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Arm-type mobile robots are expected to be utilized in various fields against the backdrop of labor
shortages and harsh working environments. Regarding collection operations, applications are diverse,
including solid waste in the cleaning sector and golf balls/tennis balls in the sports sector. In
particular, we focus on the collection of agricultural products in the agricultural sector. Because
extensive and harsh outdoor work is required, and the demand for automation is high.

The labor shortage caused by the decline and aging of Japan's agricultural workforce is a serious
problem. Agriculture is a labor-intensive industry reliant on manual work, with harvesting alone
accounting for 20-50% of total labor hours. Outdoor harvesting work involves a significant physical
burden, such as frequent low-posture tasks, and consists of monotonous repetitive labor. It also
carries high risks of heatstroke and insect bites. In island regions, labor shortages due to depopulation
are also a concern, threatening the continuation of thriving industries like the camellia oil industry (a
highly profitable and influential traditional industry) in the Izu Islands, etc. Against this backdrop,
there is a high demand for automation in agricultural work. However, outdoor agricultural work on
forest floors presents significant technical challenges in ensuring productivity for collection tasks
within uneven terrain and while navigating between trees, resulting in few automation examples.
Therefore, this research focuses on the task of collecting nuts scattered on the ground (primarily
focusing on camellia nuts and seeds) and develops a nut-collecting robot system. By automating the
collection task, we aim to contribute to ensuring the sustainability and revitalization of the industry.

The first major theme involved designing and constructing a nut-collecting robot suited for
automating a series of collecting tasks, based on the fundamental concepts of compact size, low cost,
and high maintainability. The machine size was designed with Japan's mountainous regions and actual
camellia plantations in consideration, incorporating practical features such as the differential
two-wheel drive system commonly used in electric wheelchairs and utilizing commercially available
components. By employing a cage-type end effector, continuous collecting was achieved
simultaneously with the robot's forward movement, realizing high collecting efficiency. Furthermore,
to withstand collection operations on uneven terrain, the arm drive system employs worm gears to
ensure high mechanical rigidity. Simultaneously, the end effector incorporates spring biasing to
achieve flexibility in response to ground undulations. For these configurations, optimal conditions
were experimentally derived based on the correlation between the pressing angle and force applied to
the ground and the wire opening amount of the end effector, providing guidelines for automation.

As the second major theme, we achieved contact force control aimed at flexible adaptation to larger
undulations and improved collection efficiency. Since worm gears cannot drive in reverse, force
control that follows ground undulations is difficult to achieve. Therefore, we constructed a contact
force control system using feedback control of the arm by measuring ground undulations as spring
displacement via a potentiometer attached to the end effector. In an outdoor environment, we verified
the effectiveness of the proposed method through a collection experiment simulating camellia nuts
and seeds. As a result, compared to the case without control, we achieved a nut collection success rate
of over 90% and halved the variation in the number of collected nuts.

As the third major theme, we developed an image recognition and motion control system to guide
the robot close to the collection point using trees as landmarks. We employed a monocular camera




and a differential two-wheel drive vehicle configuration to consider practicality and low cost. We
achieved velocity control based on features whose size changes within the image and posture control
considering the non-holonomic constraints of the differential two-wheel drive. Through simulations
and experiments using inexpensive robots, we demonstrated convergence to the desired position and
orientation, confirming the effectiveness of the proposed method.

These research findings have provided fundamental insights toward the practical application of
rough-terrain mobile robots capable of collecting objects, particularly nuts, while also systematically
demonstrating their construction methodology.
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Fig. 1.1 Application fields of arm-type mobile robots
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Fig. 1.2 Applications of agricultural robots



Fig. 1.3 Positioning map for harvesting robots(Reference Date: December 31, 2025)
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ZOHRBIE, REESCMER EOBEAREE T, REOHESLHINE RMlH T 1 o3 ofii
H 23RN 24T S MHICTH 5. MRIEWICIX, RS - DA Z « B a7z Bz
%<, BOTTINHET 2 7D ICEE R HIEE - PVEHIE - RISk s 5. EERE
FEHEDOAHRITH D, BIRHI = FADIFEIZEN—FT, HEMLIZ X 2 5@ = —
FEE L, MR ESF I N2 RKEETHS T H 5. BHEF—HO Fa—-raRy b
7 — L X BFREERPITON TV AERETH 5.

Fig.1.3(j) W23 &£ 9512, FAR (Flying Autonomous Robots) &, A R Z TLD Tevel {23
B L2 SINEF o Zethn Ry S 27 A TH P, RO/ Fa—ich X5 L RER
7Yy REEE L, REZWSI LRSS - ATYID LTINEST 222 5. Fr—:
S EOBEBHICHRE I N TH D, EHE e MELEETHILLTWS., T4 —7
T —= Y 7AW RERE E AERIEER Y 7R A ZIITW, BEY) R AR L2 S R
AR R AR T 5. & R = dERICRITHIE X 5 —77, R =y 25BN X

EEROINENR L AT 5. REDONE - WEH - NEHRZ DT —XI37 77 FIZERk
N, BEREANDT 4 — KN 7 HA[EETH 5.

Fig. 1.3(k) IR T & 512, Arad 51, FEREERREICBIT287) R Ry b [SWEEPER |
DERFE LR RIT o727, 6 HHEDEEA DRy b 7— 22 HBRL, BEREOTIICHE -
U - NATRER EH Y P27 2 7 X 2B L TW5. RGBD # X 7B XU GPUHBH DS
HREa v ¥a—&Z2HA, /— PROBEETT 7Y b7+ =LA LTRESRS L EB X
OIREZBE L CTEERFITT AR TH 5. HET7 LIV X2 K 2 RFEME - fTEHEE -
ERFRBE L WO E S PNCHI X N G, £z, BE), BfF, REHEHO—ELE % [H
IR L T3, FH1REDDN 24 DOIREY 4 7 V2 EBL, P RERGEEITIEK




BI1E 9

HHE 61 %, BHEHEMEFTD 18 DINERINEE R L.

Frz, BAMEEDOH T RBESCHIRANDOINE R Ry s DEAIX, HEORREMME, BIAD
BliE - IBIROREN:, BEVOZ INKELFETH 2. BIRDD M, HE, HEky
WEDETHREEY 22, £z, REFEFTCHDOBRICFEL, HBEMEWED, SRBER
rrrreuiRy b7 —LOFMEBEEHIEINRDOND. X512, BEZ L ICREOIR
PR HRIEEN R 2720, WMERHL LU 7 L) LR ETH 5. IHEROETE
BB 720 DM BT b RaIRTH 2. ZD X D1, BREOZHM v (EEE DM
IWEADHL X ZEmDHTNS.

Fig.1.3() \&RT & 512, A ORERMOER D &, FHih OB T LT, M5
&y EEE U EE L A I T B P R 2 RS X ORI IR R 2 1T
5 HROERMNTEET 2. RIS Z K WA SN 2RAKOHEEX, BFEe 27— EEHI
BEATWZHICHD. MARSIKIINEERZ G522 2 TEHOREE —FELTE RXE 5 HR
THY, HrDRELEH - EET20EN RN, ZO- OB TIHEREELEL, B
ATOHERIERICHL TS, X5, 1 ROBARZEMN D SBTHTUETE 3720, Hf]
RERMS 72 ) DB D TR E L, A7 R — IO REEICB W TEWEREEZ Rt
3. —5T, REIRZ, BARINXV, B2 WVIEIBTELI I TR AN A 5550, fERH -
FRER 72 & RIS D A DSHIHY X 25 A E A AYEHE L v, A B L /M A
3522 <, B2/ NE D CREICE I Ry PAEENSIBY F TiciRIcHE
FLTWBREIIH L TIENETH 5. BIRICESZRIZZID» D TERL, FyviRyroERRE
ZILHE LT, HOXE, B, BERCOBREPHNTHIRENICHER LD, RAR (H
RANAE) RYBHERLZDOBET 22— XD FEET DD, Zhasziie L-E6Z
Yo, BIRZEICy — b 2HEEL, BREBBITLIFELDH D, L oA LERKS
PR=Lizriap = AN

Fig.1.3(m) I&RT & 512, FAVEARY b TAmm-1) AHRE S TWBP MKICEES 2
W EHENCKRE - BE T3 EEHNE LTV, RHEERAEREE T 5357 L) v
T —LEREHRLTED, MNOERSPEZSANOMICTZHET 5. HRELEICED WG
TNAITYZLTED, AWPREZEHBEICHNL, BUZRERELzBEHE T 5. R
V7 R wBRH, REEEZIHILTCWS. BEILRAS, ALIC X 2 EHGZEHRTHRY)
ZIEREICIAE T 2. Lo L, IIEMERE2MIC1IETH D, (FEHEIENE WS FERD 5.

—77, Fig.1.3(n) IR $ & D1Z, BRARESRFREDHRL TV ENEr Ry M, BFE
1T IR < SEMRE 2 — (KL L 722 27 4 TH 2P 4 pf 3y 4 i LR % [
KRB TE2MED Y7 7 o IFESEEZRA L TE D, MEONEICHE SN -FZHEDDH %
HEBEDEH 77> (GFRE - IR - BIRGAR I TWS) 234 A BEEEFEYNCHAA L
MEE o TWa., BEILARDOHBEL, ar 7 OB EHGEINIITO 2B TES. L
ML, AEYPHEICEH L TWE 70, B THEL, IHEFrROBEVH 5. T/, 4
A8 v BHIIRD D X > T F » AW OFREL D B
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1.2.2 BNFROARY &, ¥FEEaRy b

FAHAREZERL LEAIMEDEDIcHABEFICBWTER Y FOEAHEINL TW3.
2025 FI2lE, EHEER I U & LTSRS %2, il Tthr Y —L ARy by
BFH LE D, §9 2.6 KA ECTHAS 2 L oHiEtod 2%, Hio, ®BABERERY M, BN
ACARMIZZTSEAS 20 2 T3P, BsRoX¥BAERe Ry M3, BREmzEELE
HEITT 2HEEP, BRI X It v THREOHIRSLBEY 2 BAIL, FEEWE BT 20
LIERTAMEREE T 5. Fh, EEFHZHrOBEICT 4 —F T2 e N TE, B
EETOMVBFELERIN TV UL, 2 BBAERICRES TS, BIME
ErWRE LTI L TWa—b 2Ry MIFLALYRYE6520. ZoOFERKYE
LT, FEMETRPRMOBEEENDFELRY, BRELZFHAOMOHHETHD, FERIH
ZHEREMTEE R Z L SRR E 2 5h 3 M,

Fig. 1.4 12RFEXN 2 L5112, aL 7 RKR—IWFOHBHHR—LH 2 WEEF T I FEOWIKEE
BiaEBE oML sd 2V EANEHGEEIC LD, WEERET 2L L bICEINA
BICHET TIHE T 2B La s Ry 2HZTWS. HEarx7oBEmE, 5 cEE)
T, B1SE823, M U CRTEDHREZR-> TEHIE I NS X5 I TnE. 207
B, Bhd U ITHA1EE0 & i & o M o BEREDSTEMR FTRE IR RS D 7272 & D IR O R BEHIT &
U, WIEKDOREEERITS e N TE L. LrLAads, FitlisomEsHE XN 3 [/
F 72 RSP R E RN 2 H T 2 R B VT, YIEROBRBIIRNETH 3.

AREICBWTH EINERE Ry +ORGEE, HlEOMTELSE Z2biTws. Figl.5(a) i
HESICK 2 BAERE AR Y + NI A5 A OB NEEZRTS. Zhiz, BifFo
< = 2 7 VIR EENEIR RIS T — X SOl E 2 AT L, RTK-GPS Z W TETRO AL E
HMEES L, e Oy FUVIRER C1EA, 727 eV iR ER e BITHE) 2HEET 2
CETHEEMTEZEHAL TV, ¥/, BINERERY M, BEWMEIZ(T 2 LR35
BICHEAT 2 Zeakd o s, ZHUSH LT, Figl.5(b) IRT & 512, HEBAHERE (B
HCEmEEEIEE L, vAy MBS TREZDE) 24KT 5. %72, V7LEA A
FERRAERR 7 v 3 X LT d % DWA(Dynamic Window Approach) ZJGH LT, FEEY) % [A#E L
2035 BIFEHI RIS, 2 OO BRI E1T 5. Fig.1.6 1 Tobias 512 & % BANEHRA
Ry b O L RS2 R3O BB Ry M ic X 2 R AHERIEICN L, BT
PRRFET D % TASP(Turn-Away Starting Point) & BSA(Backtracking Spiral Algorithm) %
FHAAATZNA 7Y v RIEEH 703 ) X 4 HGA(Hybrid Genetic Algorithm) %425 L7z, IR
BEMET27 Vv FCREEN, vy POWIEEZ 7 0 A4 —N— - EREETHELZIERDS
B L2TS. Bc, DnEoE - feE - EiE 2 W o ZEIERANC O L THEECE S W s L
X — B & MR L T 2R DR TH 5. HGA IEIRERIE & D oK 38.4 Wit Mt fE
ZUGEEL, FHITTASP ZHWFRIIBERR - B2 VX —DOWM A TENS Z 2R L.
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) « —EFME
TIILRA L Start & Goal +« B#HREER

Fig. 1.5 Research projects 1 in our laboratory[45]

Drive wheels

Drive wheels

!

[46]-[50]

Fig. 1.6 Research projects 2 in our laboratory
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1.3 MHEDBEH CmXIEK

1.2.1 fiCiiN/z X 512, BERMETX, Bi2Ey, [ERHPEY, [EENZ W, HEkdk

Bo X5 WWHEBREN T EIN TV A REEHER I DR L, B XTI LR T WE
PestRe LI-INEO Ry FDEADBLITLTWS. 5%i1E, 1EMEESTRVINE, EiEk
IVFE, FEHETRE OFEMER L L $12, NREFEIERL TV DDEEZ S,
Z 2T, KR TIE, TiHe LCIEETH DD, HfidENIKE L, KRB THIMIKRTOD
BAVBIEZICB VT, FHIHRICHTE T 2 IV ORBIERICER T % (Fig 1.3 IR TRL
T2REUCAHY § %) . ZAUS, 122 ClRZEINER e Ry b OREHEA - Hifiz HuwTH
Biticy Fu—F7 5.

BRI = — 25 285 e LT, BIEHBICE O TRABRMERZID LI, BoHE
BIOHETOBREERENRE LT, BEHEIX, S22 KAERID D, BEMESRZSTD E
RN 2 ETHEERAE GRS, WEREE, PSR Y2 LN - R RPEK
BOREOMWE L L TOMRE) 2H-TWS. Z2OREZKGINCRZ L TWL o2, &
Ao Ee LTEHIELTWS Z e RiETH 2. Lo L, &k - @Bk Er %
G, HEIERD, R EEOMRRSERI N TWE. KXY ANOEDE X UEEME
DHETHFEETH PN, o kSRR L, EEICE S 26 S ORE N O E R4
ZEHIE LA NESEEEEHISED 2016 fFIhifT I N0 chug, PERIREL S
fifi, ZOERERSE 2 CHEINC R T 2 AL ED =D DT, HlE 29 HUHR - 148 Bic, FEE 50 &
Mz&U, i - fZEEE o5 2 N/ MEOEEEH OB, S OHLTT/ HERNED
DIEHE ] R DR S 5. [FIEDOMNRHIBICIK, FEFES - RS CHETHESED HEpE
(L TR EIERS ZFEN 5.

CHHHIE T, BHEREICOLDEELZRENTH D, BOLERSCHIE T Z > BRI
HEM LTV, FEIED SR TeeriliEEIc kb, BMEROEH, I - Tz oM,
WX E MR A RE A2 D, PEML AN L IHOFRERICHE S T 5. 7, EEEK
Bt A > 7 S8, ®WEERSBOEEFAROMBELZEEL, REBIERICORDS. X5
2, FEVEREEEOEEISESEMAIEZHNE LTBY, HBHEED 6 KoEE-o s in T
DOHEEICHE T 5. HBMEEOTHHRBIL, HR2ARTIX, BH - (iR ZETLEROTE
T 2024 FERF ALY 147 K ROVKRIAE & #EGT X 4, 2033 1213 300 fBK V@i k3 2 RiAA
TH5. EVPRERIIS~INWRETH D, K7V 7 HEOMUNEETcH 2. AAREN
TIRIEMRHFFHI ARSI TVRWY, FEHEERAEY SR E O EMZ RO B HEF RS
HEE XN, (bHERAEDEIMESE 2 50 2. FlamRIid#lg oL — FRIRgICE > TK
ZCERDY, MEEOENIZY R b I 8= VbR HERNI MR IME L, B EMRE
20~40 WITET 2 EH b H 5. —F, KEEEDOEBHMIMISHERIEL L, FERIZ 10 %
AIRICE E 2 MEAICHZ. ZDXHI, AERERTH I, [HEREDFRDPDH > TSHRD
MDA RLZ L DF D H 5. Table 1.1 IO BH TR % 730,
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Table 1.1 Camellia oil production process

TH | WA
B E RO E, TEXID, 39, WERMFRZITV, B - MRz

S 5. SEEECHALE M) S E R EINRICER T 5.

AL - S ER

FAEHI DO RIRPSZRHIRI 2 BIR L, MRRZ2 =D L EHEITS. 2
P R O PRAECHERRENEETH 5.

afs (BREO

RL7MORZME D) 1615 T 20, KrSHINET 5. REHZR L
RYNEAEDPRETH 5. WKL, HERZEOHERR D
LREWBAT LG, ERPFBEMAK (HEHET) »R1GLE
bDEWATELEENDH 5.

REZFRE BOREI SN EREREL, BFE2ED T, FEEE K
I & 2 MM Thi 5.

Rz J EGIKREH 10 WL TIC RT3 728, RAT L X7 EREZ T
B X L. ERRIEERILRS IR & SRR LICEETH B.

el KEX, IR, OB TERIL, TRMSCEMZERETS .
NEBANER 3 2 W E WV B EEDRIZ .

P JEHEE (BT E7203EH) 2 30AF R X DM 2 D KT
(LB SRR & D PR D 7o DIRTED Z .

i 1t FUHICE TN 2 WM E D% 7 4 V2 —TRET 2. EEREEH
i DOBHESLRIFIEICHET 5.

FEE Wi, Bita, BMREREOTERZITV, ZEht WEErED 5.
FEWFHRICIG TS 5.

G - JEHE RSB MHASICTEL, BLMIED 7 O ERTTHESE R 1%
2175,

BT Fefii, AE(LYIM, Ko7 &2 o LHSES 2R 5.

HR5E - Jia EHR (hE# - EC) R#l7e (X —Hh —FRMitE) 2175, 750 F

kRS, SRRV, SRS ICARETH 5.

FEREBIZT, 74—V RY—27BXPe 7Y U F2EHiE LM%, Table 1.1128B1T 2% T4

%1 ¢ D& OTRICBVWTHIMEL=—X%2/{7. BEEEOERE Fig.1.7I1IRT. 15

KX, BErh0 RO O RNREHEIREN, HIS A - BAPE - FE 0Bk Y
DHGHERDEENDH 5, NFARIT XD BTN 2 REEDHER T E RV, #AKEH
FEALERTOWRWE WO RREN D S, e, EEREEXH,OIE, IEMERID & REFEREIC
RHZTETRWERES DS, IAHINAD I N TENR, ERRIICEMTZ 2 E2 5.
BRI, 1ERETEDIREN (2 AT 3» AHEESR) EICBMASOBEHRITH S, K72, M
DEfE, BREGZHAHBITERWD, AHILFROEERH 7. THEOBFLICHE
57, HBHEEOFRICOLD 28N, BORE DI E ENT-.

LRl AT, AR THIETHENLS X7 LD 2/M% % Fig. 1.8 ITR~T.
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Fig. 1.7 Scene of collecting camellia seeds < https://sites.google.com/site/shimatsubaki/>
(Reference Date: December 31, 2025)
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Chapter 3
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Chapter 2
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Fig. 1.8 Final target system of this study
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1. AEHN ZHOSHERRER 7 — 2 RIS E o A v b EkE
MRERD & 5 RN D Z WARBHBRIEIC B W T O LE L TREIRREETHME e, X
PIERLS 2 ZZ 0N 27 — aELZEEIT 2. ZAUCT KD, HOFITHLIATRE2 #ibH
ZIKG, fBfEROMEZX 2,

2. FEEHINZ TG AT RE AR 7 — L il
HITE DIERI LA FEH N LR § 2 BEE( &2 WIS 2 M 2 Kl R 728, il ol
BEITD.

3. ﬁﬁ?‘nu nﬁk & *Z@Jﬁ?”fﬁ]
JEF OO E - TEIRZ IFHEICERER L, ZOEHRE D 2icaRy s DNEZRSZEHYIC
TS 2. HBOEIET 2BARNOFRN 7 T —F 52X 5.

4. BB E B L RRERZ NRANICAT 5 72 DFEHEHE
BEROBMAR 23R LS BE L LA OHEOEZBGT 272012, REZEKEY 71X
A LTEET 27130 A LZHET 5. BEIE & RSN ROBEICIAN Z [ 1% &
T3 eT, EEBEEMA, MR OAEER R HIET.

5. PRt
BEImRy MIAHX ZZ2HE L, (EEEXTHMNCE» T, EFtroa Ry b2
fE-BERTZ2HAZHMEL, FBEMOERZXE. REDERIZK 2RBEEEDA]
REE 725, F7z, VR (Virtual Reality) ZFH\W2 Z & T, HHNIIT- 720D & 5 72 8E
SBIEDBOCRER T U772 6 RPEZAL D FTRENE b [isA3 5 PPIF0,

6. Eiff ATIC X 2 HEE)
AR OBOETDOIVR - REIREZFRIC, IR O hFR 2Rt 5. AF
W2 & 23#HIER OB NMEB K O HESE O EE2X 5.

AREIZBWTIE, Eid1,2,3 2 FERMEEHFHE 32 (6. 120 TIEMIRDIC TR T 3) .

AL DR Fig.1.912, /87 X —& Y X h% Table 1.2 1R T, AFETIE, RS RB
K OMFEHINCOWTIRAN =, F2ETIE, BMOFELETOREEEICBI) 2 BRI IO
Hat it 20T, ZACEDOW TIERICEHIE S 2 WA BISE 0o 0B v Ry + ) O
FIZOWTHRNG., HEIETIE, KD RELZERANOMIGE =Y P27 = 7 X2 X 215151
DAl 2 o 7o AEEHIN IS D 72 O AT B X O EBRREEIC O W TR, BAFERRIC X -
T, HlHOEEERIES 2. 54 ETIEIB FTOBISOLIE £ ToREBEIOBELIcmIY 72
BRHEORZT I ZHVWZE v Ry b OBEIHIE & EBREECOWTIARS. &2, H5
BT SBROBEL RN, KigXziin < 5.
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| Chapter 1: Introduction

A 4

Chapter 2:
Design and Control of a Mobile Robot
for Collecting Objects Scattered on the Ground

h 4

Chapter 3:
Contact force Control and Experimental Verification of
a Mobile Robot for Picking Up Objects on the Ground

Chapter 4:
Visual Servoing of a Differential Robot with Image
Feature Size and Experimental Verification

' !

Chapter 5: Conclusion and future research |

Fig. 1.9 Outline of this thesis
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Table 1.2 Parameters values

Parameters[Unit] ‘ Definition Value
L,[m] Length of arm link 0.375
L, [m)] Length between arm rotation axis and arm center of | 0.177
gravity
Ly[m] Length between O4 ° and the fixed end of the spring 103.2
L[m] Length between O4” and the movable end of the spring | 55.5
0.[deg] Angle of the end-effector Variable
0,[deg] Angle of the arm link Variable
0,40[deg] Initial Angle of arm link 39.1
0,[deg] Angle detected by the potentiometer (Left side) Variable
0, [deg] Angle detected by the potentiometer (Right side) Variable
01 [deg] Initial angle of the movable end of the spring 7.7
05 [deg] Initial angle of the fixed end of the spring 3.61
6,]deg] Angle around vehicle pitch axis Variable
oldeg] Angle around vehicle roll axis Variable
Y[deg] Angle around vehicle yaw axis Variable
2o [mm] Spring length (Average) Variable
2z [mm)] Spring length (Left side) Variable
2, [mm] Spring length (Right side) Variable
2o [mm] Initial spring length 62.852
z[mm)] Spring displacement (Average) Variable
y[mm] Base frame displacement Variable
Fy[N] Initial tension of the spring 1.37
F,[N] Load at arm end Variable
F.[N] Contact force on the ground Variable
To|N-m] Torque around arm rotation axis Variable
Ty [N Motor torque Variable
M [kg] Total mass of the arm 6.83
makg] Arm link mass 1.74
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ke[N/mm)]
kp—p[A/rad]
kip[(A/s)/rad]
ka—p[(A-s)/rad]
ki—c[2/s]
ky[rad/mm]
ky[rad/mm]

Moment of inertia around the arm rotation axis
Rotor moment of inertia

Load moment (converted to motor shaft)

Moment of inertia on the motor shaft

Torque constant of motor for arm control : Maxon RE40
Tangential force of worm gear

Normal force of worm gear

Tooth perpendicular pressure angle

Lead angle of worm gear

Coefficient of friction of worm gear

Gear ratio of worm gear

Gear ratio . Maxon GP42C 148867

Gear ratio : Worm Gear W2SR1-B to Worm Wheel
G2A20R1-15

Maximum transmission efficiency of gearhead

Spring constant

Proportional gain for position control

Integral gain for position control

Differential gain for position control

Proportional gain for current control

Integral gain for current control

Proportional gain to follow the ground (Simulation)
Proportional gain to follow the ground (Experiment)

0.238
142E-07
3.98E-07
146E-07
0.0302
Variable
Variable
20°
3°42°
Variable
857.5

42 875
20

0.72
0.14
21.7
718.2
0.153
1.13
2854.3
1.0
0.8
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F28 HRICHEITIVFRBOI-HDORE
N7y b DERET

ARETIE, B1EDIIHTHERNSZX DI, HMOERLHETFEZHREEXONRYE LTHRD L
W, BEMLEBETT 2. BISEESHT D & BERMAMEB X OERET TR LT, ZUIEoO W Tl
RICHIET 2RI EO - DBEH Ry b ORERITIEICOWTHRRS.

2.1 EROAHRDERTE
2.1.1 FREIEEDITEERIRS S UESTAE

AR DIBIENRBARTD 5V 7V NF (54 - #4 : Camellia japonica) DFHEIZ DWW TR
N5, JHITERILES, BEE5—10m] BE GIEI X VKRR TH 5. #HE - i,
ENEDPR S EAIHRE LT K, FHo iR CRIBD GRS 5. FaER 10-30[cm]
BETHD, HEHEIGHREY. EHERRE BIE - /552 KTEL2ETI0EN E2ET 5.
FH — YIRH] (0-54) , HARE (6-104) , BARH (10-304F) , EARM (B0EL L —
BHE) &, EFEAHOLDIZE 15 FERU LD A4 7% 4 7RG DREL 12 5.

Fig.2. 1 ITRT L9512, HBOEDBIREZ, HKED LI BREFERTH 2. AN (9-11
H) Tdb, HF 9 HENINERIITH 2. BROETFINESI NN IbE (LT, FEe
M3 %) DAL THREZDDIRBI[IICHELIRETH 2. BARCHESsLDDID BEETHR
BRLIZDDODIFHS>DALTED, XVZLOMWPRINTE S, HeETHIO D OHEEL
THGEL L 7R THRISMERZITS. Mz XKl {1815 L TR TETERZ1T 5. HHo#
ZHNE LHE, IBRIEIAETDH 503, BGREOLDRENNEL 72 5. Kl LT
i, BRI, E=EM, TR RESHRICERIATWS. 2k - kILT52 2T
HRESCTHEGBICHWL N, MU~ LT > ZMeEilERN e UCTHIHATRETH 5. b4
TIX, A FRPRTEIER, MHEAMERE DN A ZEJFHE LTOMREDED SR TWS. 15
DEDBIIREEYITIE LK, TERETXE TNIMEEZECERTH 5.
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(b)

(a)

(c)

Fig. 2.1 States of camellia nuts and seeds (O)Fuji Technology Press Ltd., reprinted with permis-

sion from Journal of Robotics and Mechatronics.

HHcor 7Y ¥ FEEDWIARISEED T « BRMEAE - vR Y F DRGETEH%E Table 2.1

WRY.
Table 2.1 Requirements for collecting operations and robot design policy
HH (ATt E | ERIE EEL T
AEENRY) | (-8 - RO X, FIR | - WO, FTZ2RALRW.
DR -3 | b THRR. HIB LIS MRZZ7 Y F~v—2 LT
i R LRI R £ TR L, Z oI HEH
M Eim e AL TED 7 TR
R RR A
R - 1815 | HReEFEXRCRE, & | B2, 5 ory S oBENCHWETS.

TRTER GBI RERED,
BIHE D7 DIa1R) . T
N E S AT IREE.

DT FITRE T
5l

IV FILT =7 X% HER
TR L, T DEEZ R
ZINRA

¥ 55

i
Kd 18D

1 H&E 72D # 60kg] (RO
REETHY 2,500 fH) %415
TE 2 Z & DFE DKUE,
NDOBATIRE (CE¥) 1389
Alkm/h](=1.11[m/s]).

1l R K¢ S P 0 —
ERDBEZAT
52k, 1HY
D#I60[kg] (52T
72,500 &)

FEHEE 1T 100[kg] % FELR.
BFSEIFIC & - C, [EIAES
Dfif N A LIESE 2 e
E. NOBITHERFE T
% (BENEWiaSg 3 2 7%
b, NFEEITH UTEND.

T ESRIN
fi]

Akg] REDIHER D 5\ d 2
IR DFR1REETZ <
DEHETIET .

Gl

Ny T —FEED LI
%, HBEAETOEETHIE
AHE.

BREGE IO

BRIFZALAC WU L AT HE
7205, WIRRIRHERE 1350 R
N, WEESEIEAA]

HIEZ (b, HiE
DElR, HIER
COHETRTYH
LE L CIEER]
HETHDZ L.

7 — LN & D Hi R
I DRI . RETESR
B L T, ReRAYICHERE
IRk,
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2.1.2 BEXNRY (BOX, BF) ORFHE

FBORE L ETOINMEE Fig.2. 1 \RT. BETIX, (a)~(c) DIRREDNEE L THIRAENCHEL S
%. 22T, (a)BEMDDIREE, (b)BEEKRIIIRE, (o) ETHMHIR D SR LzKES
ZNZIURT. BORIFZROMAKE L TED, MR L FAROADI-DBINNPKNETH L. %
7z, Table 22 ICHEDHE L HTFOREXX L HEBDOHIZ RS, 22T, EWeHo V7LD
DEFHILTEET— 2008 LFEIETH %, Table 2.2 DEL 513 Fig.2. 1 IS L, F
¥4 RS (ut20) BRI T 5. Fig22 ICHOEOERI B L Q-Q Fu vk, Fig2.312
BOBTFOERIHBLTQ-Q ey bERT. WINRSIERAEEZRLTWAS.

Table 2.2 Size of camellia nuts and seeds (C)Fuji Technology Press Ltd., reprinted with permis-

sion from Journal of Robotics and Mechatronics.

Parameter[Unit| ‘ (a) , (b) Nuts N=36[pcs.] ‘ (c) Seeds N=100[pcs.]

Ave. diameter[mm)] ¢ 42.94£21.4 ¢ 14.7£9.3

Max. diameter[mm] ¢ 48.84+19.3 ¢ 19.0£4.0

Min. diameter[mm]| ¢ 37.1£10.6 ¢ 10.4£3.0
Weight|g] 21.6+18.4 1.04£0.6
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2.1.3 T —ILFOEE CIBFEERRBDITICK 3 BEMELRAE

3, AFERICKABEERCH» 2 THHBEZITS. 22T, BHEEERRICE24E
FEPITOR TV HREHEBEONELZET 2. BEDEEELEHORKNENS, FERLER
20,000[L] D4 % 25 2 7.

e 100,000[kg] DFEFALE (1[L] DM Z 1S 5 DICHE L BT BI3#H 5[ke/L) P,
o NFIT X B2HABMERRERIX, 60kg/H| (7.5[kg/hour]) 23ZHHHE DIKHAE

o 1 A\H%Z I & L THRE

o FEDHBERIZ, BT 40 FFFEEED,

FROFHEEHVWS Y, BETEE, 4.7 AH/#H cRETE 3.

BARy MK SBIHEEORF R AR ZRE L, MFERMEOEMZNS. BIGEAIX
Table 2.3 D X S WRE L. BREDEBBOBBHBICEE S 2#iat 7 — X I LR WD,
SRR O BRI WO TFEMER S, 1FH7=0 1.2[ha] L EH L0 HEERIEZ 4 X 4)m],
BIERIEIE 2 X 2[m], BIABUE 750 &%, HBOFEOMERE 1008 /A L LM Z o v 2ot
R 72 BHEDFEOBENL 75,000 1 (2500[kg]) &7 %. Table 2.4 & Fig 2 4 IZHIAREADO B R »
M EREFTE 278 S, Table 2.5 120 ARy M OR[RER L1815 L 2 EOBHITE T 2 RHE 2R 7.

Table 2.3 Assumed working conditions in this study (©)Fuji Technology Press Ltd., reprinted
with permission from Journal of Robotics and Mechatronics.

Parameter[Unit] ‘ Value
Camellia field area [ha] 1.2
Planting area [m X m] 4 X4
Each tree trunk width area [m X m)] 2 X2
Total number of trees to be considered [pcs.| 750
Number of nuts per tree [pcs.] (Weight [kg]) 100 (3)
Total number of nuts collected [pcs.] (Weight [kg]) | 75,000 (2,500)

Table 2.4 Path planning and motion planning parameters in this study in Fig.2.4 (©Fuji Tech-
nology Press Ltd., reprinted with permission from Journal of Robotics and Mechatronics.

Parameter|[Unit] ‘ Value
Entrance Distance (Non collecting ) dy [m] 2.0
Collecting radius 1 / ro / r3 [m] 0.5/0.75 /1.0
Exit Distance (Non collecting) ds [m)] 2.0
Motion speed during collecting [m/s] 0.25
Motion speed during non collecting [m/s] 1.0
Collecting work time per each treels] 45.9
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Fig. 2.4 Assumed working area and motion trajectory in this study (©)Fuji Technology Press

Ltd., reprinted with permission from Journal of Robotics and Mechatronics.

Table 2.5 Payload and transfer operation time (Q)Fuji Technology Press Ltd., reprinted with

permission from Journal of Robotics and Mechatronics.

Parameter|[Unit]

‘ Value

Payload of end-effectors (2 pcs.) [kg]
Payload of container [kg]
Transfer time from the end-effector to the container per treels|

Transfer time from the container to the station per tree [s]

3.4
11.1
10
150

Transfer time per tree[s]

160

Table 2.4 DFG1FVESEREE & Table 2.5 DB EAEZHER R 2 55T L, 750 ROEIARIZNT 5 1EH%
R 2 HH T 2 &, WMIEERRNI 459 R 2 72 D, 1 H SRR DEHRERE L 7-35E DIRIEE
HEUE5.7THE 2%, AidDNFEEOREMRBR BT 2, BR LRy Mk o TE

RRHEZK 87D 1 T THIR Y 2 Z e BHIFTE 2.
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2.2 OFRybOa>ETtEeeEERK

AFETIX, KELUUFR3o2EAa 2 e LT, BREBEoRY b (F— o EBEH)
ORy b)) ZRGIEWEL. BELz0Ry OB % Fig.2.512, HEALAE% Table 2.6 1271
T oF 7z, ERA GG E RS,

1 /N Ka X b, BB YT A%

2. BWIATERIR | BEh L RROEGANICHAE TE 38 P 7 = 7 Z DR

3. REMEETOEOHEMEITE REISCEREAOMME) & XD @ 7 — 28K EIRIC
VA =X 7 2RHT L e TERVEMAIMEZHER ST 5. £/, =Y P77 X% AN
IMIBET 2 2 TR TR T .

HA O B G L MBS 2 < BiZ/NE D TREITX 200 r Ry b2EE
N5, YA LT, BEZED TS0, /NED OF] < BEMIE 800mm] LT & L
7o. FTz, REZEETOBENEIK, ZEMHER, SARBEE RIF 5729, 40[km/h] LURCTET
T3E/NMIEL Y 7 48 LSV (Low Speed Vehicle) O#ipf (1,500[mm] ML R DEIFE) 12N 3
ZeAEE WY MERROWEERET IRy FOBEEO R LTk, High, »
n— SR ZIM g 7Yy R R EBEIRG Y 5 0 B ME T
e, EEETHAEETH D, HIHSAS TH 5K, FNEHTOETHRERERAEBRZAES I
%%, 7a—FBIECAEHGERME » ZEEEZE L, BELlITHRICHRO D, HiEATE <
IAINF-FEBPEL, DMEDHIEFTTH 2. ZHREECHEEICE 2 /S, BERZ
Z 5 WHITEI COETICEN 225, i SIS EHECHEREEIEL, BaXMThHE. N
47V v FANIEHGEIT & MEYRZ O A RETH 525, HHHL L EEENAHETH 5
991 5 TARS BENE/INE] D HEREICEEIL B A3, A A=k — X B F LHEREIC X 5 B DI R
PR ATOMRENMET T 5. NS LD DBFET 20D EMETEIRXNTH
2107 BAL B BT 2 EREUAERE T, EITHE, S0 maY, X XK, X
YT F U AMOBE L SREINCHNT T 2y, HiSREL TWS. BEEOKHIRES
MR L 722 25, TIREIN TV REIVETEER L EFH VT HEOBNIERE (12° /i) -
BERDIBZMERE (B0 5~T[em]) 2H L TOAUI T2 LW L2, 24Uk, HiLRaHbR O $EE
RHIE (R 8~15° ) W LT ik, #EIO X 5 REHIE TR Wiz, TSR
EZRLZV. T, HEBHOEOREEEAOMIES B E L, Mk h=MEH T DETIHERE
W X B 5720, HEGHAELTWS W Lz, 77, BEARe LTk, Sl L
BT R M Th2ET w8 (Fias AAHAIERE) » Uk, @BEHERDAEETH D, /I
[HHH<.

AnRy MIFIZ, BER, BINES, 7—L4, TV FIZT72 7 ZBIUOR—AT L —L4h
SR XN S, BENCHEY, HMIRmICHEELL =K E, R—2 7L —sickFEan-zor Fo
7R DIBRT S, TV R = 7 XN S iR R, BENRIC AR X 7z (e
INEBCHERT 2. =V P72 7 X%, @OV A Y E2EIRCES 2 TS, HImEIC
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LY TIREERERT 2 Z 8IS X DR ZI/RET 5. ZOZ Y R T2 7R, R—XT7L—L4
DIXFF ¥ 7 MR L CHEEATRETH 5. ZIUSEMGE I NRIROEM P 5105 7 — 22 A
W—XERT 5. EINASRE, FHEOOFEIREE L, BERCERAIEETH D, BEIED» 5
BOANLT, BIELEEREINTICIRD WS 2N TE S, T2, BEINESRONIRICIE, =¥
R 7 =27 XIS LFTEMBIZ T A Y 2B K 72 DZGIRER 2 ECH 3 5.

Table 2.6 1278 L 72 BARISH T B AARICOWTIEN S . RAERZESE I LT, BEfg#x
HIGPRE, =Y P72 7 R EFEHEIMrhendidie 72 5. 533 Chkil 3 2 5l 6l
W&o T, HRADPOLDR—ZAT7 L — L@ ZRICK > TEHEAREL 72 572, HEANCIX
HgPEEE E TORRMICENEZET 2. £/, RBZHICELTIE, EyFArn—1A
ST TERLE. VoFAIRER, — AR 25, o—LAlZ, BEEHEICEL T
HEERE - BHilf Ly F, AEEBCEL TRy R 722D Ly FRZAZTNESE Y
7%, B3FE KRBT 2EAMAHIEICE VT, EITHROMMORE T 2BEMRE, Tk
b, MIMZEREE N Z, BRI —ER DRI N2y LTERTS. Ry b
DL o THRENT 2355, MIMCER T 25 ELEERIE f = v/ A TE X 60, FlETEEE O
%20 & MMBHEERED Tl X 41 5 .

Collection container
Protruding parts to open
end-effector wires

Gear box
Arm actuator

Control box
(inside)

Wheel actuator

) Drive wheel
Large-sized

end-effector
Small-sized

end-effector

Fig. 2.5 Structure of the proposed robot (C)Fuji Technology Press Ltd., reprinted with permis-
sion from Journal of Robotics and Mechatronics.
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Table 2.6 Specifications of the proposed robot (©)Fuji Technology Press Ltd., reprinted with
permission from Journal of Robotics and Mechatronics.

Parameter|[Unit]

Value

Notes

Mass[kg]

Size (L x W x H) [mm]
Max. size (L x W x H) [mm]
Drive wheels radius[mm]|
Caster wheel radius/mm|]
Wheel distance[mm|
Tread[mm]

Max. velocity[m/s]
Max. angular velocity[deg/s]
Max. payload [kg]
Collecting accuracy [mm]
O1 (motor shaft)

02 (active joint)

03, 04, 04, 05, 05 (passive joint)

72
765 x 796 x 650
1292 x 796 x 800

130

76.5

512

716

1.67

180

100

®5— ¢ 60

Maximum Step Height
(Movement Mechanism)[mm)]
Maximum Step Height
(Collecting Mechanism)[mm|
Pitch Angle Variation[° |
Roll Angle Variation
(Movement Mechanism)][ ° |
Roll Angle Variation
(Collecting Mechanism)| ° ]

Wheel radius is rate-limiting

End-effector swing height
is rate-limiting
Wheelbase is rate-limiting
Wheel diameter and vehicle tread
are rate-limiting
Large end-effector tread

is rate-limiting

Undulating Space Wavelength
Almm)]

A= 0/15.7
(A = 15.9)

Control bandwidth 15.7[Hz]
(For collecting speed v=0.25[m/s])

Function Guarantee[N]

22425

Under uneven terrain conditions
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AFEEDOTNZ Fig.2.6 IZRT. (a) BIHFMEBIINRN—X 7 L — A ZAE L IREBIZB W T,
BENCR NIy P27 227 XX DI OMELIAE SRS, (b) —EEBEOWEN LY FT 7=
7 WK E NT121C, 7 — 2B & - T, Humd S8Eh, KEIDR1 AANICEEET 5. ()
NR—=Z2 7 L — DA ERDOE FICEBEINZIREE D, TV R 727 XDY A YRIHZE
EREAMIC X - TRIO XN, PERDPEINAESRICBEEH I NS, ZD%, KHIDR1 /5 & 1E# 750
W7 —oDEEEL, MRS s &R InS. EIRU-—EHoEEX, EINARICEE I
ORI RBICET 2 ETHRIIEINSG. 2D X311, AuRy O, YKOHKEER
(KEREN IR D> DR LM TIT D REMEO R VDD TH B. £z, TV L7 =7 ZPMEEKEHTE
77z, HIERE ORI L TFRIICRZIAETE 5.

* @

Release

DR1
Collecting & (0,0) —‘
X .
6, 72
§!% (@) % :
Q =il
00 y

7

Fig. 2.6 Transfer operation of collected objects (C)Fuji Technology Press Ltd., reprinted with
permission from Journal of Robotics and Mechatronics.
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AIEE ORISR OMBX % Fig.2.7, AMBIEREZ Fig.2.8 1IR3, MG, MU (EHEETHH
E) (MEGPSEY 2 -, No 7V —FrBEEL7 L — LD RN L 72, HIFEEHE,
EMRER Ty YAl a Y ¥ a— X TH D Jetson AGX Xavier W7z, &EhELR CPU (8 a7
Carmel ARM v8.2) , GPU (512 ® CUDA 27 - 64 5D Tensor 2 7) ZHEH L, HEI{RFEHK - £
FEETHE 7R ¥ DIREFEHERE Y TR A DN TE 3. £72, PCle, MIPI CSI, CAN, GPIO
YR T/O BIEETYR—M L, I XIRE—RFHER Y OEGEIES THD, St
> - HlEE OFEHIcENS. B, 7— 42D FMIEOHIEICE L TiX, Arudino UNO
W7z, Jetson AGX Xavier iIZH L, A PC BV E— 772 R F 3 Z & Tt d
A[RETH 5. IMU & GPS €Y 2 —/ui3, BEmoHiifOICilE SN TE D, BEIRD 3]
HEDONEE S X MERAZRHEATEETH 2. £/, VFU LA X VEBEHFAHFEL L, &2
HZ2ERLUTHER24V] THH, —RNRIHEFRME D /P - BET, ZHTEDLAEER D
DEFEEL. MU, BEEZEOMRE% Table 2.7~2.17 B X f Fig.2.9~2.11 IT/RT.

Li-ion | DC-DC R PC GPS module
battery | converter (Jetson AGX Xavier) (KGM-;BlOGR)
+24V +12V v RS232 IMU

USB hub _.._l_' (AU7684N2100)
| ! I }
“‘ Microconputer Microconputer Microconputer
board g board ™ board
(Arudino UNO) (Arudino UNO) (Arudino UNO)
' A 4 A 4 y CA N
N Amp. ) Amp. N Servo Amp.
(MD30CR?2) (MD30CR?2) (EPOS2 50/5)
1 +5V | +5V 1 +5V
Motor % | Motor % a '(\AA?:;J; %
Q H (] [&]
(Left wheel) | 5 (Right wheel) | 5 Maxon RE40 | &
| ,| Electromagnetic L Electromagnetic
brake brake

Fig. 2.7 Structure of control units
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Microconputer
board
(Arudino UNO)

Fig. 2.8 Photo of control units

Table 2.7 Specifications for Single-Board Computer

IMU
(AU7684N
2100)

PC
(Jetson AGX
Xavier)

Li-ion battery

Servo Amp.
(EPOS2 50/5)

Microconputer
board
(Arudino UNO)

Manufacturer NDIVIA
Model Jetson AGX Xavier
GPU 512 NVIDIA CUDA cores and 64 Tensor cores
CPU 8-core NVIDIA Carmel Armv8.2 64-bit CPU
8MB L2 + 4MB L3
Memory 64GB 256-bit LPDDR4x 136.5GB/s
Storage 32GB eMMC 5.1

Number of members 1[pes.]
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Table 2.8 Specifications for Li-ion baterry

Manufacturer TOSHIBA
Model SIP24-23(FP01101MCBO1A)
DC25.3[V]

Nominal Voltage
Rated capacity
Maximum Allowable Current
Number of members

556]Wh](22[Ah])
125[A](200[s])
1[pes.|

Table 2.9 Specifications

for Wheel Drive Motor

Manufacturer
Model
Nominal Voltage/Current
Gear retio
Number of members

SIGMA GIKEN
SCM3-28-L(TD3293G-250L)
DC24[V] / 6.9[A]

1:28
2[pcs.|

oLV
NHSNXO L
A¥23q

VT NI 30V
~JE62eq)

B

=
Q
=)
m
L.
§

W
9
1057

. @ylos ONY3S

Fig. 2.9 Photo of wheel drive motor

Table 2.10 Specifications for Arm Control Motor Driver

Manufacturer
Model

Nominal Voltage/Current

Number of members

Maxon
EPOS2 50/5 (347717)
DC11 to 50[V] / 5[A]

1[pes.]
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Table 2.11 Specifications for Arm Drive Motor

Manufacturer
Model
Outer diameter
Output power
Nominal voltage
No-load speed

Maximum continuous torque

Maxon
RE40 (148867)
$40[mm]|
150[W]
24[V]
7580[rpm]
177[mNm]

Torque constant of motor for arm control | 0.0302[Nm/A]

Mechanical time constant
Number of members

4.67[ms]
1[pes.]

Table 2.12 Specifications for Motor Encoder

Manufacturer
Model
Count /Rotation(Resolution)
Number of Channels
Line Driver

Number of members

Maxon
MR (225785)
512
3
Yes

1[pes.]

Table 2.13 Specifications for Motor Gear-head

Manufacturer
Model
Outer diameter
Gear retio
Maximum continuous torque
Number of members

Maxon
GP42C(203120)
$42[mm]
1:43 (42.875)
15[Nm]
1[pcs.]

Table 2.14 Specifications for Worm gear

Manufacturer Misumi
Model Worm Gear: W6SR1-B
Worm Wheel: G2A20R1-15
Gear retio 20
Number of members 1[set]
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Table 2.15 Specifications for Potentiometer

Manufacturer SENSATEC
Model ELV-24

Outer diameter $24[mm]|
Power supply voltage DC5[V] =10 %

Output Voltage DC 0.02 to 4.95[V] =1 % FS
Detection angle range 360 ° (Endless)
Number of members Arm drive unit : 1[pcs.]

End effector unit : 2[pcs.]

Potentiometer Thrust bearing

Worm gear

Limit sensor

Thrust bearing
Arm Motor
Fig. 2.10 Photo of Arm Drive Unit
Table 2.16 Specifications for IMU module
Manufacturer TAMAGAWA SEIKI Co., Ltd.
Model AUT684N2100
Power supply voltage DCS8 to 28[V]
Angular velocity detection range =+ 200[deg/sec.]
Acceleration detection range +29.4[m/s?] (£ 3G)
+ 58.8[m/s?] (£ 6G)
Number of members 1[pes.]
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Table 2.17 Specifications for GPS module

Manufacturer Position Co., Ltd.
Model KGM 810GRB1 PS 917
Supported GNSS GPS/GLONASS/BeiDou/Galileo/SBAS/QZSS
Acquisition: -148[dBm] (GPS)
Tracking: -168[dBm]| (GPS)
Cold Start: 40[sec.] (typ.)
Warm Start: 35[sec.] (typ.)
Hot Start: 3[sec.] (typ.)
Altitude: 18,000[m] or less
Speed: 1,800[km/h] or less
Acceleration: 2g or less
1[pes.]
End effector unit:2[pcs.]

Receiver Power

Initial Positioning Time

Tracking Performance

Number of members

Fig. 2.11 Photo of GPS module
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2.3 RSB O
2.3.1 T —LE

7= LTHEAEEINTR=R T L —=21F, BEAT L —20—imzHubhe LTHERA[RETH D,
HIZRTH & DA E & FINVA SN OBENIE & O TREIT 5. Fig.2.12(a) 17, 7 — A DHKE)
EEHERT. 7—ABEHTE—XZOH N O1 1Y + — ADFEEEIN, Y+ —LF 72N L TE
EYy 7 VeEEIL, O2 %2l LT7 — 2% [A#iXE 5. 22T, V4—L%ZATA IR
TV THRTA2Z212&D, RZAMGEEZXZTWS. HERZEEEO—HICY +— 24
DL LD, RERFEELLB KCEER Lo E L0, 7— 22X 2EHEYOH LA
AREE 2. 2, UA—2lkdbvTny ZHREIL. U r — X 7 HETED A E TR
WX B0, ooy 7 FEERRTZ2DENRL, AENIRETHS. 2512, 15
E vy 7 MY SO h 2B IO T —obEsA ERREHE LD, 7—20
AIENEICHIBR 23R, BRICHELTWS. 22T, Y+—2aDkL70y Z7E&MHEI2ONTHI
BT 3. Vr—LF7E, ANODRUIRDY + — L2DEEET 5 Z 8 TV + — Lk A — L& ERE)
TR ERD. vryay 2k, HAMO Y +— LKA —VMZEER 2T TH, AT
DY+ — LRI LR VHRTH L. U —L2 T 5 — LKA —NBOHERS F 3RO
Ackahz!l™,

Fy;1 = F,(cosay, - siny — pcosvy) (2.1)

T T, F XERS, o, ZEEMESA, vI13Y— FA, 1 BEBRETHS. Fu 50X DK
XVWEHIFE LRy 2 LRV, Thbb, V- FRAMNNIL, BEEBREEORKZIVIZY,
vy ZBERT AAEEMAEE 5. L, pid, EEIRK, HEHX, H% - REhy
ZL DEMEELZ T2 HMERRTH L0, LI LHmEBD i3hoizwn., —f&1
Wi, —ROUr—LTYV—FA4° UFNTELr7ay 2BEHTA2EENTWS. ARy
MZBWTIE, FEIE—5%, V-FA3°42  Ovr—2sZEHALTVS.

FEROFEDO—FT, UV —2FXF7ORHLELPKEVWD, 77— #HE—XIczya—
XeEAT S2HATIE, 7—20HEEAELREELIME T2 ePRETHE. 2D,
WA TH 2IEES ¥ 7 M7 — 2DEEHERHHAAR T > > a X =2 2% T, ZHUTED,
7 — LD AHERREE L SMET 2 Z e HREE K 5.

Fig.2.12(b) ITRT & D12, [RiES v 7 MileR—27 L —afllozhziuic =) ZREL,
RA IRV THEITE (R—ZA 7L —AH07 — 23R U THIAIZ EERE O3 2 A0
[z 3) . =V OEEEEFEIXE2 22Ty —ADEEEARIBICBNT, R—ZA 7L —A
PIKFICHERFCTE 2. ZAUC kD, EIESRANOBERIC, X"—2A 7L — 2 2B RTHENS
Bk Y, 7 — LEREERE D 2 AR KIBICIER T X 5.
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(a) //Transmission shaft (b) 02

e Gear

Transmission
shaft

Limit sensor -
.~ Thrust bearing 03

actuator |

Fig. 2.12 Drive transmission mechanism (C)Fuji Technology Press Ltd., reprinted with permis-
sion from Journal of Robotics and Mechatronics.

ARy MIFEHELEDAKENY + — 2 2HWTED, 77— LEERIZ, fE-HH - 20D
RITD5EEZ 20 (EHETEZI13E/NEW) . (8 BIC7 — 2B O BREERE T DWW TER
HH3 %.

7 — LEREN A — &b 2 Af b ZHINERE» HHEEST 28T, =Y P72
RN ENT-YRDOEREZRHTE 2. TV FZ7 27 ZOMBED 7 — LHIEIEREN DR
BERMERT 272012, Fig2131RT X1, 77— LHDR— R 7 L — AERIHREYIK % 18
JEL720, 3, 6lkg] HA D% Zh ZH#E 7 /KEICTEfES ¥ 7. Fig.2.6 1T~ T4 L/7H DR1
W7 =Bl n e 52 207 —amERbe Gn b v s (FIINETRED HHEE) O
% Fig.2.14 127”3, Fig.2.14(b) @ 1~4[s] DX GUIEEE) D F v o OFEEfEZ, #EYEE
723 0[kg] D & E12-40.5|N-m]|, 3[kg] D& Ei1T-64.2[N-m|, 6kg] D& EIZ-89.4[N-m| THo7z.
N7 —LeRARBEIELeZDO M IOEGEIO Y R 7 2 7 XNOISNERZHEE L,
FUNAZRP SR EZIO BT A4 IV 72 TE S, E—X A2, LFO XS ICEHEAET
BZZEMTES., 22T, Table 12D 57 X—&X Y X MBS eHO—BEERT.

Tm = Current - ky - n- Gy - G (2.2)
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Fig. 2.13 Weight mounting on arm
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Fig. 2.14 Motor drive torque and end-effector angle for different load weight
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2.3.2 IYVRITJxIURKEE

VRO LY P 7 = 7 X DO ATRITIE, T, $HRILA, kg — M v ot
OQRT 4 ZAB 74 U H =TV v =Rl 1S 5. W5 BINIELNERICNIGATRETH 5
3, REDHHNAERIE - Z2BRETIERE KT L, EVREANX2MRBETEZ DT
WML ERE R Y MCABNRE AL ——HRIE T IZWEFT 270123 FL v 4 — 2 ERE)
JRE L7enFa—22HOTWED, BEOKEL, BEZEOHREND L. FHEILAEIZFES
DV TE 200, WRYNCEEE 52 2 -0 BEFHARCERmETH 2™, kg — b
ANIZRRZ IR Z A EE TR R L —72203, WRJE CTHRIB DAL LT <, RESHED
BV 7 aR T 4 2 2R S P VERBEE TEAA D D RERH 4 XEAD
TEISTEATE VDS, 22 ERIESBECHEREREc R 2B Z v — 2y vos—ig, #BIR
D TR 2R T 2R DPLVHNL AR TH 5. HEENP LB THEOBEZTHD,
BEEM o T 2%y R ST UIRERE DR TONRDLE L THETE%. — /AT, T&
JERFMRBYIMATIIETERIEED Y A7 D3H D, EEBONR%Z RIRHIH S R R A2 H 5
[81][82]

FREDEEEEAT, REEIIEHROLZFETOMKRBE I RERHALTWS., REEOT
YRIT7 =27 ZOMNEZ Fig.2.15 12, FEFiE% Table 2.18 IZ/RT. HRAEH T OB Z,
IR, AVFFURYE, AFHESERLTHERGZERALES® oz rzyzr 4
X, BROUVAYE, —HNONTEBLTWS. HEOUV A YHREDEY y FRIETIiI{T3 %
EIICRONIEHKRDOEREET 5. MHEE—NDOANTICEEINTVWS. —NDOANTIZ
W, Ry 7 IPEEL, ZhWCEh Y R 7 27 &, [HERE 04, O5 2#Hh e LTHK
R v 7 M LEEREATRETH 5.

Shatt

Wires

Fig. 2.15 Schematic of end-effector
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Table 2.18 Specifications of end-effector (C)Fuji Technology Press Ltd., reprinted with permis-
sion from Journal of Robotics and Mechatronics.

Parameter[Unit| Large-sized | Small-sized
end-effector | end-effector
Mass|kg] 0.56 0.545
Number of wires|pcs.] 53 60
Wire diameter|[mm]| 1.2 $1.0
Max. diameter[mm] $192.4 $102.4
End diameter[mm)| »90 63
Length[mm|] 222 156
Nominal wire pitch[mm)] 10 5
Max. wire pitch[mm] 90 40
Catalog specifications of object sizes 25.4 9.525
that can be collected (Min.)
Catalog specifications of object sizes 50.8 25.4
that can be collected (Max.)

Fig.2.16 IZ7RT X912, =¥ P27 =27 XD N & K & OFEMFIZIE, 7 A YL
LTI Y7 NARIC—RINCERESILA D, =¥ R 7 27 ZNERICYIRZ ZERELD AT Z
EMTE D, F£7, BEMADHITTICHNT TETT 5 2 iy, EENER3 2. ZRICIR
RIS T 5 7-0121%, HiIEORMRIKEEIZES D & IEYIR T, LY T2 ZeRRBETHD,
NIRRT 72, [BlisE O4, O5 2B T 2 XFi> v+ 7 ME, BT 57 v MZETIF 5 h
TWa. BTy M, LFEROBIREELTED, —APXFY v 7 MCREES R,
TIPR=ZA 7L =L TnS. BT 247 v M, [\EfsE 04’, 05 (s > »
R ONTANIE) FDITR—R 7L — L1 U TIRET 5. FEATNEBEENADRTEICT LT
FMLANERD EDICTEZ e THRADER, SZT 2PN EEBL TS, 22T, AL
75y MY TR D b R— 27 L — A0 EHEICEEA UM, NRNSEIESIR
L., INBIickh, REZERICHL T 7 2 7 X2 HEICHIEICH LT3 2 2 TE 3.

ARy MM, #e5~60[mm| DIEEFERNR L T 5. HBOEZK 2,500 #6153 5 &, 60kg]
MEICk2., N2y Py 272 2HVWS. KLy Py =227 X3EOHEE, /M
YRIT7 27 RBIETORGEZFRZNHDE S, U A YEPEEERIC X - THEO L&A
VoFkhd, BrETORAREMWNILS LD IICHELTED, MDIAADARETHS. F
7z, VAXYEHOBEFELYyF DD, HrHTFOZhZNUIBI 2R/IMEDPKEL, ABROM
BEIET 2. RERBEVINERIZ Y P72 7 ZIZADALE, #WHZLEL EITHRT,
BHE T 2729, vRy METAHROFIINCKERZ Y N7 2 7 X 2B TS 8I1C&D, 2
N, MPERERI Y N7 2 7 XOMEZED KT, BACEBEIN /NS R
IT7x 7R THETS. Fig217TIRT L1, V4 YEHEPEEEFIC X > THOLEZRAE v
FEDDELEFORRENNEL, WOIAADARETH L. £/, VA VHOBEHELE Y F &
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DY, BEETFOZNZNIBI 2R/NMENKEL, ABROMEZPIIETE 5. Table 2.18
b, MEHOMMICEL TIX, BEROY Yy F2RENEYOE/NF A4 XD 0.4~0.6 55
52 eI NS. £, RRE Y FII, BAENRYORAKY A XD 1.5~1.8 {3 HERE X
N5, ZhASOMEOBOR DR (VAL Yy F-HRENRYDOY A X) 1%, hExa
BEL A LTV mEINARAOBRFICORAY vy FERRE L &5 &5 ke
RS 2 WEBAORYET 2 2 LAABRAIDETH 2. Z0fth, HBENRUOIRY L TIdBkK
H L IBHBAEPITFELL, ¥y Filglofro THEZ D T30 EX V. £/, HE
ME L, REMERE UTIRBEEDIMEWD 0PI NS, Fig.2.1812, ARIFFETHRENR
LTV AHEOE BT OBk A RBR (B, B, ~—tiLFvY) ODIETEDHE T —
2R g7 TR AR PO TEMERLICHLTY, A—DTy L7 xr &
R THIETE 2. BICKERBEYICH LTI, FiglTlnRdT ko1, KREhKkiEpry

FZ7 2 RICBEEMRZZ I THIETE2I2HTES.

UM X, BEREYORNA XL TROE y FRRE R TOREX D L1,
BRNBIUOHUNTAEZHET 22 THETE 5. EHERICEALTIE, 77— 250D
EERE Y BAEYOEBDRAICKE 2 E— XV M7 — BB IR THIUL, HEIZHRET
X3HDLEZT-.

»  Rotary
a DR2 # ) C ,
(2) Stopper . 5!\hrackc1 (c) 4
Potentiometer \ g with Potentiometer | DRS

Support shafi
RU'{IT}"
bracket ™

] ~<04 ~ DR3 o
. e O A \Wos: '
Support shaft O OO"‘ o

. OQ .\ 0a0 : J
> o250
W/%z%yﬁ/%%»ﬁ//f /“’%p///

Rotary
L

(b) bracket
------ . - A
Potenty e v Y - = - o
I otentiometer, . . " Support shaft
) _ . = .
Rm:ll'}’ Bl : - Wv' = £
bracket hl P
o/

Support shaft \ Q :"1 0)5:: DR3 [ 1]
ey 0 B8 S

Fig. 2.16 Structure of an end effector with springs (©)Fuji Technology Press Ltd., reprinted with
permission from Journal of Robotics and Mechatronics.
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100 . L.
4 Maximum wire pitch [mm]
90 +—90.0 ® Target object diameter [mm]
20 A Default wire pitch [mm]
g 70 - 68.1(1+20)
F
= 60
S
5 50
2 40 ¢ 2w 400
]
£ 30
A ==—26.5(u-20) 23.0(u+20)
20
14.7(w)
10 A 100
+ /-4(n-20)
0 5.0
Large Small
end effector, end effector,
camellia fruit size camellia seed size
Target Object| camellia nuts
End Effector Specifications *Csaitielog anif;:;ize
Value measurements Price
Example objects
Wire | Numb [USD]
Diame Width |Diame| er of Pit.Ch Pitch Min. | Max. | Min. | Max.
ter [mn:] ter | Wires Min. | Max. [mm] | [mm] | [mm] | [mm]

[mm] [mm] | [mm]

[mm] | [pcs.]

Mini Nut Wizard Most acarns (including white and black oak) (—
- 102| 156 1 60 5| 40| 9.53| 25.4| 7.4| 23| fushardteens 45

apples
Macadamia nuts h“‘ &
Y

Medium Nut Wizard English walnuts and buttemnuts %9 oo 4

Y Large and paper shell pecans
y Red, chestnut, and bur oak acomns
N 192 222) 1.2 53 10 90| 25.4| 50.8| 26.5| 68.1| Shelibark hickory nuts @ % b 57
- Buckeyes and chestnuts
iy Golf ball >
N snmgznsnuns p¥e
Large Nut Wizard Black walnuts @ o’
A Sweet gum balls =
(il Apples and pears &
. 240 280|N/A |N/A|N/A[N/A 32| 102 At I & S D 59

Extra L\arge Nut Wizard Pine Cones (Flared out >3%)

Chestnut Burs
\_ 254 a32|N/A |N/A - |N/A O [N/A 76| 200 * A 85

0.52 1.57 068 1.74

0.39 1.77 038 1.32
The min. pitch is recommended to be approximately 0.4 to 0.6 times the min.size of the target object.
The max. pitch is recommended to be approximately 1.5 to 1.8 times the max. size of the target object.

Fig. 2.17 Relationship between end effector opening and the size of camellia nuts and seeds



H2E MRICHIE ST 2VRBEDO LD DOBEH oKy b DG 42

120 4 Maximum wire pitch [mm]
@ Target object diameter [mm]

100 90.0 ADefault wire pitch [mm]

—_ L 70y g g g g g O A Ut

=

g 80

z 68.1(1+20)

.=

< 60

>

g

Z 40 29W o400

2

A

23.0(u+20) i

Fig. 2.18 Relationship between the opening amount of the end effector and the sizes of various
target objects

AoRy PTHWEZY FZ7 27 Xida— L7 HOERICH L THEE L TW5. Fig.2.19
WLy P72 27 20Kk v — T ROMGAEEZTRY. Fig2.19(a) ITRT L3512, RT>
Fx 7 =7 ZI3E S 55[mm], RHEK27° OEMKRETHIGTES. Fig.2.19(b) 1IR3 & 51T,
INTY R 7 27 Z13ESH 22mm], RER 15° OBKRETHIGTE 3.

Fig220lC2Y R 7 = 7 XDHEEEER O 0 — VAR O EAE R RS, 22T, BRy b
PHIADSRERERERL, EMIoy Fo 727 &% FIRME45° S CEBIX B E,
LIy R 7 2 7 X2 NRAKO0° L LEMETH D, B—VAROELAENPRRKE RoT
KE RS (FHEOTY L7 =2 7 ZIFAMCREEINTWE D, VY I 0ELARIRE 75T
B, EHNCEEET2) . Fig2.20()imnd &1, RY P27 27 RIIREN4° ok F
TXIETE S, Fig.2.20(b) & d L9512, /Moy Rz 7 = 7 ZIIRER 5 ° OEIR E THIET
3., LRI 727 XBIREREMKE T2 28T, MaRBIAD T — LR ORI DR
W0 LT B MIFRO—HR23H & TR L, BRI 2T 2 e TtE 3. L, HEF
We LG EIE, AE»ARRICE -#» 27k U TEBIETIBEAT 2 e E 260 3.
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22.1[mm)]

Fig. 2.19 Roll direction angle of the end effector shape

4 42.5[mm]

Fig. 2.20 Roll direction angle of the end effector holding configuration
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24 IVRIT7xVXDYEIBEEDRE

AnRy Mg, fRGFOTY P72 2B BemeTn2. Fig221() IRT L51, 1B
EHEDPW R o TIIET 2 L5 IS0 THh 5. FEEZERZ, HER DLy P77 <
7 2O UANT N, REEEE, ETTIM R EEGRICHERE T 2. Thbb, AROXRE - Hik
FNELEEREEZ NS, L, Fig2.21(b) IIRT X312, BlxiX, #EEOHEE
FHEEROZAB L UOFMBEOEVE LTHNAS. ZOFIMBEDEWVIE, Y FLIZAT)
SNBI LA AEDEDHIENAEH T 2N OLENCHET 3. X HIFA—#EH BV
THERBLBITIREOEMIC K VRIS EE T 2. 2212, RIFFEOED R UEREIC X 25
55 - BHR KRR EORLEBERIMD 2. FAENRICEDEY — LR B X BfER 72
b s, Thbb, FERECBY 2 LA NE, AOBKREHES X CEEICHE < K1F
TAMRZER Y LTROb I 2215880, ZOMULNIF DR DE1F, HBIEHEEOXE)NICE
R RIET. LA IR T 2855 I EME A0 tiRIcH LS sy, 1415
RKPMERT 5. —77, @A UM SRS D IRl D 28, BEECIEENRE
FELLIERS. Lo T, FEARETE, AEMEOHEREES XORENEHRT 2 Z e
WEETH 2. UM EHIETRER BE LR OB AL, B 28 NMLOFETIEIRL, A
FYERED BN C B2 IR T 27-DICEHETH D, RERF NI NEEAEOIEHZ R
HyZenEEN .

) S )
o8 | y

Forword
direction x

Hshort
Ltall _

Lshort

https://mutwizard.com

Niqu = Mg + F sinayqy Qeanl > Ashort

Nshort = Mg + F sin agport Niaut > Nsport

Fig. 2.21 Manual work using Nutwizard

ZZIT, HIREIINT LY P27 227 202t 2 22T, WRRBRIFIET 54
FERLEMOHEP R BRI KD 2. 3, TV R 7z 7 XM MREINT 24 12 D
RZEHT 2. Fig.2.16(c) KHOIEAREZ R T. GIRIFARIC XA WEEFLITD X 512RE 5.
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TIZT, EBAREE, § BANFDOENE, Fy 35RIZRICBIIZWHIRIZERT. ~"A2RE
fll, —=> N7 =7 RO DO £ I2BIF 2R MO X, P04 A DEE—X
MEFE— Rl 2729, UROBRDALD D,

L,-F,cosl, =1L, F,cos0, (2.4)

(2.3), (2.4) X5, HREIHT 2Ty Fx 7 22 ZOHREHHITTOANRIC K 25 H125KD 5
ns.
L, -cosf,

Fe = m : (k‘(5 + F(]) (25)

CZWRZYRZT7=2 ZDHE m.g (gEENINEE) , =2 F2 727 XHNOREYOESR
myg DD Y. —#iH 72D O OMANILI T 72 5.

Fl = N.F, + (Nom, +m,)g (2.6)

ZZT, N,EAFDEE, N ZTY Fx7 =720 £T.

Fig222 Iy R 7 =7 ZME 0, L IR T /LN F1iconT, RIEMEZ IR,
(2.6) NI X 2HEREZ R CZNZIURT. AR T, N=N=2T»HDhH, TV FZT7 =X
IV RIT =27 ZNOWEWERED Oke], TH2bB, my=0 LTHEERITo7z. £z, EE
&, REDFHETHEZ 7 = 0a VR EHEEZRGRE0.77-0.78-], BIEZRMREL0.62-0.72[-] T,
DI VIR TfTo7. Y R 7 27 XAE O DFTEDAKE L 12 X 5127 — LEKE)E—
X &I U7z, FHAIGIEZ Fig2.23 1RT. 7Y XA T 4 —A5 — (IMADA # : ZTS-50N)
ZRWT, [ElERE 04 Z3h1E EAM (Fig.2.16(c) @ DR5 A1) 1285 B, PRI & B 2 B
DRBEZEHILz. 2D ZD5RATANGKFELSEZHWTHE L 2. AlEME & BEREO EA A
—HLTEY, TV P72 7 XAEOEIMIfE-> THENSEMLTWS. AT, =¥ F
T2 ROHEREMEERET 57-DDEHZITo7. Fig224 Ty N7 =7 XAE 0,
LIV RIT 27 R EREDPEML T2 OME OB IO&E c OBRERS. FEHRIEHIEME
TH D, WFRIE Table 22 IR LE e FETORDERE (u-20) THS. HOBVPKZEXZ L
DB LUSCHEDN D 5720, HHEMEOKRE XL FCHRETS. —/HT, TYVFIZT727XD
IR IR © Sl 2 M L S ARBEDDH B, RIFRTIE, 20° £15° & F
ZZENEFELVEHIMILE. 22T, BEOREIRAMEIZ45° BETHS.
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—&— Large-sized end-effector (Measured value)
—%— Small-sized end-effector (Measured value)
---&-- Large-sized end-effector (Theoretical value)
--[3- Small-sized end-effector (Theoretical value)

T T T T T T T )

€
o

=]

o
T
1

Pushing pressure
of the end-effector on the ground

S
1

Setting center value

(Peak value of force gauge) [N]
& S

15 20 25 30 35 40 45
End-effector angle [deg]

—
=]

=]
on
=]

Fig. 2.22 Relationship between the rotational angle of the end-effector and contact force (©)Fuji
Technology Press Ltd., reprinted with permission from Journal of Robotics and Mechatronics.

Leveler

Fig. 2.23 Pressing force measurement method
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—o— Large-sized end-effector

—+— Small-sized end-effector

------- Min. diameter (x-20) of camellia nut
------ Min. diameter (u#-2¢) of camellia seed

39

=] €
on o
X
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Ly
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on
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= = = e e o e e e e o o ommomm e e e e mm mm E e= e= e= = e= = =

End-effector opening amount [mm)|

on
&
ki
1

0 5 10 15 20 25 30 35 40 45
End-effector angle [deg]

Fig. 2.24 Relationship between the rotational angle of the end-effector and wire opening amount
(©Fuji Technology Press Ltd., reprinted with permission from Journal of Robotics and Mecha-
tronics.

HULMF DA YEOBOMBRRZRYT. =Y FL 7 227 XD Table 2.18 12/R L 7=
EZHWS. B LT, VAV Z 1 ARZRFFHBRE LTARKR L. BH_KE—X > M3,
wd?

I =
64

(2.7)

YROOEND., ZIZT, AL WFTZVRIZ IV RDIAYOMBETHS. T, FRERI,
3EI
= 5

e

ke

(2.8)

LRDBHNB. T T, E=200[GPa] ZRAT YL AMDY Y 7H RIZTYRFIT7 27 ZDY
Frrnd. IRAANOHUTT N FN] & LGAIcB T 200813, 7 v 7 0ERIK DB

T XkS5TkdDon b,
Nele
6 pr—

nk,

(2.9)
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22T, BOJIANCEN BT 2 R E n.=0.5 RE L THIT 2. BEERD 7 A v 23[R <
7z, WiFNEtae Lz, BOOHHITn AP EMNT 2D L. Fig2.25 ICHIRAEADH L
I e v4YoMORBOEFEEZ RS, fle LT, KV RZT727XDYV A ¥2 n=6[pcs.,
F,=22.64]N] (¥ FZ7 =227 %60.=20°) L7t Z%E, e=27.5(mm] &7, Fig. 22207
Oy bREWVEE RS, L2L, ERIEZ Y P72 72DV A4 YDOIEIR - 5k D 7 058D
DEFARDEINAEH T 5. ZD7d, FidorBh, FEERINH LA & O R0 RE
ZRDIAERZERH L 7.

—&— Number of displaced wires for large-sized end-effector(n=2)
—A— Number of displaced wires for large-sized end-effector(n=4)
—— Number of displaced wires for large-sized end-effector(n=6)
—&— Number of displaced wires for small-sized end-effector(n=2)
—A— Number of displaced wires for small-sized end-effector(n=4)

—B—Number of displaced wires for small-sized end-effector(n=6)

End-effector opening amount[mm|
o
<)

15 17.5 20 22.5 25 27.5 30

Pushing pressure of the end-effector on the ground
(Peak value of force gauge)[N]

Fig. 2.25 Relationship between contact force and wire opening amount
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2.5 ERETTOYIFIEISEESI DRREE

HIETCHRE L 7R EEDOZ L2 MR T 272012, BRNETTORSBEEN DIEREIT- 7.

Fig.2.26 ICHBRSMF # X 7 % RF. Fig2.26(a) &R 3 £ 512, AR EEELITS XM (0.5~
3.25(m] OfE) ZE&HTHARY b2 4m] E#EETEE, BEEE 0.25(m/s], FIEERHRIX
+0.0625[m/s?] L BB BEEERESE Lz, 22T, TV N7 =27 XROMERFTEAZEICE
ELIREET, vhy FEETI R BENEYE LT, Fig.2.26(b) IR T X S ITHEDED
I — EY OO TR — R CEE L7z, DI Fig.2.1 D X 5 IZRFERSEIZHE > TR
B, BE LN ATFREETDH 2725, Fig.2.27 D L5 RAMEZEIEL 2. B 40[mm] O 7
Z2F v 7B OBRIEE O (GERZERIETIE, HiEE OB THE2 S LIZEN2729) L
T, WERIC 30[g] DFEZEE L7z, vl y MDRE L ETREE RN LB FIAETER
WEEDIH B0, BH3ETORE LK. R4 3EHOND 1 EN E2RE T, £
DHIEHFRTORBERIIE L, FeHTIMMELTHY Y ML HBOELETFOZLZN
WBWT, 2TCOREERIT 2emARK 12 %%, 22T, ETXERBOKREICHED I
OSHD ) v TRE—=UPEREINRVEE == 8D A Xy RLAY Y b (EEBRE
1.001[-], BHEEBMREL0A477[] T, WEH I Wy M) Z2EWE. ZHUuE, REDEELKRE
DEITIRIENRYIDE D, 1BIEFREICR2 2 2Kk TH 5.

Fig 2. 28 IZIRfSM RO —FlZR"T. 22T, KHPOREKDOEIZEKRIZR L, 4 X3
NTH—TH 3. Fig2.29 XCEBERD 7 Z 7% RT. Hllic—y R 7 27 ZDOMAEREM
DEIKERTRT. Z0DY = DREERZ MR T, A ER N RS, B YIRLRIER
BixsmEle L, ‘FEE (XHD) , &AE, f/MEZ7vy b L. EBRIEFEIZOWT, FERIE
BRI OWTOREBHERTH 2. 22T, FEOHREFEEZIZR Ry MCEELzH X 7 THER
L7.

EBROFER, ROBFICBEL X, YOX5RTY N7 =7 XMEREMTD LB
BETHolz. HHIZOVWTIX, =Y R 727 &XA0° 2358, HEHE OHEMIIVNI IR
BORRARETH o=, T2, HIHTDZY R 727 X2k - T, BTHkR1h, BIETERWG
BB oTz. HFOMEIS, TV P77 2M%30° Y EICRET 5L, MToEhiky
PFEET 2 e FREIND, BEEEDMERST 2 Z i3k o7z, ik, ~v b OHMEER
PHEL, TR 727 XOBOENNI MR SN/ EZ 5. REINCIE, FEEES
BB LOBEMATAHIRTDH 2 50° 120 LR E 52, 20° ZEkatHuiMEe L GEAT. Fig.2.30
WLV R 727 XOAEZEB XOIMU THE LABEKEE 2R, TV P2 727 XDMH
FEIEAY 20 ° ZAERF L CTEITTETWA Z 2230 5.

ZZT, TV RIZTx7 XML VIREETORIFRENICOVWTHIE T 5. 14183 2 Wik
DEKIKRTH 2720, TV R T7 27 ZONERCERPET 5. ZOZERIYIERS A DAL=,
BIRRENAE LK R T A 3ol TV R 7 27 XTHC BN, 115 LY
Keay7 BT THONIGAEETH 5.
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Fig. 2.26 Experimental conditions and tasks (Indoor)

Fig. 2.27 Photos of dummy object (©Fuji Technology Press Ltd., reprinted with permission

from Journal of Robotics and Mechatronics.
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Fig. 2.28 Experimental collecting results in indoor environment
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Fig. 3.2 Block diagram of contact force control (©)Fuji Technology Press Ltd., reprinted with
permission from Journal of Robotics and Mechatronics.
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Fig. 3.3 Relationship between the spring displacement and potentiometer angle (C)Fuji Tech-
nology Press Ltd., reprinted with permission from Journal of Robotics and Mechatronics.
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Fig. 3.4 Simulation results of contact force control (C)Fuji Technology Press Ltd., reprinted with

permission from Journal of Robotics and Mechatronics.



B3 E  AEIN IS D 72 D DAL HIE 3 X N FEERREE

60

ay tue—7OMREHEiE LT, BEEBEHEZHR L. 7 — 2MEIEDE Oy 2257 — 4
A0, FTOEAL—TRE LTOKR— FiR% Fig.3.5 RS, ¥z, 2> br— 7 OHl{#EtEE
% Table 3.1 127”3, 74 YRGB X OCAAHRBICE L T HEMHEHIENC B 2 —RINREE (&
A VRZ 10~20[dB], (IAHRAIZ 40~60° DL EhTws) el TttaeE2I 60 5.

Phase[deg]

Magnitude[dB]

140 |-
160 -
-180 |

-135 [ Phase margin

25 pandwidth | i
4—?3 :

2270 =

=
=3

— T = _7:_:77 _______________________________
IGain margin

Y
5 8 o
T

@
=]

B o %
S 3 5
I T

S
=

1 L/
1 A S S W

0F T .
-45

i
I
1
|
I
|
i
|
|
|
]
|
]
1
|
I
I
]
i ]
90 ! e |
i 1
I
[l
I
|

B e T I T e S

Control

g
10° 10! 10 10° 10t

Frequency[rad/s]

Fig. 3.5 Bode diagram of the proposed control system

Table 3.1 Controller performance

Definition[Unit] ‘ Value
Sampling frequency[Hz] | 100
Control bandwidth[Hz] | = 15.7

Gain margin[dB] =50

Phase margin[deg] 90
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Fig. 3.6 Slope climbing experiment (C)Fuji Technology Press Ltd., reprinted with permission
from Journal of Robotics and Mechatronics.



H3FE ARG D 7= 8 D1 HillfE 3 & CEERGEE 62

0.25

e
s

0.05

bt
=
W

1
=
=]
-

"

Vehicle Velocity [mvs]

-
-
=
oy

Angle of End-Effector
[deg]

60

[mm]
l_:l

Spring displacement

Angle of Arm [deg]
IC-;

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
kg=2.0 kg=0.8 = = =kg=0(Without control)
B i At nfdi b S TN
. "
, " (b)
f s\
!r .'\
/"r ~

- Y

| S v el L= — =y

10
0
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
250
2 200 (e)
2 150
o=
&g
< £ 100
g 50
g 0
-50
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
20
. (0
2 16 B e e Bl shutecl e £
= .
s 14 -4 o
- 12 ¢ \\
[ = =i £
S 210 T L — e Rt S L W S—
it -
gu 8
w 6
£ 4
b .
“l.,-.l -
=0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time[s]

Fig. 3.7 Experimental results of slope climbing (C)Fuji Technology Press Ltd., reprinted with

permission from Journal of Robotics and Mechatronics.



H3FE ARG D 7= 8 D1 HillfE 3 & CEERGEE 63

(a) With arm control y (b) Without arm control
k=08 P4 k=0

Fig. 3.8 Experimental results of wire opening (Q)Fuji Technology Press Ltd., reprinted with
permission from Journal of Robotics and Mechatronics.
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Fig. 3.9 Experimental conditions and tasks (Outdoor) (©)Fuji Technology Press Ltd., reprinted

with permission from Journal of Robotics and Mechatronics.

Fig. 3.10 Experimental collecting results in outdoor environment (C)Fuji Technology Press Ltd.,

reprinted with permission from Journal of Robotics and Mechatronics.
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Fig. 3.12 Transition of the rotational angle of the end-effector (©)Fuji Technology Press Ltd.,
reprinted with permission from Journal of Robotics and Mechatronics.

Fig. 3.14 Weeding and burning in the field < https://trip.iko-yo.net/articles/847 > (Reference
Date: December 31, 2025)
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> TCTHUS U 72 Eif50 SEYCBIGIREE 2 B U, HERLE CREAEE (NDVIE) /R g
ERHEET 2 7EREH LT3, RGBEGY &2 EGRZ BN E CHEE L, 3X0CH
MRk e A EDE TEYMESEBIREO LT 2 FEZBRTWS. —/5T, ZO0HFRIT,
HIFE AT DR EYRELTEME L\ o TR D DR Z B R B 2 T IR T 2 v 2 »
SREND 5.

i Ew Ry Mgk 2EHNE, BEpeHiEE Ry MR TEEBHL R0, FEEBEOETSR
e R L-a—hr~<y TRERTE SRR 2R, FrclEgEicx, ftterFx—1
NF—B—DBEEDETA B2 EET 2720, HEaRy Mk 23N LM e ENOH
TEAMATHD, EANBATIAIRTHS.

ME X2 R — v, MR O EHHERE, HIRIZ R 2 REHICAEMNCE R D, BHEFRT
W7 < EHE EATE & 0 D Hg B IR 2 H S B EIHIK e L TG T2 Z e R E LW,

A BWTIE, i EaRy MX2HIITFRICESEYTS.
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S
4.2 BEIRT 4 — Ny IICKBETHIEIDO G

BB Ry b THRARIEEERZITS DX, Sl 2508 LEHRD» S, BEONE
KRBT 2HIHALETH 2. B3R, vaRy MTEBOI X SE2HEHR LD, ik
A1 X7, LiDAR, BEKEL VRO I ZEHANHARDELZDDPREIN TV S.
LL, R anX  VEOHTRERD 2. 22T, BIRAXS0AIZL2BEH0Ry
F DFIEEAE E T 3100,

HRXZERAWEBHHETFEL LTy 27 Y A= MIN 2 HiERD 5. ZHUEH X
12k BEMRDOMBRE S H X FEERTEHHIL, vfy MEBEERICERLT, aRy k
THEMBICHIHT 250 THD, HHREEEZENIED, FxVTL—yarzi—ianfl
THVE WS REEFFD.

T LT, A X SERFORREOMENSEE T 4 — FNy 2 ANZERT 2927
NP —RPRERINTWS. 18R, EYa7 13 —RIGEFHHROL VW6 HHE~Y -2l —
R HIE OBFEC R & AT 7z 00031
L% L, Brockett ORELMINcHSE Y27 Y — ROBIEEIRAZL 7 4 — RNy 2
HIERNC X 2 AR EEHEEAATRETH 2 Z 2B sNTW2., Thbb, HaTD L5k
X O BT AR E © 2 R VWHRBE o R Yy M LTiE, MREHEEELCH
G T 2 08D 5. LA E L, BiEa X MATENL T 2 2B HEEE B L
THEAARER LY 2 7 — R & 2BEHIEENEENS.

EYa 7Y —RIX, X IERICFEDSCTHEE SNz T H L b FERERICB 3 = RIChiE &
R v UCR B2 3 2 B~ — 23 (PBVS : Position-Based Visual Servoing) 1?10y
[HfR_E D RITORHED & BB EIHEZ 3 2 HRR A — X (IBVS : Image-Based Visual
Servoing) Mz kBIx N D, fIEN—RER, BEBEOMBRHERTH D, PEOHERY
DRBELBEWD, =X BEHEET 272018, [FHlERHI X FTAPKRETH 5. F-H G
5= RICMBEZEFTH L TO B RFISHRI A E LB L5GE, BEOD X JEE EONE Y
ZROTHEAE EONE & ORGSR A B RTREME D B, F T, RS A RX T D
R HHERKRT 2 W MENH 255, Murrier I X DIBR I N -HETEIC & D @ik x s
D9l UanL, ZOHERERTERELEL T80, FFRAIAT vcEED ot v ¥
BREBRBEL T L. ), BEREEAN— 2R, MEH#EEZITORWDMEN— REIZEAN
TREENDZ L THEL. LrL, HFFORBEOZEL v Ry N OBELRE ZBEFROT
Y a7 Y ICHh X TG0, EHRIXSAZREY T3, TVR-IR/ADHE
D7z, 2BFEGIENESRE Y 725, FEME L BIREME & OEBEN RO 20, N—2F A4
> OHMERIC K 2 MHFEE T ME L 72 5.

AR, Zhang FRICK D, BN — R & EGEREAN— 2 ORI R 2HE LHEEsiRE S hi
0] 3 5 OGBS D A5 S FHEREBI 0 R v b O LS 2 EHEHEE S 2 HETH D, &
EERPARES T 7 4 DEPAET, HEFAPHTERBRE TOEEO R AR MEDHE SN
2. LL, W ODRMEND 5. MEHEHRICH D S EEFHEE, /A4 XDHEESIRIAS
Y OBRBEMNERIC LD, HGUHEOBECHAET 2R[REELH L. UL, BROA» LR
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ZREPEER COEBREMEBEORE I AW e TanA MEEm ETE2EZS. §
b, HEREZ TOEMCICC CTEHRLETOREINEDLZ DD THIUL, ZTORKEXIZ
HoznRy POREELFETIHHREMECTCES. /2, vRy bOWIARBEDAEZEL
THED, BERTOE-PFEET 5. 2, BEgfhctonRy FOIEHORMELER L 7L
BEEZHARAL Z e TRHIBTE S EE X 3.

ARFFETIE, XM B T 2 EBHEE O IERICH L, FHREEED K E S W= HIfR
WEoT, IEkn s 3y 7 X 2EERTCOEE R RS 2 5152 RT. H4.2HTIE,
ARy MCHIRAD X 7288 L, HEHGZ 52, ZU—HT 2 E51unRy 2iFE
T 27D DERBHEFIEERT. B A3HTIE, BEERREEICE W HIEES DG FIEICD
WORT. FH44HITIE, AT LOEMEEZRIEST 572D I 2 —Y a VBIUERE
Bzi75.
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4.3 ZEEBORY FDEKRE L UHAERE

FEMEWTFE & LT TurtleBot3 Waffle Pi ZFIH L7z, ##l% Fig.4.1, vR vy b DfLEE% Table
4.1, BAFERIR% Table 4.2, # X T DA% Table 4.3 1I2ZFNFHURT. TurtleBot3 Waffle Pi
W, Z#F @i a Ry b \iEmSEGHEE) THs. H2ETHRELBErRY P&
2R RIEFRIEFETH D, fibMiE LTEZONS. 1272 L, BRELR—NLFIF X AKX TH B
», dudE%z LRV DIZENEITTOHRIREEN S, HEH#EFHERE LT, Ry MR
EEHINTVAHEI X Z2HMHT 5. vRy MEIZIEROS (Robot Operating System)
ZHW/. ROSIE, Ry b7 7V =2 a VRERTE2Y 7 v 2774757V —
NOEEERTHS.

Il radius =143.5mm

[l radius = 220mm

-- lZI =281 x 306 x 141

(LxWxH, mm)

-18K

141mm (H)

306mm (W) P ; 281mm (L) "

Fig. 4.1 Overview of the TurtleBot3 Waffle Pi < https://www.turtlebot.com/turtlebot3/>
(Reference Date: December 31, 2025)
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Table 4.1 Specifications for Turtlebot3 Waftle Pi

Parameters[Unit] ‘ Value
Size(L x W x H) [mm)] 281 x 306 x 141
Weight [kg] 1.8
Maximum Speed|m/s] 0.26
Maximum Angular Velocity[rad/s] 1.82
Wheel distance[mm)] 287
Drive wheels radius[mm] 66

Table 4.2 Development Environment

PC OS Ubuntu 16.04
ROS Version Kinetic
Simulator Gazebo 7.0
Programming language Python
SBC (Single-board computer ) | Raspberry Pi 3 Model B+
SBC OS Raspbian

Table 4.3 Specifications of the Camera

Camera Rasp-Pi Camera Module v2.1
Interface CSI
IC chip model Sony IMX219
Still image resolution 8 megapixels

Resolution / Frame rate | 1080p (1920x1080) / 30fps

720p (1280x720) / 60fps

480p (640x480) / 90fps

Size (L x W x H) [mm] 24x25x9
Weight[g] 5
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4.4 MBREFRTCEHOR Y FOZRBMTE

4.4.1 [EIRERE

ARFZE TS v RIS, BIERA X S 25 LB R Y b 2T O EHSE RIS
BNE BN FETIMEEELEZ 5. Figd.2, Figd3 1R T X512, X5 OHLEHER
FHOHDO & —HIELEREIERF 2ERTS. 2#ideRy FOFEFHEERT 5.
cHI A A S DN mRy FORGES L 2 —BEE 2 L5 ICRETS. £/, nRy + %
FREDNIE - ZEF TS B/IREZBERF* 35, HIR7 4 —F X212k, FE
F*re—HX832z2HNET 5.

P, (i=1,2,3)
z Feature Points  p,

Fig. 4.2 Problem Definition (©)2022 IEEE.

) X(depth) N
Cle== - -0 Pl
Focus [ Gf-~-—___ 1=
Point N TTTe1_ j
| mage Plane B
P,
World Cm

Frame

Fig. 4.3 Visual system Model (©)2022 IEEE.
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Fig.4.212BWT, 32 EORES P; (i=1,2,3, N) DIFEEZREST 5. D 3RjLL—7

Vy FEERE P, PreR¥%, FE F*IZRHLTUTDXSITRT.

T T
P=|x. v z] . Pr=|x; vz

XSS 2 HEFHE LD p;, pf e RP 2T T 5.

T T
pi:[l w; vi] : p;‘:[l u) v:‘}

LT ORGRDIK D 32D,

1 1
.= —KP, p—-—KP;
Pi=x Pe = X 0

)

ZIZT, KIZWAXATDONE T X —RITH|%RT.

(4.1)

(4.3)

X7z, vy b OVHEFNCE T B EERITH R € R® 2 L HATHREIRZ LT e R® Z W

TLLRPBE DD, TZT, 0iduRy hOERAEZRT.
P,=RP;+T,

cosf@ —sinf 0
R = |sinf cosf 0O, T=
0 0 1

oS

(4.4)
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4.4.2 EfSEEZRAVEEEORY FOZRBHTE
AT D EIC L D, uRy FOXE 9 BHEEL, HIEICHHET 5.
(4.1) -(4.49) K& D, UTFoABBFLNS.
_ sinf + Y cos0 + T,/ X/ (4.5)
" cos® —Yisinf+ T,/ X} .
z
i = cosf — Y sinf+ T,/ X} (4.6)
SCERMONC R, DUR O BEIRRAIR b 170,
[aij blj:| [é;] = —Cj ai:]-a.“7N7.j:]-7.“7N7i#j (51 :Siné’, §2 :COSH) (47)
f:ffb, a,-j,bij,cij eR T»H D, LXF@&56:E%’§§&%
ij = Z(Yiyj +1) - Z(Yi Yj+1) (4.8)
j N ;
by = =¥ = S = Y)) (49)
LA (4.10)

EFREEBD i, j I L THEN. S, B/PR/IEZHWT, &, EZ2KD 5. dlfyong s 2

DRI TH 2 Z L ICHEENRETH S, 0 U TEDHEET 2.

0 = atan2(£y, &)

(4.11)
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4.5 ZEEIONRY bOERT r — B/ 1

4.5.1 ZEEBORY FDESHFETIL EHIEHRDIERK

AWFZETIE, Ry b O EETOME « ZEIL R oEEE 7L org

T; cosf 0
T,| = |sing 0 H (4.12)
9' w

0 1

TR DM Z Figd.4 1R T, BRy MIHERI MDD XI5, BENME TOEGE IS
T2, TRCHIMCHEL-HEEGZHGUHEDOA L L, WEORHEELZ —HIE32 XS
aRy P EEEXE 5.

I?esred Orientation ﬁ Controller 1
mage estimation | | (Position Based) [] -
-, mage Robot ¢—
Processin |
=9 L.l Controller 2 j

Di» D; (Feature Based)

Current Image

Fig. 4.4 Block diagram of the proposed control system (0)2022 IEEE.

ZHARCED, vRy FOBENCE - THIR X N/2% 7 L — 2 OEgERE 2 LT, HIER
ANDANEZRERT 2. HlHZE 1 IZEBEXR—ROFIHEETH D, 4.11) Xp s, aRy FEE
OHEEMEZEH L, AREESEO ZAENKT 5. EffEC X D #EEZRBAZEHECRE & 5.
—7F, HlfEE 2 IXFHEEN— R OFIHERTH S, uRy b EEREBICET 2 HEEHE &
R OESRFHEE2 SRy F OEEE @v%%ﬁ?%.it,@ﬁﬁ¢@f%%@ﬁ?%
LI D e AR FEELED DI, FHEEOZBHIEE W 5.

HENMED S RI-BAEMEOEIRIX, (4.3) ABXU P = R1P* OBGE» S TDRe L
TEHxh 3.

X
KR 'K 'p; (4.13)

pi_X/
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Fig.4.51%, AR 64 RETORR Y OKREBHEES X, ZAUCHET 2E B 7L —4 1
DR DEIRH OB L RS, EICHEDBIERICBY 2HE, Gl HEREBICBI2E
FUWEBR, Aoz HIEME & DL OB RE R T.

-0
| ;. P 1
Current D; i ‘\3\’0
Configuration <] -
. ‘ \ o 1 .
e - \\// Pz
Desired
/ Configuration
(l 7 _ ?_q’ Di
\ /
\,,.f’ Initial
Configuration
X(depth) \ P \ .e... ''''''''' P
f o i o g
Cl-- EWM/E Op g __ I ’1 l === 9 "i E
Focal - tp\f S5 B B 1 === == i
ot Image Plang \“‘\4{2 D “‘..._. """m..ji
Camera World cm
Frame
P2 .
pfa’ p2
pi p—
Pi Pi_
Current Transformed Desired
Image: p; Image: p; Image: p;

Fig. 4.5 Transformed image for orientation control (0)2022 IEEE.
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4.5.2 EITEREHIH

HGRHEZREEOMER L L THW R HIENFET 253, BRI OBIECHAT 0]
BEEDH D, BEOR»OLRIZERIPHBREZHWSE Z2TuNZA MEEZAILETEZE X
5. bbb, BEREETOHRMICICE THE ETOREZINEDS HDTHIUX, ZDOK
FIWHEOT Ry FOBITHEE LT AHIHEREMETCE 5. AWK T, ETHEE %
R O FEBERCIO U TS 2 HIEZIRE T 5. 3405, Figd6 BEIUMUTNORUITRT X
12, ERNO S OHEREN—B Lz ZICHEEN Y e 5.

v = Ko(lpipill - [pml),  Ko>0 (4.14)
P2 = Do
v g
P1
v 2y 2l P1 -
Current N * o ¥ Desir
Image Ip1p2 |l | mage

Fig. 4.6 Velocity control using feature points (€)2022 IEEE.
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4.5.3 pEELRESIE

BRIEHEEEFIGCIZ, BHRUEIC X o TR SN HEE A § ¥ 258 c & L - BRI B A &
RI-BAEMBEOHEGRD Y Z U EHRE AN LTHET 5. ZHaRy b7 1 — Foxy 2l
TIEAB 7 T v Z7HFICE D, BRy " DEETHENH L. CREEET 27012, hEm
SRR 3G BIRE R T D 77 4 > & FITRBUS OB D u i LU D & 5 IClAANT-.

w=—{K, — Mexp(—at)} + Ko(upn —up), Ky, Ko, A\, a>0 (4.15)

ZZT, upy \FHEDEERICET 2 ERREEONKFEST KT, up FERL - EERICE
V) 2 SRR DK R AR & T2 URT.
Fig4d.7TB XU Figd 3 IZIEEMPRET R[N O H 5> F V)V A L ZDMIRREZRT.

Fig. 4.7 \ZBERIBIEEERE L D SRR L, BREMEICKELE RoTW5. ZOREE ER
T 572012, HIEAOHELEIIE U THIE S 4 > 2/ & T 5 72D IHEBIRETE M exp(—at)
EEDI. Figd 8 ZWAMNE CORBNHEMBE CTORRLHEFEL D, VIEINTERILS
GAETHSD. ZOMEERMBRT 27012, YHMNETORRY bOZXBEEET ZLEDD
5. Z 2T, FHEAOKEA MBI % W7 EEBIFEIE — Ky (up) — upy) ZEDz. AU K
b, 0 DHEEBEAEEZRET 5.
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Stggnation I
Rotation converges I I Making the rotation

before trandation
causing the robot to

stop half way. Desired
Configuration
4
1
1
I"J""I
[ |
A
1/ 1
L

/" Initial Configuration

Solution to Stagnation | I EI I
I
1

converges after trandation
by introducing the

Timevariant term t Desred
,Configuration

e To avoid the stagnation,

¢ thereverse direction rotation

,¢ maneuver need to be carried out
’ at the first point.

/Initial Configuration

Fig. 4.7 Stagnation 1 scenario and countermeasures (€)2022 IEEE.

Stagnation 11
Direction of initia
configuration align with
the direction of desired
one causing the robot
to be unable to carry out
the trandation movement.

AN\

Initial Configuration

| U

Desired
Configuration

| U]

Making the robot rotates I
to the direction of desired
position by introducing
theimage coordinateterm.  + Desired
,Configuration

I
!
{

// To avoid this stagnation,

’ image coor dinate feedback

it control is adopted.
PR With thehelp of time-variant term
’ proposed earlier, the convergence

of rotation after translation can be
guaranteed.

Solution to Stagnation || EI
]
1

Initial Configuration

Fig. 4.8 Stagnation 2 scenario and countermeasures (€)2022 IEEE.
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> Zal—2arEIUERER
1 EERSEEOREE LUV T

AT, FERETC X D BonREBRzHEA e LTRAT2. A—-7YY—XDa
Va2 —ZXEYarEITIA 7TV THD OpenCV IHEHETHEIN TWARH N~y F V7
TITY XL R—RICEERITo72. Table 4.4 128713V X ADERMEKEZRT. KIS
TlE, anNR MEDEE, HEHEOHE, 54227 —Wo2Hfh 5 ORB (Oriented
FAST and Rotated BRIEF) M2 FIFH L. % 7z, R OFHER OB U T,
R DR E Y 72 D ETETITV, RN 22 D% R LTS %K % Brute-Force
Matcher ZF|H L7z, L L, A7 —ILORZ2BEBEOMHTIX, IUEIC X 28125
L, BRy bR ELEEL D o7, ZhDEWET D201, FiEOY 7 LV FEEDR
iz ¥ DEFICHED S HERDPHD 7 4 VR LT, n+£020 ODXRENCH BRI #IRL, Z
OFTRDBELIEOE NS D 3 SAH L. Figd 93RS M 7 4 VX & HWIRWGE DR
RTH2. HNHPFOATHENLRDORTIZFEHT 5 L, LERORHNE L GHEHBED S DR
b, IR L TV Zebh b, Figd 10 3HERDH 7 4 VX ER WG EOMETH 5.
Fig.4.91CHANT, ATHENZANEZ, vy F U 7ERIUEINZ. Ly L, FEEI%
£, TOHOR—REERELTEBIN, BHRDOLNBLIRZGEELHD, BRIHUED
RETH 5.

H
B
It
i)

NN
S o
V4

Table 4.4 Feature descriptor method comparison

FiE | BARME EE | 5 4 | HE
+ v
2
Harris [ iz, O O AT —NVDRED B CRBENMET
SIFT | [z - 27 —)L - B3 & | X X R AT 128 LD 72 d X EV B
k. FrFEUS O 7= DO RaHAHA
Af
SURF | [Hlig -« A7 —L -3 X | A X SIFT % =dfb. Farifs D7z
P F A A AT
ORB Bz« 27— -2 X | O O R 2 fEL LB D EV. B
FFRIED W
KAZE | [HHg « 27— - B2 & | X O Gaussian & — LT3 7% < IERRIY
7 4 VR B, REFEED 720
AKAZE | [lgig - 25— - B3 & | O O KAZE % @dft. R0
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Fig. 4.9 Extraction result of image feature points without any filter (€)2022 IEEE.

Fig. 4.10 Extraction result of image feature points with a filter (02022 IEEE.
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4.6.2 v=al—I3ary

RBRLUZEGRHE 7 L2V X L e fllidgs o E#1EZ ROS (Robot Operating System) @3
2L —&XTH?3 Gazebo ZHWTHIET 5.

HlfE 85 X —&1F Table 4.5 1R T XS5 F a—=> 2 L7, Figd111THh X JH{%, Fig.d.12
ZaKy F OMEEBOBEEE LT, Figdll BT, (a) MIIEE, (b) IGREE, (o) HE
Hif§% 2N ZHRT. Figd 121050 T (a) GIHRIE, (b)BERIE, (o) ICHIRAER 22 4UR
I, 22T, vhy FofIGER, HEMECNLT3m| &AM 15° &Lk, £, #)
HIZBA A 1T HAERBOCR U CIRFETE D12 45° & L7z, Figd.12(b) 25, REIREEZ BT DO,
(g - ZEZBIELREHH#ITL TV I EEPMRTE /2. £z, Figd.12(c) 25, AN,
HiZE D OMEZHATIORL TW5 Z L AR T 5.

Table 4.5 Control parameters in simulation (0)2022 IEEE.

Parameters[Unit] | Value
Kom-s ! 0.15
Ki[s!] 0.15
Ky[rad-s™ t-pixel '] | 0.00025
Als™Y] 0.45
afs 1] 0.025
Fig. 4. 11 Image of camera mounted on the robot in the simulation (a) Initial config., (b) Final

config., (c) Desired config. (€)2022 IEEE.

Fig. 4.12 Robot position and orientation in the simulation (a) Initial config., (b) Transient
config., (c) Final config. (€)2022 IEEE.
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4.6.3 REEER

FERIZIX, TurtleBot3 Waffle Pi Z W7z (GHEAE | Raspberry Pi 3 Model B+, # X J :
Rasp-Pi Camera Module v2.1) .

Hilf# S F X — &1 Table 4.6 IR T LD IWCF 2 —= 7 L7=. Figd.1312H X ZHIE, Fig.4.14
aRy FOMNEZRBOERERT. Figd 13 1B WT (a) FIHHHEIER, (b) IR, () HAZH
B ZNLIURT. Figd1312BWT (a) MIHIIREE, (b) BIEIRRE, (c) DCRIKRER Zh2duR
F. 22T, ukRy oA EE, HEMEHLT2m] BARD 15° & L. £, ¥
R EFERBIIH U CRRETEDIC35° & Lz, HIEHASICAZRLE L2 0% HIZESR
¥ L7z, Fig4.14(b) 25, FEIREZ BT DD, (il - BRARBIELENSETT 2 Z L 2 hE
WTERD, RAYELROR) v IHRELTWDS Z L bIERTE 2. Figd.ld(c) 25, Bi&
iz, BREAIE XD 49 0.06[m] AR, ZEMAIKIEGHE D ICE TEW TV 2 IREETEIEL 2.
B L U722 0.1[m] DINTONCR % BEAZR L 7-.

Table 4.6 Control parameters in experiment (€)2022 IEEE.

Parameters[Unit] | Value
Kolm-s!] 0.125
Kifs ] 0.15

Ks[rad-s™ !-pixel '] | 0.00025
As Y] 0.55
als!] 0.025

Fig. 4.13 Image of camera mounted on the robot in the experiment (a) Initial config., (b) Final
config., (c) Desired config. (©)2022 IEEE.

Fig. 4.14 Robot position and orientation in the experiment (a) Initial config., (b) Transient
config., (¢) Final config. (©)2022 IEEE.
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E5E fEam

5.1 ARG

THFRICHAE S 2ARBIR D720 OBF a R v b Oikdt e il oitZEzT 5T, MIFo
FHRPGF DN,

H2ED BEBEa Ry b OEMERET TIEIMTOMRENGE T,
1. WRMENICHIET 2HOEB X CHETICE L T —#HOREEED HEIICHE L 72 BRRAE
nRy b (7—28BFaRy b) 2RGH BEL, ZOMBIEERLL.
2. HIRHANDLZY P27 2 7 XOW LMIAELEHILNINBLSZ Y F 727 4DY
4 YHOR L O & ERIICRESREZ KD, —EDRERENZAL TSI
MR % Z T, HEMkICHEI =568t 2 R L7-.

HIED [AREHIFTIED 72 OEZATHIEE X CEBMGE) TIELLFOERIE Sz,

1 BRBEBOARY POV FZ 7 2 7RI MR T o> a X =212k, #HREOR
RENFDEME LTEHHIL, 7—2D7 4 — FNv ZHIENC X % Bl HilE3R % L35
L7.

2. BAVRECHOEB XU FZIE LRBEERIC X VIREBEOEMNE L BEEL /2. il
HEITORWGEEICHN, FEOBRBRINE 90 WLl b, FBIEHERDIE S D =53 48 %Ki
PRERR LTz,

WARD HEGRMEORZIZHAWEEH DRy N OMEHIME & EEBRHGEE) TR ROEE
INEISY alal
1. FEMA O BEEREZ 525 2 eI X2 EHHmREI Ry M Ofl#EIRZMEEL 2. &
SRR OB LR~y F U I LTI, RO 7L T X LICHERDH 7 4 VR %
MA2 ko CRABE R XY, £/, HEIREE COEMEICIE T CHEif%R LT
DRESINPEDZFRHEBICESVWT, aRy N OEEFHEEZITOFIEHROMEL X0
Ry FOEZMEEE R L -RBGHIHOGEERL .
2. ¥Ial—vary, #MiitaRy M TOEEMIEE LML 2. EEMEECT, HEN
BED 0.1[m] DPRICHLDODZRATICREE 2 Z e N TE, RELLGIHROENEE R
L7.



«
2

BHE hm 88

AR TIRE LBEREa Ry M, /MY (BfZ2/DE D THE) - (Ka X b - BiFk x>
T AR EREAa YT e Lz, HROHLEHISPEIEOHEERD 7 1 — L REREL
TR Y A X Lz, Ry hOBRERYL LT, EHHEHOVTTHRINHV STV 2 2EE)
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Fig. 5.1 Alternative proposal for end effector placement
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Table B.1 Calculation results

Parameters[Unit] ‘ Definition Value
Ly[m)] Length between arm rotation axis and arm center of | 0.177
gravity

GJ-] Gear ratio of worm gear 857.5
-] Maximum transmission efficiency of gearhead 0.72

M [kg] Total mass of the arm 6.83
ma[kg] Arm link mass 1.74
Jo[kg-m?] Moment of inertia around the arm rotation axis 0.238
JIm1[kg-m?] Rotor moment of inertia 142E-07
Ima|kg-m?] Load moment (converted to motor shaft) 3.98E-07
Jm[kgm?] Moment of inertia on the motor shaft 146E-07
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Table B.2 Large end effector payload

PR = 0.001 grams per cubic milimeter
BB = 4728.834 grams

{F1# = 4728534. 134 cubic milimeters
001 = 137821.938 square milimeters

Tl (Yi-)
X =0.015
Y =110
Z=0

EH!&EME{-%‘A (grams * square milimeters )

Ix=(0, 1, 0) Px = 18197823.13
Iy = (-1, 0, 0)

1Iz=(0, 0, 1)

BTEE—Hb: (grams = square milimeters )
EATHE. ELIH:L?JEE’H%‘:H}'IL#?»

Py = 22151418.139
Pz = 22151421.043

ETEL-Sb: (grams * square milimeters )
(WNEERTHE
Exx = 79370286.861 Il'y ?61? 302

— e sAn

Lxx = 22151419.591 Lxy =0 Lxz=0
Lyx =0 Lyy = 18197823.131 Lyz = 46.935
Lzx =0 Lzy = 46,935 Lzz = 2215141

Ixz = 0.001

R ~

a | Volume of end effector [mm?] measured by 3D CAD | 4728834.1
b Average diameter of nut [mm] 48.8

c Volume of nut assumed as a sphere [mm?] 60849.6
d Loading capacity [pcs.] (a =+ ¢) 78

e Average mass of nut [g] 21.6

f Payload [g] (d X e) 1684.8
g Payload [g] Two end effectors 3369.6

Part3 ) 2151 A
T

sHEL, A
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Table B.3 Small end effector payload

a | Volume of end effector [mm?®] measured by 3D CAD | 1025003
b Average diameter of nut [mm]| 19

c Volume of nut assumed as a sphere [mm?] 3591.4
d Loading capacity [pcs.] (a =+ ¢) 285

e Average mass of seed [g] 1

f Payload [g] (d X e) 285
g Payload [g] Two end effectors 570

e i

ZERE = 0.001 grams per cubic milimeter
5 = 1025.003 grams
{#1% = 1025003.006 cubic milimeters
TR = 52249.172 square milimeters
Bl (W3-4)
X=0.132
Y =-24.812
Z=0
1B E TS IAIEET- b (grams = square milimeters )
R
Ix=(1, 0, 0) Px = 1139468.606
Iy =(0, 0,-1) Py = 2176461.967
Iz=(0, 1, 0) Pz = 2176461.967

(IA1EE -2 b: (grams = square milimeters )
FLTEE. TLTENEEREENILES,

Lxx = 1139468.606 Lxy =0 Lxz =0.001
Lyx =0 Lyy = 2176461.967 Lyz=0
Lzx = 0.001 Lzy =0 Lzz = 2176461.

IAYEE—1)b: (grams * square milimeters )
(WHERR TSR
Ixx = 1770492.873 Ixy = 3346.077 Ixz = 0.001
Iyx = 3346.077 Iyy = 2176479.71 Iyz=0 -~

B.3 WHERMILVODFHE
E—XORBEFLZEMUTOR K DE S 302,

Tmotor = Enertia + 71load + Tfriction

Enertia = dJdm Q
Tigug = (2L >

Tfriction =0

T, @M MVT Tiertia, BWIMVT Tipga, BEBNIVD Thrjion £ RT. BIESRMAFE LT,
O[deg/s] 22 & 45[deg/s] 12 7.39[s] TEET 2 MNHE a=106.3rad/s*] ZHET 2. &f L2
&, EHEE—X Y PBRKE 257 — ADHIRE LK L 2o A2 ET 5. KBENTIEINR
TV REEL TS 70, BEREMLVIIERT S, BER208T DL, Thor=064.44]N-m]
CHEHENS. Table 211 12R3 X518, E—XFMDRAERE b L2713 0.177[N-m] TH %23,
BOERNE Trotor=111.9[N-m| TH D, KERZZDTHHLL D ML I RBEZHERL TV S.
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Fig. C.1 Experiment scene for measuring friction coefficient






A10

I

8D BOEFEND-HDEREZH
EZ D155

T IZTE, REDOTIRBEIE - ANAF VS —F o 2 —F O TRLEHEEY TH~ A — v —
Bl 275 A8 TOMZEMRIZOWTIARS.

[ 4

D.1 MEE=-- BN

O TOEFEEZ, FigD1 1R X512, BAEEOHRHRNC X 238323 X hTn
5. 7z, FHEIEH2D, 2 AX 3y AMDIERETH L. DD, BIHENEENS.

Fig. D.1 Scene of sorting camellia seeds < https://sites.google.com/site/shimatsubaki/ > (Ref-
erence Date: December 31, 2025)
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Fig. D.3 Measurement System for Camellia Seeds
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Fig. D.4 Al-Based Learning Model Generation Flow for Classification
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Table D.1ICE L 72 Y 7Y ANFORFONEB L CEEBOHAFREZ RS, 22T, &7

NLDY Y FIVEIN=30 2 L, ie#fEIX p+20 ¥ T3, 8T, FigD5 RTS8, #H
AT LT THRT —XRDINEZITo 2. FREIZ 300 T OERT— &2 Z2lE L, 7L —2X
F—=EL LTI NAMNT 2TV, FETFT—2ty FPH200K, #Hfi7—%+ v M 100 BUZ57
J 7.
FigD4AITRT O, ¥ BT —Xty veBAAA=2—F L%y bV —2 (CNN : Convo-
lutional Neural Network) IZ5 2, B BEAETNLVEES. F—&2HER L] £ TGAN + ¢
HRe [dR) D2 FEEB L. 22T, [GAN +KHz e [\f5) 21%, GAN (GAN(Generative
Adversarial Networks : ORI v b7 —2) ZHWV, BHILREBGRT — & 2 KEICHE)]
AR LT HE N LD THY, KEE+EEL 1%, STTHEHEGICEIRLEZ MR /2D TH 5.
Fig.D.6 12 GAN IZ & 3 57— & ¥R, Fig.D.7 ICHH L7 CNN Oz RT. Wi s ok
T = XD REMM, /A ZHAZINFCEEIE S e TikmBER LicF5352 %
HE L7ZbDTH5. FigD.8, DIIKENZTNDFEDFEDIBLL EERD T T 7%8RT.
T2, TAN T =R T EEGEERB XU FE (F-measure, B Y #ESROFHMEE)
% Table D.2 1T~ 3. HWEHDIZ, HBOT — XIBEFEEZEE CEAT 22T, XOIEE
Rem X823 N TE.

Table D.1 Measurements of Mass and Size for Each Type of Camellia Seed Shape

Shape type LABELO LABELI1 LABEL2
Round Rugby ball | Split type
type type

Mass|[g] 1.3+0.4 1.1+£0.6 0.7+0.4

Max. Diameter [mm| | 20.4+2.8 22.242.8 18.14+2.8

Min. Diameter [mm)] 11.7+2.4 10.24+1.6 11.14+2.6
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Fig. D.5 Preprocessing and Annotation of Acquired Images
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Fig. D.6 Data Augmentation using GANs
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Fig. D.7 The CNN architecture used in this study
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Fig. D.8 Learning Loss and Accuracy Graph(No data augmentation)
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Fig. D.9 Learning Loss and Accuracy Graph(GAN + Inversion and rotation)
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Table D.2 Comparison of Recognition Accuracy

Method ‘ No data augmentation | GAN + Inversion and rotation
Accuracy Rate (X 100 %) 0.803 0.887
F-value (X 100 %) 0.788 0.861
D4 FC®
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