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MECHANISM WITH ZERO COUPLING DEGREE AND MOTION DECOUPLING
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ABSTRACT

In this paper a new asymmetric 3-translational (3T) parallel
manipulator, i.e., RPa(3R) 2R+RPa, with zero coupling degree
and decoupled motion is firstly proposed according to topology
design theory of parallel mechanism (PM) based on position
and orientation characteristics (POC) equations. The main
topological characteristics such as POC, degree of freedom and
coupling degree are calculated. Then, the analytical formula for
the direct and inverse kinematic are directly derived since
coupling degree of the PM is zero. The study of singular
configurations is simple because of the independence of the
kinematic chains.

INTRODUCTION

In many industrial production lines, process operations
require pure translation movements only. Therefore, the 3-DOF
translational parallel mechanism (TPM) has a significant
potential value since it is a relatively simple structure and easily
controlled [1].
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Many scholars have being studied the TPM. For example:
original design of 3-DOF TPM is the Delta Robot which was
presented by Clavel [2]. The structure manipulators of TPM
have been developed [3-5]. Tsai et al [6] presented the 3-DOF
TPM, the moving actuators are prismatic joints and the sub-
chain is 4R parallelogram mechanism (P is prismatic joint and
R is revolute joint). The same architecture was optimized to
have isotropic posture in the center of its workspace with 3 or 5
degrees of freedom in [7, 8]. Li et all developed a 3-UPU
parallel mechanism (U is universal joint) [9] and analyzed the
instantaneous kinematics performance of the TPM. In [10], the
authors suggested a 3-RRC TPM and developed the forward
and inverse solution equation (C is cylindrical joint).
Considering the anisotropy of kinematics, Zhao et al [11]
analyzed the dimension synthesis and kinematics of the 3-DOF
TPM based on the Delta PM. Zeng et.al [12-14] introduced a 3-
DOF TPM called as Tri-pyramid robot and presented a more
detailed analytical approach for the Jacobi matrix. G. Bhutani et
al [15] established a new design for the 3-UPU mechanism by
taking into account mathematical models. Gao et al [16]
developed a TPM with decoupled motion.



However, the most previous TPMs generally suffer from
two major problems: i) the degree of coupling k of the
mechanism is greater than zero, which means its forward
position solution is generally not analytical, and ii) the
mechanism does not have input-output decoupling
characteristics [17], which leads to the complexity of motion
control and path planning.

According to topology design theory of PM based on
position and orientation characteristics (POC) equations [18], a
new TPM is proposed in this paper. The TPM is designed with
simple structure and features zero coupling degree, which
makes it possible to produce analytical models for the direct
and inverse kinematic model. In addition, TPM's motion
control and trajectory planning is easier thanks to its partially

decoupled motion characteristics.

STRUCTURAL DESIGN

The 3T parallel manipulator proposed in this paper is
illustrated in Fig.1. The base platform 0 is connected to the
moving platform 1 by two hybrid simple opened chain
(HSOCs).

To illustrate the structure of the manipulator, the CAD
design of the hybrid chain is shown in Fig. 1(A). Two HSOCs
composed of series of links are shown in Fig. 1(B).

The first HSOC includes the branches | and II: The shorter
link 3 of a parallelogram composed of four spherical pairs (S, ,
S,, S, and S;) is connected at point a, by actuated arm 2, to
the base 0 by a revolute joint R,. The extended part of the
opposite link 3’ of the parallelogram is connected in parallel
with a sub-chain composed of two links(6 and 5) and three
parallel revolute joints (3R, i.e., R,PR,PR, ), which is
denoted as RP“$)3R. Further, two links (7 and 8) and two
parallel revolute joints (2R, i.e., R,||R;) are connected in
series with the link 3°, which are connected to the moving
platform 1. Because the two revolute joints(2R, i.e., R;LR,,)
of the base 0 are perpendicular to each other the HSOC can be
recorded as RP“93R L 2R , the end part of which is part of
the moving platform 1 and produce three translations and one
rotation.

The second HSOC includes the branch I1ll: The
parallelogram composed of four revolute joints (R,, R;, R,
and R, ) is connected in series with two parallel revolute joints
(2R, i.e., R, IR, ), and is connected to the moving platform 1
by Ry (RsllRs,) - The HSOC can be recorded as RP,“%, the
end part of which produce three translations and one rotation. It
is obvious that the HSOC has the same branch as the typical

Delta (but the Delta contains three such complex HSOCs).

<

(A) 3D CAD DESIGN

(B) KINEMATIC STRUCTURE
FIGURE 1. 3D CAD DESIGN AND KINEMATIC
STRUCTURE OF 3T ROBOT

TOPOLOGICAL ANALYSIS
Analysis of the POC set

The POC set equations for serial and parallel mechanisms are
expressed respectively as follows:

M bi = I M Ji
M
M, = I My, )
i=1
where

M ;,- POC set generated by the i-" joint;



M, - POC set generated by the end link of i-"branched chain;
M, - POC set generated by the moving platform of PM.

The topological architecture of the two HSOCs of the
mechanism can be denoted as:
o HSOCL{R11(_P4S —-P*®_R*- R%)_(Rza ” Rzz ” RZl) 1 (R12 ” R13)}
@ HSOC, {R;, (P“)PR,, PR,,}.

The POC sets of the end of the two HSOCs are determined
according to Egs.(1) and (2) as follows:

M psoc, :Htl (L Ru)}u{tl (P()(abed )t (L (ab))D

r'(PRy,) r' (P(ab))ur'(L(bd))
mru&ﬂuru&ﬂ{:ﬁ }
r'(PRy) | | P(PRy) | [F'(PR,)
wazer&o}{ﬁuﬂnqur%L&g}{ﬂ@&»}
©LPER) P PR LR L P

p— t3
|P(PRy,)

The POC set of the moving platform of this PM is
determined from Eq.(2) by

t3
M=M Hsoc, M HSOC, :Lg:|

So, the moving platform 1 of the PM produces a pure
translation motion.

Determining the DOF

The general and full-cycle DOF formula for PMs proposed
in author’s work[18] is given:

m

F=> -2, (39)

i=1

i=1

ZV“;,. :dim{[f M,}Jumb(jﬂ)} (3b)

where, F - DOF of PM. f;- DOF of the i‘hjoint. m - number
of all joints of the PM. v - number of independent loops (v=m-
n+1, n - number of Iinlﬁs). &, - number of independent
equations of the j™ loop. | M, - POC set generated by the
sub-PM formed by the forir:ﬁerj branches; M, - POC set
generated by the end link of j+1sub-chains.
The mechanism can be broken down into two independent
loops, and their constraint equations are calculated as follows:

@ The first independent loop is consisted of branch | and 11, the
HSOC, is deduced as:

HSOCi{ 1(P4S - P4S - R4S - R4S - R23 ” Rzz ” RZ:L}

Thus, as obtained from Eq. (2), the POC set of the sub PM is

Tt Mo ] T
r r(PR,) r

In accordance with Eq. (3), the independent constraint
equation numbers & and the DOF, respectively, can be
obtained as follows:

- =dim{M, UM, }

wam[i ] o)
r? r'(PR,,)
-

r

m 1

F=>f->¢,=8-6=2.

i=1 j=1

It can be seen that the output link 3° of the sub PM
produces two dimensional translational motions in the xoz
plane, and is only determined by the active joints R;; and
R,, . Therefore, the mechanism has partial motion decoupling.

@ The above-mentioned sub PM and the branch chain 111
comprise the second loop:

HSOG, {Ry (P“™)|Ry|Res - Ry | s}

In accordance with Eq. (3), the independent displacement
equation numbers & and the DOF, respectively, can be
obtained as follows:

& =dim F(LR,) UM, +=dim t(LR,) U v
§ r'(PRy) ! r'(PRy) | [ (PRy)
r*(PO(Ry, Ryy))

1

F :i f, _Zgh =(8+6)—(6+5)=

w

Determining the coupling degree

Definition of coupling degree



According to the composition principle of mechanism
based on SOC units, any PM can be decomposed into a series
of Assur Kkinematics chains (AKCs), and an AKC with v
independent loops can be broken down into v single-open-
chains (SOC). The constraint of the j" SOC is defined by

n A;=-5-4,-2,-1
A= fi=1=¢, = Af=0 @)

= AT =+1,42,43,...

where, m;- number of joints contained in the i SOC;. f;
- DOF of the i"joints; 1, - number of actuated joints in the j™
SOC;; ¢, - number of independent equations of the j" loop.

Then, the coupling degree of AKC is
1 )
K:Emin YA ®)
j=1

The physical meaning of the coupling degree x can be
explained as follows:

@ The coupling degree «x reflects the correlation and
dependence between kinematic variables of each independent
loop of the mechanism. It has been proved that the higher «, the
greater the complexity of the kinematic and dynamic problems
of the mechanism will be.

@ For x=0, the motion of each loop can be obtained
independently, and we can finally obtain the solution of the
direct kinematic model; If x>0, this means that the direct
kinematic model must be solved using several constraint
equations.

Calculation of coupling degree

The independent displacement equations ¢&,(i=1,2) of
loop 1and loop 2 have been calculated in the previous section,
ie, &, =6, & =5, thus, the both coupling degrees are
calculated by Eq. (4), respectively

A=) f—-1,-¢ =(5+3)-2-6=0
Azzz fi—1,-¢, =6-1-5=0

By Eq.(5), it can be seen that the mechanism contains two
AKCs with zero coupling degree (x;=0, x,=0), hence, the

closed-form forward position solution of the PM can be easily
obtained by AKC; and AKC,.

POSITION ANALYSIS

Establishment of the coordinate

parameterization

system  and

To simplify reading, the mechanism shown in Fig. 1 is
developed under a planar view in the Fig. 2. The base 0 and the
moving platform 1 are square shaped, and the sizes of their
sides are 2l, and 2I, respectively. The three revolute joints
(3R, i.e., R,;, R, and R;,) of the base O are distributed at
the midp'o_int of each edge.

FIGURE 2. APLANAR VIEW OF THE 3 ROBOTS
Without losing the generality, the frame coordinate system

O-xyz is established on the base 0. The x-axis is parallel to the

axis of R, and the y-axis is perpendicular to the axis of R, .
On the moving platform 1, the moving coordinate system

uvw is established at P. The u axis and the v axis are
perpendicular and parallel to the axis of the Ry, respectively.
Both z and w axis are determined by the right hand Cartesian
coordinate rule, as shown in Fig.3(A). For ease of
comprehension, the 3T PM is redesigned in 3D view as shown
in Fig. 3(B).

The length of each actuated arms 2, 5 and 12 is
AB,=AB,=AB,=I, with |, =l,
The length of driven links 6 and the length of longer links of
the both parallelograms 4 and 11 are
B.C,=B,C,=B,C;=l,

The shorter links of the parallelogram are 25 and the point
Bi and C; (i=1, 2, 3) are the midpoint of the short edge. Thus,
the parameters of the other links are respectively defined below.
C,b,=l,, CD,=C,D,=E,F=I,, DE =I,.

The three input angles are defined as 6y, 6, and 0;, as shown in
Fig. 3(a). That is, the angle between the vectors AB, and the



y-axis is #;. The angles between the vectors AB,, AB,, and
the x-axis are 6, and s respectively. The angle between the
vectors D,E, and the x-axis is .

Direct kinematics

To solve the direct kinematic problem, i.e., to compute the
position of the moving platform, we set the values of the
actuated joints 0y, 9, and 6.

(A) KINEMATIC STRUCTURE

,/"T‘\ 1:I
e ) "~

(B) KINEMATIC MODELING
FIGURE 3. PARAMETERIZATIONS OF THE 3T PM

Direct kinematics of AKC;
The coordinates of A;, A, and As; on the base platform 1 are
A=[0 1, 0, A=[1, 0 0 and A=[l, 0 0.
The coordinates of each end-point of the three actuated
arms 2, 5and 12, i.e., By, Byand B; are easily calculated as

B,=[0 I,+l,cos6, l,sing] ,
B,=[-1,+l,cos6, 0 I,sing,]",

B,=[l,+l,cos8, 0 Lssing]

As stated in Eq. (4), the output link 3> of the sub-PM can
only produce two dimensional translational motions in the xoz
plane, ie. y. =y, =0. Due to the link length constraints

defined by B,C,=B,C, =I,, there are two constraint equations
as below.

(Xq _XBl)Z +(yc1 - yBl)Z +(Zq _281)2 =

2
|4

(6)
(xcz —Xe, )2 +(yc2 —Ys, )2 +(zcz -z, )2 =12
Equation (6) leads to:
& Xe, +blzq =C @

Where
a,=2(xs, +2k), B =2(z5, — 7).
¢, =(%g, +2I)* +25 —yg —273
If a,=0 and b;=0, then C, = —yél =0.But Ypg, could not

be zero. Hence, a; and by are not zero at the same time, and we
can have two cases as follows:
® a,=0. Insuch a case, we have

2o, =c, /b )
a
Xe, =i\/lf _(Zsl _ch)z - yél

@ a,#0. Insuch a case, we have

_ elia/ef —4d,f,

Zc,
2d, (8b)
_ C _blzc1
7o =——
&
where

dy=a;+b, e =2(bc, +2537) . fi=a(ys +25 —L)+c).

Direct kinematics of AKC,
From the Fig. 3, the coordinates of D,, E,, F, D,,
and C, are defined as:

Dlz[xcl 0 zC1+I6]

E,=[Xp, +hcosp Lsing sz ,
R T

F=[ x5 +heosp Ising 7, |,

DS:[xDi+I7cos,B+2I2 l,sing le]T :

G, :[X03 Yo, Yo, _Is:'T '

T
’



Due to the link length constraints defined by B,C,=I,,
the constraint equation can be deduced as below.

(e, =06 ) +(¥e, Yo, ) (25, —2) =1 ©)
Equation (9) leads to

a,c083=h, (10)

With

a,=2l, (XD1 —Xg, +2I2) ,
b, =15 =17 — (X5, —Xg, +21,)* = (2, — 25 )°
After g is obtained by Eq. (10), the coordinate of D,

and F, can be obtain. Thus, the coordinates of P on the
platform is

XZ(XD3+XF1)/2

y=(Yo, + s )/2 (12)
z:(zD3 +zF1)/2
Inverse kinematics
To solve the inverse kinematics, we compute the values of
6., 6, and 6;as a function of the coordinate P of the moving

platform. We have also to evaluate the value of B, which is a
passive variable form the Eq. (10).

Solution for £

For a given position of the moving platform, there are two
positions for points C, and C, with
B =arcsin Yoo | o B = —arcsin Yo,
I7 I7
For each position of C, and C,, we can calculate 8, and
0,.
Solution for 6, and 0,:
From Fig. 3, the coordinates of F,, E, and D, are
T T T
F=[x-L.y.z] . E =[x, y,z—] . Dl:[xDl,O,z—Ie] .
Due to the link length constraints defined by D,E,=I,,
the coordinates of D,, C, and C, can be deduced as below:
T
D1=|:X—|2+ IZ-y* 0 z—IGJ
T T
Co=[X, 0 zp—ls] , Co=[x5 =2 0 7, -] .
Then, due to the link length constraints defined by
B,C,=B,C,=I,,i.e.

(¥, _X&)2+(ycl _yBl)ZJr(ch —231)2 =l
(Xcz _XBz )2 +(ycz - sz )2 +(ZC2 _ZBz )Z =
Then, Eq. (12) leads to:

60, =2arctan ((Zlgzi ia/4zfl32 -gh )/gi) ,fori=1, 2 (13)

where

(12)

=2, 3,=12, h1=(I1—I3)2—I§+xé+zé ,

2

9 =(I1+I3)2 _If +Xe

2
+2¢ ,
hy = (1l —1,)? =17 +x¢ +2¢ +2x (I, -1;),
g, =(I1+I3)2—If+x§1+zé +2xc (I, +1;) .

Solution for 05

Similarly, the coordinates of D, and C, can be easily
obtained
D,=[x+L,y,7]', C,=[x+l,,y,z-1] .

Due to the link length constraints defined by B,C,=I,,
the constraint equation is established as below.

(XC3 —Xg, )2 +(yc3 — Y, )2 +(zCS - 233)2 =12 (14)

From Eq. (14), we can evaluate 6, as following

0,=2arctan ((2I3z3 i«/4z§l§ -g;hy)/ 93) (15)
Where

_ 2 2,2 2
z,=2c, Gy=(L—L) -l +yc, +z,,

2 2 2 2
hy=(l,+1,)" =1 +yc, +2

C,

We can conclude that this robot has 16 solutions to the inverse
kinematic model, twice as many as the Delta robot. This is due
to the mobile platform which is made with two parts. For the
same position of P, there are two values for £ and for each
£ value, there are two values for 6, and 0,. However, there are
only two 03 values in total. The number of solutions in the
inverse kinematic model is the product of 4 by 4 by 2, i.e. 16
solutions.

SINGULARITY ANALYSIS

The singularity analysis of parallel robots has been well-
documented in the literature. We can find the parallel and serial
Jacobian matrix, named A and B respectively [19, 20], by
differentiating the constraint equations with respect to time.



Then we obtain the parallel and serial singularities by studying
det(A) and det(B), respectively [21].

For the mechanism studied, the singularities are similar to those
of a Delta robot. A new singular configuration exists because
the mobile platform is made in two parts. When B is equal to
7/2 or 3x/2, the robot admit a new singular configuration
because the determinant of the parallel Jacobian matrix A
vanished. This defines in the workspace, a vertical plane
passing through the origin and parallel to the plane (xz).

CASE STUDY

To illustrate this study, we refer to the dimension parameters of
the ABB robot 14R, i.e, 1,=300, I,=70, 1,=350, I,=800,
I, =100, |,=10 andl,=50. Its parallel and serial singularity
can be computed with the Siropa library [22]. The determinant
of matrix A can be written

sin(/3)(35c0s(63) - X, +16) X, (35sin (62)—2 )=0 (16)
and that of matrix B as
(21008, 70z C, )(1400S, ~70z C, )

17
(350C,S,, +70x,, S, ~1120S, ~70z, C,,)C, =0

By using Groebner base elimination methods, these surfaces
can be plotted in the Cartesian space. Figure 4 depicts the
singular configurations in the Cartesian space and Fig. 5 the
serial singularities with a different color for each term of the
Egs (15) and (16).

100

100
-40 -20
0

" 40 .

FIGURE 4. PARALLEL SINGULARITIESOF THE ROBOT

X

FIGURE 5. SERIAL SINGULARITIESOF THE ROBOT

CONCLUSIONS

In this article, a new asymmetrical new parallel
mechanism of pure parallel translation with a degree of zero
coupling and complete motion decoupling has been proposed.
The inverse and direct kinematic models are obtained. The
mechanism is simple in structure and easy to manufacture,
which can be used in transportation, positioning and other
operations of the manufacturing industry. The study of singular
configurations is simple because of the independence of the
kinematic chains.
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