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Abstract —In this paper, the methods of structural and
parametric synthesis of a RoboMech class parallel manipulator
with two end-effectors are presented. This parallel
manipulator is formed by connecting the two moving output
objects with the fixed base by two passive, one active and two
negative closing kinematic chains. Geometrical parameters of
the active and negative closing kinematic chains are
determined by the Chebyshev and least-square
approximations.

Index Terms - Parallel manipulator, end-effector, structural-
parametric synthesis.

I. INTRODUCTION

Depending on the type of technological operation, the
robot manipulator can operate in two modes: a simultaneous
manipulation of two objects and a sequential manipulation
of one object.

In the simultaneous manipulation of two objects, two
serial manipulators ABC and DEF handle two objects in the
initial positions P; and P, (Fig. 1a), then two objects are
moved to the specified position P; (Fig. 1b). Next, the
manipulators return to their initial positions.

a Cp F.P, b) P, P,
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Fig. 1. Two serial manipulators ABC and DEF.

In the sequential manipulation of one object, the first
serial manipulator ABC handles the object in the position P
(Fig. 1a), then the object is moved to the intermediate
position P3, where the object is transferred to the gripper of
the second serial manipulator DEF (Fig. 1b). Next, the
object is moved by the second serial manipulator DEF to the
specified position P, (Fig. 1b).
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For example, a printing machine operates in the mode of
sequential manipulation of one object. In this machine, a
blank sheet of paper is fed by the first manipulator onto the
printing table, and the second manipulator picks up the
sheet after printing. This cyclical process occurs in a short
period of time. Therefore, in such automatic machines,
instead of two serial manipulators, it is advisable to use one
manipulator (mechanism) with two end-effectors and one
DOF. The parallel manipulators (PM) of a class RoboMech
belong to such manipulators. PM having the property of
manipulation robots such as a reproducing the specified
laws of motions of the end-effectors, and the property of
mechanisms such as a setting the laws of motions the
actuators which simplify the control system and increase
speed, are called PM of a class RoboMech [1-3].

In this paper, the methods of structural-parametric
synthesis of a RoboMech class PM with two end-effectors
are developed. There are many methods of structural and
kinematic (parametric or dimensional) synthesis of
mechanisms [4-6], where the kinematic synthesis of
mechanisms is carried out for their given structural
schemes. In this case, it is possible that a given structural
scheme of the mechanism may not provide the specified
laws of motions of the end-effectors. Therefore, it is
necessary to carry out the kinematic synthesis together with
the structural synthesis. The methods of structural-
parametric synthesis allow to simultaneously determine the
optimal structural schemes of PM and the geometrical
parameters of their links according to the given laws of
motions of the end-effectors and actuators.

I1. STRUCTURAL SYNTHESIS

According to the developed principle of forming
mechanisms and manipulators [1,2], the PM with two end-
effectors is formed by connecting two output objects with a
fixed base using closing kinematic chains (CKC), which can
be active, passive and negative. If we connect these two
output objects with the fixed base by two passive CKC ABC
and DEF, having zero DOF, we obtain two serial
manipulators (Fig. 2). In the paper [7], a PM of the fifth
class with two end-effectors and two DOF (Fig. 2) was
formed from these two serial manipulators by connecting
the links 2 and 4 by the negative CKC GH of type RR, then
by connecting the link GH with a fixed base by the negative
CKC IK type RR, and by connecting the links IK and DE by
the negative CKC LM of type RR, where R is a revolute
kinematic pair. Each of the binary links of type RR has one
negative DOF. The disadvantages of this PM is a small
workspace because the links 2 and 4 of two serial
manipulators ABC and DEF are connected by one link GH.
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Fig. 3. PM with two end-effectors of the fifth class.

The workspace of the PM with two end-effectors can be
increased by connecting the links 2 and 4 of the serial
manipulators ABC and DEF by the active CKC GHKI with
active kinematic pair K. As a result, we obtain PM
ABGHKIED with three DOF, where the links AB, KH and
DE are input links (Fig. 3). For formation of a RoboMech
class PM with one DOF, we connect the links 1 and 5, as
well as the links 3 and 6 by the negative CKC ML and NQ
of type RR. As a result, we obtain a structural scheme of a
RoboMech class PM with two end-effectors, which has the
following structural formula

1V(1,2,5,8) < 1(0,8) — 1VV(3,4,6,9). (5)
Therefore, the formed RoboMech class PM consists of an

input link 7 and two fourth class Assur groups, or two
Stephenson 1l mechanisms with the common input link 7.

Fig. 2. PM of a class RoboMech with two end-effectors.

Thus, this RoboMech class PM with two end-effectors is
formed by connecting of two output objects with a fixed
base by two passive CKC ABC and DEF, one active CKC
GHKI and two negatives CKC LM and NQ.

Since the active and negative CKC impose geometrical
constraints on the motions of the output objects, then the
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formed PM of a RoboMech class with two end-effectors
works at certain values of the geometrical parameters
(synthesis parameters) of the links. Passive CKC doesn’t
impose geometrical constraints on the motions of output
objects, therefore, their synthesis parameters vary taking
into account the superimposed geometrical constraints of
the connecting active and negative CKC. Consequently, the
problem of parametric synthesis of the whole RoboMech
class PM with two end-effectors is reduced to the
subproblems of parametric synthesis of its structural
modules (passive, active and negative CKC). Such a
modular representation of structural - parametric synthesis
simplifies the problem of designing of PM. Let consider the
parametric synthesis of the structural modules of the
RoboMech class PM with two end-effectors.

I11. PARAMETRIC SYNTHESIS OF STRUCTURAL
MODULES

Given N discrete values of the grippers centers C and F
coordinates Xc,,Yc, and Xg, Xg (i=1,2,..,N).

The synthesis parameters of two passive CKC ABC and
DEF (or serial manipulators) are
Xa:Yalag:lgc @nd Xp,Yp, Ipe, Igp, where X 4, Ypand Xp,Yp
are coordinates of the pivot joints A and D in the absolute
coordinate system OXY; Iag.lgc.Ipe . Ige are lengths of the

links AB,BC,DE,EF. The synthesis parameters of the
passive CKC vary using the « LP, sequence» [8].

The synthesis parameters of the active CKC GHKI are
XéZ) J y(GZ)a X|(4) ) y$4) ) Xg),yg), XK ’YK ) IGH ) IHI , Where

Xg),yg),xf4),y(|4),x,(_|7),y(,_7|) are coordinates of the joints
G, I, H in the moving coordinate systems
BX, Yo, EX4Y4, KX;y7, fixed to the links BC, EF, KH,
respectively; Xy ,Yk are coordinates of the pivot joint K in
the absolute coordinate system OXY; Igy, I;y are lengths

of the links GH, IH.
Write the vector loop-closure equations of OKHGBO and
OKHIEO

RK +l"(¢)7i)r|£|7) +l(HG)i = RBi +F((02i)r(2) ) (2)
RK +F((o7| )r|(_{7) +l(H|)i = REi +F((04i)l‘|(4), (3)

T
where RK=[XK,YK]T, rl(_|7)=[x|q),y,(_|7)} ,

, T
| (Ho), ZDHG COSP(HG); +IHgG Sin ¢(HG)i] )

T
Rgi =[Xgi Yai] .

2 2 T @ n 7T

@ =@ @] P =[P yPT

_ T

iy, = [IHI COS@(H1;+ Iy SN (O(HI)J ,

N =[XEi Y, T X Z[ |(4)’Y|(4)}T ’

I'() is an orthogonal rotation matrix
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cos(ax)
sin(a)

F(a):[ —Sin(a)}.

cos(a)

The angles ¢,; and ¢4 in the Egs (2) and (3), which

determine the positions of the links BC and EF of the
passive CKC ABC and DEF, are calculated from the
analysis of positions of these CKC by the expressions

Y. =Y
-1 'Gj Bj
Poi =9 T —————, (4)
: Xc, — X,
Ye -,
-1 'R 7 E
@i =10 T/, (5)
: XE — Xg,
where
Xpgi X COoS ;i
R S
Bi A SIN @y
XEi X COS @i
Ei D SIN g3

The angles ¢ and @3 in Egs (6) and (7) are

determined by the expressions

Yo -Y 13 +125 —1
o —tg LG A os 1 A 2 aslic g

X, = XA 2pc; 1B

1 Y5 YD _11BF, +13e — &
Xk = Xp 2ok -lpe
where

_ -1
2

2 2
| (x5 =% )"+ (5 o)
Eliminating the unknown angles ¢ gy and ¢y,
from Eqgs (2) and (3) yields

2
|:RK +T(7)ry) —Rp, —r((ﬂzi)rc(;zq ~lfe =0, (10)

2
[RK +r(¢7i)r|(-|7)_REi —F(¢4i)l’|(4)] ~lf =0, (1)

Egs (10) and (11) are the equations of geometrical
constraints imposed on the motion of two output objects.
The geometric meaning of Egs (10) and (11) are the

equations of two circles with radiuses lyg and Iy, in
relative motions of the planes BXx,Yy, and BX,Y, relative to
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the plane KX;y;. The problem of determining the

geometrical parameters of the links at which such
geometrical constraints are approximately realized is the
problem of parametric synthesis of the active CKC GHKI.

The left parts of Eqs (10) and (11) are denoted by

Aql(il) and Aqg), which are functions of weighted
differences

2
Aql(il) = [R k + (g7 )rﬁ.” -Rp, —T(¢; )rg)} ~lhe, (12)

2
AqéiZ) :[RK +F(¢’7i)r|(-|7) ~Rg, —F((/)4i)l‘|(4)} —|E|| =0. (13)

After converting these equations and the following
change of variables

2
[pl} {XK} {pﬂ ks {Ps}: X
2l I ] Les] [v& ) Lo [y
1 2 2 2 2
p3:§(X,% +Yé+x,(47) +y(H7) +x((32) +yg) ~136),

[ps}:{xw}
P9 Y$4)

1 2 2 2 2
plOZE(X§+Y}§+x(H7) +yg) +xf4) +y$4) —13)

the functions Aqyjand Aqy; are represented as linear forms

(1 (k) .
by groups p; and p, of synthesis parameters

. AT . . )
Aql(i”=2(g§i‘) -pi”—gé{i)], (=123, (19

T
sy =2 ol 0¥ -off | =129, (19

where
-Xg 0
Q) ' [(py) P4 [(e7i) : 0 Pe
9 =| Yg |- Ps |+ POl Py |
1 0 0:1(]o0 0 0:1(|0
Xg — P
o | (@) ! P(pri-0a) ¢, s
O =| : YBi—pz - SRYAL
0 01|l 4 0 0 f1]|o
P-Xp, :
&) r’ (#77) ' L(p7i — i) 0 P4
9% = P2 —YBi -l ‘| Ps |,
0 0 1] 00 0
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@ 1i,2 2 P4
061 = - E(XBi +YBi)_[XBi’YBi]'F(¢2i)'|:p5:|+

[Xg, Y51 T(0,,) L}[m ps]-T(p,, %,)Hj

) Ll(y2 2 Pe
961?=—5(X5i—YBi)—[pl—xBi,pz—YBilr(qoﬁ)[p?

@ __1(y2 2 Py |
Joui = E(xBi —Yg )_[XBi =P Yg, — P2l T(p,, )'{ o

Xg — P
@ r (04i) ! Ty ¢4I)l Pe
O =| : YEi Ll e R R MR YA
0 0 1| , 0 0 1|0
[ 0] P Xg
o |T o, | Tn-ea) || %
e R R M _YEi o R R W N R0
0 01| 4 00 i1l]o

1 liy2 2 Pg
gtgz)i :_E(XEi g, )_[XEi ’YEi]'F(%i)'{pJ’L

HXg ’YEi]'r(%i).{Ejﬂp& pe] T(e,, 1"40{?3]

1 p
gt()%%:‘g(xé, ) [P~ Xg P2 YE]F((OH)Lj

@ __L(y2 _y2 Ps
902i = ‘E(in —Ye )_[in ~PuYE - pZ]'r(%i)'LJ'

The linear representability of the geometrical constraints
Egs (14) and (15) with respect to the groups pij) and p(zk)

of synthesis parameters allows to formulate the following
approximation problems of parametric synthesis:
-Chebyshev approximation,
- least-square approximation

to determine the groups

parameters.

In the Chebyshev approximation problem, the vectors of
synthesis parameters are determined from the minimum of
the functionals

p%j)and pgk) of synthesis

sOED) = max|ag” @) > mins@ed),  (16)
N ! i 1 (PL
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®) Ky _ ® K (k) K
S{0 ) - mex a0 )‘*fg(z'k? e, an

In the least-square approximation problem, the vectors of
synthesis parameters are determined from the minimum of
the functionals

S(J (p; 0y = Z(Aq ]—>m|n8(J (p ), (18)

50000y _ [ 4g" (o0

Vo)=Y (s, |ompsP6P). a9
i=1 p

Since the synthesis parameters of the active CKC GHKI
are simultaneously included in functionals (16-19), their
values are determined by joint consideration of the
functionals (16) and (17), and also (18) and (19).

The linear representability of Egs (12) and (13) in the
forms (14) and (15) allows for solving the Chebyshev
approximation problem (16) and (17), to apply the
kinematic inversion method, which is an iterative process, at
each step of which one group of synthesis of the parameters

pij) and p(zk) is defined. In this case, the problem of linear
programming is solved by four parameters. To do this, we
introduce a new variable p;; =&, where & is a required

accuracy of the approximation. Then the minimax problems
(16) and (17) are reduced to the following linear
programming problem: determine the minimum of the sum

GZCT

‘X — mino, (20)
X
T

where C=[0,...,0,1]T, =[ I ),PnJ with the following

restrictions

(KM)_} 11O G

92)i by =901(2)i

(KM)l R T

912)i" = 901(2)i
P11

The sequence of the obtained values of the functions
51((12()k)) (UD) will decrease and have a limit as a sequence

bounded below, because Sl((jz()k)) (p(j(k))) >0 for any p(j(k)) :

Let consider the solution of the least-square
approximation problem (18) and (19) for the synthesis of
the considered active CKC GHKI. From the necessary

conditions for the minimum of functions Sl((jz()k)) by groups

pi(lz(;( ) of synthesis parameters

j(k
k
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we obtain the systems of linear equations in the forms

j(k j(k j(k :
Hi(Jz() ) ‘pi(Jz() ) - h&(Jz() D.(ik=123). (3
Solving the systems of equations (23) for each group of
synthesis parameters for given values of the remaining
parameter groups, we determine their values
(24).

j(k j(k))-1 j(k
p{IS = ML (i)

It is not difficult to show that the Hessian Hi(jz(;‘» is

positively defined together with the main minors. Then the
solutions of the systems (23) correspond to the minimum of

SN

the functions 1(2) Consequently, the least-square

approximation problem for parametric synthesis is reduced
to the linear iteration method, at each step of which the
systems of linear equations are solved.

Let consider the solution of parametric synthesis problem
of the negative CKC LM and NQ. For this, we preliminarily
determine the positions of the synthesized active CKC links
of the GH and IH

2 2 2
Y, —Ye lic), +16H —lin
. —t -1 'k Gi -COS_l ( )| , (25)
Xy, = Xg; 2ar), loH
Y —
-1 'H;j li
ei =19 ) (26)
: Xy, — X,
where
x| [Xe ] [cosp—singy ]| &
i _ i _{ ?2i _Sm(PZI] G
YGi YBi SIN @oj COS ¢o; y((32)

. 4
COS i — SIN @4 Xf )
Sin@yj COS g yf“) ’

R
e) =[(x,i ~Xg, )2 (M, Y, )2} :

XH; | | Xg COS 5
= +lop | .
YH; Y, sin gx;

Write the vector loop-closure equations of OBGMLAO
and OEINQDO

N

Rg, +T(os)n{) +luL =Ry + T, (27)
Ry, + (g ) +1yg = Rp, + (g3 )r((gs)l (28)

where Rg, =[XGi A JT ,r,f,?) =[x,(\2),y,(\j) }T ’
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- T T
I(ML)i =|:|M|_COS¢(M|_)i,|M|_S|n¢)(ML)i:| ’RA:[XAyYA] ,

y T UG 6 (6]

i :[X(L)'V(L)} ’Rli:[xli’Yli} ,r,{,)z[x(N),y,(\l)} ’
T
I(NQ)i [INQ COS(/)(NQ)i JIng sin ?(NQ), } )

.
Ro [0 Yo 1§ =[]

Eliminating the unknown angles ML) and PNQ). from
1 I
Egs (27) and (28) yields

2
[Rg, +T(@sry ~Ra-T(air® | -1 =0, (29)

2
[Rn +T(psi)r) ~Rp —F(%i)réﬂ —|i|Q =0.  (30)

Egs (29) and (30) are the equations of geometrical
constraints imposed on the motions of links 1 and 5, 3 and 6
by the negative CKC ML and NQ. The geometrical
meanings of these constraints are the equations of two
circles in the relative motions of the planes of links 1 and 5,
3 and 6 with radiuses Iy and Iyg. The problem of

determining the geometrical parameters of the links, at
which such geometric constraints are approximately
realized, is the problem of parametric synthesis of two
negative CKC ML and NQ.

The left parts of Eqs (29) and (30) are denoted by

Aqgj and Ady; , which are functions of weighted differences
o B R Lo e® 12
Adzi =| Rg; +T'(gs5i)ry” —Ra —T(gy)ry; ML, (31)

2
Ay =[R|i +T(g5)ry) —Rp — Ty )r((g3)J ~Iio- (32

After converting these equations and the following
change of variables

1 5
{Pn} _ X(L) {PM}: XI(VI)
P12 y(|_1) P15 YS)
1 2 2 2 2
S Y L Y A

©)
P17 yS’) P20 y(,\‘?)

1 (a2 2 2 2
e =5 0§ +¥ 0 + v 1)

the functions (31) and (32) are expressed linearly by two
groups of synthesis parameters
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p(l):[pll P2 il pé’—[pm Pis, pial’
(l) =[P P17, Pigl’ p4 ) =[Prg, Poo, Prsl”
in the forms
2qiP =2(¢8)-pl - o) (i =12) (33)
s = o B -of 12
where
I 0 XG XA 20_ Prg
0 T Hey) Lo - ) -
géi)= O Y YA T 0 s |,
R ETI 00 i1 o
F0] | Xg = Xa 0] n
M) || I ei-ep) i ||
2 2/ i i)
géi)= O Y YA T T 0 |,
0 01| 00 1| o
1 1 2 2
o® =—§{(xGi ~Xa) +(Yg ~Ya) }
Pra
+[x ~XaYg —YA} I(p,)- L&J’
2 1 2 2
o =3 (e, < |
P11
+|:XGi XA’YGi YA} Tley) {plj’
_ 10T [ X —Xp | 0l [p
I (py) | ! Clpgi—og) ! ||
e I LU S O I L 3
00| 070 1| o
HT[ X -Xp ] T 0] [y
I oy || T owi-oa): ||
2 4i) '} 4i — ¢3i
gfu) L C I e o e N L R T2
00 || 4 00 51 0

o) _—%{(xli ol _YD)T

+[Xli _XD’Yi _YD]F(%i)'LZﬂ’

o -3 (%, -0 (s, o |-

Py
+|:x|i ~Xo )Y, _YD]F((DE){DS}.
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Further, on the basis of the approximation problems of
the Chebyshev and least-square approximations, outlined
above, the parametric synthesis of the considered CKC LM
and QN separately is carried out.

V. CONCLUSION

The methods of structural-parametric synthesis of a novel
RoboMech class PM with two end-effectors are developed.
The investigated PM is formed by connecting the two
moving output objects with the fixed base by two passive,
one active and two negative CKC. The active and negative
CKC impose the geometrical constraints on the motions of
the output objects, and they work with certain geometrical
parameters of links. Geometrical parameters of the active
and negative CKC links are determined on the base of
Chebyshev and least-square approximations.
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