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AT 1
3 B2 YaefFr A (ONTY) 9ol AAJA7F 24k nix @447 g, A AZE 24
A7 2

271 nEA A A 2A, fugA, SUaA, ZEeldiAl, ofufol=A 9 ABAR FAEHE TR
FH AdgEs driad aiEA @A B G4 nEA @A F o= sty oS E¥eke S AY,
2 AZE 2R,

A7t A BAE Gt 2Efoldl 55 353 A (thermoplastic styrene block copolymer), @7hA
A ZE YA dag~E (thermoplastic polyolefin elastomer, TPO), 97}AA Z2]$-#lek(thermoplastic
polyurethane, TPU), E7taA  ZEg|obvlo]=(thermoplastic polyamide, TPA), <E7F&d  ZHgldg
(thermoplastic polyethylene, TPE), €7}&A HIFUA|o]E(thermoplastic vulcanizate, TPV) % o]5& 4]

s B9Ae FFFAA, A 2ZE ZR
A7 6
A4kl loiA,

A7) 47 aEA dAdAEs ZEddgd=at(polydimethylsiloxane), olZZ#x A2 3%(Ecoflex
silicone rubber), =@ 271 A& 35 (Dragon Skin silicone rubber), o}AHFZYEZ JEeljel 1F
(acrylonitrile butadiene rubber), FEZAFYolE|= Zgo|dd % (chlorosulfonated polyethylene
rubber), ol€d o}l U o]E ¥ (ethylene acrylated rubber), ZFL 272 115 (fluorocarbon rubber),
F43} oladEUEZH Fettd % (hydrogenated acrylonitrile butadiene rubber), HEZF o RZdoiAEH
(perfluoroelastomer), €484 Z89-de ¥ (thermoset polyurethane rubber), @434 ZElo]d HEt
ol 315 (thermoset styrene butadiene rubber), €734 S22 ¥ (thermoset chloroprene rubber), ol
HZ2asto|ltdl FFIA F(epichlorohydrin copolymer rubber), ol€#d Z23d tjel Y (ethylene
propylene diene rubber), ZTIWldAZAHPDMS), SFL2A8& 1F(fluorosilicone rubber), HAILH<Ql

ZdolA~Zd 115 (polyisoprene rubber), Zglofa " o]E i1¥ (polyacrylate rubber)Sl, AA AZE ZH,
AT 7
A 13l QJoj A,

A7 A QA= A AA A (ferromagnetic particle) T¥ 3AAl A (ferrimagnetic particle), A A
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Alge] A AXE 2ES AA-AA AWl AN F A7) Fait 2d8 Ax 04 AR Aehe
WAE T AT A AZE 2Rl TERY.
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168kl Ao A,

A7) B A AZE 2R Aol U ALY dole AL, B A AZE 2R I Ty
A7 18

A7l QoA

7] Abke F3 e AR AAE], 559 A AZE 229 {3t e

o] AR A AZE RS A=A Al AAAZ F Hx
24 271 ?4 A3 E

Bgo) A1ge] A £2ZE 23] FRE 254 % $9¢ B fA 28809 WY, A%E, 7] 4
olgbe ©AE Flz EHeke, B3 A4 axE 2R P TEUY

AT 22

o) A A 2ZE 28E AT AW 9N F A 8 A A7) FAE WA
24, 7] B4 Ay AYE RS UF $ERER $98 i @i o

Houltm o yRA Beba vnke] A4 AT E 22X (magnetic soft robot) E 1 A FHHHC] #I Aow ¢S
BAEAE A B &5, A &5 2 HE A Fo] sbedt awA HEA 7o A AZE 2R Y
o) Az B3 Zlojth

g7 e

2 2ZE 2R XA JlshE A WEk, A7) G, WE Fug 58 2 AR FFo
7hestth, olelgk A AZE 2RSS R EFAY] 2= 4Y, 3D ZU", XEHATIHY] Fo
T8s B Azt JbestH, Ade A=A WA FAJE Bug odd gxicle] sidw ol (P

Cabanach et al., Adv. Mater., 32: 2003013, 2020; H. Gu et al., Nat. Commun. 11: 2637, 2020; Y. Kim
et al., Nature 558: 274-279, 2018; Z. Ren et al., Nat. Commun. 10: 2703, 2019).
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A 92 F2E5 76k AED)E BT,

T 5% A AXE 2R IA £E B4 2AE Y= A2, I 2] Fueed dAsy. qbd,
PDMSel] 10 F¥9= 2P H A JAE d3”ste] A 23 F3) 8] (aspect ratio) 139 A AT ERHL 37
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=72 AM HASES BA3 AaeA, AAUR RS 10 F39%, 20 3%, 30 B2 FAeP S
2.5(A), AR-6(B), AR-13(C)°] A A~XE =Fo] fgddh= tzbd 7gls 54T 2z, 9 Ad ¥ &%
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) T4 oA Z (i) xy F FHE 2AEZE YR, g dAe A7) Fupeel whEl AR-2.5, AR-6 F AR
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102 o8 do AZE 289 3y £ 93 {4 i%%o] ARE BAFE Ao2ZA, 4994 g

gk e E T AXE 2 F9%)2 (i) Ad 2= (3.3 Hz), (ii) A B= (10 Hz)oll o8 A4
9 AgE0)(Y), 9 Bt WAS T 255 umJ AAE 7F 850709] whela=ul= SJA ] FF
vepdATE,

S 118 99 AXE 23o] nlolARMEg £Eekx R 4E ARE Uehls ARleld. 99 aTE =
H(AR-6/10 F-3]%) 3 Hz9} 6 Hz EFollx 2
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il rir 1)
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ETR O

B

T 12 o8 g9 F93te vt AZE 2H(30 RO 2REH oldE E9 °
ebd olmx(A), 9 31d B=(13.3 Hz)oll A yeElve &850 YXd 7teEk o]uX(B), 4 mm &7 <]
L S e [ Kl *a‘alﬂ @% +F5e 3RO A7t Ay £2E SAHS aH=ZD)E Yepd).

wgg YAl Aok FAF g
g:ﬁ [¢) ﬁ o] :

2 RNl AMREE 0] "ATE 2R (soft robot)" S FAA0] She FEAEe] Tere A ololl 4
A 23 (hard robot) ¥} W= Jlde 2RO &4 dib] W& 9 E (Young's modulus) S Zb a1tz €A
Al(polymeric elastomer)& 7|Wro= 8H w4 ¥de] FAdS radsor ob 44 =25 3 28 fd
g FAE ol & ALAQ WAS 2 FEo] Thesttt.

A Al e A7k e Al e dAsd AT EAlEkEd kA B A S e 2Eroldl
B2 FF9 A4 (thermoplastic styrene block copolymer)®t 78 AElo]dlAd ¥HAA], AVlAA ZF2HaAde
2~E™ (thermoplastic polyolefin elastomer, TP0O)$} #& Z#dAALE w©A4A, <7laA ZH9He
(thermoplastic polyurethane, TPU)&t & S$@EeAd gAA, <Dr7taA  Zgolvlo]=(thermoplastic
polyamide, TPA)$} & ofmlol=A w-AA, A7tAA Zg]oe @ (thermoplastic polyethylene, TPE) & o]&
= Taste SRl Ae FEATE 23EY, A e Aol St E A S (polydimethylsiloxane), e
FEE 2 A 1% (Ecoflex silicone rubber), =+ 231 A& 3% (Dragon Skin silicone rubber),
olmad2YEY HEdl IF-(acrylonitrile butadiene rubber), SEZZAXUolEl= ZdEd I
(chlorosulfonated polyethylene rubber), ol® @ o}laH#o]E 1% (ethylene acrylated rubber), EF2 =7}
& 3% (fluorocarbon rubber), G435} ofadZYEY HF-Ehr]<l 1% (hydrogenated acrylonitrile butadiene
rubber), HEFLZAdE2~EH (perfluoroelastomer), AA3A Zg]$-dwt F(thermoset polyurethane
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rubber), E743A 2ttoldl FEr)l 115 (thermoset styrene butadiene rubber), €734 FEx=xd G
(thermoset chloroprene rubber), SIS ZZslo|== FFFA L5 (epichlorohydrin copolymer rubber), ol
Z= 06

gdall 23 t]d F(ethylene propylene diene rubber), ZFQ2A2]& 5 (fluorosilicone rubber),

AAnFQ FeolAaxdl 315 (polyisoprene rubber), Z&|oladd#o|E i1H-(polyacrylate rubber) 5o =4

Aol =, tad v ym=fFHE ANTY) 39l A7t E4E aiat e A7 19

bl c}
w, 25 WA 35 F99= HAE 5 Qo).

dAdA, 2Ero]AA, ofufo]=A B o~
Aot i GAA F o= st ol
A7t 2efoldll £F F5 A (thermoplastic styrene
gl B At~ Er (thermoplastic polyolefin elastomer, TPO), ¥7l2A &
$-d &k (thermoplastic polyurethane, TPU), @7}4A Zg olvlo]=(thermoplastic polyamide, TPA), E7FAAd
Zolol g @ (thermoplastic polyethylene, TPE), @7}AA HIFYA|o]E(thermoplastic vulcanizate, TPV) 2
ol5S TAsE WA TFFALE o+ oden, vl @A A BAAE EEUdEAEAL
(polydimethylsiloxane), olzZZdx AHgZ F(Ecoflex silicone rubber), =& 271 A& 1%
(Dragon Skin silicone rubber), o}ZHRZUEZ HFElr]el 3% (acrylonitrile butadiene rubber), F22MXE
Holgl=  Zgd’d#ll a5 (chlorosulfonated polyethylene rubber), o8 olmHo]E ¥ (ethylene
acrylated rubber), ZFQ27H2 T (fluorocarbon rubber), <43} olmd2YEZ RElgd nY
(hydrogenated acrylonitrile butadiene rubber), HZ&FQ Zde}~E ™ (perfluoroelastomer), €434 Eg
$-d¥t 5 (thermoset polyurethane rubber), @743} 2elol#ll H-elr)el ¥ (thermoset styrene butadiene
rubber), EA3H FZZZU IF(thermoset chloroprene rubber), AlIFZZslol=d FFIA IHF
(epichlorohydrin copolymer rubber), ol@#d ZZZdl t]jql 1% (ethylene propylene diene rubber), Zz|t]
e A Z2HPDNS), EFe 2482 15 (fluorosilicone rubber), HAmF-<l Zg|o]AXal 115 (polyisoprene
rubber), EEotaYH|E 315 (polyacrylate rubber)¥d = Uth.

A7) A AZE 2R dojq, AV AAYAE AAA YAH(ferromagnetic particle) TE A YA}
(ferrimagnetic particle)d & AL, 7] AAd A= ZLE, YA, H, o599 Aists % o|59 FF2&
2 FHe ToRRYH AdEYyes s ol A EAS Xt AAAYPAY Foden, A7) @A |

FH AYEE 324 2248 2@k AL LAY 5 .

wEw, aap e A Gl AdAAE AAEte] A @AdA dAl-#
al

YA BEAE Azshs v WA ATA-PIYA BEA Az B2 aea B ATA-Rg Y
A B3 4A% dolw AvE A Ba heFE AOMNE 92 F AN 9-29e Fass 9o
9w H-m9E B2 heRn 48 vl dsel; 2 s 9-n9 ga BeRo-uka gy
YA BEAS AAH FHNR Adshs 9AE Edeks, ALY A 2ZE 2R Axdel AT
A,

ol A WA ATA D ATt L3 A

1A
b
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53]

e g A Ao waEd, 7] Ad £ZE 2R Y] Fubrh 2 A3E vhehe @
3 B 2
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olubd el W
CNTY 34

g4 yrefE AN 5 S sketSA(0vD) Wi e ® Axsdvk(J. Choi et al., ACS Nano. 11:
7608-7614, 2017). ¥rAYo & wWEH(Singin Gstech Co., Ltd., 99.999%), 2R EZ E] 2 (Sigma Aldrich,
USA, >99%), ONT §AS 98 Zv) A7A=2 A=A (Signa Aldrich, USA, 98%)& AR&3te] 1,200ColA &4
3G, whE-2olA (NT+= @5l o]o] oM E(Daejung Chemical and Metals, Korea) £FE AA 2o e
2 A&EAo R QIFHUT. 100 7FEre] NIY A& = AolA 5 m/min® e X2 Aobx Axskgith. 100
7hebS ol WA EAS olF A Th Atolel IS 7K UiR-E FA53lTh.

CNTY2 A7)

PDMS(Polydimethylsiloxane)-&d A} &35S PDMS AF+#| 9} 7FalA]| (Sylgard 184, Dow Corning, USA)E 10:1
o n&R2 E¥ea A JA(CC 57, BASF, Germany)ES HAE 1, 2, 10, 20, 30, H& 40%=2 A AA A},
CNIYE 6 cm9] A3 dol= el 3 Weo= PDNS A7A-d g EFEo] 18 5 D3k, dL004 10
B FARoE ASIA ek PDNS-H 9AF EFES AAS T, 5FA EFERZ FIHH ONIYVE 130T 229
Al 3AIE FoF 3] AsA Y. 32 e EBEA= 2.5, 6, 139 FIAR(AR)E Aekdt.

A v=E3Ae 54 #A

CNIYE =243l e PDNS-H 42 H3Ao 3¥ FAe & SEM(S—43005E Hitachi)= =4 3th. PDMS-H
AAF E3FA] H3F HE(complex viscosity)®= ZHCE 7HAo] 5 ml B3 ZHoE A2=®S 7H FE5A
(rheometer, MCR302, Anton Paar, Germany)® AT, &% 2L 23.8CAL Z1534+= 1 Hz~100 Hz7HA]
HgHATt, A9 iR UreEgA el ¥3} 23} Fh(saturation magnetization, My)< FFA|HE 23-&F47]

(VSM, MPMS3-Evercool, Quantum Design Inc.)E o]-&sle] =Aa1gitt.

27 = ,‘_rlf‘__}d

A7 288 2 3l 271l A7) FI4E 3.3, 6.7, 10, 13.3, 16.7, E& 20 Hz2 vpiraA] A4
A ARAN sk A 2ZE 2R £4UL B4 . £ AL 4 22E 23] AY FAL

gEolel AZse W= £ 5L 9dd FHW 2.5 U 68 AW oY e Ay 4xE 228
2
L

g =% TE 23 AN 7}“1]E}(FLIR E64501, FLIR Systems, Inc., USA>°ﬂ <]
B gEnh. & 9ol vholazulme AR BT 255 pwoldlth. Wog M= pdol AgE ez
A3} e 247t 4 o} 52 ngo® AT

E 230 gxe A7 A A="(R 1A% 1B)9] = siF-stlM 93-S dd

Al Bl 9 3 APz 2ol uss PAshE v HEADTE fAge. w= J
[e]

A

=
Ao Bk ANALAE EFHn e JaE fda
v

q AR F2E GA Az 98 INTYel dig £
T, g ME ARSEE ONTYY Yt
S A7 340 umB oA AZEGITH. 7] HESA

E3HEol ONIYE H3gste]l 53l th(= 1B9F 10). 5 um 3 YAE
‘%TroF CNTY-°4 ”4011 hls **EH@P_E sgo] 7Hsatglth. 0= AABE sl PDNS ATAHE

O

rl
rﬂHLL

NN oY 4
e B od o o £
2L e 2 ol

A2} E3} A3}=(saturation magnetization, Mg)+= PDMS W] -

%, 9 %
o ¥ulgel web 2AHALCE 19] DI B). A AR Aele] e gPHow s wYol
& nuA e A8ee A AAE mRaHEd, PNS ATAL wA BRCE 2)2

T W
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gxog HAESHEA INIYH HAAE vRldsts 982 g8ty a&4<2 A7]o]5 (nagnetomotility)= <
23t A=) E 2] HElAe E JAE Eol AA

:Czljl
i
flo
H:

Aio] G of= AAA Ha, e ofs H-2" Al Ad 5

THOR zAFEY] S8, A28 WF zE HTH(SA0S) oA %%L A %‘1‘1-"4 sty 545 543}91‘4. e 21]—

T3 (angular frequency)olld A7 Ao &4 A= A & 2

Zbzb 29k 1] 7]1271E dEkde. d AF SAkEA &2 PDMS A Ale] B3 A= 3 rad/s 74 ok
]
=

18 Pa-s= A, 5, 10, 5 20 #3%e] A A AA &= PMS A7-A-ddA Eghzel 59 A=)
747} 33, 90, R 371 Pa - s® F7bete] F olF ONIY Aol zH2} 10, 14, 2 21 um FA9 A7) BFA &
AAE S AAqT (23). 71 A2 W 27 40, 69, 2 118 emu/g® SAHEATH. FAH AR Bakd 7Y Y

A= AEAHo g 20014 30 F9% Alole] #AE% ¥ F o] (rheological percolation) UAZFS YERNH,
Atz 30 F-H%e A dA AA &N A= Z®W FA= A7 897 Pa - s¢ 60 une® FA43] F71eklaL,
152 emu/g®] Mol SAHAT. 40 F-H%o] A JA AAE&S] 49, PDMS A7A-2 A EFEC] 2056 Pa - s©]
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Rectilinear mode Transition to rotational mode Fluctuating rotational mode

CCW vortex (3.3 Hz) Chiral inversion (3.3 Hz — 10 Hz)
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