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Abstract. This paper deals with a new planar parallel mechanism wittabte actuation and its
kinetostatic performance. A drawback of parallel mechasiss the non homogeneity of kine-
tostatic performance within their workspace. The commapr@gch to solve this problem is the
introduction of actuation redundancy, that involves focoatrol algorithms. Another approach,
highlighted in this paper, is to select the actuated joirganh limb with regard to the pose of the
end-effector. First, the architecture of the mechanismtadcinetostatic performance indices are
described. Then, the actuating modes of the mechanism amgared.

Key words: Parallel mechanism, regular dextrous workspace, varetilegated mechanism.

1 Introduction

A drawback of serial and parallel mechanisms is the inhomeitye of the kine-
tostatic performance within their workspace. For instamiexterity, accuracy and
stiffness are usually bad in the neighbourhood of singtigarthat can appear in the
workspace of such mechanisms. As far as the parallel mesthardre concerned,
their inverse kinematics problem (IKP) has usually manysohs, which corre-
spond to theworking mode®f the mechanism [4]. Nevertheless, it is difficult to
come up with a large workspace free of singularity with a giveorking mode.
Consequently, a trajectory planning may require a changlesofvorking mode by
means of an alternative trajectory in order to avoid singedenfigurations. In such
a case, the initial trajectory would not be followed. The coom approach to solve
this problem is to introduce actuation redundancy, thatlires force control algo-
rithms [1]. Another approach is to use the concept of jomtsding as proposed
by [15] or to select the actuated joint in each limb with rebtr the pose of the
end-effector, [2], as highlighted in this paper. Therefave introduce a planar par-
allel mechanism with variable actuation, also knowrvagable actuated mecha-
nism (VAM). First, the architecture of the mechanism and two kirs¢atic perfor-
mance indices are described. Then, élctuating modegAMs) of the mechanism
are compared based on their kinetostatic performance.
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2 Preliminaries
This section deals with the kinematic modeling of a new \@deactuated mecha-

nism (VAM), its singularity analysis, the presentation ofree performance indices
and the concept of regular dextrous workspace.

2.1 Mechanism architecture

The concept of VAM was introduced in [2, 15]. Indeed, theyikst a VAM from
the architecture of the 3-RPR planar parallel manipul&®&N]) by actuating either
the first revolute joint or the prismatic joint of its limbshiE paper deals with the

A13{1 B1 \
b
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Fig. 1 3-RRR PPM with variable actuation

study of a new VAM illustrated in Figure 1. This mechanism é&ided from the
architecture of the 3-RRR PPM. As a matter of fact, the firdt bf each limb of the
conventional 3-RR manipulator is replaced by parallelogragB;D;E; to come

up with the mechanism at hand. Accordingly, linkd; and B;C; can be driven
independently, i.e., angleg and & are actuated and uncoupled, by means of an
actuator and a double clutch mounted to the base and locafegrnitA;, i = 1,2, 3.
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It turns out that the VAM has eiglactuating modegs shown in Table 1. In-
deed, the actuating mode of the mechanism depends on istedoints. For in-
stance, the first actuating mode corresponds to th&B-Riechanism, also called
RRR-RRR-RRR; mechanism in the scope of this paper, as the first revolutésjoi
(located in pointy) of its limbs are actuated. Likewise, the eighth actuatirage
corresponds to the 3-FRRmanipulator, also calleRRR;-RRR,-RRR3 mechanism,
as the second revolute joints (located in pdpjtof its limbs are actuated.

The moving platform pose of the VAM is determined by meansefCartesian
coordinategx,y) of operation poinP expressed in framé&, and anglap, namely,
the angle between frame8, and.%#,. Moreover, the passive and actuated joints
do not have any stop. Poinkg, A, andAg, (C1, C, andCsg, respectively) lie at the
corners of an equilateral triangle, of which the geometeinter is pointO (point
P, resp.). The length of linké;B; andB;C; is equal to 3.0j = 1,2,3. The length of
segmeni Ay (C1Cy, resp.) is equal to 10.0 (5.0, resp.). The unit is not spetiie
absolute lengths are not necessary to convey the idea.

Table 1 The eight actuating modes of the 3-RRR VAM

Actuating mode numbgr driven links |active angles
RRR-RRR-RRR;  [A1B1, AoB2, AgBs| a1, a2, a3
RRRI-RRR-RRRz  |A1By, A2Bp, AsE3| a1, a2, 83
RRRI-RRR>-RRRs  |A1By, AsEp, AsB3| a1, &, a3
RER;-RRR-RRRs  |A1E1, A2Bp, AsB3| &1, 02, O3
RRRI-RRR:-RRR3  |A1By, AcEp, AsE3| a1, &7, 83
RER;-RRR-RRRs  |A1Es, AoEp, AsBs| &1, &2, O3
RRR;-RRR-RRR3  |A1E1, AoBo, AsE3| &1, a2, &3
RER1-RRR-RRR3  |A1Er, AoEp, AsE3| 01, &, &3

XN D WNPE

2.2 Kinematic modeling

The velocityp of point P can be obtained in three different forms, depending on
which leg is traversed, namely,

p = @E(c1 —a1) + GiE(cy—ba) + 9E(p— 1) (1)
p= dgE(Cg—az)+_62E(cz—b2)+<pE(p—cz) (2)
p = a3E(c3 —ag) + &BE(C3 —bz) + @E(p — C3) Q)

with matrix E defined as
E_ 0-1
|10
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a;, bi andc; are the position vectors of poingg, B; andC;, respectivelya;, & and
@ are the rates of angles, & andg depicted in Fig. 1i=1,2,3.

The kinematic model of the VAM under study can be obtainechfiegs.(1)-(c)
by eliminating the idle joint rates. However, the latter éieg on the actuating mode
of the mechanism. For instana®, &, anddz are idle with the first actuating mode
and the corresponding kinematic model is obtained by ddtiotying Eqgs.(1)-(c)
with (¢ — bi)T,i=1,2,3. Likewise,d;, & andas are idle with the second actu-
ating mode and the corresponding kinematic model is obddiryedot-multiplying
Egs.(1)-(b) with(ci — b)), i = 1,2, and Eq.(3) with(cz — ag) .

The kinematic model of the VAM can now be cast in vector foramely,

At=Bg with t=[p¢]" and ¢=d;dda]" 4)

with g thus being the vector of actuated joint ratgs= @; when linkA;B; is driven
andqg = & when link A[E; is driven,i = 1,2,3. A andB are respectively, the direct
and the inverse Jacobian matrices of the mechanism, defined a

(ct—h1)T —(c1—h1)TE(p—cy)

A= |(ca—h2)" —(ca—h2)TE(p—cp) (5)
(c3—h3)T —(c3—h3)TE(p—c3)

B = diag[(ci — bi)"E(bi —a)], i=123 (6)

whereh; = b; when link AjB; is driven andh; = a when link BiC; is driven,i =
1,2,3.
WhenaA is non singular, we obtain the relation

t=Jg with J=A"!B (7)

Likewise, we obtain
q=Kt (8)

whenB is non singular wittK denoting the inverse df.

2.3 Singularity analysis

The singular configurations associated with the direce#iatic matrix of PPMs are
well known [12]. For the 3-RR PPM, such configurations are reached whenever
lines(B1Cy), (B2Cy) and(BsCs) intersect (possibly at infinity). For the 3-FRRPPM,
such configurations are reached whenever lifa€;), (A2C2) and (AsCz) inter-
sect. Consequently, the singular configurations assakigitd the direct-kinematic
matrix of the VAM are reached whenever ling$,C; ), (H2C;) and(HsCg) intersect
whereH; stands foiB; (A;, resp.) when linkyB; (BC;, resp.) is driveni,= 1,2 3.

From Eq.(6), the singular configurations associated wighitlrerse-kinematics
of the VAM are reached whenever poids B;, andC; are aligned.
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2.4 Performance indices

We focus here on issues pertaining to manipulability or gyt In this regard, we
understand these terms in the sense of measures of distasogtilarity, which
brings us to the concept of condition number in [9]. Here, Wep thecondition
numberof the underlying Jacobian matrices based on the Frobeomsas a means
to quantify distances to singularity and tti@nsmission angle

2.4.1 Condition number

Thecondition numbekg (M) of amx nmatrixM, with m < n, based on the Frobe-
nius norm is defined as follows

Ke(M) = n%\/tr(MTM)tr[(MTM)*l] ©)

Here, the condition number is computed based on the Frobaoium as the latter
produces a condition number that is analytic in terms of tbstyre parameters
whereas the 2-norm does not. Besides, it is much costli@ntgpate singular values
than to compute matrix inverses.

The terms of the direct Jacobian matrix of the VAM are not hgereous as they
do not have same units. Accordingly, its condition numbenéaningless. Indeed,
its singular values cannot be arranged in order as they at#efent nature. How-
ever, from [11] and [13], the Jacobian can be normalized bgmaef anormalizing
length Later on, the concept atharacteristic lengttwas introduced in [14] in or-
der to avoid the random choice of the normalizing length.ifstance, the previous
concept was used in [5] to analyze the kinetostatic perfacaaf manipulators
with multiple inverse kinematic solutions, and therefars¢lect their bestiorking
mode

2.4.2 Transmission angle

The transmission anglean be used to assess the quality of force transmission in
mechanisms involving passive joints. Although it is wellokm and easily com-
putable for 1-DOF or single loop mechanisms [3, 8], it is ndeasively used for
n-DOF mechanical systems & 1) [2].

The transmission anglgy; is defined as an angle between vectors of fd¥ce
and translational velocityc; of a point to which the force is applied as illustrated
in Fig. 2. When linkA;B; is driven, the direction of forcEg; is the direction of link
BiCi, namely,

_ Yo —V¥8i ) . _
warctan(xq > >,|1,2,3 (10)
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By

Fig. 2 Transmission angle of the 3FERR manipulator

Conversely, when linl\E; is driven, the direction of forcEc; is the direction of
line (AIG), namely,

V= arctan(u) i=123 (11)
Xc = XA
The instantaneous centre of rotation depends on the leg shualy. For example,
instantaneous centre of rotatibnassociated with leg 1 is the intersecting point of
forcesFc, anfFcs. Table 2 gives the Cartesian coordinates of instantanesnisec

Table 2 Cartesian coordinates of instantaneous centres of rotatio

| | |
bsjbz b13b3 bszl
tan(y,) —tan(ys) tan(ys) —tan(y:) tan(y;) —tan(y,)
batan(y,) —botan(ys) [ brtan(ys) —bstan(yr) [ batan(yr) — by tan(ys)
tan(y,) —tan(ys) tan(ys) —tan(yi) tan(yy) —tan(y,)

X

Yi;

of rotationl; associated with thih leg of the VAM, expressed in fram#&y, with
bi = yc, — xc tany, i = 1,2,3. The direction oWc; is defined as,

Gi = arctan(%) + g, i=1,23 (12)

The transmission angle related to ikteleg of the VAM is defined as follows,



Kinetostatic Performance of a Planar Parallel Mechanisth Mariable Actuation 7

wi:|w_ﬁi|ai:15253 (13)
and the transmission angjeof the mechanism is defined as,
Y=maxy),i=1,23 (14)

Finally, the smalleiy, the better the force transmission of the mechanism.

2.4.3 Regular dextrous workspace

A manipulator had better keep good and homogeneous penfcenaithin its
workspace. For that reason, the concepegfilar dextrous workspads introduced
in [6]. In fact, the regular dextrous workspace of a manirl& a regular-shaped
workspace included in its Cartesian workspace with good@miogeneous perfor-
mance. As we focus on the kinetostatic performance of the \fMe scope of this
paper, we consider only the condition number of its kinemadicobian matrix and
its transmission angle as performance indices.

3 Actuating Modes Comparison

For the VAM under study, the inverse condition humber of itseknatic Jaco-
bian matrix, i.e.,K,;l(J) with J defined in Eq.(7), varies from 0 to 1 within its
workspace? . Likewise, its transmission angle, defined in Eqg.(14), varies from O
to 90 within %. From [2], a mechanism has good kinetostatic performantengs
as its transmission angle is smaller thaf. 1t us assume that the kinetostatic per-
formance are good as well as longigs’(J) > 0.15. Therefore, we claim that the
VAM and its actuating modes (AMs) have good kinetostatiégrenance as long as
Kz 1(J) is higher than 0.15 ang is smaller than 75

First, let us compare the size of the workspace correspgridiaMs of the VAM
givenin Table 1, based on the two previous kinetostatiogparance indices. In this
vein, let us consider that the orientatiam,of the moving platform of the VAM is
constant and the latter stays as far as possible from singofdigurations, i.e., let
@ be equal to 15°. From Table 3, we can notice that the size of the workspace
corresponding to the", 39 and 4" AMs is the same. Likewise, the size of the
workspace corresponding to th& 45" and 6" AMs is the same. This is due to
the symmetric architecture of the mechanism. Moreover|atgest workspace is
obtained with the ¥ AM and the smallest one with thé"8AM. Finally, we can
notice that the two kinematic performance indices give lsimesults.

In order to compare the AMs of the VAM, we also assume thateitgitar dex-
trous workspace (RDW) is a cylinder, of which the sectionicksgihe positionX, y)
of its moving platform and the height shows the rotatipof the latter. Letp vary
between 5 and 25. Figures 3(a)-(e) (Figures 4(a)-(e), resp.) illustrate kineto-
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Table 3 Ratio of the VAM actuating modes workspace size to the VAM kgpace size with
kz1(J) > 0.15 andy < 75°, ¢ = 17.5°

Actuating mod¢Workspace size ratio [%]
number [kz1(J) > 0.15] ¢ < 75°

1 88.27 83.16

2,34 75.33 71.93

5,6,7 62.26 70.76

8 52.15 71.86
7 7 7
6 6 6
5 5 5
4 4 4
>3 > 3 >3
2 2 2
1 1 1
0 0 0

12 3 4, 6 7 89 12 3 4, 6 7 89 1 2 3 4, 67 89

@ (b) ©

y
O kL N WS o N

y
O kL N WS o N

1 2 3 4, 67 89 1 2 3 4, 67 89
(d) (e)

Fig. 3 RDW obtained withk=1(J) > 0.15 of the (a) VAM; (b) £t AM; (c) 2"9, 39 and 4" AM;
(d) 5", 6" and 21 AM; (e) 8" AM

static performance of the VAM and its AMs within the workspaased ok 1(J)
(g, resp.). The dark zones depict the positionB,ah which ¢ cannot vary continu-
ously between5and 25. The dark gray zones depict the position®pin which ¢
can vary continuously betweefi &nd 25, butK,;l(J) (g, resp.) is not necessarily
higher (smaller, resp.) than 0.15 (7%esp.). The light gray zones depict the posi-
tions of P, in which ¢ can vary continuously between &nd 25 and Kgl(J) (y,
resp.) is higher (smaller, resp.) than 0.15°%7®sp.). Finally, the circles describe
the RDW of the VAM and its AMs based ot %(J) (i, resp.).

Table 4 gives RDW radius of the VAM and its AMs obtained with'(J) > 0.15
andy < 75°. We can notice that the results obtained with the two kirtat@sper-
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formance indices are similar. Besides, the largest RDW tgined with the ¥ AM
and the smallest one witH"8AM.

y

O L N WA OO N
y

O rLr N WS O o N

y
O rLr N W s O o N

123 4, 6789 1234, 6789 1 234, 67809

@ (b) ©

y

O kL N W S O N
y

O kL N W S GO N

12 3 4, 67 89 12 3 4, 67 89
(d) (e)

Fig. 4 RDW obtained withy < 75° of the (a) VAM; (b) Bt AM; (c) 2", 39 and 4" AM; (d) 51",
6 and 7" AM: (e) 8" AM

Table 4 RDW radius of the VAM and its AMs obtained with the two kinetatsc performance
indices

Actuating mod¢ RDW radius
number [kg1(J) > 0.15]y < 75°

1 1.89 2.18
2,34 1.47 1.65
5,6,7 1.45 1.66

8 1.23 1.35

VAM 2.60 271
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4 Conclusions

In this paper, we introduced a new planar parallel mechamigmvariable actua-

tion, which is derived from the architecture of the &R and 3-RR PPMs. Then,

we used two indices, namely, the condition number of itsikiatc Jacobian matrix
and its transmission angle to compare its actuating modesconcept of regular
dextrous workspace was also used. It turns out that the mehavith variable ac-

tuation can cover almost all its workspace with good and hgemeous kinetostatic
performance as it takes advantage of the best performanteadftuating modes.
Finally, for the mechanism at hand, we introduced equitdiennds for the con-
dition number and the transmission angle, which allow usottctude that the two
indices give similar results.
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