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Topological Manifolds Analysis for Inverse Kinematics of
Redundant Fiber Placement Manipulator

XU Peng CHENG Jinxiang YING Mingfeng LI Kui
(College of Mechanical and Electrical Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract; A new topological manifolds method was proposed to solve the inverse kinematics problem of
the redundant fiber placement manipulator. It improved the calculation precision compared with the
optimized projected gradient method. A structure of smooth topological manifolds was presented by the
inverse kinematics solution of redundant fiber placement manipulator, the simulation topological manifolds
were obtained when the position sub-manifolds and posture sub-manifolds had a different simulation
analysis for the redundant fiber placement manipulator model, it was like the function mapping in the
mathematics from the manipulator joints space to the working space of the end effector. The tangent vector
described velocity vector for each point on the topological manifolds, the gather of all these tangent
vectors were defined as the tangent vector space on the point. The kinematics problems of the redundant
fiber placement manipulator were abstracted to mathematically curved surface topological manifolds
problem in the new method, it provided a new theoretical basis for manifolds analysis of the redundant
fiber placement manipulator. Thus the subsequent optimization of inverse kinematics solutions manifolds
problems were obtained by using self-motion curved surface manifolds theory in the mathematics, it
provided a new method for improving the subsequent optimization self-motion control of the redundant
fiber placement manipulator. The whole operating performance of the redundant fiber placement
manipulator was improved greatly, and it would play a great role in promoting the quantity in the working
fiber placement. The new method was verified by simulation of plane S-shaped inlet.

Key words: manipulator; redundancy; topology; manifolds; inlet

a| AL ORI i I, A T LR O B 1

[l RO R T2 a MR TERE, BEAR T 5 4 R

A BREER 2 G US4 R (Fiber placement, 9 A 7 A S D T A2 R AR R A ) R, AN

FP) J&—FiokE i (9 & A MR R b Bl SR 7 B B A TS IR R0 2 2 A 2 BB A

I

efm H . 2016 —09 —20 & H . 2016 —10—19
EE£WB: ERE LMK RITRI (973 34)) 5 H (2014CB046501 )
EER A WR(1982—) B W4, EBANFICRE LI T 093 & B2 3 W5, E-mail; xpnuaa@ 163. com



388 & A Hl

2017 4

A TR P 38 5 Tl AN BT 45 R S AL A T I
(OREFE o BT LA T 5 4 0 R £ 2 0 2 e R
(1 TAE BEHL——ICAR B Z AU T R B IS © 42l 2
A 38 JE ) s AR — A BT B S T i

Bl 22 HLBR T 1912 Bl = 390 A 2 S BB A Al 2230 7
i BRI RIS B4 A SERES 0 X T T A il 24 0L
T 19 3032 B 2 SRk ] L — JBOR R ) SO0
FEBUR S0 T 0 BE o B0 AN [ 3 6 S i B
TR /NTER e /N A SRR e/ 2R PE R AR B
H o 1S5 LA 50k, MR 4 486 32 19 R ST 00 DA 1 Bk
JIr 50538 Bl 2 i AN — RE 2 IUARBUBT 19 22 )R fe It 10t
fift, MICARPUM T HIMRIE A& T 2z s~ i,
FT AR 8 T i B s sh e kel LA A
FINRTE 141 5T M2 1) ) BE R WE 52 TU AR Bl 22 DB T
18 32 R AR RE SR AR

WANRIE & — A B 22 Jm A b, Jm i Al A 5 BR
A A 25 g b s il A FN R O A0
Sk iy BB LA 25, AE TCAR WL T 01 55 T 1 A
A ORI (9 I AT S, ) A R AR TT AR PLI
AR LR Pk I T T ) 1 B LA LA RN PR
SCHIZE R N a2k H ia sh P i e I — € A9 BLIE S At
TUARUNE T2 T4 D T 19032 2l 2 5K A R) i, [
IME LB T IR R

ASCHE IR R IR A5 H 8 Bty A ER B A 22 AL A
SRR N2 1 AR (11 3 s R HE [ B A RIS
A B FNRIE , OO e & BE 45 & S 807
e 1 07 145 B TUAR Gl 2 DU T 30012 B~ g A i 22 3k
KT a0 LA B U AR 2 WU T A
= [ IE S =S R e, SR 05 R R S B 2E S
A8 Ay 9 96 UE T $ 07 9 1) TR o

1 TRELIWHFHRIPEN

BL A Bl 8.6 A B R LT A 4%
BRI ALR T 8 B B R IUAR U T (19 P 36 &
G, M TIUREMAAFALZ AR A LR Z A 08 52
U TR A W AR A DR R IS BUROE (TR 1N
TG BOBIE 58 AT LA SE 4 3t B2 i 38 ) 2 390 i 110 B A
Jit, 2 D HEA L 4 4 D A5

2 B=EmINRE

E SRR T A5 A
c=CC(C,C,C,C,C.C.C, (1)
A€ Bl 5 1 1 1 =5 ]
C, ~ C,—— 25 5L B LA My Rl =5 ]
C— A i e e 5 19 Ay 73 2 1]
TSR B S ) € B AR S ] WO

1 8 B 1 BETCARAH AU T4 1Y
Fig.1 An 8-DOF redundant fiber placement

manipulator model

K2 8 A BETUH 2 LM T Hh 4548
Fig.2  Topological structure of 8-DOF fiber placement

manipulator

SYeREL S s gl B AT LA R, T f 2 ) TR
DWW f:C—W R W—C 25 B i 5 5 47
TE 6T WSS T UL AR T 5649 i a2 9 1 T A 2
W i ek R, B S B T G T A 2R s ) M A g HA T
o (O 48 AT 25 18] 22 6] B WSS 5 e A3 o 25 T BRI R
Ui e B R am B Iy, 8 L A 22 AR T i s
EIH IR IE S, B RT C A
8 HEIE , ALHE T ICA T 22 MLAR T 1y 4 0 0
TE AN B 5 T F) T 5 ]
c.=¢ccc,ccec,eec (2)
T SCAL SR AR A5 MR
(C..F,) =1(0,,./.,(0,))/f.(0,) =P.0,cC,|
(3)
X P—— T RARR R AL AR AR AR P A7 B R
F,——8 8" IE R R &

S 18 Bl IE A BRI

e VAL S t B B9

C,—iEX W TAEEETE, &2—1 8 4
ETELW]7

Kig P ERHALERT d,.0,.0,.0,.0, RIE,
) B 52 B B AS K1Y 05 .6, .0, B2 . TR i B A
i L HARPR AR S0 REE 7 SN A AR AR GE 4R [ 2, T



% 6 1)

TR 2 TUAE 22 DUARE T30 32 gl 2 B 3 F MR T 20 A 389

DAy TR AR bR 28 ] UG 2 4 22 AR T i w26 7 e 1Y
bR AR LS AL
T REHF A AT W S B = A s ] A
R T SO ST AR =S (R e
c. =CcC,C.C, (4)

wz

(Co ko) =(0,,.0,(0,))/1,00,) =1, (6,€C,)
(5)
A 1, —— NEE AR bR 28 i B Bl 22 LB T M A 19
K
C.,— B R W TAE=RERE, 2 —1 5 4
ELEE W)

PLod, 05 1E R ICAE BEn] LUK B 565 6, .0, .0, B
5 = k2 A o
TE LSS KT R T 23 ]
c, =C,C,C,C.C.C,C, (6)
FE SRS KT TAEZ MR E
(C.,F,) =(0,./,)/f,(0,) =(p,x;,z,) (0,€C,)
(7)
Kb x, 2, K THARRES
C,—EETAEA M HIE
HF C, 22— 7 I NRIE R A RE7E — 4
A E RS, BT LKA B T 0, .0, .0, X BT
LS WM T 5550 — A KR, N 6, .
O8O O AR R e
C' =C.C.C.C,C, (8)
(C,F)) =(0,.0)/0(6,) =, ,x,,2,) (8,€C))
(9)
K w57 U« JART y Bl 5 ) A R
AR TE T RS
C— 36 TAEAS [ e
C L ZE—A5 FE b Ie , LA 0 .0, fE R IU AR &
AR AT LR A 5T 05 .0, .0, WL 3 = k23 [a]
T AL E S R MR C), FN 4848 25 1]
WANAIE C 8 w] L4y 5l e 7R 2 DL JE I 5675 6,
0, .0, FILLIGE T 05 .0, .0, F 3= Y il 18 7 7 R 45 44
3 FIiEFhFE KR
FIH e FIE X 8 [ 1 BETUAR Bl 22 WU T3 18
Bl AT R R LT B 00 6 RS B4 % T TR R
SESEANE 3 iR .
WIHEAIRE TR R T BPERIRR ST Z
(] F 25 46 Sy

0 1 a,
1 0 O a, + a;
£.(0) = (10)
0 0 -1 a;+a,-a
0 0 O 1

B3 JUR 22U T 90 Ik s
Fig.3 Initial state of redundant fiber placement manipulator
— BT AR S TR AR AR A RS AL AR 2R 22 [ 1Y
A

g.(0) =

- sina cosq 0 a,
cosacosfly  sinacosfy  sinf a, +as —rsinfy
cosasinfg

0 0 0 1

sinasinf,  —cosfy @, +a, —ag +rcosfy
(11)
Ap 0, —55 8 LW IEsE M
a— H Rl 2 5 U Al 2 1) e A

r—Hl 22 L300 R AR AR R AR
a, ~a;— M Z U T L5 S 5L

B TUAR R ATVE 9 Bl 22 LB s AR B AL bR R T
MR AL bR o, A 0y, AR s e 8 LS S E AR Paden —
Kahan - [a] 8 a] LSR5 B2 AR 0 B8 350 4% 56 1 fiff A &
LY

Ozzarctanz(i(qx—d]),i'q).> (12)
T a; +a; - (h-a,)" - (q. - a,)’
0, = _713r0005 2a,a;
(13)

0, = arctan2(f,, f,)

Ji =as(q, —a;)cos, — (a, +assing,) (h —a,)
fo=as(h—a,)cosl, + (a, +assing, ) (q. —a;)
h=+,/(q, -d)’ +qi

(14)
05 =arctan2(q. -d, ,q! —a, —a,) (15)

az - (q; —a, _a5)2)
(16)
0, = arctan2 (d, —qi’,a2+a5—q;') (17)

0, =arctan2(q —a, —a,, =



390 & o Bl B ¥ iR

2017 4

MICRIRAT d, 0, FEFLE G BN AR LR, A S
JIE A% B 1) 158 B 1% 6, .65 .0, .05 .0, .0, ELL d, |
Oy HZLHH) KB, TUARBE2Z P T 8 Kk AL i
H AT LIE R TUARAS 3, AN A TCAR 78 5 B TUAR B 22 01
BTz S B e — B0 B R TR AE 5T T
AU TR R 38 3h 8 & AR/, o 7 S8 Br
223 B gy 0 AR A5, A SR d L6 FE IR
A R R M AN ROE e i, b oo RS T
g2.(0)

4 (FESH
& B bR
1 (EER) 1 (EEB)
3{—1<z%%>e{—1<?%%>
{1 (R B
S (BB

BT LA b 23 M o0 5945 2URE A I 5615 76 A R BB TR
PRGN WL B AR 2 ) 0 B AR AN AR e 4 Bs .

B4 ARV ARG T B0 00 B = 18 0 E A e

Fig.4 Position space simulation topological manifolds

in different arm configurations

H1 & 4 JF 7R 1 07 B3R FNRE AT LA B 286 22 B
B4 A BB A LRI L E T 6, .0, .0,
LA B K6 ol 25 8] R0 R 35 o, I 8 Bl 22 TAFE—
1 R AT o

BT 05 .0, .0, TEA RV AR T 19 L8 TAE
25 [ 45 LA N RE 43 3 an 18l 5.6 FFR o

i 1 5.6 AT 2 £ X R A Bl 22 B s B 22
BUBE T i G 15 A4 T4 B A A IR i B
BER R, 54 0 B 25 BT A Y il 22 DL T
WbF A EETEAS B RS T B ok TAEZSS ],
[Fi) Ff 2R i 1 R ke B 4 B ) bR A, 7E L Sk Al 2 AT
A FH 40 I 301 169 2 J5 ok AF 5l 22 A1 BT 1) O 1
fif o N TE FH R B 5% P — 4738 £ 21 A 5 (0] R
M, L b B — A U 1) B RAE T Y B R
JE AT VI ) it AR SO IZ YD 23 (8], B as (e 5

—
T~ 3 5

e

==

> 1 1 3 0 "5~ o0 2
Glrag —° 3 OJ"""\ G lraq

0 g rad

(a) s=1, e=1, w=— (b) s=1, e=1, w=1

=
— 5 3

7 o 1 =
,f)\h‘;\\\

(c) s=1, e=—1, w=1 ll,h,\':l,t;’:—l.l(':—l

BS HBEBRET LS ZRTE

Fig.5 Posture space simulation topological

manifolds for right arm configuration

0 70 2.5 4 ) 770 05 2.0
9, -15730-05 1 Vi = 2.5 ==
Y Tad - (),/rat\ gt - xe

(a) s=—1.e=1w=1 (b) s=—1,e=1 .n':—]w

0

0.5 0 J\"“‘\

3y -1.0210"

(d) s==1,e=—1,w=-1

(c) s=—Le=—1w=1
K6 ZEIERET %S M HE

Fig.6 Posture space simulation topological

manifolds for left arm configuration
e R R 45 5 T LU A 22 BB T 1) s 2l 2 1 g
FaAn, A AT X 4 22 B e R LA . TR Dy
TIEAE PN S 0 E 8 1 TR 2 WU T L T
A EREIEABE A OUT , LAURAL S JB #E I8 Bk
il 25 S 191 R 56 i P 45 3 D IR 19 1 8 1 TR s )
FHRLHS B3 H LA 045 8 B 52 30545 21 1 AR L i3 0
AR XF L, W 7 s

v/m
B 7 RS HEGE D KT
Fig.7 Simulation path for plane S-shaped inlet

w11 7 R]AAS SCRT 30 ML 07 35 A H T A%



% 6 1) TR 2 TUAE 22 DUARE T30 32 gl 2 B 3 F MR T 20 A 391

B H A B S B R ok B TR e T AR R4S B AR L 05 HOAE | R Bl 22 LA T
ASCET ¥R MR IE 7 I 0 IE B P A S B R A iyis ﬁ%lﬂ@ﬁkﬂ]%%ﬁ%iﬂé&%qj%%ﬂ‘m%lﬂ
SCAETUAR U T iz S oA MR M e Z RIS 80, SRR At ] L 3g i %ok 3 0 3 JE 1 Bk 9 2 45 21 4

T

FOE R, O JE SR AL R SR IO R A Az 22 HUBCT A e (0 %, O Jim S e A 1 32 4 il

B PR B E T AR BE At

5

i (2) SRR KB S TE 3“3 477 2L 9 % 1L,
i N 05 1 0 03802 3 A L T R B0 1 48
(1) RERIHE NI 07 W BF 9 T OTAR 22 LB AL sh HE S5 05 08 45 T B 22 900 10 32K , v

T aE g o i, o e oA TAR S W MBS AR 72 R AR .

10

11

13

14

2 £ x W

KA, M4, SFRAE, . I B S BUR A SIS R SR T (] WiEs 244 ,2014,35(1) 1279 - 286.
LU Nannan, XIAO Jun, QI Junwei, et al. Experimental research on prepreg dynamic tack based on automated placement process
[J]. Acta Aeronautica et Astronautica Sinica,2014,35(1) :279 —286. (in Chinese)
CHEN J H, CHEN-KEAT T, HOJJATI M, et al. Impact of layup rate on the quality of fiber steering/cut-restart in automated fiber
placement processes[ J]. Science and Engineering of Composite Materials,2015,22(2) :165 - 173.
MR, FIRZE, BRIk, 5. JSEI 2 60 R L BB S R J7 i [J/0L] . 4Rl ML % 41 ,2015,46 (6) :372 - 378.
http: / www. j-csam. org/jesam/ch/reader/ view_abstract. aspx? file_no = 20150653 &flag = 1. DOI;10. 6041/j. issn. 1000-1298.
2015.06.053.
CHEN Yuechao, ZHOU Xiaojun, YANG Chenlong, et al. Ultrasonic testing method for localized void defect identification in thick
section composites[ J/OL]. Transactions of the Chinese Society for Agricultural Machinery, 2015,46(6) :372 —378. (in Chinese)
BER, EHMA, B, . LT CATIA Az U8 n T 42 A HL s N £F desii il LRy (1], iz 2% 4, 2014,35(9) :
2632 -2640.
DUAN Yugang, DONG Xiaowei, GE Yanming, et al. Robotic fiber placement trajectory planning based on CATIA CNC machining
path[J]. Acta Aeronautica et Astronautica Sinica,2014,35(9) :2632 -2640. (in Chinese)
CHEN Jie, XU Wenjun, WANG Ben, et al. Fuzzy-adaptive PID based tow tension controller for robotic automated fiber placement
[J]. Applied Mechanics and Materials,2014 ,643 .48 —53.
SO, R, B, & RTHLEGE S UMAC [ B 3l 22 5 AG 1 S 0 A 0 PR SR 5 R e [T ], Wi zs %4, 2015,
36(12):3991 -4000.
WEN Liwei, SONG Qinghua, QIN Lihua, et al. Defect detection and closed-loop control system for automated fiber placement
forming components based on machine vision and UMAC[ J]. Acta Aeronautica et Astronautica Sinica, 2015,36 (12) :3991 -
4000. (in Chinese)
KOKURIN M Y. Stable gradient projection method for nonlinear conditionally well-posed inverse problems[ J]. Journal of Inverse
and Il1-Posed Problems,2016,24(3) ;323 -332.
XIS, B eds, A, 55, SRS TR R Y Gram WL AR MEOR AL (D], b B K 2E 2 4. H 2R B 24 0], 2016,
44(8) 162 - 65.
LIU Jieping, YANG Chaoyu, FANG Jie, et al. Improved optimization algorithm of the Gram measurement matrix based on gradient
projection[ J]. Journal of Huazhong University of Science and Technology: Natural Science Edition, 2016,44 (8):62 - 65. (in
Chinese)
AN H H, CLEMENT W I, REED B. Analytical inverse kinematic solution with self-motion constraint for the 7-DOF restore robot
arm[ C] /2014 IEEE/ASME International Conference on Advanced Intelligent Mechatronics,2014; 1325 - 1330.
GE Xinfeng, ZHAO Dongbiao, LU Yonghua, et al. Study of dynamics performance index of the automated fiber placement robotic
manipulator[ J]. Journal of Information and Computational Science,2011,8(14) :2975 —2982.
HAUBERK S. Principal curves on riemannian manifolds [ J ]. 2016 IEEE Transactions on Pattern Analysis and Machine
Intelligence ,2016,38(9) ;1915 - 1921.
X k. T3 E il R B G R L PR G T]. £ 244 ,2013,56 (5) 1669 - 686.
LIU Jin. Linear dependence of mean curvature vector fields of submanifold[ J]. Acta Mathematica Sinica, 2013, 56(5) :669 —
686. (in Chinese)
MOLL M, KAVRAKI L E. Path planning for minimal energy curves of constant length [ C] // Proceedings of the 2004 IEEE
International Conference on Robotics and Automation, 2004 ,3:2826 —2831.
BURDICK J] W. On the inverse kinematics of redundant manipulators; characterization of the self-motion manifolds [ C] //
Proceedings of the 1989 IEEE International Conference on Robotics and Automation, 1989 :264 -270.
( #5406 TT)



406 & ol HLOM ¥ R 20174

11

12

14

15

17

18

19

20

A SR IR =LA AN A R R Bk i e A AT [T ] b HE TR A 24 4R ,2015,35(1) 223 - 26.

WEN Desheng, ZHANG Kaiming, ZHANG Sanxi, et al. Theoretical analysis on the inside and outside gear motor [ J].
Transactions of Beijing Institute of Technology, 2015, 35(1) : 23 -26. (in Chinese)

B, BAHR, XIS 00E T A M SR s [J] . wG R ol R 2% 2% 4k ,2008 ,40 (11) ;1840 — 1844,
WEN Desheng, LU Shijun, LIU Xiaochen, et al. Theoretic research on variable displacement of equal-width double-stators pump
and motor[ J]. Journal of Harbin Institute of Technology, 2008, 40(11) : 1840 — 1844. (in Chinese)

B EE AN, E BUE TR DR E DR s RSB ST [J/OL]. el HLA2% 4R , 2013 ,44(2) :238 —242. htp: /
www. j-csam. org/jesam/ ch/reader/view _abstract. aspx? flag = 1&file_no = 20130243 &journal _id = jesam. DOI: 10. 6041/].
issn. 1000-1298.2013. 02. 043.

WEN Desheng, CHANG Xue, ZHANG Shaobo, et al. Analysis of torque pulsation for double-stator single-acting multi-motors[ J/
OL]. Transactions of the Chinese Society for Agricultural Machinery, 2013, 44(2) . 238 —242. (iin Chinese)

s A R0 R S L 48 AR RS F VB Bk AR K S0 43 BT [ 1/O0L] . Al LA 2 4% ,2014,45(10) :319 - 325.
http: / www. j-csam. org/jcsam/ch/reader/view _abstract. aspx? flag = 1&file_no = 20141050&journal _id = jesam. DOI: 10.
6041/j. issn. 1000-1298.2014. 10. 050.

WEN Desheng, GAO Junfeng, ZHOU Ruibin, et al. Analysis of torque pulsation for multi-acting double-stators couple hydraulic
motor[ J/OL]. Transactions of the Chinese Society for Agricultural Machinery, 2014, 45(10) : 319 —325. (iin Chinese)
A SR, EH,F SMERZREL Bikedih Bkt [ J]. P ENUM T ,2010,21(23) :2836 - 2838.
WEN Desheng, GAO Jun, WANG Zhili, et al. Output torque of double-acting multi-pump and multi-motor [ J ]. China
Mechanical Engineering, 2010, 21(23) : 2836 —2838. (in Chinese)

B AEA, SR AN, A8 WUE TR ik 28 S Fe A (1], R ALAR 21 ,2011,42(9) :219 -224.

WEN Desheng, LU Shijun, DU Xiaojie, et al. Theoretical analysis of differential connection of double-stator hydraulic motor[ J].
Transactions of the Chinese Society for Agricultural Machinery, 2011, 42(9) . 219 —224. (in Chinese)

U, AR B AR W, 5. SROOFIR R SR BRI [T ] LB TR 24k - A AR B4 18,2008 ,28 (2) :47 - 50.

HOU Bo, CUI Rui, LIN Yufeng, et al. Theoretical study on three-pole parallel-gear motor[ J]. Journal of Anhui University of
Science and Technology: Natural Science, 2008, 28(2) : 47 —=50. (in Chinese)

TRAE VR R, R K ORI | B B W e T Dk LTS [ T]. RO LA 2 41,2004 ,35(2) 144 - 47.

ZHANG Jun, XU Xianliang, ZHANG Xiaofei. Theoretical study on the first kind of compound gear rotor motor with low speed and
high torque[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2004, 35(2) : 44 - 47. (in Chinese)

X1, WA AR ZRLZHDBEHREFTANT]. WESS 5% H,2012,32(2) .73 - 76.

LIU Yishan, WEN Desheng, DU Xiaojie. Introduction of multi-pumps and multi-motors hydraulic transmission system [ J].
Hydraulics Pneumatics & Seals, 2012, 32(2): 73 = 76. (in Chinese)

M A AN BB, A BUE F R T 2 5 2 3l D ik SR R PR 40 A [ J/0L ], Rl MUK 2% 4 , 2014 ,45(7) :321 - 324.
http: / www. j-csam. org/jcsam/ch/reader/view _abstract. aspx? flag = 1&file _no = 20140749 &journal _id = jesam. DOI. 10.
6041/j. issn. 1000-1298.2014. 07. 049.

WEN Desheng, YANG Jie, ZHENG Zhenquan, et al. Theory analyses of double stator symmetrical type multi-pump and multi-
speed motor[ J/OL]. Transactions of the Chinese Society for Agricultural Machinery, 2014, 45(7) : 321 —324. (iin Chinese)

(L#EE 391 IT)

15

16

17

18

19

20

21

RS, FLEIL, LT T BEREITIARTH BEBWIELT]. P LA %R ,2007,43(9) 132 - 137.

ZHAO Jianwen, DU Zhijiang, SUN Lining. Self-motion manifolds of a 7-DOF redundant manipulator[ J]. Chinese Journal of
Mechanical Engineering,2007,43(9) :132 - 137. (in Chinese)

BoREE, BARAR. T AME AL ASEUN ABRIET]. U TR ,2012,48(13) ;27 -31.

GE Xinfeng, ZHAO Dongbiao. Parameterized self-motion manifold of 7-DOF automatic fiber placement robotic manipulator[ J].
Journal of Mechanical Engineering,2012,48(13) :27 —31. (in Chinese)

WET, B, 245, 5. WERHLA 36 P &5 M FRAE 43 A7 [ J/0L]. ARl WLB 2=, 2016,47 (8) :388 - 398. hitp: /
www. j-csam. org/jcsam/ ch/reader/view_abstract. aspx? file_no =20160851&flag = 1. DOI.10. 6041/j. issn. 1000-1298. 2016.
08.051.

SHEN Huiping, ZENG Qingfei, LI Ju, et al. Topological structure characteristic analysis for typical and practical parallel
mechanisms[ J/OL]. Transactions of the Chinese Society for Agricultural Machinery,2016, 47(8) :388 —398. (in Chinese)
R NBOL R AR B E 2 | T]. & S8 oY ,2015,18(4) <8 - 10.

HAN Gang. From euclidean space to topological space[ J]. Studies in College Mathematics,2015,18(4) :8 —10. (in Chinese)
REZ. PRI fuzzy HINAEBUTZ E[T]. BOWI R 48 5 %05 ,2015,29(3) :84 - 90.

WU Xiuyun. On induced fuzzy topogenous order spaces[ J]. Fuzzy Systems and Mathematics, 2015,29 (3): 84 - 90. (in
Chinese)

ZHENG F Y, HUA L, HAN X H. The mathematical model and mechanical properties of variable center distance gears based on
screw theory[ J]. Mechanism and Machine Theory,2016,101.:116 - 139.

DAI J S. Screw algebra and lie groups and lie algebras [ M]. Jt 50 @& # & H 4l ,2014:119 - 149,



