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| sotropic Design of the Spherical Wrist of a
Cable-Driven Parallel Robot

Angelos Platis, Tahir Rasheed, Philippe Cardou, aégl&ine Caro

Abstract Because of their mechanical properties, parallel mechen@ée most ap-
propriate for large payload to weight ratio or high-speett$aCable driven parallel
robots (CDPRs) are designed to offer a large translatiokkspace, and can retain
the other advantages of parallel mechanisms. One of the dnambacks of CD-
PRs is their inability to reach wide ranges of end-effectdergations. In order to
overcome this problem, we introduce a parallel spherica@tPSW) end-effector
actuated by cable-driven omni-wheels. In this paper we ip&dcus on the descrip-
tion of the proposed design and on the appropriate placeaighe omni-wheels
on the wrist to maximize the robot dexterity.

Key words: Parallel mechanism, cable-driven parallel robot, parafgerical
wrist, wrenches, dexterity

1 Introduction

Several applications could benefit from CDPRs endowed vethe orientation

workspaces, such as entertainment and manipulation aragjstof large and heavy
parts. This component of the workspace is relatively snmatbisting CDPR de-

signs.To resolve this problem, a parallel spherical wiFg\(V) end-effector is in-
troduced and connected in series with the translationaD8-QDPR to provide an
unbounded singularity-free orientation workspace.
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This paper focuses on the kinematic design and analyis ofVdl BSuated by
the cables of a CDPR providing the robot independent tréiosland orientation
workspaces. CDPRs are generally capable of providing @ lardofs translation
workspace, normally needed four cables, which enable thetasontrol the point
where all of them are concentrated [2], [5].

Robots that can provide large orientation workspace haga developed using
spherical wrist in the past few years that allows the endegdfr to rotate with un-
limited rolling, in addition to a limited pitch and yaw movemts [3], [10]. Eclipse
11 [9] is an interesting robot that can provide unboundedo®dranslational mo-
tions, however its orientation workspace is constrainedtyctural interference
and rotation limits of the spherical joints.

Several robots have been developed in the past having decatwgnslation and
rotational motions. One interesting concept of such a rabthtat of the Atlas Mo-
tion Platform [6] developed for simulation applicationsadther robot with trans-
lation motions decoupled from orientation motions can hentbin [11]. The de-
coupled kinematics are obtained using a triple spheriéat jo conjunction with a
3-UPS parallel robot.

In order to design a CDPR with a large orientation workspaeejntroduce a
parallel spherical wrist (PSW) end-effector actuated byezabiven omni-wheels.
In this paper we mainly focus on the description of the pregodesign and on
the appropriate placement of the omni-wheels on the wristagimize the robot
dexterity.

2 Manipulator Architecture

The end-effector is a sphere supported by actuated omnéle/he shown in Fig. 1.
The wrist contians three passive ball joints at the bottowh tnee active omni-
wheels being driven through drums. Each cable makes seoeyad around each
drum. Both ends are connected to two servo-actuated winaitésh are fixed to
the base. When two servo-actuated winches connected tortteecgble turn in the
same direction, the cable circulates and drives the drumitaraksociated omni-
wheel. When both servo-actuated winches turn in opposieztiins, the length of
the cable loop changes, and the sphere centre moves. T@sectiee translation
workspace of the CDPR, another cable is attached, whichdpanticipation in the
omni-wheels rotation. The overall design of the manipul&chown in Fig. 2.

We have in total three frames. First, the CDPR base frafig,(which is de-
scribed by its cente®g having coordinates, yo,z9. Second, the PSW base frame
(1), which has its cente®; at the geometric center of the sphere and has co-
ordinatesxy,y1,z. Third, the spherical end-effector framé-{) is attached to the
end-effector. Its centr®; coincides with that of the PSW base frant®, = O;)
and its coordinates are, y», 2.

Exit pointsA; are the cable attachment points that link the cables to the. Il
exit points are fixed and expressed in the CDPR referenceeftgnAnchor points
B; are the platform attachment points. These points are nal fisethey depend
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Fig. 1: Isotropic design of the parallel spherical wrist

on the vectoP, which is the vector that contains the pose of the movingquiat
expressed in the CDPR reference framig The remaining part of the paper aims
at finding the appropriate placement of the omni-wheels enathist to maximise
the robot dexterity.

3 Kinematic Analysis of the Parallel Spherical Wrist

3.1 Parameterization

To simplify the parameterization of the parallel spheriwalkt, some assumptions
are made. First, all the omni-wheels are supposed to be htmmaphere. Second,
the contact points of the omni-wheels with the sphere lidvekiase of an inverted
cone where its end is the geometrical center of the sphesengdrized by angle.
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Fig. 2: Concept idea of the manipulator
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Third, the three contact points form an equilateral triarag shown in [6,7]. Fourth,
the angle between the tangent to the sphere and the acttmiterproduced by the
ith actuated omni-wheel is namgl i = 1,2, 3, andfB; = 3> = 33 = . Figure 3
illustrates the sphere, one actuated omni-wheel and the design variables of the
parallel spherical wristlT; is the plane tangent to the sphere and passing through
the contact poinG; between the actuated omni-wheel and the sphere.

w; denotes the angular velocity vector of fitle actuated omni-wheed; is a unit
vector along the tangent lirfg that is tangent to the base of the cone and coplanar
to planefT;. wj is a unit vector normal tg. f5 depicts the transmission force lying
in planerT; due to the actuated omni-wheel. is the angle defining the altitude
of contact pointsGi (a € [0,m). B is the angle between the unit vectgrandv;

B e [—7, 7}) As the contact point&; are the corners of an equilateral triangle,
the angle between the contact pdBitand the contact points; andGs is equal to

y. Ris the radius of the spherg.is radius of thé'" actuated omni-whee; is the
angular velocity of the omni-whealy;, vi,n; are unit vectors at poirs; andi, j, k
are unit vectors alongp, y», z» respectively.

In order to analyze the kinematic performance of the pdrsfiberical wrist, an
equivalent parallel robot (Fig. 4) having six virtual leggresented, each leg having
a spherical, a prismatic and another spherical joints atteddn series. Three legs
have an actuated prismatic joint (green), whereas the dihee legs have a locked
prismatic joints (red). Here, the kinematics of the sprenrist is analyzed with
screw theory and an equivalent parallel robot represent&i 4.
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Fig. 3: Parameterization of the parallel spherical wrist

3.2 Kinematic Modeling

Fig. 4(a) represents the three actuation foffges = 1,2,3 and the three constraint
forcesf, i = 1,2, 3 exerted by the actuated omni-wheels on the sphere. The thre
constraint forces intersect at the geometric center offtherg and prevent the latter
from translating. The three actuation forces generatedéyhree actuated omni-
wheels allow us to control the three-dof rotational motiohghe sphere. Fig. 4(b)
depicts a virtual leg corresponding to the effect of ittheactuated omni-wheel on
the sphere. The kinematic model of the PSW is obtained bygusie theory of
reciprocal screws [4, 8] as follows:

At=B¢ 1)

wheret is the sphere twistp = [§1 ¢2 ¢3]T is the actuated omni-wheel angular
velocity vectorA andB are respectively the forward and inverse kinematic Jacobia
matrices of the PSW and take the form:

Arw Arp
A= 2
{03x3 |3} @

- [i

033
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Fig. 4: (a) Actuation and constraint wrenches applied onahe-effector of the
spherical wrist (b) Virtuai'" leg with actuated prismatic joint

I3 and0s.3 are the 3x 3 identity and zeros matrices, and the matrideg and

Arp are:
)T T

R(nl X V1 vy
Arw= |R(nzxvp)" | and Arp= | v] (4)
R(nz x v3)" vi

As the contact points on the sphere form an equilateralgiéay = 277/3. As a
consequence, matricés,, andA,, are expressed as functions of the design param-
etersa andf:

—2CaCp —23 2SaCp
Aro = & |Cacp +v3sB S5~ ACacp 25aCp (5)
CaCp — /3B SB ++/3CaCp 2SaCp
—2CasB 2cB 2503
Arp = 5 [CasB— VACH —(VACash +Cf) 25ash ©)

CaSB++3CB 3CaSB-CB 2SaB

whereC andSdenote the cosine and sine functions, respectively.

3.3 Singularity Analysis

As matrixB cannot be rank deficient, the parallel spherical wrist mgietgularities
if and only if (iff) matrix A is singular. From Egs. (5) and (6), matéxis singular
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Fig. 5: Singular configurations of the parallel sphericaktvr

detA) = 3—\2/§R38aCB(1— SaC?B)=0 7)

namely, ifa =0orm, if 8 =+m/2;if a = m/2andB =0or+m.

Figs. 5a and 5b represent two singular configurations of #rallel spherical
wrist under study. The three actuation forégs fa» andfas intersect at point in
Fig. 5a. The PSW reaches a parallel singularity and gainsfaitésimal rotation
(uncontrolled motion) about an axis passing through p@rasdl! in such a config-
uration. The three actuation forckg, fa» andf,z are coplanar with plangX; OY;)
in Fig. 5b. The PSW reaches a parallel singularity and gainsdof infinitesimal
rotations (uncontrolled motions) about an axes that arkaocap with plangX; OY;)
in such a configuration.

3.4 Kinematically Isotropic Wheel Configurations

This section aims at finding a good placement of the actuatad-wheels on the
sphere with regard to the manipulator dexterity. The la@valuated by the con-
dition number of reduced Jacobian matig = rA; .} which maps angular veloc-
ities of the omni-wheel® to the required angular velocity of the end-effectar
From Egs. (5) and (6), the condition numbenra, 8) of J,, based on the Frobenius
norm [1] is expressed as follows:

1 3FaC2B+1 g
3\ SaC?B(1-SaC?p) ®)

KF(U’B) =
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Fig. 6: Inverse condition number of the forward Jacobianrix# based on the
Frobenius norm as a function of design parameteasd 3

Figure 6 depicts the inverse condition number of mairixased on the Frobenius
norm as a function of angles and 3. kg (a,f) is a minimum when its partial
derivatives with respect ta andf vanish, namely,

dk  Ca(33aC?B—1)(SFaC?B+1)

Ka(@.B) = 55 = ~1sPac?p(Fac?B -1k O ©)
: 0Kk SB(BFaC?B-1)(FaC?’B+1)
kp(@.B) = 38 =~ 182aCiB(Pac?B 1)k ° (10)

and its Hessian matrix is semi-positive definite. As a resglta, 3) is a minimum
and equal to 1 along the hippopede curve, which is shown ind~and defined by
the following equation:

3aC?B-1=0 (11)

This hippopede curve amounts to the isotropic loci of thelelrspherical wrist.

Figure 7 illustrates some placements of the actuated orheels on the sphere
leading to kinematically isotropic wheel configurationstive parallel spherical
wrist. It should be noted that the three singular values dfim,,, are equal to
the ratio between the sphere radRisind the actuated omni-wheel radiugalong
the hippopede curve, namely, the velocity amplificationdexof the PSW are the
same and constant along the hippopede curve.

If the rotating sphere were to carry a camera, a laser or & gtroe sort, then
the reachable orientations would be limited by interfeesnwith the omni-wheels.
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Fig. 7: Kinematically isotropic wheel configurations in tharallel spherical wrist

Therefore, a designer would be interested in choosing a salak of alpha, so as
to maximize the field of view of the PSW. As a result, the follogvvalues have
been assigned to the design paramedeasd 3:

a = 35.26° (12)
B=0 (13)

in order to come up with a kinematically isotropic wheel cgafation in the parallel
spherical wrist and a large field of view. The actuated omnégls are mounted
in pairs in order to ensure a good contact between them ansgptiere. A CAD

modeling of the final solution is represented in Fig. 1.
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4 Conclusion

This paper presents the novel concept of mounting a pasgtetrical wrist in se-

ries with a CDPR, while preserving a fully-parallel actoatischeme. As a result,
the actuators always remain fixed to the base, thus avoidengeed to carry electric
power to the end-effector and minimizing its size, weighd arertia. Another orig-

inal contribution of this article is the determination oktkinematically isotropic

wheel configurations in the parallel spherical wrist. Thesefigurations allow the
designer to obtain a very good primary image of the desigitesoTo our knowl-

edge, these isotropic configurations were never reportéatdyealthough several
researchers have studied and used omni-wheel-actuatedesplruture work in-
cludes the development of a control scheme to drive the &adter rotations while

accounting for the displacements of its centre, and alsangaksmall scale proto-
type of the robot.
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