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Abstract

With global efforts focused on achieving crewed lunar landings and long—term habitation, a comprehensive
understanding of the lunar environment and the development of corresponding technologies are essential.
In particular, lunar dust is a factor that affects the efficient operation of surface exploration equipment, the
design of lunar surface habitats, and the health of astronauts. Therefore, the development of effective dust
control technologies is crucial. This paper analyzes the physical and chemical properties of lunar regolith
and dust, as well as their effects on surface exploration equipment and human health. Furthermore, the
paper reviews various technologies for lunar dust control, with a particular focus on the use of low-
frequency sound and vibrations, and discusses the potential of these technologies. This study highlights

the importance of developing dust control technologies to mitigate the impacts of lunar dust on exploration
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equipment and human health. We also propose future research directions, including the improvement of

artificial lunar soil, to enhance the safety and success of lunar exploration missions.
4o} : & R WAL T WA, §Y B4, WA Aol 7%
Keywords : lunar surface exploration, lunar dust, inhalation toxicity, dust control

technology

1. NE

9 HAE AR ek 9 Ve WS AAchks ofolth @2 Aol 7R AR
Al 9 FARe] SO IR ofde, Aot gAY B4 M= olsfiske H 5a%t
AEE ASTITHLL EIE 2 ] 5 A9 HAA 7HE AYIL Qlof, AlAF R &
Ao TRt Tl FAL S7kskaL 31‘3}[2]

FT ofg] YUgolA & BARE St tdRt 71E A S sk Qi vl of
ZHv|A Z2 TH(Artemis Program)< B9l 202520261 Atelo] & 1M {21 252 &
H=E olal o, A& 7hset @ gAF H A7 1A AEe fsl AR AT 2=
Al~" o] FEst o3l S22 & @A T2 T3 (Chinese Lunar Exploration
Program, CLEP)Q] ¥3to & ZgH o] Y¥(Chang'E mission)s S3f B2 HHf| A+
Aog ASSIA, g A EY 9 4 #HE o] A3 FCH4 5. CLEP= & A= &
AL 25 9 HE Y /Rl B B V1A A4S BREE GAFOE APE= S99 £

FEA IR0 R Fo] AlFR FAKZ olet ZRE EAds] gt ARl I
Skl et ESE It YEoME Z47He] & gAlF TR TS S 7egs AGSiA T
X712 ATHG,7]. A=) & A} Y¥ol HegleF X7 T (Chandrayaan Program)S &
A GAL} 25 AFE BHE St 20239 I=ERE-3 HARE B3l 2 "=l 532

2 ZEsl] 71&& IS YS9t Y22 Smart Lander for Investigating Moon(SLIM)

|

i

U7 Fol 49 YA ACS ol8 AW A% 7142 A Folnl, 23 L HF 44,
DA% Ak AR 2 ALY 5 P AT BAY ZI 714 A1 280 F3 7]
=]

&7 digto] & Zo 7 Hyrpky 9t

ofFet & BAF RIS Wil AR Hol 7] AlF
ALHBL. ol A3l A= as 3 AlLH,
A] A+ E-8{In-situ resource utilization, ISRU) 7|, Y
e B4l Al2" Aol HEskal QItHo-14]. E3 Z=9] FEE= Tt 7199 s
g2 Sl Qlo], 9 Aol A= A7 FA=AL ATHI5)
g5 flsire 2 7300 digt g Sle olsi7t Ao, 53] 2 &
AT FaA40] AR FHEAL Q. & B EAY S €Y 4
ofgfsh= Hl A HRE AT, ol FH= A=A, =4, B F7
o] A9} Gl E FFE v} B3, & EGO ETF EAT s AL
A ZE(ISRU)Y| 7Fsd= B7Ioke Hl 71% Aa= AMGETHI6-18].
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SZuPAL] A% ZROINE 2 W0 B AT Bazlolet. & WA nlAR Y%t
o dle WAL 337] L WR ARG AT S 9lom, ] AR A A7) A
Y AT 8T 5 ok wreb ofat AT HASH: Woto] Waste, BT )
9 Aol 714 Aol 87AEH19201. B Hobrl, & WA Fulet 71719 Asols 537
Q1 TS v1A % glel, Al AT fA B ALelE FQT 18 RAR ATk
olefat A TelehY, & HH WA QAT HBAE Bol] SR T WA Aolo] 3t
7144 v go] Bas Aow W)

webd] Aol & WAl thet AukHel RS Agsle] A5 olalE B, o]
2 uigoR o wx Bl A7t 2 BY A AE 5ol glol a3 Ho F shiue
7zstaAt gk ES @ WA Alo] 710] AT B BAsle] BT AT RS Al

WA} gt

2 FZ8 A (unar regolithys & FHS P11 Q= ohHSHH Rt 082 28 24 &
of o5 A/ Tt 2719 AR FAHHETH21] €2 AFH R 1wt w2 A9
t)5k= A H(highland)#t A 0= W11 et 2|9 oJu]sl= HitKmare)= -6
[22], o]2f3t A|Ho] w} HEH A9 E82 EAdo] thEA ISHEHH23). ol =A1A A3
z27, pH 4 FF VL, HYES =E AT 5 TSR 59 289 FFoE EAHEN
[21,24,25].

E3 g AEEae 3R 2710 T 2 B unar soi)? B WAl (lunar dushE FHEE
o g EYS JZEA F YA 2717F 1 em o5kl BE-S oulohH, I FolAk Y7ol
20 pm oJsto]al - (agglutination) 9] YRE FAHH HAlRE YAES & HAE A
oJdTH26,27]. @ WA= @ EY AE FAY 20%= ARGk T, ol A&7 vast
H - T2 gotH27l

PR 2719 #H FHl= 5 FAF Y] 8 9 B =449 B2 ATl T
a3t 942 283 weh27,28], thRe] A Aol okERE g WA #E(Apollo lunar
dust samples)?] AT=E Bl YA 37] EE(particle size distribution)2} FEl(shape)oll &+
?F A7 Y= ATH28-33].

dlE £91, Liu et al.[29]1% FAPAAE ] (scanning electron microscope, SEM)S 28]
of g x| HE9| At FEE AAls] A 6IGit & HA YR Y 2Ye] 7PEAH
o B5Rt FElE 7L Qlo] Hlof] JA7F M2tEE b JE v o e, vke HHE

o] 71z Hrelulrh. o= YA U=of A0 RS HIA B HAY ¥EE &
8] 9 QIA|0f| WA= FFE TS E4SHA W= 4= AUtk Park et al. 271 oFEE A5
A AFSE G HAE EASH], & WA AR IAI0] Rl 54 I 7HsAd= AAIsE

At A Aat g WA 95% ool 87| AE Y 5 e A YRHC2 pm)E
=] Qlof, HE7R] JES 7Fs/do] 2= WAt E3L o ER 113 = Uk
YAHC 100 nm)7t A7 HA T FA =2 H]ER1 40% o 3= o] Qlof, AFE AHo

i
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A9 Ui JRFS] o] At S} vlsiAY B AR ¢ tke M2 AESIAHB0L
L AF BlloAE X-ray AEFE ©E2Y(X-ray Computed Tomography)#} SEMZ &
3 & Wz BES 33108 BASle] Yxlo] noF F7], EH EAS FARIIT ol#gt
WS 53 1 mmo AE Feks A 3 & A 7] 3 (Table DB4IE He
slo] PR} FFo oF 30%S AATR= 20 pmHTh 2R QAR] BIE BAEI) AT A
I}, ZA| DA 9] oF 80%7F 740l 20 pm Ul ARef o5 A E= Ao ® et

Aoz, & WA F2]2 S0 igt ofsle #H E‘/\} T g WA Aof 7]& A
< SRt I 24olH, HH HARE 913 a&20|1 de 1"6} flel & wx9] &
A3k 7 ggfo] Tat A&l A77t Wasith o)t B HARE e A A
A 9R1Y Aol 71x A= BEE A= 7Y LE}.

2.2 gtetH 714

g gEYa0] 3k EAGRM, BE, 94 7)) olsle EH Aol At A
Sk 71E Be A A0} 7]& 55 /Esks H Sasith 2 WX =8 Y4 qf
(SD), EFE(AD), Z(Ca), B(Fe), "I (Mg), EIER(TIO,) 5ol lom, of=f3t Ui
2 =z Alg7o]E(silicates) I AFsHEoxides)?] FE|Z ZASH}35,36). E3}, EfjRE U
A &4 FE2 Qs & #Ho] gZEs §4 ¢ 3K5HISKchemical evolution) £430]
g 1Y 529 2o FFZ HART], A, FE R 940 Ex= 2o XFsh g

I

ru[n

Table 1. Particle size distribution (wt%) for literature sieve analysis in Apollo lunar dust samples [34]

Particle size Lunar dust sample
(um) 10084, 79 14163, 120 73221, 11
10 14.2 25.1 21.4
10-20 11.9 9.25 6.68
20-45 19.9 15.0 14.5
45-90 19.8 1.4 11.0
90-150 12.1 9.4 9.29
150-250 8.12 1.2 13.0
250-500 7.68 6.20 9.15
500-1,000 6.3 1.4 13.9

Samples 10084 is the bulk soil sample, and is collected in front of lunar module (Apollo 11,
Sea of Tranquility). Samples 14163 were collected from the bottom of a 1 m crater with
glass in the bottom and at 15 m NW of lunar module (Apollo 14, Fra Mauro highlands).
Samples 73221 is a skin sample from the top 1 cm of rim of a 10 m crater in light mantle

region (Apollo 17, Taurus-Littrow Valley).
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w2t tp2et, o 50, A H(highland)= AP (plagioclase) & AIGY 3P4 (anorthite)
o7 FAgEo] Zg ¥ gFu|Eo] FHESHANL HITth Ath(mare)?] EUS AFFA, $4
(pyroxene), &4 (olivine) 2 YrHe|E(ilmenite)® =0} &, ni1vls 2 EERgo]
AiHog ¢ gol 23| o] Irt38l. AH o, AskA(Fe0)Q] HduEol wt 8.6 wik
ulgkel A% 1A E4, 8.6-15.9 wik?l F% 1t (intermediate composition) &4,
15.9 wt% Z23%1 -9 vt mare) A9 242 &2 4= ItH39l. E3t E4 JE2 4F
(K), SJEx Y4(rare earth elements), AP &2 F 23t AL FhaolaL gloH, o]zt
AT =2 Fig 13 Zo] EH gatol] T3 Ao tiefsiA 282 4= ltH40L

Uil F45 8 (nanophase metallic iron, np-Fe}2 &9] £8531 slshd B = slU=E, &
I Ao b sk Hl 783 A7 "oh4ll. o] YRS HUHES] 4 o)
I A §9A =l 3t FEL = Ak FHo| dhlElo] Uid) F5Ho] A, &
A JA; ;RO EARI. YA 5453 YA A71E B4 =2 o v AW
a1 Qlof, gH|e} QIAlo m|R= YRS EHGHA THETHA2]. EIL o] YA FHAA |
T =2 3 AT E Holw, WA Aloje}t wAH Y& /o] 583 848 ZREIITh
diE =0, g HAY A7 o] sl & HAF Hy S04 HAR QIFE ZAIE
SfAst7] eire Uit 539 E42 Jresfof gtk

|

[o]

2.3 N #8 7154

g fEgas vR AR B8 Qe VIS etk WA, AVEkeh 342
oo 4AaE FE0HL 55 IS Aitshs 71s°] /iEE v At Lomax et al.[431
A7]14 gY(electro-deoxidation) 4L E3 AFLHE(SC-24)0014 & A4 9] 96%=
FEo1L, a5 E29 £ a5 e ABASISITh SHARE o] oA & Ao oF
1/3& 2714 &9 34 5 WEHE 712 0ft-gas)ollA AEHAoH, YHAls FAo= ?l
3 A=A Metalysis-FFC 342 a4 ARHES A715lerd 02 ghlsto] 4as #e
Sk, 3t ggolu S - EE Aok AR TIeR, ALE St A6l &

& Fikae 785 &8 & vk AolM 8%t 7leelt & A-9] 2= Metalysis-

L
;

Anorthite
CaAl,Si,Oq

LS. Pyroxene X
ﬂ (Ca Mg Felsi,0 -/
(N

4 Olivine }}

' (Mg,Fe),Si0, <~

limenit
FeTiO,

Fig. 1. Resource utilization of Lunar regolith [40].
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2 AHA 7|z 2 A

FFC 874< &3 € Eﬂ%ﬁq@ﬂ*i 100%°] 77k Atag g9 o Qlee BT,
22 1 kg AN Aka 0] 4045 wtked2 HRA

Eoh Saeh dd Ado e aibHll AF e 7N R |RI7]A|9} /lEE 415 7]
&9 WHE 71T 4 gl 59, 24 Aog 8ok WY sl nola=y) 44

71&0] FEREAL QT Farries et al.[4412 S ¥R 445} vfo]a=20} &4 o] ofuA] &
HIE vlusto], npo]a2ut 249 ouA] aed¥t #det 7HEe] e AESI Jin et
al.[45]2 =9 RIS UHE(KLS-DE AMgst] 2Hehd 42 3745 &3 ¢2°l §l=
et == A okt

I A7 & RS A8 FlEEae A Al 28
al. (461> o33t 2] EF HAAIAM A= ZHHH 7t/ =1l }%

2 fAEE 24 20N 7 9FE 5 slolE AE0] 48T 5 USS HoFith
%3, Paul et al.[471: ?l%—%_“ﬂEGSC—lA)— ol-&Rt AN =2 A= AFES EAoH
(Fig. 2), oOFER H2of 2 AfF Ao WA Avke He Basklnt. of2eh Axke
LS A A Ao L] HeliAe A9E A AL HHs dad
AAFSIC}

Y A - 7kl Tt AddTe FE AT IUES ARSIItE HollA A
g e ] AAY 5 fltke S AL ok mERA, AAl E B0lM ] A8
7Fe 82 AT ffellAe F71AR1 A9t Eastitt. ok, AA| E wA9] 3t sheby

=04 54 W Ad9H Aol a7EH, ol B9 ' A 28] dadE =

i

3. A & ErAL ZH|0| O|x|= Hek
3.1 5Y =4 ¥ N skl
7ot g BEoN) TFY RS B4 dAe hart ATeol: YuHos
973 10 pm o5t YAHPMIOYE =2/ UAZ 5T, Zoflde S2o] #A14-9] oF
1/60°0 E3tsf ol 2 A= 584 YRo R E7E 4= Stk ASY 2AoE g HA
tJSC1A Apt;llo11. . X __/_\pollo12 7 Apollo 17

”

0

Fig. 2. Plant germination and development in the lunar regolith [47].
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7F718A] dell FAdse AR " AAsks |l d2le ARE 59 HiAUSe] A, A%
g 27004 47 1 pm ofste] PAE0] 7] (airway)ld G A7 = A got 23512 ¥
o] Aol vl o @ol SA=Es Ao] i vh UTH48]. E, Aol e T
23 o 2 A= SHEAR, g2 d717E /1AL Axste] ofHet &4 @4l TAYSHA]
gow, & wx|o] A2 I7|7F Bt FET oF 8uf ¥lof B vESAe] =l miA &
A FA00 <Jsl F/44E S71°0 2l FEo] IR o] UH49]. ol /o] met & |
A9 =gk A7t 85, ofFet R 4 847 FJEY] At o] 3t )
oA ofgA et oz 2got=A] olsfe Bart Sl € WR|9] =4Sk RAE
53l @2 TlolEle € WA k2ol tiet At A9 V1SS AL, @ wAof digh
71E& =55k Hl $8sith

obEE =S| A¥, & RHOA HAF e #3FT FFHAES & WAV A5
AT 1 Al2Eol] mjAle gt obdzt, Al niAle AdAE 7HE ol g Xt
AFAHB0). G A vAlRtE A7 2719 @7t R R AAel Hdt A 2A4
€ 2o &+ 3ot 53], TV B3 AUz e € Al WA JRste] A5
©g7] AgS T 7s4dol Atk Cain[1912 & WA9] =4do] oilSleehgkths 2
P A EOE W2 SAE Boival By J8y ey 958 AP 2okd
, E HAY B2 HE 371 ¢ At okER AR fFHlAES A9 B &

s =
557 A% 2 i AT AU, A9} 5 T 95u0] 2o I T WA 2 mE
_]f']‘

J

S IA ol H2kEo] FPF2 vk ol A HiRt HSAR] A7 WeAgS Al

o] A= g HA7E QA pAE I 2. Al 01, Lametal 511 F&
o= 3t Y 54 B7F Aol 4531 & WX kEE FHolA H 5 AaSol
=5 S 2EY g A 527 6.8 mg/m? olstollME folmIgt Rl 2HE
o] g2 &RIsta], NOAEL(no observed adverse effect level)& AA51L}. o] A= &

S T 2o WE 1A IFS BUIske Hl S83 ARE AlSIh

g HAo 23 S5 JER dak Y Bkl S83% 240tk JEF Ha
= Aol SA=AA TRt A4 FFE vE o o, Sa52 A5 H 7R A
YA oS i 4= ok wEbA E W9 3ehA Sgat T1of whE 5 B7F B4
ojtt. @A7HA & HAof| thgt 518 = A (permissible exposure limits)= 5| 25
EA] okom, ol= F7HARl A8} HlolE S2jo] " ajkE ottt 53], T k&l
gt 71491 F3F B7P =T, olF B8l E VA F SHIAAY] A obdE B

g8 = e V1SS e g8t Sl

;
(]
:
;%
T

!

3.2 EAb oIt 71A[2H[2] 85 ot
3.2.1 O si4

o AL sk RS YR FAEle] glol, 938 1w Aule] 7148 g
A491 vhake Ao7|e nhR S sHik. o2 Q18] 71AA Aol AstE, HAk gulel
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olet. B3], o) o] vt 7)ol wAlele] HEow Qls) x7] 1A

-

A& =°1, Christoffersen et al.[52] OFEE 1259} 1759] 955 91 A& HA3
27, g HA YA Asf vt 7REEIR-E ERIskeih §5], @ WA JRE 55 4
=9 AR5 Bochal #9U AmE A ]% Aol ‘L]-“:‘]_-H et ol &L UTdT
Zgu9] rgo] AFAQ FFe i 4 low, F7H ZA7F BRTS AARIH
TS}, S50 o ARt vt SnlAke] A )t 7‘“§ a0l AHgAQl = R
O= AE Z2FH53]. Z820%)% YAGW= 3% 2fololz whEolzl AE(Chromel-
RZE 4% 48 Aol U2 2 WA gAol Qs AZeHA vHLE JARE &5 3 H]|
ojg& WA YA} RS oA RAAY, SolH e vl n|u]sHA] TEE ]
t}. o= WA APE 7H A vt Aol f-8%E A, S 95 A Al |
A AP A3 4= e A9 129] 7ol Baghs HojEt.

Gaier et al.[53]= ZE ofZ& ulAd & & AR 95t &A}F AH]o] £ = ulg] Wl wl
4ol HAEQlaZ HHthFig. 4. Aol UEH, @ #H| ME= AR} BAgle] BE
QF0lo] & ¥ BARREHLunar Roving Vehicle, LRV), 95F£9] X1, U AFFA|AA] &
é9l A 59 v AR 3, 0}&?: 163 ¢ -“F S LRVe] A7]3#o] npit

o
o,
-ll:l
)
r\l
! ox
)
L
_;
oN
-
el
1)
d
S
_l
::
ok
N
49
i)
fft
)
A
2
2
X
Oi
olr
_%L
>
k]

3.2.2 MK S5 Y A2 W

g WA o] Fue), A4 5 Bt e} Suo] EaEo] A ASHE FU 4
glon], gek Ax|xo] W7} Hold wao] Fasto] & B WA} F oA ol @
e w3

Fig. 3. Lunar dust emission of the Apollo rover [63].
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Fig. 4. Lunar dust contamination on the Apollo rover [64]

Christoffersen et al.[52]2 $F&2] 2 A%}, ddlS 23 =
27 8= AL H3thFig 5). 1 2y 550 49 WA AR 944 4=,
JFE vHHFig. 6)

SR e I S0 0 % S8l Ao o

R

of A€ & "AE 21

Fig. 5. Apollo astronaut’s spacesuit covered with lunar dust [49]
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Fig. 6. Crews body surface and spacesuit covered with lunar dust following an extravehicular

activity (EVA). Lunar dust can be seen inside the lunar module.

HA = "AF 5 Al Wofjolle FakE mIRth A4 9 7t i) HA|7E AolH T
tlofEl 2] eHdE "ojme|al, om]x|9] F&o| Astk]o] ek A 9 gAY e84
A Wefid 5= Qltt. webA, ghelofoly mHETE opet BE £ AgH|9] WA S3S
A5t7] A3t HAa B FA] Hap 7]so] "asieh sk g WA &2 F&F 40 o5
AAZ} o ZARE 7Hdol wet fA1ES Ajo] Bl 4 Atk &3], 25 &, 29
2 AR A9 7150l 9= vE 4= Sk

g Ax)7 F #eof| ujAE JF} TRIsto], Moore et al.[541= & HAZL gftjoflo]g] &
Hof| J2kgof whet E WAREC] A5, ol= @ I AARIS Bes ASAITL KB
JSFTE. OFER 122 A% B oAl AR SE 2= @ Ao 2R 2

AAETE OF 68°F &Qtom, olZ& 1659} 173004 LRV BiEZlE Z&H WAE A|AS
A B s 2% SIS 252, ol A2 & 7[R9 k¥l &
3t ZAIE op7IRi. gjofolE fjoj|= 7|ek ] I WAL SHEH G H

o] Ar]o] Fo|ut Wz Anfo] Pk m|F 4 ek,
4. g HX| Ho| 7|& HYEM

o HX] Alo] 7]&oll= HEPA(high-efficiency particulate alr) gy, 34719, Au2
T2 Z8T V& Yol HeaAE BEoto] A9 BAS WASh: 7e A
ZE5h= 71E 5ol AUtk sHAlRE HieadE E83t 71ee @ E0IAY] A8 714
1 Wigt/gell thet At} ob2] X8 Folm, g, 7|&A B34, @3 24 A &
Al 5o Qs A&3HE fIgt A7t o Tash E3E A 7leS & WA Aol o
ol wheh, A7 1S A-83 4= Sle B B&40] Al 4= Qlet. weEbA, £ =2
Ae 71E ATERE APHoR QUFHL o FHASHA H& 7heTt 359 Aol &
(HEPA ZH, B3718, A3} A5 &8 7€) SHH0E BAsI:

)
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Fig. 7. Lunar dust removal of electrodynamic dust shied (EDS) using electrodes patterns [65].
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