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Abstract: The clearance of the revolute joint influences the accuracy of dynamic parameter iden-
tification. In order to address this problem, a method for dynamic parameter identification of an
X–Y pointing mechanism while considering the clearance of the revolute joint is proposed in this
paper. Firstly, the nonlinear dynamic model of the pointing mechanism was established based on a
modified contact model, which took the effect of the asperity of contact surface on joint clearance
into consideration. Secondly, with the aim of achieving the anti-interference incentive trajectory,
the trajectory was optimized according to the condition number of the observation matrix and the
driving functions of activate joints that could be obtained. Thirdly, dynamic simulation was con-
ducted through Adams software, and clearance was involved in the simulation model. Finally, the
dynamic parameter identification of the pointing mechanism was conducted based on an artificial
bee colony (ABC) algorithm. The identification result that considered joint clearance was compared
with that which did not consider joint clearance. The results showed that the accuracy of the dynamic
parameter identification was improved when the clearance was taken into consideration. This study
provides a theoretical basis for the improvement of dynamic parameter identification accuracy.

Keywords: nonlinear dynamic model; joint clearance; incentive trajectory; artificial bee colony
algorithm; dynamic parameter identification

1. Introduction

With the development of industrial robots, the requirements for robot performance
have increased [1,2]. In the traditional position control of robots, it is difficult to achieve a
high performance and adapt to complex working environments. A control strategy based
on a dynamic model is an effective method to improve kinematic accuracy and reliability [3].
An accurate dynamic model and dynamic parameters comprise the foundation of high-
precision control [4]. The accurate identification of the dynamic parameters, which appear
in equations that define the dynamic behavior of a robotic system, is essential for both
the implementation of advanced control schemes and the dynamic simulation of such
mechanical systems.

The methods for solving dynamic parameters include: disassembly measurement, the
Computer Aided Design (CAD) method, and overall identification. Compared with other
methods, overall identification has many advantages, and current dynamic parameter
identification mostly adopts this method [5,6]. The standard process of dynamic parameter
identification includes dynamic modeling, excitation trajectory design, data acquisition,
and parameter identification [7,8]. The methods for establishing a rigid body dynamic
model of a robot mainly include the Newton–Euler method, the Lagrange method, and the
virtual work principle method [9]. Atkeson used the Newton–Euler method to establish the
dynamic model of a Programmable Universal Manipulation Arm (PUMA) 600 robot [10].
Based on the virtual work principle, Huo et al. established the dynamic model of a 2-degree-
of-freedom (DOF) tracking mechanism [11]. To carry out dynamic parameter identification,
excitation trajectory is necessary. Excitation trajectory is usually divided into two parts:

Robotics 2021, 10, 36. https://doi.org/10.3390/robotics10010036 https://www.mdpi.com/journal/robotics

https://www.mdpi.com/journal/robotics
https://www.mdpi.com
https://doi.org/10.3390/robotics10010036
https://doi.org/10.3390/robotics10010036
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/robotics10010036
https://www.mdpi.com/journal/robotics
https://www.mdpi.com/article/10.3390/robotics10010036?type=check_update&version=2


Robotics 2021, 10, 36 2 of 17

trajectory model selection and trajectory parameter optimization. The trajectory should
have good periodicity and a sufficiency of excitation [12]. Swevers et al. suggested using the
finite Fourier series function to guarantee periodic excitation [13]. In order to improve noise
immunity performance, the trajectory must be optimized [14]. Armstrong proposed the
use of the condition number of an observation matrix for the optimization of the excitation
trajectory [15]. The issue of dynamic parameter identification is usually transformed into
the optimization of a multi-dimensional nonlinear function, which takes the deviation
between the dynamic model and experimental data as the objective function [16]. Park
used the least square method to identify the dynamic parameters of an industrial robot [17].
Gautier et al. proposed using the least squares estimation method and an extended Kalman
filter for robot dynamic parameter identification [18,19]. However, the least square method
is extremely sensitive to noise [20]. To overcome this problem, data filtering can be adopted
to improve the noise immunity [21]. A genetic algorithm can be used for dynamic parameter
identification as well, but its convergence rate is slow [22]. Ding et al. developed a chaotic
artificial bee colony (ABC) algorithm to avoid the problem of local optimization and carried
out the identification of a 6-DOF industrial robot and a small-scale helicopter [23,24]. The
artificial bee colony algorithm, which has significant advantages in nonlinear function
optimization, can be used well in dynamic parameter identification [25,26].

Due to manufacturing tolerances, material deformation, and motion requirements,
the clearance of a revolute joint is inevitable [27]. Schwab et al. used an impact model and
a Hertzian contact force model to predict the dynamic response of mechanisms with joint
clearance [28]. Joint clearance can bring violent collisions and affect dynamic performance
of the mechanical system [29,30]. A larger clearance size corresponds to a higher contact
force in a clearance joint [31]. Erkaya investigated the effects of joint clearance in a robotic
system and used a neural model to predict the trajectory deviations from the working pro-
cess [32]. Flores et al. presented and discussed a comprehensive combined numerical and
experimental study on the dynamic response of a slider-crank mechanism with revolute
clearance joints [33]. The Kriging mathematical model was used for dynamics of mechan-
ical systems with revolute joint clearances, which can predict the dynamic performance
efficiently and allow for the visualization of the trends of the response surfaces when
the design variables are changed [34]. Li et al. developed the dynamic model of a Delta
robot with joint clearance and used a Kriging-based model to calculate clearance value [35].
Ruderman et al. identified backlash by mounting a high-precision encoder on the joint
side [36]. Erkaya et al. used Genetic Algorithm (GA) to implement the optimization of link
parameters for minimizing the error between desired and actual paths due to clearance [37].

Because joint clearance affects dynamic response, including the torque of revolute
joint. When the dynamic model without considering the joint clearance is used for dynamic
identification, the effect of the joint clearance on joint torque is ignored and the dynamic
parameter identification accuracy is reduced. A lot of research work on dynamic parameter
identification has been done. Many researchers studied the effects of clearance on dynamics
of mechanical systems and made efforts to reduce the influence of clearance. However,
the effect of revolute joint clearance on the dynamic parameter identification accuracy is
ignored currently. The accurate dynamic parameters, especially inertial parameters, are
important to high-performance control. When the dynamic model considering the clearance
is used for dynamic parameter identification, it is beneficial to the improvement of the
identification accuracy. It is meaningful for high-performance dynamic control. Therefore,
this paper proposes using the dynamic model considering revolute joint clearance to
conduct the dynamic parameter identification of a X–Y pointing mechanism. In addition,
the asperity of contact surface is taken into consideration to modify the contact stiffness
and damping coefficient, which is beneficial to the improvement of the dynamic model
accuracy.

Based on the fractal theory, the Newton–Euler approach, and the ABC algorithm,
a method for dynamic parameter identification of an X–Y pointing mechanism while
considering the clearance of the revolute joint is proposed in this paper. The results of
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the identification that considered joint clearance was compared to identification that did
not consider joint clearance. The rest of this paper is organized as follows. Section 2
describes the nonlinear dynamic model of the pointing mechanism. Excitation trajectory
optimization is discussed in Section 3. Parameter identification and simulation analysis are
discussed in Section 4. Finally, Section 5 concludes the paper.

2. Nonlinear Dynamic Model of the Pointing Mechanism

The process of establishing a dynamic model includes a normal contact force model,
a description of clearance, a friction model, and a dynamic modeling method. In order
to make a dynamic model more accurate, a normal contact model takes the asperities of
contact surface into consideration based on fractal theory. Here, the coefficients of contact
stiffness and damping in the Lankarani–Nikravesh (L–N) normal contact force model were
modified. Modified Coulomb friction model was chosen as the friction model. The dynamic
model of the pointing mechanism was established by the Newton–Euler approach.

2.1. Normal Contact Force Model

A contact model is a critical issue of a dynamic model when clearance and asperities
are taken into consideration. The L–N nonlinear spring damping model is widely used for
analyzing contact and collision issues. However, the asperities of contact surface are not
taken into consideration in the L–N model, which can influence the normal contact stiffness
and damping. In order to make the normal contact model more accurate, a modified L–N
model, which was proposed in our previous research work, was chosen as the normal
contact model [38].

Based on the Majumdar–Bhushan (M–B) fractal theory [39], the distribution function
n(a′) and the real contact area Ar of the asperities on the contact surface of the moving pair
can be expressed as:

n(a′) = D−1
2 ϕ(3−D)/2 a′l

(D−1)/2

a′(D+1)/2 (2 < D < 3)

ϕ(3−D)/2 −
(

1 + ϕ−(D−1)/2
)(D−3)/(D−1)

= 3−D
D−1 (2 < D < 3)

Ar =
D−1
3−D ϕ(3−D)/2a′l

(1)

where a′ is the contact area of asperities, a′l is the maximum contact area of asperities, D is
the fractal dimension, D = 1.54

Ra0.045 + 1, and ϕ is the domain extension factor of the contact
asperity size distribution [40].

The critical compression depth and critical contact area of the asperities in elastic
deformation are expressed as:

ωc =
(

33πkµφ
40

)2
R

a′c = 2
3D−11

2−D

(
33kµφ

40

) 2
2−D

π
4−D
2−D (ln γ)

1
D−2 G2

(2)

where kµ is the correction factor, φ is the material characteristic parameter, R is the curvature
radius of asperities, G is the scale coefficient, and γ is a constant and usually equal to
1.5 [41].

kµ can be described as follows:

kµ =

{
1− 0.228µ 0 ≤ µ ≤ 0.3
0.932e−1.58(µ−0.3) 0.3 ≤ µ ≤ 0.9

(3)

where µ is the dynamic friction coefficient.
φ can be described as follows:

φ = σ/E∗ (4)

where E∗ is the composite elastic modulus.



Robotics 2021, 10, 36 4 of 17

E∗ can be described as follows:

1
E∗

=
1− v2

1
E1

+
1− v2

2
E2

(5)

where E1 and E2 are the elastic modulus of two contact asperities and v1 and v2 are the
Poisson’s ratio of two contact asperities.

R can be described as follows:

1
R

=
1

R1
+

1
R2

(6)

G is related to the roughness of the surface and it can be described as follows:

G = 10−5.26/R0.045
a (7)

where R1 is the radius of the sleeve and R2 is the radius of the rotating shaft.
According to the literature [42], the stages of contact deformation are divided into the

elastic deformation stage, the first stage of elastic–plastic deformation, the second stage of
elastic–plastic deformation, and the plastic deformation stage. According to Hertz contact
theory [43], the normal load P of asperity in each stage can be obtained. The total contact
stiffness Km of the asperities can be calculated through the ratio of contact force increment
dP and deformation dω. Thus, the contact stiffness of the elastic deformation stage Kn,
the contact stiffness of the first stage of elastic–plastic deformation Kn1 , and the contact
stiffness of the second stage of elastic–plastic deformation Kn2 can be obtained.

Km =
∫ a′ l

a′c
Knn(a′)da′ +

∫ a′c

( 1
6 )

1
D−2 a′c

Kn1n(a′)da′ +
∫ ( 1

6 )
1

D−2 a′c

( 1
110 )

1
D−2 a′c

Kn2n(a′)da′

= h1(mAr)
D−1

2
[
(mAr)

D−2
2 − a′c

2−D
2
]
+ h2(mAr)

D−1
2 + h3h4(mAr)

D−1
2

(8)

where h1, h2, h3, h4, and m are expressed as:

h1 =
2
√

2(4− D)(D− 1)
3
√

π(3− D)(2− D)
ϕ(3−D)/2

h2 = 1.38× 10−2 (1− D)(17D− 74)20.15D+0.8G0.3−0.15D ϕ(3−D)/2HK(E∗)0.85ac
0.85−0.425D

(D− 2)(D− 3)π0.075D+0.2
(
kµσ

)0.85
(ln γ)0.075

h3 = 3.29× 10−4 (D− 1)(236D− 1526)
(D− 2)(D− 3)

660
0.263D
D−2

[
(1/6)

0.263D
D−2

110
0.526
D−2

− (1/6)
0.526
D−2

110
0.263D
D−2

]

h4 =
20.474D+0.945G0.948−0.474D ϕ(3−D)/2HK(E∗)0.526ac

0.526−0.263D

π0.237+0.448
(
kµσ

)0.526
(ln γ)0.237

where H = Kσy, H is the hardness of the relatively soft material, K is the correlation
coefficient, usually determined as 2.8 [33], and σy is the material yield strength.

According to the improved Winkle model, the approximate contact model of consider-
ing joint clearance is show in Figure 1.
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The contact boundary satisfies the relation as follow:

cos ε =
∆R

∆R + δ
(9)

where ε is half of contact angle, δ is the depth of the compression, ∆R = R1 − R2.
The relationship between chord length l and compression depth chord ε as follow:

l = 2R2 sin
( ε

2

)
(10)

Real contact area Ar can be expressed as:

Ar = λlb = 2λR2b

√
δ

2(∆R + δ)
(11)

Substitute Equation (11) into Equation (8), The modified contact stiffness coefficient
model is established as follows:

Km = h1Ψ(D−1)(Ar)
(D−1)/2

[
Ψ(2−D) − a′c

(2−D)/2
]
+ h2Ψ(D−1) + h3h4Ψ(D−1) (12)

where Ψ =
(

λmbR2
δ

2(∆R+δ)

)1/2
, λ is the area proportional coefficient, b is the contact

width, δ is the deformation of the rotating shaft and the sleeve, and ∆R = R1 − R2.
From Equation (12), it can be seen that the contact stiffness Km varies with the actual

contact area Ar .The actual contact area Ar should be less than the nominal contact area A.
λ is defined as the area scale factor, which is less than 1. The relationship between Ar and
A can be expressed as Ar = λA.

λ can be described as:

λ =

 ( 3
4E∗

R1R2
R1−R2

)
2
3

4(R2
1 − R2

2)


2

R2
− 2

R1

(13)

In recent years, many scholars have established contact models of asperities based
on micro-contact theory, but few have considered the elastic–plastic deformation stage
of asperities in the deformation process. The influence of normal contact damping on
the contact force model is usually ignored. The new normal contact damping model is
described as follows.

The deformation process of the asperities is divided into three stages: elastic deforma-
tion, elastic–plastic deformation, and plastic deformation. The elastic–plastic deformation
can be divided into the first stage and the second stage. The deformation in the first stage
of elastic–plastic deformation is elastic deformation, while the deformation in the second
stage of elastic–plastic deformation is plastic deformation. The asperities convert energy
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into elastic potential energy during elastic deformation, and the energy is lost when plastic
deformation occurs. The elastic potential energy and energy loss of the asperities can be
calculated by integration.

The elastic deformation stage: according to Hertz theory, the normal Pe loads of
asperities can be expressed as:

Pe =
4
3

ER1/2ω3/2, ω < ωc (14)

The potential energy at the elastic deformation stage of the asperities is expressed as:

we1 =
∫ ω

0
Pedω (15)

The elastic–plastic deformation stage: when the deformation of the asperities is within
the range of ωc ≤ ω ≤ 110ωc, the asperities undergo elastic–plastic deformation. The
deformation at this stage can be divided into the first stage of elastic-plastic deformation
(ωc ≤ ω ≤ 6ωc) and the second stage of elastic–plastic deformation (6ωc ≤ ω ≤ 110ωc).

In the first stage of elastic–plastic deformation, the normal load of the asperities is
expressed as:

Pep1 =
2.06

3
KHπR

ω1.425

ωc0.425 (16)

The potential energy in the first stage of the elastoplastic asperities is expressed as:

we2 =
∫ ω

0
Pep1dω (17)

In the second stage of elastic–plastic deformation, the normal load of the asperities is
expressed as:

Pep2 =
2.8
3

KHπR
ω1.263

ωc0.263 (18)

The energy loss in the second stage of the asperities is expressed as:

wp1 =
∫ ω

0
Pep2dω (19)

The condition of plastic deformation stage is ω > 110ωc, which means that the
asperities have undergone plastic deformation. The normal load is expressed as:

Pp = 2πωRH, wp2 =
∫ ω

0
Ppdω (20)

From the distribution function of the asperities, the total elastic potential energy of the
contact surface can be calculated as:

We =
∫ al

ac
we1(a)n(a)da+

∫ al

( 1
6 )

1
D−2 ac

we2(a)n(a)da (21)

where aL is the contact area of the largest asperity.
aL is expressed as:

aL =
2− D

D
Ar

The total energy loss of the contact surface is expressed as:

Wp =
∫ ( 1

6 )
1

D−2 ac

( 1
100 )

1
D−2 ac

wp1(a)n(a)da+
∫ ( 1

100 )
1

D−2 ac

0
wp2(a)n(a)da (22)
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The damping factor is expressed as:

η =
W p
We

(23)

According to the literature [44], the normal damping coefficient can be expressed as:

Cn = η
√

MKm (24)

where M is the mass of base body with rough surface.
The new contact–collision force model is expressed as:

Fn = Kmδn + Dm
.
δ (25)

where Fn is the normal contact force, Km is the equivalent contact stiffness, δ is the normal
penetration depth of contact position,

.
δ is the normal relative velocity at the contact point,

n is the force index, and Dm is the modified damping coefficient.
Dm can be described as:

Dm = Dn + Cn (26)

where Dn is the damping coefficient, Dn = 3K(1−c2
e )δ

n

4
.
δ
(−) , ce is the coefficient of restitution,

and
.
δ
(−)

is the relative velocity of the normal direction before the rotating shaft collides
with the sleeve.

This part describes the process of establishing the modified contact model, where the
contact stiffness coefficient and the damping coefficient are modified.

2.2. The Friction Model

The modified Coulomb friction model is suitable for the analysis of dynamics with
clearance and impact [45]. Therefore, it is adopted as the friction model between the
rotating shaft and the sleeve, which is expressed as:

Ft = −µtcdFn
νt

vt
(27)

where µt is the sliding friction coefficient, vt is the tangential velocity, and cd is the dynamic
correction factor.

cd can be expressed as:

cd =


0 νt ≤ v0
νt−ν0
νm−ν0

v0 ≤ νt ≤ vm

1 νt ≥ vm

(28)

where v0 is the tangential velocity before the collision and vm is the velocity after the
collision.

2.3. Collision Force Model of Revolute Joint with Clearance

To facilitate the study, the clearance of the revolute joint was simplified to the clearance
between the rotating shaft and the sleeve, as shown in Figure 2. The center distance O1O2
between the rotating shaft and the shaft sleeve is denoted as vector ei. The projection of the
clearance vector in the X axis direction is denoted as eix, and the projection of the clearance
vector in the Y axis direction is denoted as eiy.
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When the rotating shaft is in contact with sleeve, the normal deformation at the contact
point is denoted as δi. δi can be described as:

δi = ei − ci (29)

where ci = Ri1 − Ri2, Ri1 represents the radius of the sleeve, Ri2 represents the radius of
the rotating shaft, and ci represents the ideal clearance.
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A step function is introduced to determine whether a contact collision has occurred,
which is as follows:

u(δi) =

{
1 δi ≥ 0
0 δi < 0

(30)

According to the modified L–N contact force model, the collision force model can be
described as:

F′n = µ(δ)Fn (31)

When contact collision occurs between the rotating shaft and the sleeve, the normal
velocity and tangential velocity are described as:{

vin =
.
eix cos ϕ− .

eiy sin ϕ

vit =
.
eiy cos ϕ− .

eix sin ϕ +
.
θR2

(32)

The projection of the contact force vector in the X axis direction and the projection of
the contact force vector in the Y axis direction are expressed as:{

Fix = u(δi)(Fin cos ϕ + Fit sin ϕ)
Fiy = u(δi)(Fin sin ϕ− Fit cos ϕ)

(33)

where Fin and Fit represent the normal collision force and the tangential friction force of
the ith joint, respectively.

2.4. Dynamic Modeling of X–Y Pointing Mechanism with Clearance

The X–Y pointing mechanism has two rotational degrees of freedom, and the 3D model
is shown in Figure 3. Based on the Newton–Euler approach, the process of establishing the
dynamic model of the pointing mechanism is as follows.
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The coordinate systems of simplified pointing mechanism are shown in Figure 4. The
reference coordinate system is O0 − X0Y0Z0. O0 is the origin of the reference coordinate
system, the Z0 axis is coincident with the axis of shafting 1, the X0 axis is parallel and
opposite to the direction of gravity, and the Y0 axis is determined by the right-hand rule.
The coordinate system of link 1 is O1 − X1Y1Z1. O1 is the origin of the coordinate system.
The projection of O0O1 in the X0axis direction is e1x, and the projection of O0O1 in the Y0
axis direction is e1y. In the same way, the coordinate system of shafting 2 can be established
such that α represents the rotational angle of shafting 1 and β represents the rotational
angle of shafting 2.

Robotics 2021, 10, x FOR PEER REVIEW  10  of  18 
 

 

 

Figure 4. Coordinate system of the X–Y pointing mechanism with clearance. 

According to the literature [32], the dynamic equations are written in a standard form: 

( ) ( , ) ( ) fq q q qτ = M q+C +G + τ    (34)

where  q ,  q , and  q   are the 2‐vectors;  =[   ]T q ;  = [   ]T q   ;  [   ]T q =   ;  τ   is the 

2‐vector of actuator torques;  ( )qM is the inertia matrix, which is symmetric and positively 

definite;  ( , )q qC    is the matrix of Coriolis force and centrifugal force;  ( )qG   is the gravity 

matrix depending on the pose of the pointing mechanism; and  fτ   is the friction torque. 

1 2 2 2

2 2 2

2 2 2 2 2

2 2 2
2 1 2 2 2 1 2 1 2

sin cos
( )

sin cos

cos sin cos ( cos sin )

m ( )(2 s sin (( e ) 2 ) s sin

cos )

( , )

zz zx yz zz

zx zy zz

zx yz xy xz xx

x x y y

I I I I
M q

I I I

I I I I I

L e e L L e L

q q

 
 

          

     

  

  
   

    

       



C

      

    





2 2 2 2 2 2 2

2 2 2
1 2 1 1 2 1 1 1

2
1

2 2 2 2 2

2

sin ( cos sin ) s (2 s

sin (( ) 2 ) s cos sin ) s ( s

2 )

cos sin cos ( cos sin )

sin (

yy yz xy x

y y x

y

zx zy xy xz xx

I I I L m e L

L e e e L L m L

e

I I I I I

I

      

      

 

          

 

   

       



     

   

    

 

      

 2
2 2 2 2 2 2

2 2
1 2 1 2

2 1 2 2 1 2 2 2 1 1 1

cos sin ) (2 s sin

(( ) 2 ) Ls cos sin )

m ( )( sin (e cos )) s ( sin ( cos )) s (
( )

yy yz yx x

y y

x y x y x

I I Ls m e L

L e e

L e e g L m e e g L m
q

       

    

   

 
 
 
 
 
 
 
 
 
 
 
      
     

       
G

    

  

  

1

2

1

2 2 2 1

1

1

cos )

( sin ( cos ))

/ 2

/ 2

x

y x

t

f
t

e g

Ls m e e g

F d

F d


 

 
   

 
  
  



 



 

Extracting the parameters to be identified, Equation (34) can be expressed as: 

1

2



 

   
 

τ ξ p   (35)

where  11 12

21 22

 
 
 

ξ ξ
ξ

ξ ξ
=   is the observation matrix,   1 2

T
p p p   represents the parameters 

to be identified, and  =
ii xxi xyi xyi yyi yzi zzi i i i tI I I I I I m Ls m F  p  

2
11 1 1 1 1= 0 0 0 0 0 s ( s 2 cos ) 0 0y xL L e e g        ξ      

 21= 0 0 0 0 0 0 0 0 0ξ  

1 2 1 1 1 2

12

2 2 2 1 2

sin cos cos cos sin sin sin 2 cos sin cos

cos (L )( cos 2 sin ) 2 gsin  ( )
=

Ls cos 2 cos 2 sin 2 2 sin (L )(

x y x x

x y x

e e e L e

de de Ls e

               

         

       

  

        

   
ξ

         
      

    
1 1

1 2 2 2 1

e 2 g sin

(L ) 2 cos 2 sin ) 2

y x

x x y

e

e e e d

 

    

 
 
 
 

   
    

  

   

 

Z0

Y0

X0

Z1

Y1

X1

ZA

Z2

XA

Y2

YA

X2

O0

O1

OA

O2

e1y

e1x

e2x
e2y

α 

β 

Figure 4. Coordinate system of the X–Y pointing mechanism with clearance.

According to the literature [32], the dynamic equations are written in a standard form:

τ = M(q)
..
q+C(q,

.
q) + G(q) + τ f (34)

where q,
.
q, and

..
q are the 2-vectors; q = [αβ]T ;

.
q = [

.
α

.
β]T ;

..
q = [

..
α

..
β]

T
; τ is the 2-vector of

actuator torques; M(q) is the inertia matrix, which is symmetric and positively definite;
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C(q,
.
q) is the matrix of Coriolis force and centrifugal force; G(q) is the gravity matrix

depending on the pose of the pointing mechanism; and τ f is the friction torque.

M(q) =
[

I1zz − I2zx sin β− I2yz cos β I2zz
I2zx sin β− I2zy cos β I2zz

]

C(q,
.
q) =



−I2zx
.
α

.
β cos β + I2yz

.
α

.
β sin β +

.
α cos β(I2xy

.
α cos β− I2xz

.
β + I2xx

.
α sin β)

+m2(L1 + e2x)(2
.
βe2x + Ls2

.
β

2
− sin β((−L1 − e2y)

.
α

2 − 2
.
e1y

.
α) + Ls2

.
α

2 sin
β cos β) +

.
α sin β(I2yy

.
α cos β− I2yz

.
β + I2xy

.
α sin β) + Ls2m2(2

.
β

.
e2x + Ls2

.
β

2
− sin β((−L1 − e2y)

.
α

2 − 2
.
e1y

.
α +

..
e1x) + Ls2

.
α

2 cos β sin β) + Ls1m1(−Ls1
.
α

2 − 2
.
e1y

.
α)

−I2zx
.
α

.
β cos β + I2zy

.
α

.
β sin β− .

α cos β(I2xy
.
α cos β− I2xz

.
β + I2xx

.
α sin β)+

.
α sin β(I2yy

.
α cos β− I2yz

.
β + I2yx

.
α sin β) + Ls2m2(2

.
β

.
e2x + Ls2

.
β

2
− sin β

((−L1 − e2y)
.
α

2 − 2
.
e1y

.
α) + Ls2

.
α

2 cos β sin β)


G(q) =

[
m2(L1 + e2x)(

..
e2y − sin β(

..
e1x + g cos α)) + Ls2m2(

..
e2y − sin β(+

..
e1x + g cos α)) + Ls1m1(

..
e1x + g cos α)

Ls2m2(
..
e2y − sin β(

..
e1x + g cos α))

]
τ f =

[
Ft1 d1/2
Ft2 d1/2

]

Extracting the parameters to be identified, Equation (34) can be expressed as:

τ =

[
τ1
τ2

]
= ξ · p (35)

where ξ =

[
ξ11 ξ12
ξ21 ξ22

]
is the observation matrix, p = [p1 p2]

T represents the parameters

to be identified, and pi =
[

Ixxi Ixyi Ixyi Iyyi Iyzi Izzi miLsi mi Fti

]
ξ11 =

[
0 0 0 0 0

..
α Ls1(−Ls1

.
α

2 − 2
.
e1y

.
α +

..
e1x + g cos α) 0 0

]
ξ21 =

[
0 0 0 0 0 0 0 0 0

]
ξ12 =


.
α sin β

.
α cos β

.
α cos β

.
α cos β +

.
α sin β

.
α sin β− ..

α sin β− 2
.
α

.
β cos β

.
α sin β

.
α cos β

− ..
α cos β

..
β(L1 + e2x)(

..
α cos β− 2

.
α

.
β sin β) +

..
e1y + 2

.
α

.
e1x − g sin α + (L1 + e2x)

..
α+

Ls2
..
α cos β + 2

.
αde2x cos β− 2

.
αde2y sin β− 2Ls2

.
α

.
β sin β(L1 + e2x)(

..
e1y + 2

.
α

.
e1x − g sin α+

..
α(L1 + e2x) + 2

.
α

.
e2x cos β− 2

.
α

.
e2y sin β) d1/2


ξ22 =

[
− .

α
2 cos β sin β

.
α

2
(sin2 β− cos2 β)− ..

α sin β
.
α

2 sin β cos β− ..
α cos β

..
β

..
e2y+

2
.
β

.
e2x + Ls2

.
β

2
− sin β((−L1 − e2y)

.
α

2 − 2
.
e1y

.
α +

..
e1x + g cos α) + Ls2

.
α

2 cos β sin β 0 d2/2

]

where Ls1 is the distance between the center of mass of link 1 and O1, Ls2 is the distance
between the center of mass of link 2 and O2, L1 is the length of link 1, L2 is the length of
link 2, e1x and e1y is the clearance of joint 1, e2x and e2y is the clearance of joint 2. mi is the
mass of link i. Ixxi, Ixyi, Ixzi, Iyyi, Iyzi, Izzi are parameters of the inertial matrix of link i.

When the input trajectories are given, the input torques can be obtained based on
the simulation. ξ can be obtained through the dynamic model [32]. Then the dynamic
parameter identification can be carried out based on identification algorithm.

3. Excitation Trajectory of the X–Y Pointing Mechanism

The finite Fourier series was used as the periodic excitation. The joint trajectory of the
X–Y pointing mechanism can be expressed as:

qi(t) =
N

∑
k=1

(ai,ksin(kω f t) + bi,k cos(kω f t)) + qi,0 (36)

In order to ensure the X–Y pointing mechanism motions in a reasonable space, the
velocity and acceleration were set to zero at the starting and the ending points and the
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velocity was set to never exceed the maximum velocity. The boundary conditions of each
joint are set as follows:

|q1(t)| ≤ 1.2rad;|q2(t)| ≤ 1rad;∣∣ .
q1(t)

∣∣ ≤ 0.25rad/s;
∣∣ .
q2(t)

∣∣ ≤ 0.2rad/s∣∣ ..q1(t)
∣∣ ≤ 1rad/s2;

∣∣ ..q2(t)
∣∣ ≤ 1rad/s2

qi(t0) = qi

(
t f

)
= 0

.
qi(t0) =

.
qi

(
t f

)
= 0

..
qi(t0) =

..
qi

(
t f

)
= 0

, ∀i, t (37)

The optimal excitation trajectory can accurately estimate the relevant inertia parame-
ters of the mechanism under the disturbance of external signals. The authors of this paper
adopted the method of the matrix condition number to carry out the trajectory optimization.
Based on the finite Fourier series model, the minimum condition number was chosen as
the optimization goal. In the process of motion, the position, velocity, and acceleration
should satisfy the constraints and the motion should fill the entire working space of the
mechanism as much as possible. The calculation formula of the conditional number of
matrix is expressed as:

cond(A) = ‖A‖‖A−1‖ (38)

In order to solve the ill-conditioned problem of the matrix, the matrix singular value
is used to express the condition number. The condition number can be expressed as:

cond(ξ) =
σmax(ξ)

σmin(ξ)
(39)

where σmax(ξ) is the maximum singular value and σmin(ξ) is the minimum singular value.
The minimization of Equation (39) can be solved by the fmincon function in MATLAB.
The optimized excitation trajectory parameters are shown in Table 1. After putting the

parameters into the Fourier series, the motion trajectory, velocity, and acceleration were be
obtained, as shown in Figures 5–7.
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Figure 5. Rotational angle curves: (a) rotational angle curve of shafting 1 and (b) rotational angle curve of shafting 2.
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Figure 6. Angular velocity curves: (a) the angular velocity curve of shafting 1 and (b) the angular velocity curve of shafting 2.
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Figure 7. Angular acceleration curves: (a) the angular acceleration curve of shafting 1 and (b) the angular acceleration curve
of shafting 2.

Table 1. Excitation trajectory parameters.

Link Number i Parameter Number k qi,k ai,k bi,k

1

1

0.111

0.243 −0.113
2 −6.5 × 10−10 −0.01
3 −0.028 0.001
4 −0.033 0.013
5 −0.005 −0.003

2

1

−0.306

0.251 0.372
2 −0.029 −0.037
3 −0.016 −0.033
4 −0.015 0.003
5 −0.017 0.001

It can be seen from Figures 5–7 that the excitation trajectories of the X–Y pointing
mechanism were relatively smooth. The trajectories passed through most of the work-
ing space, and the motion of each joint was within the constraint range. It was further
proved that when the excitation trajectories were adopted as finite Fourier series, the joint
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angular velocities, joint angular accelerations, and joint torques of the X–Y pointing mecha-
nism maintained stable working conditions. The trajectories had good anti-interference
performance.

4. Dynamic Parameter Identification of the Pointing Mechanism
4.1. ABC Algorithm

The ABC algorithm is an intelligent algorithm that simulates the behavior of a bee
colony searching for nectar. It can avoid falling into local optimization, and it is an effective
tool to find global optimum parameters.

The specific solution process of the algorithm is as follows:
(1) The ABC algorithm parameters are set. The population number NP, the maximum

iteration number G, and the range of solution are set first. Within the search range, the
initial position xi (i = 1, 2, 3, . . . , SN) is randomly generated, where SN is the number
of food sources. Each solution is a D-dimensional vector, where D is the dimensionality
of the solution. When executing tth operation, the position of the food source i is xt

i =[
xt

i1, xt
i2, xt

i3 · · · xt
iD
]
, where t represents the current iteration number. According to Equation

(40), the population can be initialize as:

xid = xmin
d + rand

(
xmax

d − xmix
d

)
(40)

(2) The search phase is conducted. Each employed bee updates the new location
information of the food sources according to Equation (41) and calculates the fitness f it
of the new nectar source location according to Equation (42). If the fitness value is better
than the old fitness value, the new location information of the food sources should be used
to replace the old one according to the greedy selection method; otherwise, the location
information of the old one should be retained.

vid = xid + rand
(

xid − xjd

)
(41)

f it = min
∣∣τ′ − τ

∣∣ (42)

(3) After the employed bees complete the search process, they share the food source
location information with onlookers. Then, according to the location information of the
food sources shared by the employed bees, the onlookers calculate the probability and
judge whether to follow the employed bees according to Equation (43). If it falls into a local
optimum, the location information of food sources is abandoned.

pi =
f iti

∑SN
i=1 f iti

(43)

(4) In the search process, if the food source Xi reaches the search threshold after n
iterative searches but there is no better food source found, the food sources are discarded
and the role of employed bees changes to that of reconnaissance bees. The reconnaissance
bees randomly generate new food source location information to replace Xi in the search
range. The process is expressed as:

xt+1
i =

{
xmin

d + rand
(
xmax

d − xmix
d
)
, triali ≥ limit

xt
i , triali < limit

(44)

(5) The best food sources are stored.
(6) Whether the abort condition is met is judged. If the condition is met, the optimal

solution is output; otherwise, the program goes to step (2).
According to the excitation trajectories and Equation (35), dynamic parameter identifi-

cation can be carried out by the ABC algorithm.
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4.2. Dynamic Simulation and Parameter Identification

The pointing mechanism model that considers revolute joint clearance was established
in the Adams software, and the optimized excitation trajectory in Section 3 was introduced
into the model as the input. After the dynamic simulation, the driving toques could be
obtained.

The ABC algorithm was used to identify the dynamic parameters of the X–Y pointing
mechanism. Firstly, the relevant parameters in the program were initialized. Reasonable
parameters could make the program run stably. The nectar search range was set to ±10%.
of the initial value. Some important parameters are shown in Table 2. Secondly, program
files for dynamic parameter identification were written. Finally, the optimal solution was
obtained by searching for the best food sources.

Table 2. Parameter settings of the artificial bee colony (ABC) algorithm.

Parameter Initial Value Remarks

MaxIt 200 Number of population iterations
Npop 100 Number of employed bees

Nonlooker 100 Number of onlookers
a 0.5 Acceleration factor

Nvar 10/3 Number of food sources: shafting 1, 3;
shafting 2, 10.

L 600 Experimental constraints of food sources

4.3. Results and Discussion

Parameter identification was carried out with the ABC algorithm in MATLAB 2018b
programming environment on an Advanced Micro Devices (AMD) Core R5-4600U PC
running Windows 10. No toolbox was used. In a certain range, as the size of bees increased,
the algorithm generated better results. The maximum number of iterations was set to 200.
When the fitness value was less than 10−6, the operation was completed. The number of
employed bees was 100, the number of onlookers was 100, and the acceleration factor was
0.5. The dynamic parameter identification and convergence process of the ABC algorithm
is shown in Figure 8. When the number of iterations reached about 200, the fitness function
gradually converged and the fitness value became less than 0.002. It can be seen that the
dynamic parameter identification based on the ABC algorithm had the characteristics of a
fast convergence speed and a high calculation accuracy.
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After 200 iterations, a total of 11 groups of parameter identification results were
obtained. The dynamic model that considered the clearance and the dynamic model that
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did not consider the clearance were used for identification. The results are shown in
Table 3.

Table 3. Parameter identification results.

Identification System Value Identification of
Clearance Model

Ideal Model
Identification Error Ratio

Ixx2 (kg·m2) 0.00467 0.00685 0.00077 0.55897
Ixy2 (kg·m2) 0 0.00803 0.00343 2.34111
Ixz2 (kg·m2) 0 0.00296 0.00783 0.37803
Iyy2 (kg·m2) 0.00533 0.00967 0.00474 7.427356
Iyz2 (kg·m2) 0 0.00189 0.00340 0.55588
Izz2 (kg·m2) 0.00181 0.00131 0.00640 0.10893

m2 (kg) 0.8596 0.84191 0.82352 0.49029
Ls2 (m) 0.03419 0.03394 0.03274 0.17241

Izz1 (kg·m2) 0.0175 0.00834 0.00486 0.72468
Ls1 (m) 2.1391 2.13699 2.08471 0.03879
m1 (kg) 0.04821 0.04815 0.05241 0.01425

The error rate indicated the degree of similarity between the identification results
and the system value. When the error rate was greater than 1, it was indicated that the
identification result based on the dynamic model that did not consider the clearance was
more accurate. When the error rate was less than 1, it was indicated that the identification
result based on the dynamic model that considered the clearance was more accurate. From
Table 3, it can be seen that the identification results based on the dynamic model that
considered the clearance were more accurate and conformed to the actual situation. When
the asperities, the clearance, and the contact–collision force were taken in consideration in
the dynamic model, the dynamic model was more accurate. Based on the more accurate
dynamic model, the dynamic parameter identification was more accurate as well. In a
word, nearly all the dynamic parameter identification results were closer to the true values
when the clearance was taken into consideration.

This study provides an insight into the effect of joint clearance on dynamic parameter
identification. The clearance can affect the accuracy of the dynamic model, and the accuracy
of the dynamic model can affect the accuracy of the dynamic parameter identification.
Dynamic parameter identification that considers joint clearance is meaningful for the high-
performance control of pointing mechanisms and other robots. More accurate dynamic
model in this paper can describe the effect of joint clearance on joint torque, which can
reduce the effect of joint clearance on dynamic identification accuracy. Compared with the
dynamic parameter identification based on the dynamic model without considering the
joint clearance, the dynamic parameter identification base on the more accurate dynamic
model can improve the dynamic parameter identification accuracy.

5. Conclusions

The authors of this paper conducted the dynamic parameter identification of an X–Y
pointing mechanism. The clearance of the revolute joint was considered in a nonlinear
dynamic model. The contact stiffness and damping coefficients of a normal contact force
model were modified based on fractal theory and elastoplastic theory, which improved
the accuracy of the nonlinear dynamic model. In order to increase the anti-interference of
the excitation trajectory, the excitation trajectory was optimized according to the constraint
conditions. The Adams dynamic simulation software was used to simulate the dynamics
of the pointing mechanism while considering the revolute joint clearance, and driving
torques were obtained. According to the driving torques, the ABC algorithm was used
to identify the dynamic parameters based on the dynamic model that considered the
clearance and the dynamic model that did not consider the clearance. Compared with
the identification result based on the dynamic model that did not consider the clearance
and collision, the identification result based on the dynamic model that considered the
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clearance and collision was more accurate. This research provides a theoretical basis for
improving dynamic parameter identification accuracy and high-precision control.
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