N

N
N

HAL

open science

Working and Assembly Modes of the Agile Eye
Ilian Bonev, Damien Chablat, Philippe Wenger

» To cite this version:

Ilian Bonev, Damien Chablat, Philippe Wenger. Working and Assembly Modes of the Agile Eye.
IEEE International Conference On Robotics And Automation, May 2006, Orlando, United States.

pp.2317-2322. hal-00168519

HAL Id: hal-00168519
https://hal.science/hal-00168519
Submitted on 29 Aug 2007

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00168519
https://hal.archives-ouvertes.fr

hal-00168519, version 1 - 29 Aug 2007

Working and Assembly Modes of the Agile Eye

llian A. Bonev Damien Chablat and Philippe Wenger
Département de génie de la production automatisée tuhske Recherche en Communications
Ecole de Technologie Supérieure et Cybernétiqgue de Nante
1100 Notre-Dame St. West, Montréal, QC, Canada H3C 1K3 dauka Noé, 44321 Nantes, France
llian.Bonev@etsmtl.ca {Damien.Chablat, Philippe.Wenge&®irccyn.ec-nantes.fr
ABSTRACT Then, how does one choose a direct kinematic solution for a

This paper deals with the in-depth kinematic analysis ofR@rallel robot for each different set of active-joint vaies?
special spherical parallel wrist, called tAgile Eye TheAgile A .natural sorting criterion is that _the direct .k|nemat|c
Eyeis a three-legged spherical parallel robot with revolutgP!ution could be reached through continuous motion froen th
joints in which all pairs of adjacent joint axes are orthogion initial assembly mc_>de, i.e., the refer_ence conflguranon_hef
lts most peculiar feature, demonstrated in this paper fer tFoPOt when it was first assembled, without crossing a simgula
first time, is that its (orientation) workspace is unlimitadd ity- Before [5], it was commonly thought that such a criterio
flawed only by six singularity curves (rather than surfacesyas sufficient to determine a unique solution. Unfortunyatel
Furthermore, these curves correspond to self-motions f @S for serial robots [5], [6], a non-singular configuration
mobile platform. This paper also demonstrates that, uritke €hanging trajectory may exist between two assembly modes
any other such complex spatial robots, the four solutions i@y robots that are calleduspidal This result later gave rise to
the direct kinematics of thAgile Eye(assembly modes) have@ theor_etlcal work on t_he concepts of characteristic segac _
a simple geometric relationship with the eight solutionghie a@nd uniqueness domains in the workspace [7]. However, it

inverse kinematics (working modes). still remains unknoyvn what q§5|gn_ parameters make a given
parallel robot cuspidal, and it is still unclear how to make a
l. INTRODUCTION given parallel robot work in the same assembly mode. It will

Most of the active research work carried out in the field die shown in this paper, that there is a spherical paralledtrob
parallel robots has been focused on a particularly chaleng (quite possibly the only one), for which there are clear arsw
problem, namely, solving the direct kinematics, that isag, s to these complex questions.
finding each possible position and orientation of the mobile From the family of parallel wrists [8], th&gile Eyeprovides
platform @ssembly modeas a function of the active-joint high stiffness and is quite probably the only one to provide a
variables. A second popular problem has been the evaluattbroreticallyunlimited and undivided orientation workspace
and optimization of the workspace of parallel robots [1], [2 The Agile Eyeis a 3RRR spherical parallel mechanism in
Unfortunately, the direct kinematic problem and the wode which the axes of all pairs of adjacent joints are orthogonal
analysis have most often been treated independently,ugjtho Based on thé\gile Eyedesign, a camera-orienting device was
they are closely related to each other. constructed at Laval University a decade ago [9], an oridata

It is well known that most parallel robots have singulastiemachine worktable was manufactured at Tianjin University,
in their workspace where stiffness is lost [3]. These singand a wrist for a 6-DOF robot was built at McGill University.
larities (called parallel singularitiesin [4] and Type 2 in  The Agile Eyehas been extensively analyzed in literature,
[3]) coincide with the set of configurations in the workspackut surprisingly some of its most interesting features hase
where the finite number of different direct kinematic sans been noticed. One of the key references in this paper is [10],
(assembly modes) changes. For parallel manipulators witthere the simple solution to the direct kinematics of Aggle
several solutions to the inverse kinematic problemorking Eyeis presented. Namely, it is shown that thgile Eyehas
mode}, another type of singularity exist and defines what maglways four trivial solutions (at which all three legs are at
be generalized as the workspace boundary. These singdarisingularity and can freely rotate) and four nontrivial s@os
(called serial singularitiesin [4] and Type 1 in [3]) coincide obtained in cascade. A second key reference is [11], where
with the set of configurations in the workspace where thbe singularities of theAgile Eyeare studied. Unfortunately,
finite number of different inverse kinematic solutions (kiog in [11], it was mistakenly assumed that the only singular
modes) changes. While ensuring that a parallel robot stayanfigurations are the four trivial solutions (orientagdno
with the same working mode along a discrete trajectory ibe direct kinematics. Basically, the fact that at each ekéh
straightforward, the notion of “same assembly mode” is nédur orientations, a special arrangement of the legs catiéet
even clear in the general case. Indeed, the direct kinematiobile platform freely rotate about an axis was overlooked.
solutions are most often obtained by solving a univariatadeed, as this paper shows, the singularities ofAbide Eye
polynomial of degree: > 3, which means that there is noare six curves in the orientation workspace corresponding t
way to designate each solution to a particular assembly modelf motions of the mobile platform or lockup configurations



Similarly, the axes of the platform joints are defined by the
following unit vectors expressed in the mobile referenaene:
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The rotation matrixR describes the orientation of the
mobile frame with respect to the base frame. T¥eX Euler-
angle convention is used here because it simplifies grdaly t
kinematic analysis. In the base frame, the axes of the ptatfo
joints are defined as follows

— vi = Rv] = R.(¢)Ry (0)Ra(¥)V; 3)

19
Fig. 1. TheAgile Eyeat its reference configuration. ] )
where: = 1,2, 3, which yields

sin ¢ cos ¥ — cos ¢ sin @ sin Y
When it was realized that the unlimited workspace of the vi = | —cos¢cost — sin¢sin b siny

Agile Eyeis not divided by singularity surfaces (as is the case — cosfsin

for all other spherical parallel robots), yet accommodgafour

unigue assembly modes, it first seemed thatAbie Eyeis a

— sin ¢ sint) — cos ¢sinf cosvp |

’ ; oo g vy = cos ¢siny —singsinfcosy |,
cuspidal robot. In this paper, it is shows not only that Auile — cosf costp
Eyeis not cuspidal, but that it is straightforward to identifg i r N
. . . . . . —cos¢cost
four assembly modes via a simple relationship to its working — | —singcost 4)
modes. The results of this paper provide more insight ingo th Vs = lzno > '

kinematics of theAgile Eyeand shed some light to the open

problem of assembly mode designation. Finally, the axes of the intermediate joints are defined ky th

The rest of the paper is organized as follows. In the next twgjlowing unit vectors expressed in the base reference dram
sections, the kinematic model of thgile Eyeand its inverse

kinematics are presented briefly. Then, the direct kinesnati 0 cos 0y —sin 3
and the singularity analysis of th&gile Eyeare addressed wi=|—sinf; |, wo= 0 , wg=| costs |, (5)
by partially reproducing, reformulating, and augmentihg t cos 6 —sin 6y 0

results of [10] and [11]. Finally, it is shown that for each _ L . o :
working mode there is a single corresponding assembly mo§Bere ;i is the active-joint variablefor leg ¢ (in this paper
from among the four nontrivial ones. i=1,2,3).

Figure[l depicts thagile Eyeat its reference configuration, Although very simple, the solutions to the inverse kinemat-
where the mobile platform is at its reference orientatiosialh icS of theAgile Eyewill be presented for completeness [10].
active-joint variables are zero. At the reference confijona For @ given orientation of the mobile platform, each leg admi
the axes of the first base joint, the second intermediaté, joifWo solutions fort; in (—m, 7] obtained from

and the third platform joint coincide, and so on for the other .
cos @ siny

.. . ; _ . tanf; = ) 6
joints (the figure is self explanatgry) . an 6, 05 9 cos ) T sin oS dsn (6)
A base reference fram&zxyz is chosen in such a way $in ¢ sin 1 + cos ¢ sin 0 cos
that its x axis is along the axis of the first base joint, its tanfy = - , (7
y axis is along the axis of the second base joint, and:its cos f cos
tanf3 = tan ¢. (8)

axis is along the axis of the third base joint, as shown in
Fig. ﬂ A mobile referepce frame (nqt shown) is fixed at the Thus, the inverse kinematic problem usually admits eight
mobile platform so that it coincides with the base frame at tr}eal solutions or working modes for any (non-singular) rie
reference orientation. With these settings, the axes obdse g y g

L . . ) tation of the mobile platform. It is very important to noteath
joints are defined by the following unit vectors expressed , . .

) or both solutions fo;, vectorw; is along the same axis but
the base reference frame:

with opposite directions. When a leg is fully extended ohful
1 0 0 folded, the corresponding equation from the above thres one
, us=1,0 [. (1) does no hold true and the corresponding active-joint végiab
0 0 1 6; can be arbitrary.



IV. DIRECT KINEMATICS AND ASSEMBLY MODES

The Agile Eyewas optimized to have maximum workspace
and global dexterity [9]. Incidentally, such propertiesaal
yield great simplification in the direct kinematic problem
because the eight solutions for a gener&rRRparallel wrists
degenerate to four trivial and four nontrivial ones. Theedir
kinematics of theAgile Eyewas solved in [10] and will be
reformulated and further analyzed here.

The following constraint equations are written:

wlv; =0, (9a)
thus
sin ¢ (sin 61 sin O sin ¢ — cosf cos b1) +
cos 1) sinfy cosp = 0, (9b)
cos (cos b sin b cos ¢ — cos@sinbs) +
sin ¢ cos By sin ¢ = 0, (9c)
sin(f3 — ¢) cos 6 = 0. (9d)

From Eq. [Pd), the direct kinematic problem is found to admit
two sets of solutions, defined by

cosf =0, and (10a)
sin(fs — ¢) = 0. (10Db) ©0=—7/2 ¢+ =m/2 d)o=—7/2, ¢p4+b=—m/2

In the next two subsections, these two equations will beegblv Fig. 2.  The four trivial solutions to the direct kinematicoptem valid for
any set of active-joint variables but shown with = 0, 62 = 0 andfs = 0.

A. First Set of Solutions — Trivial Solutions

Equation [10a) gives two solutions for the angle axes. Thus, these four orientations are trivial solutianthe
direct kinematic problem of thagile Eyeand exist for any set
0=m/2 and 0=-m/2, 1) of active-joint variables. These four families of configiimas

which both correspond to a representation singularity i tiVill be discussed further in the section on singularity gsl

XY Z Euler angles. From the first solution and after simg  gecond Set of Solutions — Nontrivial Solutions
plification of Eq. [Pb), the following condition is found for
arbitrary active-joint variables,

cos(¢p — ) =0, 12)
and from the second solution,

Equation [10b) gives two solutions for the angle
6 =05 and ¢ =05+ (14)

However, in theZYX Euler-angle convention, the triplets
{¢,0,v} and{¢ £ 7,—0 + 7,4 + =} both correspond to the
cos(¢p+ 1) = 0. (13) same orientation. This means that the above two solutiolhs wi
lead to the same orientation of the mobile platform. Hence,
V(‘fﬂly the first solution will be used in this paper.

Substitutingy = 65 in EQs. @b-c), a new system of two
equations is obtained:

In both cases, each of these two equations lead to t
solutions. Thus, because of the representation singylarity
four rotation matrices describe the corresponding orterta
of the mobile platform:

[0 -1 0] "0 1 0 plcosw+p2s?nw = 0, (15a)
Rroir=|0 0 1 |,Rro2=1| 0 0-1/{, p3cosy +pysiny = 0, (15b)

-1 0 0 | -1 0 0 where

[0 -1 0] [0 10 p1 = sin6q cosbs, (15¢)
Rros = (1) 8 _é » Rros = (1) 8 (1) p2 = siné;sinfsinfs — cosf cos by, (15d)

. - - p3 = cosfssinfcosfs — cosfsinby, (15e)
Figure@ depicts the four trivial solutions (orientatiorns) pi = coslysinbs (150)

the direct kinematic problem. It may be seen geometricatly,

well as from Egs. [[9b-d), that when the platform is at one &ince the termsos ¢ andsin¢ cannot vanish simultaneously,
these four orientations, all three legs are at a singuléfitly Eqs. [15p-b) lead to

extended or folded) and can freely rotate about their bése jo p1p4 — p2ps = 0. (16)



Solution 1 || ¢ 0 P

Solution 2 || ¢ 0 v+

Solution 3 || ¢ | 6+ —1

Solution 4 || ¢ | 0+7 | -+
TABLE |

THE FOUR NONTRIVIAL SOLUTIONS TO THE DIRECT KINEMATIC PROBLIM

Hence, substituting Eqg._(35c-f) into the above equativegyi

¥ = —0.383 W = 2.759
cos 0(q1 cosf + gosinf) = 0, (17a)
where
g1 = sinf; cosfy cosfssinfs — cosfysinfy, (17b)
g2 = sin6q sinfy sin B3 + cos by cos B cosf3.  (17¢C)

Equation [19a) leads to two possibilities:

cos# =0 and (18a)
g1 cos B + q2sind = 0. (18b)
_ _ . € ¢ = 0.100, 6 = 2.470, (d) ¢ = 0.100, 6 = 2.470,
Equation [18a) is the same as Efj. {10a) and will therefore bey = 0.383 ¥ = 3.525

discarded. Equatior] (1Bb) gives two solutionsinr, 7]:

Fig. 3. The four nontrivial solutions to the direct kineneagiroblem of the
_ . Agile Eyefor 6; = —0.3,602 = —0.7 andf3 = 0.1.
0 = tan~'(—q1/q2) + km with k =0, 1. (19)

Equations [(18a-b) can now be used to find
. ) identical with Eq. [18a), meaning thét= £+ /2. Substituting
Y = tan” (—p1/p2) +km with £=0,1, or 6 = +m/2 into Egs. [15a-b) yields

= tan (- km with k =0, 1
v an (=ps/pa) + ke wi o sin 0 cos(¢ F 1) = 0 and cos Oz cos(¢p F ) = 0.  (20)

quglglﬁeiut:nv?ngzlzueess tfr?g Isr:)IEJtigr;Z] t];)ort:: C(;]iféct kinematlf sinfh =0 andcosf = 0, (¢F ) is arbitrary, meaning
L <nemalifiot the platform can undergo a self motion. If, howevers¢he
problem, where a number to each solution is arbitrarily 380 conditions are not satisfied thens(é T ¢) — 0, which
signed. An example of four nontrivial solutions to the dtrecmeans that the only direct kine,matic solutions aré theativi
kinematic problem of thé\gile Eyeis given in Fig.|]3 for the ones
active-joint variabled, = —0.3,6, = —0.7 andfs =0.1. Thus, in summary, thégile Eyewill have only the four
Later, a method will be prese_nted to identify these norahV'trivial solutions to its direct kinematic problem if and grif
solutions based on the working mode. For now, note by
solely observing Fig|:|3 that these four nontrivial soluon ¢o = sinf; sin 3 sin 63 + cos Oy cosfs cosf3 =0,  (21)
are obtained from each other by rotating the mobile platfor
about a platform joint axis at 180 degrees (in fact, the sal
is true for the four trivial solutions). Thus, if for a given sinfs = 0 and cosf; = 0, or (22a)
set of active-joint variables, there is one nontrivial $iola, sinfs = 0 and cosf; = 0, or (22b)
then there are (at least) three other nontrivial solutidree . ’
important question whether there are always four nontrivia singy =0 and cosp = 0. (22c)

soluti(_)ns was not answered in [11] and will be given special Taking the first pair yieldg, = 0 andg; = 0, meaning that
attention now. 6 can take any value. This means that there is a self motion
— even if all actuators are fixed, the platform can freely
move. Substitutingdo = 0 or §; = 7, andf; = +7/2 into

The second set of solutions will become the same as the fiEsts. -b), yieldsin ¢ = 0. In addition,cos ¢ = cosf3 = 0.
set of solutions when Eq8b) degenerates@nd ¢; = 0. Similarly, for the second pair of conditions, it can be prdve
It can be shown thag, = ¢; = 0 if and only if sinf; = 0 thatd can have any value, whileosy) = 0 andsin¢ = 0.
andcosf3 = 0, or sinf3 = 0 andcosf; = 0. In that case, Finally, taking the third pair of conditiongy = 0 but ¢; # 0,
6 can be anything, which is one of the self-motions of thEg. implies thatosf = 0. If this pair of conditions is
mobile platform. Ifgo = 0 but ¢; # 0, Eq. (18b) becomes substituted into Eqs[(d5a-b), it is reached to the conatusi

gt neither of the following three pairs of conditions iseru

C. Degenerate Cases



V. SINGULARITY ANALYSIS

The relationship between the active-joint ratés,and the
angular velocity of the mobile platfornay, can be written as:

Aw+BO=0 (24)

where A andB are Jacobian matrices and can be written as

(@) (b) (wy X va)? o
Fig. 4. The two self motions of the mobile platform where legs 3ingular. A= (W2 x V2) = 3 ’ (25a)
(Wg X Vg)T Oé%1
thatsin(¢ — ) can be anything in the case 6 /2 or that (wy x vi)Tuy 0 0
sin(¢ + 1) can be anything in the case éf= —7 /2. B = 0 (wa x vo)Tuy 0 . (25b)
Thus, it can be easily shown that E22a—c) correspond to 0 0 (w3 x v3)Tus

six self motions represented by the following rotation ricats

(where angles are arbitrary): Type 2 singularities are characterized by studying matrix

T 0 1 0 A and occur whenever the three vecters are coplanar or
Rsiia = cosd 0 sind |, (23a) collinear. For theAgile Eye these vectors cannot be collinear.
—sinf O cosf Thus, when these three vectors are coplanar, the platform
- 0 1 0 can rotate (infinitesimally or finitely) about the axis passi
Rony — cosf 0 —sind |, (23b) through the cente® and normal to the plane of the vectors.
_sinf® 0 —cosf Substituting the nontrivial solution set for the direct din

F st sind 0 matics of theAgile Eyeinto the determinant oA of Eq. (25h)
cos s and simplifying, it is obtained that the expression in thivae

Ronza = 0 0 —1 (23¢c) joint space for Type 2 singularities is:
—sinf cosf O

R cog o - s(i)n@ (1) (23d) det(A) = sin 6, sin s sin O3 + cos 01 cos O3 cos 5 = 0. (26)
SM2b — )
—sinf —cosf 0
r . Substituting the trivial solution set yields the same espre
0o — — —
R _ 0 Czlsr(l((f_ zﬁ) Z?S((z _ Z)) (23e) sion but with a negative sign. Note that the determinanAof
SMBa 1 0 0 ’ is the same for all four assembly modes. This is not surgisin
- ) since from the geometric interpretation of the four assgmbl
0 —sin(¢p+¢) - Cf)s(¢ +9) modes, it can be seen that between any two assembly modes,
Rswmza = (1) COS(¢O+ v - Sm(g +9) 1230 o pairs of vectorsy; have opposite directions and the third

L pair is the same.

Now, note that each of the pairs of conditions imposes aType 1 singularities are characterized by studying ma#ix
constraint on two of the active-joint variables, while thérd  and occur whenever a leg is fully extended or folded. For a
one can take any value, without influencing the orientatig¥eneral 3RRRspherical parallel mechanism with legs of other
of the mobile platform. This means, that in the above selfhan 90 degrees, Type 1 singularities are two-dimensional
motions, there is a leg in singularity. In fact, the self-iont entities. In other words, for such a general parallel wrist,
of the platform is about the axis of the base joint of the leghen a single leg is singular, the platform remains with two
in singularity. The above self motions are divided into pairdegrees of freedom. In thegile Eye however, when a leg is
where in each pair, one of the motions correspond to a ful§ngular, the axes of the base and platform joints coincide a
extended leg (the ones with the b index), while the other totla@ mobile platform has a single degree of freedom, whereas
fully folded one. Figurd}4 shows the two self motions (SM3the leg can freely rotate without affecting the orientatdthe
and SM3b) for which leg 3 is singular, corresponding to th@obile platform. Therefore, Type 1 singularities of tAgile
pair of conditions of Eq.[(22c). In this figure, legs 1 and 2 arfeyeare only six curves in the orientation space.
each shown in one of the possible two configurations per leg.Substituting the nontrivial solution set for the direct édin

As will be seen in the next section, all singular configmatics of theAgile Eyeinto B of Eq. ) and simplifying
urations were found in this section by purely studying thgields the following three expressions in the active-jcipace,
degeneracies of the direct kinematics of thgile Eye corresponding to Type 1 singularities occurring in leg lari]



. i Sign of Bi1 Boo Bss dCt(B)
3, respectively: Solution T1—— = - —
: : : Solution 2| + + — —
By =+ sin 07 sin 65 sin 3 + cos 01 cos 05 cos O3 —0,(27) Solution 3| M N -
V/1 — cos? B sin? 01 /1 — cos? 0y sin® 0y Solution 4 | + - + -
. . . TABLE 1l
By = £ sin 0 sin B sin O3 + cos 6y cos B cos fs =0,(28) THE SIGNS OFB;; FOR A GIVEN SET OF ACTIVEJOINT VARIABLES
\/1 — 082 0, sin® 65 \/1 — cos2 0 sin® 6,
Bus = + sin 6 sin @5 sin 03 + cos 01 cos O3 cos O3 —0,(29) (+44) o (+=)
\/1 — 082 0, sin® 65 \/1 — cos? 05 sin® 6, det(A)>0K:
& (—+T (=)
where B;; is the i-th diagonal element oB, and the plus- S (1) »(+-H)
minus sign depends on which of the four nontrivial direct det(A)<0 s S

solutions is used, i.e., on the assembly mode.
Substituting the trivial solution set for the direct kinetma

) ) h > h Fig. 5. The eight assembly modes characterized by the wgpnkiode
of the Agile Eyeinto B and simplifying yields as expected:

By = By = B33z = 0. (30)

space by anything but Eq|]26). At these Type 1 sin-

gular configurations, the mobile platform cannot move

even under external force. For the active joint variables
corresponding to these singular configurations, the direct
kinematic problem has eight solutions.

Indeed, at the trivial orientations all three legs are siagu
From Egs. [@7E239), it follows that if a configuration cor-
responds to a Type 2 singularity, then it should inevitably
correspond to a Type 1 singularity too. However, the opposit
is not necessarily true. In other words, if there is a Type 1

singularity, the Agile Eyeis not necessarily at a Type 2

singularity too. Indeed, investigating the four orieraas
shown in Fig[P, it can be seen that the legs can be orientated\s was mentioned before, a particularity of thgile Eyeis
in such a way that the vectors normal to the last two joint axésat the determinant of matri&, Eq. (26), is a function of the
in each leg are not coplanar. Such a configuration is callechetive-joint variables only and has the same value for all fo
lockup configuration, since the mobile platform is comgiete nontrivial assembly modes. Equati(26) represents aceirf
restrained even if the actuators are removed. For these fowt divides the active-joint space into two domains where
orientations, Eqs.mZEIZQ) are replaced by ﬂ (30). det(A) is either positive or negative. A connectivity analysis
Finally, it should be verified what happens, when the devras made on these two domains to prove this property.
nominators of the expressions in Eds] @1-29) are zeroéd. Th The images of these two domains in the workspace yield
basically occurs when from the reference configurationga leight identical domains (the whole orientation space witho
is turned ato0° (in either direction), and possibly another onghe singularity curves), each one being associated withobne
is turned ati80°. It can be verified that at such a configuratiorthe eight working modes. It can been seen geometrically, or
a Type 1 singularity occurs. Indeed, the numerator of the@broved algebraically, that each of the four nontrivial assly

VI. WORKING MODES ANDASSEMBLY MODES

three equations also becomes zero. modes correspond to a different working mode. Therefore,
In conclusion, theAgile Eyehas the following three families changing an assembly mode inevitably requires a singularit
of singular configurations: to be crossed. Hence, tiaile Eyeis not cuspidal, meaning

« Six self motions of the mobile platform described bythat as long as it does not cross a singularity, it remains in a
Egs. [23p—f), in SO(3), and by Egf. (R2a—c), in the activeingle working mode and in a single assembly mode.
joint space. For each self motion, one of the legs is The eight working modes are divided into two groups.
singular. For the active-joints corresponding to each &fepending on the sign afet(A), the four assembly modes
Egs. —c), the four (nontrivial) assembly modes deach correspond to a working mode from one of these groups.
generate in pairs into the two corresponding self motionis Table[l}, it is assumed that for the first solution of theedir

« Infinitely many infinitesimal motions of the mobile kinematic problem the sign aB;; given in Egs. @7@9) is
platform at the four trivial orientations when the activenegative. For the other solutiong), 8, ¢} are replaced by the
joints satisfy Eq.[(26) but neither of Eqg. (R2a—c). Eacvelue given in Tablg] | and the influence on the signf is
of the four trivial orientations belongs to the sets o$hown using simple trigonometric properties. Recall tti]|
orientations corresponding to three self motions. For tltees not change when an assembly mode is changed.
active joint variables corresponding to these singular Figureﬂi summarizes the behavior of the direct kinematic
configurations, the only solutions to the direct kinematiproblem where a solution can be chosen according to the sign
problem are the four trivial ones. of B;; = (+ + +) for example and the sign odet(A).

o Lockup configuration described in SO(3) by each ofSimilarly, when the inverse kinematic model is solved, the
the four trivial orientations and in the active-joint spaceorking mode is easily characterized by the signBf.



VII. CONCLUSIONS

An in-depth kinematic analysis of a special spherical par-
allel wrist, called theAgile Eye was done, pinpointing some
important facts that were previously overlooked. It was dem
strated that the workspace of tigjile Eyeis unlimited and
flawed only by six singularity curves (rather than surfaces)
Furthermore, these curves were shown to correspond to self-
motions of the mobile platform. It was also proved that the
four assembly modes of th&gile Eyeare directly related to
the eight working modes and the sign of the determinant of
one of the Jacobian matrices. It was shown that as long as the
Agile Eyedoes not cross its singularity curves, it remains in
a single working mode and in a single assembly mode.
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