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Theoretical Modeling of Pure Bending Moment of Super-Elastic N-Shaped
Boom and Its Experimental Verification
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(1. School of Electrical Engineering and Automation, Anhui University, Hefei 230601, China; 2. State Key Laboratory of
Robotics and System, Harbin Institute of Technology, Harbin 150080, China)

Abstract: In order to make the N-shaped boom develop smoothly in the space structure, the mechanical
properties of its winding process are analyzed. Based on the covariant basis vector method, a theoretical
model of the strain energy of a isotropic single tape spring during winding under pure bending conditions is
established, and the theoretical model of the bending moment is derived by using the principle of minimum
potential energy, and then the bending moment of the N-shaped boom is derived by fitting the curvature. Four
N-shaped boom samples are developed and an experimental platform is built. The tensile force of the four N-
shaped booms during winding is measured (HP-10) for 5 times by using a digital display push-pull meter,
respectively. And the peak torque is calculated. The result shows that the deviation between the experimental
value and the theoretical value is no more than 8.83% and the average deviation is 2.813% , thus the accuracy
of the theoretical model is verified. This study can be used to analyze the peak moment of the super-elastic
boom in pure bending state, which is of great significance for the design of the super-elastic boom.
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Fig.1 Cross section of N-shaped boom
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(b) Winding state
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W RE /N TR R K E L, Hoe ik
T N Y A A A

PO S S O B VA7) AR S = o N

€0 = " “"’ —l~u+klw+z)

g, = ‘ y‘ — 19+ 2(k,

»y ‘ —w")

1.2 FHEHE

FeARAZ 3 oe BN 3 B BB 2 1A 6
F SN p., p.Fo 78 0 GEIF 77 A2 W4 fik S 7, HI%
A FRE Ty, 8 AR R B, A

JO J/H,[J/’//Z (s™0e, 5”0, )(1—kyz )dzpﬁu} dy—

2T 400 (01) — 2N 0 0w (b)) — 2M 4. 0w (b ) dr—

T oaOu(l)—M e l6~0 (9)
Kb, =1/2R0, ;5 .43 M FE /R .y 5 W N JT 5
8¢, .00 00 Ot I HE I AL 5 Togge « Neage s Meage 73 1
FRAE y=0b W],y T5 1], = J5 1) B B K B (4 4 ) Fn
x J7 ) B B A BE B AP J1HE 5 T M 5390 8 & J7
[ 40 3 F y 7 a1 A0 1%

K3 Folk gz gyl

Fig.3 Diagram of shell unit for
- ‘;f —(1+ &+ ko —+ ke )b, — (bu) b £ Dgrm oTsiet it oree
g = gx (14 o' zw"h, + w'h % HENEINER ZET: Ak N
Y [ be,, = Ou—+ kow + w + 260k ]
8x I " (10)
8= 5 =h.+ kuh, — w'h, [ de,, =00V — 20w ]
I Hﬁ(lo)ﬁa/;ﬂm aTwﬁf&
X PR 2 i AR T I A Ly 2 O T Bl 1 =0 ay»":o
b T T 15 {1 A T L0 3 19 78 I U 4/ R B Y M, (1)
E AT LW R, Ty B S e Fl e, oy LT =0
DY, i i AT A R E L
T, = j/f/?s (1= kyz)dz, T, = Jiz/?sﬂ' (1— Aoz )dz
M, — J, a5 (1= kyz)dz, M, = Jiz—zs (1— ky2)de (12)
N= e aaby) (1— ky2)dz
& S A = N A no_p y
(10), 7] 15 N
‘ e JE w ] F 7R A XU pRECAT = A PRELZ TR Y
w'"'+ E,th* (w— w,)=0 (13) ,
JE X
- ;13},: E, B 12}(.5) _ £k, B w:w()—O—'blcl COSI’I'(77§)COS(77§)+
12(1—v,v,) 12 12 b,C, sinh (9& )sin (&) (14)



5% 4 7]

LS SR NP AT 7 i ) AR e A 6 5 E 623

K CLCo N TR E RBGENRA— K & =

4 472
B R TP N [E. btk
b1977j‘jif[;(]j‘j E/J&éﬁari 4_Dy o

WRBA SN B R T AR S i g%
A

Ty(bl):O’M‘v(bl):O’Ny(bl):O (15)
A RAXD 5
w'(—b)=ky+ vk, " (—b)=0 (16)
PR (16 RAK(14), i#15
_ Lhe d | bi(ktuik)
w=—o — T3 &) U7
A
_ 3(sinhy cosp+coshysing) . ) -
80 = (Gnh (2 Y Fsin (29 )) S (7g)sin(ng)
3(coshy sinp—sinhpcosp) ]
77 (sinh (2 1 1sin (2g)) COSn(ms Jeos ()

1.3 METEEMAE
LT TR A B AT B A BE e RN N

by t/2 1 . W
T= j,m Jil/zg (0", + o%e, )(1— kyz)dzdy (18)

W e T i BRI R e T
ith 2 22 i A2 B

r=m,+tm (19)
Ao, AR B N AR R, o G B8 A
2R, B
_ ki ke qh
= [ M.ody, = . [ My 0

¥ (12) F (20)RAK(19) 15
r=0bD,(1—v,v)F+bD, (k+v. k)P (1—A)
(21)

N R\ e
}Wi1m)%mﬁﬁ%m

cosh(279) —cos(29)
n(sinh (27) +sin(27]))o
FH e /N S RE I B AT 2 A X
dr
M=%

B CDIUAK(22) AT 17

JELE AR AR R A =

(22)

M=2b,D,(1— vV, kAt Zblul.ljy(ul./e)(l —A))—
- ,A— A
biD, (ko 0,k Y == (23)
4sinh(27)sin (27)

J—ZQEF'AA::

(sinh (27) +sin(2p))*"
1.4 RERTHEEER

et - B AN &L 4 B s, fh TR 23 B T e - B
[ 8 7% HE AT 7R N

M =2b,D,(1—v,v,)k+ 2b,0,D,(ky+ v,k)(1—A)—b,D,(ky+ v, k)

T, — Ty + 7T~\,/ (24)
O, e P B RS B LR E L oy, SR
Az NS RE

R

4 B
Fig.4 Flat segment

i BRI WIAG MAR O, e g G & R & T
iR ki gE S A, B

7 =1ID,(1—v,v)k + (D, (v.k)(1—A,) (25)
H 5 /)N 3 g Ji 2 AT A
M,=2ID.(1—v,v,)k+ 2l,D, (v, k)(1—A,)—
1D, (v by 2 A (26)

4f

2 BYHRHMEBEASHFTESE
Zix

2.1 JLfkRfEE

A 5(a) B, 558 1.1 15 18 2(a) A [
7 A ) A R IR AR AR (4, 4y, 4y) VIESS AR AR R
(x, y,2) FUXF L A A o 1E 28 ) & (H,, H,, H.)o N
TEAT B A 1m0 40 1 5(0)F 7, JHG A 55 5 5k Bk il 17
E B Oy s, AE 9 4% i L v ) 07 1) i Ko R

x=uh, +(y+uh,+(atwt+s)h. (27)
SRAT UM FE Oy
g =+ u+t+bw+ kx+ ks)h, — kuh.
g =1+ v—zw"h,+ wh. (28)
g.=h.+ kuh,— wh,
XL ) 2y 7 1) B 17 728 O
e.~utk(lw+z+s)
(29)

e,V + 2(ky— w")
i T AR R, 7 i R 52011
AR, A B w oy
The a0 b (ko + v,k
12_?””+ (3 )
2.2 MTREFANLEE
F1 1.3 95 40 M Al A, 7 10 0 A8 i ] R A
Ty =17, T 7y
TR, TS R AR AR RS AR
r=0b,D,(1—v,0)F +bD,(k+ v,k (1—A))
(32)

w =

g(£) (30)

(31)

A, — A,
2k

(33)



624 Mow b

i 53 3%

(b) Cross section of N-shaped boom
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Fig.5 Initial state of tape spring and cross section of

N-shaped boom
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N-shaped boom
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Table 1 Material parameters of N-shaped boom
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Fig.7 Theoretical curve of N-shaped boom
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Table 2 Peak forces and peak torques of four N-shaped

booms
BUE  Ee /N L ey
(Nem)
1 2.390 0.265 8.49
2 2.341 0.257 5.64
N1 3 2.258 0.251 3.39
4 2.336 0.256 5.27
5 2.387 0.262 7.44
1 2.099 0.230 —5.43
2 2.236 0.246 1.42
N2 3 2.022 0.224 —8.26
4 2.144 0.236 —2.75
5 2.360 0.259 6.37
1 2.289 0.263 7.79
2 2.243 0.258 6.01
N3 3 2.168 0.249 2.62
4 1.996 0.230 —5.43
5 2.278 0.262 7.44
1 2.122 0.244 0.61
2 2.310 0.266 8.83
N4 3 2.075 0.239 —1.46
4 2.174 0.250 3.0
5 2.229 0.256 5.27
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