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Abstract This study focuses on the operating dexterity

and multi-objective optimization of a 3-DOF parallel

manipulator for the segment assembly system in shield

tunnelingmachines. Operating dexterity, including kine-

matic and dynamic dexterity, is defined for the manip-

ulator. This work has been done by considering motion

transmissibility and acceleration. Multi-objective opti-

mization for the parallel manipulator has been conducted

by Isight software with the objective of achieving

operating dexterity. Optimal performance evaluation in

terms of the dexterity and isotropy of the parallel

manipulator was carried out. The optimum region for

the manipulator was established based on range of the

performance indices of operating dexterity. The results

indicate that motion transmission and acceleration per-

formance improved after optimization. The method

provides a reference for the design, performance evalu-

ation, and control of parallel manipulators.

Keywords Parallel manipulator � Tunnel segment

assembly robot � Operating dexterity �Multi-objective

optimization � Optimum region

1 Introduction

Parallel robotic mechanism with high stiffness, high

load capacity, and high-precision movement are uti-

lized extensively nowadays. The dexterity of parallel

manipulator is an important performance evaluation

index. Kinematic dexterity can describe the transfer

performance of such mechanisms. Gosselin and Ange-

les (1991) introduced the concept of dexterity to

parallelmanipulators and utilized the condition number

of the Jacobian matrix to characterize dexterity. Zhang

et al. (2010) employed kinematic conditioning index

(KCI) to evaluate the dexterity of a parallel robotic

mechanism and determined the spatial distribution of

KCI. Luo et al. (2005) proposed a global dexterity

calculationmethod for a 3-UPU parallel manipulator to

reach the design optimization goals. Li andZhao (2007)

applied the Jacobian matrix condition number, mini-

mum singular value, and operability index to solve the

analytical model of the mechanism and study the

dexterity of a new type of 2-DOF parallel robot. The

references above established the foundation of dexter-

ity index from a kinematic point of view; no dynamics

are involved in the dexterity of the parallelmanipulator.

The present study focuses on a 3-DOF parallel fine-

tuning manipulator utilized in the segment assembly

system in shield tunneling machines. An increasing

number of parallel manipulators are being adopted in

the segment assembly system to improve its efficiency

and accuracy. The Stewart platform has been employed

for the assembly of the segments of a shield tunnel
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excavation system (Kosuge et al. 1996). Zyada et al.

(2003) presented experimental results on the multi-

directional segment assembly of a shield tunnel exca-

vation system using the hydraulic Gough-Stewart

platform. Braaksma et al. (2006) designed a feedback-

linearizing hybrid position-force controller for a novel

robot manipulator in a shield tunneling machine. Wu

et al. (2011) focused on a 3-SPS-1-S parallel manipu-

lator for segment assembly robots in shield tunneling

machines. Shi et al. (2009) presented a 6-DOF shield

tunneling machine controlled by electro-hydraulic pro-

portional systems. Cui et al. (2010) utilized a 6-DOF

serial and parallel manipulator as the segment erector

mechanism; a kinematics analysis was performed.

This study proposes the concept of operating dexter-

ity, including kinematic and dynamic dexterity, to

describe the transmission and acceleration of the

manipulator. The operating dexterity of a parallel fine-

tuning manipulator with the structure of 4-SPS-S was

investigated. The local and global dynamic dexterity

indices were established with generalized inertia ellip-

soid theory and Lagrange equation. The condition

number of the Jacobian matrix was introduced to build

the local and global kinematic dexterity indices. Then, a

multi-objective optimization model of the proposed

manipulator was established in consideration of kine-

matic and dynamic dexterity. Furthermore, a newmulti-

objective optimization method was developed with

Isight software. Local and global operating dexterity

were analyzed after optimization, and the manipulator’s

optimum region was investigated.

2 Modeling of the parallel manipulator

A4-SPS-S redundant parallelmanipulatorwasemployed

for segment assembly in a tunneling machine (Cui et al.

2010). In the operating process, the segment assembly

robot must accomplish six motions, including lift,

translation, rotation, pitch, roll, and yaw. By combining

the features of serial and parallel manipulators and the

application requirements of the segment assembly, this

research employed a serial-parallel robot as the segment

assembly robot (Fig. 1). This robot comprises transmis-

sion, rotation, lifting, and fine-tuning operating mecha-

nisms. The frame and the mechanisms of transmission,

rotation, and lifting form the 3-DOF serialmanipulator to

achieve rough positioning of the segment. The fine-

tuning manipulator is a 4-SPS-S manipulator that

accomplishes pitch, roll, and yaw motions to achieve

accurate positioningof the segment. Figure 2 shows a3D

model of the parallel fine-tuning manipulator.

Figure 3 shows the 4-SPS-S mechanism. Four

active chains (S–P–S) are connected to the base and

moving platform in Ai and Bi (i ¼ 1; 2; 3; 4). The

height of the moving platform is H. The passive chain

is connected to the base and moving platform in OA

and OB. The two platforms are connected by a

spherical joint. O is set as the origin of the coordinate;

the fixed and moving coordinate systems are O�
XAYAZA and O� XBYBZB. Two coordinates coincide

in the initial position. The distance between O and the

base platform is h. A1, A2, and A3 are averages

distributed on the circle with a radius of rA. A4 is on the

plane perpendicular to the base and parallel to OAA3;

the distance to the base platform is hA. The project

length of A1 and A4 on the base platform is s. B1, B2,

and B3 are averages distributed on the circle with a

radius of rB. B4 is on the plane XBOZB; the distance to

ZB is ðt � rBÞ and that to the base platform is hB.

Segment Parallel fine-tuning
manipulator 

Sliding 

Revolving 

Lifting 

Fig. 1 Kinematic structure of the segment assembly robot

Fig. 2 Kinematic structure of the parallel fine-tuning manip-

ulator and segment
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3 Determination of the kinematic model

According to coordinate transformation theory,

li ¼ A
BR � BpBi � ApAi ði ¼ 1; 2; 3; 4Þ ð1Þ

where li is the vector of limbs in the fixed coordinate

system, ApAi is a vector of Ai in the fixed coordinate

system O� XAYAZA, and
BpBi is the vector of Bi in the

coordinate O� XBYBZB.

ApA1 ¼ ½rA 0 � h�T
ApA2 ¼ ½�rA=2 �

ffiffiffi

3
p

rA=2 � h�T
ApA3 ¼ ½�rA=2

ffiffiffi

3
p

rA=2 � h�T
ApA4 ¼ ½rA � s=2

ffiffiffi

3
p

s=2 hA � h�T

8

>

>

>

>

>

<

>

>

>

>

>

:

ð2Þ

BpB1 ¼ ½rB 0 H � h�T
BpB2 ¼ ½�rB=2 �

ffiffiffi

3
p

rB=2 H � h�T
BpB3 ¼ ½�rB=2

ffiffiffi

3
p

rB=2 H � h�T
BpB4 ¼ ½rB � t 0 H � h� hB�T

8

>

>

>

>

<

>

>

>

>

:

ð3Þ

The 4-SPS-S parallel manipulator exhibits three

rotations and is an actuation redundant parallel

manipulator. According to RPY transformation, the

rotation matrix is

A
BR ¼ RPYðc; b; aÞ

¼
cccb ccsbsa� scca ccsbcaþ scsa

sccb scsbsaþ ccca scsbca� ccsa

�sb cbsa cbca

2

6

4

3

7

5

ð4Þ

where a, b, and c are the angles of pitch, roll, and yaw
of the moving platform, respectively. sin c and cos c
are expressed as sc and cc, respectively.

The three output parameters (a, b, c) are selected as
the independent coordinate of generalized

coordinates. q ¼ ½a b c�T , so the generalized velocity

is _q ¼ ½ _a _b _c�T .
According to the inverse kinematics of the

parallel manipulator, li can be determined by a, b,
c. The squared length for each limb is a function

of a, b, c.

l2i ¼ lik k2¼ ApBi � ApAi
�

�

�

�

2¼ Hi a; b; cð Þ ð5Þ

The derivative of Eq. (5) is obtained as

A _l ¼ B _q ð6Þ
_l ¼ A�1B _q ð7Þ

where J ¼ A�1B is the Jacobian matrix of the parallel

manipulator.

A ¼

2l1 0 0 0

0 2l2 0 0

0 0 2l3 0

0 0 0 2l4

2

6

6

6

4

3

7

7

7

5

B ¼

oH1ða; b; cÞ
oa

oH1ða; b; cÞ
ob

oH1ða; b; cÞ
oc

oH2ða; b; cÞ
oa

oH2ða; b; cÞ
ob

oH2ða; b; cÞ
oc

oH3ða; b; cÞ
oa

oH3ða; b; cÞ
ob

oH3ða; b; cÞ
oc

oH4ða; b; cÞ
oa

oH4ða; b; cÞ
ob

oH4ða; b; cÞ
oc

2

6

6

6

6

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

7

7

7

7

5

As shown in Figs. 1 and 2, the segment center of

gravity is assumed to beG. In the working process, the

segment and the moving platform are connected to

each other; thus, the coordinate of point G in the

moving coordinate system is BpG ¼ ½0 0 1134� h�.

1B

3B

4B
4A

BXAX

BY

AY

s

A

AA
2B

3A

4A

3B
4B O

AO

AX BX

BY h
Ar

Br1B

1A

2A

BOBZ

A
Ah

Bh

AZ

Brt

O

2B
AY

Fig. 3 Kinematic diagram

of the 4-SPS-S mechanism
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According to the rotating coordinate transformation,

we obtain

ApG ¼ A
BR � BpG ¼ ½Xða; b; cÞ Yða; b; cÞ Zða; b; cÞ�T :

ð8Þ
ApG, which is the coordinate of the gravity center of

segmentG in the fixed coordinate system, is a function

of a, b, c.

APG ¼
ð1134� hÞðccsbcaþ scsaÞ
ð1134� hÞðscsbca� ccsaÞ
ð1134� hÞcbca

2

4

3

5 ð9Þ

By obtaining the derivative of Eq. (8), the linear

velocity of G is

v ¼ Jv � _q ð10Þ

where

v ¼ ½ _X _Y _Z�T

Jv ¼

oXða; b; cÞ
oa

oXða; b; cÞ
ob

oXða; b; cÞ
oc

oYða; b; cÞ
oa

oYða; b; cÞ
ob

oYða; b; cÞ
oc

oZða; b; cÞ
oa

oZða; b; cÞ
ob

oZða; b; cÞ
oc

2

6

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

7

5

:

According to the physical definitions of a, b, and c
in the RPY transformation, the angular velocity of the

center of the segment expressed in the fixed coordinate

system is

x ¼ Jx � _q ð11Þ

where

x ¼ ½ _a _b _c�T

Jx ¼

1 0 0

0 1 0

0 0 1

2

6

6

4

3

7

7

5

:

4 Operating dexterity of the mechanism

Operating dexterity includes kinematic and dynamic

dexterity. It is utilized to describe the transmission and

acceleration performance of the parallel manipulator. A

fine-tuning manipulator requires excellent acceleration

capability to improve the accuracy and efficiency of

segment assembling, and the transmission between the

input and output should not be distorted. The distortion

relation between the input and output with kinematic

dexterity was described in this study; dynamic dexterity

was proposed to measure the acceleration performance

of a specific position. The mean value of the condition

number of the Jacobian matrix in the workspace was

employed as global kinematic dexterity, and global

dynamic dexterity was built based on the principle of

generalized inertia ellipsoid.

4.1 Dynamic dexterity index

The generalized inertia ellipsoid proposed by Asada

(1983) was adopted to establish dynamic dexterity and

build the dynamic dexterity index to describe the

acceleration performance in a given point of the

parallel manipulator. The mass matrix was employed

to build the generalized inertia ellipsoid.

For n� n mass matrixM, the quadratic equation is

xTMx ¼ 1; ð12Þ

which represents generalized inertia ellipsoid GIE in n

dimensional space. The long axis of the ellipsoid is the

square root of the largest eigenvalue of mass matrix

M, and the short axis is the square root of the smallest

eigenvalue ofM. The closer the ellipsoid is to a sphere

(i.e., the long and short axes are almost equal), the

better the dynamics performance is. Thus, the ratio of

the squared length of the short and long axes of

generalized inertia ellipsoid, namely, the ratio of the

smallest and largest eigenvalues of mass matrix M, is

local dynamic dexterity jM .

jM ¼ kminðMÞ=kmaxðMÞ ð13Þ

where M is the mass matrix. The range of jM is

0� jM � 1. When jM ¼ 1, jM has dynamic isotropy.

Global dexterity can be utilized to describe the

mean value of jM in the workspace. The global

dexterity index is

gM ¼
R

WjMdW
R

WdW
ð14Þ

where W is the workspace of the parallel manipulator

and global dexterity index gM is in the range

0� gM � 1. The closer index gM is to 1, the better

the dynamic dexterity and acceleration performance.
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Lagrange method was employed to build the

dynamic model of the parallel manipulator and solve

mass matrix M(Ridha et al. 2012). The Lagrange

equation is Eq. (15)

d

dt

oKðq; _qÞ
o _q

� �

� oKðq; _qÞ
oq

þ oPðqÞ
oq

¼ s ð15Þ

where q contains the generalized coordinates, s is the
generalized actuation force, PðqÞ is the potential

energy, and Kðq; _qÞ ¼ 1
2
_qTM _q is the kinematic

energy.

Rearranging the equation results in

Mq
:: þVðq; _qÞ _qþ GðqÞ ¼ s ð16Þ

where M is the mass matrix, Vðq; _qÞ is the coriolis

coefficient, and GðqÞ is the gravity coefficient.

The weight of the parallel component can be

neglected because the segment has a large weight.

When calculating the kinematic energy of the parallel

manipulator system, only the kinematic energy of the

segment needs to be calculated.

When the segment is rotating around the spherical

joint, the kinematic energy of the segment is

T ¼ 1

2
ðmvTvþ xTIxÞ ð17Þ

where m is the mass of the segment, v is the linear

velocity of gravity center G in the fixed coordinate, x
is the angular velocity of the gravity center in the fixed

coordinate, and I is the inertia matrix.

When calculating its kinetic energy,

I ¼ A
BR½Ic�ABRT ð18Þ

where ½Ic� ¼
9:697e2

0

0

0

5:465e3

0

0

0

5:997e3

2

6

4

3

7

5

kg �

m2 is the main inertia matrix of the segment.

Substituting Equations (10), (11), and (18) into (17)

results in

T ¼1

2
ðmvTvþ xTIxÞ

¼1

2
½mðJv _gÞTðJv _gÞ þ ðJx _gÞTIðJx _gÞ�

¼ 1

2
½m _gTJTv Jv _gþ _gTJTxIJx _g�

¼ 1

2
_gðmJTv Jv þ JTxIJxÞ _g

ð19Þ

The kinetic energy can then be expressed in a

quadratic form as

T ¼ 1

2
_qTðmJTv Jv þ JTxIJxÞ _q: ð20Þ

The mass matrix of the operating space is

M ¼ mJTv Jv þ JTxIJx: ð21Þ

4.2 Kinematic dexterity index

When the parallel manipulator is close to a singular

position, the relation between the output and input is

highly nonlinear. The kinematic dexterity index is

introduced to describe the degree of movement

distortion. For a pure translation and rotation parallel

manipulator, the inverse of the condition number of

the Jacobian matrix can be utilized to describe

kinematic local dexterity.

jJ ¼
1

j
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kminðJTJÞ
q

=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kmaxðJTJÞ
q

ð22Þ

where kmaxðJTJÞ and kminðJTJÞ are the maximum and

minimum eigenvalues of JTJ.

The condition number is in the range j 2 ½1;þ1Þ.
When it is close to 1, it has kinematic isotropy and

exhibits the best kinematic transmission performance;

when it is close to infinity, the parallel manipulator is

in a singular position.

The global dexterity index can be utilized to

describe the mean value of the condition number of

the Jacobian matrix in the entire workspace.

gJ ¼
R

WjJdW
R

WdW
ð23Þ

whereW is the workspace of the parallel manipulator.

The global dexterity index is in the range

0� gJ � 1; the closer it is to 1, the better dexterity

and control precision are.

5 Multi-objective dimensional optimization

of operating dexterity

Global dynamic and global kinematic dexterity were

adopted as the objectives to make the 4-SPS-S parallel

fine-tuning manipulator achieve good transmission

and acceleration motion performance. The related

parameters were selected as the design variables, and
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multi-objective dimensional synthesis was conducted

for the parallel manipulator (Sun et al. 2012; Alici

et al. 2004; Hao et al. 2005).

5.1 Modeling of multi-objective optimization

The initial parameters are rA ¼ rB ¼ 1; 050 mm,

hA ¼ hB ¼ 150 mm, H ¼ 310 mm. The rotation

angles in the working process are

�10� � a� 10�

�10� � b� 10�

�15� � c� 15�

8

>

<

>

:

:

Global kinematic and dynamic dexterity were

determined under the constraint of structural and

rotation angles.

The multi-objective optimization design model is

min f1ðXÞ ¼ gJðh s tÞ
max f2ðXÞ ¼ gMðh s tÞ
s:t: 150� h� 310 mm

300� s� 600 mm

0:4� t� 0:8

8

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

:

ð24Þ

where X ¼ ½h s t�T is the design variables.

5.2 Process of multi-objective optimization

design

Isight software was employed to optimize the fine-

tuning parallel manipulator. Global operating dexter-

ity was determined with MATLAB. Isight can be

integrated with MATLAB to solve the parameters

(Cui et al. 2013). The flowchart is shown in Fig. 4. In

the optimization component, NSGA-II was selected as

the optimization algorithm. Population size was set to

12 and the genetic algebra to 30.

5.3 Determination of the optimum global

operating dexterity solution

The Pareto solutions of multi-objective optimization

are shown in Fig. 5. The figure shows that kinematic

and dynamic dexterity are conflicting, namely,

increasing dynamic dexterity decreases kinematic

dexterity. The Pareto optimal solutions cannot always

satisfy all the objectives. Therefore, the decision

makers should select a compromise solution according

to the actual needs. Figure 5 was selected as the

solution in this study according to the practical

requirement; its values are shown in Table 1.

Table 1 shows that global kinematic dexterity

increased by 13.8 % and dynamic dexterity increased

by 2.23 % compared with the previous values. The

performance of these two clearly improved after

optimization.

6 Analysis of the operating dexterity

of the manipulator

6.1 Analysis of local operating dexterity

Local operating dexterity is shown in Fig. 6. The

segment and moving platform are connected together,

and the reachable region for the center of the segment

end 

Multi-objective optimization design model 

Multi-objective 
optimization algorithm 

Pareto set and Pareto frontier 

Build the plan of optimization 

Operating dexterity 
calculation (MATLAB) 

Performance indexes 

Design variable

Start 

Fig. 4 Flowchart of multi-objective optimization

0.496

0.506

0.516

0.526

0.685 0.6855 0.686 0.6865 0.687

Kinematic dexterity

D
yn

am
ic

 d
ex

te
rit

y

Optimal solution selected

Paroto frontier

Fig. 5 Pareto frontier
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is the reachable region of the parallel manipulator.

Figure 6a, c present the kinematic and dynamic

dexterity indices that have a distribution in the

reachable workspace. Figure 6b, d show the kinematic

and dynamic dexterity indices. Orientation angles a, b,
and c change in the reachable workspace; the color in

the figures indicates the magnitude of their corre-

sponding values.

The ranges of local kinematic and dynamic dexter-

ity in the working process are 0:357� jJ � 0:982 and

0:506� jM � 0:530 according to Fig. 6. The maxi-

mum values of local operating dexterity are shown in

Table 2.

The larger local kinematic dexterity is, the better

the transmission of the manipulator is. As shown in

Fig. 6a, b, when the color becomes darker, the

kinematic performance improves. According to

Table 2, when the manipulator is in ð0 ; 0 ; 967:4Þ or
when a ¼ 0, b ¼ 0, and c ¼ 0:13963, local kinematic

performance is the best one and the kinematic

dexterity of the manipulator is jJ ¼ 0:982.

High local dynamic dexterity indicates good accel-

eration. As shown in Fig. 6c, d, when the color becomes

close to dark red, the dynamic performance improves.

When the manipulator is in (–116.32,205.08,938.23),

(116.32,205.08,938.23), (–116.32, –205.08,938.23),

and (116.23,–205.08,938.23) or when a, b, and c are

at the edge of their range, the local dynamic perfor-

mance improves and the four maximum positions of

dynamic dexterity are symmetric.

The good and poor dynamic performance regions in

the workspace can be obtained from Fig. 6. In the

reachable workspace, the range of local kinematic

dexterity is 0:357� jJ � 0:982 and that of local

dynamic dexterity is 0:506� jM � 0:530. This condi-

tion indicates that the manipulator has good transmis-

sion and acceleration performance.

Table 1 Comparison of data before and after optimization

h s t gJ gM

Before

optimization

195 370 0.6 0.5900 0.5042

After optimization 166.6 595.5 0.7996 0.6858 0.5160

(a) Kinematic dexterity distribution in the reachable region
(b) Kinematic dexterity distribution in the reachable region

with a change in the orientation angles 

(c) Dynamic dexterity distribution in the reachable region
(d) Dynamic dexterity distribution in the reachable region

 with a change in the orientation angles 

Fig. 6 Distribution of the local operating dexterity of the parallel fine-tuning manipulator
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6.2 Determination of the optimum region based

on operating dexterity

According to the distribution of the operating dexterity

indices in the workspace of the manipulator, the

optimum region for the manipulator can be determined

based on the performance indices’ range of operating

dexterity. The optimum region is defined in this study

as that where local kinematic dexterity index jJ is

larger than global kinematic dexterity index gJ and

local dynamic dexterity index jM is larger than global

dynamic dexterity index gM . In other words, the local

operating dexterity indices of the manipulator in the

optimum region are in the range of

jJ � gJ ¼ 0:6858

jM � gM ¼ 0:5160

(

:

Figure 7 shows the optimum region and the distri-

bution of the local operating dexterity indices. Consid-

ering kinematic and dynamic dexterity, the optimum

region for the parallel fine-tuning manipulator is

Table 2 Location of the maximum value of local operating dexterity

a b c X Y Z

Maximum value of local kinematic dexterity 0 0 0.13963 0 0 967.4

Maximum value of local dynamic dexterity -0.17453 -0.17453 -0.2618 -116.32 205.08 938.23

-0.17453 0.17453 0.2618 116.32 205.08 938.23

0.17453 -0.17453 0.2618 -116.32 -205.08 938.23

0.17453 0.17453 -0.2618 116.32 -205.08 938.23

(a) Kinematic dexterity distribution in the optimal
work region 

(b) Kinematic dexterity distribution in the optimal
 work region with a change in the orientation angles

(c) Dynamic dexterity distribution in the optimal 
 work region 

(d) Dynamic dexterity distribution in the optimal 
 work region with a change in the orientation angles

Fig. 7 Distribution of the local operating dexterity of the parallel fine-tuning manipulator in the optimal work region
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0:68587� jJ � 0:90044

0:51606� jM � 0:52859

(

:

The optimal design for the manipulator is one that

allows the manipulator to work in the optimum region

to acquire good transmission and acceleration perfor-

mance. Likewise, it should meet the requirements to

improve the control precision and efficiency of the

segment assembly robot.

7 Conclusion

This study investigated the operating dexterity of a

3-DOF fine-tuning manipulator for segment assembly

robots in shield tunneling machines. The operating

dexterity performance indices, including kinematic

and dynamic dexterity, were defined for the manipu-

lator by considering motion transmissibility and

accelerating capability. Using these operating dexter-

ity performance indices as objectives, multi-objective

optimization and dimensional synthesis for the paral-

lel manipulator were implemented with Isight soft-

ware. An optimal solution was selected from the

Pareto optimal solution set. Performance evaluation of

the operating dexterity of the optimal parallel manip-

ulator was performed, and the optimum region was

established. The optimization method can provide all

possible design solutions and enable the designer to

adjust the solutions flexibly according to practical

design requirements. The multi-objective optimal

design method introduced in this study can also be

applied to the design of other orientation fine-tuning

manipulators or mechanisms.
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