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Abstract: In this paper, a parallel mechanism with two rotational degrees of freedom is proposed.
It could rotate freely and continuously around the two coordinate axes at the fixed origin of the
coordinate frame. The structure of the mechanism is a second-order over constraint parallel structure
and the moving platform and base platform are connected by five kinematic chains. The motion
characteristics of this structure are analyzed by reciprocal screw equation. Then, the kinematics and
dynamics modelling are carried out systematically in a unified way. The kinematics of the mechanism
is established by means of screws, the displacements and accelerations of each joint and any point on
a link could be calculated by the kinematic screw equation directly. The analysis of acceleration and
its mathematical expression in screw form are given, and the acceleration matrix could be applied
into the dynamic analysis based on the Newton-Euler equation. All the constraint forces and torques
could be obtained by a single set of Newton—Euler equations.

Keywords: kinematics; screw dynamics; closed kinematic chain; numerical algorithm

1. Introduction

Compared with its serial counterparts, a parallel mechanism provides higher load-
bearing capability and can be precisely controlled with a quick response and adjustment [1].
Hence, parallel mechanisms have been commonly applied in equipment and mechanisms
with large scalar and mission requirements to be heavy duty, which requires higher dynamic
performance, higher structural stability and robustness and also accurate positioning and
lower complexity in control.

For parallel mechanisms with serial kinematic subchains, the motion characteristics,
such as degrees of freedom, workspace and singularities, are fundamental to the design
of the kinematic subchains [2—4]. These motion parameters can be suggested for the
optimization of the design and dynamic properties of the parallel mechanisms [5]. Some
researchers have disclosed the influence of the arrangement of the joints. Especially for the
universal joints, the motion of the moving platform of the parallel mechanism is relevant to
the layout of the joints and the direction of the rotary axes [6]. Then, the kinematic analysis
is the basis for gaining the kinematic information of the structure and its controlling and
correcting posture [7]. Many researchers have proposed various methods for analyzing the
kinematics of parallel mechanisms [8-11]. As one of those common methods, kinematics
and as well as dynamics of mechanism can be studied systematically through the theory of
screw. Screw theory is known as a computational, supremely efficient approach to analyze
the kinematics, statics and dynamics of mechanisms [12]. The velocities, accelerations of
each movable joints on sub chains and any point on moving platform can be obtained,
which form the groundwork for further dynamic modelling [13].

Dynamic analysis is one of the kernels of mechanism control [14]. Methods of dynamic
modelling have been widely studied, in that it is necessary for determining the forces and
moment of joints and actuators. Traditionally, the dynamic analysis is carried out via two
kinds of methods: methods based on vectors, such as the Newton—Euler method [15] and
on energy, such as methods using Lagrangian equations [16-19]. The dynamic modelling
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of parallel mechanisms is often complex and difficult, because it is based on the kinematic
information of the mechanisms and dynamic parameters [20]. Conventional dynamics
analysis through the Newton—Euler method relies on motion equations of each part of the
mechanism. Describing the dynamics with Lagrangian equations is practical in solving
the inverse dynamics, but it also requires as much large computation time as the Newton—
Euler method does. Ren and Cao obtained the position information of a 3 — PSS parallel
mechanism through a Jacobian matrix and established the dynamic model using Lagrangian
equations [21]. Through the principle of virtual work, the dynamics is expressed by
building the energy equations in a generalized coordinate framework and the complexity
of analyzing the inverse dynamics can be reduced [22-25]. Some other methods have also
been explored and applied in dynamic analysis such as the recursive matrix method [26], the
influence coefficient method, which is separate to the velocity and acceleration variables [27]
and the Kane equation [28-30]. Jiao et al. established a dynamic model of the Stewart
platform through a combination of Kane equation and the principle of virtual works [31].
Considering that screw theory has already been extensively used in dynamic analysis, based
on the kinematic formulations through screw theory, dynamics modelling of mechanisms
can be established more efficiently [32-34]. Garcia-Murillo solved the inverse dynamics of
a translational parallel mechanism via screw theory and the virtual work principle [35].

The existing methods of kinematic analysis often start from displacement and the
second order numerical differential interpolation is required to calculate the accelera-
tion. Compared with existing methods, the main contributions of this paper are that a
novel 3UPS-UPU-S over a constraint parallel mechanism is proposed to satisfy the mo-
tion demands of two rotational degrees of freedom and the displacements, velocities and
accelerations are calculated by the velocity screw equation directly. This mathematical
expression could simplify the calculation and analysis of dynamics.

2. A Novel 2-Rotational-DoF Parallel Mechanism (3UPS-UPU-S) and Its DoF

As is shown in Figure 1, a novel 2-rotational-DoF parallel mechanism as a simulator
is proposed. This mechanism includes one moving platform, one base platform, and
five kinematic chains. Three UPS kinematic chains consist of one universal joint, U, one
intermediate prismatic joint, P, as the actuator, and one spherical joint, S. The fourth
UPU kinematic chain consists of two universal joints, U, which are connected by one
prismatic joint, P. The fifth S kinematic chain includes only one spherical joint, S, and the
revolute center of spherical joint, S, and the geometrical center of the base coincide. The
moving platform is directly built into the one with the S chain. Four kinematic subchains
of 3UPS-UPU are distributed around the spherical joint uniformly. Their primary universal
joints are installed along the edge of the base, and the last four joints (universal joint or
spherical joints) are assembled on the middle ring of the moving platform. The radii of the
circumcircle of A1Ay A3z A4 and C1C,C3Cy are R and r, respectively.

For further analysis, the absolute coordinate O — xyz is set as shown in Figure 1. The
origin O is chosen at the center of the base, and the z-axis is perpendicular to the base and
points to the moving platform; the x-axis is along SA; and then through the right-hand
rule, the y-axis can be settled.

2.1. Fundamentals of Screw Theory

In the following, %71V is defined to denote the relative velocity screw of joint [y in
the screw coordinate. It consists of the dual 3-dimensional vectors %qw and %717;, which
represent the relative angular velocity and linear velocity, respectively. The velocity screw
of joint Jy can be written as

N % 1w
NV = [(Z)V” X %—1“’} @
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Figure 1. Geometry of the 3UPS-UPU-S parallel mechanism: (a) front view; (b) top view of the
parallel mechanism.

Equation (1) can also be expressed through the unit vector as

N N eN N
V= w = w 2
N—1 N—1 L’N « EN] N—1wWSN )

where N, w presents the magnitude of the relative angular velocity of the joint [y with

. e . : . .
respect to the joint [y_1, and $y = L ;:] . } is defined as the unit velocity screw and
N X eN
expressed by the unit vector along the joint axis ey, whose norm is |lex|| = 1.

The kinematics of a joint in a serial kinematic chain is relative to the kinematics of the
fore joints, and the kinematics information of the Nth joint [ can be obtained through the
linear combination:

Yo =lo+iw+iw+ -+ j0+ N @
Nop=lo+2p 430 +... + V1o 4+ N o
0% =0 1 2 N-2 N-1

Therefore, based on the kinematic expressions of every joint in a single serial chain
through Equation (3), the forward kinematics of the chain can be gained through

N
YV =Y Vi =Sw 4)
i=0

where S represents the unit velocity screw matrix of a series linkage with N joints and is
formed by uniting the unit velocity screws of each joint in turns,

S=[% % - Sy ©)
andw = [jw 2w - N o] Tisan angular velocity vector consisting of all relative
angular velocities of each joint relative to its previous link in the linkage.

2.2. Reciprocal Screws of Moving Platform and Its DOF

To analyze the DoFs of a parallel mechanism with various kinematic chains, firstly, the
mechanism should be divided into chains, and then the constraints of each chain acting
on the moving platform should be explained [30,31]. Foremost, the Pliicker coordinates of
each joint of each chain are carried out based on the absolute coordinate frame as shown in
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Figure 1a. Therefore, the Pliicker coordinates of joints in the UPUchain can be written as

follows:
$tipu=[1 000 0 0]"
$tpu=1[0 10 0 0 R]T
$pu=1[0 0 0 —sin® 0 cosG]T (6)
$tpy—=[ cos® 0 sind 0 —Rsin6+L 0]"
$pu=[0 1 0 —Lcos§ 0 R—Lsin6 |

where L is the length of the kinematic chain, and 6 is angle between the UPU chain and the
z-axis. Therefore, the screws of the chain are now expressed by

S= [$bPU $%IPU $%IPU $%IPU $?,IPLI} @)

According to the reciprocal screw theory, the inverse screw $ can be obtained through

STR$" =0 8)
0 I 1 0 0
where X = [ 3X3} andI3,3= |0 1 0].

Therefore, the inverse screw of the UPU chain is

$UPU_[0 1000 R_sm@]T ©)

. F
Based on screw theory, ${;p;; can be expressed in a wrench form as ${;p;; = L < E|”

and as shown in Equation (9), ${;p; is expressed as a force vector parallel to the y-axis
passing through point ( sirL19 b 0), where b can be any value.
Using the same procedure, the inverse screws of the UPS and S chains can be obtained

$ips =10 0 0 0 0 0" (10)
1 00 0 0O
$=10 1 0 0 0 O (11)
0 01 00O
Therefore, all the inverse screws provide the terminal constraints to the moving
platform:
0 1 00
1 010
0 0 01
C _
5= 0 000 (12)
0 0 0O
L
R-—g:p 000

According to the reciprocal screw Equation (8), the free velocity screws of the moving
platform $p demonstrate that

T
(sg) N$p =0 (13)
Therefore,
T
100000
$P‘{010000} 14
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3. The Velocity and Displacement Analysis of the 3UPS-UPU-S Parallel Mechanism

This section gives the kinematic analysis of the 3UPS-UPU-S. As shown in Figure 2b,
with the definition of the twist matrix, the kinematic screw equation of a multi-rigid-body
system can be obtained through

Sw=V (15)
with
s=digl['] o s [Tl 1o
and T
w = H“’l]gxl [wz]gm [ws]gxl}zam {17)

where wV is the relative angular velocity vector of each joint of each kinematic chain
looP(N).

Figure 2. Kinematics of the 3UPS-UPU-S parallel mechanism: (a) kinematics of the UPS chain;
(b) kinematics of the S chain; (¢) kinematics of the UPU chain.

SN in Equation (16) is the unit screw matrix of the single kinematic chain looP(N),
and diag[] means a diagonal matrix with S!,8?,- - - ,§°. As shown in Figure 2a, according
to Equation (5), the kinematic unit screw matrix S! of the UPU chain can be expressed as

1 1 1

1

1 e e 0 e e

=111y 127 1 147 13 (18)
rhxel rixel el rbxel rkxel

where Ll} gives the unit velocity screw of a prismatic joint.
3
In a similar way, as shown in Figure 2c, the kinematic screw matrix S¥ of the Kth UPS

chain is

K K K K K
e e 0 e e e K
s [rK >i el >§ eX e K >A<LeK K jeK K ;eK]’( 2:3,4) (19
AZEr Tpx€ € Tcxe Tcx€ Tcxé€

e e €3 ] (20)
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The velocity matrix in Equation (15) can be expressed as
— ey T cy21T cysT

V= “OV]6><1 [OV]éxl [OV5]6><1}30><1 (21)

where § VK contains all the absolute velocity screw of the joints in Kth kinematic chain.
In addition, the absolute velocity in Equation (19) can be calculated through

SvKk =Fy - 2yK (22)

where ['V is the velocity screw of the mass center, P, on moving platform which is given in
solving the inverse kinematics, and ZVX is the relative velocity screw of joint P in regard to
joint C, which can be gained through

PyK _ 0
V= [ =

where §wX is the output absolute angular velocity of the Kth kinematic chain connected
with the moving part, while 7§ presents the absolute position of point P in the absolute
coordinate frame.

To obtain the required unit screws in Equation (18), the rotation matrix is applied to
calculate the unit joint axis, eﬁ, and the absolute position vector, rﬁ, of each joint in the
absolute coordinate frame:

K K ';Ez KRKRK K "(K=1,2,---,6) @4
v = RZ (o7 (0) + RARZR5 T )

where RIZ< is the rotation matrix around the z-axis, which can be expressed as: Rlé =
Rz((p —1)90°). R presents the rotation matrix from link Ly to link Ly_1. When it
rotates around x axis, then RI]f] = Ry (Nflﬁzlf]), and when it rotates around the y axis,
RY, = Ry(y_10X), and when it rotates around z axis, Ry = R-(y_,6K).

From Equation (15), if the kinematics of the terminal link [y is given, the inverse
kinematics of the multi-rigid-body system can be derived as

$Tsw =8sTv (25)

As ’STS‘ = 0, the multi-rigid-body system is either redundantly actuated or in singu-
larity configuration. In another configurations, multiplying both sides of Equation (23) by

[STS} B yields
w = [STS} sy (26)

-1
where [STS} ST is called the pseudo inverse of the screw matrix, S. Equation (24) is used

to solve the inverse velocity of the linkage.

Obviously, the position r and posture e of each joint are the functions of the angles
6. With the initial assembly conditions, represented through 6(0), the solution of w(1)
can be derived through Equation (24) by substituting 6(0) into the unit screw matrix, S.
Then, through an iterative approach, the successive parameters of S(1) can be obtained by
updating the data in Equation (24),

0(n+1) = 0(n) + Atw(n) (27)
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T
where (1) = {(1)0(11) 20(n) - %:;0(11) %_19(71)} consists of the angular displace-

ments of all joints, and §_, 6 is the relative angular displacement of joint [y with respect to
joint Jy_1. n=1,2,- - - indicates the times of iteration.

4. The Analysis of Acceleration and Its Mathematical Expression

In this section, the analysis of acceleration and its mathematical expression is given. As
depicted in Figure 3, suppose that U, V and W are three rigid bodies in a serial kinematic
chain connected by a number of joints successively, and there is an arbitrary point, P,
attached to the link Ly . Therefore, the velocities of P attached to these two frames observed
from frame U are
(28)

w

14 _V
{ u%p = yWw X rup

_ W
vUp = yw Xtyp

where the Xlw and {//Vw are the relative angular velocity of joint Ji; and [y, ryp and ryp is
the position vector in the absolute coordinate frame.

Figure 3. Acceleration analysis of multi-rigid body system.

Differentiating both sides of Equation (26) with respect to time, the acceleration of
point P rigidly attached to frame V and frame W observed in frame U could be derived as

(29)
Wap =WB xryp+Pw x (‘(,Vw X ryp)

{ Uap = (B X rup + jw x (@ X rup)
where the ;B and !V B are the relative angular acceleration of the joints with respect to their
fore joints.

It is well known that the acceleration could not be expressed in screw form due to its
implicated motion. Therefore, to express the acceleration by one matrix, the implicated
motion is removed to satisfy the definition of a screw.

Suppose that };A, containing all acceleration information of the point P from coordi-
nate U to coordinate V in screw form can be expressed as

v v
v P v ] - |Y P (30)
up

GAp =
Lap — Lw X o —Yw x (Jw x ryp)
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w —
LIAP_

W
u

Suppose that WA p containing all acceleration information of the point P from coordi-
nate V to coordinate W in screw form can be expressed as

w w
VVVAP: Vﬁ 1 _ l Vﬁ (31)
Wap —Vw xWo Wap —VWw x (yw X 1yp)

Therefore, ‘L/[VAP, which contains all acceleration information of the point P from
coordinate U to coordinate W in screw form can be expressed as

up
_W w
ap U(U X u'l] (32)

. i N Vs N Vo x o
ﬁup — ﬁw X (‘L/lw X Tup) Vvvap — @/w X (Ww X rVP) IV(U X (%Vw X rvp) — yw X (lvw X rup)

w _W-3
w-sAp = Wy

Substituting Equation (26) into Equation (28) yields

vap = [, P (33)
usp = Eﬁxrup

Additionally, substituting Equation (26) into Equation (31) gives

WA, = [w v ] (34)
v B xryp
Let v W
uLp = [#;" ] vip = [VVVZ‘," ] (35)
uvp v vp

where ‘L/va = Ew X ryp and {/,‘/vp = {/}’w X 1yp.
With the operation of Lie bracket on [;Lp and YL, defined by

VoUW
w X w
[YILP'%//VLP} = |V x vyv 7‘v/vw <« Vo ] (36)
uw Xy op—y uvp

and associating Equations (33)—(36), the acceleration in screw form could be expressed as
UAp = (Ap + VAp + [XILP/ WLP] 37)

Then, by expressing the accelerations from the coordinate frame, W — 2, to the coordi-
nate frame, W, by using Equation (37) in sequence presents

W _wW-2 W W-2; W
w—3Ap = w_3A4p + w_oAp + | 3Lp, w_oLp (38a)
w W1 W W-l; W

w2Ap = w_Ap +w_1Ap+ |w_oLlp,yw_1Lp
Therefore, to obtain

W_3Ap = w_3Ap + 1w 2Ap+ 1w _1Ap+ mjLPl %71%} + mingr wszp] (38b)

from Equation (38a), the acceleration of the point P from frame W — 4 to frame W in screw
form could be deduced as

W_sAp = W _3Ap + W _3Ap + W:ZLP/ %731413} (39)

Substituting Equation (38b) into Equation (39) yields

W—2 W-1 W W-1; W W-2; W W-3; W
Ap+w_3Ap + w2 Ap +w_14p + [szLPf W—1LP} + [W73LP' W—ZLP] + {W74LP/ W—3LP} (40)
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. WwW-1 W-2 W-1
Since 1 _,Lp = w_oLp +_1Lp and [ 3Ly = y"3Lp + y ,Lp + 1y _1Lp, Equa-
tion (35) can be expanded to

W_sAp = W _4Ap + W 3Ap + W oAp + Y 1 Ap + [IW\/:;LP'W—lLP} + migLPf woalp+ W—1Lp} )
+ [WZinr wosLp+ W oLp+ W—lLP}
Through the same procedure, the acceleration of the point P from frame 0 to frame N
in screw form can be derived as
0Ap = gAp +1Ap + -+ N 2Ap + N _14p

+[3Lp 3L+ + NIALp + Ny Lp| + [BLp 3Lp + -+ NALp + N4 Lp| ++ - 2)

+ [%:éLP' N_2Lp + %—11‘4 + [%Z%Lpr %-1%}
When P is superimposed with the origin of the absolute coordinate frame at this time

instant, the acceleration in screw form in accordance with the definition of the unit screw
could be gained:
0A = (BS1+31p%2+ -+ N B8N+ N _1BSN
+hw$,2w8s +3wss + -+ N dwsn g + %71w$N}
_ 43
+ %w$2/%w$3 +---+ %7%QJ$N71 + %71W$N} 4+ ... ( )

N-2 N-1 N-1
+ N73w$N72/ N,2w$N—l + %_1w$N} + [N72w$N—1/ %_1w$N}

N+1 N+1
N+lgp _ dy w N+1 _ e
where "B = t—and % = o S N |-
0 X N e

To simplify the expression of Equation (43), %Hw and %H B can be denoted by wy 1

and Bn1 to express the relative angular velocity and acceleration of the (N + 1)th frame
with respect to the Nth frame without any ambiguity.
Equation (43) can be written in a matrix multiplication form as

NA =8B+ w'Siw (44)
where
S=1[$ % - $n] (45)
which is the unit screw matrix of the kinematic chain, and
w=[w wy - wy] T (46)
which consists of all relative angular velocities, and
T T
B=[ fo o o) =[S d o ] )
which is a vector consisting of all relative angular accelerations, and
[0 [$1,%2] [$1,%3] [$1,%3] - [$1,8n 1] [$1,8n] ]
0 o0 $2,%3] [$2,%3] -+ [$2,8Nn-1] [$2, $N]
0 0 0 [$5,8 - [$3,8n-1] [$3, 8]
Sp=|: : : : : : (48)
0 0 0 0 0 [$n—28n-1] [Sn—2 98N]
0 0 0 0 0 0 [$N—1,8N]
L0 0 0 0 0 0 0 J

which is a matrix composed of the Lie brackets of the unit screws in accordance with
Equation (45). Equation (46) is the acceleration represented in the form of screws.
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The linear acceleration of the mass/geometry center of the end effector is
é\]aczé\’a+6\]ﬁxrc+6\]wx6\]vc (49)

whereé\]w = wl—i—wz—i—"-—i-wN,f)\]ﬁ =B1+B2+--+PBn,TC :rN—i—rNc,andS]vC =
Nw x (ry +1rnc)-

Accordingly, the absolute acceleration in screw form of the center point of the end
effector is expressed as

N B B
04c = Lfyac] = {eva LB x e+ Y x o G0)

5. The Analysis of Dynamics of the 3UPS-UPU-S Parallel Mechanism

For the 3UPS-UPU-S parallel mechanism, there are four actuators at the prismatic
joints to drive the moving legs, fixed legs and moving platform. As aforementioned in
Section 2, the 3UPS-UPU-S has two rotational degrees of freedom. When it rotates, the
inertia force would be generated, and in order to give accurate control, this section will yield
the dynamic analysis based on the Newton—Euler equation. The Newton-Euler equation
can group all the forces and torques into a single equation. Hence, the three constraint
forces and three constraint torques can be calculated in a straightforward way. When the
external loads, constraint forces and self-weights of all rigid bodies are considered in the
calculation of wrenches, the equation of the balance conditions for a single-rigid-body

system is
F| [ml 0][a mg
M_{O J] [ﬁ}—‘_{wxjw] (51)

where T is the resultant torque vector, F is the resultant force vector of a single-rigid-body, I
is the 3rd-order identity matrix, and m is the mass of a single-rigid-body at its mass center.
{a, B} in Equation (51) is the absolute linear acceleration and absolute angular acceleration
vector at the mass center according to the absolute coordinate frame, and w is the absolute
angular velocity vector at the mass center in the absolute coordinate frame. The acceleration
{a, B} can be calculated by Equation (50), and the angular velocity w can be obtained using
Equation (24).

The moments of inertia J of a single-rigid-body at its mass center in the absolute
coordinate frame (0-coordinate frame) can be obtained through

J = RouJ,RE, (52)

where J,, is the moments of inertia of a single-rigid-body at its mass center in the relative
coordinate (n-coordinate frame), and Ry,, is the rotation matrix from the n-coordinate frame
to the 0-coordinate frame, which could be calculated by Equation (22).

The fixed leg, L 45, has one universal joint and one prismatic joint, which is shown in
Figure 4a, and the Newton—-Euler equations for the fixed leg, L 45, can be derived as

T R 1 P B
ATDXFA—DFBXFB—‘,-TA—TB 0 JD ﬁD wp x]DwD

The moving leg, Lpc, consists of universal joint (or spherical joint) and one prismatic
joint, which is shown in Figure 4b, and the Newton-Euler equations for the fixed leg, Lpc,

can be deduced as
{ Fp — Fc } [mEI 0} {aE} [ Mg ] (54)
gtg X Fp — gt X Fc + Tp — T¢ 0 Jg||BtE wE X JpwE

When the moving leg, Lgc, is PU, the T is zero.
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Figure 4. Dynamics of the 3UPS-UPU-S parallel mechanism: (a) dynamics of the fixed leg
Lff‘B, (K=1,2,3,4); (b) dynamics of the moving leg Lgc, (K=1,2,3,4); (c) dynamics of the S chain;
(d) dynamics of the moving platform.

The moving platform, Lp, consists of one universal joint and four spherical joints,
which is shown in Figure 4d. The Newton-Euler equations for the moving platform, Lp,
can be expressed as

4
4 kgch—FFs 4 _ [mpl 0} [ap} n [ mpg ] . |:Fp:| )
Z (crpxFe) + L Te 0 JpllBr]  lwpxTpwr]  |Te

Additionally, the spherical joint at the center has one dimensional constraint equation,
PS = Fsrs (56)

By associating Equations (53)—(56), the dynamics equation of the 3UPS-UPU-S parallel
mechanism can be derived based on Equation (47):

cQ=mA+W+Fg (57)

In Equation (57), c is the displacement coefficient matrix for the wrench, Q is the
wrench vector consisting of all constraint forces and torques, m is the mass matrix containing
mass information of all rigid bodies, A is the acceleration matrix with all acceleration
information of each mass center, W is the Coriolis wrench matrix, and Fg is the external
wrench matrix exerted on the 3UPS-UPU-S parallel mechanism that is given, which also
includes gravity.

As shown in Figure 4, the parallel mechanism with the 3UPS chain, 1UPU chain and 1
S chain has four fixed legs, four moving legs and one moving platform in total. Every single
rigid body could establish six equations based on the Newton-Euler equation; therefore,
there are 54 equations that could be established.

The universal joint, U, can provide three forces and one torque, the spherical joint
can provide three forces and no torque and the prismatic joint can supply three forces
and three torques. Therefore, there are 56 unknown constraint forces and torques in the
3UPS-UPU-S parallel mechanism. As analyzed in Section 2, the 3UPS-UPU-S is an over
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constraint parallel mechanism, and a one-dimensional constraint equation at the spherical
joint S is added to solve this problem.

The number of constraint wrenches in the 3UPS-UPU-S parallel mechanism is 56. It is
identical to the sum of nonlinear equations in Equations (37)—(39). Therefore, the constraint
wrenches can be calculated with Equation (45):

Q= (e) mA+ W Fp) (58)

6. Simulation and Result Analysis

In order to demonstrate the kinematic and dynamic analysis method of the parallel
mechanism proposed in this paper, a numerical case is given in this section, and the
simulation is carried out by MATLAB software.

6.1. The Inverse Kinematics of the 3UPS-UPU-S Parallel Mechanism

Suppose that the moving platform follows a spatial rotation motion, and the parameter
equation of the trajectory for the moving platform is defined as

{ x(t) = —0.2cos(t) + 0.2

y(t) = 0.1sin(t) (59)

With the trajectory, the displacement vector, Dp, velocity screw, Vp and acceleration
vector, Ap, of the moving platform are

Dp = —02cos(t)+0.2 0.1sin(t) 0 0 0 3\/§/10]T
Vp=1[02sin(t) 0.1cos(t) 0 0 0 0]" (60)
Ap=1[02cos(t)+02 0.dsin(t) 0 0 0 0]"

where ¢ is the time of the trajectory.

The step length for simulation is At = 0.001, and the total number of iterations is
n = 10000. As illustrated in Figure 5, H(m) is the initial height between the mass center,
S, on the base platform and the mass center, P, of the moving platform, L(m) is the initial
length between joint A and joint C. R(m) is the distance between the mass center S and
joint A, r(m) is the distance between the mass center P and joint C, and both are constant.
6 and P give the initial assembly configuration of four surrounding kinematic chains. The
initial configuration conditions of the 3UPS-UPU-S parallel mechanism for kinematics
analysis is given in Tables 1 and 2.

[

Figure 5. Initial configuration of the 3UPS-UPU-S parallel mechanism.
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Table 1. Structure parameters of the 3UPS-UPU-S.

H(m), (t =0) R(m) r(m) L(m), (t =0)
% 0.8 0.5 0.6

Table 2. Initial conditions of the 3UPS-UPU-S.

6}(0)(rad) 65(0) (rad) P5(0)(m) 0(0) (rad) 05(0) (rad) 0(0) (rad)
{61} = {0} {0} ={-% {r3} = {03} {63} = {0} {65} ={-3 {06} = {0}

Starting from the initial configuration, the kinematics of the 3UPS-UPU-S 3UPS-UPU-S
parallel mechanism could be calculated, the angular velocities could be derived by Equa-
tion (24), the postures and positions could be derived by Equation (22) and the accelerations
could be derived by Equations (44) and (50). The inverse kinematics of the 3UPS-UPU-S
parallel mechanism is carried out and plotted by MATLAB based on the given trajectory,
and the curves of the kinematics are shown in Figures 6-10. In Figures 8-10, the subscripts
x,Y, z represent the components around the coordinate axis, respectively.

e
=N

e
i

S
o

=}

Absolute angular displacement (rad)

(b)

Figure 6. Relative angular displacements and relative linear displacements of each joint: (a) relative
angular displacements; (b) relative linear displacements.
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Figure 7. Relative angular velocities and relative linear velocities of each joint: (a) relative angular
velocities; (b) relative linear velocities.
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Figure 8. Absolute angular accelerations and absolute linear accelerations of fixed legs,
LI;‘B, (K'=1,2,3,4) at their respective mass centers D: (a) absolute angular accelerations; (b) ab-
solute linear accelerations.
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Figure 9. Absolute angular accelerations and linear accelerations of moving legs Lfgc, (K=1,2,3,4)
at their respective mass centers E: (a) absolute angular accelerations; (b) absolute linear accelerations.
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Figure 10. Absolute angular velocities of the mass centers, D and E, of all legs: (a) absolute angular
velocities of the fixed legs, Lng, (K=1,2,3,4); (b) absolute angular velocities of the moving legs,
LK., (K =1,2,3,4).
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Figure 6 shows the relative angular displacements and relative linear displacements of
all the joints in each kinematic chain. Figure 6a illustrates the relative angular displacement
6 of all the revolute joints of each kinematic chain, and Figure 6b illustrates the relative
linear displacements d of all prismatic joints.

Figure 7 represents the relative angular velocities and relative linear velocities of all
the joints in each kinematic chain. Figure 7a shows the relative angular velocities w of each
rotational joint, and Figure 7b shows the relative linear velocities v3 of each prismatic joint.

Figure 8 depicts the absolute angular accelerations and absolute angular accelerations
of the mass center D of the fixed leg Lfg 5, (K'=1,2,3,4) in each kinematic chain; the 8 is
the absolute angular accelerations and the a is the absolute linear acceleration.

Figure 9 shows the absolute angular accelerations and absolute angular accelerations
of the moving legs, ngc, (K=1,2,3,4), at their individual mass centers E. Figure 9a shows
the absolute angular accelerations, and Figure 9b shows the absolute linear acceleration.

Figure 10 illustrates the absolute angular velocities of all chains. Figure 10a shows
the absolute angular velocities of the fixed legs at their mass center D of each chain and
Figure 10b shows the absolute angular velocities of the mass center E of each moving leg.

6.2. The Inverse Dynamics of the 3UPS-UPU-S Parallel Mechanism

Assume that there are external loads exerting on the moving platform at its mass center
P given the external force Fp = [0 0 1](KN) and the torque Tp = [1 0 0](KN-m).
With the kinematics information calculated in Section 6.1, and the identified inertial pa-
rameters at mass’ center and moving platform in Table 3, the dynamics analysis of the
3UPS-UPU-S parallel mechanism could be carried out, and the driving force of the prismatic
joint could be derived using Equation (56).

Table 3. The identified inertial parameters at mass center and moving platform.

Mass (m)(K=1,2---4) Moments of inertia (kg -m?)(K =1,2---4)
X 5.56¢ 4 0 0
mK =142 kg K, = 0 1l4e2 0 =J5,
my = 142kg 0 0 116e2
mp = 2.87kg 6.87¢1 0 0
Ip, = [ 0 6.87¢1 0 ]
0 0 9.21¢7!

Figure 11 depicts the resultant driving forces at all prismatic joints of the four kinematic
chains. In addition, the component forces along three coordinate frames can be derived
with the direction of each chain, and the curves indicate that the resulting driving forces
are varied as the motion of the moving platform changes.

4 '
5 0 R
S
en
£-0.5
2 .
e
a 10
1 F 4
Time [s] 0 F, F 3

Figure 11. The driving forces of the prismatic joint in the 3UPS-UPU-S parallel mechanism.
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7. Conclusions

This paper proposes an 3UPS-UPU-S over constraint parallel mechanism to satisfy the
motion demands of two rotational degrees of freedom. The kinematics and dynamics based
on screw theory are investigated. Different to the existing methods, the most prominent
merits of this method are that the displacements, velocities, position and postures are
calculated by the velocity screw equation directly and the acceleration in screw form is
given; therefore, this mathematical expression could simplify the calculation and analysis
of the dynamics. Both forces and torques could be taken into account in the equilibrium of
the parallel mechanism, and all the constraint forces and torques could be calculated in the
absolute coordinate system. The kinematics and dynamics could be united by using the
unit screw matrix. This method could also be applied to develop the program to analyze
the kinematics and dynamics of any other multi-rigid-body system. The workspace and
trajectory planning could be discussed for application in future work.
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Nomenclature

Notation Parameter

6\[ A Acceleration

6\’ a Linear acceleration

d Displacement coefficient matrix
6\] d Linear displacement

6\] D Displacement

eN Orientation vector

F Force

H Initial distance between base platform and middle ring of moving platform
I 3rd-order identity matrix

Ji ith joint

Moment of inertia of a single-rigid-body in the absolute coordinate frame
Matrix of mass moment of inertia of a single-rigid-body
at its principal coordinate frame of the mass center
Kth kinematic chain in parallel mechanism
Initial length of kinematic chains
ith link

Lp, {/}/LP] Operation of Lie Brackets
Mass matrix
Number of iterations
Nth joint in one kinematic chain
Wrench vector consisting of constraint forces and torques
Radius of the middle ring of the moving platform
Position vector

2 TR0z Bz & T
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R Radius of circumcircle of four U joints on the base platform
R; Rotation transformation matrix around i axis
S Screw matrix

s¢ Constraint space

sf Free motion space

Sy Lie brackets of the unit screws

$" Inverse screw

SN Unit screw

T; Translation in i direction

T Torque

é\] v Linear velocity

oV Velocity screw

\%Y Coriolis wrench matrix

6\’ w Angular velocity

OB Angular acceleration

6\] 0 Angular displacement
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