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0  INTRODUCTION

Robots have been introduced in many industrial and 
medical areas where high accuracy, repeatability, and 
operation stability are desired. These are key features 
for robots. Some error sources in robots originate 
from assemblage, servo actuator resolution, reducer 
backlash, and joint clearances [1]. These errors reduce 
the accuracy of the robot and must be controlled to 
ensure the quality of the desired movement. In this 
regard, increased importance has been given to the 
accuracy of robots through various contributions 
in the relevant literature [2] to [5]. In comparison 
to machine tools, industrial robots are flexible and 
relatively cheaper in terms of cost. At the same time, 
such robots are susceptible to errors from many 
sources due to their serial structure. To ensure the 
positioning accuracy of a robot end effector as well 
as to reduce the manufacturing cost of the robot, it is 
necessary to quantify the influence of the uncertain 
factors and optimally allocate the tolerances.

A novel and simple approach to identify the 
positional and directional errors due to the joint 
clearance of linkages and manipulators based on a 
geometrical model was introduced [6]. A general 
probability density function of the endpoint of 
planar robots with joint clearance was established 
to derive the distribution functions for any position 

tolerance zone and any joint distribution type [7]. 
Some errors arising from link stiffness and clearances 
were considered to predict the accuracy of the 
parallel devices [8]. By considering the positional 
and directional errors of the robot hand and the 
manufacturing cost, the optimal allocation of joint 
tolerances was investigated. Interval analysis was used 
to predict the errors in the manipulator performance 
[9]. Singularity analysis and modelling of the joint 
clearance effects on the parallel robot’s accuracy 
were conducted. An analytical model was presented 
to easily predict the pose error for a given external 
load, a nominal pose and the structural parameters 
[3]. A procedure to calculate the positional error in 
parallel manipulators due to both clearances and 
elastic deformations was proposed [10]. For analysing 
the location of the discontinuities, a methodology 
was presented and the advantages of approach were 
analysed using a 5R planar mechanism [11]. The effect 
of joint flexibility on the dynamic performance of a 
serial spatial robot arm with rigid links was studied 
by using three developed models [12]. A novel method 
based on trajectory planning to avoid detachment of 
the joint elements of a manipulator with clearances 
was presented. An improved detachment criterion 
for the different joint types was proposed [13]. The 
clearance effects on an industrial robot were studied 
during 2D welding operations. The kinematics and 
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dynamics of robots were investigated for different 
clearance sizes [14]. The kinematic sensitivity of 
a robotic system with joint clearances was studied 
and tested for the effectiveness of the proposed 
model [15]. A methodology to analyse the assembly 
conditions and compute the maximum pose errors of 
parallel manipulators was presented by considering 
geometric errors, joint clearances, link flexibility, and 
joint elasticity [1]. A space robot manipulator system 
was considered to analyse the joint clearance effects. 
A computational methodology based on the nonlinear 
equivalent spring-damper and Coulomb friction 
models was proposed [16]. The effect of joint error on 
the positional accuracy of a robotic manipulator was 
presented. A serial chain two-revolute joint planar 
manipulator was modelled. Under the influence of 
the joint clearance, a formulation was presented to 
analyse the positional accuracy of the end effector 
[17]. A spherical parallel manipulator with clearance 
and manufacturing error was analysed to determine 
the pose error of the platform in the presence of 
these imperfections [18]. The trajectory of a walking 
mechanism in a mobile robot with joint clearance was 
studied. A neural-fuzzy model and genetic algorithm 
approaches were designed to improve the system 
performance [19]. The effects of joint clearance, 
link flexibility and lubrication on the kinematics and 
dynamics of mechanisms were extensively performed 
with analytical and numerical studies [20] to [22]. For 
improving the mechanism precision, optimization 
methods were also introduced to decrease the 
deviations owing to the clearance joint [23] to [25]. 
Artificial neural networks were used to evaluate the 
vibration characteristics of a mechanism with or 
without joint clearance [26] and [27]. Both theoretical 
and experimental studies about joint clearance were 
presented [28]. The effects of joint clearances on 
the kinematics and dynamics of planar and spatial 
mechanisms with rigid and elastic links were also 
investigated [29] to [35]. Dry contact including the 
friction and lubrication effects between journal and 
bearing parts, different sizes of clearances and joint 
types were investigated in many case studies. A 
general and comprehensive approach was proposed 
to automatically adjust the time step to simplify 
and increase the computational ability in multibody 
systems. 2D and 3D partly compliant mechanisms 
having joint clearance were studied to show the 
positive effects of flexural pivot on the undesired 
effects of joint clearance [36] and [37]. A general 
computer-aided model of a 3D revolute clearance 
joint in multibody dynamic solvers was presented 
[38]. A new technique for assessing the influence 

that the clearance of spatial revolute joints has on 
the kinematics and dynamics of multibody systems 
was presented [39]. Examination and comparison of 
several friction force models dealing with different 
friction phenomena in the context of multibody system 
dynamics were presented [40] and [41]. A comparative 
study on the most relevant existing viscoelastic 
contact force models was studied [42]. A critical 
review was presented about the existing knowledge on 
the computational model of normal directional impact 
on rigid bodies [43].

It is clear that even with an accurate design and 
manufacturing process for the whole system, it is 
not completely possible to eliminate the clearance 
problem in joints. In this study, motion insensitivities 
arising mainly from joint clearance on a robot 
manipulator, which can be used for laser cutting, 
welding, medical applications, etc., were considered. 
Both the trajectory of the end effector as a kinematic 
characteristic and necessary force/torque as a dynamic 
characteristic were investigated. A dynamic neural 
model is proposed to predict the trajectory deviations 
arising from joint clearance. It is possible to evaluate 
the end effector deviations from the desired trajectory. 
The outputs of this study can be used to obtain the 
necessary control outputs for improving the motion 
sensitivity by a robust controller design. This paper 
is organized as follows. The mathematical model of 
the clearance joint and motion equation of the robot 
manipulator are outlined in Section 1. The basic 
theory of the neural predictor is given in Section 2. 
The obtained results and conclusions are summarized 
in Sections 3 and 4, respectively.

1  MODELLING OF JOINT CLEARANCE,  
CONTACT FORCE, AND MOTION EQUATION

Clearance can be considered to be an imperfect 
joint characteristic. It is inevitable, due primarily 
to manufacturing errors, assemblage, and wear. In 
fact, a suitable value of clearance in the joint parts is 
essential to allow the relative motion of the adjacent 
links. In the presence of joint clearance, different 
motion types between the joint parts can be observed, 
that is, free-flight, impact, and continuous contact 
modes. These motion types fully affect the kinematic 
and dynamic performances of the systems. During the 
current trajectory, it is seen that the clearance joint 
exhibits nearly a similar characteristic of a 2D planar 
revolute joint with clearance. Due to computational 
efficiency, neural predictor characteristics and the 
robust controller design for the next studies, this 
negligible 3D effect of this joint is not considered. As 



Strojniški vestnik - Journal of Mechanical Engineering 64(2018)2, 82-94

84 Erkaya, S.

given in the literature [23] and [29], radial clearance 
in a joint can be defined as the difference between the 
journal and bearing radii (Fig. 1). 

Fig. 1.  Contact forces at the collision plane

The bearing and journal are parts of the ith and 
jth bodies, respectively. The relative penetration depth 
(δ) between the journal and bearing is outlined as [29] 
and [34]:

	 δ = −e c, 	 (1)

in which e is the magnitude of the clearance vector 
between the bearing and journal centres, and c is 
the radial clearance. In a clearance joint, the force is 
explained by two different situations. The first one 
is no contact forces (FC) if the joint parts are not in 
contact. Otherwise, there is a contact between joint 
parts, and the contact-impact forces are modelled 
according to a nonlinear dissipative force model based 
on the Hertzian contact theory (normal force, FN) and 
Coulomb’s friction law (tangential force, FT). These 
two conditions can be given as [29]:

	
F
F F
C

C T

=0 if <0,

=F + if 0,
N

δ
δ ≥ 	 (2)

when the magnitude of the clearance vector is greater 
than radial clearance, an impact occurs, and the 
penetration depth is calculated using Eq. (1). The 
contact force is modelled 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 [29] and [44]. In the case of an unlubricated joint, 
the 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. The contact force model is key 
to describing the collision dynamics between the 

journal and bearing in a clearance joint [45] and [46]. 
Due primarily to the simplicity of its contact force 
model, applicability to impact in multibody systems, 
easy calculation, and fast convergence (inclusion of 
energy dissipation modelling upon impact), the model 
developed by Lankarani and Nikravesh [47] is widely 
used in the dynamics of multibody systems with joint 
clearance. The normal force is expressed as [29]:

	 F =K +D
N

3 2δ δ( )
, 	 (3)

where the first term represents the elastic force 
component and the second term explains the energy 
dissipation. K is the generalized stiffness parameter 
and D is the hysteresis damping coefficient. K 
depends on the geometry and physical properties of 
the contacting surfaces and is defined by [29]:

	 K=
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ν and E are Poisson’s coefficient and Young’s 
modulus associated with journal and bearing parts. 
The hysteresis damping coefficient is outlined as [29]:

	 D= 3 1- K 4
2ζ δ( ) 

3 2

0

/
,v 	 (5)

where ζ is the restitution coefficient, and ν0 is 
the initial impact velocity. Friction is a complex 
phenomenon that comprises the interaction between 
the surfaces of contacting bodies and may lead to 
different friction regimes, such as sliding and sticking. 
Generally, Coulomb’s friction model is used to 
represent the friction response in impact and contact 
process. However, the definition of Coulomb’s friction 
law poses numerical difficulties when the relative 
tangential velocity is near zero. In the current study, a 
modified Coulomb friction model is used to represent 
the friction behaviour between the journal and bearing 
[29] and [48]. 

	 FT=- F
N T T

µ υT( ) ( )υυ υ , 	 (6)

where μ(υT) is the coefficient of friction. It is a function 
of relative sliding velocity (υT) in the collision point of 
journal and bearing, which is the velocity component in 
the tangential direction μ(υT), which is not a constant, 
is introduced in the modified Coulomb friction model. 
μ(υT) is a function of the tangential sliding velocity, 
which can represent the friction behaviour in impact 
and contact process as well as the viscous and micro-
slip phenomenon in relative low-velocity cases more 
accurately. Furthermore, the modified Coulomb 
friction model can avoid the case of abrupt change 
of friction in the numerical calculation as the change 
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of velocity direction [29] and [48]. μ(υT) is defined as 
Eq. (7), where μs and μd are the static and dynamic 
friction coefficients, respectively. υs and υd denote the 
critical velocities of the static and maximum dynamic 
frictions, respectively. Fig. 2 shows how the dynamic 
friction coefficient varies with slip velocity [41] and 
[48]. 

Fig. 2.  Friction coefficient and slip velocity

A six-axis industrial robot was considered for 
the theoretical analysis. This robot is mainly used for 
laser cutting, welding, handling, assembly etc. The 
robot manipulator has six degrees of freedom when all 
joints are perfect, as shown in Fig. 3. Different sizes 
of artificial clearance and working period were used to 
investigate the effects of joint clearance on the motion 
accuracy of the robot manipulator. Joint clearance 
leads to different motion modes such as free-flight, 
impact and continuous contact. Therefore, a dynamic 
model of the robot manipulator considering joint 
clearance must be developed. In case of free-flight 
mode, the dynamic equation for the robot manipulator 
is given as follows,

 

M q +C q
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where q is the generalized coordinate column matrix. 
M(q(t)) denotes the inertia matrix of the robot 
manipulator. C q t q t( ) ( )( ),   is the vector of centrifugal 
and coriolis terms. Q q t( )( )  represents the friction 
term, which consists of the viscous and dynamic 
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Fig. 3.  Robot manipulator: a) trajectory of end effector, b) motion capability
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frictions. G(q(t)) and F(t) denote the vector of gravity 
term and the generalized force matrix, respectively. 

In case of impact and continuous contact modes, 
contact force takes places between the journal and 
bearing in the joint. Therefore, the dynamic equation 
is outlined as:

  

M q C q

G = F

q t q t q t q t

q t

( ) ( ), ( ) ( )

( )

( ) ( ) ( )
( )

   (t)+ (t)+ +...

...+

Q

tt +( ) ( )FC δ δ, , 	 (9)

where Fc δ δ, ( )  is the contact force that comprises 
the normal and tangential components. One of the 
most important and complex parts of the simulation 
of multibody systems comprising the contact-impact 

analysis procedure is the detection of the precise 
instant of impact. In addition, the model used 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 [35]. The characteristics of the robot 
manipulator are outlined in Table 1. The dynamic 
simulation parameters of the robot manipulator with 
joint clearance are outlined in Table 2.

Table 1.  Characteristics of robot manipulator

Robot
Links

Length
[mm]

Mass
[kg]

Mass moment of inertia characteristics [kgm2]

Jxx Jyy Jzz Jxy Jyz Jzx

Link 1 680 74.08 3.26 0.32 3.25 1.84 10–3 0.145 -1.32×10–3

Link 2 402 43.51 0.336 1.407 1.362 -5.28×10–3 -7.46×10–3 9.78×10–3

Link 3 268 7.87 1.83×10–2 6.46×10–2 5.89×10–2 1.83×10–5 4.02×10–6 3.68×10–3

Link 4 115 2.22 2.09×10–3 4.9×10–3 4.86×10–3 7.61×10–10 1.13×10–9 5.56×10–4

Table 2.  Simulation parameters of robot manipulator

Description Value Description Value

Dynamic friction coefficient 0.01 Young’s modulus 71.7 GPa

Restitution coefficient 0.9 Integration step size 1×10–3 s
Poisson’s coefficient 0.33 Integration tolerance 1×10–5

2  NONLINEAR AUTOGRESSIVE EXOGENOUS (NARX) MODEL 

Neural network applications have rapidly expanded 
over the last two decades owing to the advances in 
computer science and sensor technologies [49]. In 
case of system identifications using neural networks, 
the main purpose is usually to define a dynamically 
valid model that can be used for system analysis [26]. 
The NARX is used for modelling nonlinear dynamical 
systems [50]. It is one of the artificial neural network 
models for time series prediction. It learns the 
behaviour of a system in a more effective way than 
other neural networks do (i.e., the learning gradient 
algorithm is better in NARX) and converges much 
faster and generalizes better than other networks [51] 
and [52]. It has been demonstrated that it can predict 
the behaviours of nonlinear dynamics systems and is 
particularly useful for time series modelling [53] and 
[54]. The structure of the NARX model is similar to 
the traditional multi-layered perceptron (MLP) model. 
Among the various Artificial Neural Network (ANN) 

models, the MLP model is one of the most widely 
used for prediction due primarily to its simple and 
flexible nature. Both the MLP and the NARX models 
consist of an input, a hidden layer, and an output 
layer. In addition, the NARX model feeds the time 
history of the output signal to the input layer as part 
of the inputs. The current input signal together with 
its time history acts as the other part of the inputs to 
the model. The number of output neurons is equal to 
the number of output variables of the problem to be 
solved. The number of hidden neurons is determined 
by the user. Assume Γ is the function of the NARX 
model. It correlates the input time series ut t

T{ } =0  and 
the output time series yt t

T{ } =0  by the Eq. (10).

 y y y y u u ut t t t t t ty u
= ( )− − − − −Γ

1 2 1
, ,..., , , ,..., ,τ τ 	 (10)

where ut and yt denote the input and output of the 
network at time t, the function Γ is a nonlinear 
function, and τy and τu are the time lags for the input 
and output series, respectively. Fig. 4 gives the general 
architecture of the NARX model. 
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Fig. 4.  Architecture of the NARX model

In this study, the deviations of the end effector 
are considered as the output of the NARX model. 
The inputs of the NARX model consist of the 
time histories of the necessary torques and path 
components, specifications of the joint with clearance 
(clearance value, number of joints with clearance, and 
the location of joint with clearance). Each neuron has 
a bias input. Input and output layers have the linear 
activation functions. The sigmoid function is also used 
in four hidden layers with ten neurons. In this study, 
the Levenberg-Marquardt algorithm is adopted for the 

learning process due to its fast convergence properties 
[55]. The performance index used in NARX model 
training is the mean squared error (MSE), which is 
one of the typical performance functions. The NARX 
model was trained using the Neural Network Toolbox 
of MATLAB [50]. For training, validation and testing 
purposes, the complete procedure performs the data 
during three steps. The training step is used to adjust 
NARX weights. The validation step is used for 
selecting the model variant. The last step is testing. It 
is used to evaluate the chosen model against unknown 
data. In this work, 1500 and 750 data are used for 12 
and 6 second working periods, respectively. Of all 
data, 50 % were used in training; 20 % and 30 % of all 
data were used for validation and testing, respectively. 
It is seen from the simulation; these data numbers are 
adequate for designing a stable neural model.

3  RESULTS

A theoretical study was implemented to analyse 
the motion accuracy of robot manipulators with 
joint clearance. Exaggerated clearance values as 
an imperfect joint characteristic were adjusted in a 
reference joint (joint 5) as 0.2 mm, 0.4 mm and 0.6 
mm for three case studies and comparisons. The 
working periods were considered as 6 and 12 seconds. 
The robot manipulator has six degrees of freedom 
when all joints are ideal or perfect. By using suitable 
input variables, a dynamic neural network was used 

Fig. 5.  Forces for 0.2 mm clearance: a), b) and c) working for 6 seconds, d), e) and f) working for 12 seconds
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Fig. 6.  Forces for 0.4 mm clearance: a), b) and c) working for 6 seconds, d), e) and f) working for 12 seconds

Fig. 7.  Forces for 0.6 mm clearance: a), b) and c) working for 6 seconds, d), e) and f) working for 12 seconds

for predicting the clearance-induced deviations in the 
robot trajectory. In case of perfect, imperfect joint 
characteristics and neural modelling, all simulations 
were performed using a Pentium Core 2 Quad Q6600 
computer. At the beginning of the manipulator motion, 
it was considered that the journal centre coincides 
with the bearing centre. To show the clear effects of 
joint clearance, the force components of joint 1 are 

considered. Figs. 5 to 7 give the force components 
of joint 1 for different scenarios. The same scales 
are used for easy comparison and evaluation of the 
force components. However, the maximum values of 
some peaks are beyond those used scales. As shown 
in the figures, the robot manipulator has greater force 
variation in a short working period [14]. The existence 
of joint clearance causes impulse-type contact forces. 
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These forces occur during a short interval [16] and 
[48]. Particularly, these peaks are seen at the beginning 
of the motion, and there is an instant change in force 
characteristics.

Similarly, in the short working period, the robot 
manipulator with joint clearance has higher peak 
frequency [16] and [48]. When the clearance size is 
increased, there is also an increase in the amplitude 
of the contact force [22], [36] and [37]. This force 

characteristic not only reduces the motion sensitivity 
and repeatability of the robot manipulator, but also 
leads to a decrease in its vibration and noise quality 
[20], [22] and [26]. The effects of clearance on torque 
characteristics are given in Figs. 8 to 10 for different 
scenarios of clearance value and working period. 

The Cartesian components of joints 1 and 2 are 
used to show the clearance effects on the system 
torque. Similarly, when the working period for the 

Fig. 8.  Torques for 0.2 mm clearance: a), b) and c) working for 6 seconds, d), e) and f) working for 12 seconds

Fig. 9.  Torques for 0.4 mm clearance: a), b) and c) working for 6 seconds, d), e) and f) working for 12 seconds
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same task is reduced, the required torque is also 
increased. The robot manipulator with joint clearance 
has some peaks on torques [20]. As seen in the working 
area, the y component of torque is more important 
for accomplishing the related trajectory. This can be 
seen from the peak values and peak frequency. By 
evaluating the force and torque components together, 

joint clearance naturally affects all the system 
dynamics [31], [33], and [34]. The impulsive behaviour 
arising from a joint with clearance leads to the 
degradation of the overall system performance [28] 
and [48]. Similarly, clearance size has a significant 
role in system response. The dynamics of the robot 
manipulator are obviously different for the case of 

Fig. 10.  Torques for 0.6 mm clearance: a), b) and c) working for 6 seconds, d), e) and f) working for 12 seconds

Fig. 11.  Trajectory deviations for different clearance values and working periods: a) and b) 0.2 mm clearance value,  
c) and d) 0.4 mm clearance value, e) and f) 0.6 mm clearance value
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different clearance sizes and working periods. A lower 
clearance size leads to a small impulsive character 
[16]. In the case of the same task, the shorter working 
period is a dominant factor for peak frequency. 

Fig. 11 outlines the trajectory deviations of the end 
effector for the case of different working periods and 
clearance sizes. There is a clear trajectory deviation 
for robot manipulators having perfect and imperfect 
joints [19]. Motion sensitivity and repeatability are 
crucial for medical and industrial robots that are used 
for laser cutting, high-quality welding, etc. Trajectory 
deviations in the robot manipulator with a clearance 
joint are clearly seen in Fig. 11. Increases in clearance 
values naturally lead to an increase in trajectory 
deviations [6], [14] and [23]. More chaotic behaviour 
in deviations is seen in the case of the shorter working 
period for carrying out the same task. More free-flight 
and then impact modes are the main reasons to fulfil 
the same trajectory at shorter working times at higher 
speeds. These deviations can be predicted by using a 
neural model with suitable input variables. To show 
the proposed network’s stability for predicting the 
deviations in path components, a 0.6 mm clearance 
value is considered for both working conditions as a 
sample application (Fig. 12). As seen in the error-time 
figures, the NARX model can be used to predict the 
deviations in trajectory. The convergence capability of 
the neural model is very effective [24] to [27]. 

The obtained results are good reflections of the 
modelling and predicting capabilities of this model 
[56]. As a performance measuring criterion, the MSE 
is bigger in the 6-second working period than in the 
12-second working period, because the short period is 
the main reason for peak frequency. Similarly, more 
complex behaviours in the kinematics and dynamics 
of the robot manipulator with joint clearance are seen 
in this period.

Fig. 13 shows a scatter plot of the NARX model 
with the best fit line of the theoretical trajectory 
error versus the predicted one. As shown, the scatter 
plot of theoretical error versus NARX prediction 
provides a rather good insight for working periods. 
The correlation for the long working period is higher 
than for the short one. These correlations are good 
reflections of the proposed neural model’s ability to 
predict the correct deviations.

4  CONCLUSIONS

Additional degrees of freedom originating from 
clearance lead to different motion modes. These are 
sources of uncertainties in robotic manipulations. The 
model manipulator has six degrees of freedom when 
all joints are perfect. In the current study, one joint 
was considered to be imperfect to show the effects of 
joint clearance on the system. All simulations show 
that much more computation time is necessary in the 

Fig. 12.  Trajectory errors and NARX model for 0.6 mm clearance value: a) and b) x component, c) and d) y component, e) and f) z component 
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case of the imperfect joint approach. The existence of 
joint clearance has clear effects on system kinematics 
and dynamics, and causes impulse-type contact force/
torque during a short interval. Both clearance size 
and working period are important factors in peak 
amplitude and frequency. When the speed is increased 
as a result of the reduced working period for carrying 
out the same task, deviations in the desired trajectory 
are also more chaotic. An instant change in necessary 
force or torque leads to an impulsive effect on system 
outputs. Analyses of robots with joint clearance 
should be considered as the basis of motion accuracy 
in robotic manipulations even if the clearance size is 
small. To predict the trajectory deviations, a dynamic 
neural model using a suitable input matrix is proposed. 
This model makes the evaluation of the end effector 
deviations from the desired trajectory possible. By 
considering the working period, the approximation 
error of the neural predictor is smaller in the long 
period than it is in the short period. These outputs can 
be used to improve motion sensitivity by designing 
a robust control system for generating the necessary 
control outputs. For the future developments, different 
scenarios such as more clearance joints, lubricated 
joints having clearances, wear, etc. will be studied.
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