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Abstract: Subject to space development requirements such as lightweight, miniaturization and simpli-
cation, the carbon fibre reinforced plastic (CFRP) lenticular tape spring (LTS) was practically de-
signed through theoretical analysis, and its buckling characteristics was studied by combining finite el-
ement analysis and experiments. The bending moment computing formula for CFRP LTS under differ-
ent anisotropic materials was deduced according to bending theory of thin shells, and the sensitive pa-
rameters that affect LTS’s buckling characteristics were analyzed. Secondly, subject to engineering
needs, a practical design on single CFRP LTS was performed and the finite element model was estab-
lished to obtain the bending moment-rotation angle curves. Finally, the real object of CFRP LTS was

fabricated and an experiment was conducted to study its buckling process. The results show that the
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critical bending moment of such CFRP LTS is 1 237. 6Nmm and the maximum error is 8. 7%, which is

much corresponding to theoretical analysis and the results of finite element simulation, such results

verifies the accuracy and compliance of the theoretical analysis and finite element simulation, provides

theoretical foundations and technical supports for subsequent design and application of CFRP LTS.

Key words: Space deployable structures; lenticular tape springs; carbon fibrereinforced plastic; buck-

ling; finite element model; bending moment;
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Fig. 5 Lenticular tape spring’s moment-curvature graphs

5 AT . (1) 7F 80 30 f 0l B 2 JE
O R RS BT, B Bk 27 2 bR 5 e )
JELRE ol R 1 (50 A O) BB N LG LA A M
HH S 78 T B S PR 8, LR 2 AR S T
M Bl 2 38 AR RE T o X bR L 1 A A
M B 5 (2) %ot T B B 2T A AR 9 L B S
f 25 0 36 K, TR R I B, LA R B, 7
B ENE A M S R R W R RS
S M 2 A,

T B UE R B HE S 00 E AR DR 45 A 5
B TR NP A s ) LA B9 7 R L R AT T
R B 2T 24 17 R 55 0 S 038 1 I o L il A
HEAT T A BRIC A3 BT B S B 5T

Horpr, B 2s [ Ji 7 HIL A 2R BAR ik £F 4 A bk
SR K E R 180 mm., fES & LT ] 180°
Jer it LG S P W BRI B R 1 000
Nmm, WHRPE A 28 45 45 55 T 6 s 92 1 15

T Fp AR B 2T A IR SR i RS S 80 2 s
2R,

®2 HREENILARS

Tab. 2 Geometry of the lenticular tape spring

K L/mm 180
O 7 242 R/mm 20
AR 0 0/ () 90

B2 /mm 0.3

AR PR AE 73 BT AT A 1 T2 B £ Ak DR 5 B 2
F-fh AR e an & 6 s, Hoile A R E M Dy
1 356 Nmm , B A7 50 B9 SCEE NI EE BB 7E 8 3 i
FEB T LT HUE R AR B SR &
A AR T o W RE SR HCT L O B 2k B R AR
FEAE A T 5 23 ) R I ML v i 85 B9 30 0 2
P

1400

1200 USSR SUSSSRORO SOSSSORRO HSOSSSOOO: SOSSSOIO SO SO
1000 \

800 \
600 \

200k N
el
‘\ ——

Moment/Nmm

OO 0.005 0.01 0.015 %02 0.025 0.03 0.035 0.04 0.045 0.05

urvature[ 1/mm)]

&6 S A B 2T Akl R 5 S S - it e th 4k
Fig. 6 Moment-curvature graph of the designed

CFRP lenticular tape spring

3 AR,

FERfE T AR B 21 Ak ol R 503 1 b et M e
R 2505 . i ABAQUS #k4F #5717 HA R
JUASE Y I X6 L 1 S i ok g R AT RS AU L AR A AR
K SE TG SARSIZ TGN 4 T 50 B 4 R
I, Bt AT AN 5 AN H R E S T
B /INE AR KAS T [m) 8, SR T 7 {5 it o 28K A A1 24
TR bR B S 1D A0 TR 0 1T A 4 ) MPC
B MPC 268 3% Fl RBE2 W 850, ] R 46l 45 4
(9 6 4~ [ A EERY RN 7 R .



390 b

K % TR

25 4

P 7 BRAR B T i A IR 50 Y AT R TR Y

Fig. 7 CFRP lenticular tape spring’s finite element model

Z: MR i 21 A ol IR 5038 14 45 TR L 2 B B L Av]
R A BROTAR B rp g SO ) 1 B Al )2
3 IR 2R R 0. 3 mm, #1500 f
Sk 90 Y iz 1 Jee b Ak R A5 R A A oA il 2k
w8 frR .,

14001
1200}
1000}
£
8001
E
2 600}
=3
=
400+
200
0 10 20 30 40 50 60 70 80 90
Rotation/(°)
P8 Tk 2T Aty bR 500 9% 25 4 - it ¢
Fig. 8  Moment-rotation graph of CFRP lenticular

tape spring through FEA

i P 8 AT, % R 4T dE AR S R N
7. 9B IR B f KA A MY =1 276.5 Nmm, &
6 AT, iz R A At il 2254 0,002 mm ™
KRR M™ =1 356 Nmm, XJ b # 4 fifi
LT LU o i B £F 4 R 500 35 6 A R 1) e il
b AR A S AR A R e — B0, A PR OTEL Y
B R HEAE M2 5 3R 4 B i O 45 SR AH AT R
2N 5.9%.,

4 PARB AR 40 KT

4.1 HFREENTENSE

Ry i — 0 B A BT 5 B e 43 BT B
P e — B0 I T A L A il 25 4R S S )
FEXF AT T LI EIE . Ik ZF 4 R 5
P2 M40 B A S I 4 150 3 Ao A5 L 48 258 ] A 17 e

TRHL0°,90°] 2 #i)Z =0 K 9 Fros .

9 FETF CERP bR IR 5 5%
Fig. 9 Lenticular tape spring made of the CFRP material

TEREAT U0 BF TS I >R FH 552 96 2 8 A9 41 0
04SP 10 Cad ) A i 322 gk 2T 44 IR 550 5 7
i) Jif P o R P 94 25 R B A A A2 A O L O LR
¥ (B 10 Ch) ) oA P FUAE S ) st oy 3o 7 o A ot 30
Wt £ AR AR O

Ca) R0 00 4 A

(a) Moment test rig

(b AR B 25 iy ity 232 5 2 # I o
(b)Measurement of bend curvature and rotation
&l 10 i SRR fa AR s 0

Fig. 10 Measurement of curvature and rotation

Sk e 30 SR AH R I SO I A B HLAE
L s B 04 Hom A B Matlab mh BEAT 005, U



2 4]

TE B o, A5 AT YRR R B R SR 391

AT B Bk 2T A R A S 1) S AR P A

TE-FE At 22 (P 11 Ca)) 5 [ 3t L 36 5 8032 1 2 IR

e T2 b 21 A PR L 4 2 A O 3 5 X

AR TS B B9 B SR S HEAT LA AT A5 2

A AR S 5 A Z A A SC AR M2 (I 11(h)) .,
1400 T r r

—-—— E)éperimer;tal resulis
1200 ﬁ
i
1
]
1000 3

| = Finite el analysis
800

600

400
{. .......... &-ﬂm-—*

Moment/Nmm

200 oo —

O 10 20 30 40 50 60 70 8 90

Rotation/(")

Ca) e 2T 4k ity PR 0L 358 1y 25 - o 1T 2k
(a) CFRP lenticular tape spring’ s moment-rotation

graph

0.06

0.05

0.04 /

0.03

0.02 /

[0} | S— .. U S A e —
/

0

0 10 20 30 40 50 60 70 80 90
Rotation/(")

— Experimental results
== Initial transverse curvature

Curvature[1/mm]

() e 7 2t R 50 8 1 25 ol oty %4 A it 2
(b) CFRP lenticular tape spring’s curvature-rotation
graph
Bl 11 DRas R

Fig. 11 Measurement result

i 11 B iR AT . (1) S5 AR A A
FE-BE AR (11 Ca)) 54 R G AR 0L i) 25 -
B AR 2R — B, LS00 I 24 48 4 R SRR Y
sl 8 A I, H A Gk B B KA 1 237. 6
Nmm, 5 #8431 S A7 BR e B0 45 A0 45, (R 3
T AR SR R T IS 1 SRR S A R B
1o (2) M bR 0B 1) 52 £ 32 W 1 R S ZE D R By
B, HAS il il AR Ak B 2 B 25 IR 5 A0 e B
Wik E 8 (HiM R4 K 0. 002 mm HZJE, H
i il 5T b S 2 4 0 o 28R R AE ) 1 48 o

HK{H 1/R=0.05 mm™'ffiT,

FE 11 Ch) v pt 25 il il -5 M ith 2 5 181 11
Ca) A 25 56 o i 2 4005, AT DLAS: HH I B 21 4
DR 9L TE S I A5 F T Y 2 AR Rl £

12 s,
1 400,

12004}

—Theoretical analysis | _|
\ ===Experimental results;

e

i

1000

800

600 ‘\
400f; \

\, L
200 N L

G0 0.005 O.bl 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Curvature[1/mm]

——————

o

Moment/Nmm

-

12 BRET S IR o 3 L -l R th &
Fig. 12 CFRP lenticular tape spring’s moment-cur-

vature graph

H & 12 AT SIE3 Z5 A T 2k £ A IR
4 25 - it 2% i 2 5 B 40 AT A ot 5 i &
—H0, A g R A #] 0,002 mm ' A2 E
A A K B e KA M =1 237. 6 Nmm, 5 3
WM B AT BR G AR 0L G &5 SR AT A B g ol KM
XPiRZEN 8. 7%, L RSB i — 20 Rk
T ZHEIS 3B B A BR e AR LA IE B M R — B
PE,
4.2 RESW

b IR B ST A R R THE LA PRI UE
5 S0 I S Y I R (] A e R A X R 25
8. 7% . A WEX IR /AT A FR IG5
e R R R 22 TR T AT

(DA BRTe AL i v () 152 25 245 A BT
THER e A2 30 o 0T 3% S A 1 5 IO R0 R 5K i 1
KRS B 2 A R T A 1 I i BT R R R R
SR 7E ST AT PR OCR RY B B R A A i
ISP - AR E RN YR S /B 2 E A E RN
Y P 2 X SR fige o 3k B

(2) S0 o v B R 25 R« S G T
TR 2 A AU AR IR 2 IR E A AN iR, 1
S I g R e AR S AR U R R Ty ) R A
Jet 1 A2 T 0 TR ), A 2% 77 A W % O [ B 4L 5 AR TR
(P 13(b)) 5 33 il 2 5 S5CHH R0 D 2t 15000 o 7 50 1L
N2 4l AR A T AE B o At B A BR JT 4 A A



392 b

K % TR

#
g

ARSI g BAEIRZS T A4 i il A2 T RIDR 7= AR W R
JE 5 1] B L A2 T8 (L 13 Cad) s PR O 552 36 T 2 1
FCHE o Mt KA R OTARE AU HH A8 225 RfE /D
T 77 AR R 22 5 HLAE BEAT 25 25 5 20 o £ 00 gk
H T B A2 DA R W | 505 o) P o L B 5 T
KA B2 RECR TR A IR 2

(IS A RITH ' (b SLge s #2 i th 47 R
I 8 AT

(a)Buckling behavior of  (b)Buckling behavior of
experiment

113 B 27 4k R 3% A Je i A7
Buckling behavior of CFRP lenticular tape

simulatior

Fig. 13
spring

Sk

[1] SEFFEN K A, PELLEGRINO S. Deployment dy-
namics of tape springs [ CJ. Proceedings of the
Royal Society of London, 1999, 455: 1003 -1048.

(2] ZF @, 24, 85K, 5T IR 3 09 2 () B0 B hG

WRITHOARMRL]. FELFE S B A& FE,2009,2
(2): 86-90.
LICH, WANG W, FAN X W. Advance in preci-
sion deployment techniques for space telescopes
based on tape springs[J]. Chinese Journal of Op-
tics and Applied Optics,2009, 2(2): 86-90.

[3] EIGENMANN M.SCHMALBACH M. SCHILLER
M, et al.. Ultra-Light deployment Mechanism
(UDM) for sectioned large deployable antenna re-
flectors[ C]. 14th European Space Mechanisms &
Tribology Symposium-ESMATS 2011, Constance,
Germany,2011.

[4] KWAK M K, HEO S. Development of multi-pur-
pose satellite 1T with deployable solar arrays: Part
1. Dynamic modeling[J]. Korean Soc. Aeronaut.
Space Sci. s 2003, 31(9) :38-45.

[5] HEO S, KWAK M K, et al.. Development of
multi-purpose satellite 11 with deployable solar ar-

rays: Part II. Ground deployment experiments[]].

5 # #®

AR SCAR e 25 it S A 5 T 4% 1] S A R
IRV RN S YRS IR /A W P u /A= U |
AR H 5 W g 2T 2l bR 50 i i o o 1) U S R
I TG FEAE S 1) Je ok AR 0 S R AR AR A i
PR s Z )5 o R S B AR N Hp 25 ) JR T
BURY FR SR HEAT T 0 21 2 bR 3 55 10 S 1) e 3
FEAF S BT H AR S AT T A R OT
A N T BRET A AR 55 SC ) O L
PEHEAT TS8R W50 45 SR R W - S0 BT A Bk 27
AR AR FAY I S A 1 237, 6 Nmm, fEE
BB BB A FROTEL L BRI AT 4 R AT A
Aty B AT DR 22 8. 700, JF R AT FROT A%
0L R S 6 0k g AR e B 5% 22 7 AR SR R AT T 0 A
. I SR P ARUE T B AT S A RO
R TE T P R — BOPE 6 ik £ A Al R 5 Y T
L R Z % i fH .

Korean Soc. Aeronaut. Space Sci. » 2003, 31(9):
82 - 87.

(6] Z#R.XFERKF.F. ETMRIRLZSHEM=
[ AR ML s bE R B R O AR AL A Bt LT, R 3 4% 5
I42.2013,21(2):416-422.

AN'Y, JIA X ZH, ZHANG L, et al.. Optimizing
design of CFRP based main backbone with high

%

stiffness ratio for space camera[]J]. Opt. Precision
Eng., 2013, 21(2) . 416-422.

L7] k& wkzh e, 5 5 &, 5. R il ) MTALRK 2F 28 52

BRI AR A AR (T ], 65 45 % 42,2012,
20(9):1968-1973.
ZHANG L, YAO ] S, JIA X ZH, etal.. Develop-
ment of trusses made of Carbon fiber composites for
coaxial space remote sensors[J . Opt. Precision
Eng., 2012, 20(9): 1968-1973.

[8] PELLEGRINO S, GREEN C, GUEST, et al..
SAR Adwanced Deployable Structure [D]. De-
partment of Engineering, University of Cambridge,
2000 26-39.

[9] BLACK J T, WHETZAL ] A, DEBLONK B J, et
al.. Deployment repeatability testing of composite
tapesprings for space optics applications[ C]. Col-
lection of TechnicalPapers-AIAA/ASME/ASCE/
AHS/ASCStructu-res, StructuralDynamics and-



2 4

TR o, A5 AT YRR R B R T SR 393

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Materials Conference, 2006.
OMER S. Analysis of tape spring hinges[J]. In-
ternational Jowrnal of Mechanical Sciences,
2007, 49. 853 -860.

WALKER S J I,AGLIETTI G S. A study of tape
spring fold curvature for space deployablestruc-
tures [J]. Proc. IMechE, 2007, 221 313-325.
AR, X G A B AR A A ] RS ROBCEE Y
Bt 5], FALF R, 2007,28(3) :821-726.
WANG J, GUAN F L., ZHOU ZH G. Design and
analysis of tape hinge for deployable structures[]J].
Journal of Astronautics, 2007, 28(3): 721-726.
a2 A0 R A A A R il PR Y
AMIC o Hr[I]. & F Atk 42, 2011,27(1) ; 29-
32.

WEI'Y Q. SHANG Y H. Finite element analysis
on bending processes of the tape spring used in
space hinges [ J]. ElectroMechanical Engineer-
ing, 2011,27(1). 29-32.

WS, R, R B F L RA RIS R G A ORHE
ZE DA A R I LT . 6 % 45 % 42,2007,
15(8):1181-1185.

LINZW, LIUY Q, LIANG Y, et al..

tion of carbon fibre reinforced composite to space

Applica-

optical structure [J]. Opt. Precision Eng. , 2007,
15(8): 1181-1185.

WUEST W. Einige anwendungen der theorie der
zylinderschale [ ] ]. Zeitschrift fur Angewandte
Mathematik and Mechanik, 1954, 34.444 -454,
Bl g2 TR AL 3N 2R OGS N RO R K
ERASHEE AT L] R F # % 42,2018,
21(8):2031-2037.

fEE® N

.

EEHA990—) . B R HA L
WFFEAE L 2013 4F T 735 MO 2 344 % &
ZEAL 3 NS () S T S A
it 5 4 J5 TR AF 5. E-mail.
zuoyd1809(@163. com

[17]

[18]

[19]

[20]

[21]

YAO X H, CHEN D, SUN Y G, et al.. Com-
bined torsional buckling of small size carbon nano-
tubes in multi-field coupling[[J]. Opt. Precision
Eng., 2013, 21(8):2031-2037.

HAL, 2L, 0 AR M]. b S
& AL 1986.

WONG ZH Y. WANG Y G. Elastic Theory on
Thin Shell_LM]. Beijing: Higher Education Press.,
1986.

Fovhbha, $ R, WA RIEA %S
iRt [I]. k% 4% T 42,2007, 15
(10):1571-1576.

LIH, YEQH, HANBCH, etal..

design of sealed cowling structure for magnetic

Optimization

bearing reaction flywheel [ J]. Opt  Precision

Eng. , 2007, 15(10):1571-1576.

Fa A, A TR K MW ¥ 4E 4 MR Ak it
[D]. IR W IR IR Tl R0+ 18 3¢, 2014,

GUO ] SH. Optimized Designof Auxiliary Sup-
port For Agile Satellite SolarPanel[D]. Harbin:
Graduate of Harbin Institute of technology, 2014.
BRYAN D. Estvanko. Numerical Analysisof A
Tape Spring Hinge Foldedabout TwoAzes[ D].
The University of New MexicoAlbuquerque, New
Mexico, 2011:33-37.

ZZ L, RE A, F. Cartwheel B XU 2 4
BT ). 2% M T42,2013,21(9): 2317-
2324.

LI Z X, ZHANG L, YAO ] S, etal..
Cartwheel Bi-axial flexural hinge[J]. Opu.
sion Eng. , 2013, 21(9):2317-2324.

Design of

Preci-

ZERFF (1986 —) . B ATk Ak A, B3
WFSE 51,2009 4F T [ B 22 HOR K2
A2 - 22 47, 2014 4F T o = B 2 B
KB ICHUIT AR A2 7, E 2 NN
B AN S BT K 4 AT T T AT AR
E-mail: lizongx@126. com



