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Recent Advances in Electric Stimulus-Responsive Soft Actuators

Seong-Jun Jo*, Gwon Min Kim*, Jaechwan Kim*'

ABSTRACT: Recent advances in electro-active polymer (EAP) actuators, owing to their flexibility, lightweight, and
simple fabrication process, have showcased their high utility across various fields such as soft robotics, biomimetics,
wearable devices, and haptic technologies. Moreover, EAP actuators are evolving into smart devices with new
functions and characteristics through the integration of functional materials and innovative technologies. This paper
categorizes EAPs into ionic EAPs and electronic EAPs. Ionic EAPs include, most notably, ionic polymer-metal
composites (IPMCs) and conducting polymers (CPs), while electronic EAPs encompass dielectric elastomer actuators
(DEAs), ferroelectric polymer actuators, and the recently introduced hydraulically amplified self-healing electrostatic
(HASEL) actuators. Detailed explanations based on the latest research are provided concerning the mechanism,
structure, performance improvement strategies, methods for adding functionality, and application areas for each type
of actuator.
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Fig. 1. (a) Synthesis of Th-SNG molecular structure. Reproduced
with permission from Ref. [4]. Copyright 2016, Wiley-VCH
(b) Synthesis of boron and sulfur-doped Covalent
Organic Frameworks(COFs). Reproduced with permission
from Ref. [5]. Copyright 2019, Wiley-VCH (c) MXene
molecular structure and the combined molecular struc-
ture of PEDOT:PSS and MXene. Reproduced with permis-
sion from Ref. [6]. Copyright 2019, American Association
for the Advancement of Science (d) Synthesis of MXene-
based Metal Organic Frameworks(MOFs). Reproduced
with permission from Ref. [8]. Copyright 2023, Wiley-VCH
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Fig. 2. (a) Fabrication using the two-phase evaporation tech-
nique and the porous micro-network structure. Repro-
duced with permission from Ref. [10]. Copyright 2022,
Elsevier (b) Antagonistic solvent procedure and amphi-
philic Nafion molecules to assemble into micelles with
ionic surfaces enclosing non-conducting cores. Repro-
duced with permission from Ref. [13]. Copyright 2024,
Nature Publishing Group
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Fig. 3. (a) Synthesis of graphene mesh electrode by CVD tech-
nology and sensing mechanism of actuator using
embedded graphene mesh electrode. Reproduced with
permission from Ref. [15]. Copyright 2019, Wiley-VCH (b)
Image of the fabricated IPMC kirigami metasurface.
Reproduced with permission from Ref. [16]. Copyright
2024, Wiley-VCH (c) Operation of grapple robot consist-
ing of six symmetric ionic actuators based on BS-COF-C/
P.P. Reproduced with permission from Ref. [5]. Copyright
2019, Wiley-VCH
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Fig. 4. (a) Demonstration of artificial human robot’s eye. Repro-
duced with permission from Ref. [8]. Copyright 2023,
Wiley-VCH (b), (c), (d) Demonstration of a tree with danc-
ing leaves, origami-inspired narcissus flower robot and
dancing butterflies on a tree. Reproduced with permis-
sion from Ref. [6]. Copyright 2019, American Association
for the Advancement of Science (e) An inchworm-
mimetic soft robot and locomotion of inchworm robot.
Reproduced with permission from Ref. [13]. Copyright
2024, Nature Publishing Group
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Fig. 5. (a) Scheme of actuator operation using bilayer formed by
PPy and a flexible film, left is reduction process and right
is oxidation process. Reproduced with permission from
Ref. [17]. Copyright 1992, Elsevier (b) Scheme of the fabri-
cation process based on PEDOT:PSS using ink-jet printing
technology. Reproduced with permission from Ref. [24].
Copyright 2018, Elsevier
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Fig. 6. (a) PEDOT:PSS/PEO microactuator fabrication with LbL
process. Reproduced with permission from Ref. [25].
Copyright 2019, Wiley-VCH (b) Free-standing PEDOT:PSS/
SU8 microactuator fabrication with photolithographic
patterning. Reproduced with permission from Ref. [26].
Copyright 2013, IOP Publishing (c) Micro tweezer made
from micropipette. Reproduced with permission from
Ref. [27]. Copyright 2022, Wiley-VCH
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Fig. 7. (@) Working mechanism of DEA. Reproduced with per-
mission from Ref. [31]. Copyright 2000, American Associ-
ation for the Advancement of Science (b) Bending
actuation of the UNDE film toward the surface with con-
centrated BNNS. Reproduced with permission from Ref.
[37]. Copyright 2022, American Association for the
Advancement of Science (c) Optical images of MGSBS
elastomer self-healing process. Reproduced with permis-
sion from Ref. [38]. Copyright 2019, Wiley-VCH
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Fig. 8. (a) The working mechanism and structure of DEA with
SMP and Optical images of DEA actuation. Reproduced
with permission from Ref. [39]. Copyright 2020, Wiley-
VCH (b) Schematic illustration of the fabrication process
for printing DEAs. Reproduced with permission from Ref.
[40]. Copyright 2020, Wiley-VCH (c) Transparent actuator
capable of fast voltage-induced deformation. Repro-
duced with permission from Ref. [42]. Copyright 2013,
American Association for the Advancement of Science
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Fig. 9. (a) Left is ball toss process by the PHDE actuator and
right is a jumping robot with the PHDE actuator. Repro-
duced with permission from Ref. [36]. Copyright 2022,
American Association for the Advancement of Science
(b) Structure of the electroadhesion-enabled soft grip-
per, and demonstration of gripping different objects.
Reproduced with permission from Ref. [49]. Copyright
2016, Wiley-VCH
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mission from Ref. [50]. Copyright 2021, Wiley-VCH (c)
Transparent loudspeaker that shows the laptop screen.
Reproduced with permission from Ref. [42]. Copyright
2013, American Association for the Advancement of
Science



Recent Advances in Electric Stimulus-Responsive Soft Actuators 257

918t 54 Q48 G UTH4S]. AT A% 3D 2
° 2 YL AZsLIL, o] & o] &3] PDMSE A Zuj 3
A 25 AFsrg o0, Yol DEAS 4F¢)ste] 117] %

Az o) 71AA AT AT S o Ao
2 A&steich. Eelolmi e o £ DES 883 DEAL 1)
A4 BEHZ ARE 5 Udgon], A% BE ol Hve =
A3k A7k MR GIck35]. B4 WEl 7] VHB 4910
2 Ak wAb e 159 W2 84S B Fg.
9a0]i= 0] % HE U E§|= £ A4 PHDE 9|5 o]
HE A B B9 BEQR)T YR 2R(eE%)
2 A5k Ablo]th36]. Bl =Rl A Fig. 9a0] A4HE
9ol 200 0] FAFE oo AFofo]elet E(roll
ofZofol8, & HL 52| 7|4 AR} A3kt Shea
et al.2 Fig. 9bo] Ui} G15o] A= wEel gl moke)
HFo= 17] 42 7)o 9l DEA 7|u deln] 23s
WHESHGTHAY). DEA of A39jo] F77k A2 the A7
2 2100 pum, 175 pm)& BHOR, T A el Fo) )
Aol Q18] F3) Mol WAL, ol | Teluzt 2
AS RES GET B3 AR wEE gk AT PR
Hero] Q7be ) A71AE FAlstel 17 AR WA
o = FolA, A7) 2w HEE 2ol s &
A A 5 YES S, A7 S 24 4 9
cha s

FUREE e B3 A4 BAA 7] 22
@ AFofolelt 24 7S 40u7b WEAA S
Z

4

A

¥ o

< A =0f e 2 285 QIrh(Fig. 10a)[37]. =0l 4]
H2aa gak A7 dFofole7t 25 AlA"E 47 A
FAE AAsh=d =go] d Ao wstich 22
o= W& 5 AYS 2= 18 um F7| 9] DEA(FT-
DEA)E &8l dFoo] 9] -5 A5 ulfof Hes
= 9 7|171& AAFskAth(Fig. 10b)[50].

FT-DEA+= T 5-29] DEA -5 H¢} X W& ks A
ol 450 VO A= 25% HHES WA, =R A= o]
o] DES] =77} uj - ¢F7] W&ol 7ha gt Ao &2 AR st
il FT-DEAZ AZSE 48 el 7]7|= 1 Hzol| 4] 500 Hz
HAZHA] B2 AT E S8 A9 5 qlslen, fi
AR 73~97% H9|o] A2 e oA Ty st= Al
T 4= QUTh o] 2 HEA|Q] sto] =27 7|49
DEAE 83t AA| 71 ®flolA 25 st
gt 23 A7} A A ek (Fig. 100)[42]. o] A& £
EAZE 7] RS 2R Holdi Fak W olelA
A ASE 7IAA A2 HEE = Qltks RS B
. He et al 2 3D =2 7|&& &-83F DEA A& v
off 3% 2719 2 E 2H-S A &S5 o
Aol A AHEE 3D ZAE L B
£ o]FoiZl Y7]F B/ DEAE 1HHSHA A
2hek o= Qldek. Al 4

24

Al
L
-
=
T
>
[e)
E]
=

oL
fn %

o

ofl > AN e ol 4 fou
o 3¢ N
of =
ol

W
=
1o
ol
O lo
[t
fu
e
flo
el
NS
o
frs
8
8
2
i)

a B ' .|= B -,
( ) + * §¢- +w ", ‘_E ; chake v 4_,,--——‘:
- (.UTU § 5 : v, \ePulln .

= e X Voltage, V

0 5 10 15
Voltage (kV)

Fig. 11. (a) Basic structure and actuation principle of HASEL
actuators and (b) a circular planar HASEL actuator
achieves larger area strain than DEA. Reproduced with
permission from Ref. [57]. Copyright 2018, American
Association for the Advancement of Science

2F 450 mgO 2 vl 231 7} S, 760 Hz, 9 kV A1 3.0 A]
25 60 mm $20] 45S WolRrt. e, o] REL §
2], 2nls, wa, Fol, U 5 rheket Aw 8743 A4
A A=, AT ARolA TET Bk ok 24 AYE
7Hsstart.

w
o

28 DEX HF=0i0|EH
F-- % A (Ferroelectrics)i= |52 #17]
2 e fAshul, 95 2714 ol
B 5 Qo BAL 712 ok 4547
B 3} (Piezoelectric effect)S 7}2] 1L Qlo], o|Z o]
LA} ASofolElof Tt A-Eo] A|&A o & WERE AL Qi)
Kawai= &5 2 23} E2]u|d2tdl(PVDF)o] b & x}
£ 7= A HxE skl e, o] & 9l 543 7
AlA, &= Aol Fastrhs2]. Y A2 1
= &l =3} vl'd A (PVE), Z g3t vld (PVO)oll & &
A 7| (piezoelectricity) & S4s1%2H, Z2]71HY|0]E(PC),
E2 o (PE), ZH EtEF 2o (PTFE)o| = 2}
31, A7k whet 745 @A7]7F S Zhang ef
al2 A 2A 521 P(VDE-TrFE)of| Hx4A ZARS 7+
Fomm AE BT PRE U me T gel A F8 A
(Relaxor Ferroelectric)E A|ZFs19iTh[53]. DA 7382 A
L oo Fulo et R4l BEpAE Ho] B4l
, ol MRS 2ARRE P(VDE-TYFE)7F EEbl A 7

oN
o

)
op L of |»

-

e o
e d4 g2
1o

P ox
iz S [

<t
s jinss FUIO l-ﬂJ

-~ L=
o T e

o
a4

—_—



258 Seong-Jun Jo, Gwon Min Kim, Jaehwan Kim

A9 Ae LA UEhe Ae Bkl

Azt A2 A 2
£ okl 2835 = %
A A 7es S A AFollolE A WAE EE
SFATH54). °] & &3l Az doolH e H7E R
ojHE FH 2 A 2tE )l ow, Zhzre] FEof disf Fub
=4 SHI 31 FukeE S =2olA= °o‘EL
A A 7se EE7t HFollolE Azt Wajo] vlAlfA|
Slof] 7]Hket FH2o1 3 (LOC) Zofoll = 283 4= lrkar 4
RS

zZolle A LA HFofolE 9 Fe& AMAdsH]

—r’

8 AFESo] WHEE| L Q). Zhang et al-> B3} 271(FA)
< A 7182 A|Q1 PVDE-TrFE-CFEo| AMg-3}o] B 1
3t2 FAA 7|3 A 771 A2 A F3Fs A eSS =

o]l A= PVDF-TrFE-CFEQ] FAQ] H|&of 2 &4 /\V\
Zh B2 A2 =45ttt =4 A7)k, 1.9 mol%e] FA7}
A7 = PVDF TrFE-CFE+= 40 MV/m o)X A 7] 7| A& &
o =ghol 88%, 1+ A=rgko] 1050 pm/VE HERHH of
UA] 58 AT E B2, gole e 2] Fo Hopol 23t
3t A5S HolF3ltt). Sekine et al-> PVDE-TYFEQ} SWCNT
Bo1E9 8h4 202 ALgslal, PEDOT:PSSS} Aks) ~1a)
H(GO) HohaS AFo 2 ARET b AL a; o Fof o]

E WHE3YTH56]. =Fo A= PVDF-TrFE2} SWCNTE]
B A =7} PVDF-TrFEo| H|&) Z71ehe E9 a1, 8
B W9, Fas S8 Aol AAES Beletal. B o,
A2 o zofolEl i 7o) 71 AH Alsg ALshs o
g P S UGS Hol W okl 4§ 754 A

A3

3.3 RUSE AIHRIR YW AZ0|0|E
FUFE A7H f 3 AHASEL) o Zof o] 8] & 7] £9]

EAPE F H|u A X|{of By 7]§§ A7) AL &
o SHS 2 FF HAYUSE 23 JAth(Fig 11a).
HASELS- 27} 2|97} 7Hs3F 94 A] A S AFL31o] A
A ut3fof &Jsf A Fof o] Ef o] 5ol HAFHA| et
gdol ot g HASEL: A2} /o] Zhdksal g5 <
Eie vl WEn], 9pit it FAlof FAAE 25l 3l
o] 25, JojelE A, AZE 2 5 v}k Hofo] A

ol 28 JPee wo T 9t

Keplinger et al2 %]z 2 HASEL 9| 3=0|o]E| & A| 25}
1 34ITH(57]. Fig. 11a0] UERL} 915%0] 22:9] HASELS
Ey mopo|gion], ol By S Bt 41, YR 27 A
F7F s A A, S A F 3Ho] ASE
Rakgh 222 A2telgirh. HASELS ATo] Ae 917}
st 7 AA7E A=l gl Fatoll oAl L, o=
08 48 s o) WAURA TEa 2 =
o] A= 5711 ©] HASELS: 2] 23} -2 0] o 3 of o] E] o] A]

Actuator lll

Fig. 12. (a) Basic structure and actuation principle of Peano-
HASEL actuators and (b) invisible Peano-HASEL. Repro-
duced with permission from Ref. [58]. Copyright 2018,
American Association for the Advancement of Science

37%2] M Eo| 574 ¥ 1o n, DEAS} 4|
o] A= DEA= 12%, HASELZ 46%(11 kV)= -,—,—Il— As5S
9IT}(Fig. 11b). =13 HASEL H3ofo|El= 1|9} &
2 I iAUSS AT 5 A AL, We 58
7}%@ < Hof =itk HASELY| -2 Bigo] gt A=
Y =) 9=, 1ol HASEL(Peano-HASEL)ZE g3t Aj
2% 39| HASEL }3oflo]E|7} T = QUTH(58].

Al =3Y HASELY 2e| (7 Weke s Zo] 33 1]
ohr HASELS -5 Al o] o= 5 2525 dh= A
o] EXJo]qirh(Fig. 12a). 3 =10l Ali= ok HASELS)
Al s s, o5 HEe Al F2= 4y & 7
AL E0l&d & &S Holsioh E3, gjob= HASEL
o] W23l et 5 Jee BT fldl Hts= |
A= ofad I Jdshich. #ik ofy 2t HASELS] A4
2o 71-X]SH tﬁ_ﬂ% ]Zs}h ;(].21] 7Lx] /\]/\qu;r_} =
o A £y G4 A ARG o] Kol g
o}z HASELS A|ZFslal whatshe oh(Fig. 12b).

HASEL o Z=of|o]8] 9] 55 7Alste)= ¢5-5-2 HASEL
HFoolE] 5 oS mdE A&t = Aot T o]
Folfith WA, wjof HASEL o 5=of|o]¥ 9] 55 74l
Sk7] 917t Aol Al S0l ¥ o) L2y =7} 5ol

X = = whofstr] Qv Ade AT =
oAM= AdS S8l AFoolH o Hs& dScte &2
ds AL, o] 5 B8l Aol 7HE & T = A

A HpE dobd o= QUSith o] 33t A¥b= == HASEL
£ o] & 7|8t AA 2 A &o] 7hest e g vt




Recent Advances in Electric Stimulus-Responsive Soft Actuators 259

Solth kA o5 mA L o 2ofolE o B A Aure
o Zstel, 914 O] HE U BAI e B B

|
D2 HofolE o Ajmef 2o High A 5wl
=
=

olejo] WA (e} 15%)5rh o 2 WAE(F 24%)S et
U= HS-3o}ie-HASEL o)3:o] o] 8|2 A &sheirkso]. o
ol = HS-so}ie-HASEL 9jZofoefo] e £4 ml
A4 AES B 2AH o] E4L B/, A
52 K WA A AIshech. HS 5o HASELS
A9 Q1T T (ACM} E2e A2RoE Aaslo] ACM
o By FE 22d AAUZS Ads 22 Axdo
2 2§ P54 ANkt

choret g-8-4o] 7= sl HASEL o)5of o] 23w}
W] Rofol A 3Lt B oA 5o] maew k. Hz
2 HASEL 3oflo]el2 Aiat i=Roll At 5-& 42 HASEL
a2 e A2eE A7) AF el A4
o) o o] i =119 HASELS AH§3L AL, Thexd
B W02 BA S A WAUSES BolF gtk Cha
et al & 33 W3 WAUZS 713 HASEL 7]9 o) =
2.2 AAshedehsl]. of714] A|21E HASEL oj5ofo] g
wglo] Aatel Mol Sdlo| =g wE Zeol=x 4t
89 #3 WYL G el A S ool

=
[e]

A, 4, AP HoG fA4 AR

=
H Iy 2o s gy, 4R S, EES, &
ME e mgS STk, HASEL 7]5k 1wl vhe
3 BAIS WE B4 oolw, 27480l 7152 et 4 9l
¢1t}. Kaltenbrunner et al-2 AJESA 7]50] Y= HET}
A8 A E ARS8l A3l 4 HASEL S F=of o] = A

A
o
ol
ok
2
k
B
ofN
Y
lo
fu
i
=)
°
o
2
oy
o m{o

e
NS0 O] EJ(SES) & +Adate] e 25 ¢
S A&t skl 250 QYrELS BF 13
2l MOF(£]), PLA(WF-E) 18] 11 AJ+-2l4] HASEL &Y
of o] | & A& th= EA o] At} o] gt A4t} v =5t
A, 2|+ Shintake et al-> AYES|AY ELEZ o] A=
& HASESL i5=oflo]E] 5 H3t5}9Ir}[63]. SLofAi= HASEL
S A5k A 985S 8 S4AHPLA)Y ZREd
olt]#|o|E I Y ZEY o] E(PBAT)C 2, §-H4 HAl=
TIN5, dI2 Agtd, FAE 121 IS EE
(NaCl)y& o]-8-ato] AJ2kstgict. A &b HS=of| o] = NaCl
7} Z7be vlgol whet o A=l viA o] FFS FUL

O T

10 mim

Fig. 13. (a) The grasp and size detection worked effectively for
objects of various sizes. Reproduced with permission
from Ref. [64]. Copyright 2022, Wiley Online Library (b)
Hydraulically amplified taxels (HAXEL). Reproduced
with permission from Ref. [66]. Copyright 2020, Wiley
Online Library (c) System of Shape displays and
Demonstration of a high-speed scrolling text display.
Reproduced with permission from Ref. [67]. Copyright
2023, Nature Publishing Group UK London

™, 10 wt%ol| A Z|tl| ¥ A3} 258 Omo] A= %1T, 1.0 wt%
oA G A% 012 Mpazz vhebgteh. 5 452 wlobi
HASELS] 79 1KV A1 54 0go] Fot7 A uf 3.2%
o WHES Uiehla, 99 HASELS] 491 8.8 g9] %3}
o Fe) 18.6%2] WFES Lhefgict. olefat Auk 4
5} HASEL 9450 0] e} 7} 7] 2] HASEL e}o] o] g
AZU A AT PSS AN, AR 2nE
235.0) 4 )Y HASEL 95olo] 89 A=l 2§ 7}
548 BolFl 249 2718 gt 750 Uk
T 2w R E ko). sy A7) 1w o] A



260 Seong-Jun Jo, Gwon Min Kim, Jaehwan Kim

FololE & 4

lo
PR MmO RN
u
N
o=
B
N
o
flo
12
Ay
2
o
a
lo
o
juis)
oX
H
=

=

7)°6-& Fig. 1320 Yeh Qlzo] HeEe, #iojA], B7], H
A, BEutE, A, 29 2718 AAS 4 Aok E3, vp
o|Ag HEEDE HAR AR 25 Fafsto] A48 1
gy 23 o A 2 5 lEF shglen, ol §
3l 18]y 25E AAsF T Yeow et al-& HASELZ 7]dt
o= 3 AlEn|E 279 47 2EY 252 At
[65]. AFolA = BEY A=5S 2x2 vfEH A L2 & A
Shal, £o| AES SR B E FA S 2ol A&
22+ W &-F ol 7hs st e & AlAbst ok Bk ofy e,
23| W Y-S U6t oA A 4 =
£ 9=

Shea et al-2& HASELS] 3| & &85t &7 %

)

O

i
o
ir{

=2
(HAXEL)Z 7l4rs}dth(Fig. 13b)[66]. HAXEL:= #17] 2] Al
52 59 71AH A5E Azl Agshs Ao W
717]0] B, o K HAXELS 53) $loba, 219, o),
34 5o /A8 AES £ltoR AR 4 At =
B &4 Ag ol 2d o] Aol AW &g Q1gto]
AT % Qe Ao FE AL 500 VE Lo, &

% AL AL LA AEE HokeA 14 eks A
Z(69~100%2] A3 =)= =413} 519}, Rentschler et al. .=
HASELZ &3l 318 A5 45kt ol Fig. 13c
UReRU 9IcHe7). A2HE ) A ol 4] HASEL 9
ooleje] 4% F£E FEIIR, ALE AL WA A}
&390, Alo] R A TAE e Wel AR 2o
50 Hzol|A] 7142 &4 msgaf, 7F Al o 2|4 0.1 mm, 50 mN
of E¥ WE 4X) 7)5S meon, oS Fa) ojux %
AL B4 A S, A " AR o] 2] Ao, ARE-ARe}
AIE g =0o] ZH= O A|ASIITE. Sitti et al-& HASELS &
off Eoll A AE sk sfute] =5 7H st lTHes). i
af2] 239 -2+ Fig. 14ad] Yeh} 9lom, sfule] 23
o mofo] YA P BASE 4 /15T 28

2 9% weRS Alojals 7)% 1E|al Fjute] 2] A&

HEshe 7s o= AT B, RS2} npo| AR
HEEHE sfubz] 2300 283 74l sfue] 253& A
AL, o] & A =R ALf Aol 2HEAI7IH 1At
olFe] Zg ol 7he e HolF At =20l M= sfute
ZHo| 5 A5 WS AL AR T2 TAA =9
T2 AFE P AER W7) 2o i opd AYH

Aloll ojw gt Hafie 4] b=tk Wastict. o3 4
=, sfute] 2o A= AANY a5 AF Al A3
o] = 2 91 o2 | EC). Fig. 146} Fig. 14col Lieh
L Qlol, Au| ee]l g7H-S -2 HASEL 9 5=of o] & &}
7|8 Zof| IS 2 Terry 252 7]& HASEL A2} vF

o Siicone nubber cover
Magnetic cons
- Magnete connector — [—
- i e |

1

1

1

1

1

1

b 1

A 1

Baltery  puoyancy unit —ga—s :
Electranics & microconiroter s 3 -
Q/ 1

1

1

1

|

1

1

fove 1
s, |
1

1

1

1

1

1

1

1

1

- =

== Magnetic connector
o

Fig. 14. (a) A prototype of a wireless HASEL jellyfish robot.
Reproduced with permission from Ref. [68]. Copyright
2023, American Association for the Advancement of
Science (b) Bioinspired designs that contract, curl and
twist and (c) untethered soft robot for grasping and
manipulation called ‘Terry the trunk’ Reproduced with
permission from Ref. [69]. Copyright 2019, Wiley-VCH

AR Zheeka AEg 3% ONC @ W 714 AZuS
Sl FAEACH69). o] AT A WAL 78KV, 39 Hol
Al 5emE sz 117]9] =3 % HASELS: 42 3o
olEjsk, Al 9] WEA O R AT ER HASEL oo
82 Ro|AE O AGIHE & uj2 A FHE B
% 919ITF. o 4 HASELY] B2 7HRst A= A%
.2 HASEL 9130]o]elo] Tofgh A7k 7P st
@t} Katzschmann et al2 1.1 kVoljA] ZEsl= = At
HASEL 930]o|E] (HALVE)S #2510 24, 7]20] HASEL
AHZzofo]E ] w2 HF Y-S FASH RE A4E
EahoITH70]. ATOIAE 2 A Aol P mE

(]

i o i

P



Recent Advances in Electric Stimulus-Responsive Soft Actuators

261

Z P(VDF-TrFE-CTFE) 21 2X}5 HASELQ] oF A= Alo|oj
oA BiRISHAAL, o Fol W AYelM e F-5E= HALVE
HFoolEl & AlEe 4= A%tk HALVE= 957} BoPET
5ol sl HolA, A=) ol leFs o] A ot oF
AsHA w1 = qllen, Wl 7)eE AlEshlh W
A% -5 HALVE 4 oo E|7} 1A S = g 5=
,ﬂgﬁg} ATE o]_T'_ ‘337_7] Ei-o_ _,J7ﬂ xﬂxl—?ﬂ— 2z~ 0155
siFglom, ol HALVEZL 912 23 Ajze] 43hghe »

o9tk

Ll

6.2 &

ol A+t= A7 B4
oF 159] e, Al g, e 7H*d et 58 78 T
off thsll g AsHAl ARSI ]2/ EAP ol A, IPMC
AR AR @5, AS L W Ao A fRe
71aTtel ARS B3 o BgAolw Tt 7)%52 7t
2 ool el 2 Wel T Qon], o] & B £TE 23
A w5 714 Sl gt 14 7HsAdo] WA s L 9l
th. CP= A% A 91 nEat gh4 Ao AEA T
AR S A Y] 29 B oA Wl mhE SAS 24
SHATE ol A4S FF AFAES0] CP dFofolH
£ AL AzFee] 9lof Kot AR ZRkel A& Y
gled =&l B A2 ZgiEch B3h 2L 34 7
&0l 71kt CP A% W] ATES o Ak, vfola e
A7)9) AZoole] L 4| ALL 715aA s, ol 4
W Aloj7h A Ropo] 2 FAYS mojzt

1714 EAPS] 7%, DEAL: EAE 53 4% 7417
7154 DEA Az 18|11 thefst 24 x|S0 ojst A
7} A% E0] &S sk DEAS] 2419 4% 7
Ao g2 e /TSl e 9 A fs 2

ulAl A Hof, Wk g, 23], v EE, e 5
o) CioFel £.8 HobE Yol Al 5§ Mokl uHl 7}
54 dolE Ao J|YErh 4 R ool
Eli= PVDF] 4& %zﬂf& tﬁsfg Azto
Bake] AL e ugad) A%S 5
A7) e o] o] E] 2] *é%% Hmﬂ }o}&’ir«} HASEL

2, 7494 1

O

HoflolElof et A= oS Rde S s AL &
S22 AR, 2 72 B 7eS "0k AT
=0| HAEIth A dG-52 F3ll HASELO] A4 =
W 7ls, AZE 25, YWY AR 5o fHofol A 9423 A
= 7ML Qe ERISHATE 7L, HASELS] 54
ol A& B2 Yo o] E] o Thofel Al =& XI5,
o|3k ¢4+ Ai= HASELo| wWh=A AF¢] Zofof 2-8-2
7hedE Holglo

2 A5 F3 EAP dFofo]E5o] £ZE 2i, A
ik 71, dojelE AR 9 Y Ve 22 EokolA F

REFERENCES

10.

11.

12.

. Shahinpoor, M. and Kim, K.J.,

. Kim, KJ. and Shahinpoor, M

“Ionic polymer-metal compos-
ites: I. Fundamentals,” Smart Materials and Structures, Vol. 10,
No. 4, 2001, pp. 819.

, “Ionic polymer-metal compos-
ites: II. Manufacturing techniques,” Smart Materials and Struc-
tures, Vol. 12, No. 1, 2003, pp. 65.

. Fukushima, T., Asaka, K., Kosaka, A. and Aida, T., “Fully plastic

actuator through layer-by-layer casting with ionic-liquid-based
bucky gel,” Angewandte Chemie, Vol. 117, No. 16, 2005, pp.
2462-2465.

. Kotal, M, Kim, J., Kim, K.J. and Oh, L.K., “Sulfur and nitrogen

co-doped graphene electrodes for high-performance ionic arti-
ficial muscles,” Advanced Materials (Deerfield Beach, Fla.), Vol.
28, No. 8, 2016, pp. 1610-1615.

. Roy, S., Kim, J., Kotal, M., Tabassian, R., Kim, K.J. and Oh, LK,

“Collectively exhaustive electrodes based on covalent organic
framework and antagonistic Co-doping for electroactive ionic
artificial muscles,” Advanced Functional Materials, Vol. 29, No.
17, 2019, pp. 1900161.

. Umrao, S., Tabassian, R., Kim, J., Nguyen, V.H., Zhou, Q., Nam,

S. and Oh, 1K, “MXene artificial muscles based on ionically
cross-linked Ti,C,T, electrode for kinetic soft robotics,” Science

Robotics, Vol. 4, No. 33, 2019, pp. eaaw7797.

. Liu, L., Wang, C., Wu, Z. and Xing, Y., “Ultralow-voltage-driv-

able artificial muscles based on a 3D structure MXene-PEDOT:
PSS/AgNWs electrode,” ACS Applied Materials & Interfaces,
Vol. 14, No. 16, 2022, pp. 18150-18158.

. Garai, M., Mahato, M., Nam, S., Kim, E., Seo, D., Lee, Y,

Nguyen, V.H., Oh, S., Sambyal, P, Yoo, H., Taseer, A.K., Syed,
S.A,, Han, H., Ahn, C.W, Kim, J. and Oh. LK., “Metal organic
framework-MXene nanoarchitecture for fast responsive and
ultra-stable electro-ionic artificial muscles,” Advanced Func-
tional Materials, Vol. 33, No. 10, 2023, pp. 2212252.

. Mahato, M., Hwang, W,, Tabassian, R., Oh, S., Nguyen, V.H.,,

Nam, S., Kim, J., Yoo, H., Taseer, AK,, Lee, M., Zhang, H,,
Song, T.E. and Oh, LK., “A dual-responsive magnetoactive and
electro-ionic soft actuator derived from a nickel-based metal-
organic framework;” Advanced Materials, Vol. 34, No. 35, 2022,
pp. 2203613.

Raza, U, Oh, S, Tabassian, R., Mahato, M. and Oh, LK,
“Micro-structured porous electrolytes for highly responsive
ionic soft actuators,” Sensors and Actuators B: Chemical, Vol.
352, 2022, pp. 131006.

Kim, O., Shin, T.J. and Park, M.J., “Fast low-voltage electroac-
tive actuators using nanostructured polymer -electrolytes,”
Nature communications, Vol. 4, No. 1, 2013, pp. 2208.
Nguyen, V.H., Kim, J., Tabassian, R., Kotal, M., Jun, K., Oh, J.,
Son, J., Manzoor, M.T,, Kim, K.J. and Oh, I.K., “Electroactive



262

Seong-Jun Jo, Gwon Min Kim, Jaehwan Kim

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Artificial Muscles Based on Functionally Antagonistic Core-
Shell Polymer Electrolyte Derived from PS-b-PSS Block Copo-
lymer;” Advanced Science, Vol. 6, No. 5, 2019, pp. 1801196.
Nguyen, V.H., Oh, S., Mahato, M., Tabassian, R., Yoo, H., Lee,
S., Garai, M., Kim, K.J. and Oh, LK., “Functionally antagonistic
polyelectrolyte for electro-ionic soft actuator;” Nature Commu-
nications, Vol. 15, No. 1, 2024, pp. 435.

Wang, E, Huang, D., Li, Q,, Wu, Y., Yan, B., Wu, Z. and Park,
S., “Highly electro-responsive ionic soft actuator based on
graphene nanoplatelets-mediated functional carboxylated cel-
lulose nanofibers,” Composites Science and Technology, Vol. 231,
2023, pp. 109845,

Tabassian, R., Nguyen, V.H., Umrao, S., Mahato, M., Kim, J.,
Porfiri, M. and Oh, LK., “Graphene Mesh for Self-Sensing Ionic
Soft Actuator Inspired from Mechanoreceptors in Human
Body,” Advanced Science, Vol. 6, No. 23, 2019, pp. 1901711.
Zhu, Z., Cheng, S., Han, ], Yan, S., Fan, P, Hu, Q. and Tang, Z.,
“Electrically Reconfigurable Metasurfaces for Frequency Selec-
tive Transmission via IPMC Kirigami, Advanced Materials
Technologies, Vol. 9, No. 7 2024, pp. 2301879.

Otero, T.F, Angulo, E., Rodriguez, J. and Santamaria, C., “Elec-
trochemomechanical properties from a bilayer: polypyrrole/
non-conducting and flexible material—artificial muscle,” Jour-
nal of Electroanalytical Chemistry, Vol. 341, No. 1-2, 1992, pp.
369-375.

Pei, Q. and Ingands, O., “Electrochemical muscles: bending
strips built from conjugated polymers;” Synthetic Metals, Vol.
57, No. 1, 1993, pp. 3718-3723.

Torop, J., Aabloo, A. and Jager, E.W., “Novel actuators based on
polypyrrole/carbide-derived carbon hybrid materials,” Carbon,
Vol. 80, 2014, pp. 387-395.

Otero, T.F, Schumacher, J. and Pascual, V.H., “Construction
and coulodynamic characterization of PPy-DBS-MWCNT/
tape bilayer artificial muscles,” RSC Advances, Vol. 6, No. 72,
2016, pp. 68538-68544.

Pang, D.,, Wang, X., Liu, C, Xu, H, Chen, G., Du, F,
Dall'Agnese, Y. and Gao, Y., “A synergistic Ti,C,T,/PPy bilayer
electrochemical actuator,” Applied Surface Science, Vol. 583,
2022, pp. 152403.

Ting, M.S., Narasimhan, B.N., Travas-Sejdic, J. and Malmstrom,
J., “Soft conducting polymer polypyrrole actuation based on
poly(N-isopropylacrylamide) hydrogels,” Sensors and Actuators
B: Chemical, Vol. 343, 2021, pp. 130167.

Chen, X, Xing, K. and Inganis, O., “Electrochemically induced
volume changes in poly(3, 4-ethylenedioxythiophene),” Chem-
istry of Materials, Vol. 8, No. 10, 1996, pp. 2439-2443.
Poldsalu, I., Rohtlaid, K., Nguyen, TM.G., Plesse, C., Vidal, E,
Khorram, M.S., Peikolainen, A., Tamm, T. and Kiefer, R., “Thin
ink-jet printed trilayer actuators composed of PEDOT: PSS on
interpenetrating polymer networks,” Sensors and Actuators B:
Chemical, Vol. 258, 2018, pp. 1072-1079.

Rohtlaid, K., Nguyen, G.T,, Soyer, C., Cattan, E., Vidal, F and
Plesse, C., “Poly(3, 4-ethylenedioxythiophene): Poly(styrene
sulfonate)/polyethylene oxide electrodes with improved electri-
cal and electrochemical properties for soft microactuators and

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

microsensors,” Advanced Electronic Materials, Vol. 5, No. 4,
2019, pp. 1800948.

Taccola, S., Greco, E, Mazzolai, B., Mattoli, V. and Jager, E.,
“Thin film free-standing PEDOT: PSS/SU8 bilayer microactu-
ators,” Journal of Micromechanics and Microengineering, Vol. 23,
No. 11, 2013, pp. 117004,

Zhang, P, Zhu, B, Luo, Y. and Travas-Sejdic, J., “Micropi-
pette-Based Fabrication of Free-Standing, Conducting Polymer
Bilayer Actuators,” Advanced Materials Technologies, Vol. 7, No.
12, 2022, pp. 2200686.

Tyagi, M., Fathollahzadeh, M., Martinez, ].G., Mak, W.C,, Filip-
pini, D. and Jager, E.W,, “Radially actuating conducting poly-
mer microactuators as gates for dynamic microparticle sieve
based on printed microfluidics,” Sensors and Actuators B:
Chemical, Vol. 382, 2023, pp. 133448.

Temmer, R., Maziz, A., Plesse, C., Aabloo, A., Vidal, E and
Tamm, T., “In search of better electroactive polymer actuator
materials: PPy versus PEDOT versus PEDOT-PPy composites,”
Smart Materials and Structures, Vol. 22, No. 10, 2013, pp. 104006.
Gaihre, B., Ashraf, S., Spinks, G.M., Innis, P.C. and Wallace,
G.G., “Comparative displacement study of bilayer actuators
comprising of conducting polymers, fabricated from polypyr-
role, poly(3, 4-ethylenedioxythiophene) or poly(3, 4-propylene-
dioxythiophene),” Sensors and Actuators A: Physical, Vol. 193,
2013, pp. 48-53.

Pelrine, R., Kornbluh, R., Pei, Q. and Joseph, J., “High-speed
electrically actuated elastomers with strain greater than 100%,”
Science, Vol. 287, No. 5454, 2000, pp. 836-839.

Lee, H., Jung, K., Han, M. and Chang, S., “A Study on the Fab-
rication of Flexible Composite Electrodes and Its Bonding
Characteristics According to Surface Roughness,” Composites
Research, Vol. 27, No. 6, 2014, pp. 242-247.

Pelrine, R., Kornbluh, R., Joseph, J., Heydt, R., Pei, Q. and
Chiba, S., “High-field deformation of elastomeric dielectrics for
actuators,” Materials Science and Engineering: C, Vol. 11, No. 2,
2000, pp. 89-100.

Ha, S.M., Yuan, W,, Pei, Q., Pelrine, R. and Stanford, S., “Inter-
penetrating networks of elastomers exhibiting 300% electri-
cally-induced area strain,” Smart Materials and Structures, Vol.
16, No. 2, 2007, pp. S280.

Yin, L., Zhao, Y., Zhu, J., Yang, M., Zhao, H., Pei, J., Zhong, S.
and Dang, Z., “Soft, tough, and fast polyacrylate dielectric elas-
tomer for non-magnetic motor; Nature communications, Vol.
12, No. 1, 2021, pp. 4517.

Shi, Y., Askounis, E., Plamthottam, R., Libby, T., Peng, Z.,
Youssef, K., Pu, J., Pelrine, R. and Pei, Q., “A processable, high-
performance dielectric elastomer and multilayering process,”
Science, Vol. 377, No. 6602, 2022, pp. 228-232.

Pu, J., Meng, Y., Xie, Z., Peng, Z., Wu, ], Shi, Y., Plamthottam,
R., Yang, W. and Pei, Q., “A unimorph nanocomposite dielectric
elastomer for large out-of-plane actuation,” Science Advances,
Vol. 8, No. 9, 2022, pp. eabm6200.

Zhang, Y., Ellingford, C., Zhang, R., Roscow, J., Hopkins, M.,
Keogh, P, McNally, T., Bowen, C. and Wan, C., “Electrical and
mechanical self-healing in high-performance dielectric elasto-



Recent Advances in Electric Stimulus-Responsive Soft Actuators

263

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

mer actuator materials,” Advanced Functional Materials, Vol.
29, No. 15, 2019, pp. 1808431.

Aksoy, B. and Shea, H., “Reconfigurable and Latchable
Shape-Morphing Dielectric Elastomers Based on Local Stiff-
ness Modulation,” Advanced Functional Materials, Vol. 30, No.
27, 2020, pp. 2001597.

Chortos, A., Hajiesmaili, E., Morales, J., Clarke, D.R. and Lewis,
J.A., “3D printing of interdigitated dielectric elastomer actua-
tors,” Advanced Functional Materials, Vol. 30, No. 1, 2020, pp.
1907375.

Hwang, T., Kwon, H., Oh, J., Hong, J., Hong, S., Lee, Y., Ryeol
Choi, H., Jin Kim, K., Hossain Bhuiya, M. and Nam, J., “Trans-
parent actuator made with few layer graphene electrode and
dielectric elastomer, for variable focus lens,” Applied Physics
Letters, Vol. 103, No. 2, 2013,

Keplinger, C., Sun, J., Foo, C.C., Rothemund, P., Whitesides,
G.M. and Suo, Z., “Stretchable, transparent, ionic conductors,”
Science, Vol. 341, No. 6149, 2013, pp. 984-987.

Jordi, C., Michel, S., Kovacs, G. and Ermanni, P, “Scaling of
planar dielectric elastomer actuators in an agonist-antagonist
configuration,” Sensors and Actuators A: Physical, Vol. 161, No.
1-2, 2010, pp. 182-190.

Murray, C., McCoul, D., Sollier, E., Ruggiero, T., Niu, X., Pei, Q.
and Carlo, D.D., “Electro-adaptive microfluidics for active tun-
ing of channel geometry using polymer actuators,” Microfluidics
and nanofluidics, Vol. 14, 2013, pp. 345-358.

Loverich, J.J., Kanno, I. and Kotera, H., “Concepts for a new
class of all-polymer micropumps,” Lab on a Chip, Vol. 6, No. 9,
2006, pp. 1147-1154.

Pei, Q., Rosenthal, M., Stanford, S., Prahlad, H. and Pelrine, R.,
“Multiple-degrees-of-freedom electroelastomer roll actuators,”
Smart Materials and Structures, Vol. 13, No. 5, 2004, pp. N86.
Son, J., Lee, S., Bae, G.Y,, Lee, G., Duduta, M. and Cho, K,
“Skin-Mountable Vibrotactile Stimulator Based on Laterally
Multilayered Dielectric Elastomer Actuators,” Advanced Func-
tional Materials, Vol. 33, No. 23, 2023, pp. 2213589.

Kim, D. and Chang, S., “Design of an actuator using electro-
active polymer (EAP) actuator with composite electrodes,”
Composites Research, Vol. 32, No. 5, 2019, pp. 211-215.
Shintake, J., Rosset, S., Schubert, B.E., Floreano, D. and Shea,
H., “Versatile soft grippers with intrinsic electroadhesion based
on multifunctional polymer actuators,” Advanced Materials,
Vol. 28, No. 2, 2016, pp. 231-238.

Ji, X., Liu, X., Cacucciolo, V., Civet, Y., El Haitami, A., Cantin,
S., Perriard, Y. and Shea, H., “Untethered feel-through haptics
using 18-um thick dielectric elastomer actuators, Advanced
Functional Materials, Vol. 31, No. 39, 2021, pp. 2006639.

Zhu, Y., Liu, N., Chen, Z., He, H., Wang, Z., Gu, Z., Chen, Y,
Mao, J., Luo, Y. and He, Y., “3D-printed high-frequency dielec-
tric elastomer actuator toward insect-scale ultrafast soft robot,”
ACS Materials Letters, Vol. 5, No. 3, 2023, pp. 704-714.
Kawai, H., “The piezoelectricity of poly(vinylidene fluoride)
Japanese Journal of Applied Physics, Vol. 8, No. 7, 1969, pp. 975.
Zhang, Q.M., Bharti, V. and Zhao, X., “Giant electrostriction
and relaxor ferroelectric behavior in electron-irradiated poly

»
>

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

(vinylidene fluoride-trifluoroethylene) copolymer;,” Science,
Vol. 280, No. 5372, 1998, pp. 2101-2104.

Pabst, O., Perelaer, J., Beckert, E., Schubert, U.S., Eberhardt, R.
and Tiinnermann, A., “All inkjet-printed piezoelectric polymer
actuators: Characterization and applications for micropumps in
lab-on-a-chip systems,” Organic Electronics, Vol. 14, No. 12, 2013,
pp. 3423-3429.

Chen, X,, Qin, H., Qian, X., Zhu, W,, Li, B., Zhang, B., Lu, W,
Li, R.,, Zhang, S. and Zhu, L., “Relaxor ferroelectric polymer
exhibits ultrahigh electromechanical coupling at low electric
field,” Science, Vol. 375, No. 6587, 2022, pp. 1418-1422.
Shouji, Y., Sekine, T, Ito, K, Ito, N., Yasuda, T., Wang, Y.,
Takeda, Y., Kumaki, D., Santos, ED.D. and Miyabo, A., “Fast
Response, High-Power Tunable Ultrathin Soft Actuator by
Functional Piezoelectric Material Composite for Haptic Device
Application;” Advanced Electronic Materials, 2023, pp. 2201040.
Acome, E., Mitchell, S.K., Morrissey, T.G., Emmett, M.B., Ben-
jamin, C., King, M., Radakovitz, M. and Keplinger, C.,
“Hydraulically amplified self-healing electrostatic actuators
with muscle-like performance,” Science, Vol. 359, No. 6371,
2018, pp. 61-65.

Kellaris, N., Gopaluni Venkata, V., Smith, G.M., Mitchell, S.K.
and Keplinger, C., “Peano-HASEL actuators: Muscle-mimetic,
electrohydraulic transducers that linearly contract on activa-
tion,” Science Robotics, Vol. 3, No. 14, 2018, pp. eaar3276.
Kellaris, N., Venkata, V.G., Rothemund, P. and Keplinger, C.,
“An analytical model for the design of Peano-HASEL actuators
with drastically improved performance,” Extreme Mechanics
Letters, Vol. 29, 2019, pp. 100449.

Wang, X., Mitchell, SK., Rumley, E.H., Rothemund, P. and
Keplinger, C., “High-strain peano-HASEL actuators,” Advanced
Functional Materials, Vol. 30, No. 7, 2020, pp. 1908821.

Park, T., Kim, K., Oh, S. and Cha, Y., “Electrohydraulic actuator
for a soft gripper;” Soft Robotics, Vol. 7, No. 1, 2020, pp. 68-75.
Rumley, E.H., Preninger, D., Shagan Shomron, A., Rothemund,
P, Hartmann, E, Baumgartner, M., Kellaris, N., Stojanovic, A.,
Yoder, Z. and Karrer, B., “Biodegradable electrohydraulic actu-
ators for sustainable soft robots,” Science Advances, Vol. 9, No.
12, 2023, pp. eadf5551.

Kanno, R., Caruso, E, Takai, K., Piskarev, Y., Cacucciolo, V. and
Shintake, J., “Biodegradable electrohydraulic soft actuators,’
Advanced Intelligent Systems, Vol. 5, No. 9, 2023, pp. 2200239.
Yoder, Z., Macari, D., Kleinwaks, G., Schmidt, 1., Acome, E. and
Keplinger, C., “A soft, fast and versatile electrohydraulic gripper
with capacitive object size detection,” Advanced Functional
Materials, Vol. 33, No. 3, 2023, pp. 2209080.

Xiong, Q., Zhou, X,, Li, D., Ambrose, ].W. and Yeow, R.C., “An
Amphibious Fully-Soft Centimeter-Scale Miniature Crawling
Robot Powered by Electrohydraulic Fluid Kinetic Energy,
Advanced Science, Vol. 11, No. 14, 2024, pp. 2308033.

Leroy, E., Hinchet, R. and Shea, H., “Multimode hydraulically
amplified electrostatic actuators for wearable haptics,” Advanced
Materials, Vol. 32, No. 36, 2020, pp. 2002564.

Johnson, B.K., Naris, M., Sundaram, V., Volchko, A., Ly, K,,
Mitchell, S.K., Acome, E., Kellaris, N., Keplinger, C. and Cor-



264

Seong-Jun Jo, Gwon Min Kim, Jaehwan Kim

68.

69.

rell, N., “A multifunctional soft robotic shape display with high-
speed actuation, sensing, and control,” Nature Communications,
Vol. 14, No. 1, 2023, pp. 4516.

Wang, T, Joo, H., Song, S., Hu, W., Keplinger, C. and Sitti, M.,
“A versatile jellyfish-like robotic platform for effective under-
water propulsion and manipulation,” Science Advances, Vol. 9,
No. 15, 2023, pp. eadg0292.

Mitchell, S.K., Wang, X., Acome, E., Martin, T, Ly, K., Kellaris,

70.

N., Venkata, V.G. and Keplinger, C., “An easy-to-implement
toolkit to create versatile and high-performance HASEL actu-
ators for untethered soft robots," Advanced Science, Vol. 6, No.
14, 2019, pp. 1900178.

Gravert, S., Varini, E., Kazemipour, A., Michelis, M.Y., Buchner,
T., Hinchet, R. and Katzschmann, R.K., “Low-voltage electro-
hydraulic actuators for untethered robotics,” Science Advances,
Vol. 10, No. 1, 2024, pp. eadi9319.



	전기자극 감응형 소프트 액추에이터의 최신 동향
	1. 서 론
	2. 이온성 전기 활성 고분자
	2.1 이온성 금속-고분자 복합재 액추에이터
	2.2 전도성 고분자 액추에이터

	3. 전기성 전기 활성 고분자
	3.1 유전성 탄성체 액추에이터
	3.2 강유전 고분자 액추에이터
	3.3 유압증폭 자가치유 정전 액추에이터

	6. 결 론
	References


