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Abstract; Optimization of structural parameters aimed at improving the load carrying capacity of spatial flexible redundant

manipulators is presented in this paper. In order to increase the ratio of load to mass of robots, the cross-sectional param-

eters and constructional parameters are optimized respectively. The cross-sectional and configurational parameters are op-

timized simultaneously. The numerical simulation of a 4R spatial manipulator is performed. The results show that the

load capacity of robots has been greatly improved through the optimization strategies proposed in this paper.
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1 Introduction

In recent years, there has been a widespread
interest in the light-weight mechanisms and ma-
nipulators with flexible members because advan-
tages over rigid body such as: smaller actuators.,
lower power requirements, higher operation
speed, high load to mass ratio and more compact
link design etc. These have been demonstrated
by a number of papers published in many areas
concerning elastic mechanisms and flexible ma-
Much

nipulators. advancement has been

made?,

The most advancement in flexible mecha-
nisms and manipulators concentrated on dynamic
modeling. It is necessary to pay more attention
to the dynamic characteristics and structure de-
sign of flexible mechanisms and manipulators.

Encouraging achievements have been obtained in

the KED design of mechanisms by way of non-
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[6-8]

linear optimization""*', optimality criteria tech-

D1 and kinematic refinement™'?. The re-

niques
lationship between the natural frequency and
cross-sectional parameters of the elastic mecha-
nisms was derived theoretically and illustrated

03] However,

by means of numerical example
little attention has been paid to the study of flex-
ible manipulators. By carefully analyzing the dy-
namic equations of flexible manipulators, we
find that the structural parameters (such as the
cross-sectional parameters, the configurational
parameters of links and the lumped mass at the
joints) play a very important role in the dynam-
ics of flexible manipulators. It is obvious that
the dynamic performance of flexible manipula-
tors can be improved by optimizing these design
parameters.

Meanwhile, the operational tasks of today’s
robot manipulators have become more and more
sophisticated, which requires that manipulators

possess more and more degrees of freedom to of-
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fer greater dexterity and versatility. Kinematic
redundancy occurs when the degrees of freedom
of a manipulator are greater than the minimum
number required to execute a given task. The ki-
nematic and dynamic performance of manipula-
tors can be greatly enhanced due to the kinematic
redundancy. So, an ever increasing number of
researchers have been directing their efforts to-
wards the adoption of redundancy, resulting in
many improvements. However, flexibility of
links and joints has rarely been considered in

1457, the assumption of rigid

most of the studies
body can no longer be applied to the new genera-
tion of robot manipulators, especially to those
used in space.

The joint motion planning of flexible redun-
dant manipulators has been proved to be effec-

deformation %,

tive in decreasing elastic
However, these studies are performed under the
supposition that the configurational parameters
and cross-sectional parameters are constant, In
fact, corresponding to the prescribed trajectory
of end-point and the fixed initial joint configura-
tion, the resolution of the configurational pa-
rameters for a redundant manipulator is infinite,
and the cross-sectional parameters are also
changeable. The configurational parameters can
be optimized to improve the dynamic perform-
ance such as, decreasing the elastic deformation
error of the end-point, enhancing the ratio of
load to mass etc. The cross-sectional parameters
are similar.

In this paper, optimization of structural pa-
rameters to improve the load carrying capacity of
spatial redundant flexible manipulators is stud-
ied. The cross-sectional parameters and configu-
rational parameters are optimized individually,
and the cross-sectional parameters and the con-
figurational parameters are optimized simultane-
ously with the end-effector tracing the prescribed
trajectory. The ratio of load to mass is greatly

enhanced, which is demonstrated by the numeri-

cal simulation of a 4R spatial manipulator.

This paper is organized as follows. In the
following sections, a theoretical analysis of the
dynamics, kinematics and load capacity of flexi-
ble redundant manipulators is presented. Then,
three strategies of structural parameter optimiza-
tion are proposed. Finally, a numerical simula-
tion is performed and several valuable conclu-

sions are drawn.

2 Theoretical analysis

2.1 Dynamics

It is well known that the fatal disadvantage
of flexible manipulators is the deterioration of
the end-effector accuracy due to the deformation
of manipulators. The end-effector motion of
flexible manipulators is not only determined by
the joint motion, but also influenced by the elas-
tic deformation of links. There are basically two
methods for modeling flexible manipulators, i.
e. assumed mode method and finite element

method ( FEM ),

FEM has been showed to be more convenient

Through comparison the
and effective. Therefore, a special element,
called a spatially translating and rotating beam
element, was developed™™ based on FEM and is
used here to drive the dynamic equations of a

spatial flexible manipulator as follows

[M {0} +[C U +[K U ={F,} .
(1

where [M, |,[C,] and [K, ]is the nu X nu global
mass , damping and stiffness matrix, respective-
ly. {F,} is the nu X1 generalized force vector.
[U,].[U,] and {U,} are the generalized displace-
ment, velocity and acceleration vector of the e-
lastic motion of flexible links, respectively. nu is
the number of the coordinates.

In the dynamic equations of spatial flexible
manipulators, we can find that the terms of
[M,],[C,],[K,],[F,] are determined by not on-

ly the joint motion of robot, but also the struc-



No. 5 ZHANG Xu-ping,et al ; Optimization of structural parameters for spatial flexibless«+-+ 563

tural parameters such as the configurational pa-
rameters (link length) and cross-sectional pa-
rameters (the height and width of links). There-
fore, two strategies can be taken to improve the
dynamic performance of flexible manipulators
when keeping the end-effector tracing the pre-
scribed trajectory. One is planning the joint mo-
tion ¢,q and ¢ by the use of kinematic redundan-

L4151 The other is optimizing

cy as was done in
structural parameters of robots. The latter
strategy will be investigated in this paper.
2.2 Kinematics

The relation between the task space varia-
bles x & R” and joint space variables & R” of re-

dundant manipulators can be defined as

x=@(q) , (2)

where q is the nX 1 vector of joint variables. x is
the m X1 vector of task variables. ¢ is a differ-
entiable nonlinear vector function whose struc-
ture and parameters are assumed to be known
for any given manipulator.

For a redundant manipulator, the number
of joint space coordinates exceeds the number of
workspace coordinates m. The effect of the extra
degrees of freedom can be easily seen in the dif-
ferential relation of equation (2) that given by

the manipulator Jacobian

z2=J(Qq » (3)

Where, J is the m X n configuration dependent
Jacobian matrix with m<n formally defined as
Jde/dq. The upper dot here denotes time deriva-
tives.

Differentiating (3), we obtain the accelera-

tion equation

2=J(@Qqt+T(Qq . 4

It is clear that in the case of a redundant

manipulator with respect to a given task (m <

n), the inverse kinematic problem has infinite
solutions. From equation (4), a general formula
of the inverse kinematics at acceleration level as
the sum of a particular and homogeneous compo-

nent can be presented as

g=J" G—Jp+UI—J " De , (5)

Where J© €R"™ is the pseudoinvers of the Jaco-
bian matrix J. I€ R is a unit matrix. g is the
arbitrary vector of null space of the redundant
robot. (I—=J" J)e& N(J) is the homogeneous
solution which is orthogonal with J*© (x — Jq.
The homogeneous solution indicates the self-mo-
tions among links. This means that there are, in
general, an infinite number of ways to configure
the arms for a given position/orientation of the
end-effector. The links can move freely while
maintaining the end-effector in one position/ori-
entation. This “self-motion” capability is an at-
tractive feature of redundant manipulators. It is
the basis for the motion planning strategies to
improve the dynamic performance of manipula-
tors.

For a flexible manipulator, the end-effector
position/orientation is not only the function of
joint motion angle vectors, but also the function

[14-15]

of joint and link deformations . In this case,

equations (2)~(4) become

x=o(q,uw) , (6)
x=Jqg+Ju . (7)
a=Jqt+JgtJau+Ju. (8)

Similar to the rigid one, a general solution
of the inverse kinematics of flexible redundant
manipulators at the acceleration level can be
written as the sum of the particular and homoge-

neous components

g=J" " G—Ji—Ju—Ja)+UI=J De, (9
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Where u € R" is the generalized coordinate,
which describes the deformation of joints and
links. nl is the number of the flexible degree of
freedom. J,=d@/du& R*" is the flexible Jacobi-
an matrix. (—J,u — Ju) is the elastic deforma-
tion compensation term which is used to com-
pensate the end-effector deformation errors. In
this way, the end-effector can follow the track of
the trajectory precisely. However, the compen-
sation term brings out an unexpected sharp an-
gular acceleration fluctuation, which is difficult
to control in practice. The main aim of this stud-
y is to investigate the optimization of structural
parameters of redundant flexible manipulators.
Therefore, this term can be neglected here.
2.3 Load capacity

When the end-effector motion of a manipu-
lator is satisfied, the ratio of maximum load M,
that manipulators can carry to its mass M, is
called as the ratio of load to mass p. It is an im-
portant index to evaluate the performance of
flexible manipulators.

The mass of manipulators can be written as

follows

M, = > (obhid; +my) (10)

i=1

where, p; is the mass density of the i-th link. /;,
b; and h; are the length, cross-sectional width
and height of the i-th link, respectively. m, is
the lumped mass at the i-th joint.

Therefore, the ratio of load to mass p can

be expressed as

p=M,/M, =M,/ > (obhil +my) . (11

i=1

Obviously, there are two strategies that can
be taken to improve the load carrying capacity of
flexible manipulators. One is the strategy of
joint motion planning by which the joint motion

is optimized to enhance the maximum load that

the manipulators can carry. This will be dis-
cussed in another paper. The other is the strate-
gy of parameter optimization by which the struc-
tural parameters (such as the cross-sectional pa-
rameters b; and h,;, the configurational parame-
ters [;,» the lumped mass m,) are optimized to
decrease the mass of a manipulator. This strate-

gy will be studied comprehensively in this paper.

3 Optimization strategies

There are two kinds of parameters in the
design of flexible manipulators. One is a cross-
sectional parameter, the other is a configuration-
al parameter. They are discussed as follows.
3.1 Optimization of cross-sectional parameters

It can be seen from the dynamic equation
(1) of flexible manipulators that the terms of
[M, ],[ K, ] are the function of cross-sectional pa-
the width and height of link

cross-sections, if the joint motion and link

rameters, 1. e.

length of manipulators are fixed. From the mod-
eling process of dynamic equations, we can un-
derstand that the variation of the cross-sectional
parameter will change the system mass matrix,
stiffness matrix and generalized force vector.
This may leads to a change in the dynamic per-
formance of manipulators. Therefore, by opti-
mizing the cross-sectional parameters, the ma-
nipulator system mass can be distributed reason-
ably among links, and as a result, the stiffness
of the manipulator system can be enhanced and
the gross mass of manipulator can be reduced.
In the process of optimization, it is thought
that the lumped mass m, at joints will be de-
creased with the decrease in the link and actuator

masses, assumed to be determined by
My = Ny +§D;(Z’i) ’ (12)
where m,, is the basic lumped mass at the i-th

joint. z; is the maximum driving torque of the i-

th actuator. ¢; is the function between m, and z,,
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which can be supposed to be a linear relation-
ship.

Meanwhile, the deformation error of the
end-effector and the stress of links may increase
with the decrease in link mass. The constraints

shown in follows should be satisfied

Gimax<[gi] i (13)

6max<[8] ’ (14)

where 6., 1s maximum stress of the :-th link,
Omax the maximum defamation error of end-effec-
tor,[o; ] is the allowable stress of the i-th link,
[8] is the allowable error of end-effector.

The term of M,/M, can now be supposed to
be the optimization objective of this study to de-
crease the mass of the manipulator. The cross-
sectional parameters, the width 6; and height A;
of link cross-section, are selected to be optimiza-
tion variables. The strategy of cross-sectional
parameter optimization for flexible manipulators
can be expressed in the following mathematical

form

Min f(x)=1/p(x)=M,(x)/M,
Sole Oma— Lo J<<0  (G=1,,m)
O — L0120
LT, (15)

wbhyshyy oy h,)

denotes the cross-sectional parameters, n is the

where = (x5, x9,) = (b, **+
number of links, z, and z, are the lower and up-
per border of x, respectively.
3.2 Optimization of configurational parameters
The cross-sectional parameters are opti-
mized to improve the load carrying capacity in
section 3. 1. As a matter of fact, the configura-
tional parameters of redundant manipulators are
also changeable, and so can be adjusted through
optimization.
According to the analysis in section 2, the

geometric model of a redundant manipulator can

be written in the following form

20=0(q0,0) » (16)

Since equation(12) represents equations with n
unknowns, there are an infinite number of solu-
,1,). Different [ will lead
to different joint motion ¢q,¢ and ¢ il x, and g,
are fixed. As a result, the term of [M, ],[C, ],
[K, Jand [ F,] in dynamic equation (1) will vary,

tiOI’lS fO]f' [= ([] 9[2 s *°°

and the dynamic performance of manipulators
may be affected. At the same time the matrices
of [M,],[C,]and [K,] can be directly varied
with the change of the constructional parame-
ters. So, the configuration parameters can be
optimized to decrease the gross mass and im-
prove the load carrying capacity of redundant
flexible manipulators.

The configurational parameters [ are select-
ed as optimization variables. M,/M, is supposed
to be optimization objective. The strategy of
configurational parameters optimization can be

written in the following form

Min f(x)=1/pu(x)=M,(x)/M,

Sote Guax —L0; <O (i=1,,n)
Omax — L0120
r<a<x, » 17
where x= (xy, >+, 2,) = (L, -, [,) represents

the configurational parameters of manipulators.
3.3 Comprehensive optimization of the cross-

sectional and configurational parameters
As mentioned above, either cross-sectional
parameter or configurational parameter can vary
the terms of [M, ],[C,],[K,] and [ F, Jin dynam-
ic equation (1). Each of them has important
effects on the dynamic performance of flexible
manipulators. In section 3. 1 and section 3. 2,
the configurational and cross-sectional parame-
ters are optimized individually to improve the ra-
tio of load to mass of manipulators. In this sec-

tion, a comprehensive optimization of the config-
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urational parameters and cross-sectional parame-
ters is presented. It may be more effective to de-
crease the gross mass and improve the ratio of
load to mass of flexible manipulators. In this op-
timization strategy, both the configurational pa-
rameters and cross-sectional parameters are se-
lected as optimization variables simultaneously.
The maximum ratio of load to mass is supposed
Therefore, this

comprehensive optimization strategy can be writ-

to be optimization objective.

ten in the following mathematical form

Min f(x)=1/p(x)=M,(x)/M,
Sot. Gmax Lo KO (i=1,+,n)

Omax — [0]<20

r<a<x, » (18)
913,1):([13"' ab”yhl’

where x (x5 *** s lyshyyee

cee ’h”)'

4 Simulation and discussion

A spatial 4R manipulators with four flexible
links (shown in Fig. 1) is used in the numerical
solution for the design of robot based on the
three strategies proposed above. The spatial ro-
bot has one degree of redundant freedom if only
the position of end-effector is considered. The o-
riginal parameters of a robot are given as fol-

lows: the length of each link is 200 mm. Both

the cross-sectional height and the width of each
link are 7 mm. Each link is made of steel with e-
lastic modulus of 200 MPa, shear modulus of
80 MPa, and mass density of 7 800 kg/m’. The
lumped mass at each joint is 40 g and the lumped

mass at the endpoint is supposed to be 20 g.

Fig. 1 A spatial 4R flexible manipulator

It is supposed that the end-effector runs a-
long a straight line trajectory of 0. 1 m long
within one second. The motion profile of the

end-effector can be expressed as

r=a,‘attat’* *+at® , (19)
y=bytbt+b, 1" +b,1° (20)
z=coteitte, i Fetd . (21)

where a;,6,,¢;,(i=0,1,2,3) are the coefficients
determined by the boundary conditions of mo-
tion. The velocities of the end-effector at the be-
ginning and the end of the motion are supposed

to be zero.

Tab.1 Optimization A

parameters a as as ay M, §z
original 7.00 7.00 7.00 7.00 375.76 0.133
optimization A 7.74 5.52 5.00 5.00 273.22 0.183

Tab.2 Optimization B

parameters by b b b,y

hy h, hs h, M, 7

original 7.00 7.00 7.00 7.00
6.32 5. 00 5. 00

optimization B 9.18

7.00 7.00 7.00 7.00
5. 00 5.23 5. 00 5.00

375.76  0.133
248.76  0.201
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Tab.3 Optimization C
parameters L ly Ly I M, yz
original 200 200 200 200 375.76 0.133
optimization C 350. 24 151. 06 130.5 50.0 325.11 0.154
Tab.4 Optimization D
parameters by b, b hy hsy hy hy M, P
optimization C 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00 325.11 0.154
optimization D 6.21 4. 00 4. 00 4. 00 4.15 4. 00 4. 00 4. 00 134.24 0.357
88(1)8 i i Original struture |] 2.00 S T T
0.008 —cmmQptimization A || 195 T — 1
§ 0. —-Optimization B | 9 1.90 - T ~— ]
5 0 : £ 185)
5 ¢ 2 185} . ]
20 2 1sof Original
2 o E 175[ T ptimize 1
=0 2 L0} 1
. 1.651 1
10 1645 02 04 0.6 08 1.0
Time/s Time/s
Fig. 2 Elastic error at the end-point of the manipulator Fig. 5 Angle of 4th joint
. — — 0.5 T T T :
88(1)8_ 8r1gmal o0 C ] 0.4 _ ]
0008k ~—o-—Optimization i < 03 Original ]
g 0'007 —— Optimization D 8 02F @0 T~ Ll Optimized ]
s o 01F
2 0.006 S 01F
S 0.005 g oo
Z  0.004 B
£ 0.003 5 02¢
= 0.002 = -03F
0.001 -8!5* s . . . . ]
0»00% 5 0.0 0.2 0.4 0.6 0.8 1.0
’ ) Time/s
Time/s
Fig. 6 Angular accelerati { the 1st joint
Fig. 3 Elastic error at the end-point of the manipulator '€ neutar acceleration of the Istjom
1.10 : : : : £ ?(5) ' ' ' '
1.08 | — ] = lor Original
1.06 [ Originale ] S 10F | e Optimized )
—§ 104 = -Optimized 1 g st ]
o 1.02F B g 0.0 ]
B 100 [ ] =
& é-gg T — ] 5, 0.5 b ]
= ] g -1.0 1
g VJor =
= 094} ] £ 15 1
0oet , , , ‘ ] B 1 (¥ R ¥ S
%0 02 04 06 08 10 Time/s
Time/s

The initial values of the joint configuration vec-
tor q, and the arbitrary vector are set to be (2.0,
2.0,2.0,2.0)T and (0.0,0.0,0.0,0.0)". The

initial end-effector position vector x, = (ay» by

Fig. 4 Angle of the 1st joint

Fig. 7 Angular acceleration of 4th joint

¢) " can be derived from equation (2), and the
end-effector trajectory is planned according equa-
tions (15)-(17).
mass or the minimum mass of the manipulator is

The

The maximum ratio of load to

supposed to be optimization objective.
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cross-sectional parameters and configurational
parameters are optimized, individually at first,
and then optimized simultaneously. The numeri-
cal results are shown in Tab. 1 ~ Tab. 4, and
Fig. 2~Fig. 7. The length unit is mm, and mass
unit is g in the tables above.

In the strategy of cross-sectional parameter
optimization, for comparison, two processes
have been shown in Tab. 1 and Fig. 2. In the
first process, i. e. optimization A, the cross-sec-
tion of links is supposed to be square, and only
the dimensions of cross-section, a;(:=1,2, 3,
4), is optimized. It can be seen that the mass of
the flexible manipulator has been reduced from
375.76 g to 273. 22 g. The ratio of load to mass
has been increased by 37. 6%, from 0. 133 to
0. 183 while the end-effector error caused by e-
lastic deformation does not increase. In the sec-
ond process, i. e. optimization B, the link cross-
section is selected as rectangular, both link
width and height, 6;,h;(:=1,2,3,4), are opti-
mized. We can find that the mass of the manipu-
lator has been reduced from 375. 76 g to 248. 76
g. The ratio of load to mass increased by 51. 1%
from 0. 133 to 0. 201, increased by about 10% as
compared with optimization A. As shown in
Tab. 1~Tab. 2, the cross-section parameters of
links are quite different from the originals. The
results illustrate that the robot system mass can
be distributed properly among links by optimi-
zing the cross-sectional parameters. Therefore
the dynamic performance of flexible manipula-
tors can be improved. In the design of flexible
manipulators, the cross-sectional parameters are
important variables, and the load capacity of ro-
bot can be improved through the optimization of
cross-sectional parameters.

Tab. 3 is the result of configurational pa-
rameters optimization, i. e. optimization C. It is
shown that the mass of the redundant flexible
manipulator has been decreased from 375. 76 g to
325.11 g, the ratio of load to mass has been en-
larged by 16% from 0.133 to 0. 154. We can al-

so find from Fig. 3~TFig. 7 that the joint motion
of the manipulator has been changed greatly due
to variation in link length, [, (i=1,2,3,4).
Therefore, the kinematic and dynamic perform-
ance of the manipulator has been improved. It
can be seen in Fig. 3 that the end point deforma-
tion error of the flexible manipulator decreases
when the manipulator becomes lighter. There-
fore the cross-sectional parameters can be fur-
ther optimized to decrease the mass of manipula-
tor.

In the strategy of comprehensive optimiza-
tion, i. e. optimization D, the cross-sectional pa-
rameters and configurational parameters are op-
timized simultaneously. The distribution of the
manipulator system mass becomes more reasona-
ble, the mass of the manipulator further decrea-
ses to 134. 24 g,a decrease of 40% and 58. 7% as
compared with optimization B and optimization
C, respectively. The ratio of load to mass of ro-
bot reaches 0. 357, more than 1/3. This result is
nearly impossible for rigid robots or non-redun-
dant flexible manipulators. It is shown that the
load carrying capacity of the flexible manipulator
has been improved greatly through optimization D.

From the results of optimization, we can al-
so find that the link dimension becomes smaller
gradually from the base to the end of manipula-
tor, which helps the robot behave with the max-
imum stiffness and minimum mass. This reason-
able result can be useful to guide the design of

flexible manipulators.

5 Conclusions

The design parameter optimization of re-
dundant flexible manipulators has been investi-
gated through theoretical and numerical analy-
sis. It has been illustrated that both the cross-
sectional parameters and configurational parame-
ters are important design variables for redundant
flexible manipulators. It is necessary for the im-

provement of dynamic performance of flexible
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manipulators to optimize the configurational pa- manipulators.

rameters and cross-sectional parameters simulta- Acknowledgments: This work is supported
neously. The design strategies proposed in this by Beijing Education Commission, Beijing Sci-
study have been shown to be greatly effective in ence and Technology Committee.

improving the load capacity of flexible redundant
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