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Mechanical Arm Trajectory Planning Based on B-Spline
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Abstract: In order to improve the efficiency of mechanical arms, the time optimal trajectory
planning method based on the B-spline and whale optimization algorithm (WOA) is proposed.
The Monte-Carlo method is used to describe the workspace of the mechanical arms, and then the
B-spline is used to interpolate the given path points. According to the performance of each joint
of the manipulator, the angular velocity and angular acceleration constraints are introduced, and
the boundary conditions are added. After constructing the target function with optimal time, the
WOA with inertia weight is used to optimize the running time of the mechanical arm. Finally,
using Matlab for simulation, the results show that the algorithm presented is better than the
traditional quintic polynomial method in terms of time optimization, and the angular velocity and
angular acceleration curve are continuously smoothed, which verifies the validity and feasibility
of the algorithm.

Key words: mechanical arm; time optimal trajectory planning; Monte-Carlo method; B-spline;
whale optimization algorithm (WOA)

BUBE OB I, T IARGE S e OB as, e b AT SR B g L) . FE AU S 7 25 () 4 ik
BT — 25 AR A S R R iz s LA (e D7 ik A e AL, 3 2 T 3 g
B SR 2-4 18T T AU I (R B U R T T (R A A S B o i 1)
RF s EHURUE 20 254 40 8 IR AR R BB FEIE . Bazaz 8 3 U U {E BEA T LA
/D AR BT R T W ESIERININOE B A W AL R, SE R T i L, (H
AT AU N R I S AR I VAT 75 P B i s B2 i 5 1 R A 5 S T R

Tondu %57l JHAF GRS 40 B AR R0 , 2 A2 IICHR (B, 7T DAGE AR 5G9 i ik 2 i 2k 3%

s EHEE: 2023-01-02
BEE£WB: ERESVAITH(2018YFB1304504).
EEBIA: BhEE(1982-), 3 T H N ZRA K202, A4 0



634 FAKFFHR(A A FR)

% 45 %

g, vl ey ) (5 g By 2 050K 5 7 AR R
g,

TE MUBEEF I [1] 5 O 0300 M0 S 0, 2 22 3
IR 3-5-3 Ik 2 I AU A 5 25 R ALk
eIt T — PO U i 8] 5 (10 B AR SR . T B
SR 4-3-4 Y2 I (-5 SR T S
EAEE AT T HUAUR IS ] S5 e MR . 2
HEAE I BAE AR b (IR L R T &
1 5 B AR A B TR B DA

AR SO B AR AR AT MUBICRE OG99 2 6] 9 B
TR, R LA WOA HEAT 4% T, LASE
BHL N ) e DA A9 2R, T R s LA 1) T AR 2
RIFLLTR 21 8 6 [y BEYUME ], 3o i 5¢
R R 2 07 R R ALRRE B9 A 23 1) LA R AR
AR BRUEL X TR] MR 6 4> G 1 £ 132 PR |
FrHE 5 AR R 2 R E R AR A X AT
SR 25 [ P A ) e (I s A, 4 3 e Matlab
AT T AL .

1 BEEZASGEME

BRI itk T DL 28K s Bk = Rl g 2k
P U g IR A T A5 (R T B AR
LRI 20 R, TERAIE AU | e R o) 45 R
SR

Xt BHEARHIZE O(u) E SCATE

Ou)= iN,_p(u)di,aS us< b. (1)

SR p W BRI TSR d R BB
i BREAIT B u BB a 5 b AN u LA
FRE TGN, )l BREAHERREL

N, () B9 L F
u—u,

Upp—U
Ni,p—] (u)+ L]\/Hl,p—l (u)’ (2)

iipe1l Uiy

Ni,p (M)Z

Ui —U;
w<usu,,;

NP 1,
_/H:%)]{Ej‘jN,o (“): 0

else;
N, () BT AT I 100 [, ], 2506 %
i, 55 R U

He B AR A5 AL R B0 T R 1] i E O U=
(RN N TRURTEN TR X ...b),mjg%llﬁﬁﬁé%ﬁ_
T 5 ) U ARSI BERL A1, JF Ho H BUE a=0,
b=1, DLk 3 H 4 B A 5% i £k AE 08 38 32 KL% il
LRSS EMEM.

M DL B RIRE, AT LUREE Hh BRE SR ith & an
TR

1) BAEAR TR A B0 H m+1 88 p 515

il S A ECH nt 196 m=ntp+1;

2) pIR BHEFRIL R p IRE TN A
M5

3) YMu eluu,, 10, 0u) 52 M p+1 1
SR O, A AR 1 S T8 6

DAl 0, B AR AR e 1 R Bk L 3
FH T HUAE 0300 R0 K0 2% A28 o504 (. A bE T R
B BREAR IR I A e AT

A FH B AR 4% il 42 0 HIL AR B0 9% 4% 5
PEATIRAEL AL . 24 45 W ATUBRURE 5677 1 37 )7 )
0.=190:q15 g, I AT LB AT e 1 b .

Q.= YN, ()d,. (3)

A =g, gy oo, f 70 TR LR L
ORI PR3 2P R ¢ GNP VAU D
Fe3l.

A LU i 52 R SRR AT S S B RE
BORBE KN 1, Tl 4

1=>10:-0. . (4)
k=1
WRBHOTERRWT
=i,  + |Q"_IQ“| (5)
;thﬂ,ﬁk:{ﬁo,ﬁl,--~,ﬁn}ﬂ\7'§uk={u0,ul,---,unéXﬂL
LR S i BT AR SR, R R e
o, ={ug.u,,u, PRSI RERT
1/'+p71
U, ,=— u, j=1,2,-,n—p. (6)
T p & J p

B ARAFN(3) b SR 2 28, RISR
fifk t 2800 20 S B AR Y BRE SR (DL 1 1
k.

DR T LB SR R 5 o e R 2 R A
PSRBT B BRI L TR T

BREAHIZR y B R A E

Q(Y) (u) — ENL,p*y (u)di(y)' ( 7 )

A
d;, y=0;
R I ey I M
BTE B Ui o AL 1 — B 5 B 5 o i oy
0'(0), 0? (0), 75 A i i b 1) — i 5 — i 5500 1)
01, 0%, T (7) 55 (8)K15.

00)= L (d,-d,), (9)

u

u

p+1



&R T BHLL b SR F R G HURAT ST LR 685

%58 & E
o= F—,~d,_ ).  (10)
_um—p—l
0% (0)= P(P_l)( dy (U, +u,.,) N d, )’
up+] up+l up+lup+2 up+2
(11)
@ (1) — p(p_l) dn _
Q (1) l—u”kp,] ( l_umipil
(12)

(2_“m7p71_”m7p72)dn71 2
A=up, -1, ,.) 1—um-p-z)'
R L 158, BT 5] AL B30 B i
e £ 5 I B 13 T 4

2 WOA Bl ki %l

TEAUBRE A ] f5 pIe B LR i v, e SCH
IR

min f= Eti. (13)

S R AR B ¢ R B AR BT R T
TER ] B HEAc A (T ol AL F 29 4
Je , KGR ZBH WOA #1354 348, LU
IR BB 2835 25 28 B A R BN S5 D 3R
2.1 WOA
WOA J& i1 Mirjalili 5 Andrew #2 H 19",
WOA 545 JAE S i i 4 £ ik B, AT 08 i s A
O AR S A R v ) AT R S A L OF
HoT LU XA & 17 o0 R0 4R 34 B B - A [ By
B A M BB SRR BB
1) LB B . WOA ] LRSI 9 0 4 &
W AT . R T R PR B4 2R 2 [B) v 9 7 8 A
HSEI , WOA B3 5 iy s A ik i 2 HARSE W)
s LA 8 T me R RS, Al
FACHRE 23 ) e A AT B A L AT
FH LA IR
D=|CX" (D-X()|, (14)
X(I+1)=X(I) — A4D. (15)
Koo D R B )i 5 X (1) S w7 & 65 X (1)
S M S AR A 1 67 ) s X (1) SR kA —
U AL B ) 5 2 H TR B 4 A C ik
REEL.
AN CHIRIBA N
A=20r-9, C=2r. (16)
Ao L0, VX A BENLEL ; 0 Rk R 5L,
Bifi 5 32 AR R 3 in DN P 3 i 3 2
2) KM B B . Y B TR I &
B B, A PRI Rl O i i A5 0

@ AL AR AL . R 775 R 6 0 326 ol 552
I (16) P, ZR A A 13 L i i
O B ZRME L IR S BN

() W T T 6 sy 1 3 e AR A7 A S B
B R IR e T Ras g, g ar Tk R
(RURTE 7

X+ D=D'e” cos(2ng)+ X" (I), (17)

D'=| X" (I)-X(I)|. (18)

Kb DR B R A S e =2 TR B
bIEBEL S g BT [-1, 1] X A

VA S fi 3 3k MR E TR 19 I A 4 /N B L P S I
R Y . WOA BLE fEE At B rh , & 50% 1)
Ak e 3 R, T WS A AL ) 5 R T R 5 1
R B AR, HBCEAR AT

X" (I) —AD, 1<0.5;
X(I+1)= , . (19)
D'e” cos(2ng)+X (1), 4=0.5.
A, A0, 1K E) - AR

3) TR BL. 1 WOA b fig 1 g () 5 37 7
AARKRRSE AR T Y i me Uik fige . 5 E—By
BERTR], TR R B BoAT: 2 0 PR o A 51 24 iy e
I A R B S 3 i 1 7 L G R B TR A ST
e

D=|CX,-X|, X(I+)=X,-4D.  (20)

Ao, X YRR T SRR A B ) i

i LA A, WOA A 3 A 8 B =X
BRI (19) v el AE PR A T WA 4 #1115 858 e
B 2 LL KK (20) v Bl AL B BT i 1 AR 45
7=
2.2 SIANWERH

WOA HA R ACH B 0K BE 5 S0 A
{8 [) s 32 L3 AR 5 o7 B 7 XM BR |, WOA 7E
AL A B 25 5 B A R e A . R v i
GO, AR SCS %R RER L E WOA TR 5| A
PR R B w DL Bk B A R L. 7 1A
PR AR A BTN

XU+ 1) w(D)X' (I) — AD, 1<0.5
D'e” cos2ng)+w(HX" (1), A=0.5.
(21)
Horpr AR R 5w i SCInF
1
w(l)= : 7} . (22)
1+s?

o TR RIEAI L s AR T -1 R HHL
TES W B (AR, A B 4 42 /Y



686 AR FFRERHAFR) % 45 %
RHEST ARG 5, A AR 20N, (A
TERE— DX ARG A48 2, n] LAB) 1k 8 B A SRy
52 VIR S Bk AR K 3K
2.3 IRIERREHIIRA LB I
TR B S EL A ) R R g, 1T LA B ﬁgﬁ%g&gﬁ
ML= A TR 7 3 FH TR0 Ak AR R e, (i A 48 ]
FHE S AT - X8 b AT 78 T A7 DX R P, DT 442
P B Wi S BT IR I 1 B2 2% 3k b RARRABRDI
Bi{I
T 0<x, <8 W F A 5 0 B
B
Y=y (23) |
1—ﬁ"’ p<x,<1.

K, pIE T (0, DX ], ASCHL p=0.5 LLIS E i
LRI SRR

it F Matlab 032 T il ke B %) b 3 400 1 1R 3
R BT A R AR E R 05 nI AT as [A] b AL
J 5 R YR R 2, B X=Y 485 fPEE H
SC Ry 30. ) F VR bk Bt o o R AR A T R0 AR Ak L 45
g 1R .

5.0 % =
45k * *
4.0 ¥ * *
3.5 fx
3.0 *
N 2.5 *
2.0
1.5F % *
1.0} 1

05F 4 "

1 1 1 1 1 * 1 Lok 1
0 05 1.0 15 2.0 2.5 3.0 3.5 40 45 5.0
X

E1 RERSTESR
Fig. 1 Chaotic mapping of population distribution

P L1 RT AT, 2R YR T e B 7 A A 0 B AR R
FERTAT X 8] P 250 HLBEAL A, 360 UF T (VR IE
WS 7= A WA AL R A W A T S A B

ST A A IS I 2R P YR e S 4 1 1)
WOA i TAE BN 2 R

3 Matlab {}f ELEGIF

3.1 GIEHHERR

LT Z1 A 6 F HH EEHLOE , 2E17 5T
B %55 WOA BB B 8] f A8 03 B 4a) Jy vk
P45 BB UE . T4 Z1 L 6 [ i EEAIUA R 2544 4n [&]
3R

B2 WOARHEHE
Fig.2 WOA flow diagram

s 353

B3 W
Fig. 3 Mechanical arm

7E Matlab 7, 5 e A 2 Hh =0 Z1 RUAL AR
HbRAE DH 2803 1, Horh 0, 0 5 5% A A0
INXTE N IAXTHAIELES E14
KA IR R G XA K % A s d AR
2 S Al R D19 IO TE 2 il 78 519 B °F
) Z B A TR R B s o, AOFR 1A B
AEXT T 53 1A S B AT S ek 2 e he 1
R ;0 RFE TR E T 1T A IR M
BEHE 1A A IR L X A O
iEr

W ML A T HAG AT o ik b B, 2[R 4
B

MU BB 58 i 5, R LEs AN T HLAH
W ikine () BRI A T WL iz 2~ 30 e, BV AT H
AR IR 28 (8] 1 BE AR A G Ak S MR G5 25 [



%54

M EEE A TBHLDL &5 & ALK 309 DU AT $it MLR) 687

AT I EARIEHLE A4 T 1k
RES B, 40 A A 700 Y AR B 5 e i 2 o
mE2 /s .

®1 DHZH
Table 1 DH parameters
XKHHWS 0,/ d. /m a, /(%) a, /m
1 0, 0.1305 90 0
2 0, 0 0 0.3500
3 0, 0 0 0.2253
4 a, 0 90 0.0720
5 0, 0 90 0
6 0, 0. 098 2 0 0
1000 /AZY\
. ¢
500
i,
~500 71

w
& 0 0
2 _s00~—"500 5

B4 MRS
Fig. 4 Model of the mechanical arm

*2 AMEESAMEEAR
Table 2 Angular velocity and angular acceleration
constraints

PIE =2
1 2 3 4 5 6
A/ (rad-s”') 120 120 100 180 145 180
FAINHE/(rad-s) 100 100 100 100 100 100

K
el

3.2 HESBE4ER

F1IH Matlab g 5 I AS SCAE XA SCH H Y 3
T BHA S5 A EAEE R WOA LA ¢
15 5[] P s ] e O 000 R 2R 47 07 B0 IE

{61 FH B ARE NS 25 HE B 8 A AR A 0 I ) S
£ RE DEA TR AE, 76 R B EE A — B 5 S 405
AT A TR 5 R i 2 R AR L R
S| AR (1Y WOA #E4T 168 T4 . Bk
BRUNTF -

1) RIS LA AR o e Rk ARk gk
BN 500, A EEH S R 30, BN FRERD A 14>
RN TR S ECE N 8, Wl L iy 7.

F T 9T R 0] 8k R BUOMLAR S 32 17 B B K] i 72
V18 5 e BoF ) B R AN 2 B 3 R N AL E U 0,
e B U R AR R S E O S,
Hs.

2) MR (13) B B Aw iRk X 113
AR R IE N, $0 Y BT E L IR AE

3) MRE(21), HBEHLEL 5 4 FIME, R
e A ML L e B 7 B B AL 4 3 e £

B AT IR AR
4) MR 1 BE 55 A 0 B 2 T L BB
R,

5) SUBTMEOLE , R B ORAFHY S HT R AT
fift , A FE I SR, DU BRI S i fee DA
6) A7 il L i R AU, W 25 0% | i iy
AR 5 75 W) 2% 1] 20 % 3) 4k Sk AT
HT 1] 5 R, AR SCHR Y A AL i 8] B fE
IR AL B0 A ik A R e S B, 7R R AR
BORT 100 )5 RIGE T4, HE G, 1k
ARUEEF T 50 Ze A it Bk B A R AL, (HAR
PRAE B R R AR AL Ak Sk AN R S 1k
A SR e
@
12.8
12.6 -H
12.4 |
12.2 1
% 12.0 |
11.8

11.6

11.4

0 50 100 150 200 250 300 350 400 450 500
BRI

BE5 &R AU

Fig. 5 Adaptive convergence curve

FEAE A SCHR S F BREAR SR 1Y
WOA HEAT 8L BRI, 76 40 R A8 #f o B2 5 R om
AR AT, Gl MR B B AR s R LT
LG S ik 23 U6 (-5 AR UL L) WOA i
ATAIUBRE 567 25 18] P B[R] fe A s B R, o o
Hip 25 5L

WAL B A I S5 5 S IRE T
SRR WOA AHZE G453 H 50 R R £
M ZedE AT LA, an ikl 6 i .

H &1 6 1T T, A SC IR 0300 1K) B39 e 24 BT



638 FAKFFHR(A A FR)

% 45 %

R R 11,71 s, AR 5019 5 ¥ Fir sk 8] 4 13.08 s,
ST AR ] b AR SRR G | R T
AR SC T AT AT R 8] S5 fIE 5 R K £
M2 26, FEAT LA A T Ml S
£ NS 2R, ] 7 FE 8 s

4 e A] — Y (@
l-lll%_‘?&‘z - 9’&:?1‘5
) S— %453 XT6 .
3
=
®
-2
— =R — Y (b)
..... ES7TELEES T -
K J] — %43 %356 ’ SIow
3
X
=
®

fit fE)/s

E6 XV RAEMZ%
Fig. 6 Joint angle curves

(a) —ASCHE AR s (b)— SRR L .

1.5

- %—Jﬁl
L e 3%2"5‘2
. csceacees ;Q#J‘S

A E (rad-s™)

A [f/s
B7 XTREEMLE

Fig. 7 Joint angular velocity curves

HT I 7 55180 8 R, A% Y A 519 1 R 5 A
T JEE 2R T oy 2 25 , A SR AE kS T LB
Teiz gt B b Ak i UG, Bt S HLARE 21
SR AR N R AT AR [ I i A
e T 2 A AR R S A INSE B D O Y R AR

P, BRAIE T AL iz 2had A2 U 3 S5 45 1k B BEAY
Tk, e T P AL RIRCR R 4F

1.5

1.0

AN/ (rad- s7°)
o

By [R]/s
B8 k¥ fahniEE thsk

Fig. 8 Joint angular acceleration curve

4 45 5

IR Z1 B 6 [t BERLARE R 1], {5
R RN 1Y TAE 2 (8], B T HLARE
0 A 0 A BRIV . A6 25 0 T AL 451
KT AR S N AR TSR L 8 BRE
SRUEATIRAE AL B, HEAT T HUBE 5G9 25 (8] N Lk
TR RIS, 2l TR il B S ) s A AR R 1
S AMEAE A ) WOA AL ML iz 3h it 1)
7 Matlab HHEF 105 ELIRAIE , 45 5 26 I A SO )
BT B S WOA M FLA) 7 st 8] 5 L T
RORME TAE G Tk 38 m T HLMUE i TAERL
B PRAE T USRS B RE 5 AR 0 B 4R T 1
HEE, I HAENUE 12 2h il 2 5 250 2 T 40
TR 5 N A 0 19 3 5 . Matlab 95 B
SRR T T BFEA S WOA M HUAE I 8] 5
PRI T AT

SE

[1] Choi Y K, Park J H, Kim H S, et al. Optimal trajectory
planning and sliding mode control for robots using evolution
strategy| J |.Robotica, 2000, 18(4) :423-428.

[2] LinC S,Chang P R, Luh J.Formulation and optimization of
cubic polynomial joint trajectories for industrial robots [J].
IEEE Transactions on Automatic Control, 1983, 28 (12) :
1066-1074.

[ 3] Gasparetto A, Zanotto V. A technique for time-jerk
optimal planning of robot trajectories [J]. Robotics and
Computer-Integrated Manufacturing, 2008, 24 (3) : 415-
426.

[ 4] Rout A, Dileep M, Mohanta G B, et al. Optimal time-jerk
trajectory planning of 6 axis welding robot using TLBO
method [J]. Procedia Computer Science, 2018, 133: 537-
544.

[ 5] Saramago S F P, Steffen V.Optimization of the trajectory
planning of robot manipulators taking into account the



H ThEBS A TBAHLD & AL H X MU St ML)

689

[6]

[7]

[8]

[9]

[10]

[11]

[12]

dynamics of the system [J]. Mechanism and Machine
Theory,1998,33(7) :883-894.

Chettibi T, Lehtihet H E, Haddad M, et al. Minimum cost
trajectory planning for industrial robots [J]. European
Journal of Mechanics A-Solids,2004,23(4):703-715.
Tondu B, Ei-zorkany H. Identification of a trajectory
generator model for the PUMA-560 robot [J]. Journal of
Robotic Systems,1994,11(2) :77-90.

Ariano A, Perna V, Senatore A, et al. Simulation and
experimental validation of novel trajectory planning strategy
to reduce vibrations and improve productivity of robotic
manipulator[ J]. Electronics,2020,9(4):581.

LiYY,Ge S S,WeiQ P,et al.An online trajectory planning
method of a flexible-link manipulator aiming at vibration
suppression| J|. IEEE Access,2020,8:130616-130632.
Zhang W J, Shang W W, Zhang F B, et al. Stiffness-based
trajectory planning of a 6-DOF cable-driven parallel
manipulator[J]. Proceedings of the Institution of Mechanical
Engineers, Part C: Journal of Mechanical Engineering
Science,2017,231(21):1-13

Bazaz S A, Tondu B. 3-cubic spline for online cartesian
space trajectory planning of an industrial manipulator [ C ]/
International Workshop on Advanced Motion Control.
Coimbra, 1998:493-498.

PRMR T I, 5 O R T LS AL LR A
FEERIRLT] AT EHL TR N, 2018,54(5) :36-50.

(Li Li, Shang Jun-yun, Feng Yan-li, et al. Research of
trajectory planning for articulated industrial robot: a review

[13]

[14]

[15]

[16]

[17]

[J].Computer Engineering and Applications,2018,54(5) :
36-50.)

LR, R, 4 LT DE (R[] £ 6-DOF #ll
W LI MR Bk [0 ] 3 HLOS 2, 2015, 32(8) £ 332
337.

(Wang Xue-kun, Li
Time-optimal trajectory planning algorithm based on DE for
manipulator [J]. Computer Simulation, 2015, 32 (8) : 332-
337.)

Toi, EAE FRAAF 45 HE T2 38 Sk M HL s A B ) die
DL AL [V ] WL A% 5y, 2018, 42(7) : 55-60.

(Yu Rui, Wang Cheng-jun, Guo Yong-cun, et al. Time-

Gang, Zhou Dong-kai, et al.

optimal trajectory planning of robot based on breed
algorithm [ J].Journal of Mechanical Transmission,2018,42
(7):55-60.)

ZEEEE, EaEsE . 5T B SRR AL Tk I HLAS B
T m DL 3 B [ ] 3+ B AL 5 A, 2020, 37 (11)
215-223,279.

(Li Guo-hong, Wang Yuan-liang. Time-optimal trajectory
planning of robots based on B-spline and improved genetic
algorithm[J ].Computer Applications and Software,2020,37
(11):215-223,279.)

Mirjalili S, Andrew L.The whale optimization algorithm[J].
Advances in Engineering Sofiware ,2016,95:51-67.
Mirjalili S, Gandomi A H. Chaotic gravitational constants
for the gravitational search algorithm [J]. Applied Soft
Computing,2017,53:407-419.

KOOSO OO0 000000000000 0000 000000000000 0000 0000000000000

(L% 659 W)

[13]

[14]

Zhao Q W, Liu C L, Sun Z, et al. Analysing and optimizing
the electrolysis efficiency of a lithium cell based on the
electrochemical and multiphase model [J]. Royal Society
Open Science,2020,7(1):191124.

Meléndez J M, Désilets M, Lantagne G, et al. Effect of
bubbles and liquid drops fluid dynamics on the lithium
recombination inside a lithium electrolytic cell with

diaphragm [J]. Journal of the Electrochemical Society,

[15]

[16]

2022,169(2):026516.

Comsol. Electrochemistry module user’ s guide [M].6.0 ed.
Stockholm: Comsol, 1998.

Liu C L, Sun Z, Lu G M, et al. Experimental and numerical
investigation of two-phase flow patterns in magnesium
electrolysis  cell  with
distribution [J]. The Canadian Journal of Chemical
Engineering,2015, 93(3):565-579.

non-uniform current density



