<]
TUDelft

Delft University of Technology

Dynamic Analysis and Trajectory Tracking Control for a Parallel Manipulator with Joint
Friction

Chen, Shibiao ; Cheng, Gang; Pang, Y.

DOI
10.3390/app12136682

Publication date
2022

Document Version
Final published version

Published in
Applied Sciences

Citation (APA)
Chen, S., Cheng, G., & Pang, Y. (2022). Dynamic Analysis and Trajectory Tracking Control for a Parallel
Manipulator with Joint Friction. Applied Sciences, 12(13), Article 6682. https://doi.org/10.3390/app12136682

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.3390/app12136682
https://doi.org/10.3390/app12136682

iriciel applied
e sciences

Article

Dynamic Analysis and Trajectory Tracking Control for a Parallel
Manipulator with Joint Friction

Shibiao Chen !, Gang Cheng 1* and Yusong Pang 2

check for
updates

Citation: Chen, S.; Cheng, G.; Pang, Y.
Dynamic Analysis and Trajectory
Tracking Control for a Parallel
Manipulator with Joint Friction. Appl.
Sci. 2022, 12, 6682. https:/ /doi.org/
10.3390/app12136682

Academic Editor: Alessandro

Gasparetto

Received: 4 June 2022
Accepted: 28 June 2022
Published: 1 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://
creativecommons.org/licenses /by /
4.0/).

School of Mechatronic Engineering, China University of Mining and Technology, Xuzhou 221116, China;
chenshibiao@cumt.edu.cn

Faculty Mechanical, Maritime and Materials Engineering, Delft University of Technology,

2628 Delft, The Netherlands; y.pang@tudelft.nl

*  Correspondence: chg@cumt.edu.cn; Tel.: +86-132-2523-2379

Featured Application: The proposed dynamic modeling and control method considering joint
friction could be applied not only to the trajectory control of the hip joint simulator, but also to
other parallel and series manipulators with high-loads.

Abstract: To overcome the bearing capacity deficiencies of traditional serial hip joint simulators,
complex trajectory simulation, among others, as well as a parallel manipulator with two pairs of
artificial hip joints and two moving platforms are proposed. The movements and driving forces of the
parallel manipulator under the required motion and loading are studied to provide a basis for further
research. In this study, the modeling and analysis of inverse kinematics and dynamics for a parallel
manipulator with joint friction are derived. In the inverse kinematic model, kinematic relationships
between the linear module slider and the moving platform are established, and expressions for the
slider are deduced. Subsequently, by analyzing the frictional forces of the artificial hip joint and thrust
ball bearing, a rigid body dynamics model of the parallel manipulator with joint friction is established,
which is subsequently decomposed into four driving torques associated with the moving platform,
joint lever, slider, and screw. Finally, the difference in the kinematic performance between the two
moving platforms is analyzed using numerical simulations and experiments, and the accuracy of the
established model is verified.

Keywords: parallel manipulator; kinematics; two moving platforms; friction; rigid-body dynamics

1. Introduction

Hip replacement surgery is commonly used to treat pain and disability due to cartilage
injury, synovial fluid reduction, and osteoarthritis [1,2]. However, debris from friction on
joint contact surfaces enters circulation, and many patients require revision surgery after
15-20 years [3]. Therefore, it is necessary to examine the friction and wear characteristics of
artificial hip joints using in vitro simulation methods.

Simulators of the artificial hip joint must simulate the motion and load changes of the
human hip joint simultaneously, and most existing simulators often use a serial manipulator
as the core module [4]. Groves et al. [3] developed a pendulum friction simulator that
enables the acetabulum and femoral head to maintain the correct center of rotation and
evaluated the efficacy of the simulation system by testing the natural porcine hip joint and
artificial hip joint. Daou et al. [5] developed a serial manipulator to test the biomechanics
of hip joint specimens, and reduced the hip joint clamping error by installing force sensors.
Necas et al. [6] used a pendulum simulator to analyze the effect of the texturing of the
ultrahigh-molecular-weight polyethylene acetabular cup on tribological properties, and
the results showed that surface texturing could improve the stability of the friction of the
artificial hip joints. Although serial manipulators can partially simulate the kinematic and
dynamic performance of the human hip joint, they are deficient in terms of repeatability,
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comparative accuracy, complex trajectory simulation, and dynamic loading [7,8]. Moreover,
a serial hip joint simulator can test only a single type of joint motion. Generally, parallel
manipulators with a closed-chain structure consisting of multiple kinematic chains have
the advantages of high precision [9] and high load capacity [10], are widely used in
medicine engineering [11] and precision support [12], and are being developed to achieve
high speeds and more reconfigurability [13]. The application of parallel manipulators to
artificial hip joint testing provides precise trajectories and facilitates carrying higher loads.
Wang et al. [14,15] designed a 3SPS+1PS parallel manipulator with satisfactory performance
in simulating the kinematics, dynamics, and load changes of the hip joint. In the ISO 14242-
1:2014(E) standard, a complete test requires the completion of 5 x 10° cycles. At present,
most of the existing hip joint simulators have only one moving platform, resulting in lower
efficiency in many practical applications. Therefore, it is a great prospect to design a parallel
manipulator that can be used for the friction and wear test of various size of hip joints and
can perform the test on two hip joints simultaneously.

Generally, kinematic analysis and dynamic modeling are the basis for structural opti-
mization, performance analysis, and controller design of a parallel manipulator. Scholars
have performed many studies on lower-mobility parallel mechanisms and achieved signifi-
cant results. Chong et al. [16] proposed a 1T2R parallel manipulator dynamic performance
and acceleration capability evaluation method that discussed the dynamic isotropic perfor-
mance and area of the feasible acceleration region under the influence of velocity, external
load, and gravity. Huo et al. [17] established a dynamics model of a 2 DOF overconstrained
tracking parallel manipulator based on the principle of virtual work, and the effects of
inertia and friction are considered in the identification to achieve a balance between ac-
curacy and efficiency. Miiller [18,19] proposed a kinematic modeling method for parallel
manipulators with a simple topology to flexibly establish motion equations in task space
coordinates and end-effector coordinates. According to the ISO14242 standard, the high
speed and acceleration of the parallel manipulator during the artificial hip joint wear test
lead to the need for the servo motor to change speed frequently, so the control strategy
based on kinematic parameters is difficult to maintain the accuracy of the parallel manip-
ulator. Therefore, it is important to establish a dynamics model that is close to the actual
dynamics characteristics of the parallel manipulator.

With an increase in speed, the joint friction effect becomes significant [20,21], and fric-
tion effect plays an important role in controlling and tracking the accuracy of the parallel
manipulator [22]. Unsworth’s [23] experiments with artificial hip joint friction measure-
ments using the Durham friction simulator showed that hip joint friction under high loads
cannot be ignored. Yuan et al. [24] proposed a parallel manipulator decomposition mod-
eling method, which projected the force of the moving platform in the workspace into
the joint space to calculate the normal force of the sliding plane of the driving joint and
then obtained the friction force. Wu et al. [25] proposed a joint friction solution method
that subtracts the inertial parts from the joint torque, and the reduction of dynamic model
accuracy due to the friction model deviation can be avoided. Farhat et al. [26] solved the
discontinuity problem of the friction model of a 3-DOF parallel manipulator by dividing
the self-interval, calculating the friction force in the viscous phase, and enhancing stability.
Parallel manipulators are subjected to cyclically varying loads during friction and wear
testing, resulting in significant friction that is difficult to eliminate directly through error
compensation. Therefore, with regard to the dynamic analysis of parallel mechanisms, the
time-varying characteristics of artificial hip joint friction cannot be ignored.

In this study, to overcome the shortcomings of series hip joint simulators with regard
to their bearing capacity, trajectory simulation, accuracy, etc., and to remedy the lower
working efficiency deficiencies using a single moving platform, and considering the cost and
dimensions of the assembly, a 2(3PUS+S) parallel manipulator with two pairs of artificial
hip joints and two moving platforms is proposed, which can simultaneously conduct
friction and wear tests for two pairs of artificial hip joints. To lay the foundation for further
research, the movements and driving forces of the parallel manipulator under the required
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motion are studied. First, the inverse kinematics for the parallel manipulator is modeled,
and the kinematic relationships between the linear module slider and the moving platform
are established. Second, the driving torque of each component is analyzed separately.
Combined with the Coulomb friction model of artificial joints and thrust ball bearings,
a rigid-body dynamics model of a parallel manipulator with joint friction is established.
Finally, numerical simulations and experiments are conducted to analyze the kinematic
differences between the two moving platforms under the required motion and verify the
accuracy of the kinematic and dynamical models.

2. Mechanism and Establishing the Coordinates

For a parallel manipulator with multiple moving platforms driven by the same set of
actuators for achieving the same motion, the positions of the moving platforms should be
arranged symmetrically or in parallel to each other or in the same plane. Considering the
strengths and weaknesses of the obtained configurations, two 3PUS+5-type parallel manip-
ulators were designed as the core module of the parallel manipulator, and the two moving
platforms were arranged parallel to each other. Theoretically, both the platforms perform
the same action.

As shown in Figure 1, the 2(3PUS+S) parallel hip joint simulator comprises two pairs
of artificial hip joints, two moving platforms (m; and my), one base platform (B), three joint
levers, three linear modules (LNi), and one intermediate branch chain. Three active linear
modules and one intermediate branch chain were rigidly fixed to the base platform. In
this paper, P refers to the prismatic joints composed of the lead screw and nut, U refer to
the universal joints installed on the linear module slider, and S refer to the spherical joints
installed on the moving platform with a fixed-length joint lever. The figure was shown in
our previous paper [27].

Hydraulic
cylinder

Servo motor

Displacement
transducer

Artificial joint 1
Linear module
Moving platform

Artificial joint 2

~Attitude heading
Sphercial joint | reference system
Joint lever Articular  Acetabulum Moving

Universal joint

Base platform Thrust ball

bearing

Figure 1. 2(3PUS+S) parallel manipulator.

Three surrounding branch chain PUS were placed symmetrically at 120° intervals,
with the intermediate branch chain S in the center of the base platform. Two fixed distance
sliders were installed on each linear module. The joint lever was designed to connect the
slider and moving platform. The motion of the servo motor was transmitted to the moving
platform through the linear module and the joint lever. The intermediate branch chain was
connected to the moving platform through the spherical joint S.

The intermediate branch chain, which is divided into two sections to install artificial
hip joints, is a passive branch chain. The articular head was assembled on the moving
platform, and their rotation centers were coincided. The acetabulum was fixed, and the
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moving platform could achieve rotational motion with the artificial hip joint as the center.
The articular head of joint 2 was assembled on the base platform through a thrust ball
bearing and a section of the intermediate branch chain, and the articular head of joint 1
was connected to the acetabulum of joint 2 through a thrust ball bearing and ball spline
shaft. The hydraulic system was connected to the acetabulum of joint 1 through a guide rail
and pressure sensor. A loading force was applied to artificial joint 1 and then transferred
to artificial joint 2 through the ball spline shaft. A spring equal to the gravity of moving
platform m; was installed in the ball spline, and the height of the artificial joint remained
constant during the operation.

In Figure 2, A; (i = 1, 2, 3) is the intersection of the linear module lead screw and base
platform, and c; is the projection point of by; and by; on line OA;. Let O be a center point
fixed in the triangle A1A2A3 with a circumscribed circle radius E. The absolute reference
frames O-XYZ (green) are attached at the point O with the Z-axis vertically upward, and
the X-axis is perpendicular to A1A2 and points away from OA3. Similarly, a;; (j = 1, 2)
and bj; are the intersection points of the rotation axes of spherical and universal joints,
respectively. The relative reference frames o;-x;y;z; (red) are attached at the center point o;
of triangle gj14;2a;3 with a circumscribed circle radius e. The yj-axis crosses point 4,3, the
zj-axis is perpendicular to triangle a;1424;3 and is directed to the hydraulic system.

Figure 2. 2(3PUS+S) parallel manipulator topological structure.

For most serial hip joint simulators, the cantilever structure is predominantly used
as the loading part, which causes angle errors in the forced direction of the hip joint.
Simultaneously, maintaining the equilibrium between the loading force and the bearing
device is generally complicated, as a serial hip joint simulator can test only a single type of
joint motion. However, the motions of the actual hip joint vary during different actions such
as walking and jogging. The loading force is generated directly by a hydraulic cylinder, and
the direction passes through the rotation center of the moving platform and can be directly
balanced by the intermediate branch chain. The dynamic characteristics of the loading
force depend entirely on the hydraulic cylinder performance. In the design process of a
parallel manipulator, there are two key points: motion simulation and implementation of
dynamic loading force. Motion simulation is the most important aspect. For the proposed
2(3PUS+S) parallel manipulator, the dynamic loading force was implemented using a
hydraulic cylinder, and this study is mainly focused on the motion simulation of the
recommended curves.
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3. Inverse Kinematics
3.1. Position Analysis

The clearance and elastic deformation of the joints and components are ignored in
the modeling; therefore, there are no practical differences (from a modeling and analysis
standpoint) between a single and multi-platform manipulator. The three PUS modules
have the same kinematic structure, and the vector relationship of one closed kinematic
chain is shown in Figure 3.

Figure 3. Vector diagram of a closed kinematic chain.

During the working process, the frames of the moving platform are defined by the
roll, pitch, and yaw angle parameters. The orientation of the moving platforms m; at any
time can be described as q; = [«;, B;, 'y]-]T. Let e; and e;; be unit vectors along by;b1; and bjaj;.
Let h;j, rj; and r,; be the position vector along Ooj, 0jaj; and O,; in O-XYZ. From Figure 3, we
can express the closed kinematic chain as follows:

hj +rji =16+ L]-Z-ez- + ljie]-i, T = R]' “Taji @)

Here, Lj; is the distance between slider Sj; and point ¢;; [j; is the length of joint lever a;;b;;;
and ;=1 is a constant.

Based on Equation (1), according to the assembly scheme of the parallel manipulator,
the displacement of S;; can be represented as follows:

Ljj = hj + rjiz — \/1]21 — (Fjix = Teix)” = (Tjiy — Teiy)” 2)

where 7}y, 7jiy, 7ji, are the direction vectors for the decomposition of r;;, and 7y, 7ciy, 7ciz are
the direction vectors for the decomposition of ;.

3.2. Velocity Analysis

The hypothesis is that w; and w; are the angular velocity and angular acceleration of
the moving platform m;, respectively. The translational velocity of slider Sj; is obtained by
finding the first-order derivative of Equation (1) with respect to time.

[ s = 71 . .. s = .. .
Li=J," Ty wj =] w ®)
where L; = [le, Lp, Lj3} , and Lj; is the translational speed of the slider Sj;
T
. (rxe o . T T _ T
L= (rixes) ];T.é;) “wj, Joj = dlag(ejl rei, e ey e eg),]b]- = [rj1 X ej1, rip X ep, T3 X ej3]

Ji

T
]‘ _|m ><e]-1 2 ><e]-2 73 X €3
i=

T.o. 7/ T .o’ .
ejel epe ej3'e3
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The rotational angular velocity and joint lever center velocity of bj;a;; can be obtained
as follows:
_1 (rixeir)" _
Wiji = 1 | ~€jix " Tjix — (eji X ei)W Wi = Jjwi - w; @
o= e T g g N 2T,
Lji = | ¢ e]T’_.el. 2 Cjix " jwi ]~ Jjpi "%

where ej; and 7/« are antisymmetric matrices corresponding to e;; and r;;, respectively.

3.3. Acceleration Analysis

The translational acceleration of slider S; is obtained by finding the second order
derivative with respect to time for Equation (1).

L]-:]j'c'u]-erS]- 5)
h s[5 it b4 T . o e]-i‘[wjxr]-,--i-wjx(wjxrji)]+ljiw,ji~wlj, o T
where Lj = |Ljj, Ljp, Liz| ,Lji = Too , P = [‘pﬂf @j, P; ] ’
jicei
&, — Lo (wpxm) |eitliwwi;
L ejT]--el- ’

The rotational angular acceleration and acceleration of the joint lever center of bja;;
can be written as follows:

. e]-l- X [a’zjxr]vﬂrwjx (wjxrj,v)}feﬁxL]-,-e,-

e i ®)
_ Li [

ajji = Ljie; + 5 {wlji X eji + wyji X (wyji ¥ €ji)]

Singularities occur when the Jacobian matrices are det(J,;) = 0 and det(J;;) = 0.
The first occurs when the joint levers are located in the horizontal plane, and the second
occurs when all projections of the joint lever on the horizontal plane cross the center of
the platform.

4. Inverse Rigid-Body Dynamics

If joint friction is ignored, the D’Alembert principle is employed to calculate the
resultant forces as well as the moments loaded at the center of the components. For the
moving platform m;, the equations can be expressed as follows:

F,.; Fej+mpg
me:{m]}: — (RiIyRNw; — w; x [(RI,RT)w; @
Tinj Tej iInR; )wj — wj x [(R;InR; )wj

where F,; and 7,;, respectively, denote the applied forces and moments of the moving plat-
form m; and m,, and I, denote the mass and inertia of the moving platform m;, respectively.

The summation of the applied and inertial forces, as well as the moments loaded on
the joint lever bj;a;; can be expressed as follows:

0[] -

Tji

®)

mg — majji
- (RjiIIR]-Ti) wpj — Wiji X [(RjilleTi) wljl}
where R;; denotes the rotation matrix of the body-fixed coordinate system of the joint lever
bjiaj; corresponding to O-XYZ, and m and I; are the mass and inertia of the joint lever bja;;,
respectively.

The applied and inertial forces loaded at the slider S;; can be obtained as follows:

L N\T
Frji = (ng - mLLjiei> e 9)
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j=1

T=T,+Tf—

2 -Fji + wk. -1
ot (o) £2] S0

) ) 3 i T wz i
nZi{UJT) 1[(ij_7mfj) _|_Zl< 7101 F; ]] *TYji )
= =

where m, denotes the mass of slider Sj;.
Supposing T; is the drive-torque output from the motor, the moment of inertia of the
lead screw on the linear module LNi can be expressed as follows:

2l
=T ELy (10)

where I} and p are the rotary inertia and lead of the lead screw.

The sum of the virtual work of the active forces and moments, as well as the inertial
forces and moments on the parallel manipulator, must be zero, so the following expression
can be obtained:

* .Z{ (FLJFLff)} +6 (n-m) =0 ap

where 7,7 is the sum friction moment of the artificial hip joint and the thrust ball
bearing; w,j; is the relative angular velocity of the spherical joint a;; 7,¢j; and T,f;; are

the friction moments of the spherical joint a; and the universal joint bj;, respectively;

F P = [Fle, Fsz, FL/'3]T, Fij = [Fijlr FijZ/ FLf]'3]T, and Fiji is the friction of the slider

i=1j=1 i Tafji = wl]z Tofji

.. .aT .
Sﬂ, 0= [91, 0>, 93] , 0; is the angular velocity of the lead screw of linear modules LNij,

T = [T01, To, 1'03]T, 5 = [t11, T2, ng]T, and ty; is the friction moment of the lead screw.
According to the relative motion between the joint lever and moving platform, wy;;
can be represented as

Waji = Jarjiw; (12)
cajsyj — cyjsasPi  cajeBicyj  cyjsa — cajspisy; cpjcy; —svj O
where J,,;; = |cajcyjsp+sajsyj  cpjcyjsa;  —cajcyj —sajspisyj| - (cBjsyj ¢y 0
0 —c;sBj —cBjsvj —sp; 0 1

and simple notations, with the compact notation sp; = sin f; and cf; = cos f3;.
Considering joint friction, the input torques driven by the linear module motor can be
expressed as follows:

+ (Fi— Fupy) } (13)

gr]z Tllf]l I]an be]l

where T, = % {in, i'12/ i13}

To signify the contribution of each part to the input torques driven by the linear module
motor, the driving torques were divided into four parts. The four parts are described as the
driving torque transformed into the inertia of the moving platform t;,, the driving torque
transformed into the gravity and inertia of the joint lever 1j, the driving torque transformed
into the gravity and inertia of the slider 7, and the driving torque transformed into the
inertia of the screw Tj.

A
=,
~—~
L
p‘
g
2

g

Il
Er
IS

A
I
St

-1
j ) (Iiji “Fiji+ I lei)

e
~
\.“,L]

(14)

M T
=

sl
Il
N
Sk
&”

-
Il

T
L|Lyy, Ly, L13}

;l
E\N |
|—|’d
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5. Simulation and Experiment Analysis
5.1. Kinematics Simulation

To investigate the control behavior of hip joint prosthesis motion, experiments were
carried out on 15014242-1:2014(E), in which the spin axes of the X-axis, Y-axis, and Z-axis
were 18°-25°, —4°-7°, and —10°-2°, respectively. To illustrate the role of the wear test
machines, the control input is shown in Figure 4.

25

3000

~ T I I .
N, — -
20 "\ ISO-AA
kY ISO-IER 2500
15 \ =-=ISO-FE
2 \\ T '!
5 Y ! Z 2000
o A J Z
% 10 Y ;l 1 T
2 \ h =)
S 5 Y 7 o 1500
o \ ! =
£ 0 % a Kl
= by vl — 1000
E -5 \ 0 E
= ) /
0 Y\ / s00 1
N hY ;’
~15 M S/ 0 : ‘ ‘ :
pNg 0 0.2 0.4 0.6 0.8 1
-20 - - : Times(s)
0 02 04 06 0.8 1
Time(s)
(a) (b)

Figure 4. Loading and displacement parameters for wear-testing machines. (a) Motion curves;
(b) Loading force.

Based on a preliminary parameter optimization considering the mounting dimension
and maximal rotary angle of the spherical joint, maximum stroke and driving force of the
linear module, and orientation working space of the moving platform, the main structural
parameters of the parallel manipulator are obtained, as listed in Table 1.

Table 1. Main structure parameters of the parallel manipulator.

Parameters Values Parameters Values
Length of joint lever (I;) /mm 328 Height (h1)/mm 899
Radius (¢)/ mm 144 Height (hy)/mm 490
Radius (E)/mm 265 Lead of the lead screw (p)/mm 10

The control strategy of the PD controller based on the workspace is shown in Figure 5,
and the driving force matrix of the active branch chains can be expressed as follows:

F]' = I;l[de] + pr] (15)

where Aw; = w;-i — wj is the attitude angle error of the moving platform.

Foreward Kinematics [«

i _
@' S \NAD. L
. _ Parallel j>
d Ko +Kow | » J' A
(4] - a7 4 Y Manipulator g
+y A,
o Inverse Jacobian P
Matrix -

Figure 5. Block diagram of the PD controller.

To avoid singular positions in the operation process of the parallel manipulator, the
initial position is obtained from the motion curves in Figure 6b at zero after a 30° rotation
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around the Z-axis. The displacements, velocities, and accelerations of the sliders were
simulated as shown in Figure 6.

E 500} —Su A
= Siz E
E’ —=S; E
£ 400 s E
] . 2
B S22 2
Z 300 o5, 2

0 0.2 0.4 0.6 0.8 1

Time(s) 04 06 08 1

Time(s)

(a) (b)

1500

1000

w
=]
=]

o

—500

celeration(mm/s?)

2 —1000

i

A

—1500

—2000

—2500

()
Figure 6. Motion curves of the slider. (a) Displacement; (b) Velocity; (c) Acceleration.

As shown in Figure 6, the curves of the displacements, velocities, and accelerations of
the sliders were smooth, and there were no rush points. The maximum displacements of slid-
ers 511, S12, and Sy3, corresponding to the moving platform m; were 665.58 mm, 660.47 mm,
and 624.42 mm, respectively. The maximum displacements of sliders Sy1, Sp» and Sy3 corre-
sponding to moving platform m, were 256.58 mm, 251.47 mm, and 215.42 mm, respectively.
Sliders 511 and Sp1, S12, and Spp, and Sy3 and Sp3 were installed on the same lead screws and
the corresponding maximum velocities and accelerations are 275.15 mm/s, 267.80 mm/s,
143.97 mm/s, and 2152.40 mm/s?, 2100.80 mm/s?, 1270.90 mm/s?, respectively.

With moving platform m; as the control object and moving platform m; as the follower,
the posture angles were detected by the attitude heading reference system installed on
the moving platform. The errors in the output posture angles of the moving platform are
shown in Figure 7.

From Figure 7, it can be observed that the error of the posture angle around the Z-axis
was larger than that around the X-axis and Y-axis. In the intermediate branch chain, the
position of the rotation center of the moving platform m; in the absolute reference frames
along the Z-axis direction was influenced by the position of the mobile platform m;, and
the attitude error of the moving platform m; was greater than that of the moving platform
my because of the cumulative effect of the error.
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02 0.15

=
73
=

=)
=
o
b

— Moving platfom m,
Movingplatform m, | ‘
2 \

o

\

—0.05

|
=

Error{Degree)

—0.15
—02

~015 —025

—-02 —03
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1
150 Moving platfom m,

Error(Degree)

Time(s)
(c)
Figure 7. Errors of the posture angles of the moving platform. (a) AA error; (b) IER error; (c) EE Error.

5.2. Dynamics Simulation

Due to the large number of joints in the parallel Manipulator with two moving plat-
forms, the control performance of parallel manipulator was significantly affected by the
friction of the motion joints. Especially when the robot was used for the artificial hip joint
friction and wear test, the 300 N~3000 N dynamic load was loaded directly on the joint, and
the friction at the artificial joint and thrust ball bearing would have a more significant effect.

During the dynamic simulation of the hip joint simulator, only the effect of the fric-
tional force of the intermediate branch chain with higher loading force on the dynamic
characteristics of the manipulator is discussed. Subsequently, the Coulomb friction model
of the artificial joints and thrust ball bearings is established.

g = Torrutnl[Fyll -+ gl [Fy -+ g (16)
" ey [T g

where r;, and y;, denote the radii and friction factors of the hip joint, and r; and y; denote
the radii and friction factors of the thrust ball bearing, respectively.

The MATLAB software was used to validate the dynamic model of the parallel manip-
ulator. In the manuscript, parts of the virtual prototype are established in the Solidworks
software, and the mass and inertia parameters can be obtained, as shown in Table 2.

From the aforementioned analysis, the contributions of each part to the input torques
actuated by the motors were obtained, as shown in Figure 8.

As shown in Figure 8, in the working process of the parallel manipulator, the maximum
driving torques of the three linear modules related to the inertia of the moving platform
were 300.18 N-mm, 289.79 N-mm, and 267.69 N-mm, respectively. The maximum driving
torques of three linear modules related to the gravity and inertia of the joint lever were
26.22 N-mm, 30.97 N-mm, and 26.38 N-mm, respectively. The maximum driving torques of
the three linear modules related to the gravity and inertia of the slider were 118.41 N-mm,
119.30 N-mm, and 115.11 N-mm, respectively. The maximum driving torques of the three
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linear modules related to the inertia of the lead screw were 74.261 N-mm, 72.69 N-mm,
and 44.12 N-mm, respectively. The driving torques of the three linear modules related to
the moving platform were greater than those associated with the other parts. The driving
torque can be reduced to a certain degree by reducing the masses of the moving platform
and slider. The block diagram of the designed augmented PD controller can be seen in
Figure 9.

The dynamics experiment platform consists of an industrial control computer (IPC), a
drive system, a hydraulic loading system, and a data acquisition system. The control and
compensation program are programmed by LabVIEW and installed in the IPC. The servo
motor is controlled by a motion control card (GTS-400-PV from Goodco) and a servo driver.
The hydraulic cylinder is controlled by PLC and the hydraulic system applies the loading
force by controlling the opening size of the proportional valve. The data acquisition system
consists of an encoder, attitude heading reference system, and pull wire displacement
sensor. The structure of the control and data acquisition system is shown in Figure 10.

Table 2. Mass and inertia parameters of the parallel manipulator.

Parameters Values Parameters Values
Radius of the articular head Radius of the thrust ball
15 . 64
(r,)/mm bearing (r;) / mm
Friction factor of the hip joint (yy,) 0.095 Friction factor of the thrustball bearing (y;) 0.025
Mass of the joint lever () /kg 1.43 Acceleratlorrrljizgrawty (8)/ 9.8
Rotational inertia of the lead .
screw (I} )/kg-mm 54.91 Mass of the slider (my)/kg 3.00
Inertia tensor of the joint lever diag(26,395.81, 26,339.29, Inertia tensor of the moving diag(248,030.50, 249,940.25,
(I)) /kg-mm? 480.07) platform (I,;;) /kg-mm? 386,502.35)
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Figure 8. Contributions of each part to the input torques. (a) Moving platform; (b) Joint lever;
(c) Slider; (d) Lead screw.
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Figure 9. Block diagram of the augmented PD controller.
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Figure 10. Control and data acquisition system of the parallel manipulator.

The rotation angle, angular velocity, and angular acceleration of the servo motor are
measured directly by the encoder. The attitude of the moving platform is measured by
an attitude heading reference system with a single experiment time less than five minutes
caused by the zero point drift of the device. Owing to the measurement delay, the pull-wire
displacement sensor cannot be used for feedback of the control system, but for calibration
of the zero point of the slider.

As observed in Figure 11, the results from the dynamic model and the experiment
showed the same trends in their variation. The drive torque of the three linear modules
was similar in one cycle, which indicates that the load of the linear modules were balanced.
The driving torque was larger at 0.4-0.6 s, with maximum values reached 850 N-mm,
806 N-mm, and 743 N-mm, respectively. Further, there was a large difference in the driving
torque at 0 s-0.6 s and 0.6 s—1 s. Combined with Figure 4b, it can be seen that the friction
torque of the moving platform was larger at 0 s-0.6 s because of the larger pressure output
by the loading system, and the friction torque of the moving platform was smaller at 0.6-1 s
because of the smaller and stable pressure output by the loading system.
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module 3.

The difference between the theoretical and actual parameters of the parallel manipu-
lator resulted in errors in the driving torque. The errors of the three linear module drive
torque were larger around 0.55 s, and the maximum values reached 158 N-mm, 220 N-mm,
and 186 N-mm, respectively, which may be caused by the rotation direction variation of the
moving platform. At this point, the hydraulic loading system outputs a larger loading force,
and the nonlinear dynamics become significant. Experiments were conducted to verify
the correctness of the dynamic model, which demonstrated that the established dynamic
model can accurately describe the performance of the parallel manipulator.

6. Conclusions

In this study, a 2(3HUS+S) parallel hip joint simulator with two moving platforms
that can be used for simultaneous friction wear tests of two artificial hip joints is proposed.
The inverse kinetics of a parallel manipulator were derived, and the rigid-body dynamics
of the two moving platforms with joint friction were analyzed. In the inverse kinematic
model, the kinematic relationships between the slider of the linear module and the moving
platform were established. Accordingly, a PD controller based on the workspace was
designed, and small errors in the output posture angles of the moving platform verified
the correctness of the derived kinematic model. The right linear module can be selected
according to the kinematic and dynamic models.

A dynamic model of a parallel manipulator with joint friction was designed. The
contributions of each part to the input torques actuated by the motors of the parallel
manipulator were studied, and the results indicated that the driving torques required to
actuate the moving platform were greater than those required to actuate the other parts.
The driving torque could be reduced by reducing the masses of the moving platform
and the slider. The difference between the ideal and actual parameters of the parallel
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moving platform resulted in errors between the driving torques by the dynamic model and
the actual driving torques. The errors were larger around 0.55 s, caused by the rotation
direction variation of the moving platform, and the nonlinear dynamics become significant.
Realistic kinematic and dynamic analyses of parallel manipulators are the basis for control
system design.
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