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Abstract

A three-dof 2PUR-2RPU redundantly-actuated parallel-kinematics machine, de-
signed for the machining of complex curved surfaces that require high-speed
and high-precision, is the object of study in this paper. The lower-mobility
PKM, consisting of two pairs of symmetric, limited-dof limbs, has the advan-
tages of high stiffness, simple kinematic chain, and reduced singularities. The
mobility of the robot is investigated via Lie-groups, instead of the well-known
Chebyshev-Griibler-Kutzbach formulas, which are not applicable to our case.
Then, the inverse-displacement, direct-displacement and corresponding velocity
relations are analyzed in detail. Next, by investigating the rank-deficiency of
the corresponding Jacobian, three types of singularities, those associated with
direct-kinematics, inverse-kinematics and combinations thereof, are analyzed in
depth, while constraint singularities are investigated by resorting to constraint
wrenches. Moreover, the workspace of both the reference point P and the tool
head, when a tool is added to the moving platform, are derived. It is notewor-
thy that the local and global dexterity indices are evaluated by resorting to the
characteristic length to homogenize the dimensionally inhomogeneous Jacobian
matrix at hand, then the condition number is minimized over the independent
posture parameters and the characteristic length via the first-order normality
conditions.
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1. Introduction

It is known that parallel-kinematics machines (PKMs), comprised of one or mul-
tiple kinematic chains, are attracting more and more attention in both academia
and industry [I]. A comprehensive enumeration of parallel-kinematics machines
and their applications, up to 2006, was provided by Merlet [2]. A more recent
account is available in Chapter 18 of th Springer Handbook of Robotics [3].
However, the disadvantages of smaller workspace, limited dexterity and singu-
larity issues are obstacles in the application of PKMs, although they are slowly
finding their way into various application environments [3].

In the machining of workpieces with complex curved surfaces, lower-mobility
2R11E| PKMs, integrated either with a two-to-three degree-of-freedom (dof)
tool head or a two-dof gantry to form five-to-six dof hybrid kinematic machines,
have been considerably researched and subsequently applied. The Tricept [4],
Z3 head [B], Exechon [6] [7], and A3 head [8] are typical examples of successful
applications in the machining industry, which requires high speed and precision.
Other applications include medical, such as minimally invasive surgery [9] and
lower-limb rehabilitation [I0], which have the exact desired motion pattern,
namely, roll, pitch, and heave, as the PKM under study.

In response to the applications, many type-synthesis methods of 2R1T PKMs
were introduced, such as screw theory [111,[12], Lie-groups [13} [14], and conformal
geometric algebra [I5]. With the methods at hand, a variety of mechanisms were
designed and investigated, such as 3-PRS [10], 3-CUP [17], 3-CRS/PU [1§], 3-
PUU [19)], Tex3 [20], 2PRU-UPR [21], and 3-CRC [22], where P, R, S, C, U stand
for prismatic, revolute, spherical, cylindrical, and universal joint, respectively.

Compared with the aforementioned 2R1T PKMs without actuation redun-
dancy, their redundantly actuated counterparts offer several advantages [23].
Indeed, actuation redundancy of overconstrained PKMs can further improve
rigidity and precision, while eliminating certain types of singularities. Based
on the effect of the redundant active joints on the mobility of a mechanism,
PKM redundancy can be basically classified into two types. When the ac-
tive joints introduce a mobility higher than what is required, the mechanism is
said to be kinematically redundant; otherwise, the robot is redundantly actu-
ated [24, 25]. Many a study, however, focuses on actuation redundancy, with an
ever increased interest on stiffness and on an improved quality of manipulator
workspace [25], 26] 27], 28], 29].

It should be noted that the design of a redundantly actuated lower-mobility
PKM with limbs of limited doiﬂ is a challenging task [30]. Although adding a
six-dof limb to a PKM without changing the mobility of the PKM is an easy
task, it is difficult to maintain the original mobility after adding a limited-
mobility limb. To the best of our knowledge, the types of redundantly actuated
reduced-mobility PKMs with limited-dof limbs are currently rare. A brief list

IR: rotation; T: translation
2A limb is said to be of limited dof if it is supplied with less than six dof as an open chain.
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was provided by Xu et al. [30]. To fill the gap, a redundantly actuated 2PUR-
2RPU 2R1T PKM is proposed here, where actuated joints appear underlined.
When this PKM is used as a machine tool targeting complex curved surfaces,
it offers several advantages over their counterparts. First, two of its actuators
driving the prismatic joints are mounted on the base, which reduces the mov-
able mass, thereby improving the dynamic response of the mechanical system.
Moreover, its architecture is symmetric, with two pairs of identical PUR and
RPU limbs, the former being composed of two cross links with the benefit of
eliminating Type-1I singularities. Additionally, the chain has a simple kine-
matic model and a higher stiffness. Last, but not least, the same PKM offers
an improved workspace. Despite all the said benefits, redundantly actuated
PKMs are subjected to several challenges. The first is the generation of internal
forces introduced by redundant actuation, which leads to control requirements
that cannot be satisfied with ordinary position-control schemes [31I]. Moreover,
motion control and mechanism calibration, among other challenges, should be
taken into consideration when designing and applying redundantly actuated
PKMs [32].

Performance evaluation is a key issue in the optimum design of PKMs. Most
performance indices, such as manipulability and condition number, tell alge-
braic characteristics of the Jacobian matrix of a PKM, i.e., the dexterity of the
robot [33, 34]. However, when computing the Jacobian condition number, re-
quired to assess the robot dexterity, the disparate units of the matrix in question
prevent the computation of its norm. To cope with this problem, a characteristic
length [33] is introduced.

The paper is organized as follows: We describe first the 2PUR-2RPU PKM
and analyze its mobility using Lie algebra in Section |2 followed by the inverse-
displacement and direct-displacement analyses in Sections (3] After the velocity
analysis in Section [4 four singularity types, namely, direct-kinematics, inverse-
kinematics, combined singularity, and constraint singularities, are analyzed in
detail in Section [5| Considering the physical constraints imposed by the joints,
the reachable workspace is analyzed in Section [f] By resorting to the charac-
teristic length to render the Jacobian dimensionally homogeneous, performance
evaluation and dexterity analysis of the robot of interest are discussed at length
in Section[7] Finally, some remarks are given, together with the conclusions, in
Section

2. Description, Notation, and Mobility Analysis

2.1. Description and Notation

As shown in Figs. [[H3] the 2PUR-2RPU PKM is composed of a base platform
(BP), two identical PUR and two identical RPU limbs, both pairs actuated
at the corresponding P joint, and a moving platform (MP). The ith limb for
1= 1,2,3,4:7 is AszCz

As shown in Fig. [1} a Cartesian coordinate frame, B(X,Y, 7), is attached
to the fixed base at the intersection O of the lines By By and C3Cy. A moving



Figure 1: 2PUR-2RPU parallel manipulator Figure 2: Tool and MP

(a) PURRUP chain of limbs 1 & 2 (b) RPUUPR chain of limbs 3 & 4

Figure 3: Dimensions of the 2PUR-2RPU PKM
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coordinate frame, P(U,V,W), is attached to the moving platform at P, the
midpoint of the line segment A3A4. Let the X- and the U-axes point in the di-

rection of vectors Bl—B; and A Ay, respectively. Additionally, a limb-coordinate
frame B;(X,;,Y;, Z;), for i = 1,2,3,4, is attached to the ith limb at point B;.
When i = 1,2, the X;-,Y;-axes of the limb frames are the revolute axes of the
respective U-joints, while the remaining two limb frames define the X;-axes as
the revolute joints, and the Y;-axes in the direction of B;A;, respectively.

Let: A;, for ¢ = 1,2, denotes a landmark point of each of the two R joints
mounted on the MP, as shown in Fig. [Ba} for i = 3,4, A; denotes the center
of each of the two U joints mounted on the MP, as shown in Fig. As well,
B;, for i = 1,2, denotes the center of each of the two U joints mounted on the
BP; for i = 3,4, B; denotes a landmark point of each of the two fixed R joints.
Line B;Bs is horizontal. Moreover, each C;, for i = 3,4, is the intersecting
point between the vertical line of B; and the horizontal plane of line By Bs.
Thus, one can appreciate that BlBg H 0102, 3334 H 0304 and BlBQ 1 B3B4.
Furthermore, each D;, for i = 1,2, is the projection point of A; onto the U-axis
of the frame P. It is noteworthy that C; and Cs are not fixed to the base but
move with By and Bs, respectively, along the direction of the corresponding P
joint.

2.2. Mobility Analysis

2.2.1. The Displacement Lie-group and its Subgroups

The motion of the moving platform of the PKM of interest is now investigated
by means of Lie algebra [35]. A total of 12 displacement subgroups of the
group of rigid-body displacements was first identified by Hervé [35] and then
applied by Angeles [36] to the qualitative synthesis of parallel manipulators.
Four subgroups, of interest to this study, are recalled for quick reference.

1. R(A), the revolute subgroup of rotations about axis A.

2. P(e), the prismatic subgroup of translations along the direction of the
unit vector e.

3. F(w), the planar subgroup of one rotation about an axis parallel to the
unit vector w and two independent translations in a plane normal to the
same vector.

4. Ta(u,v), the planar-translation subgroup of translations in the directions
of the two distinct unit vectors u and v.

The definition of kinematic bond is recalled here: this is a set of displace-
ments stemming from the product of displacement subgroups [37], while a bond
itself need not be a subgroup. Upon using the Lie subgroups for the mobil-
ity analysis of parallel manipulators, Li et al. [38] applied the Lie subgroups
of displacements to limited-mobility parallel manipulators and obtained an ex-
haustive enumeration of 3R2T five-dof symmetrical parallel manipulators. Here
we recall a list of mechanical generators of Lie subgroups of interest to the
paper.

1. Mechanical generators of F(w)
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(a) {R(A,w) e R(B,w) e R(C,w)}

(b) {R(A,w) e R(B,w)eP(u)}, forwlu
2. Mechanical generators of T2(u,v)

(a) {R(A,w)eR(B,w)}, forw Lu,v

2.2.2. Mobility Analysis of the 2PUR-2RPU PKM
It is noteworthy that the well-known Chebyshev-Griibler-Kutzbach mobility
criterion fails to provide the mobility of the mechanism at hand, which is a
paradozical chain in Hervé’s classification [39], thereby excluding the possibility
of mobility analysis by this criterion. In the three types of kinematic chains
proposed by Hervé, only trivial chains can be analyzed by the above-mentioned
criterion [39], while the mobility of exceptional and paradoxical chains is to be
determined by resorting to other methods. A Lie-group analysis is used instead
to investigate the mobility of interest. It is noted that screw theory is another
powerful tool to this end, very useful when Lie subgroups cannot be applied.
The motion set of the moving platform in a closed-loop chain is the in-
tersection of the kinematic bonds generated by all the limb-kinematic chains
connecting the BP to the MP, i.e.,

M= ({£:} (1)
i=1
where M is the motion set of the moving platform, £; representing the ith
kinematic bond generated by the ith-limb chain, and n the number of limb-
chains. Since there are two chains in the manipulator, the PURRUP chain £
and the RPUUPR chain L5, the motion set of the platform can be found as the
intersection of the kinematic bonds of these two chains, i.e.,

M=LiNLy (2)
Similarly, the motion set of each of the two chains can be obtained as the

intersection of the two corresponding subchains, i.e.,

Ly=Li1NLio (3)

Lo = Lo N Lo (4)

where £ is the closed kinematic chain of Fig. [3a, Lo that of Fig.[3D] Moreover,
L11, L12, L21 and Loo are the four bonds of the subchains of limbs 1,2,3,4,
respectively, i.e.,

£11 = P(X) ° R(Bl,X) L J R(Bl, V) o R(A1, V) (5)
[:12 = P(X) L4 R(BQ,X) L d R(BQ, V) ° R(Ag, V) (6)
521 :R(B3,X).P(el).R(Ag,X).R(A:J,,V) (7)
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£22 :R(B4,X) 07)(62) OR(A4,X) OR(A4,V) (8)
It is recalled that the bond product is idempotent [37], i.e.,

L(-)eL()=L() (9)

Therefore, the motion M; generated by the symmetric chains can be identified
as
Ly ={F(V) e R(B1, X)} N{F(V) e R(B2, X)} = F(V) e R(X) (10)

Ly ={F(X) e R(A3,V)} N{F(X) e R(A4,V)} = F(X) e R(V) (11)

Thus, the motion set of the platform M is given as

(M} ={Li} N {L2} = {F(V) e R(X)} N {F(X) ¢ R(V)} (12)
={R(V) e P(U) e P(W) e R(X)} N {R(X) e P(Y) ¢ P(Z) e R(V)} (13)
=P(p) e R(V) ¢ R(X) (14)

This three-degree-of-freedom motion set is not a Lie subgroup, as it lies outside
the 12 subgroups in Hervé’s classification [39]. The platform is capable of two
rotations about corresponding skew axes, X and V, at right angles, and one
translation along the vector p = OP, normal to V. It is noteworthy that none
of the 12 Lie subgroups identified by Hervé [35] involves two rotation subgroups.
We define «, 8 as the angles of rotation about the X and the V' axes, respectively,
¢ as the translation along the direction of p.

3. Displacement Analysis

3.1. Inverse-displacement Analysis

When the independent vector of pose variables x = [a, 3,(]T of the moving
platform is given, the calculation of vector q = [q1,¢2,q3,q4]7 of actuated
joint variables of OBy, OBy, B3As and ByAy, respectively, called the inverse-
displacement solution, is straightforward, as is usual in PKMs. As shown in
Fig. [4 the vector-loop equation [2, [40] for the ith link, for ¢ = 1,2, can be
written as

p+ 1 +eey = qiqi0 + Idso (15)

-
where f; = PD;, for i = 1,2, while q;o is the unit vector of the ith actuator
displacement. Furthermore, e represents the distance between the two lines
A1 A; and AzA,, while ey is the unit vector in the opposite direction of the
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Figure 4: Geometry of one PUR limb Figure 5: Geometry of one RPU limb

W-axis shown in Fig. [I] Finally, [ represents the length of link B; A;, and d; is
a unit vector parallel to B;A;, for i = 1, 2.

Likewise, referring to Fig. [5] for i = 3,4, the vector-loop equation of the
RPU link can be obtained as

p + £ = l;lio + ddso + ¢:q:0 (16)

where f; = ]ﬂz, for i = 3,4, while [; represents the magnitude of O?i, and l;g
is the unit vector Mle direction of OC;, for ¢ = 3,4. Moreover, d;g is a unit
vector parallel to C;B;, and d the length of C;B;, for ¢ = 3, 4.

Upon taking the norm of both sides of Eq. and rearranging terms, while
considering that f; L ey, we obtain

@ +2ajpdiolgi + 12— * — f7 —€* —2p"f; —2ep’eg =0, i=12 (17)

Hence, the inverse-kinematics solutions are obtained as

¢ = —q%diol + \/(q%dzol)2 + CQ + fZ-Z +e2 -2 4 2pri + 2epTeo, 1=1,2
(18)

Similarly, upon taking the norm of both sides of Eq. and rearranging
terms, while considering that p L f; for ¢« = 3,4, we obtain

@ +2a5 (Ll +ddig)gs + P24+ d> = — f2 =0, i=3,4 (19)

Therefore,

2 .
i = —ajo(lilio + ddyo) \/(Q%(lilio +ddy))” + 24 212 —d?, =34
(20)
thereby obtaining two solutions per actuator. Hence, 24 = 16 inverse-kinematics
solutions for a given platform pose are possible.
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We investigate next the solution of the inverse-displacement problem. Let
the position vector of point A;, for i = 1,2, 3,4, expressed in frames B and P,
be denoted by [a;|g and [a;]p, respectively. Furthermore, the rotation matrix
from P to B is represented by [Q]g, the subscript of the brackets identifying
the coordinate frame in which a vector or a matrix is expressed. For brevity,
the subscript will be omitted whenever the coordinate frame is the fixed frame
B. The matrix rotating frame B to frame P is calculated below:

1 0 0 cosf 0 sinf
Q=Q;()Qy(B) =0 cosa —sina 0 1 0 (21)
|0 sina  cosa —sinf8 0 cospf
[ cosp 0 sin 3
= | sinasinf cosa —sinacosf (22)
| —cosasinf sina  cosacosf3

Moreover, we have

a; = Qpla;]p + p, for i=1,2,3,4 (23)
and
[ailp=[fi 0 —e" [ap=[-f1 0 —el” (24a)
[aslp = [0 —fs O, [ap=1[0 f5 0] (24b)
where f; is the magnitude of f;; and p = [0 — (sina (cosa]l denotes the

position vector of point P. Let #; denote the angle between Z; and BZ—A: for
1 = 1,2, and between Y; and Y for i = 3,4. Moreover, a; can be obtained
through another rotation matrix Q; that represents the rotation from frame B
to frame B;, thus obtaining

a; = QZ[aZ]BZ —+ bi, fOl" ’L = ]., 27 3,4 (25)
with
1 0 0
Q:=Q2=Q.(a)=|0 cosa —sina (26a)
_O sina  cos«
1 0 0
Qs =Q.(f5) = [0 cosfs —sinfs (26D)
|0 sin 03  cosfs |
1 0 0
Qs =Q.(0s) = |0 cosby —sinby (26¢)
|0 sinfy cosfy |
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where the origin B; of the respective limb frame, expressed in B, is obtained as

bi=[n 0 0", ba=[g 0 0", bs=[0 —l5 d",bs=1[0 I5 dF
(27)
and the position vector of point A;, [a;]p;, expressed in B;, for i = 1,2,3,4, is
given by

[a1]p = [Isinf; 0 lcosb]", [as]ge = [—Isinfy 0 Icos 92]T (28a)
[as]zs =0 ¢z 0], [aulpa=[0 g1 0] (28b)
Upon recalling Eqgs. and (25)), and denoting the same position vectors of

points A; in the frame B through different paths, we substitute the right-hand
sides of these two equations with their corresponding entries, thus obtaining

}T

Isinfy + g1 = ficosfB —esinf (29a)
lcosty =( — fisinf —ecosf (29b)
g2 —lsinfy = — f1 cos B — esin 3 (29¢)
lcosOy =+ fisinf —ecosf (29d)
q3cosfs3 — I3 = —fycosa — (sina (29e)
gzsinfs +d = —fysina + ( cosa (291)
qacosfy + 13 = fzcosa — (sina (29¢)
qssinfy + d = fysina + ¢ cos a (29h)
Now let
g11 =lsinfy, g12 =1lcosb; (30a)
go1 = lsinfy, goo = lcosfy (30b)
g31 = g3sinflz, g3z = g3 cos O3 (30c)
ga1 = qasinfly, gao = qqcosby (30d)

Upon substitution of expressions (30a)) through (30d)) into Egs. (29al) through
(29h)), g;; can be obtained as

gi1 = V12— ((— fisinf —ecos 3 gio=C— fisinf —ecosB  (3la
(

)?,
g21 = /1> = (C+ fisin B —ecos B)?, g2 =(+ fisinfB —ecos B
gs1 = Ccosa — fysina—d, g3z =I3— f3cosa — (sina (31c

gs1 = Ccosa+ fysina —d, ggo = —Il3+ fzcosa — (sina (31d

10
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Hence, the unique inverse-displacement solution for the 2PUR-2PUR PKM is
obtained as

—g11 + ficos B —esinf
go1 — ficos 8 —esin 8 (32)
q =
V931 + 93
V93 + gia

8.2. Direct-displacement Analysis
First, Eq. leads to

g11 =fi1cos 8 —esinff —qi, gor = ficos B+ esin B+ qo (33a)

g3 =4/ 931 + 930> Q1 = \/ 931 + 93 (33b)

Substituting g;; from Eqgs. (31a)) to (31d) into Eq. 7 then squaring both sides
of these equations yields

4 2(qie — f10)sin B — 2(f1q1 + Ce)cos B+ €% + f2 +qF — 1> =0 (34a
¢* +2(qee + 1) sin B+ 2(frga — Ce)cos f—e* + [ +¢5 — 1P =0 (

¢? —2(I3f3 + Cd) cos o + 2(dfs — 13¢) sina +d* + 13 + f3 —q2 =0 (34c
¢? —2(I3f3 + Cd) cosa — 2(dfs — I3¢) sina+d* + I3+ f7 —q5 =0 (34d

Upon adding sidewise Eqs. (34a)) and (34b]), then subtracting the former from
the latter, next proceeding likewise with Egs. (34c) and (34d)), we obtain

¢% 4+ 2eCcos B+ Ay cos B+ Azsin B+ A5 =0 (35a)
2f1Csin B+ Ay cos 8+ Agsin 5+ g =0 (35b)
¢? — 2u9 cos o — 2dC cos o + pz =0 (35¢)
(1 — I3¢) sina + pg =0 (35d)
where
M= filge —q1), A= filee+a), A3=ele2+aq) (36a)
2, 2 2 2
+ —
M= elge — q1), )\5:¥+f12712, Aﬁz%f& (36b)
p1 =dfs, p2=I3f3 (36¢)
GHai | e, oo o 4i — 43
M3=—T+f3+d + 13 o= =" (36d)

11
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Equations (35¢| & [35d)) yield

cosa = M, sina = —H4 (37)
2(p2 +dQ) 3¢ —
Upon squaring both sides of Eq. , then adding them sidewise yields
2 2 2
(C + /-1/3) . My - = 1 (38)
A(p2 +dC)*  (Is¢ — pa)
From the foregoing equation we obtain a sixth-degree polynomial in (:
6 5 4 3 2 _

voC” +11C” + v + 30 + (T + s+ s =0 (39)
where v;, i =0,1,--- 6, is a function of the geometric parameters of the mech-

anism and its joint coordinates. Once ( is known, Eq. yields one single
value for «, while Egs. and yield one single value for 5. It can
be concluded that the direct-kinematics of the moving platform admits six MP
poses, some feasible, some unfeasible, depending on the nature of the roots of
Eq. , some real, some complex. However, it is cumbersome to derive all
possible configurations of the moving platform through this approach. Hence,
for the purpose of control, a numerical method is recommended to solve the
direct-displacement problem.

4. Velocity Analysis

4.1. Vector Loop-Equation
Differentiation of both sides of Eq. with respect to time yields

vp +wp X f; + ewp X €9 = ¢;qio + lw; x djg for i=1,2 (40)
Upon dot-multiplying both sides of Eq. by d;p to eliminate the passive
variable w;, we obtain
vidio + (wp x £) dio + e(wp x e9)" dio = Giqlydio (41)
which, after rearranging, becomes
d;—zg)VP + (fz X dio)TWP + (eeo X dio)TwP = qzd%qu (42)
Similarly, differentiation of both sides of Eq. with respect to time yields
vp +wp X f; = qw; X qio + Giqio  for i =3,4 (43)
Then, upon dot-multiplying both sides of Eq. by qio, we obtain
vhaio + (wp x £) qi0 = d; (44)
which, likewise, upon rearranging, becomes
)T

alove + (f x qio) wp = g; (45)

12
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Now, tp = [vE w;‘Q]T denotes the twist of the moving platform, while keeping

in mind that only three of its six components are independent. We obtain, after
straightforward manipulations,

K,tp = J,4 (46)
where
d?oqlo O 0 0 d,{O (f1 X dlo)T —+ 6(60 X dlo)T
0 dgoqgo 0 0 dg() (fg X dQQ)T + e(eo X dgo)T
Jg = y Kp=| T T
0 0 1 0 q3p (f3 X qu)
0 0 0 1 q{o (f4 X q40)T
(47)
4.2. Velocity Equation
Differentiation of both sides of Eq. with respect to time yields
J.q=Kt (48)

where t = [& B C]T denotes the three-dimensional twist of the MP, composed of
the two independent angular speeds & and 3, along with the speed (. Further-
more,

J11 0 0 0 0 Kll K13
o e 0 0 0 Ko Ko

=10 0 75 o BT lKp 0 K (49)
0 0 0 J44 K42 0 K43

with

Jiu=g11, Joo=ga1, Jaz=1\/951 + 93 Jaa=\/9% + 9k

K1 =—gufisin8 —giiecos B+ (¢ — fisinf — ecos B)(esin 8 — fi cos 3)
Ko =ga1f18in 8 — garecos 5 — (¢ + fisin — ecos 5)(f1 cos 5 + esin f)
Ki3=C— fisinf—ecosf3, Ko3=—f1sin8—_+ecosf

Ks3o = — gs1(Csina + f3cosa) + gsa(fssina — { cos )

K33 =g31 cosa — gsasina

Kyo =g41(—(sina + f3cosa) — gao(f3sina + ¢ cos a)

K43 =g41 cosa — gqo sin o

5. Singularity Analysis

When any of the two Jacobian matrices becomes either singular or rank-deficient,
as the case may be, the mechanism finds itself at a singularity, as explained

13
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below. At a singular configuration, the system loses either stiffness or mobil-
ity, thereby falling into either uncontrollable motion or deficient performance.
From a result on the singularity analysis of PKMs [41], the singularity prob-
lem of general closed-loop kinematic chains, such as PKMs, can be divided into
three types: Type-I, direct-kinematics singularity; Type-II, inverse-kinematics
singularity; and Type-III, combined singularity. Besides the aforementioned sin-
gularities, there may exist other types in constrained PKMs, namely, constraint-
singularities [42], which cannot be identified by the rank-deficiency of the Ja-
cobian matrices. At such singularities, the constraint wrenches degenerate,
thereby increasing instantaneously the degree of freedom of the MP. Thus, it
is essential to look for constraint singularities before eliminating the passive
velocities.

Recalling Eq. and considering the rank deficiency of the matrices con-

cerned, the three types of singularity are now identified, while constraint-singularity

is analyzed by resorting to constraint wrenches.

5.1. Type-I: Direct-kinematics Singularity

A singularity of this type occurs when the 4 x 6 K, matrix is rank-deficient. In
order to characterize the rank-deficiency of interest, let
n; = (fl + eeo) X diO; lf Z = 1,2 (51)
finio, if ’L:3,4

Vector n; is normal to the plane defined by points P, A;, and B;. One can
readily notice that n; and ny are parallel, while ng is parallel to ny. However,
the foregoing linear-dependency does not lead to the rank-deficiency of K,,. If
two or more of the vectors of K, vanish, then the matrix is rank-deficient.
Indeed, let us assume that

n, =0, forie {1,2} and n; =0, forj € {3,4} (52)

which means that (i) line A;B; coincides with line PA;, for the PURRUP chain,
when ¢ = 1,2 and (i7) A;B; coincides with the V-axis of the moving frame P,
for the RPUUPR chain, when i = 3,4. It is noteworthy, however, that only the
condition for i = 3,4 is possible, as A1 B1 and A B> cannot coincide with lines
PA; and PAs, respectively, because of interference. As a result, the mechanism
acquires one or more degrees of freedom in the presence of this singularity, even
when all the actuators are locked.

5.2. Type-II: Inverse-kinematics Singularity

On the other hand, the mechanism finds itself at an inverse-kinematics singular
posture when J, is singular. The determinant of the diagonal matrix J; of
Eq. vanishes if at least one of its first two diagonal entries does, i.e., if

djyqi0 =0, for ie {1,2} (53)
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Under the above singularity, OB; 1 B;A;. The perpendicularity of these
two lines leads to a posture under which the axis of at least one of the legs is
perpendicular to its actuator direction, the mechanism thus losing one or two
degrees of freedom instantaneously, depending on the number of perpendicular-
ity cases. This type of singularity, however, will not occur in the mechanism
at hand because of the geometric constraints imposed by the link shapes of the
two cross links, By A; and ByAs, by design.

5.8. Type-III: Combined Singularity

The combined singularity occurs when both K, and J, are rank-deficient si-
multaneously. Since the second singularity is precluded by the geometry of the
robot, this third type of singularity is also precluded.

5.4. Constraint-Singularity

From the viewpoint of constraints, a kinematic chain with reduced mobility
experiences internal constraint wrenches. The two limb chains, of four-dof,
exert one constraint on the three-dof MP. We define p as a unit vector that is
perpendicular to p in the plane spanned by lines A; By and A Bo. When p is
parallel to V, this constraint vanishes, and the MP, as a result, finds itself at a
posture of four dof instantaneously. Thus, Eq. has the form:

(M} ={Li} N {Le} = {F(V) e R(X)} N {F(X) e R(V)} (54)
={R(V) e P(p) e P(pr) e R(X)} N {R(X) e P(p) ¢ P(V) # R(V)} (55)
=F(V) e R(X) (56)

This means that the two-limb chains have the same constraints on the MP.
Under these constraints, the MP can undergo two independent translations and
two independent rotations. This type of singularities, however, will never occur
in the robot because of the geometric constraints imposed, ensuring that p
cannot be parallel to V.

6. Workspace Analysis

6.1. Physical Constraints and Algorithms

The reachable workspace of a PKM is defined as the set of points that can be
reached by the operation point in the moving platform, and the set of orien-
tations attained by the MP [2]. The concept is essential to determining the
workspace boundaries, its singularities and voids, for the design and perfor-
mance analysis of a manipulator [43]. Compared with their serial counterparts,
PKMs have relatively small workspaces. Therefore, the workspace of PKMs is
an important concept that reflects their performance.

Point P, located at the center of the moving platform, is the reference point
and can only move in the plane spanned by lines A3B3 and A4B;. An axially
symmetric tool, with its axis passing through P, as shown in Fig. [2] is to be
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Figure 6: Reachable workspace of a 2PUR-2RPU PKM

added, as the need arises. Hence, the workspace problem of the robot can
be significantly simplified by investigating the workspace of P first. We can
arbitrarily set 8 to be 0 because it does not affect the computation of the robot
workspace with respect to the reference point P. By varying the remaining
coordinates, a and (, one can readily prove that the workspace “Volume”El Vis
given by

Cmax
V= / CAadC (57)
Cmin

which, in this case, lies in a plane; V is the area reachable by the said point
P. Considering the architecture constraints of the manipulator, (max and Cuin
denote the maximum and the minimum distance between P and O, A« being
the range of orientation of &. We assume that the motion range of each prismatic
actuator is within £0.2 m, and its rotational range of motion is set as +m/4.

6.2. Case Studies

The architectural parameters of the manipulator are selected as I = 0.6 m, I3 =
04 m,f; =03m (for i =1,3), d = 0.1 m and e = 0 m. Upon considering
the physical constraints of the joints, we let (min = 0.1 m. Next we calculate
the range of ( to obtain the reachable workspace of the manipulator. One
can readily show that the position of the largest { is reached when the two
U-joints of the PURRUP chain find themselves closest to the origin O. The

3Quotation marks intended to acknowledge that, rather than a three-dimensional volume,
what we have is a two-dimensional region.
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two U-joints, however, cannot reach the said origin because of the physical
constraints imposed by themselves. We assume a limit g,;, = 0.05 m for g3 and
q4. Therefore,

2
Cmaxzz\/ﬂ-— (jé'*jlé%2%m“> ~ 0.4873 m (58)

Upon recalling Eq. one can readily find V' = 0.1787 m?. Furthermore,
since a tool is added at the point P in machining applications, the workspace of
the tool head is three-dimensional, as depicted in Fig. [6b] where the optimum
length of the tool is 0.2874 m, as derived from condition-number minimization
in Subsection It is pointed out that, although the workspace of the tool
head lies in three-dimensional space, its dof is two rotations plus one translation,
obtained by fixing the length of the translational displacement (, then rotating
the MP around two axes X and V with feasible o and #. With varied length of
¢, the reachable workspace of the tool head is obtained by the aforementioned
geometrical approach.

7. Dexterity Analysis

7.1. Dexterity Indices

It is of the utmost importance to establish and quantify the different perfor-
mance characteristics of a mechanism. As most kinematic performance mea-
sures are based on the Jacobian, and its invariants, such as determinant, eigen-
values, singular values, and condition number, it is an indispensable matrix in
understanding the motion of the end-effector [44]. Performance indices such as
manipulability, defined as the square root of the determinant of JJ7' [45], and
the condition number of the Jacobian matrix [46] are well known. The Jacobian
J of interest is defined as:

J=J'K (59)

The foregoing 4 x 3 Jacobian J is the result of actuation-redundancy, namely,
the use of four actuators to control three independent pose variables.

Since, in general, a Jacobian matrix is configuration-dependent, the above-
mentioned metrics are local performance indices that give an indication of how
far the manipulator posture is from a singularity. It is noteworthy that, in
fact, the determinant of a square matrix tells only if and when a matrix is
invertible, but it does not tell the invertibility of the matrix [33]. The maximum-
singular-value based sensitivity indices [47] suffer from a significant limitations,
as they are scale-dependent. Hence, we investigate the numerical properties of
the Jacobian matrix using the condition number, rather than the manipulability
and the sensitivity.
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A posture-independent index, termed the kinetostatic conditioning index
(KCI), introduced elsewhere [33], is given by

KCI =

x 100% (60)
Rmin

Since the condition number is bounded from below, the KCI is bounded
from above by a value of 100%. Manipulators with a KCI of 100%, those with
a minimum condition number of 1.0, are termed isotropic, which is one of the
objectives of design optimization.

In general, any Jacobian matrix includes both dimensionless entries and
entries with units of length, which prevents the computation of the condition
number [48]. To cope with this challenge, a dimensionally homogeneous Jaco-
bian, Jj, was proposed [33] by means of the concept of characteristic length. A
performance index, termed the global conditioning index (GCI), was introduced
to represent the dexterity over the entire workspace, rather than at a certain
posture [49]. The GCI is defined as

fw(l//@)dV
\%4

where V is the volume of the workspace, W is the entire robot workspace and
Kk is the condition number at a particular point of W.

It is pointed out, however, that several other approaches are available to
cope with the limitations of scale dependence and inhomogeneity, inherent in
the Jacobian based metrics. A formulation for the kinematic equations, us-
ing the velocity of some points of the end-effector, rather than only one point
in it, thus leading to homogeneous Cartesian rates, was proposed by Gos-
selin [50]. However, this formulation requires that all joints be of the same
type. Thus, kinematic-sensitivity indices for dimensionally inhomogeneous Ja-
cobian matrices, namely, the mazimum rotation sensitivity and the mazimum
point-displacement sensitivity, were introduced as two distinct metrics with a
clear physical meaning [51]. Although this is an alternative approach to dexter-
ity analysis, it entails a significant drawback, namely, being applicable only to
uniformly actuated manipulators.

Other metrics, not based on the Jacobian, such as motion/force transmission
index [52] and power manipulability [53], lie outside the scope of this paper. The
former is based on the power coefficient to evaluate the motion/force transmis-
sibility from a wrench to a twist, while the latter concerns the study of power
within the mechanism.

GCI = (61)

7.2. Condition-number Minimization

The condition number x of a matrix J, our Jacobian, is defined as [54]:

fo= [T (62)
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where || - || denotes any norm of its matrix argument. Note that the Frobe-
nius norm is frame-invariant and analytic, i.e., it admits infinitely many deriva-
tives w.r.t. it, gradient methods thus being applicable to minimizing the condi-
tion number over architecture parameters and posture variables. Therefore, the
Frobenius norm is used throughout this paper. Moreover, we use the homoge-
neous Jacobian, J, instead of the raw Jacobian, J, to allow for the computation
of the condition number x, and hence,

o= [ In 130 (63)
where Jy, is obtained upon normalization of J [33], namely,
J, = Jdia (l - 1 (64)
h = g L I

where L is the characteristic length, to be determined in the sequel. Of course,
this normalization calls for a redefinition of the kinematic variables, Cartesian
or joint coordinates, to ensure that the kinematic relations are preserved. It
is noteworthy that PKMs usually involve two Jacobians, namely, the forward
Jacobian K and the inverse Jacobian J,. The inverse Jacobian J, is dimen-
sionally homogeneous because all four actuators are of the same class, namely,
prismatic joints. For the purpose of rendering the forward Jacobian matrix K
dimensionally homogeneous, we redefine it in the form [33]

K=[K, k) (65)

where the 4 x 2 matrix K, is the position sub-Jacobian and the four-dimensional
vector array k, the orientation sub-Jacobian. Hence, the homogeneous forward
Jacobian takes the form

1
K = [pr ko] (66)
Thus, the isotropy condition for Ky, is
1 1
—KT'K, —-KTk,
K, K,= L2 " " L "7 =on1 (67)

1
KK, klk

where ¢ > 0 is a nondimensional scalar and 1 is the 3 x 3 identity matrix.
An architecture is considered isotropic as long as its corresponding Jacobian
matrix can be rendered isotropic, i.e., with identical singular values, at least at
one configuration over the entire workspace [33]. If the isotropy condition does
not have a solution, i.e., the manipulator at hand cannot reach a configuration
that is isotropic, which is the case at point, then a configuration of minimum
condition number is sought.

The condition number of K}, a dimensionally-homogeneous rectangular ma-
trix, based on the Frobenius norm, is computed as

K(Kp) = %\/tr(K{Kh)tr[(KgKh)‘l] (68)
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To yield the minimum value of k(Kj,) and the characteristic length of the opti-
mum architecture, we minimize x?(K}) instead, to simplify the ensuing calcu-
lating. Thus, the problem is now

min x%(Kp,) (69)
subject to three geometric constraints:
{>0,13>0,¢>0 (70)
the design vector x being given by
X = [$1,$2,$3,.’L’4]T = [(X’B’C,L]T (71)
Let
1
z=r*(Kp) = 5 tr(P)tr(P~1), P=KIK, (72)

when z attains a stationary value, needed for a minimum, its partial derivative
with respect to x vanishes, i.e.,
0z
~Z -0 73
ox (73)

The foregoing partial derivative is now calculated. To this end, we recall some
key relations [55]

[tr(P) tr(P~1)]

8J]i
dtr(P) 1 otr(P~1)  atr(P) OP . dtr(P~1) oP~1
—2tr(P P = P P —=
g, PP o on; "B HUP) =G
(74)

which, after straightforward manipulations, leads to

oP oP

P —tu@P)Pl—pP = for i=1,2,3,4
oz, tr( ) — tr(P) oz, O, for 1 ,2,3, (75)

where O is the 3 x 3 zero matrix.
The dimensionally homogeneous matrix Kj, can be expressed in block form
as

Oac}

Kh_{b 0 d (76)

where

1 Ky 1 | K32 Kis e 0
- - b= = d= 0= 77
AT {sz ’ L {Kz;z © T K Kys|’ 0 (70



Therefore,

A b2 0 b’d
P=K/K, = |aT 0T [b 0 d]: 0 |al? a’c
¢l ar d™ cTa ||c||®+||d|?

=[p1 p2 p3] (7)

whose inverse can be readily derived:

(Pz X P3)T
P'=—_|(psxp1)”
(Pl X P2)T

1 2l dlel” + 1d]?) — (a”c)? (a’c)(b”d) —[lall*(b”d)

= (b"d)(c"a) [bI*(Icl” + [|d]I*) — (b"d)* —[b]*(a’c)

—[lal*(a"b) —|[b[[*(c"a) [all*[|b*
(79)
w0 Where

A = det(P) = p1xp2-ps = [[bl*[lla]l*[[c]* — (c"a)*]+[|a]*[[b]?[d]* ~ (b" d)*]

(80)
Thus,
tr(P) = [lal” + b + lle|* + [|d||?
(81)
_ 1
tr(P1) = Zllall*(Ibl* + llell + [i1d]*) + [l (llel + Id]*)

—(a"e)? = (b"d)?] (82)

Substituting Eqgs. (78)), (79), and into Eq. , a system of four equa-
tions is obtained. To find the optimum solution, the architecture of the robot
is given as | = 0.6 m,l3 =04 m, f{ =03 m,d = 0.1 m,e =0 m and the initial

w5 guess of x, including both the configuration variables «, 5, ( and the character-
istic length L, were assigned as

Xinit = [0,0,0.2,0.2]7 (83)

The Newton-Raphson method was implemented to obtain the optimum. It
should be noted that a direct-search method, Nelder-Mead simplex, not relying
on gradients, can also be used to solve the foregoing optimization problem with
a0 similar results, although it takes a greater number of iterations to converge.
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Figure 7: Reciprocal of condition number of Jacobian matrix

In this case, Mathematica reports a time of 0.2031 s and 1.2969 s for Newton-
Raphson method and Nelder-Mead simplex method, respectively. The results
thus obtained are displayed below:

Xopt = [0,0,0.3,0.2496]" (84)

whose last component, the characteristic length, is

L = 0.2496 m (85)

Using this number to homogenize the Jacobian of the robot, with the opti-
mum architectural parameters and postural variables, the minimum condition
number of interest is obtained as

Fomin = 1.00013 ~ 1.0 (86)

It is noteworthy that the value of ¢ obtained via the minimization of the
condition number of K is different from its counterpart when minimizing the
condition number of Jj, as given in Eq. . Thus, the position ¢ = 0.3 m
here, should not be taken for granted as the value at the optimum posture.

Moreover, if a tool, with a length A, is added at the said point P, the
condition number of the resulting Jacobian, mapped from joint-rates to the new
tool-head velocity, will change accordingly. Thus the aforementioned method is
used to obtain the optimum length of the tool; the result obtained numerically
is

h=0.2874 m (87)

which yields a minimum condition number

Fomin = 1.0270 ~ 1.0 (88)
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which is quite close to isotropy. Now, as tools are usually obtained off-the-shelf,
the user is not in a position to fix their length. The logical approach here is to
modify the MP so as to accommodate the tool in such a way that its protrusion
below the bottom of the MP be as close as possible to the optimum found above.

7.3. Kinetostatic Conditioning Index: KCI

Hence, with the results of optimum posture based on the minimum condition
number, the KCI of the PKM is

KCI = 99.9869% (89)

One can readily conclude that the manipulator is closest to isotropy at a con-
figuration given by ¢ = 0.4845 m,a = 0,3 = 0. Notice that the value of ( is
different from that of Eq. .

7.4. Global Conditioning Index: GCI

In order to evaluate the GCI, we resort to a numerical method because of the
complexity of the expression of the condition number [49]. Moreover, since 1/
approaches zero at points near singularities, sample points near singularities
have a reduced impact on the result of the numerical computation of the GCI.
Therefore, a simplified numerical approach was introduced to approximately
calculate the GCI by a discrete sum [16]:

11
GCI%NE;E (90)

where the workspace has been discretized into a set of IV points, x; being the
value of k evaluated at the ¢th point. Thus the result obtained numerically is

GCI = 0.7447 (91)

8. Conclusions

A systematic kinematics-cum-dexterity analysis of a novel three-dof redundantly-
actuated PKM was reported. Firstly, the mobility of the mechanism is analyzed
by means of Lie-group algebra. Then, closed-form solutions for the inverse-
displacement problem are obtained, whereas more complex direct-displacement
relations are derived in the form of a sixth-degree polynomial whose roots at a
given set of actuated joint variables call for a numerical method. Moreover, the
velocity analysis is conducted before analyzing the four types of singularities.
In terms of characteristics of the Jacobian matrix, the condition number as well
as the KCI and the GCI, are used to characterize the robot dexterity. We cope
with the dimensionally inhomogeneity of the Jacobian matrices by means of the
characteristic length using the Newton-Raphson method. It was shown that the
KCI of the mechanism is close to its lower bound of unity, while its GCI is close
to 75%, or quite acceptable.
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