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A multi-arm collaborating robot mechanical system for
the small body anchoring and sampling
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Spacecraft System Engineering) , Beijing 100092, China; 2. State Key Laboratory of Robotics and System
(Harbin Institute of Technology) , Harbin 150001, China)

Abstract; To solve the problems of the spacecraft anchoring and sampling on the surface of small bodies which are
micro-gravity and unknown characteristics, an integrated robot design scheme for anchoring and sampling is
proposed. It fusions functions such as buffering, anchoring, sampling, and sample transferring as a whole. Based on
the idea of reusing leg and arm, a multi-arm collaborating scheme having active and self-adaptive land buffering is
proposed ; Taking advantages of the ultrasonic drill with low drilling pressure and high drilling efficiency on the hard
rock, an anchoring scheme using ultrasonic drill for the rocky small body is proposed; In response to the uncertain
characteristics of the small body and high sampling adaptability, a dual-mode sampling scheme including grinding
and brushing is proposed. Buffering and sampling performances are simulated. Prototype is developed and the whole
process test of anchoring and sampling is carried out, and the core functions of the robot mechanical system are
verified.
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Fig.1 Configuration of anchoring and sampling robot
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Fig.2 Configuration of reusing leg and arm
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Fig.3 3D model of arm joint
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Fig.4 3D model of anchoring and sampling manipulator
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Fig.5 Landing simulation model of the spacecraft
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Fig.6 Landing simulation results of the spacecraft

32 BEmESLSH

INTARKE SR 1938 S AR E S 5 | I T
TR TR RS, B & S 358 T @it
TR T B SR 5 ORI EE 738 S LI AR
KT 53T AR SCRE A BURE 25 JRURE B R 7 J0URL 52 B R
PR BRSO IE B A SCE 07 FU6 B HURE 2
BRI RS R E ST 04T, B A BORE 2R BURE ), oY
R e R HE e P A R B ot B S A T S 1 RN 4 DA
FEA R TRIHZORE S AR RD 5 0 B Rl o i o R 4
HERE T RARE AR BORESE AR
3.2.1  WPRCEEHIURE () 5B

i EDEM 4 {4 8 57 70 48 F A 401 2 498 5 T
BEHY {5 B RS R R S R C 8/ MT BT
B KRS S I A A 0 T B R S
BN 2.2x10° kg/m’ JAFS L 0.44 BT Y)FEHE



6. IR

%

T

(NI I 4 54 %

1.0x10" Pa YK E F%00.35 HEEEN % 0.44 TR BhEE
PR 0.2, B B I S WA H il i K 2 R B
0.75 BRI BCRIR S EE SR B4 oy 2, BEAL R
A 22 6] 1Y 6 45 F138 33 bongding #1152 B, W0 4%
BY%%3 R 3 000 r/min,

T S VRS0 B e 1 £ L4 SR &l 7 .8 s
i Sk BT 5 18] R R b ORE 8 B B T ), T DA
BB A 37 B RP S BE W5 7= A I RE i BURLE Bl 7
] 5 7K S5 ] ) 2 F B 0° ~ 40° , [] Bisf A 60 B 5
RIS B FELE « VR 2 ] A0 i3 Ky ) o AR/
AT LA SC R 36 HURE 2 B A o 25 Al ok AR 1 R A T
SR I BETHE FT AT

7 WREBHEBTHE

Fig.7 Discrete element simulation of wheel grinding

URLREE/ (m-s™)

Fifa)/s
RO FE HIl B B8 A R BRI OIS Bh iR B

Fig.8 Velocity of a sample particle subject to wheel grinding

&8

3.2.2  EBRITEHE MR

TE EDEM At H 7 B il 75 420 i JI0RE A 23 1
TR Bk S50 —3, I E A 3 000 1/ min, fj
FLBES B IO — 35, 5 A5 R AN &1 9 .10 TR,
i 15 EL AT AT R S TR AZ B 18] 45 7K S O 1] 4
FAE RN 00 ~45° [R] s a] AR i BURLZ o)) FE T &
6] F1 2 [6] 73 BR8] 20t/ R BORE 29 6
WlfE s s, EBRIEAVER T, 5 BOR A #) iG

FHE N 1.78 m/s, G B 2 A 5 Y
0.76 m/s , [ R T AR it JOAE A 6 35 4914 I 19
15 Bl B/ N TRV R WA T T iz s, al WA
PB4 03w R A0 i UKL 28 AR 11 328 ARE dh 45
for , AR SCRM A BORE AR A Al SR B AT

9 ERIFABBTHE

Fig.9 Discrete element simulation of brush cleaning

2 Jya
_____ x [
_ R y 1]
T ————zA]
£
=
o T T o ___.
;h;% _r ............................. -
B
0.06 0.08 0.10
i) /s

B 10 ERIEE B4 SR AY 15 3l i B

Fig.10  Velocity of a sample particle subject to brush cleaning

4 M AR AL 52 50 30 F

41 ERBERIE

Y B B BOREBL AR N S8 B IR AR P B A
TR PRRENL, 7 LR X R 45 2 i 2% b B A
FE U ORI E AT T R R S I Ik, A bl
TR D A KR AU B LA A 28 /N R AR 1, 5256 ik
FEANE 11 B,

st

‘Lm¢:ﬁ§ﬁﬁ". >
11 MERFEEREREREE

Schematic diagram of whole process test of anchoring

Fig. 11

and sampling



514

BEZE, 45 ZRUMER/DN ARG BREL S AU R 52 -7

SRR

1) B B 2 HUOREAIL 28 N 28 2 TR 2 A 404K |
It TR R ) & L, AL
BRI A ERPIRES . 7R ) TR L
5 LAk R A il | 2 i B ) A6 0 TOUS s A2
FEAE 20 N R H T HUBSE 3 3 4 i o8 R B
geop A BUESS S0 5 PRI G .

2) BRIAS IO M S RFEE 2 min, B PR LL12~
15 mm/min 38 B 4N 2 Bl URD A FR R 120 s
(138 58 B XoF Sl i TR B 6 A7 00 5 4900 o 22.3
22.1.23.4 24.0 mm) .

3) B HBORE 2% P 50 178 7 8 Al B [ 5
Jei , FEPER B BRI 7 A B T A TS TR | B
R HEA T BE I ORE

4) BURETE B 8 3 o — A B 3 BBORE 28 PO 1Y
7 U B P DA AR o T, R AL % B
URE 25326 220 [l 25 ORE 7 ', IR i A AR
mlgs b, S8 R

AR SRR AR v R A A R I
FEAE RN D1 T TN, an A 12 BRI S R
J , PERIN SR 2R A B 2 B N 220 FE 224 |
LI, FAE AR I 115 B RE A | 720 7 398 i kAt Joig o, 00
SR R AS SR B b AT Bt KA 20 b o 22
20 kg, 4 NHUBRE AR S 1) B 25 BORE 25 25 K B8 I B 5
R A BURE RS R R TR IZ R LT B B
FEHLER A AT 270 200 N IR 1.

12 BEHWK
Fig.12  Test for anchoring force

4.2 [EHIENHEEIE

TERA ALK A 45 540 3 Fi B st T b de
S ) SR S

FHIE BURE 28 00 58 43 BT RD 5 AE B 45 5
WIHATEEH| , W5 15 4 3 B 4 000 +/min, L5 HL
TR 0.44 A, BEHI Ty =R R0 3R 18 B NS Al i
JES TR RS B ] 4300 R 30 .60 .90 s, SEERZE R
UL 13 ~15,

NEIE

(a) KMWEHI (b) D32
E 13 mRREmNias fELE
Fig.13  Grinding of sandstone via surface and side of grinding

wheel

'

(a) KMEH (b) P32
14 BRREMNLSANELERE
Fig.14  Grinding of granite via surface and side of grinding

wheel

K I HI

3 B

15 WYEREFAMIA S A EH] 45 SWIK

Fig. 15  Grinding of 45# steel plate via surface and side of
grinding wheel

H b3 3 A A PR I S R

1) i b 8 B ) 7 SO0 A A0 2 B 4 Je 2 A Joi
PPu] AT HORE | L 1 Sk I A PR ARG , 7™ A A e
i Z | D RIE T AR U7 R T A T

2)) WO HE S 53112 FH 2 T RO 300 1547 25 1 I, 6
A8 A - Ak 157 3 ANTR] 0 40 ) 5 XA o B2 3K
P BRI R, 7 A AR i 22 5 L T PO 000 320 P8 1 EE A
FIF [V P 2 T T A SRR e 22 DAL 42 fih 10 ) LU S
)P TR XA it e ol B 2 M BEE R

5 %

ARSCHE T —FhEA A3 R 32 3 2wl P
BB TR S 09 A U 3 HORE F) — (A A B B
FEHLAR AHLIR R GETT 2%

1) FiE BORERIL S A BRE 52, >R 32380 11 3 7
A T S, 1T S BRLS 5 ) AFR RN 5 A il o
AT BB AR AL, A RGeS 51 AL/ A



. 8- MoK O T

AN S

i 54 %

FE R ZWERRIE T %, @i
BT, SR 257 AW PSR 38 2 i - DX sl | 255 i A B
1] <2.5 s, BRI FAT B <130 mm, 25 Fifi i) 72
TR,

2) BT AL R TN B B A R AL
R RS RO S RS BT T — AR B e
i, USRI [, AT 3E A R R A O SO0
J& SR 2 AT R , b ] 0 o 0 5 ) O 2Ot
FEHEATHURE ; A0 S B 2 1 52 R WL, v 38 s s 1) S
PR R M ORE . — AP B HBURE S B 1 T
5 IURE B b BBURE | W A i B w8 T 3800 25 RORE IS )
TUAREE T RET XA R A 52 119 35 7 BE T3 5

3) IR A iR S R W, BB BUREDILAR A
Al SR gz o BN [ R BORE ST RE , HLAE
A R B RFF 2 2 7 RT3 200 N BURESZE6 60 AR
SCHTHR B M BURE 7 SRR A A S A DL
45 SN AF 4 JE A BT T T HURE

2% ik

[1] BINZEL R P, LUPISHKO D F,DI MARTINO M, et al. Physical
properties of near-earth objects[ M]. Tucson: University of Arizona
Press, 2002 255

[2] BLAIR B R. The role of near-earth asteroids in long-term platinum

supply[ C]// Space Resources Roundtable II. Houston; Lunar and

Planetary Institute, 2000: 5

MCCOY T J, ROBINSON M S, NITTLER L R, et al. The near earth

asteroid rendezvous mission to asteroid 433 Eros: a milestone in the

—
W
[

study of asteroids and their relationship to meteorites[ J]. Geochem-
istry, 2002, 62(2) . 89. DOI. 10.1078/0009-2819-00004
[4] RAYMAN M D, VARGHESE P, LEHMAN D, et al. Results from
the Deep Space 1 technology validation mission[ J]. Acta Astronauti-
ca, 2000, 47(2/3/4/5/6/7/8/9) ;. 475. DOI. 10.1016/S0094 —
5765(00)00087-4
BROWNLEE D E, TSOU P, ANDERSON J D, et al. Stardust:
Comet and interstellar dust sample return mission[ J]. Journal of Ge-
ophysical Research Planets, 2003, 108 (E10) . 8111. DOI; 10.
1029/2003JE002087
[6] GUO Yanping, FARQUHAR R W. New horizons mission design[ J].
Space Science Reviews, 2013, 140.49. DOI. 10.1007/s11214 -

—
W
[

007-9242~-y
[7] RAYMAN M D, FRASCHETTI T C, RAYMOND C A, et al.
Dawn: a mission in development for exploration of main belt
asteroids Vesta and Ceres [ J]. Acta Astronautica, 2006,58 (11) :
605. DOI; 10.1016/]j.actaastro.2006.01.014
TR, BV, MR, S IR S TR Z BARSAT IO
S8 [1). hERE . AR, 2013,43(6) (585
MENG Linzhi, HUANG Jiangchuan, YE Peijian, et al. Design and
experience of Chang’e-2 multi-target and multi mission [ J]. Scientia
Sinica Technologica, 2013,43 (6) :585. DOI. 10.1360/092013 -
311
[9] BIBRING J P, ROSENBAUER H, BOEHNHARDT H, et al. The
Rosetta Lander (“Philae”) investigations[ J]. Space Science Re-
views, 2007,128: 205. DOI; 10.1007/s11214-006-9138-2
[ 10] YOSHIKAWA M, KAWAGUCHI J, YANO H et al. Asteroid sample

return mission Hayabusa, its engineering challenges and scientific

—
oo
[

results[ C]// 41st Lunar and Planetary Science Conference. Texas:
LPI Press, 2010. 2746

[11]LANGE C, DIETZE C, HO T M, et al. Baseline design of a mobile
asteroid surface scout ( MASCOT ) for the Hayabusa-2 mission
[ C]//38th COSPAR Scientific Assembly. Bremen; COSPAR
Press, 2010:1

[12]NARDI L., PALOMBA E, LONGOBARDO A, et al. Mapping oli-
vine abundance on asteroid (25143) ltokawa from Hayabusa/NIRS
data[ J]. Icarus, 2019, 321. 14. DOI; 10.1016/].icarus.2018.10.
035

[13]LAURETTA D S, BALRAM-KNUTSON S S, BESHORE E, et al.
OSIRIS-REx; sample return from asteroid ( 101955) Bennu [ J].
Space Science Reviews, 2017, 212 925. DOI; 10.1007/s11214—
017-0405-1

[14]RIZK B, D’AUBIGNY C D, HERGENROTHER C W, et al. OSI-
RIS-REx low-velocity particles during outbound cruise [ J ]. Ad-
vances in Space Research, 2019, 63(1). 672. DOI. 10.1016/].
asr.2018.08.020

[15]BARUCCIM A, CHENG A F, MICHEL P, et al.MarcoPolo-R near
earth asteroid sample return mission[ J]. Experimental Astronomy,
2012, 33. 645. DOI. 10.1007/510686-011-9231-8

[16]QUAN Qiquan, BAI Deen, ZHAO Zhijun, et al. Development of a
rotary-percussive ultrasonic drill for extraterrestrial rock sampling
[ €1//2017 IEEE International Ultrasonics Symposium ( TUS).
Washington DC; IEEE, 2017; 17317970. DOI; 10. 1109/
ULTSYM.2017.8091595

(mEE B %)



