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Electrode

Fig. 1.1 IPMC actuator[19]
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Counter electrode Electrolytes Conductive polymer

Fig. 1.2 Conducting polymer actuator[24]
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Fig. 1.3 Dielectric elastomer actuator[26]
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Fig. 1.4 Pneumatic rubber artificial muscle[28]
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ThHDHZEZETLNLHAICER LT-.

Table 1.1 Soft actuator classification

Output Displacement | Characteristic

Conductive Electrical ~10N ~10 % Low voltage drive, low response
polymer

Dielectric Electrical ~10N ~10 % High response, high drive voltage
elastomer

Polymer gel Light, heat, etc. ~10 N ~10 % Low response

Rubber Pneumatic, hydraulic ~2000 N ~40 % High output, high displacement
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Reinforcing fiber

Outer rubber layer ~ Inner rubber layer
Ring Terminal

Fig. 1.5 Structure of the straight-fiber-type artificial muscle
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Fig. 1.6 McKibben type artificial muscle

Sleeve

No air pressure applied Rubber tube

Expansion
3

Air pressure applied

Contraction

Fig. 1.7 Contraction mechanism of McKibben type artificial muscle
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Fig. 1.8 Chart of wearable assistive system[32]
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Z 2T, NHOREENITE & B OMICELE SR, 5t LR HIGHE LT
BELTWD. ZORIEICL Y, AMIFAES ML 721 T <, BEE O
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U7 T 7 AR O EHEARITHIRAZ 5 2 720,
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Artificial
muscle

Fig. 1.9 Assist device Airsist[35]
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RV, REINET AR OFREI 2R I LI LT\ D, Z OILHE & f#
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Annular muscle

Longitudinal muscle

Fig. 1.10 Earthworm body

Fig. 1.11 Earthworm peristalsis[44]

Fig. 1.12 Earthworm type robot PEW-RO[46]
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ERIR A TEAC mRE MR IE, BB AR E LT, &L, E30, &
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RFEOREMTHHLAZ Y 2a—a L X707 T 32 I 2903, WREWICBERE
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Annular muscle

Fig. 1.13 Intestinal structure[40]

Muscle tension Bolus

(a) Peristaltic pump (b) Pump unit

Artificial muscle

Air chamber

«— Rubber tube

Flange

(c) Cross section View
Fig. 1.15 Peristaltic pump[40]
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1.3.3 N LHROFEADORET 5 AT

McKibben B! N TAHAI O Fa 2B 298 & L C, Klute H 1%, RIAT LKLY
Ua—r I A TER L7Z McKibben A T/ OULHE &% 25 L 7B O 55 7
MR ATV, KRR 2H I ) a— 8o 24 f50FmTHH I EERm LT
5H(F1.2). E£72, WIFMIIT 7 F 2 —FZ DIFEITEE L, IHER 25 % & X
a5 % TIEFMD AERRER LD Z L 2R L TWH[41].

Table 1.2 Fatigue life for McKibben actuators fabricated with silicone or latex rubber

bladders tabulated by the amount of actuator contraction[41]

Typical pressure [bar] Slllcor[wceygll;?]ber N Latex rubber N [cycles]

0.75 4320
0.80 3.0 480 6140
0085 2.3 1290 8730
0.90 1.6 3490 12400
0.95 0.9 9440 17620
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A AR1E, McKibben B L A O BRENJR C & 2 MR T = — 7 O S8 E 2R 1 il
BEREHOBEMERZRITLZEICEV R =T LT 2 — T OEEEIC X DR
ZBHIE LT, MAMEZ 20 f5iI2m ESE TV A (K 1.16, # 1.3)[42].

Fig. 1.16 Inner elastomer tube of McKibben pneumatic artificial muscle[42]

Table 1.3 Result of endurance test[42]
32,000
X 37,000 Air leak from pinhole
44,000
1,000,000=
O 1,000,000= No damage
1,000,000=

o 01 A W N -
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PR DI, sl iR bR TR A OFFMIC DWW T, fiThiiiElc s B L C,
IRFMEHEE 7 7 2 N2 L7 A LR 2 ERLL €, I HFMmORBREIT
ST2. ZORER, T 7 I NikHE CIIMGHEOREN AR T, IRFEMME L i L T
3EREDOFMDE EEIT-oTWAH(X 1.17, 1.18)[43]. £z, VT DER L
TR T DMET BT o TV D.

0 Carbon fiber © Aramid fiber

14000

12000 T

10000

8000

6000 -1

Lifetime of SFPAMs

4000

2000

0

Fig. 1.17 Results of endurance tests (Difference in fibers)[43]

Fig. 1.18 SFPAM (with CB fiber and aramid fiber)[43]
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BEtZ21To TV D. ZORERE, R LUSHEMIZED 3 SO KB TE %
ZEEBBEMNTLTWAM 1.19)[44]. fEIK T IEMUR LIS I8 K & WIGEIZHEY
L, B RAEE & FIER, My F8HERI DA R, M R LR IR TR 2 Sk
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Fig. 1.19 Fatigue life curve[44]
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Fig. 1.20 S-N curve of NR[45]
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STWS., ZORERE, NR OMEMBILIZTOTHIBRENSEBL, OFTH8 T
K15 BIRED R b L, ZORINT 2 &ffmEITEET 22 2R T
(X 1.21, X 1.22)[46].

ANEIL T L DOFFM & ITEZEEIL ARV, KRS TIE I 2 OMaERabic
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Fig. 1.21 WAXD pattern of NR[46]
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Fig. 1.22 Hysteresis curves of CI[46]
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1.4

= F DR

I LB ZIT LD & T D @m0 MBS — T B 2 52 1 TR IZ = 5 1
FRIZRD L HIZE 2 5TV D (X 1.23)[47].

(1)

2)

LB ) 25 T oy DM R S AN s X S BB L L D L9 5.
T EHERER T DILFRE S I BRAS & £ D IT D MITHRW A, 1X U oIy 181
FEOT Y, SEECRHESINE Z 5 (X 1.23(a)).

AN FEHOFEY 2 15T DI DMFET D &, TOEHICTH 557 T-#HIT
ERREBIC RV B WNCAN A4S . Z OBIRRIEN D O I LV bR
LB L, RS FEOGINTNE Z 5 (X 1.23(b)).

3) 1 fHDsF#HBEWr S NS &, TORO Sy FHMRD VIS ZH S Ko

(4)

()

(6)

AT, FHOYMNIZDFFICBIT LEAL TN TIZ e RS RE
TERT % (2 1.23(c)).
FNICRAELEEHOI 70l RO b, lROKRE SICEE LT
Rn s T lib. BRORE SITEHE Lo 7= b ORI I BIR 72
VMFELE & L CRINIZEE D NERT 5.

vy 7y ZI3FERHICREEZRT, TOIDLRROREZDOL DR~
rway Ty Ens.

~rnr 7y 7%, BERPICIEE O ORRKFIS R EZ BT 2B 55
RO HFMICER L TCHRETS. LaLl, MEMICRL E, ~7arJ v 77X
ZDZRBIZIBR SO IS TGN TRE LTI 70 s F v 7 L8R, ik
EATEICM Y Z R LN b, = L CRERESIRENICE 5 (X
1.23(d)).
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Fig. 1.23 Polymer breakdown process

29



1.5 iR B /M

AR TIIZERET L NLHRAORHFEmbZ HIEE LT, TOEHOTDLL
T2 DIZHY FTe.

1. 7 Ak R AL AN T A OfEE 2 B = X A O]

2. Wy Fmom E

1.6 FRIHERL

AFmSLTIE, ZZ2XETLANLHARORFMbZ BIE L T, EA I =X L0
Bl &g e oom EICH Y fiTe. 55 2 BECIE, @iy iR LA N TR RIS
WTak 2. 5 3 FECIE, 5 TR E N T N O ReE & Rk A T = X
IZOWTHRR S, 4 =T, FEM IZ X DEMHT S = 260 B ARl 2 3%
ELT, MEBRAIT O . £, ALFRNOT AT MuaEE LIBEoFEm L
WAERFEICOW T ORI Z1T 5. 5 5 BCIE, KT LD S b FrE 2 F)
ML ANTHAOREFMCICERDY e, FIOIIAA X BRIEHTIC K 0 [hiER: e
DWEREAT 9. IRWNT, HGIERINC X 2 Fmebliz1T 5. & 6 = TlE, RFamn
ORI TH L AN TLHRNOREZITH. £7, < AN LHRHNOFHm
21T 9. IRV T, < UV TG A OUHERFERE 21T 5 . ZICH 7T ET
fEam e SR OBREIZOWTIRRS.

30



F2EF HAMMEREREATHRA

31



F2E #MAaRMmMEREEATIHRN

AREECTIE, BT mHE TR LN T OUHE A B = X A, UG E R OWERL S
BEIZHOWNWTIHRRB.
2.1 A=A L

2.1 (2ol 5 R ME SR AN A5 PR O ISR O kR %7~ #il 7 Mk R b
THREPNCZERIEZEIINT 5 &, @7 aIc O& 2 A 2 I alissff oz L v o
BRI O AR L Tl TN T 2. EOBRONNE 2T 7 Fax—4
OHNELTHEHATHZENTES.

Inside diameter : D o
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No air pressure applied Length: L | \
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atural rubbe Aromatic polyamide

fiber layer

Expansion

Air pressure applied
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Fig. 2.1 Configuration of the straight-fiber-type artificial muscle
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2.2 URHEFE

FEAR(NEE : 10mm, #ME : 14mm, £ : 180 mm, 20 %UHERF O AZERE 20 mm)
i % 72 B O sl 5 ke LN TR & McKibben BN TATA O HAE TO
FIINJAE 77 & U ) 0 bR (13 2.2) S OV ff IRg O FIINE /5 & S0HE 32 D beigi (1K 2.3)
Z9[48]. T 2T 22 OUHE L, NLFHROE S ZHHE SICHEE LT,
ZEREEFM U ORE N ZRE LEEREIEICL 250 TH D, I
M= &0, MR faf C 22 U FIVINIRE O UG & % 22 KUE BERI NI O & & TR L7l
Thon. Ks, [F—FES Tl s maE i bR N TR O J7 035, IGHE 128 K &
<, McKibben 235 K THI S00 N 12t LT, il e s b A 1 38 K T 2,000
N & 4 BEREDONMES & otz Zh SRR il 7 i b5 o 7
MRERHAEHBOLND Z ENbnd. £, [F—H Tl mdkiEsRie s o
TN KD ARJE TG ) &2 E TE 5. [RERICUHE R 1ZIX] 2.3 & W McKibben 723
AR THI 28 %lZkt LT, fil 7 il b I3 K TRI 38 % & 1.3 EREEE & 72 o
7o, 5 s HE R LA CIE NI 0 B ZERE DO RIK TG I IZF 53 5729
BHOROEEMNERD EEZBND. 22T, McKibben I\ AfsRfHHE &2 PN A
SHDLEVOIEELZZ LN, ZEXELHIIN LR L7 BRI, MilE=— K2
RERZWR L, MREMEICED2WRNZRIET LN TERVD,
McKibben B DPEREMR] FIZFTFH- L7aWZ &R TFHRIND.
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Fig. 2.2 Relationship between pressure and contraction force
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Fig. 2.3 Relationship between pressure and contraction ratio
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(e) Repeat a multiple time

Fig. 2.4 Fabrication method using latex
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B = 2 L= N LA A OFERILG 152 DL IR 97(1K 2.5).
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(a) Preparation of compound rubber (b) Wrap runner around a metal rod

(c) Artificial muscle

Fig. 2.5 Fabrication method using solid rubber
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B 3E HHAMRMSHERICEANIHRAORMN & HiE A
Hh=X L

AREE T, b7 mkME TR AN A% P O IGHE FF M M ORI A J1 = X N Z-DWN T
JUISONSN

3.1 EREH
3.1.1 JLMHEDETILE
3.1.1.1 JLMHEDETIL

— R DO&EEMELE B2, MBI NI D REENAEETH Y, 40
BRIV D LIRIFTEDIIRITE D & W D R A F5o. 72, I & OF A 3ss Ik
MIZEIRCTH V , 1ZIEIEEM O R Z FFo72 0, I A EHIEHMER & L CHY
Wb, 77 AN L TBHEMEROEFR E LT, [H MRS ENE &Y
20 OOT R FVXEEE D, TRNBE RGO EHIRIREEIZSWT,
HAEEY 7D OOT AR VX EAOFEIEN, NIV EFEEZTHHIAEI
LELWEIIELNIZOTHT v YLK TH D & &, TOWiK%E i
PR LD |0 T LMERD FEM f#FT 21T 2 BRICIX, EOMBHEZ 7 kT
LN D . BROIERIEME 2 RO T AMBHE T VA2 BUEL T 5 7201, fix e
FHOOTHT R LXEENRESN TS, REMARO TR 2 LXK E
3.1 TR,

Table 3.1 Typical strain energy function[50]

Strain energy function Nominal stress theory solution
Mooney W=C,(I;-3)+Cyy (1,-3) Cy0 Coy F=2()-1/Aa)(Cy,APCyy)
Neo-Hooke W=C,(l; 3) C1o(=G/I2) F=2C,o(A-1/Aa)
Mooney-Rivlin M C 1\/ow _ oW
25 Crnly = 3™ (U — 3)" F=2{A-2)on V5,
m=0n=0
Ogden & o . O, U, Y
Z o 08" 28" 428" ~3) F =) (At = p71-cen)
n=1
Yeoh W=Cy(13-3)+Cyp(1;-3)*+Cy(1;-3)° Cion Cops C3p F=2(0-1/A%)[C5+2C,(15-3)+3C4(11-3)2]
Gent W=-(E/6)J, In(1-3,/3,) E,J, F=(E/6)(1/(1-3,/3,))(2A-2)2)
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AalIkE A 72 O A RV EIEDO )y 5, Mooney-Rivlin €7 /L& i8R E L7-.
Mooney-Rivlin 7 /L TIXOT AT LKA FEFXGB DO LI ICEKT ZENTES.

M N
W 42,25 = D D Counlls =31 = 3)" (3.1)
m=0n=0

/S AR O %= e
A BT R~ O R

Con + MPEHRFA D TEXL

L OFTHAEEG=1-2)

OFHBAZEIFIUTOXNTRIND.

L =22+ 1,75+ 457 (3.2)
I = (M42)* + (A243)* + (A3A1)? (3.3)
I3 = (A11243)? (3.4)

Z T, ALMBEIFEMEMEICH D S E LTI2S G,
13 = (11/1213)2 = 1 (35)

ETHILENTED.
£z, —HGROLE TE, MERESTETH Y, FFEMTHIIL, MRk
NBODERL 2D,

1
=A== i (3.6)
XBS5) XD,
1
2 — —
A" = P (3.7
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F72, X3.2), 3.3), (3.6), 31L&V,

2
L, =2 +2 (3.8)
1 + 7
1
Lih.

OTHZRLX W MR A T L TUNNZRDO L ZENTEXHDT,

_ow
Y

_awal,  aw al,

o

= 3L 91 " al, aa (3-10)
- oT, RXEG.1), (3.8), 3.9k
ow _ Cio w_ Cos (3.11)
al ’ oL,
oL 2 al 2 (3.12)

ﬁ‘zx_z_z, FRRE

Cio, CollIMEHFADOERTH D XBI)TERIND.

LMo T, 2NERGIOITRAL, EFMTAELBINNE, L ZHWVTUTF
DEHIZEKRTZENTES.

2 2
o= C10 (21_ A_Z) + COl (2_ A_3>

2Co; 1
= (260 +32) (1-3) -
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3.1.1.2 I L#MHD5IRHER

ARIETIE, FLMBET VOMBIERZRET 572D T LB O 5] iR
2479 . RBREEMK 2K 3.1 1R T. VU ROBER 2> v v 7V TCREET
5. BENA T A X BB S -BEoi hEz e — Rev il 5. 8y 7
IZRIRT LD 12 mm, FME 14 mm, 8 10 mm OV > 7 REER %2 7z,
AR SR 2 X 3.2 1IR3, Bl IO A THENIS D Th 5. BBRER G, K
R LDISTTOTHEFHEITIERIE TH Y. 0T HOHEME & IS 128
B ERoTnD. ZoRBREREAXC)ICEMA L, &/ ZREZHNT
Mooney-Rivlin &7 /WZ 1T DR EHER Clo LT Cot ZLA T D K D IZRE LTz,

C10=0.09053 MPa, Cp;1=0.06034 MPa
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Fig. 3.1 Outline of tensile testing machine
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Fig. 3.2 Stress-strain curve of NR
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3.1.1.3 FEM f&#f

HITE T, T AMBIOBIBERER ) S I AOMBEREZ R E L. AETIE, B~
E LTep B EE 2 T, FEM T 21T 5. f#fTY 7 M ANSYS & iz,
TER L= BT VAR K33 ICEFNE A K 34157 T. BT VORRIZE Z 12mm,
iE 10mm, £ 2mm OEHETH L. TT MRG0 D L 51T, £
FTNERO x B A 0, KOy B E 0, FRIEO z B % 0ICRELEZ. K
BT ICOT BN 4 L2 D E Ty HIAENZ DT TN 21T o 72, fRNTRER &
FEAER Ol & %] 3.5 127, X 3.5 5 B AT S (Mooney-Rivlin BREGHAFE) I O
TAHIBEFE TIEEREREBBORA—HLTWDZ ERDND. X 4.2 IZtkik
T 5 X DI L DR 4 LUT OB ITIHERC 2 2HEHZ D D e RO #11% 3
UTTHDZENbLND. LN -TLID D 4 LLT ol 5 midiE s bR A T
A ZTE LIS AT B E B DN Y THH EEZHNRD.
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Fig. 3.5 Comparison of analysis and experiment
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3.1.2 FEM BT D= D ATHAETIL

RIHIZN D, T LAMERET L OBRE K OB EHER 2 T E L T, £ DY ME% iR
L7z, AREiCIE, sy misesab A THRAOETT AL AT 5. iy mikiEsR b
BINTRIRAOBBEESZ L & LB, L/ 2 Oy %2 EEIHFRAR A2+
HERELT, M36ICRTHENWNTHATLES L/I2DETNVEEKR L. &
72, BT MLZEIT O OIEEIEE S Th Y, FLERZEI L TRFRE 72D £ 9 IR E
Liz. LT 2K 3713507, JES 1mm O 2 50 =2 58O R AH5R
HEFE 250 Uil 7 ik b N TR 27 Wb LTV 5. 3R 2.2 [THEMT 5108
DFEM A RT. F72, TFMEIK 38 ITRET L H TP LA FLE N x
26 3%, y HmINC 30 El L7z,

Length: L

Diameter:D

Fig. 3.6 SF-ARM to model
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Inner rubber —IFF1| x displacement
T —{ ||| constraint
- . Pressure P i
D/2 =5 mm R_’emforcmg :
fiber >
—>
L/2 =20 mm N
b Y
- || y displacement
X ILL]
jul 1 mm X constraint

Fig. 3.7 Model of artificial muscle

Table 3.2 Analysis condition details

Menu Construction

Element type Solid quadrilateral 4 nodes 182
Element behavior Axisymmetric
Element formulation U-P mixing
Link actuator 11

Real constant Link 11 spring constant k 1E8

Material property Material model Mooney-Rivlin
C,o = 0.09053 [MPa]
Co, = 0.06034 [MPa]

Analysis options Static large deformation

Time control Load step end time : 4 [s]
Time step size : 0.01 [s]
Minimum time step : 0.0001 [s]
Maximum time step : 0.1 [s]

Constraint / Displacement  (5=x=7, y=0): xdirection displacement 0
(5=x=20, y=0):ydirection displacement 0

Pressure P Time step [s] Pressure [MPa]
0 0
1 0.1
2 0.2
3 0.3
4 0.4
Range: x=5, 0=y=20
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Fig. 3.8 Model meshing
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3.1.3FEM [Z &k 2 N TEADER T

AT & T 2 AR Ol 5 e b RN TR R O T b T o7z, K
I CIEE T UL L 7= il 7 e si b BN % A O S TR 2 1 T W E TR DG )
DA EEHT D, TR ZIX 3.9 17T, BT ALOASTIEE - TILoRE
EERLTEY, FNORITRDICONTISHBRE L 2o TWD. fill )5 ik
SR T A O T RE OB @R O AW / 2 OF)ONE T LITAET DG
TNERT D E, BEFTONE T AL D0l L L TR 1.5 6%, SEsicd
LIS 5 & 10B5LL ETHL Z Ebroie.
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ANSYS
NODAL 301417108 R15.6f
STKR-1 Scaceerie
sun =285 ik
TINK=1.85281 "“‘l 7:'/:"::
J XX PANDK D Sl
= 1 AVG)
ONX = 11,8044
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SMX =3.0 7405
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(a) External principal stress distribution
ANSYS
NODAL SOLUTION 156
STER-1 ECTET
STB 2%
TIME-1.85281 Jml':ﬂzgn:l,:
/ EXTRNDED PR
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SMN - BHSL22
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(b) Internal principal stress distribution
Fig. 3.9 SF-ARM deformation analysis results
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32 BiEA DXL

3 3.3 (b7 e R LN AR O B2 E T — R 2R, e —RKe L
TIALDORENR, SBELEEIZL D0, HEORERRIZEDHD, TLDER
BEAHICE 2 bR OEE FICRERICL D bR EnETFons. £OHT,
T LDORETE, R LEIEICERT 2 b O AL N E43][51]. X 3.10 (2
KEFE, R UEMEIZ X DO T2 ~7. X 3.10(a)/MNE 2 L O ORL T
Th D, FME T 5O FISEATUTIZH#h T A PATICRA DA LT\ 5. %] 3.10(b)
XA E S T VORNE T L TH D, b IEDO R E W HIERAHE O N 2 il
FIENZBHNFAEL, TOBRENEE L TRHEICES.

Table 3.3 Artificial muscle failure mode

Rubber destruction Large deformation, repeated operation
Fiber breakage Lack of strength
Rubber deterioration Environment impact

Fiber and rubber peeling
Destruction by rubber foreign matter Manufacturing defects

Fixed part destruction
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50 [mm]

Failure part | Y Failure part

(a) State of outer rubber destruction (b) State of inner rubber destruction
Fig. 3.10 Failure mode of SF-ARM
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BT

4.1 AREREICL SEMEN

3.2 i D #h 7 AE R L RN TAE AN, B 05 TS ATRARAE S A > Ty
7o, ZEKEZFIIN L7CBRIC T DT REROT R0, ZOE ) HIES
%[52]. & Z T, McKibben % O F FREEFZVEIC X 2 BEMAT ORFFEHI[53]1% 2512,
ERF D T LM B O OTHEE L, T LMEREORIEL T5720, £/, L
/D HAEEFES D2 L TILMEHI DD D DT BR~DOHBELHERT D02, A
FRELRIEIC K DB T 21T o 7.

411 BFEL/D L EINFEE

ity 7 =7 & LT, ANSYS 15.0 24l L7z, f#troxts &+ 5t
MR LN TR OET VL, WEIALAF 22— NE 10mm, JES 1mm, £
gRAME, AR T AT 2 —T7NE 12 mm, ES 1 mm & L72(X4.1(a). Lk =
LDOMEFET L E LT Neo Hookean 5 /L& VY, MEFMEBIIRIKT LDF|IE
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72(K 4.1(b),). K 4.1)NEHEMNOL AL VIR DIZONTOTHNRKE L 2o T
Wb, IS FRAMAER R B OTAHANRRKELRDZENOND. K 421ZANT
IRONED EBEES LOT AT ML/ D %2706 8 £ TEE LK
DOYLHEER & T LT DK OT HOFENTHER Th 5. BEhITICHE S, Htdhix =
DO ROTHTHS. BMEVIEEENREL RDHICONTIETLO0T
FUHBRELLBRDIENDLIND., TAXRT MR 8 EREWEGATIE, RN
38 WFLFEIZ /2 D L T AT LE 55 OOTEHEREAETLZ ERNbND. Zh
D, 275 8 DA L/D I CUHEHR 38 %E M TE D X 918, I LB
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DL 70D,
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(a) Model of FEM analysis (b) Deformation analysis
Fig. 4.1 FEM result of the SF-ARM

6
e L/D=2 M
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A
5 | nL/D=4 N%a
A
A
¢ L/D=6 A
4 77777777777777777777777777777‘ 777777777777777777777777 ; WM 77777777777777777
¢
|| aLp=s A .o*!
T 3 [ A, S S —
E * Eﬂﬂﬂﬂuﬂﬂm
+— []D
1) A 'S . - oO
E2 O e
£ N =)
< ¢ O oesseUU @
CEU 1 YV = ’.’”’.’".’.'.’.’.”.' ”””””””””””””””””””””””””””””
°®
V
0 1 1 1 1

0 0.1 0.2 03 0.4 05
Contractionratio[-]

Fig. 4.2 Relation between contraction ratio and rubber maximum strain
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— I T LB, RS RS T LD — R T T 7 O REIR MR
Bl B, A oM A T D T2 D OFALB RS, NI E2dE T 5720
ORIEEA], MTEF, =555 FFE2ke S L5028 S 2 2846517235
AEXNTWA, 77, I LB OMEEDO R /SITFEE T ATV RE S Z L35
HIVTW D, AREITHE, BIER O HE R & fil ke R b AN A5 A O B -
DI KIHEER 38 % & FeFFaib &2 WL & ¥ 5 72012, = L EFOBZETREH T 600 %
LLEQIS K6251 YL Z BFEE L7c. E£97, 5 miiEs b BN TR Ok &
LTHEL TS EEZDOND T L% STERE L. R41ICSTFEO T LMEO
R E T,

Table 4.1 Characteristics of various rubbers

NR(Natural rubber) Arubbery polymer obtained from a natural plant. Excellent
mechanical properties.

CR(Chloroprene rubber) It has average properties such as weather resistance, ozone
resistance, heat resistance.

NBR(Nitrile butadiene rubber) Excellent in oil resistance and heat resistance.
EPDM(Ethylene propylene rubber)  Excellent ozone resistance and heat resistance.

TPE(Thermoplastic elastomer) It has both rubber and resin properties.
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Fig. 4.3 Physical properties of elastomers
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Fig. 4.4 Physical properties of various NR compounding
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Fig. 4.5 Stress-Strain curve
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Elongation at break [%]

Time to reach 600 % elongation at break [h]
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Fig. 4.6 Heat aging test result
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Fig. 4.7 Arrhenius plot
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Fig. 4.8 Experimental setup

Pressure gage

Table 4.2 Specifications of the samples

et [
10 16 87

1

2 10 16
3 10 16
4 10 16
5 15 21
6 15 21
7 15 21
8 15 21
9 20 26
10 20 26
11 20 26
12 20 26
13 20 26
14 25 31
15 25 31
16 25 31
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Fig. 4.9 Fatigue life of straight-fiber-type artificial muscle
0.5
R e
! { (
g (
S 04 fmmmmmmmmm e W
& ]
s o
© 085 fmmm o
o
100 1,000 10,000 100,000 1,000,000

l1—m 4 mL/D=9 1
- oL/D=8 2,3,4
37T 5 1, L/D=6 5,6
_____________ 2 ./ e elDb=5 7,12 |
ST «L/D=4 8,13

6 14
13/>< / / /  XL/D=3 9101415
X X -L/D=2 11,16

Fatigue life [times]

Fig. 4.10 Relationship between contraction ratio and fatigue life
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Fig. 4.11 Experimental setup for contraction ratio and force measurement

Table 4.3 Specifications of the samples at various length

Inside diameter [mm]

Rings 4 5 6
Length [mm] 60 45 30
L / D ratio 2.4 1.8 14

Table 4.4 Specications of the samples at various diameter

Inside diameter [mm]

Rings 4 4 4 4
Length [mm] 60 60 60 60
L / D ratio 6 4 3 2.4
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Fig. 4.12 Comparison of pressure and contraction force at various length
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Fig. 4.13 Comparison of pressure and contraction force at various diameter

Table 4.5 Comparison of extension force at each inside diameter

Inside diameter [mm] Axial area [mm?] Extension force at 0.2
MPa [N]

10 157 314
15 353 70.6
20 628 125.6
25 981 196.2
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Fig. 4.14 Comparison of pressure and contraction ratio at various length
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Fig. 4.15 Comparison of pressure and contraction ratio at various diameter
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Strain-induced crystallization
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Fig. 5.1 Crystallization model of NR
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Fig. 5.2 Crack extension model
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Fig. 5.3 Crack extension inhibition model
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Fig. 5.5 Principle of X-ray diffraction measurement
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Table 5.1 Information and evaluation contents obtained
from X-ray diffraction method[59]

I T e

Wide angle Peak position, intensity Crystal identification
Crystal structure

Peak width Crystallite size
Crystallite integrity
Intensity decay at higher diffraction angles The magnitude of the thermal motion

of the molecule

Relationship between the arrangement of date and the direction  Presence of absence of orientation
from which X-ray diffraction peaks Degree of orientation
Crystal orientation

Intensity change in the tilt and in-plane direction of the sample  Degree of orientation
Crystal orientation

Ratio of integrated intensity between amorphous and Crystallinity

crystalline peak

Intensity distribution of amorphous halo Amorphous structure analysis
Small angle Angle at which long-period peaks are obtained Period of lamellar structure

Relationship between sample arrangement and direction of Lamellar structure orientation

long-period peak

Long-period peak spread Disturbance of lamellar structure

Center scattering spread, intensity distribution Particle size and size distribution
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Fig. 5.6 Wide angle X-ray apparatus Nano STAR
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Fig. 5.7 Wide angle X-ray measurement of NR
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Fig. 5.8 Wide angle X-ray measurement of SBR
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Fig. 5.11 Comparison of stress-strain characteristics of experiment and analysis
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Fig. 5.12 Strain concentration analysis near the crack
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(c) Enlarged view of slit part
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(d) Enlarged view near the crack

Fig. 5.13 Stress concentration analysis near the crack
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(a) Before deformation (b) After deformation

Fig. 5.14 FEM result of the straight-fiber-type artificial muscle deformation analysis
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Fig. 5.15 Relationship between contraction ratio and strain
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Fig. 5.16 Test equipment overview
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Fig. 5.17 Material fatigue life test
(NR, Stroke 90 mm fixed, Repeat count and max stroke)
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Fig. 5.18 Material fatigue life test
(SBR, Stroke 20 mm fixed, Repeat count and max stroke)
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Fig. 5.19 Material fatigue life test
(NR, Stroke 90 mm fixed, Repeat count and true stress amplitude)
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Fig. 5.20 Material fatigue life test
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Fig. 5.21 Material fatigue life test (NR, Repeat count and strain)
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Fig. 5.22 Material fatigue life test (SBR, Repeat count and strain)
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Micro computer

Solenoid valve

Straight-fiber-type

artificial muscle

Fig. 5.23 Experimental setup of fatigue life test

Table 5.2 Sample specification

NR NR SBR SBR

Rubber

Inside diameter [mm] 20 20 20 20
Outside diameter [mm] 24 24 24 24
Length [mm] 80 80 80 80
Aspect ratio [-] 4 4 4 4
Contraction range [%] 0-20 2.5-22.5 0-20 2.5-22.5
Max applied pressure [MPa] 0.19 0.20 0.15 0.16
Min applied pressure [MPa] 0 0.04 0 0.03
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Fig. 5.24 Results of fatigue life test
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Fig. 5.25 Experimental setup of contraction force
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Fig. 5.26 Comparison of contraction force with and without pre pressure(0.04 MPa)
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No air pressure applied [l—l]

The center is constricted
Applie@sure

Low air pressure
Center part expands and _
extends in the axial direction

Operating cycle

High air pressure
Center part further expands and
contracts in the axial direction

Fig. 6.1 Artificial muscle overview
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Micro computer Terminal
K

Solenoid valve

Fig. 6.2 Experimental setup for fatigue life test

Table 6.1 Sample specification
Rubber NR NR NR NR
Terminal size [mm] 10 10 20 20
Pre pressure [MPa] 0 0.03 0 0.05
Inside diameter [mm] 11
Outside diameter [mm] 16
Length [mm] 55
Aspect ratio [-] 5
Contraction range [%] 0-20 2.5-22.5 0-20 0-20
Number of samples 3 3 3 1
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Fatigue life [times]

10,000,000
mNo.1
mNo.2
1,000,000
100,000
10,000
1,000

Fig. 6.3 Results of fatigue life test
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Fig. 6.4 Experimental setup for contraction ratio measuring
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Fig. 6.5 Measurement results of contraction ratio of the artificial muscle

(b) Low pressure

(c) High pressure

Fig. 6.6 Artificial muscle contraction
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Fig. 6.7 Outline of isometric contraction force measuring device
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Fig. 6.8 Results of isometric contraction force measurement
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