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Figure 1.1 Percentage of papers associated smart materials in papers about actuators; The ratio
was obtained by dividing the number ofhits for “Smartmaterial, Actuator” by the number for
“Actuator,” which increased in the past5 years.
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Figure 1.2 Multiphysics between mechanical energy and other types of energy.

Figure 1.3 Crystal structure of BaTiO;; The anions displace opposite to the cations, which causes
electrical charge on both sides of materials.
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a) Layered-type b) Moonie-type [8] c) Layered-type [9]

Figure 1.4 Various types of piezoactuators.
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Figure 1.5 Crystallographic mechanism of shape memory effect.
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Figure 1.6 Example of shape-memory-alloy actuator [14].

1L3. KEFBERT7 IV F1I -2 DETHR
1.3.1. XKERETKESR
KSEHTIE A4 (HSA: Hydrogen storage alloy) 1%, JAPHDKFEZED EFIZMEW, KEEHEH

HIZR AL E 2 ET 588 TH 528,29, ZOLFESITEBEFEM &5 &,

X
M+ EHZ(gas) < M + xH(solution) <& MH; ... (1.1)
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Table 1.1 Reaction enthalpies and entropies of metal hydrides.

Metal hydride AH [kJ/mol K] AS [J/mol K] Reference
LiH -157.3 [29]
NaH -113.0 [29]
KH -115.5 [29]

MgH> -74.5 -135.1 [29]
CaH: -174.5 -127.2 [29]
SrH; -177.0 [29]
BaH: -169.5 [29]
LaH: -209.2 [29]
UH3 -127.2 [29]
ThH2 -146.4 [29]
TiH1.97 -125.1 -125.5 [29]
ZrH2 -162.8 [29]
VH; -40.2 -142.2 [29]
PdHo.s6 -43.1 [29]
PdH -39.0 -92.5 [31]

PdH -38.6 -93.2 [32]
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Figure 1.7 Schematic of hydrogen absorption characteristics of hydrogen storage alloy.

1.32.La-Ni B EEXRAWV -2 =—FEIL 7B FPHFaT—4

INE T ERSB~DIEHZ B L= L 7RKEITHRE ST 7 F 2o —% (14 1.8)
PRAFE SN TE L (R 12), T, KEIERE &L ERNOED 2 JEHETH S,

Table 1.2 Materials used in previous researches of HSA actuators.

HSA film Substrate Reference

LaNis Polyimide [33-36]

LaNis Copper [37, 38]
LaNis CFRP [39]

V-5, 15 mol%Ti Copper [40, 41]

Pd-11, 13 mol%Ni Copper [41-44]
LaNis particle dispersed polymer Silicone [45]
LaNis particle dispersed polymer Copper & polyimide [46]
LaNis particle dispersed polymer Polyurethane [47]
LaNis particle dispersed polymer Copper [48]

BODOITN—F1E, BYA I FEREIZK 1 pm @ LaNiy (x=3.2,4.9,65% 77 v v =2 K& Lz
=ENTT I Faxz—F R LT[33], KT 7/ F ax—F Zi%kiE LI E I FENITKELE
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Figure 1.8 Schematic of unimorph HSA actuator.
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DISEREEN A L7z, 16.0MPa OffEZ I Z 5 &, 460 ppm DML HAL, 640 MPa O fif B
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Figure 1.9 Time change of displacement of unimorph Pd-11 at%Ni actuator[42].
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Table 1.3 Characteristics of actuator and relating material properties of hydrogen storage alloy.

Characteristics of actuator Material properties of HSA
Deformation amount Phase transformation pressure
Generative force Diffusivity
Response time, rate Chemical stability
Initial activation Expansion ratio
Durability Elastic modulus
Strength
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Figure 2.1 Schematic of capsule-type HSA actuator; Hydrogen absorption by the HSA foil makes
its expansion, which laterally elongates and vertically shrinkages the capsule. The shrinkage is
used as displacement of the actuator.
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Figure 2.2 a) Schematic of 3D model used in FE analysis and three design parameters and b)
magnification of FE model near boundary between HSA foil and capsule.

Table 2.1 Materials properties used in analysis.

Material Young modulus Poisson ratio Thermal expansion
[GPa] [-] Coefficient [-]
HSA foil Vanadium [6] 128 0.3 0.01

Capsule Al alloy (A5052) [7] 70 0.33 0
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Figure 2.3 Loading conditions; a) The surface load was applied on the inner surface. b) The
compressive surface load F was applied on the top flat area. ¢) The temperature difference for
was applied to the elements of the HSA membrane to simulate the lattice expansion as thermal
expansion .
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Figure 2.4 y-direction stress contour at d = 10, 2 = 1.0 [mm] and maximum stress as function of
thickness ratio obtained from analysis (point) and theoretical equation (line).
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Figure 2.5 Von Mises stress contour under compressive load F on top flat area at d = 10, & = 0.5
[mm] and relationship between maximum stress and compressive load at d = 10 [mm].
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Figure 2.6 Variation of critical compressive load with capsule thickness.
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Figure 2.7 y-direction displacement contour at d = 10, # = 0.5 [mm] and €= 39° and relationship
between arrangement angle of HSA foil and deformation amount at d =10 [mm].
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Figure 2.8 Variation of arrangement angle (Solid line) and deformation amount (dashed line) with
thickness ratio.
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Figure 2.9 Vectors showing deformation of elements at a)d = 40,4 = 2.0 [mm] and b)d = 10,4 =
2.0 [mm].
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Figure 2.10 Design map to satisfy F¢ > 100 [N] and »# > 1000 [ppm] for capsule-type HSA
actuatorusing vanadium and aluminum alloy as HSA foil and capsule, respectively.
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Figure 2.11 Schematic of sample for experiment.
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Figure 2.12 Fabrication procedure of capsule-type HSA actuator sample: 1) Cutting HSA foil, 2)

annealing HSA foil, 3) winding HSA foil around core, 4) mixing Epon 828 and DETA, 5) vacuum
degassing, 6) injection epoxy resin into mold with core and 7) discharge of core by melting.

Figure 2.13 Sample : a) Side and b) top view of outer surface after fabrication, c¢) outer surface
and d) cross section after experiment.
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Figure 2.14 a) Schematic and b) image of measurement apparatus.
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Figure 2.15 Time change of displacement and pressure; The displacement at 0 s of each
introduction was set to 0 pum. Displacement decreased at H, introduction and increased at
evacuation.
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Figure 2.16 Time change of displacement and its rate a) at H, introduction of 4.9 atm and b) at
following evacuation; The displacement at 0 s of H, introduction was setto 0.
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Figure 2.17 Dependence of deformation on H, pressure introduced; Deformation amount
increased with pressure.
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Figure 2.18 Dependence of Time when deformation ratio reached 80% on pressure a) at H;
introduction and b) at evacuation
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Figure 3.1 PCT diagram of Pd [6].
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Figure 3.2 Dependence of lattice constant on hydrogen content of Pd [11-17].
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Figure 3.3 Dependence of diffusion coefficient on hydrogen content in o and B phase at room
temperature [21-26].
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a) Piston

32

Figure 3.4 a) Schematic and b) picture of sample container to measure displacement of HSA
powder.
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Figure 3.5 SEM images of palladium particles a) before and b) after experiment; The surface of
sample deformed plastically after experiment. The particle size distribution was measured using
the inlying particles with non-plastic deformation.
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Figure 3.6 Dependence of displacement of palladium powder on pressure; Displacement
drastically increased at the plateau pressure of the PCT curve and vice versa.
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Figure 3.7 Response rate of palladium powder at introduction; a) Time change of deformation

ratio, b) that of deformation rate and c) pressure dependence of time to reach 50 and 80%
deformation.
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Figure 3.8 Response rate of palladium powder at evacuation; a) Time change of deformation ratio,
b) that of deformation rate and c) pressure dependence of time to reach 50 and 80% deformation.
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Figure 3.9 Relationship between reaction rate and reaction time of palladium at H, introduction.
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4.1. ¥E
IKBEAEET 7 F 2= —X O REIDFE (BERTHOEEESCKEAT) 13, KB

i
BEOKFERNEEL T 7 F 2o —F 2T DM B OBASRE NP DIRE S D, —F7 T INE
W IR BRGSO KBILBUMKTFT D, L7ehi»> T KBRS ST 7 F 2 = —F OiERFF
PEZAER S 5 72 OITKERTER A & COYEEIICET 2MRNEE L 2D,

PEBOR AR FE R T o v VAR K-> TEL (1], KBRFBREETITRAT LR, K+
JERIZE > TEHWHEIS A C D720 £ OJS I D IEBOR I KT TR 2 ik L2 5 i
o, EERTTOIS O EEBES D L MRBREARIZIHT L L LT 1 v 7 Dik
AliZ, BIppic ko Thal icEZHBZ ON D,

DCyVy

RT

J=-DVCy + Vop ... (4.1)

T IC JIIKFEDWK, D IFKFERTERE & TOKRBILELRE, CulIKFENVRE, Vi ldE
B TOKFZDOHE/VEFE, RITRJAER. TIHERE, ol d#KETH D, ald3 >OFIRT)
DOFEfELE LTESND,

1
op = §(01 + 0, +03) ...(4.2)

&8 T T OIKFEDISSIFHERLIEE (SID: Stress Induced Diffusion) 1%, 2 < OHFFE TEER[2-11]
DOFEHTHI[12-1TNC A ST, Wriedt 5[2]5° Bockris H[3]1%. TN Z 1 PdrsAgys & 811
HAENMZTZBROKFRINE & BREZT A, SN LTINS DENRET D L arm LT,
Lewis ©[4-6]<° Baranowski [7]. Kandasamy ©[8-10]i%. PdgiPtio I & H CAK R E ABLIZ 3 5 -
THKEPFEAETLBGEZRALL, ZOBREREEOEFIREIZL > TEL 2IG/ITER L T
L2 EEWLNI LT, /XT YU L PdnAgs CE DU RN O K FFEEIC BT b [FER
DBEM H2H > T 5[18-20],

BEFRERIC X0 T 206 ) DS PRENT BAE 20 R 2 BAEARHTIZ X - TR L 72 S5 ThFZE[12-17]
TIE, KFBOPLFSRE 2 T E UTHIT L TV 203, KEIFRA 4 CIIKEREMUNGEE T
HERE BT ERE LY, UL, KFOTEERED 1 DOREURET DD TH D,
Dudek [21]iF PdsiPtio 754 COILHBEREL D OIKFRIREARAFIEZ A L7z, 30.19kPa DAKFEE (K
F/ AR AL ngp=1.13 [mol%IZFHY) TIX D=8.0x10"2 [m¥s] T - 7=DIZxt L, 70.45kPa (ny
=2.05 [mol%]) TIX D =63x10"2 [m*s|\TIRTT 5 Z &AW SN LTz, KB ZEH L LT
WH Z LT, IEERITIC XV B O D KFEREIIIRERFRENEL L Z LA TPREND,
Frlo, KFBITFHEET 7 F 2 —2 DL HIZLEOKRFEZRINT 550 TlE, T OBRENEE &
2%,

ARE T, IS T TOKREATEA ST ORBILE T VAR5 U, IR 2 K B IRE KA
L7 E LT D 2 EOREEZRT, 20D, 5 &R O JEBEREZE Lk
FHLBEENC RIET R A | A TREREMNT 2 IV TRl L 72, KBIFFIC & IR k4
D701, HER — HEEE AT 21T o 72 (K 4.1), FRZEREANE U7 WAk SRR T DK BHLHEL
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a) Modeling b) ( ot >
SetP,,and P,

' Calculation of C,

i=1,100, 1 \j |

| Non-steady diffusional analysis

Calculation of C;,and C,; |
| Calculation of J,and AP

Steady structural analysis |
| Steady structural analysis

) |
| C_ b D
=0 D

Figure 4.1 Flowchart of FEM analysis: a) determination of initial condition and b) main analysis.

.

Main analysis

Determination of initial condition

=

R L IEHURECE RS L TR S E T

4.2. HhZEmMek L =B ARADBRERR[22]
{EZRT X Mg X, BELISHZNNRT S 2 L c43 TRES,
Uy = Uy + RT Inay — Vyoy, ... (4.3)
ZZ T, aplIKRBRERFDIERTHY , nu & ZOEEREn ZH T an=ypny ERIND, TR
HIMEFERT vy VAL, 441243 2RATH 2T, K45 B3F6Nn5,
J=—aVuy ..(44)

RT
] = —a {_ VaH - VHVO-h} (45)
ay

BEMRWNGAIZIE, p=1 EHRTIENTZD, IHIZa=0DGA, 45137 1 v 7 DIk
B T 5, 2F0,

RT
J=—a—Vny =—-DVCy ...(4.6)
Ny
Lo T, ERalT TR TERIND,
_ DnydCy

X447 2451 RN TBHZ LT,



58 AT ENROKBITERT 7 T 2 =—F ORI & £ OETEZEBFENT

1dCy DnyVy dCy
=—-D——— —V
J Yo dny a RT dny Oh
dCy Jdlnyy DnyVy dCy
=-D——|1 v —Voy, ...(4.8
dnH< aln H) "t TR dny, O ()
"ELID, I T,
EVnH = VCH (49)

Thdhrb, X48idp=1 0K, X411 L7725,
R4 VICEABEBW 2L, EoEBHZ2H05 X410 35615,

. DCyV,
f {WTCH —wTV - (DVCy) + WV - ( RHT H Vah)}dV =0..(4.10)
|4

>

BOESERERND &

. DCyV, DCyV,
f {WTCH + 7w’ - (DVCy) — TwT - ( HH Vah)}dV -~ f {wT(DVCH) - wT< HoH Vah)} -ndS
|4 RT S RT

=0..(411)
FEEHRITA 412 TEFRSN, X413 B3E5ELNDB,

DCyVy
<—DVCH+ o7 Vah>-n=]5 . (4.12)

. DCyV,
f {WTCH +vwT - (DVCy) —VwT - ( HH
y RT

Vah)}dv + j wTJsdS =0 ... (4.13)
S

IREE Cu. 8K E on, S OVEEZBAE wT & TEIRBIELN] & & D5 TR [B] CZEMBIICBEBIL T2 & |
Cy = [N]{Cy}, VCy = [BHCy}, Cy = [IN){Cy},w" = (WTIINT],vw™ = (WT}[B"], Vo
= [Bl{o}...(4.14)
L0 41313415 L7 5,

| {{wT}[NT][N]{c‘H} + WIBTIDIBIC,) — )[BT o [B]{ah}[N]{cH}} av
14

+ j WY NTsdS = 0. (4.15)
S

HARBRKIIEE THDH DT,
[M]{CH} + ([K1] + [KZ]){CH} = {F} (4-16)
LD, ZTIZT, B MY T AR T MV,

(M] = J INTI[N]AV ... (4.17)
|4

K] = J [BTID[B]dV ... (4.18)
14
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[K>] = —f [BT]%[B]{ah}[N]dV...(4.19)

(F} = — f [NTYsdS .. (4.20)
S

TRIND, W, FEEICOWTHBEBILZTT 5, BIBESEEZ AW TREZX 421 0 X912
£,

{Cinsr} ={Co} + Dt{Chpsr} AL = toyy — by .. (4.21)
K421 2416 ICRATHZ gk, K42 838005,

1
(M) (7 {Comen} = {Gnd) + K (Gt} + (KoM Crmon} + (P} = 0. (4:22)
AT v T A&+ S <Y (422 O 3HEH 4 THE 1 AT v TRIOM TEMT 5.
DFEY ., {Fuy & = {F). [K]{Cuni} = [K2]{Cun} & LT,
1 1
{1 + 0} (G} = (5 M1 = 1) {Can) + (B . (4:23)

L7eii» T, A IFZEHAY, FRICERYE S, AIRERANICE SR b,

43. KEFBASEMAENOTEHRFICH (T EBRE LGN TH[23]
ME ORI EZZET D &, IO EWE DR 424 BE N5,

do, o, —0g
or

MEEER T, riZMHEEE. o Loo 1TENTNLr, 0FMDOISTITHSD, WMEDT Frs, 6o, &
EHAWTOT T2 p0, oy v 1X, 7 & 2 FEIDOENL wyy u. ZFHND &

=0..(4.24)

u,
oar

.. (4.25)

& =

u
gg = TT...(4.26)

du,
dz

g, =—=k..(427)

Yro = Vrz = Yoz = 0.. (428)
THREND, B LIKERTAC & o THEFHR PRI U B Ha, 5 — 0928
429-431 TEIh,

& = %{ar —v(og +0,)} + Bny ... (4.29)

gg = %{0'9 —v(o, + 0,)} + Bny ...(4.30)
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%{O-Z —v(o, + 09)} + Bny ... (4.31)

T, EZXY Yy THE vIEART Y U, BITRERRETH D, 425431 5432434 7
Boid,

&, =

Ev <dur v ) E 432
— —1_2vﬂnH...(. )

Jr=(1+v) ar TTont
kv (ur+ v ) E (4.33)
% =T\ 1o T
__ B (k+ Y ) E (4.34)
%= arny o) T e

IIZTC.e=¢g+e+e,Thbd, 432434 2424 [ZRATHZ & T, K435 B ELND,
d*u, 1ldu wu, 1+4+v dny
drz " rdr r2 1—-v' dr —

X435 L2 kM HFRRATH Y, FERAOMITA 436 TREIND,

1+vp (7 C,
=1{=v7 rmnHrdr +Cr+ - (4.36)

ur
L7 T, r FRAIDSGIEH 432 W HRDO 55,

Ev 1+vp (T (o C, v
o, — | nyrdr + -—— = k]..(437)

Ta+w\ 1-vr ), 1-2v 12 1-2v
MRRECTOo 1L, MEEMOE EHELL D, ZTORDEEREMEL LT 438, 439 %
.25 &, BOEKRC L GIEERThA 440, 441 TRED,
oy = Py (r =13,) ... (4.38)
0r = Poue (1 = Toue) ... (4.39)

1+v)(1-2v Tout 14+v)(1 = 2v) PiuTin? — PoutTout
_ @ +v( ) B 2] nHrdr_( ) ) Pinlin” = PoutToue” _ - (4.40)
T

Gy
_ 2 _ 2 _ 4 2
1 v Tout Tin in E Tout Tin
1+v 1,28 Tout 1+v 1212
2 = nHT’dT - (Pl - Pout) . (4.4’1)
1= V7?2 — 12 E  Tou? — 12
out n Jri, out in
L7=A-> 7T,
r 2 2 T
g, = Ep { ! f n rdr+—r —Tin j outn rdr}
T 1_,] 2 H 2 2 _ . 2 H
1 v r Tin r (rout Tin ) Tin

1 2 2 rinzroutz
+ 2 __ . 2 Pinrin - Poutrout - r2 (Pi - Pout) (4-42)

P—
Tout Tin

Eﬁ { 1 (7 2 _ rinz Tout
Og = —f nyrdr + ———< nyrdr — nH}
1-v(r? Tin r? (rout2 - rinz) Tin
1 Tinzroutz
+ m{PinTinz - Poutrout2 + r2 (Pi - Pout) (4-43)
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E 2v Tout PinTin? — PoutTout?
0, = d { > > f nyrdr — nH} + 2v—= 5 out zout + Ek ...(4.44)
1-v Tout” — Tin" Jyr Tout™ — Tin

in

L, WAKEFN 42 TRIND D, NEMFEOSE, FISHOM S ITHREEE %L <2
DT,

1
On =§(O'r+0'9 +0,)

= + Ek 4.45
3(1 - V) 3(rout2 - 7"inz) ( )

X412 445 Z2RATDZLicky, K446 N EBND,

2 _ g
Tout Tin

ZEﬂ ( 1+v f’”out ) 2(1 + V)(Pinrinz - Poutroutz)
> nyrdr —ny
.

in

2BV4E }dnH

]rz_D{1+3RT(1—v) " dar

dn
= —D{1+ ”"C”}d—rH .. (4.46)

2T, uo XA CISIIRE[13]1TH B,
Eﬁ%ﬁﬁf&i Jr liﬁi&-@&) ) N %EZ%E%CH = Cin (T = rin)\ CH = Cout (7" = Tout) CEIE< Z
LTk o T 446130447 L 72D,

BV4E(Cy® — Cin®) + 3RT(1 = v)(Cy — Cin)
T —=Tin

_ BVHE(Coue” = Cin®) + 3RT(1 — v) (Cour — Ciz)
B Tout — Tin
BRSNS A O & T . KBIFEA SRR THICEHICEL TS &)
ET 5 &, FHTIE,

. (4.47)

Vyoy
RT

CH = CH'OeXp ( > e (4.48)

MRRALT D, 2 2T, Cuo i TGS FCOFHRE TH 5, HEWNE & AMEOJESNE LWEEA,
K445 LR 447 DOREIEE CuNELL b, LEEN- T, EHRRRE TOMBNDKFEREE
EHBAKIEITHFTIC LT —E LD,

44. BWAHE

BN NS WGE | RERIREORZED /NS | BVIRE Cy 3R ng (2 B3 2 &
KRB HDOT, MHEOBGREN 449 LEL,

Cy = Cony ... (4.49)
T, QITMIERETH Y | KRBT A SO EBEOWEIAN Y T2, ILBIRE DK R IR LA
PEIZ, EBRE[7, 2106 2 REEA L LTl L7 (X 4.50),
D =Dqy-f, = Dy(1 —23.1n, + 186n,2) ... (4.50)
FEATE T /VIENEE 4.00 mm, JEE 0.50mm, & 0.075 mm @ PdsiPtio RO #l*EFR 2 RotE
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z
""""""""""""""""" Symmeiry_____“
[T v v Ty

0.075 [iizz=zz=3 % ___________________ 8

------------ -\
B
Pln Pout
0 frmmmd oy
Y S 4.5 r

Figure 4.2 Analysis model.

TNTHD (K42), HOTEPHEEZE 41 IO7T, BRESOMFHEERT L7202, 7V
ORI RFRER G2 5 27, T ML, 4HR 40 EREZHNT13140.0125mm TA v
2Bl LT, RIS FE Sy AU TATUO, A BRERMENTILH Y 7 b ANSYS 15.0 ZfEf L7z,

Table 4.1 Material properties used in diffusion analysis in cylinder.
E [GPa] v Do [m?/s] Vi [em3/mol]  Co [mol/cm3] 6 [-]
121[24] 0.39[24] 1.09x 10 (7] 1.7 [14] 0.15 [14] 0.11

B DK FEMALIENT[22, 25-28] THW LN TW D FIRICHS & | JEHURNT & ST 2> — 7
U VIR LTS ) R COKRBIEBIFNT 21T o 72, 22— —HF 7 L —F Uiex AT, KX
4.23 % ANSYS 15.0 ([ZEEE L7z, AT OFAZIK 4.1 (R, JEEAEAT Tk, MWt oFRHIC
BERGME L TREREL G 270, 22T, MfERE TIERE S+ < KRR ITE
PHO KT KM & OPERR B & 5 L ARE L. RiEIREIIK 448 N OEHR L7, IS T TON-
BEEE npo (X121 S <RI (K 4.51) WA TOKREIE Py Pou D> HRPHE LT,

182——J333——1Q3 P [Torr]

5.15
1 27 THIDOREIEIRAT > 515 B VIS I 5340 Z& AU G- 2 TRRFT L 72, [T OE A28

AP, 1T 452 1Tk > Tk 7=,

.. (4.51)

nyo [mol%] =

RTS
DPin = Py = Py = - JsAt .. (452)
t

2T, SITMFENEEROERE, VAXMHENBIOEREE, JsIXNBIEE TOFRHR, Poldt=0 [s]iZ
BT DHHIEN T 5, JLERNT 21T o 18, BEMIT 21T > 72, Z OB IS ERRIFK BHLHL
IV HFFITENERE L, EFMITE Lo, Wit TIE 4.53 oz A7z,

oy = Dsl-j(sij + 6ij,[3nH) ...(4.53)
ZIZT, DslFHME~ R U 2 ADEGTHY , GIEI Ry H—DT NV ERT, DFED | BE
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B PE S BRI A A DT L, SRS 5 L ARE UTe, IEEARIT 0 515 H il
IKFBIRENAT BN & L CEEIAICAT L, BT O LTI FrsE R4 2z 7=,
SMAIRTHE DJET) Pou IXFIZ—E & L, MRENEOIES) Py ORFIZECZ TG LTz, £SO

FIEE LT, MR TOENRFELL, FHEIRREICH 2 EIRE L, Pu=Pouu=Py=50kPa & L

o Tbb, MENHOREAR L NISSTABIT0 THY, W—Th s, FHIHIRE L WIS

X, R4 ORIFITE Y | ZHZH 1.25m01%, -57.5MPa LRE L7z (X 4.1a), KFEWIKE L

R 2 B D 720 Kl =0 THMUIDET) % 80kPa £ 7213 30kPa IZZ(L S 72, K AT

v ATt = 1000 [s]DREA = 0.1 [s]. > 1000 [s]OFfAt=1[s]& L7z,

4.5. fRATHSR

¥ 43 1%, Py=50[kPa], P, =80 [kPa]DHE D t=10, 100, 1000 [s]T DK 5570 K O
NATTH Do t=0[s]T Puua DM LT2Z LT L0 | AR TARFBONFERT 3 X VBN L
7o TOT2 MEN~KEDPIEE LTz, KFRRENEM LT 2 LI X > TRFIZIENAET, 4+
RIEUTHFZ R E 2R EREIS I Ut JEB S HET e IS I TR D BB LTz, S H O
JEININEL 2 BRI E & BIZ CulFE L, ¢ =10 [s]CR BNAE I TOREDIKT
X, Ay valmnol=Z LICK DR ETH S,

NZ VTS T OIS 5540 & R A 2 (X 4.4 \Zovd, SR m CHIN LZJERG ) &R T v A%
RO DIZ, WITCOIEMEIG T L7290, WRITTOLFERT > v v VMR LT &N
@ﬁ%ﬁ%ﬁﬁ%:ﬁmb\W%ﬁf@ﬁ%ﬁﬁh%%bto%@ﬁ%\%%ﬁwgmﬂmmi
PEEY 2 O & FIRHCNR R 2 D b NERIC 2> CTHREGAR RN E Uz, N C O3 a1 e
&L HITHIN L2235, 1000 #0714 T oz Uz,

WK TOWHR Js ORFFE IS T 5. FRNRIOE I ZEACAP;, % B ot D 54T
DFFMTRE R & HiE Lz, X 4.5a, b iXZEnap, ORHIZEA & % OZEAEE dPy/dt %7~ LT
V. 2T dPy/dt 13 Js \ZHBIT D0 APy (TR L7z, BEINICHER UTe, WIH 0D AP, D
Aix, ABRAED S FRENEIC 2 > TRERAE LTI EEZBRL TS, EikLzk oz, 2
AUEARWNE OIS IINT v ZA WA T2DIZ, WRECTOLFERT ¥ v VARMET L2729
Th D, WHERBIRERFMEOGIZED LT, 7 1 v 7 OIEBEE TV TIEAP, DFIEUR T 3%
BlSNRhoTz, AP, RS EEINCER U2, EARANITHEM L7z, ZOfFEEicHs W T, SID 7
ND dPy/dt 137 4 > 7 OYEEET V% Bl Tnvie, FEMORRIE & & Hic, IS ARHEIZL S
FHITRAD L, AR 6 O EAFIEN LR 22 > T o 72[6], © DOfEFR, SID 5 /LD
B D APy I Z TN DIEBARE D 7« 7 JEHE T VITHIIT L Ty o 72, BRI, SRR
BAEEHE L SID ETAN 4 DOET VOR CERERZHS LKL TV, Lol
N B, ERFER E OFREIIRE L, ZHITMITRE L HWTEOMEEIC L 278 ETHH LE X B
%,

Pou = 30 kPa D JUHHFFHIZ I T, W & SOsf oM W b7z (1 4.6) . Pou 3BT 5
ENRED HAKREDH v, P (XM LT, AP, DEKRMEIL = 1452 F) T 0.25kPa ThH o7z,
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Figure 4.3 Distribution of a) concentration and b) compressive hydrostatic stress at P;, = 50 kPa
and P,,,= 80 kPa.

PEEARE AT D SID T ABMOET LD & ERERIEN o720, [ENEB{LOHEE 1
FEBFER LD L/ S o Tz,

4.6. EARVIEBBRBORERFESKFERICREFZIZEOER
JESNZ K > TOKFBOEDBEEMNT 5720 T <, IREAR & i E OFRBNEL D 2 & D3
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Figure 4.4 Distributions of a) compressive hydrostatic stress and b) fluxnear inner surface at P;, =
50 kPa and P,,,= 80 kPa.

MmO BT, —J7 T KEREOEIMAEVEBAREME T2 2 12k RRETHH->TH
PR —E & LT 0 R L TR E ST Lic, 2 O 8IT, KEITEE &N
T2 Faxz—2L L THOOLND &) REREICBWTIDEEE L 25, REITIE, G &R
PRI D PR EERAFPED LB RIT T B D EAWVIZ OV TIRET L7z,

43HTRLIZE DT, KEDBRAT D Z & THEHNREFIZENEL 256, HRNOIET
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Inner pressure change AP;, [kPa]
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Figure 4.5 a) Inner pressure change and b) pressure change rate at P;, = 50 kPa and P,,,= 80 kPa.

IAIMNTRIIC K 446 TREIND, K446 ZILHIRE —ED T 4 v 7 O HFEX L LT 5
Z LT e BRI O LN ARIC R IF TR A R T F A TR L (L4.54),

F = I = (1 +u,Cony) ... (4.54)
r,Fick

4712, F OKFREERFEZ RS, REARNETHE LG, IRBREN LT 2281
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Figure 4.6 a) Inner pressure change and b) pressure change rate at P;,= 50 kPa and P,,,= 30 kPa.
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Capsule

Figure 5.1 a) Schematic of analytical model and b) finite element model for diffusion -structural
coupling analysis of capsule-type HSA actuator. Its size is based on Fig. 2.11.

Table 5.1 Material properties used in analysis.

E v Vu Vv 6
[GPa] [-] [cm3/mol]  [em3/mol] [-]
Palladium 121[5] 0.39[5] 1.73 [3] 8.864 [6] 0.0652

Epoxy resin [7] 3.80 0.25 - - -
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Figure 5.2 Dependence of D’ and D” on hydrogen content; D’ decreases with increasing ny. D”
also decreases in o phase, while it increases in  phase with increase in ny.
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Figure 5.3 Time change of deformation; It corresponds to doubled displacement at the top of the
analytical model.
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Figure 5.4 Distribution of a) Concentration and b) Hydrostatic stress.
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Figure 5.5 Contours of a) Concentration and b) Hydrostatic stress.
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Figure 5.6 Pressure dependence of 80% deformation time #g.
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Figure A.1 Surface image of palladium foil a) after annealing at 400°C and b) after experiment.
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Figure A.2 Time change of displacement of palladium foil.
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Figure B.1 PCT diagram of LaNis [5].
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Figure B.2 Dependence of cell volume on hydrogen content of LaNis [7-18].

B.2), T 5[19,20]i%. 0.6-0.75 MPa D /KFEWIL & BEZE YA 27 L % #0 IK L72BS 0 LaNis ki
TORBEHEMZFHEL TND, TORER, 30 VA 7 AZLTIHIFEAENER 10 um LLF & 725
TEY, BEZECER LY —7 BRI, 13 um Thotz, —J, 40 atm Z23E A L7-5E
RINTIE, 20 A 7 N ZIZ4um OV — 7 BERThHo- EEINTWD, 2O X 512, LaNisi
Mtk Td v . IKFBRILREORFERZ IR L 0 b 5.

LaNis O UGS IIIEFICRE W, T V0 AL EERIC, KRBWRIBGEFR 1332 0 SOS AR O % |
PR AR Z RT3 5 [22], LaNis £ iE, Bk L7 Lay0s & La(OH); 2331 L, £ ORIZRAT L
Te= T VPFIET H[23], = T VDMEDREN 2 Relz U, RilSUSTEEZ &6 D, YEEREL
DIEFERAFIEE K B3 IR, KB OHBINIE, FEBEREIHIN L, KB DU THX
BUREIL 1252 T2 Z LoD,

BIZEFEERANy B ) U T K> TES 5 pum LU O LaNis JEPMER S 41, 2 DO IRFEWRFFE
DA I N TVWD[21,29,30], RESMHIZE > TUEITEALT 7 AT A 7 L7320 KFBWRILEEL
T 2, ftdhfl U7z TR R - i 28 0 i3 2 L2 L0 | B b= 0 & o RIBE A4
CHDIZXt L, TENT 7 AT7A 7 RETIIAE L Rro72[21],

FIETONT VUL LFEMKOIET LaNis 3R (A ARE(LFTHE) OEAM—EIMRAENE LR
BEREZPA LTz, 72720, i (bZ BRY & U CTHIERIC 7 atm O/KFEEA L X% 50 [E1# 0
KELTz, BEARFOE —2ZRAIL 2 um TH Y | Htum OMKAR 7 HAFEEL Tz, KFEOE
ANEHFRZMIET Z LIk, HRAR 23k L. 20 Bl D IR LH%IZ1E 20 um 2L ED
B I3RS 2o 72 (M B4), LaNis OKFEWIT « B e S o b8, 2T 5[20]1



s

91

1x1010
< 1x10m | ¢
|§u [ ] //’/
c o
GJ //
S 7 e
= 12 | pras
g Ix10 e
() e
c .7
i) 7
2 e *
£ 0B o W
]_)( ]_()_121 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Hydrogen content, H/M[-]

Figure B.3 Variation of Diffusion coefficient with hydrogen content in LaNis at room temperature
[24-28].
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Figure B.4 SEM images of LaNis particles a) before and b) after 20 times of hydrogen
introduction; The particles pulverized and their diameter decreased below 20 pm through cycles of
hydrogen introduction and evacuation.
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Figure B.5 Dependence of displacement of LaNis powder on pressure.
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Figure B.6 Time change of deformation ratio and deformation rate of LaNis powder at a)

introduction of and b) evacuation from 5 atm.
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Figure B.7 Dependence of deformation time of LaNis powder on pressure at a) introduction and
b) evacuation.
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Figure C.1 Conceptual diagram ofhydrogen-storage-alloy valve in FCV; a) Conventional control
systemand b) Hydrogen-storage-alloy valve. Hydrogen flux is automatically controlled by volume
change of hydrogen storage alloy in H, pressure.
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Figure C.2 Change of number of objects in Earth orbit [37].
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Figure C.3 Schematic of debris capture with super multi-link space manipulator; Actuators are
shown in blue. Each finger has many joints and actuators to grasp various shapes oftargets [52].

ELTHBEICEL SN TUVD[44, 45], TNETICHEEA R AN—2T 7 U BREFRPIRESN
TWAE, ERLIZIZE ST, TOIIFEALEIE, HBLERDT TV 2T — 0%y FR L
THIEL72%, RRBEICEASES Z L THEM S 5[46-48], F£7-. Phipps [49)I1T L — W % E



il 99

MORST 22 L TEBIEL FIEZREL TV D,

FROFEMNEIT 7Y OBREICESESETTNDE, LELARBRSL, AN—ZXF 7Y | o A T
BIIANBEORBEPFEESNTEY, FI - FRAICE > TH 726 ShAFIERITRE W, FHER
BETTOMEOHRE, S%EHMI v a v 20 L TV P TRE L 22 55 RS EIE
DOFETHOLND, MEREICL > TEATHAZLOTERWATHEOHFA L AIEEL 725,
L= o T, 72ZBRET 27200 Tl | Fi a2 P HRZ B8 L7277V OFFIH 285k
LTWS ZEREELE 0D,

WEONTHRFEULI v a & LTIE, STS-72 & STS-87 3% Hivnd, STS-72 Tl A
NR—=Z2 V¥ MR T bn/ce Ry N7 — 22 BB —FHRIT L0 EIEL, SFU Z[EIYL
L72[50], 7z, STS-87 TiTHIFEMETHMAT L 52 8 RFMDMSMEEI 21TV, SPARTAN 201-
04 % FCHiE L7=[51], BIEE TOREINI v a Tl A=A % MDBREWIRICE Tt
DE, T —LTHET LI, ZGEICE > UEFHMITEEINHEL T D, I v va VEIER
W B, FEHRTLIE&ERERICHIS NS ZE b, BRITZO DLV EMAD L L, ENLT
AR EZ A L TR, 77V EIMERICHIEAT S 2 L TREeP OEIFERI v e
VOFEBREWFTE D,

ELEOLDITN—TFT AR=ZAT 7Y 24l - [FINT 25 2 AL L, BEHEE~=t =2 L
—ZEERW LT 7 Xy 7Ty (KNC3) HREL, BARICHY A TE[52-56], ZDT 7
Uy 7 Fyid, BWEO I T — L a2 A TR—=2 U > 7 BEY (1T b, DRI D%E
Hi7 4 AN ORD N REZFD, F1OIC, BTV T 6NTZATAZICE>TTF 7Y &
DIXHRE 2D S, o< W ETFTVIZHET 5, +ITESWeth, 7—2% 0 EAT
S DITHRTRE 2/ NS KT 5, FARHIC ST 7 « W TT 7 ) 2 BRIRICEZ AL THET 5,
xR OT 7 ) AT 272010, v = 2 L—X (3 100 EFEE O 2 A L, £BHICIX
T Faz— 2P EHEIND, FHTERIND AT, 7T EFRHCHER OVE &2, FH %
FIZBW TR L F—BRESHBEND, LB o T, KrRy hEEBT 572010, /b
Bl BENOBZRINANX—RT I/ FaT—FBUETH D,

WEROBRTE— X TIXSEFEHAT H7-DICHENREL D Z I, BEhRE—21F
BT AINFX — b KREL D, BET 7 Faxz—ZIISBEICENNPMLETHD L, BREI /D
SV, BT, IN6DT 7 F a2z —2RBRLEAET 7 Faz— 2 TidEnZEnFx= V) —ii
BE LM RRIRE ORIFI 2T D, — 5, KRFBERTEA B D /KEWINAE I X BERR A 22 IR L[R5 7S 2
VY, BREN T RV — L e B IR IEIE SR & E T 2 KO BRI RIAER T 5720, Hi By S
ETHMENEN, I 5T, KFEEBERE AT 720, FHEPEETHL Z L EFIHL
THEZANF =% EBAETH D,

C3. TTVHEARL—Y a3 vADGAICAIT-#E

BTN RKBITBEEET 7 Fax—2%27 7 )X 7F v (XC3) IHBHLZBEEDOTT
VEI v a VOEBRAREELZRBRFTH-DIC, VI alb—a vy ETo7, FeEF L0 7



100 TN ROKBITFE BT 7 T 2 =—F O & OERF BT

A AT ARE L, 90° T OBEICEE Uiz, &7« %15 OFffizA L, & ToMcs >
BART 7 Faxz— 2 PEE STV D, FRHRE vy THIER R LR 2T 7 INRT 7 ) X 7
Fx¥ OIEE P OHEET 5, X C.1 OFIEHRANCHE > TR=RV T T TV D v /NS 70D X
INCT —ZxPr 0 BT,

Vqg
1+ (@g+r)expl, ™

.1

Vref =

ZIZTC, wlET 7V OFMENEE (=4 [ms]) . 1d & nlZEZNENT TV EXR—RT 7 D
e IE—RA Y v OB CH D, I HIC, FREOT 7 Faxz—2 3R C2 iz L
RRICRIREICEY X 4R D,

Rrev < Tomax + VaX(teiose = trotow) - (C-2)
ZIZT RFR=RAV 7 T 7Y O IEBE. roma (ZPA CT2RED N FEEEZ AT & 270
L7358 OAEH ONAR, totose 13N RIS U 2D DI B DIERE] tpoion 13— R U v 7 DIBEfE
ARERF T D, EEABM LT 4 U HIRE 2 BTHOLNIE D T ENET I Faz—H D
ExE) (X2.16) [ZHAEILCGEENT 2, T72bb, 74 v TOERMAMHE vk,

vy = avg ... (C.3)

TREIND, aldT 7 Fax—FERHE v, \ZT 2 v DOHTHY | 77 F ax—F 20+
F AR OBRFHI L o TIRE SRS, AEllZa = 10000 [rad/m] & U7z, fRHTIZITA 5521255
WLl v s T hEMHWe, ZOMOIT&IEE R C1ITRT,

Table C.1 Simulation condition of debris motion of debris capture with super multi-link manipulator.

Mass [kg] Inertia [kgm?]
277 0 0
Main satellite 650 [ 0 277 O l
0 0 277
3.85 0 0
Base link 50 0 3.85 0
0 0 3.85
192 0 0
Target debris 800 0 192 0
0 0 192
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Figure C.4 Capturing motion of debris capture at a) 180 s, b) 3205, ¢) 460 s, d) 600s,e) 740 s
and f) 880 s.

THELET9HTHY, ZORETHENRKI L TWDE, FO®BIL, 77 F a2 —F OEEEN
KFL, A RBBEONICHLAZETTF 7Y 2EETE -,
LN T, WA BKBIRAEST 7 Fax—2 % SEfiv=tYal —¥5H5T 5577



102 TN ROKBITFE BT 7 T 2 =—F O & OERF BT

da

#  relative position O relative velocity

1.5¢

0.5+

Relative distance R .¢[m]

Relative velocity v,.¢[m/s]

0 100 200 300 400 500 600 76%
time [s]

Figure C.5 Time change ofrelative distance R,..randrelative velocity v,..

8 ..............................................................................
@
g
G
Z
3
E
‘_3“ ] P PO TSP PSP PP PP PPN
& : :
< 0 : ? :
P T e S i
0 200 400 600
time [s]

Figure C.6 Time changeofrelative distance R,.randrelative velocity v,r.

UF ¥y 7Tl BT 22 IR0 AHREE 32 SETH 5 1000 B LA Il 2358
T2 emmmeani, TNETOT7IVEINI v a NERTAR—=ZAT v hMra HnT
TONTVD D BMICHEIT TERWA, +ICFITRRR I A LAT—LThHD, IHIT,
DTRNAT 7 F a—BOERIIMOT 7 F ax—4 LB L TR\, 77 U iR
B A DA — )V CHIBEE UICEEOBENATRETH D, thOT 7 F oz —2|Zxtd 5 K& 72 A
Uy h2EWR D,



2 103

SE X

(1]

(3]
(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

Y.P. Khodyrev, R.V. Baranova, R.M. Imamov and S.A. Semiletov, “Structure and composition of
the phases formed when nickel and palladium are sputtered in hydrogen,” Izvestiya Akademii Nauk

SSSR, Neorganicheskie Materialy, 14, pp. 1645-1648 (1978).

H.W. King and F.D. Manchester, “A low-temperature X-ray diffraction study of Pd and some Pd-H
alloys,” Journal of Physics F: Metal Physics, 8 [1], pp. 15-26 (1978).

KARE, FHUKEWRE A4S —Z 0L IEH —, 7 7 2 ik % — (2008).

A, B35, KRB E 4% AWz ZREMOBIZE,” #k &8, 75 [11], pp. 2003-2009
(1989).

F.A. Kuijpers and H.H. Van Mal, “Sorption hysteresis in the LaNis-H and SmCos-H systems,”
Journal of the Less-Common Metals, 23 [4], pp. 395-398 (1971).

H.H. Van Mal, K.H.J. Buschow and A.R. Miedema, “Hydrogen absorption in LaNis and related

compounds: Experimental observations and their explanation,” Journal of the Less-Common Metals,

35[1], pp. 65-76 (1974).

L.G. Hector, Jr., J.F. Herbst and T.W. Capehart, “Electronic structure calculations for LaNis and
LaNisHy: energetics and elastic properties,” Journal of Alloys and Compounds, 353 [1-2], pp. 74-
85 (2003).

V.V. Burnasheva, V.A. Yartys', N.V. Fadeeva, S.P. Solov'ev and K.N. Semenenko, “The crystal
structure of the deuteride LaNisDs,” Doklady Akademii Nauk SSSR, 238, pp. 844-847, (1978).

T. Takeshita and W.E. Wallace, “Hydrogen absorption in Th(Ni, Al)s ternaries,” Journal of the Less-
Common Metals, 55 [1], pp. 61-65 (1977).

J.F. Lynch and J.J. Reilly, “Behavior of H-LaNis solid solutions,” Journal of the Less-Common
Metals, 87 [2], pp. 225-236 (1982).

V.V. Karonik, M.I. Tsypin, M.V. Prokof'ev and D.N. Kazakov, “X-ray diffraction investigation of
intermetallic compounds and their hydrides under a hydrogen pressure in the LaNis-H, system,”

Russian Journal of Inorganic Chemistry, 28 [1], pp. 105-107 (1983).

A.F. Andresen, “Structural studies of hydrides by neutron diffraction,” Hydrides for Energy Storage,
pp. 61-72 (1977).

T.K. Halstead, “Proton NMR studies of lanthanum nickel hydride: structure and diffusion,” Journal
of Solid State Chemistry, 11 [2], pp. 114-119 (1974).

C. Zhang, T. Gao, X. Qi, Y. Zhang, L. Tang, J. Zhou and B. Chen, “First-principles study of the
micro-arrangement of hydrogen atoms and electronic properties of LaNisHy (x: 0.5-7),” Physica B:

Condensed Matter, 403 [13-16], pp. 2372-2382 (2008).



T RNBOKFRTRE BT 7 F 2 = — X OB%E & = OB ZF BT

[19]

[20]

(21]

[22]

(23]

[24]

[27]

(28]

[29]

T. Miyashita and Y. Masuda, “Study on the interaction between hydrogen and metals of LaNis type
hydrogen absorbing alloys by means of DV-Xa method,” Journal of Alloys and Compounds, 475
[1-2], pp. 422-428 (2009).

S.A. Lushnikov and T.V. Filippova, “LaNis- and RTs-based (R = Ce, Nd, Gd, Er; T = Co, Ni, Fe)
hydrides prepared at low temperatures and H» pressures,” Inorganic Materials, 49 [8], pp. 770-774
(2013).

P. Fischer, A. Furrer, G. Busch and L. Schlapbach, “Neutron scattering investigations of the LaNis
hydrogen storage system,” Helvetica Physica Acta, 50, pp. 421-430 (1977).

P. Thompson, J.J. Reilly and J.M. Hastings, “The accommodation of strain and particle size
broadening in rietveld refinement; Its application to de-deuterided LaNis alloy,” Journal of the Less-

Common Metals, 129, pp. 105-114 (1987).

PR B, PRI, SEREE—, <RFBPIEANIC K 2 KBRS & O RFEEL D rIRALET
W PO T AT SR L e L 6 — SR SR i R A Y, 16, pp. 77-84 (2011).

PR Bo, PRI, SERE—, KB E S ORI & 5 TEREOZLLIZBET %
WFIE,” B AR T =m s (BAR) , 78 [10], pp. 140-151 (2012).

H. Uchida, T. Ebisawa, A. Denda, T. Itoh and S. Tsuzuki, “Hydriding and dehydriding properties of
LaNis thin films,” Zeitschrift fur Physikalische Chemie, 136, pp. 1313-1318 (1989).

WA, #EIR, KFBRINEE & KFE & DORIGOHETROMFRE,” BAREBF2E, 4
[10], pp. 1111-1121 (1980).

W.E. Wallace, R.F. Karllcek, Jr. and H. Imamura, “Mechanism of hydrogen absorption by LaNis,”
The Journal of Physical Chemistry, 83 [13], pp. 1708-1712 (1979).
T. Haraki, N. Inomata and H. Uchida, “Hydrogen desorption kinetics of hydrides of LaNissAlo:s,
LaNi4 sMng s and LaNi» sCoys,” Journal of Alloys and Compounds, 293-295, pp. 407-411 (1999).
R.C. Bowman, Jr., D.M. Gruen and M.H. Mendelsohn, “NMR studies of hydrogen diffusion in -
LaNis.yAly hydrides,” Solid State Communications, 32 [7], pp. 501-506 (1979).
T.K. Halstead, N.A. Abood and K.H.J. Buschow, “Study of the diffusion of hydrogen in LaNis+x He
compounds by "H NMR relaxation,” Solid State Communications, 19 [5], pp. 425-428 (1976).

Y. Suzuki, T. Haraki and H. Uchida, “Effect of LaNisHs hydride particles size on desorption kinetics,”
Journal of Alloys and Compounds, 330-332, pp. 488-491 (2002).
D. Richiter, R. Hempelmann and L.A. Vinhas, “Hydrogen diffusion in LaNisHe studied by quasi-

elastic neutron scattering,” Journal of the Less-Common Metals, 88 [2], pp. 353-360 (1982).

G. Adachi, H. Sakaguchi, K. Niki, N. Nagai and J. Shimokawa, “Preparation of LaNis films and

their electrical properties under a hydrogen atmosphere,” Journal of the Less-Common Metals, 108



il 105

[31]

[32]
[33]

[34]

[35]
[36]
[37]
[38]
[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

(48]

[1], pp. 107-114 (1985).

T. Sakai, H. Ishikawa, H. Miyamura and N. Kuriyama, “Thin film preparation of hydrogen storage
alloys and their characteristics as metal hydride electrodes,” Journal of the Electrochemical Society,

138 [4], pp. 908-915 (1991).

KRBV X—H, & ZEARS LVKEDR, Fro o x— - pEEHING O BHIEHE
BifZ, HFIT3EREA (1991).

R P PEREE E IR /L ¥ — T, TR L F—HARGFHE (2014).

KSR - PREHEMBEIS RS, KSR - REHEENG v — N~ v TUGETHR (2016).

s B, NIHESL, BTR TS IR, “HIBRIRMEL I IC BB 2 FERREFE =k 7 7 — 4,7
HZ L E 22—, 64 [10], pp. 46-49 (2009).

HIRE R, XEL FH LR, JLE (1999).

The NASA Orbital Debris Program Office, Orbital Debris Quarterly News, 19 [1] (2015).

The NASA Orbital Debris Program Office, Orbital Debris Quarterly News, 20 [1-2] (2016).

The NASA Orbital Debris Program Office, Orbital Debris Quarterly News, 11 [2] (2007).

The NASA Orbital Debris Program Office, Orbital Debris Quarterly News, 13 [2] (2009).

D.J. Kessler and B.G. Cour-Palais, “Collision frequency of artificial satellites: The creation of a

debris belt,” Journal of Geophysical Research, 83 [46], pp. 2637-2646 (1978).

J.C. Liou, “An active debris removal parametric study for LEO environment remediation,”

Advances in Space Research, 47 [11], pp. 1865-1876 (2011).

EE)

R. Walker and C.E. Martin, “Cost-effective and robust mitigation of space debris in low earth orbit,
Advances in Space Research, 34 [5], pp. 1233-1240 (2004).

A. Rossi, L. Anselmo, A. Cordelli, P. Farinella and C. Pardini, “Modeling the evolution of the space
debris population,” Planetary and Space Science, 46 [11-12], pp. 1583-1596 (1998).

PR, FHE AT (2016).
Whitehouse, U.S. Government, National Space Policy of the United States of America (2010).

S. Nishida and S. Kawamoto, “Strategy for capturing of a tumbling space debris,” Acta Astronautica,
68 [1-2], pp. 113-120 (2011).
Y. Ishige, S. Kawamoto and S. Kibe, “Study on electrodynamic tether system for space debris

removal,” Acta Astronautica, 55 [11], pp. 917-929 (2004).

R. Hoyt and R. Forward, “The terminator tether: Autonomous deorbit of LEO spacecraft for space
debris mitigation,” Proceedings of 38th Aerospace Sciences Meeting & Exhibit, p. AIAA-00-0329
(2000).



T RNBOKFRTRE BT 7 F 2 = — X OB%E & = OB ZF BT

[53]

[54]

[55]

[56]

C.R. Phipps, “A laser-optical system to re-enter or lower low Earth orbit space debris,” Acta

Astronautica, 93, pp. 418-429 (2014).
National Aeronautics and Space Administration, STS-72 Space Shuttle Mission Report (1996).

National ~ Aeronautics and Space Administration, Mission  Summary  (STS-87);

http://science.ksc.nasa.gov/shuttle/missions/sts-87/mission-sts-87.html

Y. Tsujimoto, T. Higuchi and S. Ueno, “Relation of initial conditions of debris capture with super
multi-link supace manipulator,” Proceedings of 7th Asia-Pacific International Symposium on

Aerospace Technology, pp. 1-17 (2015).

T. Higuchi, T. Yoshimura, W. Nakao, O. Fuchiwaki and K. Goto, “Motion simulation of debris
capture with super multi-link space manipulator,” Proceedings of 29th International Symposium on

Space Technology and Science, p. 2013-d-40 (2013).

S. Tanaka, T. Higuchi, Y. Tsujimoto and S. Ueno, “3-dimensional motion simulation and control of
super multi-link debris capture,” Proceedings of SICE Annual Conference 2014, pp. 2047-2052
(2014).

Y. Tsujimoto, T. Higuchi, W. Nakao, O. Fuchiwaki, K. Goto and S. Ueno, “Motion and control of
debris capture with super multi-link space manipulator,” Proceedings of 65th International

Astronautical Congress, p. 25025 (2014).

S. Kuroda, T. Higuchi, Y. Tsujimoto and S. Ueno, “Capturing simulation of space debris with super

multi-link space manipulator,” Proceedings of SICE Annual Conference 2016, p. We31.7 (2016).



HEE 107

B
AWFIEIE, BUREN KFRFRE TN MEERBL LEHER WE L = VX — A& T Ha—
A EEIREEHOELETRIC, PEMEIRO T Tirbiviz, LFIORTEL D 412K 2 THEW
776

6 FHFREHA & L CRIEHIZ2 Y £ Lz PRMERICIL, FHABRAENOBUEICED T
ZRRDEFRE LG £ LT, WIEEENTR T 2155 - RO H 70 &8 g & L To4E
S HEEBRBY Lz s, BE<EHILBLEFET,

BB ST HESAR . G KIEESUR 1, AR—ATF 7Y % 7 F v BROLRFREE L LTS
KieHMBEEBY E Lo L2, EHOBEERLET,

IR BRI 21T, AIREFEICHE T S L EB S 2B £ L, LR 0L L T
F9, IWARBERZICIIAKB TG SRR T 28 5 205 & 362, PCT JIELEE 2w T
THEFELEZZ LITHILA L BT ET, £72. 2N ENOHEHFEMICE L CHEx 28520 £ 1L
7= G 22 IR R e ONIRHE R 2 I OB 2R L E T, MZAPIC LB o3, PR L

FRRAKDEAEF T, PR OFEIHR G £ Lc, ERTELP L LT ET,

BIFFEE TOME— DRI & LT, LRI 4 4Ll & L 72 H @ KT, koK T
H YT T, BAWICUIREKE L&, FROIEDEIE LA 2 2 KOFEEICIE, FBric
AR TH B WVE Lz, HEHOEEELET,

RA R 7 ot o5HE L U THFERERICET 2B S 2B 0 £ Lsdb R Ak KIG8)
B LFEBERT: WHARERBY S A% PTRACEESE RN EALER L BT £, FEEZ
K2, SRR AT KB A ST 7 F 2= — 2T 258528 L T, &Fmairv, X
&éﬁ%ﬁ%%@ibt:&ﬂ@%ﬁbi?}it\ﬁn$$ﬁ®¢fi:@%ﬁﬁbt%ﬁ%
%@%é%%:ﬂﬁmﬁ%%biﬁﬂﬁé%%?ﬁvz%AﬁW§@m¢WM£&$ﬁA&\

MG, SR I3, AR=2F7 ) x 7 F vy HBICHET 2w E B L CFEH LT
ﬁﬁﬂ%ﬁ%é%%@iLt:kﬂﬁ%$b£ﬁifo

ZOMIT S RFEWNAOFELFRREOFE K, 306 - ERRILE 2 (FRTAW 72 R 2E DR, ENAAT
PBMFRIC R ol e %, 2 DH AT, THhEBY £ L, BEEHHP L ETFET,
£z, A LA (2014 4F 4 A —2015 43 H) KO HAFMREZ (2015 4F 4 A —2017 4 3
H) 2B RBIRFSGE B 28 U CRIFEN 2N ZBY £ LT,

%S, BERRRERMA~OERICHEF LR L, BN OINE L T DmE &k TR,
ﬁ%%kK%ﬁ@@%ﬁ%%Liﬁo

2017 -2 H





