
scholars. Selvaraj et al. [31] discussed the operating parame-
ters affecting cage skidding in CRBs using a bearing test rig. In 

the dynamic model of REB, Liu et al. [32] researched the flexi-
ble cage and found that it can make a more reasonable predic-
tion of bearing skidding compared to the rigid cage. The rela-
tionship between mechanism design parameters and cage 
skidding was studied by Sier et al. [33] using the dynamic 
model of a CRB with a trilobed race. Kim [34] proposed a new 
method of reducing sliding in high-speed bearings by designing 
microscopic geometric deviations, which can help improve the 
bearing load recovery capacity. Gao et al. [35, 36] first pro-
posed the concept of excessive skidding and comprehensively 
described the skidding behavior of rolling bearings by consider-
ing the effects of various factors such as raceway lubrication, 
oil temperature rise, and the forces acting on the ball and cage. 
Furthermore, the skidding damage of bearings is inevitable [37], 
and Kang et al. [38] investigated the vibration response of 
faulty REBs under EHL conditions, taking into account skidding 
influence of rolling elements. They found that the skidding of 
defective bearings under heavy load was less than that under 
light load in the low-speed phase. 

As mentioned above, the study of the vibration response and 
skidding characteristics of REBs is critical. If only the influence 
of defects on the bearing vibration response mechanism is 
examined or only the variation pattern of bearing slippage 
characteristics is explored, the actual skidding behavior of the 
faulty bearing will be ignored. To more accurately forecast dy-
namic response of faulty bearings during normal service, the 
coupling interaction between the defect and the skidding must 
be considered. A dynamic model of a ball bearing containing 
defects and taking into account skidding behavior is proposed. 
The model considers the (3Nb+5) DOFs of a ball bearing, in-
cluding the horizontal and vertical motions of races, the rotation 
motion of cage, and the self-rotation, revolution, and radial 
motions of the ball. The variation of contact force and friction 
force between ball and races under EHL conditions is analyzed. 
The validity of model is confirmed through experimental results. 
The vibration response, skidding velocity, and skidding ratio of 
the defective bearing under skidding are compared, and the 
variation law of skidding characteristics of bearings is investi-
gated. 

 
2. Dynamic modeling of ball bearing 
2.1 Model assumption 

To study the vibration characteristics of defective bearings 
under skidding conditions, some reasonable modeling assump-
tions are made to reduce the complexity of calculations for the 
bearing system. The assumptions include the following: 

1) The interaction relationship between ball and races follows 
Hertz contact theory, and the geometric center and mass cen-
ter of the bearing component coincide. 

2) The effect of temperature on bearings is neglected. 
3) The bearing defect is in the early stage, and its size is 

smaller than the diameter of ball. 
4) There is no relative displacement relationship between 
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outer race of ball bearing and pedestal, and the rotational 
characteristics of inner race and shaft remain constant. 

The simplified bearing system model is depicted in Fig. 1. 
The mass-spring-damping system is regarded as the contact 
relationship between ball and races. At the same time, the 
contact relationship between cage and ball is reduced to a 
linear spring with high stiffness. 

 
2.2 Calculation of time-varying displacement 

When affected by radial loads, the inner race and ball of 
bearing system may experience different levels of displace-
ment and deformation from their initial positions, which can 
have a significant impact on calculating the time-varying dis-
placement of faulty bearings. Therefore, geometrical displace-
ments and contact deformations of inner race and ball should 
be calculated firstly. 

As shown in Fig. 2, xi and yi represent horizontal and vertical 
displacements of inner race, respectively. rbo and rio represent 
the position vectors from center of bearing to center of ball and 
center of inner race, respectively. rbi denotes position vector 
from center of inner race to ball. The position of inner race in 
relation to ball can be calculated using Eqs. (1) and (2). 

 
[ ]= − = T

i ix yio bo bir r r   (1) 

0
b

2 ( 1)−= + +j j

j
N

πθ ϕ θ   (2) 

 
where θj denotes angular position of the j-th ball relative to Y-
axis, φj denotes revolution angle of the j-th ball, θ0 denotes 
initial position angle of ball, and Nb denotes number of balls. 

The contact deformation between ball and races are able to 
get calculated by Eq. (3) [30]. 

 
0.5( )

0.5( )
+ − −⎡ ⎤ ⎡ ⎤

=⎢ ⎥ ⎢ ⎥− − +⎣ ⎦⎣ ⎦

inj i r bi

outj bo o r

D d C r
r D d C

δ
δ

  (3) 

 
where Cr denotes radial clearance, Di denotes diameter of 
inner race, Do denotes diameter of outer race, and d denotes 
diameter of ball. 

The overall contact deformation at the radial direction is able 
to be expressed by Eq. (4). 

 
sin cos= + = + −ioj inj outj i j i j rx y Cδ δ δ θ θ . (4) 

 
The introduction of rectangular defects on the surface of rac-

es is intended to analyze the characteristics of ball bearings 
with initial defects, as shown in Fig. 3. When a ball passes 
through a defect, and the radial displacement varies instanta-
neously. In Fig. 3(a), the time-varying displacements of inner 
race can be represented by piece-wise functions. 

 
2 2

0

0.5 (0.5 ) ( ) 0.5 (1 cos )

0 mod( ,2 ) 2

0

⎧ − − + −
⎪⎪ ⎡ ⎤= ≤ π − ≤⎨ ⎣ ⎦
⎪
⎪⎩

i i i

i j i

d d l D

H

others

φ

θ θ θ . (5) 

 
Similarly, as illustrated in Fig. 3(b), time-varying displace-

ments of ball through the defect of outer race can be ex-
pressed as Eq. (6). 

 
2 2

0

0.5 (0.5 ) ( ) 0.5 (1 cos )

0 mod( ,2 ) 2

0

⎧ − − − −
⎪⎪ ⎡ ⎤= ≤ π − ≤⎨ ⎣ ⎦
⎪
⎪⎩

o o o

o j o

d d l D

H

others

φ

θ θ θ   (6) 

 

 
Fig. 1. Simplified model of a ball bearing. 

 

 
 
Fig. 2. Position relationship between race and ball. 

 

 (a) (b) 
 
Fig. 3. Geometric position of ball and defect: (a) ball and defect of inner 
race; (b) ball and defect of outer race. 
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where ϕi and ϕo represent angles of ball entering defect of 
races, θi and θo represent defect angles of races, li and lo rep-
resent the distances of ball entering races defects. 

The specific calculation formulas are as follows. 
 

( )
=

−⎡ ⎤⎡ ⎤
⎢ ⎥⎢ ⎥

⎣ ⎦ ⎣ ⎦

s ji

jo

t
t

ω ωφ
ωφ

  (7) 

arcsin( / )
arcsin( / )

⎡ ⎤ ⎡ ⎤
=⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦
i d i

o d o

w D
w D

θ
θ

  (8) 

sin1
sin2

⎡ ⎤ ⎡ ⎤
=⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦
i i i

o o o

l D
l D

φ
φ

. (9) 

 
The contact deformation between ball and races on faulty 

bearing are able to get indicated as Eq. (10). 
 

( )sin ( )cos= − + − − −io s p j s p j r kx x y y C Hδ θ θ   (10) 

 
where xs and ys are the horizontal and vertical displacements of 
inner race and spindle, xp and yp are the horizontal and vertical 
displacements of outer race and pedestal, respectively, k 
represents i or o. 

 
2.3 Calculation of stiffness and damping 

The contact stiffness between ball and races are able to get 
indicated as Eq. (11) [39]. 

 
1

1.5

2 1
1.5

2 2
3(1 )

−
−

−
−

⎡ ⎤
⎡ ⎤ ⎢ ⎥=⎢ ⎥ ⎢ ⎥−⎣ ⎦ ⎢ ⎥⎣ ⎦

∑
∑

i ii

o
o o

k E
k

δ ρ

σ δ ρ
  (11) 

 
where E denotes elastic modulus of ball bearing material, σ 
denotes Poisson's ratio, ρi denotes curvature of inner race, and 
ρo denotes the curvature of outer race. δi and δo denote dimen-
sionless contact deformation of inner and outer race. 

To accurately describe the stiffness, damping, and variation 
of the oil film in local contact zone, the internal temperature and 
external load of the bearing are assumed to be constant, and 
the lubrication is adequate. Fig. 4 illustrates the stiffness-
damping model of contact zone between ball and races, con-
sidering EHL. 

During normal operation of a bearing, an oil film exists be-
tween the ball and races. Using the fundamental formula of 
EHL [40], one can determine the minimum thickness of oil film 
present within the contact zone. 

 
0.68 0.49 0.073 0.68

min 3.63 (1 )− −= −h U G F e Rκ   (12) 
 

where R  denotes equivalent radius between ball and races, 
U , G  and F  are all dimensionless parameters. 

The total contact deformation is able to be updated as Eq. 
(13) 

min− = −io oil io hδ δ . (13) 

 
The stiffness and damping of oil film between ball and race 

can be written by the equivalent Eq. (14). 
 

mind / d
d / d

⎡ ⎤ ⎡ ⎤
=⎢ ⎥ ⎢ ⎥
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oil

oil

k W h
c W u

  (14) 

 
where W denotes radial load of ball bearing, and u denotes oil 
film extrusion speed. 

The stiffness and damping properties of contact zone be-
tween ball and races can be expressed using Eqs. (15)-(18), 
which are derived from the series-parallel relation shown in Fig. 
4. 

 
/ ( )
/ ( )

−

−

+ +⎡ ⎤ ⎡ ⎤
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  (15) 
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c c c c c c
c c c c c c

  (17) 

− −
−

− −

=
+

in oil out oil
io oil

in oil out oil

c cC
c c

  (18) 

 
where kr and cr represent stiffness and damping of oil film in 
inlet area, respectively, chi and cho represent the structural 
damping between ball and races in Hertz contact area, respec-
tively [38, 41]. 

 
2.4 Ball/race and ball/cage interaction 

The Interaction among the components of a ball bearing is 
intricate, as it involves multiple forces. The Hertz contact force, 
friction force, and oil film viscous resistance are significant 
forces between ball and races. Additionally, the contact force 
and friction force between ball and cage are also crucial forces. 

 
2.4.1 Interaction between ball and race 

The contact force between a single ball and races can be 
calculated using Eq. (19) [39]. 

 
Fig. 4. Schematic of contact stiffness and damping between ball and race.

 



 Journal of Mechanical Science and Technology 37 (11) 2023  DOI 10.1007/s12206-023-1010-8 
 
 

 
5699 

1.5

1.5
−

−

⎡ ⎤ ⎡ ⎤
=⎢ ⎥ ⎢ ⎥
⎢ ⎥⎢ ⎥ ⎣ ⎦⎣ ⎦

inj in oil inj

out oil outjoutj

F k
kF

δ
δ

. (19) 

 
The total contact force applied to races can be represented as 

Eq. (20). θrj denotes actual angular position of the j-th ball [30]. 
 

1.5

1

sin
cos− −

=

⎡ ⎤⎡ ⎤
= ⎢ ⎥⎢ ⎥

⎣ ⎦ ⎣ ⎦
∑
bx N
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F
K

F
θ

δ
θ

. (20) 

 
As illustrated in Fig. 5, the relative velocity relationship be-

tween ball and races on faulty bearing can be expressed by 
Eqs. (21) and (22). 
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  (22) 

 
where vi denotes the velocity of inner race, ωs denotes the 
rotational angular velocity of inner, vo = 0 denotes the velocity 
of outer race, vj-i denotes velocity of ball relative to inner race, 
vj-o denotes the velocity of ball relative to outer race, vbj denotes 
the velocity of self-rotation of ball, ωj = jϕ  denotes angular 
velocity of revolution of ball, and ωbj =

bj
ϕ  denotes angular 

velocity of self-rotation of ball. 
It is possible to utilize a semi-empirical formula for the com-

putation of the friction coefficient between the components of 
bearing. This formula is commonly utilized in the study of the 
motion features of REB [30, 42]. 

 
( | |)exp( | |)= + − +A B v C v Dμ   (23) 

 
where A, B, C and D represent lubricant coefficients. 

The calculation of friction force is identical for two types of 

faulty bearings. As an illustration, if there is a defect on inner 
race, it is feasible to represent the friction force between an 
individual ball and race by employing Eq. (24). η denotes vis-
cosity of lubricant. 

 
/ | |
/ | |
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i i
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f F v v
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η
μ

η
. (24) 

 
The general formula of oil film friction force is able to be 

computed using as Eq. (25). 
 

1

sin
( )

cos=
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2.4.2 Interaction between ball and cage 

In Fig. 1, the functional relationship between the cage and 
ball can be simplified as a set of compressed linear springs. In 
this case, the spring stiffness kc is set at 1×108 N/m [4, 43]. Eq. 
(26) is able to be employed to express contact force between a 
single ball and the cage. 

 
0.5 ( )= −cj c m j cF k D ϕ ϕ   (26) 

 
where φc denotes the rotation angle of cage, Dm denotes pitch 
diameter of bearing. 

If φj > φc, the ball will contact the forward surface of the cage 
pocket. On the other hand, if φj < φc, the ball will come in con-
tact with rear end face of cage pocket. The sum of contact 
forces of all balls applied to cage is able to be represented by 
Eq. (27). 

 

1

0.5 ( )
=

= −∑
bN

c c m j c
j

F k D ϕ ϕ . (27) 

 
The relative skidding velocity of a single ball to cage can be 

obtained as Eq. (28). 
 

0.5Δ =cj bjv dω . (28) 
 
Therefore, the total friction force between all of balls and 

cage can be calculated using as Eq. (29). 
 

/ | |= −c c cj cjf F v vμ η . (29) 
 

2.4.3 Viscous resistance and centrifugal force of 
ball 

The movement of ball is influenced by the viscous resistance 
of lubricant, which can be calculated with the help of Eq. (30) 
provided by Harris [39]. 

 
1.95( )

32
π= v m

v

c d DF
g

ξ ϕ   (30) 

 
where g denotes acceleration of gravity, cv denotes drag coeffi-

 (a) (b) 
 
Fig. 5. Velocity relationship between ball and race when ball crosses a 
defect: (a) ball passing inner race with a defect; (b) ball passing outer race 
with a defect. 
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cient, and ξ denotes effective fluid density of bearing. 
At the same time, the centrifugal force and moment of inertia 

of ball about bearing center are able to be calculated using Eqs. 
(31) and (32). 

 
20.5=ce b m jF m D ϕ   (31) 

2= +m b b boJ J m r   (32) 
 

where mb denotes mass of ball, and Jb denotes rotational iner-
tia of ball. 

 
2.5 Dynamic equations and solutions 

The dynamic equations of the proposed model are divided 
into three parts: 4 DOFs equations for inner and outer races, 3 
DOFs equations for ball, and rotational differential equation for 
the cage. In the simplified model, the spindle and inner race 
are integrated, and the bearing pedestal and outer race are 
bound together. Therefore, the dynamic equations for the races 
can be expressed using Eq. (33). 
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x x
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s s s y y
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x x
p p p io io

p p p y y
p p p io io

x x x f F
m c k

y y y f F W

x x x f F
m c k

y y y f F

  (33) 

 
where ms, cs, ks represent mass, damping and stiffness of 
spindle and inner race, respectively, and mp, cp, kp represent 
mass, damping, and stiffness of pedestal and outer race, re-
spectively. 

The DOFs of the ball in three directions are the primary con-
siderations when the ball bearing is in operation. These direc-
tions include revolution around the bearing center, self-rotation, 
and displacement in the radial direction. The corresponding 
dynamic equations are presented in Eq. (34). 

 
0.5 ( )

0.5( ) ( sin )
cos .

⎧ = − + +
⎪ = + − + +⎨
⎪ = − + + +⎩

b bj inj outj c

m j inj i outj o c v b j bo

b bo inj outj ce c b j

J d f f f
J f D f D F F m g r
m r F F F f m g

θ
ϕ θ

θ
  (34) 

 
Furthermore, the rotation of cage around the center of bear-

ing is able to be calculated using Eq. (35). 
 

0.5=c c c mJ F Dϕ   (35) 
 

where Jc is the rotational inertia of cage [30]. 

 
3. Numerical solution and experiment equip-

ment 
3.1 Numerical solution 

To compute the dynamic equations, the fourth-order Runge-

Kutta integration method is utilized with a constant step size. 
The shaft is rotated counterclockwise as positive. The defect is 
located at the bottommost point of outer race, while the defect 
on inner race rotates along with shaft. 

First, the program inputs the parameters, operating condi-
tions, and defect information of the ball bearing. Then, it com-
putes the minimum film thickness, stiffness, and damping of oil 
film under EHL, as well as the stiffness and damping between 
the ball and races. Next, it calculates time-varying displace-
ment with defect and total time-varying displacement under 
EHL based on position of ball at time t. After that, it computes 
contact force and friction force between ball/races and the 
ball/cage. Finally, the dynamic equations of the system are 
resolved to derive vibration signals of bearing. The numerical 
solution of model uses a constant step size of 1×10-5 s and 
runs for 2 s. 

 
3.2 Test rig 

To guarantee the dependability of the suggested model, an 
experiment is conducted using a machinery fault simulator. The 
simulator is utilized to obtain vibration data from flawed ball bear-
ings. The bearings are mounted on both ends of the spindle in 
Fig. 7. The faulty bearing is positioned on drive side, and the 
healthy bearing is positioned on far end. An acceleration sensor 
is mounted at the top of the pedestal, and a rotor weighing 5.1 kg 
is mounted in the middle of the spindle. During the experiment, a 
control circuit drove a 1 hp triple AC motor at a constant speed, 

 
Fig. 6. Flowchart of numerical solution. 
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with power transmitted via a flexible coupling connected to the 
spindle. To collect the vibration signals from the faulty bearings, a 
16-channel portable data collector is employed. The defect width 
and depth of races are both identical, measuring 0.6 mm and 
0.25 mm, respectively. The parameters of the sensor used in the 
experiment are as follows: Resonant frequency 22 kHz, sensitiv-
ity: 100 mV/g, measurement range: ±50 g, broadband resolution: 
350 µg, sensing element: ceramic. 

The ER-16k bearing used in the experiment features rectan-
gular defects created through laser etching technology, as 
depicted in Fig. 8. While being rotated at a rate of 1600 r/min, 
the bearing experiences a radial load of 50 N. Vibration signals 
are sampled for a period of 6 s at a frequency of 15 kHz. The 
pertinent characteristics of the bearing are outlined in Table 1. 

 
4. Experimental results and discussions 
4.1 Vibration responses of inner race or outer 

race with defect 

The fault characteristic frequency (FCF) of RBE is a signifi-
cant indicator to determine bearing fault types. When the ball 
rolls over defects of inner/outer race, the theoretical FCF is 
able to be described as Eq. (36) [8, 44]. 

 

/ (1 cos )2= ±bpi bpo
m

dbf
D s

N
fα   (36) 

 
where "+" represents FCF of inner race, "-" represents FCF of 
outer race, fs represents spindle rotation frequency.  

As illustrated in Table 2, the theoretical values of spindle ro-
tation frequency and races FCF are able to be obtained. The 
experimental and simulated signals of the healthy bearing can 
be observed in Fig. 9. Comparing Figs. 9(a) and (c), the vibra-
tion signal of the bearing is basically stable and no high-
frequency pulse signal is generated. This indicates that there is 
no defect in the bearing. The time domain signal is processed 
using the envelope method to obtain envelope spectrum, and 
vibration frequency of healthy bearing shows the passing fre-
quency of the outer race. In Figs. 9(b) and (d), the correspond-
ing harmonic frequencies can be found. The acceleration sig-
nal of a healthy bearing exhibits periodic vibrations, and the 
bearing vibrates at the frequency of the ball passing through a 
point on the outer race. This is due to the ball bearings being 
subjected to radial load, the number of balls in the load area to 
bear the load will occur in the odd and even number of con-
stantly changing, resulting in changes to the total contact stiff-
ness of the bearing system [39]. Additionally, the non-linear 
contact deformation between the ball and the race, along with 
the radial clearance, also influences the vibration of the system. 

 
4.1.1 Inner race with defect 

The vibration response of the inner race with a defect is pre-
sented in Fig. 10. The time interval between adjacent wave 
peaks is stable at approximately 6.9 ms, which is consistent 
with 1/fbpi, from Fig. 10(a). There is a significant difference in 
the peak of each wave. Furthermore, the load distribution of 
bearings can be classified into two zones: loaded zone and 
unloaded zone. The magnitude of the pulse signal generated 
by a defect in the inner race is significantly greater in loaded 
zone compared to unloaded zone. Fig. 10(c) shows the nu-
merical simulation signals of proposed model, and the time 
interval of vibration signal in time domain fluctuates around 

Table 1. Model parameters of deep groove ball bearing ER-16k. 
 

Inner race diameter Di (mm) 30.59 

Outer race diameter Do (mm) 46.47 

Pitch diameter Dm (mm) 38.5 

Diameter of ball d (mm) 7.94 
Number of balls Nb 9 

Radial clearance Cr (μm) 45 

Contact angle α (°) 0 
Mass of ball mb (kg) 0.002 

Stiffness factor of inner race ks (N/m) 4.24×104 

Stiffness factor of outer race kp (N/m) 1.51×107 
Damper factor of inner race cs (N·s/m) 1376 

Damper factor of outer race cp (N·s/m) 2210 

Elasticity modulus E (GPa) 219 
Poisson ratio σ 0.3 

 

 
 
Fig. 7. Test rig of machinery fault simulator. 

 

 (a) (b) 
 
Fig. 8. Experimental bearings: (a) inner race defect; (b) outer race defect. 

 

Table 2. Theoretical values of the rotational frequency and the fault charac-
teristic frequency. 
 

Speed of shaft (r/min) fs (Hz) fbpi (Hz) fbpo (Hz) 

1600 26.67 144.8 95.25 
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theoretical value, with noticeable peak fluctuations. 
The envelope analysis of experimental and simulated vibra-

tion signals is presented. The frequency of fbpi obtained from 
the experiment is 144.1 Hz, which has an error of only 0.48 % 
from the theoretical value of 144.8 Hz, and vibration amplitude 
is 0.009 m/s2. The analysis reveals the identification of rota-
tional frequency (fs), inner race FCF (fbpi), harmonic frequencies 
(2fs, 2fbpi, 3fbpi), and sideband frequencies (fbpi±fs, fbpi±2fs, 2fbpi±fs, 
2fbpi±2fs, 3fbpi±fs, 3fbpi±2fs). The identified frequencies show that 

2fs is substantially larger than fs, and the magnitude of nfbpi±2fs 
is more significant than that of nfbpi±fs. 

The envelope spectrum of proposed model is indicated in Fig. 
10(d), which indicates that the value of fbpi is 144.95 Hz, with an 
error of only 0.11 % when compared to the theoretical value, 
and the vibration amplitude is about 0.0023 m/s2. In addition, 
the harmonic and sideband frequencies can be identified and 
are consistent with the experimental results. Through the com-
parison of the results, it can be concluded that the simulation 

 
 (a) (b) 
 

 
 (c) (d) 
 
Fig. 9. Vibration response of healthy bearing: (a) experimental vibration signals; (b) envelope spectrum of (a); (c) vibration signals of proposed model; (d) 
envelope spectrum of (c). 

 

 
 (a) (b) 
 

 
 (c) (d) 
 
Fig. 10. Vibration response of inner race with a defect in ball bearing: (a) experimental vibration signals; (b) envelope spectrum of (a); (c) vibration signals of 
proposed model; (d) envelope spectrum of (c). 
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results of proposed model closely match experimental vibration 
signal, and the proposed model of inner race defect is reliable 
and appropriate. 

The vibration amplitude of a defective bearing would change 
significantly when the operating conditions change. Therefore, 
it is essential to study the influence of various defect sizes and 
spindle speeds on the amplitude using experimental equipment 
and the established model. Fig. 11(a) illustrates the amplitude 
trend of the proposed inner race defect model under various 
working requirements. The amplitude trend of proposed model 
and Gao's model [41] is similar to the experimental results 
when the size of the inner race defect increases gradually from 
0.3 mm to 2.4 mm. However, the amplitudes of Gao's model 
are slightly lower compared to the presented model. 

The amplitude variation of fbpi is depicted in Fig. 11(b) as the 
spindle speed is increased from 800 r/min to 3000 r/min. As the 
speed increases, the amplitude of the bearing failure frequency 

also increases. Notably, when the speed is low, the two ampli-
tudes are similar, but the gap between them widens as the 
speed gradually increases. This is due to the fact that the pro-
posed model considers the variation in friction during one cycle 
of bearing rotation, making it more comprehensive than the 
previous model, which only accounts for slip friction in the 
loaded zone. The abrupt rise in friction when the ball transitions 
from the unloaded zone to the loaded zone results in a signifi-
cant increase in the radial vibration of bearing. The amplitude 
of proposed model is closer to experimental results compared 
to Gao's model, indicating the need to consider the skidding 
behavior between the bearing balls and the race/cage. This 
behavior is more representative of the actual defective bearing 
operation. 

 
4.1.2 Outer race with defect 

Fig. 12 presents the experimental and simulated vibration re-

 
 (a) (b) 
 
Fig. 11. Trend of amplitude change of fbpi generated by inner race with defect under different working conditions: (a) different defect sizes; (b) different speed 
values. 

 

 
 (a) (b) 
 

 
 (c) (d) 
 
Fig. 12. Vibration response of outer race with a defect in ball bearing: (a) experimental vibration signals; (b) envelope spectrum of (a); (c) vibration signals of 
proposed model; (d) envelope spectrum of (c). 

 



 Journal of Mechanical Science and Technology 37 (11) 2023  DOI 10.1007/s12206-023-1010-8 
 
 

 
5704  

sponse results of the outer race with a defect. As illustrated in 
Fig. 12(a), the time-domain vibration signals obtained from the 
experiment indicate that the interval between two adjacent 
acceleration pulses fluctuates around 10.55 ms. The proposed 
model shows a stable time-domain pulse interval of around 
10.50 ms, as shown in Fig. 12(c). 

Fig. 12(b) displays the experimentally obtained acceleration 
signal fbpo of 95.63 Hz with a vibration amplitude of approxi-
mately 0.048 m/s2. The error between experimental value and 
the calculated theoretical value (95.25 Hz) is approximately 
0.39 %. Harmonic frequencies (2fbpo, 3fbpo, 4fbpo) are easily 
identified. Fig. 12(d) shows the envelope spectrum of vibration 
signals obtained from the proposed model. The vibration fre-
quency (fbpo) and harmonic frequencies can also be found. The 
frequency fbpo is 95.36 Hz with an error of 0.16 % from the 
theoretical value and a vibration amplitude of 0.035 m/s2. 

Fig. 13 shows the amplitude trend of fbpo for the proposed 
model of outer race with defects under various working condi-
tions. Fig. 13(a) demonstrates that the amplitude growth trends 
of the proposed model and Gao's model are similar to the ex-
perimental results when the outer race's defect width increases 
from 0.3 mm to 2.4 mm. Fig. 13(b) shows the variation of fbpo 
amplitude when the spindle speed increases from 800 r/min to 
3000 r/min. As the speed increases, the amplitude of outer 
race fault frequency also increases. It is worth noting that the 
proposed model has a higher amplitude than Gao's model. 
This indicates that the vibration amplitude generated by the 
defective model of outer race, taking into account the skidding 
effect, is larger than that of Gao's model and closer to the ex-
perimental signals. 

It is worth mentioning that in Figs. 11 and 13, the vibration 
amplitude of the experimental signal was measured using the 
test rig of the machinery fault simulator under actual operating 
conditions, whereas the vibration amplitude of the simulated 
signal was derived from the proposed model. Despite maintain-
ing identical bearing parameters, operating conditions, and 
defect information for both the experiment and simulation, the 
simulation model is simplified based on some reasonable as-
sumptions. Furthermore, the proposed model is formulated 
based on the shaft-bearing-pedestal system, which incom-

pletely considers the impact of the rotor on vibration within the 
bearing-rotor system [44]. The experimental process is inevita-
bly subject to interference from ambient noise. Therefore, there 
will be some differences in the vibration amplitudes obtained 
from the simulation and experiment. 

According to the above results, the established dynamic 
model is in great consistency with the actual operation of the 
defective bearing, which provides support for further analysis of 
the dynamic features of defective REB under skidding. 

 
4.2 Analysis of contact force and friction force 

Skidding is a common phenomenon that occurs during the 
operation of ball bearings. Skidding of balls in ball bearings is 
mainly caused by the significant change in contact force be-
tween the balls and inner race due to centrifugal force. This 
causes a decrease in friction force between balls and inner 
race, making it insufficient to overcome the viscous resistance 
of lubricant and the resistance of the cage. High speed and 
light loads exacerbate the skidding phenomenon in ball bear-
ings. Therefore, it is beneficial to analyze the contact force and 
friction force in ball bearings with local defects. To investigate 
this, the bearing speed is set to 2000 r/min and the radial load 
to 200 N, while maintaining a defect size consistent with the 
experimental bearing. The study compares the changes in 
contact force and friction force between healthy and faulty 
bearings. 

The contact force between ball and races in a healthy bear-
ing is indicated in Fig. 14(a) to have cyclic changes. The radial 
load causes the ball bearing to be divided into loaded and 
non-loaded zones [39]. In the loaded zone, the contact force 
between the ball and races increases dramatically, reaching a 
peak at the bottom of the ball bearing. At this point, the outer 
race has a greater contact force than the inner race. In the 
non-load zone, the centrifugal force causes the ball to contact 
the outer race, reducing the contact force between the ball 
and inner race to zero, while the outer race contact force fluc-
tuates. 

The defect on the inner race rotates with the spindle, and its 
impact position with the ball is not fixed. Fig. 14(c) intercepts 

 
 (a) (b) 
 
Fig. 13. Trend of amplitude of fbpo under different working conditions: (a) different defect sizes; (b) different speed of shaft. 
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the contact force variation for two cycles of inner race rotation, 
indicating significant fluctuations in contact force occur when 
the ball passes through the defect. At this point, the contact 
force on the inner race briefly exceeds that on the outer race, 
and this fluctuation is transmitted and affects the change in 
contact force after the impact. This is because the ball crashes 
into the trailing edge of the defect [16], generating an impact 
force that continues for some time until the energy is dissipated. 
The impact force on the inner race is greater than that on the 
outer race. 

The defect on outer race is located at the bottom of the ball 
bearing and is stationary. The position where the ball rolls over 
the defect and the location of the contact force mutation remain 
fixed. As shown in Fig. 14(e), the contact force on outer race is 
consistently greater than that on inner race. As the ball reaches 
the point of maximum load in the bearing, the contact force on 
the outer race experiences a significant variation, leading to 
significant fluctuations in the contact force throughout the load-
ed zone when compared to a healthy bearing. 

The friction of the race is primarily influenced by the time-
dependent friction coefficient and contact force. The time-

dependent friction coefficient is correlated with the relative 
skidding speed. In Fig. 14(b), the variation of the friction be-
tween ball and races is divided into four phases. In phase 1, 
when a ball enters the loaded zone, the friction force between 
ball and races increases rapidly. The friction force on the inner 
race is slightly less than that on outer race due to the surge of 
contact load. In phase 2, firstly, the friction force on the outer 
race reaches a peak and then starts to decrease. The friction 
force on the inner race continues to grow for a while and then 
reaches a peak. At this point, the friction force on the inner race 
is significantly larger than that on the outer race. The difference 
in the friction force on inner and outer races is due to the influ-
ence of skidding velocity, which is explained in Fig. 15(a). In 
phase 3, the contact force gradually decreases, and the friction 
force of the race decreases accordingly. In phase 4, as the ball 
enters the unloaded zone, the friction force on the inner race 
rapidly decreases to near 0 N, and the friction force on outer 
race fluctuates slightly above 0 N. 

Fig. 14(d) illustrates that a defect on inner race would lead to 
a violent oscillation of the friction force on inner race, while the 
friction force on the outer race is not significantly affected. As 

 

 
 (a) (b) 
 

 
 (c) (d) 
 

 
 (e) (f) 
 
Fig. 14. Comparison of contact force and friction force: (a) contact force of healthy bearing; (b) friction force of healthy bearing; (c) contact force on inner race 
with a defect; (d) friction force on inner race with a defect; (e) contact force on outer race with a defect; (f) friction force on outer race with a defect. 
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depicted in Fig. 14(f), a defect on the outer race impacts the 
friction forces on both the inner and outer races. Such fluctua-
tions can be observed in the loaded zone. Based on the above 
phenomena, it can be found that bearing race defects will in-
crease the instability of contact force and friction force. 

 
4.3 Analysis of skidding characteristics 

The skidding ratio plays a crucial role in determining whether 
skidding will occur in a ball bearing and the severity of its be-
havior. In a pure rolling state, the theoretical speed of ball and 
cage are able to be computed as shown in previous studies [31, 
45]. The skidding ratio of the ball and cage can be expressed 
mathematically using Eqs. (37) and (38). 

 

100%
−

= ×bt j
b

bt

S
ω θ

ω
  (37) 

100%−= ×ct c
c

ct

S ω θ
ω

  (38) 

where ωbt and ωct represent the theoretical rotational speed of 
ball and cage. 

The bearing conditions used in this section are consistent 
with those described in Sec. 4.2. Fig. 15(a) illustrates the skid-
ding velocity of inner and outer races of a healthy bearing. The 
skidding velocity undergoes three distinct phases in the loaded 
zone. In phase 1, a rapid decline in skidding velocity occurs. In 
phase 2, the outer race experiences a greater decrease in 
skidding velocity compared to the inner race. In phase 3, the 
skidding velocity transitions from a smooth to a lifted state due 
to a decrease in contact force. Phase 4 is the unloaded zone, 
where the skidding velocity of inner and outer races increases 
rapidly. 

Figs. 15(c) and (e) illustrate that the skidding velocity of a 
faulty bearing follows the same pattern as that of a healthy 
bearing. The skidding velocity of the defective bearing exhibits 
fluctuations in phase 4. The faulty bearing has a higher skid-
ding velocity than the healthy bearing, and the inner race has a 
higher skidding velocity than the outer race. Fig. 15(b) shows 
that the skidding ratios of the ball and cage in a healthy bearing 

 

 
 (a) (b) 
 

 
 (c) (d) 
 

 
 (e) (f) 
 
Fig. 15. Comparison of skidding velocity and skidding ratio: (a) skidding velocity of healthy bearing; (b) skidding ratio of healthy bearing; (c) skidding velocity 
of inner race with a defect; (d) skidding ratio of inner race with a defect; (e) skidding velocity of outer race with a defect; (f) skidding ratio of outer race with a 
defect. 
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are 2.72 % and 1.25 %, respectively. Comparing Fig. 15(d) 
with Fig. 15(f), it is apparent that local defects in the ball bear-
ing lead to an increased skidding ratio. The presence of de-
fects on inner race has a greater effect on skidding than the 
presence of defects on outer race. This is primarily because 
the collision position between the inner raceway defect and the 
ball is unpredictable, and the relative velocity difference be-

tween them varies considerably. 
The self-rotation speed of ball can be illustrated in Fig. 16. 

Although there is no significant difference between the rising 
speed trend of healthy and faulty bearings, the enlarged view 
in Fig. 16 shows that healthy bearings have a higher self-
rotation speed compared to faulty bearings, and defective inner 
races have the slowest speed. Fig. 17 investigates the effects 
of varying radial loads, spindle speeds, and defect sizes on the 
cage skidding ratio using a skidding model of inner race de-
fects. For inner race speeds of 2000 r/min, radial loads of 50 N, 
200 N, 1000 N, and 2000 N are applied to the ball bearing, and 
the resulting trends of cage skidding ratio with time are shown 
in Fig. 17(a). A significant decrease in cage skidding ratio is 
observed as the radial load increases. Light loads are able to 
cause severe skidding behavior on faulty bearings. 

The radial load of ball bearing is set at 200 N, and the spin-
dle speed is varied between 2000 r/min, 3000 r/min, 4000 r/min, 
and 5000 r/min. Fig. 17(b) shows that higher spindle speeds 
can lead to an increase in cage skidding ratio, resulting in se-
vere skidding. Fig. 17(c) illustrates that when the bearing is 
loaded with a radial force of 200 N and an inner race speed of 
2000 r/min, the defect width expands from 0.3 mm to 2.4 mm. 
It can be observed from enlarged view that the larger defect 
sizes will have a higher cage skidding ratio. By comparing Figs. 
17(a)-(c), it is evident that spindle speed and load have the 
most significant impact on the stability of skidding ratio, while 
the size of the defect has a negligible effect. This implies that 
controlling skidding behavior for defective bearings should 
consider the impact of both speed and load. 

 
5. Conclusions 

A dynamic model of defective ball bearing is proposed, which 
considers the skidding effect, contact force, friction force, time-
varying displacement excitation and isothermal EHL. The pro-
posed model is compared with experimental results to validate 
its reliability. The model can be useful for studying vibration 
response and skidding characteristics of bearings with local-
ized defects. The main conclusions are as follows: 

1) The proposed model considering the skidding behavior of 
ball/cage and ball/race is compared with Gao's model to verify 
the correctness of the model. It is also found that the FCF of 
defective bearing increases with the increase of speed or de-
fect size, and the proposed model is closer to the experimental 
results. 

2) Comparing the defect model of the bearing with the health 
model, defects on race can produce fluctuating and violent 
acting forces on the bearing. The skidding behavior exacer-
bates the change in contact force and friction force between 
ball and the defective race. 

3) Defect can cause an increase in skidding velocity and 
skidding ratios of ball and cage. Cage skidding ratio can be 
affected by the rotation speed of ball bearing, radial load and 
defect size. Low spindle speeds and heavy loads can effec-
tively reduce the skidding behavior of defective bearings. 

 
Fig. 16. Comparison of self-rotation speed of ball. 

 
 

(a) 
 

(b) 
 

(c) 
 
Fig. 17. Cage skidding ratio of inner race with defect under different working 
conditions: (a) different radial load; (b) different spindle speed; (c) different 
defect sizes. 
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Nomenclature------------------------------------------------------------------ 

A  : Lubricant coefficients 
B  : Lubricant coefficients 
cv  : Drag coefficient 
ch  : Damping coefficient 
coil  : Damping of oil film between ball and races 
cr  : Damping of oil film in the inlet area 
chi, cho  : Structural damping between ball and races 
cin-oil, cout-oil : Damping of oil film and races 
cio-oil  : Total damping under EHL 
cs  : Damping of spindle and inner race 
cp  : Damping of pedestal and outer race 
Cr  : Radial clearance of bearing 
C  : Lubricant coefficient 
d  : Diameter of ball 
D  : Lubricant coefficient 
Dm  : Pitch diameter of ball bearing 
Di  : Inner race diameter 
Do  : Outer race diameter 
E  : Elastic modulus of ball bearing material 
fc  : Total friction force between all balls and cage 
finj, foutj  : Friction force between a single ball and races 
fiox  : Total oil film friction force of x-direction 
fioy  : Total oil film friction force of y-direction 
fs  : Spindle rotation frequency 
fbpi  : Fault characteristic frequency of inner race 
fbpo  : Fault characteristic frequency of outer race 
Fcj  : Contact force between a single ball and cage 
Fc  : Sum of contact forces of all balls and cage 
Fv  : Viscous resistance 
Fce  : Centrifugal force 
Finj, Foutj : Contact force between a single ball and races 
Fio

x  : Total contact force applied to races of x-direction 
Fio

y  : Total contact force applied to races of y-direction 
F   : Dimensionless material parameter 
g  : Acceleration of gravity 
G   : Dimensionless load parameter 
hmin  : Minimum thickness of oil film 
Hi, Ho  : Time-varying displacement function 
Hd  : Defect depth 
Jb  : Rotational inertia of ball 
Jc  : Rotational inertia of cage 
Jm  : Moment of inertia of ball about ball bearing axis 
ks  : Stiffness of spindle and inner race 
kc  : Spring stiffness 

kp  : Stiffness of pedestal and outer race 
koil  : Stiffness of oil film between ball and races 
kio-oil  : Total stiffness under EHL 
kin-oil, kout-oil : Stiffness of oil film and races 
ki, ko  : Contact stiffness between ball and races 
li, lo  : Distances of ball entering races defect 
ms  : Mass of spindle and inner race 
mp  : Mass of pedestal and outer race 
Nb  : Number of balls 
rbo  : Position vectors from center of bearing to of ball 
rio  : Position vectors from center of bearing to center of inner 

race 
rbi  : Position vector from center of inner race to ball 
R   : Equivalent radius between ball and races 
Sb  : Ball skidding ratio 
Sc  : Cage skidding ratio 
u  : Oil film extrusion speed 
U   : Dimensionless velocity parameter 
vi  : Velocity of inner race 
vj-i  : Velocity of revolution of ball relative to inner race 
vj-o  : Velocity of revolution of ball relative to outer race 
vbj  : Velocity of self-rotation of ball 
vcj  : Relative skidding velocity of a single ball to cage 
viji, vijo  : Relative velocity between ball and inner race 
voji, vojo  : Relative velocity between ball and outer race 
W  : Radial load of ball bearing 
Wd  : Defect width 
xi, yi  : Horizontal and vertical displacements of inner race 
xs, ys  : Horizontal and vertical displacements of inner race and 

spindle 
xp, yp  : Horizontal and vertical displacements of outer race and 

bearing pedestal 
α  : Contact angle 
δio  : Contact deformation between ball and races with a defect 
δio-oil  : Total contact deformation under EHL 
δioj  : Total contact deformation between ball and races 
δinj, δout  : Contact deformation between ball and races 
η  : Viscosity of the lubricant 
θj  : Angular position of the j-th ball 
θ0  : Initial position angle of ball 
θi, θo  : Defect angles of races 
θrj  : Actual angular position of the j-th ball 
μ  : Friction coefficient 
ξ  : Effective fluid density of ball bearing. 
ρi, ρo  : Sum of the curvature of inner and outer race 
σ   : Poisson's ratio 
φbj  : Angular of self-rotation of ball 
φj  : Revolution angle of the j-th ball 
φc  : Rotation angle of cage 
ϕi, ϕo  : Angles of the ball entering race defects 
ωs  : Rotational angular velocity of inner 
ωj  : Angular velocity of revolution of ball 
ωbj  : Angular velocity of self-rotation of ball 
ωbt  : Theoretical rotational speed of ball 
ωct  : Theoretical rotational speed of cage 
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