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Abstract: The collection of extraterrestrial resources not only relieves the pressure from Earth’s depleting mineral re-
serves, but also significantly reduces the costs and risks of transporting materials from Earth, providing critical support for
long-term habitation and deep-space exploration missions. This article focuses on the research progress of large-scale plane-
tary resource collection robots. Firstly, the types of planetary resources and their utilization prospects are analyzed, followed
by a systematic review of small-scale planetary regolith collection robots deployed in past space missions, current research on
large-scale resource collection robots, and relevant technologies derived from terrestrial mining equipment. Then, the chal-
lenges posed by planetary environmental constraints, terrestrial technical limitations, long-distance operational constraints,
and legal-ethical factors to resource collection are explored. Secondly, the key technologies of large-scale resource collection
robots from conceptual design to prototype development are elaborated in detail, encompassing design and manufacturing,
process handling and methods, autonomous control, energy system design, and ground testing. Finally, the future devel-
opment trends for large-scale resource collection robots are discussed, including the diversification of resource collection,
the advancement of intelligent control, the implementation of multi-robot collaborative collection, and the integration of
collection and construction systems. Based on this, three stages of future development are proposed.

Keywords: space exploration; space robotics; resource collection; regolith sampling; space mining
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KA, T 2023 429 Hik[EHER, RA1G2]121.6¢
E[(] 1;$2'§ [103—104]o
214 BAN/EARERGHER

ELL ERTAES S, RFERG WL AAANR
GAMTENRGH AL, X2 M RAFERALI. £
FEIE RAERCR. &N DL AR 3 5 T TH
TEEREZER, WK 2 Prom. XTHLAME S RFEAESS
A N5 TE AR R G011 52 bR B EAT PR o BT
A DU A SRR RFFAT S5 1R L N 255,

A NKE R G FE BT 0 E R TR
HCRFEATE S, B NKE RGMKEENL 88 A TE BCRFET
o AR “PAIEE 11~17 57 AL55H, FHLRAM AT
T BCEE. FEhhilsSE TR, BT
KIZFNKERE 3 m WA RS XM s K
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Tab.2 Comparison of manned and unmanned extraterrestrial planetary collection

He o g HNRERS TR RS
T FHRATHRE TR (T BUSE. s MR A EEEUER R bR, 5.
B, RIGVER, TERNER YIRS SRR, ToE A R RS
(s OSSN S, ERAMIAE, (1 EREFHLREAG (AT, KR L
S SZIRTF AR 5T 55 K. INMTEME I, (RIS S155.
M, RARKHEZRE. B, FEE H e o
RHUE 6 WAL I S ke AIRRER, G2, s oo B VRIRES T 17ke T2
RIS, B 57 S54g, “RRIGEIE” 121.6 g, ERVEREK.
kg AHEE CRTEE T RIS LT, RN RAEIS RROURTBE SR, TR

ZORWE, KEBE AT,

el

TR A S BAER IR IE R . 4R
M, HARERG T EE RN RGN
Wi ge, FRSZEIMEE MRS & M2, 1
ANRERG LT EMILFERS, B TE 2 A
W FKIHIE T, “HEK 16/20/24 57 AL 55 H 18]
Feph i, “ORIR AT B R HUS B EUROB AR R
BHE, Uk “E557 R “RKIEES” 1 “—fih
BIZE” KEE RS, Y@M, Bhse B ek
BN EH AR SEIUR AL (BTN RE RGN ERE 2R
TR FBFETR S, X RARIL I B AR BE 748
. A ANRERGIATLS Z4E FEA KRB,
L2 AR AR A P37 18 D0 S I R BRSNS, (H2
X FpRAE T T2 PR T 2 A A 7y, S 3E H
THUERBEAT B ERFET S EARERGN HIE
AR SRS, KR R “BSS7 M “U4F
w7 WSS M Z R EE T RN T KR
RMEMGLREH, MIEESTH “E£5257
A BRI BLETS KRR RAE R Il T E I
ik

A NRERGAC RN BRI Z FEE T T
BABERS, BAESBAN GG B2 1Hl
78 6 Y8 A b Rt nl 382 kg HIEFEA, FEAZRM
Zr, AFERZEHE RRZOHEMEAH . M
b2 , BANRERGHERFEREIBER/DN. “ K7
THRIZE 3 H BRORFE Hh 3L 18] 301 g A, o 4k
57 w1731 g S T CBRTE LTS 7R/
ITE EEHH. 3 RER, UKL 121.6 g FEA.
TEMA T, GANRERGHBEBANEKR, “FpEE”
THRLE AR Fik 254 1236 TT. MR, TBAKE
RAMBABAL. HA “F52 57 fLE5ERALH
1540370, F£E “RRpi RS A5 RAZLH 10
23676, AR TEHAES. o, BAMES 24
PEZLRM AT R R AR e R BU™ E 5 R, Filin

BT E 15T KK FRBOE K 3 & TN . T
TENKRERG AR EER TR, ERFEAN
Ay, BRI AT S R e KU (R B A

BT, ANRERRIERERE, Righk
MFEARZFNE | SRR, SE&FERERTEMS
AT, EARERGNIERARL . A%
N e RS Ty, EA K mAEM
ZRACHIIR S RIT S5 Aok, BEENLZE AB AR
NTHEBMEE, EARERGHEELH ERE
FSZI 3G B RE 1Rk 50 NRE RGN ZRE, M
TR 25 B8 Y5 R B A0 R 4 58 KA
22 HFEFRNBA

EECOR Y T M A R AR BE USSR A5 A 1 A B
B, (R ARES TR R IIE AR R, K2R %
A AT RETEAR K 20 FE N ONBLSE W, H A, — Lt
FUMLAA R ML 2> =) IE A 5 2% b A R AR R ATV
3, FEEFIFREH T IREE I RALE N,
PATF 2 AH AT 1) — L AR R M A
2.2.1 Mark RFIFRHFA

5% [H g B e K R ST (FTD H)
BT 27 R R SR 1 H BRRE S SRR T SE 5
kAT H BRAE R R LA N 8L & & o 105,
EHLAR N FEEAT T 3 AR T Mark-1, 1T 1 11-
[U15:106-107) 5 e i) — 4% & Mark-IIT (& 4). Mark-III
FEAFEIZE . MR RA. TERG. NH
s RV RS 5B REMILS, H
A J F A e AL R A A B S R A A 9 R R R
BRY), BAGEE 6 MNP, 1) 28 38m HiE
A2 258 LL 27.4 m/h (SR AZ9E 3 m IR, 8.4 m
e H . 2) i Sk sl 54N T 50 mm
(17 PO AR AT 75 32, P30 0 B 36 v g L 0% 2 MR e 1k
ML, 2N 15kPa ()5 73 % M, 07 40 HORLAR /N T
0.25 mm WAL 3) Wifk: WALRME/NT 0.1 mm 1)
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B> B A

AR A

FE4HL Ny
eI =

Gl (REER) el

B AE AL

() Mark-11 £ #7775 &

SR RS
{17

Sermp 8
R
AEE 4%
0.015 MPa
i il

{ BN
R N
0400 » 5QQ§§? \
4 < 'L}\ ”I’ fe /
i— o) i J2 UYL
] 2
| KWK g miesmes
BB E4ENL Ry WA= s E SR

(b) A He S 4% K pnidict Mark- 11 355 1) #4001
Kl 4 Mark-III FFRALAE A
Fig.4 Mark-III mining robot

WKL DL T S RS 1) R AR, R R HE
EEEENHEH. 4) ISR K BH AR AR
InFH 55 700°C, BEIBERY. 5) AR E 547
fiti: FRHRAEBSBEAMEERER, K UEIES
BHMKR, HRE 6 RN (20 MPa) f74#, /K
AR A BN TA. 6) IR A HER+
e 38 g e fE HLHE PR A 2. Mark-TIT 1.2
JiE N 9900k, RN 13.5mx54mx49m, I
KON 350kW, JFRFEN 1258 th, e KIZHIRE
N 3m, HUFEEANEE 33keg & 3, 2013t &AM
108.9 t 7K. Mark-IIT ¥130E B T H BR¥E KW K HL
AR FFHEH AT AT M, HAR R BT A BH 8 BR
HEAFRHN, HEIEFR BT R EEH
SRAT A AR U
2.2.2 RASSOR FFE#1EEA

FIH NASA $2H T —Fhaefg £ H BREK R KT
TFR B IERHLEE A RASSOR (] 5(a)), ZHLEEA
FEAFET L HE RS PATH. B RS LR

56 KRG MEEIE 25 1%, RASSOR ) T 1F i 2
T8 I I [ e B R A 2 B S I T KT IRHE 142 3
DAIE AR E )R EE. L8 AR5 B & 2 — M3t
i, e, MR IGUIN R, BRI
WtE B3, SEERE 40ke, R B SR T
ZigEfE, @R 3T 6 H LG LA S
R I E R #8. BIAIREERARG, HLE KT}
BE TG By, RFBTREE T R thAh, B
TR KHIIZ TN BE, RASSOR ik H 4477, i,
e ZEThee (K 5(b)~(e)). HHET, RASSOR 2.0 &
SIEFRBEMRFOTER T RN, BHER
66 kg, FZIIAERT 1m, FKATHEERE 0.57 m/s,
H I BCR A 25 kg/h, THE N 108 W. RASSOR
2 H b 8 H TAE 160, 1248 35 &k, #7788
10° kg 3. RASSOR 2.0 il i 1l 38 i % [ A
WIF AR =450, KB SR R4 T AT 07
Fo HAERYZRe I s K- m A%, H
PP, H Tt ) Je X A A
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(c) RIMATHE

'
(d) P pRehT (e) ) _Fes

K5 RASSOR JFRALE A KHE %1 ThfE
Fig.5 RASSOR mining robots and its functions

Wt il EPSA
AT BUHEAE R

SEEINAA

(2) RGD & (b) RGD £ty n i &

6 RGD JERHLAA
Fig.6. RGD mining robot

2.2.3 RGD FFRHEA

% EAL 2 FEH AT (TransAstra) #2H 7 —Fh
HERE R IF AL N RGD (] 6), & 1EfR Rk
fe g E M AEREE R EGEAAJLD % MH
38 rp 2235 ] 5 b S PR RN B BOK 4% R PE A IR A
L N081091 S 7 R S MU T SR D3RR, AR ]
W, RGD JFREE MRS, ML s, i
Tk R PR 4 oty 288 I A F 438 R - A AR R A K
DU, RETHE KUK TE, FRR R R
PEVI A B ) BT R BMRIR RS, AR
HPBE AR, RGD ¥ T 1483 5 TRL-6
ik G, ARG EI AR, USRI
SR Sk FEAE AR, B TE R
HaS, ORISR B DO SR R X R AT K, SRS
AREERTHE. UERAETERE S, TR R [ K

AEGE, SRS IR [ BT R f gk s R A IR R
A DA A b i B R e S b e e, AT DASE Y iz
FEBOL AR AL RO s, B 2 iR 5 R
4t, RGD £ I Rt F2 o ] d5 K BR 2 b gk /b & L H
BEROKZESR M ERIRS. i, BT & RGD
(IR 22 R B AR 2~5 ¢ Z 1), NEIZE AR
787K H SR 5 B 20~ 100 135 A9 R PR .
2.2.4 Rocket M FFR A2 A

2 [ D HT R UK A RGN A B A B LA A
F A BREH A T IF K T Rocket M T RHLEE A (&
7), A FEECA BRI A 2 X 7K oK 19T, Rocket
M W K S5l IR ARG S RS, %&h
RGAENE %, AR R A /N B K &5 5
(440N H#EH7, S/ EBRED BITRBTRUS K H BR7k
AW X KK A 38, BARaHE 4 AN DR 1) JF
Ko KEF GV BEAEE R A AT 0.5 s Bk, PR
B R, oAUk L, B ERREN
0.8 m, FRIRFEN2m IR, 2) & Ssh R4
FIF K F7 AR S A T3 S Sk R 88 3)
WA RN RGUE . B BB ik iR
BUKYK, BEHHREHR. 4) WEE: KK T8
%, BREEREME, T PHBENEIMNEAR
fE AHEET. Rocket M H &N 818 kg, H IEALTE
R 75.8 kg/(kW-h), B BRI RIGH)

Aqua Factorem
IKUKIEN R 5t

ARG CORIBOREL 73 )

-~ T
- S |
(b) Rocket M J1-2R Jit 2 ]

K7 Rocket M JFRALE A
Fig.7 Rocket M mining robot
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33kW-h, fEFEHL 4.6 MW-h I, HIEJIFREERN
70kgls, IKUKFFREE N 15 g 7K/ g #EdEF], Fiit
£ H /KUK 89 1200 kg Rocket M 1 1) K #i iR bt
KA, FIABERAR B MURIZHE, KK R,
W EIIREE. {H Rocket M T IGE T RIRER
MR, TR RERIZHK KGR, K kbt 45
ROKVK B FHAE, 1 BT IR IR 37 55 ) f, 2R ax
1 7] B 45 51 2 3 A0 FE,  Rocket M A B HES) H BR/K UK
TEREUAS TR R o
2.2.5 SCAR-E FE#EA

SCAR-E J& % E/MT B R0 A" T H A R J6K
A LA N SEe = SR TF R — Ao AL S R 22 e
BLEEN (B 8), LK GH IR ER A/ NMT B RE
fE45 53t 1, SCAR-E B4k AN 1 A 458, H
bl T 1% Gt sl Ay AU 25 B 7R BE U U iX 1)
% - H AT SCAR-E A3 i/ F5 IUHCE: B 1
HAEW AT E 2 MG B AR, B8 Te B 0 ) 2
B K B8 445, SCAR-E BEHLIE &0 15 kg,
BN 04m, KPEEREN1.6m, BN S ke,
BHLEA 18 NEHE, 61 RGB-D &ifi 1% 3k,
360° MLEFAR (], B m B B M LS AT
2035 4 LAJE F /M7 B T RAT 55

SRR, PR AR 55 BT |58 4 T W OG1T SCRF R IE B)
e

6 X FRHES I
RGB-D {5 3k

K8 AR THANRAKTF R SCAR-E HLEE A
Fig.8 SCAR-E robot for future exoplanet mining

B L IS

2.2.6 CASPER FFE#1EEA

5 B WA SN S K% BIRTH SE =P R T
—#K 4% A CASPER HyJEHLE N (9 R %
BLAS R 4 A 1a] Jte 7 1 Bl ik oK A28 e 4 33 245 A=
NN RG, 46 Jemil s 5™ 2 AT 2 .
CASPER 8 i B2 e HE 2k 23 45 2 H i An Bk Aoz, 7]
) FH T i 428 T HE JE 25 1Y) T e 1) AN R G A
fb¥2 98 1 B, CASPER ISZIR R M, [N e 1

WEE IIC B R S PR TR AR, 7E 40 o/min [ HE
A4 s FOARFREEI )R, R ARHC B AT 923 30 ke/h 1)
PR, 10.2 m/min BIHEE, REEREN
3.4kg, IHFEMCT 30 W. HHEuALgese X k@ w4z
it R 48, CASPER 7EOR#F BUK B & 5 DI FE ) [F] B
IR 2 R SRR T RS R
BRI ARG, JUHIE TR R 2 BRI RAT 55 ot
AR D REZE SR ™ 5 137 52

R AL
| R

W [irke
[ 7]

K9 CASPER JFERHLAA
Fig.9 CASPER mining robot

227 ZEEOEHFNTA

BT MR RN FOREE WS h R T —Fh
TA7T B R Z R M 2 B4 L A (B 10D,
AL N 2 E I SRR AR AL S, L
LT ARG TR TN T T B & SR 3 3R IR
JEREERE . ZHLES A EAREERAE (R&B
B OEEAICRETIRE, F T RA LI R IR R
Bfae ). A (ot AsiinE. #E Kk
TG ERZE D ULECRSAME Gl &8 det
NSSR A= E SUE D ORI N TN E S e =
RIFH MBS T R EEZEFIE S PLEA
175 830 mm, fx K 4 1400 mm/min, #% K
BiIE 713000 N H A E SIS R, ZLas ANTE
HENEERE. RAE SR g S SR T I R R
LFITERE, NACRAT B R IIR 2 RAT S 326t 17—
FhBIHr H = i T &
228 HEBEAKEZRTHHRA

Hh AT MK 25 7 A 4 A 14 B ) 22 T
BERARUHLBA (1), FEEWME S IE
REE N I SRR S0 YRS S et AL
BWNKRG AN BB, FRAER STV, &
A ESTEATRNMT B R R 5h, T 2 4R
PEE SO, AT A CRAEAR 5 R 55 R B IR A 288
BT, ZILBEANCER % T ZREBE5E S
PP FININ, ATRRIE Hh AN A K T 3 B
WE AT, DAL AR 25 A A B A A A Bk
. HEl, ZHEARMLICERIE LR, Fal
TE H BRBR AR A 5% T 46 23047 M RE IR
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L B~ 5
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2230 mm

B AN T

K10 ZEMSEHPEEA

Fig.10 Multi-string and wireline-coring drilling robot

BT R EE SRR Plas A

Fig.11 China’s first space mining robot

() Surveyor EIHRHLEF A (b) Excavator HRAL# A

(c) Collector &1 A

(d) Hauler iz#aidL 25 A

(e) Dozer 2L 2N (f) Micro Fractor 4b# ML #% A
K12 Offworld 2~ @ JFRHLE: N

Fig.12 Offworld company mining robot colony

2.2.9 Offworld 2B FFRAZE AR

Offworld #&— A7 T3 [ N A48 e 2 4] A1) 4
A, BT R ATE HER. KRS RS H
FIRT PN RGNS (B 12), %A EIETF
R—EZYRE. B RTHFERERS, HT%
VR T K. HMLE AR B & B EISE S PR
EMVEE ST, IR A ATIRI, TR, W gE. 1sHA
WA A S IR AT 55

1) Surveyor HJI#RHL#5 N: Surveyor /& — 2K 417
a3 Z RPN (B 12(a)), FEAERL
MWANR T A NS 5 8IR. HRSA
158 cmx 128 cmx78 cm, i A 480 kg, i KifJE
1.1 m/s, %320 N-m, FC4& 11.7kW-h HIBA K
EHAARG, ELIEIREEE 4h, BB E
e, &R EVEHE —20~60 °C. Surveyor X H XU{#|
BRI, B siikiE, Ry (R
300 KpiEEIae ), RfERNEIV AT dkaiztr. Hlds
NEE RO ML 25 ) B0, SCRFN 2, BhR. 77
FARN S 2 RN g 5, o RR AN R A RO Chnii
EMNE B )55 45D IR SEELSERT S5 3D Hil&
H,

2) Excavator &£ R ML A : Excavator Iit
B, Hrh— B R s R0, 5—
O A L, R STELE RS AE I 2 5 X0 E 42408 T e
(K 12(b))s H R FH 200 cmx 150 cmx78 cm, Jii &
N 800 kg, fx AEFE 1.0m/s, FL# 11.7kW-h 4 H
ARG, TR 4 h, HEBEET e, &
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IR B E —20~60 °C. Excavator F. £ ¢ v h 72
HESHIIGE, mrkEfhisE, RS EEME S5
PSR AIEAE, SCHUEREMITR, WD R A H IR
DA R s vy &

3) Collector WEEHL 2% N: Collector F T H %
AR MR A S B, R E AR
fif 250kg (B 12(c)). H P4 200 cmx 125 cmx
75cm, JEAN 400kg, HAHEE 2m/s, KA EH
2 wit, I 3kN, E4% 20kW-h & HETR
gt, HEEAENLFAE 4 h, MR AT E R, &R
FETE Bl —20~60 °C. Collector At % it BE WL & 4t
AR 1~30em HIE A, JFiEd B
A FE AR/ T 1 em MRS R4, 008 B oK 2
SR, A ER A RSO A

4) Hauler iz%ifl#$ N\ : Hauler /& —# H F iz
MLEs N (Bl 12(d)), mlasfit ¥ b sigs 5] HoAh
Hlgs Ao H R4 300 cmx 140 cmx 75 cm,  Jii& A
1 000kg, # KIEE 3m/s, Z=5| J7#8 10kN, 4
20kW-h ©HZI RS, ESAFKE#E 4h, HEbHE
Benr e, 3 AR VR —20~60 °C. Hauler 3T
BEELZE NI, SCRME RS HIR L Z 5 Z I8N
E, R SRA S S i 280, AIE R M B
F I RBIFERETT RS, SR RUE

5) Dozer 253 HL#% N : Dozer i ¥ T 2% 1=y 9 BE
HeL 5™, FH T4 5 A B B RHE 2= 48 e XK (B
12(e)), H RPN 200cmx 125 cmx75cm, JiEN
400 kg, FANIESE 2m/is, RHAFHE PRI, H#HE
J1#8 3kN, B4 20 kW-h W RS, #EEAFL
[k 4h, HLVBBIHR AT, & HIRETEH —20~
60°C. Dozer ## N T8 REFEHI RS, 75 IHARAL
#NIEE RS, &S RE S Ml
FEFLML, BRIE SR P 55 e A 2 (Al R Il 75 SR

6) Micro Fractor £t #EHL#% A\: Micro Fractor /&
— PRI TRk A A PDP AL (B 12(6).
IS R AR SRR R, HLER AR A Bt fin 4
M, FENEHORRAENY RS B, KIRAEA
AR HRES, REHAMET Y, Niiest
SR A I TR,

2210 FFEFRWB|BARL

PIRTT KM 28 ANAE AER. KR BT RS 3R 5
W S B . ISR 3 FR, SRR
WENUAZIE. AL, BRI R AN R RS,
TERR T R R T TR XS AREF ST KUK, &
3 K ABEGIRNIRTR, BIT 20T
5 TR sz 7 .

MAFREN, TR RSN B LB
523E N AE 5 H AR AHTAE 7. Mark-TIT 38 i 82 s Uik
AR H AR S KB RER AL EH AR, St HEIERD
FSREL, TP R HRIE 1258 th, ¥IB AL T
H BRI A W ORI AT AT . RASSOR 2.0 SR H
) e 7 2 B T, e IR E MR N R R A
&, DL 66 kg AR B AL SR 25 ke/h BIF2 48 3L
R, W TIEJIEIFRIE 71, RGD FH 2 45
R, I8 R T AT R B AR ML T R
(PIREFE, FFERRGHL T UKIR D RE, AILH T8 1)
FRERE. Rocket M AIHT M HbFI F K 55 51 B w7
TEROURTT N, FFRBEIL 4.2 vh, FAl&EH T H
BROK A2 X KUK R PRis$2 B .  CASPER LA 3.4 kg
R B AT 30 W IR DI FESE I 30 ke/h 124 IE 2, A
BEABR L T e, 28 AN L BT
SRR RE TIREEMNEEEE, EHT
17 B AL JZ AR HE R K. Offworld 2 H] (AL 8% A B
HIEL R, PR EfSAmErh EE, R
THEIULS B EHR K RES. R R
2R RV B PR B N T EAS T, N
H A BEIE A FH BE e T IR S A

SR, LA B TE SRS Ak, 2 3% 35 5 TR
WA R RR . W3k 3 FoR, KEZHWLes A
FFRIEERET 1~3m, ELUil A 10m DL _EIR A
TR E R KIKE & 3 & FIRAE R TI T 1
i A mEAFE, AR FREEAL,
M DL S RFHO ) F R, 5 B8R E A5 R BOSCR (e
Ko B ZH24 7 ALV R b 75 FE 2 K& 8] 5
ReE RBBRREM, FERR BIHFES,
H 538 i M IR (KoK & R TH R kiR ) IR
o R Mark-1I1 SERE &, (HI 350 kW 2%
72k 5 9900 kg Jit & G0 1 AR SEI ) HE ST
Rocket M WS IR B3, (HAZIRT 2 m IR & &
oy K UKTHEA R, SN G FE Z PR b, BUA
LN Z DL —FFRIhRe izo0, sz 55N T
e FEA T it g v B A AT #2940, RASSOR 2.0
5 CASPER LT HHEFZ 48, KA & Nl iiog
FEHb AT, SFECRIER KB, [FR, th
AP v 2 A XML NI AR, RRUR LSS i
B A2 H 7 "™ 57 225K, RASSOR 2.0 #4445 R
A2, RGD 48 5N #v AR BT BEAE K UK R
K, Offworld 2 @) ] Excavator 5 Dozer Hl25 A\ &8 B
o KRIFRAE ST, I 20~80 kW [HThR T RIERE
YR = 1) 7 BREFEE o DA fE o 1K 28 i) R 3 [ ] £
T BRI RMLAS N R, AT RESE T 1A R &
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Tab.3 Summary of resource extraction robots
EA R E JERERE RE IE Bk Y] R
. - SERUE S FERIRG— 4L, (AThE
Mark-1IT 8 9900kg 1258th 3m 350kW ¥ A3
arl VIR E et g m HEK A o REk, TSI
" o TR/, AU, RIS R E SR
ASSOR 2.0 % 66 k 25kgh 1 108 3 1
RASSOR20 Abzi 6ok  23kgh Im 108W  JF - W e e, R
_ . LRSS, AR, HEAR
G aEINA - - - - 2
RGD wmSrm HER R S, KU
RocketM Wi/ m# 818kg 42vh 2m 33kW HIK/KE ERW ﬁ%ﬁﬁ’%EEM%’EQQ%E
Py HRERE Ty 5E, RIETIEE, WA TR
SCAR-E - 15k - - _ /I
¢ M B, TERH B LT HRIT 5,
- . RN, DIERK, MEm, B
CASPER % 34kg  30kgh -  30W HIR/KE Bl _
PUREIE 34k 30ke HRx AN LIS AR,
EZ=2 PN . s - JERAT, TAEREE, {HI)EEHR—,
EEIEHLEE A MUbREEE - - 08m -  HE/KE B S
H[E R ., ~ EAEEMENRE NEs), RiEK
RAHBA - -0 o R B, WATERIGE.
HE&TFRAEMIhEE, BREMAER
Excavator  ALHEII%E| 800 kg - - 80kW HEk/HhER HIE/BHA FRIE, HIFEL, £HRMEG
M LS
ol e . HAAUSET RS B, nlEaieE
Coll WRHEH 400k - - 20kW K/ HE: %/
ollector  FEEHER  400kg RO ARCEE o s, mpde s,
RA&RARMAES J7, W3 A ek
Hauler  #PEHZH 400kg - - 20kW HER/HOER AEE/EA AN, EIIEK, EHBRHEG
M LASE I
" . HEL R, JFRAE 58, (HI)ZE
i 400 k - - 20K BR/HhER A/
Dozer LS X g W HER/HiER A/ AR e, 76 FERER B A DL
F 4 MBS FHCRE &%
Tab.4 Various mechanical mining equipments commonly used in terrestrial environments
B REN IR RN TR
b A SHE PSRNl Fr IS IEL TSR L KEER ML RRESR LS ML
AL TSI, AL RSN Bl
Al & T RAEL R SR8 R
B TR w5/ ER R WHARE /3R IR
T g% WL JRBDGHE, EREEML. JFEAL RN, PRBNIHE. EREEML. AL
B WKZE THACEAT L. WEsHREE ML KMZE, BRAS

2.3 MWIERT RAREMPFRERETHELESRL

W R AR B E R, TRRCT R
R BRGSO BT B AR AR &
A BRI GS NI A SR it T B S, K
FERCRMRAG PREDE N AN AL BT 7 T 2250,
I RE RS A A (AT B B 5E B AR e MR
TFRIRSE, HUHRAT % 70 R R ARE PR,
R ADIH T SIS AR S Wi

231 FREFERMELEE

RETFRES (B13) THEHATHERER
BIR, JEZMATERYARAY, B&E3EE
P REEIZEAYE N TR s, R B IR
RAEM T Ko

P20 5238 % R R ETFRIZO, WKL
NENHRG R TAE FEeF2mpLIE I LK)
feFs e L, UM R RE SR, W
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(OFA7E

.

e &

bl

) B

RIS E 8, /NN A AL BT 0, HOE
B2 R BE M T H BRI E R R, ER R R
Ji e B e AN A A, I DUKBH BE B e X 5l LA
8N IC A, W FE AL I e U R SN
ZRTINNE, SCORTEIZAER, EEMA R
M RN RER Y T, SR, AR A, RE )
AR Sl 22 AR 2B A R, V0 AR 08 T i s 2 A
IR, HECLERRN A, (B B i
RS IR )7 ket A B T A S BN N ik
e B URBML TS AT B 5™ A 2R AL A = bLsh
PE, FONMAMER B YRR IZ R Bt it 25,
BEFLI R B TR I ME A AR, B REN
P S ARARER, R e sl e QA 405 20, i
A BUKIEAHE N A U BB IR T A

(K) BREEHL
K13 iR EHRAIE R &

Fig.13 Equipments for surface mining operations

(1) FEHL

ZEMAFALARSG, AR BRI S 2 1),
Hom e A & T HAMESS, A BRI Z
BRI R A KA, (B Sk DA B 2 AR A
S, R KB AT 4 S T e . 8
B LR R AR IR, R R EE R
ARG E, ARAE I REE BB B, iR
R T BE G Sl WX b T (R S E PR AT /g, mT eSO
R HL B ARG N b is . A A LA
A R B2 1 e e ALK A 326 M 2% AR IA
B AT HRRECKEY ik 2 Gt

I ST A A B 5 7 2, Tl R A
BT AT, BRI 20 T 58 B K £
SRR LI I 57 IR KBk, ey 2UAs e
WU P e T e 3 SR A T e 2™ 4, IR s ok P



802 I SN

2025 % 11 H

17572, BRIV ARk, 17y <5
B F R 1201220 G s JE AT 4 S b S b K B
B A Bk I TR T, R A AL S A e
BIM kL Al Bh R & RAGVE IR BE, R BRI R .
WK B K R, AR, A4
HGTF RS IR AR E, F RN XL
TNFRAER T 1231240,
232 REFRMELEE

WEFFR&S (14 EHTIRESRET s
W, TR RO A A IR, e v R R AN R e Sk
Wil FERAERAL. e A AR o A BT 3E B A Hh Ak
RERIRERME T HASE.

P20 5 28R & AT R UI R Sk RS, &

*fﬁmﬁ'ﬁﬁﬂﬂﬂﬁﬁw [SN=KiTpe B
iz hel, &S PCE BRI KBERA LI
Hfbm,ﬁfi SRR E TR, SEELF A H 3k
izk 020, BEIE IR NS LD EIEEE &R
P 2 B NG ¥ S R e 127128, e g R ALIE I i
e Tk eah i VR S DIV E 1, 52 TR B T 42
i, T ORER AT LA XU R T T 0
TR 5 AR AT e KO BT BRI SR AL A8 N
Tt R B Al L Bl 2 4 B U DK Bl DA N
BB BHALBCR R T AR, R
TR MARAGER, RN AT RS, &M T
HBAN LT UK BT RRG R, 5 I SR A T Te A
I E TG

() LR L

s
%%"J"ﬁ\s“%%
Hs |
LV
N, St
=4
L gt
*ﬂ%l}ﬂ%%& 3: "’
A IT >
Fh i s

— R4

(h) THAR AT AL

(i) W5 R EE AL

() K%

B 14 TR Z IR AR LB %

Fig.14 Equipments for deep surface mining operations



4755 6

WK, S BERMBAL BRI T e S R St % 803

15 B A AL TR 2 TR 75 3 e T B ) 2 1)
BRI, I RBET i . TR ERZ
TR INREARL, H4 B R, KEERTHG
BIRAY, WG TR R s, i IR K
Fani MLV 5 I il o I, SRR SE D9 IR, GE I F L
Bl 2% UK E B T A S B Sas g 10, RS T
FUWENERIER B “Adrd”, 8l bl S fA]
JEGEAN L2 BOR ST THEEFE SRS, R AN DA 3 L
BEMR, Hurh i 2 e rEAay S, Xk
BB ILFERM R TR IR R Ik
FAERRITR I SRR R, T Z AR
Bl EREENLAE, 3 A7 B L3R DS 8 T 43 ).
R AGEAT YR, B U R KRB 5 20 i
AR T3S 5 K /INBORL, 5 SR A0 AN 73 18 U M 3R 52
e X THEE T IRIETRACR, BN T
JUAERC A T e, AR PR R UK UK PASE
FRIEL BEIER . Gl BB 0 IR R TR ) 22 A PR
PSR A S L, THUARCB AT ATLAT 8 S5 VR s ML R
MR AR E N, AR R, ERAGYE
R AR P, AR R, Al R DR AL B R
i e F [ TR A T S 4 M, R AR R 4t
LAE B A5 19,

233 MERE FEAIMINEIRRENE L

HITH KA 4 AR ¥ B 56 A M A1 B TR L 4%
PN &7 iR b BUR 2 8 NI E S N ]
R A H,  FEEERT AN (R HEAT G, R
KA N RGA BB ATFRFEE AT 2 IR
&, NIREHRMMANRE R IRRZE SR, LT A
BOARIE R, PR R R G AR R 3 /N7 T, A
XTI AR BRI R Ko

1) BRERL: MR AR BLHH 3
ARG E LRI oy AMLE: AR B T3¢
REBMHELE, T RIZARZ B IVIHL BidR
Mizh B, TSI NREMAMEL AEEGE N (i
KFHRE. #xRE) RmbiES T R4, HUONEMT
HAMAB S EORTT e REEAE T, HISMILESA
B A ] RO, TR AR AT B SRR R AL A B
TREEE, DR HER N BE O, T3 e Xt
HER KRS 2 R B SR S R

2) IRET NG e A S L TR AT A SR A A5 1
Xt S, 2R AR TR TF A AP BB A 4 1) RO AN 45
RS EBORRM], ML N 7 BT PRSI 55
ILRE ST BT, T T M A S R, R
JEAL B BT R AT B WAL 2 BRUK B, H R
B R A AR i B I X R G RO

AHE GBS E SRS S RIEAL A AT
e, AR, Has NHE4 S et RS M TH
HE, SEIFIE MM I i 72, MRS S,
RIHEAL R E S 2 4tk

3) RGUER: MR B Sh AL AT B Tt
NHSNRAT I R REAL SR T U7 . RIBAR)Z B
R S P FEE LS5 R, HAMILES AR A
EHE. ZHMER RGBT B 3 E A
Mz ARG, WOF R RS HESM. ES5M
RIFIH S5 5 2 K Dh RE 18 e Las N ERAE,  DUd N
HMEAE IR R BRI 2SR, M THRA AR K 2 B A ]
IEAR AN RAT — I T — R R AR &R, EE AL
e N I 268 S BN B R R 1 02 S i ) T G T 42
B TRTHAN RPCR A R A E k.

3 HkEFnE 249 E E (Challenges and con-
straints)

R ENRER TR HIE T E
KD, (BRI T IR R 5 = IR B AH
BT HER ERUBAL (1 B RR AR TS B, HbAM R R A
T R R A B THI I A B 22 P R 1) R B8 Sy 0 (e 1k
file IXLERR G AP ET LA 4 2K, BT E R
B R, MO RORBR . 3 P 2 PR ) Ay 50
(eSS
31 (TEMEYR

AN FHER EIPEMIRSS, b ah R R BN R AR
MOPREE A 2 HAk s, DR e ThBE. i 1 A 5dE
J5 TR SR AL 38 N BER A ey 1300, HARcR 3, TR
BT R E EARBLE LR JUAN 7 1 -

1) Moy il P 29 B A7 B 3R T L5 1 A iy 18 )
S M Ah R E R AR T I i — A HOKBRAS. #ilhn, HER
T W BEAE B A B I AT 28 7 AN —180~130°C 1Y
B 22, 1 KA B B AE —113~7°C Z 18] 38
A TST-381 gy b JR) 200 ) 3 P AR A AN 38 n T A4 e e
PERMUIR G T 52 4 1, AR T SRR 1R % 1)
Thig. TEMARIEE T, JELedrlnrge B, %
AZKIIM mE E MEMERE T, W& Nn 6
PR M H3R. Rk, Hhah IR AENL 3 N 7R 2 A
FAH M E IR G, DL IX R ity 1D e P AR A
FHAER I A LR 12 2% (1 AR

2) HAERAR: ARIEKZHHEIERE
Ko AERMFEM 5 SO BRI 176, KR KR
5020 ERT 173, WE—L/MTE b, RE5
DB, XL 72 R E R AL A8 N B RS E 1A
B EARE NN, P8RS K PH, L



804 I SN

2025 % 11 H

FAEREL T EADLERNNE, FECRERE
B HLES NAEPATINRR, 1288, TR SFAE5 R
7 BT Sl B SCEEAN [ 8 A 48 DA S IR g AN 2
i AUTE

3) KALIR: AR, 0 A ERAVNMT SR
T, JUPBCA KA BB, XA 5 PRI R
T BBEREN S NIBT. EIRURAERT, v
37 G HERAA, SRR LR, R
KA TGRS X R RS R AR A
EHELLBOR, A5 BWlas N R siR. it
b, RS RAE AT A R ) R SRR AT i,
JUH R AN BB AT WO A fa i, AR R 2 A
AT RE 2 B2 M BHIR s d iR, Ak, v TR
XX EEPRAR, UL s N BT RET AR U 2% A
NSRS AT R AR R S BLAN, KPR
BRAN AR XS ¥ 2% 7 Gt o — MEAF SR T A )
KERMEEFERETE, RELBIHERTE, #
Wi 4% S s A LB AR PR E 190 BRLIE, WL NGB L R
RIS, PrABME TR RE /T,

4) TR IELIHR : SRR S AN
&5, AT ERIMAFAERTRSN 7 2 DL SR
R REAR N, RS KT e T R R T 1O, Y]
RGBT, PSR TRSE A EE S
ZRRE, MO R R A E. N
T HATRHLES NBERGFE I (a4 55 h Ra g e AT, b2
KBRS BRI, xS SR AR AT oAk, DI
ARSI A L

5) M RAF LR AFRRERRIRF L. 79
J o MR J2 G5 AE ERZE 5, IO BEUR B AL
A BOE B IR I 7RG 2R, fildn, fE AR
kR, RALR I P UKL DL ST
A7 B BE 155 AT R BEAE MU AR FE A AR AL T R ANAR
[F] WS AR B0 R, HLas AT A& R
T S AN [ 15 26 A R RE 7T, I8 T RE 5 3 I
PR B 4 T B UR AR A, R R PR R R SRR AT
Jitke AN, BIRHREMIE, WG, A A s
W, B AR AR AR LA NAEIAT KRR B R 2R
A 55 I T s B 22 PR ANR kXU
3.2 HESARRE

S8 BT IEAKT R AP SO A2 B
KRGS GEST, AHAERBAAE 55 U BOR 1R
PR A0 2R BRI R SR ML 88 N B0t 5 BT 3
T2 AR TSR IR AT 2 A AR 3 A5
ﬁ:

1) SR PR R RIAE 55 KR RS A

HREMEEAXR, BN ke MER, KR
SARTHET o0 U, ZhERE S5, KHETiE
WAL WA R, BERIIEIBCRER TR
FH 75 AR W] SEVE MR B2 R AT R M A R
X R WL N E RS2 B R RS 2R, B
FOARLERUESRFE S5 ThRE AT 52 T LR BUz Bk
THRRAFER A 0 RS PIE. JFRE&SE
KB BREADOST B R T HkR, sy
M) 2 490 1) S A P S 1 R R A

2) ROFEIR: RN NI RS FFEZ IR T %
S48 00 A B A g 0 R A (R 29 R 00, BT K ET I
TR A PR, SR B IR 2 BT B Bk
A, XM RR I BB T LS A B S Rl T
LA S5 A i (s P s, T - 2 R AR
WA AE 4T R SRR N LI, SEURERAE
I RCR AL 32 BRI K AR SFIE & 3 st ok
BRI S 6, fERUA IR IR Y FIZ TR, %
K IRI AL £ A3 A3 D] R 3 P AN A2 T A DA 56 18 T 5 AT 55

3) BEVRHLRL: S AR BRI IR B PR (1) 5
W, HLES A FREAREA RIS N ERE R
5 PE AT 2% K PH AR B AT 32 ZE AR IR SR IO =,
{ALE H BRI M Bk B VbR BT, KBHRERAR
MEL BTN, AN, SREFERAT S ® &1
TR 2T FE YR, BRI T B SS B KR
SRR, PR, LA REURELAR AR T HLEEA
FREEPATAESS, 18V I K U it e v 2% FH Rg
FEEHEEAR,
33 EmEERE

T J7C 1) PR B2 A R AL B IR R AR TS B I X —
HRPRAR. a7 A\ TR I R AR R 1%
EABK KESERME, HBTERKEE, F51%
WA AE W RSB AT B BRI DAH BRI, FAR
S ERR AR/ 1.211s, BN 1.352s, TiKE
S Bk 2 8l ZEIR B¢ /S 3.1 min, #¢ KN 22 min 4,
X R R R B R BN S NERATAES B, A
REAH ST N Al Ak D2 58 4 0 28 ST 1
FEFIPRSET,  HLAE N WA 22 4 ] 5 Hh 58 B T 35 AR
FT > e BRI H B A PR e ) Ak R
REAL S ATAL Y S B K E s &, Wi s
G AREREREE. ST MRS, M AR Rz
(1) FR) oy i PR 1) 2 5 M B8040 A A ) A R A AT S, G
HAEE B ERKIAES,  Hd &5 75 22 K& 1
], FRESFEULSMAMELK, E52HIUTEE R
R, 25 B RAT B ) %A, SREETESNIE R 75
BURKIF M A BETE i, ML N PAT 28 A Ath 20 14 25



4755 6

WK, S BERMBAL BRI T e S R St % 805

Gy R AR, TR R B BRI 0K TS B SRR
JEo X B ER ) RAR, 4RI, DB R &
B 7 A T R) P LT DA ER IE R, 3 3t R L
WANE LS ER A RIZWEE A —E MBS R
PR, 358 R 5 RS M AT 55 AT R, 16
W7 KGR R,
34 EEEEE
B A N 0T 1 A/ AR 58 5 B AR Z AN B IR
N AHIR A2 5 T A ) R 320 T R AN T AL
HIZIR FRe AR 2 B BRI RV T 5 2% ) 18 Byt
HEZR, (HNEZRIZEZ)) (1967 4£) MIFRLE, bR
R E FARATE R EBGERE, B R &R
Ei{fi 0B E AN A A A Rt 2 0 J ) 146l
SR, B BRIR T R TR SR A3 0, e fE AR AL
B v 0 ] 55 3 BLIRT A B R R AT R 3R TR VR 1 SR AR A
i, BON— AN RINEE R . 7EIAT A HE 4L
N, BARANR T RIERA TR E 27, A
T BRI AT A B F R AL DL K R B SR AEAE v
Z4 M, EET 2015 G T (2015 AhEEE
WREGF ALY, VRN F IR K2 55 47
ARBEIFTAR, X —IEE IR RB E R0
e 3f D [F] 11481, — 1 ] 5[] Bl U0 e e on JH A
WA TTRE S8 “ R RAMA”, 51 K%
P52 N ph g U990, AT [ BRyZont T 40 2% 3 28 B8
K FUAEFE RAFNF FH BRI i A 78 3. A0 B BRI K
I ASE RS
GE2 8 o) —

[ EHE. GES
MRS K%

_ SRR
554
* MR AR S  —
Qi |/ e— \
1, URELRR S RSP
% | AEFEHER. !
\yE N e AL S T L
*
4
% TR
O R s————

VAR, S
T gy

S EE —

W I A A REA 1)t 75 B G O, AR B RCKE”
REREH, R TR AR RE 200 2 M 1) AR IR B A
SR, JUHGR R B HUT 2 BN R AR
IR AN G R BRI AT AR, R 5] R %
TEEBAESRIPHMCEE N 18 X T U e R4 B
RIFEI PRI AN E IR, % “HMETTHY” B “HLBK
7 A, E PR e iR A AR, IR E A R
MG

4 KEHRFAKR (Key technologies)

PR B g R PR B RN R B s A S 1 A
M, FLES ANBIRTE®R . &, ). feds &L
R SRR AR R FRAH £ IRPLE A
MR Is 4T 0 2 B RAE R R 0. BUF X
rEHlE. TZAEE5 R BEEWL RERR
SIS 5 AN 7T, R AT OB R R (]
15)
41 wit5HIE

1ERRBFRENB/ NIt ShES, BT
2 B E AR N T FE I, I 7 B ) D% A AR i 2R
BE AR I R, X LA ANAMN L BE 1 7K 2 H 7 R
AR FIPEE, BERZPITE ML IR, H
I, W AR K SN, ML IR B E
AR, FRIMR BRI, EB 20 DA R R
PRI AN H bR

REEA — Wi

WirShlE | — TR
S AL
— VR 4
LEREANTIEE  —— Hl38 N fE 55 b 5n
— GRS T
— EE R
HERE
g

— BRI
BERAGRIT | — R e
L B R S

— AE A
oI K —— ME AR

— A PEREIK

15 BRI FTICREN LA A K R BEAR K R

Fig.15 Key technologies of large-scale planetary resource collection robots



806 I SN

2025 % 11 H

D) WU & BRI R F R LA A B
#ZYEe. mIERYERAE LA, ARIEAE S5 5 K,
G S AN () L R 1 3R TR AE AR L B B, B 7 AR 4R
2. BRI BT S, BEb s
AMAEAF L A5 N BT8R AT 25 75 oKk R0 5 I &
W] DABE 4R RN T G 1) R g PR 150, 8 % T R
PAT PN B # TR A o 1 e PEAN 48 bR, 2 IR
BLas NAE R 3R 0 30 B v ok 38 28 JF AT 4 55 1
K. XTI VEA BT 5 s LA A1) B I R RE
JIRITTEEME, I 78 A Jon sl v DL i) R85
T, BEHU R SRR PR e B A RO B AT 5

2) B AR R I E R LA AR
AR R EE N M, X R E BT AR A A
I A5 R il RIS SRR L E R &
RIsemd. Hlas N AR R ER S AR bt
i, Bikait. MR AR MRS I E
o A EIV IR Y NORIS: Ty 9 S 770 o T g
DA e Ui B I iR SR 2 B AR o v AN T R
B — 865 2, O T ARIETE S BB T K [ R
ETAE, BHREFREEN. m5RE. SR EE
P OER R, N REHIt. SR R A
it BE A KL, DAORUEAL#E N L 25 0 m I AE b 3 2R A
AW TAERE T,

3) MRS BB E R AR — B A
RILFRMFF AT, FACAERR A EE, 52
e RE R AR R S AL M e 9 T B AL 1S,
X — 4 R RE & T P R TR UECR AR AL AR N 1R
i, JCHREMINAE T, BismEm e s %a
RO LA N, 38 m L3 1 A B
UeAk, HLES AR 05 A O 5 I #u i, Bk
52 A B AT v PR Rl o O R AN SOR R IR BE B Bl A4k
P RGUE R PN BRI — 8. KRR
RS R T, a0 R AT SO
RS, B RVLEE N R e R, 2
PERERE 5 A 2 0 e 1 1) i
42 T2

BRFPIAREAT S H, TR0
FETRORBER R R KSR AR B OB EA Y

1) BRI S R W RENLS AN
A& w0 Bl E N 5 oy Rae 1. BT AR IRER R
FAR, PLE N RS HERR U SR R 28, TS R
JRESE A B W HMEARGFEM AR R (n
CCD/CMOS K415 %45 5HOLTEIX (LIDAR)
A HAR, 1ZmEhE T im i E A A EE AR R A S
P SRR AR A1) ) A R i e 1521531, et R[]

KAWL, TR H kB R EE,
THLE 22 SO I B AR AR 53 RE B AE A
e R0E LAV H s B 154

2) Mlas NigAE 5 ALBE 7 i%: ESICRELRE
H, HLES TR EPATRAE R RAE 5 A PR ST, gk
W IR TIE #0s5F. AR BRI RN
[FIRHRAE TS, X TN, R SRR RS
152 RLBCAR R S AR BRI S M. T X Ty
MR A7, ™ 4 S AU R 5 BOC VIS T B
IEAER, HLES AN SRAERS L 4R i 49 2 T 2L A AR 9
ARG RIEREOR, JCHERGE BIENE
HIBCARKIN T, HLES A RES SEIL R 2% IR AEAE 55
HARFFmeR 5 mfase k1,

3) MEHIN T 5 BRI BICRE A, W
T EBAT IR SRR TS 5RHG T ERTE, R
BT . MAHTRENRNIZ, WAZME
BRI PEAI T it R RS R A A
ISEH, R R R R I A A
SR OIS, A — i R, HLEE AR E A A
R T ZALBRE Sy, Gl 52 R Ttk o Sy
Ve, A BEAEAR S A 5T A K A
43 BEEH

BT HER B ER AR, AT 2 BECR AR T I R
Hu R SR BB I TR 38 15 S AR EOR LA AR
& HEPATESHIBE ST, AT 5 P 4 5 K HLR RE Y
Pl 22 48 AR DR 2 R AR o

1) BE MR BRI AR 52 IR
M, SRR o IR AR A R ) SR A DL AN I AR
W, Dy 1 EHLES N BENS ST RN A B A8 10 T
TR EE, &R Z UG BR G S B ER A H s
U, IR AL WOLTEIS. bl R IR g
LR IR N, HLEE N RESIRAT 5 4o (3485
G FEMLFHEAN b, ST — B — P — R AL
ARSI, S TE AR T PRI RF I A0 3 1 4 1
SRS, DN R IR 2 AR B R R AP A S, XA
ARBEUE A DRHL S NAEANASE AR Rk Z et
PATHESS -

2) BRERE: EERMES, EFEWAA R
FERIAENE S R 2. N T WA B AR 55 F AT
R, KR AL RS 5 S SRR TT %,
A DA A 55 1A D0 58 20N B A R A BEAT AR 55
3 fif 55 AR V00T, e o A AT 55 0 AR AE SR AT 22 R IR
oo 5 MR A &R, BLas N RE 5 MR 8 S I S 10t it
17 B E N R, TSR R A 55 58 K R 5 T
% [161]0



4755 6

WK, S BERMBAL BRI T e S R St % 807

3) thlAdEt: BRBIEREL S K ZA
ML AR TAE, X%hE(E S FEEssed 7E &
g U2, T RERENRR S L2 TR TFERAT
SERHIEAE SRS, At IR
R R . R T RG] ST PR A 1Y s PR i) 1 4
IR, RH 5 E N4 h I g5 0 5 1 IE B B8 43 B 7
%, RS TESNASIAET R AR UEIEAS 1 AR e M 163164,
IR, i 24k B A ZUEE Pl 5 sha& TR L
i, RS A CRATLAS N RIS 21 s s AT 55 11
Ry e 06T, X e R R S Ay B R KB B R
BRAT S D) S 3R A T 58 11 34
44 BERARSEIT

AR BT IR R AR A A AE R i PR 58 R AT
Kemfla), msm g R AT S, SFReR RGP Tk
RER, SHIERIAEEARE, BERALEE =12
SE AN REVRE b4, E T I AR e P SR S ARl
. R, AR RGBT BONLEE A K
HEZBTHXREE AR —. DU MBETE SR
RERAEHR SRe BB EEAR 3 AN BT .

1) BRIEIRECT e B R BTICR AN A B RE IR
SR B AT 55 (R S AR ML R R . B3R
B TCVER AL GLREVR, B 70 S8 4 T A AR g YRR
WELENERAR. KBHRE R B ZEREIR, TR Eak
AR I IREL, (A2 GRS ARRR ], Rl 7 K
PUARST. PLARER BIEE AR IRTHR R G T
PERE 1661671 SR Y REAN L, BUR MR R A
Bl (RTG) R EE RS, FIF RN R BN
KBRS E R YR, & S AR B R X 3 AR 18T,
SR, RTG TR PVE TR, HRES B 1 A0 B A AL 5]
B, Wi e 5REA U, JBAREE T REBL K
FHEES RTG, HE58 7 REVRSRHL) AT FEPE 170,

2) AE AR AR IR [ & AT 45 7
SRR BN B SR LA N B A R i R A4 S B
R4, URIREEIR R LA FI& B 0 il mitkfe
L2 AE AP AOAZ 0, H T o R P A f b B,
AR U7TH, 8 m it R G s e 2 P T A 2V S
AF AR IR B A S PRI S P 12k R 3 Uk ) R v A i
DR TV ] 24 vl A £ T v R 2 4 1 AR EA B 0 B
BB TR R, IR ER I IR A, HiRE
1) LA 2 1 e R 0% W 38 JE KL N A A 173,
B T R R, R 2 R 7 s DR PO 7k R R R
KR F iy, WAERLE S DR TR s A3 T
PR, QiR REAE I Al AR B AT 45 174176,

3) AEEEEHEA: NMRREEN &S S R
FINFREIZIT, T fRUAT S TR BB S IR

ANH S RS R L. R RERERE
HHIRAS, RS MBS, ETHLES%IH
EEAMACREIR . A R R AU RS =
RGMEENE, BT RGREIMLRZERIE, IR
AR PR R R TN AR 45 5 2 RO IR I 4
5, RIS, RITSE. REH
FEREREH IO, SR AR AR Ve T A

B AR GUIE I S

AR AN AS T B S B IR AL
4.5 HeEMR

HERB| BRI AR, 3T =R
TR 1) b T ASEADL BRI A T LA N AT S I B
i F Bt B IERE SIS T LA RS AT 4
TR, ASCRT DA 8L RN 56 31E AL 2 A 7E B St Sk
AT TUE A T AR, i nT Ll 281k
R FE AT Z 4 RE B A%,  DAER IR L RE6S
TE AR R BT 5 s AT BRI R AL 55 T 55

1) AEMR: BRI 58 KA
Mo R, R IR AR s R A LA N R G
FPE B T IR Bhdk. [k, AE SN
M T P ) AT I A IR RE S AL K
I AR A il 5, L3S A TE BI85 R AT
MK, Refp Bt LA R R LRI 273
A M 7 AR AR R R P B R, BE
B, J). RS MR R EAEH,
B e N BRI RS 55 50, LA ANLEBATHG
WEIZIRAE S50, Z#ahidi. 1 RAIEFINURIZ 30 1)
SO, JEI X R 2 VB LA T, BT LABE AT A
ARG, CMRAHLES A p R il fn g f v fe.

2) A Bk, KEF/MT R E K
THUER, VF2ATS B ME I BUE FE I
HEAT. DR, AR B T IR AL A8 N B A
PEREZROCE B, ) LA S50 7 VA I8 AL AU
ARG ZXRTHT RS MRERBHERGS T,
X e AR, RN 53T DL B E ) B E )
A THLE APATIZES). IMEL RS SH 14T
No RXR—EEAME IR NP 2w Ge 7, ik
BER AL TG H ) BUMAR B ) A58 T R kG P 1
fEo T RTEPATHEUERN IR, IR 3h B AR AT
S0F, HLAE N 00 20 RE % K A 72 Bt i) 0 &, DABE
TR R BB ) K M ik R SR

3) A HEREIIAR: b ] DU AN PR T gl A —
WE&AM, ETREMATEA RS Z. MR &N
RERS Al DU PR UGS . SRk AR ST IR I,



808 I SN

2025 % 11 H

A2 EAE Y, A A LA A AE Rl
BAZH R XL mllulE, il
ERG R BV NS IS BRI
NV AR SR Y. 3 AR AR e T MUK AN A
MORHITERE, it BIBA AT LU S5 F e it, fetets
BHEFE, T B LA A AE BRI h R AT SE A
&

5 KEKAkREi#a# (Development trends)

ITREHETRRARRRTIREWELE [,
E. EE. HAFEEZCOAEE. 7). KERES
R st REMIEARAE —EHRR, H
SRR VYT T B IR R W R B T K
TR TR, ARSCNZANYERE X TR ML 2 A
R IEFIHB AT 73 hT
51 RIEREZHKL

EHATIFEEAR K b, RIERAE R ELEF R
SR, KA XSCE G TP, DR ARE
FetE HARUEAT EER R ST, SR, HAh R A 558
KEM HbrmA bk, BAERKMBRELTE S T
fEAT BRI IR A SRR . B S IR R R
AT, B R TR R AN A N B FC &0 o 5
ZRAII T R . AR B R A TR IR T 5
— R PR IRE X I, T ARV S B 2RI R AR X
K XL R

1) REXNRZFAL: HET, TUCRENZRANE
BOCEMRENMTE. AR KEBEZERE L#TY
MBIRIIRE. KK, RESZEEMZFL, A
IEFET Y. KIKEERRTIR, LR LA T
. LR AN HAR TR A RS ER B
W, KREREBSRERERERIIINZE RIFH
ARFIRBORBIR A A RS IR 7RI, It
Ab, RARIA]S A i ER R AH G I 0T AR AT B RSCA AR R
PR 2 —. 2R BRI T 5K
LA NS E AR, (B AT R AR ZE AL RE
TR T 2 e IR B

2) KAEXIBE R (G TR AR 3 E
TERBH R AN B SR LSRR 8 RAK, W7 . BRI
KRS, SR, Bl A 1k 20 A0 A [ BRIy [ ()
IR, IR X IR N2 . RRRTE
RN N AAN S5 PR T30 23 18] | R A, 38
A REA R B EHEER PR A X, KR, R K
HPEW, HREHEEENHMmERE RS Xk
(1) 22 FEALZE SR MLAS N B B 5 R 38 R A T2 1)
{E55Re 77, QIEEN A T T RE, HIIEH

LA RETRAM 25 55

3) KA A BEAE B 1 HED MR AL
LR IZ A B, ARR I SR BT 55 AN F 2
— s AR N A, T AR A KR, 2
FIAR AR ERAT 55 A e 181 3 KA 1) B2 YR 2
R T = R AL N AR B SR AN = B B 3k
HIHRAE R G ARRAI TR 2 NR RIS AE K
FRIYE R A BEAT BEURBIR, TR AL, R sk
IR 2 ORI, 2P BU SRRk, X
R RUBR AR A RIS I AE HBER X REIR A 75 R,
FIREN AR I AR 7 2 BRI GEN,  HES A KA
W,
52 RIFRREFEEN

BEEPLE NS Hlas AL 2. N8R Hl
w3, USRI AW A, IR MR
REAL IR RSN AR B R AL SR BN L A8 A I
. BRAAMEEBIRTIRERR, BN
JRA, B REAE R 2% 2 A IR 2 M5 rh oA RN R
oL, SEELE . RHER SR AL ST

1) T REENIR : RN R BLBECREEN LA A
PO —, BRI RENH BT E
Ee 5= AULIPIS Sl & BN ee of P S/ DS ST IR AR 1
i BT B RS e RS PEAE R, Bildn, A
PSR AENURCE A 07 £ LA NBOR, fEHLAS A RE %
FEAN [F) S Y 18 R AR 2 T 347 14 £ B R ATUERO AT >R
G USOISU - T b ARG B T AN 25 R v AR TR
71, CERE NI R IRHIE R, A
R BEWHRIIRESE, H AR RE AR S EAY)
B BRSSO

2) BRe LEAH: KERIFEFREAIRIR
BURAPRE, RIS 5 BRI S B AT RPN T,
LA Sz fm M . 8 A T 2 AR BB AR O e
HBER) B SIS RGN SR, ARORIBHECR£R
PLEE KR & HIE R T ZAC B RE /), RRA A4 K
EFIRKIMRAIAEAZ L, B3R B, £
— R IAEE T, B REAL AL B AR S RES AR BRI
PSR PR B RN L5 2, RIS R Ak B VR #E
AP Ah, BERTAEFHRE, Hl
a NRRERS B BT BRI T, MRS HI 7KK
G | MR, AR R Y IR EEAT 3D 4T
BN, i K A e Ml BT R 48 A

3) B RIS RS BEE P A, R
2 REFEIEERORIHED, B Re i SR 3 )
PLER NAE R 2R MR 3R 5T B 3 RS = AT AR
55o RRITE PR 5 AR RE 06 AR I B0 B H A



4755 6

WK, S BERMBAL BRI T e S R St % 809

BifE R, SCrREEsh L. RETT AL AR R
T, AT THE S AT RO MRS HESE . 49 el
RGBT 245 IR Al A H R SR 23 B R 5 508,
AN BB SZNE. [FR, R
I RRACTES,  HLA N RE M7 5L AT 55 0 S 4
WA o) S, 7E SRR R AR AL B 1
Felg, PEARAT S RIORS . 7RS4 TAEM SR,
Mlas Nid B B RIZW RS E ohEE, — H IR
BT EIBE, fEE R SRS RS S i
53 ZHBEAMERE

TEARRERFPRERTS S, BT REXK
7 R RS IR 24P LR AR R R, B
— ML NATATHE USRS e T A AT 55 Rk, 241
BNVMER BN R RN BEE R R0, il s
PRAE 25 A0 e o % ) A X 4 AN AR BB E B,
ZAHLE N R RAE L, 48 SRR H I E
N|Aing|EI

D AR ELHNS : B TR R ARAT 55 U AN
Wiy K, KRR ZHLEE AN VME R G0 K B i
REAL AT 55 70 FL SR MG . A5 8 BT 55 43 B0 J7 V2508 0
BE T Hp A U0 BT B ) R FE R, TEARSK, AR5
oy BeHE B 2 AR T N TR RE A IE N . HLER A
RAR W IRYE LR RS B ARSI, ML
NG BORSER R, B HBAT 5 0 e 3]
U, ML ANTERAE I AR ol B SRS ) sl i B i, &R
gun] DARDE 530 BOAT 55, B R AT 55 B 7T B R
6] N SE e X AR EHE R RS AT 45 20 Bt SR K K
MR v DR AR R A, e e BE VR O I 4 AT 5%
SE R AT SE

2) FERGEAE MG R TR AN 2 N
T =R ARZEIR (13815 X 48 SR SL B 2 AL 38 A TA) )
WA SE B, MERTHRZEL RGN, Pl
N 2111 5 B2 S B, e A3 1) 008 5 80 R 52 N B 5 /%
ANFLEE, IR BRI I 4 L A% B g 1) A o R A 1Y)
FEIR. R 1 A R B ) A R RS A P R 2 FA
Bedh, BOBES AR FIEE S N E AR LA
POt m ARG R ). EEEE, P AR
ST R BE S S, Hnd T 3 B K B
SRARAIEAS B AR R, /R I8(E A e Soh
I RE B B =& P4, B ORAT S5 IR 24T

3) EHEIER S FERKRM B REAES T,
EREVMER BONTE R BRI G 2 L8 N Rets
S 5E ) Z MR IR EES. FMPLE NRR
AT 55 5 SRANIAEL %A1 B B0 B R A T7 :0M AR X
B, Ed A BAPMERE, BREE I

BOOYBCAT S5 UhAh, ERME R LIS A2
() {8 S AT R, R ) 2 A T %o 0 o B X
DATR L RSB, pLas N AT APOE D)He f , $AT
ANTF) B B SR ARAT 5 BN B 2 L, B R 55 1)
Fretdeidt. BEEHARMKRE, RRMEFIERE
I geA, HLas NBED B 32 P E 58 B 24 1 25 ) %
TRREAT S, FEAE S TR & 28 A5 b e T H B o ) i
S A
54 RESEE—MML

B LA R AR BRI R IIR N, RES @it —
A AR IZ T R RS A B R SR ML A% N (1) HE B 3
A Ul I oA R A IR AR S i, AR
TET BRI, A RS T H AR i 2R 55 1)
Pei, AN IILE AR S R AR T Sk,
A0 IR AR TH 57 308 T I v B 25 R G A K i Il 22 46
WA SR N, K FE ST 5] R S R
i, 57 LRI SR AR B T AR, 1B
JZA iR 22 5 5 3505 £ DRI 8 By i 2 2. AR
N, AT ML PRI R L 1) R SR S i1 P T
NEaE ARG ER, EEKIEL. Fik, KT
s N R e SRR S Wt g e, R A 55 U8
FARK RN R, TSR ETME, B
ISR v, SEICRAE S diE — k. X—i#&
HERUk D TR RN R, SO BRI ST
K5 FE AT RRSL R ST RE T BT A2

AR i — A ) SEBLR T AL 28 N R G
FEERSH ARG, AT, PIBRASNER
PR B — M R ECRAE ThRE, T2 REAE T R R H [F)
N AR SR B, JE TR 3D FTENH;
AR AT R ) R A A B T bk Dh e g A
PERE, BT NS e s i i,
M i 2 PR i AR FRER FHE 5 B . Besh, HL
A8 N AT I8 SERT A B R AR Ay, OIS A I (A
BHH T Al it g 8, $REUE S /KUK R AR 7= 4
AR, BB E S SR B AT R,
TE R A AR A 2. Bl AR R AL A A
B REEE, RESEE — KUK —D
AL TR TC AR HLEE N TR PR IR A B 2 A A
YRS EIE RS, ORI IR A8 A D B
X 2 Th BB 4 BB TH A AHE B T B IR 2 1 A
b, 3 Sy b DR ) PR B B e T RO Bl
2, RESEERLAI T HERBERRE, AN
R ZE WK HARPE it 7 U1 AT IR o 7 &
55 REKER3IANMER

B A 2 AR B HOR JE, HiAh BRI AR AL A



810 I SN

2025 % 11 H

N IR BIF 0 I 0 1) 7 [ v B, JE L A [ N A K
BB BRI A HESD T, 2] B 3 BRI st P 2 150 R
Rl KRR, HICRETAKGZ L KIMNEN B3k
BIEN S BN DR EEAL, IR SR NSRS
HEFRKIMER S A5 A L. T, A0k
AR IR IEN A N IR SR N 3 BB

1) IR B AL SR T AR R SE
Poft. TBTBL BECRENLAS R RETREWL
ANREHAL v, 8 3 AR SR AL A5 N 46
HIRIEIHT, S RTH RIEVE ARG N X —
B AR T IR TME S A Rt 5 AT R, A
PLEF NBERE G B BR. /IMT S8 AN A B8 1 2
PE, BRI 52 BR B B AR B SRS R0 AR B
Bilhn, B bx b O B H BB R e AR
55 Chn PR DY R 182 56 Artemis 1
XU RARE W < A BT RIS D s i
HhhasALAs N R SE, HIT H RSB EIIN A 5 R
P SURFIR, Pl AHFIC & s aeiE R 40 (W
K B e BRSO [ A7 2 st gt D, W DR AE 55 TG
WIRTRRSE. BEAL, HLER AR B EAIP I B £ R
BEST, BEMEARNL ST ] AT 55 @ NI AR L,
Ja BRI NAT 55 P IR B A BRI AE, X —Fir B
HITE N R GUR N KB B 52 R TR A, [R5
FLI R BT 55 T AT 1

2) I B LA NIME S BNES IPID
e TIREN A N R 28 AN E RS
S TE MU TR S 2RI, AR B NAE S5
KB R AR, BEEAR SV Y ke, Hlas A
RS LRIV S X (RVSUERE S R0 R P SV 5
TEARRI BT IR AT . Bt o [ [ B BRI
RIFE 2035 4 i gl Jlg 5 A Y USS1861, g it %2 5 4L 2%
NREAE A BR R B XS0 RV, IR0 7K UK A5 S i Bt
PRI S, RN SCRFR RFe (B3R, Bt
AT B RS TR SE 6. MLEs A A il 2 SE Bk A
FRIRER ISR TR, SEBL TR R kG B R0 55 AT JL
e, IRl R R IR 55 20 P 5 AR R 4 e G B R T
B, $RTHEBARRCR. ML, REIRE BRIkt
W5, R RBOCRMARENEE RS, HIRIEE R
BRI ERIEAT. R BN E NS BAMES E
AN AT AR 2 T BHEOR A ROARRAL KT, AR
IR 2 B B R LR B R 5B S

3) IR B sE 4 A S A A SRR
R THPTBL WERENS RS SEEE
RN ARFAEMIRE ST, I EHBMNEFREME,
TR Z HEsRIEIRR S I TAE . PLas AA

(LREBS RSN T JBR BT KR, i RS
o P 0 L ) 28 55 90 T 3 2 R R 5 4 55
R, i, R RIS R M L
BRGNS, 42 TN A S R SR I,
HOER T HF I R R IR R WL2E A R F 92
VTR ST AR, R H AR R R
BUER SO (iR [ < H 3507 7% A R
TBLHAR 1871881, « =B St R <R
TR U, k% KB RO . Bedh, HLES
K 5 G R RGE R BESE AR, TR AL T
CHK ARG, A Ha ), SeTL A% 1
AU, W i HUERGE R B R X — B B,
R CE Y E YT P S I L Aoy Y
LSRN, RS MAR 4 b S5 7R B ) T
e, JERIHERN IR R OMURAL B, 4R TF 12
REES, R BRI IR R,

2 E Wk (References)

(11 ®HR, BT, Xk KSR ER 0 7 E RIS
AW WA AR LB, 2024, 43(6): 1280-
1303.

PU XL, YANG Y H, LIU Y. A review of space ore prospect-
ing: A new direction for exploring mineral resources[J].
Petrology and Geochemistry, 2024, 43(6): 1280-1303.

[2] MCSWEEN J H Y, HAMILTON V E, FARLEY K A. Per-
spectives on Mars sample return: A critical resource for plan
etary science and exploration[J]. Proceedings of the Nation-
al Academy of Sciences, 2025, 122(2). DOI: 10.1073/pnas.
2404248121.

[3] ZHOU C Y, ZHOU M Y, XU Y S, et al. Lunar topograph-
1c survey and reconstruction and 1ts application 1n Lava tube
exploration[J]. Science and Technology Foresight, 2024, 3(1):
34-48.

[4] ZHANG T, WANG B, WEI H Y, et al. Review on planetary
regolith-sampling_technology|[J]. Progress in Aerospace Sci-
ences, 2021, 127. DOI: 10.1016/j.paerosci.2021.100760.

[5] DALLAS J A, RAVAL S, SAYDAM S, et al. Investigating ex-
fraferrestrial_ bodies as a sonrce of crifical minerals for renew-
able energy technology[J]. Acta Astronautica, 2021, 186: 74-86.

[6] FLEMING M, LANGE I, SHOJAEINIA S, et al. Mining 1in s-
pace could spur sustainable growth[J]. Proceedings of the Na-
tional Academy of Sciences, 2023, 120(43). DOI: 10.1073/ p-
nas.2221345120.

[71 WANG Y S, HAO L, L1 Y, et al. In-situ utilization of regolith
resource and future exploration ot additive manutacturing for
mnar/Marfian_hahifafs™ A review([J]. Applied Clay Science,
2022, 229. DOI: 10.1016/j.clay.2022.106673.

[8] DIRRI F, LONGOBARDO A, PALOMBA E, et al. Recovery
and transport of samples[J]. Sample Return Missions, 2021:
297-314.

[9] REEVES R. Russian rohofs_on_fhe Moon[M]. Berlin, Ger-
many: Springer, 1994.

[10] e, SEEER, Z0i5E, . DORESERRIRIIT A 7
PERE 5 7% 3], ML TRE2ER, 2021, 57(13): 83-101.


https://link.cnki.net/urlid/52.1102.P.20240929.1817.002
https://link.cnki.net/urlid/52.1102.P.20240929.1817.002
https://doi.org/10.1073/pnas.2404248121
https://doi.org/10.1073/pnas.2404248121
https://doi.org/10.1073/pnas.2404248121
http://www.qianzhankeji.cn/EN/10.3981/j.issn.2097-0781.2024.01.003
http://www.qianzhankeji.cn/EN/10.3981/j.issn.2097-0781.2024.01.003
http://www.qianzhankeji.cn/EN/10.3981/j.issn.2097-0781.2024.01.003
https://doi.org/10.1016/j.paerosci.2021.100760
https://doi.org/10.1016/j.paerosci.2021.100760
https://doi.org/10.1016/j.actaastro.2021.05.021
https://doi.org/10.1016/j.actaastro.2021.05.021
https://doi.org/10.1016/j.actaastro.2021.05.021
https://doi.org/10.1073/pnas.2221345120
https://doi.org/10.1073/pnas.2221345120
https://doi.org/10.1016/j.clay.2022.106673
https://doi.org/10.1016/j.clay.2022.106673
https://doi.org/10.1016/j.clay.2022.106673
https://doi.org/10.1016/B978-0-12-818330-4.00015-X
https://doi.org/10.1016/B978-0-12-818330-4.00015-X
https://doi.org/10.1007/978-1-4899-5986-7_5
https://link.cnki.net/urlid/11.2187.TH.20210608.1120.152
https://link.cnki.net/urlid/11.2187.TH.20210608.1120.152

4755 6

WK, S BERMBAL BRI T e S R St % 811

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

[22]

[23]

YAO Z X, ZHAO C Y, GUO H Y, et al. Progress and per-
spective of Martian regolith-sampling technology[J]. Journal
of Mechanical Engineering, 2021, 57(13): 83-101.
YOSHIKAWA M, KAWAGUCHI J, FUITWARA A, et al. [l'he
Hayabusa mission[M]//Sample Return Missions. Amsterdam,
Netherlands: Elsevier, 2021: 123-146.

LAURETTA D S, BALRAM-KNUTSON S S, BESHORE E,
et al. OSIRIS-REX: Sample return from asteroid (101955)
Rennii[J]. Space Science Reviews, 2017, 212: 925-984.

YAN X T, VISENTIN G. Fundamentals of space robotics
[M]//Space Robotics: The State of the Art and Future Trends.
Cham, Switzerland: Springer, 2024: 13-47.

THZ, 4, W, % [HIinES TAFE S
BERED). BAFIR, 2019, 25(3): 277-285.

DING L Y, XU J, LUO H B, et al. Lunar construction: Chal-
lenges and research progresses[J]. Manned Spaceflight, 2019,
25(3): 277-285.

SVIATOSLAVSKY IN, JACOBS M. Mobile helium-3 mining
and extraction system and its benefits toward lunar base self-
sutficiency|[C]//Proceedings of the Space 88 Conference. New
York, USA: American Society of Civil Engineers, 1988: 310-
321.

MUELLER R P, COX R E, EBERT T, et al. Regolith ad-
vanced surface systems operations robot (RASSOR)[C]//IEEE
Aerospace Conference. Piscatway, USA: IEEE, 2013. DOI:
10.1109/AER0.2013.6497341.

MUELLER R P, SIBILLE L, LEUCHT K, et al. Swamp
works: A new approach to develop space mining and re-
source extraction technologies at the National Aeronautics S
pace Administration (NASA) Kennedy Space Center (KSC)
[C]//Future Mining Forum. 2015.

ARZO S T, SIKERIDIS D, DEVETSIKIOTIS M, et al. Fs:
sential technologies and concepts for massive space explo-
ration: Challenges and opportunities[J]. IEEE Transactions on
Aerospace and Electronic Systems, 2022, 59(1): 3-29.
GOLDSMITH D, REES M. [I'he end of astronauts: Why robots
are the tuture of exploration[M]. Cambridge, USA: The Belk-
nap Press of Harvard University Press, 2022.

HI=E, brA, B, . niH R TR F2 = A
2 NN SRATATAT. HLEEAN, 2022, 44(4): 463-470.
BAI S Y, LAI J Z, LU P, et al. Mobile robot localization
and perception method for subterranean space exploration[J].
Robot, 2022, 44(4): 463-470.

WEE, B, % AR AR
PR S8 AR FEI]. PLBHE 5 H 3k, 2023, 52(2):
153-156.

HUANG J L, GAO Y D, YE Z B, et al. Research status and
technology development of planetary exploration robot[J]. Ma-
chinery Manufacturing and Automation, 2023, 52(2): 153-156.
B E, NG . B TRDHAE A T AR T SN, L
AN, 2022, 44(1): 107-128.

XUE Z H, LIU J G. Review of space manipulator control tech-
nology[J]. Robot, 2022, 44(1): 107-128.

ZHENG N H, DING C Y, SU Y, et al. Water ice resonrces
on_fhe shallow snbsurtace of “Mars: “Indicafions_fo_rover-
monnfed radar_observation[J]. Remote Sensing, 2024, 16(5).
DOLI: 10.3390/rs16050824.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

ABESADZE R. Nafural resonrces ot fhe fufure[J]. Interna-
tional Journal of New Economics and Social Sciences, 2021,
13(1): 163-176.

KESZTHELYI L P, COYAN J A, BENNETT K A, et al. /As-
sessment of lunar resource exploration in 2022[R]. US Geo-
logical Survey, 2023.

carth elements: Opportunities and challenges[J]. Minerals,

2023, 13(3). DOI: 10.3390/min13030425.
ELLERY A. [Itials and tribulations of asteroid mining[C]//

Earth and Space 2024: Engineering for Extreme Environ-

ments. Florida, USA: ASCE Press, 2024: 1085-1098.
SLABIC A, GRUENER J E, KOVTUN R N, et al. Lunar re-

golith simulant user’s guide: Revision A[R]. Hampton, USA:
NASA Langley Research Center, 2024.

PUTIRKA K D. Exoplanet mineralogyi[J]. Reviews in Miner-
alogy and Geochemistry, 2024, 90(1): 199-257.
CRAWFORD I A, ANAND M, BARBER 8§, et al. Lunar re-

89(1): 829-868.

HART R, CARDACE D. Mineral indicators of geologically
recent past habitability on Mars[J]. Life, 2023, 13(12). DOI:
10.3390/1ife1312234.

NABABAN D C, SHAW M G, HUMBERT M §, et al. Metal-
s extraction on Mars through carbothermic reduction[J]. Acta

Astronautica, 2025, 234: 87-98.

ROSS S D. Near-earth asteroid mining[R]. Pasadena, USA:
California Institute of Technology, 2001.

DICKSON D, HARTVIGSEN J, DREYER C, et al. Optimiza-
tion of an electrolysis system for production of rocket fuel
from_Innar_ice[C]//IEEE Aerospace Conference. Piscataway,
USA: IEEE, 2021. DOI: 10.1109/AER050100.2021.9438251.
RER, P, FEDYG. HBERWEKHAH R KK 7
BIPFASE 0], mRST AR, 2024, 30(2): 165-177.
WU Y W, HE J F, WANG G G. Evalution of water in lunar
interior and water ice on lunar surface[J]. Geological Journal
of China Universities, 2024, 30(2): 165-177.

AHMED T, NAYAB T, SAEED M. Perspective view of hy-
drology on the Martian surface[J]. Malaysian Journal of Sci-
ence and Advanced Technology, 2024: 472-481.

MORGAN G A, PUTZIG N E, PERRY MR, et al. Availability
ot Mars[J]. Nature Astronomy, 2021, 5(3): 230-236.
SLYUTA E N, TURCHINSKAYA O I. Helinm-3in_fhe Iunar
soil[M]. Cham, Switzerland: Springer, 2023.

T, Wi KETEHAEEARE RG] FHER,
2023, 44(11): 1621-1632.

WANG W, YAO W. Research on the technology architecture of
space resource exploitation[J]. Journal of Astronautics, 2023,
44(11): 1621-1632.

ZACNY K, COHEN M M, JAMES W W, et al. Asferoid min-
ing[C]//ATAA Space 2013 Conference and Exposition. Reston,
USA: AIAA, 2013. DOI: 10.2514/6.2013-5304.

MEURISSE A, CARPENTER J. Past, present and tuture ra-
fionale for space resource utilisation[J]. Planetary and Space

Science, 2020, 182. DOI: 10.1016/j.pss.2020.104853.
ROSS B, HAUSSENER S, BRINKERT K. Assessmenf of

the technological viability of photoelectrochemical devices for
oxygen and fuelproduction on Moon and Mars[J]. Nature Com-
munications, 2023, 14(1). DOI: 10.1038/s41467-023-38676-2.


https://doi.org/10.1016/B978-0-12-818330-4.00006-9
https://doi.org/10.1016/B978-0-12-818330-4.00006-9
https://doi.org/10.1007/s11214-017-0405-1
https://doi.org/10.1007/s11214-017-0405-1
https://doi.org/10.1007/978-3-031-39214-6_2
https://doi.org/10.16329/j.cnki.zrht.2019.03.001
https://doi.org/10.16329/j.cnki.zrht.2019.03.001
https://ui.adsabs.harvard.edu/abs/1988ecos.proc..310S/abstract
https://ui.adsabs.harvard.edu/abs/1988ecos.proc..310S/abstract
https://ui.adsabs.harvard.edu/abs/1988ecos.proc..310S/abstract
https://doi.org/10.1109/AERO.2013.6497341
https://doi.org/10.1109/AERO.2013.6497341
https://ntrs.nasa.gov/citations/20150023606
https://ntrs.nasa.gov/citations/20150023606
https://ntrs.nasa.gov/citations/20150023606
https://ntrs.nasa.gov/citations/20150023606
https://doi.org/10.1109/TAES.2022.3169126
https://doi.org/10.1109/TAES.2022.3169126
https://doi.org/10.1109/TAES.2022.3169126
https://lccn.loc.gov/2021040946
https://lccn.loc.gov/2021040946
https://robot.sia.cn/article/doi/10.13973/j.cnki.robot.210141
https://robot.sia.cn/article/doi/10.13973/j.cnki.robot.210141
https://doi.org/10.19344/j.cnki.issn1671-5276.2023.02.040
https://doi.org/10.19344/j.cnki.issn1671-5276.2023.02.040
https://doi.org/10.13973/j.cnki.robot.210243
https://doi.org/10.3390/rs16050824
https://doi.org/10.3390/rs16050824
https://doi.org/10.3390/rs16050824
https://ijoness.com/article/01.3001.0015.2322/en
https://doi.org/10.3133/cir1507
https://doi.org/10.3133/cir1507
https://doi.org/10.3390/min13030425
https://doi.org/10.3390/min13030425
https://doi.org/10.1061/9780784485736.095
https://ntrs.nasa.gov/citations/20240011783
https://ntrs.nasa.gov/citations/20240011783
https://doi.org/10.2138/rmg.2024.90.07
https://doi.org/10.2138/rmg.2023.89.19
https://doi.org/10.2138/rmg.2023.89.19
https://doi.org/10.3390/life13122349
https://doi.org/10.3390/life13122349
https://doi.org/10.1016/j.actaastro.2025.04.050
https://doi.org/10.1016/j.actaastro.2025.04.050
https://www.researchgate.net/publication/228362371_Near-Earth_Asteroid_Mining
https://doi.org/10.1109/AERO50100.2021.9438251
https://doi.org/10.1109/AERO50100.2021.9438251
https://doi.org/10.1109/AERO50100.2021.9438251
https://doi.org/10.16108/j.issn1006-7493.2023013
https://doi.org/10.16108/j.issn1006-7493.2023013
https://doi.org/10.56532/mjsat.v4i4.350
https://doi.org/10.56532/mjsat.v4i4.350
https://doi.org/10.1038/s41550-020-01290-z
https://doi.org/10.1038/s41550-020-01290-z
https://doi.org/10.1038/s41550-020-01290-z
https://doi.org/10.1007/978-3-031-09883-3_21
https://doi.org/10.1007/978-3-031-09883-3_21
https://www.yhxb.org.cn/thesisDetails#10.3873/j.issn.1000-1328.2023.11.001&lang=zh
https://doi.org/10.2514/6.2013-5304
https://doi.org/10.2514/6.2013-5304
https://doi.org/10.1016/j.pss.2020.104853
https://doi.org/10.1016/j.pss.2020.104853
https://doi.org/10.1038/s41467-023-38676-2
https://doi.org/10.1038/s41467-023-38676-2
https://doi.org/10.1038/s41467-023-38676-2

812 DINEE VN 2025 4 11 H

[43] HOFFMAN J A, HINTERMAN E R, HECHT M H, et al. (58] #4HESL, ZEPH, Z5EG, . [FEIRAT o R T A 5
I8 Months of MOXIE (Mars oxygen ISRU experiment) op- 1. B PR 50, 2023, 43(4): 12-23.
erations on the surface of Mars — Preparing for human Mars XU G H, L1Y, LIR, et al. Research progress on in-situ re-
exploration[J]. Acta Astronautica, 2023, 210: 547-553. source utilization of lunar soil[J]. Conservation and Utilization

[44] IOELOVICH M. I'hermodynamic analysis of methane synthe- of Mineral Resources, 2023, 43(4): 12-23.
sis by hydrogenation of carbon dioxide[J]. World Journal of [59] ERU&, SFETE, BEFE, 2. AN REEL S IRAH A
Advanced Research and Reviews, 2024, 24(2): 927-931. Wt 7 F RE[C1//2023 24 e il i 5 U sl 112222 R K & 5

[45] MAZANEK D D, MERRILL R G, BROPHY J R, et al. As- £ ma: PERSITREYS, 2023: 27-28.
teroid redirect mission concept: A bold approach tor utilizing GUO F, WU J N, YAN S Z, et al. Research progress on in-situ
space resources[J]. Acta Astronautica, 2015, 117: 163-171. resource utilization technology for extraterrestrial bodies[C]/

[46] AZAMI M, KAZEMI Z, MOAZEN 8§, et al. A" comprehen- Abstracts of the 2023 Conference on Intelligent Manufactur-
sive review of lunar-based manutacturing and construction[J]. ing and Mechanical Dynamics. Nanjing: Chinese Society for
Progress in Aerospace Sciences, 2024, 150. DOI: 10.1016/j. Vibration Engineering, 2023: 27-28.
paerosci.2024.101045. [60] DAHL C, GILBERT B, LANGE I. Mineral scarcity on Earth:

[47] ZHANG W, CHENG Q K, LI J L. [ITechnical progress in the u- Are_asteroids the answer[J]. Mineral Economics, 2020, 33(1):
tilization and exploitation of small celestial body resources[J]. 20-41.

Acta Astronautica, 2023, 208: 219-255. [61] HASNAIN Z, LAMB C A, ROSS S D. Capturing near-Earth

[48] JOYCEE R, SNYDER M P. ITechnologies enabling coloniza- asferoids_aronnd _Farfh[J]. Acta Astronautica, 2012, 81(2):
fion_of near-Farfh_asteroids[C]//AIAA SPACE 2014 Confer- 523-531.
ence and Exposition. Reston, USA: AIAA, 2014. DOI: 10. [62] ZHANG X,ZHANG G Q, XIE HP, et al. /A review of sampling
2514/6.2014-4372. exploration and devices for extraterrestrial celestial bodies[J].

[49] HANW B,ZHOU Y, CAIL X, et al. Physical, mechanical and Space Science Reviews, 2022, 218(8). DOIL: 10.1007/ s11214-
thermal properties ot vacuum sintered HUS'1-1 lunar regolith 022-00926-y.
simulani[J]. International Journal of Mining Science and Tech- [63] BASILEVSKY A T, IVANOV B A, IVANOV AV, et al. Clar
nology, 2024, 34(9): 1243-1257. ification of sources of material returned by Luna 24 space

[50] CALUK N, SEISDEDOS G, AZIZINAMINI A. Destructive craft based on analysis of new images of the landing site taken
and non-destructive testing of potential [unar polymer con by Iunar reconnaissance orbitei[J]. Geochemistry Internation-
crefe_for fufure_nar habitable infrastructure[J]. Construction al, 2013, 51: 456-472.
and Building Materials, 2023, 405. DOI: 10.1016/j.conbuildmat. [64] WANG Y H, WANG J P, ZHANG G Q, et al. Advances in
2023.133395. drill-based sampling technology for extraterrestrial bodies[J].

[51] MEURISSE A, MAKAYA A, WILLSCH C, et al. Solar 3D Space Science Reviews, 2024, 220(6). DOI: 10.1007/s11214-
printing of lunar regolith[J]. Acta Astronautica, 2018, 152: 024-01100-2.

800-810. [65] ZACNY K, PAULSEN G, SZCZESIAK M, et al. LunarVad-

[52] SCHILD T, COWLEY A, GRUNDSTROM B, et al. Direcf ink er: Development and testing of Iunar drill in vacuum chamber
writing with lTunar regolith: An avenue for otf-Earth construc- and 1n lunar analog site of Antarcticd[J]. Journal of Aerospace
fion[M]. Cham, Switzerland: Springer, 2024. Engineering, 2013, 26(1): 74-86.

[53] WANG Z K, ZHENG Z C, JIANG L X, et al. Microwave < [66] KANU N J, GUPTA E, VERMA G C. An insight into Indi-
intering ot HUS'I-2 lunar highland regolith simulant: Ettects a’s Moon mission — Chandrayan-3: 'he first nation to land on
on microstructure evolution, mechanical and thermal proper- the southernmost polar region of the Moo [J]. Planetary and
fies[J]. Construction and Building Materials, 2025, 467. DOI: Space Science, 2024. DOI: 10.1016/j.pss.2024.105864.
10.1016/j.conbuildmat.2025.140391. [67] ZHANG X, ZHANG G Q, WANG Y H, et al. Design and

[54] JAw. M—BHBERE IR, FE e HBREE . (5“8 coring performance analysis of handheld and machine-based
[N/OL]. AR H#k, 2025-01-25 [2025-02-03]. http://gd. composite Tunar soil coring device[J]. Advances in Space Re-
people.com.cn/n2/2025/0125/c123932-41120707 .html. search, 2025, 75(11): 8287-8303.

[55] DALLASJ A, RAVAL S, SAYDAM S, et al. An environmen: [68] JEWL, ZEwh4R, BEOOME, S5 IR R AT B K H K EE
tal 1mpact assessment framework for space resource extrac- RARME R IR L], R R KSR (BRE
fion[J]. Space Policy, 2021, 57. DOI: 10.1016/j.spacepol.2021. WO, 2024, 52(8): 65-75.

101441. ZHOU C, LI H R, HAN W B, et al. Research progress and

[56] GBS, N, WESCR, A& A3 ASIRA S prospects of lunar soil collection technology for in-situ con-
PEPEREIAAI]. TR, 2024, 45(5): 778-789. struction[J]. Journal of Huazhong University of Science and
CHI H'Y, YUAN S, PAN W T, et al. Analysis of the force- Technology (Natural Science Edition), 2024, 52(8): 65-75.
thermal properties of a combined lunar soil-flexible inflatable [69] YOUNG A. I'he Apollo lunar samples: Collection analysis
membrane shielding layer[J]. Journal of Astronautics, 2024, and results[M]. Cham, Switzerland: Springer, 2017.

45(5): 778-789. [70] ®HW:, SR, FESR, % D AHBCKHEER[E TR

[57] ZHANG J, GUO J N, DOBYNDE M I, et al. From the top of Wit——WmW H ST 0. P EREE: BREE, 2021,

Martian Olympus to deep craters and beneath: Mars radiation
environment under ditterent atmospheric and regolith depths
[J]. Journal of Geophysical Research: Planets, 2022, 127(3).
DOI: 10.1029/2021JE007157.

51(11): 1275-1286.

HU H, PEI Z Y, LI C L, et al. Overall design of unmanned
lunar sampling and return project — Chang’e-5 mission[J]. Sci-
entia Sinica: Technologica, 2021, 51(11): 1275-1286.


https://doi.org/10.1016/j.actaastro.2023.04.045
https://doi.org/10.1016/j.actaastro.2023.04.045
https://doi.org/10.1016/j.actaastro.2023.04.045
https://doi.org/10.30574/wjarr.2024.24.2.3421
https://doi.org/10.30574/wjarr.2024.24.2.3421
https://doi.org/10.1016/j.actaastro.2015.06.018
https://doi.org/10.1016/j.actaastro.2015.06.018
https://doi.org/10.1016/j.actaastro.2015.06.018
https://doi.org/10.1016/j.paerosci.2024.101045
https://doi.org/10.1016/j.paerosci.2024.101045
https://doi.org/10.1016/j.actaastro.2023.03.019
https://doi.org/10.1016/j.actaastro.2023.03.019
https://doi.org/10.2514/6.2014-4372
https://doi.org/10.2514/6.2014-4372
https://doi.org/10.1016/j.ijmst.2024.06.004
https://doi.org/10.1016/j.ijmst.2024.06.004
https://doi.org/10.1016/j.ijmst.2024.06.004
https://doi.org/10.1016/j.conbuildmat.2023.133395
https://doi.org/10.1016/j.conbuildmat.2023.133395
https://doi.org/10.1016/j.conbuildmat.2023.133395
https://doi.org/10.1016/j.actaastro.2018.06.063
https://doi.org/10.1016/j.actaastro.2018.06.063
https://doi.org/10.1007/978-3-031-50081-7_5
https://doi.org/10.1007/978-3-031-50081-7_5
https://doi.org/10.1007/978-3-031-50081-7_5
https://doi.org/10.1016/j.conbuildmat.2025.140391
https://doi.org/10.1016/j.conbuildmat.2025.140391
https://doi.org/10.1016/j.conbuildmat.2025.140391
https://doi.org/10.1016/j.conbuildmat.2025.140391
http://gd.people.com.cn/n2/2025/0125/c123932-41120707.html
https://doi.org/10.1016/j.spacepol.2021.101441
https://doi.org/10.1016/j.spacepol.2021.101441
https://doi.org/10.1016/j.spacepol.2021.101441
https://doi.org/10.3873/j.issn.1000-1328.2024.05.013
https://doi.org/10.3873/j.issn.1000-1328.2024.05.013
https://doi.org/10.1029/2021JE007157
https://doi.org/10.1029/2021JE007157
https://doi.org/10.1029/2021JE007157
https://doi.org/10.13779/j.cnki.issn1001-0076.2023.04.002
https://doi.org/10.13779/j.cnki.issn1001-0076.2023.04.002
https://doi.org/10.26914/c.cnkihy.2023.114315
https://doi.org/10.26914/c.cnkihy.2023.114315
https://doi.org/10.1007/s13563-020-00231-6
https://doi.org/10.1007/s13563-020-00231-6
https://doi.org/10.1016/j.actaastro.2012.07.029
https://doi.org/10.1016/j.actaastro.2012.07.029
https://doi.org/10.1007/s11214-022-00926-y
https://doi.org/10.1007/s11214-022-00926-y
https://doi.org/10.1134/S0016702913060025
https://doi.org/10.1134/S0016702913060025
https://doi.org/10.1134/S0016702913060025
https://doi.org/10.1134/S0016702913060025
https://doi.org/10.1007/s11214-024-01100-2
https://doi.org/10.1007/s11214-024-01100-2
https://doi.org/10.1061/(ASCE)AS.1943-5525.0000212
https://doi.org/10.1061/(ASCE)AS.1943-5525.0000212
https://doi.org/10.1061/(ASCE)AS.1943-5525.0000212
https://doi.org/10.1016/j.pss.2024.105864
https://doi.org/10.1016/j.pss.2024.105864
https://doi.org/10.1016/j.pss.2024.105864
https://doi.org/10.1016/j.asr.2025.03.019
https://doi.org/10.1016/j.asr.2025.03.019
https://doi.org/10.1016/j.asr.2025.03.019
https://doi.org/10.13245/j.hust.240284
https://doi.org/10.13245/j.hust.240284
https://doi.org/10.1007/978-1-4614-6185-2
https://doi.org/10.1007/978-1-4614-6185-2
https://doi.org/10.1360/SST-2021-0155
https://doi.org/10.1360/SST-2021-0155

4755 6

WK, S BERMBAL BRI T e S R St % 813

(71]

[72]

(73]

[74]

[75]

[76]

(771

(78]

[79]

(80]

(81]

[82]

[83]

(84]

[85]

XIAO L, QIAN Y Q, WANG Q, et al. [I’'he Chang’e-5 mission
[M]//Sample Return Missions. Amsterdam, Netherlands: El-
sevier, 2021: 195-206.

KE, TR—, BARA, % HEXRELAKHERHITA
Dl WEFNZER (RS0, 2022, 92): 173-182.
ZHANG K, YU T Y, HU X D, et al. Control technology for
unmanned sampling of lunar surface[J]. Journal of Deep Space
Exploration, 2022, 9(2): 173-182.

ZHANG T, PANG Y, ZENG T, et al. Robotic drilling tor the
Chinese Chang E 5 Tunar sample-return mission[J]. Interna-
tional Journal of Robotics Research, 2023, 42(8): 586-613.
ZHAO W J, WANG C. China’s lunar and deep space explo-
ration: Touching the moon and exploring the universe[J]. Na-
tional Science Review, 2019, 6(6): 1274-1278.

ZENG X G, LIU D W, CHEN Y, et al. Landing site of the
Chang’e-6 lunar farside sample return mission tfrom the Apol
lo-basin[J]. Nature Astronomy, 2023, 7(10): 1188-1197.

CUI Z X, YANG Q, ZHANG Y Q, et al. A sample of the
Moon'’s tar side retrieved by Chang’e-6 contains 2.83-billion-
year-old basali[J]. Science, 2024, 386(6728): 1395-1399.
ZHANG QW L, YANG M H, LI Q L, et al. Lunar farside val
canism 2.8 billion years ago from Chang’e-6 basalts[J]. Na-
ture, 2025: 356-360.

HOLMBERG N A. Viking /5 spacecraft design and test sum-
miary[M]. Washington, USA: NASA Reference Publication,
1980.

A, NI O H SRS R RE K 152 2 B R
D). FA/RVE: FERIE TR, 2014,

LI C. Study of lunar soil excavation acquisition and mechan-
ical parameters identification based on robot arm[D]. Harbin:
Harbin Institute of Technology, 2014.

7%, [HBER BRI G R o AT 25 A A % 1 5 55 14
ZHARMID). W/RIEE: M/RIE TR, 2013.

LI J. Configuration design and parameter optimization for lu-
nar surface grab-sampling end-effector[D]. Harbin: Harbin In-
stitute of Technology, 2013.

INDYK S, SPRING J, FORD §, et al. Operating the rock abra-
sion_tool (KAT) after thirteen years of an originally ninety
day mission[C]//2018 SpaceOps Conference. Reston, USA: A-
TAA, 2018, 2018-2322.

K, XYL, MR, & T REE AR E
FEWESD]. P EEFEB AR, 2019, 39(1): 49-58.
JIANG S Q, LIU R K, LIN Y C, et al. Design and test of a
sampler for lunar surface regolith[J]. Chinese Space Science
and Technology, 2019, 39(1): 49-58.

RICHTER L, COSTE P, GROMOV V YV, et al. Developmen-
t and testing of subsurface sampling devices tor the Beagle 2
lander[J]. Planetary and Space Science, 2002, 50(9): 903-913.
ARVIDSON R E, BONITZ R G, ROBINSON M L, et al. Re
sults from the Mars Phoenix Lander robotic arm experiment
[J]. Journal of Geophysical Research: Planets, 2009, 114(E1).
DOI: 10.1029/2009JE003408.

ANDERSONR C, JANDURA L, OKON A B, et al. Collecting
samples 1n Gale crater, Mars; an overview of the Mars science
laboratory sample acquisition, sample processing and handling
system|[J]. Space Science Reviews, 2012, 170: 57-75.

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

MARTIN-TORRES F J, ZORZANO M P, VALENTIN-
SERRANO P, et al. Iransient iquid water and water activi-
ty at Gale crater on Mars[J]. Nature Geoscience, 2015, 8(5):
357-361.

LAKDAWALLA E. SA/SPaH: Sample acquisition, process-
ing, and handling[M]//The Design and Engineering of Curios-
ity. Cham, Switzerland: Springer, 2018: 185-220.
KNAPMEYER-ENDRUN B, KAWAMURA T. NASA’s in-
sight mission on Mars — First glimpses of the planet’s interiof
from seismology[J]. Nature Communications, 2020, 11. DOI:
10.1038/s41467-020-15251-7.

MOELLER R C, JANDURA L, ROSETTE K, et al. The sam-
pling and caching subsystem tor the scientific exploration of
Jezero crater by the Mars 2020 perseverance rovei[J]. Space
Science Reviews, 2021, 217: 1-43.

ZACNY K, AVANESYAN A, PAULSEN G, et al. Mars_drill
for the Mars sample return mission with a brushing and abrad
ing bit, regolith and powder bit, core PreView bit and a coring
hii[C]//IEEE Aerospace Conference. Piscataway, USA: IEEE,
2012. DOIL: 10.1109/AER0O.2012.6187051.

ALTIERI F, FRIGERI A, LAVAGNA M, et al. Investigating
the (Ox1a Planum subsurface with the ExoMars rover and drill
[J]. Advances in Space Research, 2023, 71(11): 4895-4903.
BRIONES C, RODRIGUEZ-MANFREDI J A, KERESZ-
TURI A, et al. Robofic_missions fo_Mard[M]//Mars and the
Earthlings: A Realistic View on Mars Exploration and Settle-
ment. Cham, Switzerland: Springer, 2025: 51-84.
Thales-Alenia-Space. [['he search for life on Mars goes on with
ExoMars 2078[EB/OL]. (2024-04-09) [2024-12-21]. https://
www.thalesaleniaspace.com/en/press-releases/search-life-mars-
goes-exomars-2028.

YIN C H, HUANG J C, QUAN Q Q, et al. [lechnical progress
in landing mechanisms for exploring small solar system bodies
[J]. Progress in Aerospace Sciences, 2021, 122. DOI: 10.1016/
j-paerosci.2021.100697.

GEURTS K, FANTINATI C, ULAMEC S, et al. Roseffa lan-
der: On-comet operations execution and recovery after the
unexpected landing[C]//14th International Conference on S-
pace Operations. Reston, USA: AIAA, 2016. DOI: 10.2514/6.
2016-2509.

BOEHNHARDT H, BIBRING J P, APATHY 1, et al. [I'he
Philae Tander mission_and science overview([J]. Philosophical
Transactions of the Royal Society A: Mathematical, Physical
and Engineering Sciences, 2017, 375(2097). DOIL: 10.1098/rsta.
2016.0248.

MIYAMOTO H, KARGEL J, FINK W, et al. Granular process-
es on ltokawa, a small near-Earth asteroid: Implications for
resonrce ufilizafion[J]. Proceedings of SPIE — The Internation-
al Society for Optical Engineering, 2008. DOI: 10.1117/12.
784634.

KUBOTA T, OTSUKI M, YANO H, et al. Descenf and fonchA
down dynamics for sample collection in Hayabusa mission[C]
//57th International Astronautical Congress. Reston, USA: A-
1AA, 2006. DOI: 10.2514/6.1IAC-06-C1.3.02.

YANO H, KUBOTA T, MIYAMOTO H, et al. Touchdown off
the Hayabusa spacecraft at the Muses Sea on Itokawa[J]. Sci-
ence, 2006, 312: 1350-1353.


https://doi.org/10.1016/B978-0-12-818330-4.00009-4
https://doi.org/10.15982/j.issn.2096-9287.2022.20210052
https://doi.org/10.1177/02783649231187918
https://doi.org/10.1177/02783649231187918
https://doi.org/10.1093/nsr/nwz120
https://doi.org/10.1093/nsr/nwz120
https://doi.org/10.1038/s41550-023-02038-1
https://doi.org/10.1038/s41550-023-02038-1
https://doi.org/10.1038/s41550-023-02038-1
https://doi.org/10.1126/science.adt1093
https://doi.org/10.1126/science.adt1093
https://doi.org/10.1126/science.adt1093
https://doi.org/10.1038/s41586-024-08382-0
https://doi.org/10.1038/s41586-024-08382-0
https://ntrs.nasa.gov/citations/19810001593
https://ntrs.nasa.gov/citations/19810001593
https://kns.cnki.net/kcms2/article/abstract?v=hQuCc5bkPPOfIjFq4zyBcKxYxRi6zxvt_BnlQWAHWKlCIEYP_Sla0InfsiD8iy9kxKCaQ9NRry2j3WCWaqGg6M3F0G1byHqjS41F4z1s9B_JwGxdhGOi-njFITfwl3qrayD_LfwYKKVgmspJrZJBOt-SJxykeX8ir-ueLbeTuyk=&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=hQuCc5bkPPOfIjFq4zyBcKxYxRi6zxvt_BnlQWAHWKlCIEYP_Sla0InfsiD8iy9kxKCaQ9NRry2j3WCWaqGg6M3F0G1byHqjS41F4z1s9B_JwGxdhGOi-njFITfwl3qrayD_LfwYKKVgmspJrZJBOt-SJxykeX8ir-ueLbeTuyk=&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=hQuCc5bkPPMYHlGeLHgXE-mfQF6-tcdX8zp3b3zblHTuFAf1lbwt3huqY6ojS-bJRJdAGGdQZtrZtbt0BPURryqzDXnUGtjh2W1vISmMRGXRpckhQedsQuYaGJaemwZ7QFRJTeZIwu1g_ayP0yERtYLhFB0cICAEBu7YkjxDT1I=&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=hQuCc5bkPPMYHlGeLHgXE-mfQF6-tcdX8zp3b3zblHTuFAf1lbwt3huqY6ojS-bJRJdAGGdQZtrZtbt0BPURryqzDXnUGtjh2W1vISmMRGXRpckhQedsQuYaGJaemwZ7QFRJTeZIwu1g_ayP0yERtYLhFB0cICAEBu7YkjxDT1I=&uniplatform=NZKPT
https://doi.org/10.2514/6.2018-2322
https://doi.org/10.2514/6.2018-2322
https://doi.org/10.2514/6.2018-2322
https://doi.org/10.16708/j.cnki.1000-758x.2018.0067
https://doi.org/10.16708/j.cnki.1000-758x.2018.0067
https://doi.org/10.1016/S0032-0633(02)00066-1
https://doi.org/10.1016/S0032-0633(02)00066-1
https://doi.org/10.1016/S0032-0633(02)00066-1
https://doi.org/10.1029/2009JE003408
https://doi.org/10.1029/2009JE003408
https://doi.org/10.1007/s11214-012-9898-9
https://doi.org/10.1007/s11214-012-9898-9
https://doi.org/10.1007/s11214-012-9898-9
https://doi.org/10.1007/s11214-012-9898-9
https://doi.org/10.1038/NGEO2412
https://doi.org/10.1038/NGEO2412
https://doi.org/10.1007/978-3-319-68146-7_5
https://doi.org/10.1007/978-3-319-68146-7_5
https://doi.org/10.1038/s41467-020-15251-7
https://doi.org/10.1038/s41467-020-15251-7
https://doi.org/10.1038/s41467-020-15251-7
https://doi.org/10.1007/s11214-020-00783-7
https://doi.org/10.1007/s11214-020-00783-7
https://doi.org/10.1007/s11214-020-00783-7
https://doi.org/10.1109/AERO.2012.6187051
https://doi.org/10.1109/AERO.2012.6187051
https://doi.org/10.1109/AERO.2012.6187051
https://doi.org/10.1109/AERO.2012.6187051
https://doi.org/10.1016/j.asr.2023.01.044
https://doi.org/10.1016/j.asr.2023.01.044
https://doi.org/10.1007/978-3-031-66881-4_3
https://www.thalesaleniaspace.com/en/press-releases/search-life-mars-goes-exomars-2028
https://www.thalesaleniaspace.com/en/press-releases/search-life-mars-goes-exomars-2028
https://doi.org/10.1016/j.paerosci.2021.100697
https://doi.org/10.1016/j.paerosci.2021.100697
https://doi.org/10.2514/6.2016-2509
https://doi.org/10.2514/6.2016-2509
https://doi.org/10.2514/6.2016-2509
https://doi.org/10.1098/rsta.2016.0248
https://doi.org/10.1098/rsta.2016.0248
https://doi.org/10.1117/12.784634
https://doi.org/10.1117/12.784634
https://doi.org/10.1117/12.784634
https://doi.org/10.2514/6.IAC-06-C1.3.02
https://doi.org/10.2514/6.IAC-06-C1.3.02
https://doi.org/10.1126/science.1126164
https://doi.org/10.1126/science.1126164

814 DINEE VN 2025 4 11 H

[100] WATANABE S I, TSUDA Y, YOSHIKAWA M, et al. Haya’ [117] MRoRiR, B, fathdh, &% PR3N TAES FEan 7R VA
busa? mission_overview[J]. Space Science Reviews, 2017, BN TR B A s it A T EYUE TR,
208: 1-14. 2024, 36(6): 1371-1379.

[101] GOTTWALD M. Interplanetary travels-visits to our cosmic LIN S W, LU Z, WEI S J, et al. Simulation of dynamic char-
neighborhood[M]. Berlin, Germany: Springer, 2024. acteristics of excavator working processes and multi-objective

[102] FRfl . I BRRFE R i FL b7 5 1R 8 7 optimization design method of main component parameters[J].

WD) E/REE: MR/RIE AR, 2022, China Mechanical Engineering, 2024, 36(6): 1371-1379.
XU C X. Research on method of electric field collecting and [118] KAI Z, KUANGDI X. Mining and driving equipment, cate-
transporting particles for planet sampling[D]. Harbin: Harbin sories of[M]//The ECPH Encyclopedia of Mining and Metal-
Institute of Technology, 2022. ) lurgy. Singapore: Springer, 2022: 1334-1336.

[103] POLIT A T, LUNNING N G, RIGHTER K, et al. Sample

) R [119] SHCHERBAKOV P, TYMCHENKO S, BITIMBAYEV M, et
return and preliminary examination timeline for the OSIRIS
REx mission[C]//54th Lunar and Planetary Science Confer- al. Mathematical model to optimize drilling-and-blasting f)p.er—
ence. Houston, USA: Johnson NASA Conference Publication, BUIOnS Tn The process of open-pil ard FoCK TMMAG(J]. Mining
2003 of Mineral Deposits, 2021, 15(2): 25-34.

[104] LAURETTA D S, CONNOLLY JR H C, AEBERSOLD J E, [120] HifP%e, F/MR, ERHE, 5. BERODAEN AR
et al. Asteroid (101955) Bennu 1n the laboratory: Properties of NLFREF IR, & 7= 0R 4P SR, 2024, 44(1): 126-
the sample collected by OSIRIS-REX[J]. Meteoritics & Plane- 134.
tary Science, 2024, 59(9): 2453-2486. XIE CL, TIAN X S, WANG F W, et al. Application research

[105] CAMERON E N. [lifanium in lunar regolith and ifS use status of discrete element method in ore crushing[J]. Conser-
in_mining site selection[R]. Wisconsin, USA: University of vation and Utilization of Mineral Resources, 2024, 44(1): 126-
Wisconsin-Madison, 1987. 134.

[106] GAJDA M E. Alnarvolafiles mimer[D]. Madison, USA: U- [121] @A, B e 0 e B it 57 A B AR Y 3P R T]. b T
niversity of Wisconsin-Madison, 2006. 5T, 2021, 50(11): 16-22.

[107] SVIATOSLAVSKY IN. ['he challenge of mining HE-3 on the ZHAO H S. Progress in theoretical research and technical ap-
lunar surface: How all the parts fit togethet[C]/Engineering, plication of vibrating screen in China[J]. Industrial Minerals &
Construction, and Operations in Space IV. New York, USA: Processing, 2021, 50(11): 16-22.

[108] IﬁIZCD%IéQI?3G66l%\iZst mining rare Earth elements on the [122] #¥%, %, }%% e e
Moon[C]//IEEE Aerospace C(;nference. Piscataway, USA: L B, 2024(34): 96-99.

. ’ ' ZHANG T, QIAN Y, ZHOU M. Application of high-efficiency
IEEE, 2023. DOI: 10.1109/AER055745.2023.10116027. . o .

[109] LOURA H. Lunar-polar propellant mining outpost (LPMO): and energy-saving ball mill in gold ore beneficiation[J]. Ma-
Affordable exploration and industrialization[EB/OL]. (2019- chine China, 2024(34): 96-99.

04-10) [2024-12-30]. https://www.nasa.gov/general/lunar-polar- [123] CLEMENTS J S, THOMPSON $ M, COX N D, et al. De-
propellant-mining-outpost-lpmo-affordable-exploration-and- velopment of an electrostatic precipitator to remove Martian
industrialization/. atmospheric dust from ISRU gas intakes during planetary ex-

[110] KUHNS M, KUHNS R J, MEYAN F, et al. Rocket mining for ploration missions[J]. IEEE Transactions on Industry Applica-
hunar and Mar< ISRU[M]. Cham, Switzerland: Springer, 2023. tions, 2013, 49(6): 2388-2396.

[111] CANDALOT A, HASHIM M, HICKEY B, et al. Soft grip [124] CALLE C I, BUHLER C R, JOHANSEN M R, et al. Ac-
ping system for space exploration legged robots[C]//Walking five dust control and mitigation technology for lunar and Mar-
Robots into Real World. Cham, Switzerland: Springer, 2024: fian exploration[J]. Acta Astronautica, 2011, 69(11-12): 1082-
144-156. 1088.

[112] GREEN M, MCBRYAN T, MICK D, et al. Regolith excavation [125] Bt BRBEALR AR % R (V) —— SR
performance of a screw-propelled vehicle[J]. Advanced Intel- HEBR, 2020, 46(9): 1-14.
ligent Systems, 2023, 5(3). DOL: 10.1002/aisy.202100125. GE S R. The development history of coal shearer technology

[113] LIUJB, YEMH, XUJC, et al. & mult-Siing and wireline: (Part four) — Continous shearer[J]. China Coal, 2020, 46(9):
coring_drilling robot for planetary regolith sampling[J]. Ad- 1-14.

i ?E‘;e ;esegf;?;f)%;ZjS%S;gﬁg e (126] BB BT KRR ARSI, AL,
T WS % ARREE Y | [EB/OL]. (2025-03- 2022, 43(6): 16-20. o N
16) [2025-04-02]. https://my.mbd.baidu.com/t/1zUbYieVXIk HU J. Development and application of longwall mining ma-
=cplers. chine for bauxite[J]. Colliery Mechanical & Electrical Tech-

[115] Offworld. Autonomous mining on the earth and the moon[EB/ nology, 2022, 43(6): 16-20.

OLY]. (2023-04-19) [2024-12-30]. https://www.offworld.ai/pro [127] ZHENG Y L, ZHANG Q B, ZHAO J. Challenges and opportu-
ducts. nities of using tunnel boring machines in mining[J]. Tunnelling

[116] F&tE, PV, Fi&, 25, DWI500 AL 25 P Al S50 1] A4 and Underground Space Technology, 2016, 57: 287-299.
FIEIT]. MU TR S B30k, 2017(2): 113-115. [128] SCHOSSER B, LAVASAN A A, BAILLE W, et al. Face

CHENG J, SUN X, WANG H, et al. Study on bucket mecha-
nism of DW1500 type of bucket excavator[J]. Mechanical En-
gineering & Automation, 2017(2): 113-115.

support, soil conditioning and material transport in Earth-
pressure-balance and hydro shield machines[J]. Interaction
Modeling in Mechanized Tunneling, 2023: 165-252.


https://doi.org/10.1007/s11214-017-0377-1
https://doi.org/10.1007/s11214-017-0377-1
https://doi.org/10.1007/978-3-662-69633-0_10
https://doi.org/10.1007/978-3-662-69633-0_10
https://doi.org/10.27061/d.cnki.ghgdu.2022.005497
https://doi.org/10.27061/d.cnki.ghgdu.2022.005497
https://ntrs.nasa.gov/citations/20230000731
https://ntrs.nasa.gov/citations/20230000731
https://ntrs.nasa.gov/citations/20230000731
https://doi.org/10.1111/maps.14227
https://doi.org/10.1111/maps.14227
https://fti.neep.wisc.edu/fti.neep.wisc.edu/pubs/wcsar.html
https://fti.neep.wisc.edu/fti.neep.wisc.edu/pubs/wcsar.html
https://fti.neep.wisc.edu/fti.neep.wisc.edu/pdf/fdm1304.pdf
https://fti.neep.wisc.edu/fti.neep.wisc.edu/pdf/wcsar9311-2.pdf
https://fti.neep.wisc.edu/fti.neep.wisc.edu/pdf/wcsar9311-2.pdf
https://doi.org/10.1109/AERO55745.2023.10116027
https://doi.org/10.1109/AERO55745.2023.10116027
https://www.nasa.gov/general/lunar-polar-propellant-mining-outpost-lpmo-affordable-exploration-and-industrialization/
https://www.nasa.gov/general/lunar-polar-propellant-mining-outpost-lpmo-affordable-exploration-and-industrialization/
https://doi.org/10.1007/978-3-030-97913-3_14
https://doi.org/10.1007/978-3-030-97913-3_14
https://doi.org/10.1007/978-3-031-71301-9_14
https://doi.org/10.1007/978-3-031-71301-9_14
https://doi.org/10.1002/aisy.202100125
https://doi.org/10.1002/aisy.202100125
https://doi.org/10.1016/j.asr.2025.01.056
https://doi.org/10.1016/j.asr.2025.01.056
https://my.mbd.baidu.com/r/1zUbYieVXIk?f=cp&rs
https://my.mbd.baidu.com/r/1zUbYieVXIk?f=cp&rs
https://www.offworld.ai/products
https://doi.org/10.3969/j.issn.1672-6413.2017.02.048
https://doi.org/10.3969/j.issn.1672-6413.2017.02.048
https://doi.org/10.3969/j.issn.1004-132X.2025.06.025
https://doi.org/10.3969/j.issn.1004-132X.2025.06.025
https://doi.org/10.1007/978-981-99-2086-0_47
https://doi.org/10.1007/978-981-99-2086-0_47
https://doi.org/10.33271/mining15.02.025
https://doi.org/10.33271/mining15.02.025
https://doi.org/10.13779/j.cnki.issn1001-0076.2024.01.015
https://doi.org/10.13779/j.cnki.issn1001-0076.2024.01.015
https://doi.org/10.16283/j.cnki.hgkwyjg.2021.11.004
https://kns.cnki.net/kcms2/article/abstract?v=hQuCc5bkPPPo6m7msMKwM9eiqEuqsGjj7fXqenOmDs27i6NW9QvVZOn68XhWxjvDepDoHzsFHqQCeoU2KnBIGYPs-rJmyyCn3XPL24IpaCap-9edx1ai9eoHJ7ylxUwR3W_l5dJ7qRQZ16IqHtbwWZ0-0u88peLctOgOWVH0V4c=&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=hQuCc5bkPPPo6m7msMKwM9eiqEuqsGjj7fXqenOmDs27i6NW9QvVZOn68XhWxjvDepDoHzsFHqQCeoU2KnBIGYPs-rJmyyCn3XPL24IpaCap-9edx1ai9eoHJ7ylxUwR3W_l5dJ7qRQZ16IqHtbwWZ0-0u88peLctOgOWVH0V4c=&uniplatform=NZKPT
https://doi.org/10.1109/TIA.2013.2263782
https://doi.org/10.1109/TIA.2013.2263782
https://doi.org/10.1109/TIA.2013.2263782
https://doi.org/10.1109/TIA.2013.2263782
https://doi.org/10.1016/j.actaastro.2011.06.010
https://doi.org/10.1016/j.actaastro.2011.06.010
https://doi.org/10.1016/j.actaastro.2011.06.010
https://doi.org/10.19880/j.cnki.ccm.2020.09.001
https://doi.org/10.16545/j.cnki.cmet.2022.06.004
https://doi.org/10.1016/j.tust.2016.01.023
https://doi.org/10.1016/j.tust.2016.01.023
https://doi.org/10.1007/978-3-031-24066-9
https://doi.org/10.1007/978-3-031-24066-9
https://doi.org/10.1007/978-3-031-24066-9

4755 6

WK, S BERMBAL BRI T e S R St %

815

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

X, RPIA, k), . AT SRR I
B TR AT, BR 4, 2021, 46(3): 826-845.
LIUZ Q,SONG Z Y, JIH G, et al. Construction mode and key
technology of mining shaft engineering for deep mineral re-
sources[J]. Journal of China Coal Society, 2021, 46(3): 826-845.
SR, SR HlE FA AT S AI]. hE 4R
%, 2019(3): 134-135.

ZHANG ] H. Design and research of conveyor for continuous
mining machine[J]. China Metal Bulletin, 2019(3): 134-135.
FRICHI, YESEAR, KADh, . BRI AR PR
TIAHT M VERE ). BB, 2024, 52(12): 25-29.
ZHANG W G, FAN S J, ZHANG H G, et al. Stability stress
analysis of derrick for mine hoist and its safety study[J]. Min-
ing & Processing Equipment, 2024, 52(12): 25-29.

AFdukfe, xR, THEA. EAHLEN TS 50N AR TR
(AL DERFE R T [T]. SR 522 TR, 2018,
35(3): 517-524.

FUM X, LIU S W, JIA H S. Study on effects of dynamic pa-
rameters of bolter on roof bolt hole drilling characteristics[J].
Journal of Mining & Safety Engineering, 2018, 35(3): 517-524.
T3 S oA O T i =t e - T SR R TR 57 5
FITY. B HLeE, 2024, 45(2): 12-18

LIU Z W. Research and application of front and back non-axis
double helix wet concrete spraying machine[J]. Colliery Me-
chanical & Electrical Technology, 2024, 45(2): 12-18.
HUANG G H, ZHENG F R, ZHANG Y X, et al. Experimen-
tal study on the dust suppression effect of water cannon mud 111
drilling and blasting tunnel[C]//International Conference on S-
mart Transportation and City Engineering. Bellingham, USA:
SPIE, 2021: 282-291.

CESARETTI G, DINI E, DE KESTELIER X, et al. Bnild-

ing components for an outpost on the [unar soil by means of

a novel 3D printing technology[J]. Acta Astronautica, 2014,
93: 430-450.

TAC, miE, g, & BEIK RIS AT
RENHI]. PLEA, 2022, 44(1): 1.

DING X L, GAO H B, HUANG P F, et al. Booming space
robot technology and applications[J]. Robot, 2022, 44(1): 1.
WILLIAMS J P, PAIGE D A, GREENHAGEN B T, et al.
I'he global surface temperatures of the Moon as measured by
the diviner lunar radiometer experiment[J]. Icarus, 2017, 283:
300-325.

DITTEON R. Daily temperature variations on Mars[J]. Journal
of Geophysical Research: Solid Earth, 1982, 87(B12): 10197-
10214.

RUCKER M A. Dust storm 1mpacts on human Mars mission
equipment and operations[C]//Workshop on Dust in the Atmo-
sphere of Mars and Its Impact on Human Exploration. Hous-
ton, USA: Johnson NASA Conference Publication, 2017.
NELSON G A. Space radiation and human exposures, a primer
[J]. Radiation Research, 2016, 185(4): 349-358.

SMITH D E, ZUBER M T, SOLOMON S C, et al. I'he global
topography of Mars and 1implications for surface evolution[J].
Science, 1999, 284(5419): 1495-1503.

JAUMANN R, HIESINGER H, ANAND M, et al. Geology!
geochemistry, and geophysics of the Moon: Status of curren
t understanding[J]. Planetary and Space Science, 2012, 74(1):
15-41.

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

DENEVI B W, NOBLE S K, CHRISTOFFERSEN R, et al. S
pace weathering at the Moor[J]. Reviews in Mineralogy and
Geochemistry, 2023, 89(1): 611-650.

BARRY K. Evaluation of the economics around space re-
source extraction and 1n-situ resource utilization (ISRU)[C]//
75th International Astronautical Congress. Paris, France: IAF,
2024. DOI: 10.52202/078383-0008.

HASSAN G, YILBAS B S, AL-SHARAFI A, et al. Dust mifi
gation strategies concerning solar energy applications: A com-
prehensive review[J]. Solar Energy, 2024, 277. DOI: 10.1016/
j-solener.2024.112728.

JOHNSON C D. [I'he outer space treaty[M]. Oxford, UK: Ox-
ford University Press, 2018.

TRONCHETTI F. Legal aspects of space resource utilization
[M]//Handbook of Space Law. Cheltenham, UK: Edward El-
gar Publishing Limited, 2015: 769-813.

B, B R R A AT AR R S D). [ BRiE
W5, 2018(2): 40-66.

LIAO M W. The identification of the lagal status of space re-
sourcess[J]. Chinese Review of International Law, 2018(2):
40-66.

TAICHMAN E A. I'he Artemis accords: Employing space
diplomacy to de-escalate a national security threat and pro-
mote space commercialization[J/OL]. National Security Law
Brief, 2021, 11(2). https://digitalcommons.wcl.american.edu/
nslb/voll1/iss2/5/.

CORDIE T, STEINDL R, DUNGAVELL R, et al. Modular
field robots for extraterrestrial exploration[J]. Advances in As-
tronautics Science and Technology, 2020, 3(1): 37-47.

SONI R, VERMA R, GARG R K, et al. A crifical review of
recent advances 1n the aerospace materials[J]. Materialstoday:
Proceedings, 2023, 113: 180-184.

ZHENG J X, BI S S, CAO B, et al. Misnal Iocahzation
of 1nspection robot using extended Kalman filter and Arucd
markers[C]//IEEE International Conference on Robotics and
Biomimetics. Piscataway, New York: IEEE, 2018: 742-747.
MAKOVIYCHUK V, WAWRZYNIAK L, GUOY, et al. Isaad
Gym: High performance GPU-based physics simulation for
robot learning[DB/OL]. (2021-08-25) [2024-12-30]. https://
arxiv.org/abs/2108.10470.

JAYANT A K, BHATNAGAR S. Model-based sate deep re-
inforcement learning via a constrained proximal policy optis
mization algorithm|[C]//Advances in Neural Information Pro-
cessing Systems 35. Red Hook, USA: Curran Associates Inc.,
2022: 24432-24445.

LI Y H, ZHENG L, WANG Y H, et al. Impedance learning
based adaptive force tracking tor robot on unknown terrains
[J]. IEEE Transactions on Robotics, 2025, 41: 1404-1420.
WHITWORTH A J, VAUGHAN J, SOUTHAM G, et al. Re-
view on metal extraction technologies suitable for critical metH
al recovery from mining and processing wastes[J]. Minerals
Engineering, 2022, 182. DOI: 10.1016/j.mineng.2022.107537.
EL-NADI Y A. Solvent extraction and its applications on ore
processing and recovery of metals: Classical approach[J]. Sep-
aration & Purification Reviews, 2017, 46(3): 195-215.
WATLING H R. Review of biohydrometallurgical metals
extraction from polymetallic mineral resources[J]. Minerals,
2014, 5(1): 1-60.


https://www.mtxb.com.cn/fileMTXB/journal/article/mtxb/html/2021/3/442244.html
https://www.mtxb.com.cn/fileMTXB/journal/article/mtxb/html/2021/3/442244.html
https://doi.org/10.3969/j.issn.1672-1667.2019.03.084
https://doi.org/10.16816/j.cnki.ksjx.2024.12.010
https://doi.org/10.16816/j.cnki.ksjx.2024.12.010
https://doi.org/10.13545/j.cnki.jmse.2018.03.010
https://doi.org/10.13545/j.cnki.jmse.2018.03.010
https://doi.org/10.1117/12.2614343
https://doi.org/10.1117/12.2614343
https://doi.org/10.1117/12.2614343
https://doi.org/10.1117/12.2614343
https://doi.org/10.1117/12.2614343
https://doi.org/10.1016/j.actaastro.2013.07.034
https://doi.org/10.1016/j.actaastro.2013.07.034
https://doi.org/10.1016/j.actaastro.2013.07.034
https://robot.sia.cn/cn/article/pdf/preview/472f0fac-a852-4ad0-aa78-a25cc8704f3f.pdf
https://robot.sia.cn/cn/article/pdf/preview/472f0fac-a852-4ad0-aa78-a25cc8704f3f.pdf
https://doi.org/10.1016/j.icarus.2016.08.012
https://doi.org/10.1016/j.icarus.2016.08.012
https://doi.org/10.1029/JB087iB12p10197
https://ntrs.nasa.gov/api/citations/20170002600/downloads/20170002600.pdf
https://ntrs.nasa.gov/api/citations/20170002600/downloads/20170002600.pdf
https://doi.org/10.1667/RR14311.1
https://doi.org/10.1126/science.284.5419.1495
https://doi.org/10.1126/science.284.5419.1495
https://doi.org/10.1016/j.pss.2012.08.019
https://doi.org/10.1016/j.pss.2012.08.019
https://doi.org/10.1016/j.pss.2012.08.019
https://ntrs.nasa.gov/citations/20230016899
https://ntrs.nasa.gov/citations/20230016899
https://doi.org/10.52202/078383-0008
https://doi.org/10.52202/078383-0008
https://doi.org/10.1016/j.solener.2024.112728
https://doi.org/10.1016/j.solener.2024.112728
https://doi.org/10.1016/j.solener.2024.112728
https://www.unoosa.org/oosa/en/ourwork/spacelaw/treaties/introouterspacetreaty.html
https://doi.org/10.4337/9781781000366.00023
https://guojifayanjiu.ajcass.com/Magazine/Show?id=94564
https://digitalcommons.wcl.american.edu/nslb/vol11/iss2/5/
https://digitalcommons.wcl.american.edu/nslb/vol11/iss2/5/
https://digitalcommons.wcl.american.edu/nslb/vol11/iss2/5/
https://doi.org/10.1007/s42423-020-00055-0
https://doi.org/10.1007/s42423-020-00055-0
https://doi.org/10.1016/j.matpr.2023.08.108
https://doi.org/10.1016/j.matpr.2023.08.108
https://doi.org/10.1109/ROBIO.2018.8664777
https://doi.org/10.1109/ROBIO.2018.8664777
https://doi.org/10.1109/ROBIO.2018.8664777
https://doi.org/10.48550/arXiv.2108.10470
https://doi.org/10.48550/arXiv.2108.10470
https://doi.org/10.48550/arXiv.2108.10470
https://proceedings.neurips.cc/paper_files/paper/2022/file/9a8eb202c060b7d81f5889631cbcd47e-Paper-Conference.pdf
https://proceedings.neurips.cc/paper_files/paper/2022/file/9a8eb202c060b7d81f5889631cbcd47e-Paper-Conference.pdf
https://proceedings.neurips.cc/paper_files/paper/2022/file/9a8eb202c060b7d81f5889631cbcd47e-Paper-Conference.pdf
https://doi.org/10.1109/TRO.2025.3530345
https://doi.org/10.1109/TRO.2025.3530345
https://doi.org/10.1016/j.mineng.2022.107537
https://doi.org/10.1016/j.mineng.2022.107537
https://doi.org/10.1016/j.mineng.2022.107537
https://doi.org/10.1080/15422119.2016.1240085
https://doi.org/10.1080/15422119.2016.1240085
https://doi.org/10.3390/min5010001
https://doi.org/10.3390/min5010001

816

DINEE VN

2025 4E 11 H

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

ZHANG Y L, ZHANG T, WEI H Y, et al. [Advances in_ex-
traterrestrial drilling technology to discover the secrets hidden
inside_celesfial_bodies[J]. Space Science Reviews, 2022, 218.

DOI: 10.1007/s11214-022-00915-1.
NOROOZI F, DANESHMAND M, FIORINI P. Conventional;

heuristic and learning-based robot motion planning: Keview-
ing frameworks of current practical significance[J]. Machines,

2023, 11(7). DOI: 10.3390/machines11070722.
LI H, FREI R J, WENSING P M. Model hierarchy predictive

control of robotic systems[J]. IEEE Robotics and Automation

Letters, 2021, 6(2): 3373-3380.
MARTINEZ ROCAMORA JR B, KILIC C, TATSCH C, et

al. Multi-robot cooperation for Iunar 1n-situ resource utiliza-
fion[J]. Frontiers in Robotics and Al, 2023, 10. DOI: 10.3389/

frobt.2023.1149080.
KASHID S, KUMAT A D. Hierarchically decentralized het-

erogeneous multi-robot task allocation system[C]//7th Inter-
national Conference on Intelligent Robotics and Control En-

gineering. Piscataway, USA: IEEE, 2024: 143-148.
ZHAO Y L, LIU P, WANG J H, et al. Dverview of sfar cafa

log detection robots[C]//1st Aerospace Frontiers Conference.

Bellingham, USA: SPIE, 2024: 410-421.
ALQUDSI Y, MAKARACI M. Exploring advancements and

emerging trends in robofic swarm coordination and control of
swarm Hying robots: A review[J]. Proceedings of the Institu-
tion of Mechanical Engineers, Part C: Journal of Mechanical
Engineering Science, 2025, 239(1): 180-204.

HUANG T, SHEN M H, SONG L L, et al. Robnst and frans
parent dust removal coating applied to polyimide-based pho-
fovalfaic modules for unar rovers[J]. Heliyon, 2024, 10(11).

DOI: 10.1016/j.heliyon.2024.e31985.
GORDON K L, DAS L, GALHENA T L, et al. Spray-

deposition of graphene/polymer thin coatings on polyimide
sheets for lunar dust adhesion mitigation[J]. Acta Astronau-

tica, 2024, 219: 449-458.
SARGEANT H M, MESALAM R, WATKINSON E J, et al.

Ice-mining on the Moon with radioisotope power systems[C]
//Proceedings of the Nuclear and Emerging Technologies for
Space. Idaho Falls, USA: American Nuclear Society, 2023:

494-498.
MAZZOTTI M, SARGEANT H M, BARCO A, et al. Ice:

mining lunar rover using Americium-241 radioisotope power

systems[J]. Acta Astronautica, 2024, 225: 801-811.
STEPHENSON K, LANDGRAF M. Hybrid radioisotope-

solar power systems as a key to sustained lunar exploration
[C)//European Space Power Conference. Piscataway, USA:

IEEE, 2019. DOI: 10.1109/ESPC.2019.8932065.
MIKOLAJCZYK T, MIKOLAJEWSKI D, KLODOWSKI A,

et al. Energy sources of mobile robot power systems: A sys-
tematic review and comparison of efficiency[J]. Applied Sci-

ences, 2023, 13(13). DOI: 10.3390/app13137547.
LUO H W, WANG Y D, FENG Y H, et al. Lifhinm:

lon batteries under low-temperature environment: Challenges
and prospects[J]. Materials, 2022, 15(22). DOI: 10.3390/

mal5228166.
HE Y, SHANG W X, TAN P. Insight into rechargeable batter-

les under extreme pressure and gravity for deep space explo-

ration[J]. Carbon Neutralization, 2024, 3(5): 773-780.
BUGGA R V, BRANDON E J. Energy storage for the next

generation of robotic space exploration[J]. The Electrochemi-
cal Society Interface, 2020, 29(1): 59-63.

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

LIANG Z X, HE J R, HU C G, et al. Next-generation energy
harvesting and storage technologies tor robots across all scales
[J]. Advanced Intelligent Systems, 2023, 5(4). DOI: 10.1002/

aisy.202200045.
HULSEN B, SCHOBERL P, MULSOW N A. Modniar FPS

for small mobile robotic space systems[C]//13th European S-
pace Power Conference. Piscataway, USA: IEEE, 2023. DOI:
10.1109/ESPC59009.2023.10413260.

BocHE, Bk, ZEA, . ETRINLES A AL R
GRETZERT]. FLEs A, 2009, 31(1): 88-96.

XU W F, LIANG B, LI C, et al. A review on simulated micro-
gravity experiment systems of space robot[J]. Robot, 2009,
31(1): 88-96.

CHEN M, ZENG L, JIN Y, et al. Design and verification of mi
crogravity simulation system for space station manipulator[C]
//3rd International Symposium on Robotics & Intelligent Man-

ufacturing Technology. Piscataway, USA: IEEE, 2021: 439-444.
CHEN M, ZENG L, NI W C, et al. Design and experimen-

tal verification of microgravity simulation system for lunat
sampling manipulatoi[C]//Seventh International Conference
on Electromechanical Control Technology and Transportation.

Bellingham, USA: SPIE, 2022: 443-451.
RAHIMI NOHOOIJI H, VOOS H. Compliant robotics 1n s-

pace: A prospective review ot soft and deformable systems for
space missions[J]. Advanced Intelligent Systems, 2025, 7(7).

DOI: 10.1002/aisy.202400785.
LIN Y F, KONOW N, DUMONT E R. How moles destroy v-

onr_lawn:_The forelimbh_kinemafics of easfern maoles in_loose
and compact substrates[J]. Journal of Experimental Biology,
2019, 222(4). DOI: 10.1242/jeb.182436.

WANG C, JIA Y Z, XUE C B, et al. Scientific objectives and
payload configuration of the Chang E-7 mission[J]. National

Science Review, 2024, 11(2). DOI: 10.1093/nsr/nwad329.
CREECH S, GUIDI J, ELBURN D. Artemis: An overview
of NASA’s activifies fo refurn_humans fo the_Moon[C]//IEEE
Aerospace Conference, Piscataway, USA: IEEE, 2022. DOI:
10.1109/AER053065.2022.9843277.

LITVAK M, KOZLOVA T, ILYIN A, et al. Luna-?5 robotic ar-
m: Results of experiment with analog of lunar regolith in lunat

like_condifiond[J]. Acta Astronautica, 2022, 200: 282-290.
PENG Q B, WANG P, XING L. Perspectives on China’s

manned nar scienfific research and fest sfafion[J]. Advances

in Astronautics Science and Technology, 2024, 7(1): 51-64.
ZHANG P, DAI W, NIU R, et al. Dverview of fhe Tunarin sifii

resource utilization techniques for future [unar missions[J]. S-

pace: Science & Technology, 2023, 6: 549-566.
ZHOU C, CHEN R, XU J, et al. In-sifu_consfrnction_mefhod

for lunar habitation: Chinese super Mason[J]. Automation in

Construction, 2019, 104: 66-79.
ZHOU C, TANG B, DING L Y, et al. Design and automat-

ed assembly of Planetary LEGO Brick tor lunar in-situ con-
struction[J]. Automation in Construction, 2020, 118. DOI: 10.

1016/j.autcon.2020.103282.
ZHENG Z X, GAO F Y, MEI H Y, et al. Construction plan

ning and development strategy of scientific research bases on
fhe_Maon and Mars and ofher celesfial bodies[J]. Science and

Technology Foresight, 2024, 3(1): 49-61.

EE R

K

F (1990-), %, fL, H&Z BIROUk. EEYLE
N, BECRFENLES N, iENLES .


https://doi.org/10.1007/s11214-022-00915-1
https://doi.org/10.1007/s11214-022-00915-1
https://doi.org/10.1007/s11214-022-00915-1
https://doi.org/10.3390/machines11070722
https://doi.org/10.3390/machines11070722
https://doi.org/10.3390/machines11070722
https://doi.org/10.1109/LRA.2021.3061322
https://doi.org/10.1109/LRA.2021.3061322
https://doi.org/10.3389/frobt.2023.1149080
https://doi.org/10.3389/frobt.2023.1149080
https://doi.org/10.1109/IRCE62232.2024.10739829
https://doi.org/10.1109/IRCE62232.2024.10739829
https://doi.org/10.1117/12.3032554
https://doi.org/10.1117/12.3032554
https://doi.org/10.1177/09544062241275359
https://doi.org/10.1177/09544062241275359
https://doi.org/10.1177/09544062241275359
https://doi.org/10.1016/j.heliyon.2024.e31985
https://doi.org/10.1016/j.heliyon.2024.e31985
https://doi.org/10.1016/j.heliyon.2024.e31985
https://doi.org/10.1016/j.actaastro.2024.02.030
https://doi.org/10.1016/j.actaastro.2024.02.030
https://doi.org/10.1016/j.actaastro.2024.02.030
https://doi.org/10.13182/NETS23-41840
https://doi.org/10.1016/j.actaastro.2024.09.042
https://doi.org/10.1016/j.actaastro.2024.09.042
https://doi.org/10.1016/j.actaastro.2024.09.042
https://doi.org/10.1109/ESPC.2019.8932065
https://doi.org/10.1109/ESPC.2019.8932065
https://doi.org/10.3390/app13137547
https://doi.org/10.3390/app13137547
https://doi.org/10.3390/ma15228166
https://doi.org/10.3390/ma15228166
https://doi.org/10.3390/ma15228166
https://doi.org/10.1002/cnl2.164
https://doi.org/10.1002/cnl2.164
https://doi.org/10.1002/cnl2.164
https://doi.org/10.1149/2.F08201IF
https://doi.org/10.1149/2.F08201IF
https://doi.org/10.1002/aisy.202200045
https://doi.org/10.1002/aisy.202200045
https://doi.org/10.1109/ESPC59009.2023.10413260
https://doi.org/10.1109/ESPC59009.2023.10413260
https://robot.sia.cn/article/id/3041
https://robot.sia.cn/article/id/3041
https://doi.org/10.1109/ISRIMT53730.2021.9597139
https://doi.org/10.1109/ISRIMT53730.2021.9597139
https://doi.org/10.1117/12.2645307
https://doi.org/10.1117/12.2645307
https://doi.org/10.1117/12.2645307
https://doi.org/10.1002/aisy.202400785
https://doi.org/10.1002/aisy.202400785
https://doi.org/10.1002/aisy.202400785
https://doi.org/10.1242/jeb.182436
https://doi.org/10.1242/jeb.182436
https://doi.org/10.1242/jeb.182436
https://doi.org/10.1093/nsr/nwad329
https://doi.org/10.1093/nsr/nwad329
https://doi.org/10.1109/AERO53065.2022.9843277
https://doi.org/10.1109/AERO53065.2022.9843277
https://doi.org/10.1016/j.actaastro.2022.08.003
https://doi.org/10.1016/j.actaastro.2022.08.003
https://doi.org/10.1016/j.actaastro.2022.08.003
https://doi.org/10.1007/s42423-024-00155-1
https://doi.org/10.1007/s42423-024-00155-1
https://doi.org/10.1086/146141
https://doi.org/10.1086/146141
https://doi.org/10.1016/j.autcon.2019.03.024
https://doi.org/10.1016/j.autcon.2019.03.024
https://doi.org/10.1016/j.autcon.2020.103282
https://doi.org/10.1016/j.autcon.2020.103282
https://doi.org/10.1016/j.autcon.2020.103282
http://www.qianzhankeji.cn/EN/Y2024/V3/I1/49
http://www.qianzhankeji.cn/EN/Y2024/V3/I1/49
http://www.qianzhankeji.cn/EN/Y2024/V3/I1/49

