4% FE4H

®ERMNF R

Journal of Deep Space Exploration

2017 £ 8 A

E T Bennettl fg R E U & A AT A 0 4h

WiEE, BMF, THE

BT AR RS HUbk TR & E 3B, JE3T 100191

 OE: WRNEETRITEREMIA T LA, o DUE T g%, FERTRATER ST SUSCE A T R R R AT
AT I B T LA Bennettid 29 RHUM Y EEAH S R TCHI AT ALK, U B9 AR TRl wT SOl ki, O BA 4 iAok
AR B — R . X Bennett WUHEAT T TLATIIR, FE A Higsh et A 8 QU SeBl 1 ool g 4
I, PAE T O R SER AL T BARS Bl L, 58T prisch AT LA RIS EL s )AL IIZ B 22 Je s a2 1 g
BEAT T, AR 7 TR M A, NS SRR IRt BB IRYE . SRS AR W] ASCHR H iU Bennettid 25 HUHL
TG TR TR ARE S WIEEK, BERSIR AT N Tz B T R e et o Wt X LR FT R (KB 0 #r
HAZHENE-

KSR ATRHLM; BennettHlH: MG B30T

FEDES: Vil SCERFRIRAG: A

DOI:10.15982/j.issn.2095-7777.2017.04.005

SIRtE: MtEdE, AT, T4 €. 5T BennetthLH HURE UL & Al AL BLTH S 20 H [J]. TR =S BRI 244
2017, 4 (4) : 340-345.

XEHS: 2095-77772017)04-0340-06

Reference format: Yang J X, Lv SN, Ding X L. Design and analysis of approximate cylindrical deployable

Vol. 4 No. 4
August 2017

mechanism with bennett linkages[J]. Journal of Deep Space Exploration, 2017, 4 (4) : 340-345.

0 31 F

FEMURBOAR S, BTz 8 T RA R e LT R
SR BRI, TR AN A T el S AR A T2 R F AT R AL
), 38 SR B AR AR ST, DA 2 5 By 7
Ko GBI EL, W] REHLMH 2 B0 Pt
AW SN WTEERA . E T s
AP R BEE NS TN LR KR, 23 [F) ]
JENUM IE®IE K IR, sk BT R RE, [
IS S SR R 2 45 K B A UK B g R A0 R A e Tk
RE.

HHT, %FFrl AU T 7T e R a2
L BT B, TR AT AL R A S 1 Tk
JE IR 7 B AT JE AL B0 ) B B AT LD . DA AT
JENUA K 2 B T WU LS M B, R A AT 5 B2 Ui dle I
JEITBAFIEAR, 5 TR 2 AL B DR 2 =% (] 7]
RN KA . ETS-VIITEE R /N
e, CSPDAMTEAMT A IT R LK 9 4h P J2 BT F T AH
H,  AstroMesh R 2 I F DU 120 T 45 44) B 0 00 £ A 46 1)
TSR I 5 i

Wk H#: 2017-07-24  EETHH#H: 2017-08-04

AT R NLRG R4S B i ) R FE AT R b, fE iR
T Z N T A RS 2 R TR . O’ BrianfIPhelan
£ T Sarrus BICHUG BT T — PP TE R HLAE™Y, Chen
SR T Bricard HLAL Al Bennetth Ui 75 AT & HLAA H B
™. Lu%ef 5 = BricardILME NIRRT T
— PR B AT AL

MTAER, AT JE AT TH 45 WA 9 R 45 R Atk A 1R 45 3
FER R 2 IR o AE T TR A 7 SR B 5
TR BB RS A, RN ] R RE T
T B R R 5 ] . BennetthL A A2 28 i ()3 £ 54 [7]
VURFALAS, AR SCHE H— i DUHATE Sy B A 20 i 53 e 11 B
H HEE ] LA o 1Z AL @ BY L4 3% H2 BennettL
4, PRAUE T ] R AL BA S ] B S —
P A Y, OBt SC B R T R T AE H AR AL

1  BennettHl#iZ2EhFE 3

1.1 Bennett#l#4 R B RS H

BennettH L4 2 ME— 5 44 5L 3 R i 22 (8] % 2 () ik
LIHUEATHL . — ML, BennettHLAL % il 2k 2 7]
BEANH A WA PAT o SR ZAL LI R B E 1S sh i)

HEUH: EFARRAIEEGESERBDIH (51635002) ; HERFIEEHRITE (51605011)



54 W]

WtEdE%s . JE T Bennett WU AORE T UL & T B i K 20 B 341

JURT 2 A0 = AR RO PIAT AR FEAR S, 22 Aa, b
XS BB BRI 2 e A S, 0l Na, B AP #E
S R Ebsina = asinB; 5 i sh gl £ 7
IR I EY . KA. 0y Oy OMINLIZENT
AL, FHURLT 2
01+6;=27
0>, +04=2711
1 6 sin%(ﬂ+a') M
IR AR ARAE T BennettH LA (112 B AU A7 AE— Ak
AR, B 145 H T BennettH LR 1R = A

Fl1 BennettHLi"
Fig. 1 The Bennett linkage”

BennettH/l#4) /2 AR AT 1R 8 44 3 sh @Il E R AR IE
TR B PR IRGE A, 4R i B B B 3 A T — S0 T
(R RESe bo bl B XU T ) JUARTRR A W] [ R
AR E PR BEE L N T B 2, 1T S IR 1) PR 2% BEZR
FLihr, PRI Xl T 5 — R R AR R H &S S
BennettH Ui (145 A AL . BUZ B 26 N MU FEAF 144
e, MAZA B R S ATl By — . &l 27
79— BennettHL A4 BT 7E 5 00 18] P A IE S HE I

B2 X T R AL
Fig. 2 Orthogonal view of hyperboloid structure

G D-HAR KR 28 T RE AU IERT 9 P A 48 b 24
WAL . FESKPRN A, HURIFFF 0 LT DR 2H

BENA AR, (R STER KRR L SUBHLA1
JUTAME .

T BN SERAR, ARFRR &
T K B FNIE B EI) b 26 7 £ 20 AH 55 () BennettH LA 1E A
HKHEIL, Wa=5b, a=p, WE3FR. EFFSHN
My MRIMo MBI i, JEIZE. F, Rl FIEF M M3Fl
MoMy W) ATES . p BRI FENEIZE, Hp FpsTE
HR ) T oy 46 245 B p, M p JE R PV o, T E . IEAT,
P Fo T B R — X RE S T o R FR, RZIMR,
Kl 3o

3 Bennett®ICHLIY
Fig.3 The Bennett unit-mechanism

i Bennett ML W 5 AT AHAE — SF HEZ L&
B, MAESCERLH A, AR A B A7 75 A AT 200 1) J5
&, AU I LA 4 TR BE B DL I e T 8 3l Rk AR
1k, TR TR Bennetth LA FRIEAT A7 B 73 Hr
12 NESH

% [& F|BennettHL A B AT A BEAHR],  AFAE RSN AH HL
T IR0 Moy, My 5M; KT oK, My5M,
KT o HXFR. HeT U, XN RSO AT AL E 37

PR s s BV L BB 5, FE3h 555 1R
KATBEEIEMFEIRS, KA K4 B H L. Kal
FEATAH B AT HLAR I 2 18] 58 3% AH AR 1 F 2 sg SN
FERNRA AL . FEAN L B KT o, B I AH SEFF A1 52
MM, CGi=1,---,4) , BEEWENM EMEL,
My5MEE, HMIIG T o 50,584 L.

IR ANERE & A R TSR IR Al E AL L A A
i 6;=0. RNz ahEH TRk Tip, b, Bl AZR
NG .. WE 4FTR, B ESHE ROxyz, AARIE
5WHHRZRES, M=0. JimnEE X ph
WEp i, xEHTo, Oyzlf% S50 EE. A,
4 LN U S8 ——ME KL R Ey,6,
93— 5E [ Bennett 45 74 BTG

XN N, e ANIEE0,, MM,
MEFR R Oxyz AR AT R IR

0 0
My = (lsin'ysin%,lcosy,lsinycos 51) 2)



342 R RN =

H46

4

M,

B4 BennettHlIZ3) 5 HA6hr &
Fig. 4 Coordinate system of the Bennett linkage

i 7 B BT AT LA M, 5 My 2 TRV
|MyMy| = 2lsinysin%1 3)
H (3D AT, OX My My oM

¥ BennettH i IEZ % T Oyzili, Hlo i L,
MySM P B EE T — KMy, WE SPR.

41

0,

|
|
|
|

| /
| M4

MO' -----4.-----."--‘.
M‘ eseees=") aeoseet

|
I
I
! M,
I
I
|
|
|

El5  BennettHlH7EOyz 1 L [f4% 52
Fig. 5 Projection of the Bennett linkage on Oyz

MMM, Z AR R R T 1L p A0, 1 BR L

9
\MyMo| =14/1- sinzysinl‘?1 @)

MoM\FIMoM32 [0S i = /My MoM3 ] 83t R
NG

MiMy- M M5

[ M| - [0

@=arccos

2 ARWEMEE XSS

2.1 Bennett#| #IHI4A & ERE
BennettH L4 [ 50 &% B LU N 4AMEHE: i@

o B SOHLA SEIL R e LA B A G e s R A B AT
JENU AR RS VLA E AR T Tl &4 1
HEAG & RiEr S — R 8y Lk
HERHHE.

RATER R R IEBennett FL G HLF RE WS [7) 20 J@
FFANS I UL RSB  e I 2 (1) R . 2R H IR R
SR SRR, IEE AT T
wit, ik 6fR.

Ko BIHUIER: P A BennettH L4
Fig. 6 Two Bennett linkages connect with scissors joints

1) [F]—BennettHL 14 P 1R % 30 Bl M, FIM 1 5019 3%
B R B AR DR, @, WS
PR s). BB SWIRRE NILZE s i fe 1
A, FERNE A 2 B T AR AL IR BN 7T

2) Pi/>Bennetth L4 2 [8) ] H BY A LA R E A TR 3
WA —. PABennettH LI 435 F My « M08
$2, i By LA AH A0 IE AT nT IS 3 2 A BAPAT Wi
RE . HAARFEJUTZSHN 2 A Bennetth L4 i 1 57 2
U ER A IR H S RA R B . Wikl 657
N, AR URIR AR 200 0 P A — i, Rl AR
IR AR FR N — AN B AR EM3 S E 4 BB E
%, B — Ak,

HAL B M AT, OXF | My My R7P2 A6 . K5 T
AAMRFEL yfiBennett oL JGER:, 1145 Bennett
Mo M E S, MR A, HLEAT
PEAEOyzIH N I A FE 784K, (B IMo My A 1R

PIFRAS [) K /N Bennett L A4 2H 1 1R IR 465 49 56 42
JEFT JE v T R B AT . B 7T 7 N BennettAL 4 (1) 41 9
N TR L, AT [ — 4T U Bennett
MUk BAE RS, WAL T [ — %1 () Bennetth L4 U E:
HARE Iy,

22 REMBERRT

FERL S B ARl A R, KBennettH LA H BT A
BTH R SR AE TG AL b, 175/ Bennett#l
¥ RA WA ATt F.

FH 43 Beidk 45 380 [ A 1H J T R 26 10 R 88 W o s AL



% 4 30 WtEdE%s . JE T Bennett WU AORE T UL & T B i K 20 B 343

B, W 8FIR. RIS FIHE, RS T TR
K BennettHLA9 1) JLfT Z 4, 1=377.6, y=60°,
§=139.076, /INBennettHLH4 ] JL ] Z %l = 110.06,
y=60° &=59281. T IXFHFBennetthl#y, 7T
EIESREAOEg S st

&7  BennetthlF i) ZH M 7~ & &
Fig. 7 Tessellation of the Bennett network

8 BAEmE MG BB

Fig. 8 Illustration of cylindrical fitting segmentation

AW SCE I, AR R R LA T4 KBennett
HTHLA A3 /N Bennett BT AL . 2460,= 90°KF, Hl

P FE T Ml T AL B AR 1, ALl R 2421 033 mm.
2.3 W

FEFBennett B Lo LM, Wil T IR R KL
K. 7/PBennettW UM EF# I NIET T, LK d, #
KIANL, 1o S5HEEAR R Fn x n, 5.0 HES], B

(I ABA AL T 42 R o

el o a] AL — DN EEAR R FE AR . Wi
B o AT T R MLR e S AT T . AR S R
NGB AE JETT AN IR 3578 i 25 1] IO AR AR B,

AR
_ W’
-

n

Hopre Vo uWUR B AR Vol I HLR B T

(LA

(6)

VoV it &~

Vo = 4nn,d® (1+ L) (7)

2ty — in (27— ) —
V0'=R2nn|M1M3|(( and S02)71—5111(( (e tpz)n))

2 2

(®
Hep: M M3PTHAZN (5) 5.
[A it 3 T Bennett N LA 41 A B AT LA BIRL AN K n

4d*(1+ L)

Cr-¢i1=¢) _ sin(@r=¢1=g2)n)
2 2

]‘]:

R2n,,|M1M3|(

©)
K, VLEZAUA AN R e . HERCT HoAh S
B, R SRR G R R, R E4H)
FEAE, R 22 1> . Bennett BT LAL )
HEFIEE R X n AHUA AN A2 AN K, {H /2 Bennett
GIRALST QSRS EZ VREd TR i T

3 hEREESSHNES
EETHIE SO AN SR TR T

BRIt A, AT R TFAUL £ [ A T
B, N Creo B X H it 47 8 1 2 43

(a) ek

v

(b) #Bo RIFIRE

(o) FEAERIPRE

Ko Il i F

Fig. 9 Kinematic simulation of a circular half-cylinder



344 Al

4

H46

Br, &E IS A LTI IREh . W& 10/
N, GERRAFERIRINIZ S, A% RS2 AL
VEEAT AR . I B 2, B T ANFIEE) TR
NIFERI AL . W HE TR, PN H IR
i 2 A7 2 AN, 7 EHUR AR T AN e 1 A2 o
PIAEAE TR SRR K il o FE AT T AT RER
5t Ja ST TU P TA TR B SR TR AT T o

==

Servo Motor Profile : ServoMotor |

AnalysisDefinition4 (Dynamic)

&
7
!
i
;
i

(b) ZRAEANIS B T 2% 4Rl e 5 3

B 10 AFEFHANIZS) N RS S A 2k

Fig. 10 Simulation curve of joint driving torque under different input motion
4% B

AT —Fh PABennettis 29 ALY Ay FE A 4H AL
BT R IR AR T R 2R, iZAL B B E R
Weghze, BERTWCEHR AR, SOnT UL G [ T

FEX — KRR Bennett L4 I JLFIRFAE . it i 72
FAF AL B 2518 2 2R o T i 2R il |, 3R18 T
BennettLi4 GE 05 41 & T8 % nT sl 2 10 LT 2640 LA
BY AW LA S I SR e MU 2 & e 4, B o6 BE iR
lEBennett 5 o ALA4 BE G2 TR Je RIS o XS HLAG EEAT
01 B 58 1% 508, RBIAREAIZS) TR
IRBN S H A B o

ASCHEH [P Bennettid 29 AL Lo H A i B
MALERE B R WIBER, BRBS AR 4 S A 112 B A i
KL o A SRR FERL R AT LA B et o0 A
BAHEBEEME.

2 £ X ™

[11  Escrig F, Valcarcel J P, Sanchez J. Deployable cover on a swimming

pool in Seville[J]. Journal of the International Association for Shell and

[2]

[3]

[4]

[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Spatial Structures, 1996,37(1) : 39-70.

ZhaoJ S, Chu F L, Feng Z J. The mechanism theory and application of
deployable structures based on SLE[J]. Mechanism and Machine
Theory,2009,44(2) : 324-335.

R RS, B AT, X5 4. 4% [A) A e TT R 2 45 # RO BIE FE BUIR 15 e B2
[T HUBE 15 2010,27(9) : 1-10.

Liu R Q, Tian D K, Deng Z Q. Research status and prospect of space
developable antenna structure[J]. Journal of Machine Design, 2010,
27(9):1-10.

O’brian E D, Phelan C. Folding structure employing a sarrus linkage:
U.S.,4437413[P].1984.

Chen Y. Design of structural mechanisms[D]. Oxford: University of
Oxford, 2003.

Lu S N, Zlatanov D, Ding X L, et al. A network of type III Bricard
linkages[C]//ASME 2015 International Design Engineering Technical
Conferences and Computers and Information in Engineering
Conference .[S. 1.]: ASME, 2015.

Phillips J. Freedom in machinery[M].[S. 1.]: Cambridge University
Press, 2007.

W%k, T A DU M B e P K BT R R WO LA (938 R 43
[I. 4725 2441, 2010, 31(6) : 1276-1268.

Yang Y, Ding X L. Design and analysis of a deployable mechanism
based on the four pyramid cell[J]. Acta Aeronautica et Astronautica
Sinica, 2010,31(6) : 1276-1268.

B S X it 5L T I AT WU B ) v R A5 A (0], AR
T4, 2006, 13(3) : 145-149.

Luo Y Z,Liu J J. Design of retractable structure based on closed-loop
linkages[J]. Journal of Engineer Design, 2006, 13(3): 145-149.

WR95 7, R H B2, B A . 2 1) VT JR T AR 45 1 S T i FR 0 AT O BEE
575950100 K 55448, 2000, 34(4) : 382-386.

Chen W J, Guan F L, Dong S L. Theory and approach of deployment
analysis for deployable space truss structures[J]. Journal of Zhejiang
University,2000,34(4) : 382-386.

Qi X Z,Deng Z Q,Li B, et al. Design and optimization of large
deployable mechanism constructed by Myard linkages[J]. CEAS Space
Journal, 2013, 5(3-4) : 147-155.

Lu S N, Zlatanov D, Ding X L. Approximation of cylindrical surfaces
with deployable Bennett networks[C]//ASME 2016-International
Design Engineering Technical Conferences & Computers and
Information in Engineering Conference IDETC/CIE.[S. 1.]: ASME, 2016.
PN 3T 35 00 245 25400 1 T LT A s % 7 22 BE T L [D). W /R T i
JRIE ALK, 2007.

Sun C J.Geometric formation of foldable latticed structures and the
mechanical performance[D]. Harbin: Harbin Institute of Technology,
2007.

AL R RIT B K B 23 1) W JR T 445 M 301 0 2 3 (0] LR 2
%, 2005,39(11): 1669-1674.

Zhao M L, Wu K C, Guan F L. Dynamic analysis of deployable space
truss structures[J]. Journal of Zhejiang University, 2005,39(11): 1669-
1674.

YE#F TR

B (1993, 2o WL 5i A, T 1) 23 (8] W] JRALAA o
AR : A6 T X S R #3745 (10019 D

i (010)82339055

E-mail: jessieyao_buaa@163.com



% 4 30 WtEdE%s . JE T Bennett WU AORE T UL & T B i K 20 B 345

BEE (1987-), W L5, BRI J5 23 18] ] R ALY o THRAA967-), I, 22, FEBFTOIT 1) : WU B N2
TR - JE 5 TTERE X A BB 375 (100191 TR - JE 5 TTERE X A B #3755 (100191

H1i: (01082339055 H1i: (01082338005

E-mail: Ivshengnan5@gmail.com E-mail: xlding@buaa.edu.cn

Design and Analysis of Approximate Cylindrical Deployable
Mechanism with Bennett Linkages

YANG Jiaxin, LV Shengnan, DING Xilun
(School of Mechanical Engineering & Automation, Beihang University, Beijing 100081, China)

Abstract: Deployable mechanisms can be deployed to the designated configuration for work, and can also be folded for
facilitating transportation. It has broad application prospects in space, architecture, and other fields. A deployable mechanism is
presented, which uses the Bennett over-constraint mechanism as a basic element. Working surface of the mechanism can be fitted to
cylindrical surface. Meanwhile, all bars of the mechanism can be compactly folded into a bundle configuration. Firstly, geometric
description of the Bennett mechanism is analyzed, and its kinematic characteristics are discussed. Secondly, combination of unit
mechanism is realized by using the scissors linkage, ensuring that the design key points are accurately located on the target surface.
Finally, kinematics and dynamic performances of the mechanism are simulated, validating the proposed design and providing
theoretical fundamental for the follow-up prototype development.The Bennett over-constraint mechanism in this paper is simple and
have high precision and rigidity, which can be well applied to the cylindrical surface of the antenna design. This study is of great

value to the design and analysis of aerospace deployable mechanism.

Key words: deployable mechanism; Bennett linkages; cylindrical surface; kinematics analysis; simulation
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