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Challenge to Investigation of Fuel Debris in RPV
by an Advanced Super Dragon Articulated Robot Arm
(Contract Research)
— FY2021 Nuclear Energy Science & Technology and Human Resource Development Project —

Collaborative Laboratories for Advanced Decommissioning Science,
Fukushima Research Institute, Sector of Fukushima Research and Development
Japan Atomic Energy Agency
Tomioka-machi, Futaba-gun, Fukushima-ken

Tokyo Institute of Technology
(Received November 1, 2022)

The Collaborative Laboratories for Advanced Decommissioning Science (CLADS), Japan Atomic Energy
Agency (JAEA), had been conducting the Nuclear Energy Science & Technology and Human Resource
Development Project (hereafter referred to “the Project”) in FY2021.

The Project aims to contribute to solving problems in the nuclear energy field represented by the
decommissioning of the Fukushima Daiichi Nuclear Power Station (1F), Tokyo Electric Power Company
Holdings, Inc. (TEPCO). For this purpose, intelligence was collected from all over the world, and basic
research and human resource development were promoted by closely integrating/collaborating knowledge
and experiences in various fields beyond the barrier of conventional organizations and research fields.

The sponsor of the Project was moved from the Ministry of Education, Culture, Sports, Science and
Technology to JAEA since the newly adopted proposals in FY2018. On this occasion, JAEA constructed a
new research system where JAEA-academia collaboration is reinforced and medium-to-long term
research/development and human resource development contributing to the decommissioning are stably and
consecutively implemented.

Among the adopted proposals in FY2019, this report summarizes the research results of the “Challenge to
investigation of fuel debris in RPV by an advanced Super Dragon articulated robot arm” conducted from
FY2019 to FY2021. Since the final year of this proposal was FY2021, the results for three fiscal years were
summarized.

Through this research from FY2019 to FY2021, we will closely cooperate with each research item under
the principal investigator as well as with CLADS, etc., to advance the research while exchanging
opinions/information with the site and promote the research implementation plan in order to apply the
technology to the actual equipment at the 1F site. Meetings and conferences were held to promote the research
implementation plan, with the aim of realizing a technology that enables the status of the pressure vessel
bottom located at the top of the pedestal to be monitored, and the long-articulated robot arm was developed
to monitor the status and the self-position of the arm tip with camera SfM technology and ultrasonic
measurement technology while controlling the position and posture of the tip of the hand. We have also
developed a remote exploration technique for the arm using the LIBS technique with lasers, which enables
us to determine the distribution of nuclear materials. In addition, we conducted a demonstration test using
the Naraha Center for Remote Control Technology Development and other facilities to confirm the feasibility
of these technologies. As described above, we have achieved the desired goals of the three fiscal years plan
by carrying out the work items in the three years of the plan and have summarized them in this report.

Keywords: Robot Arm, Ultrasound, SfM, LIBS, Remote Sensing

This work was performed by Tokyo Institute of Technology under contract with Japan Atomic Energy Agency.
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T LA RIZERBE R I k0 | BT 7 SOEEEE ORI 2 FHI L = O AR
el L7z, o, BEEEZEROBREZITI L L biZ, vy M7 —ATEEKE Y
ZRETDHEOORYAMFIEEZERL, vk y 87— L5~ 032585 A 2 il L
7oo BT, oL NERGHIERE A R U OS2 OB R 2 fegl LTz,

T LA RIZERBE R I LD | BT 7Y SOBEEEE O 2 FHI L, 22
2L DR R ARIE OB IE AR L7z, F7-, BEREZEROUBEEITY>E LB, v
Ry 7 —AIBER 2 RETZZOOR) MHHGEERLE LT, 2Ry FT7—24
TRl BIT L=y R T = 7 ZEORGEE - BAEZATV, By BT — L5~ 0 2% 1]
PEA RS Lo, S HITid, ikt o OB EY 2 230 RN NIZERE L, 5
ERIEY ~2E R U OB A 8525 L, HURHREREE NS D BB EM ) & O
W DR EVEZ 3425 2 & TERF I & o Y O R 2 sl U2 3. BERK3 kGy
/hD G TREE AR A2, 38 MOyF2E £ COMMMEN D Z &3 yhole, TFFEEIZ, BFn
EEE TR L7 LA RZERBERE 2Ry M T —2 ko F=7 =7
T DT DI SN ER &2 0L, Zh O EEOETR-EEEE I
X0, BT 7 U OEESEY OREZFHII L, B0 AEIEIC X AR AT 72 (X
3.3-12) ,

(a) TF2EERIEL =7 LAY (b) BFISEEICKR LT LA B
Ze i Zedui S o
EEHEU X1, ZE' Y XS) GEERE VX1, ZfE' W X4)
X3.3-12 vRy h7—LMoOy R 7 =7 Z BT 57-0ICkB L
T LA RlzE R Y

K 3. 3-13 [ AFEBROMIEX %2 577, £ 2=v MMIH AF (GoPro, Inc..HEROS Black).
BEEDOREDOTDDERFBEEFREEHE Y (Uy 7 e —7 RS, b E
400kHz) . EEWSLAEHE W (RS Group ple, EWEMEIM S 40 kHz) ORERL SN D, £T2,
NRIAPN) v VBEREERELT T 77y ar Y= b—4F (AFG-31051, 7 —/L T %
a VU R—R YRS KOEH ST 7 (RPR-4000, RITEC Inc.) &MV, ZEHRE L
T8 T v RV ERH L v — 3 (JPR-10C-8CH, ¥ ¥ /Nv 7 u—T7 &) KOVA/D =2
sN—4% (PXI-5105, National Instruments Corp.) 723572 2FHHT 2T A& HWiz, 3RIT
HEEBEAT -V 2HW T Ya2=y M x W, vy FRNCER L7z, BoN=ZERES
ZHWTCH PGB Z s = & T, 3 o IRIEIR & Flipk L 7o/, [ 3.3-14 Tod”
Loz, WEBEELAOFRETH, BLZOWE CIEb 20386487 7Y - B EWERE O
SWILHHIERL IR A 1525 Z LN CTE | BEBMFEET D72 CHREF T CoZE il F kI X 2 IR
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FERIE DA ZME 2 fesd U Te, FRRANICIR, 77 LA BUZE il B o O R B I 3
Bafed ZeRMEL LRT 2 2 & THIROBEEEEEOR LRS00, 1
Ry T =L OT Yy R2T = 7 B ~OEZ RS AR TIERERO B8 E R ' v
Y UE, ZEEEE o A HoMBebE LT LI L,

IRTEMER

RF—Y

BT 7Y
« RHHMIES
BlE
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|

SH3EFICSHRLE

e TLAE
- RN WhEBEE L Y
(a) EHRAK R b)IA R =R L —HIZLD
BRI
3.3-13 EHEEFHICLIEET 7V - BigEEEy o
TE IR T 4 i A i 3 TR Ak 22
(a) 18 BR 58 (b) FBR G

X3.3-14 ZEHBEFRICLDIERET 7V « Mg ED O
T AR P A pk T G 5 B oG SR

Flo, DFSFEEICIE, BEEE VOB BRIEDORIEL R NT A Y v 78
FEWICBTH/NUOBEREZEROKREZEN L7, AU CIEE SR
MATRE/R X T A MU v 7 BEFRIBIZEB L, NT7 AN v 7 BEEZH Y
B EBR R OREEIT o7, FRSEEZICB WV TIT, SR2ERE I &
X, LT L EEEEA T NEEREZEROLRZIT o 7,

T, RNTAMNY vy BEREIIEEERRICB T AIEREEEZFT L
AFEETHY ., kOB HFREX(B.3-DITHE I,

2
€o

1 §\d%p B 0%p?
2\ T Z) e " pecd o2 (3.3-1)
B pIEFEIE, oI, BRI T A —F | pol IRk OBEETH D, X
(3.3-D 5 2 HOIEMH LV | BEECHEBRIZIS W Tp?2 iy (TR O 2 FRsy)
MBET D, DEV ., FEEIEp =sin(wt) +sin (wt) &5 5 & p?lidini
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1 1
p?=1- Esin(Zwlt) — Ecos(szt) — cos{(w; + w,)t} + cos{(w; — w,)t} (3.3-2)

Lhed, ZIZT, olFBEHROABENRE TH L, X(3.3-2) L0, 2 MOBEEEIE
AR LTERIEZ IS D L, 20258, MEKROEEREET D, NT AN v 7
AT Z 0T RS EMME LAAT 5, 20k o2, AT 2 Y v 7 BFHITL LD
AE I EM s DS (IREWED) 2RI 5 2 0 BERMELS . 70tk & EK
BOBERE—L0 X5 RBWRIMEE T 52 &b, REBEICIEY &22H 5 fEne
A FRETH D,

A8 U AR 2 FERRE Lz, ST A MY v 7 BEEOESZA(E 0N AIRE 72/
HE W EZERONMLONE 7 v v 7 K%K 3. 3-15 1T T, ABREEIEZEROT
IR 150 mm X BLAT 120 mmX 5 & 60 mm, FEHERIL 120 ¢ FBRETH D,

USB 3.0
=P,

PC

Ultrasonic
Sensor

v 6§

7, o

(a) o B /INRB 5 125525 R A Bl L) 7 v > 7 X
X 3.3-15 it B/ VRS I 5525 R

TS FEICBNT, BEREZEROWR L LT, 2a—F50ZEREIC, BE
I PR A B A RE A 9228 U7, B IR I3 2 OSRRIRREDS BN T~ 2 1Ty, SR L, 8
FWEEMET T 2, AR x (2300 28 E P 1F3KkA(3.3-3) TSN D,

P(x) = Pyexp (—af?x) (3.3-3)

ZIZT. RIFRKRERE. o TUIURE, AITBERBERETH D, 2E V.| sk
(2R L CHREEIBEIC B S BITR T 5, TO, BEE T P05 OREEA R,
BoNDTa—FENNS <25, KT, ZZXPITB T DEEERITAKLR EOHRET LY
b <RI K DESHEE~OREIHE L0 D, UKLV BIRZIREHIC VT,
FHAIBEIPI T P BT BRI A AE S 2 ik & BB AFE T 2R 5 & & Tk
AP BRI 2= a—EenRE < RA, T TEEBWENO DX 3 —[F513
W& 7220 [ TBIREHURE R S SN D AR S 5, £ 2T, HlEEICAET S
REHROBRH Rz M LS 5700, BE BRI D =2 —(5 5 ORUME 2 il
5B E R R ERE e — =2 — 5 OZERIKICFIIE LT, 20 ERIMES
HER 2 —EIZ L TRE LTV, A 3 IRV TIEBE R R 2 -4
DIEE BEEZEHEERGINT 5 E Lic, AEREREED T, [¥ 3. 3-16 (Z77
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Loz, EfEERE oY (P e — T RS (ST S ORIk LB
W SN AERS L, 2o a—(F5%, BEREHREMERREZ HORWIEE KO
WEGmBENEN TR Lic, 20L& HHHBOROZENIHE LD Lo, ZEhlEE
W o OREEIT I Mz & Lz, K3.3-17T Icma—E50BEf R4 ", K 3.3-
17(a) D L 91T, HIERE—E OLGE IS MEHEBE I, = —@BEME T2, £
D7, wmEEEED D OG & TR D S ENE & OBINREEE 725, —J5 T,
3.3-17T(M) IR L 5T, B EMEMKEEEZ WD 2 &, @D D O &
FREED D ORHME S IRE N FRRE & 720 | mEEEIED O DR SEBINE S L 7e D, 72
B, AEBRTITIEHEESEME & LT 0.24 dB/mm O¥E R CHEEHREMIE AT 72, &
FER LD ERREEEFHINCISW T, R ERRE L A5 2 & T, HIEREMIRD
MR ENRIAD D Z & 2R LT,

ZhBERtE Y REIHR
(1 MHz)

t > Y — IR E IR

3.3-16  AEFE I AR A E PR RERRRIE D FHER (AR

0.04 0.04 " "C etho i
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:>: 0.02 ‘“x‘_ due to distance attenuation g
o e o
[N T T ot TP =y ]
3 b
£ o ——— 5
> ! o >
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< i "-\;elleclion D <
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(a) PRBERCE AT 1E 1 L (b) FRBERC= A E AV

3.3-17 B E BHEEERGRAE O I X D = a— (5 5k

Z LT, vy 7 =207 LA Bzeh Bl o EE & L CEEROBE
W V23 ET 570 0M HFREFERE LT, v Ay N7 —2EmIZBIT 5=
VR T = 7 ZEORE  RIEAITV (M3.3-18), uRy T —AZEIEEREL., B
H Y O SEEE M A R LT,
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X 3.3-18 ®mARv b7 — LM BN V&2 EET L7201
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50T, N MEEEE AR L CHEE ' Y Ot i SRR 2 S 2
EEIC xFx, AL, BEEE2 UV OMWKEBREOMEE LT, KT
%ﬁ?ﬁﬁ#énhwb%%%%mﬂ’ﬁwf\ﬁ%%ﬁ%«ﬁh%ﬁbfﬁ
B AEEZE L, MHERERE TR 2 S EY ) b 0BT IO KRt %
P A 2 L THERE Y OB R E R LT, EBRRRITS 2
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Vﬂ—& PCEE 1T FN2MEE L [RER OBEM 2 Lz, S 2FE & R, &

T893 kGy/hD KL LT, EEARECB T 2B E R EFORHKE
ﬁw\m%®ﬁ5&&%mﬁkm@?é_&f\ﬁ W FH B~ AR T T
B2 FEAm L 7=,

EMBIZBT2BEREELMOFFME LT, kST —XIZx L, %
FAREICBT 2B ERKAE S L. P OB &k KHE SR ToERHEA
HEAERBEZHAETAZETHM L, >E 0 KB E T 5 & x1TESD
X EAHBOS AL S KEERBICKT H2MAMMEGREE 72 v L
TeRERZK3. 3-19() 2" T, F£70, K3.3-190D0) ICHEMERFICB T 2 EBEOE
T 2T, SMERE T, BENL MGy & THMH A MR EIL0. 90 £ &
AL, FEEBORBEZHER L TH., WEOLITHR TE R o7, B M3FE
FEWCFEM L7k EBRIC L0 . BERY Y RO EY &2 200 SR RN
ICRRTE L. SIS ~ER a2 U CRER ZEZE L, BUREREE T IC BT D 1HE
EW DS ORBE W OSSR Z TN T 5 2 & THBEE ' Y Ot it 2 el Uiz i
R BREFEK3 kGy/h@*ﬁ:TﬁM/ﬁin’* 2.38 MGYRREE CTOMMENRH D Z &35 ho
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MR S OB I B HAEE T IZ K D TR FFHERL 2 AT\ 1 A 7 g 2 FH O T SEMERAT & 8 3 ik
FHEINIC X 2 TR D R AT « BT 2 M O HHAEMZEZAT O BT 2 BRR L7z, £/,
2Ry b7 — LRI A T B FEET AT OO TR EEER L, vy F 7 —
LD FEEF VA R LT,
T3 A7 B & T SEMERATIZ K 2 TR P Al S OB 5 I R HIN BN 1 K 2 A B i
DGR FRER A FEhE U, ICPHAN 216 L= TR AT — X ORI I B AT
[ 2 N T SEMEZART IS &2 2 TR B Al B OVER 5 e RN EL IR 12 & D TR B R D 2 8
NOTAR TR AN O EFr - BT 24 O M EMS BT 2 B U, IR FES ki 2 a8 L
7o £, BR v 1\7 LA A T HFET BT OB e EER L LT,
oRy N7 — LI B I A R = 7 ZE O - RIEAXITV., vaRy 7 —A
~OD FEHE %i%%;bﬁo
FEEEREYE W 2 b RIS . I A T B ff 2 W T2 SEMEL AR 12 & 5 T 4R B R il & OB 3
Wt AN I L D TR 24T B A TG %2 72 SEME AT & 35 3% 5t
PEAIC X 2R EAEROER - W& > M AEMELZIT > B2 B L,
X3. 320l KREBRTHWIZ I AT - T LA RZERBEKR Y EEG2=y hOEE
oY, BB IEWERE XX -I3OEREFEETH D,
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[X3.3-20 B AT « T LABEhBEERE Y EEI=

oY==y MEIH AT (GoPro, Inc. . HERO8 Black) . BT DEED =
DEFBEEEERE Y (P N 7o — 7RS4, Jo0 8 %0400 kHz)
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b, k. A ATEAMGE R SIME AT IC X 2 B WK /7 # IZ 1XAgisoft
Metashape (B X&tA4A—727) ZHHL =,

HEi AT —Ya2HW Ttk oY=y MaxhHH., yiaRICERELEZ, oz
SEEFEAOCCHOAGMRALE Z T Z & T, 3SWKTWIKEIRZ maEk L7,
Fl EBONTCEBERT —ZIZOWTHT YT 7 4V ZIZX Db EIT- -
IZTT7 L —ALZY 0 HLZE{EEH W CTSIMLEIZ X > TSR T IREIR %
R L7z, MAEMTEINO Y 27 AXZ X3 3-21 T, F T 4D ITALEHE
ERMBELVHASEMZKRY AR, WICERHMBERLIVMEESDE 21T 12,
O DA TiX, SIMIZ X D@ HEE RS S & Bk ooib L2 i a#uE 2 g4
52 LTI ANEOREZITVWZOMRELEBORELZADLEDL Z LT
IV BBLZOMRMEEBEHELZ RS, SIERZEIELL, MR EAS D
HCIXICPEM A2 Wiz, ICPIC K DMESDLEITIRITA A =V OKREHFRE
SIS EE L, st Ml OEREAE /NS T DRMERZEHR AN T A —Z 2R D FIET
HbD, TOFEOBRELEL MNEADLEEZITI 20D SO REE O K& &
ko THRENAELDZ L, MRNAADNEBEBEDLDERTE 2N EWVI 20D}
BMPGFET D, TOTOk2 MR, KORENICHIE LK Y 27 %17
ST RBEICK LICP~ vy F o 7 2HE L, MEADLEORELZFFMBEK L T2
ZETENLORBITKA L, SRITCEGHERLT —FEHDLH LN TEX D,
AERICEBWCIEE Y 2=y bZXYFHEIC6 mEE TER L., K& CHEF
W E AR FH M 21T - 72,
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[ SfM Result | :
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! Point cloud ! Moving point Residual of registration
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: Result - S - registration
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__________________ atching g
Point cloud
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X 3. 3-22 I EADOEFRREEZRT, ZUODICERFIETH DA —Y I HHIED I
D ICP ~ v TF v 7fEREZK 3.3-22(a), (b)ITd, #fa - AL o - i - HFEA0
ERAr DB E AN X D TR T — Z 2R LT D, £, AEIOBR L= FIET
D~y F U TRERER 3.3-22(c) . (DITRT, WRFETHLIAF—V U THIEOH
D ICP = v F U ZHERTIE, BFERIZBWTYH, X, YMED~ vy F U I RRETH
ST, IHIT, FRETIE, WA THIRICE2IRENRERRETHY . WA T EEE
FHIZ U7z 3 T FHRER TR EATREY , BEEHIFERE O~ v F L 7BNIRIE
TETWRY, — T, A 3HEE, R LEFEEZHWD Z L Tl ROERE D
ERUFESINTND Z EDBHER I, BHFEREEIZBNT, X, Y EO~ vy F U7
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VTG AV EHAIE A T 3 RO P ARG OB I E T AL E A o h R A
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We T —IHEMAEMER LoD, EEEEHHEIN T X 2RI DO R Ch 265/
SR SN TICLEREZIED LI2HI & 2o T D, ZO X5 I2ENENOIK
PR DR« BLET 2l 5 AR AR SEEAN 2 B S L7,

Flo, v Ry T — LRI A T 2 FEET L0 FITREERE LT, 1
Ry N T =L B b=y N7 =7 OG- ﬁ@%ﬁw(l332@ FERR
(SR OB T 2 BREICH DO TIHBERED A T2 RELZD I AT D
FER~HE « =7 NV EORVEILEZBE LTy R 7 =7 XEOH A T (A
HOBEEZLE LT 508, AMFEEOBERIZBWT, = R 7 =7 ZFEBEICH A T H
DRFIREZERD T Cr Ry b7 — A% mREE LIRE N TE 5 Lo 7 F23E5E A
PEA MR L7z (X13.3-24),
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(@) 0 HFRE () CAD | (b) b T8 E (OR) CAD ifg (o) BV TG R oMY f4+1F
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X 3.3-23 mARwv N7 —LIEEICH A T B FEIET H 201

ABIEL7cz P27 =7 28 (I AT TRE)

@B fHsE O X aiEEBEOF (b)) fHFEE (K 12X 2EREE B OH)
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3.3.3 &
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AT 24l D e THEOMEICE T 2 il — 2 25 Uiz, SR2EEICIT, 230 kR G
figkZF AL CTBREEE Y OMBNBREEZMRIB Lz, £/, 7T LA MZEREE
oV adfEL, FESMA - BRAEOIEEZITV., FRBENST 7 U OFIR
DIRBICHE Lo POEEE2ED T LD, ST — L ~OBEHHIEEO
FHICHTZY, ZHEET -2 FECHETINHOBEREZEROUREIT O &
BT, RTFRAF NV EHOB I T FEHORWAAE A2 82 BEEET TR <K
BA~OBERFRHEAEICOVWTHRED LD, £, HEEEDE R,
T3 A 7 % T SEMEEIR I K 2 FEIR PR AR X ONEB & 82 B AR 12 KX D TR s a2 17
VN, BIRITIGIR T — & DR ATV, I A 7 g & 7o SEMEART & 8 5 G HI AR 12 K 2 7
WEAERR O RPT « BT &4l 5 AT AT O BT &2 B Uiz, SR3EEICIE, 7 L MZE
HEBERE IS L0 | BT 7 SOMEREE Y O TR 2 FHR U, ORI & R L7z,
T, BEEEZEROGKREITH) L b, aRy N7 —ACEEEE P2 RET 572
DO FFIHEREER L, vARy b7 — A ~O M A 2 s Ui, & HITIE,
2L N IREHRRR 2 R LS o Ot e 2 R Lz, £ LT, SF24EEIC
glEfis . BEHEEDZ RIS, B A T Wi % AW SIMBAIZ X 2 R Ak & OV %
AN X DR FAERR 21T 7 A T iR % O T2 SEMEE AT & B I HRIAT 12 X D
WEAER O EPT - BT 28 0 FHEMISEZAT O HIR AR Lz, £i2, vy b7 — L0
ZAATHFIET DO OM T HREEZFERL, vARy M7 — L~ 324850 M2 iR
L7,

L, S22 bU v 7 BEEIC X D054k ST o Bl 28 OS2t B o5+ %
WRETHLOTHY , AR LY, K3, 1-1, X3, 1217 T YRR DORPY FE~D T
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3.4 WFCHELE
3.4.1 R 2EEE COEMNELOEE HEE)

PLFIC, B2 FEE TOERMANR R OME BEE) 2R3,

SRR, AFZERFERE O N CHEMZEE A 72 5 ONT CLADS %5 & O A 552 LT, WF9E
DT, Fo. BFEERGEZHEET -0 AR08 EE LM L, £, SfonE
FE 12 AR IR O eaE & & bic, IR E 2B L, R TERY - K177
BERERT OB FoC R R SE IRt e, £7o, BHERRO—H2®E - Whid o & & blonfn 2
FEEERFIEIERE R I DWW C ORI AR 21T o7, £io. SFocHE 2 AIZBAM Po HH
TR —ZTaAy 2T T, KRS EMELZHEET 2 & &b, EFITRTZHi#ELIT
277,

AN 2 LT, MFFEREE O T CAMIZEIE B 72 © UNT CLADS %5 & i % %2 L C, Hff9E
DTz, Fio, MEFERHEZHEET D200 A ECSEE LB Lz, £/, 52 4E
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WRIEIC R S W7o, £72. A0 2 48 12 BICEMF LB - HIREABIFRIREICR 5
1B AT T BB A - 3= bR E I BIFRR R AR D S FE O MR ERE 5 X° J-P0, CLADS
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3.4.2 3R FERANE K ORCR
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