—t

NS 2021,39(17) www .kjdb.org 69

T ) SR 4R 4125 A B i BY 38 W RS 5 K B

i

XSRSV, 2 TSR R AR

ot

BT

1. BB £ 40 TR R A0 4, PRvi 2 BIREDLAR N i Ri9es 42, 10 710049

2. BUBRSS R 55 5P gl [l 5 R G 95008, V2 710049
3. REPR TR AR TREEBE , K% 116000

ME AP NRA ZHMIZ 3 A BRI R A0 BTSN i A R RE B ) 7 S g
YRR RELRE ST o PRI, S T 1] ARAAHIL 2 N B I B2 A2 S BT 5 A AT T PA S AL, 25
R T 5 AR AR M REBOR R, o B T AR D e e I A S B 2 T R | BT AR
BB | e /R 7 7 T B R i/ N RE S B ) AR I BE PR BE S SE B B o 18 1 2 AT AZ M BR 1Y
PRECHR A KT 18], HART 1B — AR W BOR BT AE DTS M (EL

BARPLER N JE—FRRTHT ROHLAS ABOR , B 3%
FZR I D BERRAA AL, HEAR SR WIPERLAR AR
BEINT A R AT S PR A s AR DL
X A0 22 i fioh o SR T F T SR A S
F T RAA Y, AR PG Nt 0 R MELLSE
TESAET W3R . Blan, 1 m) BT TR iR LES

KW BARPLERN R BE s PraRHLA 5 05 AL BET s A BB

MNAEF AT ZRPN UG W B S 52 T AR DI E]
BEA A IRAR AN, & R SR B SRR HLAR A AE
iz gl 2 B 5 2 AR MRSl , S EOUR R
R R, DR Mt 75 25— b5 22 3 I ) SR PR I 2
7k|5—8|o

LG8 (14972 W BE AR AE 5 ML AR A I A7

Wk H 391 :2020-01-07 ; &[] H 151 :2020-02-11

Fe AT H R S R H (2019YFB1311600) 5 5 H AR FL= 3 4100 H (91748124,52075411) ; B P4 44 15 s F & & 5 (2020ZDLL-

GY06-11)

EF A XU R WG A ISR 7 o R AR AR HLER N R BEAT RS 4540 , LTS48 : gtlchen@stuxjtu.edu.cn; I GEE1ER) , Bl 0F 5507
5 ML IEVER A8 BARPLE A N5 A il , i E 46 :liboxjtu@xjtu.edu.cn; MEAE S GRASVER) , 28% , W92 07 1) B e B 5 45

) RABLER A L T5 4 - hichen@xjtu.edu.cn

U RR, Sl 4518, 55 1 P ARBLES A BT AR W EE AR I 2R SR ). BHE Sk, 2021, 39(17): 69-81; doi: 10.3981/j.issn.1000—

7857.2021.17.009



—t

70 www.kjdb.org

RS S82021,39(17)

TEAS R, S ERAEF B 2% , 3 WA RN, P A 25
0, AR A5 < AR AL B 3728 W RES5CR
B L HC M A A A 2 2 R ) 7 38 18 ) BR -t AR
MY Al A Y AR B AR A I R A
R ABSE T EAA ) IR B &, I A TRl
ER I 7S BB 10 i A SR A5 R, I D) Bk
JEE—Fofr g B M B2 BE AR S A B, AR L
AN IIRESE PR S . et 250 SAF L, 5T
INGE iy 2 U DD R 5 % N
TIA IR

1 FRREMENERA

T e L A B A 78 R e AR R i 2 L
AR A BB 7 A FEL 37 0 R LA )= 45
WAV =2 T ) s A3 2 T 4 RABE 1 22 1) 14 R 45, D
7T 412 15 20 R 0 B AT B o ) JR S T i R
JEBRBETT TR NI BE S b . LB E AT WA R
A ] B AR SRR AR T T LR A M
JIE 5 K 1) BEAS A B U 1 1P A 3 F R 2 R e
12, HUAR 2 PR D 3 v s S5 BRSSO 590
IR REARIE , R Z AR &R 9

R R

TR R
R R

1 R IR AR I SR N T

1.1 TiERE

7 FEL A B £1%) R AR D ) P L B R A 2 ) £
W2 FL R AR R I, BRI BT Rk
TET R RS R A7 77 A A S R 7 A IR R T
AN 2P FURR R R IE O AR S A HES, TE AR
50 Z [P M ) , 1 L8 HL 37 DX 70 D 32 L 3 A
NG BRI R 2 Fod s AR ZE N ER T
11 2% VL S 2R 3 i P RR = ] LA 2 8], X 88 10 e
Gy e AR R T, Il AR 1 AR 5 SR e
PR S A LA o R R 5 B ) A 5 T 2 T

P2 e e IR

B, I A HL A ), AT S B AL 5 ) A
AIAHE RS

78 I BE S R 1 T AR SR B AN 5] 3P R o i
I, R R S R RR RS A R B
8k PA S A X FEL 7 1 60 L AT BEAIL 0 A7 (P 3 () ) o 24
HhaREK 1 F AR T RUARZ WS, rBR R AT A
o TERXMIGOLT AR RIBE AR . 4 B A ]
THBRR, A EARR N SR HES Y IE T A A 22
FEA g AL A R TE]JE  HhE] I AR Y L e
SAFHES, R S P DR B Y ) .
R 5 ] e J2 A, 7 AR 1A 3 () B R Y
HFEL IS ) P FEXAIRZS T, RA — ANk sk
1 F IR B B, T P EIAE T )=
5 ]2 B A BB T SRR R T A5 A A
JE XA T RGN T S5 4G A R A R

- ERHIRRE

+ ." A9 O R RE

B - B BREHE
(a) ShHa e AR
) P

(b) Z5H3H H J R A
(€3 MR B 2 I B R 3

1.2 KGR

i P A B8 I 35 ) 1 A8 W B IR R AE VR T g
SRASTE I SO B IR, SEE I AR 4P R i
g7 7 525/ AR Z B SR, AT DAEE 2 W]
HLH T S R I B2 A I B A5CR



—t

RN S38 2021,39(17)

www.kjdb.org 71

60 mm

100 mm

1ailliidlu

(a) M (b) =S
P4 R e i P

P 5= ke I AN [+ ] oI 2= 2 R 5 A4
JE B AR B, e KW EE vl 08 2 JFOR Y 29 2475, FF
H A AL, B e J2 2R 3 M £ 4 %ot A2
Pt 384, 5L IR JEE AR AR 72 A A Dl /) B8 A o
AR AR R S AR Z ) o KR T
S JZBEET, eF L R R 9 J= R i,
JESR TR B RAEAS 2880 o BRI, SR80 T &
EUEE B A I P EE B vy, e ek I R A M 454
S v WL A PEBE H RS AT BRAY , BT AR IR 284
{HZHi/ o

A5 41150
3000 - —=—0 AN {200% HXTRAL150%
—e—1kV
2s00f  TAZKV
—w¥—3kV

1 e—
&5 e I 7 M 5

HY T HE SR R P Y, 3 T B
RIEE R ARAE S S TR A FIE, ey
BBl AT A A SRR R e B
B3 3ok U R RS T LA S BT 5 A T 1 4
SR, ¥ P, W2 R rP A7 o P B B IR, W v i O
TR — Bt Ak, T TAE A TR
G, 2 b RL I BEBE RN At 2 s S R
LUNCIRVSERIE1 NS N i WA A=y (R CE2 9 p 23
R T AR o HAR SR BT Y H A

2 BHARRETMERAR

TH 2 (Gamming) (14 5 %5 A8 W B2, J2 38 2ok S350
BARPRE B RO RL R AR A, S BLAS F I 2 1y A2
1t Cheng S5 28 & 21 24 1P 20 A8 W 2 52 3 AT
HL SR TF & T TR AR AT 22 NI EERLES A
TR AT I ANLBY RT3 AR A (&
6, AR W BE A B ML & ANAE AL B, BE
REPRIEFN N Ak of A P 42 4, SCRT LA k2 A
BRI EE 58 i — RT3,

(b) BRI BE MBI SE
Ko AENIEEARLER A
TR b WFEN GO T e T 3 i
H, 2 B % (electrostatic layer jamming, ELJ) 7% K| &
BERRET, AR I T2 B by M B R R 4 25 R
Pk, I HAE S R Z AR AR HEA , a0 7 s .

BB (A&B)

K7 A aRkEh = PR W S5 R T

21 TIERE

R = TR B 7 ) AR D A5 IE
TURARAE A AR S, B b RHZ , A
WRIZ SR Z B B EESE 1, S BLAS R I JEE A3 R



—t

72

www.kjdb.org

RS S82021,39(17)

(b) 7875 i Wi iz
E8  ELJ AR NI B JEi B

5 R O ) SBR[ J2 AR I
T 3k 1F B E 2 AR W | 3 R T i R S
A 3k FEL AR | ] e 2k R B o EE 4 7 AR o
W R T AT LA 5 R A ek ) R A 5 g Y [
8PN, i FHHL R IR oy, A R4 A AT sk
2.2 LIGRAH

Wang S0 T KLY 4o I EE R0 il )
FEPE S M an & 9 R o

MR 25 SRR B 7RI E T, A M s

BEIVaRablc tensile
SUINESSSpecimen

Electrode lead

High voltage source

scale (. S

(a) FLAFRINEZN K

E\} 0 5 L) variable bending
/ stiffness specimen

4

(1) 725 0 2 3
E9  ELJASKI Bt

i PO 88 220 SRR e, EL I 32 i P, s 84 R T 4
(B 10"

. 7
( d) - Pl-based model (40x120x0.16) ( b ) - Pl-based test (40x120x0.16)
6 Paper-based model (40x120x0.1) 6 —&— Pl-based test (30x120%0.16)
~—#— Pl-based test (40x120x0.16) ~—— Pl-based test (40x120x0.24)
~—=— Paper-based model (40x120x0.1) ~——— Pl-based model (40x120x0.16)
5 S| —— Pl-based model (30x120x0.16)
=~ Pl-based model (40x120x0.24)
Z 4 Z 4
H
&3 <58 3
2 2
1 1
0 08
200 400 600 800 1000 200 400 600 800 1000
Voltage/V Voltage/V
(e) 50 (@3
45 ¢ . —+— 500V
*
s © 4 v 7 —v— 1000 V
40 ¢ s Y —e— 1500 V
35 ¥ T g T 6 —6— 2000V
~ + - .« * " 8
& 30 ¢ . v o g
E-S * 5
" 25 . N . o o2
q G @ > o ® g,
20 v . é‘é
15 v « "o SOV 2
¥ ° * 500V
10 L] L] v 1000V
° ® 1500 V 2 :
58 S ® 2000V
0
0.05 0.1 0.15 0.05 0.1 0.15
F /N F /N

(a) #1(h) oS RIHUAS R AR URE B SZI0ROE 5 (o) A0 (d) J 0 2 i st 1 0 i e S5 AN 2 1 O 22
E10  sEghsk



—t

R S82021,39(17)

www .kjdb.org 73

B TR ZR T EL A O 22 MBS T 5 ek
AT AR RS & B SEBRI T AR LIRSl a8 sh T
ARSI, NS ELY A e e, 1T W BE 32 i , A IE
AR TR F A7

(a) THE
E 11 ELYAYZE K R

IR T AR, B2 T
A I T HA AT ORI A, JEie AR
SR S R B T AR MLA T — S 717 (3
199,

(b) Jitfmed &

F1 B EHHRZ TIRE A ERE L

Erait sy RIEEAEAYE  ma R /ms
KX 1R BK 5 ~6 100~1000
e = L 7 SR sl ~7 1~100

TCVE i FEL IR I BE A i R B 2 R o
AR RE B HRAFAE— € HIBOR BRI o B0 i 24
[ FULE T R 2% 119 9K B v s 3230 48 25 = ) o 2 A
B, 25 Az v i 2 D T AR SR A Ot R g 2
— e B I FBE P R A R A TIR He E

3 PVCHEERTMEIAK

PVC # #} 4 Fr Jy B % £ i (polyvinyl chlo-
ride ) , J&— i XT L SRIECA 0 N7 B R I MEBEIR . Ud-
din FPE SR BT PVC BEREAE A1 T T /925
AN ek BRI, 2 U L A VR T
R, A5 B AR H Bl 3 T i A i 2 AR I ([ 12, 1]
e T AT e Az X Pl G 5 24 B UL HL 37 DG AT I,
Ji i 3k A B AR S B SOk TR AR . X AR
TE B S FRIE , BT PVC 35E 25 1 A PR b 2
] 19 22 e 8 =65 71, PVC N R AG A L 231 [6] FHAR 7%
B A SRR AR AR S ]

™ |

B2 e SRR b G AL A8

E: ON
—
—

E: OFF

apoye)
spouy

3.1 TIIERIE

PVC & i (PVC gel) 28 WI B (1) T F B 3L R
PV C %8 4574 A B AR -PV C B4 RH 2 - FH R 42 )8
WIS BR A HES RN E — B, I, B
e 4@ 51 PVC AR = AL (B 13 (a))
B L ARTE IR By 1) R A B AR TE (13
(b)), KB Z5 K4 W AR T AR

(a) JNALAETJS PV CBERE PHAR B A 224k
b
T

TR il
(b) JNHFT)S PVCEERE 7 18] (AL T
13 PVCHEE T/F i Ee

e Z 1AL PV CHEEIE (B 14 JEEEE 254 2 em,
T8 R R, AR SRR T 1) R AR R A SRS F R AR L
LA R w2 T AEM:BE A0 8 R 2 A PR
I L K /N K i % R 5 PV C B R 5 A BE A 1
WL PVC AT RZRIEC H (PVC 52 R — T ER AU BC
o), LRSS 2 R

—_—

ot S
s';?!-(:iﬁq—-;ﬂ\w—':""“\'
e TR R R aas

: i

*

K14 PVCEERSZH



—t

74 www.kjdb.org

RS S82021,39(17)

3.2 ZWHRRMA

A FHIRE PV CHEC I BE I £5 (1 15
25 PVC gel i AN [ (%) LI F R 38 2o A% et R 4
IR AR B, A FH B T 0L AN [R] oL T 54
[0 B f) AR A 00, U0 HE PV C O 11 72 10 2 44
Z(E16™) o ATLIE i, B LR T, 4544 R
B, L7 FE RN 2 1200 V/mm B, [ EE 4K 5
R RIR) 1045 o F NI M2 ) £ 5 B2 T 1) 1
TR RS T LB

Enclosed stainless plate
Load cell

(top view)
Size:50 mmX10 mm X 1 mm
Variable stiffness
(side view) lStamless plate PVC gel actuator

SUS fonl cathode PVC gel

Deformation

PVC gel actuator L
A

9 Z-Stage

Stress s

15 PVCEERHI B 2% B

300~

250~
200~
£
=
150 Ll
=
=
100
-
50+ 3
5 i ; i ) i i
0 200 400 600 800 1000 1200
FL 75 B/ (V-mm™)

Fl16  PVCEERAS NI AL

H A= M K 2 Minoru Hashimoto Hl A ¥ PVC
BT R B AT E R N T LA 35 B 24 N5 T
AT RDHER AHE, AN & 17 7 o

BORN LA B TAE BN 17 Frs < 24 A
FrE WS, I RAR b R B R AR S A , v TR AR Al
NT LA WS, JF 4w A B W, Bl B s bR sh AR 52
B, T 2R, N T PR TS BRI 52 7 B 2
reel,

SR 7R PVCBEIR 19722 W EE ROR R4, JF H
FCIK Sy i e AR AT 72 J LA AR, B D AR ] 25 S 40 sk
R ITE I o SR, H T PR A 45 a8 X M 55

PVC geldfizhse —
5%

Jete 4

High Strain

\ _ - Tension
B -t .
¥ = Stiffness

I | t

Variable stiffness =
PVC gel actuator
v
Stretch Contract
A

DC field OFF

DC field ON

— — —s
to swing phase to stance phase

(b) e
El 17 PVCEERARBEE s B &

R TE I FHAE — 88 LA SR AR 45 44 ik 2 A7 o fR
P ARRMIEFETT 0] 2 EAR R A ORI T AR
102 Bl LA B AT 5 ) BEAR B ORE S 28544, LA D7 42 SR 1
Pl N A

4 IRFERERAR

UTARSR, Pr ARG A — Pl O AR AL e AR
g7 BT AL, 18R T — kT 4Rl e
N, BAZ AWM B SR 1858 A Fhik )
BORB [RIN AT e BT 4R 4544 AT — 2 Y A2 W1
JERCR , S5 A P S LA B B RO

K18  Irdiles A



—t

R S82021,39(17)

www.kjdb.org 75

TR 7R A7 Kim S5 T E8 I A9 4T 48 5T
B EEAE T AL AT A SRR , anfel 19
FI7  J o 2 s i W, S S B A s R ik
TR L4 52 LR BRI 5E , al 76 Tt 7
I I 2 HE A LA F) I RE

K19 ardrEplas AT [ APLEER I
T HABTTIETCIE AT AT 55

Li ZEWE 5T T — B 5 A 7] 9 B2 47 ACHL B B4
RS, & 200 F & 21" 7, R B AR 2R BT
(single—collinear, SC) X F LAY i) H B PT 4K 50, 18
o IR EAT R [T BT 58 AN [] 23 B B e (e
ANTR] AT AR EE AL LA S R 30 1 BT, B AR LAY
PRy BRI Rl g R AT e 4 4R
S TV ERAL) SR 3 B T R

P AR W B2 A — Tl i R S M B R A, 3K
B K2 ootk (73K s a3k 3h R TT R REA R A
KB4, HACRE R a2 AL T 1 [6) I 7R T 58
B EE T RHOCR . B T AR G T
BT gL, JF HH 2o Bk 2 2% , Rl
i 30 e LA 7 5 AT T S AN . ROR B
FED5 1) AL G SN A E B A BT AU AR, LAY
PN AU R YIE 3h A th AR AL IR R
H TR e MR PT ARSE 4, 91 4 Hencky—type 4%
R, 31 DA RE B 1 £ B2 7% T F BRICR

Facet rigidity decreases

(a) Steel prototype Elasto plastics (EP)

wFa k
\v\

Silicone elastomer

Force/N

g o 8 8 8

[ SlAQI.ﬁ’-O‘.QF - 1

= M
o o
S

33,
ANA=0.92 0.5{ A=056

Stiffness AN-mm™)

o

; e 0.
® 10 1520 0 5 1015202
Deiormatlon,rmm Deformation/ mm

ififit

Front view
F're-locklng

Lockmg pocnl

051015200510152!105101520

Deformation/mm
lwmIMP

0.8
012

Pnsl Iocklng - No value

K120 ASTA] R BERHE A SCAATT K HSZ IS B0 3 43 A



—t

76 www.kjdb.org

RS S82021,39(17)

(b)

~ Nolock #1 lock

60 | B -
| 2 3
50 | 3 #1.23 lock .~
| < e

Z w| g =2
Sxof BNEN o .
[=] 1 _ === i1,3 lock
e g?.-- = #1.2 lock

10 | Yai — #2 pre-locked

| s #3pre-locked |

= 0| 51 —-#2.3 ore-locked -
E15¢
£ |
210/
=
2 |
@ 05
c
£ |
ool

#1,2 lock

(d) Single unit modal (e) % x = - . . -
w »
“ ===~ FE-based target stiffness 1
2 3 Experiment-based target stiffness O
Ky Lk . £ | = FEstffress  __ jaaan
2 1 * Eﬁgz o Measured stiffiness. G
Pre-locking Post locking EE ------ -
£ TN el
R .o --'-—Z"—'I""" o | L]
E
=]
Z pl
0 2 3 a 5 [ 7
= Configurations
z o 3 Mg em
5 TTE 3 z s e =y e ="
E = ¥ = E\_,E-: I3 == Lﬂ-' g::'fT
L ek BT Eoge® i —L.J kR
= g =8 == ; i ;;'5 £3 g ™

Config. 0 Config. 1 Config.2 Config. 3 Config. 4 Config. 5 Config.6 Conlig. 7
No lock #3 lock  #2 lock

#1lock #23lock #1,3lock #1,2lock #1,2,3 lock

F21 & ZSHIG Y SC BT B AR NI EE AR

5 ®i/mEEENERAR

10 7 A8 5 PME K (magnetorheological elastomers,
MRE) 1 H, 37t & 5 ¥4 /& (electrorheological elasto-
mer, ER) J& 48 A D43l o S5 0 37 58 5 v 3 0 1
FI B W 32 0 BE Je 2 K BE A ), ELAT Il IO g
W JEE A2 A T A2 A1 M JBE Y [ 2 0 5~1048%) | Al B
SLVERF AR,

1995 4%, Shiga 5511 o & H 1 I A8 914 4 11
W& BIEHETE R, Wi 2 S A S W A2 R
JENERE 4 it IR 2 ARG P UK AR B 3V T AR L
31, T TE P HES A A7 P HES o 3 JLAFR , )
FH MRE 1) jft 1) 2228 I JBE 5238 7. TR 45 4 ok o 7 42 1
U 7R R BT SR , 51E E e B SR

Behrooz S il 4 T — X Wil BE K B J@ wT 9 4 32 e
(181220, 64T T g EPERE I b = 2 BOHE R 45 1
PR zh G , 7R 7] ) 1 RR I T 120 14 5 O R A
HIIR = RBOR

22 ZENIE MRE 38

SR, Bl 7 PP A S B o P PR A AR E

2% RN BAS K AR T LA R BRItz



—t

R S82021,39(17)

www.kjdb.org 77

Hb, R T PR RE U AL SRR A S e 3 0 R K
e N ICHC B MM B2k B, X SE 2R R IR R EOR , 2
Fe P BORGR R E AR P R BAS A% L, 7
VAR SRR AR D8RR 2 B R B B A R BRI 5
SRS L, LR A PR (AR i 7 2 B SN L 3% B 5 T
T, SOKS FRE R AL S (A I T T 45 402 e o
Tifdo [RIET, i T A A SR T B R M
AR , P AN B2 8 aed v R B e g e A, 3T
21 o ) 7 B ], ELAS 25 DAL 401 8 S5 B30 A AR 7
HERIME R AR K o

AT BEAR A5 X R U SRR AR A AT T
R, R A SR A H 25 U Y I R P e rh oAy
)R RS o 2015 4F, Lei™ 53t 17— H it
AE FiL 22 SR AR 25 (1 231, JF o iz sz o
AFERETERE , 45 R R EE T /e e 5 T, AL i
ARSI PRI R AR IR AR BT 5 T 4

2018 4F- , Ma S0 HL 30 728 ifL P (A A AL S 110
A Ak P A A9 T A 32 R i BELJE i (18]
240, JE T 1278 W BE 8 A BELJE % ) P E bk T
T35 R [ £ i ST PR A T R R AT T el
TR 1 I S R Sk BE 2 A O I 2 R AR RE A
A3 g R A S A

El 24 LT ER PR AR R R #4544 5]

20 fH:22 80 AR A ] , Gandhi ZE*045 H, i A% 5
PR TR LS AR sl 42 & T AL A
ARG AT 25 I T ARG B, 1 AT T R AR BOR
TR THLES ARSI A A R G, 155 T84
PSR o K R/ P AR AR R T AR B N4
WO e 7o R AL IR AR B A L, 2
T[] R R B0 RN B I AR AL B N 1 & T 1)
Z—s

e/ P A L P A LA R O AR
o7 TG AR s 4 T A A, BRI,
— HLORAM BB Bk, sl 1.2
I R b 2SR R AR R 1) A

6 mAHEEZMEREAR
Kofod 4541 th T i rh L4 fc /I E 435 14 (i

electric  elastomer minimum  energy

DEMES) # /&, in4- e /N RE i 45 i 215 212
PN FT RIS o LA TAE R - Flhr i ot
SRR RS 29 SRHE SRR &, 51 5 TR AR R I, 1l
A GERYAE T I /N RRRIRES o ARl e/ e
HEAT S NI BE BT, AT LA a7 B0 T 25 ] S BB AR 5
B P Y

Li S5O B I ey R 5 3 Ay SRR AR
R ith AR e n S R EE LR, 53 1 — ke
SRV Y dc /N BE B 45 4 5 R SR AR A B Y AR I R
A B SRR B 4% (variable stiffness dielectric elas-
tomer actuator, VSDEA ) , W& 25" 7R . 18 15 #51
ORI R ) 5, AT LS BE B A8k, S 4h
Je oA 0~5.6 kV I, VSDEA 1Y #5c R AH X W1 2 72
16 71.8% , I F455 280 75.6% ; i KW 4y 157.8
N/m, I 17 2% b 889.9 mN. BV )45 Rk a2
Y 13945,

Shintake 25 IR 45 4 (low—melting—point
alloy, LMPA) Ry B 44, 28 &4 v i P A 3K 20 2% (di-
electric elastomer actuator, DEA) , Tl /E 5 40 & 26
JIE 7R 728 W B2 K S 2, )] LMPA S ASE o i Ut 32
AL S BN BE AR Y o ST 2O < 24 LMPA it
1 SV S N R [T U R NN L )

structure,



—t

78 www.kjdb.org

RS S82021,39(17)

(a)

DEJ @

(a) Z5HREEEL; (b) BHLAURZS s (o) 38 R TR RS
25 f/NAREAS NI VSDEA 45

W/

L%C%g

7.
7 /

IR ZVSDEA

L

VSDEA

26 VSDEA /R

NI . T BUERL ) DEA 57 45 40 A8 4
RAEJRWER, RBOEA S AT . O LM-
PA ZEPEFIXT DEA Jifi i v e () [R] B, DEA (197 Jig L
A B A S5 4 F 57 4 R A AR R W e R
QR LMPA finviss b, NI RE 25 &35 B I, st i+
X} DEA i et Jo ik AR 2549 TR IR o i S5 1

W 5 e AT A8 4024 90 £%

e /NSRRI B 2 N T 3 R S AL A i
OSSR N N By NG NV 705 %= 5 2N
DI A 05, o e o] LUAR B8 1 A% 5 R G A8 4k, 31X
X A SR o o PR ML IR % e LA B L, AR
1M, H AT FE 8 b F 52560 =5 /K7, HL K g A
il S A Rt

7 Zig

SGE T AT 5 ATk H B A LB AR I R A R
MRS o BT EAT LU R R 2 4
T 3 A [R] A RR 2 LR, S B (] 555 SR 114 2 )
A8, ELUARTERE LB an 26 2 o o 5 el WG RN L 2
BB S LA R BT AR W 00 5 PV C BEIE
S5 AL RAT AL F EL AT R A 1) e 4 78 8 3R 5
T 78 5L AR R L 9 A S R EL A R B I AR Ak
VPR i 15 4% 45 s DEMES Je 4 0 1 R 1%, 5 Tl
T, T LA R R AR AW B R R X s
BEARWA — @& m R 9k iR 456 k)
F4) 29 426 R KPS 5 O O T e P 2 O A I R R
FINR S T AR B/ SR M 25 & PVC #E
JE A I 2 L 1 AR 5 5 24 (R T RIS R T R
Vo R N R = U B S
FIVER 1) R ot 258 KT L 90 728 58U ARk 19 g FH 7 A
— 2 BT 5 H Er R sl v e — R g R AN
AT A e/ INSARE AR I B 25 4 1) 2 B

B — AR AR W AR AL g A — 25
KIBAAEZEZ L, @A By e
g ZE T IR Bl ML A5 B 2% 2 2E B AT B
AT LUK J& 2 b ) 5 RUOBE AR I T v AN g

2 BN ARVERELLE

AR 9zl 75X W JEE AR A Rl A PEH A
T EEL R A L ~2 P AL W R ROCR b YRl (kV)
L R L ~7 PUHi AL W BERCRAF , TR R YRl (kV)
PVC BEE L ~10 KB AR (V) , He4ii 22 W B2 RICR 4 SRR
ot Wiy 8 R RERTR 3~5 A SERARIE | Fe 4R 78 W BE AR BT R 2% T BB
(ALERT S (Rl 5~10 W32 A A B A, g 3 il £ T 2ME, B AR
e/hEE BRERTE ~2 R 165 KA S5H RSP RE— B, 2 L AN T




—t

RN S38 2021,39(17)

www .kjdb.org 79

S A HLAR N RN BE AL, B A B T
T EE AR AT TEREFAR LR AT IIRE .

2 % 3Lk (References)

[1] Rossiter J, Hauser H. Soft robotics—the next industrial rev-
olution? [Industrial Activities|[J]. IEEE Robotics & Auto-
mation Magazine, 2016, 23(3): 17-20.

[2] Li T, Li G, Liang Y, et al. Review of materials and struc-
tures in soft robotics|J]. Chinese Journal of Theoretical
and Applied Mechanics, 2016, 48(4): 756-766.

[3] Tse Z T H, Chen Y, Hovet S, et al. Soft robotics in medi-
cal applications[J]. Journal of Medical Robotics Research,
2018(8): 3—4.

[4] Laschi C, Cianchetti M, Mazzolai B, et al. Soft robot arm
inspired by the octopus[J]. Advanced Robotics, 2012, 26
(7): 709-727.

[5] B8, K, 45 . 07 A 1 SE AR HIL a8 AR5 SR A
)] ML T, 2009, 26(8): 1-6.

[6] Saragih R, Tarwidi D. Vibration reduction on single-link
flexible manipulator using H oo control[J]. Journal of the
Indonesian Mathematical Society, 2008, 14(2): 2008.

(7] WIS, BeAVER, TiEoR, 45 . dELLRpLas AT RS I 7
EERAL]. MBS HLT, 2015(8): 70-73.

(8] BXEMI, PRAEWI. etk s Se Rkl as AT Z5 kg it
SEHPESIT). HUERE SR, 2015(2): 184-187.

(91 AL, 1, B IEW,, &5 . BARPLEs A HliE T 220t
JE). AR TR, 2018, 55(8): 606-612.

[10] Stilli A, Grattarola L, Feldmann H, et al. Variable stiff-
ness link (VSL): Toward inherently safe robotic manipu-
lators[C]//2017 IEEE International Conference on Robot-
ics and Automation (ICRA). Piscataway NJ: IEEE, 2017.

(1] WAk v, BB, B vk, 55 . 5 20y Az g bl ds A
VOSB3 )], FUAR T AR, 2019, 55(5): 27-35.

[12] BV, BERE, 2B W LA A S A ) 4
I BLBRAT T )], Jb ot BT R 2244, 2018, 38(10): 65—
69.

[13] Hao Y F, Wang T M, Xi F, et al. A variable stiffness
soft robotic gripper with low—melting—point alloy[C]//Con-
trol Conference. Piscataway NJ: IEEE, 2017: 6781-6786.

[14] Hao Y F, Wang T M, Wen L. A programmable mechani-
cal freedom and variable stiffness soft actuator with low
melting point alloy[C]//International Conference on Intel-
ligent Robotics and Applications. Cham: Springer, 2017:
151-161.

[15] =] SC. TR ARICAZ A 4 1 45 K 19 B2 42 1 AIF 52 D).
B BRI IR R, 2014,

[16] Alcaide J O, Pearson L, Rentschler M E. Design, model-

ing and control of a SMA-actuated biomimetic robot
with novel functional skin[C]//IEEE International Confer-
ence on Robotics & Automation. Piscataway NJ: IEEE,
2017: 4338-4345.

[17] XURERK, 2250, KA 8. BT N T HLAAE R I
IR RGBT KRR TS . TR 5330, 2013(11):
52-56.

[18] Cates M E, Wittmer J P, Bouchaud J P, et al. Jamming,
force chains, and fragile matter|J]. Physical Review Let-
ters, 1998, 81(9): 1841-1844.

[19] FRiESE, TACR, i, 5. ST 4 B ahsii
8 2R T R W BE 9 Y PR BE AT SE (0], LB T AR A 4,
2018, 54(17): 46-52.

[20] skFEAE, BEAE, T . ARRPLAR OSBRI SE[CYrh
FEPU TR A2 U A sl i 2 &P A sl 2l
WAL T2 R TAEBE RS . JL st T E LT
P24 23, 2017: 99-100.

[21] Persson B N J, Guo J L. Electroadhesion for soft adhe-
sive pads and robotics: Theory and numerical results[]].
Soft Matter, 2019, 15: 8032-8039.

[22] T HIH, ABFT K, A%, 45 FRPLAS A 454 4Rk |
fER S s, MU T R 244, 2017, 53(13): 1-13.

(23] It ARSI A M RE SR A O A AL AL K S
WFFED]. M IREE: M /RIE IR, 2015.

[24] XUGERK, 2= AEAN . 56Tl N LG AL K EE I K el 4
ARG RAFPERETEL)). W5 80, 2013(11): 52-56.

[25] Li D L, Guo Y, Gao F. Structure design and positive ki-
nematics analysis of medical pneumatic soft robot[C]/In-
ternational Conference on Mechanical Design. Berlin:
Springer, 2018: 1257-1271.

[26] Fan ] Z, Zhang W, Kong P C, et al. Design and dynamic
model of a frog—inspired swimming robot powered by
pneumatic muscles|J]. Chinese Journal of Mechanical
Engineering, 2017, 30(5): 1-10.

[27] X f, AR ELie, WRAEFS . — o 20 5 P i o W32 B2 1 32
L. PSSR A4, 2018, 52(12): 23-29.

(28] LAY, PV, B AT B AIL A A B L R R
PR B IR S ). AL 5 A 3k, 2015, 44
(6): 156-159.

[29] Keng H K, Kuppan C R M, Ponnambalam S G. Model-
ing and simulation of electrostatic adhesion for wall
cliambing robot[J]. IEEE International Conference on Ro-
botics and Biomimeticse, 2011(12): 2031-2036.

[30] Asano K, Hatakeyama F, Yatsuzuka K. Fundamental
study of an electrostatic chuck for silicon wafer handling
[J]. IEEE Transactions on Industry Applications, 2002,
38(3): 840-845.

[31] Shintake J, Rosset S, Floreano D, et al. Versatile soft

grippers with intrinsic electrostatic adhesion based on



—t

80 www .kjdb.org

RS S82021,39(17)

multifunctional polymer actuators|J]. Advanced Material,
2016, 28(2): 231.

[32] EARH, BT A . T i rit W A L A ) XS Ay TE BE AL
ANV PU T, 2012, 29(4): 22-25.

[33] Cheng Y, Liu L, Li B, et al. Design, manufacturing and
performance study of flexible drive and stiffness adjust-
able structure/function integration for minimally invasive
surgical operation arm[J]. Journal of Mechanical Engi-
neering, 2018, 54(17): 53-61.

[34] Li B, Cai Y, Jiang L, et al. A flexible morphing wing by
soft wing skin actuation utilizing dielectric elastomer: Ex-
periments and electro—aerodynamic model[J]. Smart Ma-
terials and Structures, 2019, 29(1): 015031.

[35] Wang T, Zhang J H, Li Y, et al. Electrostatic layer jam-
ming variable stiffness for soft robotics[J]. IEEE/ASME
Transactions on Mechatronics, 2019, 24(2): 424-433..

[36] Narang Y, Degirmenci A, Vlassak J J, et al. Transform-
ing the dynamic response of robotic structures and sys-
tems through laminar jamming|J]. IEEE Robotics & Au-
tomation Letters, 2017, 3(2): 688-695.

[37] Ou J, Yao L, Tauber D, et al. Jamsheets: Thin interfaces
with tunable stiffness enabled by layer jamming|C]//Pro-
ceedings of the 8th International Conference on Tangi-
ble, Embedded and Embodied Interaction. Munich: ACM
Press, 2014: 65-72.

[38] Uddin M Z, Watanabe M, Shirai H, et al. Effects of plas-
ticizers on novel electromechanical actuations with differ-
ent poly (vinyl chloride) gels[J]. Journal of Polymer Sci-
ence Part B: Polymer Physics, 2003, 41(18): 2119-2127.

[39] Li B, Chang L F, Wang Y J. Modelling of dielectric gel
using multi-physics coupling theory[M|//Soft Actuators.
Tokyo: Springer, 2019: 561-580.

[40] Li B, Chang L F, Asaka K, et al. A multi-physical mod-
el of actuation response in dielectric gels[J]. Smart Mate-
rials and Structures, 2016, 25(12): 125032.

[41] Hirai T, Kobayashi S, Hirai M, et al. Bending induced
by creeping of plasticized poly (vinyl chloride) gel[C}/
Smart Structures and Materials 2004: Electroactive Poly-
mer Actuators and Devices (EAPAD). Bellingham WA:
International Society for Optics and Photonics, 2004,
5385: 433-441.

[42] Maeda Y, Li Y, Yasuda K, et al. Development of vari-
able stiffness gel spats for walking assistance|C]//Intelli-
gent Robots and Systems (IROS), 2013 IEEE/RS] Inter-
national Conference on. Piscataway NJ: IEEE, 2013:
5404-5409.

[43] Li Y, Hashimoto M. Design and prototyping of a novel
lightweight walking assist wear using PVC gel soft actua-
tors[J]. Sensors & Actuators A: Physical, 2016, 239: 26—
44.

[44] Li Y, Maeda Y, Hashimoto M. Lightweight, soft variable
stiffness gel spats for walking assistance[J]. International
Journal of Advanced Robotic Systems, 2015, 12(12): 175.

[45] Shin E J, Park W H, Kim S Y. Fabrication of a high—
performance bending actuator made with a PVC gel[J].
Applied Sciences, 8(8): 1284-1291.

[46] Shibagaki M, Matsuki T, Hashimoto M. Application of a
contraction type PVC gel actuator to brakes[C]/2010
IEEE International Conference on Mechatronics and Au-
tomation. Piscataway NJ: IEEE, 2010: 39-44..

[47] Felton S, Tolley M, Demaine E, et al. A method for
building self—folding machines|J]. Science, 2014, 345
(6197): 644-646.

[48] Kim S J, Lee D Y, Jung G P, et al. An origami—inspired,
self-locking robotic arm that can be folded flat|J]. Sci-
ence Robotics, 2018, 3(16): eaar2915.

[49] Li S Y, Fang H B, Sadeghi S, et al. Architected origami
materials: How folding creates sophisticated mechanical
properties[J]. Advanced Material, 2019, 31: 1805282.

[50] Fang H B, Li S'Y , Wang K. W. Self-locking degree—4
vertex origami structures|J]. Proceedings Mathematical
Physical & Engineering Sciences, 2016, 472(2195):
20160682.

[51] Fouhey D F, Gupta A, Hebert M. Unfolding an indoor
origami world|C]//European Conference on Computer Vi-
sion. Berlin: Springer International Publishing, 2014:
687-702.

[52] Wang Z J, Jing L Q, Yao K, et al. Origami—based recon-
figurable metamaterials for tunable chirality[J]. Ad-
vanced Materials, 2017, 29(27): 1700412.

[53] Kalina K A, Brummund J, Metsch P, et al. Microscale
modeling and simulation of magnetorheological elasto-
mers[J]. 2017, 17(1): 27-30.

[54] Takemura K, Yokota S, Edamura K. Development and
control of a micro artificial muscle cell using electro—
conjugate fluid[J]. Sensors & Actuators A: Physical,
2007, 133(2): 493-499.

[55] Schiava N D, Le M Q, Galineau J, al. Influence of plasti-
cizers on the electromechanical behavior of a P(VDF-
TrFE-CTFE) terpolymer: Toward a high performance of
electrostrictive blends|J]. Journal of Polymer Science B:
Polymer Physics, 2017, 55(4): 355-369.

[56] Yao J R, Sun Y Y, Wang Y, et al. Magnet—induced
aligning magnetorheological elastomer based on ultra—
soft matrix[J]. Composites Science & Technology, 2018,
162: 170-179.

[57] Malaeke H, Moeenfard H, Ghasemi A H, et al. Vibration
suppression of MR sandwich beams based on fuzzy logic
[C)//Conference Proceedings of the Society for Experi-
mental Mechanics Series. Cham: Springer, 2017: 227-



—t

RN S38 2021,39(17)

www.kjdb.org 81

238.

[58] Bai J F, Fu J, Lai J J, et al. Time—delay analysis of a
magnetorheological elastomer actuator for semi-active
control[C]//2017 29th Chinese Control and Decision Con-
ference (CCDC). Piscataway NJ: IEEE,2017: 366-370.

[59] Song W Z, Zhou H, Zhao Y Q, et al. Study of variable
stiffness dynamic vibration absorber based on magneto-
rheological elastomer|]J]. Ship Science and Technology,
2015, 37(11): 64-68.

[60] 38 7, BXEMS . R/ WK/ -1tk 25 7K e U AR JEE A ) P
iMAEAT N1 SHREREE, 2014, 35(4): 426-428.

[61] Tu F Q, Liu X S, Mao Y, et al. Recent progress and ap-
plication of electrorheological fluids[]J] Materials Review,
2014, 28(11): 66-68.

[62] Shiga T, Okada A, Kurauchi T. Magnetroviscoelastic be-
havior of composite gels[J]. Journal of Applied Polymer
Science, 1995, 58(4): 787-792.

[63] Behrooz M, Wang X, Gordaninejad F. Control of struc-
tures featuring a new MRE isolator system|C]//Active
and Passive Smart Structures and Integrated Systems
2012. Bellingham WA: International Society for Optics
and Photonics, 2012, 8341: 834111.

[64] Lei X H. Design and experimental research of self-sup-
plied electrorheological elastomer shock absorber|D].
Xiangtan: Xiangtan University, 2015.

[65] Ma N, Zhang ZQ, Dong X F, et al. Dynamic viscoelastic-

ity and phenomenological model of electrorheological
elastomers|J]. Journal of Applied Polymer Science, 2017,
134(41): 45407.

[66] Gandhi, M. V, Thompson, B. S, Choi, S. B, et al. Elec-
tro—rheological-fluid—based articulating robotic systems
[J]. Journal of Mechanical Design, 1989, 111(3):328-336.

[67] B, FARGHE, T —5% . T 1 I AL i A LA 2 1 5=
Gt 5 05 B MURBEH S, 2012(12): 10-12.

[68] Kofod G, Paajanen M, Bauer S. Self-organized mini-
mum—energy structures for dielectric elastomer actuators
[J]. Applied Physics A, 2006(85): 141-143.

[69] Kofod G, Wirges W, Paajanen M, et al. Energy minimiza-
tion for self-organized structure formation and actuation
[J]. Appllied Physics Letters, 2007(90): 081916.

[70] Li W B, Zhang W M, Zou H X, et al. A novel variable
stiffness mechanism for dielectric elastomer actuators|]J].
Smart Materials and Structures, 2017, 26(8): 085033.

[71] Li W B, Zhang W M, Zou H X, et al. Bioinspired vari-
able stiffness dielectric elastomer actuators with large
and tunable load capacity|J]. Soft Robotics, 2019, 6(5):
631-643.

[72] Shintake J, Schubert B, Rosset S, et al. Variable stiff-
ness actuator for soft robotics using dielectric elastomer
and low—melting—point alloy[C]//IEEE/RS] International
Conference on Intelligent Robots and Systems (IROS).
Piscataway, NJ: IEEE, 2015: 1097-1102.

Research progress on novel variable stiffness technologies for

soft robot
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Abstract Soft robot is a new kind of robot with various freedom of movement and good environmental adaptability. However,

low stiffness of the soft robot limits its practical carrying capacity. Therefore, it is meaningful to develop variable stiffness
technology for soft robot. This paper summarizes the new variable stiffness technology in recent 5 years, introduces and analyzes
its working principles including electrostatic adsorption principle, layer interference principle, self-locking origami mechanism,
electrical/magnetorheological principle and minimum potential energy principle, variable stiffness performance and practical
application. This paper also discusses the challenges for the current variable stiffness technology and the future development
direction, and summarizes the potential research value of the new generation of variable stiffness technology.
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