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Abstract. Identifying singularity manifolds of parallel manipulators analytically is a hard ta
their complex kinematics and passive joints. This study proposes to use the geometriCa ditions of
singularities in order to identify the singularity manifolds for a 3-RRS parallel mfnipulator. singu-

larity surfaces for both inverse and forward kinematics singularities are obtai otted.
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1 Introduction

At a singular configuration of wn the end effector loses its rigidity or
has uncontrollable degrees-of-freedom 5]. When considering the parallel ma-
nipulators (PM), it should begbticed that the singular configurations can be ob-
served inside the workspace andWjis highly undesirable to loose the stiffness or gain

an uncontrollable dof wifile p

For the case of close nematic chains, the velocity input-output relation-
i A% B 0= 0, where x represents task space velocities and
elocities. Using the velocity input-output relationship

ingularity, the mechanism reaches either its internal or external
worksSpace. This type of singularity is called as inverse kinematic sin-

oundary, and it is called as forward kinematic singularities (FKS) or gain
ypesingularities. The third type of singularity is observed when det(A) = det(B) =
0. This type of singularities are called as combined singularities.

The PM investigated in this study is a 3-dof manipulator which can achieve 1
dof translational and 2 dof rotational motion (1T2R). All the limbs have same kin-
ematic structure and they are symmetrically connected to the base and moving plat-
forms. In the literature, there are several studies investigating the singularities of
PMs which have the same motion chracteristics. For a 3-PRRU PM (the P3 Robot)
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the singularity analysis is performed in [2] by evaluating the determinants of the
Jacobian matrices. The singularity conditions were issued in [6] by obtaining the
Jacobian matrices of a 3-PSP PM. They mention the difficulty of analytically deter-
mining the singularity equations for PMs by using the Jacobian matrices. So, instead
of evaluating the Jacobian matrices, they provide the geometrical condition for the
singularities. The singularities of a 3-PRS PM were investigated in [4]. Instead of
evaluating the determinants of the Jacobian matrices, they investigated the geomet-
rical conditions for the singularities of the PM. For platform type multiloop spati
mechanisms, several mechanisms were examined in [1], providing the geomety
conditions of the mechanisms at which the gain type singularities will occy,

This study investigates both IKS and FKS of'a 3-RRS PM. To ac eve t %
the geometry of the PM is explained. Then the Jacobian matrices for t i
conditions of the PM and their physical meaning are examined
geometrical singularity conditions, both IKS and FKS surfac
pendent task space parameters are constructed using Mat tica®software.

forward kinematics are formulated. Using the Jacobian matrices

2 Manipulator Geometry

The manipulator investigated in this study is a 3-doF'PM located at Izmir Institute
of Technology and it has 3 identical lig0%. All the limbs have an active revolute (R)
joint, a passive R joint and a spheri t. In Fig. 1, active R joints are shown
with Oy;, passive R joints show Wlth O, S joints are shown with Oy; fori =1,

axes on each limb are parallel to each other, and

ion. € and ¢ are respectively the active and

passive R joint variablg the /7link. The length of the bottom and upper links
are/; =0.7mand /, = \%, respectively.

@fc in the shape of an equilateral triangle with circum-

. The axes of the active R joints are tangential to the base

is is along 0,0, direction. The limbs are attached to the corners of
d platform triangles such that a1 = aus = 0° ; a2 (£L00100002) = cus
7075) = 120° ; a13 (£L00100003) = aus (£07407076) = 240°.
e position of the moving platform origin Oy, with respect to (Oo-xyz) is defined
ith a position vector:

67:[07,x Oy O7,z]T (1
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S y
T
6,
Fig. 1 Geometry of the 3-RRS parallel tor
To define the platform orientation, a rotation X rated using x-y-z Eu-

ler rotation sequence with orientation angles d y: of the platform:

cy,Cy,
R=|sysy.cy, +cy,
Sy.Sy, —Cy. Sy

—Cy sy, sy,
Sy Sy, sy, —sy.Cy, (2)
THCY Sy Sy,  Cy,Cy,

tions. Consl
pose para@ctgrs
the dependefytask

seleCted as Oy, y; and ;. The constraint equations to obtain
ce parameters are given in [8].

3Ja an Analysis

Fér the i limb of the PM, the platform location can be expressed as:

0,0, +0,0;; =0,0, +0O,0; + 0,0 3)

By differentiating Eq. (3), the velocity loop equation for the i limb is obtained:
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\707 +a,x0,0;; z(yixooioij)éi+(yixoijo7j)¢| 4)

where y, = [-san; can; 0], Do, is the linear velocity of O7 and @, is angular
velocity of the moving platform. The passive joint velocity on i limb, ¢,, should
be eliminated from Eq. (4) in order to obtain the relation between input and output
velocities. Taking the scalar product of both sides of Eq. (4) with 0,,0,, and rear-
ranging:

Oijo7j '\707 +(O7O7j xoijo7j)'a_)P _(@XW) y.‘gu :0 )

ij

Three of the velocity components, vo., vo.,, @, depend on the tas ce veloc-
ities ax, @, (there is no dependency on vo,.) as [7]:

pew, sy, (cv, +cy, s, sy, )

V07,x = gxxwx +gxy y =- 2 X wy
2(t+ey,c,)
C‘//X 3 3
pew, sy, (cy, +cy, = (Bew, +3c3y,)
Vor,y = O, +8,,0, == 2 T+ 2 0y
(1+CN 2(t+ey,c,)
Sy
0,=0 040 0 = Lo - L)
2= 9 L ' lioy,c, o l+oy,c,
(6)
?7(5) for all limbs results in:
VO7,Z 01 0
o, |+34|6,|=|0 (7
o, o, 0
c
(001014 ><014074)' i 0 0
‘]Q = 0 (002025 X025075)' Y, 0 (8)

0 0 (mxm)'%

3x3
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Aiz Aixgxx+A1ygyx+le+Blzgzx A1Xg><y+A1ygyy+Bly+Blzgzy
Jy=|A  Ag,+Ag,+B +Bjg,  Ag,+Ag,+B/+Byg, | (9
A A9, +A9,+Bi+Bjg, A9, +Ag, +B) +B;g,

with 0,,0,, = [A¥ AY A?]" and 0,0, x 0,,0,, = [B¥ B} B?]".
4 Inverse Kinematics Singularities

alently if 0,,0,, X 0,07, = 0 for any limb i. This configuration refefs t@ythe posi-
tions when the bottom (0, 0,,) and upper (0,,07,) links on limb i dre gghlinedr. Such
a configuration is obtained when a double root is obtained g ’@ erse kine-
matics solution where two different assembly modes of a‘limib converges to each
other. Instead of working with the determinants of Ja matpiCes, the IKS can
geometrically be expressed in terms of the task spaggfaragheters using the col-
linerarity condition of the limbs. Since all limbs 0§ the ave a planar motion,
local planar coordinate frames (Oy-x'z) can b hed to each limb 7 (Fig. 2).

The inverse kinematics singularity condition is satisfied if det[J. Q’ x

® X O,
0 Fig. 2 Geometry of the 3-RRS parallel manipulator
e global coordinates of any point P on the PM can be projected onto the local
langt coordinates as:
— T 5 T
O, = [OP,X Op OP,Z:| -0, = |:OP,X Coy; + OP,y say; O, (10)

The lengths p’ and & (projections of 0;0;, and 0y,0,, on the x’z-plane), and the
angle yin Fig. 2 can be expressed in tems of task space parameters as:
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p' =[050},|. k=[030] cosy = (0]} -0j0;)/p'k an

The collinearity condition of the bottom and upper links of limb i can geometri-
cally be expressed by making use of the cosine theorem for O'y,0'7;0'; triangle:

0057=[pf+k2—(ll+l2)1/(2pik) (12)

[1, but this case never occurs for our manipulator due to link collis
Egs. (11) and (12), the inverse kinematics singularity equation for t
can be formulated in terms of the task space parameters as:

20105, -0,y +(1, +1,)" — p? —k? = (13)

Eq. (13) represents a surface in the task space pa trizgd by wx, v, and O7.
Using Mathematica®, the IKS surface given by (1 all the limbs of the 3-
RRS PM can be constructed (Eq. (13) is wri times for i =1, 2, 3). Consid-
ering the motion characteristics of the PM, it is pre d to plot the surface in spher-

ical coordinates: O, =/X? +§Z2 meters), v, =atan2(— X2+y?, y) and
v, =atan2(z,x) . The IKS surface of the 3JRRS PM is presented in Fig. 3a. The

singularity manifold has mirgdglsymmetry about the xz-plane. In order to illustrate
the contours inside, a crogs,sec for z =1 is given in Fig. 3b.

Fig. 3 IKS surface: a) Full view, b) z = 1 section view
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5 Forward Kinematics Singularities

The forward kinematic singularities of the 3-RRS PM are obtained det[Jx] = 0. It is
not straightforward to extract the geometrical conditions which make the determi-
nant zero. However, when the det[Jx] = 0 is formulated and plotted, it is seen that
the singular configurations correspond to the cases where at least one of the upper
links of a limb is coplanar with the platform plane, i.e. 0,07, X 0,,0;, = 0, or,
equivalently BY = BY = Bf = 0 for any i = 1, 2, 3. Coplanarity of an upper ]
and the platform corresponds to a double root during the forward kinematicgggelu-
tion. Instead of evaluating the Jacobian determinant, the coplanaritscond'

be expresses in the local coordinate frame of the i limb using cosinetheaie
0',;0';0'; triangle (Fig. 2): N

cos;/:[(pi+I2)2+k2—I12J/[2k(pi+l2 % (14)

Singularity also occurs when the upper link is fold @
case the /» + p; term should be replaced by /> — p;. Cgmbjding
FKS equation for a limb can be formulated in tegms f the

the platform, in which
#qs. (11) and (14), the
ask space parameters as:

2(p, +1,)(0}0%; -0l0% ) [ (p, +1,) +K? -12 ] =0 (15)

Xrity surface for all limbs is constructed in sphre-
the FKS surface is plotted in the task space, it is
joint space using inverse kinematics formulation.

Using Mathematica®, the sin
cial coordinates (Fig. 4). Alth
possible to plot the surface in th

Fig. 4 FKS surface: a) Full view, b) z =1 section view
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6 Conclusions

This study presents a geometrical approach to determine the inverse and forward
singularity manifolds of a 3-RRS PM. For the IKS, the Jacobian matrix Jy is a di-
agonal matrix and each diagonal element being equal to zero corresponds to IKS
configurations due to one of the limbs of the PM. However, it is not straightforward
to express the diagonal elements in terms of the task space parameters. On the othe

hand, using the physical interpretation of the singularity condition and by simy

writing a cosine theorem for each limb, the singularity surfaces can be very easi
obtained in terms of the task space parameters.

In general, for the FKS of PMs, it is an hard task to relate the pfisycal
tation of the singular configurations with the determinant of the J aco X
t

For the 3-RRS manipulator issued in this study, although each gfthe limbs
independently contribute to the FKS, decomposing the Jacobi ant into
three is a challenging task. Instead of using the Jacobian 1X, t S surfaces
due to each limb is constructed independently in this study @y making use of the
geometrical conditions which result in singularities. @

i

Another contribution of this study is expressing singularity surfaces of a
1T2R PM in spherical coordinates. i S

Acknowledgments The authors ac ledge the discussions with Prof. Sandipan
Bandyopadhyay from IIT Mad&ln i

References

rity analysis of platform-type multi-loop spatial mechanisms.
—389 (1997)

. Tetik H.: Modelling and Control of a 3-RRS Parallel Manipulator. MSc Thesis, Izmir Institute
of Technology (2016)

8. Tetik, H., Kalla, R., Kiper, G. and Bandyopadhyay, S.: Position kinematics of a 3-RRS parallel
manipulator. In: Parenti-Castelli, V. and Schiehlen, W. (Eds.), ROMANSY 21 - Robot Design,
Dynamics and Control, Springer, pp. 65-72 (2016)

9. Tsai, L.-W.: Robot Analysis: The Mechanics of Serial and Parallel Manipulators. John Wiley

& Sons (1999)


http://dx.doi.org/10.1155/2013/589156

A Geometrical Approach for the Singularity Analysis of a 3-RRS Parallel Manipulator 9





