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Abstract
A suitable value of clearance in a joint connection is essential for the relative motion necessity of adjacent links. Even if the

size of clearance is small, it should be considered at the governing equation of the system. During the mechanism motion,

joint clearance is the basis of contact–impact forces between joint parts. In this study, clearance-induced dynamic

responses of a spatial mechanism are investigated. Different clearance sizes and driving speeds are performed. For the

computational approach, mechanism model is built using the simulation software ADAMS. The actual features of the

system such as contact and friction are also considered at the model mechanism. A contact–impact model that comprises

the impact function and the energy dissipation during the contact process is also utilized for the computational evaluations.

At the experimental stage, clearance-induced vibrations are obtained from the system bearing as a reflection of impulsive

forces. Two accelerometer sensors are used for necessary measurements. The results show that the clearance-based

impulsive forces have crucial effects on the vibration responses. Clearance is a reason for the non-periodic vibration

behaviors. Both the peak frequency and the vibration amplitude are affected from the clearance sizes and driving speeds.

Keywords Clearance-induced vibration � Contact–impact forces � Spatial mechanism � Spherical clearance joint �
ADAMS � Multi-body dynamics

1 Introduction

A suitable value of clearance between the joint parts is

essential for assemblage, relative mobility of neighbor

links. This clearance leads to loss of kinematic constraints

and the basis of unforeseeable contact–impact forces dur-

ing the mechanism motion. These forces also worsen the

dynamic responses of the system. Vibration is a result of

improper system working, if the system’s aim is not

working based on the vibration theory. Vibration can cause

not only decrease at the work quality but also acceleration

at the wear, fatigue characteristics, etc. For these reasons,

this topic has been frequently investigated by thematic

researchers. In the last decades, clearance-induced

undesired effects such as vibration, noise, wear, fatigue

have been studied.

Chen et al. [1] investigated the dynamics of a 2D slider–

crank mechanism having clearance joint. The simulation

software ADAMS with the impact function including the

energy loss in the contact process was used for the com-

putational approach. An experimental system was estab-

lished to measure the accelerations for the case of different

running speeds of mechanism. Farahan et al. [2] studied the

nonlinear dynamic behavior of a four-bar mechanism

having clearance joint between the coupler and rocker

links. Contact–impact force model proposed by Lankarani–

Nikravesh was utilized to evaluate the normal contact force

developed on the contacting surface. Also, the friction

effect between the clearance joint parts was modeled by

using a modified Coulomb’s friction law. Ebrahimi et al.

[3] proposed a multiple scale method to perform the non-

linear vibrations of a mechanical system having dry or

lubricated clearance joints. The Lankarani–Nikravesh

model was used to describe the contact–impact force.

Clearance size and lubricant viscosity were investigated to

show the effects on frequency response and amplitude of
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primary resonance. Ting et al. [4] presented an effective

and simple kinematic methodology to define the position

uncertainty arising from revolute or prismatic clearance

joints for any linkage and manipulator. A numerical

example based on three-leg planar 8-bar parallel robots was

performed to verify the proposed approach. Zhu et al. [5]

presented a comprehensive empirical investigation upon

the wear calculation of a planar mechanism having clear-

ance joint and discussed the empirical verification of

nonlinear contact pressure distribution mode which was

used to combine dynamic analysis including wear calcu-

lation. Khemili and Romdhane [6] investigated joint

clearance effects on the dynamics of a planar slider–crank

mechanism. An experimental test rig was also established

to verify the obtained results. Flexibility of the mechanism

link was investigated upon the compensation of clearance-

induced problems. Ahmedalbashir et al. [7] proposed a

spring addition to ensure the continuous contact relation

between the parts of revolute clearance joint for improving

the dynamic performance of a four-bar mechanism. Both

theoretical studies of clearance-induced problems and their

experimental verifications were performed for thematic

researchers. Akhadkar et al. [8] investigated the effects of

3D revolute joints with radial and axial clearances on a

circuit breaker mechanism. More contact points were

studied in the numerical method. The numerical results

were also validated by the experimental data. Erkaya et al.

[9, 10] investigated the clearance effects on the kinematic

and dynamic performance of the robotic and mechanical

systems. Clearance-induced problems were modeled as

optimization problems to decrease their undesired effects

[11, 12]. Instead of classic joints, flexible connections

between adjacent links were preferred to minimize the

clearance based problems [13–15]. Noise and vibration

behaviors of system having revolute clearance joint were

also performed [16, 17]. Flexible link effects to compen-

sate the clearance based problems were also studied

[18, 19]. Artificial neural networks and fuzzy models were

adapted to the open and closed loop multi-body systems for

evaluating the system characteristics [20–22]. Flores et al.

performed more studies about the clearance effects on

multi-body dynamics. Theoretical and experimental

investigations were performed by considering the planar

and spatial mechanisms having clearance joint. Dry and

viscous friction at the classic joint connection, different

joint models (revolute, cylindrical and spherical joint

types) and clearance values, different working conditions

of mechanical system having rigid and flexible links were

investigated [23–27]. Cammarata [28] proposed a novel

method to find nodal displacements and rotations of over-

constrained mechanisms due to clearance-affected joints.

The virtual work principle was used for the proposed

methodology. A spherical parallel manipulator was

considered for the theoretical investigation. The same

model was also built and analyzed under the software

ADAMS. Tian et al. [29] propose a new elastohydrody-

namic lubricated spherical joint model for flexible multi-

body dynamics. The proposed joint was also used to model

the human gait artificial hip joints. Some numerical results

were also verified using the commercial software ADINA.

Wang et al. [30] investigated the dynamic model of a

parallel mechanism with spherical clearance joint by con-

sidering the continuous contact between joint parts.

Clearance joint was modeled as a no-mass rigid link. They

also investigated the influence of the spherical joint

clearance to predict the wear performance of spatial multi-

body system [31]. Lankarani–Nikravesh contact force

model and Archard’s wear model were preferred for

dynamic equations. Same researchers investigated the

effects of wear and flexibility on a five-bar mechanism with

clearance joint [32]. The contact force model of Flores and

co-workers was improved by the introduction of the stiff-

ness coefficient. The Archard’s wear model was used to

predict the wear depth. Tian et al. [33] presented a com-

putational methodology to analyze the spatial flexible

multi-body systems. The effects of the clearances and

lubrication between the spherical joint parts were consid-

ered. The dry contact forces were evaluated based on a

Hertzian contact law including the damping term dealing

with the energy dissipation. The frictional forces were also

performed using a modified Coulomb’s friction law. An

investigation and comparison of several friction force

models dealing with different friction phenomena in the

context of multi-body system dynamics was presented by

Marques et al. [34]. They also presented a new approach to

model the spatial revolute joints having radial and axial

clearances [35]. Newton–Euler approach was used for the

new formulation based on the relative motion between the

journal and bearing elements. Askari et al. [36] investi-

gated the nonlinear vibration and dynamic behavior of a

ceramic-on-ceramic hip implant. A spatial multi-body

dynamic hip model was developed using a friction–veloc-

ity constitutive law combined with a Hertzian contact

model. The friction-induced vibration on the contact point

path was evaluated according to non-friction analysis.

Zhang et al. [37] investigated the nonlinear stiffness of

spherical joints. A new contact model for spherical joints

based on the Winkler model and geometric constraints was

established to calculate the stiffness of spherical joints with

small clearances. Alves et al. [38] presented a comparative

study on the most relevant existing viscoelastic contact

force models. Hertz contact theory and energy dissipations

during the impact process were considered in those models.

The outcomes of the study were evaluated according the

selection of contact force model.
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Clearance-induced contact–impact forces lead to

unforeseeable vibration behaviors at the mechanical sys-

tems. Also, clearance characteristics have the deterministic

role on the vibration responses. In this study, computa-

tional and experimental investigations are implemented to

determine the exact outputs of clearance joint on the sys-

tem performance. A spatial slider–crank mechanism is

considered for having both the translational and the rota-

tional motions. Different clearance sizes and driving speeds

are studied together. Hertzian-based theory considering the

Lankarani–Nikravesh model is preferred to evaluate the

contact–impact forces between the ball and the socket

parts. Also, the friction effects between the joint parts are

modeled using the Coulomb’s friction law. For the com-

putational investigation, a suitable model is built and

analyzed using the simulation software ADAMS. A com-

parative evaluation with and without clearance joint are

employed together how the non-ideal joint change the

foreseeable vibration responses of multi-body systems. In

the following steps, brief information about spherical

clearance joint, contact force and the vibration equation of

the system are given in Sect. 2. Simulation and experi-

mental explanations are outlined in Sect. 3. Results and

discussion are proposed in Sects. 4 and 5, respectively.

2 Modeling of spherical clearance joint,
contact force and vibration equation

Clearance problem is unavoidable in articulated mecha-

nisms because of the manufacturing, assemblage, wear

phenomenon, etc. In fact, a suitable clearance value is

essential to ensure the relative motion between the adjacent

links. For a spherical joint, radial clearance is described as

the difference between the radii of ball and socket parts of

clearance joint. Also, the vector representation of clearance

can be defined as the relative displacement of the ball

center to the socket center. Due to the clearance between

the ball and the socket parts, the most critical point is the

loss of kinematic constraints. That is, the ideal kinematic

pair at the mechanism connection disappears and two

separate part relations in the joint become clear. Therefore,

three possible motions can be observed as free-flight

motion, impact and continuous contact modes. If the con-

tinuous contact motion is observed during the whole

mechanism working, there is a similar character with ideal/

perfect joint. However, this is so hard. During the mecha-

nism motion, free-flight and the following impact motion

modes also occur between the joint parts because of the

motion necessity, inertial characters of links, etc. Particu-

larly, these motion modes are bases of the deteriorations of

kinematic and dynamic performances of mechanisms.

Spherical clearance joint and contact force theories have

been outlined in the former studies. Readers can find the

more textbook information about theoretical clarification in

the thematic studies [23, 39]. Brief information is also

given in this section. Therefore, Fig. 1 shows a spherical

clearance joint representation in a mechanical system.

In Fig. 1, ith body is the socket part. Similarly, jth body

denotes the ball part of spherical joint. e is the clearance

vector and this vector connects the socket and the ball

centers as follows:

e ¼ rPj � rPi ; ð1Þ

where both rPi and rPj are described in global coordinates

with respect to the inertial reference frame [23, 39]. In the

case of contact between the socket and the ball surfaces,

relative penetration depth (d) in Fig. 1b is described as

d ¼ e� c: ð2Þ

In Eq. (2), e is the clearance vector magnitude, and c de-

notes the radial clearance which can be defined as the

difference between the socket and the ball radii

(c = Ri - Rj).

One of the most important and complex parts of the

simulation of multi-body systems comprising the contact–

impact analysis procedure is detection of the precise instant

of impact. In addition, the used model to characterize the

contact between the bodies requires the knowledge of the

pre-impact conditions, that is, the impact velocity and the

direction of the normal to the colliding surface. Neither the

contact duration nor the penetration can be predicted from

the pre-impact conditions due to the influence of the

kinematic constraints and other interactions on the bodies

of the complete system [40]. To evaluate efficiently the

contact–impact forces resulting from collisions in multi-

body systems, special attention must be given to the

numerical description of the contact force model. Infor-

mation on the impact velocity, material properties of the

colliding bodies and geometry characteristics of the contact

surfaces must be included into the contact force model

[41]. Two different situations take place for the dynamics

of a dry socket-ball. The first one is no contact force (FC)

between the socket and the ball parts. In this situation, there

is no any contact between the joint parts. This occurs due to

the free motion of the ball part inside the socket part. The

second one is the contact–impact forces due to the contact

relation between the surfaces of the joint parts. These

forces are modeled Hertzian-based contact theory (normal

force, FN) together with the Coulomb’s friction law (tan-

gential force, FT). These two conditions can be expressed

as [23, 42, 43]

FC ¼ 0 if d\0

FN þ FT if d� 0

�
; ð3Þ
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when the penetration depth is equal or greater than zero,

an impact occurs and 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 [23, 44]. In the case of unlubricated

joint, Hertzian contact force model is an appropriate

choice [44]. While the original Hertzian model does not

include any energy dissipation, an extension by Lankarani

and Nikravesh includes energy loss due to internal

damping. In a clearance joint, the contact force model is

important to describe the collision dynamics between the

ball and the socket parts [45, 46]. Due primarily to the

simplicity of its contact force model, applicability to

impact in multi-body systems, easy calculation and fast

convergence (inclusion of energy dissipation modeling

upon impact), the model developed by Lankarani and

Nikravesh is widely used in dynamics of multi-body

systems with joint clearance [41]. The effectiveness of the

model proposed by Lankarani and Nikravesh was also

proved by Flores et al. [47]. The normal force is expressed

as [23, 24, 33, 43]

FN ¼ Kd 3=2ð Þ þ D _d; ð4Þ

where the first component outlines the elastic force relation

and the second term represents the energy dissipation. D is

the coefficient of hysteresis damping. K is the generalized

stiffness parameter [23, 24, 33, 43]

K ¼
4 EiEj

� �
3 Ej 1 � m2

ið Þ þ Ei 1 � m2
j

� �� � RiRj

Ri � Rj

� �1=2

: ð5Þ

The stiffness parameter depends on the material properties

and the shape of the contact surfaces. For this reason, in

Eq. (5), m and E are the Poisson’s ratio and the Young’s

modulus for each body at the contacting point. The coef-

ficient of hysteresis damping is defined as [43]

D ¼
3 1 � f2
� �

Kd 3=2ð Þ

4t0

; ð6Þ

where f is the restitution coefficient and t0 is the initial

impact velocity. In the simulation software, the normal

force function is calculated by [48]

FN ¼ Kd 3=2ð Þ þ STEP d; 0;0; dmax;Cmaxð Þdd
dt

for d� 0

0 for d\0

(
:

ð7Þ

In Eq. (7), the coefficient of hysteresis damping is also

calculated by

STEP d;0;0;dmax;Cmaxð Þ

¼
0 for d�0

Cmax d=dmaxð Þ2
3� 2 d=dmaxð Þð Þ for 0\d\dmax

Cmax for d�dmax

8><
>: ;

ð8Þ

where dmax is a positive real value for the boundary pen-

etration. Cmax is the coefficient of maximum damping.

When contacting, bodies slide or tend to slide relative to

each other. There are forces generated which are tangential

to the surfaces of contact. These forces are usually referred

to as friction forces. Friction is a complex phenomenon due

to many physical and working parameters [49]. It can be

seen in all multi-body systems. It includes the interaction

between the contacting surfaces and may cause to different

friction regimes (sliding and sticking) [34]. In general,

Coulomb’s friction model is preferred to represent the

friction response in impact and contact process. However,

the definition of the Coulomb’s friction law poses numer-

ical difficulties when the relative tangential velocity is in

the vicinity of zero. In the current study, the following

model is used to represent the friction behavior between the

joint parts [50].

FT ¼ �l tTð ÞFN

tT

tTj j ; ð9Þ

where l(tT) is the coefficient of dynamic friction and is not

a constant value. It is introduced in the used Coulomb

friction model. l(tT) is a function of tangential sliding
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velocity in collision plane, which can represent the friction

behavior in impact and contact process as well as the vis-

cous and micro-slip phenomenon in relative low-velocity

case more accurately. And also, the selected Coulomb’s

friction model can avoid the case of abrupt change of

friction in numerical calculation as the change of velocity

direction [43, 50]. The coefficient of dynamic friction in

simulation software is calculated by

l tTð Þ ¼
�ldsign tTð Þ for tTj j[ td

�STEP tTj j; td;ld; ts; lsð Þsign tTð Þ for ts � tTj j � td

STEP tT;�ts; ls; ts;�lsð Þ for tTj j\ts

8<
: :

ð10Þ

In Eq. (10), ls and ld are the coefficients of static and

dynamic frictions, respectively. ts and td denote the critical

velocities of static and maximum dynamic frictions,

respectively. Figure 2 outlines the relation between the

dynamic friction coefficient and slip velocity.

By considering the Newtonian dynamics, the general

mathematical model of the vibration is simply written as

[51],

MS q
::
tð Þ þ CS q

:
tð Þ þ KSq tð Þ ¼ FG tð Þ þ FC d; _d

� �
; ð11Þ

where MS, CS and KS are the mass, damping and stiffness

of system, respectively. q denotes the generalized coordi-

nates. q
:

and q
::

are the first- and second-order time deriva-

tives of generalized coordinates, respectively. FG denotes

the general force and is usually periodic character. In the

Slip velocity
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Fig. 2 Coefficient of friction varying with slip velocity [14, 48, 50]
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Model mechanism 

Sensors 

Spherical clearance 
joint 

Measuring  
points

(a) (b)

Fixed part for piston 
reciprocating 

Fig. 3 Model mechanism: a simulation model and b experimental model

Table 1 Geometric, mass and

inertia characters of model

mechanism

Links Length (mm) Mass (kg) Mass moment of inertia characteristics (kg mm2)

Ixx Iyy Izz

Crank 50 0.104 6.64 57.11 52.51

Connecting rod 329 0.455 15.31 3489.75 3490.43

Slider – 0.553 148.12 225.14 209.02
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case of clearance joint connection, FC is the contact–im-

pact force produced by clearance joint parts during the

working of system. This force takes place during a small

time interval at the termination of the free-flight motion. It

has a non-periodic form and fully affects the system

dynamics. It is mainly basis of the unforeseeable vibration

responses of the system.

3 Simulation and experimental models

Due to having both the translational and the rotational

motions, a spatial slider–crank mechanism was considered

in the current investigation. At the computational approach,

mechanism model was built under the software ADAMS to

evaluate the contact–impact forces on the slider bearing.

For the experimental stage, full system was established to

Table 2 Used parameters in the dynamic simulation

Description Value

Coefficient of friction 0.03

Coefficient of restitution 0.90

Poisson’s coefficient 0.3

Young’s modulus 207 GPa

Integrator scheme Gear

Integration step size 1 9 10-3 s

Integration tolerance 1 9 10-5

Socket partSocket part

Ball part

(b)(a) 

Ball part

Fig. 4 Spherical joints having

clearances, a 0.25 mm

clearance size and b 0.5 mm

clearance size

Sensors 

DA 
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A
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2 ]

Results 

Experimental 
test rig 

Fig. 5 Schematic diagram of

experimental measurement

[13, 15]
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analyze the clearance-induced vibration response on the

bearing. The schematic presentation of model mechanism

is outlined in Fig. 3.

The crank link was connected by an electric motor to

actuate the system as 125 and 250 rpm running speeds. A

speed control unit and a digital tachometer were used for

controlling and verifying the input link’s rotational speed.

The geometric and mass characters of the model mecha-

nism are outlined in Table 1.

Dynamic simulation parameters are outlined in Table 2.

Model mechanism has two spherical joints among the

crank, connecting rod and slider links. The diameters of the

ball and the socket parts are arranged to ensure the 0.25 and

0.5 mm artificial clearance values. Owing to the different

motion modes between the joint parts, clearance-induced

vibration responses were obtained from two different

points to measure the reflections of the contact–impact

forces during the mechanism working. To evaluate the

exact contribution of clearance joint, the vibration char-

acteristics arising from only actuator and its components

are first measured without any assemblage to the

mechanism. The mean value of this measurement is sepa-

rated from the vibration of full system working. Also,

clearance joint parts were cleaned by alcohol to remove the

manufacturing residuals before the experimental studies.

Two accelerometer sensors were positioned at the slider

bearing (Fig. 3b). Brüel and Kjaer data acquisition (DA)

and accelerometer sensors were employed for the experi-

mental measurements [14, 16]. The total mass of each

sensor and magnet is 25 9 10-3 kg. A digital camera

having 419 zoom was used for showing the real clearance

values between spherical joint parts. Figure 4 gives the

differences between the ball and the socket diameters.

The socket part was manufactured as two symmetric

parts to ensure the easy assemblage of different ball parts.

The schematic diagram for experimental measurement is

represented in Fig. 5.

In the stage of experimental measurement, same test rig

was used for model mechanisms with and without clear-

ance joint. As measuring components, a data acquisition,

two accelerometer sensors at the slider-fixed bearing and a

computer were used to evaluate the vibration responses of

Fig. 6 Slider-fixed bearing force components for 125 rpm crank speed
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model mechanisms. The sampling frequency of vibration

measurement was arranged as 500 Hz. For the starting

position of mechanisms models, that is, the connecting rod

and fixed part for piston reciprocating were arranged at the

same plane (XY plane). The vibration data was collected for

the case of different driving speeds and clearance sizes.

While the mechanisms reached the stable driving speeds,

the parts of these data were used for exact evaluations.

4 Results

In the current study, the computational and experimental

stages were performed for investigating the clearance-in-

duced impulsive forces and vibration responses of a spatial

multi-body system. A slider–crank mechanism was con-

sidered for case studies. Spherical clearance joints were

used among the crank, connecting rod and slider links. For

ensuring the different clearance sizes in spherical joints,

the diameter of socket part was manufactured as 12 mm. At

the same time, the diameters of ball parts were

manufactured as 11 and 11.5 mm. Therefore, clearance

values were arranged as 0.25 and 0.5 mm between joint

parts. 125 and 250 rpm driving speeds were applied to the

crank link. The software ADAMS was used for the com-

putational analyzing. In addition, an experimental study

was performed to measure the vibration responses. To

evaluate the exact reflection of joint clearance, vibrations

arising from only electric motor and its assemblage appa-

ratus were measured without any assemblage to the model

mechanisms. After measuring the whole system vibration,

the mean vibration value of electric motor and its assem-

blage apparatus was separated from the whole system

vibration response. For the computational study, simula-

tions were performed in an Intel Xeon computer. It is clear

from the simulations that much more computation time,

nearly upwards of ten times, is necessary in the case of

mechanism with clearance joint [9, 13, 52]. Bearing forces

for case studies are outlined in Figs. 6 and 7.

In the case of mechanism having clearance joint, the

values of force components are beyond the given fig-

ure scale. For clarity and easy comparison, figure scales are

Fig. 7 Slider-fixed bearing force components for 250 rpm crank speed

90 Page 8 of 12 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:90

123



limited as possible as. As seen from the figures, there are

clear differences for bearing forces of mechanisms with

and without clearances [6, 24]. Due to the clearance, there

are some peaks at the force components. At the higher

driving speed, the sequential peaks, that is, contact–impact

forces are seen extensively. Also, even if the driving speed

is same, the higher size of clearance value is the dominant

factor for these extensive peaks. These forces’ peaks take

place during a small time interval [13–15, 24]. These

impulsive forces lead to non-periodic input characters for

the vibration behavior of the system. Both clearance value

and driving speed affect these peak characters [18]. The

higher driving speed leads to increases in peak frequency.

Force peak frequency is directly dealing with the contact–

impact phenomenon between the clearance joint parts.

More peaks mean that more contact–impact forces. Also,

the bigger values of clearance sizes have a crucial effect on

the force amplitude [10, 18]. The experimental results for

the vibration responses of the mechanisms with and with-

out clearance are outlined in Figs. 8 and 9.

As seen from the figures, while the vibration response of

mechanism without clearance is naturally periodic, the

mechanism having clearance joint has an aperiodic vibra-

tion behavior. That is a reason of contact–impact force

effects. These forces that are produced for a small time

interval change the foreseeable vibration results. Clearance

values and/or driving speed have crucial effects on the

vibration responses [14, 16]. Both the peak frequency and

the vibration amplitude increase at the mechanism having

clearance joint. Higher values of clearance size and driving

speed have dominant effects on the higher peak frequency

and amplitude of bearing vibration. These make the whole

system performance worse [6]. Wear, fatigue, expected

work quality, etc., decrease due to the clearance joint. From

the evaluation of all figures, both force and naturally

vibration responses are bigger in z direction. This arises

from the oscillation of connecting rod link during the

mechanism motion.
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Fig. 8 Vibration response of

slider-fixed bearing for 125 rpm

crank speed
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5 Conclusion

Both computational and experimental studies of a 3D sli-

der–crank mechanism with and without clearance joints are

investigated. Different clearance sizes and driving speeds

are considered for case studies. Clearance is inevitable be-

tween the movable joint parts for relative motion necessity

of neighbor links. Different motion modes between the

joint parts and the vibration results of these modes are

evaluated together. As seen from the results, the impulsive

forces have crucial effects on the system dynamics. These

forces occur for a small time interval and they are observed

at the termination of the free-flight mode between joint

parts. Non-periodic characters are seen for force and

vibration responses. Even if the clearance size is small, it

should be considered for the exact analysis due to the loss

of kinematic constraints at the joint connection. Unfore-

seeable responses of clearance joints decrease the system

performance. Peak frequency and vibration amplitude have

significant relations with clearance size and driving speed.

Obtained results and evaluations should be considered for

performing the vibration control strategy and selecting the

optimum vibration isolator. In the current study, the dry

contact between joint parts is considered. In the case of

lubrication between joint parts, the clearance-induced

vibration may be reduced due to the viscous damping

character of lubrication. Also, this may be a better solution

for thermal problems of metal-to-metal contact between

joint parts. This is an ongoing study. In the following steps,

wear and fatigue characters of the system, lubrication and

thermal effects between the joint parts, active and/or pas-

sive controller design will be studied for the clearance-

induced problems.
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