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1. Introduction 

In general, the clearances in joints are always ne-

glected in dynamics modeling and analysis of mechanisms, 

such as robot manipulator systems. However, clearances are 

existed in joints of real mechanisms due to assemblage, 

manufacturing errors and wear [1-8]. Further, clearances 

will induce undesired effect on performances of real mech-

anism systems since of vibration caused by contact and im-

pact in joints [9-13] 

Robot manipulators are widely used in dangerous 

jobs, such as manipulators designed and used in spacecraft. 

Usually, the researchers and engineers focus on dynamics 

modeling and control of robot manipulators considering 

flexible bodies, control strategy and other topics [14-19]. 

However, in those studies, clearances in joints were not con-

sidered in the dynamic models of robot manipulators, which 

will lead to an inaccurate result of the real mechanism. 

Therefore, many works have been carried out to investigate 

the effects of clearances on various kinds of mechanism [20-

24].  

Erkaya et al. [25, 26] presented a study on decreas-

ing the deviations arising from a clearance joint in planar 

linkage mechanisms by neural network-genetic algorithm 

procedure. Muvengei et al. [27] investigated the dynamics 

and motion modes of a slider-crank mechanism with two 

planar revolute clearance joints. Stoenescu and Marghitu 

[28] investigated the dynamic responses of a planar, rigid-

link mechanism with a sliding joint clearance and the re-

sponse of the system with clearance was chaotic at relatively 

high crank speeds and low values of the coefficient of resti-

tution. Wang et al. [29] presented a non-penetration ap-

proach of frictional contact analysis for modeling revolute 

clearance joints of planar rigid multibody systems. Zhang 

[30] proposed a method to minimize the influence of revo-

lute joint clearance of redundantly actuated mechanism. A 

planar 3DOF redundantly actuated 4-RRR mechanism with 

8 clearance joints is applied as an illustration. Salahshoor et 

al. [31] studied the effect of joint stiffness on the vibration 

behavior of a typical slider-crank mechanism with a flexible 

component and joint clearances. Wang et al. [32] studied the 

dynamic responses of planar multibody systems with dry 

revolute clearance joint considering the radial clearance via 

numerical and experimental approaches. Tan et al. [33] in-

vestigated the effects of friction on dynamic behavior of a 

planar crank-slider mechanism considering revolute joint 

with radial clearance using the LuGre friction model. Chen 

et al [34] analyzed the effect of multiple clearances and dif-

ferent friction models on the dynamic behavior of a planar 

multi-DOF mechanism. The 2 DOFs nine-bar planar mech-

anism is used as the application example. Li et al [35] inves-

tigated the dynamic behavior of planar rigid-flexible cou-

pling solar array system considering joint clearance numer-

ically. A typical solar array model was used as application 

example. Wang et al. [36] studied the dynamic model of 4-

SPS/PS parallel mechanism with a flexible actuated rod and 

clearance spherical joint. Pi and Zhang [37] presented a 

study of dynamic analysis of the classical planar slider-

crank mechanism with multiple revolute clearance joints. A 

general multiple patch based revolute clearance joint model 

was proposed. Amiri et al [38] proposed a control scheme 

to restrain the clearance and maintain a more stable behavior 

of planar mechanisms. The approach was based on using 

tuned mass damper to reduce the effects of clearances in 

mechanisms for passive control purpose. Zhan et al. [39] 

presented a unified motion reliability analysis method for 

general planar parallel manipulators with interval clearance 

variables of revolute and prismatic joints. Two typical types 

of PPMs, 3RRR PPM and 3PRR PPM, are analyzed as ex-

amples. Guo et al. [40] presented a dynamic model to inves-

tigate the position secondary motion considering all associ-

ated joint clearances. However, these works were limited to 

the linkage mechanism, such as slider-crank mechanism and 

son on. Few studies have been focused on robot manipulator 

system with clearance joints.  

Therefore, this paper is focus on investigation of 

clearance effects on dynamic responses of robot manipula-

tor system with clearance joint and is organized as follows. 

In section 2, the mathematical model of clearance joint is 

developed. Corresponding contact force along normal and 

tangential direction resulted from clearance joint is archived 

in section 3, with the employment of a hybrid nonlinear con-

tact force model and a modified Coulomb friction model, 

respectively. Subsequently dynamical system equations tak-

ing clearance into account are derived in section 4 and a nu-

merical application in terms of robot manipulator system is 

performed in section 5. Section 6 conclude the presented 

work. 

2. Definition of clearance 

Usually, a clearance joint included in a planar robot 

manipulator system is revolute joint as depicted in Figure 1. 

The radial clearance is defined by the difference in radius 

between bearing and journal, which is defined by Eq. (1). 

Dynamics of the clearance joint is controlled by contact and 

impact forces resulted from the contact and impact behavior 

between the journal and bearing. Due to the contact and im-
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pact in clearance joint, three motion modes of journal mo-

tion appeared inside the bearing for mechanism with revo-

lute clearance joints, which are categorized as the sustained 

contact mode, the free flight mode, and the impact mode, as 

depicted in Fig. 1b.  

 

,B Jc = R - R  (1) 

 

where: RB and RJ are the radius of the bearing and journal. 

  

a 

 

b 

Fig. 1 The sketch map of revolute clearance joint: a) revo-

lute joint with clearance, b) journal motion inside 

the bearing boundaries 

3. Contact force models 

3.1. Normal contact force model 

When dynamic analysis of mechanisms with clear-

ance joint are performed, special attention must be payed to 

the numerical expression of the contact force mode [41-47]. 

In this paper, a hybrid nonlinear contact force model [45] is 

adopted to describe the normal contact of clearance joint. 

This contact force model is a novel hybrid model mixing the 

Lankarani-Nikravesh model and the improved Winkler elas-

tic foundation model.  

The Lankarani-Nikravesh contact force model is 

shown in Eq. (2) [46]: 
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where: K is the contact stiffness coefficient; δ is the defor-

mation;   is the relative deformation velocity; ce is coeffi-

cient of restitution and 
( ) 

 is initial relative velocity of the 

impact point.  

Liu et al. [47] presented a relationship between 

load and displacement for cylindrical joint with clearance as 

expressed in Eq. (3): 
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where: FN is the normal load; Ri  and Rj are radii of the joint 

elements; E* is the compound elastic modulus and repre-

sented as Eq. (4): 
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where: ν and E are Poisson ratio and Young modulus, re-

spectively. 

The Lankarani-Nikravesh contact force model in-

cludes energy dissipation but it is applicable only for big 

joint clearance contact with high coefficient of restitution. 

And Liu’s contact force model is suitable for both big clear-

ance and small clearance and presented better precision 

[47]. However, it does not include energy dissipation. 

Further, a hybrid model combined the Lankarani-

Nikravesh model with the improved elastic foundation 

model is presented for revolute joint with clearance, with the 

following expression [45]. 
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where: Kn is the nonlinear contact stiffness coefficient and 

Dmod is the modified damping coefficient.  

Based on the contact theory, Kn is found from 

Eq. (3) and expressed as Eq. (6): 
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It can be found that the nonlinear stiffness coeffi-

cient
 
is variable during the contact process. Coefficient Dmod 

in Eq. (5) is expressed as Eq. (7) [43]:  
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where: Dmod is available for both large and small coefficient 

of restitution; ce is coefficient of restitution. 

Employment of the hybrid nonlinear contact model 

in the dynamic analysis procedure of planar mechanism 

with revolute clearance joint present a well agreement com-

pared with experimental results. It is obviously that the hy-

brid nonlinear contact model is a novel normal contact force 

model for revolute joint with clearance [45]. Thus, in this 

work, we investigate the clearance effects on robot manipu-

lator using this novel normal contact force model. 

3.2. Friction force model of revolute joint with clearance 

For a clearance joint, the tangential contact com-

monly is represented with friction force. In this work, a 

modified Coulomb friction model with dynamic friction co-

efficient is used for tangential contact of clearance joint, 

javascript:showjdsw('jd_t','j_')
http://dict.cnki.net/dict_result.aspx?searchword=%e9%9d%9e%e7%ba%bf%e6%80%a7&tjType=sentence&style=&t=nonlinear
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which can avoid numerical difficulties [43, 45]. The expres-

sion of the modified Coulomb friction mode is shown as 

Eq. (8): 

 

 ( ) ,t t n t tF F  v v v  (8) 

where the dynamic friction coefficient μ(νt) is a function of 

tangential velocity and it can be calculated using Eq. (9). 

The function curve of dynamic friction coefficient is shown 

as Fig. 2.  
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where: νt is relative sliding velocity; νs is critical velocity of 

static friction; νd is critical velocity of the maximum dy-

namic friction; μd  and μs are dynamic and static friction co-

efficient, respectively.  
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Fig. 2Coefficient of friction vs. slip velocity 

4. Dynamics equations of mechanism with clearance 

In general, clearance in joint leads to two different 

motion phases of bodies connected with the clearance joint. 

One is the bodies move free in the clearance; the other is the 

bodies contact and interacts. Therefore, the motion of mech-

anism with clearance is considered as free motion state and 

contact state. Thereby, the dynamics equations of the mech-

anisms with clearance are obtained using Lagrange multi-

plier method and expressed as followings.  

In the free motion phase, the dynamic equation is 

expressed as: 
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In the contact phase, the bodies are contact and in-

teract. Therefore, the contact forces are included in the Eq. 

(10) and the dynamic equations are presented as: 
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where: Fc is the contact force, which contains both normal 

contact force; Fn, as shown in Eq. (5), and tangential friction 

force; Ft, as shown in Eq. (8); q denotes the generalized co-

ordinate column matrix; M, C and K are the generalized 

mass matrix, generalized damp matrix and generalized stiff-

ness matrix respectively; q is the Jacobin matrix of con-

straint equation; F is the generalized force matrix; λ is the 

Lagrange multiplier column matrix. 

5. Numerical examples 

In this section, the dynamics analysis of a planar 

robot manipulator system on spacecraft is used as the appli-

cation example to investigate the effects of clearance on dy-

namic performances of the manipulator system. The dy-

namic simulation is performed suing the MSC.ADAMS, a 

mechanical system simulation software. The robot manipu-

lator system on spacecraft is usually used to capture and op-

erate target space, as shown in Fig. 3, which consists of two 

manipulator arms. It’s assumed that the clearance joints be-

tween arm 1 and arm 2 is imperfect with clearance, while 

the ideal joint is between arm1 and spacecraft without of 

clearance. The initial configuration of arm 1 and arm 2 are 

horizontal. The initial position and velocity of each arm are 

zero. The mass and inertia properties of the manipulator sys-

tem on spacecraft are presented in Table 1. And Table 2 ex-

hibits the dynamic simulation parameters used for the sys-

tem. 

Spacecraft Body

clearance

clearance joint _2

ideal joint_1

Arm_1

Arm_2

 

Fig. 3 Robot manipulator system with clearance on space-

craft (the joint clearance zoom-in) 

 

First, dynamic simulation for robot manipulator 

system is performed with consideration of joint without 

clearance and imperfect joint with 0.4 mm clearance. The 

dynamic simulation results obtained from ideal system with-

out clearance are compared with that of real system with 

clearance joint. Figs. 4, 5 and 6 are angular displacement, 

velocity and acceleration of arm 2 of the robot manipulator 

system, respectively. 

 

javascript:showjdsw('jd_t','j_')
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Table 1 

Mass and inertia properties 

 Arm_1 Arm_2 Spacecraft body 

Length, m 1.0 1.6 — 

Mass, kg 2.513 4.021 1200 

Inertia, kgm2 0.210 0.859 200 

Table 2 

Parameters used in dynamic simulation of  

robot manipulators on spacecraft 

Drive Torque T1, Nm 1.2×sin(2πt) 

Drive Torque T2, Nm 0.5×sin(2πt) 

Dynamic friction coefficient 0.1 

Restitution coefficient  0.9 

 

Fig. 4 shows that the angular displacement of ma-

nipulator arm is approximate for robot manipulator consid-

ering ideal joint and clearance joint. Obviously, the angular 

displacement of robot manipulator is affected by clearance 

lightly. Fig. 5 shows that the angular velocity of manipulator 

arm is vibration with high peaks and clearance has an obvi-

ous influence on motion velocity of manipulator system. It’s 

similarly in Fig. 6 that the motion acceleration of manipula-

tor system represents high peaks caused by contact and im-

pact forces caused in clearance joint. When considering 

clearance, the motion acceleration is obvious vibrated with 

higher peaks of value, which will lead to the decrease of dy-

namic performance as well as motion stability of the robot 

manipulator system.  

 

Fig. 4 Angular displacement 

 

Fig. 5 Angular velocity 

 

Fig. 6 Angular acceleration 

Fig.7 shows the contact force components in ideal 

joint and clearance joint. From Figure 7, it can be found that 

clearance induces impulse type contact and impact forces, 

which presents higher peaks than ideal case and decease the 

performances of the manipulator system. 

 

a 

 

b 

Fig. 7 Force component of clearance joint: a) X direction, 

b) Y direction 

As one of the most important factors, clearance 

size affects the dynamic response of robot manipulator sys-

tem. Furthermore, the effects of clearance size on the dy-

namics responses of the real robot manipulator system are 

investigated. Four case studies for different clearance sizes 
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are presented and discussed. The clearance sizes here are 

valued as 0.05 mm, 0.1 mm, 0.2 mm and 0.4 mm for each 

case, respectively. The simulation results of each case are 

presented as follows. 

The trajectories of the journal centre relative to the 

bearing centre for each case study are presented in Fig. 8, 

where the solid-line and dot-line designate the radial clear-

ance circle and the journal centre trajectory inside the bear-

ing, respectively. It is note that in the initial configuration of 

dynamic simulation, coincidence of the journal centre with 

the bearing centre is hold. Observing Fig. 8, it’s clearly that 

motion trajectory between journal and bearing manifest var-

ious types. Starting with the robot manipulator operation, 

the journal moves freely, and contact and impact happened 

when it moves to the bearing boundary. It indicates that the 

motion of manipulator with clearance joint has various 

modes due to contact in clearance joint, which are free flight 

motion, impact and sustained contact. However, the journal 

orbits are obviously different with different clearance sizes. 

Figs. 9 and 10 are angular velocity and acceleration 

of arm 2 when considering different clearance sizes, respec-

tively. The results clearly show that the dynamic responses 

of manipulator arm are changed obviously for different 

clearance sizes. With the size of clearance increased, vibra-

tion and higher peaks of the system’s responses displayed 

more significantly. 

Further, the translational acceleration of the tip of 

manipulator arm are presented in Fig. 11. It also shows that 

bigger clearance size will induce more intense vibration and 

higher peaks of the manipulator arm tip. Therefore, bigger 

size of clearance will increase the amplitude of the manipu-

lator arm and cause the dynamics performance of manipula-

tor arm worse. 

In addition, the simulation results of this work are 

compared to other publications of multibody mechanical 

system with joint clearance, such as planar linkage mecha-

nism, which concluded that clearance had significant influ-

ence on the dynamics of mechanisms [1, 5, 23, 25]. Conse-

quently, the validity of presented work is confirmed by the 

other published data. In conclusion, during the dynamic 

analysis of robot manipulator system, modelling of model 

of contact and impact forces in clearance joints must be con-

sidered due to its significant effect on dynamic perfor-

mances 

  

a b 

  

c d 

Fig. 8 Orbit of journal center inside bearing for different clearance sizes a) c=0.05 mm; b) c=0.1 mm; c) c=0.2 mm;  

d) c=0.4 mm 
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a b 

  

c d 

Fig. 9 Angular velocity of robot manipulator for different clearance sizes: a) c=0.05 mm; b) c=0.1 mm; c) c=0.2 mm;  

d) c=0.4 mm 

  

a b 

  

c d 

Fig. 10 Angular acceleration of robot manipulator for different clearance sizes: a) c=0.05 mm; b) c=0.1 mm; c) c=0. 2mm; 

d) c=0.4 mm 
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a b 

  

c d 

Fig. 11 Translational acceleration in Y-direction of the manipulator with different clearance sizes: a) c=0.05 mm; b) c= 

=0.1 mm; c) c=0.2 mm; d) c=0.4 mm 

6. Conclusions 

The effects of clearance on a robot manipulator 

system are investigated numerically. The contact dynamical 

behavior in clearance joint is surveyed, in which, the normal 

contact is modeled using a hybrid nonlinear contact force 

model and the tangential contact is modeled using a modi-

fied Coulomb friction model. A planar robot manipulator 

system with a revolute clearance joint on a spacecraft is ap-

plied as the numerical example to investigate the effects of 

clearance on dynamics responses of mechanism. Four case 

studies for different clearance sizes are implemented to in-

vestigate and discuss the effects of joint clearance.  

It can be concluded that in contrast with the slight 

effects on displacement, the clearance affects significantly 

velocity and acceleration of robot manipulator system. In 

detail, clearance affects the motion velocity of real manipu-

lator system for reason of vibration around that of ideal ma-

nipulator system without clearance. Moreover, clearance af-

fects the acceleration of robot manipulator more profoundly, 

which is owe to the contact and impact forces caused by 

clearance joint. It indicates that the acceleration of manipu-

lator system presents high peaks and the clearance induces 

impulse type contact force in joint, which will increase the 

vibration and noise levels and reduce system reliability, sta-

bility as well as system component’s life. Additionally, big-

ger size of clearance will lead to more significant effects on 

robot manipulator system, which is represented by higher 

vibration amplitudes.  

The presented work is devoted to predict the ef-

fects of clearance on robot manipulator system preferably 

and contributes to provide the foundation of precision anal-

ysis, robust control system design to robot manipulator sys-

tem. In this study, the robot manipulator system with clear-

ance on spacecraft is modeled as planar mechanical system 

and only one joint is considered as imperfect. The dynamics 

analysis of robot manipulator system will be much closer to 

the real robotic system with several imperfect joints, which 

will be the next research. Our future work will be also fo-

cused on more complex robotic system with more clearance 

joints. 
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T. Liu, Z. Bai 

A STUDY ON CLEARANCE EFFECTS ON DYNAMIC 

RESPONSES OF ROBOT MANIPULATOR 

S u m m a r y 

Clearances caused by assemblage, manufacturing 

errors and wear, affect inevitably the dynamic responses of 

mechanisms such as robot manipulator. In this study, the ef-

fects of clearance on a robot manipulator system are inves-

tigated numerically. The contact behavior along normal and 

tangential direction of clearance joint is described by a non-

linear contact force model and a modified Coulomb friction 

model respectively. Then, the dynamics equations of the ro-

bot manipulator system are established considering joint 

clearance. In order to investigate the effects of clearance on 

dynamic performances of practical mechanism, a planar ro-

bot manipulator system on a spacecraft system with a revo-

lute clearance joint is used as the apply example. Four case 

studies for various clearance sizes are implemented to in-

vestigate and discuss the effects of joint clearance. The sim-

ulation results indicate that clearance joints have severe ef-

fects on the dynamic performances of mechanism system 

and the impact in clearance joints represented by contact 

force models must be considered in dynamics analysis and 

design of mechanism system. The simulation results in this 

work can predict the effects of clearance on robot manipu-

lator system preferably and it is the basis of precision anal-

ysis, robust control system design of robot manipulator sys-

tem. 

Keywords: hybrid contact force model; dynamic responses; 

modified friction model; joint clearance; robot manipulator. 
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