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Abstract

The State Council issued the "made in China 2025" plan. According to the plan,
the robot will become one of the key areas in nowadays. Around industrial robots,
special robots and service robot application’s needs, the plan pointed out that it’s
necessary to actively develop new products, promote the standardization of robots, and
modular development, and expand market applications. Break through the bottleneck
of robot body, key components and system integration design and manufacture.
Manufacturing transformation becomes a new trend of development. There is no doubt
that industrial robots is undoubtedly one of the key areas of China's manufacturing
sector reform. One of the key points of this paper is to use the intelligent evolutionary
algorithm to optimize the manipulator. According to the mechanical arm structure and
the manipulator kinematics and dynamics theory, we finally determine to use the
manipulator geometry parameters and drive train parameters as the research variables,
manipulability and weight as the optimization goal. And constrained multi-objective
evolutionary algorithms will be used in manipulator optimization design. In order to
realize the purpose of improving the light weight and manipulability of the existing
manipulator. In this paper, there are two research object of the robot arm, one is URS
(Universal Robot 5), and the other is the independent development robot arm, the main
research work is as follows:

(1) Kinematics modeling for URS and independently developed manipulator. The
D-H coordinates and kinematics equations are established to solve the forward and
inverse kinematics of the manipulator. Based on the kinematics equations of the
manipulator, using the Monte Carlo method and MATLAB robot toolkit to obtain the
three-dimensional working space of the manipulator. Then comparing these two
methods to solve the rationality of mutual authentication.

(2) Description of the optimization design problem. Under the premise of
satisfying the performance of the mechanical arm, the mechanical arm with lighter

weight and higher manipulability is expected to be obtained. According to the structure
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of the manipulator, the geometric parameters and the type of the motor and reducer in
the drive train system are taken as the design variables. At the same time, the
optimization of the manipulator must meet the constraints of the geometric parameters
of the manipulator, as well as the transmission system torque, speed constraints.

(3) The optimal solution of the manipulator's design optimization problem is
obtained by using the three improved constrained multi-objective optimization
algorithms. These three algorithms are MOEAD-CDP, MOEAD-ACDP, MOEAD-IEps.
MOEAD-CDP proposes a constraint handling method based on penalty function
without any penalty parameters. MOEAD-ACDP proposes a new constraint handling
method named Angle-based Constrained Dominance Principle. MOEAD-IEps
proposes an improved epsilon constraint handling method embedded in the multi-
objective evolutionary algorithm based on decomposition constraint handling method.

(4) The relationship between the optimal solutions at the optimized Pareto front
will be studied. By using the Solidworks second development and the optimal solution,

the manipulator model with optimal design variables is automatically assembled.

Keywords: constrained multi-objective optimization, manipulator, manipulability,

light weight.
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0 sin@ cos6 —sin@ 0 cos6O 0 0 1
(2-7)
TR ARG 7y PR IG L, BR— MOR AR T 2 A AR bR R e, £ (2-8)
IHERERY MRBAARR 09x0yozo M 01x1y12, ZIAIEHFE e . RILAEZ N
—ANERR R BER, BIARAR R 0,x,y,2, RN 0yx1y,2, GEEAEH SRR RTPR
AN B e e AR 2, £ HEF AT DA H LT, A ogxoyoeze E 01%2y,2;
e 5 AR 4 ] KR -
RY = R{R} (2-8)
5 MR AT T ] e A bR AR AUTERL , BIIARAR &R 0ox0Yoze HAXT E B ALER R
HhRINI e 5153 01x,V121, IRIE 01x1y12, VIRKAXITE 00x0V0ze FHRR
PR3 ]G 13 2] 0yx0y.2,, G HEF T AR H BRI L, N ogxeyeze %I
01X,Y2, IR ACH ] RIR A
R9 = RIR? (2-9)

2.2.3 MR R EH R

BT 3Ch C 2R AT s 5L BT [ o B Sl 45 63K W 2 SR8 A /N A iR )

iz, Ra, AT — s AR SRR E SRR, RIS RAR B e .

WA 18 Bl 4T F A al i e . AR B e X AR R 0gx0Y0ze HIT—AN

RY WE¥%133 o1x1y12,, BHEEWIM—A df B P GHXT o0gxeyezy) 133
0,X,V2Z50 DN — 5 p LEAIRR 00x0V0zo M 01%1y12; FHIDHIFRRN:

p° = R{p* +df (2-10)

p! = Rip* +dj (2-11)

X - 1DHARARK(2-10), FI15:
p® = RIRIp? + RYd} + d? (2-12)
HT p® Ml p? ZIEHIR R W —MNIEIEE, RATFERERT DR

11
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p°® = R3p? + d3 (2-13)

B (2-12)FI(2-13), ATRHE] R AR
RY = RR} (2-14)
d9 = df + R{d} (2-15)

IR G KN, REAAE—KBNIEZZ T, Q2-12) B EoR IRE A
AEH T T, AN R 7R AR Ml iz 2 ) R R T 2ok s BLE A T 5
L b, (Q2-14)FIQ2-15) A T 1 A PR 1E 55 X
[RS d? [R% d? =[R{’R§ RYd? +dJ (2-16)
o 1llo 1 0 1
Hrp 0 #RITHE (0,0,0), R(2-16)ZRNIEEsh AT T sE R R E

H= [}g ‘11];112650(3),de]1213 (2-17)

Hr R RRIERESERE, d o FRmE, BAVFIERE 2.2.2 THEH =4

FEARHIHERE AR, AN S5 o T = AN BR IR AT, — s A kA
o P«

[1 0 0 a] [1 0 0 o
_{o 1 0 O} 10 ca —sa 0
Trans,, = 00 1 0 ; Roty o = 0 sa ca 0 (2-18)
0 0 0 1] 0 0 0 1
[1 0 0 O] [¢cf 0 sf O
10 1 0 bl 10 1 0 O i
Trans,, ), = 00 1 0 ;Roty, g = —sB 0 cf 0 (2-19)
0 0 0 1] L 0 0 0 1
1 0 0 O cy —sy 0 0
0 1 0 O s c 0 0
Trans,. = 00 1 ¢ ;Rot,,, = (;/ (;/ 1 0 (2-20)
0 0 0 1 0 0 0 1]

FIFEER], X T 4 x 4 BIHOCEHERES 3 x 3 BB A M HAT R ARIPE L
BP0 A ADRE T4 5 AL AR RITRIARIZ BN, AT 2
HY = HOH} (2-21)
T A T[] AR R I NIAIZ By, D A2
HY = HIHY (2-22)

12
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2.3 EBEENESH

2.3.1 EEhE

ke 2-3 fro, HUBE VR — I UICE B T g o2 — A alsagE. A
SR AU X RAE BRI 6 H HENUE , SO B e e ks, HIAEA L
A RN R IIEDL,  TIANE &P RS T

jointn -1

&l 2-3 B IBCHL S 12 2l it
—MNMILE n ARTHRPARE A n+ 1 DNEF, B ITEEHNAEM .
MILPE (Base) FURFRICKIF SN 1,2,...,n, WRICEFFSHN 01,...,n. XFF
B0 AT, BANERA—ADAKRTERE q; =6, HTRIEET, Hit g, &
REE L NKRTTMMEE . AR A, RS R opxgyizg X T AR R
0j_1Xi_1Yi-1Zi—1 HIZREIEE, Fik 4, Bor—NDRTLE g HERE:
A; = Ai(q) (2-23)
B =4 & 0l FARHUMUE A (End-effector) AN T3 MEALR 2 1)
ALEMTTI, H 3 x3 FiFE Ry RORBEEFELE, WA 0 MIRRE] n BIr R
HIFE IR A HFELE N H:

H= [RO On (2-24)
H=Tp = A1(q1) .. An(qn) (2-25)
B NHBRERE A; FEACN:
_[RITY of! )
A= [ 0 1 ] (2-26)

P,

13
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; R! {
T} = Aps ...Ajz[of 0{] (2-27)

/H\:EP%EIKZE R]l %%/j?/ﬂé*ﬂ—‘/% 0jX;Y;Zj *Hﬁ?ﬂéﬁ/% 0iX;YiZ; E‘]ﬁﬁ%@gﬁﬁ 3‘JF
HAEA:

Ri =Rl ..RI™ (2-28)

AERRIR of HIBAN:

o} = o/, +Rl_j0l™ (2-29)

2.3.2 D-H ¥R Z&

T n—link BEHUE i2sh 20 M B 220, NHirAn a4k
KK TR . LA AR A — Rl R E 5 225 A b R I A L1572 D-

H(Denavit-Hartenberg) A %] .

Joint i axis

Joint i+ axis

Joint i+ axis
Joint i+7

Joint i-1

&l 2-4 BREYUME D-H ik

WA e BRI IR ], A = 4= [m] P () BRIz sl ] LR IR O Bl G5 il 1) e
2 UL R AR ANl (174 B AL 45 o X038 BRAEAS X PR I sh BE 1 1R 38 3 22 0 H
LT IE, D-H PR 2 —Fr . D-H &3 T4z Hgh e B4, ik D-
H AR BEH TIPAIZ2hEE, T HUME 451 D-H AR RIS, A2
BRI, G 2-4, XFFEE @ AR

@© MPR&R @ BIEAALT ST i+ 1 BRRZRANSCTS @ M i+ 1 B AT
LA R

@ Wikl z; SRAT i+ 1 RHEILEATR T, By AR MR R

14
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® Ml x; SMSETT @ M i+ 1 BRI ATELILL, JFHART @ fRIA (4

@ AT NHEM v;.

AT 3 R B LI A AN AT 2 mT LR PO AN D-H S HORHE « Toie sehrrp A
EERFEE B AN ST B R AT, eI AR X A B A AT AR AN S8 o 0
a; AR, FIFER, AHAEHNBASEAF AR L E T DU d; F1 6, Skfifiik

@ a;: KW 05 i+1 MEMAREKSE, B ZEFIKE:

@ a;: KN Q5 i+ 1 FERMERARE, AR EAT IR A i

® di: KA i—115 i MEMAERLNLT i 5 i+1 BENAERLH
AL ER BT, PR A ST ) 7% B

@ 6;: KXW i—-115 i WEKATEENKT 5 i+1 WA TELP
Feffyo AP A FATHASE

Pl BEASFFRAHFERE A, R DA FEA A e i) 25 2

A; = Rot, g, Trans, g Trans, . Roty o,

cd; —s6; 0 O0J][1 0 0 O0J[1 0 0 a][1 O 0 0
_|s6; 6, 0 Of|0 1 0 Off0 1 0 OJ|0 ca; —sa; O
|o 0 1 ojlo o 1 4;flo 0 1 0|0 sa; ca; O

[0 0 0 1110 0 O 0 0o o 1J]flo o o0 1

sO; cBica; —cO;sa; a;sH;
0 sa; ca; d;
L 0 0 0 1

1
[cO; —sO;ca; sO;sa; a-c@‘

(2-30)
AR, ARG, HUAT OB AR TR AR [ A, IXRE
R it AR R FRH R J JBE A KR 5 B0 A HRE R AT DAAS -
T = 4,4, .. A, (2-31)
B p™ FORLETE RN R — AR, 4 78 [A] H X — RUZE T AR FR R
RIS R AR AR 2R R
p° =T0p" = AjA, ... A, p" (2-32)
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2.4 HEIBEBENESHT
2.4.1 HIWE S IE B o) #

TEA/NTH, BB VIWE — R Esh . 25, MiRisshigErsm
JEIU, UL ] R e R e A WU 1632 2 2 5. R 2 3l 2 fledl, FRA1m]
DA ST 1 2% FE AT B AN T 1) B ) o 2 SR A T ATV SR A e 7 L I A, FH D A
SHANSEDTT 1A ) 8, WIS B R — R IR W N« 26 H T 4 x 4 ISR
[ H ARRIRAT A A5 20 W UAE A i 1 o7 B N3

H= [R °] (2-33)

Mz 3 5 @R T i 7 R R R % M g = (qq, -, qn)T WI—H BT
$2ﬂﬁ4‘-:
Tr?((h' sy CIn) = Al((h) ---An(CIn) =H (2-34)

2.4.2 B LB B KR

FER MRS BN 710 R, AT BOGER IR 2 4R B — AP g, miifdE—
MNUERE . KRBT N A R 2R U — DR &
Gi = fi(hyq, o hza) i = 1,2,..,m (2-35)
W 2-6 s, DA BRIEGT WSS 7S B HENUCE NE], BT ER
TERTAEAE, EXP AN B g — N 1T D-H ARAR R, I R S T —
s BRI AT DS URRE 30032 2 2 o) R RE 0 9 P A TaT S e @, o0 il st for
BB E M7 iz, 52, RIE SesREKiHAC Rl &, PRy T i
O, RJESRIETI ) 719
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K] 2-5 WUBRE D-H bR R8T
B 2.5 AN HRRER T D-H AZxt I 2. 5 ML 57 D-H ALkR R D-H
ZHINFE 2. 1 Fin:

21 HIWE D-H 5%

Link a;(m) o;(rad) d;(m) 0;(m)
1 aq 251 dy a1
2 a az d; a:
3 as as ds as
4 2} Ay dy 44
5 as as ds as
6 Qs e de de

AR 2-1 1) D-H S800] LE AT E H SRR A, KON zEsh2E
W ME— R R R AE g, NTRUERIE, H ¢ &K cosqr, H ¢y
RFE cos(qy + q;), HAMFF A MBI .

Cl 0 _Sl 0- -Cz O _Sz O
_ Sl 0 Cl 0 . _ SZ O Cz O _
A=l 21 0 o270 -1 0 4, (2-36)
0 0 0 1] 0 o 0 1
1 0 0 0] Ca 0 =S4 0
o1 0 of , [ssa 0 ¢ o0 ]
4=l 0 1 af'™ |0 -1 0 o (237
0 00 1 0 o 0 1

17
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Cs 0 —Ssg 0 Ce —Sg 0 0
Iss 0 ¢ 0], _|ss ¢ 0 O
4=10 —1 0o of%=|o 0o 1 dg (2-38)
0 o0 0 1 0 0 o0 1
FRBHHERE T = Ay .. A FIRN:
T2 T3 O
R
TO = 03><3 03><1] lr ;22 :23 Zy (2-39)
1x3 31 32 33 Oz
0 1

WU KSR 0 = (05 0,,0,)7s FEH. R = (ry)) FomABINER, &

B 6 P A T B R

0
0l =0—dgR|0
1

SE A FIAEZEFE X T 28 o A e RS AH A A i v B (O) Fan O AT
OC &R X RIEHHE (2-41) HHEIRA:

(2-40)

Xc X — dgTy3
Ye| = |Ye — deT23 (2-41)
ZC Z - d61"33

WHE BN e R R AR SR, R M B i) — MR AR R T VE T

(q1 = atan2(x.,y,)
qs; = atan(D, +V1 — D?)
2

2
xZ+yé—d*+(z.—d,)*—a3—a3

D =
2(12(13
< q; = atan2(y/x2 + y2 —d?,z. — d;)
qs = atan2(c,Cy3T13 + S1C23723 + S23733, —C1S237T13 + 51523723 + C23733)

qs = atan2(syry3 — 1793, £/ 1 — (51713 — €1733)?)
\qe = atan2(—s;71; + 171, S1712 + C17322)

(2-42)

2.5 B EahFiEE

2.5.1 URS I E BohF iR

k] 2-6 (a) 7, Rosth URS HUBE WA LUK LTS 4, K 2-6 (b)
A & URS W AER & LRI 4 B o ZHUMOE € T 7 D ER

18
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1;:i€{0, ...,6}, PLK 6 ANy jiie(d, ...,6}, B— PR E—NEHE,
I URS —3tF 6 MHBE. HEFEFAXNE D2 EkiLE D-H 340

82,5 .
Wrist3

. 109.3

Link 6 Joint 6

Joint 5 Joint 4

]
L
<

o

.....

(a) (b)
2-6 URS #IME B ARSI LN
URS ) D-H Z2HAHEFZSER CHH KT D-H A2 R, &/ e D-
H FHRIIE T, % URS B MNEFE AR, W 2-7 FR, @52 TR
0;%,y:2;, Vief0, ...,6}, SRJEHK 2-2 #4577 URS ) D-H 40513k .

dg=82.3mm dy=109.15mm

d; =94.65mm

a3 =—392.25mm

as=—425mm

dy =89.16mm

& 2-7 URS D-H MAFRE T
19



I PN T = AT 52 BRICHUME 183024 b
% 2-2 URS D-H 355k
Link a;(m) o;(rad) d;(m) 0;(m)
1 0 /2 0. 0892 i)
2 -0.425 0 0 q
3 -0.395 0 0 q3
4 0 /2 0.1093 Q4
5 0 —m/2 0.0948 qds
6 0 0 0. 0825 de

W3R 2-2 FNSHEE AR (2-30) AT LR E] URS MISF IR HHFE Ay, ..., Ag

AR IPSE

A1:

A5:

0
0

o= OO

-1
0

O = OO

—sc
Cs
0
0

0 C; —S 0 —0.425¢,]
0 |, |2 & 0 —0425s,
0.0892’"27 |10 0 1 0
1 0 0 0 1
—0.392¢;] (¢, 0 S 0
—0392s3[. , _[Sa 0 —C4 0
0 410 1 0 0.1092
1 (0 0 O 1
0 C¢ —S¢ O 0
0 A = Se Ce 0 0
0.0947|’7¢* 10 0 1 0.0823
1 0 0 o0 1

XA T ik B8

0 0
T60 == A1A2 "'A6 = [R()6 06

1

(2-43)

(2-44)

(2-45)

(2-46)

N HIHE T URS (R R 123 2205 Re, BUHERT EE, E e tH AR5, »

XHEFEUE R 23, ...

zg
z;

z;

0
Z3

zy

Izg7 %%UQH‘F:

=k

= Rk

= Rk = RYR}k

= Rk = RYR}R?k

= Rk = RORIRZR}k

20
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20 = R%k = RORIRZR3Rk (2-47)
0
Hep k =[0,0,1]7, FEATLLARIERE T ], = a"ﬁ,i 1,2,..,6, DRI URS

(e R] LEAE R AT 7R -

= |9a1 9492 0993 0qs 9qs 04 (2-48)

KT URS B2 AN CHET e, MARKIES TN %, Al
FUIEAEAE S B0 752 2 SN2 F BREAT R A S e sl i, nlsl 2-8 (a)
R T URS AN EMT LRI B G, IXFEXS TR IR RTINS, Oy 1
AT ST O (AL B R AESEAT IR LA s, Bl 2-8 (b)) XL A B
AL, R, Oy 7t DR B E AR SRR T, AR BEAT B
PRI AL -

@
T
—~

__ 1 e
(a) (b)
B 2-8 URS Jii 3T B
i1 _EREIEALS , FATAT AGE S HUME B LTS 80 5 & I AT 5
BEMPLOALE R E, WK 2-3 P, TEERRR R PRI TOALE 730
HEAE B B AR R P RS A 2

21



D NS T R 2 7SS 52 F BRBUEZ S =0 i
% 2-3 URS EM R DAL E

Link Weight(kg) Mass center (mm)
1 3.7 =[0,0,0]7
2 8.393 =[212.5,0,135]"
3 2.275 = [206.25,0,17.5]T
4 1.219 =[0,0,—2.5]T
5 1.219 =[0,0,—-2.5]T
6 0.1879 =10,0,—17.5]7

B8, TSR SRR, RN e Sh IR 2 B 5 Ak

PR AR HRR

[0.0084 0 0 0.0078 0 0
I = 0 0.0064 0 Iy = 0 0.2100 0

0 0 0.0084. 0 0 0.2100
0.0016 0 0 0.0016 0 0
I3 = 0 0.0462 0 Ay = 0 0.0016 0

0 0 0.04621 0 0 0.0009
0.0016 0 0 0.0001 0 0

Is = 0 0.0016 0 g = 0 0.0001 0 (2-49)
0 0 0.0009 0 0 0.0001

2.52 BEMAINMEEHFEE

Wk 2-9 Fia, 73 w83 — ARSI B EWER LM SE AT solidworks
=R IR URS BB 23 R0K, (B HIn it URS AR, Xt
iz A s URS ARH RN, AVNR B e sh 22 A SN S, BAEFFR
AR, HERTLEAERE, 5 URS ANFEALK SR A .

22



BN I 2 AR 52 & ORBALME IS E 0 i

B
B 2-9 BXIMENE
FIFERT, & CXIZHIE 4T D-H 20487, @i 2-10 A, %8 D-H A28
S T HUBUE S IEFT AR AR R, 3 2-4 25 AR MK D-H 23,

<

2-10 BEMNAYME D-H LIFREL
& 2-4 BERAXRYME D-H SE

Link a;(m) o;(rad) d;(m) 0;(m)
1 0 /2 0. 1835 A
2 -0.43 0 0 q
3 0 /2 0 qs
4 0 —/2 0.4253 Q4
5 0 /2 0 qs
6 0 0 0.114 e
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2 T ZHUE ) D-H 80, A HE T T AR HAE R DL AT BUAE B 1) i e
5 URS se & tiF, X RAHEIER, ERRTHEAUE A 1 E L R sh if &
PSR AGHUBRE #3 AT 1L L RO 0 AL B, TR R 25 TR D 5% ) ot
5, ATLOHE R EEAF R EWE 2-11 H my, .., me. K 2-5 4 H THUK
T B 25 P LRI 25 ) (AT B B DA S % PO A B . e Weighe (5447
N kg, Mass center [FJSA ymm.

Me=0.529kg Ms=1.51kg M4=5.67kg

« v 9 S

W

Mz=2.6kg

/

M2=6.48kg

-8
¥ M1=3.888kg

B 2-11 BEMEYMEETRE

*2-5 BERRNMEREREF O AE

Link Weight(kg) Mass center (mm)
1 3.888 i =1[0,0,0]
2 6.48 r2 = [215,0,175]"
3 2.6 r$ = [202,0,15]"
4 5.67 rt =1[0,0,—2.5]"
5 1.51 r$ =[0,0,—2]"
6 0.529 r® =[0,0,—15.5]7

N T jy, .., ja T G5 ADS-AZ-0421, js, jo 47 ADS-AZ-0121,
WUBRE AT A1 5 ot = m b A LRIRE 23 ) = 5 &9 M = 30.277kg
ZHUME M S 2 3 R 2
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[0.0121

0.0018
15 = 0
0

2.6 WE TIE=

26.1 TE=

0 0

0.0074 0 I, =
0 0.0121
0 0

0.0552 0 =
0 0.0552 |
0 0

0.0018 0 g =
0 0.0011

S [8] K AT #R B

18] E X

0 0
03200 0
0 03200
0 0
0.0018 0
0  0.0011
0 0
0.0001 0 | (2-50)
0  0.0001

X4 B MU , HLEs NI s i —A> 32 2 R oF S H R S ] LI 21

BN, XA M B RIEAE

LI AL Bt R AR R,

MAFRTAR q S5TEE

Xt q=1[q1,92 -,

L) RGIEHE

anl"

RO TR
P& NMES AT

Q NRWLIR=T
TAERER P AN F 3 5t AN A,
Q ={qlg/"™ < g;

X g R g S RIERRE © AT BN RO A A

=q;

TEMUBRE AR s B e I8 21 B B A A2 22 B O AR

SRR AR RATINAIA, AT LK TR

W@)={

&) >k %

262 THE=

max

S[A] o KRR SRR

& T A2 ]

2SR ST LR B T
S0 R TR %5 PO B . (B m A P HLBE TR 0 W (P) i,

[F1) By Aol B 5% 2R AT R s
W(P) ={P(q):q € Q}

(2-51)

S[a], RAEHUE B S aitl .

,i=12,..,

B RHUME 1 -T2 AR A A [

n} (2-52)

SRV

(8], A4 AR 1 A B AT AR S 1 R

A — BRI N
Px(qi) ]
Py(@),q™" < q; < q"*,i=12,..,n (2-53)
PZ(CIi)

TARX ASRAFARH B2, & BRGNS UE K s MM ERE 1. ASHI T
SRk R E . TR

TR

*[A] S A T UM

25
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R, RATIZ BNV FERE A BE o AT e SG1 IOHURE 78 AR ) 0 X3z
AEH AL S IZ A N R Y. R 1730 F 5205 RIsE AT MATLAB AL A LA
FEVEARAH AU 9 AR 25 1]

S RE RIS VR — AR BB T, T AR e vr 2 40, WIER A AR ) R
TR RS MR R, IRl R AR RGN FEAR R AR
WIE AR T FE b 4t o 25520V S AR 5, 12 F B R B LS
VRS AR AR AR, 0T 501 M FE VS Bl 20 A R, BB R

© HEVIIESE, WIEFTSCPIRBIIEEN %075, R AU AR i 78 56 3
AR 2R IR A )

@ BENLRAE. FIFHBENLEEL Rand(j) 774 N A (0 —1) ZIAIMBEHLEL,
FUCRFE RS KB REAK, B (@™ — qf"™Rand(j) g, I g™ M
ql ™ Sy RIDNEE © AT T BRAN B, DU R SRR % 00T ) AR
EAHA:

q; = q"" + (¢ — q™™)Rand(j),i = 1,2,..,m;j = 1,2,..,N (2-54)

@ £ @ LR/ N HYE AR EME, KA ILE3) ¥4
SRR N AHURE A R R A bR R P IR B R (0f, 07, 0/)T, N FIHR
(BB RE S N L 52 ) TAE A3 )

@ ¥ @ ShERIALE A SgEAMR R RN TSR, WA T TAE
PPN

Biltnn, LLURS J9fl, 25 mAUE &5 1 AR B I ZRVE Bl sk 2-5 Pow

F 2-6 URS K2R

Joint ] 2 3 4 5 6

Range +2x 2 +2x» £2r £2x £2n

P SR R TR R AT 05 FoR A, B N = 10000, DSRIGHIR
i B BN 10000 A4, AIAHZAUE TAE2maE 2-12(a)F, HA(b)(c)(d)
AN xoy, yoz Fl xoz “FH B
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05 3 05
(h)

. . N 4 . n 4
0.5 0 0.5 1 -1 05 Q 05

Bl 2-12 URS BB TAE % [A]

ok, RIS R kRN E TR |, EPRLAs A T HAH (RTB)
2, ERREA THEAM— AR, HLa A LA & MATLAB T HAHHK
B, Bk, (HEZEL A MATLAB 3158, 3246 T 2R R B80S R Shi1 2%
NI o IR 2 C R AT DA @A R SR LS , I F T RAR SR i e
IEZ)F RN EN 72 B A b L S R R B A, ) £ SR IR AR e
BR iz A1 27 DA S B DY T3 2 o = 2 6r B AN ) 14 06 25 KicHtE S 7

38R EL URS 9, & 5 FH T HARE)EE URS HULBE A, 4R D-H Z240E
SCHUBE 1) &%EAF, B SerialLink eR LGNS, W& 2-13(a)+& URS HLk
BN EE N =G SR AEFH fkine 138 52 b8 BOR AN UUE A 3t (10 47 B 17 &,
A DL HALBRE 1 TAE 28], SRJEFIA surf of $0m i TAEZS R 305, ik 2-
13(b) i AR T A =% 8] 19 B LR AR AL 2
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(a) (b)
K] 2-13 URS AEAL2E N T HLAR 4% K T A 2% )

2.7 AIHER1EME

WM TSR SLOLAE A KRS, TR FTIRAEERO 00T, RN
BIhRE S AT A, B2 b, ATHRAERE O AU 102k
TEMTN, BV T VRS RIER SRR, 7T DB AL R Rk
AR IR 2.

271 BEIEFES

BT AT R A IR et — D B EAIHLES AL AKX Tsuneo Yoshikawa 12
Hi1), Yoshikawa f) TARZG 0 AT AR VR 1SR AL 7286, JFHE T TIRZ KT
HLES ANAS F AT HRAE P FR R SR . AERR ] o ST E VR 2 1, ek R
P TIES P

FERT 2 [AAF AR 5, (AE sl 2 nT Ll | BORRFEAR. XL R o ar
5, I HAzsh ik BR ) B EARLE . FIanx T — AP i ilmE )iz s, 7EXLeemss
I B W —ANYERE o E7T 7 RN, AR Sm A AR A ) — A NI 2 5
KA AR R EE [15], XA R AN R U o BT SO B2 e 1 HfER]
SRR R ™1 2 ) 1 T P58 PR S 38 R i 1R /K 22 ) [ T 2

v=J(q)q (2-55)
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WK A2 S 0 2 5 BB IZ 300 B

Hrb v RN RIS KRR PR, ¢ oo p e, i
MERTEEERE J(q) RATHARR R, M (2-55) AIRRA:

q=J(q@) v (2-56)

R E R T — 1k
Q"g =1 (2-57)
ARG FE bR ERORAE ST S A n MEEERTHE 00 . AT DL — B S N
v J(@J)( @) v =1 (2-58)

3 (2-58) MR NAE RS R/RIE L2 H n 4EMERE LA . WX
MERIRILE, Wl 2-14 (a), ALY, EMFRRMFENES, oK
A DLSEBUE R R R o JRTM, AR — SR AR /N AT 2-14(b),
RIS PAAT A E A LE /N AR [ J7 7] AN e SE I AR Bk I A i

(a) (b)
K] 2-14 ATHEAEMERRER
AT RS ET A, AT A B ER S AT BE I FRI BRI o I i A S 5 N AT #RAE

PERITEDR, RN RS TR 4

2.7.2 AIHERAEMHEER

A DS AN R 000 5 A R m] BRI T, v die s I R — et 5 R i sl 2 ml
PEVERIZ) /28 ml 3 B . EASCH, TR RIssh
FIERAEVE AT ABOA A SRARAE n 4B R/RSRIAORERR,  H LT 5E SRR
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BN I 2 AR 0 2 5 B 280 = 0 H

N7

\/q‘ﬁ(t) + G2 ()4, ., +G 2 () <1 (2-59)
XA TTREFRR A RATA LS B WA E SR, JEH q() M iueAE
ERAT 1 IXANYIUE B A Bh T 8L — B R ARUE, A1 5 R U T LA
FE LR T o NIZANANEE 2T A 5 380 2R s AV 5 1)K Al 77 1) B AT BB 2 132 B e
730 BEAh, TER T 1), Kt BLA B B2 B RE 71 o X M ERTH GUAE 5 R RE
WK 2-15. XAMHEBEFR N Manipulability Ellipsoid.

2-15 TJHR{EMEEK
HERT LR BRI — O R

v(t) =J(q)q() (2-60)
Hr, v() = [2(0), y(©), 2(8), p(1), 6.(8), Y ()] s AT AL T R IR ) E
&, o) = [¢,@), go(8), ..., G ()] FaRKTI RHIEE M &, 183252 H4F

PERT LASE SO 2 T U I8 B2 2K 5
v(®)J(@) (@ v() <1 (2-61)
AMER H, B 2 B, WHERTELHERE J(q) A rTIs BT RE, Rl
PR B B SN TN, I b AN R A, XIS i 5 0 2 D 3 (1) 7 2R A
w o B R E S (SVD) SRiHE AT EAEEE . 2 (2-62) 23 (2-
61 I —FEACRITE v(t), XRTFE T/ R HERT b PR, W (2-63):

U-J(q)T-x2-vT <1 (2-62)
[U D V] =SVD(A), A’ = UDVT
u11,..., 011,0,...,01[V11, -+» V10T
] l“ HO S | R I FE T R
Upqy - U Vnts oor Unn




BN I 2 AR 52 & ORBALME IS E 0 i

Hrp D B— XA, MALN 014,022, ., Opn ARIETASLEL, RN
SRR 2 S8 . AT EVERRR SN oyuy, oy, ..., oy, HoF u; TR U KB
i N, WK 2-16.

M=UX-V*

K 2-16 & RE T
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BN I 2 AR 55 3 5 MU UL 19 AL A

F 3E YIMEMLo) Rk
3.1 5|§

PLEs NI Bt 5 AL g NS AR AE e, JF eI SEAEm a2
FFT e MRIEAF N 755, B AN R VR REFR AR AU T 5, AEAE RS 2O
HAR AR, QT #O0ik B bs SO URCE LT AR 2 — 3. X T
U LA v 8% IRERE . BB BEERAL. alfRik. RIGUE. Rimfs L
AMHER LSS LA T 58, XLt H AR A L A IR ER, AL E MR, i
UNREREAN T B XA L R b o AR SCMHUMCE I8 3 A A3l 7 22 A P e
BRI AR, RUAIEZ S0 B BT #A PR O8 B bR 2 —, Bl s fi ik
WS SR EAE 7 — A B AR rTERA R VR IR U 78 A 22 18] s i2 3h 1
RESE, TS S B LA 4% 055 B . AXMER IS IXPIAS H AR RIS
AL BNV (K LT 2 AR B DR R LB RS B R, AT A2 Hir
IbLEs ALAE vt e AR A FE RS T A AR FEARSTHT TR A 2 R AN
b, QRGP AR AN S AR AL B AR, LA 2 A B b A e e
JURZ IR, A48 R G 2B 250 2 551 [ SF A A, R R 4L
BB AL BE T R T AR, F AR R BOR A RO =B A, AT
FEMIX =ANTG T ——BUR, £ SR 2K FA 1Y e LA N PR 1 B R 3

32 BT =

XF T WU AL Bt BRI =, JLPAS S HUE i AE 3 R G H
5%, TIAUE RIS W] LB e B U S5, 1530 &R 50 e Fe HLRT I 25 4 R
T FEATLAI RO 5% B0 8 5 T TR B RGHI S HL. Bk, A0 2 AN PN T TH K
BT AR, W E IS LA B T LT S H LA S AL s o 1 B S A D T e A &
KA VEGH R A
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BN I 2 AR 9 3 5 HUBE Ak ) A

3.2.1 LT Ei%it

e, W HURE LA S8 WU 145 S 5 S A iR AT AR
. XFF URS HUMUETT S, KRIUEF link, N links KT HURE K 55
Rl R, HACRRRAR EE M T MU I T AE 28], dnlsl 3-1, &4 2 #1
3K length, F length, iR, 53— FTIEF 2 F1 3 (5= G HUARE &
B FRE, [RIRTEEMMRIEE— @R, W ENME RSN, A s
2 F1 3 AR NEREE, —RTTAIRAS, REE RS R ER,
RERFAE /N, JIRH R ERREAT I N A Bl U R SR BT R &, v T b ik
AR, X BRI EAE AR R, B 3-1 HEAF 2 A1 3 EEJE AN RIA ¢
ot Xome. ATHQERKR, FATK URS AT 2 F1 3 (4T 1R B I ELE,
N URS JEA R .

Link 5
) ty
Link 6 CJ
length,
ty
Link 3
k“‘--._’
length,
Link 2
Eink]]

3-1 URS JUISHIRE
A xg FoR R E, N4
x; = lengthy,x, = length,,x3 = t,,x, = ¢, (3-1)
XA EVPRMIBE TS, RAFERRINERT LA B, i 4-
2, ZHUEEMIERE URS AR KM ZESR, (HEMFELET, ErEM 2 M
3 B LR ZHO T HUBE B AR 1) S R AR, BT SR B
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BN I 2 AR 9 3 5 HUBE Ak ) A

A EZLEF R LTS EAR AR E, 7 EAT 2 A1 3 M BERIEE R, B
FEXPIZH U BEAT AL BEUT I, [RIRR IR SR AL
x; = length,, x; = length,, x5 = t;, x4 = t; (3-2)
EEIXBENRFAREMN T Ehs, OGEN TXAS URS, £ X AL
AL, RRAREIEM X Rowo

/S2
-

length:

3-2 BEMENWME LVESHRE

3.22 fRENRESHORT

FGLIINUE Bt b, Bt B AR SRR 2 B0 RGBT AL (T LA B 5%
K U OV RE B AU AR o T8, Rim i KIS sl [, RATHRKIZ3)
L. JEE ALK FEROR, HAT DR AR Sy, AN TR, I,
N1 NS BEUEI O PEREFR AR, S AT 3K, RN LIRSS .
WA, R T A4S AL T L VERESR B (K 25 P N R HUSE 422 ot ) FELW LA 5%,
TCRHEFRAR 1 vt A LA 2 1R B R 3K o BIASCI AT SER AR 3 R G |
WU 5 R S A0 1T A8 & . o /et T URS ik je B ERTA FIAUIME M &,
B R GG L&, I AL BN 73 IF 4128 2% B 5 T HUN LR 253 R 50 1142
B, MRLGEEEEE.

£ 4.2, 1 xq, 0, xq B0 THUBCE U5 TH (¥ T2 B, URS B0 A =
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BN I 2 AR 9 3 5 HUBE Ak ) A

WK AZ 6 B HEE, 47 6 eI, RSB E — A LA —
AN &, U1R ALK L ECE IR AR AR S HU N B A, A B i AR
HARHE 2, AT — DARBE R, 8 7RI, A SRR R L
AR 2R R S AR AR A &, BOA— BRVSHE 5, 04 B LB i & AH X
R REASHFREE 1. X IKARE 12 MEERERENRGSH, K
F1 6 NERIR S RTINS, Fhh 6 MERRERFTIERHI S x5, ..., 210
DRI RT ji BT jo MMM SRR, M xqq, ..., X670 IR KT
Ji BIRAY jo MEGESS S AR, WA

Xipa = U Xippo =uf,i=12,..,6 (3-3)

Hor ™ F1oud AR AR S AT

3.3 L BFr

331 EERE®

FEA RN s b, SPURE TR AR ESR, ERHAE BB SRR
FERIRE R A/ B B b QR A R i RIS BT, R RE BN LI
B 5 &b B OB A ST I TR ML 1 VR 2 HUMUE A2 31 & 1A 5T
R, FEXFERITEOL T, 5 B LR RGN, XA AT LA N2 2T & S ALK
BRERE, ARIERIZERA, HAMTIREIE R 2. 556, Mzl
BEortr, MU L CamAAssh TAE, NHERREAE, NI HeifEMER
SRS FEA B B K, B /R BEAE AR NI Ak, ToiaR AU 1) B 5 kS
B L, IXI ARSI T R 58 LR R e R LA 6 50 A At 1 42 i U A
BURAR S o MANLIME R BB, WS & 22 535 E AR AL AR, Xt
SERENAIIZ B BE 0 S R BRI BLERR A LA T TR WU 2 I AL A At
FEARR L E . BRI ARSOAZE ) — A HE A A AR NS S B .

WU (1 5050 50T LAy AN 2R, 43 A AT A1 5 i A DG Ak
LA 25 P B, 3K 2 0 o A AR R BB . AT Ah 5 i) S AR AR AU RS 4
S HNM BT, LR & B EARYE IR R RS e . A A SR
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HWHIRAI R R A
L (%) = Mpogy + Dem {Mm ™) +my(uf)} (3-4)
ot My, FOT N RIS (08 TR, 7E LN DA RIE u
ud WRIFTE | A SRR, K m, () TR R

SRS ML B, FEE my (u®) FoR © AN R S (I 22 1

=

332 AIRMEMEX

it 5 LB 1) B P OR A 2 , HAE S5 ZOR AN B =1, i e LB AT 2
TS5 M ER, LR 6 AUR A S A8 A E o 10 AT 4R 1 2 S L 8 N AE EA 2
() R R — A5, B AT UG = ZIE NS Ty H 51 A A28 352 ] 0 R BBUE
AR AR LS N iz sl fe, Al B EPER) 0 dr A JU N B 2L
I, A al AR AR U LA veit 28 — AN Z P B br. ml ARl
PRIV SR AT XU AR AE I AL 28 A TH B, AP RAN T B A — (S I PR T A 1
PO AE AR IAS AU 238 TAF S R RAE . R, RSO R AT
VA, FEREAHURE A% 23 18] Y B0 B AR 58 WK S aZE , A R o )R] BE AR AE AT
W NEE), ERERPIE ERFE T ML, TR S RN, 2
PrERa AR, TR 0T 3.

AR ER TSI T HERT R RS J(q), BARnT:

u(q) = det(J(@)J (@7 (3-5)

AR VB T AR e 8, B T HAE TAR S RN B B ARG B . ZRE 1557 1A

BT JR BB TR 1 B8 2 75 210 2 R v R PR 4R 20 B e e SO TAE 1]
DA R A P P 380 S0 1k

= HDi 19 M (3-6)
WD max

Hrp M ROREAE S EREUALE G u(q); RoanfERS @ AR
AR, w(@max BNE M S EATRAEVERKIME, XFE U sl LARoR
FEREAMESS 2 () TP ] BRA R A ST o BRI O T P #R A PR 42 R Pk BE Fia b mT BASR
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VSR
_ 1ym JdetUu@Ji@h) )
f@) = Zis o (3-7)

;H\: EP M(Q)max y‘j:

(D max = max(\/det( (L (O (@7, -, /det(Un (@Iu(@T)) (3-8

2 RATHEAEYEIENS () MO, Ak B HiEKtk, AT 5HE

s/ MU B — 8 T DUEE U, SREE/METREE, 28 ERTIR, ST AR
(1) H bR ek T LR IR A :

M

min fz(x) — _i \/det(]i(x)]i(x)T)
’ M & max(y/det(( ()] ()T, .,/ det(Un ()] u ()T))
(3-9)

3.4 AREG

3.4.1 BT RGER

HURE B AL T A B R et — TR IR AR 55 - FATH B AniE T 24
PR TRAT I AT %0 R R M 0 e T AR B 1) R 280 LB B AL A R 4R L i — by
BB — R R G RN — AR, IR TR K Ry K25 18 A
3.2 WL IR 1R N UARE SR S Ay it AR, IR B U 1]
X RN, — A LR SRR R B R R R, SR T I A
EAREBIX IS Oy AR E BT B AR RIS, E450 AU %
RPHE T G DA LR S 2 HL RN RT, BT L3 R4
IS EAE N LA EAE, HAABR AT .

Linkage

Gearbox
3-3 R ARG
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BN I 2 AR 55 3 5 MU UL 19 AL A

N T ARSI R AR 7, A A6 E o B s as AT AL B AR . s AL
R IH 2% 2 0] MIVE BRI, B4 LT R T, PTRIR -
T = (Jm +Jg +J0)d1 - 0 + =+ Tprio (3-10)
Horp Joy FORAENE TRIRENRE, J, RORNBIRS I EINE, J, FRR
Girp AR RSN R, o Fonfeshll, G, RosiGE S Mg, T, 2t
IR BAHRE, Trpge A2 S0 IR FEATLANIREE 25 2 [7]) BE 15 i 5 B L
X T ML A SRR = AN T T IbR e . B0, TR ZERF SR, A
T B AR RSB AT I R P e S o FETL IR 348 S e R 00 S A 6 A T AR R S N 2y
TR Grms) BeE BRAL, Gk 2 A B KRR D IR T B T UL R A U A
A BJa, SR AR BIR TE A 2 vy T B T iy p 2 i SRR ) e T
HATLIT 5 e B 2 TR A
Tyorms = /%fOTT,%dt (3-11)
Horb v RoR e BRI ], R (3-100 AL (3-11) 531 1%
T RHVAUE AR A AR A

2
Tm,rated = \/%for ((]m +]g +]0)éil "o+ % + Tfric) dt (3-12)

S5 ALY AE S I B KR AR ZRUAIR T AL A DL AR A E A

max
Nmax

(3-13)

. T
TR = |(]m +Jy+Jo)i o +;l+ Teric

BEAL, FBL S VRO B Nex b ey T B T2 S S P B i K oK
N > max{2m|q;|o} (3-14)

[FIRERT, JRH A O VE i KA N> i Zi ey T BAE T 76 SR TN 1
ICYNESUE
NJ*** > max{2m|q,|o} (3-15)

M T ARBN R GLL AR A (5% TR AN T I 205 s, DR ZE 3tk HULmE
WIZIR, XT 6 BHERHUE TS, HX RS T A ML %y
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D N2 1 =2 VA7 8'S
2
Tmi = J%fé ((Jmoo +7,@) qi(x)-a+@> dt
VT 2 (100 +1,) 4,00 - 0+ %2 (3-16)
Npi* = max{2m|q,|o}
Ngi™ = max{2n|q;|o}
ol i =1,2,...,6, S BIUREHUNE 116 15T, Rtk — 364 24 MK A

3.5 KB

A B E NS5 A G AL T, e 20 B LA e B A AT 4R A A
W bR, EHUHE LS BB M RGBS HAR B NI R R, Kkl
RGEFEANFE S 25RO ZIR . SRR A ST SR LA i FR] BLH £ -

6
200 = Mty + D frnal) g )
i=1

=

‘

mne (x) 15: \/ det(, (), (x)")
x 72 ="y
= max(\/det (U1 (x)h(x)T); ___,\/det((jM(x)]M(x)T))

x = [length,, length,, t1, t;, Uy, Ug]
!s.T

2
1t ) (L, x)
Tm,iz\j;fo ((]m(x)+]g(x))qi(x)-a+ - ) dt

T(t, x)

Thi 2 ‘(]m(x) +1,00) 4,000 +

Npi© = max{2m|q,|o}
Ngi™* = max{2n|q,|o}

(3-17)

Hir i=12,..,6.
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BN I 2 AR 4 E LRZ H RS EE A S SR

£ 4E ARZEFHUBEERNNUERE T

4.1 LT

HUBE (BT 0] R — N 20 R K 22 B AR A R R, AR SCREASE FH sk i)
AW 2 H br kA SR T8 = F v 3 45 AR A R AT AL, iR H
MOEAD-CDP. MOEAD-ACDP Fl MOEAD-IEps %} URS FlI5L5 % H i & 1 #
AHUE BEATOOAL, 55 R XA SR o3 i, DA S AR BT BT R B L
B

ORI SEE, B = AR T AR ST BRI A H AR R E0 2L
R 00T R AN R R AR o BT H A R G AR U 1 A U AT RS R OG5 B AL 93¢
AR . KL, FESEE B MR R AR TS, A T PRIEN U 1
TAE= Ve, Wi 3-1 &, WF URS WL S%, WeHuE Ny e
[0.3m, 0.8m], x, € [0.3m, 0.8m], x3 € [0.01m, 0.1m], x, =€ [0.01m, 0.1m]; 41} 3-
2, XTI EE ERHME LS8, REHLIEE N, €
[0.3m, 1m], x, € [0.3m, 1m], x5 € [0.01m, 0.08m], x, =€ [0.01m, 0.1m]; *F T P F}
HUBRES (o658 5, AT DAIRI 45 e Y0 I, B[] — ot e L RIROH 28 2 536 1, A
R SE NS B Maxon FEHL4AT Harmonic P83 355V ED xq, ..., 10 FOEUE TE
W 4-1 FURIBEE RN, x4, ..., %16 BIHUE TG WLEE 4-2 Fros MG s 25

HAt Ty, T, T, T SRR N, NJO% R N9 G Arpm, B ],

AN kgm?, my, M omy, AN kg
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BN I 2 AR 4 E LRZ H RS EE A S SR

*® 4-1 Rk iHV S RS
HL LA S T ™ Np™ Jm my,
ECi 40 0.0667 1.81 15000 2.42¢-6 0.21
EC32 0.0426 0353 25000 2¢e-6 0.27

RE 35 0.0965 0.967 12000 6.74e-6 0.34
EC 40 0.127 0.94 18000 8.5¢-6 0.39
E 40 0.184 2.5 12000 1.38e-5 0.48
EC40 0.165 2.66 18000 5.38e-6 0.58
EC52 0.366 15 6000 1.4le-5 0.82
EC45 0.186  0.872 15000 1.19e¢-5 0.85
RE 50 0.405 8.9 9500 5.60e-5 1.1

DBLI11X0010 0.1 0.425 6000 0.06e-4 0.37
DBL11X0020 0.2 0.924 6000 0.12¢-4 0.45
DBL2H00040 0.4 1.716 4500 0.08¢-4 1.06
DBL2H00060 0.6 2.58 4500 0.1le-4 1.21
DBL2H00080 0.8 3.551 4500 0.13e-4 1.36
DBL3H00065  0.65 2.76 3000 0.5¢-4 1.75
DBL3H00130 1.3 5.8656 3000 0.8e-4 2.25
BDK4H00100 1.0 5.94 3000 0.79e-4 2.6
BDK4H00160 1.6 10.033 3000 1.28e-4 2.6
DBL3H00250 2.5 10.79 3000 1.4e-4 3.2
DBL4H0026 2.6 15.687 3000 2.1e-4 4.5
BDK5H00210 2.1 9412 3000 4.13e-4 5.0
DBL4H00530 5.3 3239 3000 2.8¢-4 5.6
BDK5H00430 4.3 21.58 3000 5.78¢-4 6.8
DBL4H00750 7.5 45.152 3000 43e4 7.7
DBL5H01050  10.5 52.614 3000 8.le-4 10.0
DBL5H01350  13.5 67.47 3000 9.le4 11.2
DBL5H01700  17.0 85.002 3000 11.3e-4 13.7
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BN I 2 AR 4 E LRZ H RS EE A S SR

R 42 R EE SRS KSR

i > {u} IJ 1

TR AR 1 T, R Jg m,
HFUS 14 11 54 8500 0.091e-4 0.71
HFUS 17 39 110 7300 0.193e-4 1.00
HFUS 20 49 147 6500 0.0404e-4 1.38

HFUS 25 108 284 5600 1.07e-4 2.1

Foh, W (3-17) H A AR R b ol AR PR R A2 A SR I f EER 5 18,
WU A7 2 (1 T3 A PRI AN e Ul B LS £ AR [Rl ) Rs Pk, I AR S rh 2
FENUBRE TAF 2 18] s B — N R [l A iz sh U a2E , 4n e 4-1 b 0y URS AR 23 W]
R 2R, PRI RIR

{036x——058——014z——Q008==O
(x — 0.153)2 + (x — 0.0771)2 + (x — 0.0169)2 = 0.53132

Z P LB UK AR — AN E R, — 77 T2 BRAIEZ B EA U A TAE S R
FRE RIS, 53— EZPE A B AR URS FISER = B FHER FAURE 1)
TAEZEF . 4k, WE PSR & —A B2 EA ¢ = 3s,
SRIGHEZINE T S I M A2 R, MO BUE W RO, H%
BRI B RE, AChIE M = 54.

(4-1)

Workspace and Trajactory

'Tr‘a}aclory of End-effector

b4

65 T " 05

4-1 Kig#iR &

4.2 MOEAD-CDP {ft4t

2R % HARLAL IR (CMOPs) 8 ) 2 AR B R (1 H s A Ae ot A 24
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BN I 2 AR 4 E LRZ H RS EE A S SR

LS R I ZE R AL o SERR B, R 2 BRI AT LB AR 2 — AN IR Z H
PRARAG TR RN, — AN 1 i) /) PASE SO (3-17) [TE

MOEAD-CDP %72 HH Deb #1401, AT HAL B T77% 58 XA Wi 2~
FMEAT AR B —A, WIRRAR xt RARILIMH x/ 1:

1) xt AT, x/ RATATAE

2) xt M x HRATATIE, A xt H DRI RS R

3) xt M ox) HGERATAE, (H xt SR %/

XML RS JE U R 8RR AT R AT B AR R 5 SR A TAR AT AN AT Al R 7 &

4.2.1 URS fifb4E R

R (3-17) FRERMA R Z HArflifbinl &, FIA MOEAD-CDP Hi:Aiit
URS HUME, Ascis b s B8RS E RN 500, FHikizf73] 1500 )5, Mibtk
ff] Pareto BIVR N 4-2. BHIFEEATH) 1000 LB CLEL, N T 5 A5
S A R BT ALV IR, G878 7 1500, A MOEAD-CDP fryf5 fIt fif ) 43 #ii 175
DL IAS SCHA S8 TP ANRAL B bR, 500 S A0 ] R AR PR S0 2 A0 B R &, 7E[F)
— AR IS, HUCE SO, AT R E M AR RGN, TR
FIRRAEVEBOAR SOBOE R, U HUAHRS (1 S 5T )

MOEAD-CDP URS Optimization
T T T

-0.2

041

0.6

-0.81

-1r

2: -Manipulability

1.2}

- * ¥k
1af \

-1.6 '\

1 1 1 1
125 13 13.5 14 14.5 15 15.5
f1:Weight

4-2 MOEAD-CDP UR5 fLfb 45 R
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BN I 2 AR 4 E LRZ H RS EE A S SR

T34k, B 4-2 ey DUB R b R AR IR 0 A4 e 3 B, Ferbr T B E MR A bR
BT ) B BRERAN K, {H 2 AN E B AR BR A IR 7 1) A AR PRI R IR ER, XA~
SIS A BT AR ARG, R R LA d i B 5 R B B PR D AATLAT el
WIS PR R B HU BT R &, A S BN SE, AR ESEE
BRI ZERR, T 57T FEALA B AU S5 A B E EU O, 1 70 e LA a6 B
TR, 55— R T R R AL, W R, Pareto
RV b A4 BB AR 2 AN S Y BR DA, (HR N TREAEH IS, RLER MM
RIS, WFEBE BT, £ 4.5 Fh a2 2N .

422 BEMEANWEMULER

[FRE, R0 (3-17) A2 R 2 B Asti L in &, FIFH MOEAD-CDP 5
AR SZE6 = [ R NS, EE 4-3 & HUE N OUR, AsLibdik®
MR 300, BEIEATE] 1500 )5, AL kI Pareto FIHTATE

0.6 MOEAD-CDP OUR Manipulator Optimization
=U. T T T T

-0.8 -

1+

-1.2

—
=
T

2: -Manipulability
® &
T

1
(]
T

|
~
(&)

Fo. **%K

§
g
=

* %
%***
*

'2-.6 | 1 1 1 | |
17 17.5 18 18.5 19 19.5 20 20.5

f1:Weight

K 4-3 MOEAD-CDP B XM ANMERALER

Ak, I 4-2 it URS HUBCE (AEAE, T LA S 3 % BLAR R 20 AT 2 20
3 BL TMAER 4-3 s 55 OUR AU AL A AR ) o0 A KR 70 9 2 B, 3o AASE
BT A, RO FEBUAT B & 1) 78 5 s b R B U e T AR i, ARk
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