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ABSTRACT OF DISSERTATION

In recent year, space structures are showing a tendency to become large. One of these reasons is
that their power consumptions by lots of advanced electrical device on board for multi-functional
missions are increasing. In order to compensate for the heavy power requirement, large solar arrays
are needed. Likewise, to achieve multi-functionality, more and more communication satellites and
scientific satellites require physically larger antennas and optical components. Solar power satellites,
anticipated as reusable energy sources, come in large size spanning up from several tens meter to
several kilometers. In the future, large surfaced space structures such as solar paddles and antennas
will most likely be in high demand. However, difficulty remains with the method to carry these
structures efficiently to space. To achieve such efficiency, future large surfaced space structures
needs high package efficiency to fold itself small and expand itself to its large size in space as well
as being ultra-light weight. Also, some rigidity is needed to keep its shape under the solar pressure
and gravity gradient on orbit.

Previous surfaced structures are made either by the rigid panel method or the flexible blanket
method. The rigid panel method consists of rigid panels and simple mechanism to expand the panels.
It is reliable and enough stiff to keep its shape on orbit, but is not so lightweight and compact in
launch configuration. On the other hand, the flexible blanket method is lightweight and compact.
However, it needs another structure with a complex mechanism to expand the flexible blanket and
keeps its shape, then its reliability is not so high. Therefore, in order to construct much larger
surfaced structures, both methods are insufficient in terms of reliability, ultra-lightness, and package
efficiency. A new method to construct large surfaced structure is hoped for.

The large surfaced space structures may be very flexible and, consequently, its natural frequencies
go down to yielding interaction between structural vibration and attitude control system. Moreover,
slight external loads such as the solar pressure and the gravity gradient may yield bending deflection
on its flexible structure. Therefore, the vibration suppression and the shape control are very

important problems for the large surfaced structures.

viil



In order to realize a reliable, lightweight and high package-efficient large surfaced space
structures, | focused on the gap of the strength and the stiffness design criteria between during
launch and on orbit. Normally, the criteria during launch are much severer than those on orbit.
Structures are designed to satisfy the severer criteria during launch so that they have unnecessary
large structural margin on orbit. This fact let me hit on the idea to change a structure
morphologically between two phases so as to optimize structural margin in each phase. In order to
realize such kind of structure, 1 am interested in Multi Cellular Inflatable (MCI) structure because it
can change morphologically by varying the internal pressure of cells. In this dissertation, two novel
proposals, a sandwich panel and a shape control methods, using MCI structure are presented and
their validities are investigated by numerical analyses and experiments

The proposed new sandwich panel applies MCI structure to its core. This panel, called MCI
sandwich panel, can shrink and expand its thickness by the variation of the internal pressure of the
cells. It means that this panel is able to be stored more compact due to the volume reduction in
launch configuration than traditional sandwich panels. This compactness can bring it larger tolerance
against the severe mechanical environment during launch. The effects of the internal gas can be
described as follows:

i) Geometrical stiffness caused by pre-stress.
ii ) Prevention of membrane slackness.
iii ) Stiffness derived from the change in gas volume during large deformation.

Additionally, it is lightweight compared to general sandwich panels with metal core. It has larger
stiffness than the panels that only consists of MCI structure. It has robustness of its shape because,
even if some cells become damaged, the entire structure can maintain its shape and stiffness via
internal gas pressure due to the presence of other normal cells.

The other proposal is novel shape control system using MCI structure for large space structures.
This system takes advantage of pneumatics diaphragm mechanism of MCI structure. It works using
thin piezo bending actuators attached to a membrane between two cells. The actuator is a bimorph
actuator composed of two Macro Fiber Composites. It is ultra-light and reliable because the system
has no mechanically sliding part.

The specific research objectives of this dissertation are as follows:

1. To propose Multi-Cellular Inflatable (MCI) sandwich-panel for large space structures which
has low area density and high storability.

2. To perform four-point bending load tests to MCI sandwich panel in a vacuum in order to
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determine the sensitivity of manufacturing parameters such as geometry and internal pressure
to its bending property and find the most sensitive factor.

3. To develop and validate finite element models of MCI sandwich-panel for mechanical
characteristics.

4. To propose a novel shape control system using the MCI panel without any sliding
component.

5. To develop and validate analytical models of a novel diaphragm mechanism for the shape
control system to investigate its feasibility and the fundamental characteristics.

Firstly, | tried to make the mechanical property, especially bending property, of the MCI sandwich
panel clear by means of the load tests. This panel utilizes the internal pressure of the cells, the tests
has to be execute in the vacuum as on orbit. The bending test device that enables to carry out the
tests in the vacuum was developed. Simultaneously, an airtight material for the membrane of the
MCI core was found and manufacture of the MCI sandwich panel with this material succeeded. Lots
of test specimens that changed design parameters, that were size of the panel, thickness of the core
and the skins were made to clarify the sensitivity of these parameters to the bending property of the
panel. The four point bending tests were performed under several pressures in the vacuum chamber.
The bending and shear rigidities were tried to calculate from the load-displacement curves obtained
by test results. However, | encountered a phenomenon that the displacement at the load point became
larger than the displacement at the center of the specimens. By detail inspection of the data, it was
considered that the local deflection in the direction of the core thickness caused the phenomenon.
Analytical investigation for this local deflection was executed to compensate the test results, and
then, the rigidities were calculated. The results show that the thickness increment of the core and the
skins increase the rigidities. However, the sensitivities of these parameters to the rigidities were
small compared to the prediction based on the general theory for sandwich panels.

In order to clarify the difference between the test results and the general theory, the precise
three-dimensional finite element model was developed so as to present the bending test. Nonlinear
finite element analysis with contact problem was executed. It was found that the load-displacement
curves obtained by this analysis approximately agreed with the curves obtained by the test. Then, it
was concluded that the finite element model was enough accurate to estimate the mechanical
property of the MCI sandwich panel. After this estimation, the FEM analysis was executed to clarify
the correlation between the mechanical characteristics and the design parameters on the specimen.

The results of tests and FEM analyses clarified four factors to effect on the mechanical
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characteristics of the MCI sandwich panel.

(1) Due to low compressive stiffness and low shear rigidity of the MCI core, the increment of
bending rigidity of this panel due to the increment of the thickness of the core and the skins is less
than the increment derived from the general sandwich panel theory.

(2) The local deformation of the panel at the load point in the direction of its thickness causes
the decrease of its bending rigidity. However, it can be improved by the increase of skin thickness.

(3) The sensitivities of the core thickness and the skin thickness to the bending rigidity of the
panel were estimated. The increase rate of the bending rigidity by the increments of these parameters
decreases when their thicknesses exceed some threshold level.

(4) The shear rigidity and compressive stiffness of the core may be improved by fiber reinforced
membrane or brace fibers connecting both skins. This improvement results in the increase of the
bending rigidity of the panel.

Next, a novel shape control method using the MCI structure is proposed and its feasibility and
characteristics are investigated by experiments and numerical analyses. This shape control method
for a simple MCI panel is achieved via a novel diaphragm mechanism. Let us consider the simplest
MCI panel model that consists of only two cells. A set of Macro Fiber Composites is attached to the
opposite side of the common center membrane each other. It works as a bending actuator for the
common membrane by the applied voltage. When it bends the membrane, the volume difference
between the cells is yielded, and it causes the equilibrium shift of internal pressures. This shift brings
an angle between both sides of the cells. The shape of whole structure is controlled by the locally
and discretely yielded angles by the plural diaphragm mechanisms. The equilibrium equations are
theoretically derived and indicate the validity of the method. It is also shown from them that the
applied voltage to the bending actuator yields the proportional curvature of the panel. This shape
control method is reliable because no mechanical sliding component is included. In addition, the
proposed mechanism has higher rigidity than that of a bending actuator used alone and is ultra-light
weight with membrane bending actuators.

Numerical simulations based on the equations were executed and showed the validity of this
method. From the non-dimensional equilibrium equations that represent the bending deformation,
six parameters that affect the control efficiency are obtained. Then, the sensitivity of the six
parameters to the control efficiency was investigated according to the numerical results. It shows
that the control efficiency is highly sensitive to an aspect ratio of the cells, because this diaphragm

mechanism strongly depends on their volume change. The relationship between the applied voltage
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to the bending actuator and the generated curvature of the panel shows approximate linearity as is
derived by the theoretical equations.

A basic experiment was executed to confirm the feasibility of the method. The diaphragm
mechanism that consists of two cells with the bending actuator attached to the common membrane at
the center of the cells was made. The aspect ratio of the cells was decided according to the sensitivity
analysis. The relation of the applied voltage to the bending actuator and the yielded angle between
both sides of the cells was obtained. It is confirmed from the obtained data that this shape control
method works adequately as expected. It is also shown that the relation between the applied voltage
and the yielded angle is approximately linear and its ratio is within the range that is derived from the
equations.

This research contributes to the acquirement of the fundamental knowledge for the novel
ultra-light and morphing Multi Cellular Inflatable structures for space applications. It proposes a
sandwich panel and a shape control method with the MCI structures and demonstrates their
potentials for use in large space surfaced structures such as solar array, radiator, and sun/star-shield
by analyses and experiments.

2015/01/27

Norimasa Katayama
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BOLREK R IEPBESHTEY, FHERMLE FELRLR (104 m2 F2E) OXEMED T
VE—SZPRELID ZENRES TN,

IEXY, BAEBOEIMIEY, N LEZEOBEAREZ REAITHERSE L7201,
B OB DYLRATRE/R 7 P — & & LT, WUHAE & & & Ffdafii 2 7o KA 722
HENRD BN TN D.
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Scissors beam

Flex hose betwesn panels’ 3.12m
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(3) oo —IL R

Yo o= b R, TR SO R BRI 2 72 & OBLI OB T & 72 2 SN B OTR
RAEELT-DDOH KT THD. RO —/L FiE, /NS WBREEERATH Y,
BEEMOEAFRENHNONTE ., LaL, FIHAHEETIE, K 1-12 177 X1,
PRS0 EHEITREICKIEUE L2510, £, BHIFELZHEEL TS, 2D,
— DD DANFHEN S KB OBEZ FH 7= O DY@ v —/L KRB IR TW5D.

BlZIE, Y=g AR Uy TFEHEESE21] T, BEOBERN 6.5micbind. ZO8
2, BV EOARESTEOICE, K 1-13 1R L 91, 19.8m X 14.4m & KB
V=)V RSB 7 5 [22](28]. T BRI, 0 BAAGHL, #uE ETEER o
BRI~ X N CRAT A5 E o TS EHIS, PRIy vart LT K 1-14
R 91T, HamEst & B R TRV 2 W E R % /5 S ERR I Star-shade & FEIEAL
HEHEEARE L, SHRe LRVt Z 58I FIEIC LY, BEBLINITE 22V 36 LD
BRI R 2 BRI D FIES R ST 5 [24]-[27]. = o Star-shade OEARITE |
mil2 5 LIBESNTND.

Dby, FRAKRCACHERBLIIIO X0 28723 v v a VERZEBIT 57201,
10~50m R D KM D HAEFIED KD BTN D.

® JWST

E&XE (m)

<7 b

1980 1990 2000 2010 2020 2030
}TEIF (Year)

K 1-12 FHREEO TEEROHERS




<SE

L3

o
i
®

14.4m

©NASA

Jiml

I RN

©NASA

VA LR Uy TFEEHEEEREOY L —L R
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BT Fi

Inner Working
Angle (IWA)

34-m-diameter -

« Starshade .

37,000-km
Separalion

1-14 Star-shade D& X [24]

(4) £&8

AETIE, HEOT 7Y r—va OBREBZEICONWT, RENLISOT T 7
—a Nl ONWTE LT, KRBRE N F/VIL, HEEOSZHEREINIINT 5729,
FEEFE A MR T D 72D O KEFEOKGHE SR NANEREN TS, Fiz, 2HRHE
BAIOBIMZ L, FEERIEE) O ORJEVELINL TR Y, PEEEREERRT S
OO T Vo= RN ROLENTND., £z, RLIvvarO&kbicky, kKo
BROLREELD T2 O K724 2 2 —)L KX Star-shade 23K D LV TE Y, F 58 &, PEEE,
BUMEREZ2 B 57 7V r—3 g OPERER LD 7= 0121%, WERAY R HIRCh o EEIC B 1
DHHERERFUCKT LC, mEDO RAURIZ L > TR 2 Z &8 TE 5. BUK, 100m2fk o
RAEREENERL STV D, 4%IE, BEERHERE CH 523, SEIZR Lz Star-shade
TIEEZEmBEE %2, JAXA 2MEZR L TV DR EE AR OFTH KOG A7 ATl 2.56km
X 3.5 km (8.75 < 106 m2) [14], [28] D & D% 2 7HHE L CEB Y, 4, 1000m2FEE D
HEDTHRENLIAEN TN D.
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1.1.2. HIBEDEERIICDOWNT

FREE IR D DI D R &R A EERIC S W CE &0 5. &, e LT
TR EMaFF T 272012, BPEROMESRMFZmI-THERH L. £ LT, KL LEE
T HHEAMEE, RVZERISHE E~ElRT D 2 LR ORS00, BEN, IR
RKOLNTWD., £z, T LTRSS - migE 4 #0E BT, BEICERTLIZ L
TELEEMENRD HND. 1o T, mifl 2R 2 Ek=0E, Itk SREA- L
EEENE, TG, EEERRDLND.

W OSSR 1, MINEEICBEAFT D720 c ORRICL > TR L3, EIZ, fTH
LR EHE O oD R DGR T HRERD D, 207D, BELRD—FHD5
fEob &L TREFFESND. WIT, BEM, DEEIZOWTIE, =7y FRb0FE EiThRE
SRWHFFE BN ED SR T, LY K& L MRET 2720, BEMER O WWIH
PERRDOND. F7o, BEECOVNTE, < OmEEIHEOBRCEE 2 CHEER
ez R LCly, I, mrEML, BHOWENSRITEEENRDLND. £
D—T, HEEEBRT 2 REBEDITREOHEICBNTOARNLPTRAESEZEI L
TkV, 77, ZNOLOARERICIVZLHEDI v v a VETICE KRR EL 5 2 T
% [29]-[31].

LIRS, mtsrsz i sskiconT, REMRY Yy RSxLr e 7 ey
TN T 707y NFROFSEE LD, IR KREICET A2EIZONWTELEDD.
F 72, WFREEICH HREERRICOWT Y, BEEREE S LD 5.

(1) U2y RIRILER

Uy RARVERENE, KW 1-15 18T K912, Wikl SxL L v o DEHAaED
BBERATH D, — W, o Ry FAFABHNLNTEY, M 1-16 IZR-T L)
2, BV EoTHIHVEATIIISND. AFRIL, (REFEEME CREF S N7 IIRIE T
15 B oh, §uE BT, KLREICXVRERHEI N, BASTD. B 20E, —#K
I, ERE Ty FHERD Y, ITRNCXVEHL, BE®%ICT vy T TEET S, ALK
X, SV BICKBEEME AR ERRYFIToNBY, RICERLZTLFL T T T
Ty b HFRED G, HiE LY T Th D MMERL, Bm? 68 Em? ETEMEAL,
< OFRETHHAIh TN 5.

11



S

W1E

=11

PHAPEIZ DWW TIE, B 1-16 [ 0, ST B REORFEICH 2 72 < TITR 572
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. IR EOVERBI L LT, # 1-1 033 VO EBBOHE & IGHEO KRR, RO, (K
ZREBHAE TR L7 TR 2 R LR 2 £ L0 5. ZOREICR W TE, E/h
SUVME EUIHIENENZ L2725,
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H1E PP

=111

£ 1-1 U ¥y R8I O UHARRT K OV B i F

- JIETsliss B Wt
fie2n | gx I gEh | wm | Es I W | TR
[m] [m] [m] [m3] [m] [m] [m2] [m]
ERS-1[32] 1.1 3.4 0.2 0.75 7.9 3.4 26.9 | 2.8x102
— A= .
SAW(33] 1.5 1.8 0.3 0.81 8.7 1.8 157 | 5.2x102

* SAW: Solar Array Wing

(1-1) B> RYFNRIL

P Ry FRxud, K 1-17T 0 X510, BERa 7HEM) &2 KRR L FEELD 2 0
WIS CHEEZSA A TEREERR D Z & Th 5. R, ®WN - ifwmEEZT5. 27
%, AWM ELZ), RERZ TSmO O —EOHMETHRFT 52 LT, &Vl
IPE 2 584 S % [34].

FEBIE, HFWEZSET L7720, IR CEMEEICER MRS D, £
7o, SERBREICIG CT, MEWER & OMBREEICEN MBI E AW, FHEOSLES, &
IZ, CFRP X7 VI AENE HnbND. RERDEAL, ZTF oM ECRERRIC
FoThbENDA, KT 0.1~0.2 mmfEE DS KLV B 5 [35], [36]

ITRIE, SRR~ TR EICH L TIE, EOERERIE TEAT L, RERoER
EHEFFL, MEBRROBLZPT TS, £, HAMMEICH LTIE, EIZ, a7#H5
HKPL, TAMMMEICEAERAIEL TV, FHEOES, a7 LT, 7rIn
=HLaTREL AL TS, RIS, BT A XN 14 A TFON=h 5 EE
69kg/m3) VB TWE2[37], [88]. KALDOWEHEEIZEN 5720, ITF, BEL =
53T DEFEPITONTND. FHKBEEE Y A7 2AHICHEENTDIL TV D=
LaT T, arH AR, 1A F. a7 ED 0.002 A F THEK S D HEEED 0.9kg/m?
DOIEFITRER STV HEEINTND., £, S6RBRE(LEFHEL, FUIRT7 4
Jb N Ze B U CHERL L7 B FE DS 0.5Tkg/m2 DR Y 2 Fa 7 & 5[39].

NNEJ LY Ry FRFNVOBEBILOEARNTFEE LT, LTO4O08F T bN5.

® T HARXERELTH.
o TDOHMEETS.
® KERAZHE T,

® aTVEIE/NhSLTS.
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£

LonL, RERLERN, BREEICTLHZEICLY, MERMENRRAET D, £9, £
AR DRI, 2SRV ETNERER RIS U THENRLEIR Y, B VREEESS Y
IV TWET D, i, REWRIZT 4 TIADBELLBENREL D, FRIZEo
T, Y R v FARXNOEEORELRMIEDOER T2 ER 2 Li2RDd. —F, arowE
PEIZ LD, JEMEIPESME R4 5 2 & T, 1-20 (IR X DI, EMmEZT TR,
TRELZTHZ LT, ar7MpEEL, ~xraRe LTHMEZ#ER 5 2 L TR
KRB LWHBENEET D, ZO), BUEOHRIZE 22 M v FARLO S 57
LRI RE 0BER B 5. [34], [35], [40]1-[42]

K 1-17 Y2 FA v F 3RO

LIRS TS % a7 MHEHTT .

&l - 55k lQ

ol o LS
Ll R |—Qf\—'

X 1-18 fifE A ST DY A v F3x/1[34]

1-19 R Y I RA= Aty RA » F/3x11[39]
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!
LQ)Q _~ 8/—/

_—

O FIc X B a7 ot @EPREICXZATHOIE OB AMERICK S a7 HOnE
X 1-20 BEALICHE S 2 7 H Ok E[34]

(2) FLF2TN - TS5y AR

TLXR TN T Ty MERIE, K121 1IZaRT L DL, MIEOE R~ R R &
KGEALRLT T FHRFRENMONTHIK (777 y 8) THRSNLTEY, KR
M & AR T DM R TS KEGE SRV E L TOREMZREBERE & LT,
Ny TV EEGECEETE AT - a v H Y, [EANTIE, SFU, ADEOS, ADEOS-
N7RERFEFOND (K 1-21~K 1-24). Uy KoL i e bl UC, B C ik 2 4
L TWS 7, BET, IUWhENEOEERATHD. £ 1-1ITRLEETZ XTI -
7Ty N FROREG T 5 &, 20m 2FREE O JE B RS T, DGR AT/ R B R
TRINTIWNEL, VY RRFVEFRE 7 LF TN - 7T 07y MR AREE
THDHN, BEEEAKRELS 2L T7LEXV T T Ty RO R E L 7
DT ENbnsl2l, 48], 2k, ME~ X M EOWERLE T 77y NOERELD,
A m2 U LOREFEIC/D EHEMED A Y » RBRBINL T 216 Th 5.

MR OFFMIZOWT, SFU 24l UCHT 2. M, X 1-25 2T
Eoie, 77y MeflEg~ A MIINA T, BES, 7707y hariie—7—, &k
W, ary7FTHERIND. 7707y ME, RUIRT74 0 8E2RXR—RLLTZbDL,
Ay vaX—2ALLbORBY, 777y bOERIZ, AT T T OFRAEH
DO THERTS. HE~S A N EBRBIENICOWTIE, K 1-26 27T a4 77w R B
Articulated Mast ’H 0, TNENE—F —IC Lo THEMEINDS. 7707y hayv
fe—7—1%, WIEORNT 77y MR Z 52 2RNFAEEBTHY, 7T 07y
OB e EOERIIK LT, —EDRNEH 2252 LT, BREHRFT2H0THD.
X 1-26 \oRT a7 HE, fTEFRICT Ty &P 2R 25/ TH Y, 8
DIENT T oy F T EIFROMEICHZ 51D L ) IRFFT 200 TH 5. IR
ZoWTIE, K 1-28 139 k918, FIC3HESD. MIETHY mizte L, m—7
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vy 7 A, 2 LT, HEREAGTRN S 5. EEME L OUGHME
7Ty R TH LN,

=

H1E P

p=(11)
D

ICERALTWA T L XTI -

WEOBMESNOEEMEE VWO ETIE, UV Yy P2zl

28 %. REAFERL LT, Ny T AFHEESE44CEBETH A7 — a &, ADEOS[45],

[46],

1%, HU LVABIETRESEGRRE SN TS, SEFAE29]0 6

ADEOS-2[47], [48]72 E R BT b, Fiz, WE~ A R E D A B = h )V IR

WEDREEHS

EEEODLE, RO AREEERORBELIL VAT AL, KEREASAXLTHY, EOER

ELT, MO REENRbLNESND.

35.5m

'Mﬁi‘cﬂ
ABEWRTZ T2k
IR#FE (SABB)

ABERTZ T2k
IR#AFE(SABB)

S ABERTS T
(B

ARBERTS Ty HRATE(SABB)

©JAXA/NASA

K 1-21 [HEFEEHEAT— a OKRERET LA (SAW)

©NASA/ESA

1-22 /Ny T VT
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Infrared Telescope
Isothermal Heating Furnace

© JAXA

e -

(a) ADEOS (b) ADEOS-II
© JAXA

1-24 ADEOS /ADEOS- I OEEKR RN T LX T« 7547w K
e

N c. RIEPIAE
‘::.‘
L
.‘JHL'J‘

\L-“;ST. H

a. IHAIRIE

1-25 ZLX> TN 7Ty N RO REBIGH[49]

17



CRE

(CATK)

(©northropgrumman)

AstroMast Articulated Mast

1-26 fiifg~ A b

I

TR R T g e i

1-27 ZLvF¥F 7<= ~ U= o7 F[50]

(a) 77 v by 275K (b) FZ L&A (c) ElzRERA 5=

Stowed

Vi Deployed,
pre-loaded & lached

I R I

+ ARG C b A5 PR 2 A T & 5. - PRI R O L Y TRE - WA C b A5 1 O 2 AR5 2 L TR D,
PO =2 b m— UL CRBBEDTLT Ty MIRIRDDD. s FERO KD TR E RS T VR TR 5.
AT AIREZR T T vy b, Ya A v R UG Z oy M A Y, KA ATV R T Ty b, Ve U MERE
CEBRRTCIRT I 0y NSRS DA LR CBBRFTIRT T 0y MTRONINGR.
V. F KBS BW T, B S B L 72 5

1-28 Uuih - EBA G [43], [51], [52]
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£ 12 7VXvT T T2y RO & OB mfE[47], [50]

I T .

e _ PR
24 (s I i RS L
[m3] [m] [m2] [m]
ADEOS-1II 0.52 2.7 62.9 8.3x103
SFU 0.48 2.4 23.3 2.0x102

R IR, FE X HEE.

(3) EHRZREE~ADRELETHE

L1LLITRLIZ L 91T, BRHIEESCTH KBS AT MIREEND L9 2B T odfk O
HEEDS, FERAIZRO 6N TE D, 1EROMIERAL Y b, SO 28&EME, IHIMEL DY,
EEEDR B3RO Hivd. MAT, ot m L EOROHEEE DT 1R DK RITHE
BREZDHZENDHD. —HlE LT, REULIC K W EEOBEAREENMET T2 2 & T
WEIRE) & BEAGIER & TSI 2EN S 5[53]. £/, HEERERIZE T AL RICL +
Sy IRIRIEME R HERF T 5 2 E N TE < e 5 [54]. A1 O RABIMEEY 2 Mk 9 5 IHEEIC B W)
T, THOORBOEREAZMZ D LN TEOMRERF > LD, 22T,
REUCIZPE D R E LT, #REA - BUER b & REREAE - IREIHIE 0O 2 sz oW CRftE
AT AL FICE LD 5.

(3-1) BEI{t - ILtEm E

BT ok O R EAEE BT 5 F R ZODOBERROREELZ E LD, Uy R0
FHRIE, o El NGO m Bk bid. BELICOWTIE, RIfiTRLEZ
O WCHAAESEA L T SR 0MAA bETO S b sl BT, BAEAX
DOBH L. ZDID, WHHHEIZSOWTIE, BREEGESR Y ~—2 W a7 ERJ5m
DOUGEB] 24T 5 X3V ORFZE LD TV 5 [55][66]. LavL, FAREEIEAMEH T R
WZE AT EMAT L ERNETHD. ZNEDE VBN EEZ DZRAF—2RAT
LZENROBN, VAT LAREKREEHICL, EEAENTL 2N BEIND.

TLX VTN T Ty PERIZBWTE, S 625EHEMEOm B EPGHED [ B
KOOEND., FE L-VIUZBWTE, E~ X MIRFHFEIIHT 2 Z LnTE
LirL, EREPIERT 28T, RREHFABZHY, HEYZXMNRT =7 U v Z7HIZIUHT
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E

WLE

TR RDIENTIREIND. T, (EREY, —&kel~ A FOIGWEhE [ T
HEDHALG], [571E, K 1-30 IR T L 2 RITEMEITO ~ A FEHAWD Z LTI
B Z M BT 50 MR TN TN S[58], [69]. —F T, KREUKIZ K- THi7=IZ, i
BT 2, G AT ARRBPEME L T, EEOHMEEEENMET 5525
no. F£iz, M 1-2910RF X 9 g, WhEicENTA v 7 L—2 T <A bz v
THEERRR B B DD, A 27 L— X TR DY B B0 B % O I 1 B 2 AR A
2 TS, ERMICHRENES.

ZOMOF LOEEREE LT, v S L DRSNS 5. +2bb, X 1-31
WORTEIIC, BMEERICLDRECA V7 L—2 T M I BRIAICLY, vV imE
JRF B Z & THRMMIMEZ R BT oS TH D, MRS OHIRIC X v e, FEERD)
Wtz 1) 292 Z ENARETH D703, REMLE L T OMES AT [V T, 16 -
B OHE O [E D~ © K EE2 JiA £ 5 [60], [61]

(a) Teledesic Satellite (b) Teledesic Inflatable Solar Array

1-29 Inflatable Solar Array[62]

_ A5 1~ 00 B
B EEFE~ORME + I~
Deployed, fully

Lre-joaded & falched

(a) Ultra Flex [63] (b) Mega Flex [59]
¢ 1-30 IRICEBAT O B SR ARG
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(a) WPEATEZFIH Lz B S x 1 #iE[60] ©) 1 7 L—H T NVEFA LR S REE61]
1-31 ¥ = Ui A O T2 8T LB SR Ui

(3-2) REEEICH(THBK - IRSIHIE

AR L@ Y, 4%OKUEEY 2T 2 HEEICRB VT, 2 b OIRBIPER
AR DHZENTELHWIBEZFFOZ LRI ESND. £z, RIS, EEME, EEOBLN
Wb, VUV CIIREIET A Z LRk b, IbIL, KEEEN THHT-D
2, M EICBI2FHEREAZZE L7 LT AORBRITE L <, E BT SBIRD
FEERRD BN TN D,

KT HAE OHIEIC RS 2 0M781%, BEE T OMEMTbIATERY, EiZ, £
TV T, FEMEE, HERORGHMNTIC T bhbl64], [65]. LavL, BIfEE TR
NEFHHIL, 2By U7 RflEA %2 <, RELRREIRZHIEA AV o - R
Wign. O, REECEEBHEIEHAOT 7 F 22— 2 ORI, FRERTHY,
BRET SN TV B IRECIERGIE D72 DT 7 F 22— 2 DREFE LT, LLFD 5 DNB%
Foisles).

OME « ZRET 7 Faxz—F
@[alfsE — & —

QFEMT V F 2T —H
@SMA.SMP % H\W\/=—7 7 Fax—X
OEEBT 7/ Fax—H

EHEIZOWTIE, £1-3 12FEHD. O~OIzoWTE, FHEIZBWT, D%
BIZBWTCIL, AR T 7 Fa2ax—2THHN, KEEEM B TCOREEZEZ S &,
ZEOBENTHEIND 2D, BN, HEE2EOBETH L7720, FEEOBLSN
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B TRV, WIS, ISEMEICBWTIE, @1, ZESREIKET 5720, REMM:HI
FNZIEARME THLHN, AR =22 RKRELDHIENTE LD, TIRGIER R B
~OFAPIFREEND. EEETIE, @, @IZOW T, HEROLORHVBRETH 5.
BARBY 2 FERAE > A7 2 & LT, [671-69 03 STV D, GITDOWTIE, JREN R
Wb, IR O FREBUSE IR L TRIRTE S, — AT, BRL U UM IND, K
ERENEVE LT H56, EREIERT DMANLERDS. MAT, 77 Faxz—4
DENZYERT DHAE IOV T B ERRIZ, FEELADEEMEN RO BND.

UEXY, #uE LTk - IBEHIET 57 7 Fax—XiL, MEEETHLLOO, I8
JRNSERE LR EMEO B DIEET 7 F a2 —2Oiua ETORMAREFFEINS. — 5T,
PN EZHERT DD OEMENLETH Y, BETEEMED & 5 ZBNILRD A T =X L)
Kb TS

# 1-3 k7 7 F 2 =— OfiltErk66]

A4 fE (BR@hoe) | BRLr Y | BAOREE FEAET B R
Z2E - hERX K — G5 1B 50Nm 10s
ST 10-1 N/mm? | 10s
[T — & — AC/DC [ 143 30-200 Nm | 10-100 ms
AT vy 7 | 1000 m 10pum 300 N 100 ms
BT I Faz—4 1mm 0.1 300 N 1 ms
FAARFENER L @) 105 2 et s
T Far—4
JEEBT IV Faxz—4 (EBH) 100um 0.0lpm | 30 N/mm? 0.1ms
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Deformation direction
SMA % W= = bW KA F RO TR #H[67]
1-32  KAUREER) O TR E O WL 41D

SMA % FH 7= 3 L oFg ik il4E68], [69]
1-33  KAUREE) O TR O W52
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1.2. HRBENEHAFRDIER

1.2.1. XHAKROERE

FARLT2@ Y, mHEZ MRS 2 EMEARAL, VY y FAxu e 7 r®y
TN T Ty NERDD L. FHEME, BEME, DERMHEIC DWW THE L 7o 1-3 [2R T
0, Uy RARRAERIL, BEMESCIIIEITS 200, s8Nz & T, 7
MR EWNTZD, M 1-34 1R T L9018, ZLOBETHLATVS., Z7LFT TN -7
Ty hERIL, HHEERE TR S NS0, BEERS D LOO, BREN, IURTE
@, 2o, EEFEHEAT—Ya e POKERBOEBETHE, L3y 7.7
Ty FHERABEMNEINATWHWDL ENWHBRTH L. L, 6K EERT &
&, WS L b, BEME, REME, DERMEICOW T, RFICEMWTEY, Bl
ERERRARD BN TS

ZIT, AT, VY Roxov R oOBRENME - kA B9 D 2 A RET 5.
£, G, PR BLE ETORL D T o0 - WIS AT RERD .
FT ERFIIEEE S8 L <, v RO D B BRIC K 0 3t Hz FEE O JEBi i
AIREBZATLHZENRMETHD. —F, Pull LiZBWTiE, EBRREOZ v Fl%E % kR

FEIMEE ST NS <, ERINDEERDE I Hz LT E@m< 20, LinLanb,
JRBPIREETH D720, KEMEIZZRD & Z OBEAREEICK T 2 ERE W23 2 & b NS
5. ZOXIITHE - QIESFEN T 2 — XL o THEEO A 120, BEELRD—FH DS
T CORERFREL, &9 —FOFRMET CIRBMRARREE 2D, —KMIZ, kDY Y
v R0, T R RO - MIPESRIEAARE & L TREFL TW D72, IUHE,
BREMEICH > THEY, #ul BT, JRE - MIMESRIFICH LT, mRRREER> TV
BWHDH. FIT, ME - WERGFHIB T OREDICERL, "RV ED LD E T LT
EHLE R OB LS H 2 LT, BEME, DUt L I BT 5 2 L TE HEESA A
BRI D.
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UEDGEE TR >TWD. 2, MR VIR S BN K > THW 2 L
TEDBIBAT LI EDRRTH D LHERIS D, ARBAERLY, K 310 @R
X9z, £ TRIEE LTV 15~25um OfEIR(X 3-10(0)), &LFEELTW\5D &
Bbisd 250~350um OFEIHK(X 3-10(c)) Dfif E-AALHRIK OB & 2> &, S 5 Wik 2 5
L7z, & 32 ICWE-ZBMHRHOMEE L2 2 nbHEHEND a7 O AWTRE Ge 2% 3-3
2R

7  REREA-Tst
! | SHEBREA-2nd
6 — HERHB-1st
- — HREREB-2nd
5 /
Z /
e -~
=, ~
2
1
0 1 1 1 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0

ZAL (mm)

3-9 AW R A A AR
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T TT
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3.5

\
]

3.0

2.5
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1.5

1.0

0.5
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I

0.0
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(c) [XfE 250-350um
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* 32 HAWEER  HFLRXHNCE T D EAN

SER A [X X
15-25pm | 250-350um
o 1E8H| 15.913 6.3798
AERR A 2EH | 13.044 6.0800
. 1EH8 | 18.734 6.1448
AERR B 2EB8 | 16.416 6.0761
Tty 16.027 6.1702

2 0.386 &

o TAURHMER
X CR LA EEM D b AWM R 2 R 2.

# 3-3 HAWHNESE Ge [XFH 15-25um]

SERS TE-ZM | BAKEEER
[N/mm] Gc [kPa]
e 1EH 15.913 95.476
B A 2 @R 13.044 78.266
o 1 EB 18.734 112.407
mER B 2 @R 16.416 98.497
i 16.027 96.162

# 34 HAWHENEE Ge [X[H 250-350pm]

SERF WE-ZA Lt | QB AMTREIR
[N/mm] Gc [kPa]
. 1 EH 6.380 38.279
HERA A 2 @8 6.080 36.480
. 1 EH 6.145 36.869
mES B 2 @8 6.076 36.457
Ei5 6.170 37.021
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3.3.5. HERAEDLEBRUEER

A ERMGERE LTET/MMEL, Z20 L TFHEICHRRSIEAEN 2 5 2 72 & & OffE-Z
FEBER KLV, Wi DY o 738 K OV A2 I T % oD fif B-ZSAEAR X DB & DZAKIZ DU TR
T5.

3.35.1. EHmADEL

RKODMEEAHEHET D, X 3-11 KOK 3-12 1Z7-3 T X 9 ICHFEZRO 'L &2 AR5 hic
ERSEIZEEORNERD 5.

F9, EAREOPRENGEERA 0 12dH 5 IR DOEEDOALEIL,

u d
x:zq+ﬁlg+5a

0 0 -siné@
=z|0 +%z].+ cos@ (3.14)
1 0 0
LB, ZZT
2
0=— 3.15
dy (3.15)
L. LoT, HAWOT A YT,
u
7=9, 'gy =€ '(ez +Fexj
:Hgnezy-—ﬁngy = Lsing
h h d h
ZZ T,
0 0 (3.16)
2:95—e2+—exz O|+|u/h
0z
1 0
cosd
OX .
gyzéyzegz —-sing
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ﬁy:E(_Singyj (3.17)
h d

L.

3-11 ‘'L DOEF AL

3-12 A OERRE L OERHET L
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&y, EOFH, ST, Thth

c FOTA 1
& :EV
(3.18)
o= 1
2 5 Ve
g N
&
[ 4 NS
X 3-13 FOTHDIIH
< EINTT
I O )G &= B &3 D56 E
- o, = (&,—ve,)
(FEAERIE: 5 0 ) 1-v
(3.19)
E
o, = Y (52 —vgl)
i DJEME 2 BE L72Wa o, =Eg
(ARG 72 L) o,=0
ZIT, (3.20)
& =0
v=0
L5,
X oT, BAAEREY- =x X —11 1%,
I O )G &= B &3 D56 1
==(0,6 +0,,) (3.21)
(EAERIMES D ) 2
BT O JERE 2 B L2V A 1
IT :_(6181) (3.22)
(EAERIMEZ2 L) 2

LA BAEREY -0 O X =L AMRBA 2RO DT L L F—1L, R
(3.21), (B.22)& B 2K THEL T2 &,
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Nt ¢h zd
I1,, =7J'O dz| - Tidy (3.23)
TROBEND. F7-, fEITL,
F= (3.24)
du
LEES.
PLEXY, BRBfERE ol LT, fiffE & BALOMHE X T,
W OERZEET 258 F  NadEt @.28)
(ERERIES 0) 2u  16(1+v)h '
O Z BB L2WES E NrzdEt (3.26)
(FEAMRRIE 72 L) 2u  32h :

L.

3.35.2. BRALDEBRRUER

2T BNIEE AR T 25 L R 0T, R &R OERIT 265 L e b . iz, R(3.25)
EREET DL, ERENOROONIMENOEEROY TR ERDD ZENTES.
KNTA—=HX, ROBEY THS.

v= 0458 [-]

h= 7.2 [mm]

d= 10 [mm]

t= 130 [1m] (3.27)
N= 4x8 [{#]

%z 16.027 [N / mm] Average

XY, ROONDIEE DY > 7 RIiT,

WS A 2 B T 55 G _ 1601+ 0.458)(7.2x10°°) 16007
(FEARIE D 0) 8x4x7(10x10°)(30x10°) (3.28)
=89.26[MPa]
Llrodz.
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U EDRER LY, EMERIED O 00 o — AR5 A3 SR LTV 2RV RRRIS, AR
72 LD — ARTIEE IR ORFEICHIE L TV B B2 b D, EBRFER L OkRIZB N
T, MEJET HLARTO 15~25um DZENLICI T B ff E-ZEAARK O & &% O 0.25~
0.35mm DI T D E-ZEMRK O E DOHIL 259 (5 ThH D, LFLOBR G EN L
HDIEE DK 13T LD e REL 2o TS, TORKE LTiE, BRI
WCEMNZ 52D LEINHD Z ENMRENTEY, £0ked, ERTIHEHTEI LN
TWHHMIZEN LD b REL RDED EHESIND.
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3.4. HA(FEHER

3.4.1. AEREKN

AN DT ER &5 572018, 4 TR A Eii T 5. ihFERICEEE 5 2
HRTA=Z L LT, RBIADEY, BARNE, a7Es, RERESZEELT, £
ENRALLZRBAZHELTC, MELEREOEBREREGL, ThoDERZRHNLT,
ARSI OIIF LD % T 5.

3.4.2. =Bk )L

R, a7 E L TERKBEREE TH 5, RER BRSNS, B, K 3-6
\ORTRBMED B WEM TR SN, 10804 X, &S 3.6mmX ¢ 10mm DA fH
EThsH. arTMiL, TAMREBRTHWZRBEOHREO 2T ZHNTWD. B/LORE &
FfEfE, X 314 \RT XL 91L, —MAERTHW DI D EREEM & EERE L7
HBEoTW5h, ZOMBEHBEICTZZ LIk armES2HBICRDD LR TED.
YAEEMAEHEET D00, TR T7 AV DICAL MY — P ZEE L, BEEICLES
T5. K 314 @ITRT X D ICEmR E B AEOEET, RS, MEckvEsEs1T).
&7 4 VA OBEE, BEEICRVBEESRD.

REWES L a7mE, R4 XeRBr oL LT 5. Kulx, 7TrI=v A
Har v, B, 3RO 50[um], 100[um], 600[um]Z A 5. K 8-14 (@IZRT X
IR & B OB T, RIS, BEEICLVEEZITS. WER, RRIZEH
SNTERFEE T D, AP R, ERERR E KRR A O 2 L 5. EERR A
1%, 250X120mm ORFHETHD. KEHEA X, 600X250 mm ORAETHS. R
RORENT A—=21E, ¥ 3-156 BELUFE 351277
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| ELTE reAeans
.Smm =
T AR

Jv RikiR

w3
. |
ﬂi,é T ! 10mm :- [ :
'ﬁd'.E. L <y ( :‘
Wil el
T FERTR LI, 7%k T
(a) FEEHERK (b)E/LDOELE (c)EFEORER T
*LDPE : (R ER Y =F L [AD : #5EMHIE/ PA: A0
3-14 3Bk A ORI
BB A KEEER
Y X:250 X 120mm H X:600 % 250mm
FmEiR HE/H 100,50um FER # 100,600um
a7 ®E 7.2 (25R),14.4(45%) a7 EE 12mm,24mm

f‘.".""’f.".'k".v
i'llfl‘ll!!l‘f
FIIDDD2 2D

(DR

3-15 WA oH/E (X E: Erm, KT Wi
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# 35 REBRAFEIC
HERA RN | JEMRRAL | RERSD
ILAIME PERT 1L
7% (ILER)
A2 TIL—9TIE| ZIVLE 60[um] 60[um]
()
EERIkE PEX PEX/AL
RER _ 25[um]/
7IL=2—b j,(()ql;)A}; 30[um] Al 50[um]
or 100[pm]
RUTZFILFR
X2 —h *H 18 D 1 JLLs
5alE
FigE 100[pm]
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3.4.3. #HBRO>JsF1L—>3>

(1) eBhiFatBRbE

HIFRBRICH V2 EE AT T 5. dhiF BB, EEmMIcERE Le 4 SR RsE
ZRWT, WEEEMEFHIIL, ZBA/MER [m/N] 2RO 5. BLoRNER, SARIEE
WIEL, EAWNHIEKREREZROZ LT, WANEEL DEICE o TRAESED Z LT 5.
ZORw, TNENORBF OV A X\ EbE - BN TR L7 PR B E Tl
M LT, A RBREEEOFMEREE LU IOR T

Ol TRk (1R A

EHERBR A 2B 2B ClE, X 3-16 127”87 ¢ 300mm X 500mm D7 7V JLHEIE
ZEfl 2 Tz, 7, HAR 2 G o TR E A R 2 X 3-17 (RT3, AT E R, X 3-18
OWERE BN R~ HETHITF R EZ X 5.

@ TR [RER A]

KAGRER A 2B Wi, K 3-19187 7 JAXA/FHBHAFEITITA O 1.2X 1.5 X 1.5m
ORI 2 V5. TR E ORI, 3-20 1Z~T.

X 3-16 FEHERER 1231 F B E 22 gl 1 F ik Brak
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Offa s 2 —
QU —F (i3t
/® LB-300[Keyence]
@ E B
[ FnE 2]
@B
DI 1= PE ()]
&/ L7
[Sewaglock]
@FZEfY
DEFE—F— KT AN
[Oriental Motor]
OEIRA v 7 A
@F—4—nmH—
NR-500 [Keyence]
O — & —lliE x v
[Oriental Motor]

G\t.n-bw@—-

6. |
i
=y

3-17 BEHERURR A A sk g B ()

2 il | T A
fi e (a—Feb)

Z2fiatill (L—9—2{iit)

faf i @ 20

100

25 ’IH 200 II‘ 25
. 250

HEAV 2 [mm]

3-18 IEHERER A (2 1 2 oy B BRI [
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(a )T 5B (b) KJETEIEAE
X 3-19 KAIEERF I231) A BEzedh 7 Bk

EHRS A EL—1
AP RfEs . I
(;;::;v FBE : L. I
b Rl LSl g
/ T

- FT;;§£:=;ﬁ§$(4ﬁ@wL_——f“

I (IR ==

125 _|_ 250 _|_ 125

N
A4
Y

500

Y

[mm]

(a) TFTR (b) I
B4 3-20 REUGAER A2 3617 2 far BN [X] K OV i (X
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(2) BEFEBRFIE

REBRA ORI R O EROEMIT L — Y —ZAEt 2 O CRIET 5. &R
BEHIALEIZSWT, X 3-18 O 3-20 (2R3, fFElE, MEHO LEicsisnzo
— REATET L. FHIL7-WE S, ——ZAFHC Ko TEHI L 72 W EE O N 8y
B, IO Oy ZHIET 5.

P RER I, AR T - KRBT & b, AR IR A R E S, H2EAR

WCEVBEST D2 LT, B LAREDONINELET Z 100[kPal />, HEZZLEE TH
WIEN x5 2106, WEHZ —EHE 5lmm/min] CHREITS5. 2L T, RBRFOFR
K O B DL Oy & L — P —ENEFHZ L o TRIET 5. fEP X, WEHBO L

load

0

mld

I HER S N R TIET 5.
3.5. HM(FERERESR

NNATFEAAL T =B TN Ry FRRVOENER L REHRT A —2 L ORf%R
BT 25 572, LATFIRT 3200 /3T7 A =X 2B\ T

O WNECHETLHAR  (FEROF )

@ a7 EIOEBIET IR (40T HI)

® RAWES OB T 5 R
BRI LT, ZRENDNRT A =23 LT, HEEERRERBRZ FE5 L, ffE-20 & JE
L7o. BN OREFIZ X 3-22~K 3-25 1T, 72, #iiFARBEOREBR A D%
FERRA K 3-21 127, £, HHAG 126 MTRIVEZEH T 272012, ffEa s d
REDOENDOFELHERKEZ KD, 20L&, BREMERO ) A XARH D120, BEEEEIE
BIZE-T, /A ROBRER T2, RIZ, FFEEE PIEDOEN O 7= & fif B OMIE
BN D, HEZRD D, FFES L FREDEMDE L FERKOFERIL, FRBRONE
Bz 3-26~[X 3-29 |[Z#HH 5.
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3-21 dhiFRERTFIE
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(1) FHEBRES
- ARMERER A REAUE S 50pm

14 I ! I L] T ¥ T

12

10

#TE (N)

0 2 4 6

ZA{L (mm)

3-22 fif BN (EYERABR A RirikE & 50pm)
- ARHERER A - FAJE S 100um

30 H : ] z T : T

25

20 |-

15 |

E (N)

10

0 — 1 ; 1 i i i 1

0 1 2 3 4
ZAL (mm)

3-23 farE-AArARE (REERBRA - REARE S 100pum)
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(2) args
c KAEBRE a7 E & 12mm

30 [ i J ' J : J ' J

25 |-

20 -

— fRA
— HE

15

T E (N)

10 |+

0 i 1 I 1 i 1 I 1

0 i 2 3 4
ZA4L (mm)

X 3-24 fafEE-ZANERK (KAERER A : 27 & S 12mm)
c KHIERERA 27 E X 24mm

fIE (N)

1 L | 1 1 L | 1 | L | 1 | n |

0 1 2 3 4 5 6 7
ZAL (mm)

4 3-25 fif H-ZEALHRE ORREBR A+ 27 & & 24mm)
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i
w
1

(1) KERESITONT
- ARHERER A REHRUE S 50pm

0.0006 , ' : . :
0.0004 |+ |
\g 0.0002 - _
Y
j‘-d
£
0.0000 M -
r‘ﬁ“ ‘ﬁn
-0.0002 - | | |
1 L 1 " 1

0

5
fi1E (N)

3-26 A FE-m M (BRERBRA - REE S 50um)
*EMELE, ER] & THRE] OERMDE

- ARMERER A - FAUE S 100pm

0.0006 —_——
0.0004 [ N
o N
[T
E 00002 - . ALl U :
i ﬁ wﬁ W
ﬁ r‘ﬁ*ﬂf"
S I
0.0000 |- MLJJ““ i
» M |
M
ﬂ'ﬁﬁ*\' gt
-0.0002 |- '-“‘é'“'"“ - N
Maa it
| Y W IIfl | : | : | \ | :
0 5 10 15 20 25 30
B E (N)

3-27 ZENrZE-fTEMRN GRAERBR - ZERE S 100um)
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(2) a2 7E IOV T
 KAEEBRE 27 E & 12mm

0.0006 , . ' . . .
0.0004 -
£ 00002 - -
4 I
j‘:i
£ 0.0000 | B
I 1 2
oy e
-0.0002 |- —H }niyﬂJmﬁ mﬂfu}ﬁ”ﬂvxﬁf : =
-0.0004 . . ' : ! -
0 10 20 30

fiTE (N)

X 3-28 ZANOZE-ffEARK (KRR 0 =27 8 S 12mm)
kBMZEL L, MEA] & ThRb] OB o=

 KAEER - 27 5 & 24mm

T T T T T

0.0002 - i

0.0000 - ; —
—~ \ i
s | o
e | [
ﬁi ~0.0002 |- —k | _1ﬂ}ﬂ' -
\ fi Q‘*L’ [ fﬁ‘lﬂ

A, " _ﬂ-—u.,(\:" ﬂ\{}\g ¥
-0.0004 | - 1)€%g1f¥qu* *vﬂ i
_ *Wf
-0.0006 . : ' ; -

0 10 20 I 30
fIE (N)

4 3-29 A{LOZE-FEMRK RERERA @ 27 /S 24mm)
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3.6. HIIFHBRGERICHTIER

i BB OWT, AT E S, TRA XV MEADOEMNPRENI ERNDND.
B2, WIHIOMEIL, EAOEIIK L T/hSW., 207, BAZE - FERIZBWT, 4]
HMEOME XY, Ao TWnb., TORKNEZUTO L S ICHE LT
HeE 1) U7 K DMER TR DES FIICMRICER S5 Z L.

HE2) RBRARET A TARDY, T4 TNVCHEEMINT 5V 7R LO5L
T L faf A AT O BEBEIZ 3\ T, i B C ORI X3 5 faf B AN AY /N S
WEIRINE U722 b

L7eoC, #EERK 1) okt LT, ZOMOEA &E2ITHNE S H LT, fEA
TOEMMND, TOEFEZZLGIKHEZITY. WIC, #HERK2) (6L TIE, frE-
BN RO AL OMEDS, [SHEEAMEN =0, #FEIE 2 i -2 22 iR O & 23 1E
TH»D, —ElLhd &AM O TG L 7=.

3.6.1. BRQO [REROO—HILIRBIFER]

a7 BB SRR S U CREL, RERICE —OERFTEINMNbD > 72854 ORERD
a— ANV iT A EE LS.

,, P
7 l ol P
| /é/ T~ T

% 3-30 K B — DIEPATEAMNI - e RIERDET L
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3-30 | TR R I IRIC K o> TR S - FER D, X=EDONEIzB1T 580
g dE R O(E) nERE Lz & x 1okt 5K dHE)1,

dF (&) =kbd&s (&) (3.29)

LB, 2L, 22T, k FHEAMEESH -0 OEAFROITRERE L, RORITE %D
TS, HALHEDH T Y OERGFEOIZRERK X, KOLEBY, EHT 5.

¥ 3-31 /R T—DODEMIONTEZS. BLE, ¥Er T, &ShoMET, BEMN
tedpLE, MEFPSHBICOTZE EOIEMRTMOLEN 6 &HE F ORI,

F= 27rrt><%>< E

E ogrt (3.30)
o —=——FE
) h

ERED. KIZ, 3-32 \[CHfE T DO —E AU L &, WA

A=(4r +2d,)(4r + 2d,) (350
=4(2r+d,)(2r+d,)

EA. HEAICBTZEAMMERE, 4o Les. KXoT, ZOLEXDMEF EENMO
DOBIR(3.30)0 5, KD 2 HNALEFE Y 7= 0 O JEAERIME K 1X

(3.32)
K :%:4x2”” E/4(2r+d,)(2r+d,)

2rzrE
h(2r+d,)(2r+d,)

LB,
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I

|

3-311tBH7= 0 OEREER

Qm/\ r

C N2 A

r 2r r

QN

3-32 Wit~ 2 FEIC 31T B IEME Y
—oLlx, ERORINx = x O EICRETHTFE— 2> F2dM(X) &35 &,
dM(X') = (xX=E)dF(&) (3.33)

Thon. EAORHENS, FloAx<0 %5 2T,

M(x)=[" dM =" kb(x ~£)5(£)de (3.34)

—00

Ths.
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T—A v b EEREOBBRIX

d’s(x)

—El
dx®

=M (x) (3.35)

THY, ZoO—RIT

o(9-v0 - | ren{ 5 - osn( ool oo ) oo 7 )

(3.36)

/m
Lkobns. L, ABisz%ﬁﬁﬁf,a=4EIMT@5.$mﬁ%%tn@k@%

HFEE, MELIcELDD.
X =—00TOLEFEMN, EHATOMEEM0THE b, AB,C,Domicix

A=B=0 (3.37
C+D=0 5.7

DEERHD. KIT, —w < x<0 DXMTKIAROEZENT 2L, EHHE P O¥HIC
Bz, FEROBENS, ABCDBRHENS. hboXamne, x=0-1,-2
TOEREZEHT S &,

Pa = ax _( ax
5(x)= V2 =2 |=sin| 22
(x) 2\/§bke {cos(ﬁj sm(ﬁ)} (3.38)
P
x=0nrx,  5(0)= z}bk (3.39)

x=-l DL, 5(—|)Z%{COS(%}SIH[%}@% (3.40)
{cos(x/EaI)Jrsin(\/Eal)}e‘ﬁa' (3.41)

aP
=200k x, o(-2)=

" (=2) 2/2bk
LB,
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FRORXEHD L, FEADBAEDHEN D & BRI ER NS 72D 2 b
5. EEE, KX THOTWDART A—=FOFFANTIE, MEAOERMEIZL > TEL
LREMDEED, FRAEICBWTIE o/ nWew, N TIImERTOR, ZOHE
EBETD.

3.6.2. fHIE&ROMITAIEDEL

AEITIX, 3.3. ITBWTERIIR L, fWEMAE PIREOMERRRIIOWT, [EfEmE
(C R DA RE 3AMTHM LW ERICBT 2 EMARRS(0)22£L3E, MiETDZ
EC, HITRIMEEEH L, ZoEEERT S, £7, XEZAMEORICERET S &,

13 P
El,, ==F 3.42
RV (5mid _é‘laod +5(0)] ( :

LD,

W, ZOMEROMIES %, ROT-FRGEMELDELZEANTSH L, K 3-33 KO
3-34 DL I D, Fi-, X 3-33 KON 3-34 ORI X [ 6 Fh i & Al 1E% O B SO
ZELFEOMEE S RD TR & K(B.1D) TR - FHHRMEAK 3-35, X 3-36 I2F &
7-.
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(1) FmBFES

— 50um-41 T E
—— 50um-41 ERIZEHIE
40 RA s FFT smooth of "ZE{ %" Smoothed Y1

—_— e g T
0.0006 | . | - 40 f{/lh FFT smooth of "I F#IE " Smoothed Y2
0.0004 =
\-E’ 0.0002 =
Hd
j:';i J
&
0.0000 -
-0.0002 |- i
1 I | n | i
0 5 10 15
#TE (N)
3-33 AfLOZE-fEMRN (FEERER A - RERJE S 50um)
— 100um-11 FEHLE
—— 100um-11 FEHRZHIE
—— 40 Ak AAv smooth of "TFHRIE” Smoothed Y7
40 A2k AAv smooth of ” IE” Smoothed Y8
0.0006 T T T T T T T T T v T
M
0.0004
E o000z |
Hd
ﬁ
S
0.0000
-0.0002 -
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4.3.3. \SA—SRBERITER

KRSV OB EZ T 2B ANE, a7ms, KO, REBRES 2T A—2 L
LTEB S, B T ROME & N O BFRO LI SV THIFE ORURGER & O ik &
fETRL, MEtEITD.

433.1. BILRE

TOVHBKTOMTERIL, 4 RiFRBROSRELY, BARNER EAT 51220 TRiE-
BRI OMEE N KR EL 2D, 2FD, APER ERAHAERT I &1EE 3 ETRLIEE
B THD. XM4-14121%, HWERBROFEMBTFET V2 HNT, WEEZEZX 256 O E
BN AR LT DL ARWNEOf - XNIE SRR TR T 523, il
YLD SRR L7212 O S IE £ 72 b Th D, K414 050505 2 Lk, NEE
s TH, FERIMEICITZn R on2nn, EBETH2WEN EFT562 L TH5.
L2 o T, AR VoFERIL, NEZZSETHIERIEN —ETh o), &
VIR 3 IR S 5 £ TIRIRIER UM E-EMRERICRD LHESND. 72EL, WEEZES
FTHZ L, BERNECAWMEREL RDLILEEHKRLTEY, LY KREAERICxILT
HHIPEDEIRRESHERF CE D L W I RS HIR S .
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4332, a7&H<

4-15 12, fF B OFEME £ 7 LT, RiRED 0.1lmm TH D327 5 S8 7.2mm
& 14.4mm O 2 FEEOET WOV TN LI BRI &2 w3, & 44 fRPTRE R &
OB R (27 @ SNTE, ZOMITREREE 3 BT a7 | S 282 Io RKIERBR A
L/NRERER T D E N ENORBAERICOWT, ME-EMHRHOMEE & 2D ERL TN,
—WBIR Y R Ay TRV OBERIZ IS, BIWTAER D AL 5 AR O 12IE,
ATESE 25T HEZOhED 2 5107050, RBEERTIRBLZE 1.3 ThHY, B
STfiRERSTWD. —F, FEMEFEET ML DMITOHEIT 1.325THY, RE
ReEIL—HLTVD.

# 4-4  fRETRE R K OB R (27 ]

FEM L /frEL [
=S 12mm 6.9464
1.32 &
=5 24mm 9.1366
KEAER A ER/FEL o
=5 12mm 8.4515
1.29 {&
=5 24mm 10.876
ZESRH /AR o
2 B 8.7506
1.37 {&
4 By 11.952
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4333 REWRES

(X 4-16 (2, HIFHBROFEMHFET AT, a7 @SE 7.2mm THHA, KEREES) 0.1lmm &
0.05mm @ 2 FEHADET MOV THMT L7 B-E K Z R T, R 45 121, ZOMTREREH
3ECORMRE S 2 E 2 2R BH ORBAERICOWT, WE-LMHEHOME L 20 ERLTNA.
— )7 KAy F XV OB SITIE, SIAR AT 2 ARRBA OHEITE, Rz
SE2MBIZLTY, MIFEER 05 HICRD0ATHLID, ZORETIZEA LB LN EHE
END. ZHICXLT, RBFERIL263ETHY, BioltfEiRERoTWD. FMEFET ML
HIENTOLFIT 1635 THY, MBFERE VNS RoTWDEA, — M2 CITRIRE S 24
ATHEELZT RN SNOTMERNEELZIT L 2 L2 ClInT 2 R TETN D, Rk
FRDBRE L R TVHEHO—2 L LTIE, WiE EOMET 0.06mm ORBRA OFEHR LY b
0.1mm DORBRA DR R LRSS DA E THVBRITE D ARBHIRI 2> TR Y, 2ol
BIPEAS L2 55 & LTI o TV AT LV b &E< o TV AT Th L LHEEL T 5.

K 4-5  RHTHE R K ORBRAE bl [kl

FEM VEIESTEX (VAR xR
FREMR 50um 3.1674
1.63 1%
ZRMEHR 100um 5.1549
R ER A /AR L Hx
ZREM 50um 3.6352
2.63 15
ZREMR 100um 9.5728
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4.3.4. A7 DR, KRAWES EEANEREDOBERKICEHTIER

UERIZRLEa7yoEs, RaRES L ER L OBRICEERE R & —RiR =5
LDETG D R % e 3% .
—WB IR Y R Ay FoRF VO (BALE) £V, BREEZRDDL L,

ARZETE = M AT &+ & AW AT &

__11P|3+_ PI (3.43)
~ BEl, Gt
El, =2E, I, +El, (3.44)

1., 1 2
=5t =3t (t, +t.)

ke, 2T, KRBRA ORI A—=FZLUTIRTIEY, RATDE,
t, =0.1mm
t.=7.2mm
E, = 7000kgf / mm?
G, =9.80x10°kgf / mm?
| =50mm
2th::%x7000x013=11ﬂ@f-mm2

E,h::%x7000x01x(12+0J)2=1B7x104mm2

b HMEIZE T DB AR ET,
2T

11PI®
=12.3xP[mm
6EI. x P [mm] (3.45)
B AME
Jﬂ——7086xP[mm] (3.46)
X . 3.46

cte
L. ZhEY, T RREREE OHRIT

Pl 123
Gt 12.3+708.6

=1.71x107 =1.71[%] (3.47)

Ly, MFPERIL, AEOLERICH LT, BRTXS.
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ZIT, aroms, RERES EHEIEY L OBRERT.

1) armaSN2fFicliee s

Pl
7531{%6173?6.
2

HAMET I,

c C

SWEAMIBROME XX, 225,

2) RERESIZLZEE

3
UPY s Ligizns.
6El, 4

ST LI/ NEZ N2, WEAN RO X ICEEL 5 2 70,

HAMET,

L. ZORBRE, BBEROBEME B LRI ERnbNS. ZEY, ZoL5k
FAMERICK LTIV Sl g, RE AR T2 KA v F 30 L OB
TlE, BRERITDHIENTERNZ EBDND.

ZIT, ARERDETVDRESRGZEZO TEZX, FAWMEROTHTN IR L THD Z
LRV, aTORAMEREZET L LT D 22T, BEEOHRmEISHLY, B
YRy FRXNVOENERw EREROENEMuZETDHEE, a7 DEAMER 2 EE
L7 eI,

du 2Gt 2u  dw
OE | e 2 TV
T dx? g+n[g+p de (3.48)
d*u 2 du d’w
2E. I, —+G t ———— (=0
T ax °°(Q+pdx dﬁ} (3.49)

L.
ZIT, BREKHEL LT, RIIOAFLRORIMEW 28 LI EDbhwid,

8 tanh( pl E. Il
ol +[1_ an (p)}_ dh Wi
3 Ef IB pI Ef If Gctc (3.50)
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ZZIT,
2 _ Gctc
e
(EI* :wggah
E(l, +2E,I,

ERICESE, pl " TA—FL LT, a7 0ORS, RERESZ 2F LI ETDE
FEOREROWHZMIMELERE LT, BITRE2R 4-17 77
ARAEBRA BT D plEZRD D &

= |2 =0.246
(El ) = pl =246 (3.51)
| =100
LB,
4 60
3.5
50
3
40
2.5
i al
;;'_1 2 E 30
= &=
1.5
20
1
10
0.5
0 0
0.1 1 10 100 1000 0.1 1 10 100 1000
pl pl
Case) A7 @28 TO M Case) RERE2(ETOEM L

4-17 KT A—=ZEITSES, IR E p 1 ORI
4-1T RN ER L0, BRBRRE R & MRS BT, BIMELE D L~ LTI — B L 720,
ARHBRA T, REAROHTHEIEE =7 oW ARV ER L, BALRICEEL KET
FERICHDZ Lot £z, K417 ORTRTIE Y, ARER 0N sUT RSB
HEHEICH AT TH D Z RN D.
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4.3.5. E LA E S Y S 3 2RI DR

RRRAEIED, BIE FARE S0 BB TRAT 2 ff B T O/ SR L O BN DUV TR
2TV, v ¥ a YORSIEIZ O W TRETT 5.

WA B CRRNAMEENZ T DATEIE, BEAOBERSCKRIGEA LR EnmEL )5 2 &
2722, ZALDOMEICK LT, &2 KBF AT CRAEHMITT 5720, AT A4 —
RV XA nip EOLBHIEIEEZ NN T, BBZHFRFT LI L1225, £IT, AT
X, T OEMHE ZRICOBEM _GAZFOSMMESL LTET ML, £ O3
(X, AUECHYE Lot 7 a2 T, Sldh PRt 2 E N L, #uE EToORREER
H5.

EIES RS

RSB REBES 0.lmm, I 7ES 7.2mm  (EEHERER )
faf ESRA « WSmEMISCR, A5 ST A B
LT 5. MRNTHERZ LU IRT.

REfER LY, PREHZD OmNER EFRKRERT D7 VI A2 ORER,
0.88mm, AFER /7 L 2.38 X 10-6kg/mm2 & 72 0, [FIFIMEZ£5> 7 L M (BE 0.88mm
DT NVIHE) OEEO U3 THY, HHEIMEDE, 3/HFER5.

X 4-18 SyAffif BIZIS T D HASCRAIZ 31T 2 ETEIRAR

o, KioRTERY, LRI TOE ETOEFERD LS. #uE&E 400km O
JARUEIZ BT 2 K2 E L (ENARLIC L DL, HEEDROMRFZEE L
T, NRVOIEEMERIA 1deg L 72 D /3R VR RE S, 82m &0, Ul ETEHR ST
WHS RV L, UL A XN DY, FEMISHISTE D9 X2k d 52L&
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MNTEXLHZERDLND. LEoZ XY, MM TH o2, FEERICH A 9 2IME
ERHLEDLbE WA AR T N TE .

4-19 Ll RICBIT 5L
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4.4. XEDF LD

RETIE, S FET ML DT AR L, 5 3 BEORBAER LI LT, &K/3x
LD T B SOV THRE AT o 7.

T, BERFICL > TRITES N B VIZE N ENEELEORRICIES 2ENAE L 572
¥, FHHDOENAOFHM RN E S TORANRE— L LA 20T 7 I b
BT, BREEZ LRI X A FEE 30um & L7z B¢, SjEstBroitiidieee7 L T,
BRI OV o T HEENT A —52 L UTHITZITV, KD B avio far EE—AALHRIX & R R
TOZNEZHERL, BIBIEUC L 0 S22 6 DY v 7 5 & [[E LT

Wiz, BohnlzYr 7 REE2HANT 4 ST OREMBFEET VEERL, R E 4
SRR R & O 2 T o 72, ZO/ER, 4 mlliFRBRIZIHB N T, RV DOEALITZE
SUERETE D& V& AW 2 T M OBTEIRITE MR 72, K& A2 BT 23Nd 2 JE T 0 8
WA THO b TEBY, AIBMIEF & i & o fiF AR 1L Z ORI T b Mk
HRAFEAS SN TWDZ L D2ITHIETIEEAEA L T RWNE NS 2k, [EFLE
TOEINERE N LD a T HMOEES FHOOSSNIZE > T, FRETOEN LD b EFL
BETOEMBREL LD ENDHD 2 L NERES L.

w2, BAWE, a7ms, REAWESZTA—=FL LT, AXFL0 4 gy o
BB OWTIHENT 24TV, R R & Ok EIT o7z, T ORER,

1) a7Es, RERESZ T A—2 L LT, 4 8iFRBR217 5 L3S, oM
BFEET ML DT 2R L, EAEROEBOWTEBLEDO—HEG5T.

2) 27 OFEMBGEIRIPEDMR N8, RSFVOEINEFIL T OBEIZA RIS &
n5.

3) WANEENKREL 725 EREAEIET 25, NEICL Y BARDENRNZD,
ZOH BB L THLIREOHIEZ AT 5 L & bIT, RERPBHELER
ZAELZRVWHIF THIUE, JTToRIKRICEILTE 5.

4) BANETAR SRV OB WM U CTREEDS SR ngs, WHEO BRI
B VIR O 5 TR JE A B O D723 0, mANVE KT U CR O RIME & #ERES
DI RIMTEZRIMEE S,

5) a7 mE, REMREIITHT HHEIEFLORKEL, mINVEE &4 T2 & 5k
ERORE Lo — 72 v A o Fox v & Bie 2R E R, i, =
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7 ORI D A7 53, FREARIZ KD TR 27 O S E IR EE 5 2
DRSS AR Do Telzd LHEEIND.

6) BLE A LM EREICEWT, EMAL, BERRWEEAT DL 2R
HrickvmL7.

117



55 E B LWRARARNT & € OIRGE

B5F  FHUWLWIAEERT & € DIRGEE

5.1. (XU&IC

ARETIE, $uE ETOREDOTCRGIE, REFEOZDIZ, 52 BT W TRE
TZZEREREE L X T 7 T U F a =2 B DR TR B 0 FEBL AT RE
PEIZOWT, BUEMAT RO, FEBICE VA GNTT 5. £, BT T, "I A—4

ZAMEZ U, RN 2 i 5.

5.1. 1.5 LUV ARILORARBIE 75 iEDIRSE

1.1.2-(3-2) X O* 2.2.-(5) T/R L 721l 0 4 1 O KAAEE Y & R T 2 & 2B\ i, ##
EORBROEREZMMZA D Z LN TELHBAERFF I L2 ans. £, (BN, EE
DBLRING, ¥ TNV TGS 5 2 &3k b5 (85].

Z T, ABFIETIX, B E LB E L, /SRIVONIE i o 7o i O R &
DN LT SR D LWBIRBIENE 212 5. TREIEE O R B R 1L, Z=E5EE &~
YTAYT T Far—2ThHD. EREMEECONWTIL, #ffiliCR LYY RS v T
a7 LIBENRLY, Fa—T <y DX I ICEFHEICHKT B G CIE A EIC T
wonzercEND. £, BAVESFAEE L PREOREICIE, JEBT 1L
LNETHRESNZHEDOR T 47« T/ Fax—F5ETH. Zhbicky, &&E
T, HEEORWNEEED SWIREIEZ FR T 5 Z LR WRETH D.

PRET HIRHERAE L, X 5-11RT X 9 72230 L OB L 72 2 IR ET 5. At
Wz B Ay F RV OB ITHAE D D 2 & TRV RIRO RSN, B
WETOHLDOTHD.

B TE DR L DA 1 = XKD THBT 5. M 5-2(a)lmRd K 912y 58—
FO—2DEALTHHK 52 bB)-(MIZEBTSH. BAOHPRIICEE SN T 47
T Fax—RIZEEENTHIET, XUT 427 T Fax—4ARKRDS, #ifzi
HEL, M520)-QDEIZ, BETHIENTED. TNITEY, BAO T CHREE
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ERFET D, B, ENXERE=—ETHLHDT, EINENL, ETOEHIDHY
BUVREENE LT AL T, BARKE L TE—AL MBRAEL, BEY S O BERDNHXTHY
WL, X 52 @-Q)DEHIT, NRABRTHITERZRZT.

i

i E0AN

REYDHM

5-1 SRV OTGIRHIEIS 2T A OFLE

(a) 72K
G

Simple MCI panel

MEFC or other
bending actuator as
a center membrane

(b) v nen

(1) EHri (2) EfA#
X524 T T+ A=A AOMEK
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5.2. fi#f

AREITIE, BE L/ ARG ORGSO FEB TRt 2 BEFHRE TR L, KERT
A—=BERLNCT S, FF, WHONFETNVEERL, BRGEXZEHL, <7
AT T Faxz—2OMAEEICT 2 MITERIC L > THRAET D33 /LD EIEEA O
BIfRATRT. WRIZ, BT A—ZIZH T HMITEROREEZ R L, AR LTERIC
KO EDHH/NT A=W ENTT D.

5.2.1. fRRETI

HAXT T e AH = A L%E HOEKEREIEIZ L D SRV OfFITET VTN T, RED
B D72 DI TROIREE T 5.

1) FEAETTIA—HRT, BEREARERET .
ii) PRI AT E HF NS kR ER 2T 5. (X 5-3)
iii) P 2 RET 5.

WORELY, 2 KILOMHEETLVETS., £72, —bOD, nfHOF TG
Hipk+%. (X 5-3).

i+1n membrane ¥

nh membrane
n+1t membrane
1]

X 53 nEOYTEANLRE YTV OWHEK
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5.2.2. ERTIHSERENBIE—IVICH T FEEEST IILDBERSER

Z 2T, AR (M 5-3) (2R L7zWimE T Ok a2 8+ 5. X530 nflo
T BN OERT ARDOIKETREINT, 1FHE I+ FEBOT T ALOHIITERIZON
TENMET D, B PREN DR R LIEHOMIE L& ORREERM O S hil R
IZOWTHEHT 5.

2RO =1 (i=1---,n+1) (4.1)

2hsina=R;sing, —R,sind,, (i=1,--,n) (4.2)

i+1
Wiz, 7L O1FERHOERORS T LeLOEZE P ORI,

N,=R(P-P,) (i=1n) (4.3)

L%, Fe, FRREEZEL, iFHOY 7R VOREICKIT DEE P LI RE A0
BRI,

RA =P A (=B) (i=1--,n) (4.4)
(R A L DER)
Lleh. 2T, WMATFD 01X, T—AL b0 TORWIIHIOREZ RLTND.
wIZ, iFZEB OV 7T L OEREL,

A =(Rsiné +R ;siné.  )h cosa

i+1

i+1 i

+% RZ (6, —cos @ sin ) —% RZ,(6.,—cosé,  sind.,) (4.5)
(i=1---,n)

LB iBROY T vAY T EADEN EEEHOMORORMR LY,

N, =Et (=1L )/l o (i=1---,n+]) (4.6)
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LRED. 1HFHOEEICI T DR L R T,

n+1

P[hcosa+R(1-cosf)-R,,(1-cosd,;)]=D N, (4.7)
i i=1

n
i=1

n+l

M =>(z,—z,)cos(6 —a)N, (4.8)

i=1

LB,

5.2.3. HREAICBITINDT A2 - POF1I—H

5-4 | T 2 DDOY T HAMNLRDWIEET VT, FAF¥TTL - AN=ALITED
WG Z 25, £, PREOEE L LT, XvF 42 7o/ Fax—FEfET
5. NUT 47 T Far—21F, BHOMITERIZEY, K 5-5 (TR DOUFE
Vagsiess. 7, oV, R@9crmtLiie, M, ROF, ofs LT
&, 2oL, BEREMELD, 7R AEOEIETHDHES AP & HIEE
ckoTikEs. %72, CRUKIE, HFEIMEE dF T 2 F 2 =— % OEBLKB6]I &
STEHRSNDEHRTH 5.

vV =C,| +%Cll2 +%C2I3 +LC3(cosh 7= +LC4 sinhy, (4.9)

1 1

>->-‘/C\\
— — y

(n!11) =F,IC,
v, =—AP/C,

73:[Mex+ikiuijlc

i=1

C,=-C, =7l /7/1)4 + 74 (1 /7/1)2
C,=—C|l

C, =211y

C, =C,(1-cosh(y,))/sinh(y,)

122



55 E B LWRARARNT & € OIRGE

2%

R%
H

X 54 2BOYTRILNSRLHL T BILVOWMHEIK

X 5-5 HIREHIZRTFT 4T« T Fax—F2EE LR

5.2.4. XA ER

LEDOX(4.1)5254.8) & KMA.DIcHNWT, L FREKICL-~TEHL, =a2—hv - T
T AR X o THEMRAFE TS, S5, b0 FEAERICE TR L. B
Tt R TIZ . KU L1DICTRT 6 DD T A—2 2 REL, HTRRXOEEEZH LT 5.
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Q: VAN

Q: Y ST AL Ot
@: HEVR ST X JEH
M

i — X 2 MBI AR
I I B3 % Bk
T U F 2 m—HF DR TTA TR

O, G

5.3. BUERFTIC K SIREE

BETDIDIANYTTL  AD=ZARLDOXRT 4T T/ Fax—2L LT, 2 KD
MFC(Macro Fiber Composite)[87]2> Gk SNHNAENT « T I Fax—HF —%ET
5. F, 6 0OWERITUE LTEEEIZXH LT, ELIEFA YT T L« A =X LR
PN 2R A2 R 5.

FF, FIREE L EBBIZOVWTORRZ RSO, £ 51 [TRT/RTA—=ZITEBNT,
fEHT 2 AT o 1= fRNTHE R L0, S o PN MBI AR 2K 5-6 R L, S RAefk L LT,
5 B/NVOEREIK 5-TIZ T . £z, FIR[ELEICKT 2 EHERA o DEIfRZ X 5-8 IZ/RT. X
5-8 LV, JRWIERIEIL W L AR TE .

WIZ, NTA—=HIZET DEEMNT 21T o7, &7 —RACBNWT, BRLIERTA—H
DH S, TOMDNRT A=ZFEEST L. FEENNT A —F1L, £ 52IT5RT.
IR TT/NT A —ZIZBT DM ORE R % X 5-9~[X 5-12 F TITRT.

X 5-9 2R N iE, N OBELSET, 0.2 2B & B o BAX BTS2 &5
s, ZORKRIE, ZOXAYTT L AH=RALN, F7 vV ORBEITKET 5
e, TANXYZ MHICKRESERERHLZENBEZOHND.
%®@@N§%~&iéﬁjenwﬁ;ﬁ%%%bf,k%&@ﬁ%%ofw&w:kﬁ
ginolo. LLEXY, 6 DOMMRIL/NT A —F BT, KREIENEIZER T S ERERHE ([al#s
fla) I LT, ROESTHEREIL, TALY METHDH Z L BHR SN
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ov

1 0z 0z 04

a1 O
45 oa 03 02 O

1500V

4 5-6 XA YT T L AJ= AL wFFOREREME SRV DL - 17
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ov

1500V

X 57 XA YT T L+ A= ALEFFOZELMRE XLV DOE - 5/ (SRLV21K)
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#£ 51 fEHTHICBIT 2R EM

T Faxz—4 WAV %
d 460 [pC/N] Py 1 [kPal
5 0.5 [mm] h; 1 [m]
sn 30 [GPa] li 1 [m]
thickness 500 L1l t 10 el
E 1 [GPa]
Mex 0

* 52 [EENTA—H

BRTNT A=

h 0.2 M,, 0
d 0.01 J -0.0373
B 0.5 C 135
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Rotation angle « [rad]

Rotation angle « [rad]

0.09
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0.01

55 B LW & 2 OREE

500 1000
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