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Fig. 1-4  Applications of the fiber-reinforced soft actuators
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Fig. 1-5 Fabrication methods of the fiber-reinforced soft actuators



Table 1-1 Comparison of each fabrication method

Fabricate methods Productivity ~ Reproducibility =~ Customizability ~ Size limitation = Material selectivity
Assembly X X X O O
Casting X A A A O
3D printing O O O X X
Using rotating equipment O O A X O
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Table 1-2  Typical examples

Study Main production methods Movement of the fabricated actuators
Guan et al. (2020) [1-1] Bending, winding
Assembly
Phan ez al. (2020) [1-2] Elongation
kurumaya et al. (2020) [1-3] Twisting, bending
Polygerinos et al. (2020) [1-4] Casting Bending
Athif et al. (2020) [1-5] Bending
Sangian et al. (2018) [1-6] Contraction
3D printing (FMD, DIW)
Schaffner et al. (2018) [1-7] Contraction, twisting, bending
Gilbertson ef al. (2017) [1-8] Using existing equipment Elongation, winding
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Fig. 1-6  Components and assembly procedures for bending fiber-reinforced soft actuator [1-1]
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Fig. 1-7 Fabrication of extension actuators using power drills [1-2]
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Fig. 1-8 Appearance of the soft robot arm and images of each actuator unit [1-3]
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Fig. 1-9 Fabrication procedure for bending fiber-reinforced soft actuator [1-4]
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Fig. 1-10  Appearance of the developed bending fiber-reinforced soft actuator [1-5]
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Fig. 1-11 Fabrication using 3D printer [1-6]
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Fig. 1-12  Fabricated soft actuators by using 3D printing technology (Direct Ink Writing) [1-7]
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University of Minnesota @ Gilbertson © 1%, s L7z 5. gk 2 v TRk bR TR A %
FUEL, BXBWEEAT D MHERILIA TARIA 2 © ERREWEZAT 5 ALK 1 2267 HEE
BEioRy &R LE[1-8]. BRy FofEiEE Fig. 1-13@)2~9. ATHHA 1 & 3 1322 EH]
mansé, LEAMMEEICRY, aRy Fa A THICEETHZENTED. £77F =
T—H 2IIHEIEEZITO ZENFRETH Y, mhy MORERL AL T, LoT, ATH
W16 NTHA 3 ECIERICEREI SE5Z LT, afiy MIA T U —280 D X 5 ICEE
NICHTES 5 Z ERNTTHETH 5.

N TR OBYERFORLT-% Fig. 1-130IInd . doE Lo/ Bz W T o7 v 7 AF 2 —
T O ZfHECEE, BT TR TTEDMEICEET D70, EREAKETT v I A
D1 VRAWIZ 3 FIRIEL, RIEDHNC 2 R O bR 2 E /-
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(a) Structure of the robot

(b) Fabrication

Fig. 1-13  Fabrication of the fiber-reinforced soft actuators using a tabletop lathe [1-8]
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TR LN AN OB Eh & 2 I 5 720121, BV OREDPLETH S, L LR
b, RTva A=z a—FLnolc—kNiat L, BER &Nz, NLHRO
FHMEZ AR O WREME D B D . £ DT, NLFHROFEEZED L Z L2 e L, AL
WEMEICE oA AN 2 (—IR{k) EEREFZEASREANC TR TV D, B Ofta )ik
X, BV RFEALHRAZETHAICREL, 20B—REL TS TARNTEALETH-
7. Lonl, 77 Fax—2O8EL L HICE PR 2EET HFRIT A LT 5 700,

FIUEFIEONEE % Table 1-3 1039, O Bt o2 VTN TN OEN 2B
T MG DD, — T, NLIAROEE, FEERTF v N, 2V — T O IRE
EEHIIT 2 2 & T, MEANC N TAHROZEN ZHEE T 2058061 &H 5. SHFFEDFEMIZ DN T
IFLL R OSCTRRAT 5.

Table 1-3 Typical examples

Study Sensing Method Sensor type Movement of actuators
Wakimoto et al. (2005) [1-13] Strain Sensor Contraction
Farrow et al. (2015) [1-14] Strain Sensor Bending
Direct measurement
Wang et al. (2017) [1-15] Strain Sensor Bending
Yuen et al. (2018) [1-22] Strain Sensor Bending
Kuriyama ez al. (2009) [1-23] Strain Sensor Contraction
Akagi et al. (2012) [1-24] Optical Sensor Contraction
Yano et al. (2020) [1-25] Magnetic Sensor Contraction
Measure radial expansion
Hitzmann et al. (2021) [1-26] Strain Sensor Contraction
Jamil et al. (2021) [1-27] Optical Sensor Contraction
Zhong et al. (2022) [1-28] Strain Sensor Contraction
Park et al. (2013) [1-29] Strain Sensor Contraction
Shape changes of elastic material
Ceron et al. (2018) [1-30] Optical Sensor Twisting
Legrand et al. (2020) [1-31] Shape changes of fibers Capacitance Sensor Contraction
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Fig. 1-14  Overview of the flexible displacement sensor [1-13]
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(b) External Structure

Fig. 1-15 Overview of the intelligent McKibben artificial muscle [1-13]
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Fig. 1-15 Relationship between displacement and sensor value [1-13]
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Fig. 1-18 A fiber reinforced pneumatic actuator with embedded strain sensor [1-14]
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BRSO Wang BIE, RO HIFE o & BB A TARICHS LI2[1-15]. A THA
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Fig. 1-20 Relationship between bending angle of artificial muscles and sensor values [1-15]
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1-22 1Tk & N LR OB L a2 7. R & & o HEDOBURIC OV TERE SR 2
ToTofi R % Fig 123 13, B HMEIEPR S A2 2 L3nns. dhid &t HEoR
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TS, PO ERE TR ESZ, Ao THTAEZENTS. Zhicdky, 15
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Top Wiew Front View Sider View

Fig. 1-21 Proposed strain sensor (a) appearance (b) structure (c) fabrication process [1-22]
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Fig. 1-22  Appearance (left) and cross-sectional view (right) of the artificial muscle with sensor [1-22]
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Fig. 1-25 Appearance of the developed flexible sensor made of conductive rubber (left) and it

attached to an artificial muscle (right) [1-23]
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Fig. 1-26  Structure of the inside diameter sensor [1-24]
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Fig. 1-27 Rubber artificial muscle with the inside diameter sensor [1-24]
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Fig. 1-28 Relationship between actual displacement and estimated displacement [1-24]
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Fig. 129 Overview of the hall effect sensor [1-25]
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(a) Sensor appearance (b) Sensor placement

Fig. 1-30  Implemented sensor [1-25]

Fig. 1-31 ITIRE SN AN LHRAOMEZ /R4, EXIEZEINT 5 &, AN LFRIE I
R D720, v Ry Fi— b ERE U EIOBERENZEL L, MKt o BN
T %. Fig. 132 IZART v a A—% CTHE SN AN TAIRNOEEOEN &, BRI b0
AR LU CEHR SN HEEE M ORRZ T, ey b EFITENZN ISR & RO
B ZNEIR LT D, ZORER, HEELN & FEROLNMA L —BE L TWD Z & AR
T&IL.

McKibben artificial actuator >+

o m—— ot o - _ﬂ’@

Silicone tube Sleeve Magncucshcct 2=
Pressurized v s, Hall-effect sensor

Fe [

(b) Cross-sectional view

Fig. 1-31 Overview of McKibben artificial actuator with outer diameter sensor [1-25]
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Fig. 1-32 Relationship between length and sensor value [1-25]
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Fig. 1-33 A pneumatic artificial muscle with an inflation sensor [1-26]
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Fig. 1-34 Design concept and layout of the radial sensor with the LED/PDE attached and PAM

actuator with the radial sensor [1-27]
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Fig. 1-35  Arttificial muscle integrating flexible sensors with liquid metal [1-28]
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Fig. 1-36  Multi-layered elastomer tube design with embedded Kevlar threads and a helical

microchannel [1-29]
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Fig. 1-37 Muscle behavior and sensing principle [1-29]
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Fig. 1-38 Muscle prototype relaxed (top) and pressurized at 70 kPa (bottom) [1-29]
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Fig. 1-39  Sensor characterization [1-29]
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Fig. 1-40 Fiber embroidery of self-sensing soft actuators [1-30]
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Fig. 1-41  The relationship between inflation pressure and rotation angle of soft actuator [1-30]
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Fig. 1-42  The relationship between rotation angle and photodiode signal of soft actuator [1-30]
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Fig. 1-43  An artificial muscle with an integrated capacitance sensor [1-31]
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L7t R, o ORGP D 1.8% & e o7, MAROIRIEL -, Afd D OIRREIC
BIID L VOREREOMIIMITTHI L E2MEE L. JIUTEY, FI8 %DiELELD
ATREMED B 5 .

b Muscle w. integrated sensor and silicone layer (Experiments)
3.67 Generic model (C,e)
9
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Fig. 1-44  Sensor characterization [1-31]

1.4 HFFEE R & REK

TERDBHER LN THNL, TORWET o 2ARNEMETH Y, £72, B 0IFREFEN
LS TESL T, FEEICID2FEHEEKEL TV D72, REAEENRTET, ERbk~
DI E 725 TWND. LTeD3 o T, AT T, BifED R 5 3 FEOMHERIER N TR (&
B TAA, R UAATHA, BB THR) OfYEL o328t sy 7L
ORI T IR TFHEDRENL 2 BN L 775,

WHERIEAR TR ORYETIRIC W T, BABHROMM ORISR 2 B E+ 5 2 & T,
IGHEBNE, V5 RRENE, 12 CAVEMEA J28L3 5 3 FE O N LA O BEMLARE FIEE LT 5.
THEOTERECELE /2 E A B 2D 2 LT, — A OMARRLER - C 3 FEO N TH RO EL
FHT D, ZOFECIY, EROFEET o 2% KIEICHEBIL L, 28 LIziE & Apetk
WD, DI, NLFRDOTA 77 ) RFTEIN, ICHEFHIERS.

B UORAICBE L TL, MBS T A e T EAN R RG T D, RS LT
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HEFAET N LA ORMETIEZ FARIS, ANTARO R U — 70— & Fik70t 7 7 A /N2
BEEHZ DL LT, EANTHROBE RO 7 E2FEB L. 7 7 A \DN T Eik
T Faz—FERERNQIAEEL > TEY, BHIIKREICEET 2208 TES. F
Tz, BUVEME LTCERRRIET 7 A NEHEH LTV D72, ALHROFTRMELERDT
FRANTHRAOE v 7 HFEHT 5.

INEOEWEFRE BV 7 HIEORNAC LY, WHERER A TRROK 2 2 M, 4
PEVED E, S BITIImWEBEREED BN WRE L 72 5. AWIZEDORURIT, BHn Ry b, &
Way, UAE VT — g VR, RNU—T VA NA=Y R EEHRT Y r—va D3
b, ERICHFE L, Ax OEEOERN ERREEBIROFEICRE EB 2 2 L3 ifFs
ns.

1.5 AERSCOWERR

AL, B6ETHRINTND., FEONFITILLTOEY TH5.

1 FETIE, AWHEOMR S ARRIT L, 1EROMETRIERN TR OEYEFER L O 4
FEREDHL B T1EZ F LD, AWITED H I & R ik ~7z.

92 BT, AMFTEOHME L 72 DB HONW T2, £, B ARORHEA 2 AT

B AT U7 SR ORE SRR A 7 = X WZ DWW TR L, A TASREYEICHIH U 7= BR oo
DO L FUWENRT A= OBMREZEMNT 5. £/, 77 A BV TERIERL, b7
7T AT YO T HE, EEICOWTRAL, EREEREZITV, T Ak
YO TEHERLNIT 5.

53w, EHER A TN ORWETIER LU v v 7 R RET 5. Jef il
FRIToR LI WIR A & BoRIRER O BRI S &, Bk A IV CIER! (Wit 54.7° &0
INEWH D), REFR (fRAIL 547 LELWBO), HER @RAIL 547 LV REWHOD)
DOFF 3 FHON TR ZEUEL, IGHEMERE 2 EBRANICRES 2. £7z, DGR TR O
PR THHAY —TWHED AT 7 A NEEHZ, NLTHAOIGEEN > 7 a5k
BT5. E6IT, K7 7 A B EBMABANTE N THINZ AW T ¢ — K3y 7 il 525R %
WBUT, 2ot OFRMEEET 5.

4 BTIE, RUAVRALHROBYERELS IO UNEf v v v T HIEERRET 5.
LAV LR OBEIC R L KIET/RT A —F 2R T 5720, R UhAOET LAEE
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H3 2. SHEEICELY T S5 4203 DR B AT S D e & KIS ESRE S 325 2 & T,
RUNMATHAORYET 0w 22 1EZT 5. £z, 5 DERRDLEMETRUNATHAZRYE
L, AChADETNROZEMEL BT n e 2O IMEZ R, 5612, ACHWVEALHA
OB TH DAY —THHEO—MAN T 7 A NEEHZ, DUNENE v 7 a2 FH
T5.

55 UL, BN LAHRNOREFEL L0 BIE o o VT HEERRET S, il
N TG A BRE 3 5 B0 NERZSICE B L, iR A TAN O WA & 5l &0 BIR 4
M35, £7o, #EAE RV, EHORER 2 N TR O R Y —7 OIEICHAA T Z & T
MENEZ BT 5. I6IT, HEREZIET 7 A /LT ANAPBSRFRICT 5 2 & T, NLHRO
DN (VAT e <% N o

6 FHTIE, AR THRONIRE L LD, FROBEER~D.

33



B2E EFREIN

RETIE, AWZETIT 25 & 72 2 BHRBIN T h HMMELEEIT &7 7 A kv 7
B OWTHREAT 5. 2 2 DOEREEINE, ARSI 2 N THRNORYE L & ik
BENERIPOFNCEBT 5 9 L TRAIREEZ R LTS, 22T, Zh2hoi
W DFEAA 22 JF R & P, 72 B ONSAIZE TOIFMICHOW TR 5.

2.1 FEARELEST

FHAELEY, AAROEHISEHERT CH Y, HTRNALBRICEDL EFTRVWEN 2RO T2
Th 5. ZOEIFRIZHK 9000 FERTOMSTRHAITINY , #ESCEARITITHE Y A = DfRAD K 5 7241
FROJFRIN Lo, PR OEM AT TICHER SV TVD[2-1]. RIS DA RRHMIIHHT
T, PERHIEED D mE R YR EAN2MED D, AR S KE b2 2T 7. 2 Dff
fiZ, KELEHE, REME, {AEEMR ELIIT e > TR S 1, SRR OmE =
DFZ D, BETRERD T+ —FRARKS ] 205, YRS CICHAN—SOMEEL LTIFEL
TUWZZ EWRHD[2-2]. Fig. 2-1 1T & 9 ISHATITHS 2 bR WFiEZ2 DTV, 71
FRHRICZR 2 EAERAR, MBREDME & B2 AV AEENHAV SN, @EREM D -
HEL, BURIZE STV A, Fig 22 IV RROMMIE D Ok & B %7~ 772-1,3].

Fig. 2-1  Shichi-Ju-Ichiban Shokunin Uta-Awase Emaki, illustration of a braided cord maker (Left)

(Owned by the Imperial Household Agency Archives department)
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Fig. 2-2  Scene of a braided cord maker from the Edo Period (Left) and a corner stand (Right) [2-1,3]

ERICAe D &, TSR (LUT, R (Vb 2 X) LT OEAKIZE-
T, FARZEITPEE L LTI D L 9 I8 o7z, BIRIZEWT, MMHIZDE L S EHEEMED
5, f5f & ERA O TIEL < IEHA STV 5. FEEOHFIDCIRRZ 1L U, 2o 7 LA,
TVLALy NROEAGY e EOT 7Y —L LTHWLNS., 51T, B Ny 7 OXEff,
TE¥EHOa— REE UTHERMEZRMEL, MAMOEMITH 4GOS F S Eem Tt &
TN D.

2.1.1 AHFFE TR T S

AWFFETIE, Fig. 2-3 1R 2 FIOC AN TR A2 JUET 5. SIS, (air 7y
& L RIRRIS, BEOMHEL | ROFUTIRAATIEE TH L. 12721, B EL VW5 2 & T,
Fig. 2-3(eITRT /N KA ZET LW o2 P AREWEERAT ) 121 CHREICE 5. Sbic,
KA D TR E SO ERET—F CHEMEL L7-BEN S rlRE & 72 5.

22T, BHMEORIEIC OV TIET 5. BSOS A Fig. 23T, Z ORI
1%, Fig. 23R T R —2T 4 A7 LIS HERIROIEICIR - T 16 DR E ARV I,
O O 16 HORE U NERD AT D 2 L THWIRZEL, R e ASENDiHES Fig 2-
3ANTTT K IIZERT D, LIS, Richba—F L5 & L5 2 & T, Mtz
JERCE 5.
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F70, 32 ROR Y —THilHE L [FIREZ, S5 I ERRRORER 2 oK 16 AffAiiteZ AT
5. HERIL Fig. 2-3)D PRI R E VD72 D AP 1E#E & ORI 2R T LTS

h, MFHEESND.
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Fig. 2-3  Structure and Drive Mechanism of the braiding Machine
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2.1.2 AT OFIHR A OB {E

] LR D AR Z S 2 W C AN LR 2 U ET 2 FIEERE L. LT 2—TRED
MR T o — 7 2 S OMR AL L, S Z g S5 2 & C, Fa—7D[EY
Zfm B2 A ) — TR CE D 2 L3 ARETh H[2-4].

RS A VT AN TR Z 8 UWET B0, Biim — 7 OME AT 5 Fig. 2-3(eIIrT
WEZAETTLHZ LIZL-T, WRAOZAERICERTLZLRTES. £IT, HARRIIS
U 7= R0, DN T 2 BUWET 2 7= DI im0, L ikt G OBRZE T 5.

A
’
/ A
/
/
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/
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/
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27'[7"0 il T
27[7'0

Fig. 2-4 Model of one pitch of braided fibers

2 = THHHEINIT 2 —7 DJE D I b ARICERE SN D, WIERAICHTS 1 EyTFo
J#BAX % Fig. 2-4 {9, MARFEGREMFRO TIR3572 5. NLHRO R ) —7#ENTF 2 —
TEJAT OO 1 By FOPMIE S &L, NTHREROY:AR 21, &35 &, PImHLa
0ol Eq. Q-)D X I IZEFKTZ 5.

21T
Hozitan_l( l ") 2-1)
0

BRI T = — 7 28 & LIF23EEL2 7, % U 7 08NEHTF 2—7 OFAEE 1 84 5k
Mzt L9252 L TEqQRANVELND.
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lo = Vtc (2 - 2)

X U T DBNEHT 2— 7 DEEZ R 5 AEE A0 T 5 L, Eq. (2-3)23E 0 310,
te=— (2-3)

Eq (2-2) , Eq (23)% Eq. Q-DITICAT 5 &, IR0, 1% Eq. 2-4) TR 5% .
0, = + tan! (%ro) 2-4)

ZIT, WETF 2 —7 DRIT—ETH L DML T 2 — 7 25 & LT 2dE L F2—
THEBEEZ LT HHEDICL > THIHIRADIRE D Z L3bnsd. HE BIFHEE VITwWEtt G
DEFICEVERTE D720, WELLGN 1 DL E0kE BIFdEL vy L35 L, Eq 2-50
RKdbis.

V =aGv (2-5)

Eq. (2-5)% Eq. C-HIZRAT D &, WAL Eq. 2-6) TRDHND.

_ 1 (@ T _
0, = + tan (v G) (2-6)
TRy U TOAEEw, WEEGN 1 DL EDEE FITHEEvIZ—ETH LD, (5
OHIARAE0, & N T Oy D N TR ZTUWET D7D G ZRDDHZENTE .
7285, AMFZE T L7 S Cldew /v 23 0.16 THDH Z L MR L TV 5.

38



Q2T ANV T

J67 7 A 73 (Optical Fiber) 1%, XAEARET 570 OFEH M EFCIES MR AT, @
ERE I EINCASFIA SN TN D, K7 7 A NIREL DT T 2 HEOZ A T3 d 5.
12HIE, Y7 NVE—R7 7438 (SMF) EMHIND HDOT, FEFITHANa T 2FFD, Had 1
OO (F—F) TIREIND XA T THDH. 207 7 A N\TRIEHEEECERE LT — ¥
BRICFHEND. 22081F, wAFE-RFZ77423 (MMF) T, a7 K<, EHOKREKE
WU ORI D72, FFEEEHEICE L T\ 5.

7 7 A NTEEZBLSNCE, Bt LTEIRICOE2ICHAMThiILTWA. filxiT,
W7 7 AN EDWRZ T DR R E 2 R el 7 7 AT T T T V=T 4
(FBG) B ¥ TlE, BAVIREOEARNTE S, £/, RE, & AEEREOMmIC
HHAVWLND.

2.1.1 #ERDMT 7 A4 Xk Y

W7 7 A NPREREEO—FETH Y, BT HE, #HIFHEK (Bendingloss) 73%43 5. Z
DFEZFIT U7t &2 5HH 2 2EEA B S TV D[2-5~T7]. 7 743 O H
ROZHPEC LY, VI W77/ Fax—20v v N LTEY, RIEEREDY 7
Y ROMEFHANCHW SN D[2-89]. 7 7 A NEaAf vk, ERRicTsZET, Y7 hT 7
Fax—Z OEMZFHIT D098 6 3 it TV 5 [2-10~12].

W T3R50 Masaya 13 Fig. 2-5 (IR K27 7 A "B aAf VRN L, At
a4 VKRR Y <@ (TCPF) 77 Fax—X Ot v o ZIZHVWE2-10]. 2 A Wik
PFOREIEIZEY, X7 7 A OIFHEENEIL, HREZHNTLZ LT, B0k
SEHEET D, £, AMLOFEHIT Fig 2-6 \RT XL 9IS T 7 A N E ISR 8
L ALHRIZE L, NLHRNOZENE v 7Tz [2-11].
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Fig. 2-6  Using a wavy optical fiber sensor for measuring displacement of artificial muscle[2-11]

212 AFRTRHWIZET 74 W

AR TIE, SIT~/LFE— K77 A3 (GCK-20E 0.5, =%/ I /L) ZAlRERiIc
L0 ANTHRICEAT 22 LT, Bk v ZE2RB5(2-13]. AT T 7 A4 N"OEAT
0.5mm CTH VY, FHKTHIT D Z ENTEX LD NTHA~OBHBES TH 5.
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Core

N Clad

(a) Appearance (b) Construction

Fig. 2-7 Overview of the optical fiber

Fig. 2- 700" T L 918, K7 74 N2 7 (core) L FHEN D & ZDSMUD =7 X 0 & JEfr
BORNT 7 v R(clad) & FHEN DO 2 J@kiE L 70 5. Fig. 2-8(@Ilrnd L 212, Aftfia;,
DEES A LV REWGS, 7 7 A NI AH LT B 240 K U 6 a7 Nz
6fE+ 2. UL, Fig 2-80IIRT X 91T, 7 7 A BB 2 LD AN fa;, 13
Gim L VNS 2D L, BRPFMPHERF SN2 2D, T 7 A SWNEGRE L TOASMERIC
NTET. ZHDNT 7 A NOKOIITIHETH L. ZOMWEIZED, K7 7 A Sodhs
WINS 72D EZNUTHEVIN T 7 A NNEAGTET 20O EDN DT 5.

@ (b)

Core

4 Bending loss

Cladding

Uin > Ay,

Fig. 2-8 Bending loss of the optical fiber in (a) linear and (b) bent states

W7 7 A R Y E UUERAT 0TIt E AR 2865, 5 —motEs
HET D2 HENMETH H. = 2T, Fig.2-9() 1T~ & 918, i E L TRkt LED(C503B-
GEN-CBOF0791, CreeLED), =Jtii& LT Photo IC Diode (513948-01SB, &A= k=2 R)AAf
M L7z. Photo IC Diode (It > FEHC AT 2IHRBRENITE, FNOEHRPKRE < 2D5E
THERAL T D, EERALIE, 3D 7Y & (Raise3D E2, Japan 3D Printer Corporation) % {# ] L C
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B SN REAOBEEERIZER Y AT b, MO EZY Tl T VI T —7 TEbi
B.
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cireuit circnit
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Fig. 2-9 Optical fiber sensor: (a) appearance and structure; (b) the electrical circuit

Fig. 2-9(b)i%, AMFFE TR L7=EXEKEZ R L TWDH. ZOREFEETIE, Photo IC Diode (Z[H
FIEEE STVIZIRPIR, \C D BIEA T 7 A Ol & LTER LIZ. ZomEKIE, %8
e, YRS L OGHIERE O 3 SOEZ3T bivd. FREETIL, fkf LED O
HHIR, & 200Q IZFRE L, BHGHEITY, 2305 L7z, 2GR T, Photo IC Diode D it#5 TV,
Z 5 VIZREL, EFERSHIBR, 137 —F 2 — FOMAERIZIEN 1 kQ ITRES . FF
{llAIES Tid, Photo IC Diode (ZE1#fE S VI HEHIR, DI IEIE %, 7)1 7 AJjAR— K (AD)
LTy ay (PC) THEL. £/, M/ A4 X&iild 5720, \ucitslica s
YC, B LT
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W7 7 AV DOHEINE, T 7 A ST BTV RV NIRRE TORUER Y, & L CEsE
INnD. WHEEEZVy, MToNTET 7 A NORIZ L, 1 A—Mvdc ofhiFE%k%a
LDl FTUNULHENITEQ Q-7)D X ) ICEELENS.

20 Vo
= —1 e 2—7
a L 0810 Vout ( )

TOEFRICED L, X7 7 A BIT N TORWES, ihiFtEkax 0 L7220, HAEE
Vou AT D &a >0 L7ed. FICHT K7 7 A4 NOBLR S &= ) ohifHEIkOZL
ZHIE L7 R Fig. 2-10 (7R3, AWETHM L7267 7 A4 /N, #ifERYAEEDY 150 mm A
DOEENZHITHRENAET D 2 EBIEE S, —0, HEREED 150 mm 22 5 & #hiT1R
FIT—EL R, BTy Y= ELDRERE RS T

40
= [ ]
£ 30 |
2
z 20 | Dead zone
o R>150mm
g .
2
& 10 °

[ ]
[ ]
0 _l_ll?h_l_l.l_l.._._._._l_._l_l_l_l." 10—3
10 100 1000

Radius of curvature [m]

Fig. 2-10 Relationship between the radius of curvature and bending loss from sensor output

23 F& ¥

ARFETIE, AWTETIT 2 BB T b 2 MAMELEEN T &t 7 7 A /S v 7o
T, ZORARZRTECRHE AR Lz, EROERIRIC IV TE, RARDGHAR L L
TORESE, AWFFRIT I TEHFAA SR M & BREH-o N LK P 0 RUE 25 - D BR ool
TERT A =4 (FYE) L ANTHROHMA & OBRICOWTIRE Lz, £z, K77 At
TUTEMITIE, ST 7 A SOHAMEG &R, FHOtOITEEZRH LIz E LTO
FeEZ R L, AT Lot o 27 AOREEZE O IR AR L.
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EI3IE BEERAATHAORYEFREL BV VT

ARETIE, BB THAOMSET VBN L, YIRS & N TR OBMEDORRE =~
Fio, BYEFE L ZORWEFIEZ AW TEYE LI A LR ORME AR T 5. 6, B
BEREDAT G- & 7 — Ry Z Il ORERIZ OV TR D,

McKibben A T IR EER AN TAN TH Y, 1958 41Z R. H. Gaylord & & - TH
Han, BRIV A EREDIWERDT 7 F ax—5 L, /M TR Fr—27 i
NG 72 EORN R EGT HEKIET 7 Fa—%Ths [3-1]. Fig.3-1(a)lZ 24 FED McKibben
NTHRERWEE—Z A7 M%7, £72, McKibben A TAHAIE 1960 FARICFL D
T Fax—4L LTUSHEEN TV [3-2]. Fig. 3-1 (b)IZ McKibben B 5 Z FV =38
FOWMEZRT.

ARTIFICIAL
MUSCLE

"\ ARTIFICIAL MUSCLE
\\ DRIVEN FLEXOR
| HINGE SPLINT

(a) McKibben artificial muscle (b) Prosthetic limbs that used
and motor system based on it [3-1] McKibben artificial muscle [3-2]

Fig. 3-1 Invention and initial application of McKibben artificial muscle

McKibben TN THGIIHEHE CIRATE A U —7 LR ATRE/e T = — 7 CHERL S 4, k7ot
Bk & 22K EBREN LR T B V22 A2 A LT A. Fig 3-2 12 McKibben Y\ % A O &
B2 R d. AAF 2a—T 2 b AMRICE D KO ITMENBLE S, R —7 Lo
YAz 0 LERT D, FHIHBHIRBOMR A 2 Wk A0, & 5. Fig. 3-2 (TR X D1,
TLF 2 —TEKIELHINT 5 &, BRARA~OBRIC > TR Y =T OfRfA1/N 52757
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FRED L5122 b L, ANBIORFAO X 5 12l G iz i 5.

Inner rubber tube

6/
0\

0:Braiding angle

R STSTSTSISTSE

(}<

Contraction _ Air

Expansion

Fig. 3-2  Structure and driving principle of McKibben artificial muscle

3.1 G751V

McKibben %A T/ A OBEGRFEAEFIFIL, Schulte F3EFE L 7= BEq. 3-1) TRH SN S([3-3]. 7=
2L, ZOHRRAET D BUCIE, McKibben B T/ RIBRENRHIZ 24512 & 5 IEH T DA,
LT 2 —T DEH72 EXMALL, McKibben B TAGAZ REN 72 HfE & LCTET VL
LTS 7e, EEOWHE & —B LR R0,

2
) {3(1 —&)%cos?6,— 1} 3-1)

sin g,

Z I, DolI T AT o —TWHAER, P IIHINET), 513 A VU —7 OURA, « ZHER
Z/RLTCW5D. Eq. (3-1) £, McKibben A T DFAFNIWIIAMR O\ MAFT D Z L 230y
5. Fle, TAFa—TOYMIERD,, FINES) P2 K& 35 LT, McKibben A T.
OFRETZRELSTHIENTESD. F= 0ONIZRo72 & X, McKibben B T A 23UAE T
<720, ZOBEONHEFeax TR KRIZ/2D. F=0N £ T5Z LT, gnald

1
£ =1-
max V3cosh
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THRTZENTEXD[1-19]. Eq.(32) 27 7 7IZET L, Fig3-3 DL KT I LENTE .

80

Contrition
40 \
0 X
Equilibrium angle :

40 | B = 54.7

Contraction ratio [%]

-80

0 20 40 60 80

Fig. 3-3  Relationship between initial braiding angle and maximum contraction ratio (Theoretical)

tmax® 0 &5 LT, B oMM, =547 BEOLND. IR G0, x40, =
5477 X 0/hEWEE, RRIHMERenaxlE 0 £V KX <720, McKibben %A T AIZUGHEEF
ATV, B0, =547 KO RENWEE, RRIMEHepaxlE 0 L 0/hE<720, NTAHRWE
MEIEZITS. Fiz, YIHIMRA0,=54.7 OB, BRIHMEFenay 30 & 720, McKibben A
THRPIZZEREIC K S PEMMATAE LN Z EBNbnD.

32 BUEFIE

52 D 22.1 MR S B O CATHRAREL, TLTF 2—7 72 EORE
REREHED AR L, B2 BRE 95 &, Fig.3-4 IR T LT LT 2 —T DFY %
BRIEI %I A Y —7 CH D Z & TE, McKibben A THIROEE L 725 .

YA £ £410.773, 0.280, 0.160 IZ LT, 28.2° , 54.7° , 67.5 DOALFHRAEYELT-.
Fig. 3-5 IZ& N LA OIMEL & 2V — 7 ORI Z 7R, RO, 2 U — 7 H/liHED
BIRENTND Z EBNDMND. £z, FYLELEETLZ LT, ALHNORAZETT S
ZENHRETHD Z & R L.
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Extend ty type ,

] Y e e

Fig. 3-5 The fabricated artificial muscles

3.3 FHEFIER %

I 0, D 5472 5 McKibben BN AR A, B, C ZHRUEL, ZEnOWIMm A IX¥#A
0,=547 L V/IENHD, 547 IZELNLD, 547 LV REVWLDOTHD. BELZAL
I Z 28 KL Py =0 kPa, P;=100 kPa, P,=200 kPa, P;=300 kPa % FIll L 7=FDkk 1% Fig. 3-6
WZRT.
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£ P1=100kPa

4 Patm 4 P1=100kPa 4 P3=300KkPa

4 Patm ; 4 Pi=100kPa @

Fig. 3-6  The movement fabricated artificial muscles

EgIENT Y 7 b 2 MO TN LR OmA, RS, IEERAZHH~72. Table3-1 1248 N LHRO
SREE A T, SALHAEZEUET HBBICHWZF YOI E S AF 2 —7 O 25 mm %
F2ED 212 HiD Eq. (2-6)1Z A L CEM U= Piam Lo &, FHI L 7= ZBR oM & kbl L
TAER, ANTHAORADOTNIN NS N ER3boD

F70, NLHHR A (09<0.) 1 14.0%UE L, ATATR B (0,=60,) IXIZIZUHE L72vy, AT
N C (0p>0e) 1% 9.7% M L7z, Fig.3-3 LR UM Z7RT2, ANLHKW A, CIFmRIGHES
WZEL TR 2 05D, 2, sKREIIED D B RIFERICE D F THREZREIIT
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BELTWRWNZ &2z, AV —7H#ERCRA Y — 7t L 25T 2 — T HOBEBICERT 5
b DT EHELZT D [3-2].

Table 3-1 Parameters of each artificial muscle

Muscle Braiding angle (Theoretical) Braiding angle (Actual)  Length  Contraction radio

A 27.4° (Gear ratio 0.773) 28.2° 20 mm 14.0%
B 55.0° (Gear ratio 0.280) 54.7° 20 mm 0%
C 68.2° (Gear ratio 0.160) 67.5° 21 mm -9.7%

34 BT DER

ABFFETIE, EEVA TR (McKibben BN TLFHR) DOZEAY L 7o FBT 572012,
NI ER ThH A ) — 7D —H 2K 7 7 A B L, 7 7 A SOhiFEk
ZRIR U CENZHEET D, ZOFTITEFE LI N THIRIE, RO 3 DOFHEE RS Z L0 b,
W7 7 A A A< — N AT (Optical fiber-based smart artificial muscle) & FES.

A =— hpfEE: McKibben TN THFAI O A Y — 7 HHED —F 207 7 A /8 & = A AR
MICEEMZ D, TORKE, o VEER IO OBFRIHGIRNT 7 F 2 = — & OBREHE
L LTHHERET D.

BB B U7 7 7 A RNDO—EGIIFNEL A A —F (LED) % Wik L 723685 2 i
L, & 9 ¥l Photo IC diode Z Wil L 732 a2 e 35, N7 7 A N ai@i@d 2t EOE
{b%, PhotoIC diode & [EANZHEHE L7t Mt CHIET 5. #HHOMmELN A~ — F
NLHHROIHEE GG U TR T2 Z & 2R L, & NSO T ALHHROZAL
AHEETD.

Rw— hpBGERE: A~— FATHAORY —71%, BREEEE, o h2EE, B IOER
TRz TH 0, WML WD 2L TASICIIETE 2.

AREITIE, A~—bATHRAOEN v TOFEERNT 5. £, A~— MANTHA
OBRUWEFE L FEZRENT 5. &ikiE, A~— MATHAOFRMEZRTZDIZ, 74— KN
v 7 HlHFEER ATV, Rl L7z
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341 BV U SR
A<— b N LRFRNIHE L72BE0D, N TFHRIIHRAAENT- T 7 A SO SR 28
5. ALFa—TOME—HAT LAV —THH#EICER TS &, Fig. 3-7 DX O eBHRIZR 5.

2nr

X
21y
6o

Po p

Initial state Pressurized state

A

A
v
A 4

Fig. 3-7  One pitch of McKibben artificial muscle

NIHRDEEET DEIIA Y — T OT BB E LRV EET D &, 1 By FHA) —
THHEO R Sxix

x = 22 (3-3)
cosf,

THZLND., 22T, O XNTHAOYEIMA, pold AV —THEHE 1 & T3t e
Z<— MANLHRAPHESTHD. £/, Fig 3-7 06y FORMEp & N LR O¥Erix

pocosh
=— 3—-4
p cosf, ( )
DoSinf
= 3-5
21cosf, ( )

THZbLNAS.
Eq. (3-4), Eq. (3-5)ZMBHEIIRIZ I T Dl D iR BER DFHH
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3 41%r? + p?

4mlr (3-6)
(AN VIS 2 N LAFPNSHRAA NI T 7 A SO MFALER 13
_ Po _
%Pt ™ 21 sinf cosb, B=7)
TH2BND. £z, NLHHHOIERe %2
e=1-L2 (3-8)
Po
LIEFTD. Eq GHEMALEHT D L, #ifi DRKcoshE
cosf = (1 — €)cosb, (3-9)
THRYE, ERICEXHET L
sinf = /1 — (1 — £)2cos26, (3-10)
(272%. Eq.(3-10)% Eq. G-NZARAT D &, T 7 A ORI
Ropt P (3-11)

 2m cos@o\/l — (1 — €)?cos?9,

TRTZENTE D, NLHRLHEERET 2 & IHE=Rel IR E R0, o1&l 5T L
SIRUNTZD, T 7 A NOIMFENAER [T/ N E < 72D, DFE YD, N LA IGHESE§ 5 BRI,
TV HINTE T 5.
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3.4.2 BE LA

AR TIE, B VHEREEAATHATHRNORY —7 %, &2 BD 22.1 HiRI L7
BAETWCTHET S, 7 7 A NTREDORE L 2 DI, SITHFRORE L 210
BEMS, T har®) 74T A MR OREAEET 5. Fig.3-812, N LHAD A
V=7 ZRUYET DR 2w 77 DV VBOBEHEO TR 1), ZoEEsIE b
F BB R Y =T A ATy, o7 Rk Y, RIISICRENTZ A Y —7 TED
o, WHEDIRASAEN TN D Z L 2RI R T 72DIE, BEWRT 7 U vEo—# %2 ERA o
THE L., BEPLEHRNLT 74 N2 RKEF L DRaOTT A VEIBERRNAT T/
T 4T Ay M#EE —FEICA Y —T L LTRAAENTND Z E RO 5.

SR 2 TR Y =7 28 UWE L TR, 67 7 A SOFEAR Z MR 272012, EIRFE:
P LT 70° C T 10 /pHEE AT 5. BVLPE, XV —T7 2@ bilRvitL, WNE 4
mm, AMESmm D IALT 2 —T ZHATDH. ZO%, NLHRABEIT 2 720025+ 2 HI
TED LD TR ZAT D, AWIE TN LIZBREH T 4 F 2 —71%, k) a—ra A
(Ecoflex 00-30, Smooth-On Inc.) % FVVCTHIERZ FHWCTHEE L7 b D TH 5. Fig. 3-9 ([ZRE
LIz AT 2 —7 OBl E =T

fibers

Fig. 3-8 Fabrication of the sleeve of the optical fiber-based smart artificial muscle (OSAM) using a

braiding machine
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Fig. 3-9 The fabricated rubber tube

HRAHNT, ST 7 A SOWRIIZENEIVEDOFECER & a0 11, ' LT
SEHLOITNT 7 A NSNE LT DELZWET S, Fig. 3-10 1287 7 A BB E2EE L
T NLFROMIL L& Z R T, 7 7 A N1V RKOBEAER LI, NLHRIZIE 2 KD T
7 A NEEHT D, 1 ARIFRFFHE D IZHRAZ, b D 1 ARITRRFFHE D (I N LRI HRAATS.
UL, KT 7 AN ROBTITIEAHREC LV, DRI MBN D BIR 0 Uiz lod T
H5D.

IHIZ, KT 7 AR T, EREHET A & UTHRET 2= A VYR 2 A R Y
—ZIHAHAALTND. ZHIC XY, BEREBRNT 7 F a2 x=— 2 OB#E & 15T % 2 L1372<,
A~v—bMANTHRET 7V r—ar DT 7 Faz—2 LUSHTDEE, T35 AREDE
DT, AWETIE, MMEREEIN 2RI 5 28T, Zhb ot o EER & BRI I8
WMET IV Fax—FOFRENEFRE L THHEREISE D Z LN AREE 2D,

A~v— MANTHAIERAEND TLAF 2—7 OMMEL Smm TH Y, 7 7 A SOELED 0.5
mm THDHILEEETDHE, PIPIREBICKIT A =7 O3 275 mm L7025, BUEL
feAv— F NLRAOYIRAG, L 30° Th VY, Affa 1 N ITERE L7id OfcRIHERIX
18.8% Tdh 2D (KREIDEMLOERENFER TRT). ZNHD/NT A—F% Bq. G-IDIZRAT D &,
"EEhizA~— FALHRICRT 207 7 A 7 MEEH O M- D2 FEFHIE 7.7~11.0 mm
L7rb. ZOFPIY, O Fig 2-10 (RSN T 7 A B o OER Y —UAZIEEER

AQAN
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Photo IC Diode
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LED
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Fig. 3-10 The appearance of the optical fiber-based smart artificial muscle (OSAM)

FUE LT A~— FALHHROREZ A LT 57201, FRI AT LEMBE LT, Fig. 3-
1 IZEBR AT LAOMEEZRT. PC LOMNEREEA v ¥ —7 = — AR — F(AIO-
160802GY-USB, CONTEC) (2 55 ¥ % V7 F 1 7(D/A)YE#ads & L= el L= 22 5E %
EZEL ¥ 2 L—H(ITV0010-2CS, SMC) T A~— b N LAFRNCEIINT 5. ZE L3O I1iEA v ¥
— 7z —AR— R EIZH D7 AR — RAD)EZ/ LT PC THST 5. /-, A~v—F
NIRRT P 2 54 5 7212, L —PZEALFHHG-C1200-P, Panasonic) % V5 Z &
TAY— NN THROEEOEN ZRET 5. L—FZEANFHE Photo IC Diode 75 DIEHIELT
F a7 AJjAR— FAD)%ES LT PC THST 5. FRTIEL, A~v—MALHNOBEEIZL D7
Oha S LLE LN TE 5 X918, AMal i Tnsg.
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Fig. 3-12  Static Characteristics of Smart Artificial Muscle: (a)relationship between air pressure and

displacement; (b) relationship between displacement and sensor output
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A~— h NTRBIZDN D ZERITET 0 705 38 kPa £ CA LS, Z D 0 kPa [ZJE L7,
AT INIC L. F7o, BECHMOERELELZHEST 52 LT, 225QEZHINL Ty vREE
(FIIRAE) TR HHAN 3 VIZARD X 9IC Lz, Fig 3-12()0%, JEATHT D A TR
DENLZRT . R D, 1N T 38 kPa DZEXUENMA HNTEE, A~— M ANLAHAD 18.8%
WG L7z Z EDVRENT-. Fig 3-12(b)i%, AL 27 7 A e oo hERd. fER
N, B UPENEALE & HITHRIBRICED L, E 2T U S ABMUNTH D 2 L B SN
Lo T, ZOvUHEEER L CATHRAOENEZHET D ENARETHLIZILEEXD
ns.

3.4.3 BALT 4 — Ry 7 il

BAFE L7z A~— b ANLAIRNOARAMEZ RTToOIL, K77 A4 8 B E2HNVTEMNT — R
Ny 7 EfTolz. 7y 7 #X% Fig. 3-13 (R T. ZO®ERTIE, A~— b AN LHRAIZNE
SNTHT 7 AN OV ZFHAI L, 25060 & ' I DRIR (Bq.3-12) 12250\ C,
HEE LN xg 2 BT 5. BNy & HEELNxy DiiFEe 2 FIH LT PLEHEI 24TV, BEEES
PraiRET D, ZD%, BEENIPHITHINT DELEZ LF 2 L—ZIZAINL, ALAHRICZES
JEP iR T 5. JEEESEBRCIE, PL 22 b —TF OB A VK, LFES A VK AT LT

Xr +O e ol T ~ Pr Electro-Pneumatic
A b T + regulator
Ki Py

A 4

Xa
McKibben artificial muscle —>

xp | Conversion from sensor

output to displacement Vout :
(Eq. 3-12) < Optical fiber sensor

Fig. 3-13 Block diagram

Fig3(b)N BN LT 7 A S YD OBURAEFIERI L 7254 Eq. B-12)I27~7.

xp = —20.64V,,, + 61.90 (3-12)
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HAEZALE LTCSmm, 10mm, 15mm Z AL, A~— b ATHRICHER ST 743
B EHNTT ¢ — Ry ZHlfHIZAT 5 7o /53R % Fig5 1T, B D RAEIED 10%~90% F
TETARRIZND ER VR &35, BEEZENLAY Smm OFRIISLD B30 KFED 0.7 s TER
AAAEDY 0.17 mm LK, BFARZALAY 10 mm OFIINEH BN D RS 0.4 s T, EHFRED 0.19
mm, HAEZEAY 15 mm ORI H EAY 0 FEEIZS 0.4s T, EHAAZAEN 0.19mm Thotz. A~
— M LAHROZENIT BT L TR RISE LR LTS ZE BN ERTE L. £z, K
ORI, A LR ZEICHEEMIZEE L TWD 2 ER3bhd. kD Lnb,
A~— NN LTARIX BRI ENHIEN TR CH D Z L AR LT,

20.0
175 | === Target displacement
L— 15.0 W
E s U Measured displacement
E - ( Target set as 15 mm)
E 100
= . Measured displacement
= ( Target set as 10 mm)
| s

Measured displacement
( Target set as 5 mm)

0 5 10 15 20 25 30 as 40
Time [s]

Fig. 3-14 Feedback control results (Step input signal)

SRl T v X BDAT v g BEMEE L, 74— KX\ ZHlillatr 7. FE3T Fig. 3-15
(R TEHRREDOE (H0%E LIk 5 BREIOREDFEE) 13 0.16mm THD. &
Y EMNTET 4 — RNy ZHIETT 556, ERRENELD OO, 5317 HAHE
ICBRETHZ LM TEDLZ & 2R LTz,
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E 150 + Feedback control
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R
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@
o
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Time [s]

Fig. 3-15 Feedback control results (Pseudorandom step input signal)

NI DDA 2L S, A~— A THAOEEZ3HME L7z, AffZ 1N, 2N,
INIZL, FriEZ b L7z, Fig 3-16(a), (OIZEILEILTIE, BRENRFE, #5Mcot 3
WER D RREZ RS, Fig 3-16()2°2 5, AN LA OUHE S B ORI E & I 35
ZEnbnd. E£7-, Fig 3-16b)0H, AN A~— N NTHHROEMIRHG L, Aff
DB TIEZT RN L3 D0D.

Fig. 3-16(0)/ AN &N T 7 A ' YD) OBRE ML L2 X% Eq. G-13)IT7RT.

xp = —2042V,, + 61.46 (3-13)

FIREDIFIETT 4 — RNy 7 HlHFEBR AT o 7. $lET 288, 4 ——a—MILV AT
AN EEREZ B2, BET28NNH5. 22T, HEANZ 2N OAHRT Smm & 10
mm, 3N OHGHTSmm & L7z, Aff IN OS2 5O EZRE R % Fig.3-1712, b E23D
R & EHRRABDRAZE A Table3-2 (2T, AfD 3N OEEITRRAEDENIIRE < 2> TWD
0, 74— Ry ZHIEAEERE L T D Z L 3D,
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Fig. 3-16  Static Characteristics of Smart Artificial Muscle at an applied load of 1, 2 and 3 N:

(a)relationship between air pressure and displacement; (b) relationship between displacement and

Displacement [mm]

sensor output

20.0
Measured displacement
17.5 | === Target displacement === ( Targetsetas 15 mm,
E Load set as 1N)
15.0
Measured displacement Measured displacement
12.5 ( Targetsetas 10 mm, = ( Target setas 10 mm,
Load set as 2N) Load setas1N)
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Fig. 3-17 Feedback control results (Load = 1, 2, 3 N)
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Table 3-2 The rise time and steady-state error

Rise time [s] Steady-state error [mm]
Load=1 N, Target=5 mm 0.7 0.17
Load=1 N, Target=10 mm 04 0.19
Load=1 N, Target=15 mm 0.4 0.19
Load=2 N, Target=5 mm 1.0 0.09
Load=2 N, Target=10 mm 0.4 0.08
Load=3 N, Target=5 mm 11 0.60

35 F&¥

RETIE, EEVEATAA (McKibben B THKA) ORUEFIE L FRIE, 726 ONCENE
VT DEBBIOT 4 — Ry 7 ORI OV TR~ 7,

£9, HEETAVEAEAL, WA N THRNONRERMEC G 2 25843 Lz,
M A IV CRYE L7 N TR ORIIRA 28 L, TR ThOREEsHE LR, 1
AN S WA ITIHEEIE, KX WGEITMEBELLT O 2 & 3R S,

wIZ, 7 7 AN Y EMBIANVTENTHR (A~— F AL 2B L, £0OZEA
vV U RBAER LN LT, T 7 A NOREROENEFIHT D Z & T, IHEENL
EHEETXHZ Lot L., B AE WD 2 & TR U R LR A LI A~
— M TR ZDRONCEYETE D 2 L 2R LTz, 61T, NLARISHEAAATEIE T 7 A
NP EWEENL T 4 — B8y il SR 2 FEf L, AR 2 @y B nerEe
HEW RS LT, AMBRRLFFTTh R NI ZEL TEY, A~v— FALHR
DS BAF 7R IR E 2 FFD 2 & DN FERES U7z
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BA4E DU ATIHAHORWEREE VT

ARETIL, BIRATHROMSET VAEM L, PIEA & N TR OBMEDORRE =~
70, BUEFREL ZNERWTERYE LI ALHIRNOREEFENT 5. E6I1Z, B Iokd
LY EHE LI NTHRAORHEIZ DWW TR 5.

Fig. 4-1(\Z, EHERATHKA (McKibben A T DET /L4779, McKibben A T
WOAY =71, REFHEIY & RREHE D O 5 AICHHEDSBLE STV D, EREDRINZ b
DL, BERGEENAZITS. £z, Fig4-10NIRT X 218, KEFHEIY 23 RFEHE D O— 7 O
WHEZIT 22 2 & TRUENEWEZEBLT 5 Z L TE 5[1-3]. Ledi-> T, EERAT
RO A Y — 7 D5y (RFHEND F7 IR Y ) 2B Br< 2 & T, R UIEIEN AT
BEIC72 .

ZOFFUTHADE, McKibben BN AT D A U — T HEHED =53 2 KEEMERIHEI & S HL2, K
PERREA T BR< 2 & TR CIVBMEE BT 20 E T n e 2 2803 5. £z, Al
NATHRADOR S > T HFEBT LI, 77 A BV EHRET 5.

(a) McKibben artificial muscle

(b) Twisting artificial muscle

- =
N == |

Twisting

Fig. 4-1 Images of artificial muscles
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4.1 fHEETNL

RUNATHHRNOBWEICEEL RIET /ST A —2 2R T 5720, KETITR CHALHA
DRLNAADET VLB TS,

AR AR O = A F 2 —7 & PATICELE S ki HWR SN 5. Fig 42
WRT RO, ZOREE LFELL TV SBHERILE S AL E L TR TE B[1-7). M0
[FNZ IS 2 2B T AR ME O RIS ] - CEdlid S, — 05 ClllifE & R O a0 = A5
2 —T7 ORFEIC L > TIRESND EIET . £oT, 1,2 HHOOT Frey, &3 LU AMO
PTHY1lE Eq @-DD L IicEEND.

1 V1p
Ey Ey
51 St Sz 0 01 U1y 1 01
& | = 512 Szz 0 | 02 | = —E— E— 0 | 02 (4‘_1)
V12 0 0 Se T12 1 2 L T12
0 0 —
Giz

8o

Twisting artificial muscle

Unidirectional fiber-reinforced composite

Fig. 4-2 Model and deployed view of the twisting artificial muscle

T, 0y, 0y TRXENTEILL, 2 HMODIST], AW THY, Ey, E 13 ki
ETLDY U TR, v TEHEMEIORT VUt GRlITAWERTHD. 72, x, yHH
DOT ey, &,8 LUHAMOT Ay, 13 Eq. (4-2)D L D IZEKSND.

(sJ’): S12 S22 S26 '(GY> 4-2)
Vay St Sz6 Ses) ¥



Z 2T, Eq.@-2)DITAIDES53S1E Eq. @-1)DITHIDRSTS L ffa0, TR TE 5.

S11 = S11c05*0, + (2515 + See)sin?6ycos28, + S,,sin*6,
S12 = S12(sin*8y + cos*8y) + (S11 + Szz — See)sin?6,cos26,
Syz = S115in*0y + (25;, + S¢e)sin?6,cos?6, + S,,c0s%6,
Si6 = (2811 — 2815, — Sge)sinBycos36, — (2S5, — 251, — See)sin36,cosb, (4-3)
Sye = (28511 — 281, — Se6)sin®0,c050, — (25,5, — 251, — Sgs)sinf,cos36,

See = 2(2511 + 25,5, — 451, — Sg6)sin?6,c0s20, + Sgq(sin8, + cos*8,)

R OWNEICEIPAHIN S VB, FAET 2SS0y, MEI 0,13 Eq. (4-4), (4-5)& 72
5.

PD
=— 414
Oy 4t ( )
PD
oy =5 (4-5)

£-o7T, Eq.(4-4), @4-5)%, Eq @2)ITRAT DL, TAWOT By, 13 Eq. (4-6) THRES.

_ _ PD _
Yxy = S160x + 5260y = ar (S16 + 25326) (4-6)

Eq. (4-3)DS 65 L Sy % Eq. (4-6)IZfRAT 2D &, HAMTOT 7y, 13 Eq. (4-7) TRED.

_PD (4+2v12 2 1)_39 9+(2 2V, 4+1)_9 39, ) (4 - 7)
Yey = *=\\&.TE 56, sin®fycosby 5 E E Gy sinfycos®H,
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B AMTRMARIR G, (THEHE & 45° DFHDY L T RE,s, BT YV vl LD REHTE DN, =+
FINE TN ET AT, WfEE 450 OIFMOZEENTT LOEEIZ L > TIRE S S RET
5. £-o7T, Eq @)1 Fohs.

1 2(1+ws) | 2(1+vy,)

— . (4-138)
Gz Eys E;

B, HAMEIOERFEMIITLATH D20, BAEMEIORT v o thEav =05 LEpld 5.
ZOEREAT O E'TNAORBENED L0, OTAOFHENRIIRIFICHEMEENS. LoT,
FEOT 7 & ABTOT AL Eq. (4-9)D X K ITREND.

PD /1 1
Vey = 4t(

—— —) (5sin36ycosf, + sinfycos36,) 4-9
E, E;

RSO Ut AT O 2y, 20 B TE 5,

2L
¢ = nyy (4-10)

ZIT, LEATHHOESTHD. Lo TR ENAQIZLL FOXTHIETE %,

PL

=35, O (4—11)

4

Cr = (—5sin36,cosf, — sinf,cos6,) (4—-12)
Eq. (4-1D)1%, ALFHRIER SN D TLF 2 —T7 DR, ALHAOES, B XOEKUEDH
IEEERF Ty, R UNADIIRAONKGFT 22 L 2R L TnD. 22T, —MARKIE

CraR CIVHRNT A—=Z L LTERT D, HIREAG, &2 CHUER ST A —X Cr OBIRE

Fig. 4-3 |Z/R 7.
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Fig. 4-3 Relationship between the initial braiding angle 8, and the twisting trend parameter Cp

Fig.4-3 £V, #IHIMRA0,23 0~90° DA, Crid 0 L0/ NWZ L bns. Ziuk, BE
MBS —y IO (Fig. 42 250), 5F£ 0, NTAREOENEN Fig. 4-1 13T X 5 12T/
BNZANTRALNTLS D2 2R LTWD. £, MMM R L, FIfmANAIcR 5 &,
AT TR NS, S 5IZ, NLHRONEIRESGZ 58° RiRICRET D&, RAlh
APREL 2D,

42 BUEFE

"ECBD D E R T v AL, AU =737 McKibben BN TR OREL, JRKIZ K
HKEEVERIHEDIRE L WD 2 AT v T Th S.

P, 3 ED 32 Hi TR LI EBA LA ORWEFIELF CEET, T4F2—77%
E DOBMERAHEDISIIBICIRA L, WML B S ¢ &, T5F 2 —7 DD ZRH Y
A =T TEH ZENTED. RUWVRATHRDOAY —71X, Fig. 4-4@I~T XL 1,
IKEEMERIHE & A Y = 27 UHEOM A G O Tl S LD, 20k, EREEZMZ 6D XD
SAMEEZAT 5 &, McKibben BN TR OHEIENTE 5.

Wiz, BELIZ AT A 60 FOHIEAT (50°C) (ZEE, KM M S E5 28T,
Fig. 4-4(\Rd & 9 Z2BEEHE 0 2o FEHEI D 0 1 S5 O FHHES 1 T A F 2 — 7 4l
T 2R UNA LA O Z 2B CE 5. KEEMRHEL 30°CLL EOTREE T/KITIET 5 B =L %
WHETH Y, WEZ RO D T & CREMERHE OV Z HE L7-.
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(a)

Rubber tube

‘ Water-soluble fibers
(Blue)
Polyester fibers

(Red)

Braider machine

(b)
Rubber tube
Polyester fibers
Water(50°C)

Fig. 4-4 Fabricating process of the developed twisting artificial muscles: (a) braiding fibers using the

braider machine; (b) dissolving water-soluble fibers in warm water

RRENAET v ATHEASNE TN TOMEHIHIR SN TV S, RIS 3D 7V v
T AT EDTEL LT, AT LD GICKR 22 ST, EIZFIRIA 707 4 T X
v R EMEET D FER S bR, E5HIT, AU — TR CRIES NS 72, DRIz
WATRECTH 5.

KA D72 5 S FEO R A TN ZRE L. Fig.4-5 1%, #fESnzhtinA
TR &7~ L, Fig. 4-5@IZ/KEEMEMHEZ BR 3 2810 N A, Fig. 4-5(b)0ZFRE#R O N A
Z Y. Fig. 4-5()0° 6, KEMEIHE & BFAR U = 27 UIB#ED R ZE L TnD Z &35, Fig,
4-500) 5, KEMERHENS R E S, BAR Y AT WHEO LN T 2 — T MR L TNDH Z &
YV

PUNANLHIN A, B, C, D Z8YET DS, WEHRI I IZREET 2R (Fig. 4-6 Ok
DARE ) I SN DHESAREEESHECH Y, RV ORE Y (HE) (T S H/HE
RY T AT WHETH D, £, MIHIRADADEA DR UM THNOBIEZTHET 5720,
NLFWE Z8E L7z, AL E ZR/ET L8, KEtEl 0 I IZEEE+ 548 (Fig 4-6 H1D
FODOREY) ITHEHSNAMHETAR Y =27 AUHETH Y, RV ORE Y (Fa) 13kEE
HiETH 5.
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Fig. 4-5 Appearance of twisting artificial muscles: (a) before removing water-soluble fibers;

(b) after removing water-soluble fibers. Note that the angles shown in the figure are the braiding

angles of polyester fibers

Fig. 4-6 Bobbins used in production

52, TXTOAN TR OBRENES (Fig.4-5 O AN THHRO RS L OO AV Y & R <
#5r) OREE1E20mm ThDH. BUYRICHH ST AF 22— (TUBS-4-5-N-10, I A3) O
JEELARIZNZN 05 mm & Smm ThDH. T AT 22— 7O [IERE T 2 8IE L ThlakR
B b L7, AT 2 —T7 DY 7 #EL 2.8 MPa Tho 7.
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Table 4-1 1%, &N THAIAORWEIZAEH L7-X Y, 528D Eq Q-6 bHEHLIZRY =2
T IVBHED BRI e IR A, AKESPERRHE 2 VAR DRIt O R U = X7 VliHE D EER O W
FaR LIz D THD. BRI WA & KEIERRE 2 VA 2 i FER O & ik %
L, TRTOANLHN THREAEDORZAIL 1° LN ThDHZ LRI, £, R
DEBEORAZIET DL, ATHA A & B TIEK 3 OThNELTWDZ ERNbhoT.
HAILTOLIIZEZBND. WANVNSWEGE, WifEE F2—7 OMICKREATE TLE
W, BIRATTIE, HMORRDBHENEVNIEE L, FEERIC L > TRADKHER S NLD. Ln
U, BfR2IEZ OFEEN R 2 572, fHEITIEIRIR O T DEMIRICRE A S & L, £ O
R, WAPNSL 72D,

lbDZ b, fe v, Friaiifs 22 8icky, EEoimEa0, a7
HRENANTHRAEZEWET D Z ENAETH D Z L MR I,

Table 4-1 Parameters of twisting artificial muscles

Sample Gear ratio Braiding angle Braiding angle Braiding angle
name G 0, (Theoretical) 6, (Before) 0o (After)
A 0.550 36.0° 35.7° 33.2°
B 0.400 45.0° 45.4° 42.8°
C 0.280 55.0° 55.6° 55.4°
D 0.227 60.4° 60.3° 60.9°
E 0.360 -48.0° -48.5° -47.8°

4.3 FHEGIER X O%etE

Fig. 4-7 I38YE LR U A TAIRICERIEZ N Z DR1EMZ 2B O Th 5. £ FEOL
IR LD ENDRIZKTH 5. BEADOHIIITONMEZ R L, HEOBHNE 250 kPa O
I ZFIN LT BE DN B 2079, YR A 23 0~58° O Th iR TN ATHA (A, B, C)
D RRUNAFEE, TNEN-1058° , -136.0° , -1612° THY, U VMR~ 28N
LTW5. E7o, WIRADS 58 ZHEA 5 N LHRN D T, &Rk UA3-1603° £720,
NLHHW C LRRECTHD. S BIZ, PIRANAD AT E T, Bk L 150.4°

L0, WHIIZA LD Z ENbND. TS OMEAE, Fig. 43 & LT\,
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N LFRAIZ p =0 kPa 725 250 kPa & T 50 kPa %A CLEXULEA M %, 0kPa F CRUE L7-1%,
R UCIVRHEZFI~T2. Fig. 4-8 IZZEXUE & ALHOR UNADOERAZRT. 7'ay MY, EEF
By 7 W TRE LIS ZEREICBIT 2 EREON ENATH S, £, RLvAE NLH
WADHINEAOBRIZIZE 27 U S ZARBIEES L7, ZHUE, McKibben A A AOANE S
WX DR ORI CRIZE SNz AT U VR LRERIZ, AV —TH#E s S L5F 2 —7 D
BEERIZ L Db 0 EHEE S D [3-2].

Twist angle a

MuscleA g

Muscle B
|

Muscle C

0, =554

MuscleD
6,=60.9°

Muscle E |
6,=-47.8"
P =0KkPa

Fig. 4-7 Twisting artificial muscles before (left side) and after (right side) pneumatic application
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Fig. 4-8 O, A D TR I EREO MMM % Eq. @-IDIRA L TR S ETH D,
FRRITES 2 B Eq. (2-6) & Eq. @-1)DOH G W TE VN GHA LIZETH 5. KFEKIEID
BUIDEEOR LN (Fry ) EHETANSHEB SN EEZETS E, FNEHD L
DO, BEEEIT L THY, ACIWERETRICIIT 25T VORI £
7o, IVHNOALHRAOR UL THITE 22 & bR3nk.

240
Analytical model |
8,=332" | G =0.550
0,=42.8° : G =0.400
180 | 0,=554" | o G =0.280
8,=60.9° | G=0.227
Bp=-47.8° | o G=0.360 ]
" - i ";d-"'" -
- - ,-_:.:'.H?
120 | / el P
- - '4}.'
TN T
= - .-"ti
& o
Hysteresis ’ e
—60 | R : .
& P . e Clockwise
glﬁ L ’
= Lo =
-_E ﬂ-“"'"‘# - -
= = -
ﬁ P
e Suta
T
.‘::.‘\'\-.--_ .:: \x‘
.‘v“ , e i ~ -
: :":“\ B ~
60 YT, el
SR -
. - -"'{-“r T e
E NG\ R
Experiment | . oot Ve
—e- MuscleA(8,=332" )| 5o oo W UL T T T T TE
-120 | Muscle B (8, =42.8° ) ‘\\; e
~ @~ MuscleC (8,=554" ) TUIsl N q
Muscle D (0, =60.9° ) T®s o el
- ® - MuscleE(8,=-47.8° “ﬂ

-180
0 S0 100 150 200 250
Air pressure [kPa]

Fig. 4-8 Relationship between air pressure and twist angle of the artificial muscle
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44 BBV T OEH

ARFFETIE, RN ANTHROEN > v T BT 572012, NLAHKROREZRET
HDOHEREINT 7 A NTEHL, o7 7 A NOMITFHEEAEZFH L CEMNEHEET S, Z 08
B SN AN THAE, R UV A~— K AR (Twisting-type smart artificial muscles) &
RS,

4.4.1 BEERET N

AR DN THRERICHRAA ENTHT 7 A SOMBRLEROEEETT LT D201, LITF
DA A NETT

1. Ax— FRCHUALHRIIFEF THHFICHETE TH 5.

2. K77 ANORSEERIT—ETHD.

WHERIRIZIWC, EyTFESZp, MAERr &35 L, MO ERIL Eq. (4-13) T
Hans.

4m?r? + p?
R = P — (4—-13)

-~

}Q A
X ~
5 CARR:
o~ \d &
90 9 9/ r v
lo = po < l »
P
Initial state Pressurized state

Fig. 49 Model of twisting artificial muscle
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NUENANLHHRDOET V% Fig. 49 (T, YIHRECT LT 2 —T7 DA —ET 25 A
—T7WHHECER TS, 1 By FoBHEOR Sx, NLHRORK I, LD v FK Spyld

_ Po (4—14)
cosf,
I = = 21y (4—15)
0= Po= tand,

-

THRED., ZIT, IANLHROYHIRATHY, rl3HERTHS. A LA OBREZ
PR, RUNDFAEL, PIEMREECI LA F 2 — T OEMAE—ET 5 A U — e, 1 )8
THZENTERL D, BZORGR)D Z2ERHNNRREIC BT 2 N LR OE S, fifor

v FESp, NLHROYRriX

cosf
| = PO (4—16)
cosf,
2Tcosfpg 4—17)

p= (2m — ¢")cosb,

DoSinf
= 4—18
" (21 — @")cosb, ( )

TEED. 22T, @"lIHHMRRET— &y FOMEA S T 5 ALHRORA LA THY, 1%
ANTRROMRATH 5. Eq.(4-15), (4-17), (4-18)% Eq. 4-IINACALEEHS 5 L, ZA~— i
CHANLFHRICENND T 7 A SO MFAER ) 13

21r
Rope = e (4 - 19)
(21 — ¢")sinf,sin6
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TRED. £, NLHADMERR %

g=——1 (4 — 20)

TiEFL, Eq. 4-15), @-15ZRA LRSS &, WAODIERIT

sin@ = /1 — (g + 1)2cos26, (4-21)

TEED. LoT, W77 A AOEMFELRER 1T

2mr,

(4-22)
(21 — @')sinfyy/1 — (g, + 1)2cos26,

Ropt =

ThHs.
Z 2 TOa IFTAMMKIE T — &y F oS T 2 ALHRONA LA THY, RiNAald

o'H
Po

(4-23)

(p:

THEED., 22T, HIANTHAOPHESTHS. ROT-FFLEND, AU ATHAIC
W7 7 ANEGE LIS, K7 7 A SOMEEER,, | IHIRA0,, WIHIESH, IR
To 7R EOTHITID B D LSS, RUNFAe L MEReg TIN5,

44.2 BUEFI

ABFFETIE, 22 B 2.2.1 Hi TR L7242 IO TR LA LRI LU0V 7 7 A4 3
DEE%ATS . Fig 49 (R EYE T vk 2%/

D 32 HORE L D95 6, FEREEET 5 16 HOR B AZITIHREMEEHE, AR5 16
TR DR & AT TAEEMEAE 25 & A R TR 5. AT 2 — 7 T A iR 2 A 72 B 8)
HOFHIC—HEILT 5. Fig.49 DAT v 7 3T LI CREOEFEFLO) HHHIZH
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% 2 ROIEKEHARHEZ DI 5. 1 RKOJT 7 A SO Ml G U7zt DR B 2 e L
BOMRAIATe. D%, FHENTIVRNE DT 272OICT LT 2 — 7 Ol a#E L, 40°C
DIRAKITIR AT 7278 BIBE BRI 2 O ORRMEHEA TR ET 2.

BEL7-A~— bR UNALHAZ Fig. 4-11 (TR, K7 7 A\ &lFZ-o& 0 B2 5 X9 IT0k
DA TEHEALT.

‘ 1. Fit with two types of bobbins ‘ ‘ 2. Weave up to the drive unit ‘ 3. Cut two non-water-soluble
fibers on opposite sides

Water-soluble %
fibers X 16

Non-water-soluble

fibers X 16

4. Connect the ends of one optical ‘ 5. Weave to the end ‘ 6. Place in warm water and put
fiber to the bobbin of the cut fibers in ultrasonic cleaner for 15 min

- i >

Fig. 4-10 Fabricating process of twisting-type smart artificial muscles

Optical fiber

[ o |

Y
A"

%
A

T fibee B

o

Emitter: LED

Receiver:
Photo IC diode

Fig. 4-11 Appearance of twisting-type smart artificial muscle
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4.4.3 FHM & RpE

FUE LSRN TR N ORHEZ I ST 572018, EBRV AT AEEE LT, Fig 4-11
\ZFEBR Y AT LOMELZRT. PC O DOHINEFEA &2 —T = — AR — F(AIO-160802GY-
USB, CONTEC) b2 & 57 ¥ Z v/ 7 1 7 (DIA)YEHigs It L= il UT- 28R E 2 E2E L ¥ =
L —%(ITV0010-2CS, SMC) CA~— s N\ LAHRICHINNT 5. Z2+5EF & Phone IC diode D /71%
A B —Tx2—AR—KEZHDT a7 AR — RAD)ZI LT PC THAT 5.

d E/P regulator

|
Regulator I sensor :

Photo IC LED
Diode

Compressor

= = = Pneumatic lines
Twisting type _ ™
smart artificial muscle

Electrical circuit for
the optical fiber sensor

Electric lines

Motion capture signal lines

£—7

Motion capture
system

v

Fig. 4-11 Evaluation system of twisting-type smart artificial muscle

Fo, AR~ — MALHAOEREORCAAILTE—Ta Iy T F Y VAT A
(PX13.BP.LENS0032, NaturalPoint) 2 F\ N CEHll L 72. Fig. 4-12 (ZFHAH O S OfcE 2 7% L,
RENANLHAOEOHL L LD 20mm B L7ZAZEICHY 1372, F£72, Fig. 4-12(a)lT A
THAIROIERD R TH Y, Fig 4-120)L THLRZHTH D, A UiLMAIL Fig 4-13 IR
TR O THUG LTo 2 mDMEE A 1 SEMO PN E O OEbE: b L IR T 5.
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Fig. 4-12 Reflective material placement: (a) Front view; (b) View from below

Reflective
materials \'.
/ Twist angle

----i

II

Rotation Initial
Center position

Fig. 4-13  Definition of twist angle

ZESIEDFIMEME L LCiE, 0kPa 2% 250kPa & COFPHA M S, 25kPa T >%EKE%
BERERIIZ N LA B b © 30 RO AREF LEHAIZ AT - 7.

Fig. 4-14 [ZAINE S L U ORI Z 779, 250kPa FIINRFIZ R4 UL A 550° FRE %
B L=, 72, AN ATHRALFEIC LIS, ATV ARSHDH Z L aMR LT, Fig.4-15
TRt N7 7 ANV OH N E RS, B EE R UAVAIZITEBIER S D = & &
HBLIZTD, KT 7Aoo PO IR CNAEEZHET S Z ENARETHL EE
2 HD.
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Lt O
500 / ‘," N
—_— Y el
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: 400 / ,’ /:
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£ 300 | ysteresis  , »
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s 200 | S
E ‘f /,.
- l’ ".’
100 ‘/, e
e
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Air pressure [kPa]

Fig. 4-14 The relationship between the applied air pressure and the twist angle

3.0
25 s
20 | °

15 | "]

Sensor output [V]
°

1.0

0.5 . ' '
0 100 200 300 400 500 600

Twist angle [ ]

Fig. 4-15 The relationship between the twist angle and sensor output

45 Fi ¥

ARETHE, RUNVEATHROREFE, FMEHE, BSKIONT7 74 B afa L
Av— M NITHROEN Y > v TIZON TR,

=7, RUNWEATHRNOMSET VEEH L, WIRA &R CEEOBIRA PRI
RLTz. FRS, WIHIRADSRUNAEICRES W EBE 525 2 L 2GR L, A UNEEZL)
RN I D7D ORkGHES &2 AR LT-.

I, B Z V= CAVR A TR ORWEIEZ R LTz, KEIEHE & R Y =27
IABHE AL A DR A Y — 7 28R L, KEEMERHEZIRK ThRET 2 2 & T, 7Moo
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HHHEDO B R DEEZFH LT-. ZoFanvRicky, BARs0HEAZF >R UHAA
TR ORIBWERAIRETH D Z L 2R Lz, £z, BELZATHRICENT, %X
JEAMA T B0 TR A3l L7z, IR A P2 IS K D3 T B o2 b 2 R
L, BEERET /LD TRl L FRAERIR—B L TnWD Z 2R L.

g, BHHEE R, a7 s A U ERTHALHRICHA L. EEEEREZIT-
TR, B HEE R UAAIZITHEBEN S 5 Z LMl LTIZTD, o7 r A kot
TOHNNORENAELZHET LI ENARBETHL EBERHND.
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ESE BB ATHAORYWEFRE LBV VT

ARETIL, BIRATHROMSET VAEM L, PIEA & N TR OBMEDORRE =~
F7o, BUEFE L RUESNTE A LHROFREEZRENT 5. S5, B Voahiks ot
T E LIz N LR ORI DOV TR 5.

BB TASA (McKibben BN TARK) 122 ERTINC X 0 $l 7 0 ONHEENE 24T 5 23,
Fig. 5-1(a) T/~ T 7R D K 5 1Rl O—FB % HAREts CTHTR L, & OEs DI 275 2 &
T Fig. 5- 10T & 0 BB S5 2 L3 TE 5.

(b) Non-expandable material

Initial state

(@

Rubber tube

Sleeve fibers

Non-expandable material

Pressurized state

(a) Structure (b) Behavior

Fig. 5-1 Overview of bending artificial muscle

BN TREPNE, AROFDO X S RBIE N AIRER Y 7 b7 7 Fax—4ThDH I Linb,
NBOES) 4B T2 T =T 2 A 7 n—7R0, Mgz tRid % 72 ORI L
TWD.

51 ff{EET

Fig. 5-2 I3 £ 918, A Y —7§##HEA McKibben LA THHAZ 1 8 L72FED, NTHROA
Rzl BHEZ D, AV =70k %z x, WAz 0 L35 E, 1& DIFENEIEq(5-1), (5
DTREND.
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w0

Fig. 52 The general geometry of McKibben muscles

l =xcosb G-1)
x sin @
D= (5-2)
T

Fig. 5-3 1%, SN TR 2 BRE) S, 5l U7X 2R3, A TR OB %
D¢, WBHHAELZBLET . Fio, WEMPES SN ATHRSMUOE S %Ly, fHRINTH
RONTHRANAIOR S &L, SMIOENEREE R, WO PERER LT 5.

Fig. 5-3 Bending muscle geometry

Fig.5-3 £V, MUDOE XLy, NWRIOESL;, WEIOBREERERIZZENEI Eq. (5-3), (54), (5-
5 THRES.
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Lo =Rf (5-3)

Ly =R;B 5-4)

D.=R-R; (5-5)

Eq. (5-3), (5-4), (5-5) & VIBHHAE o 1X Eq. (5-60)D L D ITRSh 5.

Lo—L; Lo—1L;

ﬁ:R—Ri: D¢ (5-6)

ZEJERIINRG# C OB AN TN oW ORI % Fig. 5-4 1277, A XA LHRO B (37
FMPEE SNTWLAD 271, BIZHHNRIETOATHRO T, BITZEERINS 17z A
THIHNO M aRT. F72, DB AN TR OERE R~

ZEEHIINOF I D030 6 F, MR ISATMDOR ) — 7O AIT—ETH DD, AL
ROHLDND A ETOHREL—ETHY, FIHNRIETON TN -4, L E L. IR
%0, TDHE, EQ(5-2)E V1l Eq5-7)D LY \REND. —J, ANLHHA FEOMmMA0,;1%
ZEEFINCAENE LT 2728, AR ORI L S B £ TOMMn 3 —E & 25720, Eq.
(5-2) L VL Eq. (5-8)D L HITREND.

."'-__O_—’ A4 Y
’

B
Fig. 5-4 Cross-sectional view of bending artificial muscle
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xsin @,

o = . 5-7)
_xsing; (5—8)
= 2
Eq. (5-7)% Eq. G-)NIRAT D L, T Eq (5-9)D KD ICHKED.
_ Tpsinb; 3
= sin 60 (5 9)
Ko TEMAN TR OERED AT
_ T, Sin 6; 3
De =1y + Sinfy (5—-10)

TREND.
£72, Bq. 5-D)ZHWT, 0,L0; TL &L ZZFNENFRT &, Eq.(5-11), G-12)35F615.

Ly = xcosf, (5-11)

L; = xcos9; (5-12)

I BT, Eq.(5-11)% Eq. S-I2IAT B &, A LAHRANIOE S %L1

Ly cos 6;
i=—

-1
cos 8, G 3)

TREND.
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ZZ7T, Eq (56 Eq. (5-10), (5-13)ZAWAT 5 &, Bl A TR OERAERIE

Ly cos 6;
0" “cosf,
b= fsmo G189
"o T ~sin 6,
TREINA. £, BHERATHRNOEEREKIL Eq. 5-15D L 5 1TRshb.
cos 6;
- sin 6, (cos 6, — cos 6;
K:E: cos.OO _ o( 6o ; i) (5 —15)
Ly . 4 Tosin 0; 1ycosb, (sinf, + sinb;)
0" sinf,

IT, ARSI, B NT A —F 0 LTERT .

__sinf; (cos B — cos 6;)
" cos B, (sin By + sin 6;)

(5-16)

B

Eq. (5-16) & V38N HIIR A0, & B T A —2Cp (NI TEOMRA0; % 5477 &
%) ORE Fig. 5-5 (-3 Kb, WIHRA0, 2L 29" & L7k, BB A,
IRKME L 72D, F7o, 0,=54.7 %5, WBHlfER/ T A — & CpDIERITHERT 5. PR
0ol FIHAO, LV /NS WG, CulIIETH Y, NTHEIL Fig 5-3 IORT L 91T, HERD/a0
BN 5. —J, PIRA0, XA A0, LV KE WS, CGITATHY, ZIUIALHA
WRERDH HRNTBIT 2 Z & &R, EERICH S TRRDEON TN D EBEZTND.
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Fig. 5-5 Relationship between initial braiding angle and maximum bending angle (Theoretical)

52 BUEFE

55 3 T 3.2 Hi TR L7 BBV LN ORMEFE LRI CEFHT, T 0F 2—7 72 L0k
PERZARAMEDICREBIARA L, B2 BRE 42 &, T AF 2—7 DF Y ZREAEFER A Y
— T THH ZENTE S, 12170, AU —71Z Fig. 5-1 ;74 IEMHEM Z2fRAoAs, AT
A DS 2 B 5 720012, H5 2 30D 2.2.1 HidD Fig. 2-3() IR I HERER Y AT L& N 5.
Z 9T 5 &, Fig 5-6 lORT X OICIMREM 2k & LTI LT 2 —T OREIZA Y —TITHE
ENDHENTE, BIMMUATHANZEECES.

FAar T A N\EHERE LTHWS Z LT, Fig. 5-7 (O BRI THE2RWELZ. £
=, MEREITo &V RZDL91C, BADA 7 THEM LT, Fig 5-7(@IHER D _End Bz
THY, fERITTNDZERANLHRDORY —7ITEE I, BEARRRY =27 Vg
TRHEESINTND Z ERDND.

BN TRAZEYET D, AT a—7 ke —J1CkoTH& Lifbh, MEshizR
Tt HaShd. 20k, RO N THRZIATE, FL0F 2—713Ex01
Lo TIHDEIITEA D & LTHELS 25, LnL, BSTRHE X REIED o=, ZEE03E]
MENRTOARUVIREETH N LAREIED Fig. 5-7(0)RT K 912, HERDBOG A HT0MT
B 2.

BPE L 72 N TAIC 200 kPa ZHIIN 5 &, Fig. 5-7(WRd & 9 ISHER D22 MAliciB b+ 5
T EMHERTE D, ZHUY, Fig 54N TIEOMIN 2 T 5.
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Sleeve fibers ‘
Non-expandable
4 material (warp)

30 40 50

Initial state (P = 0 kPa)

Pressurized state
(P =200 kPa)

I
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TN 11l
60 0 % |00
oottt ol itk

Fig. 5-7 The fabricated bending artificial muscle
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5.3 Pl ER VetE

BUE L 7B RN TR A OREZ B 50T 572002, EBRYV AT L& LT, Fig 5-8 12
TR AT LOME LT PCONLDOMINEZE A &4 —7 = — AR — F(AIO-160802GY-USB,
CONTEC) LiZ®H %7 ¥ Z V7 F v 7 (D/AV A 20 LT e L e 2R E 2 B2 L F = L—
4 (ITV0010-2CS, SMC) T A TARICEIINT 5. ZBEFOHNTA v % —7 = — AR — R EIZH
57 a7 AJjAR— RA/D)ZIr LT PC THAGFT 5. F7z, iR A5 OBRENRE 2 7
THEOIZ, B— g F vy FF v —3 AT A(PX13.BP.LENS0032, NaturalPoint) & VN5 Z &

TA~v— M AN LHROFEEDOEN ZRET 5.

sensor

Compressor
— = = Pneumatic lines Bending artificial 4
muscle
FElectric lines
Motion capture signal lines

Motion capture
system

Fig. 5-8 Evaluation setup used for the bending artificial muscle

86



(a) Initial state

(P=0kPa)

(b) Pressurized state (c) Pressurized state

( P=100 kPa) ( P=200 kPa)

Fig. 59 Movement of the bending artificial muscle

Fig. 5-9 (XHUE L 7= N TR OB & 259, N TAFAICZERUE 0 kPa 7> 5 200 kPa % CHIN
L721% 0 kPa £ T, 25kPa Z & ZEXUEZEIIN L7 BEO 2T~ #5513 Fig. 5-10 (2R

. HINE D OEINZE, N LA OIS L, ZEXUED 0~200kPa DOFEIZIBT,

IR

ANLAHAORIL4.6~185 m I THDHZ Enbhotz. £72, B AT U VARBERIN-.
IR Y —THOBEICL-> TR EhDZ e EZ NS, ZOHSRT, EHERAT
P (McKibben BN THFA) TH K< B IND.
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16 |

Curvature [1/m]
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Fig. 5-10 Curvature of bending artificial muscle
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54 BV T DEE

AW TIE, BN THROEN v T HFEBT 572018, N THNOERESR TH
HDREREIT 7 A NCEB L, K7 7 A SOMIFHEEZFIH L CEMEHET 5. ZOFIc
BATE S N LRNE, B2 ~— N AL (Bending-type smart artificial muscles) & FE/E
ns.

5.4.1 BYE

AR TIE, B VHREA AT OANLHADORY —7 %, 82 D 2.2.1 §iCHI L7z ik
WERWTEYET 2. fERE LT, TNSET 7 AN 1A, Wl F A VIS 1 AYE
95, Lo, F2E3ED22.1 0 Fig. 2-3(c) TRIHERET 5 3 lOHEREE S AT 2%
Az 2V =7 HEIAR ) = 27 VB#EA ] L T 5. Fig. 5-111, Bl 2~—F AL
A & UET DR OB AR T

Sleeve fibers

Fig. 5-11 View of the production of bending-type smart artificial muscles

using braiding machine

W7 7 A XD IR, MmN L VI o, ENENERT 2 —7IZEES
NTWD. EE SR - O & BRI A & A~ — A LA O S EHR
WHTLE 923, Fig 5-120)1253F X D ITHRAAATEERZ VD Z LTk v, Bl#a R/ 5ic
FEOTHTZENTE, Y7 hrARy b7 7 Faxz—2 L LTHHT O, #0372
5HEEZTND.
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Non-stretchable fibers

(Optical fibers, Electric wires) Air supply tube
\, \
A 4\ A
SO e s
End plug Air supply part
) Copper wires with Sleeve fibers To the circuit
enameled coating
A

)/AV. Y 2\ \V4
)/AVAVAVAN
A4 VAVAVAVAVAYA

A4
AV

Light emitter Optical fiber Light receiver
(LED) (Photo IC Diode)

Fig. 5-12  Wiring of bending type smart artificial muscle

BUE L7282 <~ — N N AR OPIHIMRRE 2 Fig.5-13(b)IZ77 7. Fig.5-13(a)l 3l A 7 hrk
MTHY, T 7 A1 KE T ANVPIEGR 2 ARENTND Z L0305, 200 kPa D%
KUEZENT 5 2 & TEEEEZIT > TV D IREEZ Fig.5-13(e) 3. HIINE D OB,
ANTHR ORI 5.

Copper wire with
enameled coating

Optical fiber
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