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Abstract. This paper addresses the dimensional synthesis and des % of a three-degree-

of-freedom planar U-shape fixed base 2PRP-PRR parallel mani; r tojmaximize its workspace.

Two kinematic design solutions are proposed and their link fafameti optimized to maximize the

workspace. Furthermore accuracy analysis of the optimi,

anipulator configurations for the actuator

inaccuracies is performed and the results are compared with ell-known planar 3PRP and 2PRP-

\

Key words: Design optimization, Pl parallel mdnipulator, 2PRP-PPR, Workspace, Accuracy anal-

PPR parallel configurations.

ysis, Error analysis.

applied and quantifiers used in the literature [2-4]. For example, the dexterity or
sotropy index, global conditioning index, payload index, accuracy measures, etc.
are being used to quantify the performance of the manipulator [2-4]. From the lit-
erature, it is found that usage of unsymmetrical fixed base (U-shape fixed base)
provides larger singularity-free workspace and simple kinematic relations rather
than symmetrical fixed base (A-shape fixed base) [4, 7]. Furthermore it is found
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that planar parallel manipulators having their first joint actuated and prismatic ar-
ranged in a U-shape fixed base provide better performance and few advantages
over other configurations [4, 7]. The detailed kinematic and dynamic performance
analyses of this particular family was performed and it was found that the planar
2PRP-PRR parallel configuration has better performance in terms of isotropy and
payload indices [4]. The 2PRP-PRR manipulator kinematics and its kinematic per-
formance measures were presented in [5]. In [5], the optimum kinematic design of
the configuration, i.e., the optimal link parameters were not considered, but th
performance results confirmed the influence and sensitivity of the link parame
in overall performance. During the initial design procedure, the analysis of t
performance sensitivity to uncertainties is an important task and sensitivif§y ane
sis of planar parallel manipulators was performed using the scre® theo &
[8], the end-effector pose errors due to dimensions and actuators e v gdl-
culated and compared for different configurations.

Therefore, in this paper the design optimization of the plana
lel configuration is performed with two cases namely th
with and without offset distance between active prismat

eg gonnections
int (sHder block) to

the RR link. The configurations of these cases are gf in . 1 and 2. Fur-
thermore the optimal configuration workspaces ar paged with well-known
planar 3PRP and 2PRP-PPR parallel configuratiOns. ition, accuracy analy-

ses of the optimal configuration for the actydtor 1haccuracies are performed and
compared through the help of analytical approa based on forward kinematic
relations. For the accuracy measure analysis, the local maximum position errors of
the end-effector for a given actgator i cies and a common test region within
the singularity-free workspacet&

The remainder of this paper
mathematical background

rrangd@As follows: the next section presents the
includes kinematic relations of the manipulator
whose workspace will besstiadicdinthis paper. Section 3 presents the design opti-
mization results obtaing genetic algorithms and Section 4 presents the
accuracy measure in tem rror analysis which computing the local maximum

1venl actuator inaccuracies. Conclusions and scope of fu-

position e
ture work_ are ast section.

2 matical Background

¢ kinCatic arrangements (both cases) of the manipulator are shown in Figs. 1
¥ The fixed base, 0, and the moving platform (end-effector), 7 are connected
through three legs. In these three legs: two of them have prismatic, revolute and
rismatic joints and the third leg has prismatic, revolute and revolute joints. In all
three legs, the starting prismatic joint is actuated and other joints are passive. The

vector of actuator coordinates (joint displacements) is q = [rl ron ] "and these

joint displacements are considered as positive values, i.e., 7 20,7, >0andr; >0.
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The vector of task coordinates of the end-effector is p = [x v H]T . The forward
kinematic relation of the manipulator is as follows:

K +1,cos6, + 1. cosf,

—h j(rl +1c086, + 1, cosHl) 1)

1l 3T
tan 1 u
N

. . 2

where, 6, =atan2 y=lysin6 1= y=lysin6 , sis the long

l4 Z4

[y and [, are the link lengths of link 1' and link 4. %
The inverse kinematic relations of the manipulator are as foffows:

y +

tan 9] 2)

X
3
n=|1yi=\n+
7

q:[rl 7 r3] =[x—l4COSQ4—lvaOS91 y—xt

Velocity relations can be obtained by differentfain th respect to time, as
q=J(u)p 3)
where, J (u) is the Jacobian matrix of the kinematic configuration and given as:
N 0
J(u): —t \ —xsec? @ “
0 1 (s —x) sec? 6

tan/t tan 6?4): 0, in other words, singularity is en-

grpendicular to rods 7' and 7". In this case the mov-
ing platfo
and 7". There
scribed in next
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(a) Case 1: without an offset distance (b) Case 2: with an offset distance

Fig. 1 Schematic arrangements of the planar 2PRP-PRR parallel manipulator
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3 Design Optimization and Workspace Analysis

Manipulator design is one of the complex subjects and the overall performance
heavily depends on the manipulator geometry and the performance quantifiers are
almost depend on the geometry as well [2, 6]. Therefore, design optimization is an
essential process in manipulator design and this is an iterative process. In this pa-
per, the manipulator’s geometry is optimized by maximizing the singularity fre
workspace. One of the design parameters can be fixed without loss of generalj
Here the longitudinal span (s) is assumed to be 0.2 m. The design optimization

scanning method. In this method, the link length (L) is varied frdfh 0.05

m and the area of the singularity-free workspace is calculated for th 3
effector orientation in [-15°, +15°]. That is, the set of points rea le y ori-
entation within [-15°, +15°]. The area of the singularity-fre as func-
tion of the link length is plotted in Fig. 3. It shows that thegldrgest ared’ is obtained
for L,z = 0.148 m and its numerical value is 0.0136 m? alue still decreases
when increasing the value of L,z above 0.2 m. Howg
tudinal span of the manipulator. «

x10°

'S

o

=

rea of the workspace for [-15 °,+15°] in m?

0.1 0.15 0.2
Link length(LA]:) inm

Fig. 3 Are e woikspace of the 2PRP-PRR (case 1) as function of the link length variations

ch parameter’s variations on the workspace is presented in Fig. 4. It shows that
esign variable has a significant contribution. Therefore, in this work the de-
sign optimization is performed with the help of genetic algorithms for maximizing
he workspace. The area of the singularity-free workspace is calculated for the
given entire stroke length of each joints (it is considered as 0 to 0.2 m for all
joints) and finding the points which give non-zero determinant value of the
Jacobian matrix. Here for the optimization, the end-effector positions, x and y are
varied from -0.1 m to 0.3 m and the end-effector orientation 1is varied from -15°
to +15°. The genetic algorithm optimization toolbox in matlab is used for the nu-
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merical computation. The optimized values of design variables for the constant
end-effector orientation in [-15°, +15°] are obtained as follows: 8,=47.15°, L,p =
0.1376 m and Lpg = 0.1045 m. The area of singularity-free workspace is 0.0239
m”. The constant workspace optimization process is also performed for different
orientations of the end-effector. The variations in the optimized design values are
very minimal. These configurations based on their optimized design values are
compared with well-known planar 3PRP and 2PRP-PPR manipulators and, their
kinematic arrangements are presented in Figs. 5 and 6. For better comparison, th
span (s) is considered as 0.2 m for all manipulators. The singularity-free cons
orientation workspaces of these configurations are presented in Fig. 7.

the singularity-free workspace of the manipulators are given in Tabk 1.
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Fig. 5 Schematic arrangement of the planar
3PRP parallel manipulator

Fig. 6 Schematic arrangement of the planar
2PRP-PPR parallel manipulator
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Fig. 7 Singularity-free workspace plots of planar marppulators

@n

Table 1. Singularity-free workspace of the [ﬁar 3 manipulators
. Singularity- space in m’
Configuration 0=0° 0=+30°" 0= [15°+15°]
3PRP 0.0. 0.0127 0.0185
2PRP-PPR 0.040 0169 0.0240
2PRP-PRR (case 1) 0.0 0122 0.0137

2PRP-PRR (case 0.040 0175 0.0239

4 Error Analys

Most of the
which magygfot
riate to manipulators with mixed units. Therefore, accuracy
se kinematic error analysis is performed. In this error analysis, the
osition errors due to actuator inaccuracies (index errors) are only

are chosen within the singularity-free workspace and presented in Fig. 8. The limit
of actuator inaccuracies (maximum) of all active joints are considered to be equal
to = 50 um. For obtaining the local maximum end-effector pose errors based on
the above range of error parameters is considered as a maximization (optimiza-
tion) problem. In this paper, the maximization of local position and orientation er-
rors of the end-effector is carried out using one of the popular optimization meth-
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ods namely genetic algorithms. In this method, the local position errors are max-
imized based on the forward kinematic model, actuator inaccuracies range.To find
the maximum value of the pose error, the in-build MATLAB function namely ‘ga’
is used. The error contours of these manipulators for different end-effector orienta-
tions are presented in Fig. 9. The maximum, minimum and mean values of local
maximum end-effector position errors of the manipulators are given in Table 2.
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Fig. 8 Singularity-free workspace for [-15°, +15°] along with the a;
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m end-effector position errors of the planar parallel manipulators

Local maximum end-effector position errors (in pm)
6=0° 0=+15° 06=+30° 0=-15° 0=-30°
Maximum 127.48 123.15 110.42 123.14 110.42

Minimum ~ 75.05  72.47 65.01 7245 6498
Mean 101.28  97.83 87.72 97.83 87.72
Maximum 95.74 12374  177.13 12451 179.04
?%RP'ZE)RR Minimum ~ 68.73 6631 59.33 66.15  61.63
case Mean 84.62  87.43 102.28 87.65 102.95
OPRP-PPR  Constant  70.71  80.74 93.38 80.74  93.38

From the results, it is found that 2PRP-PRR configuration is better in terms of
accuracy in all three cases as compared to 3PRP configuration. Not only smaller
values but also the range of smaller values is much larger as well. Further, error
values of 2PRP-PRR depend on the location of the end-effector in the workspace.
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Further, an experimental study on energy consumption with payload of these
three manipulators was carried out in [4]. The values of energy consumption for a
circular-path tracking task with full payload (50 N) of the 3PRP, 2PRP-PPR and
2PRP-PRR (case 2) are 0.846 Wh, 1.349 Wh and 0.739 Wh [4]. The 2PRP-PPR
configuration is better in terms of accuracy but the PPR leg has a moving passive
prismatic joint which requires more energy and driving force compare to PRR leg
[4]. Therefore, in overall, it is found that the optimized 2PRP-PRR configuration
with the offset distance is could be better as compared to other configurations.

5 Conclusions

o
In the present paper, the design optimization of the planar 2PRP- llel ma-
nipulator was performed. Two different configurations were cdnsidened and their
parameters were optimized. The constant orientation work: e configu-

rations were found and compared. Based on workspace s, it Was found that
configuration 2 (with offset distance) has better per cethdn the configura-
tion 1 (without offset distance). Further error analys s pgriormed for the con-

figuration 2 and compared with well-known 3P
From the overall results, the optimized 2P esign could be a better planar
parallel platform for precise and accurate positio applications. The use of the
proposed optimum 2PRP-PRR manipuydator in conjunction with the mechanical er-
ror compensation motion contr@ wodld e next research objective.

an -PPR configurations.
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