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Abstract. This paper presents a HEXA parallel robots with reconfigurable platfor chy S
motion and its kinematic study. Four limbs of the robot forms a fully paralle onfl tion
robot, with a six-bar linkage to locate the second end-effector. The second is con-
strained by a four-bar linkage subject to a prescribed pose of the first ¢ ector ag/well as the
two remaining limbs. The kinematic issues of the robot, i.e., the inver:
straints of the reconfigurable platforms and Jacobian matrices, me transmission
indices are defined to investigate the robot performance and the r e wopKspace for both end-
effectors are identified. The isocontours of the transmission ipflic@@@ver the regular workspace are
visualized for graphical presentation of the robot’s transmissidn pe nce.
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1 Introduction t

inherit the arch
base platf d
With the

requirement on grasping capabilities of this type of robots,
ful allel robots were modified and improved for performance en-
instance, the FANUC M-3iA/6A robot [2] adopts the structure of

high acceleration. This design concept was inspired by the approach of coupling
o planar parallel translational robots to generate the Schonflies motion [6]. Ac-
tuation redundancy was also considered as a way to enhance the acceleration capa-
bility of the PnP robots [5] as well as reconfiguration [4]. The previous robots were
improved in the kinematic or dynamic aspects, resulting in one end-effector. To
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improve the PnP efficiency, a strategy is to make the robot have reconfigurable plat-
forms to install multiple grippers. A 5-dof RRITRR robot [8], with two translational
end-effectors, was developed for electric board assembly, for which the connecting
bars of the mobile platforms constitute a six-bar linkage. Sequentially, architectural
modifications can be made to the previous reconfigurable platforms to generate an
additional rotation around an axis of vertical direction for each end-effector, as the
Schonflies motion is more and more popular in material handling.

On the basis of the design of reconfigurable platforms [8], this paper will present
a HEXA [9] base 6-RUU parallel robots with reconfigurable platforms of Schonflies
motion as shown in Fig. 1(a) and preliminary kinematic study. The displacement
group of the mobile platforms is studied. Moreover, the reachable workspace j
identified and some transmission indices are defined to investigate the robot’s pe
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Fig. 1 The 6-RUU robot: (a) CAD model; (b) parameterization; (c) top view of the platform.
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2 Manipulator Under Study and Displacement Group

The parameterizations of the robot are depicted in Figs. 1(b) and 1(c). Limbs 1 and
6 are connected by a sub-platform as well as limbs 2 and 3, which behaves similar
to the articulated platform of Quattro robot [1], the rotation of the end-effector 1
being realized by their relative movements. Moreover, limbs 4 and 5 are coupled by
the end-effector 2 that is located in a six-bar linkage formed by limbs 1, 2, 3 and 6.
The global coordinate frame .%#; is built with the origin located at the geo-
metric center of the base platform, namely, point O, where the x-axis is paral-
lel to the axes of rotation of the first two actuated joints. The moving coordinate
frames % and %, are located at the geometric centers of the two end-effecto
namely, points P; and P>, where x| and xp-axes are parallel to the segmentgs@5
and C4Cs, respectively. The angle between u; and x-axis is reprggented %
W= Ho =0, U3 = Uy =2x/3, Us = g = —21/3. Moreover, unit vegtors\gang

w; are parallel to the segments A;B; and B;C;, respectively, namely, the ufggvectors
along the active link and parallelogram in the ith limb. Here and faft eclors i, j
fo

and k represent the unit vectors of x-, y- and z-axis, respectivély. efollowing
study, the vertical offsets in the platforms are supposed to b 0 nvenience,
as they do not affect the planar motion of the end-effect

igure 2(a) depicts the joint-and-loop graph of the robot, wherein the gray and

xes represent the actuated and passive joints, respectively. With the Group

Theory, the kinematic bond .Z; of the RUU chain in ith limb, as displayed in
g. 2(b), is the product as below:

L =R () - R(B)- T (W) - Z(6) = Z (W) ey

and the kinematic bonds of the joint 1st and 6th limbs %} is
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26 =T -%(N,k) =2 (k) 2

Similarly, the kinematic bonds of the 2nd and 3rd limbs %3 is 2" (k). Subsequently,
the intersection of the subgroups for platform 1 results in a Schonflies subgroup
Z (k), namely, the Schonflies motion.
On the other hand, the kinematic bonds .%s of the closed loop A4—B4—Cy4—Cs5—
B5—A5 is
Zys =T - (N) 3

and the subgroups of the coupler in the closed loop six-bar linkage is 2" (k) - ¢ (k),
where ¢ (k) is the planar motion subgroup. Therefore, the intersection of all the
subgroups for platform 2 leads to 2" (k) -¥4(k)N.7 - #(N) = 2 (k), meaning t
platform 2 performs the Schonflies motion.

3 Kinematic Modeling of the Robot c\\'
3.1 Inverse Geometry %’

The inverse geometry problem of the robot can be r
kinematic constraint equation:

iljolved from the following

||C,'—b,'||—l=0 (4)
To this end, the angular displace&nt t actuated joint is solved as
I; = —2bm;,
6; = 2tan where Ji = 2b(mjy sin t; — mjy cos ;)
K=y 02— 1
%)
where m; = —a;, and a; and c¢;, respectively, are the Cartesian

C;in .%:

1)"*'ai+ Rj] (6a)
(=" rQui, i=1,2
p1+(— )’rlQll—rz[( 1) 1cos}/sin}/O]T, i=3,6 (6b)
P2+ (—1)"rsQi, i=4,5

T . . . . .
= [xj yj 2], j=1,2, are the Cartesian coordinates of points P}, i.e., the end-
effector position, and Q; = R.(¢;) are the rotation matrices of the end-effectors.
Moreover, the poses of the two end-effectors are kinematically constrained:
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ki +kycos B —kzcosa —coscarcos B —sinasinf =0 (7a)
¢3 + Ry [3R: ()i +r4R(W)i] —p2 =0 (7b)
6+ Ry [3R(B)i— raR (W)i] —p2 =0 (7¢)
with
cosn sinn O el 22 42 _
Ry = | sinn —cosy 0 kg = Wm0l F2=dr o lles—esll )

0 0 1 2r§ r3

3.2 Kinematic Jacobian matrix and transmission index OQ

Differentiating Eq. (4) with respect to time leads to
Ay =B6

with

where A and B are the forward and inverse Jacobian

-

here, w; = [Wix Wiy Wiz} =

trices, respectively, and

T T ;

W, Wisiol><3]ﬁ 2 = bwT (s X v,

0102 wir 0 i ! 45" hi = bw; (u; X v;) (11)

1

D) /1, 51(6) = —S2(3) = r1Quj, 85 = —s4 = 15Q0j.

6 6
B :Hhi:b6nw?(uixvi) (12)
i=1 i=1
the input transmission index A; of the ith limb is defined as [13]
. 6

),i:|cos195|:|wiT(u,~><vl~)\6[0,1], i=1,.. (13)

where 9 is the pressure angle [11] associated with the motion transmission, i.e., the
motion transmitted from the actuated link to the parallelogram.



6 Guanglei Wu and Huimin Dong

The limbs 1, 2, 3, 6 and the end-effector 1 determines a fully Schonflies-motion
robot, for which the input and output twists are mapped by the following equation:

W1 rlwlTsl X1 h 0,
T . ]
. - Wo r'1W5 S . Y1 hz - 92
Ay, =B101;A = 2 =|"|,B = .0, = |
1X1 1015 A w3 rwlss » X1 : 1 hs 1 6
W6 FIW. S o1 he 65

(14)

With the Laplace expansion, the determinant of the forward Jacobian A is [13]:
\A1|:2r1(w1 XW6)X(W2XW3)-51 (15

then the output transmission index ¢ for the end-effector 1 is defined as

|(W1XW6)X(W2XW3)-S1| .
o =|cosw| = €[0,1]
[[(w1x W) < (W2 x w3)|
where o is the pressure angle amongst limbs, namely, the fo ted from
the end-effector to the passive parallelograms in the other ligabs, provided that the
actuated joints in these limbs are locked.
Moreover, the output transmission index for limbs 4 are defined by [14]

1$0 0 $7 & [ k & Wi }
= — = c[0,1]; $ox= k=45 (17)

ék |$0k o $Tk|max [ ] o rs Q2 ; ka X Wik

where $0k and $Tk are the unit qutput gwistscrew (OTS) and transmission wrench
screw (TWS) of the ith limb, res}&v

The larger value of the indicesf@efined in#qs. (13), (16) and (17) indicates better
transmission quality and whil ex value 0 means singular configuration.

4 Works ission Analysis of the Robot

The workspagg of thi ot under study can be obtained from Eqgs. (4) and (5), either
by CAD gappro numerical searching method. Here, the numerical searching
method 1s ted, where the geometric parameters are given in mm: R = 200, a =
550,1‘1 :r2:r3:r4:r5:60.

escribed position of point Pj, the maximum reachable positions of the
getor 2, namely, point P, are displayed in Fig. 3(a). The reachable workspace

ith a constant orientation ¢; = ¢, = 0 are shown in Fig. 3(b) together with a fitted
egular common workspace for the two end-effectors.

Figure 4 shows the transmission indices defined in previous section over the reg-
ular workspace with constant orientations. From these figures, it can be seen that
the input transmission indices are larger than 0.2, which are relatively larger than
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Fig. 3 The workspace of the robot with ¢; = ¢» = 0: (a) possible positions of end-effector 2 relati
to end-effector 1; (b) reachable workspace of both end-effectors.

the output transmission indices of both end-effectors. The output trans ion 1n-
dices of end-effector 1 which are close to 0 appear in the workspac ufjdaries,
while some smaller indices & of end-effector 2 occurs inside t spdce, show-
ing that the transmission quality for end-effector 1 are bette n endseffector 2 in
most region of the workspace. This means that the end
parallel singularities inside the workspace, thus, the mo @ obot needs to be
arranged for singularity-free design. Another obsepffationgis. thét the robot can have
better transmission with Cartesian coordinatesgf y ¥ 0. Moreover, the first end-
effector admits a relatively larger operational wo e with transmission indices
larger than LTI > 0.7 for high transmissign quality.

Fig. 4 Transmission indices of the robot over the regular workspace with constant orientations: (a)

hr=0p=0,0b) ¢ =—-¢p=71/4
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5 Conclusions

This paper presents a HEXA parallel robots with reconfigurable platforms, of which
both end-effectors perform Schonflies motions. Four limbs of the robot constitute a
fully parallel Schonflies-motion robot and the second end-effector is kinematically
constrained by the former. The Jacobian matrices are derived to define the transmis-
sion indices and the corresponding isocontours are plotted to show the transmission
quality of the translational workspace with rotational capability £45°. The first end-
effector is almost free of singularity within the identified regular workspace, while
the second one will encounter parallel singularities inside the workspace. In the fu-
ture, singularity-free design will be conducted.
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