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We report some recent advances in kinematics and singular-

ity analysis of the mirror-symmetric N-UU parallel wrists
using symmetric space theory. We show that both the fi-
nite displacement and infinitesimal singularity kinematics of
a N-UU wrist are governed by the mirror-symmetry prop-
erty and half-angle property of the underlying motion man-
ifold, which is a symmetric submanifold of the special Eu-
clidean group SE(3). Our result is stronger than and may be
considered a closure of Hunt’s argument for instantaneous
mirror-symmetry in his pioneering exposition of constant ve-
locity shaft couplings. Moreover, we show that the wrist can
to some extent be treated as a spherical mechanism, even
though dependent translation exists, and the singularity-free
workspace of a N-UU wrist may be analytically derived.
This leads to a straightforward optimal design for maximal
singularity-free workspace.

Nomenclature
R revolute joint
U universal joint formed by two concurrent R joints

o-xyz reference coordinate frame
X7Y7Z (15070)T’(07170)T’(07071)T
u,v,w,s,t,0,... 3-dvectors/ points

s™ proximal center in the base

s~ distal center in the end-effector

£.¢,m,... unitscrews

W 3 x 3 skew symmetric matrix s.t. Wv =w x v, ¥v € R?
/5\ 4 x 4 homogeneous matrix form of a screw & [1]

c(y, () cos(-), sin(:)

*A preliminary version of this paper has been accepted for presentation
at the ASME 2017 Int. Design Engineering Technical Conferences, Cleve-
land, Ohio (Paper No. MR-67020).

 Address all correspondence to this author.

SO(3) spatial rotation group
SO(3) := {ReR¥3? | RR" =13,3,detR =1}
SE(3) special Euclidean group (homogeneous rep.)

SE(3) := { (3 I) € R¥4 ‘ ReSO(3),te IR3}
(R)u  homogeneous embedding of R € SO(3)

(R)u = ((}E‘ (1)>

(t)u homogeneous embedding of t € R?

(On = (1(3)?3 I)

¢® € SO(3) rotation matrix with unit axis w and magni-
R tude 6
% € SE(3) rigid transformation matrix with unit screw
axis & and magnitude 6

(0,y,0) tilt-torsion angle parameters for rotation matrix R
R=— e\y(c¢x+s¢y)e(ﬁ
i*j (i=1,...,N, j=1,2) revolute axes (unit screws) of

the proximal ¢/ joint in leg i
Elfj (i=1,...,N, j=1,2) revolute axes of the distal /
joint in leg i (Si*j and §;;, j = 1,2 are mirror-symmetric
about a common plane)
w:: (i=1,...,N, j=1,2) unit direction vector of {iij
s;j (i=1,...,N, j=1,2) intersection point of 5,*/ and 5:‘}
(may be located at infinity)
6;, (i=1,...,N, j=1,2) joint variable of &},
wgg  angular velocity vector of the end-effector
distance between o and s* (or s™)
o angle formed by the two planes containing fﬁ and 5?5,
respectively (at the initial configuration)
B angle formed by &7; (or &;;) and the xy-plane (at the ini-
tial configuration)
half the angle formed by &}, and &,
angle formed by £ and £}, (or &;; and £;,)



S182, 818283 (si, i = 1,2,3 being 3-d points) extensor of
step 2 and 3 (Grassmann-Cayley algebra), i.e. a line
through s;,s, and a plane through sy, s,,s3 respectively

A meet operator (Grassmann-Cayley algebra), i.e. inter-
section of two operands

Y./Wa/yp maximal half-tilt angle free of leg/ active/ pas-

sive singularities

1 INTRODUCTION

We report in this paper some recent advances in synthe-
sis and analysis of parallel mechanisms (PMs) comprising
N (N > 3) UU legs using tools from symmetric space the-
ory [2]. It is well known from theory of homokinetic cou-
plings [3, 4] that the N-U/{/ PM has two rotational degrees-
of-freedom (DoF) and is overconstrained (by a degree of
(2N —4)). The synthesis condition of N-UU PM is stud-
ied in [3,4] and may be summarized as follows: (i) the two
U joints in each UU leg must be identical and remain in a
mirror-symmetric configuration during full-cycle motion; (ii)
all UU legs share the same plane of symmetry and the revo-
lute axes of the proximal (or distal) U joints of all legs inter-
sect at one point (see Fig. 1 for the schematic of a 3-UU PM).
However, the deduction of such conditions in [3] or [4] relies
on instantaneous screw theory, which must be accompanied
with full-cycle (finite instead of instantaneous) motion val-
idation in the case of structural design. Wu et al. [5] gave
an explicit expression for the (finite full-cycle) motion man-
ifold of N-U/U{/ PMs using tilt-torsion angle parameters [6].
Indeed, the N-U/U/ PM is shown to be a zero-torsion PM,
a concept often associated with 2- or 3-DoF homokinetic-
coupling-equivalent PMs [7]. N-U/U PMs have been discov-
ered [8] and and rediscovered [9-11] as homokinetic cou-
plings or robotic wrists in several occasions.

Recently, we sharpened our previous results [4,5] to pro-
vide a deeper understanding of the synthesis and analysis of
homokinetic couplings [2, 12, 13]. This recent advance in-
volves recognizing the motion manifolds of the homokinetic
couplings, including the N-U/U/ PMs, as members of a special
class of submanifolds of the special Euclidean group SE(3),
called symmetric submanifolds. For example, the collection
of all zero-torsion rotation matrices [6, 7]

M:= {ew ’ W =Xco+Yso, ¢ €[0,2m), y € [O,E]} (D

is in fact one of the seven symmetric submanifolds of SE(3)
[2]. The general theory is rather sophisticated, and shall not
be re-introduced here. A more accessible treatment of the 2-
d symmetric submanifold M may be found in [14]. Instead,
we show in this paper that two important consequences of
the symmetric space theory, namely a full-cycle version of
the mirror-symmetry property [3] and the half-angle property
(see Sec. 2), lead to a rigorous treatment of the synthesis
and analysis of N-UU/ PMs. Moreover, we show that a N-
UU PM, although not a purely spherical mechanism (in the
sense that its motion manifold is not exactly M as defined in
Eqn. (1)), may in fact be synthesized and analyzed as one.

A particular example of the latter can be found in our earlier
presentation [15].

The following references are also relevant to our work.
Sofka et al. [16] are probably the first to study the displace-
ment kinematics of a 4-U/U{ parallel wrist. Since mirror sym-
metry is not utilized, a genetic algorithm has to be imple-
mented to solve the problem. Yu et al. [17, 18] studied the
mobility, singularity and synthesis of N-J/U{ parallel wrists
using reciprocal screw theory and structural symmetry. Their
work is essentially an extension to Hunt’s instantaneous ap-
proach [3], where the underlying full-cycle motion mani-
fold is not revealed; nor did they address the singularity-free
workspace characterization and optimization problem. Kong
et al. [11, 19] studied the synthesis and reconfiguration of
multi-mode N-U/U{ PMs resulting from imposing plane sym-
metric conditions on a 2-DoF 3-U/U/ PM obtained by lock-
ing three joints of a 5-DoF parallel mechanism. A mode
change occurs when mirror-symmetry is broken. Bonev et
al. [20,21] used tilt-torsion angle parameters to characterize
the singularity loci of 2- to 3-DoF spherical manipulators.

This paper is organized as follows. In Sec. 2, we revisit
the synthesis condition of N-U/{/ PMs by using symmetric
space theory. We show that many subtle conclusions may be
immediately drawn without pounding on the particular ge-
ometry of the N-U/U PM. In Sec. 3, we perform a full singu-
larity analysis of the N-A/U/ PM treated as a spatial mecha-
nism, using Grassmann-Cayley algebra (GCA) [22,23]. The
results are then compared with those concerning its pure ro-
tational counterpart [15] to illustrate our claim that the N-U/U/
PM can be essentially treated as a purely rotational mecha-
nism. In Sec. 4, we derive the singularity loci of N-2/U{ PMs
and identify maximal singularity-free tilt angle for a particu-
lar choice of design constants. Finally, in Sec. 5 we conduct
optimal design of N-U/U/ PMs for maximal singularity-free
workspace.

2 Geometry and Synthesis Condition of N-2/I/ PM
2.1 Geometry of U Leg

In its most general form (Fig. 1(c)), the i-th UU leg of
a N-UU PM comprises two pairs of R joints, (£;;,&;;) and
(&5,&5), which are both mirror-symmetric about the xy-
plane. We denote their intersection with the xy-plane by s;;
and s;; respectively. We denote the centers of the proximal
and distal ¢/ joints, respectively, by s* and s~, which are also
mirror-symmetric about the xy-plane. Assume, without loss
of generality, that the N-U/U/ PM has N identical AU legs
forming an N-fold axial symmetry about the z axis. It is not
difficult to see that the length parameter d (measuring the
distance between o and s* or s7) and three angular constants
(o, B,7y) completely determine the kinematic geometry of the
UU leg:

G=(wi)h (st xwip)h)!

&= ((w)" (s xwy)")" o
h=((w))",(s" xwh)")’

o= ((wp)", (s xwp)")"
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Schematic of a general 3-UU PM: (a) components of the PM; (b) synthesis condition of the PM: the two {{ joints in each leg are

mirror-symmetric about the Xy-plane, and the revolute axes of all proximal (or distal) I/ joints in all legs intersect at a point S (or $7); (c)

geometry of the first leg; (d) geometry of the U joints in the first leg.

with

W — 2R D/NZ,BY

W = 2ni=1)/NZ By s = —dz )
wh= L OH2(i-)/NZ,~ .y s =dz
Wi, = e(@+2m(i-1) INZS

The explanation for these constants can be found in the
Nomenclature and Fig. 1(c). The two R joints in each U/
joint form the angle u (Fig. 1(d)), which can be easily com-
puted as

Cu = CaCpCy+ SpSy “)

For the study of the orientation workspace, the length param-
eter d is not essential and can be simply set to 1.

2.2 Symmetric Submanifold Properties of a Collapsed
UU Leg

Consider the spherical chain resulting from collapsing

s* to o (or by letting d = 0), as shown in Fig. 2(a). If sym-

metric motion is enforced within the R joints of symmetric

pairs, the collapsed chain is known as a symmetric chain of
the 2-d screw system m := span(X,y) (named mpg in [2]),
characterized by a pencil of lines passing through o and ly-
ing in the xy-plane (Hunt’s first special two-system with zero
principal pitches [24]; see Fig. 2(c)). We summarize from [2]
the following results for m and M given in Eqn. (1) without
a complete proof:

P1. The submanifold M in Eqn. (1) is the exponential image
of the two-system m, M = expm. M remains invariant
under rotation about the z-axis, i.e. V¢o € [0,27):

e‘D(ﬁMe—%i — e%i(exp m) e—q)()2 = exp( e¢(ﬁme—¢()i)
exp span( (Doi;(\e—q)o2 %iye—%i))

—

(
exp(span(e‘DOZx efozy))
exp(span(Xcy, + ys¢0 ¥co, —
exp(span(X,y)) =

/)ES% )

(%)
We say that M has an axial symmetry.

P2. For any leg i, so long as the projection of wﬁ and wl.i2
onto the xy-plane are linearly independent (for example,
in the configuration shown in Fig. 2(b)), the symmetric
chain (W;}, w5, W, w;;) generates M under the symmet-
ric movement condition Gi*j = Gi‘j =0;, j=1,2,ie., for
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Fig. 2. Collapsing of a UU leg to a symmetric spherical chain: (a) schematic; (b) instantaneous symmetric movement (ij = G{j =

elj, Jj = 1,2); (c) screw system of the corresponding LTS m: a planar pencil of zero-pitch screws.

any tilt axis W = Xco + s, ¢ € [0,2n), and half-tilt an-
gle y (within a singularity-free workspace; see Sec. 3),
we may find a unique pair (8;;,0,) € [0,27)2, such that

~4 ~t ~ o~ ~
eeilw“eegwn eefszee“wil — e2\|1w c M (6)

P1 and P2 imply that arbitrarily displacing the symmet-
ric chain (under symmetric movement condition) by a
rotation about the z-axis does not alter its motion mani-
fold M.

P3. Under the aforementioned symmetric movement con-
dition, at a generic configuration 2V the symmetric
chain will be always mirror-symmetric about its instan-
taneous velocity plane, which passes through o and is
perpendicular to e¥Wz. Moreover, there exists some
G; € R such that [15]:

9,‘]@?{ eeizwg — ewi’\vecfi

e
. . SR @)
efe,-lw“efe,-zwiz — o YW,0iZ
so that
~t ~t ~
eeilwil eeizwﬁ 7= eww A (8)

In other words, the symmetry plane may be thought of
as being rigidly attached to the central link of the col-
lapsed UU leg. This information will be very useful for
singularity analysis.

The aforementioned properties of M are a direct consequence
of M being a symmetric submanifold of SE(3) and m be-
ing its associated Lie triple subsystem (LTS) [2, 13]. More
specifically, the correspondence between m and M in P1 is
a generalization of the Lie correspondence between a Lie
algebra and its corresponding Lie group [2]. The second
claim in P1 is due to the fact that m is invariant under the
adjoint action of its corresponding commutator algebra [2].

A systematic treatment of symmetric chains for all symmet-
ric submanifolds of SE(3) as in P2 is given in [2]. P3 is also
generalizable to general symmetric submanifolds with yw
replaced by a vector in a general LTS m and 6z by a vector
in its corresponding commutator algebra [2]. We also remark
that, Hunt’s screw argument [3] may be summarized as (see
Fig. 2(b))

éilwi*l + e,’]Wﬁ + G[QWE + éizwfz =WEg Em )

which is an instantaneous and therefore weaker version of
Eqn. (6). In reference to P1 and P2, one may simply con-
struct a “collapsed” N-UU/ PM by arranging several copies
of the symmetric chain (w],,w{,,W,, Wy, ) in parallel, with
each copy being obtained by a rotation about the z-axis by
some angle ¢p.

2.3 Synthesis Condition of N-2/{U/ PM

Now we prove the synthesis condition for N-UU/ PMs,
using a generalized version of P1 for M. We notice that for
any i€ {1,2,...,.N}and j=1,2:

~+ —~
iikis = (Fdz)y - (7% )y - (£dz)y (10)

The non-collapsing UU leg generates, under symmetric
movement condition,

Oi&il Pk ki Onén
=(—dz)u-("1Vi )y (%% - (d2)yy-...
(dz)u- (V2 ) (%1 ¥i - (—d2 )
=(—dz)u-(e¥™)u- (%) (2d2) ..
(€ )n:(e" )u-(—dz)n

)
=(~dz)u-(e*")n-(2dz)u-(e¥™)n-(~d2)n

an



The last equality is due to (az)g commuting with (e?)g for
any a € R and b € [0,2n). Equation (11) directly leads to the
explicit expression for the motion manifold M, of the non-
collapsing U leg (under symmetric movement condition)

My = { (~d2)u- (") (242 (™) (~d2u | ...

W =Xco+Y50,0 € [0,27),y € [O,n]}

i (12)
Again by commutativity of (az)y and (e?*)y, Va € R,b €
[0,27), M, also admits an axial symmetry, which follows
from that of M. We may therefore construct an N-U/{/ PM
with legs being copies of a UU leg rotated about the z-axis
by different angles ¢, so long as the force matching con-
dition [25, Prop. 6] is satisfied, i.e., the PM is away from
passive constraint singularities (see Sec. 3.3). We emphasize
that the force matching condition is essential to our claim:
each UU leg before assembly is not guaranteed to move un-
der the symmetric movement condition, and in general it
generates a 4-d submanifold of SE(3) that contains the de-
sired 2-d motion manifold M;. Consequently, the motion
manifold of the N-&/U/ PM may also be bigger than M. This
is impossible if the force matching condition holds. There-
fore, without loss of generality, we may synthesize a N-UU
PM with identical and evenly distributed U/ legs. Figure 1
shows one such PM with N = 3.

Note that the same conclusion is reached in [5] using
brute force computation. Here, we reveal the axial symme-
try more elegantly using commutativity of coaxial translation
and rotation. We would like to draw a connection between
this new approach and some recent work of Selig [26], where
the role of commutativity in synthesis of several novel mech-
anisms is emphasized.

3 Kinematics and Singularity Analysis of N-U/{{ PM
In this section, we generalize P2 and P3 for M to M, for

the purpose of kinematics and singularity analysis of N-U/U
PMs.

P2" The symmetric chain (£}},£5,£,5,&;,) generates My un-
der symmetric movement condition 6}, = 0, =0ij, j=
1,2, i.e., for any tilt axis w = Xcy +yso, ¢ € [0,27) and
half-tilt angle y (within a singularity-free workspace;
see Sec. 3), we may find a unique pair (8;1,0;) €
[0,27)?, such that

—~ e
P&l eeizﬁizeeizﬁizefuﬁn — A 13)
(—dz)u- (") (2dz)u - ("™ )n- (—dz)n

P3’ Under the aforementioned symmetric movement con-
dition, at a generic configuration (—dz)y - (e¥")y -
(2dz)y - (€¥V)g - (—dz)n, the symmetric chain will al-
ways be mirror-symmetric about its instantaneous ve-

locity plane, which passes through a point o given by

St P
0 B Bk . o — (—dz)u- (™) (dz)n -

) ® (14
:(e\yw — 13><3) -dz

and is perpendicular to ¢¥Vz. In other words, the sym-
metry plane may be thought of as being rigidly attached
to the central link of the U/U/ leg. Moreover, we have

0—s = (er —13x3)-dz— (—dz) = VV.dz  (15)

By mirror-symmetry, s- —s* = €YV . 2dz. 1In other
words, the distal center s~ rotates about the fixed proxi-
mal center s*, with unit direction vector w (same as that
of the end-effector) and magnitude y (half that of the
end-effector); o remains the center of the line segment
s~ —s' (with a fixed length of 2d) under full-cycle mo-
tion (see Fig. 3(a)).

We remark that P2’ is a direct consequence of Eqn. (11); P3’
may be verified by straightforward computation, or alterna-
tively by treating the U/ leg as an incomplete symmetric
chain of certain 3-DoF LTS [2, Ex.3].

3.1 Displacement Kinematics

It is clear from Eqn. (13) that the end-effector motion
of a N-UU PM is uniquely determined by its rotation ma-
trix ¢2¥¥, which in turn is determined by the inclination of
s~ —s*' away from the z-axis (see Fig. 3(a)). This immedi-
ately leads to simple analytic derivation of both direct and
inverse displacement kinematics, and the details are given in
Appendix A.

3.2 Twist and Wrench Systems of N-1/I/ PM

In reference to the mirror-symmetry property under
symmetric movement condition, the instantaneous twist
space will always be a zero-pitch twist (i.e., a pure rotation)
from the line pencil located at o in the symmetry plane, as
shown by green arrows in Fig. 3(c). To maintain this instan-
taneous zero-torsion motion, we need a reciprocal wrench
system of dimension 4, spanned by a 3-d wrench field (com-
prising zero-pitch wrenches lying in the symmetry plane
and an infinite-pitch wrench perpendicular to the symmetry
plane) and a zero-pitch wrench on s*s™.

Since the symmetric pairs (£},&;;) and (§5;,&,,) always
intersect at two points, s;; and s; respectively on the symme-
try plane, it is straightforward to see that each U/ leg con-
tributes to a 2-d constraint wrench system spanned by two
zero-pitch wrenches, with one passing through s;; and s;
(denoted ¢;;) and the other passing through s* and s~ (de-
noted ¢,) (see Fig. 3(a), where the constraint wrenches are
denoted by blue arrows). ¢, is identical for all legs [4]. This
shows that at least three UU legs are needed to provide the
required constraint wrench system: as shown in Fig. 3(b),
¢11> €1 and ¢3; necessarily span the wrench field lying on



symmetry
plane

symmetry
plane

S12 ¢n

(©)

Fig. 3. (a) displacement kinematics of the 3-UU PM (leg 1 is
hidden for clarity); (b) constraint wrenches (blue) and actuation
wrenches (red) of leg i at initial configuration; (c) twists (green), con-
straint wrenches and actuation wrenches of the 3-UU PM.

the symmetry plane so long as they do not intersect at one
point. The other basis wrench is fulfilled by ¢, of any UU
leg.

Next, without loss of generality, consider the imposition
of actuation wrenches ¢,; and ¢, when choosing £/, and
&, as the two actuation joints. It is straightforward to verify
that ¢,; and ¢ ,, may be chosen as the zero-pitch wrenches
lying on s12s~ and s2>s~ respectively, as illustrated by the red

symmetry
plane

Fig. 4. A configuration of leg singularity of a U leg.
arrows in Fig. 3(b) and (c).

3.3 Singularity analysis of N-U/{/ PMs
Leg Singularity

A configuration of leg singularity corresponds to the lin-
ear dependency of all joint screws in a leg [27]. Since the N-
UU PM operates and therefore approaches singularity with
mirror-symmetry, it is not difficult to see that leg singularity
occurs exactly when all four joint screws in a AU leg become
coplanar, one particular configuration of which is shown in
Fig. 4. This is necessarily a stationary configuration [24,27]
of the N-U/U/ PM. Note that a leg singularity such as shown
in Fig. 4 is achieved with a particular value of 0;; but an
arbitrary value of 6;;. This implies that the U/ leg may ex-
perience a continuous leg singularity by fixing 0;; and con-
tinuously changing 6;;.

Since we are interested in identifying the maximal
singularity-free workspace, we identify the leg singularity
that achieves the minimal half-tilt angle. This is exactly the
configuration shown in Fig. 4, leading to a (uniform) maxi-
mal leg-singularity-free half-tilt angle, denoted by vy,

Ye=n/2-y=(n/2=B-pu)=PB+u—-y (16
Taking into consideration different modes of leg singularity
of the /U leg and ranges of constants, we have

Y =min(|B+p—v],[B—u—7], (17
B+u+y—=l,[B—uty—m)
Static Singularity
A static singularity (leading to a loss of control of the
PM, [27]) corresponds to the linear dependency of all con-
straint wrenches ¢;;,i = 1,...,N,({, and actuation wrenches
Ca1,C,1- If three UU legs are present, the mechanism is at a
static singularity when

[€¢11¢21 63162 € €a ] =0 (18)
where [ - ] denotes the determinant of a square matrix formed
by the vectors within. Since all the constraint and actu-
ation wrenches have zero pitch, we can readily apply the



Grassmann-Cayley Algebra (GCA) techniques [22, 23] to
further decompose (18): each constraint or actuation wrench
is a 2-extensor joined by two points on the corresponding
screw axis

C11 =Ss11812 ¢y =s"s"
Cor=s2152 4 =S128” (19)
(31 =S31832 Cap = $228~

Then Eqn. (18) is equivalent to the following superbracket
being zero:

[[s11812 , 821822, 831832, 8’87, 128, 808" || =0 (20)

which may be factorized in 24 monomials. Note in particular
the repeated occurrence of s~ will send most monomials to
zero, resulting in the following simple identity involving de-
terminants of 4 x 4 (using homogeneous point coordinates)
instead of 6 x 6 matrices:

[s11 8128 So1] - [S2 8318328 |- [st siaspsT| =0 (21)
where [SU Si2 S 521] . [522 S31 S32 Sf] stands for [22]:

[s11 8128 $21] - [s22 831 83287 —

B - (22)

[S11 8128 $22] - [s21 831 832 87]
Therefore the static singularity factorizes into two of its fac-
tors being zero:

1. [s*si2s028|=0 (23)
which corresponds to the case where {,;,(,, and ¢, be-
come coplanar and hence the actuation wrench space
span(¢,;,¢,n) becomes linearly dependent with the
constraint wrench space span(¢qq,¢s1,€31,¢2). It is
straightforward to deduce, from mirror-symmetry, that
Eqn. (23) is equivalent to (ignoring w.l.o.g. the case
S12 =822)

S12+8» = st +s 24)

This is usually referred to as actuation or active con-
straint singularity [27]. Figure 5 illustrates a 3-U/U{/ PM
at a configuration of active constraint singularity. At
such a configuration, the constraint wrench ¢, (blue ar-
row) may be represented as linear combination of the
two actuation wrenches (,;,(,, (red arrows).

2. [s118128 $21] - [S2 83183257 =0 (25)
which can be shown to be equivalent to:
(s318328" As118128 ) AS21822 =0 (26)

Fig. 5. A configuration of active constraint singularity for a 3-UU
PM (00 = 90°, B = 0°, y=40°).

;12
// *-..s11 (at infinity)

¢

Fig. 6. A configuration of passive constraint singularity for a 3-UU
PM (o0 =90°, B = 0°, v =20°).

where s318328~ and s118128~ are 3-extensors, geometri-
cally corresponding to planes passing through the three
point members, and A is the meet operator [22]. There-
fore, Eqn. (26) implies that the line of intersection of
$318328~ and s11S12S” intersects with the line $;$75.
Equation (26) may be further simplified into

((s31832 As11812)s ) Asa1s22 =0 (27
Notice that sy;syy is completely contained in the sym-
metry plane as are s3;83, and s11S12, we have:

(31532 As11812) As21822 = 0 (28)
Equation (28) corresponds to the geometric condition
of ¢11,¢»; and ¢3; becoming concurrent, and therefore
characterizes the (passive) constraint singularity [27].

Figure 6 illustrates a 3-U{1/ PM at a configuration of pas-
sive constraint singularity. In this particular case, syi,



$22, 831 and s3, become collinear and therefore ¢,; and
€3y become linearly dependent.

Comparison with the Collapsed N-U{U/{ PM

In [15], we introduced a collapsed N-UU PM, where
each leg is a spherical chain (W}, w5, w,,w};), and more-
over, W;; = w|,. When N = 3, we have shown that its con-
straint singularity is given by the following identity:

[ Wi X Wi Wy X Wy Wy Wy [ =0 (29)
We now show that Eqn. (29) and Eqn. (28) are in fact equiv-
alent when the non-collapsed 3-UU{ PM is away from active
constraint singularity: this is equivalent to ¢,;, ¢, and ¢,
spanning a bundle of forces passing through s~. As such,
the remaining wrenches ¢y, ¢,; and 3, should span a 3-d
torque space about s~ were it be free of constraint singularity.
The constraint singularity is then characterized by Eqn. (29)
since the torques generated by (;;’s, i = 1,2,3 about s~ are
exactly along the vector w;; X w;,’s.

We remark that in the case of the collapsed N-UU PM,
the singularity will, due to existence of interconnecting links,
always factorize into that of the proximal (active constraint)
and distal half (passive constraint) of the PM [15]. It is inter-
esting to note that the non-collapsing N-U/U/ PM enjoys this
factorization none the less (although their active constraint
singularity differ).

Input-Output Jacobian map of the N-U/i/ PM

In reference to the remark above, we may simply fo-
cus on the pure rotational velocity of the N-U/U/ PM. Denote
the end-effector angular velocity by wgg. We have, due to
mirror-symmetry,

wee = 011 (W(; +wyp) +012(Wiy +wp)

) - . B (30)
=021 (W3, +W5,) + 022 (W3, +W3,)

where 01, and 6, are unknown passive joint angle speeds.
It is straightforward to solve 01, using Eqn. (30), leading to

L wh w1 e
[ Wi+ Wi, Wy Wy, Way + W, |

T o o Tw o oo
[ W)+ Wi, Wi+ Wiy, Wiy + W, |

f

012 = 0 3D

Back substitute in the first equation of Eqn. (30) and we have:

_ _ 6
wee = (W +wy, f(Wh+wp)) <6121]> (32)

JEE

4 Singularity Loci of 3- and 4-U/{{/ PMs
In this section, we give a complete derivation of the sin-
gularity loci of 3- and 4-U/U PMs. To simplify matters, we

set & = 90°, B = 0°, which is the configuration adopted by
most practical N-UU PM designs. This particular choice of o
and B is confirmed to be (close to being) optimal in terms of
maximizing singularity-free workspace of N-U/U{ PMs [28].

4.1 Leg Singularity Loci

We have already derived the maximal leg-singularity-
free half-tilt angle yy, in Sec. 3.3, which corresponds to the
leg singularity configuration illustrated in Fig. 4. The com-
plete leg singularity locus for leg 1 may simply be derived
from the set of all possible direction of s~ —s* while main-
taining the rank degeneracy of joint screws. For leg 1, this is
given by (from Fig. 4):

eV (2dz) = 1V (s —s*)

o (wh) e (2dz) = (w);) P1Vi(sT—sT)  (33)
T, _
= (w))) (s —s")
which leads to the following locus, denoted ®; | = 0:
D1 = CpSoSy t SpCy + CpSy, — Sy, (34)

= S¢Syt Sy,

where Yy, = |t/2 — 7| from Eqn. (17) and B = 0° (u = 90°
as a result). By axial symmetry, the complete leg singularity
loci, denoted ®;, = 0, is given by:

N
@y = [[®ri(0—(i—1)po,w) =0, o =21/N (35)
i=1

A numerical contouring procedure similar to those in [20,29]
may then be applied to Eqn. (35) to plot the leg singularity
loci. The leg singularity loci are illustrated in both Fig. 7 and
Fig. 8 by gray dash-dot curves.

4.2 Actuation Singularity Loci

We first plug the direct displacement kinematics in
Eqn. (23) to attain the following variety describing the ac-
tuation singularities:

oy= —sqz,o c‘zl,—l—s%cqz,s%w—ﬁ—s% (S0 =205 (90—00) s%u)zzo (24"

Numerical contouring procedure may then be applied to
Eqn. (24') to plot the loci, an example of which is illustrated
by the blue curves in Fig. 7. For the purpose of singularity-
free design, we also need to identify the (uniform) maxi-
mal actuation-singularity-free tilt angle, which we denote by
2yy. This can be extracted by the same numerical contour-
ing procedure, and is given by the radius of the maximum
inscribed circle (red dashed) of the singularity loci.

It may be shown, by computing Eqn. (24) using inverse
displacement kinematics, that the actuation singularity loci
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Fig. 7. Active constraint singularity loci of a N-U/{{ PM and its dif-
ferential loci (Y = 30°; coordinates are scaled up to match the true
tilt angle 2y). (a) N = 3 (09 = 120°); (b) N = 4 (¢pg = 90°).

shown in Fig. 7 comprises two of four branches that corre-
spond to the two actuating legs each taking one of the two
inverse solutions. The two missing branches correspond to
the case sj» = sy that can only occur at a leg singularity.

Alternatively, we introduce a novel approach to directly
compute Y4 without numerically generating the loci. Note
that Wy is the extremum of all points on 4 = 0 and therefore
is necessarily characterized by dy/d¢ = 0 since the singular-
ity loci are closed curves (if we identify antipodal points on
the boundary of the polar coordinate disk 2y = 180°), which
along with

d _0P4(0.y) | 9Pa(9.y) y _
implies the following necessary condition:
9PA(0.W) _
% (37

& (2029505(9-99) FC(20-00) T €00)S(20-09) = O

As shown in Fig. 7, the differential loci comprise of three
branches, the first (green) resulting from 2cz\|,s¢S(¢_¢0) +

C(20—0g) T Cop = 0, and the second and third (magenta) re-
sulting from s(59_¢,) = 0, or ¢ = 0o/2 +km/2,k =0, 1.

Since the point (0*,y*) on the loci @4 = 0 where y* =
Wy also lies on the differential loci 04 /09 = 0, 0* is necce-
sarily a solution of the system of equations &4 = 0P /dd =
0, or Eqn. (37) and Eqn. (24’). This gives rise to at most 8
solutions of ¢* such that 4 (¢*, w4 ) = 0. For example, in the
case of y=30°, as shown in Fig. 7, the active constraint sin-
gularity loci (blue) intersect the first set of differential loci
(green) at four points, all having the same (uniform) maxi-
mal tilt angle 2y4; it intersects the second set (magenta) at
another four points which belong to the minimal enclosing
circle (where the wrist achieves maximal singularity-free tilt
angle in one particular tilt direction).

4.3 Passive Constraint Singularity Loci

In the case of N = 3, the passive constraint singularity
loci, denoted ®p = 0, may be derived from Eqn. (29) using
inverse displacement kinematics. Its expression is too com-
plex for symbolic reduction and is omitted. In comparison
to the active constraint singularity where only two actuating
legs are involved, the passive constraint singularity involves
all three legs and consequently comprises eight branches, a
situation similar to that reported in [29]. An example of pas-
sive constraint singularity loci is shown in Fig. 8. In par-
ticular, Fig. 8(a) illustrates the branch that corresponds to
the mechanism configuration considered in this paper (i.e.,
as depicted in Fig. 1(a)). It results from assigning positive
branch index [29] to all three legs. As in the case of actu-
ation singularity, the (uniform) maximal passive-constraint-
singularity-free tilt angle, which we denote by 2yp, is given
by the radius of the maximum inscribed circle (red dashed)
of the singularity loci. For completeness, we also illustrate
the other seven branches in Fig. 8(b) — (e).

For the case N = 4, passive constraint singularity cor-
responds to the row rank degeneracy of the following 3 x 4
matrix:

(Wi X Wi Wy X Wy, Wiy X Wiy Wap X Wy ) (38)
or geometrically, the concurrence of s;;8;, i = 1,2,3,4. One
may deduce, from the fact w;; = —w3; and wy; = —w,,,
that s;; = s3; and sp; = s41. Therefore, s;1s;2, i = 1,2,3,4
become concurrent only when s; = s31, which can be ruled
out for all cases where d £ 0.

Finally, we would like to comment that, as is illustrated
by the case with N = 3 and 4, our synthesis and singularity
analysis of N-U/U/ PMs may be easily generalized to the case
where N > 4. The detailed results add little to our study and
are therefore omitted.

5 Singularity-Free Design of N-U// PMs

In this section, we shall utilize our earlier analysis on
singularities of a N-UU/ PM in its optimal design for max-
imal singularity-free workspace (prescribed by the maximal
uniform singularity-free tilt angle which we denote by Ypax).
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Fig. 8. Passive constraint singularity locus of a 3-UU PM (0o =
120°, y=20°; coordinates are scaled up to match the true tilt angle
2y). (a) branch 1; (b) branch 2; (c) branch 3-5; (d) branch 6-8; (e)
all branches.

5.1 Choice of Singularity Margin

An appropriate singularity margin should be defined in
order to avoid degenerated accuracy and / or stiffness of the
N-UU PM near a singular configuration. Without further in-
formation leading to more meaningful singularity measures,
we may simply set a margin Yaein On the half-tilt angle, so
that Wnax 1s given by the minimum of y;, W4 and yp for a
particular design constant y subtracted by Wmargin:

Wmax (Y) = min(WL (Y)aWA (Y) »Wp (Y)) — Wmargin (39)

We may find the optimal constant value Y = Ymax Which leads
to the maximal tilt angle via a performance atlas of Wax ()
versus Y. For N = 3, it can be shown that Yp.x = 25.7789°
(see Fig. 9), which is consistent with the design constant of
the Unitru joint [8] (y=22.5°) and Omni-Wrist [9] (y = 24°).
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Fig. 9. Distribution of 2Yax versus 7y for a 3-UU PM using a tilt
angle margin of 2Wnargin = 20°.

The above approach is based on the numerical contour-
ing procedure, and therefore does not generalize to the case
N = 4 where the passive constraint singularity loci vanish.
Alternatively, we may set a margin ipyagin ON certain index i
that measures closeness to singularity (see for example [30]
and the references therein). For example, for N = 3, we may
choose i to be the minimum singular value, denoted G, of
the matrix with columns corresponding to normalized actua-
tion and constraint torques:

in =01 (W, W, (s~ —s7)/(2d))

. _ - - _ (40)
ip =01 (W) X Wiy Wy X Wy Wy X W32>

is and ip denote the active and passive constraint singularity
index respectively. These are exactly the closeness measure
proposed in [31] specializing to the pure rotational case. For
N =4, ip is simply changed to:

ip =01 (Wyj X Wiy Woy X Wy Wiy X W3, Wy X Wy ) (41)

5.2 Identification of Maximal Singularity-free Half-tilt
Angle Ymax

To identify the maximal singularity-free half-tilt angle
Wmax, We simply apply the same numerical contouring pro-
cedure (0 iy = imargin and ip = imarein for a specified singu-
larity margin imargin. Wmax 18 simply identified as the radius
of the maximum inscribed circle of the resultant loci. Some
relevant details of the procedure are summarized as follows.

First, in order to accelerate the actuation singularity con-
touring procedure, we shrink the domain of computation to
¢ € [0,m], y € [0, |t/2 —7]|] by noting the two-fold axial sym-
metry of the loci (cf. Fig. 7) and the fact that Y. is bounded
above by y;. The axial symmetry is a result of the structural
symmetry of the mechanism (considering only the two actu-
ating legs). Similarly, we set ¢ € [0,21/N], y € [0,|n/2 —v|]
for passive constraint singularity by noting its N-fold axial
symmetry due to structural symmetry (cf. Fig. §).

Next, since the above procedure does not guarantee that
the interior of the loci corresponds to an index value greater
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Fig. 10. Distribution of 2ynax versus Y for a 3-UU PM using a
singularity margin of (a) imargin = 0.1 (b) imargin = 0.2.

than imarein, we verify the value of iy (or ip) at ¢ =y = 0: if
iA > Imargin (OT ip > imargin)> Wmax 18 given by the radius of the
maximum inscribed circle of the resultant loci; if i4 < imargin
(or ip < Imargin)> Wmax 18 equal to 0.

The distribution of 2yp,ax versus ¥ for a 3-UU PM using
a singularity margin of imargin = 0.1 and 0.2 are illustrated in
Fig. 10(a) and (b) respectively. The optimal value for y in
these cases are ~ 27° and ~ 28° respectively, which corrob-
orates the result from setting a simple tilt angle margin.

The distribution of 2y« versus 7y for a 4-UU PM using
a singularity margin of imargin = 0.25 and 0.5 are illustrated
in Fig. 11(a) and (b) respectively. The optimal value for y in
these cases are ~ 10° and = 20° respectively. In comparison
to the 3-UU PM, the 4-UU PM is allowed to have a smaller
value in Y due to existence of extra constraint torques. Its
optimal workspace also appears to be larger than that of the
3-UU PM even when a much bigger singularity margin is set.
This suggests that 4-U/U{ PMs should be preferred over 3-U/U/
PMs for better accuracy and stiffness performance.

6 Conclusion

In this paper, we have conducted a comprehensive anal-
ysis of the N-UU/ PM with the aim of optimal design for
achieving a maximal uniform tilt angle. We have shown that
by utilizing the symmetric submanifold properties of its un-
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Fig. 11. Distribution of 2y« versus 7Y for a 4-UU PM using a
singularity margin of (2) margin = 0.25 (b) imargin = 0.5.

derlying motion manifold, we gain a very clear geometric
understanding of both the synthesis condition and the dis-
placement and twist / wrench kinematics of the N-UU/ PM.
It should be emphasized that this geometric approach is sup-
ported by symmetric space theory and therefore generaliz-
able to other PMs involving symmetric submanifolds. We
have illustrated this by drawing connection to a collapsed
N-UU{ PM, which is topologically distinct from the non-
collapsing one studied here (the former attains interconnect-
ing links). We remark that the synthesis and analysis ap-
proach presented in this paper may be easily generalized to
other types of mechanisms whose output motion manifold
is a symmetric submanifold, thanks to the mirror-symmetry
and half-angle property that universally apply to all symmet-
ric submanifolds of SE(3). However, the spherical reduction
of the N-U/U{ PMs is unlikely to have such a generalization.
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Appendix A: Displacement Kinematics of the N-U/{/ PM

Inverse Displacement Kinematics
Given a desired tilt axis w = Xc¢ +ys, and half-tilt angle
v, we first compute the current location of the distal center

S

s =5 (0,y) =¥V (2dz) +s* (42)

which may then be used to compute s, i = 1,...,N. More
specifically, s; satisfies the following two linear equations,
the first resulting from the mirror-symmetry of the UU leg
(see Fig. 3(a))

(s —s") (sn—(s +s)/2)=0 (43)
————
o
and the second resulting from link geometry (Fig. 1(d))
(W) (sp—s7) = cud /sy (44)

si2 lies on the line of intersection of the two planes prescribed
by Eqn. (43) and Eqn. (44), with Pliicker coordinate [32]

I=uxyv, 1=upv—vou (45)
with
u=s —s°, v=e"w,
up = —(s~ —sH) (s~ +s)/2 (46)
vo = —(YVw) s —cud/sy
This allows us to express s; by
IxD/1P+M 1#£0
s =sn(h) = {;&X I+ 1f0 AER  (47)

where ||1]| = (1"1)!/2. We may solve the unknown A from the
following quadratic equation which results again from link
geometry:

(s2(A) —s") (s2(h) —s7) = d?/s2 (48)

Note that this is a quadratic equation in A, we have up to two
solutions for each s;. The input angles (81,0, ) may finally
be derived from link geometry, and is given by

- T
Si2—S ) .
(222 - wien) (w5 wi) = hen,s =12

(49)

Direct Displacement Kinematics

The direct displacement kinematics may be derived by
reversing the inverse displacement kinematics. First, given
the input angles (01,0,;), we may compute s;, i = 1,2 by

si2 =5p(011,021) = PiVis;y (50)

Two linear equations for s~ may then be extracted from tak-
ing the differences of the following three equations resulting
from link geometry

(s —s (s —s") —4d?
(s —si) (s —si1) Zdz/s$

(s"—s21)T(s" —s21) = d2/s$

(D

Rewriting s~ using Pliicker coordinate of the intersection
line and back-substituting into one of the three equations in
Eqn. (51) gives two solutions of s. The tilt axis w and half-
tilt angle y may then be easily derived using Eqn. (42). O



