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Clearances in the joints of real mechanisms are unavoidable due to assemblage, manufacturing errors, and wear. The dual-axis
driving and positioning mechanism is one kind of space actuating mechanism for satellite antenna to implement precise
guidance and positioning. However, in dynamics analysis and control of the satellite antenna system, it is usually assumed that
the revolute joint in the satellite antenna system is perfect without clearances or imperfect with planar radial clearance.
However, the axial clearance in an imperfect revolute joint is always ignored. In this work, the revolute joint is considered as a
3D spatial clearance joint with both the radial and axial clearances. A methodology for modeling the 3D revolute joint with
clearances and its application in satellite antenna system is presented. The dynamics modeling and analysis of the satellite
antenna system are investigated considering the 3D revolute clearance joint. Firstly, the mathematical model of the 3D revolute
clearance joint is established, and the definitions of the radial and axial clearance are presented. Then, the potential contact
modes, contact conditions, and contact detection of the 3D revolute clearance joint are analyzed. Further, the normal and
tangential contact force models are established to describe the contact phenomenon and determine the contact forces in the 3D
revolute clearance joint. Finally, a satellite antenna system considering the 3D revolute clearance joint with spatial motion is
presented as the application example. Different case studies are presented to discuss the effects of the 3D revolute clearance
joint. The results indicate that the 3D revolute clearance joint will lead to more severe effects on the dynamic characteristics of
the satellite antenna system. Therefore, the effects of axial clearance on the satellite antenna system cannot be ignored in
dynamics analysis and design of the satellite antenna system.

1. Introduction

The dual-axis driving and positioningmechanism is one kind
of actuating mechanism for a satellite antenna to meet pre-
cise pointing requirements. Generally, in dynamics analysis
and control of the satellite antenna system, it is usually
assumed that the revolute joint in the satellite antenna system
is perfect without clearances or imperfect with planar radial
clearances. The axial clearance in the revolute joint is always
ignored [1–5]. However, clearances always exist in a real joint
due to due to assemblage, manufacturing errors, and wear.
Clearances will induce contact and impact in joints, which
cause vibration and affect the dynamic performances of the
real mechanical systems [6–13]. The effects of clearances on

dynamic responses of mechanisms have been studied by
many researchers [14–22].

Flores [23] presented a dynamics analysis of a planar
linkage mechanism with clearances considering different
parameters, such as clearance size and driving speed. Zhao
and Bai [24] studied the dynamic characteristics of a space
robot manipulator with one planar revolute clearance joint.
The nonlinear equivalent spring-damper model is estab-
lished for the normal contact model in joint clearance. The
friction effect is considered using the Coulomb friction
model. Erkaya and Uzmay [25, 26] presented a study on
decreasing the deviations arising from a clearance joint in
planar linkage mechanisms by a neural network-genetic
algorithm procedure. Muvengei et al. [27] investigated the
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dynamics and motion modes of a slider-crank mechanism
with two planar revolute clearance joints. Bai and Sun [28]
studied the dynamic responses of a planar mechanism system
including three planar revolute clearance joints. Different
contact modes caused by the multiclearance joints were
investigated. Wang et al. [29] presented a nonpenetration
approach of frictional contact analysis for modeling revolute
clearance joints of planar rigid multibody systems. Zhang
and Zhang [30] proposed a method to minimize the influ-
ence of revolute joint clearance of a redundantly actuated
mechanism. A planar 3 DOF redundantly actuated 4RRR
mechanism with 8 clearance joints was applied as an illustra-
tion. Salahshoor et al. [31] studied the effect of joint stiffness
on the vibration behavior of a typical slider-crank mecha-
nism 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] investigated the effects of friction on the
dynamic behavior of a planar crank-slider mechanism con-
sidering a revolute joint with radial clearance using the
LuGre friction model. Chen et al. [34] analyzed the effect of
multiple clearances and different friction models on the
dynamic behavior of a planar multi-DOF mechanism. The
2 DOF nine-bar planar mechanism was used as the applica-
tion example. Li et al. [35] investigated the dynamic behavior
of a planar rigid-flexible coupling solar array system consid-
ering joint clearance numerically. A typical solar array model
was used as the application example. Wang and Wang [36]
studied the dynamics model of a 4-SPS/PS parallel mecha-
nism with a flexible actuated rod and clearance spherical
joint. Pi and Zhang [37] presented a study of dynamics anal-
ysis of the classical planar slider-crank mechanism with mul-
tiple 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 a tuned mass damper to
reduce the effects of clearances in mechanisms for the passive
control purpose. Zhan et al. [39] presented a unified motion
reliability analysis method for general planar parallel manip-
ulators with interval clearance variables of revolute and pris-
matic joints. Two typical types of PPMs, the 3RRR PPM and
3PRR PPM, were analyzed as examples. Guo et al. [40] pre-
sented a dynamics model to investigate the position second-
ary motion considering all associated joint clearances. Chen
et al. [41] proposed a general methodology for modeling
and evaluating the dynamic characteristics of planar multi-
body systems considering the revolute clearance joints and
performed the relevant experimental verification. Erkaya
[42] studied the effects of planar clearance on motion accu-
racy of a six DOF robot system. Different scenarios for clear-
ance values and working periods were performed to fulfil the
required motion task of the robot.

Besides, many studies also have been focused on the
topics of mechanism with clearance joints considering
parameter uncertainty [43–47], joint wear [48, 49], design
optimization [50], joint lubrication [51, 52], flexible body
[53, 54], nonlinear analysis [55], joint friction [56, 57], and

other topics [58–60]. All the researches indicated that clear-
ance leads to significant effects on dynamic response of
mechanism systems. Further, based on the studies of mech-
anisms with a planar revolute clearance joint, recently,
researchers are focused on 3D revolute clearance joints
[61–65]. Flores et al. [61] presented a technique for assessing
the influences of radial clearance of spatial revolute joints on
the kinematics and dynamics of multibody systems. Four
different possible motion scenarios of the journal relative
to the bearing were considered. However, the axial clearance
was not considered in the revolute joint. Brutti et al. [62]
presented a study of the mechanism with one 3D revolute
joint considering 4 contact configurations. More recently,
Yan et al. [63], Marques et al. [64], and Isaac et al. [65] also
presented studies of mechanisms with a 3D revolute clear-
ance joint. These researches indicated that there will be more
contact modes in a 3D revolute clearance joint.

In fact, due to the manufacturing and assembling errors,
axial clearances always exist in revolute joints, which have
been less considered. Most of the previous studies focused
on the dynamic responses of mechanisms with planar radial
clearances, while axial clearances will result in relative
motion along the axial direction between the journal and
the bearing of a 3D revolute clearance joint. Correspond-
ingly, it will lead to a more complex contact phenomenon
when both the radial and axial clearances are considered.
Also, for a highly precise space mechanism with spatial
motion, the effects of axial clearance in a revolute joint
cannot be ignored.

The dynamics model and simulation of mechanisms
considering only radial clearance were widely presented in
the literature. Thus, the objective of this work is to study
the dynamic characteristics of the space mechanism system
considering both the radial and axial clearances in a 3D
revolute clearance joint. A methodology for modeling the
3D revolute joint with clearances and its application in satel-
lite antenna system is presented. The contribution of this
paper can be summarized as follows: (1) The revolute joint
considered in this paper is a spatial joint with both the radial
and axial clearances. The mathematic model of the 3D revo-
lute clearance joint is established, and different contact sce-
narios are presented and discussed. (2) The 3D revolute
clearance joint model presented in this work is applied to a
high-precision mechanism with spatial motion on spacecraft.
The effect of the 3D clearance joint on dynamic perfor-
mances of a satellite antenna is investigated. Different case
studies are presented to discuss the effects of axial clearance.
(3) This work develops the model of the revolute clearance
joint, and the 3D revolute clearance is more in line with the
actual situation of the real revolute joint. Therefore, the
three-dimensional methodology of the clearance revolute
joint proposed in this paper improves the model of the revo-
lute clearance joint and leads to a more accurate result.

To this end, different case studies are presented to discuss
the effects of the 3D revolute clearance joint. Firstly, the
mathematic model of the 3D revolute clearance joint is
established considering the radial and axial clearances. The
definitions of the radial and axial clearances are presented.
Then, the potential contact scenarios, contact conditions,
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and contact detection of the 3D revolute clearance joint are
analyzed. The potential contact scenarios can reveal the dif-
ferent contact phenomena in the 3D revolute clearance joint.
The minimum distances between the journal and the bearing
in both the axial and radial directions are obtained to deter-
mine the contact conditions and detections. Further, the nor-
mal and tangential contact force models are established to
describe the contact phenomenon and determine the contact
forces in the revolute clearance joint. Finally, a satellite
antenna system with spatial motion is presented as the
demonstrative application example. The dynamic character-
istics of the satellite antenna system are investigated consid-
ering both the radial and axial clearances in a 3D revolute
clearance joint.

2. Model of Revolute Joint with Radial and
Axial Clearances

2.1. Definition of Ideal 3D Revolute Joint without Clearances.
The 3D revolute joint without clearance between bodies i and
j is shown in Figure 1. Any point on the axis of the revolute
joint has constant coordinates in both local coordinate sys-
tems. P0 is an arbitrary point on the joint axis. Two other
points, Pi on body i and P j on body j, are also chosen as arbi-

trary points on the joint axis. It is clear that vectors si and sj

must remain parallel. Therefore, there are five constraint
equations for a 3D revolute joint without clearance:

ri +Ais
P
i − rj −Ajs

P
j = 0,

si × sj =~sisj = 0,
ð1Þ

where Ai and Aj are the transformation matrices that define

the orientation of bodies i and j, respectively. ~si is the skew-
symmetric matrix associated with the vector si.

Thus, the revolute joint without clearances is described
by a set of holonomic algebraic constraints. There is only
one relative degree of freedom (DOF) between two bodies
connected by a 3D ideal revolute joint without clearance.

2.2. Definition of 3D Revolute Joint with Clearances. Figure 2
shows the configuration of a 3D revolute joint with both the
radial and axial clearances. Comparing with the ideal 3D rev-
olute joint without clearances, although a revolute joint with
clearances does not restrict any degrees of freedom, it limits
the journal to move within the bearing. When both the radial
and axial clearances are presented in a 3D revolute joint,
the dynamics of the clearance joint are controlled by con-
tact forces applied on the journal and bearing. Therefore,
in this work, the mechanical bodies connected by the 3D
revolute clearance joint are modelled as contact rigid bod-
ies. And consequently, contact-impact forces control the
dynamics of the clearance joint. Therefore, the constraints
of the revolute clearance joint are modelled as contact
force constraints.

The components of the 3D revolute clearance joint are
idealized as two cylinders, where the journal is considered
as a cylinder with an end flange. According to the geometric
description, as shown in Figure 1(a), the axial clearance Ca

and the radial clearance Cr between the journal and the
bearing are defined as follows:

Ca =
Lj − Li

2
,

Cr = Ri − Rj,

ð2Þ

where Lj and Rj are the length and the radius of the journal,

respectively. Li and Ri are the length and the radius of the
bearing, respectively.

In Figure 2(b), two local coordinate systemsOj‐x jy jz j and

Oi‐xiyizi are attached to the journal and bearing, respectively.
Axis z j and axis zi are along to the central axes of the journal

and bearing, respectively. Oj is the geometric center of the

journal, and Oi is the center of the end face circle of the bear-
ing. Additionally, a global coordinate system O‐XYZ is fixed
to the ground. Initially, the three coordinate systems keep
the same orientation. Therefore, the relative motion between
the journal and the bearing is equivalent to the relative
motion between the two local coordinate systems Oj‐x jy jz j
and Oi‐xiyizi, which are fixed to the journal and bearing,
respectively.

2.3. Contact Scenarios in 3D Revolute Clearance Joint. Con-
sidering that both the axial and radial clearances exist in such
a 3D revolute joint, the contacts of the journal and bearing in
the axial and radial directions are independent. Therefore, it
may contact in the axial direction, radial direction, or both
directions. In terms merely of the radial clearance condition,
four potential contact scenarios in the radial direction can be
recognized, that is, no contact, one-point contact, two-point
contact, and line contact. Similarly, when considering the
axial clearance separately, there are also four potential
contact scenarios in the axial direction, that is, no contact,
one-point contact, two-point contact, and surface contact.

�i

�j

Oj

Pj Sj

P0
Si

PiSi
P

Sj
P

Oi �i

�j

rj

ri
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O
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(j)

Figure 1: 3D revolute joint connecting bodies i and j.
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Furthermore, 13 potential contact scenarios, as shown in
Figure 3, can be found when both the axial and radial
clearances are considered in a 3D revolute clearance joint.
It should be noted that the joint’s behavior is the function
of these 13 scenarios which depends on joint geometry
and the dynamics configuration of the system. Thus, some
of these potential cases can be eliminated and not further
happen.

2.4. Contact Conditions. The potential contact points on the
journal and bearing are shown in Figures 4 and 5, which
are simplified to calculate the minimum radial and axial
distances, respectively [63].

From Figure 4, it can be observed that the potential con-
tact points in the radial direction must be on the two circles
of the bearing end face. The centers of the end faces of the
journal are point M and point N , respectively. The centers

of the end faces of the bearing are point Oi and point O
i
′,

respectively. The vector d
j′

2 with orientation from Oj to Oi

connects the origins of the local coordinate systems Oj‐x jy j

z j and Oi‐xiyizi. d
j
2 denotes the projection of d

j′

2 on the cross

section of the journal. The coordinates of pointsOi,Oi
′,Oj,M,

and N at the global coordinate systems at time t are defined

as OiðtÞ = ðxi, yi, ziÞ
T , Oi

′ðtÞ = ðxi′, yi′, zi′Þ
T
, OjðtÞ = ðx j, y j, z jÞ

T ,

MðtÞ = ðxM , yM , zMÞ
T , and NðtÞ = ðxN , yN , zNÞ

T . Further,

through the center of the section Ot , a vector d
j
1 perpendicu-

lar to the vector d
j
2 is made. Then, the tangent plane τ1 of the

journal flank is acquired, which is parallel to the vector d
j
1.

The tangent plane τ1, journal flank, and cross section inter-
sect at one point, and the intersection point is defined as
point P. The tangent plane τ2 of the end face circle of the

bearing is parallel to the vector d
j
1 and the tangent point is

defined as Q. Therefore, the tangent plane τ1 is parallel to
the tangent plane τ2. Further, it can be found that point Q
is the potential contact point. Obviously, the radial minimum
distance between the journal and the bearing at the left side
equals the distance between the planes τ1 and τ2 [63, 66].

Therefore, the calculation of the minimum distance in
the radial direction can be expressed as follows:

δr = Ri ⋅ cos θ − Rj − d
j
2

�

�

�

�

�

�
, ð3Þ

where δr represents the minimum distance between the jour-
nal and bearing in the radial direction. θ is the angle between
lines OiQ and OiP, as shown in Figure 4.

d
j
2 =Oi −Ot ,

d
j
2
′ =Oi −Oj,

d
j
2
″ =Ot −Oj,

d
j
2

�

�

�

�

�

�
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d
j
2

� �T
d
j
2

r

:

ð4Þ

In particular, in the case where the axes of the journal and
the bearing are parallel to each other, the angle θ becomes
zero. Then, (3) can be expressed as

δr = Ri − Rj − d
j
2

�

�

�

�

�

�
: ð5Þ

Further, the contact condition of the journal and bearing
in the radial direction can be expressed as

δr > 0, freemotion in radial direction,

δr ≤ 0, contact and impact in radial direction:

(

ð6Þ

Similarly, the potential contact point on the journal and
bearing along the axial direction is depicted in Figure 5,
which is employed to calculate the minimum axial distance
between the journal and bearing. It can be seen that axial
contact occurs between the end flange of the journal and
the end face of the bearing. It should be noted that the wall
thickness of the actual bearing should be taken into account.

Bearing

Journal

Axial clearance Ca

Radial clearance Cr

L
j

L
i

(a)

X Y

Z

O

zi

yiOi
xi

yi

zj

xj

Oj

(b)

Figure 2: Configuration of 3D revolute joint with radial and axial clearances ((a) configuration of the revolute joint with clearances; (b) the
geometric description for the 3D revolute joint).
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In order to calculate the minimum radial distance, plane
τ2 is tangent to the left end face circle of the outer surface of

the bearing at point Q′, which is the potential contact point
for calculating the minimum axial distance. Further, it can

be found that the distance between the point Q′ and the
end flange is the minimum distance along the axial direction,
which can be expressed as [63]

δa =
Lj

2
− a − b =

Lj

2
− d

j″

2

�

�

�

�

�

�
− Rio ⋅ sin θ, ð7Þ

where δa represents the minimum distance between the jour-
nal and bearing in the axial direction. a is the norm of vector

d
j″

2 . b is the projection of Rio on the journal axis, as shown in
Figure 5.

Therefore, the contact condition in the axial direction can
be expressed as

δa > 0, freemotion in axial direction,

δa ≤ 0, contact and impact in axial direction:

(

ð8Þ

Q

M

�
2 �

1

O
i

d
2
j O

t

d
1
j

�

P

d
2
j′

d
2
j″

O
j

H

O
i
′

N

Figure 4: Mathematical model of radial distance of revolute joint
with 3D clearance.

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m)

Figure 3: Contact scenarios of revolute joint with 3D clearances.
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2.5. Contact Detection. Contact detection is one of the most
important aspects in contact analysis. Since the contact-
impact phenomena in the radial and axial directions are
independent in the 3D revolute clearance joint, a separate
condition is employed to deal with the contact detection in
each direction. Based on the minimum radial and axial dis-
tances, the contact detection between the journal and bearing
can be judged according to the positive and negative values of
the distances. Theoretically, the radial or axial distance is
equal to zero at the switching instantaneous moment, but it
cannot be accurately found in the numerical simulation.
Therefore, in numerical simulation, the sign of the minimum
distance could reveal the change of contact status. When the
minimum distance changes sign from time t to t + Δt, con-
tact must occur and the contact can be detected by

δa tð Þ ⋅ δa t + Δtð Þ ≤ 0, ð9Þ

δr tð Þ ⋅ δr t + Δtð Þ ≤ 0: ð10Þ

When at least one of the equations is satisfied, contact
will occur during t to t + Δt. It should be noted that the con-
tact could occur in the radial and axial directions
simultaneously.

Therefore, contact is detected when at least one of Equa-
tions (9) and (10) is verified. An alternative way to determine
the presence of contact for multiple time-step size integrators
is using the characteristics of the integration algorithm
selected. The step size is proposed to reach smaller values
to keep the integration tolerance error. Thus, the impact
velocity and the direction of the contact can be predicted in
the overall system motion.

3. Contact Force Models

Usually, there will always be contact/impact in a real joint
with clearances in mechanisms, which includes normal con-
tact forces and tangential friction forces simultaneously. Tian
et al. [67] presented a comprehensive survey of dynamics of
multibody mechanical systems with clearance or imperfect

joints, in which the contact force model used for modeling
the clearance joint is discussed. Therefore, to evaluate the
contact forces efficiently between the bearing and the journal
for a revolute joint with clearance, special attention must be
given to the numerical description of the contact force model
[68–73]. There have been several normal contact force
models used to determine the contact forces in a clearance
joint.

In this work, the Lankarani and Nikravesh [72] contact
force model is used to describe the normal contact of clear-
ance joint, and it is expressed as

Fn = Kδn 1 +
3 1 − c2e
� �

_δ

4 _δ
−ð Þ

" #

, ð11Þ

where δ is the deformation, _δ is the relative deformation

velocity, ce is the coefficient of restitution, and _δ
ð−Þ

is the ini-
tial normal relative velocity of the impact point. K is the con-
tact stiffness coefficient and it is obtained from

K =
4

3π σi + σj

� �

RiRj

Ri − Rj

" #1/2

,

σi =
1 − v2i
πEi

,

σj =
1 − v2j
πE j

,

ð12Þ

where v and E are the Poisson ratio and Young modulus,
respectively. Ri and Rj are radii of the joint elements.

The tangential contact of the clearance joint is repre-
sented using the friction force model. Here, a modified Cou-
lomb friction model with dynamic friction coefficient is used
for the tangential contact of the clearance joint, which can
avoid numerical difficulties [5, 9, 14]. The expression of the
modified Coulomb friction model is shown as

M

Q′

�2 �1

Lj/2

	a b a

Oi

d2
j Ot

d1
j

P
�

d2
j′

d2
j′′

Oj

Oi
′

N

Figure 5: Mathematical model of axial distance of revolute joint with 3D clearance.
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Ft = −μ vtð ÞFn

vt
vtj j

, ð13Þ

where the dynamic friction coefficient μðvtÞ is a function of
tangential velocity and it is given as

μ vtð Þ =

−μd sign vtð Þ, for vtj j > vd ,

− μd + μs − μdð Þ
vtj j − vs
vd − vs

� 	2

3 − 2
vtj j − vs
vd − vs

� 	
 �

( )

sign vtð Þ, for vs ≤ vtj j ≤ vd ,

μs − 2μs
vt + vs
2vs

� 	2

3 −
vt + vs
vs

� 	

, for vtj j < vs,

8

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

:

ð14Þ

where vt is the relative sliding velocity. μd and μs are dynamic
and static friction coefficients, respectively. vs and vd are the
given bounds for the tangential critical velocity.

4. Case Study and Results

4.1. Properties of the Satellite Antenna System. In this section,
a space antenna system with spatial motion is used as the
numerical example to investigate the effects of 3D revolute
clearance joints on the dynamic responses of the satellite
antenna system. Most of the previous studies focused on
the dynamic responses of mechanisms with planar radial
clearances and ignored the axial clearance. For a highly pre-
cise space mechanism with spatial motion, the effects of axial
clearance in a revolute joint cannot be ignored. Therefore,

first, we considered the case of the 3D revolute joint with
radial clearance only. Second, we added the axial clearance
to the 3D revolute joint with radial clearance. Then, we com-
pared the simulation results for the case without axial clear-
ance and the case with axial clearance to investigate the
effects of axial clearance. Further, the effects of axial clearance
size on dynamic characteristics of the space mechanism were
discussed.

The main structure of the satellite antenna system con-
sists of the spacecraft body, two shafts, two revolute joints,
and a flexible antenna reflector, as shown in Figure 6. The

M1
Ideal revolute

joint A

Spacecra�
body

Sha� 1

Sha� 2

Antenna re�ector

M2
3D revolute

clearance joint B

(a)

Axial clearance
Ca = 0.2 mm

Radial clearance
Cr = 0.2 mm

(b)

Figure 6: Schematic of satellite antenna system with 3D revolute clearance joint: (a) structure of the satellite antenna system; (b) 3D revolute
clearance joint B with radial and axial clearances.

Table 1: Structural parameters of satellite antenna system.

Mass (kg) Ixx (kg·m
2) Iyy (kg·m

2) Izz (kg·m
2)

Spacecraft body 2400 400 328 328

Shaft 1 4.712 0.1011 0.1011 0.00589

Shaft 2 4.712 0.1011 0.1011 0.00589

Antenna
reflector

8.005 0.68297 1.05956 0.68297

Table 2: Parameters used in the dynamic simulation.

Parameters Value

Driving moment of vertical axis (Nm) 10sin(2πt)

Driving moment of horizontal axis (Nm) 4sin(2πt)

Length of shaft 1 (m) 0.5

Length of shaft 2 (m) 0.5

Bearing length (m) 0.05

Bearing radius (m) 0.01

Bearing thickness (m) 0.002

Journal length (m) 0.054

Journal radius (m) 0.0098

Radius of journal flange (m) 0.014

Thickness of journal flange (m) 0.002

Radial clearance size (mm) 0.2

Axial clearance size (mm) 0.2

Static friction coefficient 0.15

Dynamic friction coefficient 0.1

Critical velocity of static friction (m/s) 0.1

Critical velocity of the maximum dynamic
friction (m/s)

1.0

Restitution coefficient 0.9

Step size (s) 0.0001
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satellite antenna system is a spatial mechanism with two
degrees of freedom. The two shafts are crossed and vertical
in the initial status. The antenna reflector is modeled as a
flexible body, which is fixed together with the end shaft 2.
Other bodies are considered as rigid bodies. In the dynamic
simulation, the 3D revolute clearance joint exists between
the two shafts, and initially, the axes of the journal and the
bearing of the 3D revolute clearance joint are coincident.
The dynamics simulations for the satellite antenna system
with the 3D revolute clearance joint and the ideal system
without clearance are presented. The structural parameters
of satellite antenna system are shown in Table 1, and the
parameters used in the dynamics simulation are shown in
Table 2.

4.2. Effects of the 3D Revolute Clearance Joints on the Satellite
Antenna System

4.2.1. Effects of 3D Revolute Clearance Joint. In this section,
three case studies, as listed in Table 3, are presented with dif-
ferent initial configurations to investigate the effects of the
3D revolute clearance joint on the dynamic performances
of the satellite antenna.

In the first case study, the revolute joint is considered as
an ideal joint, that is, there are no clearances in the revolute
joint. In the second case study, there is only radial clearance

considered in the 3D revolute clearance joint and there is
no axial clearance. In the third case, both the radial and axial
clearances exist in the 3D revolute clearance joint. The effects
of the axial clearance are investigated.

The simulation results are presented as Figures 7–9,
which show the angle displacement, angular velocity, and
angular acceleration of the satellite antenna system.
Figure 10 presents the contact forces in the revolute clearance
joint.

Figure 7 shows that the clearance will lead to deviation of
the motion angle compared with that of the ideal case. When
the revolute joint is considered as the 3D revolute clearance
joint considering both the radial and axial clearances, the
deviations of the motion displacement of the antenna are
increased. Thus, it decreases the motion accuracy of the sat-
ellite antenna when the axial clearance is also considered in
the 3D revolute clearance joint. Figure 8 shows that the
effects of clearances on angular velocity are much more obvi-
ous. The angular velocity is shaky and deviates from the ideal
case without clearances. When both the radial and axis clear-
ances are considered in the 3D revolute joint, the deviations
of the antenna motion are bigger than that of only the radial
clearance considered in the 3D revolute joint. Figure 9 shows
that, when both the radial and axial clearances are considered
in the 3D revolute clearance joint, the shake of the satellite
antenna is extraordinarily obvious. The shaky peaks of the

Table 3: Different case studies of 3D revolute clearance joint.

Cases Description Clearance size (mm)

Case 1 Ideal revolute joint without clearance Cr = Ca = c = 0

Case 2 3D revolute joint with radial clearance Cr = 0:2, Ca = 0

Case 3 3D revolute joint with both radial and axial clearances Cr = Ca = c = 0:2
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Figure 7: Motion angular displacement of the antenna: (a) motion angle; (b) partial zoom.
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angular acceleration of the satellite antenna increase sharply
compared with those of only the radial clearance considered
in the revolute joint.

The reasons are that clearances in the joint lead to contact
and impact forces in the clearance joint for the spatial motion
of the satellite antenna, as shown in Figure 10. It clearly
shows that clearances lead to impulse type contact forces
and the contact forces are high-frequency shaky with high
peaks. Comparing with Figures 10(a)–10(c) shows that the
existence of the axial clearance in the 3D revolute clearance
joint leads to more severe effects, especially in the axial direc-
tion of the contact forces. The contact forces in the axial

direction are increased sharply with much higher shaky
peaks than that of only considering radial clearance. It indi-
cates that the existence of clearances will lead to undesirable
vibrations of the satellite antenna and influence the move-
ment stability of the satellite antenna, especially when the
axial clearance is also considered in the revolute joint. The
3D revolute clearance joint will lead to more severe effects
on the dynamic performances of the satellite antenna when
both the radial and axial clearances are considered. There-
fore, the effects of axial clearance on the satellite antenna can-
not be ignored in the dynamics analysis of the satellite
antenna system.
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Figure 8: Angular velocity of the antenna: (a) angular velocity; (b) partial zoom.
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Figure 9: Angular acceleration of the antenna: (a)angular acceleration; (b) partial zoom.
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Meanwhile, the simulation results are compared to other
studies from previous literatures on planar and spatial revo-
lute clearance joints [9, 10, 23, 61–63]. The previous
researches showed that the planar revolute joint with radial
clearance had important effects on the dynamic responses,
especially the acceleration of multibody mechanical systems.
Also, the previous studies indicated that the 3D revolute
clearance joint will lead to more significant effects on
dynamic responses of mechanism systems. Therefore, the
simulation results are validated by other data published on
the field of dynamics of mechanism systems with clearance
joints.

4.2.2. Effects of Axial Clearance Size. In this section, the
effects of the axial clearance size of the 3D revolute clearance
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Figure 10: Contact forces in 3D revolute clearance joint.

Table 4: Different axial clearance sizes of 3D revolute clearance
joint.

Cases Description
Clearance size

(mm)

Case 1
Ideal revolute joint without

clearance
Cr = Ca = c = 0

Case 2 3D revolute clearance joint Cr = 0:2, Ca = 0

Case 3 3D revolute clearance joint Cr = 0:2, Ca = 0:2

Case 4 3D revolute clearance joint Cr = 0:2, Ca = 0:3

Case 5 3D revolute clearance joint Cr = 0:2, Ca = 0:4
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joint are investigated. Five case studies are presented, as
shown in Table 4. The simulation results are presented in
Figures 11–13. It also can be found that the bigger size of
the axial clearance will induce more severe shaky responses
and much higher shaky peaks. Therefore, a bigger size of
the axial clearance will lead to worse performance of the sat-
ellite antenna system.

The fact that the existence of both the radial and axial
clearances in 3D revolute clearance joints has an important
effect on the dynamic performances of the satellite antenna
supports the idea that the axial clearance in the revolute joint
cannot be ignored. The axial clearance in a 3D revolute clear-
ance joint must be considered in the dynamics analysis and
design of the real satellite antenna systems.
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Figure 11: Motion angular displacement of the antenna: (a) motion angle; (b) partial zoom.
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Figure 12: Angular velocity of the antenna: (a) angular velocity; (b) partial zoom.
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5. Conclusions

Generally, axial clearances always exist in revolute joints due
to the manufacturing and assembling errors, which have
been less considered. However, axial clearances will result
in relative motion along the axial direction between the jour-
nal and bearing of a 3D revolute clearance joint. Correspond-
ingly, it will influence the dynamic characteristics of
mechanisms. In this paper, a methodology for modeling the
3D revolute joint with clearance and its application in satel-
lite antenna system are presented.

The mechanical bodies connected by the 3D revolute
clearance joint are modelled as contact rigid bodies, and it
is modelled as contact force constraints. Consequently,
contact-impact forces control the dynamics of the clearance
joint. For a 3D spatial revolute clearance joint, there will be

13 potential contact scenarios, which can reveal the different
contact phenomena. A satellite antenna system with spatial
motion is presented as the demonstrative application exam-
ple. Then, the dynamic characteristics of the space antenna
system considering both the radial and axial clearances in
the 3D revolute clearance joints are investigated. Different
case studies are presented and discussed.

The numerical simulation results indicate that (1) the
dynamic responses of the antenna system are obviously
shaky with much higher peaks when considering both the
radial and axial clearance. Therefore, the 3D revolute clear-
ance joint leads to much more severe effects on the dynamic
performances of the satellite antenna system. (2) The contact
forces exist in both the radial and axial directions. The exis-
tence of the axial clearance in the 3D revolute clearance joint
leads to more severe effects on the 3D revolute clearance
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Figure 13: Angular acceleration of antenna: (a) Cr = 0:2mm, Ca = 0; (b) Cr = 0:2mm, Ca = 0:2mm; (c) Cr = 0:2mm, Ca = 0:3mm; (d)
Cr = 0:2mm, Ca = 0:4mm.
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joint, which will induce undesirable vibrations and affect the
movement stability and accuracy of the satellite antenna. (3)
The bigger size of the axial clearance will induce much more
severe shaky responses and much higher shaky peaks.

Clearances in revolute joints play a crucial role in predict-
ing accurately the dynamic responses of the satellite antenna
system. The studies of this paper indicate that the effects of
the axial clearance on the satellite antenna system cannot
be ignored. The methodology for modeling the 3D revolute
joint with clearances is the basis of performance analysis
and system design of space mechanisms, which develops
the revolute joint to real engineering application.
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