Robotica (2024), 42, pp. 1549-1567
doi:10.1017/S0263574724000365

CAMBRIDGE
2/ UNIVERSITY PRESS

RESEARCH ARTICLE

Inverse dynamics analysis of a 6-RR-RP-RR parallel
manipulator with offset universal joints

Huze Huangl*2 , Hasiaogier Han' 3, Dawei Li', Zhenbang Xu!-3 and Qingwen wul3

!Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun, China, 2University of
Chinese Academy of Sciences, Beijing, China, and Center of Materials Science and Optoelectronics Engineering, University
of Chinese Academy of Sciences, Beijing, China

Corresponding author: Hasiaogier Han; Email: hanhasiaoqier @yahoo.com

Received: 10 May 2023; Revised: 27 January 2024; Accepted: 19 February 2024; First published online: 26 March 2024

Keywords: parallel manipulator; precision adjustment platform; robot dynamics; offset universal joint; Newton—Euler method;
GMRES

Abstract

This paper presents an algorithm for solving the inverse dynamics of a parallel manipulator (PM) with offset uni-
versal joints (RR—joints) via the Newton—-Euler method. The PM with RR—joints increase the joint stiffness and
enlarge the workspace but introduces additional joint parameters and constraint torques, rendering the dynamics
more complex. Unlike existing studies on PMs with RR—joints, which emphasize the kinematics and joint perfor-
mance, this paper studies the dynamical model. First, an iterative algorithm is established through a rigid body
velocity transformation, which calculates the input parameters of the link velocity and acceleration. A linear sys-
tem of equations in matrix form is then established for the entire PM through the Newton—Euler method. By using
the generalized minimal residual method (GMRES) to solve the equation system, all the forces and torques on the
joints can be obtained, from which the required actuation force can be derived. This method is validated through
numerical simulations using the automatic dynamic analysis of multibody systems software. The proposed method
is suitable for establishing the dynamic model of complex PMs with redundant or hybrid structures.

1. Introduction

The first successfully applied parallel manipulator (PM) structure was originally developed by Gough
and later modified by Stewart [1, 2]. Over the past two decades, the research direction and application of
PMs has shifted toward control, coordination, and algorithms, rather than emphasizing the development
of new structures. This places additional demands on the study of the PM dynamics.

To achieve higher performance requirements, we propose a new 6-RR-RP-RR configuration, where P,
R, and RP denote prismatic, revolute joints, and an actuated ball screw assembly, respectively. Compared
with the Stewart platform, the dynamics of PMs with RR—joints are complicated by the additional
torques. Nevertheless, a study by Gloess and Lula [3] on the impact of the RR—joint on the stiffness
of a PM found that it provides twice the joint stiffness of a conventional universal joint. Additionally,
the axial rotation range was extended to +90° in both joint shifts, thereby expanding the workspace of
the PM [4]. More importantly, in the application process, we have realized that the offset RR—joint, com-
pared to the conventional universal joint, can divide the joint into several parts, significantly reducing
the manufacturing complexity of the joint. Moreover, during the installation process, it provides more
installation space, making it more suitable for PM designed for mass production purposes. In conclusion,
it is meaningful to consider the dynamics of PMs with RR—joints.

In recent years, there has been a rapid increase in theoretical research on PMs with RR—joints, partic-
ularly the computation of their kinematics. Analysis of the workspace of a 3-RR-P-RR PM [5] showed
that it has a larger reachable workspace than similar structures using only one RR—joint or none at all.
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Figure 1. The CAD model of the 6-RR-RP-RR PM.

Algorithms based on joint constraints [6, 7] have attempted to establish the displacement kinematics of a
6-RR-C-RR PM with RR—joints (where C denotes a cylindrical joint whose translational degree of free-
dom (DOF) is actuated). Additionally, the displacement kinematics of a 6-P-RR-R-RR PM have been
studied using both the joint-constraint algorithm and the Denavit—Hartenberg (D—H) parameters [8, 9],
with numerical solutions obtained. The displacement kinematics of a 6-RR-RP-RR PM (see Fig. 1) was
analyzed by Yu et al. [10], while Zhang et al. [11] derived the velocity and acceleration solution of the
PM by introducing the differential form of the kinematic model using the Jacobian matrix. To date, all
research on PMs with RR—joints has focused on kinematics, rather than dynamics. The dynamic model
of the 6-RR-RP-RR PM will be derived in this paper.

Several approaches have been developed for studying the dynamics of PMs, such as the princi-
ple of virtual work [12—-14], Kane’s method [15-17], Hamilton’s principle [18], and screw theory
[19-21]. Other common approaches include Lagrangian methods [22-24], Newton—Euler methods
[25, 26], and hybrid techniques [27-29]. The Lagrangian method describes a system’s motion from
the energy perspective [30]. Therefore, there is no need to consider the internal force or changes in the
reference frame system [31]. In contrast, the Newton—Euler method is more efficient but requires the
internal forces of links to be considered [32]. The motion of links in space has six degrees-of-freedom
(DOFs). The Newton equation and the Euler equation provide the constraint equations for translational
and rotational movements, respectively.

As an efficient and convenient approach, the Newton—Euler method has been widely used in recent
years. For instance, Chen and Wang [33] used this method to establish a dynamic model for a redun-
dantly actuated cable-driven PM, while Arian et al. [34] employed the Newton—Euler method to model
the dynamics of a 3-DOF Gantry—Tau manipulator. The legs of a PM can be considered as a series
mechanism, allowing for the development of an efficient iterative dynamic model through the iteration
of both outward motion and inward forces. Importantly, the effect of the mobile platform at the end of
the legs must be taken into consideration. In this way, He et al. [35] applied the Newton—Euler method
to obtain a dynamic model for a 7-DOF hybrid serial-parallel manipulator.

By applying the Newton—Euler approach, this article presents a dynamic algorithm for a 6-RR-RP-
RR PM. First, we develop an iterative algorithm for determining the relationship between joint motion
and link motion. Next, we establish a dynamic model using the Newton—Euler equations and a linear
equation system. We then analyze the actuated forces, before validating the accuracy of the mathematical
model through simulations.

The remainder of this paper is organized as follows. Section 2 describes the manipulator and the
definition of the joints’ reference frame. Section 3 describes the inverse kinematic model of the PM
joints and then proposes an iterative algorithm for computing the link motion in the base frame.
Section 4 establishes the dynamic model of the PM using the Newton—Euler method and solves the
equation system with a sparse coefficient matrix by generalized minimal residual method (GMRES).
Section 5 solves the dynamic model and compares it with the simulation model. Finally, Section 6
presents the conclusions to this study.
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Figure 2. Configuration, geometric parameters, and frame definition: (a) simplified form of the
RR—joint and the offset value; (b) frame definition for MP and BP; (c) y-axis and z-axis of the frames P
and B, and geometric parameters in the axial direction.

2. Manipulator description

The 6-RR-RP-RR PM studied in this paper consists of a mobile platform (MP), a base platform (BP),
and six actuated legs which consist of a RP—joint and two RR—joints, as shown in Fig. 1.

Fig. 2 shows the configuration, geometric parameters, and the frames of the PM. Fig. 2a shows the
used RR—joints and their simplified form. U, and U, are the offset values of the RR—joints on the MP
and BP sides, respectively. Fig. 2b defines the frames of the MP and BP, where the reference frame
Op — XpYpZp (the P frame) is centered on point Op in the MP and the base frame O — X3Y3Z; (the B
frame) is centered on Oy in the BP. The points at which the legs connect with the MP and BP are defined
as Op;(j =1~ 6) and Oy(j = 1 ~ 6), respectively. Additionally, the frames of the connecting points are
defined as P; and B; and are transformed from the frames 7 and B through a specified transformation
[11]. Fig. 2¢c shows another view of the frames P and B, as well as the geometric parameters along the
z-axis.

A single leg can be considered as a serial kinematic chain, and its reference frames can be determined
using the D—H parameter method. As depicted in Fig. 3, the following frames and parameters can be
defined: O, — X;;Y;Z; (denoted as frame F;;, where i =1~ 6 and j =1~ 6) represents the reference
frame of the ith joint of the jth leg. Note that F; is equivalent to ;. The generalized motion parameters
of the joints are denoted by:

T
Q= [elj 0y 0y dy; 05, 96,-] ,

0, represent the rotational angle, and d; represents the distance of movement, which lie along the z-axis
of their respective joint reference frames, with the subscript ij referring to the ith joint of the jth leg:
T, =Rot (X, ;) - Tran (X, a;) - Rot (Z, 6,) - Tran (Z, d;) (D

where T; is a homogeneous transformation matrix. Rot (X, ;) and Rot (Z, 6;) represent rotation about
the x-axis and z-axis, respectively. Tran (X, a;) and Tran (Z, d;) represent translation along the x-axis
and z-axis by a specified distance.
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Figure 3. Schematic of a single leg motion and distribution of joint frames. (The black frame in the top
right corner represents the directional legend of the joint frames. ).

3. Kinematics

The inverse kinematic problem aims to uncover the connection between the position of the MP and the
motion of each joint. Further, to establish the differential motion, including velocity and acceleration,
the relationship between the MP and each leg is precisely defined through the Jacobian equations.

3.1. Inverse kinematic model

1. Displacement model: Due to the introduction of offset universal joints, a single leg is now
regarded as a serial kinematic chain, resulting in the existence of multiple solutions for its
inverse kinematic problem. Consequently, obtaining an explicit solution for the leg length is not
straightforward through the geometric methods typically employed to solve the inverse kinematic
problem of the Gough—Stewart Platform. Therefore, this paper solves the inverse displacement-
kinematic problem of the PM using a numerical method [8]. Specifically, by obtaining a set
of nonlinear equations with six unknowns through two equivalent homogeneous transformation
matrices and solving the equations using the Newton—Raphson method, we obtain

a0
[qr.'i](kH) = [qij](k) - [ﬁij}(/{) ’ [q’f/](k) (@)

with k represents the number of iterations. The nonlinear system consisting of six equations
selected from the equivalent transformation is represented by ®. And [q;] is the joint param-
eters of the current leg at the initial position. Detailed information on the above equation can be
found in Appendix.

2. Velocity and acceleration models: The mapping matrix can be used to describe the velocity
mapping relation between the MP and the joints [11]:

q;= J;] “Que, J; € RO 3)
and J; can be decomposed into two parts:

S O ! — !
J=9)" . thI, thij_ ]

amp amp

. quj 4)

https://doi.org/10.1017/50263574724000365 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574724000365

Robotica 1553

where
QhJQMP = (Ithlz A Jt'lMP
relates to the motion of the MP. %], is obtained by treating MP as a rigid body and analyzing

the velocity transformation on the rigid body. #Jj,,, is obtained by transforming Euler angular
velocity to Cartesian angular velocity. And % J, is the geometric Jacobian matrix which relates to

. . .. . . 9T

the motion of the joints. The term q; = [91./ 0y Oy da; Os; 961‘] is the differential motion of joints,
... s sqT

Qup = [Px pyp.y b 1//] represents the first derivative of MP motion with respect to Euler angles

Lo T
by the sequence of RPY (Roll-Pitch-Yaw), q, = [Px Dy Pz @y @y a)] refers to the differential

motion of the MP with respect to 3, and q,, represents the differential motion of the point O,
in B. Taking the time derivative of both sides of Eq. (3), the generalized acceleration of the leg

joints is

Q=" @+ G (5)
with qp is the generalized acceleration of the MP concerning the Euler angle and ¢ is the joint
acceleration.

3.2. Motion parameters of the MP

The MP can be considered as a parallel link, and the input velocity of Op can be used to determine the
motion parameters of the platform. Eq. (4) establishes the mapping relation between the generalized
velocity of the MP p, in the frame B and its velocity p,» concerning the Euler angle. Thus, we obtain
the generalized velocity of the MP as:

. e T
Q= 93y, - Qur = [px Py P 0, , w] 6)
Taking the time derivative of both sides of Eq. (6), the generalized acceleration of the MP is
derived as:
A= "Jar - Qur + "Iy - Qup = [p'* Py P @r @y wz:l 7

T . ..AT
with the angular velocity of the MP is @y, = [a)x Wy wz] , the angular acceleration is @,,p = [a)x Wy a)z] ,

v v 7T
and the acceleration is Py, = [Px Dy P:

In summary, the acceleration of the mass center of the MP under the frame B is given by:

Per = Pup + @up X Yop.cyp + @yp X (wMP X rOP,CMP) 3

with rop cyp is the vector from O, to the mass center of the MP under the frame 5.

3.3. Iterative algorithm for velocity and acceleration of links

The motion parameters of the joints can be obtained from the inverse kinematic model. However, these
parameters are all related to the z-axis of the joint frame F;;. To use the velocity and acceleration param-
eters as inputs for the dynamic model, they need to be transformed into the motion of the joint and
link coordinate systems with respect to the base frame. To address this issue, an iterative algorithm is
proposed for converting the joint motion.

The connection of adjacent joints is defined as a link, and the dynamic model requires the motion
of these links as its input. Thus, an iterative algorithm (different from the previous Newton—Raphson
iterative algorithm for the displacement kinematics) is adopted to obtain the motion parameters of each
link under the frame B.
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Figure 4. Characterization of link L; for the Newton—Euler formulation.

Any link L; can be represented as follows:

From Fig. 4, the parameters characterizing the motion of the link can be defined (see Table I).

The relationship between the motion of link L; and its joints is established through the following
velocity transformation relation of the rigid body:

W1 (P—_]O]nt)
;= . . 9
(l)(;_])j + 9,:,'Z,_'/' (R-JOlnt)
and
by = ‘< 1) ij i (i—1yj (i—1,i)j J. . (10)
Pi-1)j T @i—1y; X Y1 (R-joint)
By differentiating Egs. (9) and (10), we obtain
@1 (P-joint)
oy=1 . (11)
W i_1); + QUZU + Q,J ((0” X Zl]) (R-Jolnt)
and
Doy + diZiy + 2d; (01 x Zy)
b= @ -1y X Tty + @1y X (@1 X i) (P-joint) (12)

Py + @1y X Fioray + @1y X (@1 X T—1;)  (Rejoint)
According to Egs. (9), (11), and (12), and the geometry of the links, the acceleration of the mass
center of link L; under the frame B can be determined as:
Pcij = Py + @ X Ticij + @ X (a)ij X r(i,Ci)j) (13)

As shown in Fig. 5, applying Egs. (9), (11), and (13), the motion parameters for the links of the legs
can be expressed in the frame B. Here, wg;, @5;, and pg; are the initial iterative parameters, determined
by the motion of the BP. When the BP is stationary, these parameters are typically set to zeros.

4. Dynamics

With the use of RR—joints, both ends of the leg are affected by torques, the direction, and magnitude of
which are unknown. Thus, the dynamic equation of the leg cannot be obtained explicitly. However, all
forces and torques in the Newton—Euler method are linear and can be solved by establishing a system of
linear equations.
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Table 1. Variables of link L;.

Variable Value
m; Mass of the L;
@, @;; Angular velocity and acceleration of L;
Py, Dy Linear velocity and acceleration of Oy
Pci Linear acceleration of the mass center C;
f; Force exerted by Lq_1; on Ly, £5 = [fix fis ]
fivny Force exerted by L; on L1y, £i41y = [f(i+1)jx Jarnw f(i+l)jz]T
T; Moment exerted by L_;;; on L; with respect to Oy,
Ty =Ty Xy + Ty - Yy
Ty Moment exerted by L; on Ly; with respect to Oy,
Tty = Tarnye * X+ T Taryy © Y1y
Xy, Yy, Z; The unit vectors directed along the x, y, z axis of JF; represented in the frame B
Tt Vector from Oy to Oy
T.ciyj Vector from Oy to center of mass C;
I The vector from Oj to Oy
T (it1) The vector from Op to Oy
T cij The vector from Oy to the mass center C;;
91;1811'5911' ‘-*-"13;‘-;31;"
l Bq.(9),Bq.(11)|  PwPey

Wg;, Wei, Pr;j

Eq.(12),Eq.(13)

92}': 92}': 92}'

W(i— 1) Wi— 1))
Eq (9)1EQ(11) f’(e—l)}sijc’(i—ljj
Eq.(12),Eq.(13) T

W‘zj:w!ppczj

91’_15 érja éu

Figure 5. Computational structure of the iterative algorithm.

Before establishing the Newton—Euler equation for the jth leg, it is crucial to determine the forces
and torques acting on this leg. These are shown in Fig. 6.

Fig. 6 shows that each link is subjected to two force vectors in unknown directions (each force vector
can be decomposed into three unknown forces along the frame axes of the frame 5), And four torques,
two under frame O; and others under frame Oy, (in specific directions along their x and y axes). Links
L,; and Ly; are combined into a single link, which is defined as L;. Joints 1, 2, 5, and 6 are all R—joints.
These R—joints have only one DOF, but five constraints. Hence, in the absence of consideration for
reactive forces, an R-joint is subject to forces in three directions and torques in two directions. Joint
4 is an RP—joint, and its rotational and feed motions are coupled. The output torque of the motor can
be converted from the supporting force in the direction of the feed. Thus, the supporting force in the
direction of the feed fy;, (along the z-axis of ;) can be regarded as the actuated force. Therefore, joint
4 is subject to binding forces in two directions (x-axis and y-axis of F;), the actuated force along the
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Ly Ly Ly Ls;

Figure 6. Forces and torques on the links of the jth leg.

feed direction, and constrained torques in two directions. In summary, each link is subjected to three
unknown forces and two unknown torques, with a total of five unknown variables.

For each link, three Newton equations of constrained motion and three Euler equations of constrained
rotation in space can be independently established, giving a total of six equations. Generally, each leg
can be divided into four individual links, resulting in a total of 25 unknown variables related through 24
equivalent relationships.

Each leg has 25 unknown variables and 24 equations, giving 150 unknown variables and 144 equa-
tions for all six legs. For the MP, six expressions are obtained by the Newton—Euler equation. Therefore,
we can establish a linear system with 150 equations for the whole PM.

4.1. Newton—Euler equations for a single leg
The jth leg (j =1~ 6) can be divided into four links, denoted by L; (i =1, s, 4, 5). The five joint ori-
gins are denoted by O; (i=1, 2,4, 5, 6). Each joint has five constraints, three unknown forces, and two
unknown torques.

First, for link L;;, the Newton—Euler equations are

£, — £ + myg=mypcy;
3 3 3 L (14)
Ty — T+ Iy flj —TIpoj* f2j + myTp ;€ — My ciPcyy = E (I]jwlj)

Iy ; is the skew-symmetric matrix of rp;:

rB,l_/’ = I:rljx r]jy rl_/z] s

and
0 —r iz Ty
f'B’lj = | Ty 0 —TFijx
—Tjy Ty 0
All vector expressions with a tilde in the following text are similar.

I,; is the inertia tensor of L,; under the frame 5. According to the coordinate transformation rules for
the inertia tensor,

Ocij T
Ilj — ROClj vayj Ilj . R

Ocij
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where ?v1; is the inertia tensor of L;; concerning the reference frame of the center of mass of link 1j,
which is a constant matrix. Ro,,; is the transformation matrix from the mass center reference frame to
the frame B.

Similarly, the Newton—Euler equations of L,; and Ls; are

£y — f5 + myg = myPcy
N 8 8 I d (15)
Ty — T+ Tpy - £y — Tos - £+ T 08 — muFp cyPoyy = dt (Lywy,)
and
fs; — £ + ms;g = ms;pcs;
i i i L (16)
Tsj — Tej + gy 5, — Tpg; - By + msTp 058 — msTp c5Pes; = a (ISijj)

For L;, we have
£ — £, + Z?:z m;g = Z?:z e
Ty — Ty + Ty - by —Tpyy - £y (17
+ 20, (s i — myTpcibey) = YL, 4 (Ljwy)
Rearranging Eqs. (14), (15), (16), and (17) gives
£, — £ =m; (bcy — g)
b —f,=3,m (bey — )
£y — f5 = my; (ey — g)
fs; — £y = ms; (Bes; — g)

- - (18)
Tpi- £ — Loy - B+ 15 — Ty (Iljwl]) + myTp ) (Pa/ g)

Tpoj By —Tpy £y + Ty — T4 = [ ( y) e (ija‘j - g)]

Fpaj By —Tps - f5 + 1y — 75 = (14/(04,) + My;Tp cy (Pc4/ g)

Tpsi-fs —Tpg B+ 75 — 76 = @ (ISijj) + ms;¥p cs; (pCSj - g)

In Eq. (18), we arrange all unknown variables on the left and all known parts on the right.

4.2. Newton—Euler equations for the MP

The MP is a link connecting the ends of the six legs. Any external loads acting on the MP are simplified
as a force F, and a torque M, under the frame 3. Moreover, the MP is constrained by six R—joints at the
leg—MP connections Op;, each containing three forces and two torques. Thus, the dynamic equations are

written as:
2,6 By — F. + mypg = mypPoyp
S (Fag B + Tg) — P - Fo — M, (19)
+MypTp crp@ — MupEs.cmpPerpr = % (Inp@urp)
where

cop T
Lur =Reop - Lyp - RC()P
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is the inertia tensor of the MP under the frame B; the terms Reop and 71, are similar to those in
previous equations.
Rearranging Eq. (19), we obtain the following:

Zle f; = myp (Pewr — 8) +F.

6 (= . . . (20)
Zj:] (rB.6j -y + Tsj) = % (Lup@up) + Tgp - Fo + M, + mypFp cnp (Peur — &)
4.3. Solution for the actuated force
Combining Egs. (18) and (20) yields the Newton—Euler equations of the whole PM:
F,—F, T [Gy ]
F,-F, G, +G;
F,—F; G,
F; — F, Gs
DI Gur +F,
fo Fi—fo Foty—my | | Ni+ng @b
fpo-Fo—Tpa - Futp, — No +Ns+ pey + es
Tgs-Fy—Tps-Fs+p, — ps Ny + sy
Tps-Fs —Tpe-Fo+ s — 1 Ns + pes
Z,L (Fse - fo + 7)) Nup + eyp +Tpp - Fo + M,

The elements of Eq. (21) are as follows:
On the left-hand side:

T
F,-:[n 2 iz Lia Us iﬁ]
18x1

T
T T 2T T T T
= [Til ToTaTuls Ti6:|
18x1

~ =T T =T T #®T T
I'B,,' = [rB,il rB,i2 I‘B,z‘f& l.B,i4 l'B,iS rB,i()]
18x3

On the right-hand side, G; is the inertia forces vector composed of the inertia forces of links L; (j =
1 ~ 6) and G, is the inertia force of the MP:

miy (P — 8)

mp (Pcn — 8)
G,‘ ==

Mg (Pcis — 8)

18x1

Gyp = [myp (Pewr — 8) 1axi
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muTgcin (P — 8)

Myl cn (Pen — )

R =

MisTp cis (Peis — &)

18x1

Mepr = [MypTs cp Beyr — 8) l3xi
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Under the theorem of the moment of momentum, N; represents the differential angular momentum
vector of links L; (j = 1 ~ 6) and N, is the differential angular momentum of the MP:

d
Noyp = [d_t (IMPwMP)i|

Rearranging Eq. (21) and rewriting it in matrix form, we obtain the following:

Ly —Ig
Ly —Is
Ly I
I
A= - -
I —TIpp
Fgy —Tpy
Tpy —Ips
Tgs

! Low |
- Lhw;
d[ 1 1

d
— (I w:
Lit ( 126012)

d (Tiswis)
dl 16Wi6

where I3 denotes the identity matrix of order 18 and

The orientations of the torques on the links are

)(il ‘(H

)(Q

18x1

3x1

—Ijs
L s
€ —€
e, —e
e; —€s
—TIpe €s
Srgg
L=[h 8]
IX
Y,
Xis Yis
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and
Srpe = [rB,Gl Fgeo - - - Tags rB.66]3X18
Se, = |:X61 Yo ... Xgo Y66]
3x12
Here,
T
T ¥T KT §T KT T T T . T T
X= [Fl F,F,F;F 1, 1,7, 75 Tﬁ] (23)
150x1
T
where 7; = [Tilx Tity Tiax Tioy ** * Tion Tié,v] . The vector x contains 150 elements, where elements 37-54
12x1

contain the required actuated forces.
All terms of b are known values on the right side of Eq. (21). Therefore, Eq. (21) can be
rewritten as:

A-x=b (24)

As long as the PM is not in a singular configuration or has actuated redundancy, matrix A is a full-
rank matrix, |A| # 0, and the system of equations has a unique solution. Furthermore, approximately
95.68% of the elements in the matrix are zeros, indicating that it is a sparse matrix. To improve solving
speed, it can be converted into a sparse matrix during computations, and the GMRES [36] can be used.

Thus, we choose X, € R"%*! as an initial vector and set

r
rr=b-Ax, vi=—— B=Irll
[Ixoll
And then, use the Arnoldi process, forn=1,2,--- ,k,---, we do

hm.n = (Avn)Tva m= 19 27 LN

n
Vn+l = Avn - E hm,nvm

m=1

hn+l,n: ||‘A,n+l | |

Vn+1: Vn+l/hn+l,n

until /1,,,, < €. € is the upper limit of the error based on the specific situation.

And we can get the orthonormal basis V, =[vy, ..., Vi]is0.x and the matrix elements #,,,, form the
matrix H,e R*+Dxk,

Solve the linear least squares as:

min||fe — Hyyl|, (25)
ande=[1,0, -, 0] 1. Note the result as y;.
Finally, the numerical solution
X=Xy + V¥ . (26)

The set of actuated forces is denoted as Fy,:

Fy = [fo: - fiee] > 27
where
fuor = [x (34+3j) x(35+3)) x(36+ 3j)] Zy
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Table I1. Structure parameters of PM for numerical simulations.

Variable H, H H, T, T U, U,

(m) 0.026 0.295 0.027 0.125 0.160 0.010 0.010
6, 0,

(deg) 24 96

Table II1. Dynamic parameters of PM for numerical simulations.

Ly Ly Ly
Mass (kg) 0.155 2 0.43
0.005 0 0
Center of mass (m) 0 —0.067 0
0 0 0.133
L. 2.5x 1073 3.2 x 1073 8.8 x 107*
Inertia tensor (kg - m?, | L 2.6 x 107 2.1 %1073 8.8 x 107
L. 2.6 x107° 3.2 x 1073 3x107°
Ly Ly MP
0.8 0.155 3.5
0 0.005 0
0 0 0
—0.066 0 —0.011
1.4 x 1073 2.5 x 1073 2.5 x 1072
1.4 x 1073 2.6 x 1073 2.5 x 1072
3.2 x 1073 2.6 x 1073 4.8 x 1072

5. Simulations

To validate the correctness of the dynamics of the 6-RR-RP-RR PM, we compare the results of the
mathematical dynamic model with those of a simulation model. The model described in this paper con-
sists of both inverse kinematics and inverse dynamics. The simulation model, which is established using
the automatic dynamic analysis of multibody systems software, provides both kinematic and dynamic
solutions through various probes.

First, the structure parameters of the PM must be defined. From Fig. 2, these parameters are as listed
in Table II. And their dynamic parameters are as listed in Table III.

To verify the accuracy of the algorithm and facilitate computation, the specific parameters of the
actual PM are simplified to ideal parameters in the simulation. [Ixy, L., [VZ]T =1[0,0,0]"

The MP has 6-DOFs in space and consists of translation and rotation motions along the three direc-
tions of the frame 5. Let the MP move along the spiral line, with arbitrary angle changes in the motion
process. The parametric equations of the trajectory under the frame B are
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Legl MM Leg2 MM Leg3_ MM Legd MM Leg5_ MM Legb_ MM
Legl_SM Leg2 SM Leg3_SM Leg4 SM Leg5_SM Legb_SM

Displacement (mm)

4 |

-8 T T T T y T d T § X
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)

Figure 7. Kinematic comparison (MM — mathematical model, SM — simulation model).

px=0.005sin () (m)
py,=0.005cos (1) (m)

p.=0.002¢ (m)
(28)

T

¢ = 5 sin (D) (rad)
0 = Z sin () (rad)

180

Y =3 sin (1) (rad)

180

The displacement trajectory comparison is illustrated in Fig. 7. From the figure, it is evident that the
mathematical results closely align with the simulations.

From such a complex trajectory, we can learn how the algorithm performs in a real-world condition
rather than in a well-designed environment. Furthermore, we conducted simulations under three different
operating conditions to validate the correctness of the algorithm, and these conditions are presented in
Table IV.

The spiral trajectory equation has illustrated as Eq. (28), and the acceleration of gravity is as follows:
g=10,0, —9.8]" (m/sz).

And the external action contains a force vector F” and a torque vector M, which executed on the
frame P, as:

F” =[10sin (1), 10 cos (r), — 10 sin ()]" (N), M” = [sin (£),2 cos (t), 3 sin (£)]" (N - m),

F.=T»-F°, M,=T, M.

In Condition 1, we consider the influence of inertia forces resulting from motion on the actuated
force, while disregarding gravity and external actions. As shown in Fig. 8, the graph simultaneously
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Table IV. Three different operating conditions.

Condition 1 Condition 2 Condition 3
Total time (s) t=3
Step length (s) Ar=0.1
Spiral trajectory Vv i N
Gravity X 4 4
External action X X 4
Legl MM Leg2 MM Leg3 MM Legd MM Leg5 MM Leg6_ MM
Legl SM Leg2 SM Leg3 SM Legd SM Leg5 SM Legb SM
= = = =Frror
0.10
]
" - 6.9
"
"
0.05 - g
L]
[ ]
P H46 -
- ') g
E o =
1 1 ] %/
g 0.00 | P . 5
g Do o
1 1 — 23
[} ]
+ T
1 ]
-0.05 | o .
] ]
1 \
L} ] -
S begeee” T e A g Selen, Lmmea-T NS00
-0.10 . . . . : . - - ; . .
0.0 0.5 1.0 1:5 2.0 2.5 3.0
Time (s)

Figure 8. Condition 1, a comparison of the models considering only inertia forces.

includes the actuated force curves of both the mathematical model (MM) and the simulation model (SM).
The right-hand coordinate system in the graph represents the average relative error between the two
models. This means obtaining the relative error between the two models for each individual leg and then
averaging these relative errors across the six legs. The error exhibits a random zigzag pattern, unrelated
to inertia forces and motion conditions, with magnitudes at the order of 107*. The spike observed at 0.8s
is considered arising as the actuated force approaches zero. Therefore, the algorithm remains reliable
when considering only inertia forces.

In Condition 2, both inertia forces and gravity are considered simultaneously. As shown in Fig. 9,
the actuated forces noticeably increase. And since gravity acceleration is a constant value unaffected by
simulation software computation errors, the error between the simulation results and the mathematical
model significantly decreases. Furthermore, both models remain consistent, indicating that the algorithm
remains reliable.

Finally, in Condition 3, as shown in Fig. 10, inertia forces, gravity, and external actions are taken into
account. As a result, actuated forces increase further, but the magnitude of the error has not changed
significantly. Hence, the primary factor contributing to the error is presumably the acceleration error of
the simulation.

In summary, we can conclude that the algorithm can be considered reliable, and the error is unrelated

to motion.
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Legl_MM Leg2 MM Leg3 MM Leg4 MM Leg5_MM Leg6_MM
Legl _SM Leg2 SM Leg3_SM Legd SM Leg5_SM Leg6 SM
= ===Error
0.010
20 |-
- 0.005
18 |-
- | | )
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Figure 9. Condition 2, a comparison of the models considering both inertia forces and gravity.

Legl MM Leg2 MM Leg3 MM Legd MM Leg5 MM Legb MM
Legl SM Leg2 SM Leg3 SM Legd SM LegS SM Leg6 SM
= ==-Error
50 - 0.010
40 .
L ol ~ ~ 0.005
30 | <
. () e
= r r A r’ ‘\ g
% : S . sy "’ % ' Y ¥k &\gr
8§ 20 s P e L S T 7 e S=] 0.000 5
2 h ' Lo el & = e £
= h 1 s - 83}
v ! sa? J
10
L)
b - -0.005
“
0
-10 T T T T T T T i T T T -0.010
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)

Figure 10. Condition 3, a comparison of the models considering inertia forces, gravity, and external
actions.

6. Conclusion

This paper has described the inverse dynamic analysis of a 6-RR-RP-RR PM with offset universal joints.
The introduction of RR—joints means that the dynamic model must be represented as an implicit system
of equations. Based on the existing inverse kinematic model, this study established an iterative algorithm
using rigid body velocity transformations, resulting in the velocity and acceleration input parameters of
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all links in the base frame. The Newton—Euler method was then used to analyze the inverse dynamics of
the PM, and dynamic equations for all links were established in the form of a equation system containing
150 unknowns and 150 equations. By solving the equation system, a vector X containing all joint forces
and torques, including the desired actuated force F4;,, was obtained. The correctness of the mathematical
model was verified through numerical simulations using the automatic dynamic analysis of multibody
systems software. The algorithm closely aligns with the simulation and is deemed reliable. The derived
equations can be used to determine the forces acting on all joints of the PM. They are not only useful for
calculating the actuated force and force control, but also for structural optimization of PMs. In future
research, the effect of friction will be studied by introducing dissipative forces into each Euler dynamic
equation, and the PM will be validated through experiments.
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Appendix
Details of the inverse kinematic

The reference frame transformation relation for the jth leg is as follows:
Tye=T,-T,-T; - T, - Ts - Ts (29)

Because the frames P; and B3, are known in frames P and 3, when the position of the MP is determined,
the equivalent reference frame transformation relation for the jth leg is also obtained. The homogeneous
transformation matrix of its frame system T}, is given by:

T/

leg

=1§.1¢-PTE (30)

where T, represents the transformation matrix of B; concerning the frame B, T represents the trans-
formation matrix of the frame P concerning the frame 3, and " Ty, represents the transformation matrix
of the frames P; concerning the frame P.

As demonstrated by the equivalence relation, Eq. (29) is equivalent to Eq. (30):

Ty — T, = Q=0 31)

At this point, we have the equivalent relation matrix for one leg. Equation (31) contains all six
unknowns of q;. Each element can be considered as a separate equation, so the six matrix elements
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can be selected to form the following nonlinear system of equations:

@ (q))=Q(1,2)=0

(32)

Each of these equations is nonlinear and contains several variables. Thus, the solution can only be
obtained indirectly. Therefore, the Newton—Raphson iteration method is applied to solve this nonlinear
system for the jth leg:

9,7
[qtfi](k+1) = [q’j](b - |:3_j] ' [q”](k) (33)
q; (k)
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