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Development of an Articulated Multi-Vehicle Robot
for Monitoring and Testing In Pipe

Shigeru Fujiwara*', Ryouji Kanehara*!, Tokuji Okada*? and Tsuyoshi Sanemori*'

This paper describes a composition of an articulated multi-vehicle robot in pipe, structure of each vehicle, and their
control systems. Output pressure versus extension characteristic of the newly developed two-stage air cylinder,
reduction of the wave reflection in a wheel-type ultrasonic probe, umbilical cable assembly housing optical fibers, air
tubes and electric cables are treated. The articulated robot is designed and fabricated to demonstrate its travelling
performance and automatic scanning of five probes for non-destructive test of a weld bead to the longitudinal
direction. The results show that the robot can travel in the pipe of radius 520~800[mm¢] from its entrance to the
distance 150[m]. The robot can pick up surrounding color images and transmit them to the ground station’s monitor
with sharpness. Also, the NDT is shown to be possible except in the vicinity of elbow area of the pipe.
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Fig.1 Line up of the articulated multi-vehicle robot for monitoring and testing in pipe
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Fig.2 Plain structure of the tractive vehicle
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Fig.3 Characteristic of extension force A versus length H
of the two-stage air cylinder
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Fig.4 Force components of the tractive vehicle. Symbols are
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Fig. 6 Allocation of the probes for ultrasonic test on
the UT vehicle. (a)Block 1, (b) Block 2

Fig.7 Geometrical illustration of the ultrasonic transmission
in the wheel-type probe
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Three steering modes. (a)Straight Mode, (b)Spiral
Mode, (c)Circumferential Mode
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Fig.9 Assembly of the umbilical cable
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Fig.10 Blockdiagram of the ultrasonic test
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Fig. 11 Reflected waves in the wheel-type probe.
(a) without collimator, (b)with collimator
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Fig. 12 Combinational states of the operation for the test
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(a) (b) (c)

Fig. 13 Various strategies of scanning probes
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Fig. 15 Overview of the UT station
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Fig. 16 Experimental set for measuring the tractive force
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Fig. 18 Side image monitored at the distance of 30.55 m in pipe

Fig. 19 Signals from a probe of the UT vehicle

R FoBERo L TIHEBA @ (0~570[mm]) L & A&
A (0~2x[rad) ic T EFFHN, 2[mm)] 1[mm] £5E#HFL
7. BRFEESUEOREFERE L TRARBE—-F L4 (F
— 1 v ABFH-410,419) ¥ Fv, £ >4 OETEEE L TS
~0EIREDEEATT>7. 1[m] %70 OEBERMIE 2 B
ThHd. Fig. 9 EFEEIRERA 70 —7»560E5 12
BLET—s0—BlerT. FEOLHOKOKETITIE+5
WETEA2LDTHo7.

BEBOBRE TIIS|RIBBHEL Ty —T VKT v a >
252122 ENENTH 1. TUKROATED 2[m] O@EA
T, BAEOHEEESELET S, Zhid, EfEL UT
BhE—#Ecz< LD, UTHOBEMBZDREEXZTT
BfETsctic@sbDEELENSE. ZAVERNEBTRUT
EOEEL-HMEErsE#ELr 2, FEIFEECE#ETH-

BFEofy t¥SE12825

— 157 —

Iz,

ETHEOKTIC AT 2 EAIZES HICER S L @R
SrAnRa—A ko THRESh, EFTERy—7LEHAD
Do—LEEERLEVESICEBREANE. 0k, REME
ETHOr —7LVORNOLERREL 2hol. &, &F
FHEMTBICEGEL - L cEH  BEEEOBETRREL 2
S Zhid, ESIELAOETECEESRM 2T TEMP
EEAACHLBIPTLLEBRICEEbEEISNS. L
fet8oT, Y—7LDRENVPLETEO 0 —LHBETEHTS 2
Lidtrhot, FLT, UTAIALTHRDAZNAMERER
2 CHETEREBELPERO L WEERETEITI I L 2K
WTx3.

F—7LOE|EHRIE, ETROBRPEDEBICL > TH
MEboH B, WIFERTRELEICE . ZOE
13, ETESERNICEAADZRAS*EDD L XICLELT—
S LTEETH), RIFEBOEIERNOD 1[m] G720 0
BEISLZI108N] tHESNI(Fr—7 VOB EHEER
1.48[kg]). L 7:4%> T, 19.135[kN](=406.7x4/85) D ES|
L LHFEE CRATEEE LT8Km]sBRTHS Z Lo
BhB.

FRFCHEBEEL LICELANRS Z S LECE RS,
N — 7 FEIERCE N EREFELEMDEL, i, BA
BHRERSI AT hoQEREE=F Lk 5B RIEES %
EzazrT150m]ErenEBETOAIREICLI. o7
L, ¥—7VOETHEEES T2, BBLEMCHEST
ZEEDy—7TLEMEROY 4 v F TENARENLETH
Stz DLV 4y FEBET LI ETREOERFDIHE
BECB T A ETEOBRNR G AETH - 1.

6. ¥ b 4 (2

SERERNRESRO Ry FOBECHERBES oL, E
B hoBEERNEHE L. £/, vy PERFL TEHBE
PEEI TLTY N (F—X) 2BT5ERNEETEHE,
BERNOHHRE: RFHFASHEEMOESABR LTI DD S
SOEBUEMFOT DAL EEFHFOEBRET L. TO
BR, RO ErpBELMTE .

@ oy b EFEBICT S ETABIIML, EEOKRE
RUAT LOFIESMHEICES.

@ EWE%E 150(m] £ TERTE 3.

@ 1 HOEBBEG L 1 MOREROHEICLD, EHOE
AL FUET, ARARETHERL, 2EEHOE#
B TREWC 2 D

@7y ETI/Faz—FLLTAVEILEILLD,
ofy FdAKERESRDNEBIEL LI, BLLWERE
E#BIET 5. £, BREFOR-RD NEELERIC
20, YATAORERNC, ETHEO@NMSAREIZZS.

® UTHEORBIC3I AU sMEmIfFI2Z L TERA

BOEBE*EEIITRS.
® HHUFEMFLUERARECENTHS. Lrb, EAEE

ELTEMinkEFRATES.

D107y THBEDBREREFEIVBAEET S

1994 £ 3 A



326 R X &# R T =

CETAAZDESLEEZEBEROEHNLMES 1,

HPES EDAREPERTE S,

PlED A Y » b Eidd#ic, EEBTE2EBRE0ERE DL %
LEFRICBESNZ Z E b MIT o7, TOF AU v bid,
UT &izMARM LRk, EAACBEIT2 A5 =X L0
EnlrenBtsd MR UTE*ERNCRHETIOT, &
BARANDOBEICEHBBREES Z LA TLLLER L. LT
HioT, HEMFH7 -2 UTHoEEMAEICEHSE 2
ZEKED, ZOTFAY y FIEETA LD EEDILS.

L& LEFAV Y FOMBEOEY, ETEOBRL, i
FOMBHIEEEOR FIc@T R A ELR, SEHoEy b
EINFEOURTLLOKEHEL TW{ LN EELRETHS
LEZTNA,

¥/, &

2 % XM

[1] WE, #0: "BfEEESWo Ry + OWE", BEBRE SHITE,
vol. C 51, no. 467, pp. 1655-1662, 1986.

(2] Exk DR FRCBOARED Ty b {EF I #, vol. 48, no. 7,
pp. 502-504 . 1984.

(3] ek, 80, I, I0fk: ¥ 77> POELRWWL AFL", OKT
172 -8Bt AT L0 HRY 7 LT, pp. 195-198, 1988.

(4] BA AR @E N#, &8 v REABHEERO XY b O
BAFE", B RBMFFE S o £ 4 B SCE, vol. B, pp. 283-284, 1992.

[5] WHE, #HH: “ERETREOE Y FOWE". BEBRWMTSRTE,
vol. C 52, no. 477, pp. 1584-1588, 1986.

(6] BE &K EH && AR OZWEREC Ly OB BT
i, vol. 68, pp. 793-796, 1986.

[7] shak WIEN B#F: 2 1 > FREMNSROE » FOMR" B8EAK
oty b FSFERRETBE, pp. 203-204, 1990,

[8] J.Ventut et al.: “Vehicles with wheels and legs: The in pipe
remote inspection vehicle and his family,” in Proc. 3 rd RoMan-
Sy, pp. 476-487, 1978.

[9] “Figikit v 22" BEAH=H L, 48, p.68, 1984.

[10] #A: “s2q 7= 2" BEHM, vol. 25, pp. 150-154, 1983.

[11] MM, £&: “ENEEEETE €7 7" FNAHHEY 2K TS,
vol. 22, no. 8, pp. 897-903, 1986.

[12] T. Okada and T. Kanade : “A three-wheeled self-adjusting vehi-
cle in a pipe, Ferret-1", J. Robotics Research, vol. 6, no. 4, pp. 60
-75, 1987.

(13] 8O, 4. A%, AEEG: “EREToFR Y FOWE", B8EHKOH
v PFEF RGBT R, pp. 205-206, 1990.

[14] ].D .Cummings, S. Marcos and C.E. Hatcher: “Internal pipe
coating apparatus,” United States Patent 3078823, 1963.

[15] Colditz and Martin: “Fahrwerk fuer Innenisoliergeraete,” Ger-
man Patent 125290, 1977.

[16] T. Okada, “Self-traversing vehicle for pipe,” EPC Patent, no.
177112, no. P 3571345, Germany, 1989.

(17] R KESERSROo Ky b OMREFE, BEEMEEHEE. no. 118
1987.

[18] F. W. Hudson: “The gas mouse." . of Pipeline & Gas, pp. 22-26,
July, 1988.

(19] ME: “HRER > 5 75 7 lOEH",
vol. 4, no. 2, pp. 109-118, 1986.

T 8

FigdioBuwT, "r 275 78BORTIEDESS, S, D8
eI EFAMICHR 24, AiEAACEHBICHE#NT 20T
Gi=Gs=Gs=0 (A1)
LichinT, RFOTHNEHRC, EB 2, $ELELFh
10710 80(i, j=1~10), KU 10771%(i=1~10) T+« X 11,

BFofy F ¥,

JRS] Vol.12 No.2

— 158 —

B #E &K %£& #

10 TOE#E 1 IRARAMNBOND., vy 7S 72l T2
U7 LS\ CfERT 357 C i,

Ci=Gcosy (A2)
retil, yiASUO 2% 7.
y=cos™'(h/L) (A3)
g, V22 10k IS EBT557C, Caig,
C2=Gacosy—T/2siny (A 4)
Cs=Gzcosw (A5)

L, w3 R3]St UODEAEERL, A LUP &
BEEDT—/ A RE-THREND.

w=cos™ ' {(h—V1I}+1isin(8 + 3))/1s} (A 6)
B=tan"'(I;+1s) (A7)

V7 WPWKERT A2 HConiATEREN S,
Ci=Gzcosw/cos(w— 0) (A8)
LITF, v %273 70:5 v ABO&RGEH L T, 75|E
RCuLBEEDHD. 2L, RolicERAD, BlCE

E 5,

AhOE—2+E2KRTLbOETE. 7, V27008
OBDYDE—=AVFFINBTHEI DS
Grlesin(r —2y)=Cilasin{r—27y) (A9)

HANICKADERAL TEEL, CukcMT 28T $

GlCOSY*Cn:O (A 10)
25, U2 USSOAURNDE—AY FINBTHS =

0=Gilisiny +Cz(li —1)sin(xr—2y) (A 11)
Dy 72 LicPT28ANDERAIDCKRALTC. 2 E
L, CoyicPranifgons.

T/(li—l)siny —Gili —2Gs(li — li)cos®y =0 (A 12)
g, RIS URANOE—A > FFISELS,
Dils+Dalio+Quls
=Qule+Cav i+ B cos(8+ 8 —w) (A 13)

RANICH (AN ERALTC 2iHEL, Gy, Bt 2808
wons.
—Quls +Q215+Gz\/m coswcos(f+ 4 —w)
=Dils+ Dzlio (A 14)
o, AEAVOERCMTIE— XAV IIHNSBTHED
5
A{(la+r)sind +1scos )+ Go{ V13 + (ls+11)* sin(y + 8 + a))
=D|T1+Dzr2+Q(15+ls)
+Csv/(ls+lo+r)*+(Is— 1) sinlfw—6—8) (A 15)
retZl, ek §IXAPEULAPE] 2FhsFhEt.
a=tan (Is/(ls+r1)) (A 16)
6=tan“{(ls—17)/(]s+r;+la)} (A ].7)
ZIT VX7 LM AANERALICKAL TC
*¥HEL, BEEC, *TEHAANESNE.
Q:(ls+16) + Gov(ls+ 1o +11)?+(1s—15)? coswsin(w— G —3)

—Gi/ls*+ (l5+1))? sin(y+ 8+ a)

=A{(ls+r1)sin 8+ lscos 8} — (Diry + Dar2) (A 18)
7, BERIERT A5Gy, Go, G 2L T
Ge=Gs (A 19)
Mar., 1994



AEYEBREARESEO S v FOME 327

Grsin(y + 8) —Ga—Gio= — Asinfd (A 20)
FLTCsy CoynifBoira, a5, X#AmD WO
NETHLIDT

T/2+Qisinf+ @:5inf =(D, + D2)cos @ (A21)

HEstss C, %85, RRIC, YE#ESTOHOKST
MBTHHDT

Qicosf+Qucosd —Gi—G:—Gy=A— (D + D2)sing (A 22)

L, Cu@5iLa. %7, HEHH D, D 3ERICEE(E
B+a20T
Gs=D, (A 23)
Gi=D: (A 24)

: jl':) O’)&Hn("ii. CB.J;CIUJ [ ELB?EE‘ 21.5
mDOEXHickEND.

fafey, #FECy

Cis=cosy (A 25)
CI‘T:CS.BZCﬁ.!l:CG.I(J=CH.4=C8.5:CR.B

=1 (A 26)
Cz.1=( li—L)/2sin2y (A 27)

==L (A 28)
C2.6=“2( L —l)cos’y (A 29)
C3_2: —1s (A 30)
Caa=ls (A 31)
Cas= I+ cosweos(0+ 8 — w) (A 32)

Cua=lst+1s (A 33)
Cus=v(ls+lo+r )i+ (ls—1;)* coswsin(w—8—38) (A 34)
Cir=—VIE+(ls+r)’sin(y+ 6+ a) (A 35)
Cs.s=C9.a:C|u.lu=1 (A 36)
Cor=sin(y+4) (A 37)
Ci=1/2 (A 38)
Cu:(:m:sin& (A 39)
Cs:=Casz=cosf (A 40)
FEHLUANDEFRR T NTETHS.
BEBIOLTRROELESIIEREZNS.
Bi=B:=Bs=0 (A 4D
Bs=Dila+ D:lio (A 42)
B.=A{(la+r)sin8+lscos 8} —(Dury + Dor2) (A 43)
Bs=—Asinf (A 44)
B.=(D,+D:)cos 8 (A 45)
Bs=A —(D,+D2)siné (A 46)
Bo=D, (A 47)
BI.U=D2 (A 48)
BLEwED, REET Q,Q,Gi~Guw (7277L, Gi=Gs=
Ge=0) BT adpEL6N, FALHAFETSE TR
WWEES.

BE % (Shigeru Fujiwara)

1948 2 B 15 B 4. 1970 &, [ KF TF &k
MISHEE FAELOEWS—T v 2 A7 =il
hiE HB{EWEREBR Y o - OFEME, B
#ofy FOSHREB~OICHEMNORRESCHK
LS (BXofy tESEL8

[ElAEX (Tokuji Okada)

1947 3A5 A%, 1969 &, FEAFTERER
TR [EERETRITES IR IC AR
HIgEo X v b AT LADOWEICHES. 1987TFETAH
FERFLFESCHm REBHIFRMGE T
Pt oXTF 4 7R AT VFax bty
HOWEICES. HHABBIEY S HERRF
& BFERAEFES IEEEFD2A,

(BF oy P FZEZR)

HEofy rFEE1RE2S

—159—

#B 7T = (Ryouji Kanehara)

19515 B 25 B 4. 1970 %, SHEEFFEFHER
g REINH—xTyv 2 A7—LICHE
FAHEEHHESRERLE EHAREZEOMARKHA
FCREE, BREHEREHESZE.

o,

£# % (Tsuyoshi Sanemori)

1930 5 H25 5% 1946 %, HHLBRIRE
b ERGHE T, FE, L BWAEER I #E
1958 EMR — T v 7 AT — AAZEEE LARIFERIR
MESHRERN, ENEToLy b, T TFOMH
FTRAR S, REMRRAT A TONERTEEZE
Y BEFHEBRERESZA

1994 £ 3 A



