FE: FENFER

Eh: FENFRKELFHBEINS WERRZRH
HEMRELRFS

. WK

OPTICS AND PRECISION ENGINEERINE

TH LR R £ B B BRERTH LI 3 A AR 5 T
FHCH, HEKHE, FEALZL

FIHASL:

FHOP, BORME, FRS7LL. i HLEO G- & 1 ER IR T HLAL 2 3l RS B[ . D2y RS9 TRE, 2020, 28(8): 1725-1732.
WANG Mei-yu, TIAN Da-peng, GUO Li-hong. Kinematics modeling and model validation of series spherical mechanism for
photoelectric platform[]]. Optics and Precision Engineering, 2020, 28(8): 1725-1732.

TEZR R View online: https:/doi.org/10.3788/0PE.20202808.1725

FETT ARG HoA S EE

Articles you may be interested in

fe - A XA S L Ak B R AL (143 ) =AY
Dynamic model of spherical parallel mechanism for wheel-leg hybrid mobile robot

Je K5 TR 2019, 27(8): 18001810  https://doi.org/10.3788/0PE.20192708.1780
7N EHLEF NIEALAZ B2 53 B S b T e

Kinematics analysis and configuration selection of whole machine of hexapod robot

Ye2F G # TAE. 2017, 25(7): 1832-1842  https://doi.org/10.3788/0PE.20172507.1832

EA TUAR K HE ) <em>3</em>-RPS/<em>3</em>n-SPSIF WAL 1 51 g 2 HEAS
Inverse dynamics modeling of 3—RPS/3n—SPS parallel mechanism with redundant limbs

e K5 T 2019, 27(4): 807-819  https:/doi.org/10.3788/0PE.20192704.0807
AT A S AU T Az B2 oA

Mechanism design and kinematic analysis of deployable solid reflector mechanism

S % TR 2018, 26(12): 2940-2948  https://doi.org/10.3788/0PE.20182612.2940
AR R ST PR N R IFTRICBR 13z 37 1A

Kinematics analysis on the serial-parallel leg of a novel quadruped walking robot

St K% T AE. 2015, 23(11): 3147-3160  https://doi.org/10.3788/0PE.20152311.3147


http://www.eope.net/
http://www.eope.net/
http://doi.org/10.3788/OPE.20202808.1725
http://doi.org/10.3788/OPE.20192708.1780
http://doi.org/10.3788/OPE.20172507.1832
http://doi.org/10.3788/OPE.20192704.0807
http://doi.org/10.3788/OPE.20182612.2940
http://doi.org/10.3788/OPE.20152311.3147

28 % s ese R TR Vol. 28 No.8
2020 4 8 H Optics and Precision Engineering Aug. 2020

XEHRSE 1004-924X(2020)08-1725-08

T (=] L& S R & R R EX PR AL A4
EHFEESEE

FHEAV L HARN g
(L.PERFER KELFHEEINMENEFRR A, 48 K& 130033;
2. W EMFKAF, L E 100049;

L.HERYR MEAFRAESNEELALRE, T4 K& 130033)

TEE AL G HLEN AT G AELRZE Y BRI T He 2k A b, 2R FH BT A o I Bk T AL AG T LA iR X — [ RL{HL dple 2 38 gl 2 455 A0 4 S i
P8, 3T D-H 805 2857 1 M HLEOG R - 5 09 5 BCER LAY IE 396052 2 #0805k MATLAB #1712 3 24 45 5
WIfR L IT 5 2R3l J1 27 43 B 4 ADAMS AT L X 56 GiE A Y 1 TE B P 5 #4150 30 206 B X 52 B A% JE% 2 BUHIE 64T SR 4R 0T
HATIB B AR BB SE B, LI AR R Y] B R B LI E B A S Mz R 2ETE S LI H R
K A FEI R 0RO DL T2 I8 95 22 R AR R AR M R 25 . T AR R Oy I T BRI AL A o L 5 W0 b A e A A R A0
FEBEE T Bl

* % W:eEREHM;DH A E;EHFHEY;ADAMS 5 MATLAB B 445 &

FE S %S . THI6;TP391 Xk HRIRAD : A doi: 10. 3788/OPE. 20202808. 1725

Kinematics modeling and model validation of series
spherical mechanism for photoelectric platform
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Abstract: The traditional framework structure of airborne photoelectric platforms limits their load ra-
tio. A new series spherical mechanism could solve this problem, but there is no kinematic model to
support the design. Based on the D-H parameter method, the forward and inverse kinematics models
of the series spherical mechanism were established. The kinematic model was solved using MATLAB,

and the correctness of the model was verified by comparison with ADAMS, a multi-body dynamic a-
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nalysis software. The experimental device was set up to collect and perform the kinematic model verifi-

cation experiment. The results show that the experimental error between the calculated value and the

measured value of the kinematics model in the experimental equipment is within 5% and is mostly a

result of machining adjustment error and sensor measurement error in the experimental system. The

model established provides a solid foundation for application in research on optoelectronic platform vis-

ual axis pointing control based on a spherical mechanism.

Key words: series spherical mechanism; D-H parameter method; kinematic model; ADAMS and

MATLAB co-simulation

1 31 =

PLEDEH - 5 02 — Rl ML — A i 4%, i
AL 5] IR AHE 2 P 7R O 2 AR AR 4 L T 6
R GENF 2R RN . B R R K
JE& HLEOE A B N F E A CE 2w PR RE R OL
el . /B & A B AR SR 3L
HL Y- £ DA RIS AT 22 2 A8 1Y) 2 W) L B v A LU o i
THOL #O6 B & /Y T BE R BE AR A 2 Y
=0 S

1L G LA B & DA A S = =
HEZEL Rl DU AEZE = Rh 45 0 o 200 R
B 5 — Tl B O A S B S5 B X TN
A3 1 20 25 08 L A A R R KA BE R R T
12 S B 2 TO0F M B R L o U S B R A e
= Tl = R e DU SR L £ A R T A
HEZL A 25 )L, (HF 5 B SRR R EOR . 1
HCREIE 23 AT PR, A St 06 HE 2 285 ) o Bl 2% 4
PFE AR — D BRI B 4 T Bk AR T
POt L AT By A )L R T O P B HORT L
P,

>R R R ER 1T AL A fif pRe i — ), K AT AL
Fag 2 — A T 1 T ALAL 1 25 [R]HILAG 22 18] B 45 AR AL
oy e gl ) R il 2 52 T S T N — o O HL G Sl 8
FEIR ORI Figsh . 2 K il 3R 4R A B AR BR
1 AT LR BRIE 23 (8] 9 kA 5 22 100 O H 2y .
FI R, XoF 25 18] Bk 1 HLAG B F 9% 2 28 vh T 2 52
HER TR BRI LA . (HIFIBRALAL A B R e
IR Al 1 B T - B0C AL ALY F) 2 AR BE 0. =S ] O B
BRI BR T BIL AL 45 48 TR 50 R B R AR T TR
il o BRI BB 2 ) T 4 Bk T ALAG B 0F 50 45 2R 8
A, TR T TN T AR AR BT T R S
P b, A5 i T = Al i e Al o A S R R R O T o

BICFR I HZAL A Y A P B 8 ] A e
W FL TR G R EAT EE . = A B R Bk AL
P ML HL - 15 B AL GEHE AR 45 4 B2 By SIE B 71N
P | R EEOL R F B BORS B A

AL B RO I B 2 Az 2 i A ) T
SCHRLOJ#R T A Fegh @l , B AL sl 428 7 =5
] A — A 3-3R = [ ¢ B BT BRALA , 12 B
K ZAUA Y 22 Rl A B, SCHRC 10 T i 1 ik
T 3-3R ML I 5 ol ) b A 3k i g BR AL . 3C
BRLLL B M T —FP 2k T = Ay B2 IR BCALAL B K B
BERRCE IEX I AT Tz 2 i 50 5
HE. SCHRL12 190 44 7 — Ff o w0 oz 3l Y Bk AL
F4)  BE A it S HILAS A 3o A2 op 5 B 5 v 0 K 1 R
i, 30 Tz B s M AR S ), B
& BRI BRI BIF 5T B9 TR TR 6 BK T LA Y )
WA T &R, SCIRC13-14 04 T —Fh R 35 1
1o 2 AR B R R IR R ALY | 308 e X A S
PE 3 0 b B AE T ALK B AT SR O X BILR B9 AR
2 PEAT T . SCERLLS TR R T Bk iR & HL
FARYUBK 32 327 3 g 27 DA B il K . AF S
BRBRE ARG 7 1, SCRRL7-8 ]3¢ 11 T F ARALES A &
YR TT 5 SR LA L 5 X BR T LA #EAT T a8 85 LR
5 TARZS ) 23 A7 5 e T AR B 0T HA ek
ST | TR RIE= 5 A = I v - = R VA E 8
Lewis %105t B P 5 97 480HE A 38 2 1) A7 BR LA
AEAR G M IO 4% ol D't PR 2847 22 5% Y Wik o B2 1 T
— M B AR AT HE R OE HLF  AHE SR
GEF o SR =AY =TT 1) 7 I SR ORI R e IR
FHI55 88 00 B T AL A AR LA Bl R A B SCRR
17 T0F 2R T = 7 180 15 ) 6 oL SF 65 1R 328 Bl 2 BEA T
THEFE H 8D 3 5s Bl 2 HOOR 0 A A PR 5k
SCHRL18JiETt 1 — Rl i T Bk W HLAG B G B N
RESL, WA 7 HE 2R A AR FR BT, 32 8 1 B 3B
1 ARG I8 By



%8l

FHOM A T LD R £ 0 3 R ER T LAY 2 Bl 2 A 1727

B’ 15 1 H I5C R T AL A 22592 LS B T
RN WA 2001 SE3RAT NG 1 L 5 T il 550 09 38 3“7 L
B SR BUAT B 5 AT AR kD BE 65 il 2 HIL 4K
JEHLF 5 SE BRI 958 B8 MERA 12 B A AR FR
il T HLAG B S PR LT AR SCHE T L AR N TR Y
D-H S8 s 1 — Ff BB 56 BR w1 HLAS IE | 39 02 3
SR 3 2 AR Bl ) S PR ER G D L S PR
SE XML PEAT T I IE , i 22 T J S B i B8
TE T HER

2 BB EALM G EAE

ARSCHE e g ST T — B ML HE B
TR BR AT AILAG 1 A A5 2R, 78 L LAl | 3 T HLAF A AL
2 D-H S 80k 847 T 1E . #3288l 2
AR,
2.1 BEHREVNMARIRREL

WAL s, H8 ek LA o6 P 6 ok R
RO L A R E T B S
JE 5 . N E T OE 32 HLA B sh P R Y
SEAREME ML R 5% B 6T A B R RS Y B
B EA R R E R L TR T
— 1 O5%3El A.B,CHLL O HERC A Bk B
iz By, BT S O o ST £ B R VR L IRFAR A T
Mz 3,

Xi(Y)(Y5)

Bl 1 HREEERTE LG AT R R K
Fig. 1 Coordinate system diagram of series spherical

mechanism

ARSCHEE TP NGRS D-H S50k &
HRBR ML A bR 22110 36 B AR B K 1 AL R B B
AR T 1) Ry A bR FR A = Bl 1) WL AT S
o Sy R Bl 2 P AE - T P S TE LR T oA o il T A
J5 ) sy Bl 1) ER AT T A E . L ST R B
BRI AL bR R, WA 1 s, FHL,O-XYZ K
LR AERR B 5 O0-XYZ Ry 6 HL - & 0 3 JR 38 Ak
R, 52RAIRRES; O...-XYZ R 5% 5@l
A.B.C W JRFBAIR R0, 0 =, 5 =, 5l Br w2
1 BV S RV ZE I A0 5 8 O v BT o il BT R
%fﬁ ’ZIKjCEP ,8,+1 :O;aiﬂj‘j Iiiﬁh'ﬁ Ii+|§ﬂﬂ@fﬁi5’€
. RVIK 20 &I (1) 5% 2 f B

F T ER e B T AL AS SR FH = Al A 5 25 4, 7Rl
F D-H 280k vy ia gh 2 R, o] DL L
EESECK IR 4 X4 AL D-H R 3
X3 MBS, M4 D-H S8kl &5 D-H
SRR 1 iR,

®1 DHSHR
Tab.1 Parameters of D-H matrix
i—1 7 i+1 i 0;
0 1 2 ao 0,
1 2 3 a; 0
2 3 — a 0s

2.2 BRERENANESHFEEE

HR IR BRI BILA 1932 gl 2 T i 7E B 0 =N R
SR ASE (a0 s ars a) BIRTEETS , A H A8 5 R
AR ORI B B S ME (R P.Y)
M e, Hod . R O 53R e s PO SR AR
Y NI A

Z MR 1M ZH (0 0) RREHT- B 7
WAL B E bR &R P RS R HE D-H 24
058 T SCRERE RN -

ty Lz Ly
ST = |ttt | (D
ts1 L3z s
Hrpr,
ty1 = cOS a;1¢c0S By s
ty; =—sin ;1 ¢os By
ty; = sin B,

ly1 — COS 01’ sin a1 + COS a;— sin B[*l sin 01‘ ’



Y ALY Ve ol 7d (=] >
1728 E K% TR %28 %
ty; = cos 0;cos a;-; — sin a;;sin B sin §;, Hr
tyy =— cosP,sin 0;, as; = sin a;sin 0, ,
;1 = sina;sin 0; — cos a; sin By cos 0;, bs = cos a;sin 0,cos 05 + sin ;cos 0, ,
t33 = sin 0;cos a; + sin a,;sin B cos 0, ¢y = @308 0y — gz 8in 0 ,

t33 = cos Pioicos ;.

Wl AR R O,-XYZ 2R AEIRR O-

XYZ W 5
5T =T, T3 T. (2)

32 1 S 8O AN HE S T, 453 3 7 4010

EEMER,P.Y) WIS B2 R
P = Atan 2(— ¢4, /i3, +£2)
Y = Atan 2(t,, /cos P.t;;/cos P).  (3)
R = Atan 2(¢5,/cos P,ts;/cos P)

18 By 27 A SR 4R O R i B B 42 SR A AR R
O-XYZ IR (R, PLY) 38 i 038 8l 2R i 171
HIEBEFLIRR DAL ESE (0 1y 0.1
TS BZAL S . S 15 B 0 R B
PRI BT, KHE D-H 2 80% M &
TCAF R S 8 SCT ST i HE [ A

qu 12 qu3
Q= |qn qu Q= | (4)
qs31 {43z (Qs3
o,
11 = COS @;1COS Biq»
¢z =— cos O;sin a; | + cos a;sin B ;sin 0;,
13 = sin a,;sin 0; + cos a; ;sin B, cos 0,
qn = sin a;—1 COS ﬂ,‘ 19

q22 = cos 0;cos a;) + sin a;;sin By sin 0,
Q23 =— sin 0;cos a;; + sin @, sin iy cos 0;
gn =—sin B,
Q32 = cos By sin §;,
q33 = cos Biicos 0.
BRAr L) M4 BeFAE T M Q 5 i 17
55 7 BRI TC R AR A
ty = qy (0 =1,2,3;5 = 1,2,3). (5
RIBTTRES) AR a0 a1y ar s RIS
AR

cos 0, cos 0; — (gs3c0s 0, — qozsin 0)

a; = acos . -
sin 0, sin 0,

a, = atan 2(6‘3 ’ __‘_/\/ 7'32 - (‘32) — atan Z(a.'ﬂ 96;) ’

a, = atan 2(c,, /% —c1?) —atan 2(a, sb,)
(6)

2
rs = a” + b ’
ay = g1
by = gz cos 0, + @31 sin 0.
¢, = COS @,COSs a; — sin a; cos @;sin a; »
r =+/a" + b*.

3 A F ADAMS #45 A IaiE

FIH Z A8 8 J1 2 53 Bk 5 MATLAB B G
15 3L, FoRE R0 5K i RUASE 8D fige A 1 19 45 SR 22 R Y
25 TR T IE

fiii /1 ADAMS/ View HEIFEDLIT & £ G814
B EIE B MR LR T R, A g E R
BRI LAY 76 4 2 8010 1 LA ZR B8 T ] A5 A o A5
B3N MATLAB $Fp AT BB ., WAL 2,

] >@
Scopel

ADAMS

. L
i

@

Matlab
s evvifca Bt
B 2 IEB G U R
Fig. 2 Joint simulation verification based positive ki-

nematics

25 7€ HA K T ALK O FL ST 5 A 5K Bl R — 2
E4 6%, JH I 0.4 s BIESXH AMR 5 . 15 8] 1 4%
AL & 3 R .

ADAMS JUfa[ 8 f7 #2500 8 5 iz 8l 7 i
PR IR2Z A 4 FroR . W UE, 5 IBCER LAY I
1B g 2 AR

£ MATLAB & @ B ER AL S &
Wz B R G EAHEE, anlsl 5 s,

BENH A NERRSE RN LS M E



FHOM A T LD R £ 0 3 R ER T LAY 2 Bl 2 A 1729

5 8 3
20
= Roll
----- Pitch
10 —Yaw
oh
=
<
-10
220 - - - - > .
0 005 01 015 02 025 03 035 04

t/s

3 A 7S A R A il £

Fig.3 Attitude angle change curves of load camera

, Angle/(°)

0 005 01 015 02 025

t/s

B4 S5 Mmbm iRz

Fig. 4 Output error of attitude angles

Signal [

Scopel

ADAMS  Matlab Matlab
JUTHERY izl AR RS2 50 A5

=)
-
Scope2

K5 WiEsh i RS

Fig. 5 Inverse kinematics simulation system

(R.P,Y), e 14 3 & Gt ¥ 2wl 09 5% 3 f J&
(o »ay sa) E B ESCE S50 IR 1 1F 32 sl 22 A,
Xif 3 3z 2 2 AR HE AT 50 E , A5 F] 4 1% 22 ih 28 an (7]
6 Jizn . H T B 45 J R A, H8 Bk I AL 302 B
E3 NN

T ADAMS 5 MATALB W 2% 4k {4 (1) %%
(BN BEAN [ L 0 BL45 SR A7 7E —2e i 22, I 4 FTE]
6 Jias AR IR ZEMR /N, T LA 2200, 3l ik 2 4R 3l ) 2
WS MATLAB # 8 1F i 12 gl 5 AR 1) 1 53 45
SEIEAT B R] A, B AL o B A T ML 12 Bh
TiE fff 50

XlO'M )

Angle/(°)

02 025 03 035 04
t/s

0 005 01 015
K6 gy ot iR =
Fig. 6 Inverse kinematics output errors
AR SO T 1) IO HL - 15 Y BRI R T BIL A E

i 7B g BRIk, S5 3 B Sy e 7
B

Bl 7 IR ER T HLF 32 5l 2 36 TRk

Fig. 7 Series spherical kinematics verification device

S 6 2 M) H A A Bl R Y K Bl BILAE O e
SR, TERAF SR 2T M g g )
o gy ) 1 AR NS e g ff R 5 A B ROHE SIS TS 4 2
T B PE I = B 9T (Inertial Measurement Unit,
IMU) JH T 5 0% L P & B #0HE /9 7 %5, 5l it
SRR i i A A IMU 19 B8040, 28 3 A/ SCHE S Y a2
Bl F T 1 i SN X L, X B AL dz Bl A B R dE
179256 B3Ik
4.1 EEFHFEBIEIE

25 78 HVIE BR T AL AL HR ML [ 6° 1Y IE 5K 4R



1730 ﬁiﬁ%

K TR

%28 &

A4 3 AN SR Te i s [, i IMU SR &1
B A7 44 A8 IR s 5 A0 ] G B 4 4R FE IR 32 3
SRR BRI L 45 R R 8~ & 10 TR, iR 2
Mgk 11 pios .

— Calclulated value
= == Measured value |

Angle/(°)

0 2000 4000 6000 8000

&8 B AIR B A
Fig. 8 Roll angle of load

e Calclulated value |
= == Measured value

c 0
k)
2
z -

2F

3 . . .

0 2 000 4 000 6 000 8000
B9 S IRAT f
Fig. 9 Pitch angle of load
6l [ | == Calculated value |

= == Measured value

Angle/(°)
(=)

0 2000 4000 6000 8000

10 9 Ek Y 7 Lff EE
Fig. 10 Yaw angle of load

Angle/(°)

0 2000 4000 6 000 8000

B 11 fudkfh R R
Fig. 11 Load angle errors

ZEXF L L IR 18 ) 2 A Y T O A 2R S S
SR R R 2 18] B BR 22 AE 500 AN 1R 22 IR
ANF 0,257 X TR R ARG AR AR A B A
FEAT BR (it A5 S A KE B2 0. 17, fL L IMU 3
A S 1 BE Ry 0. 27) , 52 56 6 N TR e
K A PR A5 T Y
4.2 HEIHFRBEIE

KA DOBIR G RN A0 7 437 A1 E A5 B R 33
12 By AR T e ) R A e 2l BE L 5 g A S
BRI B (B R AT X5 LE  XF e g SR A 12~ 14 Fia
WRE ML ANE 15 Fios.

ZXF LY, 300z gy e AR T B S B A TR R 22 Al A
5/ VAN . FESCPR LB & BT 2R
v JEE B 2 B i OF HEAT AL BT AN T 23R

ity ADAMS i H 57E i) SC 3 8 b
SRR 1 S B 7T AR SCEE T D-H B8Ok AL
fIE 33032 3 2 A TE B 19, B 6% il 2 R T AR I

8 : ’
= Calculated value
6 -==M ed value
4 L
2
3 0f
2
< -2t
4t
6t
-8 | | ]
0 2 000 4000 6 000 8 000

K12 Feah@El AR

Fig. 12 Angle of revolute joint A



i FHOM A T LD R £ 0 3 R ER T LAY 2 Bl 2 A

1731

%8
BRI AL AL O F T 5 B0t 1) 458 1) 4 52 B g
R
8 : .
== Calculated value
6 = == Measured value -
4 L
~~ 2 [
3 o
2
< -2
4}
6t
-8 L !
0 2 000 4000 6 000 8000
13 %Rl B AR
Fig. 13 Angle of revolute joint B
8 ;
== Calculated value
6 = == Measured value -
4 L
~~ 2 i
3 0f
2
< -2
4L
6
-8 . |
0 2000 4000 6 000 8000
14 Bh@El C B
Fig. 14  Angle of revolute joint C
Sk
(1] Z£&, ®F. wxm. HLARO6HE 3 fr 00 R $8 i 5 61
FARZR[I]. 2% #HE 142, 2018.26(7): 1642-
1652.

(2]

CHE X, JIA P, TIAN D P. Overview of optoelec-

tronic load control technology for airborne aircraft

[J1. Opt. Precision Eng., 2018, 26 (7). 1642-
1652. (in Chinese)
Wk, TEY, TAIR, 5. FEIRRECH RN

ARBUR B HAE R Rl A 5w T i 5 & RLCL
2018 P AR S e sh A5 & R U5 m i) 23 SC4E L 2018,
GENG X, JING Y ZH, DING ZH SH, et al.. Tech-
nology status quo of gyro-stabilized photoelectric pod
and its application and development under civil-military
integration strategy [ C]. Proceedingsof 2018 Inertial

Technology Development Dynamic Development Direc-

'—Joint A
Joint B
Joint C

Angle/(°)

4000 6 000

"0 2000

K15 Fegl@l o f B iR 22

Fig. 15 Angle errors in revolute joints
5 & #®

R kI T 1) AL 2R RSP 5 A R IR T AL AA E
I8 B4 07 HE SN AL L A B AL N # Sk D-H
SRE AL T R MER HLY) TR IE L3562 B
SRR, 358 5 ADAMS 5 MATLAB M35 1
FLAISE PRSI B UE TR R A TE 1

AR SR A 2 ) B BR LA % 42 6 BT B 1Y
FEHE AN AR T B SR ES R AT Bl
FHTCH G ke b, [ A, B 4 5 18
WIS W % H R T LA iz B2 AR
g A J ot R R AL Bl g 2 s i 2 BB 9T A R
P — 25 B TRE R FH B 5 T JEA

tion Symposium ,2018. (in Chinese)
FTFR, FFT, £, F. O EHOURMETAU
RS EBORBETELT]. & F 4% A2, 2018.26(2):
410-417.

FANG Y CH, LIM X, CHE Y, et al..

[3]

Study on
boresight stabilized technology of vehicle photoelec-
tric reconnaissance platform [J]. Opt.
Eng., 2018, 26(2):410-417. (in Chinese)

FH, PERAMB BT TS EMHFR[D].
KHF - KFEHITRE, 2013

LI Y. Research on the Structure of Electro-optical
Stabilized Platform for Small Unmanned Aerial
Vehicle [D]. Changchun: Changchun University of
Science and Technology, 2013. (in Chinese)
LR ERRA TS, ol E T A R IR
WEEA AR 59 80T] A% MHE L
2, 2019,27(8) . 1774-1782.

Precision

[4]



1732

s

K TR

5 28 &

(6]

(7]

(8]

[9]

[10]

[11]

LIN SH L, ZHANG X M, ZHU B L. Optimization
design and experiment of high-bandwidth two-de-
gree-of-freedom parallel flexible precise positioning
platform [J]. Opt. Precision Eng., 2019,27(8):
1774-1782. (in Chinese)
AR, W, R F R F BEDEERIFBE E L
EALLT]. k% 5% A2, 2019, 27(3): 637-644.
LI SH H, SUN J, SHAN Y X, et al.. Optimiza-
tion of novel parallel pointing mechanism for space
optical mirror[J]. Opt. Precision Eng. , 2019, 27
(3): 637-644. (in Chinese)
LARIBI M A, RIVIERE T, ARSICAULT M, etal..
A design of slave surgical robot based on motion cap-
ture[ C]. 2012 IEEE International Con ference on Ro-
botics and Biomimetics (ROBIO), 11-14 Dec. 2012,
Guangzhou, China. 1EEE, 2012: 600-605.
NELSON C A, LARIBIM A, ZEGHLOUL S. Op-
timization of a redundant serial spherical mechanism
for robotic minimally invasive surgery [ EB/OL ].
Computational Kinematics. Springer, Cham, 2018.
R CLAVEL DELTA4. A fast robot with parallel
geometry [ J ].  Proceeding of the International
Symposium on Industrial Robot, 1988:91-100.
GOSSELIN C M, ST-PIERRE é. Development
and experimentation of a fast 3-DOF camera-ori-
enting device[J]. The International Journal of
Robotics Research ,» 1997, 16(5): 619-630.
RO, RIS AR, . — TP LK PR ER
KENMMBIFHET] AAHE TR, 2004
(11):15-17.
ZHANG SH X, SONG K F, FAN SH CH, et
al.. Kinematic simulation of a new solar tracking
device mechanism [ J]. Modern Manufacturing

Engineering , 2004(11) :15-17. (in Chinese)

FHP 1994 ), Lo WAL AL
ARG R 2012 48 T II AR K3k 18 %
R VAN e N T = A e A
) 4% i 5 T Y W 98, E-mail: wang-
meiyul9@126. com

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

NIU G J, PAN B, ZHANG F H, et al.. Multi-
optimization of a spherical mechanism for minimal-
ly invasive surgery[ J]. Journal of Central South
University, 2017, 24(6): 1406-1417.

TANEV T K, CAMMARATA A, MARANO D, ez
al. . Elastostatic model of a new hybrid minimally-in-
vasive-surgery robot[ C]. The 14th IFToMM World
Congress » Taipei , Taiwan, 2015. h

TANEV T K. Minimally-invasive-surgery parallel
robot with non-identical limbs[ C]. 2014 IEEE/
ASME 10th International Conference on Mecha-
tronic and Embedded Systems and Applications
(MESA), 10-12 Sept. 2014, Senigallia, Italy.
IEEE, 2014, 1-6.

ZEMITI N . ORTMAIER T . VITRANI M A , et
al..A Force Controlled Laparoscopic Surgical Robot
without Distal Force Sensing[ M]. Experimental Ro-
botics IX. Springer Berlin Heidelberg. 2006.

M D LEWIS. Stabilized platform system for pay-
loads: US6263160B1[PJ. 2001-07: 3-7.

XUE W Q, WANG Y Y, MING D. Miniaturize
photoelectric stable platform [ CJ. 2010 Interna-
tional Conference on Computer Application and
System Modeling (ICCASM 2010), 22-24 Oct.
2010, Taiyuan, China. IEEE, 2010. V3-716-
V3-720.

T, FRaK. — b Pl DU AE S8 5% B P £ 9 HE 48
HLH - H L CN 205534903 ULP]. 2016-08.

HE SH Y, ZHANG B. The utility model relates
to an internal frame mechanism of a two-axis four-
frame photoelectric platform:China,CN 205534903
[P]. 2016-08. (in Chinese)

JAZAR R. Theory of Applied Robotics| M]. 2nd
Ed.. Springer Science &. Business Media,2010.

BIREE:

B RME(1984—) I3, iT T ke N, W 5%
G T A 5 o R A B AR AT
{2 3 25 45 51, IEEE & %% 2 & (IEEE
Senior Member) , 2007 4F F 4t 57 3 T.
R HAG 2 2 A0, 2012 4F T A6 5O
AR R 5 3R A3 18 4 2% i, 2009-2012
AT H AR BR R XEROK 22 0 F: F 5% Hh ot
LR 5T 5, F NGB g I S
AR TT W A 5E . E-mail: d. tian@ ci-

omp. ac. cn



