FITEHE FH2M
07T F5 A5 A

VIR S -

ADVANCES IN MECHANICS

No.2
2007

Vol. 37
May 25,

ZEFXSRAGHIS DM RER

HEE FZR!

H¥FH

AR Tk A, HAEES TR, wHRT 150001

{2

() R FE AT R LA LR 0 S bt o R ST AN 4, AT R AR, R REAR E,

KBRS AR, MM R R T S EiR . SRR R TR R AR i R oh
HEWEE, s iR - RS UEFSRT R e, TR U R, S5 E
B UAFSREE Sy mi e tl, ARG s A i i R a7 R e it el . F W FE R A Haalas S e
THEFEAOCPERNTE: RSB SEL. SRET EE R e R RS, A R PR
1 O 0 G e, L S T 7 s ) o A S AL LA . BB T T A A7
W B I TE IS0 SR AT T WshaeiT 2y, FEerabimdidy, =3 URnE T o iR s et g o m. &
SCaR T =2 [M] FE U FF A5 M sl 40 i) SRR BT F R0 Mol W 0 A REAIARAR, IR T b T M s, TRk atRE b

$ie 1T IR A .

KEE TRATRFES, R, B, E554 FRL

1 3]

8 ) FE AR T g S T B R Y —
B a5 R L. AR S R e A MR, R
O AT AR 2, B AT FE SR T e #0bfT T 24E /Y
WES. NASA F 1996 fEIEHT T M A RITR LR
g D~3] SiF— b ksl T 2200 7o SR FF £ WIS T0E
MERE. SRR FF &5 L, F A SR ITE A
FHirfdds, R, AR, BRI AT fedE s F40
g BT g AR TR, R A S i i
FERE AT B R R, 2 A SR g5 e
Tl A R Fo ek, A maE g B w1, FE
SPUE M0 Spes sy, s a5 Hn kR L R Bt
T—1Ta, AESENREE TS0 s,

S SR AMREEEE I '
. BT HECA IS MEE A e, 23 E
FeahdE AT, nshi A4 5 iR AT, EiA
{2 e 2808 o 0 2 0 il RN P S, L A Y A R
., ] 5 () 7 e e, v o 1 (R ) A
FEFFFER T 24 12 mx6 mx3m™] T Wo H gk

WrREE b - 2005-09-24, $EE Eb 2006-12-25

T Eomail: lyl-hitid ] 6%com

. 214 -

SIPET ) TURE 8 35m B A nfa g ey 1
NASA Ak R LY R $385 EEe; 553, %
FE 0 O Y MO et Sl vy L, AT L e e B
(RN T 5, H T 20/ By
FFS S5 i Ry s, Hah AR 1owr o 55
e o O B R e 2B L a0 v e VT S 11
TR EAE N (o 8. ]S ] AR A5 a0
SRS T T AR RS, IR T —E MR, A
BAETERA R, I LD E A H A7 s AR, X7E—
SEFERE | PR T ) F S R T A A A e .

2 CBEERET

LRI e E B A, RER (e
SCPRET ML COPRER) TR, Koahas o i B R
IAECET B AR B S5 R IRIT .

2.1 AR A RS T

FHE L 4% () e A B T &85 4y v g 10 P 2 2 L
R AR, ANPEA RER, K B BN .
TRl b LA TR R P TR RE, 7 TR ) s



e Pd <o oL A TG PO B g e o . Bk >
bb, ahdEfeEM MG EM A LU (1)
A AT A R R R a5 ke iR, W T B e
A, FE ST, WEEREEE T (R
L) S R T | A N Ak, (2) JHERR
e T LM A T R A R . LR
T FF o S 5 TR L 1 & s A i R A Rk,

FHE WL R B WIFSE L AE 1700 fERR & T I
T, 2 f T Aanmey, M s
SEHAT L EGHS . Chladni(1756~1827) FH T
Bk AR FL L T SRR T WA e ah, 2
—EE R P T R B sl A5 % Faraday [l
G A4 sty s s T P 5 b ke Y, AN
B By ST Al TE M RBRE T b, e i SR T By vp
Lo B T 540 A st - s 9 g i . 1860
. Bourget JEF7 MR a8 56 9 S5 BB a5 BT T
o b 01 s e A SR LR AR, 45 OB
TEARBEAIRESE |-, BRI 4 T ABUEE T Lo 05 Al 76 B i 1
e 3, dbe oty g AT Ll et T B R g . ik
FFH LS SR el m i, HFRER T Chladni f e
Wik, % RTR AR S IR e B S
MOfRLF, (R A SRR el RERlfR AL 1956
#F Bergmann BFSE T BB EE sl 7, SRR
AR, Bergmann (59086 5 e b A9 77 o
7o IR AT Y A Y, MRS R AR T
FEET TR, PR RS Re vh LA TR R LA TR
. 1964 4E Chobotov BF 58K 28 24 i 5 sh 48 55
mygem 07, SR T A SME TR, FHRAEA
PS4 B Bt 6 pon P5EPSERY My lar 0716 4R,
Sl LN, (A A R R S R Y R, R T
FHF B et LA TR i | E R Y RRAE.

1983 4F Sewall S5 AGIE§T = A 75 AR A 4 sty
W 8] PR 1m MR, SIS E R
M4 i, il H R el T A T AR, e
Je i A0 A R T Y RT E al Y E REER 0EAT  f
. M5 50 P AN R i 54 FE Rl 5 AR T 30k
FT0, Ll s AL A e sty 1 R o A0 e st 1Y
W, IR B S RV PR TS, 2
- L () S B Al s

IR JUAE B P 2 A Fe SR T ES 223 T AT
Wiz, MELIR Sl in] B AT ST 3OS T A ]
S [R) e R T I B A A, R R T g
213 BeRIF S A 0E R

2000 4F Jenkins WFSE T w0 EOUG T ) [ B
om0 SRPF MR 0.7 m 49 Mylar JEBL
AESK 8 S MG AR L, Filse B AR T

HREH T A (R A A ML 3. 38 mm B fRRY
O B R DO AT P T, T RY
TR A TR 340 5. 8500 4E B0%2 A9 5F
BT, SEReEE AN 1 s, S0Ee AR R,
FEAR BTS00 T bt 30 T LT oL, Widk
PR A, U T AR e A, S e ke
W B S TR RO AL IR A — E
HERE,

il B —— -

wE |-~
ﬁiﬂli'l'{H,,__ >-ﬂ—ﬁi‘¥
—

B [ TE ML s o T R R

2002 #£ Richard iz R 8 5 00 5 %00 17 W sh4
W T PO PR 0.7 m fRETE Kapton i
HEC |- BEME T 100 -p~H0 05, MERRGE T 4 R e
b, SRR, ffat TR BRiE
it EERR N ES, €% 10s — R WNETE
S ERah AR, E e HE A LA T AR T L T
HEEED 4 PRI T N, S e
148 f B% Al T LU BRI S S sh, Eah v i
AT LA B Y s A R e

2003 FF James {# B [k B @S MROERah it
EFFFEMEBLIETT T a4 b PY, B8 n i 2 By
s PR S 1.02 m ) Kapton PR, PEEE 51 pam,
4 A RSB A, B0 20N, Rt
EMNGE 100 ML GRS, TR Rfe B — ol
S MM, EAE R EMER T, wr e A e
- sfcizal, $HRMSEMR ECUE, B St
[P0 Py B P4 B AT A = R B AE T S s e o By
FE T R T R {0 ot 0 5 ) S .

2003 #F Kukathasan #8477 58 2 LR
MM A s 1221 Senb o B W R st -0 i de st
4 S A0 T T P A 0 TG g S S . e
AT A FE A AR, B f AR
FREPRED 4 7 e T e s e e A

- 215 -



B 2 IECTIE A osh A 1L

20005 4E Leyvland 5575 James fi 80 B 9 4
el e (251 Sttt 7F i R B FIAE 4 4~
(i) B o 2 i v e Dy 7 = s e g BN T
b, A E I A T L s e ) S ) 18] A AR
Peahids, (R, Scle sl B S EAT 5 B R
PR, AR A i R, TR
£ 75 ] MR B (ER T SR R [

2.2 FWE MM

2 () e SR P 40 R P gl i e S
Jr S M ES R R . 1A K R M a5 6 e, RS
JEFFICIE, SO AIURGE T a5t e T al o,
FLi i U Ay Y PR R s R A Y, TR — st i
FEE, EF)EFPES A A ER . EahErERE
W5 o 7 SR T Es B AR — - RT3

1988 4F Leonard §i HZE 52 A 40 B T L5
FHF FESUE (R 35 g LAEL. 1995 4 Main JE47
AR B AR NN FH 0 T A5 H A BRIl B 1,
T AR AT e R BRI TR .

2000 4E Kara #3755 BEIT T sh 4 129,
LRRSWE S i ASELTEERE. £8x
P EEL TR 34 5t 568 P00 SR A A0 T I P e A N a7
RS rRS. Bk irass RS NEA Sy R
R E A AT T AT . WAl
Bk R B B R Y

q E T
fﬂ = m (.‘\I;;RIII/-'\I”‘-H +?|:) U]I

KW fy 20 n friE A8, M, 7S8R R
My A E WA B IR, | A REERHREE,
AFSEN S SGRIHER, R, e, e B2ESASE
Hocrasat s, Mot () aTelEd, AXEE RS
. 216 -

FEE AR . U E, fipER S SR AR
fr. Bt A B A T -1 BT SR Rl 2R
B P, FRL A I CFREE &, DI A R B A
FRRE 5 2 2t

. P 3EI ‘
K= E = T l.';.!:l
M HLFE SR 475 SRR IRL 24
Ki®
E, = ? (3:'

PR sl (3) RGRFRPEELR, fRAF] 2L (1)
d, RFEVERE 1 BrE 2 BriEa s, Eds
WS ERYAT L, W1 ErEA AR 5.7, B2
A AR 2 3100, dHieaT |, SRR B
0 A S S R, (A TR I A e T 0 e
T RS,

B3 MRS sl g

2002 4 Thomas A 5 o] EEEE P FESER
shARFEIET T AT A S g P Scuk SR Tim
TP £ R TN B AR st T RO SN s e, B
ST 2 4 S Ay PR B ) 4 B I A SRR, B R R
SERHE BT A AT R, BT AR AR
=7 B e FSE e S Bty A R P e 25 . () B R
Hamilton [ BT B8 S SV 1z sh i

jm‘{r+ SV + dW — 6T)dt =0 (4)

Horp AR w8500

AL e

e mnmwu
(5)



ShAE ALY
1 b o & o
T=3 f f ZH‘p“JLL-’nfzﬂm]ﬁdH
0J0 =

a

J (unr;mf-") My (Lh{mf) ’

(6)

] AT R Rk
!
V= %fn (i Pl (7)

i) Fak A
W = Fi{tw(t) (&)

E D AFSE RS, R OARSERRE. o
A REAE, My AFESE SRR IR, T S ¥E Y
W, o AR AcE. H ST S B MREL pf
FEAE B MEEE, wo BRI REL, F
A A Fe st (5)~(8) AL (1) TRE
[EME s R, B TR R, AR IR RE
fry [ A o B AR,

2006 #F Leyland 0547 P 8 8 52 F70 U 807385
Seu PO R RS iRsh iR T RUBMEA, B
T EAE 1~1000Hz. R T 100 R0E, H AR AT
LLERER). Scieah R W], EREpfEEy, B
0 27 (R A, {7 (R ) T EE A A A R
W, 330k T IR S Y P T TR AR H R L
Meal. SR EOR AR, 22U A
S R g AL [ A MR

2000 £ Griffich #1 Main 67 T F5 B 5 &
srp PRl RS SR, s BT T
IB £ °F- T AR T ST ART 3 BrRETE A, AR
3 [ A7 030 #5500 B2 A2 By A TS 7 S S e T
K, EBHRM AR AR T, e EF AT
fp A () e 0t e P R G 531 1 3 ety
HAEHBRAMASHEME. [, Agnes 1 Rogers
TR FH T H A [l 7 3 [T A L A PR
ryshAs I B, MR B S mEERL, #
FEGERN T PR A [ T 7 U IR s sl - )
AMTEE 2001 4F Lewis [R5 FH R4 BIEAT T
FE B Ry ahA T PO SRt AR, B S
FoA% [ 8] 3 A WSS R AT T b

Park S5 AT S ZOHRER st PERESET T 1840
FESE (1~31]. Sclebe W aniE 4 B, A A T
TEEZRHTERUT 2 107m: (1) Bk i £
Fo U IT B st T T AR, 3SR LR R
SR I st - Hlb T T L. (2) F
P e H A (Bl sty 25 i i o e 10 gy k.

PEFT T i AR S B RN 2 i Y SEBe N Lh. AR
s TEVF R E8ES e (1) REAESHTR
AENRE T R, EPER R SRR T B
e i AREER, 5 Ba i R L, WOES T AR
Wt pahA . (2) FURA TR HS AR
AT R A AR U B ki R — R
Wk, HAGES TR AT, S2MtE
i A 2 0 R I SRR TR R A U
AR, BRI, WIS T 5 A 0 s
MR, (3) fE—ERFRSEN T, FEREHF R
AR FE A P sl A BT R RME R RRE, 2R PR RS
M R

Bl 4 AU SRR ShaEN A

FEPRFTE e A T2 W, 2R IE &30
FERITT . 2006 FF Lew &5 FH T [ LBk 1RY
B3 T SRR EAT T shas st 171, i 5

B 5 uT RNl R st A



. BT ISR B T MR T I A AR
. S AR SRR, I A A B A L SSE R T
A, TR W ) S B IR A5, R A
e 2], G SEAT I A A e O . R
J ACAT AT A AR E S IR R SRR AR, SR
BEFrEg ], FRISER 7 R, bF T Bl O (e Ay i e D)
it W 5 A e AR R PE A b AT

2.3 FESRFFEAMHZES T

SCHR [36~39] BT A9 L Bl S AU
FrEst e SGEAT T b i ) sl AR BF T E
fit 2 T 50 4 1 SR I, S RRLOT A pr & Bl
fraTHe, RAURSeA W T i B fIE e e 24 AT
fH FE S0 T g i T PHAE, Homa 2R A R
1, F ELARAE 84 i B My B 5B ) R T L
FH HclE g g A R AR RIS shazilidd
SREH T A sy i R R 0 5 3 | e e R
B, BLW 3 M 4 st o 1 R . 0 g R
1,42 P 0 S T 5o ) S B T PR HE
4.

24 FESERASHDEITHEERS

i b e T LA B A SR T A5 Y sl
ST AL T AR S (1) B RTshEs N BT
i _EAET, AT (2) AT R T A
i) e sty L SR P 2 LA O Ul 1T, S 5
55 B B SRRk A R PR TRl W (3)
M A R R B, A R BER A, B R R
PR, Ay g PO Gk S A 3
st i P A U R T A A

TRt el 7 T R A

mEY K, b KK -
F"‘f L+ Ko+ Kypu=0 (9)

Ho M Oy RRFEEE, o A m .

K, = f B} DB dS (10)

R YRR B

K, = f [ B, ods (11)

ATINFTAIEE, BFRAE D R BEREE,

K.w.=f B,."DBy;dS (12)

AR A B
Hep D AtErEEE, By YERPERZEERERE, B
AARLRIE RAE R, o Y RLITR].

- 218 -

EH T IS R, HERERb, ITLLH
R P Y o B S S T S B B e e 7R A
T, AR R PSERE B A e 4 2 (1) R,
FEFHERRL R Ay - A e L, B RN e A
i, PECH AR R, SRS
FRIRESE.

S T O R A R A ] o R B L A s Y
RIBE R i i me Bty e, PR RE R i S fE EE AR
R Ao ity A L ) S A R T 2. SRR
P el o R T B, S SRR AR 4
EORLAR. T EUSE £ - P AR B R R, ke
TR Fy S0 a2 . o P e P IR AU A T 5 2 it e
T B L B AR R, (R e A A
T B SRR A5k, T LA Sl 238 R T Al ) T
FA T IE R T S B A ROt st
B AR R s AT i, o AR R T R
FETRES, WA RS AP T — i F i,
SRR P A, A, U R RO TR
fry s s B TR A s R e 0 e 0 Y JEE Y PR 24
£, HULAER, ROREE. BA R R S
JRprAT HUESE, AL (W) Ay A7 FSE Sef Ml 5349 3
T 8 AR O 3 R RS T, L A R et R A R
R EER, Y AU T A A A SRR 5.0 He
BITF, PRk — Sl R T s B i 12,

3 E{EEE

%5 55 370 BL &5 409 sty s S B8 - BT R RPN AL S
B, A AT H AL, o b e AR T

3.1 SR A EES R RS E R

311 SRR Al 1 Y A

P T R SR LB T T R R R R R
FH, G ML A e SRR B SR AR AR Y, OO
i [43, 44] WFSE T AR i SR 2R 7 U0 6L el U i
W, 3 i AN IE) 5% 2 T AT LA R £ Y
JrthaEs, AT S T R A RIS A A T S5
PRAVHE SR AR AR LI, G 3 20 TR S Il
TBRETE T A . SCh [45] W90 T TR A2kt
P T R 3R R s rRR AR TR . SR AN
6 Fraspi e, e R T sl iR
S E A, s A R O R e T, R R
HAE B B R S PR AR Y 48 Stk P AL Y 3
W LSRR S R B T ) Rk AR, S
B 2 A, AT LU Bl fi S8 S A 1y BB i b 2 )
M B A PR SRR R T



Bl 6 9 Sk R R TR

3.1.2 B TEIR A st R M i e

FHE L 540 S i, T O O 7 s -~ B2 A PR A
BUAE BT RAFAE, T A A A D e 310 0 L Y b
T AraE kil PO () et i BCE BT SRR R Y
fie sty Atk A TR TRL G PRI AE. il i (R AL
S e AT LA LAy R RE W T o FrA . Hossain #
#f Sewall £ 1983 FEJEFT I = M7 ML 818 5-br 9
W e Yy S MR 081, 4T T 4 R A7 R s 1R T Y
FL A ) S (e anbr [ HES A~ apbir v, WA 2
LR 7 R A R B 1 sl b g B A
SRER A T2 04N I, R i 5 e 0 AR P T A
KA L mm (T SRAERS, [R)0 7R 8RR B
FHERG LRI T 66.8%.

313 SRR AN i sty MR S

AL A A (L e 1) 7 L 8 g 2 < Py 2
TERE, A5 R RSE A R R i, B R A E R A
FRVRRY, [EE, FRAGE o R w T A A 4R T,
S R A s AL R BE AR LR PR Ry . B SRS
TR U TR AN S U AT T R R W
g¢ P01 st TR R A R e e L R
7T 0205 1 i e Pt (RUH UL T S5

SR [22] AT R R A R Rl T 3
(AL b, R R N T

B 0.5 ft e RBLT N 31 F B I B b
PRI EEREFE RS . BRRSTERS A A A Al
T b 55 2 20 AT JLAT AR 2R ST J T
FEEN 1 A Tl oy BT ol SR 0 e e A 31 R
JCART &, BRI Al A T AR SR ke By, LA
IR R U R N A, 48 3 b HF 2 0
i Ay a3-Hir A5 B WO R L AR AR R TR 4
br. arbires RN, fE/RAAE AR O s
2 i), ¥R MR R st Rt g wAS A, (BT AR
AR CRf el by 4 i) FR00AT LAY 1 51
et RO e, & RSB S B

A e sh R A T AR AR AL, R T A
FEFR A ) 7 1E

ICHR [48] WESE T HAT 6190 /Y = 71 FEE 6 ) e sty
R, 5 Sk el BLET T A a-fr. AR
S AT EAR, £ TEEHENSHMN T
{penalty parameter modified material, PPMM). {ij£
o (VIPIEE) J2 A5 7 A s B 9 7 ] L 5 Bl
Ll 25 P A PILRSE 4, A2 R0 FE fpc el 435 ] 480
AT ] LT ] PSR ) S e R AR TRl . 76
FRAE R, S W R it T RE R R
], T AT A bEeE, RIS R R i ) 2 O
fITEIER. Eit PPMM 7t 748 A o i 34k
1T ahdStr, M bres BaTClE s, PR rE
FECUCE T UM BN g 4, T L e o T e ) [
A AN s A .

3.1.4 S PH AT e shie I ) s ma

FHE JE 255 40 L ) sty 2 a1 5 — T AR 2
BER I ARAE, =SB P FEE SN T S5t sy
T el (IR E, s A YERT SR T R sh 4T
SATR TE W i e T i B, AR AR TR
TEXL =2 N IR T ahas o, Rk fri HERE B H
SREH e, A O R T i IR T 3T S R A S A
i, T A AT S UEE R A (AR W 5 B - mT A
Jifu.
A 5 A B o e g 1 A R g
LA d e P31 JE BB S B b, PR Ab B L,
SR H 0 [P A R T e B, (LR 1 B
V1 ) A A B e R, R A S R
S AR Y LA T R A AR, L, B
G A7 O A R U B A R R, kR
FEMRLAE U R R s 1. (TR (ol R T L i
WL G2 Bl oG e e, 76 ORI e S br v
FhOr o] SR, A PR O R L A O R Ay, T A
JCE T BLH 2-D LT kAR a4 i FEm,  rklax—
7 W AT PA~o01 R S T e R
g it smta BT, i s a9 i e e, A
Jet A R e W O 1 5 v o 1 e 4 e R
BAE A 25~ ok [60] STk R F R
Bl 4 TR

PFPu Pu Fu
ol (T [ 1
(u:‘:?;n2 iy 2) e 2 (13)

P LA AU I 5 e sh i o A R A
i i i
T (Ei; + d;Ti;) = (m, +ma]a—; (14)

Hep T AW A, o A EEs, m, A

- 219 -



LT L, = AT m, RYFEE

p i

R /b (4
H: p AESMEE, B RETSHABREE. 5
PR S M E AN

T
air — k 1
W ,\Jm_,_'_mﬂ (16)

M (16) PTELE H, s S R p 71,
TS S g sl Y (] R e T

TR T RTS8 Y - S o 7
i, fEXA2SETHEMEE, STHEEEH
AR

My =

H2z 5 (17)

B i A

i LLEEE T

B Tty AT SN e WL S A ) R

Tl Ay BT SCTE ML R i . BRI AT
BB S R el AT b, 15 DAL R

3.2 FESUR FFEEHAE) SRR A S A

S0k [61~64] A T AT A R R 2
TRAINCEMRT, IR B A SURTT &5 CRFIBY
)&, SRR, SR AR SRR 85F) M ats et T T
W e b, FE UMM+ st Al - b AL
A~ R ST RS R A B R i s b
PR R TARGE S A T SE F  FLOCAE T R AR R
TOFHERRL L O, G B B TL A RER M e T
ALAE N A ) Kapton JEBE, 25 20 i R 7
{6, HRth T 207 ) TIERTEL, SR M A4 R0
ATHEERE A A SR KA B, T LM W A B AR )
ARERPEFT 2, P LR P EROROR AL, T IR 25 i
RILSEFRE A, JOT RAE ol b if Wi ST PR AfE, G ol f
] S e o T P e, (R) SR
7 %9 PO A ] 0 0 ) A B i S o
T 53 8 Y - SRR B, R SRR B Y
i, A A TS b, GREGE S e b A
FARAEATERL FEE T o i A b, IR

.2 .

Frar B B b RS . T BRI IR, BT
5 I 5 Sk 1 AR SR B4 FL 28R B, METE Rt
BHJE, FOBH B30k At AL [ A 2, 8 HmT
LU RS, AT 5 e SR T A9 S R T AT iy
B, TE5 BB ERT, w3 BRE L BEUR A HE. R
B b FURE S B R LR AT, B Hn kLt
fiesh 7 FL i i S ) ik LA B AN TR R
oL TR by, TGRS BT FEE . R AR
W FP 5 1E A  S mae, T L LLUR R A
A7 oy et B B ACHE Sy R . G AR T
ST L, W] T LU B LR TR S S e
FHCUF, W TR BT R N R RO, AT g e
PR LI TS e ) 5 BT 5 AR AREE. el TS by
A L5 7, PHREC, B R s s m
BE, Ji ELE AR, - b — B T eSO RS 1) sl
b it A R BT

4 & 2

(A FE AR T FM, 20 2L 90 SR LU,
R SRS S AT H FE. TR AR Ry S AL
R0 AT A N R AT B AR B R
goby, R, CAESFSESEAm AR RN, S ECH AR
FefEJCHRURE, 3 B H alz=17 24 m o b MWt 5y
HARA WIHEAE, (FA Wi sl B (R TR ey
Fea i SChR i . T Hef o b 7 o B R PRy
AN RIS, JT LSRR H R B TG A T E SR T B
Bl T R 2 RS T . T e 7T ik
AT S RICH a7 AT T - H A R R,
HI AT 78 SRR T 5 40 ) st o 1k A W 98 = 2R i AE
S B AU L b (R DA T T R R
ERLAUHE T FE R 5 o R 9 A B A0 BT AR R T 1

(1) BB

EH T 70T a8 1) 42 p a1k AL, 528 AR
REZHEIEVEN R E L 2 DLV i S DR
S ) 5 A EL AT R BE A RER P R . TIEALA R
AT R B AL, 53 B v 2 R FH S P Y IR i T 2
EEEsE, ASHEsess REs R sl e, [RIET, fE5r
By B, Fe SRy 2 LU R Ay ) FE R 18 HOT
Bl R R, T A B T FEAR SRS B
{ERL. B BT o STt e sh s Rk WS,
CHEE I ARER P ST B R HUA, B BB A SR
Bt fyos, W RGO S il 1T e SURIT B h Ry
s R BERT I ST A ATsh s orbr R A5
6 R M (AT 08 X BRI, Bk, AR



Fraf iy sttt i BE e 0T 5T M2 0E — A F S 1) B
A, ]

(2) ezl

IEBNRT SCRTHRE] 4%, FESURIT e sh o
e 69 B # R E R T 40T i a4 R B s AL Rl BT
BLAE 2 O WF S T AE R AR s By ALl _EalE 47 &5
it st 452 ] 9 WF . IRAE TR R4 ) O ik
i BT, ARG B A A AR O AR
R - S A 4 WA R, S0 A R T L
B IR AR fT e iy m AE B s el Gl AR 1
e U0 5) %) S S B 7 D0 1L 1 it -7~ = st ) SR
HACH A FTEERL. AR A 3% 18 T LU A 11
THEL AR, AT I B A AR TR TR S R i
fesh i m. I B nTLls a8 B LU i 3= s Fi b sl
f 45 AT J AT S 1 e e st 50T S

(3) SEF

SR ISR FE SR IT B sl s fr R A e
g0 1Y, AE e S AT LR I B A R Y - BEEE,
FeAT e a2 4T AT RiR, 0TS A O a-br
BE SLEATAT e e, ATTRE S A [0 o BT T Y IE
e, SNSRI AL A A A R I R A T T
e () SRS RY AR AL, (i) E AR R 5
e REE. Rk — B R AT R B siNHE F
7.

AT PR Y, — BRI SN Tl
SCUE, TSR FIRL S R MR R, S0 & S 4 L
AR 77 CET; AT T REU SRS, AT e Lk
HURATHE, (HHAR B A RO SR BT b g R, Ht
FHECR. T LA — AT ST 2 a4 e St 5
B, DLIRTR G H7E <2 ] 5K My shas i, RAIRH
I TR UM R A RO AR S T T

AT SR R BE M PR BT, BRI A e
2 i o 1) MU T B 85 e B T I3
st e, R A A e A T B
7 TR 82 T R 1 R e R 5 4 ) A B
Motz AT AR A g i, X R T RIS,
i 2K S B S0 BB S A Y. e 2D
ORI T A I Rt M 8 A T 3, A T e 1)
ot e, Sl o s 2 e B RS R RRTES R RE AT,
FHAE R U S AT o, RS R R AT
]

AT I8N ERET, R SR AR T Y
Fo U IT B B s MHARE R, FERE AT IR A £
Il ekt e LR Y, AER REE. 5%
e 50 1 Hdh o ek B R 50 T

(4) Fo{EARU T 5L

H (e AL AT T LA S AT 22 ) SR A, T ELRE
Y L S TG BT A B A, B R R Ash
s BT . B A s R B T, T Bl
AT AR, 2 A BT S e (.

MLTE A A ROoRE R A R 2 AT H REA
TR SR 0 T A5 AR BT i MR PR B R AE
FITLATTT AR, by oo okl s 2, 7
FE AR e - fr RS 0 T, SRR B, TR
Pl Hopc, HEAtes t Y BSE 2 B2 352 A7 AiTe S R
FER WY, i8R A RICEE NASTRAN il AN-
SYS ihASHE F Sl 7 S s RISE,  BF BLA-H Y
FAE st o MG T B 5 e e FRITRE ST 40 3,
Fo M S 1 sl A o B i R S, B2 e B
#FRE, M0, sfadE, sfEEEd, RBroRIBE K
ARNE, BORARERTE, EHAE S ROl R B S
% SGaFBxsERE o s T A R AR
JCHCF SRR . ARk b R T R R
AL, AR AR T b e T AR

H (e 7 AR 7 T, SN X i P Y Ak
BHTHAE, T O 7 (R RERE ) A TR i 9. I
B EERT PR R A [R] aHr s R BRI, ISR
LRSI R R FLOG, R R
TG, R R & e Y 77 v AR e S e
EriTELR B

TEMAT IR, B 77 15 S el BAEE AR
T W RAF, B T GIESce U AR Lt o by 1A
BEZ 5b, A AL, - ) 45 Bt AT REIE o A ok
G fr el L. s R IR R T G B H TR A S Y
WEFE R, RS SRR, B R
B ECH R SHEIETT, DU SRS p e B s
Yokt b ARTHR T, BE—-EMA{EEL, f£—-nffE Lk
FERS 10 9 Tl 2549 S A sl 7 4.

5 £ X W

1 Fresland R E, Bilyen G 10, Veal G B Large inflatabl e deploy-
able antenna flight experiment resulis. ACTA Astronaetion,
1967, A1(4-10]: 267~27T

2 Freeland R E, Bilven G 1D, Veal G K. Development of flight
hardware for a large, inflatable-deployable antenna experi-
memt. ACTA Astrosudion, 1996, 35 (1-8): 251260

3 Fresland R E, Bilyen G D, Veal G R. Validation of unigue
concept fora low-cost, lHghtweight space-deployable antenna
structure. ACTA Astronaution, 1995, 35 (9 11): 565572

4 Arthur L P, Yuli huang. Design tool for inflatable space
girnctures. ATAA-OT-13TE, 1907, 20222030

5 Freeland R E, Bilyen G D, Veal & R. Inflatable deployable

- 221 -



space structures technology summary. ITAF-958-1501, 1995,
116
G Pappa R 5, Jones T W, Blade J T, et al. Photogramme
try methodology development for gossamer space structures.
Sengd and Vibration, 2002, 36(8): 12~21
T Fresland R E, Bilven G 1D, Veal G K. Validation of a unigue
concept for a low cost, lightweight space-deployable antenna
structure. TAF-93- 11304, 1943, 1~10
& Murphy I, Murphey T, Gierow P, Scalable solar-sail suls
syetem design concept. AFAA Joonal of Spececraft and
Fockets, 2003, 40(4): 530~54T
9 Grossman G, Williams G. Inflatable concentrators for so-
lar propulsion and dynamic space power. Jowrnad of Solar
Frermy Enginesring, 1900: 220-.236
10 Akahoshi ¥, Makamura R, Tanaka M. Development of
bumper shield using low density materials.  ternafionad
Jovgal of Ipoct Enginesring, 2000, 26 (1-10): 13~19
11 Errico M, Ponie 5, Grassi M. Prdiminary design of a space
system operating a grolmed-penetrating radar. ACTA Ag-
tromwndion, 20005, 5T(11): 851 ~863
12 John K H, Lin. Concept study of a 35%m spherical reflec
tor system for NEXRAD in space application.  In: 47
ATAA /ASME/ASCE/AHS /ASC Structures, Structural Dy-
namics, and Materials Conference, 200605 001~04.  New-
port, Rhode Island, ALAA-2006G- 1600, 2006
13 Richard 5 F, John O L, Brian P K. Structural dynamics
experimental activities in ultar-lightweight and  inflatabile
space structures. In: 4279 ATA A JASME/ASCE,/ AHS/ASC
Structural, Stroctural Dymamics, and Materials Conference,
001-04-16~19. ATAA-2001-12363, 201
14 Faraday M. Acoustic streaming over vibrating plates. Philo-
sophical Transactions of the Royal Society, 1831, 2009~318
In: Lindsay B B, Acousticeads. Historical and Philosophical
Development. New York: Wiley, 1973 211
15 Lord Rayleigh. Theory of Sound {two volumes). New York:
Tower Publications, 1945
16 Bourget ML Memoire surle movernent vibratoire des mem-
branes circulaires. Annales De Pecole normale v. T TEGEG.
Tn: Lord Rayleigh, ed. Theory of Sound, Vol 1. New York:
Dowver Publications, 18775 re-issued 19450 329
1T Chobotov VA, Binder R C. Nonlinear response of a circn-
lar membrane to sinusoidal acoustic excitation. Jowrnad of
Acerustiond Society of Amerion, 1961, 36: 50-.73
18 Sewall J, Miserentino R, Pappa R 5. Vibration studies of a
lightweight three-sided membrane suitable for spmce appli-
cation. NASA Technical Paper 2095, Janmary 1963
19 Jenkins 0 H, Tampi M. Local membrane vibrations and in-
flatable space structures.  In: Johnson § W, Chua KM,
Galloway R G, Richler P I, eds. Space 2000, Albuguengue,
N, 2000
A Richard 5 P, Thomas W I, Jonathan T B. Photogramme
try methodology development for gosamer spacecraft stric
tures. ATAA-2OC2-13TH, 20012

21 James L, Gaspar, Richard 5 P. Membrane wvibration

222

tesits using surface-tonded piezoslectric patch actuation.
NASASTM-2003-2121, 200

22 Kukathasan 5, Pellegrino 5. Nonlinear vibration of wrin-
Kled membranes. In: ddih ATAA JASME ASCE/AHS JASC
Structures, Structural Dynamics, and Materials Conference,
2003-04-07~10. ATAA-2008-1747, 2003

23 Levland G, Young, Suresh B, Jiazhu H F, Frank F. Numer-
iral and experimental dynamic characteristics of thin-film
membranes. Mnfernationa Jowonal of Solids and Structires,
2005, 42: 3001~3025

24 Kondyurin A Photopolymerisation of composite material in
simmilated fres space environment at low Earth orbital fight.
Furopem Polyimer Jowrral, 2006, 420 2700~2714

25 WMain J A, Carlin B A, Garcia E, Peterson 5 W, Btrauss
A ML Dynamic anal ysis of space based inflated beam stroe-
tures. Jovwnad of the Amustioal Society of Ameriog, 1995,
OT(2): 151045

26 Kara N. Dynamic chamcterization of thin-film inflatable
structures: [dissertation]. Durham: Dulee TUniversity, 2000,
41 ~5T

27 Thomas. Experimental vibration analysis of inflatable he-
ams for an afitspace shuttle experiment:  [dissertation].
Ohin: Air University, 2002, 3537

28 Griffith T T, Main I A. Experimental modal analysis and
damping estimation for an inflated thin-film torus, Jourmal
af Chddanee, Condral and Dynamics, 2002, 25(4): 609617

29 Agnes G 5, Hogers J W. Piezoclectric excitation of inflat-
able space structures for modal testing. In: Proceedings of
the Seventh SPIE International Symposiom on Smart Struoc-
tures and Materials, Newport Beach, CA, 2000-03-05~08,
20000

30 Lewis I A, Inman D J. Finite element Modeling and active
control of an inflated torus using piesoel ectric devices. Joun
nad af Irdelligent Materiol Systems and Structuoes, 20001,
12{12): B19~833

31 Park G, Kim M, Inman I J. Integration of smart mate-
rials into dynamics and control of inflatable space stroc-
tures.  Jowrnal of Indelligent Material Systems and Stewe-
fires, 2001, 12(6]: 423~53

32 Park G, Ruggierno E, Inman I . Dyvnamic testing of an in-
flatabile structure using smart materials.  Swmart Materiols
i Strectumes, 2002, 11(1): 1472166

33 Park G, Sausse M, Inman 1D J, Main J. Vibration testing
and finite element analysis of an inflatable structure, ATAA
Jenerriad, 2003, 41(8]): 15561563

34 Eric J R, Park G, Danid J 1. Multi-inpot multi-out put vi-
bration testing of an inflatable torus. Mechandoal Systerns
arvd Signal Processing, 2004, 18: 118T~1201

35 Lew I 5. Uncertainty of an inflat-
able/rigidizable torus.  Jewnal of Sovnd and  Vibmtion,
2006, 204: G15~623

6 Lienard 5, Johnston I, Ross B, Smith I Dynamic testing of
a subscale sunshisld for the nest generation space telescope
(MGST. In: 2nd Gossamer Spacecraft, Forum, Seatile, WA,

cruantification



ar

A

e

13

45

a7

49

A001-04 . ATAA-Z01-1358, 2001

Adetona.  Vibration studies of an inflatable/rigidizable
hexapod structure with a tensioned membrane. In: 44ih
ATAA/ASME/ASCE/AHS Structures, Stroctural Dhnam-
ics, and Materials Confere, 2006-04-07~ 10, ATA A-2003
ITAT, 2003

Joseph BB, Modal identification of membrane structures
with videogrammetry and laser vibrometry. d4th
ATAA/ASME/ASCE/AHS Structures, Stroctural Dhvnam-
ics, and MWaterials Confiere, 2000-04-0T~10_ Norfolk, Vir-
v, ALAA-200- 1745, 2003

Eric Flint. Experimentally characterizing the dinamics of
0Am diameter doubly curved shells made from thin films.
Tne d4th ATAASASME/ASCE/AHS Structures, Structural
ymamics, and Materials Conference, 2008-04-07~10. Nor-
Jolk, Virginde, ATAA-200G-1831, 20003

Wada B K, Lou, Pre M. Flight validation of gossamer stric
tures. In: Procoedings of the 3rd Gossamer Spacraft, Forum,
Denyver, C0), 2002-04. ATA A-2002- 1375, 2002

Fappa R 5, Lassiter J O, Ross B P Structural dynamics
experimental activities in ultra-lightweight and inflatable
space structures. NASA S TW-3001-210857, Way 2001
Burner A W, Lin T. Videsgrammetric model deformation
mensurement technigque.  Journed of Aiveraft, 2001, 38(4):
TA5~T5

Hiraku Sakamoto.
brane structures  for  wrinklefree  design. In:
ATAA/ASME/ASCE/AHS Structures, Stroctural Dyvnam-
ics, and Materials Conference, 2005-04-0T~10. ATA A-2005%
19006, 2005

Hiraku Sakamoto. Design parameter effects for wrin-
kle reduction in membrane space structures. A6th
ATAA S ASME/ASCE /AHS JASC Structures, Structural Dy-
namirs & Materials {Juufe:renu:ﬁ, 2M504-18~21.  ALAA-
A05-1574, 20065

Hirakn Sakamoto.  Advanced cable boundary layer design
in membrane structures for dynamic wrinkle reduction. In:
A6th ALAASASMEJASCE/AHS/ASC Structi- res, Strie
tural Dynamics & Materials Conference, 2005-04-18-21.
ATAA-A05 1973, 2005

John 00 Analytical and experimental characterization of

In:

Evaluation of cable suspended mem-
44ih

In:

gravity induced deformations in subscale gossamer stric
tures. In: 45th ALAA Structures, Structural Dymamics, and
Materials Conference/5th ATAA Gossamer Spacecralt Fo-
rum, Palm Springs, CA, #04-04-19-.22

Jonathan T, Experimental and numerical correlation of
gravity sag in solar sail quality membranes.  ALA A-2004-
1579, 2004

Hossain ™ W AL Wrinkles and gravity effects on trans
werse vibration of membranes. In: d6th ATA A JASME/
ASCE/AHS/ASC Structures, Structural Iymamics & Ma-
terials Conference, 200504 18~21. ATAA-2005 1978, 2005

Adams G G Elastic wrinlking of a tensioned circular plate

Al

h2

i

54

ha

L

a7

bt

A4

fill

62

il

G4

using won karman plate theory. J Appd Meach, ASME, 19903,
fill: F20~525

Stanuszek M. FE analysis of large deformations of mem-
branes with wrinkling. Fmite Flemends in Analysis ond
Degign, A03F, 39: HI-618

Diaby A, Le V' A, Wislgosz . Buckling and wrinkling of
prestressed membranes.  Findte Blements in Anolpsis and
Diegign, H06, 42: G092 0001

Les B 8, Youn 5 K. Finite element analysis of wrinlkling
membrane structures with large deformations. Findte Ble-
memits in Analysis and Degigr, 2006, 42: T80~T91
Kukathasan 5. Vibration of prestressed membrane struoc-
tures: [dissertation]. Cambridge: University of Cambridge,
2000

Sygulski B. Dynamic analysis of open membrane structures
Internationa Jowna for Numerion!
Methods in Engineering, 1994, 37: 1807 ~1523

Fienkiewicz O O, Kelly W, Bettess P The coupling of the
finite alement method and boundary solution proced ures.
Idernational Jownal for Menerical Methods in Engimeer
ing, 1977, 11: 355~375

Ewverstine G O, Henderson FOM. Coupled finite el
ment fboundary element approach for fluidstructure interac-
tiom. Jowrnad of Acowusticnl Society of Amerion, 1959, 8T(5):
1938~ 1947

Finsky P M, Abbound N N, Two mised variational prine-
ples for exterior fuid-structure interaction problems. Com-
prters and Structures, 1980, T53): 621635

Fienkiewicz O O, Newton R E. Coupled vibrations of a
structuresubmenged in a compressible fluid. Finite Element
Techndgues, 1960, 3509-379

Everstine & . Finite element formulations of structural
acoustics problems. Comprders and Structures, 1907, 65(3):
307~321

Kukathasan 5, Pellegrino 5. Vibration of prestressed menm-
brane structures in air.  In: A3rdATAA SASME/ASCES
AHS/ASC Structures, Structural Dynamics, and Materials
Confierence, Denver, A02-04-22-225. ATA A-2002- 1368, 2002
John Johnstonl. Modeling and analysis of strucural dy-

interacting with air.

namics for a onetenth scale model MNOGST sunshield. In:
42nd ALAA Structures, Structural Dymamics, and Materials
Clonferenos, Seattle, 2001-04- 1619 ATA A-2001- 1407, 2001
Kurt B 5. Structural modeling of a five-meter thin film in-
flatable antenna /concentrator with rigidized support strots.
ATAA-2001-1412, 2001

Matthew J O, Hamid R H. Dynamics of a dwb-meter
thin film elliptical inflated membrane for space applica-
tions. In: 4drd ATAASASME/ASCE/AHS/ASC Structunes,
Structural Dynamics, and Materials Con, Denver, Colorado,
A02-04-22-25. ATA A-2002- 1557, 2002

Kara M. Slade mode splitting in an inflates polyimide oy-
linesr with cirenmferential asymmetry.  AIAA-2001-1411,
20001

223 -



PROGRESS IN DYNAMIC ANALYSIS OF SPACE
INFLATABLE STRUCTURE

TAN Huifeng LI Yunliang? MIAD Changging

Center for Composite Materials and Structure, Harbin Institute of Technology, Harbin 150001, China

Abstract The space inflatable structure mainly made of manbrane materials is a new type of structure. Tt
can be used a8 large antenna, solar concentrator, solar sail and other space stractures and offers an effective
approach for large space structures. Dynamic characteristics are essential problemsin design process of inflatable
structures, while dynamic analysis and test are always the key problems in the research of inflatable structures.
Becanse of special features of inflatable structures in materials, structural style and working environments, there
are many new problems in dynamic analyvsis and test. The dynamic analysis of space inflatable structures at
present includes experimental research and nmumerical simulation. In the experimental research, contact testing
medinms are being replaced by contactless methods to obtain the characteristics of the inflatable membrane
structures, but it faces serious problems in conditions of vacuum and micro-gravity. The numerical methods
can effectively simulate the dynamic behaviours of structures in conditions of vacunm and micro-gravity ancd
analyse the coupling effects of gravity, air and winkles on the structural vibration characteristics. This paper
reviews the devdopment and the present state of experimental and mumerical researches on vibration analysis

of space inflatable structure and discusses the existing problems, and gives the trend of developiment.

Keywords space inflatable structure, membrane, vibration, modal analvsis, finite element
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