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R ANBTGAEGLT =R A TS KR AL R X L 1
Table 1. 15% comparison of tip point displacement using three elastic force models in case of

small deformation.

R4y e oeH /A Uiig 5 X i A% /m Ui Y A /m
G ERR (B —)

1 —6.589671 x 10~8 —4.585537 x 1074
100 —1.081793 x 10~7 —6.055386 x 1074
300 —1.081936 x 10~7 —6.055763 x 104

JURTRE TR MR8 3 2 (AL )
1 —1.247582 x 1077 —6.373417 x 1074
20 —1.815183 x 10~7 —7.729469 x 10~

JURTRE TR ekt i (B =)
1 —1.322880 x 10~7 —6.373418 x 1074
20 —1.814437 x 107 —7.729469 x 1074
Hitfg (23] — —7.729469 x 104

R2 NBRTABLL T =R IR ST LR X L 2
Table 2. 2"4 comparison of tip point displacement using three elastic force models in case of

small deformation.

K5 sy A Ui 5 X [FALRS /m Ui 5 Y AL /m
LA TSI FARR (AL —)
1 —2.351629 x 107 —0.001166
100 —3.969978 x 10~7 —0.001150
300 —3.970496 x 10~7 —0.001151
JUTTRE IR AR 7 i (B )
1 —4.511020 x 107 —0.001165
30 —7.154094 x 10~7 —0.001549
JUMRS T SRR e i th 2 (B =)
1 —4.523434 x 10~7 —0.001166
30 —7.172440 x 10~7 —0.001549
i g (1) — —0.001549

R 3 ARNRIBIEBLE Z AR R S i A A X B
Table 3. Comparison of tip point displacement using three elastic force models in case of

non-small deformation.

X153 o/ A iy X AL /m Ui A Y A /m
TS AR (R —)

1 —0.049726 —0.397010
100 —0.095631 —0.562668
300 —0.095648 —0.562718

JUARS RS g R (AL )
1 —0.070542 —0.474796
10 —0.149856 —0.707640

JUARS A et iz (AR =)
1 —0.078069 —0.485859
5 —0.150970 —0.709624
SR 14 —0.150971 —0.710569
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ZRENBREN, KERmER TN
F = -5 x10% x b3 N, HAih S5 /NE K E 5
LAHTE. RAZEF DT SEUHE KB &, K
FASCHR [14] 32 2 W R R AR TH S R AR AR 1
KERTEEREX)Y MRENSER. £ RKER
THOLT, BYYIS IR, 55 4T ANCF $tfE Y
Ir) b R FH 2R VA B 2 5 350™ 5 (1 35 U] PR B ) A, i
DATE KA T S5 451) r = A 7Y 1) Wi SSRGS 359 A a7
AFCEA), WK 3. FHE R b o R = i Sk
JE VRS P foe . DA BEBIRE R 1 TR Y BOAS R A
D155 TR I IR R PE.

3.2 $HEMESF

AR R 9 ANCF 8 47) 32 575 H R AE A
BEHEAT 1A, B AT B R 1) 1 SCREAE IR T

G TR SCRM LS HS SCER [14] R A KA
I=2m, % Nw=04m, @ANh=04m ZFEN
p = 7850 kg/m? , ¥ KT AN E = 1000 GPa, BY
DI E N G = 384.62 GPa, WAL N v = 0.3, LL
BT TER T Ak, = 100 s
FEFE 3 FoR, A X, Y il E, 4
it HE Y I AL L.

L =
T v

3 TR

Fig. 3. Simply supported beam model.

B 4 g AR SCRRE RS = 8 T 330 5 264 T IO [T
AR AYRAL. i 1 SR HE R 1 34 B HIE,

mode 1: 100.051 rad/s

mode 2: 280.321 rad/s

mode 3: 381.294 rad/s

T

/////H/// /] ////////HHW/////
T I

mode 4: 840.962 rad/s mode 5: 1401.60 rad/s

mode 6: 1796.99 rad/s

/AT ]
A |

mode 7: 1878.87 rad/s

mode 8: 3090.98 rad/s

M

mode 9: 3090.98 rad/s

B4 T el ih 3 0 o] SCALRE R ZR R A AR

Fig. 4. Mode shapes and eigenfrequencies (rad/s) of simply supported beam based on rotation-based curvature.

R4 3AMSANEF AR R T SRS A A AR (rad /s) X EE

Table 4. Bending and longitudinal eigenfrequencies (rad/s) of simply supported beam element for different

elastic formulation.

bl SSTve - 15¢ bend 2nd hend 15% axial 2nd axial 34 axial
BN TR (B —)

1 121.099 717.254 293.929 929.195 2062.58
32 110.313 379.121 293.706 877.411 1449.00

JUMTRE BRI AL - Rs s 2 (AL )
1 111.024 839.425 280.319 863.102 1864.36
32 100.052 381.295 280.321 840.962 1401.60

JURTRS SRR - e il 2 (B =)
1 111.024 839.425 280.340 863.102 1864.36
32 100.051 381.294 280.321 840.962 1401.60
Timoshenko ZHEAY (BLiR /) 95.634 332.235 280.321 840.962 1401.60
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RS 3 P BT A SR BT UTRE L A R (rad /s) X LE

Table 5. Shearing and thickness eigenfrequencies (rad/s) of simply supported beam element for different

elastic formulation.

5 goeH /A 15% shear 2°d shear 15% thickness 2nd thickness
LA R (R )

1 1916.94 2072.91 3593.71 3679.47
32 1916.94 2051.03 3584.95 3659.39

JURTAE AT 7 #3726 (BT )
1 1766.97 1878.86 3090.97 3090.97
32 1766.99 1878.87 3090.98 3090.98

JURTAB R SRR e e b h 2 (i =)
1 1796.99 1878.87 3090.98 3090.98
32 1796.99 1878.87 3090.98 3090.98
Timoshenko 22 (FGA#) 1766.99 1878.87 3090.98 3090.98

BT BA Sk Tt B H A 9 A 4R TR0 R R A A .
ANCF B2 70 [ Bl 7] >R ) = A8 BOR 77 A2 = A
AR (mode 2, mode 4 Flmode 5) A1 125 i
PR (mode 1 F1 mode 3). F 4L, EAFLEMFIET ]
PRAE (mode 6 F1 mode 7) LA ANCF It A 1)
JEEEPRA (mode 8 A1 mode 9).

R A TR SCRE B TT I R AT 3 Ptk AR P
THARC 25 s M Al 1 [ A R B B, 3R 5 DR T
DIVRD JE 5 [ A7 A oxs b, g R AT 50, 5 FoAd sy A~
FRABUAREE, A SCHR H BB B = e Sl BB A, eSOk
JERT 2 6 A BT, 51 B iR AR iR 22
B RONASCR TR Y 1) ER & EE, 2%
B TT R BT PR R, 452 T R o B ) AR
Re b 35, 2B R BUR TR R AR IR
AT, 1 il A EERE OK, BT ARG R NI,
NI 5162 B 25 ih ARSI 1 K

3.3 FOESHR

B 5 s R RE O moNTeRE 8. %5
T ALY SAAR T VA — AN Z LB AR
HSHT: KAl =12m BBIHAAN A =
0.0016 m?, FEFMEME NI, = 8.533 x 107° m?, %
FEH p = 5540 kg/m? |, IR EN E =7 GPa, 5]
PN G = 2.69 GPa, A EL LK BT Y115 1E [
FSRTHEGIAAE. W 5 Frs, A e A5 X,

Y iR, A E SRR T AR R B A R
07 B BB RS> T 12 AN AT, (BT 1.1 s.

ARG et B R L R R R T R
Bl 3, @shid B R A RBRI G, Xt
R IR () = P B ) 2 5 T AR A A B K AR T )
B IERG P, KA ANSYS A 5 2°F 1 %2 BEAMS3
HoTlE AN, 68 AL, 1E A 8
E =7 GPalt, =R AR5 (0 R om b i A2 #8,
U R A7 % RS i i S LR 3 5 ANSY'S 45 R A
A, UE B RE AR B AR T n) #, FHEERAIE T AR
JIT B = (1 IR Al

Y

g
7 |
i Rlo==
w % X
Bl5 etk spigpgin
Fig. 5. Flexible pendulum.

SN Y G M i B AR AR = A B SR AR T Y
71, B R IR E E = 2 GPa. fE L3RR
BT, PHETAER KTENEEHR. H9o—
K11 BREE = 2 GPalf, =M At 5 1) 45
B 5 ANSYS SR A, el RS
E = 0.7 GPa, 127 W, 7E HLARBE R T~ = Fh i
R 45 Bt v 5 ANSYS 45 AT, LA -5
PSJUE B 7 AR = AT A S KR T ]
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Fig. 6. The tip vertical displacement of flexible pen-

dulum (E =7 GPa).

18] /s
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Fig. 9. The tip vertical displacement of flexible pen

dulum (E = 2 GPa).
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Fig. 7. The middle vertical displacement of flexible

pendulum (E =7 GPa).
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Fig. 8. The tip-point trajectory of flexible pendulum

(E =17 GPa).
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Fig. 10. The middle vertical displacement of flexible

pendulum (E = 2 GPa).
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Fig 11. The tip-point trajectory of flexible pendulum

(E =2 GPa).
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Fig. 12. The tip-point trajectory of flexible pendulum
(E =0.7 GPa).
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(RB curvature beam model, £ =7 GPa).
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The energy distribution of flexible pendulum
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Fig. 14. The energy distribution of flexible pendulum
(RB curvature beam model, £ = 2 GPa).
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Fig. 15. The energy distribution of flexible pendulum
(RB curvature beam model, E = 0.7 GPa).
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Fig. 16. (color online) The configuration of flexible pen-
dulum at each given time (E = 7 GPa) (green solid line,
15t model; blue dash dotted line, 2°4 model; red dash

line: 3'4 model).
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X/m

PR SRAZ A (B =
0 I 2
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2 GPa)(M TR ) (Gt sesk: A —;
UM 21 B )

Fig. 17. (color online) The configuration of flexible
pendulum at each given time (E = 2 GPa) (green solid
line, 15t model; blue dash dotted line, 2°d model; red
das hline, 3" model).
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Fig. 18. (color online) The configuration of flexible
pendulum at each given time (E = 0.7 GPa) (green
solid line, 15* model; blue dash dotted line, 2°4 model;
red dash line: 3" model).
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Fig. 19. Change of shear strain at middle point of last

element.

tH T ANCF By V) B2 B S0 AE o, y 77 1) b 4di{E fr
RINAS [F R 2 ?ﬁ?%ﬂﬁﬁtﬂlﬂ%ﬁbﬂ% KA
LAY — 2 5L = 43 ) Bt e 5 A58 284 2 i B 1) P 3 1)
CIEVAR %6jﬂﬁﬁﬂﬂtﬁﬁ:ﬁ”ﬁ%@ﬁﬂ‘ﬁ‘]ﬁ%ﬁ%ﬁ%ﬂ]
ARSI O, T LA H SR A AR A Y (1 — A
BLRY =) 15 21 (1) BY 5 A48 W SN i e AS S A Y (12 Y
—) Eb R =W S R, IR IR = AR SR BT )
A ) R A BORR LS. R —H T &
BSAHERA, BIVIR AR SRS,

114501-12


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 11 (2017) 114501

200 T T T T T T T T T T 200 T T T T T T T T T T
180 180 (1)
160 160 -
140 140
120 120
. 100 _ 100+
= r =~ r
80 80
60 60
40 40 —o— R —
20 20 | —o— B ]
L L A=
0 0 52 ]
72 L 1 1 1 1 1 1 1 1 1 1 720 L 1 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1.0 1.1
I 1E] /s IRFTE] /s
K20 HiEE—DNRITA PRI ey Mory TEZL  (a) ra; (b) 7y
Fig. 20. Orientation of the r, and 7, vector at middle point of last element: (a) rz; (b) ry.
1~14 T T T T T T T T T T 140005
[ ()
1.12 1.0000
1.10 .
r 0.9995
1.08 E
_ 1.06] 1] 0.9990
= =
1.04 ] 0.9985
1.02 .
+ o *ﬁﬂ* 0.9980 _D_ﬁggg
1.00 I
[ —o- - 0.9975 B
0.98 —A— = ' —— A=
0.96- 1 1 1 1 1 1 1 1 1 049970 1 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 0 0.1 0.2 0.3 04 0.5 06 07 0.8 09 1.0 1.1
tHiE] /s tiia) /s
21 BRERJE—AERITTHP R v ey IR (2) 7o (b) 7y

Fig. 21. Magnitude of the r; and ry vector at middle point of last element: (a) r¢; (b) 7y.
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Abstract

In recent years, research on space debris removal technique has received wide attention in aerospace field. Many
novel concepts on active flexible debris remover have been proposed, such as flexible flying net, tethered cable manipulator.
In view with the high flexibility and large deformation of this kind of structure, the implementation of attitude control
is challenging. An accurate dynamic model of highly flexible structure is important and needed. The beam element is
the most common element adopted in flexible remover models. So, in this investigation, a rotation field-based curvature
shear deformable beam using absolute nodal coordinate formulation (ANCF) (named RB-curvature ANCF beam) is
proposed and its geometrically nonlinear characteristic under large deformation motion is studied. Curvature is first
derived through planar rotation transformation matrix between the reference frame and current tangent frame of beam
centerline, and written as an arc-length derivative of the orientation angle of the tangent vector. Using the geometrically
exact beam theory, the strain energy is expressed as an uncoupled form, and the new curvature is adopted to formulate
bending energy. Based on the ANCF, the dynamic equation of beam is established, where mass and external force
matrices are constant. In order to validate the performance of proposed beam element, other two types of beams are
introduced as the comparative models. One is the classical ANCF fully parameterized shear deformable beam derived by
continuum mechanics theory, and the other is position field-based curvature ANCF shear deformable beam (named PB-
curvature ANCF beam). The PB-curvature model is evaluated by differentiating unit tangent vector of beam centerline
with respect to its arc length quoted from differential geometry theory. A series of static analysis, eigenfrequency tests
and dynamic analysis are implemented to examine the performance of the proposed element. In static analysis, both
small and non-small deformation cases show that the proposed RB-curvature ANCF beam achieves the faster speed,
higher precision and good agreement with analytical solution in the case of cantilever beam subjected to a concentrated
tip force, which is compared with other two beam models. The eigenfrequency analysis validates RB-curvature ANCF
beam in a simply supported beam case that converges to its analytical solution. Meanwhile, the mode shapes of the
proposed ANCF beam could be correctly corresponded to vibration state of element with respect to each different
eigenfrequency. In the dynamics test, a flexible pendulum case is used and simulation results show that the proposed
RB-curvature ANCF beam accords well with ANSYS BEAMS3, classical ANCF shear beam and PB-curvature ANCF
beam in vertical displacements of tip point and middle point. Since deformation modes are uncoupled in the cross
section of proposed beam element, its shear strain is achieved with much better convergence in the case of lower elastic
modulus, and shear locking is significantly alleviated, compared with classical ANCF beam. Therefore, RB-curvature
ANCEF shear deformable beam element proposed in this paper is able to describe accurately geometric nonlinearity in
large deformation problem, and can be a potential candidate in the modeling of flexible / rigid-flexible mechanisms.
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