4
& acrospace
g ey

Article

Motion Accuracy and Dynamic Responses of Dual-Manipulator
on Spacecraft Considering Clearance Joints

Yiling Kuang !, Zhengfeng Bai 1>*

W) Check for updates

Academic Editors: Xiaofeng Wu and

Paolo Tortora

Received: 2 December 2025

Revised: 5 January 2026

Accepted: 9 January 2026

Published: 10 January 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Cheng Wei !

Department of Aerospace Engineering, Harbin Institute of Technology, Harbin 150001, China;
weicheng@hit.edu.cn (C.W.)

Department of Mechanical Engineering, Harbin Institute of Technology, Weihai 264209, China
Correspondence: zfbai@hit.edu.cn

Abstract

Clearance in joints caused by assemblage, manufacturing errors, and wear is inevitable,
which will affect the dynamic performance of the dual-manipulator system on spacecraft.
The motion of the dual-manipulator system with clearances in imperfect joints is the motion
of dual-manipulator system with ideal joints. In this paper, the dynamic responses and
motion accuracy ofdual-manipulator system on spacecraft considering clearance effects are
investigated numerically. The imperfect joint with clearance is considered as contact force
constraint and the mathematical model of revolute joint with clearance is established, where
the normal contact force is established using nonlinear continuous contact force model
and the friction effect is considered using modified Coulomb friction model. Then, a dual-
manipulator system on spacecraft with clearance joints is used as the numerical example to
implement the investigation. The effects of clearances on dynamic responses and motion
accuracy of the dual-manipulator system are presented and discussed via different case
studies. Numerical simulation results indicate that clearances present significant effects
on the dynamic performances of dual-manipulator system due to contact and impact in
clearance joints. The motion accuracy and stability of the dual-manipulator system are
obviously reduced. The investigation in this work clearly shows the effects of clearances on
dynamic performance of the dual-manipulator system on spacecraft, which is the basis for
robust control system design of dual-manipulator system.

Keywords: clearance joint; contact and impact; dynamic responses; motion accuracy;
dual-manipulator

1. Introduction

With the increase in space activities, the demand for on-orbit servicing is more and
more urgent [1,2]. Space manipulators are the core equipment for executing complex
on-orbit tasks, such as capture, manipulation, assembly, and service. Compared with tradi-
tional single-manipulator, dual-manipulator presents better operational dexterity and can
complete complex operational tasks [3]. Establishing a precise dynamics model is essential
for dynamic performance analysis and effective control of robotic manipulators, which can
effectively enhance the operational stability and reliability of the robotic manipulators.

Usually, researchers and engineers focus on dynamics modeling and control of robot
manipulators considering flexible bodies, control strategy, and other topics [4-12]. Clear-
ances are less considered in dynamic modeling and control of dual-manipulator sys-
tem on spacecraft. However, clearances exist in real joints of mechanisms unavoidably
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due to assemblage, manufacturing errors, and wear [13-17]. Further, clearances will
induce undesired vibrations of real mechanism systems due to contact and impact in
clearance joints [18-22].

Many works have been carried out to investigate the effects of clearances on various
kinds of mechanisms using numerical simulation and experimental tests. Jiang et al. [23]
studied the dynamic response and nonlinear characteristics of multi-link mechanism with
clearance joints. Erkaya et al. [24] presented an investigation on the motion deviations
arising from a clearance joint in planar linkage mechanisms using neural network-genetic
algorithm procedure. Zhang [25] investigated the influence of revolute joint clearance
on planar 3DOF redundantly actuated 4-RRR mechanism with eight clearance joints and
proposed a method to minimize the influence of clearances. Li et al. [26] investigated the
dynamic characteristics of a typical rigid—flexible coupling solar array with clearances
numerically. Amiri et al. [27] investigated the effects of passive vibration absorbers on the
mechanisms having clearance joints, in which the tuned mass damper was used to reduce
the effects of clearances. Zhan et al. [28] presented a unified motion reliability analysis
method for two typical types of PPMs, 3RRR PPM and 3PRR PPM, with interval clearances.
Tian et al. [29] provided a comprehensive summary of both numerical and experimental
methods for the kinematic and dynamic analysis of multi-body mechanical systems with
joint clearances. Tsai et al. [30] presented an effective method to analyze the transmission
performance of linkage mechanism with clearance. Flores et al. [31] developed the theory
of a planar four-bar mechanism system with clearance and employed a two-state model to
propose a dynamic model of planar four-bar mechanism system. This study provided the
methods for calculating contact forces and the conditions for determining contact state or
separation state. Dong et al. [32] studied the dynamic simulation of elbow joint linkage
mechanical presses with clearance and indicated that clearances lead to a reduction in the
mechanism’s stability and motion precision. Chen et al. [33] investigated the effects of clear-
ance value and driving speed on the nonlinear dynamics of a planar nine-bar mechanism
using Poincare maps, phase diagrams, and bifurcation diagrams. Gao et al. [34] focused on
the dynamic characteristics of high-speed bearings and further studied the effect of bearing
clearance on the dynamic characteristics of bearings. Chen et al. [35] analyzed the effects
of revolute joint clearance on the dynamics of a high-precision crank-slider mechanism
through numerical simulations and experiments. Bai et al. [36] investigated the dynamics
of the planar linkage system considering two revolute clearance joints using numerical
simulation and experimental tests. Bai et al. [37] investigated the dynamic responses of
a mechanical system considering both radial and axial clearances in 3D revolute clear-
ance joint using computational methodology, and the contact characteristics of the joint
including the contact forces are analyzed. The results show that the dynamic responses
of mechanisms with clearance are obviously shaky. Chen and Yang [38] developed the
dynamic model of 3-RRRRR mechanism with both radial and axial clearances. By evalu-
ating the dynamic response of the mechanism, the results show that the clearance makes
a significant influence on acceleration and contact force of moving platform, by which
the necessity of the existence of the axial clearance is verified. Based on the finite particle
method, Li et al. [39] proposed an approach for the dynamic analysis of the deployment
process of the Bennett linkage with revolute clearance joints. The detection method of the
axial and radial contact states of revolute clearance joints is presented, and the calculation
model of the contact force is depicted.

However, most of the previous research focused on dynamic analysis of linkage mech-
anisms, parallel mechanisms, and so on. Clearance effects on dual-manipulator systems on
spacecraft are less considered. Wu et al. [40] established a dynamic model for manipula-
tor with clearance and parameter uncertainty, then analyzed the responses of the system
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with clearances. Meng et al. [41] established the dynamic model of a space manipulator
considering flexible joint and the vibration characteristics were analyzed. Miao et al. [42]
studied the influence of joint clearance on the locking accuracy of a space manipulator
during the locking process. Thus, it is necessary to investigate the clearance effects on
dual-manipulators on spacecraft. The objective of this paper is to investigate the effects
of clearances on the dynamic performances of dual-manipulator system on spacecraft
numerically. The motion accuracy and dynamic responses of dual-manipulator on space-
craft considering clearance joints are analyzed via different case studies qualitatively and
quantitatively. The mathematical model of revolute joint with clearance is established and
a dual-manipulator system on spacecraft with clearances is used as the numerical example
to implement the investigation.

The rest of the paper is organized as follows. In Section 2, the mathematical model
of revolute clearance joint in mechanism system is presented. The contact force models
resulting from clearance joint are also established in this section. In Section 3, the dynamics
equations considering clearance joints in dual-manipulator system are presented using the
Lagrange multiplier method. In Section 4, numerical application of a dual-manipulator
system on a spacecraft with clearance joints is presented and discussed. Section 5 concludes
the findings of the presented work.

2. Modeling of Revolute Clearance Joint in Multibody
Mechanical System

2.1. Definition of Clearance in Revolute Joint

In general, joints in dual-manipulator system of spacecraft are revolute joints. Whilst
an ideal revolute joint in a mechanical system imposes kinematic constraints, a revolute
clearance joint leads to force constraints. The dynamic behavior of the revolute clearance
joint is treated as contact and impact between the journal and the bearing. When contact
occurs at clearance joint, a contact force law is applied, and the resulting forces are intro-
duced into the system’s equations of motion. Consequently, the motion of mechanism with
clearances always includes contact-impact process, which is more consistent with reality.

Figure 1 depicts a revolute joint with clearance. The difference in radius between the
bearing and the journal of revolute joint defines the size of the radial clearance, which is rep-
resented as ¢ = Rp — R}, where Rp and Rj are the radii of bearing and journal, respectively.

Bearing

Figure 1. Schematic of revolute joint with clearance.

2.2. Modeling of Mechanical System with Revolute Clearance Joint

It is necessary to incorporate a clearance model into the dynamics model of mechanical
system with clearance joint. Figure 2 shows two bodies i and j connected by a revolute joint
with clearance in free motion state and contact state, respectively. As shown in Figure 2a,
e;j represents the eccentric vector, which connects the centers of the bearing and the journal,
and it is expressed as [43,44]

ejj = rf — rf (1)
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where rf and rf are described in O — XY coordinates reference frame, that is

=r+As), (k=ij) ()

where Ay is the rotational transformation matrix and sf is the position vector of point Py in
respective body coordinate system Oy — 17xGx. O; and O; are centers of mass of the connected
bodies. O; — 7;¢; and O; — 1;¢; are body coordinate systems of bodies i and j, respectively.

(a) Free motion state

(b) Contact motion state

Figure 2. Model of revolute joints with clearance in mechanical system.

Then, the magnitude of the eccentricity vector is expressed as ¢;; = ezjjel-j. The unit
vector n;; is normal to the surfaces in impact between the bearing and the journal, and it
aligns with the eccentricity vector. This unit vector can be written as

njj = ejj/ ejj 3)

As shown in Figure 2b, the penetration depth J caused by the impact between the
journal and the bearing is calculated as:

5=€i]'—C (4)
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where c is the size of radial clearance and e;; is the magnitude of the eccentricity vector.
The candidate contact points on body i and j are Q; and Qj, respectively. The position
of these points in the journal and bearing is expressed as

1"]? =1y —I-AkSI? + Rkl’li]', (k = l,]) (5)

where the subscript i and j represent the bearing and the journal, respectively.
The components of the relative velocity of contact points in the normal and tangential
plane of collision are represented by v,, and v;, which are expressed as

Q.0
(rj — 17 )njj
o = (i — i)t

Uy =

(6)

where t;; is the vector normal to n;;, that is, rotating the vector n;; in the counter clockwise
direction by 90°.

2.3. Contact Force Model in Revolute Clearance Joint

Contact force model of revolute clearance joint should be carefully established to
efficiently evaluate the contact forces in clearance joint. Therefore, many contact force
models were proposed and suggested in the literature [29,45,46]. In this paper, the nonlinear
continuous contact force model proposed by Lankarani and Nikravesh [45] is used to
represent the normal contact in clearance joint, which is expressed as

F, = K&" |1+ @)

3(1— CGZ)('S]
4 5(—)
where ¢ is the penetration depth, ¢ is the relative penetration velocity, and é = is initial

relative velocity of the impact point. c. is the coefficient of restitution. 7 is the exponent
and n = 1.5. K is the contact stiffness coefficient and can be obtained by

K- 4 RiR; ®)
- 3(oi+0j) || Ri— R

The parameters ¢; and ¢; can be calculated by

On = g2 (m=1i,j) )

where v, and Ej; represent Poisson’s ratio and Young’s modulus of the contact bodies, respectively.

The tangential contact of clearance joints is represented using friction force model.
The best-known friction model is the Coulomb friction model, which is used to represent
the friction behavior in impact and contact process. However, there are difficulties in
numerical calculation when relative tangential velocity is close to zero. Here, in this paper,
the clearance joint is considered as dry revolute clearance joint and a modified Coulomb
friction model with dynamic friction coefficient is used for tangential contact of clearance
joint, which can avoid numerical difficulties. The tangential friction force is evaluated
as follows [43]:

vt
Fr = ———u(vs)F 10
t ||l/t||l/l( t) n ( )
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where p(v;) is the coefficient of dynamic friction for the tangential velocity and can be

obtained by [43]:
—Hasign(vy) for |v| > vy
_ _ _ [ve|—v4 2 3_2 [vi|—vq . f < <
p(ve) = pa+ (s — Ha)\ o=, St )| psign(ve)  forvs < |ul <vg  (11)
2
Hs *Ws(%) (3 - %) for |v| < vs

where 15 and ju; are the static friction coefficient and dynamic friction coefficient, respec-
tively, v, is the critical velocity of the maximum dynamic friction, and vs is the critical
velocity of static friction.

The penetration depth 4 can be used to determine whether the journal contacts with
the bearing or not. The penetration depth J is positive when the journal is in contact with
the bearing, while it is negative during free motion state; that is, the journal is not in contact
with the bearing. Therefore, the contact condition can be expressed as
{(S >0 contact and impact (12)

0<0 no contact

3. Dynamics Equations of Dual-Manipulator System with Clearance Joint
3.1. Constraint Equation for Revolute Joint

In a simple way, a constraint is any condition that reduces the number of degrees of
freedom in a mechanical system. The revolute joint is a bearing and journal type of joint
that constrains the relative translation between the two bodies i and j, allowing only the
relative rotations, as it is illustrated in Figure 3.

0 X

Figure 3. Planar revolute joint connecting bodies i and j in mechanical system.

The kinematic conditions for the revolute joint require that two distinguished points,
each one belonging to a different body, share the same position in space all the time. This
means that the global position of a point P in body i is coincident with the global position
of a point P in body j. Such condition is expressed by two algebraic equations that can be
obtained from the following vector loop equation [44]:

ri—l—sll«)—rj—s}j:O (13)

which is re-written as
@ =71 +Ash - rj— Ajs]I»J =0 (14)

Thus, there is only one relative degree of freedom between two bodies that are con-
nected by a planar revolute joint. For a constrained multibody mechanical system, the
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kinematic joints are described by a set of holonomic algebraic constraints and ® can be
written in a compact form as [47]
®(q,t) =0 (15)

where g is the vector of generalized coordinates and ¢ is the time variable.

3.2. Motion Equations of Dual-Manipulator System with Clearance

The dual-manipulator system on spacecraft is usually used to capture, assemble, and
operate targets in space mission. The dual-manipulator system on spacecraft is as shown
in Figure 4, which consists of two symmetrical manipulators installed on spacecraft body
and each manipulator has two arms. In dynamic simulations, the spacecraft system is
considered in a floating state and all the bodies are considered as rigid bodies. Gravity is
ignored in dynamic simulations. The dual-manipulators are driven by the driving torques
in each joint. The adjacent bodies are connected by revolute joints.

Manipulator 1 Manipulator 2

Arm 1 Arm 3

Joint 1 Joint 3

Spacecraft Body

Figure 4. Dual-manipulator system on spacecraft.

In this work, the dynamics model of the dual-manipulator system is established
considering the clearance model. Clearance in joint leads to different motion states of
bodies connected with the clearance joints: one is that the bodies move free in the clearance;
the other is the bodies contact and impact. Thus, the dual-manipulator system with
clearances is a variable topology system, which is solved by using dynamic segmentation
modeling method. The equation of motion is obtained using the Lagrange multiplier
method and expressed as

{Mq+<1>qTA_F+PC a8
®(q,t) =0

where g is the generalized coordinate column matrix and M is the generalized mass matrix.
®, is the Jacobian matrix of constraint equation. F is the generalized force matrix. A is the
Lagrange multiplier column matrix. The general generalized coordinates of each body are
demonstrated q; = [x;, v, 91-]T, i=1,2...5, which are spacecraft body, arm 1 and arm 2 of
manipulator 1, as well as arm 3 and arm 4 of manipulator 2. In a multibody mechanical
system, these generalized coordinates are related by constraint equations ®(g,t) = 0, as
shown in Equation (14), where the constraints result from the kinematic constraint of each
revolute joint, which are joint 1 to joint 4. It should be noted that the kinematic constraint of
clearance joint is replaced by contact force. Here, F; in Equation (17) represents the contact
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force, which includes both normal contact force and tangential friction force, and it can be
expressed as
0
F. =
F, n+ 3 t

4. Dynamics Simulation Results and Discussion

if6 <0

17
ifé >0 17)

4.1. Structure and Properties of the Dual-Manipulator System on Spacecraft

In this section, an application example is presented to investigate the effects of clear-
ances on motion accuracy and dynamic performance of the dual-manipulator system. The
mass and inertia properties of the dual-manipulator system on spacecraft are presented in
Table 1. The centers of mass of each arm are at the geometric centers of each link. Table 2
lists the parameters used in the dynamic simulations for the dual-manipulator system. The
initial positions of arm 1 and arm 2 are -7t/4 and 71/2, respectively. The initial positions of
arm 3 and arm 4 are 71/4 and 7/2, respectively. The initial velocity of each arm is zero.

Table 1. Geometry, mass, and inertia properties of dual-manipulator system.

Arm_1 Arm_2 Arm_3 Arm_4 Spacecraft Body
Length (m) 1.0 1.0 1.0 1.0 —
Mass (kg) 1.09669 1.09669 1.09669 1.09669 500

Inertia (kg'm?)  0.094279  0.094279  0.094279  0.094279 100

Table 2. Parameters used in dynamic simulation of robot manipulators on spacecraft.

Parameters Values
Drive Torque (T1, Nm) —0.7 sin(7tt)
Drive Torque (T2, Nm) —0.4 sin(7tt)
Drive Torque (T3, Nm) 0.7 sin(7tt)
Drive Torque (T4, Nm) 0.4 sin(7rt)
Contact stiffness coefficient (K, N/m!®) 6.8 x 107
Restitution coefficient 0.9
Dynamic friction coefficient (1) 0.1

Static friction coefficient (ys) 0.2

Critical velocity of the maximum dynamic friction (v;, m/s) 0.1

Critical velocity of static friction (vs, m/s) 0.01

In order to study the effects of clearance on dynamic performances and motion accu-

racy of the dual-manipulator system, different case studies are performed and discussed,

which is shown in Table

3.

Table 3. Case studies in the dynamic simulations.

o Manipulator 1 Manipulator 2
Cases Description : n 5 5
Joint 1 Joint 2 Joint 3 Joint 4
Ideal case No clearances in manipulators Ideal joint Ideal joint Ideal joint Ideal joint
Case 1 clearance in one manipulator Ideal joint Clearance joint Ideal joint Ideal joint
¢=0.5mm
Case 2 clearances in one manipulator Clearance joint Ideal joint Ideal joint Ideal joint
c=0.5mm
. . . Clearance joint . Clearance joint
Case 3 clearances in two manipulators Ideal joint Ideal joint
c=0.5mm c¢=0.5mm
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Table 3. Cont.
Manipulator 1 Manipulator 2
Cases Description - - . :
Joint 1 Joint 2 Joint 3 Joint 4
. . . Clearance joint . Clearance joint
Case 4 clearances in two manipulators Ideal joint Ideal joint
c=0.25mm c=025mm
Case 5 clearances in two manipulators Ideal joint Clearance joint Ideal joint Clearance joint
c=1.0mm c=1.0mm

4.2. Effects of Clearance on Dynamic Responses of Dual-Manipulator System

In this section, dynamic simulations for dual-robot manipulator system on spacecraft
are performed. The dynamic simulation results obtained from actual dual-manipulator
system with clearances are compared with that of ideal dual-manipulator system
without clearances.

4.2.1. Results and Discussions of Case 1 and Case 2

In this subsection, we consider that clearance exists in one manipulator; that is, one of
the revolute joints in manipulator 1 is considered as imperfect with clearance. Consequently,
two case studies are performed. In the first case study (case 1), it is assumed that the revolute
joint 2 between arm 1 and arm 2 of manipulator 1 is imperfect joint with clearance, while
the other joints, which are revolute joint 1, revolute joint 3, and revolute joint 4, are ideal
joints without clearances. Clearance size of the imperfect joint 2 is considered as 0.5 mm in
the dynamic simulation. In the second case study (case 2), it is assumed that the revolute
joint 1 between arm 1 and spacecraft body is imperfect joint with clearance, while the
other joints, which are revolute joint 2, revolute joint 3, and revolute joint 4, are ideal joints
without clearances. Clearance size of the imperfect joint 1 is considered as 0.5 mm in the
dynamic simulation.

The simulation results of first case study are presented as Figures 5-10. Figure 5
presents the angular displacements of each arm for the dual-manipulator system with
clearance and the ideal dual-manipulator system without clearances. Figure 6 presents
the angular motion errors of each arm of dual-manipulator when considering clearance in
joint 2. It should be noted that the motion errors are calculated as the differences between
the simulation results of imperfect dual-manipulator system with clearance and ideal
dual-manipulator without clearance.

Figure 5 shows that the angular displacements of arm 1 and arm 3 obtained from ideal
dual-manipulator are approximate with that from imperfect manipulator with clearance.
However, the angular displacements of arm 2 are obviously affected by the clearance,
which is represented by motion deviation from that of the ideal case without clearance.
Consequently, Figure 6 clearly shows that clearance leads to obvious motion errors of each
arm and the motion errors of arm 1 and arm 2 of manipulator 1 are larger than the motion
errors of arm 3 and arm 4 of manipulator 2 for the dual-manipulator system. The maximum
absolute values of angle error are 0.3037°, 0.5459°, 0.0022°, and 0.0028° for arm 1, arm
2, arm 3, and arm 4, respectively. It is because the revolute joint 2 between arm 1 and
arm 2 of manipulator 1 is considered as imperfect joint with clearance, while the joints
in manipulator 2 are considered as ideal joints in case 1. Due to clearance results in large
contact and impact forces in clearance joint 2 of manipulator 1, the contact and impact
forces also affect the motion of arm 3 and arm 4 of manipulator 2. Therefore, clearance in
manipulator 1 also leads to motion errors of manipulator 2. It indicates that clearance leads
to a decrease in the motion accuracy of the dual-manipulator system.
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Figure 5. Angle of each arm of the dual-manipulator system considering clearance in joint 2 (case 1).
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Figure 6. Angle error of each arm considering clearance in joint 2 (case 1).
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Figure 7. Angular velocity of each arm of the dual-manipulator system considering clearance in joint

2 (case 1).
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Figure 9. Angular acceleration of each arm of the dual-manipulator system considering clearance
joint 2 (case 1).
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Figure 10. Angular acceleration error of each arm considering clearance in joint 2 (case 1).

Figure 7 presents the angular velocity of arm 1 and arm 2 of manipulator 1 as well
as arm 3 and arm 4 of manipulator 2 for case 1, where clearance exists in joint 2. Figure 8
presents the velocity errors of each arm. Figure 7 shows that the angular velocities of arm
1 and arm 2 of manipulator 1 oscillate with higher peaks. Also, the angular velocities of
arm 3 and arm 4 have less oscillation. Figure 8 shows clearance leads to obvious angular
velocity errors of each arm. The motion velocity errors of arm 1 and arm 2 of manipulator
1 are much larger than the motion velocity errors of arm 3 and arm 4 of manipulator
2 for the dual-manipulator system. The maximum absolute values of angular velocity
error are 0.9299° /s, 2.1781° /s, 0.0059° /s, and 0.0052° /s for arm 1, arm 2, arm 3, and arm
4, respectively. Therefore, clearance has an obvious influence on the motion velocity of
manipulator 1. The reason is that clearance exists in joint 2 between arm 1 and arm 2
of manipulator 1. In addition, due to the spacecraft system being in a floating state, the
clearance in manipulator 1 also affects the responses of manipulator 2.

Figure 9 presents the angular acceleration of arm 1 and arm 2 of manipulator 1 as well
as arm 3 and arm 4 of manipulator 2 for the dual-manipulator system. Figure 10 presents
the angular acceleration errors of each arm when considering clearance. Figure 9 shows
that the motion acceleration of manipulator 1 is extreme oscillation around that of the
ideal manipulator 1. The accelerations represent very large peaks, which are due to the
contact and impact forces resulting from clearance joint. Figure 10 shows clearance leads
to obvious angular acceleration errors of each arm. The motion acceleration errors of arm
1 and arm 2 of manipulator 1 are much larger than the motion velocity errors of arm 3
and arm 4 of manipulator 2, which is due to clearance existing in joint 2 between arm 1
and arm 2. The maximum absolute values of angular acceleration error are 868.7952° / s2,
2395.9363° /52, 6.9255° /s2, and 4.5921° /s for arm 1, arm 2, arm 3, and arm 4, respectively.
Therefore, when considering clearance, the motion acceleration is an obvious oscillation
with extreme higher peaks, which leads to the decrease in dynamic performance as well as
motion stability of the dual-manipulator system.
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10.0

The resulting peaks in angular velocities and accelerations result from the contact and
impact forces in clearance joint. The contact forces in joint 2 with clearance and ideal joint
without clearance for case 1 are presented in Figure 11. It can be found that the existence of
clearance leads to contact and impact forces and the contact forces oscillate with very high
peaks. Also, the contact forces are increased from the ideal joint. The maximum absolute
values of contact and impact forces in clearance joint are 8.7432 N and 4.8132 N in x and y
directions, respectively. On the contrary, the maximum absolute values of reaction forces
in ideal joint are 0.7012 N and 0.2579 N in x and y directions, respectively. Therefore, it
indicates that the existence of clearance leads to contact and impact forces and affects the
movement accuracy and stability of dual-manipulator.
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Figure 11. Contact forces in clearance joint 2 (case 1).

The simulation results of the second case study are presented in Figures 12-16. Com-
paring with Figures 5-10 obtained from dynamic simulation of case 1, the similar phe-
nomenon can be found from Figures 12-16 obtained from case 2. Figure 12 also shows that
clearance leads to obvious motion errors of each arm and the motion errors of arm 1 and
arm 2 of manipulator are larger than the motion errors of arm 3 and arm 4 of manipulator 2
for the dual-manipulator system. This is due to clearance existing in joint 1 between arm
1 and spacecraft body. The maximum absolute values of angle error are 0.5325°, 0.7947°,
0.0111°, and 0.0105° for arm 1, arm 2, arm 3, and arm 4, respectively. Additionally, compar-
ing the motion angle errors between Figures 6 and 13, it can be found that the motion angle
errors of each arm are increased. It indicates that the clearance that exists in joint 1 presents
more obvious effects than clearance that exists in joint 2.
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Figure 12. Angle of each arm of the dual-manipulator system considering clearance in joint 1 (case 2).
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Figure 13. Angle error of each arm considering clearance in joint 1 (case 2).

Figure 14 shows that the angular velocities of arm 1 and arm 2 of manipulator 1 oscil-
late with higher peaks. Also, the angular velocities of arm 3 and arm 4 of manipulator have
less oscillation. Figure 15 shows clearance leads to obvious angular velocity errors of each
arm. The motion velocity errors of arm 1 and arm 2 of manipulator 1 are much larger than
the motion velocity errors of arm 3 and arm 4 of manipulator 2 for the dual-manipulator
system. The maximum absolute values of velocity error are 1.9013° /s, 0.8826° /s, 0.0144° /s,
and 0.0121°/s for arm 1, arm 2, arm 3, and arm 4, respectively. Therefore, clearance has
an obvious influence on the motion velocity of manipulator 1, which is because clearance
exists in joint 1 of manipulator 1. Comparing Figure 15 with Figure 8, the angular velocity
errors of arm 1, arm 3, and arm 4 are increasingly obvious, but the angular velocity errors of
arm 2 decrease. The reason is that clearance exists in joint 1 between arm 1 and spacecraft
body. Therefore, it can be found that the location of clearance joint displays different effects
on the dynamic responses and motion errors.
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Figure 14. Angular velocity of each arm considering clearance in joint 1 (case 2).

https://doi.org/10.3390/aerospace13010075


https://doi.org/10.3390/aerospace13010075

Aerospace 2026, 13,75

15 of 24

Angular Velocity Error (deg/s)

Angular Velocity Error (deg/s)

Angular Acceleration (deg/sz)

Angular Acceleration (deg/sQ)

2.0 1.0
@
IS
1.0 S 051
5
i
0.04 Z 00
J 9
Q
>
©
-1.0 s -05
[=2]
c
<
-2.0 -1.0
0.0 1.5 0.0 1.5 3.0 4.5 6.0 7.5
Time (s) Time (s)
0.015 0.015
[—am_3]
1] 4
] )
5]
kel
0.0051 g 0.0057
]
2 |
h G V’—§‘/\'\\'
k!
2
—0.005 - = —0.005
E
oD
2 i
1 <
_ -0.015
Time (s) Time (s)
Figure 15. Angular velocity error of each arm considering clearance in joint 1 (case 2).
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Figure 16. Angular acceleration of each arm considering clearance in joint 1 (case 2).
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Figure 16 shows that the motion acceleration of manipulator 1 is extreme oscillation
around that of the ideal manipulator 1. The accelerations represent very large peaks,
which is due to the contact and impact forces resulting from clearance joint 1. Figure 17
shows clearance leads to obvious angular acceleration errors of each arm. Also, the motion
acceleration errors of arm 1 and arm 2 of manipulator 1 are much larger than the motion
velocity errors of arm 3 and arm 4 of manipulator 2. The maximum absolute values of
angular acceleration error are 2016.3226°/ s2,343.2609° /s2, 12.7258° /s2, and 7.4723° /s>
for arm 1, arm 2, arm 3, and arm 4, respectively. Comparing the acceleration responses
and errors obtained from case 1, it shows that the motion acceleration of arm 1, arm 3, and
arm 4 obtained from case 2 has much more obvious oscillation with higher peaks. This is
because clearance exists in joint 1 between arm 1 and spacecraft body.
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Figure 17. Angular acceleration error of each arm considering clearance in joint 1 (case 2).

The contact forces in clearance joint for case 2 and ideal case without clearance are
presented in Figure 18. It can be found that the existence of clearance leads to contact and
impact forces and the contact forces oscillate with very high peaks. Also, the contact force
is increased from the ideal joint. The maximum absolute values of contact and impact
forces in clearance joint are 10.7556 N and 5.4648 N in x and y directions, respectively. On
the contrary, the maximum absolute values of reaction forces in ideal joint are 0.8417 N
and 0.3092 N in x and y directions, respectively. Comparing the contact forces obtained
from case 1, it shows that the contact forces are increased. It indicates that the existence of
clearance in joint 1 induces higher contact forces.

In addition, the numerical results obtained in this work are compared to other studies
from previous studies on clearance effects [13,14,23,31,43,44], which also showed that clear-
ances had important effects on the dynamic responses, especially affecting the acceleration
of multibody mechanical systems.
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Figure 18. Contact forces in clearance joint 1 (case 2).

4.2.2. Results and Discussions of Case 3

Further, in the third case study (case 3), clearances exist in both the two manipulators
of the dual-manipulator system. Here, we consider that each manipulator has one clearance
joint. Thus, in such cases, the revolute joint 2 between arm 1 and arm 2 in manipulator
1 as well the revolute joint 4 between arm 3 and arm 4 in manipulator 2 are considered
as imperfect joints with clearances. Clearance size in each imperfect joint is 0.5 mm in
the dynamic simulations. The simulation results obtained from dual-manipulator system
with clearances are also compared with that of ideal dual-manipulator system without
clearance joints.

Figure 19 presents the angular displacements of each arm of the dual-manipulator
system with clearances. Figure 20 presents the angular motion errors of each arm when
considering clearances. Figure 19 shows that the angular displacements of arm 2 and arm 4
of the dual-manipulator are obviously affected by the clearances. Figure 20 clearly shows
that clearances lead to obvious motion errors of each arm. Also, the motion errors of arm 2
are larger than the motion errors of arm 1 of manipulator 1. Similarly, the motion errors of
arm 4 are larger than the motion errors of arm 3 of manipulator 2. The maximum absolute
values of angle error are 0.3025°, 0.5417°, 0.3025°, and 0.5417° for arm 1, arm 2, arm 3,
and arm 4, respectively. It should be noted that the maximum absolute values of angle
errors are the same for manipulator 1 and manipulator 2, which is due to the manipulator
arms being symmetrically installed and synchronous motion. Also, the clearance joints
have the same clearance size and position in this case study. Compared with Figure 6, the
motion errors of arm 3 and arm 4 for manipulator are increasingly obvious. It is because
clearances exist in both the two manipulators; that is, joint 2 and joint 4 are considered as
imperfect joints with clearances in case 3. Therefore, it indicates that the more clearances
considered in the dual-manipulator system, the larger the decrease in the motion precision
of the dual-manipulator system that is caused.

Figure 21 presents the angular velocities of each arm of the dual-manipulator system
with clearances. Figure 22 presents the angular velocity errors of each arm when considering
clearances. From Figure 21, it can be found that the angular velocities of each arm oscillate
around the angular velocity obtained from the ideal case. The angular velocities present
higher peaks. Figure 22 shows clearances lead to obvious angular velocity errors of each
manipulator and all arms present large velocity errors. The maximum absolute values
of velocity error are 0.9243° /s, 2.1806° /s, 0.9243° /s, and 2.1806° /s for arm 1, arm 2, arm
3, and arm 4, respectively. Comparing Figures 7 and 8, the angular velocities of all arms
oscillate. The motion velocity errors of arm 2 and arm 4 are larger than the motion velocity
errors of arm 1 and arm 3 for the dual-manipulator system. Also, the motion velocity
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errors of arm 3 and arm 4 of the manipulator 2 increase significantly. This is because joint 4
between arm 3 and arm 4 is also considered as imperfect joint with clearance.

100.0 40.0
—Arm_1 (clearance=0.5 mm) 1
---Arm_3 (clearance=0.5mm)
50.01| —--Arm_3 (ideal joint) 20.07
& § 1 —Arm_2 (clearance=0.5mm)
k2 0.0 < 001 ---Arm_4 (clearance=0.5mm)
> ) °
g £ ] —--Arm_4 (ideal joint)
-50.0 1 —20.01 AN . /\
] NG
-100.0 : : T T -40.0 T T T T
0.0 15 3.0 45 6.0 7.5 0.0 1.5 3.0 4.5 6.0 7.5
Time (s) Time (s)

Figure 19. Angle of each arm of the dual-manipulator system considering clearances in joints 2 and 4

(case 3).
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Figure 20. Angle error of each arm considering clearances in joints 2 and 4 (case 3).
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Figure 21. Angular velocity of each arm considering clearances in joints 2 and 4 (case 3).
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Figure 22. Angular velocity error of each arm considering clearances in joints 2 and 4 (case 3).
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Angular Acceleration (deg/s 2)

Acceleration Error (deg/s2)

Figure 23 presents the angular acceleration of each arm of the dual-manipulator
system with clearances in both the two manipulators. Figure 24 presents the angular
acceleration errors of each arm when considering clearances. From Figure 23, it can
be found that the angular accelerations of each arm are extreme oscillations with very
large peaks. Figure 24 shows clearances lead to very large angular acceleration errors of
each arm. The maximum absolute values of angular acceleration error are 1150.9377°/s?,
2411.6975° /52, 1150.9377° /s2, and 2411.6975° /s for arm 1, arm 2, arm 3, and arm 4,
respectively. Comparing Figures 9 and 10, the acceleration oscillations of arms 3 and
4 are obviously increased with very large peaks, which cause the motion acceleration
errors of arm 3 and arm 4 of the manipulator 2 to also increase significantly. Additionally,
acceleration errors of arm 2 and arm 4 are larger than the motion acceleration errors of arm
1 and arm 3 of the dual-manipulator system.
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Figure 23. Angular acceleration of each arm considering clearances in joints 2 and 4 (case 3).
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Figure 24. Angular acceleration error of each arm considering clearances in joints 2 and 4 (case 3).

The contact forces in clearance joint 2 and joint 3 for case 3 and ideal case without
clearances are presented in Figures 25 and 26. It also can be found that the contact forces
oscillate with very high peaks. The maximum absolute values of contact and impact force
in clearance joint 2 are 8.7943 N and 4.8210 N in x and y directions, respectively. On the
contrary, the maximum absolute values of reaction forces in ideal joint 2 are 0.7012 N
and 0.2579 N in x and y directions, respectively. Due to the manipulator arms being
symmetrically installed and that the clearance joints have the same clearance size and
position, the maximum absolute values of contact and impact force in clearance joint
4 are 8.7943 N and 4.8210 N in x and y directions, respectively. Also, the maximum
absolute values of reaction forces in ideal joint 4 are 0.7012 N and 0.2579 N in x and y
directions, respectively.
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Figure 25. Contact forces in clearance joint 2 (case 3).
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Figure 26. Contact forces in clearance joint 4 (case 3).

4.2.3. Results and Discussions of Case 4 and Case 5

Clearance size is one of the most important factors affecting the dynamic responses of
dual-manipulator system. Further, in this subsection, the effects of clearance size on the
dynamic responses and motion errors of the dual-manipulator system are investigated. In
the dynamic simulations, revolute joint 2 between arm 1 and arm 2 in manipulator 1 as well
the revolute joint 4 between arm 3 and arm 4 in manipulator 2 are considered as imperfect
joints with clearances. Consequently, the dynamic simulations of the dual-manipulator
system are performed considering clearance size is 0.25 mm and 1 mm in each imperfect
joint for case 4 and case 5, respectively.

Figures 27 and 28 present the angular acceleration of each arm of the dual-
manipulator system, where clearance size is 0.25 mm and 1 mm, respectively. Comparing
Figures 23, 27 and 28, it can be found that as clearance size increases, the dynamic responses
of the dual-manipulator display more obvious oscillations and much higher oscillation
peaks. Therefore, bigger size of clearance will significantly increase the oscillations peaks
of the dual-manipulator. Additionally, Figures 20, 29 and 30, and clearly present that the
bigger size of clearance will lead to larger motion errors. The maximum absolute values
of angle error are 0.2922° /s, 0.5292° /s, 0.2922° /s, and 0.5292° /s for arm 1, arm 2, arm
3, and arm 4 of case 4, respectively. The maximum absolute values of angle error are
0.3198° /s, 0.6286° /s, 0.3198° /s, and 0.6286° /s for arm 1, arm 2, arm 3, and arm 4 of case 5,
respectively. Thus, the simulation results for different clearance sizes indicate that a bigger
size of clearance will cause the dynamic performance of dual-manipulator system to be
much worse and the motion stability and accuracy of the dual-manipulator to be reduced.
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Figure 27. Angular acceleration of each arm considering clearance size is 0.25 mm (case 4).
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Figure 28. Angular acceleration of each arm considering clearance size is 1 mm (case 5).
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Figure 29. Angle errors of each arm considering clearance size is 0.25 mm (case 4).
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Figure 30. Angle errors of each arm considering clearance size is 1 mm (case 5).
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It should be noted that the maximum absolute peak values of motion errors are the
same for manipulator 1 and manipulator 2 in case 3, case 4, and case 5, respectively, which is
due to the manipulator arms being symmetrically installed and having synchronous motion.
Also, the clearance joints have the same clearance size and position in each case study.

Additionally, the numerical results of clearance size obtained in this work are com-
pared to other published studies [31,42-44], which also showed that bigger size of clearance
causes higher oscillation peaks of the mechanical system. Therefore, the investigation
results in this work are validated by other published works on the field of dynamics of
mechanical systems with clearances.

5. Conclusions

In this paper, the dynamic responses and motion accuracy of dual-manipulator system
on spacecraft considering clearance effect are investigated numerically. The effects of
clearances are analyzed via different case studies qualitatively and quantitatively. The
imperfect joint with clearance is considered as contact force constraints containing normal
contact force and tangential friction force. A dual-manipulator system on a spacecraft is
used as the numerical example to perform the investigation. Some findings of the presented
work are as follows.

(1) The motion accuracy and stability of the dual-manipulator system are obviously
reduced when considering clearances. The motion displacements of the dual-manipulator
considering clearance deviate from the ideal dual-manipulator without clearances. The
angular velocities of dual-manipulator are obvious oscillations around the angular velocity
of the ideal dual-manipulator. The angular acceleration of dual-manipulator with clear-
ances has obvious oscillations and the peaks are significantly increased. The resulting
peaks in angular velocities and accelerations result from the contact and impact forces in
clearance joints. The contact forces increase due to joint clearances and can increase more
than 10 times in some cases. Therefore, the angular velocity and angular acceleration are
sensitive to the clearance effect

(2) Different locations of clearance joint show different effects on the dynamic re-
sponses of the dual-manipulator system on spacecraft. Clearance existing in joint 1 between
the arm and spacecraft body presents more obvious effects than clearance existing in joint
2 between arms. The maximum absolute values of angle error of each arm are 0.3037°,
0.5459°, 0.0022°, and 0.0028° for case 1, and 0.5325°, 0.7947°, 0.0111°, and 0.0105° for case 2.

(3) More clearances are considered in the dual-manipulator system; the motion accu-
racy and stability of the dual-manipulator system are much lower. Moreover, bigger size of
clearance induces larger oscillation peaks of angular velocities and accelerations, which
further causes the dynamics performance of dual-manipulator system to be much worse.
The maximum absolute values of angle error of each arm are 0.3025°, 0.5417°, 0.3025°, and
0.5417° for case 3; 0.2922° /s, 0.5292° /s, 0.2922° /s, and 0.5292° /s for case 4; and 0.3198° /s,
0.6286° /s, 0.3198° /s, and 0.6286° /s for case 5.

(4) The precise operation tasks of dual-manipulator require higher precision and
reliability. However, the motion accuracy and stability of the dual-manipulator system are
obviously reduced due to clearances. The contact forces in clearance joints also increase
significantly. Further, clearance effects even lead to the failure of working tasks of the dual-
manipulator system. This work provides an effective method to investigate the dynamics
responses of dual-manipulator system on spacecraft with clearances and improves the
practical engineering applications. In this paper, the revolute clearance joint is considered
as planar joint with dry friction. In the future, spatial revolute clearance joint, lubrication in
clearance joint, and experimental test of manipulators also need to be further studied.
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