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Precise Task Execution and Tele-Sensing in Space by Sensor-Fused Telerobotics

Kazuo Machida ™, Yoshitsugu Toda "%, Tatsuo Mikami "2 and Satoru Komada "

This paper presents the concept of sensor-fused telerobotics and its application to the space test of the Advanced Ro-
botic Hand System, which is the world's first precise extravehicular robot aboard the satellite “Hikoboshi”. The telerobotic
system has features of dexterity, autonomy and flexible operability, using a three-finger multisensory hand at awork sitein
space and a computer graphics-based desktop interface at an operation site on the ground. The system was launched, and
its capability was successfully demonstrated in space. Integrated utilization of the five kinds of sensors and three-fingers
are effective to perform precise tasks under the barrier of inter-satellite communication. Telesensing that acquires the
work database interactively using the multisensory hand was introduced to overcome uncertainties in space tasks.

KeyWords: Telerobotics, Sensor—Fusion, Space Robot, Telesensing, Remote Teaching, Multisensory Hand
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Fig. 1 Structure of telerobotics (a: Sheridan's concept, b: Proposed concept of sensor-fused telerobotics)
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Fig. 2 Flight model of the three-finger multisensory hand
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Fig. 6 Schematic of wrist compliance device with lock mechanism

Table 1 Specifications of hand sensors

Sensors Specifications

Range: 0.7~25N
Accuracy: +0.7N

Grip force sensor

Range: £1.5mm (x, y)
+2deg (8z)
Accuracy: #0.05mm (x, y)

+0.1deg (6z)

Range: SON (Fx, Fy), 100N (Fz)
4.9Nm (Mx, My, Mz)
Linearity: 0.4%

Wrist displacement sensor

Force/torque sensor

Range: 0~80mm
Accuracy: *lmm
Misalignment allowance: 25deg

Field of view: 85x64mm
Resolution: 0.14mm
(at 40mm distance)

Proximity range sensor

Hand eye camera
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Fig. 7 Basic strategy for precise task execution using multisensors
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Table 2 Results of local coordinate generation using range sensors
and image sensor

Coordinate element
Condition
x (mm) | z(mm) | a(deg) | P (deg)

Albedo illumination | 300 2¢1 434 49 17.10] 10473
(Space: in daytime)
LED illunination 389.82| 43437 17.10| 10471
(Space: at night)
Fluorescent lamp 389.25|  435.33 17.10] 10457
(Ground test)
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Fig. 20

Operation scene of bolt mating (Top left: Hand-eye camera,
Top right: Monitor camera, Bottom left: Virtual-hyper cam-
era (CG), Bottom right: Operation interface)
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Fig. 21 Data of force and wrist angle in bolt removing
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Fig. 22

Table 3 Connector position measurement by onboard image process-
ing in satellite daytime and night

Position (x, y) | Orientation

Condition
(mm) (deg)

Albedo illumination

(satellite daytime) (49.67, 26.67) -50.48
LED illumination

(satellite nighty | (10892689 -50.64
Design {49.00, 26.00) -50.00
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Fig. 23 Three-dimensional measurement by range sensor (a: Draw-
ing, b: Cameraimage, c: Range density, d: Range profile)

Nov., 2000



000000000000000000000000000000000000

00000000000000000PSDOOOOOOODO
0000000000000000000MO00000nnn
0000000000000000000000000000
(Astro-white 0 0000000000000 1[mmOO0O000
O0Fig2300000000000000000000000
0000000000 MOD0O000000N0Noooononoo
0000000 2(mmO0O000O0OO00000O0000000
0000000D0000000D00O0x00 ¥8[s000000
0000000000000 079[mmO0000Qa0000
000000000 000000000000000c)
000000000000000000000MO00000
0000000000000 0000000000000000
00000000000 O0OO0#2000000000
0000000000000 0000000000000000
00000000000000000000000000000
00000000000000000000000000000
0000000000000000000000000MMO0
00000000000000000000000000000
00000000000 mMO0D0DO0O000N0Nooooonono
0000000000000000

00000000mMO00000000000000000
00000000000000000000000000000

I Iy
w: /=
gy gy |

b: After

a: Before turn-on

Gray level
0 y

A

0 20 pixel 40

c: image(a)-image(b) d: profile (along line s)

Fig. 24 Geometrical difference extraction by making shadow

1195

O00O0O00Fg240000000000000000000
0000000000 0abMLEDOOODDOOOOOOODOO
00000000000000000000000000000
0000000000000000000000000000
000c¢c00D00000D000000000000000000
0000000 1.2mmO000000000 10[pixel]0 00
00000000 (WOODOD000O000000NONONONoono
00000000000000000000000000000
000000MO00000000000000000000
00000000000000000000000000000
00000000000000000000000000000
00

620 0000000000000
ooboooooboooooooooobOoooooooooo
gooooooooooobooboobooboooboooOoooobooo
goooobooooomoooooooooooooooon
OO0000O0O0000OO0OO0OO0O0O0O0OO0O0O0ONASDAOOOO
gboooooooboooomooooooooooooon
gbooooooobooooobooooooOooooooOooobooon
gboooooboooboooboooboooooobobboooOoooobooo
oOo0ooo0ooo0oO0ooo0OooboO0O0ooOoOooon 2.4m]
gooooobooooooooboooooooobooooooon
goomoooooooooooooooobooobooooo
goooobooboooooooooooboOoocoooooon
gooooooooon

00000000000 Fe l5(MOOOO00O0O0OOOO000
000000 Frg.250000000000300000000
gooooboobooooooooooooooooooon
gboooboboooooodoooooooooooooooon
gooooboooooooooooooooboooooooaon
gooooobooomoooooboooooboooobooooobooo

Grasp head

Latch slot

Guide slot

Sample Sample cell

Fig. 25 Configuration and lock mechanism of sample cartridge

Fig. 26 Remote measurement of sample position by grasp-sensing from the ground (a: Initial grasping, b: 2nd grasp-sensing, c: 3-rd grasping

after calibration)

ooooooooo 18080

—141—

20000 110



1196

gomooooooooooooooobooboooboobooooooo
geo0O00OO00O0OOOODOOOODODOOCOOOOOOOO
goooooooooooooooooobooboooooooon
oo0oo0ooeoOO0OOOOODOOOOOOOOOOOOODOO
gbooooooomooooobooooooooooooon
gboboobooooooooooooooooboooOoooDbobooon
gooooo
oomooobooooooobooooooooooobooooboo
gboooohoobobooooooboooooooooon
oo0o0oo0OO0b000rg.26000000CGOOOOOOOOO
ooooOo3dooooooooOoooooooboOoOooooboo
gboboobooobbooa@ooocADOOOOOOOOOODn
goooooooooooooobooooobOoooobooboOoo
gbobooooooooooooosamoooooooooon
od0o0oooboooO0oOoOoOoboO0OoOObCOO0OOOObpmOn
gboooobodoooooobooboooooooboooOoo
ooooobooOoOoOoOoooOooOOoOoOocADOOOOOOOOO
oooo9mmOOOO0000OCO0000O0O0DOO0OOOO
gooooooooooooooboooDooooon e
oobooobooooboooooooboooooOooOobooboooboo
gboodoooboobobooooooooooooooogn
gooooobooooooooboooooooobooooooo
Fig.270 0000 0OO0OO0O00OOCOOO0OOOOOOOOOOCOd
goooobooooooboo@moooooobooDboboOonDo
oo00ooooo0ooooobobOooooooboO0o001.5/mm]d
goooooooood
oooooooboooooooooobooooooobooogo
oboooooooooO0oOoOooOobocoOoOoOoOoOooboOg25[mm]
oo0ooobooOoooOboOo0oOoOoObOOO0O0OO00OO L [mm]
goooooooooooobooobOoboooooobooobooon
gbooooooooooooboooOooboOoobooobooobooo
gboooooobooboooooooooooOoboboooboon
omooobooooooooooooooooooboooon
gboooooboooooooooooooooooooon
ooboooOoooooOoOboboOoOoOooOboecOOOOOOOOO
gooooooooobooooboboobooboooboooOooboOooooOoooo

Range (mm)
20

[ Expecte
80 E envelope
40 F > /

E Sensor M_‘-
50 £dsts :

g \

—
L

© N
A

g A I iy
r N S

80 | :
9 VU U
0 10 20 30 40 50 60

Scan path (mm)

Fig. 27 Envelope of sample cartridge estimated by range sensor

JRSJIVol.18 No.8

—142—

0000000000000000000000000000000000

000000000 00000000000000000000
0000000000000000MmMO0000000O0OdFig.
260 000000000000000000D0000O0000
0000000000000 000000000000000
CGUOUOODDODODOUO00ONONONNDNDNONOOOdacdOn
0000000000000 0000000000000000
00000000 Go/NoGoD OODDODOODOODODOODDOO
00oo0ooooooOoo

000000000 moooo0o0o0o00o00goooFig.
20000000000000000000000000000
"Orihime"

(a) Grasp the sample on

(b) Transport

Earth

Solar panel
of "Hikoboshi" |

Hand

Sample

Mini-arm Port

Fig. 28 Operation scene in sample retrieval from "Orihime” to
“Hikoboshi” (virtual camera and real monitor camera)

10N 1IN Pull-up Active

Position (mm) 5N
sh Push & Rotate lateh limp

Wrist roll (deg) insert push pu

Range (mm) Force (N)
% \*. SN JNE SN s NS 8 BNt
60 | . ] 30

r ange ]
40 \ A ' 3 20

F ‘\“Wmﬁﬁfﬁ&MmM 1

[ Grip force i ) ]
20 [ 1 10

[ / ]

: / wrist ol ﬂ'—l Forcez 3
R Vo
-20 . \hw /:#.".’rd_ ] -10
A ; s Position Z 1
40 :W»Mg ) 1 20
60 -30
0 200 400 600 800 1000

Time (s}

Fig. 29 Telemetry data in sample restore

Nov., 2000



000000000000000000000000000000000000

O5[NJO10[NjD 00000000000 O000O000B00O0OO0
oOoO00OiNjco0oooooooooooooobooooo
gbooooboobooooooooooooooooooDn
gboboooooooooooooooooooooogon
gboooooooooooooooooooooooooono
oOoO00i10[NODOO0OO0O0OO0ODO00O0OO0O000o0ooo0o00 eo
oO00oooooooos[NjoOoooooooooooooog
goooooboooooooooooooDooooboooooomm
gboobobooooooooooooboooooooooon
gboooooooboooooooooooooooog

ooooooooooooooooooooooobooogo
gooooooooooboooboooooboooOoooobooo
oo000o0o0oo00ooooO00ooo00Fre 300000000
gooooobooooooomoooooboooobooooobooo
gboooobooooooobooooooooobocooOoo
gboooooooooooooobooooooooooooon
gbomoooooooooooooooboboooocoooooo
gbooooooboobbooooooooooboooooobooo
goomoooooooooooooobooooobOoboOoDo
gooooooooobooobboooboobOOoOobOobOoOoOn
gomooooooooooooooobobooboocoooooo
gbooooboooooobooooooooooooooooon
gbboocooobooooooooooooooooboooooo
gooooooboooooooooboooooooobooooooo
gooooo

6300000000 00O00OO0O0OO00ODOO
oobooooboobooooooooooOoooooooooo
goooobooooooo@ooooobooobobooooooao
gooooboobooooooooooooooobooooDn
gboodooooobobooooooooooooooogn
oooooooooooooO0oooooOoO0oooOo0oOdgrFg.
1500000000000 0MOO0000000000
gboooooooO0oboOooOo0ooboooOooboooooDooon
gooooooooooo
oooooooooooooooobooooooobooogo
000000OFRig. 31000000 CGOOOOOOODOOCGO
gooooooboooooooooboooooooobooooooo
O@OO00O0O0o000o0ooo0ooooo0ooooo0ooon
goooobooooooboooomoooooboobbOoDo
goomooooooooooooooooooooboooon
ooccOOoboboOoOoOooboooOooobooOoOoooooocee
goooobooooooooooooomooboooooooo
gbobooboooooooooooobooobooboOoobooDboooo
gbobooooooOxboyzoOboooooooooooooooo
oooooooooo@moopbooOOOOOOoOooO0OOooOoo
goooobooboooooooooomooooooooon
goooobooooooooomoooooooooooon
goooobooomoooooooooboooboocoooooo
gooooooooobooooooooooboooobooo
oobooooboooooomoooooooooooooboo
gboo0ooobooboboboooOooobOoOoboooOoOoDooboOoon

ooooooooo 18080

1197

YY)

(=)

Model update

o

Work environment

.
measurement —®  Task execution

—®  Examination

Fig. 30 Tele-sensing in sensor-fused telerobotics

' Taskboard

Ball ‘ :
(real image % (real image)
and CG) ) :

" Fingers (CG)

sraceT

sRyce ==

Force diéplay —

A y =

[

Virtual plane

Virtual pipe
(b) (hand center)

Fig. 31 CG based remote teaching/telesensing (a: Superimposed dis-
play of CG and real video image, b: Position teaching for
contact force sensing)

gboooooooboooooooooOooooOobooooobooon
gooooooooooooO0ooboOooO0oO0ObOOOOoO0ODOObOOn
goooooboooooooooocooodooomoooon
gooooooooooooooooooooogooobooon
gboooooooooooobooooooooooo
ooboooboooooooooooOoOooOooooooo
gboooooboooboooboooobooooOobobooooooobooo
gooooboooooooooooooooomooOooon
gboooooooooboooooooooooooooooon

0ogooogon

oooooooobooboooooboOooooooooooo
gooooobooooooooooooooboooboobooOoon
gboooooboooooboooooooobooooboboobOoo
oO00O0oo0o0o0o00OwWEB[17]0000CO000O0O0O0OOCOO

20000 110



1198

gboooooooooooooon
jnoooooooooooooooobooooboooooobooo
gbooooooooon
000000b0000o0Ob0co0ooooboooOooboobooOosboon
goooobooooooooooooboOoocoooooon
gooooooooboooooooooooooboooo
sdooooboooooooboooooooOoboooOooDoOoOn
gboo0ooobomoooooooOooO0oOooooooDooOooon
gboooooooooooooooooo
4000000000000 00000000D0000000
gbooooooooobooooboobooooooooooo
goooooooooooooooooooooboOooooo
sd00o0o0obooobooobooooboobo0oboooboboooooo
gboo0ooooo0oboooboOoooobOOoOoboooOoOoDooon
gboooobooooooboooooodooooooooon
goooooooo
ooooooooooooooooooooooobooogo
goooobooooooooo@muoooboooobooooobooo
gooooooooobooooooooooboooobooo
oooooooooooooooooooooooboooboo
o000 uUssFOOO0OOO0OOO0OO0OO0OOOOOO0O0OO0

ggooogooo

[1] D.E.Anderson, T.O. Moore and D.G. James: “Hardware Design for Joint
EVA and Telerobotic Compatibility,” SAE Technical Paper Series, 93—
2222, 1993.

M. Oda, T. Inagaki, S. Nishida, M. Hayashi and T. Sugano: “Compo-
nents and Control System of ETS-VII Robot Experiment Subsystem,”
Proc. of of 9th ICAR, pp.255-260,1999.

[3] G. Hirzinger, B. Brunner, J. Dietrich and J. Heindel: “ Sensor-Based Ro-

[2]

[4]

[5]

[6]

[7]

(8l

(9]

[10]

(11]

[12]

[14]

[15]

[16]

(17

0000000000000000000000000000000000

botics - ROTEX and Its Telerobotic Features,” |EEE Trans. on Robotics
and Automation, vol.9, no.5, pp.649-663, 1993.

M.V. Noyes and T.B. Sheridan: “A Novel Predictor for Telemanipulation
through aTime Delay,” Proc. Annu. Conf. Manual Control, NASA Ames
RC, 1984.
gooooo*obooogoooo0oooboooobooobooobooboooo
000000000oooo"™0000000000O0Odvol.28, no.6,
pp.750-759, 1992.

L. Conway, R. Volz and M. Walker: “Tel eautonomous Systems: Meth-
ods and Architectures for Intermingling Autonomous and Telerobotic
Technology,” |EEE Robotics Automat., vol.6, no.2, pp.146-158, 1990.
goooooooo*bObooobooooboooooooboboobooboooo
0000000000000 vol.9, no.5, pp.602-613, 1991.
o0oo0oooOooooooDOoooDOOoooooo*o0obooooooboooo
0oo0o0oo0o00o0oo0ooooooD"™oooooOoOO0ovel.az,
no.4, pp.540-548, 1999.

T.B. Sheridan: Telerobotics, Automation, and Human Supervisory Con-
trol. pp.13-96, MIT Press, 1992.
gooooooooooooboo*obobooooo3b0booobooooo
00O0"0o000oo0oodovol.ie, no.l, pp.124-133, 1998.
goooooooooooooo“ocoboooooobboobooboobooo
000000000 "mooO000O00Odbvol.18, no.3, pp.444-452, 2000.
J. Salisbury: “Design and Control of an Articulated hands,” Proc. of the
International Symposium on Design and Synthesis, Tokyo, 1984.

S. Jacobson: “The UTAH/MIT Dexterous Hand;: Work in Progress,” Int.
J. Robotics Research, 1984.
goooooooOoOooOo*“O0ooOobOoOoOooooooooboooroog
130 0000000000000 0 pp.401-402, 1995.

K. Machida, Y. Todaand T. Iwata: “Development of Graphic Simulator
Augmented Teleoperation System for Space Applications,” AIAA GNC
Conf. pp.358-364, 1988
goooooOoOoO0Og0O00O0OOoOoOOOOODOOOOOOOOOOO
O00o0oo"oo0000oo00Uoodvol.35 no.l2, pp.1583-1590,
1999.

‘000000000000000O 0 http://www.etl.go.jp/~5822/ARH/

0 00 0O 0 Kazuo Machidald

19450 80 3100019700 00 00O OOOODO
00000000 oOOoooooooooooo
] Jdbooooobooooooooooooooo
— 00o00ooo0oooooOooooOooboooon
)‘-“ 00000000000 OoOoOooOo0OodnAalAA
0000000 ooooooooooooa

0000 0O Tatsuo MikamiO

19520 80 2800019780 00000000 OO
gobooobOooooOoooobooooooooo
gbobooooooooooooOoooobooOoo
pooooooooimIrscoooooobooboobo

JRSJIVol.18 No.8

0000 O Yoshitsugu Todall

19500 90 1300019750 0000000000
00000000000000000000000
000000000000o000o00o0o0o0o00
000000D00000D0000000OAIAAD
ooooo 0000000000000

7

z

000 0O 0 Satoru Komadall

19550 302100019780 0000000000

00000000 MO0O000000000000

0000000000000000000000

| 0001980 000000000MMD0000nog

0000000D00000000000000
0oo000DDOoOoOoOoooon

Nov., 2000



