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ABSTRACT

The 3-PRS parallel manipulator with different arrangensent
of prismatic joints is called a reconfigurable 3-PRS parafiea-
nipulator in this paper. The three prismatic joints in PR&his
are attached to the base with an angléetween the horizontal
plane of the base and their directions. Based on [1], the qani
lator has identical operation modes, namefy=0 and x = 0 for
any value ofx. Accordingly, this paper presents in more details
the performance evaluation of these operation modes bygusin
the output transmission index (OTI) and the constraint $rais-
sion index (CTI). The OTIl and CTI determine the force trassmi
sion efficiency and the constraining ability of the manipors,
respectively.

Initially, the determination of the number and types of op-
eration modes of the 3-PRS parallel manipulator is recalled
The computation is carried out by using an algebraic applgac
namely the Study kinematic mapping. In each operation mode,
the actuation wrenches and the constraint wrenches aremodda
based on the Screw theory. Then, the OTl and CTI are traced in
the orientation workspace of the manipulator for differeatlues
of anglea. Furthermore, the singularity conditions are analysed
corresponding to the values of OTI and CTI.

INTRODUCTION

The 3-PRS parallel manipulator (P, R and S denote pris-
matic, revolute and spherical joints, respectively) is wdo

*Address all correspondence to this author.

mobility (dof) parallel manipulatorr( < 6). This manipulator
is called reconfigurable since the arrangement of the ptisma
joints can be changed by varyinag which is the angle between
the directions of prismatic joint axes and the horizontaingl
of the base. Reconfigurable manipulators are of speciaiisite
as the workspace of these manipulators can be significamtly i
creased by varying the architecture of their reconfigurabkee.
In[2], the operation modes of a 4-RUU parallel manipulatersv
analyzed. Itis shown that the 4-RUU parallel manipulat@tie

to perform 3 different operation modes. As a consequenee, th
manipulator is said to be reconfigurable.

The detailed kinematic analysis of a reconfigurable 3-PRS
parallel manipulator was presented bydtial. in [3]. These
designs are considered to be of the same type as they can-be r
resented by using the same kinematic equations. Over thie yee
this manipulator has been extensively studied to impravetit-
ity. One of such early developments was a machining tool hea
called Sprint Z3 developed by DS technologies in Germany [4]
The peculiarity of this mechanism is that the axes of all the
three prismatic joints are arranged vertically. This agement
is named as 3RS by Liu and Bonev in [5] where they studied
the relation between the accuracy of the\ @3S and its tilt angle.
They showed that there exists an inverse relation betwean ac
racy and tilt angle. Faet al. identified the critical parameters
(positioning accuracy of the prismatic joints and the teoidth)
that affect the positions and orientations of the platfosin Gan
et al. presented a metamorphic parallel mechanism (MPM) ca
pable of switching its motion between pure translation (&gl
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pure rotation (3R) [7]. Kinematic analysis of the mechanigas
performed covering both 3T and 3R motions. In [8] they pre-
sented a unified kinematics and optimal design of a 3rRPS MPM
with a reconfigurable revolute joint.

Kinematic analysis of the 3-RPS cube parallel manipulator,
which belongs to the family of thregof parallel manipulators
having one operation mode, was done in [9]. Recently, Nurahm
et al. analysed the 3-PRS parallel manipulator in [1] using an
algebraic approach callé8tudy kinematic mappingif the Eu-
clidean groupSE(3) The mechanism was described by using a
set of eight constraint equations. A primary decompositioer
a set of constraint equations revealed the existence of two o
eration modes. Singularity conditions were also deterthime
calculating the determinant of the Jacobian matrix witipeesto
the Study parameters. Following the research conductet],in [
this paper focuses on the study of the force/motion trarsoms
capabilities of the two operation modes of the 3-PRS pdrake
nipulator for different values of angle. Output and constraint
transmission indices are computed to evaluate the forc@mo
transmission capability in each operation mode. Eventuthe

performance of the two operation modes can be compared and

analysed within the orientation workspace. Some manipulat
poses are presented to visualize the effectiveness ofitidises.

This paper is organised as follows: Section 2 presents & brie
review on performance indices associated with output amd co
straint transmission indices. Section 3 presents thetathre
of the manipulator and its operation modes. In section 4J#he
cobian matrix of the 3-PRS manipulator is derived based en th
Screw theory . In section 5, performance comparison of the tw
operation modes is discussed based on the distributiontptibu
and constraint transmission indices in the orientatiorkapace.
Eventually, section 6 discusses some of the singular camafigu
tions of the manipulator in the two operation modes.

TRANSMISSION INDICES

Transmission indices attempt to assess the quality of
force/motion transmission of a manipulator. These indices
are also an alternative way to overcome the issue of non-
homogeneity in the Jacobian matrix. Several transmisgien i
dices have been proposed in the literature. Virtual coeffici
proposed in [10] determines the virtual power developedrby a
applied wrench on the twist of the moving platform. The highe
the value of the virtual coefficient, the higher the virtualager
and hence the better the force transmission capability. A fi-
nite dimensionless index was proposed by Roth and Sutltkerlan
in [11] by normalising the value of virtual coefficient. The-i
ternal wrench arising due to the force transmission waseadrm
as transmission wrench and the motion generated by this-tran
mission wrench was named output twist screw. Moreover, they
introduced the concept of a characteristic length, whicthés
shortest distance between the transmission wrench scithan

output twist screw, to calculate the maximum value of thaueair
coefficient. Chen and Angeles suggested a generalisedrtisns
sion index in [12] by introducing the concept of an applioati
point at the centroid of the contact region in the floatingr pai
of the output link. Thus, the calculation of the maximum alu
of the virtual coefficient is no longer configuration depemde
In [13], three indices were proposed to evaluate the effentss
of the force/motion transmission of the 3-PRS parallel rpalai-
tor. These indices were also used to optimize the link lenfyth
obtaining better force/motion transmission capability &igher
orientation capability.

Liu et al. proposed a new approach to analyse force trans
mission capabilities of parallel manipulators and detamtheir
closeness to singularities [12-14]. In [17] they proposepka-
eralized approach to calculate the maximal value of virtaal
efficient for parallel manipulators. As a result, two transsion
indices, namely output transmission index (OTI) and cexstr
transmission index (CTI) were proposed. The definitions of O
and CTI are briefly discussed in the following sections.

Output Transmission Index (OTI)

The presence of an actuated joint in the limbs of a paralle
manipulator applies an actuation wrench on to the movint pla
form. This wrench can be a pure force, a pure moment, or :
finite-pitch wrench. Thus, OTl is defined to characterizedbe
tuation wrench transmitted to the motion of the moving glatf,
as:

2T
oTI =mjn|(é:‘;i—A ,i=12...n
o ((a[ GOT,-) |(max)

éor;) |

)

where,

Zai s thei-th actuation wrench screw produced by tké
actuated joint,

éor, is thei-th output twist, obtained by locking all the ac-
tuated joints but théth one and observing small pose vari-
ations of the moving platform.

The OTI is bounded between 0 to 1. When the value of OT]
is equal to 1, the force transmission capability of the paltér
configuration is optimal. On the other hand, OTI vanishes in
actuation singularity configurations.

Constraint Transmission Index (CTI)

In lower-mobility parallel manipulators, some of the mo-
tions of the moving platform are restricted due to the caistr
wrenches induced by the limbs. Those wrenches can be pul
forces, pure moments, and/or finite-pitch wrenches deperati
the architecture of the manipulator. Therefore, CTI chiardmes
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the ability of the limbs of the manipulator to constrain the-m
tion of its moving platform. The Constraint Transmissiodér
(CTI) is expressed as follows:

1
CTl =min —;

71 éer) |

écr;) | _
, ] =1,2....(6-n)

(max)

)

where,

Zcj is thej™ constraint wrench screw applied by t}i& limb
on the moving platform,

écr, isthej th restricted twist screw, produced by locking all
the actuated joints and releasing one characteristic i@nst
direction along a virtual constraint joint, and observiagiv
ations in the pose of the moving platform.

On the one hand, CTl is equal to 1 when the arrangement
of the constraint wrenches is optimal, namely, the abilityhe
manipulator to constrain the undesirable motions of theingpyv
platform is the best. On the other hand, CTI is null when the
manipulator reachesa@nstraint singularity

THE 3-PRS PARALLEL MANIPULATOR

The architecture of the 3-PRS parallel manipulator studied
in this paper is shown in Fig. 1. The plastic model of this ma-
nipulator is shown in Fig. 2. The base and the moving platform
are equilateral triangles and their circumradii are in thegppr-
tion 2:1 (base:platform). Three identical limbs conneet lase
to the moving platform where each limb consists of a prismati
joint, a revolute joint, and a spherical joint connectedénies.
The origin of the base frame is located at the circumcent@ntp
O) of the base equilateral triangléd;, A, and A; are the three
vertices of the base triangle with circumradhys The prismatic
joint of thei-th (i = 1,2,3) limb is arranged in such a way that it
makes an angle with the base plane and is directed along vector
p:. The revolute joint of thé-th limb is located at poinB; with
its axis along vectas;. The origin of the moving frame is fixed at
the circumcenter (poirR) of an equilateral triangle. The moving
platform is connected to the limbs through three spheraat$
at pointsC;, C, andC; and its circumradius ih;.

The length of segmerB;C;, is equal tol and the segment
B;C; is perpendicular to vectat. As a result, the segmeB;C;
moves in a plane normal . The motion of the manipulator
depends mainly on the four design paramelgig h;, @ and the
three joint variables,,r,,r3 directed along vectorg;, p, andp;
respectively.

The coordinates of the poing andC; are expressed in the
base framé&, and the platform framg, respectively as follows:

FIGURE 1: THE 3-PRS PARALLEL MANIPULATOR

FIGURE 2: PLASTIC MODEL OF THE 3-PRS PARALLEL
MANIPULATOR

19, =[1.hg—rycos(@), 0.1 sin(a)]",
g, = [, —%(ho ~rycos(@)), v7§<ho —r2cos(@)r2sin(a)]",

1
rg, =0, —i(ho —r3cos(a)), —?(ho —r3cos(@)).r3sin(@)]",
re, = [1,h1,0,0]7,

LN
r£2=[1’_§h177h1a0] 5
1, V3
r1C3 = [1,—§h1,—7h1,0]T.

3)
The Study parametrization of a spatial Euclidean transfor-
mation matrixM € SE3) is used to obtain the coordinates of
pointsC,, C,, C; in the base fram& as follows:
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X32 03T><1

M = X+ X+ +
Mg

v (4)

whereM andMg are the translational and rotational parts of
the transformation matrikl, respectively and are given as:

2(=Xoy1 + X1 Y0 — X2 ¥3 + X3¥2)
M7 =|2(=Xoy2 + X1y3 + X2 Yo — X3)1) |,
2(=Xoy3 = X1y2 + X2 y1 + X3Y0)

XXX =X 2(X X% —XoX3)  2(X1 X3+ XoX2)
Mr=[ 20X +X0X3) X2 —XF+X3 = X5 2(XaX3 —X0X1)
2(X1% = X0X2)  20%X3 +X0X1) X =X =X + X3
The parametersy, X;, X2, X3, Yo, Y1, Y2, ¥3, appearing in ma-
trix M, are calledStudy-parameterghich enable to parametrize
SK3) with dual quaternions.

Operation Modes

The operation modes of the 3-PRS manipulator were iden-
tified in [1]. For given values of the actuated joint variahle
point P of the moving platform has the same Cartesian coordi-
nates in both operation modes. However, the orientatiomiseof
moving platform are different. It makes the difference betw
the two operation modes) = 0 andx; = 0. The transformation
matrices between the base and the moving-platform franees ar
determined in [1].

Operation Mode Xy =0

In this operation mode, every platform pose satisfies the con
dition xop = 0 and the transformation matrix between the base
frame and the platform frame is expressed as:

1 0 0 0
2 2y 2 2 2
Tl= hl(xl_XZ) XI_XZ—X:,, 22X1)2(2 , 2X1X3
“2hixpe 240 (X X%+ X)) 2% X3
Z 2X1 X3 2Xy X3 —(X% + X% _ X%)
(6)
hy (2 X3 — X2X3) = 2(X2ys + X2 vy + X2
where,Z = 107X = X7 X3) = 20X y2 + X3 y2 + X5 32)

X1
Operation mode x3 =0

In this operation mode, every platform pose of manipulator
satisfies the conditionx; = 0. The transformation matrix be-
tween the base frame and the moving-platform frame for {his o
eration mode is expressed as:

1 0 0 0

22y y2 a2 2
T2: h_l(xl XZ)X0+X1 X2 2EX12X2 ) _2X0X2 (7)
2h; X1 % 2X1% X5 = X[+ XS 2Xo X1

Z 2% 2XoX1 Xg - X =X
hy (3% — X3 X0) + 202 y1 +X2y1 + X2
whereZ = 1( 1%0 XZXO) )Exoyl )1 Xzyl)
2

JACOBIAN MATRIX OF THE 3-PRS MANIPULATOR

By considering that the prismatic joints are the actuatec
ones, each limb applies one actuation force on the movirtg pla
form whose axis passes through poiBfsandC; of unit vector
u;, as follows:

{ar = (up,r, Xuy)

(8)

L2 = (U3, 1, X))

{u3 = (3,1, Xu3)

Due to the manipulator architecture, each limb applies one
constraint force, which is perpendicular to the actuatéshatic
joint, parallel to the axis; of the revolute joint passes through
pointC;, written as:

Lot = (s1,1¢, X81)

(9)

éacz = (s2, I'Cg X$3)

{e3 = (3,1, X53)

In Fig.3, the actuation (blue vectors) as well as the comgtra
wrenches (green vectors) of the manipulator are shown.

To evaluate OTI and CTI, we need to determine the outpu
twist screws and the constraint twist screws. In the folimyvi
section, an analytical approach presented in [17] is adajate
determine output and constraint twist screws.

Output and Constraint twist screws

The constraint wrench system of the 3-PRS parallel manip
ulator is spanned by the three zero pitch wrenches. Due $o thi
condition, there exist three infinite-pitch constraintdtécrews
along the directions parallel to the axes of revolute joifitsus,
to assess the constraining ability of the limbs, three &alrpris-
matic joints can be added at the center of the sphericalsjoint
their directions being parallel to the axes of revolute fgiras
represented in Fig. 4.

Joshi and Tsai in [18] proposed a method to determine :
screw based Jacobian using the theory of reciprocal sciaves f

4



FIGURE 3: ACTUATION AND CONSTRAINT WRENCHES

......

3 2" Virtual P-joint

FIGURE 4: 3-PRS PM WITH VIRTUAL JOINTS

lower-mobility parallel manipulator. The twists assoe@tvith
the prismatic joint €-,), the revolute joint &y,), the spherical
joint (éos;, €oa;, €0s,) and the virtual prismatic jointée,) of the
i-th limb can be expressed as:

€oot; = (03x1,P:), €2, = (Si,TC; X8;), €03, = (X1,TC; X X1),

€4, = (Y1.Xc, X¥1), €os; = (21,XC; XZ1), €x6; = (03x1,8;)
(10)

As all the five joints are linked as a serial chain, we may
consider the-th limb as a serial chain connecting the base to the
moving platform. Therefore, we may represent the instaauas
twist of the moving platform as a linear combination of théste
of the joints of the corresponding serial chain, as follows:

tp = P1, €t + 02, €, + 03, €03, + 64, &os, +0s, €os, + o, €t

(11)
where, p and 6§ are the respective joint rates. By making the
reciprocal product on both sides of Eq. (11) with an actuatio
wrench/,, of thei-th limb, it yields,

oT T A
éﬁai Otp =P gai €ool;

T » 0 T 771|031
T e, = [(rg, xw;) ui][pj =ul.p,

Thus,
Lhiotp =p1, ul p; 12)

By making the reciprocal product on both sides of Eq. (11)
with a constraint wrencl,; of thei-th limb, it becomes,

T — A T »
Ceiotp = po; £ €xcs;

T

5T » [0 NS LS
IT s, = (g, xsi)" s | [ 5, | =80

Thus,
EZ; otp = pg, (13)

Writing Egs. (12) and (13) for the three limbs of the manip-
ulator, we get,

'(r‘élxul)TulT' . . 0 ool
0 T T u, .pi P11
r. Xuw) u 1
(gz 2)T 2 0 ulp, 0 000||pn
(rcsxui’») u; t = 0 0 llg.p3000 013
g xs)' s{| 7| 0 0 0 100]]pe
0 0 0 010||pe| (19

0 x5 T pe2
(gz Z)T; 0 0 0 001]||pe
_(rC3><53) S5 |

AtP:Bp

tp=Jp



Thus, Eq. (14) gives & x 6) inverse Jacobian. The columns
of this inverse Jacobian matrix are nothing but the outpat an
constraint twists.

’
J =leor, €or, €or; €cr, €cr, €CTs)

The screws of this matrix are normalized to obtain the Jaco-
bian of unit output and constraint twists as follows:

J = [éor, éor, éor, écT, écr, écT,] (15)
~ € . ~ €CT ;
where, éor, = A‘;—; ,éct; = 1~ anddor,, Acr, are the mag-
i j

nitudes of the output twist and constraint twists respebtiv

PERFORMANCE COMPARISON OF THE OPERATION
MODES Xy =0 AND x; =0

In this section, the performance analysis of the two opanati
modes, i.e.xyp = 0 andx; = 0, based on the results obtained for
OTl and CTl is presented. Five different designs of the 3-PRS
parallel manipulator are selected witls 0, 30, 45, 60 and 90
degrees. While the other design parameters are assignée:as:
3m hy = 2m andh; = Im. Polar plots are generated to visualize
the distribution of the output and constraint transmissnatices
in the orientation space of the manipulator, which is patames
by the azimuth angl® and tilt angleé, at constant heighZ.
Due to page limit, plots for only twe values,0 and30 degrees,
are presented here. (In all the figure captions, ‘OM’ indisat
Operation Mode.)

The distribution of output transmission index in operation
modexy = 0 can be seen from Figs. 5- 6. At zero tilt and azimuth,
output transmission index has a non zero value. It appeats th
the higher the tilt angle, the lower the OTI. In Fig. 5, theiogg
where OTI has values less than 0.1 is a region where tranismiss
of actuation forces is poor. It means that the moving-ptatfof
the manipulator is poorly controlled in this area and the iman
ulator is close to an actuation singularity. The regions adrp
transmissions are quite consistent with the singularity &e-
termined in [1]. For operation modeg = 0, Figs. 7-8 show a
significant difference in the distribution of OTI values as¢
pared with operation mode = 0. Therefore, it can be seen that
the higher the angle, the larger the orientation workspace of the
3-PRS parallel manipulator free of actuation singulanityooth
operation modes.

Figures 9 and 10 show the distribution of constraint trans-
mission index for equal to0 and30 degrees in operation mode
X0 = 0. Fora =0°, at zero tilt and azimuth, CTI has very high
value (around 0.9). This implies optimal transmission ofi-co
straint forces. The value stays higher over a certain rahgji o
and then drops down indicating poor transmission of coimtra
forces. This implies poor constraining abilities and hepoer
positional accuracy. For operation mage= 0, a significant dif-

Output Transmission Index

9=90 g=180"

FIGURE 5: OM1: OTl (@ =0°, Z =2m)

Output Transmission Index

9=90 g=180"

T~
49'487,649

FIGURE 6: OM1: OTI (@ =30°, Z =2m)

Output Transmission Index

=90 g=180"

FIGURE 7: OM2: OTl (@ =0°, Z =2m)



Output Transmission Index

9=90 g=180"

120
-

=240 T 300

=270

FIGURE 8: OM2: OTI (@ =30°, Z = 2m)

Consraints Transmission Index

9=90 p=180"

FIGURE 9: OM1: CTl (@ =0°, Z =2m)

ference in the distribution of CTI values can be seen fronsFig
11-12 as compared to operation moge= 0. Therefore, it re-
veals that the constrainability of the manipulator decsasith
the increment of parameter anglein operation mode¢ = 0.
Whereas in operation mode = 0, the constrainability of the
manipulator increases with the increment of parametereang|

For better comparison, 2-D curves of both the indices are
generated for different values of anglevith respect to tilt angle
0, at constant azimuth angie By comparing Figs. 13 and 14,
we can see that, at zero tilt, in operation moge- 0, the higher
the anglex, the lower the OTI. However, in operation moxle=
0, at zero tilt, the higher the angtg the higher the OTls. Some
differences in the orientation workspace for the two openat
modes can also be seen. In operation magde 0, the higher the
anglea, the lower the orientation workspace free of singularity,
while in operation mode; = 0, the higher the angle, the higher
the orientation workspace free of singularity. In termsafé
transmission efficiency, operation moxie= 0 is better thang =
0.

From Figs.15 and 16 we can see that, at zero tilt, in opera-

Consraints Transmission Index

9=90 g=180"

FIGURE 10: OM1: CTl (@ = 30°, Z =2m)

Constraint Transmission Index

FIGURE 11: OM2: CTl (@ =0°, Z =2m)

Constraint Transmission Index

9=90 g=180"
p

FIGURE 12: OM2: CTl (@ = 30°, Z =2m)



a=0°

a=30 ]
a=45 ]
a=60" |
a=90" |

0.7F
0.65
0.6
0551
0.5
0451
0.4
0351
03
0.25F
0.2
0.15F
0.1f
0.05F
0

oTI

L L A L L L L L L L
0 15 30 45 60 75 90 105 120 135 150 165 180
)

FIGURE 13: OM1: OTI Curves aip = 0° andZ = 2m

a=0°

a=30°
a=45°
a=60°
a=90°

L L L L L L L L
0 20 40 60 80 100 120 140 160 180

FIGURE 14: OM2: OTI Curves aip = 0° andZ = 2m

1

a=0°
a=30"| |
a=45°
a=60| ]
a=90°| |

0.9+

0.8

0.7F

0.6

5 osfk
0.4
0.3f
0.2

01f

0 L L L L L L L !
0 20 40 60 80 100 120 140 160 180
6

FIGURE 15: OM1: CTI Curves at = 0° andZ = 2m

tion modex, = 0, CTI values show decreasing trend for increase
in the value ofx. However, in operation mode = 0, at zero tilt,
CTlis optimal for alle values. From Fig.13 and 15, the manipu-
lator can be seen in singular configuration at zero tilofer90°.
Thereafter, the manipulator reaches singularity onlg at1 80°
degrees. In contrast to OTI, CTI curves show higher valuas ne
zero tilt. This implies higher constrainability and hendghter
positional accuracy.

1

a=0" |
a=30°
a=45° | |
a=60° |1
a=90° | |

0.9F

0.8

0.7

06f
5 ost
04f
0.3fF
0.2

0.1f

0

\ L L L L L L L L
0 15 30 45 60 75 90 105 120 135 150 165 180
6

FIGURE 16: OM2: CTI Curves aty = 0° andZ = 2m

SINGULARITY CONFIGURATIONS
MODES x¢9 =0 AND x3=0

OTI and CTI are supposed to return a zero value when th
manipulator reaches an actuation or a constraint singy[ar].
Thus, manipulator plots are obtained at zero values of tieés
to realize the pose of the manipulator. As the output trassiom
index determines the amount of actuation force transmiittéae
manipulator’s platform, a zero value of this index was clkaihto
indicate an actuation singularity. However, it turns oatih sin-
gular configurations shown in Figs.17 and 19, a scfewhich
is simultaneously reciprocal to all the three actuationnehes,
is also reciprocal to the three constraint wrenches of theipna
ulator. Thus, these configurations, in operation mege 0, ac-
tually represent a case ebmpound singularityas introduced
in [19]. Compound singularities in operation moge= 0 are
shown in Figs. 21 and 23. Likewise, a zero value of constrain
transmission index was claimed to indicate constraintidarg
ity. Figures 18, 20, 22 and 24 indicate constraint singtiési
In these configurations, all the three constraint wrencslesvn
in figures by green coloured vectarss,, andss) intersect at a
common point. Thus, manipulator gains an exto& The axis of
this extra gained motion intersects the three constraiahahes
and is perpendicular to them.

IN OPERATION

CONCLUSIONS

In this paper, the two operation modes of a reconfigurable
3-PRS parallel manipulator were compared based on outjplut ar
constraint transmission indices. The kinematic perforceanf
the manipulator is a function of the anglehat parametrizes its
reconfigurability.

By calculating the output transmission index, the study of
actuation force transmission capabilities of the two ofi@na
modes was carried out. For this purpose, five different aasig
of the 3-PRS parallel manipulator, associated withO, 30, 45,
60, 90 degrees, were considered. It was observed that, the tv
operation modes differ in terms of transmitting actuatiorcés
at given values of design parameters. The effect of angle the
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FIGURE 22: OM2: Constraint Singularity at = 0°

FIGURE 20: OM1: Constraint Singularity at = 30° FIGURE 24: OM2: Constraint Singularity at = 30°



force transmission capabilities and orientation workspa@as
observed for both the operation modes of the manipulator. It
is noteworthy that the higher the, the lower the orientation
workspace free of singularity in operation mogg= 0. Con-
straint transmission index was also evaluated to study one c
straining abilities of the manipulator. It reveals that thanipu-
lator designs have higher values of constraint transnissigdex

than OTI and hence has a good positional accuracy. Operation

modexy = 0 was found to perform higher force transmission than
modex; = 0 at zero tilt.

OTIl and CTI were claimed to predict singularities. Investi-
gation of this claim was another motivation of this paper.| OT
and CTI simultaneously yield zero values making it difficult
to differentiate between actuation and constraint singida.
Thus, the investigation of the condition of OTI and CTI vémis
ing simultaneously will be the subject of future work.
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