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Abstract 
 
Clearance is inevitable in the joints of mechanisms due primarily to the design, manufacturing and assembly processes or a wear effect. 

Excessive value of joint clearance plays a crucial role and has a significant effect on the kinematic and dynamic performances of the 
mechanism. In this study, effects of joint clearances on bearing vibrations of mechanism are investigated. An experimental test rig is set 
up, and a planar slider-crank mechanism having two imperfect joints with radial clearance is used as a model mechanism. Three acceler-
ometers are positioned at different points to measure the bearing vibrations during the mechanism motion. For the different running 
speeds and clearance sizes, this work provides a neural model to predict and estimate the bearing vibrations of the mechanical systems 
having imperfect joints. The results show that radial basis function (RBF) neural network has a superior performance for predicting and 
estimating the vibration characteristics of the mechanical system.   
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1. Introduction 

Clearance as an actual joint characteristic plays a crucial 
role on the dynamic stability and the mechanism performance. 
In general, each joint is considered as perfect or ideal, that is, 
no wear or deformations, no friction and no clearance. How-
ever, the clearances always exist in the actual joints. In case of 
joint clearance, ideal lower pair joints have the potential of 
becoming higher pairs. This is due to the fact that the ideal 
surface between two contacting bodies really exhibits line or 
point contact characteristic. This kind of joint is known as a 
source of impact forces. These forces not only create an in-
crease in vibration and noise levels, but also reduce system 
reliability, stability, precision and mechanism component’s 
life. A lot of studies have been implemented about imperfect 
joints on mechanical system in the last decade. 

Bauchau and Rodrigez [1] investigated the effects of clear-
ance and lubrication for revolute and spherical joints. Formu-
lation was developed within the framework of energy preserv-
ing and decaying time integration schemes that provide un-
conditional stability for nonlinear, flexible multibody systems. 
Jia et al. [2] presented both theoretical and experimental stud-
ies about dynamic behavior of a slider-crank mechanism with 

clearance. Effects of different clearance size and driving speed 
on dynamic behavior of the mechanism were investigated. 
Schwab et al. [3] presented dynamic response of mechanisms 
and machines having revolute joint with clearance. Assuming 
that a mechanism consists of rigid and elastic links, a com-
parison between several continuous contact force models and 
an impact model was implemented. A procedure was also 
introduced to estimate the maximum contact force during 
impact. Flores et al. [4] analyzed the dynamics of multibody 
systems with revolute joint clearances, including dry contact 
and lubricant effects. Flores and Ambrosio [5] presented a 
general methodology for dynamic characterization of me-
chanical systems with joint clearance. Contact detection strat-
egy and contact force models were used in the proposed pro-
cedure and it was demonstrated through the dynamic analysis 
of a slider-crank mechanism having a revolute joint with 
clearance. Orden [6] presented a methodology for the study of 
typical smooth joint clearance in multibody systems. Advan-
tage of the proposed method was proved, and some numerical 
applications were presented to show the stability of the pro-
posed method especially in long-term simulations with rela-
tively large time step size. Shiau et al. [7] studied nonlinear 
dynamic analysis of a 3-PRS series parallel mechanism con-
sidering the joint effects which included flexibility, clearance 
and friction. The obtained results show that the joint clearance 
significantly affects the mode shapes by which the rotational 
motions are dominated. The dynamic response also becomes 
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larger as the joint clearances increase, and the contact force 
increases as the joint clearance and the friction coefficient 
increase. The effects of joint clearances on mechanism path 
generation and transmission quality were investigated by Er-
kaya and Uzmay [8-10]. Four-bar and slider-crank mecha-
nisms having revolute joints with clearance were considered 
as model mechanisms, and an optimization procedure was 
proposed to decrease the deviations of path generation and 
transmission angle. Khemili and Romdhane [11] studied dy-
namic behavior of a planar flexible slider–crank mechanism 
with clearance. Simulation and experimental tests were carried 
out for that goal. In the presence of clearance, it is clear that 
the mechanism responses are greatly influenced, and the cou-
pler flexibility has a suspension role on the mechanism. Er-
kaya and Uzmay [12] also investigated dynamic response of a 
four-bar mechanism having revolute joints with clearance. A 
neural network–genetic algorithm approach was proposed to 
model several characteristics of joint clearance and determine 
the appropriate values of design variables for reducing the 
additional vibration effects arising from joint clearance. Li et 
al. [13] devised a method for identifying joint parameters of 
modular manipulators with nine degrees of freedom (DOF) 
using fuzzy logic. Also, this research group [14] developed a 
genetic algorithm based back-propagation neural network 
suboptimal controller for controlling the vibration of a 9-DOF 
modular robot. After modeling the whole structure, simula-
tions of the vibration control for the modular robot in several 
configurations were carried out. Han et al. [15] considered the 
nonlinear characteristics of a ball bearing to investigate the 
vibration response of a rotating shaft due to an unbalance 
force. A finite element method was used to analyze the vibra-
tion characteristics of a rotor-bearing system and a direct nu-
merical integration was also performed to calculate the tran-
sient response of the rotor system. Bing and Ye [16] presented 
dynamic analysis of the reheat-stop-valve mechanism with 
revolute clearance joint. The effect of joint clearance variation 
induced by the manufacturing tolerance of components was 
analyzed combined with the thermal influence of the high 
temperature steam in working condition. 

Yildirim et al. [17] analyzed the force distribution on the 
bearing systems of a four-bar mechanism using neural net-
work having three layers. The hidden layer of proposed net-
work structure was designed as a recurrent structure to keep 
dynamic memory for later use. The results of the proposed 
neural network give superior performance for analyzing the 
forces on the bearings. Flores [18] developed a methodology 
for studying and quantifying the wear phenomenon in revolute 
clearance joints. The numerical results show that the wear 
phenomenon is not uniformly distributed around the joint 
surface, owing to the fact that the contact between the joint 
elements is wider and more frequent is some specific regions. 
Another study of Flores et al. [19] presented a general meth-
odology for modeling the lubricated revolute joints in con-
strained rigid multibody systems. The hydrodynamic forces 
were obtained by integrating the pressure distribution evalu-

ated with the aid of Reynolds’ equation, written for the dy-
namic regime. Numerical examples were presented in order to 
demonstrate the use of the methodologies and procedures 
described in this work. Erkaya and Uzmay [20] investigated 
how the joint clearance affects the mechanism vibration and 
noise characteristics? Empirical results show that the joint 
clearance leads to a degradation in vibration characteristics of 
the mechanism relative to that of mechanism without clear-
ance. For the case of different clearance sizes and operation 
speeds, Flores et al. [21] implemented both numerical and 
experimental studies to investigate the dynamic responses of a 
slider-crank mechanism having revolute joint with clearance. 
This study emphasizes that the clearance size has an important 
role upon the differences between numerical and experimental 
results. 

In this study, an experimental test rig is set up to investigate 
the effects of joint clearance on mechanism vibration. For the 
case of different clearance sizes and running speeds of mecha-
nism, experimental measurements are performed. Two types 
of neural predictor are used to model the bearing vibration of 
the planar slider-crank mechanism having two joints with 
clearance. When the mechanism reaches to steady-state condi-
tion for the running speed, vibration measurements are im-
plemented to obtain the data sets for training and testing stages 
of neural predictor. 

 
2. Theory of contact definition and force model for 

joint with clearance 

In the classical analysis of a revolute joint, journal and bear-
ing centers coincide, that is, the revolute joint is considered as 
ideal or perfect. However, the existence of clearances at the 
joints of mechanical systems is inevitable. An appropriate 
clearance for the joints between the neighbor links of me-
chanical systems is necessary to allow the relative motion of 
the connected links, as well as to permit the assembly of the 
mechanical systems [4]. In this study, adjacent mechanism 
links are connected to each other by revolute joints. Fig. 1 
outlines a revolute joint with clearance, in which the radial 
clearance is defined as the difference between the bearing and 
journal radii, RB and RJ, respectively. In the presence of clear-
ance at a revolute joint, two kinematic constraints lost, and 
two degrees of freedom consisting of the horizontal (x) and 
vertical (y) displacements of the journal center with respect to 
bearing center are added to the mechanism motion. These 
movements may lead to uncertainties in the motion of mecha-
nism. So, additional constraints are necessary to analyze the 
kinematics of system. 

Three different types of motion between journal and bearing 
can be observed during the dynamics of the revolute joint 
clearance, (i) free flight mode, that is, journal and the bearing 
are not in contact and journal moves freely within the bear-
ing’s boundaries, (ii) impact mode, which occurs at the end of 
the free flight mode, (iii) continuous contact mode, in which 
contact is always maintained although the relative penetration 
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depth between the bearing and journal. If there is no lubricant, 
the journal can move freely within the bearing until contact 
between the two bodies takes place. When the journal impacts 
the bearing wall, normal and tangential contact forces [22] are 
developed as given in Fig. 1(b). 

Fig. 1(a) illustrates a revolute joint with clearance in a me-
chanical system. The bearing and journal are parts of ith and jth 
bodies, respectively. Relative penetration depth between the 
journal and the bearing is given as 

 
0c= − >δ e  (1) 

 
in which e is the magnitude of the clearance vector between 
the bearing and journal centers, and c is the radial clearance. 
The magnitude of the clearance vector is expressed as 

 
2 2e ex y= +e  (2) 

 
where ex and ey represent the relative displacements of the 
journal inside the bearing for X and Y directions, respectively. 
These relative displacements can be obtained from the global 
position vectors of the bearing and journal centers. As given in 
Fig 1(a), Qi and Qj denote the contact points on the bearing 

and journal, respectively. The global position of these points is 
expressed by [22] 

 
Q Q Rk kk k= + +r r s n    (k=i,j) (3) 

 
where ri and rj are the global position of the mass centers for ith 
and jth bodies, respectively. si

Q and sj
Q denote the positions of 

the journal and bearing centers relative to the mass centers of 
ith and jth bodies, respectively. Ri and Rj are the bearing and 
journal radius, respectively. n is the unit vector normal to the 
collision plane and can be defined by 

 

.=
en
e

 (4) 

 
The velocity of the contact points Qi and Qj can be derived 

by using Eq. (3) 
 

Q Q Rk kk k= + +r r s n    (k=i,j). (5) 

 
Also, the relative contact velocity can be defined as 
 

( ) ( ) ( ) .Q Q R Rj i j ij i= − + − + −δ r r s s n    (6) 

 
The dynamics of a dry journal-bearing is explained by two 

different situations. Firstly, when the journal and bearing are 
not in contact with each other, there is no contact forces asso-
ciated to the journal-bearing. Secondly, when the contact be-
tween the two bodies occurs the contact–impact forces are 
modeled according to a non-linear Hertz’s force law (normal 
force) together with the Coulomb’s friction law (tangential 
force). These conditions can be expressed as 

 
=0 if <0
= + if 0N T ≥

F δ
F F F δ  (7) 

 
where FN and FT are normal and tangential force components, 
respectively. When the journal reaches the bearing wall, that is, 
the magnitude of the clearance vector is greater than radial 
clearance, an impact takes place and the penetration depth is 
given by Eq. (1). The contact force is modeled as a spring-
damper element. If this element is linear, the approach is 
known as the Kelvin-Voigt model. When the relation is 
nonlinear, the model is generally based on the Hertz contact 
law [4, 23, 24]. In the case of unlubricated joint, Hertzian con-
tact force model is an appropriate choice [3]. While the origi-
nal Hertzian model does not include any energy dissipation, 
an extension by Lankarani and Nikravesh includes energy loss 
due to internal damping [25, 26]. 

 

N
zK D= +F δ δ    (8) 

(a) 
 

 
(b) 

 
Fig. 1. (a) Representation of a revolute joint with clearance in a me-
chanical system; (b) Normal and tangential forces between the journal
and bearing as a result of an impact. 
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where the first term represents the elastic forces and the sec-
ond term explains the energy dissipation. K is the generalized 
stiffness parameter, δ  is the relative penetration depth, D is 
the hysteresis damping coefficient and δ  is the relative im-
pact velocity. The generalized stiffness parameter K depends 
on the geometry and physical properties of the contacting 
surfaces. The exponent z is equal to 1, 5 for metallic contact. 
The stiffness parameter K is given by 

 

( )

1/ 2
4

3
i j

i ji j

R R
K

R Rh h

⎛ ⎞
= ⎜ ⎟⎜ ⎟++ ⎝ ⎠

 (9) 

 
where the material parameters hk are expressed as 

 
21 khk Ek

ν−
=   (k=i,j). (10) 

 
kν  and Ek are the Poisson’s coefficient and the Young’s 

modulus associated with each body, respectively. The radius 
of curvature Rk is taken as positive for convex surfaces and 
negative for concave surfaces [3, 22]. The hysteresis damping 
coefficient is given as 

 

( )23 1 δ

4 0

zK
D

v

ε−
=  (11) 

 
where ε is the restitution coefficient and ν0 is the initial impact 
velocity. Friction forces act when contacting bodies tend to 
slide relative to each other. These forces are tangential to the 
surfaces of contact and are opposite to the sliding velocity. 
Friction force model is expressed as 

 
Tc c FT Nf d
T

= −
V

F
V

 (12) 

 
where cf is the friction coefficient and VT is the relative tan-
gential velocity. cd is the dynamic correction coefficient and 
given by 

 
0 0

0
0 1

1 0
1 1

if VT
VTc if V VTd V V

if VT

⎧ ≤
⎪
⎪ −⎪= ≤ ≤⎨

−⎪
⎪

≥⎪⎩

V

V
V

V

 (13) 

 
where V0 and V1 are given tolerances for the tangential veloc-
ity. The motion equation for a dynamic system with con-
straints is given in the following form: 
 

# 22γ α β

⎡ ⎤ ⎡ ⎤⎡ ⎤⎢ ⎥ = ⎢ ⎥⎢ ⎥⎢ ⎥ − −⎣ ⎦ ⎢ ⎥⎣ ⎦⎣ ⎦

T fM Φ qq
λΦ 0 Φ Φq

 (14) 

where M is the mass matrix, Φq is the Jacobian matrix for the 
constraint equations. Φq

T is the transpose of the Jacobian ma-
trix. q  includes the generalized state accelerations. λ denotes 
the Lagrange multipliers, γ# denotes the vector of quadratic 
velocity terms, Φ is the vector for kinematic constraints, Φ  
is the constraint velocity equation. α and β denote the 
Baumgarte coefficients. f is the generalized force vector. This 
contains all external forces such as forces developed at the 
imperfect joints. Theoretical investigation of bearing vibra-
tions can be performed by using the forces at the crank-frame 
and piston-frame joints. Analytical model is used in the for-
mer studies and this model is also validated with the experi-
mental investigations [11, 21, 27]. These studies indicate that 
there are always some differences between theoretical and 
experimental results due primarily to the imperfect joint char-
acteristics such as changing of motion modes in a small time 
interval etc. 

 
3. Experimental study 

Slider-crank mechanism is widely used in the internal com-
bustion engines, and converts the translational motion of pis-
ton to rotary motion of crank. In conformity with recent ad-
vances, vehicle engines work at higher speeds, and so dy-
namic effects such as links’ inertias have a crucial role on the 
kinematic and dynamic characteristics of the slider-crank 
mechanism. Consequently, excessive loads acting at link’s 
joints cause to wear and thereby joint clearances reach beyond 
desired values. 

An experimental test rig is set up for analyzing the bearing 
vibrations of mechanism having joint clearance. Experimental 
system is driven by a 1.5 kW AC electric motor, and Mitsubi-
shi S500 frequency inverter is used to control the angular ve-
locity. An encoder is adapted to the shaft of AC motor for 
defining the angular position of crank arm. Also, a flywheel is 
used to prevent the fluctuation of the angular velocity due to 
the impact forces between journal and bearing at the joints 
with clearance. Experimental test rig is outlined in Fig. 2. 

The experimental mechanism is conformity with practical 
purposes, that is, the kinematics of the slider-crank mechanism 
has a planar feature. By using the planar mechanism model, 
the vibration characteristics of the system are investigated. 
Displacements in x and y-directions of the journal center with 
respect to bearing center are considered in the experimental 
investigation. This model is widely used in former studies [3, 
16, 18, 19]. As a natural result, the change in z-direction in the 
clearance joints is not considered. Kinematic and dynamic 
parameters of the model mechanism are given in Table 1. 

Three accelerometers and an intelligent data acquisition 
(Brüel & Kjaer 3560B type IDA, 4513B type accelerometers) 
are used to measure the vibration on the main frame. For the 
vibration measurement, the first accelerometer is positioned at 
the y-direction of the crank-frame joint. The second one is 
positioned at the x-direction of the same joint. And, the third 
accelerometer is positioned at the y-direction of the piston-
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frame joint. Three different clearance configurations are used 
for the experimental investigation. Firstly, joints with 1 mm 
clearance are used at crank-connecting rod and connecting 
rod-piston connections. Secondly, joints with 2 mm clearance 
are used at the related connections. For the last measurement, 
1 and 2 mm clearance joints are used at the crank-connecting 
rod and connecting rod-piston connections, respectively. Also, 
each clearance configuration is implemented for two different 
running speeds.  

 
4. Neural networks 

In last two decades, the application areas of neural networks 
have been rapidly expanded due to the advances in computer 
science. In system identification applications of neural net-
works, the main idea is usually to obtain a valid model of the 
system which can be used for system analysis. Most of studies 
about the applications of neural models in mechanical systems 
are particularly performed for fault diagnosis and control. In 
this study, two types of the neural network are implemented to 
model the system vibration. Descriptions of these types are 
outlined in the following subsections. 

4.1 Radial basis function (RBF) neural network 

Radial basis function (RBF) neural network is feedforward 
and has only one hidden layer. RBF neural network structure 
is good at modeling nonlinear data and can be trained in one 
stage rather than using an iterative process as in multi-layer 
perception neural network and also learn the given application 
quickly. RBF neural networks were introduced into the neural 
network literature in 1988 [28]. Due to their better approxima-
tion capabilities, simpler network structures and faster learn-
ing algorithms, RBF networks have been widely applied in 
many science and engineering fields. The architecture of RBF 
network consists of three layers that have entirely different 
roles. The input layer, a set of source nodes, connects the net-
work to the environment. The second layer consists of a set 
basis function units that carry out a nonlinear transformation 
from the input space to the hidden space. The output layer 
supplies the response of the network, and the transfer func-
tions of the neurons are linear units. The structure of neural 
model is outlined in Fig. 3. 

The network model consists of one input layer with five lin-
ear neurons, one output layer with three linear neurons and 
also one hidden layer with ten nonlinear neurons. Input matrix 
of the network consists of four characteristics, that is, a series 
of time, running speed of the mechanism input link, material 
type of the mechanism and clearance sizes. The current 
mechanism has two joints with clearance. Therefore, two 
clearance sizes (c1

 and c2) are considered in the input matrix. 
A lot of experimental studies are performed for the different 
clearance sizes, running speeds and material types of the 
mechanism. The main purpose of these experimental studies is 
to specify the effect of each characteristic on bearing vibra-
tions. The experimental results show that these characteristics 
have clear effects on the kinematics and dynamics of mecha-
nism. This information also agrees with the literature [7, 11, 
21, 27]. Therefore, these characteristics of the model mecha-
nism are evaluated as input matrix to predict the system vibra-

 
Table 1. Parameters of the slider-crank mechanism having joints with 
clearance. 
 

Parameters Description Value 

L2 (mm) Length of crank 150 

L3 (mm) Length of connecting rod 564 

m2 (kg) Mass of crank 0.4506 

m3 (kg) Mass of connecting rod 1.6403 

m4 (kg) Mass of piston 2.0205 

IG2 (kgm2) Inertial moment of crank 1.8 10-3 

IG3 (kgm2) Inertial moment of connecting rod  9.45 10-2 

 

 
 
Fig. 2. (a) Exaggerate model for revolute joint with clearance; (b) Experimental test rig. 
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tion. Fig. 4 shows the block diagram of the experimental and 
neural network simulation for the mechanical system with 
joint clearances. 

The transfer function of hidden layer in RBF network is 
generally a non-linear Gaussian function and this equation is 
defined as 

 

( )
2

exp 22

v ja a vj j
jσ

⎛ ⎞
⎜ ⎟= = −⎜ ⎟⎜ ⎟
⎝ ⎠

 (15) 

 
where σj is a width of the jth neuron, vj is presented by Euclid-
ean norm of the distance between the input vector and the 
neuron center calculated as follows: 

 

( ) ( )2
,

1

- -
r

j j j i
i

v x x c x c
=

= = ∑  (16) 

where cj is a center of the jth RBF unit. The width of a RBF 
unit is selected as the root mean square distance to the nearest 
jth RBF unit. For the jth unit, the width σj is defined as 

 
1/ 2

2

1

1
j j h

h

c c
ε

σ
ε

=

⎛ ⎞
⎜ ⎟= −
⎜ ⎟
⎝ ⎠
∑  (17) 

 
where cj is a center of the jth RBF unit, c1, c2, . . . , cε are the 
nearest unit centers to the unit j. 

Output value is defined as 
 

1

s

k jk j
j

y w a
=

=∑  (18) 

 
where yk is the kth subsection of the y in the output layer, wjk is 
the weight from the jth hidden layer neuron to the kth output 
layer neuron, and aj is the output of the jth node in the hidden 

      
                                    (a)                                                       (b) 
 
Fig. 3. (a) Structure of RBF neural network; (b) A neuron model for i inputs. 
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Fig. 4. Flow chart of experimental and RBF neural simulations. 
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layer. The number of hidden RBF units is an important factor 
to determine the predictive properties of the network. The 
number of hidden units is calculated automatically until the 
expected error value is found [29]. 

 
4.2 Generalized regression neural network (GRNN) 

GRNN does not require an iterative training procedure as in 
back propagation method. It approximates any arbitrary func-
tion between input and output vectors, drawing the function 
estimate directly from the training data. Furthermore, it is 
consistent; that is, as the training set size becomes large, the 
estimation error approaches zero, with only mild restrictions 
on the function. The GRNN is used for estimation of continu-
ous variables, as in standard regression techniques [30]. 
GRNN consists of four layers: input layer, pattern layer, 
summation layer and output layer. The input units are in the 
first layer. The second layer has the pattern units and the out-
puts of this layer are passed on to the summation units in the 
third layer. The final layer covers the output units. 

GRNN is related to the radial basis function network and is 
based on a standard statistical technique called kernel regres-
sion. By definition, the regression of a dependent variable y on 
an independent x estimates the most probable value for y, 
given x and a training set. The regression method will produce 
the estimated value of y that minimizes the mean-squared 
error. GRNN is a method for estimating the probability den-
sity function of x and y, given only a training set. Because the 
probability density function is derived from the data with no 
preconceptions about its form, the system is perfectly general. 
If f(x,y) represents the known continuous probability density 
function of a vector random variable, x, and a scalar random 
variable, y, the conditional mean of y given X (also called the 
regression of y on X) is given by 

 

( )

( )
-

-

,
.

,

yf X y dy
E y X

f X y dy

∞

∞
∞

∞

⎡ ⎤ =⎣ ⎦
∫
∫

 (19) 

 
When the density f(x,y) is not known, it must usually be es-

timated from a sample of observations of x and y. The prob-
ability estimator ( )ˆ ,f X Y  is based upon sample values Xi 
and Yi of the random variables x and y: 

 

( )
( )( ) ( )

( ) ( ) ( )

1 / 2 1

2

2 2
1

1 1ˆ , ...
2

- - -
... exp - exp -

2 2

p p

Ti i ik

i

f X Y
kp s

X X X X Y Y

s s

+ +

=

=

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

∑
 (20) 

 
where k is the number of sample observations and p is the 
dimension of the vector variable x. A physical interpretation of 
the probability estimate ( )ˆ ,f X Y  is that it assigns sample 

probability of width σ for each sample Xi and Yi, and the prob-
ability estimate is the sum of those sample probabilities [31]. 
Defining the scalar function 2

iD  

 

( ) ( )T2 i i
iD = X - X X - X  (21) 

 
and performing the indicated integrations yields the following: 

 

( )ˆ .

i
n 2

i
2

i=1
n 2

i
2

i=1

DY exp -
2s

Y X =
Dexp -
2s

⎛ ⎞
⎜ ⎟
⎝ ⎠
⎛ ⎞
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∑

∑
 (22) 

 
The resulting Eq. (22) is directly applicable to problems in-

volving numerical data. 

 
5. Results 

In this study, bearing vibrations of a planar slider-crank 
mechanism having two imperfect joints with radial clearance 
are investigated for the case of different running speeds and 
clearance sizes. An experimental test rig is set up for measur-
ing the bearing vibrations. Furthermore, two types of neural 
networks are used for predicting and estimating the bearing 
vibrations of the system. Four characteristics such as time, 
material type, clearance size for each imperfect joint and run-
ning speed are used to constitute the input vector of network 
for modeling and predicting the vibrations. Training and test-
ing stages of the network structure are employed on neural 
network toolbox of MATLAB. 500 and 259 data are used in 
training and testing stages, respectively. After the training of 
network is completed, the weights are saved and used for pre-
dicting and estimating the amplitudes of the bearing vibrations. 
In order to specify the network stability for predicting the 
vibration characteristics of the system by using an input ma-
trix, a lot of works on experimental system are carried out for 
the different clearance sizes, running speeds and material 
types of the mechanism. For the case of 150 and 200 rpm 
running speeds, experimental and neural simulation results for 
joints with 1 mm clearance are given in Figs. 5 and 6, respec-
tively.  

Vibration characteristic is mainly periodic as seen from the 
measuring points. This is a reflection of continuous contact 
mode between journal and bearing at a joint during the steady-
state response of the mechanism. On the other hand, some 
peaks at the vibration amplitude yield different types of mo-
tion, that is, impact and free-flight modes. As seen from Fig. 5, 
there is a certain deviation from the experimental results. 
Therefore, this type of network is not suitable for modeling 
the bearing vibration. On the contrary to GRNN structure, 
RBF neural simulation gives a good convergence to the ex-
perimental results (Fig. 6). This can also be considered as an 
accurate prediction of bearing vibrations. 
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Figs. 7 and 8 give the experimental and neural simulation 
results for joints with 1 and 2 mm clearances, that is, joint 
with 1 mm clearance at crank-connecting rod connection and 

joint with 2 mm clearance at connecting rod-piston connection. 
Naturally, amplitudes of the bearing vibrations increase ac-

cording to increasing running speed of the system [11, 21]. 
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Fig. 5. Experimental and GRNN simulations for 1 mm joint clearance (c1=c2=1 mm). 
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Fig. 6. Experimental and RBF neural network simulations for 1 mm joint clearance (c1=c2=1 mm). 
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Therefore, input matrix used for modeling the vibrations in 
network structures should comprise the mechanism’s running 
speed. Figs. 7 and 8 denote that the running speed of the 

mechanism is one of the dominant effects for the definition of 
vibration characteristics. While the GRNN gives a poor mod-
eling characteristic, the outputs of the RBF neural network 
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Fig. 7. Experimental and GRNN simulations for 1 and 2 mm joint clearances (c1=1 mm c2=2 mm).  
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Fig. 8. Experimental and RBF neural network simulations for 1 and 2 mm joint clearances (c1=1 mm c2=2 mm).  
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fully follow the experimental values. As seen, there is an exact 
matching for experimental and RBF neural network results.  

Experimental and neural simulation results for joints with 2 

mm clearance are given in Figs. 9 and 10, respectively. 
As seen from figures, clearance size at a joint has an impor-

tant role on the bearing amplitude. When the clearance size 
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Fig. 9. Experimental and GRNN simulations for 2 mm joint clearance (c1=c2=2 mm). 
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Fig. 10. Experimental and RBF neural network simulations for 2 mm joint clearance (c1=c2=2 mm). 
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increases, the bearing amplitudes also increase. This result 
agrees with the proposed result in the literature [7]. It is con-
cluded that the clearance size should be considered as another 
dominant effect in input matrix. For the case of joints with 2 
mm clearance, RBF network has better convergence ability to 
the experimental results than that of the GRNN. Fig. 11 gives 
the training history of the RBF neural network. 

Training of the network weights are repeated until the de-
sired mean squared error is obtained, which is a performance 
measuring criteria of the proposed network. All of the figures 
show that the proposed RBF neural network predictor is ro-
bust stable to analyze the bearing vibration of the mechanism. 
The reason for the good performance of the RBF network 
could be explained by the following: (i) The computation 
nodes in the hidden layer of RBF network are quite different 
and serve a different purpose from those in the output layer of 
the network. (ii) The argument of the activation function of 
each hidden unit in a RBF network computes the distance 
between the input vector and the center of that unit. (iii) RBF 
neural network using exponentially decaying localized nonlin-
earities (Gaussian function) construct local approximations to 
nonlinear input-output mapping. 

 
6. Conclusion 

The aim of this study is to analyze and predict the bearing 
vibrations of a planar mechanism having two imperfect joints 
with radial clearance. At the first stage of this study, experi-
ments are performed for the case of different clearance sizes, 
running speeds and material types of the mechanism to evalu-
ate the effect of each characteristic on bearing vibrations. And 
then, two types of neural networks are used for predicting and 
estimating the mechanism vibration. An input matrix, which 
contains a series of time, clearance sizes, running speed and 
material type of the mechanism, is also constituted for the 

neural models. At the training and testing stages, a lot of ex-
perimental studies are carried out to specify the network sta-
bility for exact modeling and predicting the vibration charac-
teristics of the mechanism. The goal is to determine the vibra-
tion characteristics by using the proposed neural model for the 
case of different running speeds and clearance sizes. 

In the mechanism analysis, joint with clearance has a com-
plex nature due to the three different types of motion charac-
teristics, which are free-flight, impact and continuous contact 
modes. Force variations on the mechanism can reach beyond 
the expected values due to the contact force acting only during 
a small time interval of contact. These cause to an increase in 
vibration amplitude. Experimental results indicate that the 
vibration amplitudes are affected from running speed and 
clearance size. In addition, material type is also important for 
the case of inertial phenomenon. Therefore, these characteris-
tics and a series of time can be considered as inputs for the 
robust training of the network weights to predict and estimate 
the bearing vibrations. While the GRNN gives poor conver-
gence ability for all simulations, the RBF neural network has a 
robust characteristic to model and predict the bearing vibra-
tions for the case of different running speed conditions and 
mechanism characteristics. Moreover, modeling of the system 
vibration is possible with fast convergence and high accuracy. 
 

Nomenclature------------------------------------------------------------------------ 

aj : Output of the jth node in the hidden layer 
c : Radial clearance 
c1 : Clearance at crank-connecting rod joint 
c2 : Clearance at connecting rod-piston joint 
cd : Dynamic correction coefficient 
cf : Friction coefficient 
D : Damping coefficient 
Ek : Young’s modulus 
e : Magnitude of the clearance vector 
FN : Normal force 

FT : Tangential force 
GRNN : Generalized Regression Neural Network 
hk : Material parameter 

K : Generalized stiffness parameter 
n : Unit vector normal to the collision plane 
RBF : Radial Basis Function 
Ri : Bearing radius 

Rj : Journal radius 
rk : Global position of the kth link’s mass center 
VT : Relative tangential velocity 

wjk : Network weight from the jth hidden layer neuron to 
the kth output layer 

Qi : Contact point on the bearing 

Qj : Contact point on the journal 
y : Output value of the network 
z : Metallic contact exponent 
δ : Relative penetration depth 
νk : Poisson’s coefficient 
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Fig. 11. Training history of RBF neural network. 
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σj : Width of the jth neuron 

ε : Restitution coefficient 
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