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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
tunneling machines. 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

G. Cui - H. Zhou - Y. Zhang
College of Equipment Manufacturing, Hebei University
of Engineering, Handan 056038, China

D. Zhang (D)

Department of Automotive, Mechanical and
Manufacturing Engineering, University of Ontario
Institute of Technology, Oshawa, ON L1H 7K4, Canada
e-mail: dan.zhang@uoit.ca

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
parallel manipulators 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
calculation method for a 3-UPU parallel manipulator to
reach the design optimization goals. Li and Zhao (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 parallel manipulator.

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 new multi-
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

A 4-SPS-S redundant parallel manipulator was employed
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 serial manipulator to
achieve rough positioning of the segment. The fine-
tuning manipulator is a 4-SPS-S manipulator that
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Fig. 1 Kinematic structure of the segment assembly robot

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

accomplishes pitch, roll, and yaw motions to achieve
accurate positioning of the segment. Figure 2 showsa 3D
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 A; and B; (i =1, 2, 3, 4). The
height of the moving platform is H. The passive chain
is connected to the base and moving platform in Oy
and Og. 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 —
XaYaZy and O — XpYpZg. Two coordinates coincide
in the initial position. The distance between O and the
base platform is h. A;, A, and A3 are averages
distributed on the circle with a radius of r4. A4 is on the
plane perpendicular to the base and parallel to OsAs3;
the distance to the base platform is hs. The project
length of A| and A4 on the base platform is s. By, By,
and Bj are averages distributed on the circle with a
radius of rg. B4 is on the plane XzOZg; the distance to
Zg is (¢ - rg) and that to the base platform is Ag.
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Fig. 3 Kinematic diagram
of the 4-SPS-S mechanism

3 Determination of the kinematic model

According to coordinate transformation theory,

L=3R Bpy —2py (=12 34 (1)

where ]; is the vector of limbs in the fixed coordinate
system, Ap,; is a vector of A; in the fixed coordinate
system O — X Y4Z4, and BpBi is the vector of B; in the
coordinate O — XgYpZp.

ApAl [ra 0 — h]
APAz [~ra/2 — \/§rA/2 _h]T 2)
APAs [—7ra/2 \/_VA/z - h}T
Apas = [ra — /2 V/35/2 hy — h]"
pBl [ 0H— h]T
=[-rg/2 —\V3rg/2 H—h" )
PBs [~r/2 ﬂrB/zH—h]T
Bppa=1[rs- 1O H—h—hg|"

The 4-SPS-S parallel manipulator exhibits three
rotations and is an actuation redundant parallel
manipulator. According to RPY transformation, the
rotation matrix is

3R = RPY(y, §,2)
cyefp cysfso— syco  cysPeo + syso
= | sycf  sysPso+ cyco  sysPea — cypso | (4)
—sf cPsa cfea
where «, f§, and y are the angles of pitch, roll, and yaw
of the moving platform, respectively. siny and cosy
are expressed as sy and ¢y, respectively.

The three output parameters (o, 3, y) are selected as
the independent coordinate of  generalized

coordinates. q = [« f 7]”,

is =[]
According to the inverse kinematics of the

parallel manipulator, l; can be determined by «, f,

y. The squared length for each limb is a function
of o, f3, 7.

so the generalized velocity

1= |6lP= |[*pei — pAlH = 0i(, $,7) (5)
The derivative of Eq. (5) is obtained as

Al = Bq (6)

I=A"Bq (7)

where J = A~'B is the Jacobian matrix of the parallel
manipulator.

2, 0 0 O
0 2L, 0 O
A=
0 0 25 0
Lo 0 o 2
_a@l(avﬂay) an(O‘aﬁ”/) a@l(%ﬁﬁ))_
0o aop oy
005(at, B,7) 00x(x,B,7) 00s(x, f,7)
B— oo aop oy
003(x, B,y) 0O3(x,p,y) 00O3(x, B,y)
oo op oy
004(, B,7) 0O4(a, B,7) 0O4(a, B, 7)
L 0o aop oy J

As shown in Figs. 1 and 2, the segment center of
gravity is assumed to be G. 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 = [0 0 1134 — A].
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According to the rotating coordinate transformation,
we obtain

APG = ﬁR ! BpG = [X(OC, ﬁa ')}) Y(OC, ﬁa 'V) Z(OC, ﬁv ,)))]T
(8)

Apg, which is the coordinate of the gravity center of

segment G in the fixed coordinate system, is a function

of o, 8, 7.

(1134 — h)(cysPeca + sysor)

(1134 — h)(sysPco — cysor) 9)

(1134 — h)cfeua

Apg =

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

where
v=[xv2Zz
[ 0X(2, B,7) OX(B,y) 0X(2,B,7) ]
oo op oy
j. — | ¥(@py) O¥(apy) OY(xfy)
¥ o op oy
OZ(o, Byy) OZ(o, B,y) 0Z(x, B,7)
L Ox op o

According to the physical definitions of «, f3, and y
in the RPY transformation, the angular velocity of the
center of the segment expressed in the fixed coordinate
system is

o=J,q (11)
where
o =i}’
1 00
Jo=1({0 1 0
0 01

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
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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 x n mass matrix M, the quadratic equation is

A Mx =1, (12)

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 of M. 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 k.

Ky = )Lmin (M)/;Lmax (M) (13)

where M is the mass matrix. The range of ry is
0 <y <1. When ky = 1, k) has dynamic isotropy.

Global dexterity can be utilized to describe the
mean value of 3 in the workspace. The global
dexterity index is

- f WKMdW

Ny = deW (14)

where W is the workspace of the parallel manipulator
and global dexterity index #,, is in the range
0<mny <1. The closer index n,, 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 (aK(q, q)) _K(g,9) | P
dt aq Jq oq

=1 (15)

where q contains the generalized coordinates, t is the
generalized actuation force, P(q) is the potential
energy, and K(q,q) :%qTM('] is the kinematic

energy.
Rearranging the equation results in
Mq+V(q,4)q+G(q) = (16)

where M is the mass matrix, V(q,q) is the coriolis
coefficient, and G(q) 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= % (mv'v 4+ 0'Iw) (17)
where m is the mass of the segment, v is the linear
velocity of gravity center G in the fixed coordinate, ®
is the angular velocity of the gravity center in the fixed
coordinate, and I is the inertia matrix.

When calculating its kinetic energy,

I— RILAR (18)
9.697¢2 0 0

where [I]= |0 5.465¢3 0 kg -
0 0 5.997¢3

m? is the main inertia matrix of the segment.
Substituting Equations (10), (11), and (18) into (17)
results in

1
T :E(mvTV + o'Io)

) (048) + (o) M)
(19)

1
=3 [mg"JTJye + 8" I 1) g

1

The kinetic energy can then be expressed in a
quadratic form as

1, .
T =54 (mI3v + Jo1o)d. (20)
The mass matrix of the operating space is
M = mJIJ, + J 1. (21)

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.

L a0/ i (07) (22)

Ky =—
K

where Amax (J7J) and Apin (J7J) are the maximum and

minimum eigenvalues of J7J.

The condition number is in the range k € [1, +00).
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.

_fijdW
ny = fde

(23)

where W is the workspace of the parallel manipulator.

The global dexterity index is in the range
0<n; <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 r4 = rg = 1,050 mm,
hy = hg =150 mm, H =310 mm. The rotation
angles in the working process are

—10°<a<10°

—10°<p<10°.

—15°<y<15°

Global kinematic and dynamic dexterity were
determined under the constraint of structural and

rotation angles.
The multi-objective optimization design model is

min f; (X) = n;(h s t)
max f>(X) = ny(h s 1)
s.t. 150 <h <310 mm (24)

300 <5 <600 mm
04<r<0.8

where X = [ s 1]" 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
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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
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Table 1 Comparison of data before and after optimization

h S t ny Ny

Before 195 370 0.6
optimization

0.5900 0.5042

After optimization 166.6 595.5 0.7996 0.6858 0.5160

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 o, f3,
and y 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 <x; <0.982 and
0.506 < xp; <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

0.082
0.893
0.804
0.714
0.625
o 0.536

2500.445
0.357

(a) Kinematic dexterity distribution in the reachable region

125 et

125
y(mm) %2

J250 _250-1 25 ®¥{mm)

(¢) Dynamic dexterity distribution in the reachable region

Fig. 6a, b, when the color becomes darker, the
kinematic performance improves. According to
Table 2, when the manipulator is in (0,0,967.4) or
when o =0, f = 0, and y = 0.13963, local kinematic
performance is the best one and the kinematic
dexterity of the manipulator is x; = 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 o, f3, and 7y 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 <x;<0.982 and that of local
dynamic dexterity is 0.506 < ks < 0.530. This condi-
tion indicates that the manipulator has good transmis-
sion and acceleration performance.

0.982
0.8493
0.804
0.714
0.625
: 0.536

n2@0.446

) e s - 0.1
rady 0 a
Plrad) '0-1_0.2 gz 01 gfrad) 0.357

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

0.520
0.526
0523
0.520
0516
0513
0510
0.506

}r(rad)

: . 0.z
ditaq o O
Rlrad) -0. 02 gz B wirad)

(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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Table 2 Location of the maximum value of local operating dexterity
o 7 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
ogsz e 0.987
0.893 0.3 0.893
0.804 o2 0.804
0714 01 '
,._.(; 0 0.714
gzgg £ 01 0.625
: 0.2 ¢ : 0.536
y{mm) 4 - o 125 25070 L0l T 01 T Mg 357
T2 g Bira) "0 5.3 201 e

(a) Kinematic dexterity distribution in the optimal
work region

BB0L oo
: : 0.530

0.526
0.523
0.520
0.516
0512
-, 0510
250 0.506

. o 125
125 Do)

(¢) Dynamic dexterity distribution in the optimal
work region

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

oo

0.2 ’

04 0.523
% 0 0.520
=-0.1 0.516

.07 : 0.513

0.2 0.1 1 0506

s lneeni 0.

] . . I
Blrad)’ -01 g7 -2’01 (1)
(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

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 x; is
larger than global kinematic dexterity index 7, and
local dynamic dexterity index x, is larger than global
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dynamic dexterity index 7,,. In other words, the local
operating dexterity indices of the manipulator in the
optimum region are in the range of

Ky >n; = 0.6858
K >y = 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
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0.68587 < i; < 0.90044
0.51606 <y <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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