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Kinematic Design of Two Elementary 3DOF
Parallel Manipulators with Configurable
Platforms

Antonius G.L. Hoevenaars, Patrice Lambert and Just L. Herde

Abstract Parallel Manipulators with Configurable Platforms (PMCRaye plat-
forms with internal degrees of freedom and form a class ofimdators that is not
covered by existing type synthesis methods. Because thienomim number of legs
for a PMCP is three, fully parallel 3DOF PMCPs may be congidem elementary
subset of PMCPs. To support the extension of type synthesikads to PMCPs,
this paper presents the first kinematic designs of maniptddtom this subset. A
structured design method has led to the kinematic desigw@Epatial manipula-
tors that are both capable of independently performing marestation, one rotation
and one internal platform motion.

Key words: parallel manipulator, configurable platform, 3DOF, gragpinotion,
spatial.

1 Introduction

Robotic manipulation sometimes requires additional degref freedom (DOF)
such as grasping on top of the rigid end-effector motion.tMld solutions have
been proposed to achieve this additional motion. One exampgb combine two
separate mechanisms [4] and another is to attach a grippgranism in series to
the end-effector, as is the case in the commercial omegedine Dimension. The
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first solution increases the complexity of the system whielatter adds the inertia
of an additional motor to the end-effector. Because lowtiaat the end-effector is
one of the distinguishing features of parallel manipulstadditional inertia espe-
cially affects the performance of parallel manipulators.

In the past decade it has been recognised that additional €@Falso be
added to the end-effector of a parallel manipulator withmarhpromising its par-
allel structure. This is achieved by replacing the rigid -efféctor with an addi-
tional closed loop. Following the 4DOF planar manipulatathvgrasping motion
by Yi et al. [10], Mohamed and Gosselin generalised the amabf this new class of
manipulators called Parallel Manipulators with Configued®atforms (PMCP) [8].
Other examples of such PMCPs are the Par4 by Nabat et al. % &DOF design
by Lambert et al. [6].

An illustrative method to discuss kinematic structuresregpty theory [1], which
represents every mechanism as a series of joints (linesjigiddbodies (nodes).
Fig. 1 illustrates how in graph theory a PMCP with two legsiisknatically equiv-
alent to aseries-parallel architecture, while.a PMCP with three legs is not; in
fact it belongs to a different category labelleoh-series-parallel architectures[5].
PMCPs with three legs (serial chains) may therefore be degdias the most basic
subset of PMCP designs. In this paper ofuily parallel manipulators are con-
sidered, for which the number of legs is strictly equal to tluenber of DOF of
the end-effector [7]. Thus, if only the joints located at tieese are actuated, three
legs allow 3DOF. Consequently, it is argued in this papet filley parallel 3DOF
PMCPs represent an elementary subset of PMCP designs.

Interestingly, PMCPs discussed in the literature all haveirimum of 4DOF.
They have not been developed using a type synthesis metbhdsuhe one intro-
duced by Kong and Gosselin [3] or Gogu [2], since existinghuds do not cover
PMCPs. Because fully parallel 3DOF PMCPs are argued to foretementary sub-
set of PMCP designs, examples from this subset may provideesting input for
the future development of a type synthesis method that dmes ®MCPs.

The goal of this paper is to verify the existence of fully pele8BDOF PMCPs
and present the first architectures from this elementargetulbhe structure of the
paper is as follows. First the design method is discussedehds to the two kine-
matic architectures presented in this paper. Next, the$evéacobian is derived for
one of the two kinematic designs and four singular configomatare identified.
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2 Design Method

Because no type synthesis method exists for PMCPs, the thigtliois paper relies
on the structured combination of a four-bar mechanism (thigqum) with a set of
pre-defined legs. Furthermore, two restricting conditiaresposed on the designs.
The first condition is that the resulting 3DOF PMCPs shall toéy fparallel. The
number of legs is therefore strictly limited to three. Setlgnthe axis associated
with each DOF shall coincide with an axis of either the ir@neference framgyYZz
or the platform reference fram€&Y*Z*. This condition facilitates a straightforward
description of the resulting mobilities.

The design method applied in this paper consists of fousstepst, the building
blocks are defined: a planar four-bar mechanism and thrediédélegs. A four-
bar mechanism with links of equal length is used, which isvkmdo have three
overconstraints and one internal DOF. Thus, the total nurobplatform DOF is
seven. The internal DOF is expressed as the distBybetween one of the joints
and the platform reference frame origin. On the premisedHatly parallel 3DOF
PMCP requires each of the three legs to have a minimum of @€ a minimal
leg consists of two links and three joints and describesagslamotion. One of the
end joints is connected to an actuator at the base. In thisrplag choice was made
to use rotating actuators but this choice does not impadD@®E of the individual
legs. The described building blocks are shown in Fig. 2

The second step is to constrain the motion of the platforeresfce frame origin
to a plane, which is achieved through the connection of tws te opposite joints
of the four-bar mechanism. These legs are connected sucththeesulting plane
of motion of the platform reference frame origin is perpendhr to eitherX* or
Y*. This is to ensure that the remaining DOF are all allignedh\ait axis of either
the inertial reference frame or the platform reference &afhe plane of motion
of the platform reference frame origin is here defined asdfelane, as shown in
Fig. 2b. The mechanism now has four DOF.

In the third step an additional DOF is constrained using tieltieg. To con-
strain the platform in another DOF, the third leg is orienteeéither of the planes
perpendicular to the firsttwo legs. Connecting the thirdietdpis orientation to one
of the two remaining platform joints adds two additional saints (and one over-
constraint) to the platform. The state of the two kinemasisigns after this step is
shown in Figs. Z andd.

By constraining five of the original seven DOF, both mechasishown in
Figs. 2c andd have two DOF remaining. The final step is therefore to relewe of
the constrained DOF by introducing an additional joint. fr@rmechanism shown in
Fig. 2d this also requires a change in the orientation of the joinbeating the third
leg to the platform. The two resulting kinematic designssdr@wn in Figs 2 andf.

This section has described the kinematic design of two fplyallel 3DOF
PMCPs, both of which have four overconstraints. In graplomhaotation, both
architectures are represented by the graph in Fig. 3 whiehusvalent to the one
shown in Fig. 1b after serial reductions [5].
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DOF: X.Y,Z0, 0,0 ,.f DOF: X,Z0,.F,
constraints: — constraints: Y,exﬂz
overconstraints: PZ’PHX'F:;V overconstraints: PZ"E;X’E?,

DOF: ZF, DOF: X,F,
constraints: X,Y,HX,HYHZ constraints: Y,Zﬂxﬂyﬂz
overconstraints: 0,P,P, P, overconstraints: 0,P,F, .F

' Oy 5O,

<

DOF: Z,HYPg DOF: X.0,F
constraints: X,Y,BX,HZ constraints: Y.Z0,.0,
overconstraints: HZ’PZ"E;X’F(;V overconstraints: 9Z,PZ,%X,@Y

Fig. 2 athe minimum building blocks for a fully parallel 3DOF PMOPthe mechanism after
connection of the first two legs, d the two possibilities for connecting the third leg f the two
resulting fully parallel 3DOF PMCPs

3 Derivation of Inverse Jacobian

In this section the inverse Jacobian is derived for the madaipr introduced in
Fig. 2e, which is also shown in Fig. 4 including the notations tha& ased in this



Kinematic Design of Two Elementary 3DOF PMCPs 5

Fig. 3 Representation of the mechanisms shown in Figsafdf using graph theory wherg
stands for thé!" link of the legi and $; for the screw associated with joinof legi, while in the
reduced graph after serial reductiorandS; are respectively thé" link node and screw system

section. For the purpose of easy analysis, the end-effémtoes acting in the di-
rection of the manipulator DOF are here expressed as footegan two specific
end-effector points (see Fig. 4). However, in practice thrajglete configurable plat-
form may act as end-effector, for example when grasping erdefble object.

Before the inverse Jacobian is derived, it is first confirnted the mobilityM
and overconstraintR: presented in Fig. 2 are consistent with the Chebychev—
Grubler—Kutzbach criterion. It was observed that botlulteyy designs have four
overconstraintdxc = 4. The links and joints can be counted easily using the graph
theory representation in Fig. 3, which coumts= 15 links lij (of which link 33
has zero length) anth =17 joints with an associated screw.$All joints have
one DOF, sofy, = 1 for all mjoints. Because in the original Chebychev—Gribler—
Kutzbach criterion-any overconstraints are included inrgésilting mobility, the
criterion is often rewritten to

3

M=6n—-m-1)+Y (fn)+Re 1)
1

which equalsM = 3 if the above numbers are used. This is consistent with the
expected mobility. The remainder of this section deals \lith inverse Jacobian
derivation for the mechanism shown in Fig. 4. More precisibly transpose of the
inverse Jacobia~") is derived, mapping the actuator torques on the end-effecto
forces according to

Fr=0"Tr (2)
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Although linear motors can also be used, the situation is hensidered for rotary
actuators located at the base. The torquespplied by these actuators are trans-
ferred to the platform via forces; directed along linkdij,. Because all three legs
are equall;; = l21 = l31 =11 andF; can expressed using

Ti P

M, )

! 2 |1SII’](9|2) !

These forces are transferred to the platform and can be €squtén terms of forces
acting in the direction of the platform DOF. In this paper itiernal platform DOF

is considered a grasping motion with variaBle[m], which is acted on by a force
Fg. The other forces arbly aroundY* -andF; in the Z-direction as indicated in
Fig 4. Withlp2 = Ip3 = lps = Ip7 = Ip, the expression of these forces in terms of
forcesF; is

F*g —cog6y) 0 sin(6y)
F'z | = 0 0 1 F1
M*y —Pysin(6y) 0 —Pycoq6y)
[ cog8y) 0 —sin(6y)
0 0 1 F2 4)
| Pysin(6y) 0 Pycog6y)
[0-Ry\/(2-R?) 0

+10 0 1| F3
0 0 0

By combining Eq. 3 and Eq. 4 the platform forces can be diyestpressed as a
function of the actuator torques. For the manipulator shimfig. 4 this results in
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—coS@y—011-612) cogBy—6—6r) —PyCcoYb31+65))

= sin(612) sin(622) sin(632) \/(| 02—P?) -
Fz|= N —sin(611+617) —Sin(621+627) Sin(631+637) 2| (5)
M*y 1 sin(612) sin(622) sin(Bsp) T3
—Pysin(By—611—612) Pysin(By —61—65o) 0
sin(612) sin(622)

which is the expression of Eq. 2 for the manipulator showrign & Because of the
power conservation principle the matdx" in Eq. 5 can also be used in the velocity
relationq = J~x between the actuator velocitigsand the platform velocitiex.
Finally, the matrixJ~T can be analysed to reveal some of the characteristics of the
developed manipulator, because in singular configurattumsank ofJ~T reduces.

For the manipulator presented in Fig. 4 singularities odcur

the distance between the end-effectors is zZ@ye; 0

the distance between the end-effectors is maxifa | p

one of the legs is completely extended or fold&d = {0, m, ..}
for both leg one and leg two, linl is in line with the platform,
& —61—6>= {O, 7T,..} fori = {1,2}

4 Conclusion

This paper has presented the first kinematic designs offialfgllel 3DOF PMCPs,
which were identified as an elementary subset of PMCP desifmes resulting
mechanisms are spatial manipulators that can be indeptyndentrolled in one
rotation, one translation and one internal platform matksr one of the introduced
3DOF PMCPs the inverse Jacobian-was derived, which has ldseed the iden-
tification of four singular configurations. Since existiypé synthesis methods do
not cover PMCPs, this paperhas applied a structured, byenddrmalised, design
method. Because the presented manipulators are constddregbart of an elemen-
tary subset of PMCP designs, they may prove to be useful fopthie development
of a type synthesis method that does cover PMCPs.
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