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Abstract

The decommissioning of the Fukushima Daiichi Nuclear Power Plants is a national urgent problem in Japan. The
distribution and characteristics of the fuel debris inside the nuclear reactor must be investigated to safely retrieve them.
This study describes a 10 m-long articulated manipulator for investigation inside the primary container vessel. We
employed a coupled tendon-driven mechanism and a gravity compensation mechanism using synthetic fiber ropes to
design a lightweight and slender articulated manipulator. After discussing the basic principle and control algorithm,
we focus on the detailed mechanical design of a prototype model. We confirmed its feasibility through basic motion

experiments.

Keywords : Long reach articulated manipulator, Coupled tendon-driven mechanism, Synthetic fiber rope

1. #

EEE— RO LEBIIERNEREORETH S, 1 ~3EITITENEN 100 b VB EOBRET 7)) 235
JELTREBTHE > TWA EHEINT WS, 2017 FICEBRFEFUI AN (IRID) & H.ZI1E, NELoKH
ROV % W THI THMZEEE (Primary Containment Vessel, PCV) WDKK T 7)) Ol A2 IG5 Z 2 12Ih L
7z (IRID, 2017a). WEBIRRBIZIR 2 IZHHS DMZR D DD H 505, BRELT 7)) Dokt Z DR %2 X 0 5 < Hf#
THDITE, TORIAEEINLETH 5.

BEROV —F%2FFOY = a2 L —XIE PCV NI, MRMZMEIT 7V H LI L THETH S &,
FEHESIFFEATWS. FHEE, IRID & ZEETEIIRE T 7Y B LU PCV NEMEEM OO LA HWE Lz, B
K76 HHEMEY=E 2L —% (PA-2000) Zi#fEL7z (IRID,2017b). 7—A%2E 7.1m, £ &L 3500kg T
Hotz. FRTOHKENL 2000kt LIEFIZRERNTHEM, —FH, TORESILHRERDZ, BIGAOMWHA - 3%
EREEZEZDERVWVIEVLIBETHA .

AFSCDOHER A 71X, K 10kg DFHIZEEZ Tk L, PCV NHZ2HET S22 THS. PCVOKEI%RE
U THRARY —F K% 10m £3&%E L7z, PCV WA & DG MHEYIE O % M SBisd o, PCVINIZT 72 AT
L70DRIZNIWVFEEZ LWz, 77— LAERITAEERR Y R/MET 5.
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FERZBEfi~=—VYal — R IZBEIZE WL OPHFINTVWS. EEREWEIEE (ITER) ZHirA 1T+ A
57212, JET-EFDA % Octant 1 &%) 72425 8m, K FERMFIOEENY KV > 7Y A5 L %FAFE L2 (Haist
etal., 2009) (Snojetal.,2013) (Culham, 2009). Octant 1 1% 6 2DV > 7 % 5 DD I —iifi[n]fizBAHT T EH F 12 #kE
Lziiliz D02 805, FHAALT— R 100kg ZHEMIICEZ 52 2RHEKSE. TRTOTI7F 22 —RiIE%
BfIZ S T WA 728, @B REIX 7000kg FEE L BEEE Sh, FEFIZRE V.

CEA LIST 3£ E 8.2m, HE£ 160mm, FHEX1O—F 10kg DS HN SR LM~ a L —XE2HFELE
(Perrot et al., 2012). &HilZ¥y Fiili - I —#Hli0 2 HHEME2ET 5720, 2UMTIOBHEOHKTHS. &
Yy FEIBIETIC I, DT VOB e N R K D HEMEBESEAINTVWEY, KilZEET 572007 2
F 2T — R Octantl & [ARE, FiNIZEMINTWS., HEMESEOIRIZLD T 7 Faz—II/N LI N
W, TNTHLELREEHMOEAEIL30kg TH O, HEZEEFRVT —LHOADEFHEIX 150kg & 725 7=,

EHSOWRTIN—T T, 2K 20m OE#MLEMi~= a2l —XZHF L7z (Takeichietal., 2017). An
Ay MIANV Y LA AZMBROEMICEHATE Z e THENCEV HEZMET 2 L & b1z, SEEHFICIZAT
TN — T CRFE U MR EENTHZ2EVREST 2 2Rl 5. 7—A2EREIZDTH 1.2kg TH D FEDH T
KA BIGERE e REN R L 22 BT 50, —HTREERIO— NIbTh20g &/NUH AT 2% T HFEE
ThoTz.

KX TIIRIZ, BERYTHET 7 F 2T —RE2TRTR-AWIZHET S Z 2 DHRD, FE7 1 VERER
iz H 3% (Hiroseand Ma, 1991). ZO7 27 F az—REETHIE, 7T—LrEzREltT5L b1, K&
IR T — R & @O URRRE 2 B ER T 5 2 8D HRETH B, EHESDIFEI N —TTIE, WEXT
T4 Y FHEEOFEHEZ 2.4m OEBREZRMET 2 Z LI L VR L TWS ik, 2017). AZHXDHMIZ,
R 10m, F~<_1 10— K 10kg D7 A ¥ FBEKENRGE R R Z B 7 — 27 Super Dragon” % @&aledfEL, #&EtF
HEOERME ERMEZHRT 2 512, HANHIEL2ERTEILTHS.

2. B B # &

HRENZ X 2 HEFRFRER 72 5 CIZIRID 2 SRS N A EHR, 7256 CIZFEIEBEERZIEET BB EA
DTV ICHEDE, BRIEKOHEMAREZ PO XS IZED . HEX A7 17 — L% MIFonizn
AT - MEHZ Y ORMEREREE, TEOMBICH%T 22T 5.

o £F: 10m

o KT — AEE: 0.3m

o FhR1 11— R:10kg

o &EH: 500kg (7 — L EB: 100kg, ZEEL: 400kg)

o KEEX: ARy PYATLANMN3I0m xEE 2.5m OOz @ETESZ &

FERIZIEZ Y 27 2 7 22 OB T 7V EUE ULIERE R ST I NS Z e B frIn s 2y, £93%E0
FEHARENE 2 MG T 2B CTH D DT, AFETIEFREBIZIFIRA B — NOEJOAMPEH D& U THE % i
H5.

M2 I3 EEE —JHHETOEEAS A=V ERLTWD. 10m D7 —LEIZPCV OER 20m D4 UTHEEL
2. 77 AFTHHO (X-6 X2 b —Yay) OEZIBLZ05m THb720, Vo2l it nrs
T —LDOFAEEEEBLTT — L KERZ 0.3m L EDZ., FRICEMT 51 o HIXMBEHRT 2 5,
MREFH R TRER 10kg THDEMWME L. KVBE X O/NEART —LTHNEXD 515 EEHGANDMAREIE
BB IS, MERIIANTHRETREZ 500kg £ U, MAEOR72BBTELHREDORI I LED.
INSDOARRITEEICHAINZRARI T - FOER T —LIZHUT, EHIIBENDI VT N THS.

R W
FRBEEDBER Y=Y a L — X 2&e1T 5720120, BB R BET—A Y b2z %
NIREEOKRGFRETH S, HIZIE, 7T—LHMERZNIT 50kg LHEL, ELMIEZEDHS, SmDE I A
HDLIRET DL, WTEEICEHSEHEE—AY MI2450Nm TH Y, IN2 L2 5T EDAlfeREEHT R Y



Primary
Containment

Arm Structure ,
/4
10 m length \

194 mm diameter ,’
49.9 kg weight 7

Pulleys Mo s = & ¢ T~a L #
Potentiometers ,

Hole (0.5m)

Base Structure
Motors, Reels, Tension meters, s v

-—— b - Micro computers, Motor drivers,
! Air cylinder, Electro pneumatic regulator
: Operator
| AT 1
Fig. 1 Super Dragon: a 10 m-long coupled tendon-driven
articulated manipulator (3DCAD model). Fig. 2 Operating image of deployment in the Fukushima
Daiich NPP.

M GEBE T H 5 RV Ik (RV-320C, 77 A3) 2#ET DL, TOWEREEDOAT 79.5kg £745. DF
DYV TNY Y ROBHOERMORY FOL S ITKHEICT 7 F 21— X LEHEKE M 5 2 L3RG E
RHEETH 5.

Zhuzxt L, FB7 1 VEBEE T, WREHET—A Y 2ZBOT7AI Y THOBULTEZ S Z AT
BRBIPOEBYTHET V7 F 2T —RE2TRNTERIZEMT LIV TES. TOMRE, 7T—LHIZRENDD
VN NRMEEIZR 0185, ZHTINAT, BB U TELT2HEE—A Y MOXKTNZ2 LR D2 L% EH
e L, KWIAYeZTnz2ELTELRUO77FaL—K%21DEATEIET, LVEFVWTFERT0—FK
Z, EOMIWT —LBERTEHT LIRS, ARTEARY A VICksHEMEKELZEAGDLEZ, T
BT Y EREEERE OB E A DL TR ISR T

31 T4 VFSEREE

X 3 13 3CHR (Hirose and Ma, 1991) TIRESNT WA 71 ¥ FHBEEEOFEZ /R L T\W5. BN EE X
TWAJKARKRDO T r OBIFIEREH 7" — 1), EAUEE U < 288 r THBE I R E I #F S Tnwb
k7 —1V Tdh5. Tendon 3 IF Joint 3 D 7' — V) (Z[EE X 1 Joint 3 % [AHEEKEI T 5 & & 12, Joint 2, 1 DEHW T —
ViZEEhIToN, BIF THl-R SN TWAS. Tendon 2 DUk IE Joint 2 D 7' — V) IZ[HE X 41, Joint 2 % A4z
BREd 25 & & 512, Joint 1l DEWT—=VIZEENIT SN, 5B F THI oSN TWA. Tendon 1 DiiHlid Joint 1
DT — ) IZEHE X3 Joint 1 % [\[f2EREN T 5. Tendon 3 257 F3 THI| XN b L &, Joint 312 < L2 13 1% Fr
ThHd. BIRENZ 12, AURKEXID MY Br & DEAMO Joint2, 1 1IZHEHK I 5. Tendon 2 12D\ T
EEEKTHZDT, Joint LI MVZ & (F+FB+F)r &5, @B RKE2 3T 5 2, KRERREKZ
Aviig, FEREEEZEBEIT 57200 ML 23X DRTHOBET MV 2 ITiET 22 e R TES. MERELT, B
TGANZE U B RBEHET AV M2EROT7AYVIZEO DU TEKZBZ D RELREMTH S, KDLV
R DWW TIE R ST 7z o,

32 BEERHERE

FOEVWFERT O -2 XMWY —AERTEET 5720, HifioV 1 ¥ TSN CR/zicAE
MET A Y EESIKBEOTAYE I AREAT S, T VEEIZT A YOMEEIZEHT 5720, 714 YDOREFED 2
FIZHHIL TEINT 2. /oT, 7T—LDERD—ETH B & &, HEEOTHEREHY 1 ¥ OERZ —HR Iz
BTEED, “ARKOKNTAYEEAT S HIBEMNILDEVREZEBTE S (Horigome et al., 2016). 41%
HEMEREORARN R 2R L TWS, RO T 1 ¥ FHERESEETH S (a) 1X, TRDOT A YIZk %I
MV2ZEEZTWED, LTS (b) OBETIE, FETRULEZREDOTAY (HEE, HEMEY Y ZIER)
ERBOT 7F 22— THEL L, HEE—AY MOKIMBRZ XA TS, ZNIE D ERTRUEZT AV TEEK



Link Driving Pulley Joint 3

(Fixed on rotate axis)

Transfer Pulley

73 = F3r
(Free rotation) 3 3

P Ty = (F2 + F3)r
3
o
Fi 200
2 p L = (R R+ Ry =
Fig. 3 Basiﬁ principle of the coupled tendon-driven Large-diameter Tendon
mechanism.

Fig. 4 Tendon arrangement: (a) coupled tendon-driven
mechanism and (b) coupled tendon-driven mech-
anism and weight compensation mechanism.

Ty = (F 1 — F, 7-)7'
Link Driving Pulley
(Fixed on rotate axis)
Transfer Pulley
(Free rotation)

T3 = (Fl =+ Fr)r

Fig. 5 Double pulleys to obtain appropriate F, T1= (F 1+ F r)r

weight compensation torques. . ) .
Fig. 6  Coupled tendon-driven mechanism for the yaw and

pitch joints.
FHO7A Y ((HELE, BEEHEY Y eER) 2/MUZTEIENTE, MR UTHIWT — 22 EBTE 5.
HREMOAEIZT AV THREEMEIC L 0 /NIY 2 F 2o — X 2B L CHIT 5. HEMEY A YDIENF, X
T LEBIRUTHIEEND. FIZIXT — L BEDPKETHDLE, HEE—A Y MIRKTHED, 7T—4
RENR|ETHD L E, HEE—AV MIEOLERE. {-oT, F, &7 —L2EROLHIT L0 b I N5 BE
NHd. MAT, HEE—AY MIBIMIAMEIC L DSR2, BoBfiize Lo KERaEME ML PBE
T, FABMIZI VNS LEAEME NV LS. BEMET A VIE1IARTROESD L DOKRET 7 FaL—
RTERINDZ NS, TOMIHFHEEZK S IORTZE—VICL VBB 27—V R (n/Ryi) %
Bz 5 THRERICHIET 5. HEMEREOAEME IO WTIE S (Horigome et al., 2016) 2 &M X 172\,

33 I—#EEE

ORI AR B 24T D 72O P EE SR EM IR ECTE2HHEZRF O Z AR L. EH
5DRATZET, 7 —LEMOLEHOEEIIZE Y FHliE » OB MA T, I—HEY OBfi2EATEI L%
REL TS kA, 2017). X 6 1% TVREKENC ¥y FHIBEAT & 3 —HHBEHT O il 2 KB T &2 R LTV 5.
BB I N EEDOT A VIZER B F, R5250T0WaEE, -0 DO M2 (F-F)r, €y FHlifdo
DIVZIFE(F+F)r&kd. AEHEZHONE, I—OAEE2Z ~CIEDEAETH->TH, HHT2ELZ
iz kg2 2i2&0, ROy FHD MV ERIZES T ZEDARETHY, LD RKESHhEHEE—
AVINERZBZENTES.

34 BEEHSLITCIMY—T—)DEE
T—LDHMHERPEANIEIEZ 512, ADMALKBEMCTIEXT LI LN TEL T, LhE<DT—
V&7 —LAPMIZHET2HERHD, BRELTT—LAERBIOEENM KT EZ 1245, £-7—LHE
BOEHRID D B HTT =V EDBL L 20, T—VIRIEES S 2T S 3, BARMIZET A Y OERIVNE
KBB-OEBARRERKENIMETT A2 21220, ZOME, HEPFLERAIO—-FN2E 25 Z 1R
5., ZOXS MU= NA7EBROT, RATHERAMICETSIBR Y v EERDAER, MTIRTY VIR
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Fig. 7 Joint configuration and tendon—pulley arrangement.

DR & BfifE, ot T4 Y e 7— ) OfiE THIULHEMAREE - TSR T 5 2 2 2 R L 7=,

T=LE T o087 A Y NTHERE N, BG4 8iixey FEBESOA, FEM3HIXE Y FEEgE 23—
R D 2 HEZ2 £ D TH 5. PCV NEDOFATEIX T — L SEEE D 2 S ERIEA S N TWL 728, Seiih
+43 72 ST OB HIPH 2 5 TEHHPFELTRETH L 2B, I—MIZTRMOAIZEALE. (BB, 77k
AT BRIPOT —LEFHATHOIC, T—L2KREZNMMHED NI LITESHTTRAL, 2O R T LA2k% 0
HRX 2 FEZBICRELTWAS S (Horigome et al., 2014), A7 —LEBO#KGE 2 TR T 5720, #Himl
)

T —LEOBEEEARERR OIS U, £2T2 3= X7 ORGSR E AR 0 #S 15720, T
RTCDT7 I F aT—RIFREIBIZEMT 5. ZOEIIZT 7 Faz—RE2EETE, 7 — LEIEEARANIT ISR
IFEHE D A THERL & 5 O THEHRIZ TS BMED B BT E 5. (BB A HIH O 72 01 X B4 % 3
TEREDRD ED, MHEHEORVELNZHEZTFTHEIET VY a A=K E2HWS Z & T W EHRRIHE %
FEHTE3.) ZOXD LB THIHNET —LEE2IKETEI LR TH .

ETOBSIEY A v ORFERFRTHRIIE NS L 2612, K0ETllohik 77— ) I2&EhriFonTnS. {to
THRITHDOE —~Ey FENE< HEE—A Y M, BHINZTRTOT IV FaT— X THMLTEZEILNT
5., HEMET A VIIREREFIHDBBETHDI L, TIAVEFIBRIIIFERESLLRVWILA2ZELT, =
TY)URIZEDEGTBEI L, FOENTIBEELF 2L —XIZX D ELELRHIT S L THEINS.

4. FHCAIEhERE O

B 7 NIRRT &S ok, BAEKES UzGa, 71 VMK LR WTFEOrE#EMIIED L 512485 T
HBIMT AT —LFFHROMES HHEIZHU 10 iz 622 & o @ BPNIZTTRTHY, ToI27AY
EXEIREREIZ 10 BIEIZR L 21 EHRHEDTY 7 F 2T — R 2fHATHY, THWEIIRTHS. /oT, 5A6N0ATF
FALED? S, BMAES XA VYEDE—RIZEL ST, Mool bific O SMfifiEs X071 v
RANDITRMEZ R BENRD S, AFHITIX, 7 A VO 2B < 7O BEEGHIEY 1 ¥ Ok DA Z R/ME
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Fig. 8  Workspace analysis where end-point payload is 10kg, and the maximum tension of the joint control tendon
is 3kN. (a)Trihedral figure, (b)isometric view. (Red circles indicate joint position in the standard posture,
and red rectangle means means the base structure.)

THZ R LTEDS. (B, HEFMEVA YIZOWTIETFoRMENH L LHETS.) Z0F
EOTRT, (1) B2oN=FRAEDSBESGIEY 1 Y Ok EKEZ 5/MET 2 B & %2 E T 2 TR E
FEEe, (2) GRon-BMAEE2EIT 88 SLvo s, BFiGIEY 1 ¥ & HERHEY 1 Y ORIk
S1%RDBIUEENERIEDO D% AR BERH S, (1) 1220V TIRY 3 EIF50ELY4T4] % W T,
ER D FEAMBI L & oMb 2 BOlBIET M4 % e 9 S BTk (8, 1997), (2) IZ2WTIE7 A Vi
Sy schlEEE (R, 55, 1990) %@ U7z,

A D EEIIHMEL G TH 20T, EilBE LFEO ML IR, BUBEMT OFS RO RS, Bl
FridFRHKRY) —FORPENTT v X LCHEFLEMELZBEL, WU T VX LITEE L YR E» S
HEEFAEMEANDOEFEH 2TV S, #0IRUEBEGHEIC X B %2 20 S S EESRE Y 1 YR o
A RMEU 7. #0RUBEEADER L, &BIH R R BN 2 RMETH 5 £90 deg AT, 7
B ORKRIDVEEMEA N TH 2 FoliiEz, nEHPHCTH S L HE L7z, Tl a—F 10kg, B>
Y r HEMEY A YORAIRKMEE TNFN KN, 21kN & FE Lz e &, PEVIGETE 2 A BIHHZ X 8 12
DB TRT. BEMCEAGRBRTHEZ2OTIITIEy<0DFHEBOAMRLTWS., ETFARIC £10m, 2475
M d4m &RV EEIFHADEIHTES ZEDHO NI R o7z, FAER=ATIGEWERSIZIZFLZ2EETE RV
ZENGrA. TNEEED &S Ey FMBMiAYKERMETHINT 254, BAVWD MLV 2T M EICH
NI DFHEMRBEI5-OTHS. ZOMLVZFEIE, TELRY RERiRkcES»ICEILEZEERZES 2,
THEMETE S Z 2DH SN T WS 728 (Horigome et al., 2016), ¥ S DRBIRTT 7 R ARPSBRLZITHAT S Z
LIZED, TORRTGEBIZHDFEMEZFEIEL I EVARETDH 5.

5 A F# o &Gt

M 1IZRT &, EIFEIC 7T — 28 BBz ond., 7L ERO T—1) L 71 ¥ &AWz Eg
ek, 722 v OEMTH B CFRP N1 7, Z U CHIEIAEZEMTERT Y a A -2 TCHBINE., R—
AEET 7 FaL—R, TAVELESWS ) — IV, 77Fao— R, ZLTT7A4 YiES vV O
Ih5b.
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Tension —

31

Weight compensation tendon Crossissotiuih

Fig. 10 Base structure: arrangement of the actuators and the tendon
pathways. Fig. 11 Reel mechanism (blue) and
tension sensor (red).

51 7—LEDHRE

KMOIHREZHMD T =V DEEINDHE 2 ¥y FIBARIOFMN 2 /RS, 72 5H5EH 1Z)E X 2mm O CFRP /%
AT THY, TOWPIEY 2TV IV (A2017) HOMEMZES L, IOICAT—%2 RV ML Ok 51
WERoTWA, T—LAMOERE2H/IMET 5720121, AIRERR O ik 7=V OE X 2H7/MET 5 Z L BB T
HEM, FERFCERPKE L, BOT =D IXENGEANOEADVREE 25, £-EGEEZRS T2 =Y
FM e UTERY T2 X —VEHE %2 ER U 72720, HALRANOER S KEL KDL, INE2HZ 57Dk T—
VEIZAT AN = RURT7TY 7 2EAL, BELTEX28ME Uz, ULALAENS, FHEBROREE, mit
HENDERN T =) THREL, 77V IDVBWETEIEPHONE R o772, WELZT—VIXRAKE L
Y27 VI VEOBDIZEET L BT, KARTEVWATA R —=RIURTY V7 2FEL, b DI/
BDOrO AT —5RT7 ) VI THIET S Z LTS Uz, hZEOBESENICIZRT Y 3 A —& (JC10-000-103N,
NIDEC COPAL Corp.) %##%&EL, U > 7O BEEAE %2 H$ 5.

3DCAD €T )V ETOT — LEE &L 49.9kg TH O KO ERTH D 2h 5 HL1TH% (Perrot et al., 2012) D
Bz 13 ekotz. £/27 —LHORKERIL 194mm TH Y, HEMARED 03m ATZ2ZER L. L EORER
"o, RETDIEMEEIEIC L NETREP OMBRORER T — ADEBIARETH D Z LB 5 0 5.



52 EIBDKE

B 10 2o MIm & 7 o YRRE A RS, iR o B (oS 1/113) 269 2 €T 150W @ DC 7
27 F 2T —2X& (RE40,Maxon) % 20 B%fiL, IS CHREHOTFHEEY 1 Y 2HIHT 5. 7o7Faz—&H
INEEHEE I L 208 (R 16/75) 2L TY —icEiEINTWS (K11 HF). Y —ILE#1E 30mm & L
7203, ZRNIFEE S DRITMEIZEWTNS 7= 12k b &gy il iy 2128, (LEHEY 1 Y omE
MMERT S Z A ST 572728 (Horigome and Endo, 2016), AR ID 90% F THIFTE 2 e LT
U7z. DCT7 27 F 2T —RDEEIX, THBEEY 1 VYR EWIMhEGS 2L, D, TI7Fax—X&EMH
Fz/METE 2EE 2 2REBIZ K D L L TWD (JEkAth, 2017). T RTOFHERE)Y A VIZHMEMAEL 72
RS UH (K11 AR X DRADEHIIE N, RHEBESIMY ELHIHI NG, THEEY 1 Y3 D0%EH)
=) E@EEL, hEREo S— ) IcEREINZo— Fe)L (MCDW-50L, TOYO-SOKKI) % 4™ Z & T 1)
R SR D EHIIE 5.

HEMET 1 YICBEL TR, EIAPEHIZREWIeh S, BEADEZODEH T 7 Fax—xTlaRL, KR
7 % 200mm DOZEET ) v X (10A-2FB200B300, Taiyo) % #E L7z, ZDZEET Y ¥ XIZ K DK 30.2kN THE
HE7A Y 2EF T LI TES. HEMEO VA YIESTEELF 2L —X& (EVD-3900, CKD) Z & b filf#
T5. ML 72O ERIX CAD ET250kg & REES S0, BRE(ERRZERT 2L 2612, LITFHREF DR
FEORMA—FDERY-Y a2l —RIZH U TELLBRBIZERTETWS

53 ERELEEHET 1Y

WA, BRI DAL 2 BRI N, TOBEIRXT TICATYVATAY—2HATEY, HElE 1/5~
18 ZEBLTWD., IS5ILFEWHMEY 7 YiZLaehTcHiFednwz ens, kharv s MR,
SOEAM T F U AMBAETES. 20X RRFENS, EESDRET IV — T TIMEFEHE Y 1 Y2 oKy
MEREIR & U THW RGO WG REEHES O 2 HIE L T, M2 BREZIAS AT LT E 2. AREITIEGA
EREREEHZ VWO NZHIR 22 D 5.

FPEFHIET 1 Y& UTZER 2mm O SHEER Y TF L Vili#E Dyneema % 3& R U 72, FARDAT VLAY
A Y OREWfTE 1L 3.56kN TH 5 DIZxF L, Dyneema (DB-96HSL, /¥ I T.3E) TIX 4.29kN & B & % 20%H WM E
Thb. FEEHESDORITMIET T —VIC X 580K UHITIT 3 At At 2 k% b 2Eliit o — 7o UCEHIl L
72455, Dyneema 23 H 4% 0 R U #1234 B A @\ Z & ASHA S 5272 > 72 (Horigome and Endo, 2018).
X 52 Dyneema (XX U CTEZE A 72 ECH SIEIXTEIEMIM T2 ML 727 1 ¥ H74E T 5 (single braid Dyneema
SK99 [HPS+PU] without a cover, NA20020SOC00\001.000, Armare). & Y %< D% SEEICRETE 5720,
FIEREDEANEIZAT Y VAT A Y DB X T 250D 717N IZET 5. — 5 TR0 R UHNF I3 20 AMEIX R
MWBH7D, PL—RFAT7OBEEREDYD L. AHMFEEITIEHE R Ui AMED & DB-96HSL 2 HA & UTERA L,
FEERPEWT L 727 A YIZDOWTI, &0 EREDOBYLM Dyneema IZEIRANEZ 52 e Uz, GETHRELE
BAEERED 7 1 ¥ D _ERRAE SkN 2N U TEYEMII O T 1 Y IZLRE 24 TH5S.)

& Z AT Dyneema Dl & BRE) 7' — V IZHRENCEE T 2 Z L IR TR, 2878 5 Dyneema O BEHEFREL
FIEFITNE L, BTV EELTLES 2D THS. ZOMBEEMIRT 572012, FHEH S 138 L WIGBEE
HEEFFE U2, TOHERENE T =) ICEREE ST 2812, iiilzd ~ESDFMITIL—T2/ED, TD
N—TZEEEVIZE BT 22 055D THD (K9LET). ZOFHEIZL D HEWHERI D 90%LL E DR % [#5E
TEL I aBTMRICEVSNIZLT WS GEBE, 2018).

HEMMEY 1 VIcB LT, B2 S55mm O PBO f##f Zylon(ZB-15728, NY I T.pE) %#IR U7, BRI
46.1kN TH 5. Zylon 1 — 7 IFf 0 & U g 17126 B i At 1% Dyneema (26 L TH 205, &0 @OWERE & D720

) = THORMEEZET 5. HEMET A VIZTHIREHAY 1 VI U CIFEHRICEE I NS, T2 E D
BN s, MAMELD HRELMORWREZER L CRALZ. FHEREIHAY 1 Y & [FRRD T35 C i
2TV (10 £ L), KAFHEIZE D 30kN OffifE ) 2 WM 2 Z L S FETE S 2 & 2RI, D72 (&
A, 2018).

EH SO IV — T TlE, BESRELEMHEIZ T/ b 6012 &5 v K% BES 2 Z & THREHRA DI
DWTCEHIi%Z LT\, #IHIEEROKERTIX, REHE 10kGy £ TOHIPHTIX, Dyneema, Zylon & & IZIZHEK
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Fig. 12 System configuration of Super Dragon. tendon.

Fig. 14 Storing configuration of the 10 m model.

Fig. 15 Deployment of the 10 m model.

THARSNBNI ERSh -7 (i, =g, 2018). BAEETIZAN>TWAS PCV AD R AL ERIT 2 5
BCBMlE N7z 75Gy/h THZBZ eh s, ZOBRET T I33KEOBEI T TH 5. LAETD PCV WERFHE TH
WS N A A T 1E 1KkGy DIBEHFRIETH 5 DT, (LY 1 ¥ O Bk X T+ 2R HO#HPAANTH 5 L& X
TW5,
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X 12 22RO HIMERZRT. AT PC & b FHBEKENY 1 Y o ISR A E & HER 1, HEMEY 1 Yo HE
BRIMY A I NTESNE, XA AVIEDCT 7 FaL—XEZESTF% 10ms B CTHIET 2. F-BEfME, E
SOFHER STIZDC 7 2 F 2T —RIZHIT 5 PWMES 2B PCIZED. ARV —RDIEST 5 EHIAE
( 100ms AIATHEF S, ¥ 3 U AOFRAEDVFHEFRE I NS, K13 (ZBEEHEY 1 v OfilE 7 y 7 K TH
%, aRJEIE L BT EERIAE 2 Do PLEISIZ X v iThbATW\W3,

H U ARG THIIL TB O 74 YA F o 2 MUD o ThiE, HEEHA 5 BERT 1 Y&
WO EIF—FIZEEY, VAVRAOGBEHT NNV I206—RIZEES. LArLADS, EERIZIIMEFMEY 1 vik
i 2 D Z e 05, BfiAZEOTE VA VOEMD BIZEE SRV, 617, 4BWTHRARZLSIT-E 2H
MMV IZDREESELTE, TEATEHBHRHTHELI NS, EVAYOENIMEEERD S, Lo THE
RNV B ER A YORDE LTHIRT 2720, FTOEHEEMAEDSHEREDZHEL, 74 —RK7 4
7 — Nz X DRI EAT S . ARHIE & B A E RO 2 D0 PLHIHIZGROMERIFEAD TSN, DCTIF a2
I—RIZEOSND. E—XNITANERIZEBEINDETRTOPWM ESIE, 0— 7285 < 7201 mAED
EHEABZVEOEHINTWS.
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R TERZANE 6 SHFERENT 10m RO 2 Y AT L ZMALTE, B X% 700m #EN 7 [F%E4E
FURIEIC R U CEMEEREZT o7z, BRIy FHAD I A 2B LT LTY V272 RT 52 L
T W3.0mxH2.5m DKEXDMHHE R7NSHEPHT I N TEL. BEICIE2 hrar 7o b7y 7 2R,
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Fig. 16  Experiment on keeping the horizontally extended Fig. 17

posture using the 10 m model Experiment on keeping the yaw bending posture

using the 10 m model.
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Fig. 18 Trajectories of the end point in the world
coordinate. Note that the measured end-point
trajectory is derived using forward kinematics with
the measured joint angles.

Fig. 19 Time course of the joint angles: desired angle
(dashed) and measured angle (solid).
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RuRy MZlUTEWaiitz2 535 2 LRI 7.
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Fig. 20  Time course of the tendon tensions: desired tension (dashed) and measured tension (solid). F>;—; and F»;
(i=1,2,---,10) are antagonistic pair tendons drawn with the same color, which are corresponded to Fig.7.
Note that all tensions of F5; have a negative sign.
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Fig. 21 End-point positioning accuracy measured by the 3D Scanner.

SHG 2R L DD, SESOHEME L FTHTHRE L. M 18 X TLEOMENI 2R L TWaA. Kih S HE
Bz 25m hE TR BV, #IEUL72%, TAD 1Om{HEETcRA L, HORIEL%, I3 -, v F
B OZEICEFE L CWAEIETH S, KA EHRIEEEFEMETSH D, REREFH S N 7= BT D S NEHE S
FIZEOVERINZFERAETH D, BEMEIZN U THERKN I CEBRLTWS Z 2N bn 5.

F7-X 19, 20 XBEHIAE L VA VIRNORERINZEZ ZNETNERLTWD. X5 U 72 #FH N O 2B O B4
JERIBIERAEX 0.04 ETH D, HKiRAZI Joint D 6.5 ETH -7z, ZHUTEICHEHAEHEDOA —N—2 2 — b
IO EUAEMEETHS. PIEIHIOTXr A V2 5I0Fa—= VT332 TCHERZNILSTEHIIENTEELLE
ZT\W5., BRIFIEZBIL T, HUAOMRRE EEBHIRNFECHEBZRLTWEZ s, BBL B
AV IZEHEHEE L —BLTWS., LELARS, FI,FiOEPKREL, RAZERL TV EIET 5 &
512, HEMERN F, OEPAEEE L /NS hoTWS., ZHUE F,F OBFHIEY 1 ¥ 23k 0% < HEMHHE
DINVZESHELTWEZ EZRLTWS, HEMEY 1 VORI HIENCETELH - - 6gE2rH 50, HINZ



Photo from frontal position

Fig. 22 Payload testing experiment. The bottled water of 4.4kg were attached at the tip of the arm.

FET 2 Z L35 HBOMETH L. BEiGIH Y 1 v, HEMEY 1V ORKEDIZZNZI 2.3kN, 15kN LA K THil
W52 EHWARET, ZHNIEHEWMEDZNZEN 32%L 33%L R TH - 7-.

BERENZ 22 3 —HHIEHO 7 1Y (Fiy, Fio) EARTHNIEEE MV 2 IS W ehs, JIFERER
ROEBEZNDTHEH, Moy FHIFIEHHADO Y 1 ¥ L AEDORIPECTVWS. Ik I —dOEHERN
EWMIELZ LT, MOy FHIZ MV ZERIBHEE AV FEMELTVWE2OTHS. ZOMEEN
5, RETIHREHNEDOF NS TR 57z,

X 5IZPCV NEZME LT, IKE - BEf - B 4 D Fnic Yy — A —2FREL, PEAMEZEIHT S22 TFE
AATTI—H— %l d 2EREIT o7z, FAMEIREFMEICHEOSNTERTLHIENTE, v—H—FTXRT
EEETAZ LTI L.
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FHeD 3T EM L TOTLAEROIEE % 3RuL —Y AF ¥ F (FARO #:%L : Focu 3D X130) % A\ T 2
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3D —AxEAVTHRY MERR MG EEROE R EZITS. L —FAF v FOFHIKEIZ £2mm TH 5.
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ERRRIC R U 72 R88 , BEAFIZ R L 72880 2 0% 3l U212 M 21 125RT. WRE VY ThEET
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BEHEET—AY MDE AKERBAE R UDIRET, 7T—LAFRICEERZNINT 2EBRE2IT> 7. FEBROF
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e &K 10m, HAR7 —AERFK0.194m, £ 10 HHE (Yy F@i7, 3 —M@3) 07 —LZ2EBH L.
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o ANNITHEARETHD, 2b BV I NIV IILHBTEL VAT LTHDZ L 2R L.
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