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Structure Conserving Dynamics of Anisotropic Membrane with Reduced Compressive Stiffness
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The research of dynamics of membrane have been done in a lot of academic and practical fields. In the engineering field,
membrane is used as main structural element of gossamer structure. The simulation of dynamic behavior of gossamer structure in
space by ground experiment is restricted because the dynamics of such a structure is affected by the gravity and atmosphere.
Therefore, it is indispensable to estimate the dynamics by numerical simulation. However, the equation of motion of the gossamer
structure is highly nonlinear and highly stiff, so that numerical instability easily occurs. As for the mathematical model of thin
membrane, the Stiffness Reduction Model (SRM) was proposed in the past research. In that research, SRM and Energy Momentum
Method (EMM) that ensures the numerical stability was applied to the dynamics of isotropic membrane. As for the anisotropic
membrane, SRM was proposed but EMM has not been applied for the dynamic analysis. In this paper, EMM for dynamics of
stiffness reduced anisotropic membrane is formulated, and the proposed formulation is evaluated by numerical result.

Nomenclature
Aa Aa =a—a, FHAT v 7D a DS

a a=(a+a,)/2 WHEZT v TRHDa DFEH.

gi fDalc ;6%ﬁwﬂzﬂm)-—ﬂ 2T
a

i BEARRENRT MV, 4 = (6,,0,61)

R RS p DIEJE~ B U 7 R

o* [RIEEE A p O JIFTEIE R TORAREN AT F L.
e’ E%mmp@@@ﬁmﬁfmﬁ@%mNﬁ%w.

A@" = R'A¢"
G' BIGHIO B IIES Tt

g; BR#H OB v
B AR X O

1% L LSRN YN

7 FERLF

1. P&

RS N E TR A RO TR TETEBY, F
HHESEIZB VT, Ay h~—fEOFEHEIH LN
TWa. Iyw—HELlE, BESCTr—7 e noizfizd T
FHT, JEMEIC K0 AL IR T DM TRERL S LT iE D
ZEThY, IUtE, BEMICEN, NI REENDRE R
BEZERT 22 ENAMETH L. £, HEtE g
1, RS & o To R O RSS2 TR AT 5
7= OOREERNE LTRSS TV, L, &0kt
WU, M ETOERICTTFHEROEZTHT 52 &1
FERICNEE L 725, FOT, BUEFEIZ L A 28O THIH
RAKRIZIR D, 130z, KEREZ & T EHOKMEHEIC
BT, EEUTRAL, IEREESE L, IEFICEV TR
KERDT0, BEMCRREZTDL T ENEFICIRNEL 725,

MR EIZ BT 5B EDOWEILERET VOEN D, XA
F I 7 R E THA BRAFER 72 STV D, Roddeman DJEE
FFZEORETHHY LvL, ZRETIRESA TV
T T T, LbIsAERE (wrinkle) DEMEI A2 012 & LT
WH I ENG, EEOBEOZEE) AR L B TE Thin
ST, FZT, JEMERIMEZ KR T 5 Stiffness Reduction
Model(SRM)BRZE I N T WD XA F I 7 AZHONTI,
Newmark-beta {EIZ L 2R A F— LB EROFIETH -

e, K ORERRMEH A FREIZ/2 D Energy Momentum

Method(EMM)®hZ & 2 5t Hik g Sh T 5 Bl g2,
2010 £EZ JAXA 2MT EiF 7= Y —F —%F & A )L IKAROS ©
EENENTCIE, EMM &2 Wi id e S Ccn g

TKAROS DR & 3%\, RETEHEMN 217 2 BROHET
BEE L TEMM BEFICHTH S Z &Rz, Lol
EMM ZHWROMITICER LTAhD &, FHROA L
7 EMM O#HANINTELT, MEHEAFMEAIVES Z &
MTE7RW, FIT, KHTHEINETIREINLTWASE
MRS B R T v L, EMM &2 L, @K
bE4TH5 2L H2BNETS.
2. 1

21, R ERERE

HEBT X LX T, EHEP, MESRLZ, Hiain ONE
Ry Ma™, BLOEEG A p ORFTERZEET FL
e’ = RV, M W & v Ckatcged o,

1.

1
mon » q
T=—-M,z" z'+—-w’-J,w

: 2 (1)
P= anm." L= mm X anm'n + RpJpqu

L, M, BEOJT, XERE~ LY 22 LEET Y LT
bb. £z, RN HORREFT LR THZ LN,

in T
fi=m, 2| O
dt 6wm

aUm]T )

P
Oe;,

fp dt(R”J w)+e,f><(
W% Fy  Fy Edaud, EEEInE 225,
fm m = 0 ’ f;)@ - FPQ = 0 (3)

Fo, REEOTXNFE U, &THIE, READHEY 2O,

Uwa=w, P=F;, L=x"xF,;+F/ (4)

ZIT, wldMEEOMLERTHD.
22.EMMIZ& b5 ER1E

TRF—F— A & L (Energy Momentum Method :
EMM) & i) VK[R8, 8w, AEEEFIE A
T & ISR L E SN IER SR L5252 LT,
B RICB T 2 REM AT 5 b TH HEEL PIF X



D, EMM IZ X 2EE RO ERALEITH . RO IIFH T 3%
NLEOHSSIUTO L HIcFT 2 LTz U0,

AU, = fo - Ax™ + £ - AOY (5)
ZIT, fILFPIRMBESNE LN TH Y,

T
fiEan Am’+ aU
At 8wm

l T (6)

AR _ (av"

£ = +el x -
At oe}

LG, Fim, BESNIE—RISINE FPBIOE &L,
WA TEHRTD.

AVmel = 13;71; <Az + ﬁf WATO (7)
PLEL D, EE S BRI T2 .

fi-F,=0, f’-F =0 (8)

F7o, FEESAIEIRATEAOND.
R
" =
At
o, TRUFR, EEE, AEBIEICE L RPN,

_, A6’
p - 9
. @ = ©

AU(,nl,a,l = AW
AP _ 2 AL " x F? + 13‘;3 (10)
At At

ERXED, ATV RWGES, =¥, EBE, A
HEEENMRFESND 2 ERDND.
2.3. [REZDERE

IREESRDOMRANTRA TR T LR TE 5.

S=CE
gt B o oz o
S=|s2|, E=| B2 |, c=|c® 22 oo (11)
g2 o2 oen g i

ZIZT, S, E, ClEFENEFNE 2Piola-Kirchhoff it~ 7], Green-
Lagrange EB L OHME~ N 7 XA THY, Yo 7R, KTV
YWERE E v, v, & THE, BEREEROLGS, TR

yo Ve Yy

TETA.
E, I/IJEI 0
1l-vy, 1-vw,
E, E EE,
C = | L 0| 6= o] (12)
l-vy, 1-vw, E,+E,+2v,E,
0 0 G

2.4, Wrinkle EE{E %
JEERICRBNT, EMAIME AR5 FiE, Lbng-
TW5 M, wrinkle FIZ—#HT5b0E LTW5D. £D7-

&, wrinkle T ZRODHTZD DR R % EFRT DMLEND 5.

FIT, BRARLANY FVF =g QG ZHWTUTOL LA
W= _s kERT U8,

T T~ T T~
w,=Fw=Fw n,=Fn=Fn

{wl =wcosf {nl =-nsinf (13)

wy = wsinf N, = ncosf

ZIT, Foal3ENEhETE SN ERART v YL
wrinkle D7 Ml w,n THD. ZO 2 DOMNIpRT K
V(wn) I Ko THIE SN D PEER % wrinkle JHAE &
(wrinkle coordinate) & FEA TN 5. F 72, wrinkle FFIZ U T,
— R 2 R D L 9 IcRH S 5

w~.§w:0,n~5~'n:0 (14)
ERICBOT, SRHEESNEZSHERT. S6I0, Lbk
0 EEEERIZBWT, I & ET

oc=R!S, e=R'E (15)
EEFSH., 22T, R, R IEELEHR~ NI 7 ATHY,

R, =U" U* U’

cos’ 6, sin’ @, —sin 6, cos 0,
g P g ‘ (16)
= sin” 0, cos 0, sin 6, cos @,

2sinf, cosf, —2sinf, cosf, cos’f, —sin’h,
R.=\U, U, U,
cos’ 6, sin® @, —2sin6, cos,
.9 2 . (17)
=| sin“ 6, cos 0, 2sin 6, cosf,

sinf, cosf, —sinf,cosf, cos> 6, —sin’f,

THY, 6,1XLHIYFHM wrinkle angle TH5DH. Fiz,
(13)FBLVA4) LY, WEMKRED.

Uv'-§=0, U*-S=0 (18)

2.5. Roddeman €T /L

Roddeman DET /L%, BEABOLHAE LD JFmMA—
BT D EMRE L TWD. wrinkle BB A/ NV ERD
X o IEET 5N

F=(I+pwowF (19)

T, MmO o®mELT. F72, BEIN Green-
Lagrange £ 35 J UM ANIRIA & 72 5.

~ ~ - U'.s

E=E+uwW', S=CE, p=-—"— 20
+ 1 =Tt or (20)

K (18) & (20) & FIduE, AR E NS,
skCUUxU4=o,E[UBqDU4=o (21)

22T, D=Cc'Tdhsd. EXXY, wrinkle F M\ DA E
(wrinkle angle) 0, 3R D Z LN TE 5. RIZ, BT RLFE
ExBZZDE,

r=1h.cE-1g.¢E

2 2
_r
U'.-cu!
L7y, BRI S ITHIMEEZEIET 2 Z & T wrinkle 23R
T&5.

(22)

C=C- (cuhe(CU



2.6. EfERIEEBREEAEEREETIL

Roddeman 7 /L CIIEMI A% 0 & LTV, BZFEE
E ZAUTERIS AT 0 TIERW. Z 2T, EAERMIPEARS IR p
ETIVTHE, MIMARRETERE A A O CERERIME 2 /& <3 5.
S0, AT X ) ICHET B

U'-S=nU"-S, U.S=nU"8 (23)
ZIZT, p R iEERETHS. ERo XS ICHET S
LT, BESNHE~Y MU 7 R gk e 2D

= 1

C=C- —————CUl cU! 24
Ulcw( )@ (U (24)
fEDARREHIWHE TSN DM EEZ D Z L TITH. BEOFILT
R TEZ LS.
. _P2Q o240
S“Q1+S”GM+QSZGH Q=+P—SG (25)
S SH1e% — 512512, G = GGy, — G1,G)y
JEDIRREA taut(B1IE) & 72 D DL, L TFTOLKRMTH .
>0 (26)

DM S WEEE, BEOREEIX wrinkle(L X D)
LY, AR 2Y)D LS IEET D, I, BIESHE
FIENZBWTRAD Rz SN D56, BORAET slack(72
DINVETRD.

<0 (27)
JEDIRREDS slack DFEIE, F(21) % VT, slack angle 6, 23K
W, 0, FmORPEEEETS.

G —¢_Llom

vi.cv!
DbZF s L, ERMMIMERER RS HEESZ BT,
HER R X OE = L 5 ik oRe 5P,

(CVHe(ECVY), VI =U'(0,)  (28)

1

taut S=CFE 7r:§E~C’E
wrinkle S =CE ﬁ:éEéE (29)

slack S’s = CN’SE T, = %ECN’@E

27 EfERIMEERERSHEEROFME RN

BT RNVXEELZ RIS T HZ & T, EMEAI%
KOBZENTE A, ZZTik, EMM %5/ LSME S %
B, B RAXEEOHESIZILLTO L S I2ET 5.

Ar=8* AE + &
T
_1 @C+C)E+ muac)o AB g
ACWE
2
XoT, FMfA IR TRES.
o | OF o |
7 . OF S O
— | =[|8" — av 31
amm fB awm Aw amm ( )

ZIZT, YIFEOREBIZE S TUTOLIITEDS.

casel:(taut-taut)

=0
case2: (taut-wrinkle), (taut-slack), (wrinkle-wrinkle)
e .
=T ox" _Billm (32)
case3:(wrinkle-slack) or (slack-slack)
Lo 0 _ 0P
=7 oz" oz

7z, FIEAOBEBMAITRATEZ NS,

o _1lop _0Q| o7 1j0F 0G|
8w7" 2 am'"l 8$7" ! amm 2 anl 8$7" ( )

7o, TSN OFHEOBERBRITITRA L 22D,

or G S +G, 0S5 126, 0S

dz" Oz" oz" oz"

0@ _ b oP 2G 95 (34)
Qﬂ Q 8{1}”1 Q axm

s _ g 88" +5“8522 95" 88"

ox" ox" ox" ox"

ZIT, BESNIISH 2T 250, killled.
E)S:CT,E)E+80 :C—,anLacaeu aEE (35)
oz oz"  Oz" oz" 00, 0E 9z"

FROBEEITBNT, 6, & E CHEIY T2 ENENT

Wb, ZomE, RQNOWMSEBZEZDH L TRED.

3. HEFE

ARETIE, SR LEEZERET S S & TEE R % 5%
T, SEEHETDHEOET LA Figure 1 1231,

Node.3 Nodeﬁ Node.9
Node.2 7:f——1
‘Node.5 Node.8
Node.1 Node.4 NO(](’ 7

Figure 1 Calculation model

Figure 1 # R CoOlY, FHEETT /LI HiN 4 BEROEHE
MECTHEGHRETVERoTWD. £72, FHREZTHIE
ORI AT v 7E, W7 £ % LLUF O Table 11277,

Table 1 Analysis condition

K 2 7 7R At 1.0x107 [s]
FHE u (Node.5) 27 [rad/s]
YU URE, 6.0x10° [Pa]
YU URE, 3.0x10° [Pa]
BTV, 0.6 [
wrYUtby, 0.3 []
B p 1.25x10°  [kg/m?
JEE h 1.25%107° [m]

]

TH1DOES 1 [m




=L, AT YUk, BHEMOREEZ RO, HAT
RERMEEZR->TWD. Sbic, MEOMYEEL LT, T
RTOEEDNERY ML OfEZE 1.0001 % LEN %5 X,
Nodebs % Huls & U7z [Bl#55EE) & (BHEIC L DI EE O H &
19, Fio, BHMEREOFHEFBRNPZYMNE S D EHET 5
eols, HEHHEREET LV EHE/BREA KT S, TR
WMAEIXY > V%% 3GPa, "7 Y k% 03 ELTW5b. &
T, BT LX LEET RV ONWTHERT 5.

—Total Energy

0.82252, T T
H —Kinetic Energy]
- |
5 _ z
2 ]
& ]
0.822 ' ; :
“o 0.005 0.01 0.015 0.02
Time t [sec]
(a)
—Total Energy
5 : . |
0.82251 —Kinetic Energy|
]
B0
12
3]
=]
= 0.82249

0.82248 v : z
0 0.005 0.01 0.015 0.02

Time t [sec]

(b)

Figure 2 Total Energy and Kinetic Energy
(a: anisotropic membrane, b: isotropic membrane)
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Figure 3 Strain Energy
(a: anisotropic membrane, b: Isotropic membrane)
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