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Figure 1.1 Conventional artificial muscles. (a) pouch motor [87]. (b) (¢) Origami artificial
muscles [24, 88]. (d) McKiben muscle [109]. (e) Pleated muscle [110]. (f)
Pleated muscle with ring [111]. (g) Yarlott muscle [106]. (h) ROMAC muscle
[107]. () Kukolj muscle [112]. .....c.ccvoiiiiieieieeeeeeeeeeeeeeeeee e 5
Figure 1.2 Miniature McKibben muscle in previous works [114, 115]......ccccccvvvviviivvecrenene 8
Figure 1.3 Application of thin McKibben muscles. (a) Biomimetic octopus arm [119]. (b)
Exoskeleton inflatable robotic Arm [120]. (c) 20 m balloon Giacometti arm
[123]. (d) Long-legged hexapod Giacometti robot [124]. (e) Assist suit for
lower limb. (f) Assist suit for upper imb. .......ccceevveieviieiieieeceeeeeeee e, 8
Figure 1.4 Active textiles and multifilament actuators using thin McKibben muscles. (a)
Active textile consisting only of thin McKibben muscle. (b) Active textile
consisting of thin McKibben muscle and yarn. (c) Active knit [131]. (d)
Fabric actuator with thin McKibben muscle [132]. (e) Braiding thin
McKibben muscle [133]. (f) 3D multifilament structure [134]........................ 9
Figure 1.5 Classification of conventional musculoskeletal robots from the viewpoint of
structure and actuators. (a) Kenshiro [135]. (b) Kengoro [136]. (c)
ECCEROBOT [66]. (d) Chewing robot [137]. (e) Shadow biped robot [138].
() 3D biped robot [139]. (g) Athlete robot [140]. (h) PANTER [141]. ()
Pneuborn [142]. (j) Pneumat-BS [146]. (k) Lucy [103]. (1) BeBe [144]. ........ 11
Figure 1.6 Development objective and comparison of muscles number and redundancy in
lower limb between human and conventional musculoskeletal robots. Each
number beside points corresponds conventional musculoskeletal robots. (1).
Kengoro [136] (2) Kenshiro [135]. (3) Pneumat-BS [146]. (4) Biped robot [68].
(5) Shadow biped robot [138]. (6) PANTER [141]. (7) Pneuborn-13 [142]. (8)
Anthropomorphic legs [57]. (9) Athlete robot [140]. (10) 3D Biped robot [139].
(11) Lucy [103]. (12) Pneuborn-7II [142]..........cccoeeeeieeeeeeeeeeeeeeeeeevenns 14
Figure 2.1: Thin McKibben muscle comprising an inner tube and outer sleeve has a
diameter of 1.8 mm. The braiding angle is 18°. .......ccccccevevvieiiiciireeciiree e, 17
Figure 2.2: Braiding machine fabricating thin McKibben muscles........c.cccccveveiveerreennneen. 17
Figure 2.3: Role of a thin McKIbben muscle which is 500 M. .....cccceccvverieeeciieniee e, 17
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Figure 2.4 Deformed thin McKibben muscles at an air pressure of 0.30 MPa with a 100 g

load attached at the bottom, which is curved along a cylinder with a

curvature radius of 16 MIM.....cccooviiiiiiiiieiiieie e e 18
Figure 2.5: Thin McKibben muscle with air supply tube and tendons. ..............ccoceuunneee.. 19
Figure 2.6: Operating principle of thin McKiben muscle. ........cccoovveeiiiiiiiiiiiieieenccceeee, 19
Figure 2.7 Enlarged view of thin McKibben muscles at an air pressure of 0.40 MPa with

changing braiding angle...........ccccoooiiioiiiiiiiiee e 20
Figure 2.8 Experimental system constructed to measure the contraction force and

AamOount of CONEIACION. ....cc.iiiiiiieii et 21
Figure 2.9 Experimental instrument. .....................co 21

Figure 2.10: Contraction force of thin McKibben muscle with hysteresis property under
each applied air pressure, where the maximum contraction force is 22.1 N
under an air pressure of 0.55 MPa. .....cccccceeeiiiiiiiiii e 23
Figure 2.11: Contraction ratio of thin McKibben muscle with hysteresis property under
each applied air pressure, where the maximum contraction ratio is 27.2%
under an air pressure of 0.55 MPa. .....cccccceeeiiiiiiiiii e 23
Figure 2.12: Expansion ratio of thin McKibben muscle with hysteresis property under
each applied air pressure, where the maximum expansion ratio is 158%
under an air pressure of 0.55 MPa. .....ccccceeeiiiiiiiiiiii e 24
Figure 2.13: Compliance characteristics of thin McKibben muscle with hysteresis
property under an air pressure of 0.30 MPa, where the maximum
contraction force is 11 N and the maximum con-traction ratio is 21%......... 24
Figure 2.14: Static characteristics comparison of thin McKibben muscle between
experimental value and theoretical value derived from schulte formula
under an air pressure of 0.30 MPa. .....ccccceeviiiiiiiiiiie e 25
Figure 2.15: Least square fitting that determines the three coefficients for the thin
McKibben muscle. a, 8, and y are based on the experimental results
obtained from measuring the contraction force and the amount of
contraction, where the applied air pressure varied by 0.1 MPa from 0 MPa
£0 0.5 MPa. .ot s 27
Figure 2.16: Least square fitting that determines the three coefficients for the thin
McKibben muscle. D;, D2, and Dsare based on the experimental results
obtained from measuring the radial expansion and the amount of
contraction in the same manner as measuring the contraction force and the
amount of CONEIACTION. .....ccvuiiriiiiiiieiiee e 28
Figure 2.17: Contraction force of thin McKibben muscle under each applied air pressure,

where the maximum contraction force is 22 N under an air pressure of 0.55
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Figure 2.18: Contraction ratio of thin McKibben muscle under each applied air pressure,

where the maximum contraction ratio is 27% under an air pressure of 0.55

Figure 2.19: Expansion ratio of thin McKibben muscle under each applied air pressure,

where the maximum expansion ratio is 160% under an air pressure of 0.55

Figure 2.20: Destruction modes of thin McKibben muscle. (a) Normal expansion. (b)

Uneven expansion of the inner tube. (c) Inner tube buckling in the sleeve.

(d) Inner tube ripped DY fIDErs........ccccvivieieiceicecececeeeee e 31
Figure 2.21: Example of (a) uneven expansion and (b) inner tube buckling. .................... 32
Figure 2.22: Example of plastic deformation of inner tube...........ccccovveeiiiiiiiiiiiiiieniceeens 32
Figure 2.23: Example of irreversible change of braiding angle. ..........cc..ccooeevvivveeenieiinnnn, 33
Figure 2.24: Example of (a) hole made on inner tube by sleeve and (b) rupture of inner

DU ettt ettt e e et e e s st e e e st e e e 33
Figure 2.25: Scratches on inner tube surface by sleeve............ccovevvvveeeiiiiiiiciiiieeeeee e, 33
Figure 2.26: Bending durability test SyStem. ............euvviiiiiiiiiiiiiiiiiiiiiiieieeeieeeeeeeeeeeveeeeeeeraeaens 35
Figure 2.27: Bending durability test settings for (a) Single body bending durability test

and (b) Multifilament durability teSt........ccevvevieiireeieieeeeeeee e 36
Figure 3.1: Structure of typical multifilament muscle. ............cooovevivieeiiiiiiiiiieee e, 39

Figure 3.2: Example of developed multifilament muscle consisting of 30 thin McKibben
muscles working as a linear actuator. This is the basic shape that imitates a
normal muscle. Muscle fibers are curved to the outside with their radial
(2507 1= o) o VNUUUUUUU NN U U U U U U U U TP 39

Figure 3.3: Deformed multifilament muscle consisting of 30 thin McKibben muscles at an
air pressure of 0.3 MPa with a 5 N load attached at the bottom, which is
curved along a cylinder with a curvature radius of 16 mm............cc...cceennne. 40

Figure 3.4: Schematic diagram of human muscle. (a) Biceps muscle. (b) Flat muscle [159].

Figure 3.5: Example of multifilament muscle imitating human muscles. (a) Biceps
muscle. (b) Flat MUSCLE. ....coivieviiiereiiieieieieteeeeees et 41
Figure 3.6: Biceps multifilament muscle consisting of 60 thin McKibben muscles at an air
pressure of 0.25 MPa with a 50 N load attached at the bottom.................... 42
Figure 3.7: Flat multifilament muscle consisting of 20 thin McKibben muscles at an air
pressure of 0.25 MPa with a 25 N load attached at the bottom.................... 42
Figure 3.8: Model I: Muscle fibers bend at a right angle at both ends with air pressure
and are arranged without gaps, which is considered in a two-dimensional
INOAEL. e sttt et e 43
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Figure 3.9: Model II: Focusing on the outer shape of the multifilament muscle, the

Figure 3.10:

Figure 3.11:

Figure 3.12:

Figure 3.13:

Figure 3.14:

Figure 3.15:

Figure 3.16:

Figure 3.17:

Figure 3.18:

Figure 3.19:

muscle fiber bundle is assumed to take the form of a rhombus in a
two-dimensional PLANE. .......cccovveeiiiiiiiiieeeee e 44
Contraction force of multifilament muscle at each applied air pressure.
Maximum contraction force is 159.8 N at an air pressure of 0.50 MPa. ...... 45
Contraction ratio of multifilament muscle at each applied air pressure.
Maximum contraction ratio is 29% at an air pressure of 0.50 MPa. ............ 46
Compliance characteristics of multifilament muscle with hysteresis property
under an air pressure of 0.30 MPa. Maximum contraction force is 100.3 N
and maximum contraction ratio 18 22%. .......cccceviiiiiiiiiiieieniiee e 46
Contraction force of multifilament muscle and thin McKibben muscle at
each applied air pressure. Multifilament muscle has smaller contraction

force than thin McKibben muscle at air pressures between 0.20 and 0.50

Contraction ratio of multifilament muscle and thin McKibben muscle under
each applied air pressure. Multifilament muscle has a larger contraction
ratio than thin McKibben muscle at air pressures between 0.25 and 0.50
MPa, and theoretical equations derived from Model II considering the
curved shape are consistent with the experimental value. ...........ccccccunnnn... 49
Compliance characterestics of multifilament muscle and thin McKibben
muscleunder an air pressure of 0.30 MPa. Multifilament muscle has larger
contraction ratio than thin McKibben muscle at a maximum contraction
ratio and theoretical equa-tions derived from Model II considering the
curved shape is consistent with theexperimental value..........cccccoeeeeeieennnn.. 50
Multifilament muscles with various muscle numbers and lengths. ............. 52
Compliance characteristics of multifilament muscle and thin McKibben
muscle by varying the number of bundled muscles under an air pressure of
0.30 MIPa......iiiiiieeee ettt ettt et e et e e e bt e e snreeenneeen 53
Compliance characteristics of multifilament muscle and thin McKibben
muscle by varying the aspect ratio of the thin McKibben muscle under an
air pressure of 0.80 MPa. .......oooiiiiiiec e 53
Difference between two-dimensional and three-dimensional model in the
modeling of multifilament muscle consisting nine thin McKibben muscles.
(a) In the two-dimensional model, thin McKibben muscles are arranged
linearly in cross section. (b) In the three-dimensional model, thin McKibben

muscles are arranged two-dimensionally in cross section..........ccccceeveuveeennes 55
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Figure 3.20:

Figure 3.21:

Figure 3.22

Figure 3.23:

Figure 3.24:

Figure 3.25:

Figure 3.26:

Figure 3.27:

Figure 3.28:

Figure 3.29:

Figure 3.30:

Schematic view of the active textile braided muscle in three strands. Active
textile consisting of braided units in three strands and the braided units are
bound by exchanging muscles with each other. ..........ccccoviiiiiiiiiiiiiineen. 57
Fabrication procedure for active textile consisting of five braided units. (1)
Braided muscles with three strands in each unit, which correspond to
legend 1 in Figure 3.20. (2) Braiding point in a unit, which corresponds to
legend 2 in Figure 3.20. (3) Muscle replacement between adjacent units,
which corresponds to legend 3 in Figure 3.20. ........cccovvveeiiiiiiiiiiiiieieeeeeeeen, 57
: Active textile braided in three strands, consisting of 10 units, making 30
thin McKibben muscles. Left: Natural state of the active textile with no air
pressure applied. Right: Active textile at an applied air pressure of 0.40
MPa with no load
Example of deformed active textile consisting of 30 thin McKibben muscles

at an air pressure of 0.3 MPa with a 5 N load attached to the bottom, which

is curved along a cylinder with a curvature radius of 16 mm

Three-strand braided unit arranged in a two-dimensional model without

Braided muscle in three strands used in the characteristic experiment......
Contraction force of braided muscle in three strands with hysteresis
property at each applied air pressure. Maximum contraction force is 44.4 N
at an air pressure of 0.50 MPa. .......cooooiiiiiiiieiiiice e, 63
Contraction ratio of braided muscle in three strands with hysteresis
property at each applied air pressure. Maximum contraction ratio is 34.5 %
at an air pressure of 0.50 MPa. .......cooooiiiiiiiieiiiice e, 63
Compliance characteristics of braided muscle in three strands with
hysteresis property under an air pressure of 0.30 MPa. Maximum
contraction force is 31.3 N and maximum contraction ratio is 26.7 %......... 64
Contraction force of braided muscle in three strands and single muscle at
each applied air pressure. Braided muscles exhibited a smaller contraction
force per muscle than a single thin McKibben muscle at air pressures
between 0.15 and 0.50 MPa. ....c.ccooviiiiiiiiiiiiiniiieceeeeee et 65
Contraction ratio of braided muscle in three strands and single muscle at
each applied air pressure. The braided muscles exhibited a larger
contraction ratio than the single thin McKibben muscle at air pressures
between 0.20 and 0.50 MPa, and the trend of the theoretical equations
derived considering the curved shape of the muscle are consistent with the

trend of the experimental results



Vil K] H &k

Figure 3.31: Compliance characteristics of braided muscle in three strands and single
muscle at an air pressure of 0.30 MPa. The braided muscle clearly exhibit a
larger contraction ratio than the single thin McKibben muscle at the
maximum contraction ratio, and the trend of the theoretical equations
derived considering the curved shape of the muscle are consistent with the
trend of the experimental results. .......cccoveieiiiiiiiiiiiiieie e, 67

Figure 3.32: Braided muscles in three strands with various initial braiding pitches. .....69

Figure 3.33: Compliance characteristics of braided muscles and obtained by varying the

initial pitch of the braid at an air pressure of 0.30 MPa. ..............ccoeeunnnnenn. 69
Figure 3.34: Active textile braided in three strands used in the characteristic experiment.
............................................................................................................................ 71
Figure 3.35: Experimental instrument with fixtures for active textile...............ccoeeeunnneen. 72

Figure 3.36: Contraction force of active textile braided in three strands with hysteresis
property at each applied air pressure. Maximum contraction force is 131.4
N at an air pressure of 0.40 MPa. ......ccccovvviiiiiiiiiee e 72
Figure 3.37: Contraction ratio of active textile braided in three strands with hysteresis
property at each applied air pressure. Maximum contraction ratio is 29.6%
at an air pressure of 0.40 MPa. ......ccccoveeiiiiiiiiiiie e 73
Figure 3.38: Compliance characteristics of active textile braided in three strands with
hysteresis property under an air pressure of 0.30 MPa. Maximum
contraction force is 106.3 N and maximum contraction ratio is 26.8%. ....... 73
Figure 3.39: Contraction force of active textile and single muscle at each applied air
pressure. The experimental values were recorded as the muscle contracted.
The active textile exhibited a smaller contraction force per muscle than the

single thin McKibben muscle strand at air pressures between 0.20 and 0.40

Figure 3.40: Contraction ratio of active textile and single muscle at each applied air
pressure. The active textile exhibits a larger contraction ratio than the
single thin McKibben muscle at air pressures between 0.15 and 0.40 MPa,
and the trend of the theoretical equations derived considering the curved

shape of the muscle is consistent with the trend of the experimental results.

Figure 3.41: Compliance characteristics and hysteresis curves of active textile and single
muscle at an air pressure of 0.30 MPa. The active textile exhibits a larger
contraction ratio than the single thin McKibben muscle at the maximum
contraction ratio, and the trend of the theoretical equations derived
considering the curved shape of the muscle is consistent with the
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Figure 3.42: Active textiles braided in three strands with thin McKibben muscle;
Specimens AT-1, -2, and -3 have a different number of braids in each unit
and the same number of muscle exchanges per unit; Specimens AT-2, -4,
and -5 have a different number of muscle exchanges per unit and the same
number of braids in each UNit. ......cccoeooiiiiiiiiiii e 78
Figure 3.43: Compliance characteristics of active textile versus the number of muscle
braids in each unit at an applied air pressure of 0.30 MPa. Number of braids
in a unit is m and number of exchanges during units is same (p=3)............ 79
Figure 3.44: Compliance characteristics of active textile versus the number of muscle
exchanges per unit at an applied air pressure of 0.30 MPa. Number of
exchanges during units is p and number of braids in a unit is same (m=16).79
Figure 3.45: Enlarged view of an active textile braided in three strands with thin
McKibben muscle at an applied air pressure of 0.30 MPa. Note that gaps
are present between the thin McKibben muscles and that parts of the
textile exhibit uneven eXpansion.........ccccccciiiiiiiiiiiii 85
Figure 4.1: Structure of spindle muscle and bipennate muscle...........cc..ccooeeevveeieeieeiinnn, 88
Figure 4.2: Placement of muscles acting on the jaw [159]. .........ccoovvieiiiiicicceeeee 89
Figure 4.3: Spinal structure with physiological curvature [159]........cccccoeeviiiviiiicnrenene. 90
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inflated pouch

Figure 1.1 Conventional artificial muscles. (a) pouch motor [87]. (b) (c) Origami artificial
muscles [24, 88]. (d) McKiben muscle [109]. (e) Pleated muscle [110]. (f) Pleated muscle
with ring [111]. (g) Yarlott muscle [106]. (h) ROMAC muscle [107]. (i) Kukolj muscle
[112].
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Figure 1.2 Miniature McKibben muscle in previous works [114, 115].

Figure 1.3 Application of thin McKibben muscles. (a) Biomimetic octopus arm [119]. (b)
Exoskeleton inflatable robotic Arm [120]. () 20 m balloon Giacometti arm [123]. (d)
Long-legged hexapod Giacometti robot [124]. (e) Assist suit for lower limb. (f) Assist suit

for upper limb.
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Figure 1.4 Active textiles and multifilament actuators using thin McKibben muscles. (a)
Active textile consisting only of thin McKibben muscle. (b) Active textile consisting of
thin McKibben muscle and yarn. (c) Active knit [131]. (d) Fabric actuator with thin
McKibben muscle [132]. (e) Braiding thin McKibben muscle [133]. (f) 3D multifilament

structure [134].
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WOIEENEZ 52 RICHET 5 Z L. 2L OEEEZFEK R Y MEETEIT S
TeDIZIET 7 F a2 —ZICAMPINLRNWE D ICHERICa T T4 7 v AR 2T 57
LZMENRDD. RO R Y NOT I Faz—H L EREEICER LT /2%E% Figure 1.5 12
AT THETIEHE SN TEEHEEe Ry MIT 7/ Fax—2 OBRNLEME—FIC
FREOHIEERZMAEDE D Z & THREIRICa T I7A4 T U AZMIML THEROILE
BRENRZHEZL L TV DH HD[66, 135, 136, 137 & ZEEAN T EHWS Z & THEEHRO = >
TIAT A BB L THEHEER Y &% L2 0[68, 103, 138, 139, 140, 141, 142,
143, 144, 145, 146lIc3 T biLD. £z, BREEICER T2 L AEREHKICAILIZTRD R0
s’ 0 IR S 2 A L= h 0166, 137, 143, 1441 L U o 7 ¥t 2 LA o CAEREIS & R
SR O A EAZFEH L= 0[68, 103, 135, 136, 138, 139, 140, 141, 142]173% 5.

RO OHICER SN HHEESRE2 AT 58 M e Ry Fo 1 o 1969 FICBI% &
N7z TWAP-1] [147] CEKIEN T 2T 7 Fax—2 & LT IRTTATEEB L=,
AT DM OFEKR TR Y Fod 1 -o0% 1988 4EIZBH% &7z [Shadow Biped) [138]
TARBBRICH R 14 &, MR T 28 KD~ v F_UBIZEE N TR (1 5 vz it B E)
FREATLHE MUMTrR Y N THDH. A EFROSTHEEEIC X > TABOATRRE T
5 2 L7 TR RIS KOVERR AR TIEM T 2 L2 BN E LTEL R,
EEREIC S W oe Ry FEGEHIR e Ry by R SIS s TElME S Tn
%[148]. Shadow Biped D% EIEIIERARIEI T 3 H A, KEPIEIITHIBIEN < 1 B, BB
Hilx 2 AHEZ = A=W VIR > TE Y, SR T on-AEE TR E
R L CEELARET S 2 L THREEZ 7 + — RNy ZHIfIL TV 5.

EEfE#K R > b TECCERobot] [66)1XEEE — % & itk & 49 5 MR K - TR
BRER AL LTV D. b OB Z RIS L 7= 1R R o Bk (K 5 B ET o B DO HE(R
P DAL S D FHARIE 14900 B A E ISV T BEER R AR O R > hTH H. I A
TRE—ZIZWMY T bNfiE - e Hck o T7 40— Ry ZHIHAFRETH Y, A
Mo THA—FH—EB) =2 —1 > — N OL— 7RISR 1601 FE-Du 72 7 A0 A
OEEIZET 2 HIEEEZ T 277 v b7+ — A LA STV A[151, 152]. AMRHE
Efs e 2 —~ /A4 K TGRS [135]3 L Ok THEERS ) [136]IXFE T — & THE
BT ofEHEe Ry N THY, IERRITEE 167 cm, (KH 56 kg & ATV EERTH Y
RO EFHIZ1N6 DT 7V Fax—4, N7V, §lifiREz#HHE LWL EVE Ry R TH
5. UAVEEME—F CREWMDODHNEY 22— NV ET 7 Fax—% L L TCIUEMERE R %
HRLTERY, BRIITVIEE, #, REMMERILT T ZAF v 7 TEORTEY & 7 BEEIZ
F o TARBNTIEV B RS L OV #2281 L T\ 5 [153]. fFAOE Y 2 — VT AR IZ B
—HIMOBIHEY JJ LFAETE WD, KGO X 5 \TEBO7 ISR Y 2R 4E S D
WIX DT A v & I ERRE 2 O OB L T B [154]. EERRIZ A A S 2 REICHBT 52 &
TAHONEHMEZ LV RS BT 50O FHERT 7 v b7+ —L LT 52 L2 HI
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ELTWD. BICHIROMEILE, B, fHNORE, BEEBIEAOBATE MEEE
B L T, AL i U CEts o ~HER JUOMRL I 99.3%, HEIX 116%ZFhE
N—EFHLTWB[67. LrLans, EEE—X 2R L T 2DIEER T (1T EBESCE
HEOBLEND AR L RIZEOTERBRAMET 22N TET, HRBUISAETAMO
39.1%IF E THAK K H ARICIT W FEIZB W T 57.1% ThDH. Fiz, T—F ZHEICH
D AHT T D I I HIEERE[155] 72 E MBI T AT AR KIUL LT iR £ T
RTERNVWEWVWHIRELH L. BHEFEFEZHOEHEgIin Ry b b EREOHREE
25, HUO AR5 ORED DANBICELE LSBT — % TUA Y AB I ERERIZ 7>
TW5[137]. v ARy b2 AT % FVC BB & B 4 2228 U COUR BRE) & 4 A EL
LicaRy MINLFHOa 7T A47 o Rtz A0 UCHGURE) S 5 2 & Tt/
BIEIHERE A2 28I L, BT TR < BKEERCED & Vo BIEERAT 9 v R » 11389, 140, 141]
SEEEEE T LR ER e R M142l, EiveR > 143l BEETAEHWEE
FEa ARy hM144], ERRBRONE AR > M145]0FE SN TV 5.

Link mechanism Skelton mechanism

Electric
motor

Pneumatic
muscle

Figure 1.5 Classification of conventional musculoskeletal robots from the viewpoint of
structure and actuators. (a) Kenshiro [135]. (b) Kengoro [136]. (c) ECCEROBOT [66]. (d)
Chewing robot [137]. (e) Shadow biped robot [138]. (f) 3D biped robot [139]. (g) Athlete
robot [140]. (h) PANTER [141]. ) Pneuborn [142]. (j) Pneumat-BS [146]. (k) Lucy [103].
(1) BeBe [144].
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1.3. KMEDFHEDITEHB

KX TITMRAN T A TELGNTT 7 F o = — & % iR EhiEE ik & B8
T 5. AAFFEO B BT DO @ ) TR FHRME & R & 3 D iR R IS R OB &
INZEMT 52 LT FOBHEKREGEEBIUENREREZAT 2 MUFHEHReRy M &%
BIH2EThD. HERUSECHLIRARZ L) ICRENSIRFHEOH LT 7 Fax—H L
L CTHIBEANLA R & 575, BIRY NP NSNWZENLEATELT 7V r—yva VidRoh
TWe, ZTHERRT 272D WIUEREAT I L D mE bR A b TE 720y, nRy
MERIZIT 2B ENO T TN~ =7 — /b RROERRORE, ZHHELIT K 2 IUHEFRr
PE~OEZENIET Difaml L SN TE LT, 1EROFMAMEFIETIIALT 1 Kb 70 OUUHE )
PR TFT25EVWIESH -T2, AR TIE EFLORMBEE R T 5 72121 & = OffF
HHEEIZ TSN SRR B S (R 2 1R 2E L, (K1 1 2 IUHE R 22 b & Al T 2
H=ANELTETMET D 2 & CREAEBEDIHEREIC G2 DB AR O T 5. £z,
R LG Z 0 U TR N Ol & Ak 2470, B MR ER e Ry MIEHT 5.

ek MUfEREAR Y FO/N— U = TR T EEEIC OV T e MU
aRy MEBRFBFE L, EFEMNICH LIRS TS FRAIGEOMAGHEIC L >TE b
FEAD = AL EFEBTHZEEZAME LTS, ZNEFEBTDH I LIRS IcES
WIZERGEHFENE P ERROEIEZ T 5 MinRy FORGFEELTHAHTHLZ LD
RLTWD. ERROBBZER L T Mol 2 83 2riBpE s LT, Az Tide b
& A UB S I SRR SR 2 EH T 5 2 & T MR E HibdE S AT 2B
Ry MEREEFE L, BRI LTV OEWEIZE ST 25 E 70— 7 RN S
Te FOBEEEZENKRT L2 L2 ANE T 5.

AWFZETIE e MU AR e AR >~ OBRERERED E 2T e MW E R E TTRMED
B GFHET 54512 & LT MNR (Muscles Number Ratio) & MR (Muscle Redundancy),
RR (Redundancy Ratio) #2479 %. 25 3 ORI AL A MN, BEi B HE % JDOF &
THEUTOFRHERTERODLZENTES. 72770, B F robot, human IZZNF, =
Ry FEE FDETHLZLERLTND.

MNR = MNyopor (1.1)
MNhuman
MN
=W (1.2
MR
RR — robot (13)
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MNR (IR OER N2 e MW Z2 R LTEY, 100%I2E5< 18 b EFH%ED
A E RO Z L 2R THIETHDH. 2 2 CHNABE &Ik - 5 1IEONE (7N 0%
MEZRY, RGN L THRR AT TR 2MAE 1 DOMSL LIZfiNE Lz & D
AR O¥E LTEET D ((F8kA) . 2 OFAOGFUIIMRE 72 A OSBRI L TE Y,
MSE LT RIIEZE VBRI O AR IT HIVTW D, EFRFIRN D & N OBMEIXA
WIHE & A STl Y, 2SSV b ERBROMWINAEIC L > Te ho#fEx4
L &9 LT BN EK AR Y hOREICET 258 TiThbit T\ 5[151, 152]. MNR
NDREWVWFHEFKeR Yy MEE EFRoe MZEILZZHEICE LT, AUFEIX MNR O KX
WIBR O AR Yy hEEBTHZE T BRI L L S T2 Ry MFEIZEBT 5
— R =7 ERFBRT D EVHMESTICH D, MR (ZEIEH B IS 2 A OES
EATIRECHD. 1 SOBESHBAEICK LT 1 D77 Fax—4 5588y ho
MRIZ1THY, HBERE2 AT o2y MI1SOEHIC2 D ONTLHEZFFSOZ LD
MR 7% 2, BB & RSB AFEES N TV AHER AR Y MIMR 22 L0 KXV MEIC
b, ZOREERHWAZ ETRA Y RBREOX ) REEIRZAL TCWAINERBTH L
MWTED. 1 SBEEICHEEOT 7 Faxz—2 35T 50Ky hOTUEELZ£ZTEEILS £
TIZHFELZR -T2, MR ZHWD 2 ETED X ) REREIREZAT DRy NROMNESy
I HZLnTES. RRIZE MSHTLER AR Y D MR OFE T 100%(21TWNEE
t MIEWTTENERRZF>Z £ 2K T. RR IIHHHAROTTEEZ ENEIT R TCE 20
Zad 7217 T2 <, RR & MNR OKX/NWZ T 5 2 & TR G OB o A B E 4 S
JHBETETCWH208HMET 2225 T&% (MNR<RR @ & B H HE IR LY b
/&<, MNR = RR CHRZOBEHBEETHD Z L Z2/RT). & hOFEHKICEIT 5 MNR
BELORR X 100%TH Y, MR IZEDOENLIZ L > THHN & BIETO LSRN 72 5 72 DIE A D
BE725.

PERAFFE T B AL 7= K 5 ICEN R BERCH N L CEMET 2B k& e AR v O BIEIEBLF<
B LRWEEZBET 272012 ) 7 BN ShABEMICH 5. FEOBIERBLZ B
LicfiEtsa Ry MIT 7 Fax—2CHEHBENDRVEAICSH D, AEKE RO
BLORHEZ FHBL L CRRIMRGEEAT O 2 & & BHIUE Lz b OB R 2 M5 £ ik
THEMCHS. MNR & RR OBLSTe MU EKe Ry O FTlEEZHK L7 T 7%
Figure 1.6 27”79, B#lIE MIKT 2B 2Ry hOMRABEORE (MNR), it
BB RIS T MRS OlEE e b e ARy N Tl LZHEE (RR) 22
N LTS MNR 28 100%IZIWVIEERBEHRE Ry b3t M ERBOBRNEAETLZ L%
L, RR 23 100%IZEVIE EfEK e Ry b3k hERSOTNESEEETHZ EE2/RLTW
L0, TNETICHEINTZAERK 2Ry O MNR & RRIZWTILE 60% L FThHhD. B
HHBENRE hLY b E EfiEHaR Y MEIMNR < RR L7250, 1RO EK =
AR MiE Kengoro (Figure 1.6 (1)) #BWTCMNR<RR THh 5. fiygtHoR v MIEEHEA
HEE 2 80T E ST EN R AT D 7o DIE LA LD T 7 Fa = — N ME L IR DT,
T Faxz—ZORVMITEELZRE LRTEE M EeFASOMESRRELERTLHZ &
IFEEL V. EFRRO MNR < 60%, MNR < RR W OEEFOT 7 Fao—X LEEaR v Mk
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T 7 Fax—2OWMY HFHIRNG b b ERSOBMETHBEZFEITERWI EAUR
M XD, AR CITHER A T & it & U CAEMREL N 210k U 7= 2l REEh A 15 (K % 18
RAT52ETT o7 Faxc—2ORBEEREL, b hERBROFKEEEEZ Ry VB ETD
Z L T60% <MNR, MNR = RR L2 5fiEtnRy b TEEZEBT 5. BKRIEZRITTICE
W T — FAEE ORI X5 BRILEOFHIC L D L#mISn b2y, fif
KO BNy NEET —F G OFTNY 7SI TWieTe ), BT —F
HEIE ORIVEZAIZ B C & 225 72 [156]. AREFFETIEAEMICAI Lo RE 2R 5 2 & T,
e & B A L DTN K D AT ERMIPERAE 2 283 5. Fio, KimCTIEBEBEEI OB MDD
B/ N2 B RS EREN R, (KRR @R B B OB E R OSSR, T O RER
TLEBEER ORI L > TIRET A AETFIETHEHR 2R Y hOLHBRBENARETHD Z &
TR

100 Human ——————e®
© 80 Development objective
§
2
z 0 (6) 2 (1) ¢
3 o (4) . .
CE {8) ®
2 (9), (10, .
= (5)
= 40 ®
) (11) *(7) Sy P A - &7 100
= With bi-articular muscle (MR > 3, RR > 57.1%)
=
% Antagonistic mechanism (MR =2, RR =38.1%) '
& 20 .
(12)
0
0 20 40 60 80 100

Muscles number ratio [Robot/Human, %]
Figure 1.6 Development objective and comparison of muscles number and redundancy in
lower limb between human and conventional musculoskeletal robots. Each number
beside points corresponds conventional musculoskeletal robots. (1). Kengoro [136] (2)
Kenshiro [135]. (3) Pneumat-BS [146]. (4) Biped robot [68]. (5) Shadow biped robot [138].
(6) PANTER [141]. (7) Pneuborn-13 [142]. (8) Anthropomorphic legs [57]. (9) Athlete
robot [140]. (10) 3D Biped robot [139]. (11) Lucy [103]. (12) Pneuborn-71I [142].
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1.4, RERXDER

KL 6 HCHR S NS, 1 EThHARE TITMAEE ROMEDT, HIIZ W TR
Nz 2 BTN T O & BiEREIC OV GRS, maR » M BT 7L
BEZRET D, b, v Ry MEHOBLEN B EER ) FRMETH 2N /1, 7w
IHE=, BHFMESR, a7 T4 7 o AREE FZBRICH B L, SRR EEE R D
IR 2 B 7 AT 5 7o OITHIBRN LA AR O SRl B3 5 e b 21795, £72,
PEN LA OMEERAE OfEI, 36 KX OB MRF DI AMEZ B 5 2N 3 5 7o 01 i A G BR 5 %
TRL, MENLHOMARMEAFMT 2. 8 3 ECIldfE N L ORE, ¥, 7
U v 7 E K OVERRIC X D UHERE DM 217 5 . ARFasUCIESMHERREME SR & L CGIIERA
A% % ittt & U QSN 7= W FIREE N T & I T 28 < Rk & L TIRATE =S
HNLH, BLORERMAM AT 5. SIS X DR IEZELD A = XL Z B 6 h
2T B0, BB LT 7 Faxz—20ET U v 7 &7 CHEREIC O W TERIL L,
FERAER L OB L > CEH SN2 BERROB R E21TH . £, BI% L= 2 iliErEEhs s
IRZEGERDZEEN L 72 b ONCREENRRAT & /17, TRk,  H) B & OB THuik
T2, BAECTEEROL Mool MUEHOBERE, Kup, NS EEE
HEEAT2Z LT b ERBEOITNREEER 2R OMEKIEER 2 MIEETE 52 L 2R,
REFFE, B, BERBRIC OV TIE~D. HHETIIHS & L TARMIXOBR E SR DR

LT HONWTaHRRB.
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2. BHEMACICET-HZEATIHORIERBELEERL

AEEN AR I3 B PEDS PTREZ2 /M (B mm) OZEE AN TA[116] TH Y, o
MERMENDZEEZHIINL TWD &L IO MT 2 2 &N TE SRFIMEL R, RETIT
MBS TG O IE & EEREZ DWW TR, maRy IS A 72 im i LB E AR R 5.
72, ZHMHEREBIEIERDORET - BAFED 72 OITHIEE N LA O ZREE & 22 iett, il o
MIAPEC DN TELET 5. Sk, o R > MEHOBURD D EE R TR T 2 IUHE T,
7 IR, B MRESR, a7 T4 7 U AREEZ FZBRIICH O L, SRR EE
AR DIHEREZ T T /LT 2 72 DI N LG AR D TR B 2 8 b 217 5. #
BN LA OISR ORI, 36 X OB iR DM ANE 2 B & 22T % 7 O il AR L &
REL, MENTHOMAR:Z T2,

2.1. EBELEERE

2.1.1. BE L& EREFH

AN TR B/ ME 1.8 mm O KEAPEN AlREZe i e/ MEDOZEE N TH[116] TH D,
WS IIERDO~ > T NLfj & FRRICPAIO G T LT 2 — 7 EAMUDLFRfEA U — 7
oS (Figure 2.1). A YV —7 O AIIMHMEN 220 2 A A2 B %55 Lo A CF
TSI, FTHHE PRI D O ARH & RIS LA O IEFRFEIC K & e id % 5.2 D%
AHEHTHD. AEERII1Im HEY 1.3 g TERREMOLTHER SN TN D, RN TH
IR D~ » RN TR &L CLLTFIZZET 5 4 DO TEAL TV,

O KEAPEM

FHA A T 5 B (Figure 2.2) WA Z L CREAEEEZITH Z LN TEX 5. MRk
NLFEEE m B cilE S cr—ulk (Figure 2.3) 1I272-> TRV, (EEOE X, A
ZEID Bl T 2 B35 Z L TZEIEATH & LTHEATE 5.
@ ZFaRE

WERD~ v F_RUNTHIFTNESL EHEREI K em & REITH Y, 22 ERIINRFIZZ S 12 il
T2 LT TERNSTD, MBENLHITEMETICOES ICHIT S Z & TE 5 (Figure
2.4). ZHIUTMRILIZE > CATFHZRICAN T E ZOWH _IRE—A L "/ hEL D
ZETHMHATESD., ZOFMMEICE > THERDT 7 F axz—Z TIIWMY T2 Z EAEE LN
S MR TR Z FFORBEOAVMA T IO T2 Z LN AEETH D.
@ R

AN LA I3 < T, TR CTHLZ EOEERENAETHY, a7 MR

R R 2 TE 5. NLifZE 1 AROM#HESR & RAZTH 2 & TAEEBHRICH 65
e =AW, ReElfkfm A EBLTHZ LN TED.
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@ dehktt

MRENTENET 7 F o= — X BURCIEIER o<, KX AN AERELEZE LT\, EE)
T T T Ly AT RUEER, ERICRET 52 L TE—A0v Y LA LD b
BERGBBIRERBT HZ ENTED.

Outer sleeve

Inner rubber tube

Braiding angle (18°)

Figure 2.1: Thin McKibben muscle comprising an inner tube and outer sleeve has a

diameter of 1.8 mm. The braiding angle is 18°.

. N ‘
Pulling up mechanism I

Outer sleeve

Figure 2.2: Braiding machine Figure 2.3: Role of a thin McKIbben muscle
fabricating thin McKibben muscles. which is 500 m.
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Air pressure 0 MPa Air pressure 0.30 MPa

Figure 2.4: Deformed thin McKibben muscles at an air pressure of 0.30 MPa with a 100 g

load attached at the bottom, which is curved along a cylinder with a curvature radius of

16 mm.

21.2. BEAE

AHFIETHE 3~ 2 MIE N T 1B 2 0 L CRUES B [116]. BUHRIC 1 ilkiE 28 )
ThHhHREPHERRICEE SN TEY, ZhEET SEWITEERBE T2 i kb,
BRE O PRI TR U =7 BRENL TV, ZOEXIHEHLERE L OEBRA Y —T D
HHEIxET 2. WMENTA Y =T ZNMO I LT 2 —7 & TR R 05| & BT
BICko TE~NESIE ETFONTELF 2 —T %2R =T TEo o~ v IRV TS
T 5. AV =T OWMAHCONTIERENTZAY =T D5 & L5 HEIC L > TRET D
TENTE, IPHLCIHRENATRETH D, AT TITMBN LA R ORI & v R > b
AT TR I 2 R OB L ORUE T2 1R BT 5. SYEFIRIZLL T oY Th
v, BELZMEEN L% Figure 2.5127~ 7.
O TEEOEITHRATLHZE0 B> ChuEFATEIEL, ot RT 2 —7 &2A

L CEEAITRO AT 5., 35T 2 — 713 MO 7 v ZIET = — 7 2 L7,

@ W EEHORAZ R AT 5. ARiFETITHMPE (B&45 f&AY =F L, High

Molecular Weight Polyethylene) fiif (¥ A =—~) %L L THEH L.
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Figure 2.5: Thin McKibben muscle with air supply tube and tendons.

2.1.3. EfEIRE

MENLHHIE~ v F_CRDOZEEANTHTHY, ~ v TR NTH & RO B CTH)
Eg 2116l EXTFT 2 —7 06 ALFHICZEEZFINT 2 &, WO T LT 2 —7 NEHmIC
a9 % (Figure 2.6). Z ORITRDIZIRICHE S THMUD A Y —7 DM 03 ZAL L CHlil5
G L, WUfa A3 AT D, JER LI TR DU Dk % Figure 2.7 IZ777.

Initial state

00 . Kmttmg ‘DSIQ Rnbbe‘ mbe
RS K A
ERRKIDPRRRKE

000002050 % % 0% % 2% A i
67670 %0%% %6 s %% %! .(.) mmm Ajrsupply

10000 % %0 %% %0 %% %%
RIGKRR
V9. 0.0.0.9.9° 0.0 0.\

Closeup of sleeve

Pressurized state

Closeup of sleeve

Figure 2.6: Operating principle of thin McKiben muscle.
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Braiding angle 18°

Air pressure 0 MPa Air pressure 0.40 MPa

Figure 2.7 Enlarged view of thin McKibben muscles at an air pressure of 0.40 MPa with

changing braiding angle.

2.2. NN

2.2.1. HFrERER

5 IR R & &5 iR

N LA Ol 5 R e 132D TEZ SN TV D23 47], SIS RIC BT 5/
WA TS CHER/NT A —F LR DB FMOERFRITER I TWRW., 22T, B
e 2 NQ2AD LD ITERT D, 22T, ALHHORIMEBINE & &1y, YIEEZd,,
FUFERIAERF R S 21, IUEREREdE T 5.

g =1 - 2.1
0
d
=g 1 (2.2)

RERBHED > X T b

IS D &I 2 E T D72 DI ER Y AT L& L2 (Figure 2.8). PCrHv U7
NBEEITH) ZETAT—Vary hn—J2 0 LT X MiAT—VaBH s, ALfHiORS
FRUETHZENTED. FALHOESIZBITAWHEINL T +— A7 =T b BET5 2
EMTEDL. NLH~OZEEEIMNT 2 7 Ly b DIEMERE L X o L—HX 2> Tl
BT 22 TITO. ZORERBRIEDO /M Figure 2.9 IT7- 7
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PC

Serial communication

Thin McKibben muscle

Force gauge X-axis stage Stage Controller

Air supply Regulator Compressor

Figure 2.8: Experimental system constructed to measure the contraction force and

amount of contraction.

Stage controller

Thin McKibben muscle Force gauge

Figure 2.9: Experimental instrument.
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AR
R OMIEREREE A OGBS O FIINE R D00 77, ®ho5 mE=s, 28710
R, BXOa 7 T4 7 U AREOREFEREIT > 7. BRI L7 L Ok
FHEEEZ Table 2.1 12”9, B AT U U RRMEZI] 5 20M2 9 5 7o DITEFIINEIS K7 2 UUHE
77, 5 G, BT MRS IR REIANE A 0.565 MPa & LT 0.05 MPa 3o/t L7-
%12 0.05 MPa §" = L TRIE L7z, IWHEHIE X AT —2 L 7 4+ — A7 =V DRIZA
haeBaRELERD IO ICREL, WWF%ﬁMSﬁT7f—27—V#T?ﬁ%W%ﬁkL
72, FEUINESNCHKT DG 1) % Figure 2.10 (x4, SiliJ7 A IE SR M B B o A TR O
FIMEEZZ LS TR SZMEL, RQ.UMGEH Uiz, SHINEINT R 2 fil7 msiE s
% Figure 2.11 |\Z/n 7. B MEERITMmEHBHO N THOHIMEEZZE{L S, / FATA
Im$%®% ZREL, RQ2DPLEH Lz, 7ok, IMEOWEITNERZZ /NS T D
DIZEAFINIIEIZIBNT 3 FHIE L CEDYEE 2 B> 7o, AFIINE ST 5 B 07 mlgsiss

% Figure 2.12 (2”7 2774 7 2 AR A ARE O 5 N LABICZEE% 0.30 MPa
FmL, X7 —o% smm Mg CTHRE S THREMITT 55180 A3 2HE L=, 0.30
MPa OZEEZHINKE D 2 75 A4 7 o ARtk % Figure 2.13 1239, B A7 U & AR %2 B
DT DTl TZEEEEINKRED B KR O R S —Z2EFINIREO B R E O R S —Z2E AN
KFD ARR DR S>ZEEANO BREDR S O A 7V THEZIT o7z, FetalBRofs
RN EKANNE 0.55 MPa IZ3BWCHIZEA LK O KIGHE /11T 22.1 N, i RUHER X
27.2%, BIFHIZIRFIL 158% CTHH Z L b oT-.
BFINENS R DRIV TINE, BIES M CRIEEN R D e 27 U v ARER R B i
L. ZHUTAY —TROEEE, TLAERAY—THOBEE, IAORBIEIGER L, BIERIC
AN LIS WD E THELDFETH S, £z, Figure 2.13 (T3S VA 7 vk
D O I KILAE 1) 9.8 N MM KUAME /7 11 N & BT/ S WMl Z 779723, Mullins 254 [114, 157]
T &N D T LEA OFETHE 1 VA 7 VORI NZ LD A 7 L L Bip DR &R
THRTHD., 2T T4 TV AREOHY A 7 VICB T 5 A7 U o AReEIERTE L7221
H & RRRICIBERH ISR A A DL LIZ WD & CTAEULFFETH S.

Table 2.1: Specifications of thin McKibben muscles used in the experiment and bundled.

Diameter 1.8 mm
Initial length 300 mm
Outer diameter of the tube 1.3 mm
Inner diameter of the tube 0.9 mm
Hardness of the silicone tube 40 shore A
Blade angle 19°

The number of the outer fibers 32
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Figure 2.10: Contraction force of thin McKibben muscle with hysteresis property under

each applied air pressure, where the maximum contraction force is 22.1 N under an air
pressure of 0.55 MPa.
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Figure 2.11: Contraction ratio of thin McKibben muscle with hysteresis property under

each applied air pressure, where the maximum contraction ratio is 27.2% under an air
pressure of 0.55 MPa.
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Figure 2.12: Expansion ratio of thin McKibben muscle with hysteresis property under

each applied air pressure, where the maximum expansion ratio is 158% under an air
pressure of 0.55 MPa.
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Contraction ratio [%]

Figure 2.13: Compliance characteristics of thin McKibben muscle with hysteresis
property under an air pressure of 0.30 MPa, where the maximum contraction force is 11

N and the maximum con-traction ratio is 21%.
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222, hEFHHEOERE
MENLTHONFHRET T LF 2—T7ONEY, 1TLF2—T7ORER |, [T LD,
(2 —THHEOME ], THIIRAA ), SO TH D THHE [Tk TET L2 en
FEERIICHER ST 5 [116]. BIE TR X 9 ISR N T~ v 20 N TR OBER

B ARROJRBECEREN L, —fi%7e~ v 0 N LA OB ATIF 1L Schulte 23 E % L7z

X(2.3)THRE SN D[47].

2

1
sin90> {3(1 —&)%cos?0,— 1} (2.3)

T[ 2
F=Z%P<

2T, Do lFH T LF 2—T N, PIIHINET), 0y 3RV —7 OHIHIREAMA, € 13U
MiEEZZNZIUR LTINS, R(2.303H 00D K 91T, N LA OWHE /X IHIRR A 0,12 K
E<KTFEL, P = AN fE & FUINE S B 5.

KA TTLOME |, THTH3 LWV 2N A T, TLOHEST AT =
—7 - AU =T OB ST - IHERICHEE 525 2 EMBLILTWA([103, 105].
HIEEN LA OFR 72 ) et 2 n 32U ET 71 - JIFHI72 890 BV BHEL TR Y,
TLADFERLT LT 2—7 L AV —T R OBEENEE I TR, Figure 2.14 (IR
T X O ICHERE & EREICRE R ThAELD.

10

9 o Experimental value

8 o Schulte formula

Contraction force [N]
Lh
Q

0 5 10 15 20 25
Contraction ratio [%]

Figure 2.14: Static characteristics comparison of thin McKibben muscle between
experimental value and theoretical value derived from schulte formula under an air

pressure of 0.30 MPa.
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Z OB E R T D2 DIZFINN SN L O IF, WIEP, 7 mERe,, KFEY 12
BILCULTFD 2 >OFEBRAAZIEE L T\ 5[158].

F=a(1l—¢)?P+pBP+y (2.4)
V = Dye? + Dye, + Dy (2.5)
ZZTa B, ¥, Dy, Dy, DITINTHIORMEICEDERTHD. R(2.4) % e l2 DN THEL
&, LUT ORGmIHER 2 RO 2 A/ O 5.

g=1- |=(——-p) (2.6)

RQ2AEZEF L TRQHENAT DL, UTORGMZERERDLZANEGLND.

2
e = Digf + Dy, + D5 _1 ©.7)
D;(1-¢g)

o B, ¥, D1, Dy, DI ANLFHOEBRIENSHRANTIRT 4 v T 4 L TICE>THLNLET
bV, R(2.4)% HWCTUUHEER - MFE R Ba, B, y&, H(2.5)% F\CIUHESE — (AFREEE
PEDBDy, Dy, D3 TNENIRET S, AEEN LA O FEVINEIZ 33 2 e =R — MG /) Rtk
226 DEERED S Figure 2.15 (R T KO ICHR/NFRIETZ 4 v T 4 T &1T>TCa, B, yP

EZWRE LT=. Dy, Dy, D3OV T HAEINEIT T 5 IUHER — (RFEFFED S Figure 2.16
R TROCERNRET 4 T 4 & T TEZRIE LT, ZHODRERNGELNT
AWFZE AT 2MEN L Da, B, y, Dy, D,, D3;Dff% Table 2.2 |Z/R"7.

T AT 4TI ELNTREOEER(2.4), (2.6), QDITENZEIRALTHEH LK
FHUMEZ 30 D UGHE T, WG, B85 maRRIZ I T 2 PR & FEBRIE O i 2
Figure 2.17, Figure 2.18, Figure 2.19 [ZZ NIRRT . R TIEE) 603" L7z iR
DSHIER N A5 OUUHE 1 & Bl 57 Mg == T & 272107 T <, IRREAMICEd % 3254
ARG mEERICbEHATELZ &R LT
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Table 2.2: Six coefficients for thin McKibben muscle determined by least square fitting.

« 6.70 X 1075 m?
~1.96 X 1075 m?
~8.76 N
D, ~3.38x 1077 m?
D, 1.09 X 1075 m?
Ds 7.80 X 1077 m?
25
* 0.5MPa
+ 0.4MPa
20 x 0.3MPa
0.2MPa
X 0.1MPa

Contraction force [N]

0 5

10 15 20 25 30
Contraction ratio [%]

Figure 2.15: Least square fitting that determines the three coefficients for the thin
McKibben muscle. a, 8, and y are based on the experimental results obtained from
measuring the contraction force and the amount of contraction, where the applied air

pressure varied by 0.1 MPa from 0 MPa to 0.5 MPa.
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x 1076
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Figure 2.16: Least square fitting that determines the three coefficients for the thin
McKibben muscle. D;, D2 and Dszare based on the experimental results obtained from
measuring the radial expansion and the amount of contraction in the same manner as

measuring the contraction force and the amount of contraction.
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Figure 2.17: Contraction force of thin McKibben muscle under each applied air pressure,

where the maximum contraction force is 22 N under an air pressure of 0.55 MPa.
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Figure 2.18: Contraction ratio of thin McKibben muscle under each applied air pressure,

where the maximum contraction ratio is 27% under an air pressure of 0.55 MPa.
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Figure 2.19: Expansion ratio of thin McKibben muscle under each applied air pressure,

where the maximum expansion ratio is 160% under an air pressure of 0.55 MPa.
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2.3. A

2.3.1. FHIEHEIE

RN TIHITRCO DD WEMEHEAT D & TRREAMEICEATHDD, Y7 KT 7 F
2T —Z DA E LT, @REMKEMICHL DT 7 Fax—2 10 0 IK LItAME
PRV, SMEITETNE WD IR & 5. AKigam ClE TR AN LA IMN 1 2321 T 20 TonZen
& FITARRDOIERZ M) TE W) REBAMENLHABIEE Lz ERL, ZOREIZE
HAH=ANERT 5. RN TAEE L7 RABIC 72 5 D1 Schulte DHA(2.3)0> 5 HIMN
JEOIRT S L <IEHRAADEIEHEKRIZHE> TEMLRWGETHY, TLFa—Tnb%E
KUV U CTHNEME T, FL0F 2—T7 R Y —7 DOm0l & 2D JF K TIEF 1228
FBLBWZENFRETHD EEZXBND. FERRITMIE U 7o N T Okl A~ Al
iE (Figure 2.20 (b) (¢)) &Mz (Figure 2.20 (d) (ZHE030 325 &, LT OKRFEIFRH
LTI D.

O  AHHIRZE

TAF 2 —T7 O—HNiEEE (Figure 2.21 (a), H2HWIA Y —T7NEH CTEE (Figure
2.21 (b)) U CARANZRBRENA T, AN IEFIZEL LWz DIZH /& < 7e 2 ik
B CTH L. MRANLHRERICAE Ul 32T 2 — 7 ORELSME O R — MR A DA
RIWRRK & B Z BID. /NS RRAA DAY — ST ORI A Y — 7 Z A4 T THRIE
TLETUETLHI LN TE D, —EAMAVRRNAE Ce NIRRT T LT =2 — 7 OB
JE(Figure 2.22)<°0w A F DA Al i 72784k (Figure 2.23) (2 X » THWICARHAEENE L 5 X
T2 5. HUNEIZE T LW DS T & O KR E 72 D RITR & 7oy, SERAIERE
By & BEMHE DS B3~ 230 0 ISR T D72, F 2 — T MR T DfaRiEnmE v,
R UIHAME R RE IKRTF T 5.

@

ALF 2—T7 O—HPHE (Figure 2.24) L TF 2 — 7 WEOHINNIEIME T L TH 23/
SL R D Th D, BERHE L NI T = — 7 O 3 12361 DI B8R 729
BIZEDIMERNRKE LTEZXBND. MHIBANLHONETF 2 — 722 ELHM LI E &0
PBHE DR A A LA > TF 2 — 7 LHFHEDR BN TR Y, FRICHIEMHE D 227 5T
Fa—7 LE L TWAESITIS R ET (Figure 2.25) LTI AF 2 — 7280 &84
U TR T 5. N TR AIMBICEE il L T 2 IRRESCHl 23 - 72 IR RE CRRE) L TV 2541
PP RO R E VIS NIRRT T 5720, WREIZ K DEED RN S E D, 72
FIEICHAI L CTF 2 —7 & AV =TT b REL R D720, mERINREOM: Y K Uil
DMEITIRLS e D B X BILD.
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TS OMEREIZ W CRBAIZ IR ITROERE O S EITIKF L, BEIISNE S DM %
BRUNCHRFERRAE & T = — 7 3T 25 OIS IEPICER T 5. ISR X DA T
DIELIHEIZ Lo CI AT 2a—TIZAL2BRNERT DL ZENTEERTHDL Z Lh b, M
BN TH DM AN TR Y IR UIHAPE S EERIHE TH 5.

—_—
+1)
—

(b)

’\ /\_/_/

, Normal expansion / Uneven expansion

Outer sleeve

Inner tube

(c) (d)

/\/
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)/ Tube buckling , Ripping by fibers
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| S

Figure 2.20: Destruction modes of thin McKibben muscle. (a) Normal expansion. (b)

é

Uneven expansion of the inner tube. (c) Inner tube buckling in the sleeve. (d) Inner tube

ripped by fibers.
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Buckling point

Plastic deformation of inner tube

Figure 2.22: Example of plastic deformation of inner tube.
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Irreversible change of braiding angle

Air pressure 0 MPa

Rupture of inner tube

o e S S
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T
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-
M Fofe made by sleeve
— -

-

Figure 2.24: Example of (a) hole made on inner tube by sleeve and (b) rupture of inner

tube.

Hole made by sleeve

Scratches on inner tube

Figure 2.25: Scratches on inner tube surface by sleeve.
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2.3.2. ERRREICE TS AN

S P Ry MEAICB WO IR TAIZE U7REE TR 228, BTE T L
7= & O IR ULTHAPEZ T L F 2 —7 & 2 Y — TR OIS HE B3I % 7=,
a0 UTHAMEDME 9% 2 A SN 5. AHETIIBREBIC I 5 AM: 2 34 %
72 OIS T AGRBR O FiEEBRT 5.

B EEREOM 0 3B UM AT 5 8 RO D 238 L CTAT 5 B dhiit A G BRE &
MRN8 K& = Offad LTz N L& AW - e A BRIE CRMi§ 5. 22T, ik
HEMH A GRBRIZ = DA 1S 2 T D OIS HERE B S IR T b i B K E WS & Ff
D72, SHHLICB W TR OMAEMET T2 LEX0N200Th 5. MMARREE

(Figure 2.26) % H\WCLL FIZRETSRAIFICHES T 2 FOMHAGERZ1T 5 .

BV i A BRBR A

O PR A LHHEHEIR CRIGHER (ROE S ZFRWZE7) ORS% 300 mm &9 5.

@ FREBEIINEIL0 .55 MPalZ 3 1) 2 ULHE S 0D 80%ZHH 4 3~ 2 IHE SR 23R8 A3 2 FILINIE & &
5. 7272, EUNEOSfERENT 0.06 MPa &9 %.

@ MARBARILI 7T AT ARHEIC B W TGRS I KIAER D 80% & 72 % Afif
LEDD. NLA ORI ARBRAME S OEY 2 T TRERZ{T .

@ AL bz EE L THIERS T 30 mm BMRIZIF~7= 3 KoMME (7~ A ML
THAI=U A, AME16 mm) IS FIZeDH X Db, M AGERARE Y O
B ZH A CTREBR AT 5. (Figure 2.27 (a))

® ANLHHOBRENZIZERAFZHOTHE (1 see) & R&JER (1 sec) 21 AT v 7L
L T 2sec JAHITIT 9.

©® FBRIZALHD 200G D DV RREICEL, HEY R ANLHABR LR L Z &N
RWEMETITS . EROFMEZHIZ IRV HEIFA Y —Ray he—J %% vy CiEt)
AN =il e W

@ NTHBME LA THRBRER T L, TORE COMERKEZMARSE TS, 7272
L, #0iRLEFO EREZ 100 HFEE L, ERE#EEZEZ 755103 BRZ LD 5.

ZRBHETH BRI
O #ERBA LT = oA Sz N LH CHEIERT RO RE S ZBRWEEg) R S1X
300 mm &7 5.

@ REREINE L =S AT O BN T 0 .55 MPa lZ 51 2 IUHiEHR D 80% 2 FH 249 5 X
MNP AETHHME L ED D, 127121, HINED 3 iEGEE 0.05 MPa &3 5.

@ MARBRATII = SWAAN LD 2 T T A T AR B W TR RIUERD 80% &
mHAREEDD.

@ ANLFHO Bz EE LT FimliARBRAMEYOEY 2 B0 41 TREEZ1T 5.
(Figure 2.27 (b))

® ANLHHOERENEN, HEBRGM, BEETHEAO L EZ LRETHS.
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R LML O ARCE W, FUNE, M0 IR L o EREFZ &0 FEBRGAATMEA
THEOMARBIEAZSZBIZ LI O THY, iRV IREE L B HREEIC B T D WA D&
WEFHET S 2 ENTED.

PeakBR N TAB I3 0 IR LA @V EPDM S A2 NiF 2 —7 Il LiZb o & L,
FINE % 0.30 MPa, 5B fif 2 BT B it A SRR C 300 g, e AR T 650 g & L7-.
EPDM % WIS LAG I SFaakbn & U CTEHHO 2V REET ssmuscle #1112 K » T v i
UM AMEDS R ST 0, 100 JT[EIO#E ) & LIHE CREEAE £ 70 2 & 3R S 40T
5. 2FEOREBROFER, BN TAHIEENZNORBRIZIBNTE 100 FHEIOHME D I UILHE T
MR & 72 o 7o, TAGRBROFE B 5 100 J7[EIFRFE O 0 K LIUHE Tl th 2z Logkee
B EIRAE T AMEICZ kIZ 2 <, FE e ARy MO#EAT 2B A L &2 i CHEAT 5
Tl BHHHET S 2 LIRIER RV E VWD,

Signal
PC Valve Speed Controller
30 mm Regulator
Aluminum cylinder
30 mm
Air supply
Thin McKibben muscle
Compressor

Load

Figure 2.26: Bending durability test system.
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Air supply tube

(a) | -1 (b)

\ | Braided Muscle
30 mm

Air supply tube
S \‘.
30 mm l ——

B—

Muscle

]
b

{ |
Load {’ ‘

A N
Figure 2.27: Bending durability test settings for (a) Single body bending durability test
and (b) Multifilament durability test.
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LT,
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3.1.1. ERET & EAREME

REH L WESIE

A FIEE N TR IXZEOMEN LA 2 WHIMb L7 iEE &2 £F> (Figure 3.1). dFFIHEE N L)
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A 7 BYETFINRE OB &2 UL ICRT.

BUNHET = — T RIRER AR — b & AW FEE N T 0fifE
QARDHEICEE ST HLICLTHEATHZELDD.
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= O E AN HIVERENITIFIE RV EEZTIWR, Lo5EN5 L5
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UG T = — 7 DEIZ N ZBIT T o3mm ORY UL H o Fa—T %2 LiATe. i
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Figure 3.2 (2305 E N TR AR 28672~ 7. BmICIEr A v MEICEDY (i) 572
HOREEL LT HMPE #i#fe2 AV CTESNZ U A YRRV AT 5 Tn5. K F =2 —7 0
AR TN D ZERUTER AR — M 218 U CTEMBA LA S b7z, 2 TOMER
NIRRT 2 — T NODEEAZIF L TEY, ZoIFEENS N TAO 2 S A M L&
BHERRAEEmO WD, filE LT, —MI7RZEENTAHITMEIC K> TERIhAAE L D &%
R[RANKEL 2o TRMTEAENMMET, b LIRS 2ERENH DA, WHIEEAT
AT EEOMBEN LA L7856 C O MR A LI AR OB X 5 2=2Rieh O 8IT 4
BN RDENEL,BENIETFTT 20D, Fo=<EELARL RD LWV Z &iTR0.
CORHEICE o THHBIC K > TEBICT 7 F a2z —X OFEMEIL L TrR Yy h AT AR
FTHIEREEELZT D LS ENTE S, fie, ZEZHINIT 5222855 T 7
V7 NT I F o — B IIRARE T & AR OssE, BRAMEZ R L E2BET LN
LW, —HBSET D LML Lo THEMATL Z N L. S EAT
IR LB TR 20 s CTF a—T DOREESZ LT, R LA THZEIR0 B
WIRRECTHEME A ATRETH 5.

Air-supply tube

Thin McKibben muscle \ Fixed by adhesive
Tendon \ \ \ Tendon

[ A} 3\
X Y

Air-supply port

Figure 3.1: Structure of typical multifilament muscle.

Figure 3.2: Example of developed multifilament muscle consisting of 30 thin McKibben
muscles working as a linear actuator. This is the basic shape that imitates a normal

muscle. Muscle fibers are curved to the outside with their radial expansion.
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TEAR Telkit: & FARAR

TEAR MR TR N L O TR FARMEI R T 2 55T, RERdhRoH 5B THEEE
FINL72 & SICHERENT5 2 &N TE L5 TH 5. (Figure 3.3). —AxAI7R 25N LAKIZ
ERENRKEL 2D L EERMKFCHA 572 < 2D DI LT, WG AN LHITRORE S
RO BT, ZERNFFHC GRS ICHIT D Z LN TE D, TR T BN TR
TR OO TH D, £z, MIBANLHNENENMIL TWD Z & T, Riad HIEKE
T EEGSC KM & W o 7R (Figure 3.4) OFIRZEURT 2 Z L3 Tc& 5 (Figure
3.5). __EHFFRUG SR E N TS OEMEDOERF % Figure 3.6 (2, PHRINGAIMEE N T O#EED
£+ % Figure 3.7 [ZZNZIrT . TRIRFHMESCTEIRBURIZ & - TIFIEE N LA 2 AL
iRy hROVAR— A=Y DT IV Faxz—2 L LTHRICRVMTLZZ LN TELET TR
<, BHEZRE 2 LIcH oMM O H LI RO FT 2 2 Lvmlge e 2%, £z, WO
FAR=ARXLHBOMBETE—ZRV U VX 20T 2 OBREETH - 72351 B
T ENHRETHY, NONEMREERESIED Z & THIRY HOERTm 4 B HIZREHT
EHL0nH Ay bbdD. HIZIE, BHEREKBREROHEKR Ry MIIZT7 7 Fax
—Z M CTRYAHT 2 Z ERERTRYA T2 Z ENERS, KR 8O L 512
WRDOT 7 Fax—F w52 L NNEERINA & 575, WHKGENLHZEMT 52
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Figure 3.3: Deformed multifilament muscle consisting of 30 thin McKibben muscles at an
air pressure of 0.3 MPa with a 5 N load attached at the bottom, which is curved along a

cylinder with a curvature radius of 16 mm..
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Figure 3.5: Example of multifilament muscle imitating human muscles. (a) Biceps

muscle. (b) Flat muscle.
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Figure 3.6: Biceps multifilament muscle consisting of 60 thin McKibben muscles at an air

pressure of 0.25 MPa with a 50 N load attached at the bottom.

Figure 3.7: Flat multifilament muscle consisting of 20 thin McKibben muscles at an air
pressure of 0.25 MPa with a 25 N load attached at the bottom.
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312 HMEHMETSETIY

ARIETIE, WHIHEE N TR ONFEREEE 2 >OET LV EH-> CTERELT 5. 1 SHICEH
WRZEHR L LIZET L, 2 DRIZEBIREZ O LB L L' T MO0 TR LRI R )
brhthEs bz T 5.

ETNVI BEBREERE LEET Y 7

WP AR E AN T A5 1E Figure 3.2 1278 L7z X 9 ICUUHERF OB T ORFZEIC K - THAHEA
DI DAMANZHR L &SN D K9 B FERIE Z 5 2 & TIUERHMENEL T2 LB 2 6 b.
b N THARIFANC S Te 2 & CHMANALE T 5 AN LA L CIRAR D 2 & T,

N TR ORBENZEL L TANT EOIEEENET D 2 R T FmET V25 2% (Figure
3.8). RET /N TITMREANLHIIREZ2<FATEY, RARKEZ L DK LIMIO N TH
X CHEAICENT 200 L KNET S, BH AT E 0B LT LR Endye, 72
TIE RN 5 &5 2 5 & RFERRBRN D, 2 OSSN TR ZEE 2N Lz
EXIE LN D AT EORHERe ZLL FORGB. D TEEIND. 22T, YIMERZd,, K
RIZNLRORE An, PR S &, BFmEEre, BRAMEER e & L.

d
g, =&+ nerl—o (3.1)
0

(3.1 H IR LG AR DOUHEF e (TN 2 TH 2 HOG T2 IGHERNEINT 2 2 & 230

N5, B2 TR ANLH OA LN, FITREERe, ANLHBEEDT A7 kdy/llc
B9 %

A
Initial state of nd,
multifilament muscle v

l{] .

"
A
Multifilament muscle . . ndq(l+e.)
with air pressure
ly(1—¢ .
« of ) > Increase in
contraction ratio
Single muscle — —
with air pressure lh(1-g)

- >

Figure 3.8: Model I: Muscle fibers bend at a right angle at both ends with air pressure

and are arranged without gaps, which is considered in a two-dimensional model.
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EFNVI: BMEBRLEET Y V7

FEBEOMEN T O CEAICEHT 20 TIERL, METATHNTOF 2 —7 2 &
L5 Z & T Figure 3.2 D X 9 ICHIFRIZIE - TR Z 5. RET /L TIRISIHEE N T OIEIC
EFEHLUTHBENLHN 27T 7HED X5 IZO UIBISET 5 LGEL, Bk EE
AL LTET V7 ERBRIZ2REFETET U U7 %2979 . Figure 3.9 IZRT X9 ICAT
A OHRTHVIET L5720 URIZEI L, Sk AN T Ofi) b O LITHA £ TORRRET
ANTHBBREZ2R WATESGEDOIMEETEEMT L2005, 71 LFRERIZ, WIIER
Zdy, HRTLNTHOAREZn, IR I &L, WGmEEYe, BhEER e 95
R 2R BN D, T ONFIREE N T 28 B2 N L7z & ZI2E 55 BT Bl
MiRe, T T DORX(B,2) TEEND. REBTBWTELHBRANG 2 HOLTZTEAAN T LY
AN 5.

(3.2)

Initial state of
multifilament muscle

Multifilament muscle
with air pressure

ndy(l+e,)

Figure 3.9: Model II: Focusing on the outer shape of the multifilament muscle, the
muscle fiber bundle is assumed to take the form of a rhombus in a two-dimensional

plane.
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3.1.3. iiFEEAN T HEENE
ARIETIIAFREE N T O FEE ORI, 2 2OFTANLE LN T-BE & EBRED
Eol, BRN TS & OWHEEED ik & £ 222179 .

W FEE A T O Rtk Bk

FEMERBRIC W2 65 E N 1513 Table 8.1 (2R L7zgkiHidkz2 R s, WHAEE N T
(X Table 2.1 (27~ L7 AEARDAEN LA 2> HHERR S5 . UBRIEENT 2.2.1 THIBEN LS OFr
PEERBRIC W b DR L, [AEROFIETIT o 72, WIS N T OSHUNE I35
IX#E 71% Figure 3.10 12, g5 MUHE=E %2 Figure 3.11 (2, 0.30 MPa D Zg/+ & HINEED =2
TI AT v AKE%E Figure 3.12 [ZF LR, 0.50 MPa (28 Tk IS A TH Ok
IE7) 1569.8 N, e RIMEHR 29% CTh o 7o, FHERRICH OGN D v AT U o ZReRILHIRE
ANLFHOE AT Y o AN 2 T EABHEILIZ L 2 ARHER DR 72 ENEB L T & &
X HiLD.

Table 3.1: Specifications of multifilament muscle used in the characteristic experiment.

Iy Initial length 200 mm

n: The number of thin McKibben muscle 10

dy/ly+ Aspect ratio of thin McKibben muscle 0.9 x 1072

180
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Air pressure [MPa]

Figure 3.10: Contraction force of multifilament muscle at each applied air pressure.

Maximum contraction force is 159.8 N at an air pressure of 0.50 MPa.
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Figure 3.11: Contraction ratio of multifilament muscle at each applied air pressure.

Maximum contraction ratio is 29% at an air pressure of 0.50 MPa.

120
100

= 80

3

= 60

3

E 40

@) \
20
0

=)
h

10 15 20
Contraction ratio [%]

]
h

Figure 3.12: Compliance characteristics of multifilament muscle with hysteresis property
under an air pressure of 0.30 MPa. Maximum contraction force is 100.3 N and maximum

contraction ratio is 22%.
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WSS & B FEE(LDER

WHREE N TR OERT — X ZRIETER L 2 5OET ANLE LN 5B L A
TR OUHMERE & el U, SMME(0IC X D IERE D Z b 2 H2N2 T 5. AFUINEZxE
T 25 NLE 1 ARKH 7= OUHE 710 ik % Figure 3.13 12, #il7 MIHGER O Hik % Figure 3.14
W, a7 oA 7 ARHED A Figure 3.15 12, ZE/E 0.50 MPa EHIINREZ 31T 5 W
18 N LA O 5 KULHE /1 & IHE =R D FEEmAE & FEBRIE O ik & Table 3.2 I E4LRd. 5
138 A T UG R O BGHMIER(2.6) (2.7 B4 52 fil 7 mUUHE % & &7 Mg ER %
EFETNVINLELNTEREBDEET VN LELNZRBICENENRATHZ L THD
nifich s, K2.6) KRBT D 6 SDOELITILFIEE N TH) 2T 5 M AN T
DEBRIENS 7 4 v T 4 > 7 THELNTZ Table 2.2 (T8 L2 T 5. UG ) OREE
HRLFEETHD ELT, RQOZHEH L7Z., ERROBENOLUTOZ &bz,

O TV I BELNTEHGRANTT LB, LT 5 2 & TALHORKRIHESR
Mk L7z (Figure 3.14, Figure 3.15).

© ZWMMEbT 52 & THMBEALT 1 RKdH720 ONLHHORKIGE TS < RoTz
(Figure 3.13, Figure 3.15).

BHEBELET VI »OELNHERADNERME < —HLTWD.

EBT VD OE LN HEREIRERE & TRt U7 E 2 RT3, IR 2SN 8 i

—H L7,

® BHEHUNEIZXE T 2 006 /1 O BBREIZENEN K& < 2513 EBERE & HENR RKEW
(Figure 3.13).

A EVINENZ 9 2 a3 0 FEBR I T B ERE & L < —F L Tw% (Figure 3.14).

AT TA T ZRHEIT IS T D ARG =R >0 I ) O FE CIL ERRE & PR E ORRZE

NRKZV (Figure 3.15).

® @

SNC)

FBFERDRT L DI, SIS X > THRARAN LA L 0 bIGERS M B L, ML
1 AKH77ZY OIHEIFTINE L Feo 7=, Z21E 0.50 MPa FIINERC 38\ TSI E A TS O UUHE
SRITHR L Bl LT 1% L7 — 5T, 1 ARKH 70 NG/ 18% I8 L1z, FEBRCTHER L
TIHER O HITET Y U 7L BERAD R TR & — B L TRV, EERITHHE
THRIC L > CUHERNH B2 2 Enbnsd. 2 DOET V7 ClEBMmzEE LTS L
I NEBEOUHMERE L —FB L TR Y, EimEZ2 E&MICENT 5 & XITET VT 2 2 1%
Fnwz Enbnol. BTN H5 LIS EIMEILFERIE & 132N D 22, X EHRE
THRIND Z ENOEMEMICHFES w2 L CTAMTH L. WG N L O/
DHRN THH AR LD H/hSVMEE 72> TV D EEH & L TEBHI L SN AN THOE I B4R
BJ—=TohbHZ ENBZOND. FHINEZ D006 HFeE (Figure 3.13) 27747
v AR (Figure 3.15) (2351 2 ARINAE R 2> i UG 1 fEI 00 N T 122 E BEFIN o H A8 R
IEVIREETH D, Z ORETEMHHL S NIZMBEATHORE SICIES2& 83 d 5 L fhick
NTREWANLAHIZFENHERICIT DI 2 3 2 L TE T, WA A T OULHE /)23
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INEL 2D, T, ar T4 7 R (Figure 3.15) (23617 2 ARIGHAZR 2> @ e /) 18
BTN TR RO BRI b A L 0 /NS < 2o TR Y, T ORRZEMN D HIAR N T
DULHERE 2 2R & LI HIEIE N TR OREIC B I TV D EEZ 65, DL EOE R
B, ZHHEL SR LHOE SITE 52 & O 72 W AR EE T IIIr s E N L% O ik
ME 1A 72 0 OUUHE TN TH AR OIGHE AL TS EHEZ 6D,

25
o Experimental value of single muscle
Experimental value of multifilament muscle
= 20 °
= Theoretical formula of single muscle and
5 multifilament muscle ©
s 15
S (o)
5
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3 o
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8
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5 :
0 X ()
0 0.1 02 0.3 04 0.5 0.6
Air pressure [MPa]

Figure 3.13: Contraction force of multifilament muscle and thin McKibben muscle at
each applied air pressure. Multifilament muscle has smaller contraction force than thin

McKibben muscle at air pressures between 0.20 and 0.50 MPa.
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0 >»—
0 0.1 02 03 04 0.5 0.6
Air pressure [MPa]

Figure 3.14: Contraction ratio of multifilament muscle and thin McKibben muscle under
each applied air pressure. Multifilament muscle has a larger contraction ratio than thin
McKibben muscle at air pressures between 0.25 and 0.50 MPa, and theoretical equations
derived from Model II considering the curved shape are consistent with the experimental

value.
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Figure 3.15: Compliance characterestics of multifilament muscle and thin McKibben
muscleunder an air pressure of 0.30 MPa. Multifilament muscle has larger contraction
ratio than thin McKibben muscle at a maximum contraction ratio and theoretical
equa-tions derived from Model II considering the curved shape is consistent with

theexperimental value.

Table 3.2: Experimental and theoretical values of contraction force and contraction ratio

for multifilament muscle and thin McKibben muscle at air pressure of 0.50 MPa.

Maximum contraction ~ Maximum contraction

force per muscle ratio
Theoretical value in Model | 19.7N 43.2%
Theoretical value in Model 11 19.7N 30.0%
Experimental value of multifilament muscle 16.0N 29.0%
Theoretical value of thin McKibben muscle 19.7N 28.6%

Experimental value of thin McKibben muscle 196N 26.2%
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HIZETRIDBIZRTEN, Z0& XWHT 25 N TAORAIEAAEWIZ T L TN LHNENLD
KO RICHDHAET D, NLFHOFRAETNIWHEFED 2 RIZHBIT 5720, ZOERICE->T
FAETNTHRBAE U TUEENME T LizE B2 bnb. £, ALHOERE L OMIEIZ)
NDISHTONVTIZET A TEB SN TOARWD, HRME EREICENHTZEEZ DN
B, WA ET AT MR RKEWZEBRENKEL o7, THUTRKEEZ K& L
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%L®A1m@ﬂﬁ$ﬁm w52 & UTHERRAEH L2, T RREAD K
7251 EHGRME & EBREIZENH D RREIZR > TnD EEX HiLD. %@5Kﬁ;iof
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5728, BREEZLICOLERENH Y, FRE L UMEREMEITIZLT 5. & 2IX9IARD
Nz R e, EFHMICEEZ2WEE A-AIZBT O ANTHOREEZE X5 &, 2T
ET IV TIEAN LHBEARR IO (Figure 3.19 (), 3 KICET LTI A LA FERIRICHL
Y4252 L2/ (Figure 3.19 (b)). & Z T3 WiLET AOWm Tl N THIXE T FICES
T EMUE LT, MBEANLHBRKOEEZ r, &bIMUDO NLHHOHF LG OEEL R &7
5L, 2IRTEET IV TIER=8r, 3RTLET /LTI R=2V2r L7425, 2 RIEET /L TIIAKIC
Bl L CRRBEDNZALT 52, 3 WITET NV TIIALHNEERICEE ShD Z EnbIEFE
WZEESI L T B 25 E ROV HIZHBI L THOLONE ORBENELT 5 Z i/ d. 2
AULTIUHE EHEMN 53 S LB L TN 2 235 12 B L TN 2 i & L CEERZUT
Bi bz TnD, FEEOWHIRESE N T CITMEN LA FEERIZES L TWD 23, 2 Kot
TN TEZIEZE TAREDRELSRDIZFEBRENRELS RoTVEHEEZLND.

Table 3.3: Specifications of multifilament muscles used in the comparison experiment.

The number of thin McKibben  Aspect ratio of thin McKibben

Initial length muscle muscle
MM-1 200 mm 10 0.9x 1072
MM-2 200 mm 30 0.9x 1072
MM-3 100 mm 10 1.8 x 1072
MM-4 300 mm 10 0.6 X 1072

Figure 3.16: Multifilament muscles with various muscle numbers and lengths.
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Figure 3.17: Compliance characteristics of multifilament muscle and thin McKibben

muscle by varying the number of bundled muscles under an air pressure of 0.30 MPa.

12

- - - - Theoretical formula of 100 mm in model II
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——— Theoretical formula of 300 mm in model II

o]
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Contraction force per one muscle [N]

Contraction ratio [%]

Figure 3.18: Compliance characteristics of multifilament muscle and thin McKibben
muscle by varying the aspect ratio of the thin McKibben muscle under an air pressure of
0.30 MPa.
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Table 3.4: Comparison of experimental and theoretical contraction force and contraction

ratio for multifilament muscles and single thin McKibben muscle.

Single
MM-1 MM-2 MM-3 MM-4
muscle
Theoretical maximum contraction force
) 102N 102N 10.2N 10.2N 102N
per one muscle in Model Il
Experimental maximum contraction force
9.3N 8.3N 7.1N 79N 85N
per one muscle
Theoretical maximum contraction ratio
) 21.1% 22.0% 28.8% 24.5% 21.7%
in Model Il
Experimental maximum contraction ratio 21.1% 22.0% 26.7% 23.0% 21.7%
Root mean square error of contraction ratio 1.05 1.84 3.84 2.67 1.89

between theoretical and experimental value
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(a) A-A section of the two-dimensional model (b) A-A section of the three-dimensional model

Figure 3.19: Difference between two-dimensional and three-dimensional model in the
modeling of multifilament muscle consisting nine thin McKibben muscles. (a) In the
two-dimensional model, thin McKibben muscles are arranged linearly in cross section.
(b) In the three-dimensional model, thin McKibben muscles are arranged

two-dimensionally in cross section.
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HY, ZEEANFICHHETS 2 &N TE 5 (Figure 3.23). £7=, HEMIBIRO L HHERETN#
BRI CHET A RmICHIY e Z LN TE 57, BEEhAN X m CHET A OFRmICH» T
BARETHY, TVA R —YREICHALEZEZICEDTIZSWEWVNI AT v F 2D
5.

(1) Units braided muscles in three strands
(2) Braiding point in a unit
(Number of times defined as m)
(3) Muscle replacement between the units
(Number of times defined as p)

Figure 3.20: Schematic view of the active textile braided muscle in three strands. Active

textile consisting of braided units in three strands and the braided units are bound by

exchanging muscles with each other.

Figure 3.21: Fabrication procedure for active textile consisting of five braided units. (1)

Braided muscles with three strands in each unit, which correspond to legend 1 in Figure
3.20. (2) Braiding point in a unit, which corresponds to legend 2 in Figure 3.20. (3)
Muscle replacement between adjacent units, which corresponds to legend 3 in Figure
3.20.
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Tendon

Thin McKibben muscles

Tendons

\

Figure 3.22! Active textile braided in three strands, consisting of 10 units, making 30
thin McKibben muscles. Left: Natural state of the active textile with no air pressure

applied. Right: Active textile at an applied air pressure of 0.40 MPa with no load.
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Figure 3.23: Example of deformed active textile consisting of 30 thin McKibben muscles

at an air pressure of 0.3 MPa with a 5 N load attached to the bottom, which is curved

along a cylinder with a curvature radius of 16 mm..

322, EDRABEICHITAHMBHETSAN=XLOET) VY
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7o REENRRAT I XA FIAEIE N A5 & RIS N LA ORRIC L > CTA LA E D LATFHL, #&
BEENZE L TR OUHEENHENT 2 L& 2 biLd. BHEREMD A T = X L& = OfF
HIEICER LT 2RI EET NV TEZ D (Figure 3.24). /R L7 E57 1T REERAT 2 4%
D oA 1 =y MY TS, 22T, MBEALHOIMEREZd,, 1EvFdH
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Figure 3.24: Three-strand braided unit arranged in a two-dimensional model without

gaps.
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TEMBHEAIT K 2 R HER O BEER 72 E L T\ D & B2 biLs.

\ / Air supply tube

Braiding muscle in three strands

End caps for sealing

Figure 3.25: Braided muscle in three strands used in the characteristic experiment.

Table 3.5: Specifications of braided muscle in three strands used in the characteristic

experiment.

Hy: Initial length 250mm

hy: Length per unit pitch 38mm
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Figure 3.26: Contraction force of braided muscle in three strands with hysteresis

property at each applied air pressure. Maximum contraction force is 44.4 N at an air
pressure of 0.50 MPa.
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Figure 3.27: Contraction ratio of braided muscle in three strands with hysteresis

property at each applied air pressure. Maximum contraction ratio is 34.5 % at an air
pressure of 0.50 MPa.
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Figure 3.28: Compliance characteristics of braided muscle in three strands with
hysteresis property under an air pressure of 0.30 MPa. Maximum contraction force is

31.3 N and maximum contraction ratio is 26.7 %.
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Figure 3.29: Contraction force of braided muscle in three strands and single muscle at
each applied air pressure. Braided muscles exhibited a smaller contraction force per

muscle than a single thin McKibben muscle at air pressures between 0.15 and 0.50 MPa.
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Figure 3.30: Contraction ratio of braided muscle in three strands and single muscle at
each applied air pressure. The braided muscles exhibited a larger contraction ratio than
the single thin McKibben muscle at air pressures between 0.20 and 0.50 MPa, and the
trend of the theoretical equations derived considering the curved shape of the muscle are

consistent with the trend of the experimental results.
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Figure 3.31: Compliance characteristics of braided muscle in three strands and single
muscle at an air pressure of 0.30 MPa. The braided muscle clearly exhibit a larger
contraction ratio than the single thin McKibben muscle at the maximum contraction
ratio, and the trend of the theoretical equations derived considering the curved shape of

the muscle are consistent with the trend of the experimental results.

Table 3.6: Experimental and theoretical values of contraction force and contraction ratio
for braided muscle in three strands and thin McKibben muscle at air pressure of 0.50
MPa.

Maximum contraction force ~ Maximum contraction

per one muscle ratio
Theoretical value of braided muscle
] 185N 32.7%
in three strands
Experimental value of braided muscle

148N 34.5%

in three strands

Theoretical value of thin McKibben muscle 19.7N 28.6%

Experimental value of thin McKibben muscle 19.6 N 26.2%
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Table 3.7: Specifications of the braided muscles in three strands with various initial

braiding pitches.
o o o Number of braids )
Initial length H, Initial braiding pitch hyy, ) Aspect ratio do/hg
Inaunit m
BM-1 230 mm 23 mm 30 7.8x 1072
BM-2 255 mm 38 mm 20 47 %1072

BM-3 296 mm 89 mm 10 2.0x 1072
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Figure 3.32: Braided muscles in three strands with various initial braiding pitches.
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Figure 3.33: Compliance characteristics of braided muscles and obtained by varying the

initial pitch of the braid at an air pressure of 0.30 MPa.
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Table 3.8: Comparison of experimental and theoretical contraction force and contraction

ratio for braided muscles and single thin McKibben muscle.

Single muscle BM-1 BM-2 BM-3

Theoretical maximum contraction force

10.2N 10.2N 10.1N 10.0N
per muscle
Experimental maximum contraction force

93N 58N 6.8N 79N
per muscle
Theoretical maximum contraction ratio 21.1% 28.5% 23.8% 21.8%
Experimental maximum contraction ratio 21.1% 26.1% 26.7% 21.9%
Root mean square error of the contraction ratio

1.05 8.28 441 2.35

between the theoretical and experimental values
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Figure 3.34: Active textile braided in three strands used in the characteristic experiment.
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Figure 3.35: Experimental instrument with fixtures for active textile.

Table 3.9: Specifications of active textile braided in three strands used in the

characteristic experiment.

Hy: Initial length 280 mm

hy: Length per unit pitch 44 mm

p : Number of exchanges during units 3
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Figure 3.36: Contraction force of active textile braided in three strands with hysteresis
property at each applied air pressure. Maximum contraction force is 131.4 N at an air

pressure of 0.40 MPa.
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Figure 3.37: Contraction ratio of active textile braided in three strands with hysteresis

property at each applied air pressure. Maximum contraction ratio is 29.6% at an air
pressure of 0.40 MPa.
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Figure 3.38: Compliance characteristics of active textile braided in three strands with
hysteresis property under an air pressure of 0.30 MPa. Maximum contraction force is

106.3 N and maximum contraction ratio is 26.8%.
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Figure 3.39: Contraction force of active textile and single muscle at each applied air
pressure. The experimental values were recorded as the muscle contracted. The active
textile exhibited a smaller contraction force per muscle than the single thin McKibben

muscle strand at air pressures between 0.20 and 0.40 MPa.
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Figure 3.40: Contraction ratio of active textile and single muscle at each applied air
pressure. The active textile exhibits a larger contraction ratio than the single thin
McKibben muscle at air pressures between 0.15 and 0.40 MPa, and the trend of the
theoretical equations derived considering the curved shape of the muscle is consistent

with the trend of the experimental results.
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Figure 3.41: Compliance characteristics and hysteresis curves of active textile and single
muscle at an air pressure of 0.30 MPa. The active textile exhibits a larger contraction
ratio than the single thin McKibben muscle at the maximum contraction ratio, and the
trend of the theoretical equations derived considering the curved shape of the muscle is

consistent with the experimental results.

Table 3.10: Experimental and theoretical values of contraction force and contraction ratio

for active textile braided in three strands and thin McKibben muscle at air pressure of
0.40 MPa.

Max contraction force

Max contraction ratio
per one muscle

Theoretical value of active textile

] 14.4 N 28.1%
in three strands
Experimental value of active textile
] 11.0N 29.6%
in three strands
Theoretical value of thin McKibben

149N 25.6%
muscle
Experimental value of thin

14.2 N 24.2%

McKibben muscle
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i LELLTRY, = OfmAREENRAT b AR £ FOAGRREICRE B2 52T
L2 EBABMMTRoT. ZORANLE L OMER & LT, = OfRArEERMIT2=> k

PR BN A2 TAZHAE b IR A & FRRET DA TH Y, WABM IR L

(2 5.2 T D T & & BRI D BRIV TJEE LT E T TR T O 2 R
WGHERIEIMZBIFR L TV D Z L 2R LTS, AT BN T B I Y e AR A & 7
ZBS T & TR R O SR 7S B E &L 0 %)jt% 72%—077T, @RI HPEIT
% & HERAUTHE > THER N 2O TERIE T T2 LW BHRM R 6. Zhii=
O A HEEREEIRRAT (Z b IR & e RAb T 2 & 5 iR vy FOMFIET D5 2 L AR LT
%. ZOMmAEIEIT K D IUGHERFIEZRAL & Sl e 1R & T OBRIT =S N T &
BOETRIETHERT D.
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Table 3.11: Specifications of the active textiles braided in three strands with thin
McKibben muscle with various number of muscle braids in each units and various

numbers of muscles exchanged between units.

. Number of braids Number of exchanges Initial pitch  Aspect ratio
Initial length H,

inaunit m per unit p of braid hy, do/ho
AT-1 275 mm 24 3 31 mm 5.8x 1072
AT-2 280 mm 16 3 44 mm 4.0x 1072
AT-3 296 mm 12 3 59 mm 3.1x107?
AT-4 280 mm 16 2 47 mm 3.9x 1072
AT-5 280 mm 16 7 37 mm 49 x 1072

Figure 3.42: Active textiles braided in three strands with thin McKibben muscle;

Specimens AT-1, -2, and -3 have a different number of braids in each unit and the same
number of muscle exchanges per unit; Specimens AT-2, -4, and -5 have a different

number of muscle exchanges per unit and the same number of braids in each unit.
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12
——— Theoretical formula of 31 mm pitch with
m=24
1 - - - - Theoretical formula of 44 mm pitch with
—_ 0 m=16
Z — — — Theoretical formula of 59 mm pitch with
o \ m=12
§ 8 4 N O  Experimental value of 31 mm pitch with
g A N m=24
% X a »  Experimental value of 44 mm pitch with
560 X T AN m=16
3 :
3 o T
2 o
g4 ° o
g
g
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0 < o
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Contraction ratio [%]

Figure 3.43: Compliance characteristics of active textile versus the number of muscle
braids in each unit at an applied air pressure of 0.30 MPa. Number of braids in a unit is

m and number of exchanges during units is same (p=3).

12
— — — Theoretical formula of 47 mm pitch with p=2

10 - - - - Theoretical formula of 44 mm pitch with p=3
= ——— Theoretical formula of 37 mm pitch with p=7
=2 q o Experimental value of 47 mm pitch with p=2
2]
E o % Experimental value of 44 mm pitch with p=3
g2 x o : : .
°c . 0 A Experimental value of 37 mm pitch with p=7

o

26 < o
=] X
S
g4
g
=
=1
L2

0 N8 X A

0 5 10 15 20 25 30

Contraction ratio [%]

Figure 3.44: Compliance characteristics of active textile versus the number of muscle
exchanges per unit at an applied air pressure of 0.30 MPa. Number of exchanges during

units is p and number of braids in a unit is same (m=16).
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Table 3.12: Comparison of experimental and theoretical contraction force and contraction

ratio for active tectile and single thin McKibben muscle.

Single
AT-1 AT-2 AT-3 AT-4 AT-5
muscle

Theoretical maximum contraction
102N 101N 102N 100N 101N 101N
force per muscle

Experimental maximum contraction
93N 6.4N 6.9N 8.1N 76N 76N
force per muscle

Theoretical maximum contraction
i 21.1% 253% 23.2% 223% 23.0% 24.0%
ratio

Experimental maximum contraction
i 21.1% 23.6% 268% 23.7% 243% 25.7%
ratio

Root mean square error of the
contraction ratio between the 1.05 6.06 3.43 1.69 2.76 2.84

theoretical and experimental values

3.3. BB EILICRAT HER

ARHEITIIZAHERE BN G IR & WERAFFED LS 21TV, Sk L L 7= & & o N THF OUHE;
PEIALIZ DN T LT 5

3.3.1. ZBMEEBBEERLERDTEEATIHDLLE

3.1, 3.2 TR LT K D ITSMHEIIZ L o TAN LA OTIR G & ER oM EaFEB LT
—Ji T, MBANLM 1 KD OIE T/ NS e ote. ZiHEREEMEEIARDOZEE N TR &
L COMRER LT 2 7o O ICAHFTE CHH%E L7 A T, WHIREE N TR, —-OfmAbeE)
AT TN Z TR~ X NS, JeATHFIE CBR%E S AL 7o RBENAT 0 5 DIZ DWW T
Mt 5. PRBHRARIC Ittt B, RG], BRI, B L FEELZ H
.70, BRICEEEROEIEZZEET, 77/ Fa— 2 RKEOHREH N, 2T,
HET RV XERE L X EDM (Energy densitiy per unit mass) &FEINDEENT 7 F o=
— X OFEEECH Y, BEH OfFEEZR L TVWH[160]. EDM EA K& W C#RE
MORHNTHHZLEZTRLTEY, UFOXIICERINTND. T 2T, eldslfy mUsiE
B, RS, FIRIGET, MIZTEETHS.

1 (1-9)l,
zmm:—f Fdx (38.12)
M l

0
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ZEIEN T OUHES) - WORESRAFE T b BB ORRICH v, (LHERITZORSET
KOO D, KRB TIFZEEN TR OIS - DU RFFE DB OBRICH S & LT
EDM ZLUTDO XL TRD D, T T, Fygel TKRINHME ), epan TRARIHERTH 5.

EDM = Fuax Lo “€max (3.13)

2M
ZEE N LR O =3V TSI FINA: & WARZAE ST, Wi T & Wa 23 7, Ao

BRICAEUT DAY — TR T LDOBEB T X ANE L L EZHELUTOL Y X
VXN DO BRI O SO,

+ Eloss (3.14)

REBIDIZTBWTPIFHIINE, AVIZALFHOMKEE, FIXZEERNEEOIE D, LIZEE
FIINEE D N TF R &, IR, Ep AV — 7L T LB AL =R LEX 0 R %
FnFEn#FEd. KGBI1DZHANWTEDMIZUL FO L HICHHTE 5.

P-AV—-E

ZAEHERE IR IE (R L IR DZEIET 77 F 2 = — X O#g % Table 3.13 [ZR . £7 7 Fa=x
— Z OAHE L IR IO W T~ v 0 A LA X Festo £ 7 23— » 2L MAS-20-200
(50l D% %, BEENRkAT (X eATIFZE[129], ZARHEREEMREE IR DOINAEFRFEIX 3.1.3, 3.2.56 DHE
B OO BiEE 2N En W, BET VX EE O REICIIZ GO E &2 R
X, T Fax—FOHLOEEZHNTEHE L. 168~ v XU NI 2 2 &0
TERWEOTIRFIRNEICZ LW—T5 T, ZHEREEMEIERIT & D X 5 2R TH ikt 4
Ko ZEiFnizw, vly MEHAEE 2L ST T ESCHRERIR L2V A TF
F7ZE Wz 5. ARBFSETHIFE L 7o ZHkHERR B E (R X0k O N LA-CredhilkAn L 0 HIEF IS
BRETEDM b RERELZRLTWVWDHZ LD, AREETLHT VA M A=Y LILEHRE =
Ry hOT7 7 Fax—FIZEHLTNDEWVWZD. MEENTHPWERO N T &R LT 6%
Ub® EDM Z#H L TWAHEH E L TALAHHEPBEWEMTH D Z & LimflnEg&Th D
ZENFET D, PERO N LTI 22 P & [EE FH o0 48 BT AR — AN 41
HAILTWER, MBEAN THHITBAEROBWAR— 2R L TWaD. AUz & - Tl
DI DIS TN SN T DB BEM 2 O LERRWIND Th D, LRI b
BN L BERBIEFIZBANC &, FAETTIZ D 57207 O 2 FF Ol AR &Il TE 5 2
EDDIERBINTH LD S EDM OKERT 7/ Fax—HF Lo TW0WbH—JTC, e o
JEERSS N LR DTG L - TN LA & g LT EDM 23/h &< o T g, SEEEREL
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NI DOSBHEALIC L > TR ENTT 7 F a2 —Z TR b IERA ML TB Y,
ZARMEA IR TR 2 R 5 7200 T <, AL OUGHER M s L THARRFIET
b LER L. SIS K > THIBEA L 1 K720 OIGEINIIRT L7223, ik
6T 2R AT 2 & CUUHE ) ORISR 35 Z L3 TE 5. PLEORER) S ZikiEneE
RS IE IR N TR & il U CEE, BET X VXEE, IGHERE, BRI EOBLS
TEALTWHD ENZD.

FATHFE60l CIXZEEAN TN DT 7 F 2 =—5 O EDM BHIE I TE Y, EEt—
%@ EDM 12 10 J/kg AR, =7 U > & ® EDM 1% 50 J/kg LAF, JHES Y > %D EDM 1%
150 J/kg L FTH 5. BT — X 1Ty 7 RTA ALY T 1 & EDM OBLE TS > TWDHH,
MERERRIC L > THE) Y 7 F2ax—2 LD b RESENT HHELFEBLTHZ LN TES.
22T Y AT RO OIIRFHMEI TR <, BEPRKREWZOERET RLXHEE /NS
WS, ZEIENTH EFERIC 2 T T4 7T AR R H Y, BArEiX A TH LY BRIV, il
JE U o #0 EDM B2EET Y 2 LD S REWVOIIMEERNAZ SETHEHATE L2720 TH
5. FRLOHBN G, ZFHERREREE R IIEEAN LSO T 7 F 2o —& L L CHEE,
BRI FVXEE, BRFHEOBEA TERL TWDEA, BMNENNI WD, aRy M
AT DB ER 2 R TR ELTEMELZREILST IO RLRPLETHS.

3.3.2. ZHMILICK D AIHOIGEFIEEIL

ZHUE TORBRME A T 2 7202 SBHEREBIE SR O GERE, E R LR,
MBENTHOERTRNVXEEL 1 & L EOERET RV XHEEL% Table 3.14 (TRT.
ZIVE CTOFEBRRERD O LBHEAIZ L D308 U7 RFrEZ b & L CRLR R 6 s.
ZREMEIIT I 2 DA DN
ZAEGIZ LD NI 1 KD 720 OULHE I O

) \
©) \

@ ZBHLIZ X 2 EEZRVIHEEDOKT

@ FERmAE y FIZEB T HDUIHEEOK T

SRR E RO KR CTOLER L CX LT 7 Faz— 2 HEVKT (Q0@D) ©
JFHKE LT, AFD 3 o”NEZHN5.

I AkHER o R
II. i O THIC X 2 N LA DXL’
III. e SN N TR & ORE)—M

FRAE ] DEEERIZ K > T ALFHEAEVITHIE, I LIZK < 2o TEY, =RAFHEMN
HETWDHEZEZOLNDLZ NG, FHHHER OBEEENX(B.1IIZHIT DE s AR I T D
KD 1212725 T0DH LN 5. HfHEMOTHIC L DERIIALHORBEREZELEIED
£ NTAHMEIZAE C DI K> TATHROENLBLTH Y, WHIHEEN T T
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i O BB R T 28 5y, = ofmA N L & GEEhAT CIXAhikiE & o LT 285
(Figure 3.45) THER ST\ 5. Z O N LW O & - TIHE I O T, Ki(8.15)
BT AV ORI L ORKRNA L 5. Sl Sz N LR S ORE—MHITFEE TR
ESNDBRITALT, ENELD BEWANLHNMATHRAEND/ NS 0d B2 i, ki
OB L S TRGBABICE T BE, P RDERTHS. LLAEBE, BT Lo
ANLHOESIF—ECTALHOR SICKE RFEXRNI E2vD, R CIURFHER T oE
FHRER>TWLOIFFRKLII THhH EEZEZXBNLD.

ZOfmA NI, REBENEAT CIXEERRT 7 VUL EICIESRS T 2 — 5 C, Aty 5
REL DO TUHERENEREIZ EHM L e E W HHm s oz, 3.24 & 3.2.6
O E >y FITBT D B EROF R L FRO#EmEEE 2T, —oWMAANTHB IO
REENRRAT OUHEFRFEZ IR A OB IZBI L TLL T O 3 DIZHA DT &b,

WA TH HHE

INAGRFE IR A B F AN S K 22 B1F EWHEER AW L35 &V 9 BERE T /VIZHEW,
AT TA T ARHEIC B TR R & FRAEIRIGHE ) - SIERE TR —ET L. K
WFFEICB W TITIRAT A7 R dylhy = 2.0 X 1072 T Z OEB SR ST,

BE RS DS

WL 72t A H BT B Th 72 <, WHEREINA e RICR 5 K9 e gIliR A v > F
ET D WMIRAE y TR Z T MRS N LG O IRER T bR~ K D1, INHEE
Wz &RKIET D K9 RiRAEy FRGFIET L. ZHUTET U 7 TlE= oA Sz AL
S EE B LT D SRUE L72Ay, ALAOMICERMZAAET T (Figure 3.45), BiwET
WU RITERT 5 Z & TREEN LV ESEL, IHERBREL R LITERT 572
DTHD. s HOMBENHEE THD L&, IUHEEOFEBRMENEGRTT VL EICm B3 5.
i H DB C o 856 & RARICERER T T /WAZE > THIIR A & T2/ & < 72 13 SIHES
A BT 5. ABFFRICE WO TIERAT A% R 31 x 1072 < dglhg < 4.9 X 1072 TZ DR
[ 23RS S 7.

WABETHDIHE

AN TH DD AN TN R TE T, o BB E Tl e A & ik L
THIIRAE Y TN EL R H1F ENHERME TS 2. EDM EHIEDORAE v F D=5
e N T, REBIRRAG & His L TRV ME & 72 D ARFZRICB O CIIfRA T A7 Rk @ 7.8 X
1072 < dy/hy < 7.8 x 1072 T Z DB DR ST,

= OMmAEEREENREAT 13 & A 2RI 2 Ey TN T H BRI B D i RILAE R
MRE 2% & ) WHERFEZAL DA A TR T HHEGE TE 122 &b, TEROREBIkAT D
I RIR T REZ R TS T2 02 5.
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Table 3.13 Comparion between multifilament active strucures and conventioal McKibben

muscle.
McKibben Active textile o Active textile
) ) Multifilament _
muscle with weft McKibben braided in three
muscle
[50] [129] muscle strands
Shape One body Textile One body  Multifilament  Textile
Flexibility Yok PAQ Ak PAQ Ak Yok e PAGA SN
Initial
200 mm 200 mm 200 mm 200 mm 280 mm
length
mass 274 g 44 g 0.26¢g 6.6¢g 71¢g
contraction
1500 N 175 N 9.3 N 83 N 83 N
force
contraction
] 21% 25% 22% 27%
ratio
EDM 115 J/kg 99.4 J/kg 751 J/kg 276 J/kg 437 J/kg
Air
0.50 MPa  0.35 MPa 0.30 MPa  0.30 MPa 0.30 MPa
pressure

Table 3.14 Comparison of scharacteristics and EDM among multifilament active

structures.
The Aspect contraction
Initial ) contraction EDM
number of  ratio force per . EDM )
length ratio ratio
muscles x 1072 one muscle
Single 200mm 1 9.3N 21.0% 751d/kg 1
MM-1 200 mm 10 0.9 8.3 N 22.0% 702 J/kg  0.935
MM-2 200 mm 30 0.9 71N 26.7% 729 J/kg  0.971
MM-3 100 mm 10 1.8 79N 23.0% 699 J/kg  0.930
MM-4 300 mm 10 0.6 8.5 N 21.7% 709 J/kg  0.944
BM-1 230 mm 3 7.8 5.8 N 26.1% 582 J/kg  0.775
BM-2 255 mm 3 4.7 6.8 N 26.7% 698 J/kg  0.930
BM-3 296 mm 3 2 79N 21.9% 665 J/kg  0.886
AT-1 275 mm 12 5.8 6.4 N 23.6% 581 J/kg  0.773
AT-2 280 mm 12 4 6.9 N 26.8% 711 d/kg  0.947
AT-3 296 mm 12 3.1 8.1N 23.7% 738 J/kg  0.983
AT-4 280 mm 12 3.9 7.6 N 24.3% 710 J/kg  0.945
AT-5 280 mm 12 4.9 7.6 N 25.7% 751d/kg 1
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Uneven expansio

o,
> > £

Figure 3.45: Enlarged view of an active textile braided in three strands with thin
McKibben muscle at an applied air pressure of 0.30 MPa. Note that gaps are present
between the thin McKibben muscles and that parts of the textile exhibit uneven

expansion.
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4, MEAIGHZEZAV:-E FEHEEROKRY FOBR

Viin

EkR e Ry NMIIEERE), TTRBEIRB L Oa T T4 7 v AEEE W) B EH T 545
D EAS SRENERE 2 2 72 AW e AR N CTh 5D, ARFE TITIRE TR MED H 5 24k
MEREEMREE RO A ED LT, EBEOE M biEo 7z b MUVERITHRE A IE LU G
&, BLOE MOEWHRBBETINEZBENT 22 L THEe RNy &% T 25GEF
EERET D, ZOXRGFFIEZHNTE M RSO A B HEZFF O EHEEREIR 2 ML,
b MUFER TR > b OFEBEE, KR, MREHFET L. BB LIEHEER ARy MZkoT
EFHICH S T8> TO D FRIAE O A G DEICE > T FOEIWER 1 = X 5% FHELT
&5 2 L@ B CRT. KERSCCIEBHBAE OB HED OB N IR AR BREN R, RER O &
W H HEEDDBIH B HEE O i A ASBREN R, TR O @B TR IREIR ORI K> TRET
HDIFRFILETHE R Y NORGBEBN AR THL Z Eamd. £z, MEsBEEhR )7
Fefk & U CHB RS R O R EBIZ I 1T 2 W ZARIMEIIC DD TERL, BRT5. Rk,
ARETHEMNT 2 EHRBEL L OHRAOBIZ1T 9 72 DML Human Anatomy and
Disease in Interactive 3D [159]/7 6 AR L, MBS U CHHEZ BN L= D THS.

B
B

4.1 EABHALHEHREE

4.1.1. AARBHRAZEML - S ESEERDRE

ERFGRIET 7 v =0 VR (ATP) OB RV FIZL > TIA T &7 7 F U O
HERMNEL CTIAMET DA SNT-a L T4 T v 2 a G+ 57 7 Faxz—2T
& 5[80]. MHPNITEFRANCEN DT 2 & AT E RV & W\ o 7o RBEE ) & BRI
T 2 ENTELDERBICHEIND. WHEEIMEIC X > TR Z8ESE TV D DIXEH
ChHdZEMND, R TIIEESH RS E T 5. BHHOMIIMEE T L TEIC
&L THBY, BERIBEICERIAEMNT 27O SR MM, HRNIRYRH 5.
BRI XFHE O RERZ & o THESEIR A CEATHR) & PLIRAR, TARIC & - T HBAR) & 2887,
BORFFIZZENZENDH SN D, RERRAGIIAMHED I & FATICRE S TR Y, RVl
ZEFOR G MG 2 O TH S (Figure 4.1 7£). PURFFIZAMEHED (25 L TRt
DIZHLE STV D WM Z FE ORI CH 0, Al | TR E 22 Wi —C & 2 A= BROWT i fd
(PCSA) MH#EIRF LV b REWVWZ EMDBIAENNRKEW—FHT, IUHEHEE D E WA T
»H5 (Figure 4.1 ). HEAIIE DD W ERRICIR O A Tl b B2 IR &2 FFo.
ZEAMNIT ZHEC M RER & L THET O EEOMEEFFOHAT, RO E
FFOZ & C1HEBOMN CTHEBOBEIENT 2 X 0 REEZ FRRICL TV 5. BIRFHIEE
LRRBIRE LTEBY, BICHET DEIERDEZREIWD I ENTES.

AR & 22 E N LR ORI Z i 5 &, R SAE(L L2 RIEIGHE & 3R D232 kb L
PRWVERRVEGRE I C B WD CIEREREDFHEZ FF > T D Z BB N TV DBV [161], ZAiHERE
EREE IR O 22N TS & REEOXEE 2R3 2 L h, ARBAE LILWEEE2 > T 5 &
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W R D ARFFE TR Uz Sl REE S (R O Wi FE & 7= 0 DR RIUE 711E 2.1 N/mm2 T
LOIZKR LT, & MOAEERHAORKINE17139.8 X 1073 N/mm? FE[150] TH 0, F4ES
DB TIZISBAHEREBREE R DENL TS L WA D, —FH T, AR KR T 40%F2 1T
#5925 (150123, i REBIEE 1K O i KIHE R IX = SR AHEE N T D 34.5% Th 5 Z & )
B, WHEEITAERHGA LY b/hSn. F70, ATHITHEREN DHE L2V 72 DR HUEREIR
ZHEEET DB T 2 R OWHE &2 B R L Tl A 72 RIE THY AT 22 i iud e b 7e
0, AEEFHRITAREDNDHOLRMERH 0, FEHURENR TUUHE B D 7 X LRIk ik
L0 b7, R TIEBRAENT S THIBIHEERN/ NS NE WD Z &b, fiED
HERR I & AT 72 Ah ke 2 FEORBSEIN A, O SRR 280 U, 5 TR X0 514 A T/ o
WREE 2 5 Z & CHEAM & 28, WORI 28k 5.

Tendon direction

Muscle fiber direction

Jili%iooigital W\~ /I8 BioDigital
; i | \\;.\ Al

. 3 ;
Spindle muscle Bipennate muscle

Figure 4.1: Structure of spindle muscle and bipennate muscle.
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4.1.2. £ FOMHEEEE

ARIECITRAS, A, TRICEH L TENThOBEICENT 5 MmN & faaiEs, £
BAFENEIT kI U CUHES D A O 5338, Al B #BREh R OB EREIE I DWW Tk~ 5. )
P OFERE & Bl 8 135 2 (82, 831%, BIE & 1 PIULHE O xS BALR & B B BREh R A A O EhE
B REE R OMH T84, 8512 2N ENBBIC L, ZhafiEka Ry O ek
EEAERRICEAT 5.

FHEEI DI EAREIE

b N OEREICIIEE OE S FO®EICEEN (E&EH) SEEL, IEd 52 & TR
[Eanl oo THEIED, RiFz/AAHd. REIITHBEEIEN T 2SS FEL, I
Wi % Z & THMGEMEZAT 5. & b OFAREIIAEI 9~ 2 MEM %5 130, RISARS, SMUBESEH,
PRIBEZEA, D I 4 FEEEC, BHEBMIE (A FRCEE STV (Figure 4.2). b dD
A ZNMAE S S Z & TR BN CES) U CHEMSEIEZ ZE L T\ 5. IHMEENEIX T3
HOzEL - T - B ER) - AOTEBNC T 60D, SHAIETEE O LT, R
BRIBOIIEZNTHIHEM L TR Y, SHREIEDMAE O TH OB & 177 #EE) )5 5L
LTW% (Table 4.1). A OBAMIE FHE OZE EE T TR, RI7EENIES OF A ORiR
HEE) ZMAGDETIT> T 5. B, THEZEGTRICEINTEHAITIE, HRIOWH,,
RUSERS, ZERIOSMUTLZE;, NI ZEESE 5.

Temporalis

Masseter Lateral pterygoid
(deep part)
Medial pterygoid

Masseter y

R

(shallow part)\\
‘;, &‘*" 7,’

’\ AL
_A? BioDigital

Figure 4.2: Placement of muscles acting on the jaw [159].

Table 4.1: Classification of the muscles used for each motion of the jaw based on human

anatomy [83].

Push the lower jaw forward Pull the lower jaw backward

Open the mouth Lateral pterygoid

Close the mouth Masseter Medial pterygoid Temporalis
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R OB RS

b b OB ERITEAE L I SR STV 5. FIEEOEBEICEET 2RO 5 5, &
HICBE 53 2 FARHIIEEIC, BRI T 2 AL SICHFEET 5. I b OFRIEH
FEEMEZAT 5 721 T <, MEOEEICB W TR 2 BT BRI b BB e &E 2 172 LT
W5, B hOFFEITZEENS 7 OFME (C1L 25 CT), 12 Offgi (T1 75 T12), 5 OEHE:
(L1 225 L5), LT RO TSNS (Figure 4.3). b FOFHIL S FITEH L
TV, FEMETHNE, WHECHRIE, IEHECRIE LT\, Z OAEBRAE i3 TENE 4 /5 #
ST LARRONICHEEZIT LD D58 %240 > T 5. FHEARR T 2 HERITHERI B 282
TEIFIC Ko CEFE SN TR Y, SHEAM T3 ARELRD, ©y FEERTH 2 mih - )z,
0 —/LEEECTH HME, I —[REsTH DEFEDEEEZ AREIC L T\ D, JEEOBEI & LT
NEIER, SMER, WNIERH AR 5. BIREESCIERET & W o T BB ET 508, 2
NWHITEEZ SO 28EICE S L, BFHEEMEICITERESS L2 (Figure 4.4) . I5iREIC
X B A, BIBER, SEMNRRES, SRR, MCERSMEEL, FNAEES Lol
TR I CH R R, BIMCIRA, FBCIRAS, SRS, SURERM, MR, MR, W
iR, NERINARMFIET S (Figure 4.4). IEEOFHRITEREOJEIZ, EHOHRITMHREIC
FNENEE L, EAELLDZEMESE D Z & TRIEZITV, #HEST 2580 DO % IE
H o RN SN D K ) ICIUiE &85 L EEEhfEIc /e 5.

Atlas (C1)

Cervical vertebrae

Thoracic vertebrae

Lumbar vertebrae

I3 BioDigital

Figure 4.3: Spinal structure with physiological curvature [159].
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Iz BioDigital 2 BioDigital

Longissimus capitis Semispinalis capitis
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3531/

s s : Semispinalis cervicis
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-

Y st i

Iliocostalis lumborum

Semispinalis thoracis
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Figure 4.4: Placement of muscles acting on the trunk [159].

F B D i B WS A

b N ORBIEIIERFBEFI C3 BRELA LTV, ZHUERT 2 RIX I BRI,
KEBAZIE 2R D, KREEMG M T & W o 72 T BIE BRI E RN H Y, 2
SOEFENEIZER T 5 (Figure 4.5). WBIEICIZRMERS, /INERS, MyEih, KE,, B
iy, /N, KERFRMaRA,, BORM, XFm, NPT, TR, KRERTTER, % L,
B, RWNERRS, BENERHL, KRNERR, A, SR & v o EIC 19 OBEETHBFEET
5. b NORBEITERIAREE 3 BHEICR>TEY, By TFEEETH LMl - g, o—
[MlHR T HOME - R, I —[EHTH DIME - WHEDGFH 6 DOEERFEETH Y, TNEh
DOENE B 5T D RIEAERC T TSN T % (Figure 4.6). JEHIIZB 53 2 8 dhih
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FEITRIERD, ME R, WL, KEREFD 4 506 Ins. MRICEE T 2 MR
KBS & BBEE OB X (ZBEET 2N Y T AN SN D, SMRIZE G 2 4ME
R BAT . ANE . KRERFRIEIRAR D 3 O DR S D, NERIZRE G- 2 WERAHFE LR
WERF . NS, RNERTH. #E5. SO 5 S0 bHE S LD . SMEIC LT 2 4 E
HREIIBLRA . PSS, LT, FNFh, KREBTTE D 5 S bk S s, NEED
FZBEE-T D FPIEFAE L2V O THBERE & W O K137 <, SMERRRELUS O VR 2
FOBRE LTS SND. ZTALOBHRIZHIEIAER S 57210 T AMRICRE <EHT
L7, WHEMOZ2HY H4 & EITIFSMEITHER L2 WS & F5 5 & & TOMSIER &
FITOHTRERDS.

Psoas minor

Psoas major Pectineus
lliacus Adductor brevis
Adductor longus
. Adductor magnus
Gracilis
Sartorius
I BioDigital \' I2BioDigital

Gluteus maximus
Gluteus minimus
Gluteus medius
Piriformis
Temsor fasciae latae

Obturatorinternus

Superior gemellus

Inferior gemellus

Quadratus femoris

I3 BioDigital Iz BioDigital
Figure 4.5: Placement of muscles acting on the hip [159].
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Flexion ?,) é/zk
ﬁ ™~
Psoas major N 7\\ \\

Iliacus 4 Gluteus maximus 5 N
Sartorius
/Q} Adductor magnus I %\\}
Gluteus medius ( / Adductor brevis \
Gluteus minimus / Adductor longus 5
; / Gracilis =
Tensor fasciae latae ( i \
vd / Obturatorius externus <
S
External rotation Internal rotation
Piriformis
Obturatorius Muscles except for
internus ) ones that act upon
Gemellus superior - external rotation

Gemellus inferior
quadratus femoris

Figure 4.6: Classification of the muscles used for each motion of the hip based on human

anatomy [83].

[EEAE DB R B E

t b OBEEICERT 2RI EICRBE IR, KEEPFEIEEEZRD, KERERH
j(HJ_:,LEEb EWV o - TEEIHITEBRICESRRH Y, REEEMEIC LIERH TS (Figure 4.7).
EBEE IR RRIELRS, SMUURRS, HRUARS, PWMURRE, KRERTSAR,, ERARA, Rk,
%%%kWQE&SO@ﬂ%mﬁfTTé BT 2 BHEZA L CRBY, By FEERT
o DJEM - PR, KOS I —EEETH D THRONFE - %f@aJr 4 ODOEWEZRATS Z &3
T % (Figure 4.8). BBEFIIKIRE LB OEN D &30 (25 - THIBEET & i LTk
%ﬁﬂ@@%%ﬁbfwéﬁ,Eﬁﬁ%g@ﬁ®%%£i?Lkﬁé.:n%ﬁﬁkwwﬁ
BIEEREN R OB & U CRARREIEEEN & 5. ZHTERHMEL TS & & TR
FESEES, JEE LTV & & DRENET D EEEEICHRT OB TH Y, RERE &
B OERETAR E N A NY 7 ZADOTCRRHR B BHEIC L > THEEL T\ 5[85]. Z 0
HEIC K o CENEFFICIT LS O LR EMEZ m O, EHEEOAZBHENAET S Z & TTHROME
FETRANANE/R ENTE D A[EHBRES, BORRNHLH B2 BERFIZHE L < TR
[EIET D &V O BEREN FEBL L T\ 5. KERIERS, SMAVARS, "REVAR, PAAR O 4 ik
F O TREREER & MRIT, TICEOMBICEEGT5. KER THERS, PR, EREm
D 3DEFEELEDTALR RN TR EMETN, FIZBREESORICEE 3 5. KERZHE
RS O JE BRI FRROAMIE, AR, MRk 1R BEE o Ji dRE L TR O NI BE -
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T 5. Fio, KEREMIRBEE O i & R oM ICFERER T 2 i cd v, B
Wi T7e EREE OBIEICB W T B &2 il ST TR LS EEELITO 2 LIZHEG LT
W5 [85]. RTEM B ORIC/A(E L, KBS, TEROWNIEIZEE G35 BRI 72
WTHY, BET7 & S ICB -T2 MB) L CRERE 2RT7IC T e X9 i2@<.

Gluteus maximus Gluteus maximus

Gluteus maximus

Gluteus maximus

2 BioDigital k2 BioDigital

Biceps femoris (long)

Biceps femoris (short)

I: BioDigital
Figure 4.7: Placement of muscles acting on the knee [159].

I: BioDigital
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#

Rectus femoris muscle ]l—> Hip flexion

\

Vastus lateralis muscle f
7o
u

Vastus intermedius muscle

Vastus medialis muscle \ (

Extension \ /

5/External rotation

‘Bicepsfemoris muscle J

«<— Semitendinosus muscle

Semimembraneous muscle

Flexion

Figure 4.8: Classification of the muscles used for each motion of the knee based on

human anatomy [83].

R B OB EREL

b ORISR T 2 HRITEICEE S ICas, ROoFIcEREZRD, BEIERCR
JEEF & o Te TRIE I RBRICE A N D v, EBIETEMEIC B EHT % (Figure 4.9). & BAH
(IR RS, © T AL, R, AUEER, RIS, 5 HEE R, REFER, RS,
RbbEm, RELME, RERUES, KRB LV T 12 OBBBAFET S, Zhb
TRBIEICER L, 220 R & VLIS 2RO TH v, SMER &5 RSN
3 HHETE y FRERTH LW « JEH, v—/LEHaTH LW - s, I —[EHTH 5
W - BIAPRERSANTNDD, FEEBREIROME E, BN ENAMRIZERICTE S, &)
RS, EHE, PRL, SMRLO 4212517 bid (Figure 4.10). HHIT 2% LJ7H
T 28ETH Y, JERITREZ THMICHT28ETHD. NIR LIZTRESOERE, M
H, WHERZHAGDOETZEETH Y, AR UITRESONEE, BN, ARG o oE)
ECHD. ROBEZEWRE (7)), Pef (G, ME (14 f#) ot 26 HroMKSh
TEY, IMEFHORIEE OB IT/ENT 2 FMEREMEL TV D, Z ORIE LIMER DOIX
MLZ K> TRIBOWIME L D L7 % X5 IeBhfE & BATRFOEERINZ FH L TV 5. HHEIC
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P59 2 M AL RTAS B 5, 55 —WRE 5, RELME, KRGO 4 5THY, EEIZEE§
DRI, & 7 A, IR, RIEEH, R, e, REEHO 7 oTH
5. PR UICBG$ 2 IR E R, RISEH, REUEG, REBEJEHO 4>5THH, 5+
W UICBE S 2 RIEH_BEE T, RUEET, EUFETH, RGO 4->ThHL. B
T D WA B O M2 & OB G 5.

Gastrocnemius Plantaris Tibialis posterior

Flexor digitorum longus

Soleus
Flexor hallucis longus

I: BioDigital

Fibularis longus

Tibialis anterior

Extensor digitorum longus Fibularis brevis

Extesor hallucis longus

Fibularis tertius

IR SR
S0 RBioDigital \

Figure 4.9: Placement of muscles acting on the ankle [159].

W\ EBiobigital
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Y
fipccon Flexor hallucis longus /
® —> \ _ . Plantar flexion
e Tibialis posterior
Supination Tibialis anterior L Gastrochemius
Ext Flexor digitorum
xtensor
Plantar flexion . longus Soleus
hallucis lomgus
Fibularis tertius | | Fibularis longus Plantaris
Extensor Fibularis brevis
digitorum longus )
‘/\ S . \DorsalflexionH
' Eversion
H Dorsal flexion
J — S
Abduction -
pronation

Figure 4.10: Classification of the muscles used for each motion of the ankle based on

human anatomy [83].

4.2. BHEHEOKRY FORET LR

421 b FEIBIEORHRET LR

b N OEEE A RIS D72 OISR CIEE S X 1.6 m ORHHKET LV (77
+4 AftHLA15/3S) ZmARy Mt E L THEHT S (Figure 4.11). 2 EEET VITFEED
NEEZABUTHER- LD TH Y, B O ITRAGR T4 B I = — N CEis 7z
BRI Lo TS STV D 7208 0 IES, 370 &R, #EIEE V5 3 DOHARM 72 B
HICPNER S ATREIC /R > TV D, T OREIC K> TAKRD K E 7wl @il & AR 722 B
BERHHINTVDA, FREIIEEBERAS TNDH720 LAaenc@ind Z LN Ttk
V. — 5T, BTEIOREE ARG TR X O ISR R T B HER I IS HERR T 3 B i
FEZFED, JHdh, (R, (R, BEHEEERIETH H. R CTIIAe R N2 BV CTRIHTIC A
STV ) a—r AATHEHERZEETS 2L T, b hEFFEOABERS LSO ERE AT
HEREZBFIH L7z (Figure 4.12, Figure 4.13). >V a2 — 81Xt N OEIHELE & AR
FRERTER IS BUMEENHY, HEFLPNICRMEH I X OVBE BHy, #RZek B IomR HBH 2 2 2
DA T2, AU Ko TARBIZE TR T 2 BT, R, THROBEiicks VT b &F T
i B W EE A2 RF OB R OBHFE 1T RE) LTz,
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“;\ . Hand Elbow joint  Ankle joint

Anterior longitudinal ligament

Posterior longitudinal ligament
C Y i

S

Figure 4.12: Silicone ligament fixing between vertebral bodies. (Left: side view. Right:

cross-sectional view.)
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Figure 4.13: Spinal motion. (Left: bending. Middle: extension. Right: side bending.)

422, SHHESBEAROHEEER

AHTIX 4.1.2 T2 NOFERBEEIZE DWW TRIE TR Lo B IS S EseEhiE
EREZEHA L, HAABE, HfidES X OEREEOBLE D b O EHEREIR 2 L
7~ MU ERT Ry FOREHZOWTIRY, 2 A2 TICREZITH.

HEAEI OE L B%

PHREICAEA T A ERGIIEZETO/NSNWAR—R RO ITAVLERNH LT, B
1.8 mm O LA HEMARIZERE 0.60 mm OERT = —7, EHE 0.20 mm © HMPE it
iz B0 £HF %5 (Figure 2.5) Z & TAEAICK 4 EOR N ZFF> 8 fiN H HEE O LR BRE) v
AT DEMEGE LT, W LIS LA O%EHTERZ Table 4.2 12, BF L-fiEe Ry

MERE % Figure 4.14 ([ZZNZFHURT . BFIEGHERE & &g TRHES N R 5720 2 KD N
TAp &G, EEHIXREIZIAN > TWD T2 3 AKD N L2 #HAGHhETENEN
WA L7z, ERRoMee N LA o A K- CHEBIFICE G- 3 5% MNR O#H T 100%
BHLL, NMR=RR &7c5t hEFZEOBEEABELAT LM EK A v MNERESIORISIC
R L.

Table 4.2: Design specifications of thin McKibben muscles for the jaw.

Length Muscle fibers number
Masseter (shallow part) 70 mm 1
Masseter (deep part) 80 mm 1
Temporalis 80 mm 3
Lateral pterygoid 60 mm 2
Medial pterygoid 55 mm 1
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@Temporalis
@ Lateral pterygoid
@ Masseter

@ Medial pterygoid

Figure 4.14: Developed musculoskeletal mechanism of the jaw which includes eight thin
McKibben muscles.

R ORRET & BAZ

REROEAEARITEIR & LA OB 22 & L O/NSWHPIZ 2T bivd. EHOHF
FEDJEHAER S 2 B EFCHERAR T O 2 A N CHIE 2 B ERIZT TURR > TRY, &
EOFH:OMEITAEH T A RIE/N S i R FHERICALE S L E L 0. o EH
I3/ S RHERICEE O BN TN D Z &2 G, BRAR— FOREWIEFIERE N T %
BT ENEL <, MIRANLAHEERCIIFEHEEICKLERBENPRELTND. 2
DO Z RIS 5 T2 OIS EHEE R T = — 7 288t L 72 EAE 4.8 mm O N T % @
H L7z (Figure 4.15). BIEMFZE CEE 4.8 mm O LA A ZEERINAIZ 1200 #l T X
D2 & afER L TRV [120], FHBEMEIC 212 5 2 TR & B 1.8 mm O b D &b
L TC3TEDRAENERETHT LD ER 4.8mm OMBANLHZEH L (8 E).
H U7 N TG D% Ak % Table 4.3 (2, B L7=fiEk R » Mg % Figure 4.16
IZENZENRT. FHEOMBIZES T 2 RIXE—/ RO T b ks &5 IR #7225 T
L7280, XIS HNLHOAT A4 (LR DF-EmE258)] LRHATH. bk
O n&HOHMA Cn, WKL Tn, MHEZ Ln, B4 Rn L ENENEKLT H. HEES
W Cld7e < BEH GBS 2 I 2 FOR SR EN O 04 MEEHT 5. filxf, =
12 BEEE, ik 2 HER C5 IR DR K D4 FiiX [ Longissimus capitis muscle (skull-C5) |
&R MEE O PUTEE R 2 RIS el L7 N D20 U, SMERNS, PR
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AT BRI 2N D A1 D 2 & TR L7, BAFE L7 B R v MARRIS A A %R
WZREEBICET 18 R, HERICZEF 58 KO NTLHAERY i biuTH Y, & ANLHIE A D LT
T D2 E TN L T S B D 2 e TE D, LRROMBRA T OmAIC L » TR
\ZB5-4 5 A% MNR O#L5 T 29.4% 83 L, NMR=RR 725t b &[R%OREH hE
AT HHER DRy MEEBROBIRICHEI L-. RERMIZE L il L TR BRI A BEDO KX
V) BeBe [144] D 36 A&7 5 61%]7) | L7z,

Tendon (¢ 0.20 mm)

Thin McKibben muscle (¢ 4.8 mm)

Air supply tube (@ 6 mm)

Figure 4.15: Thin McKibben muscle with diameter 4.8 mm applied to the trunk.

Table 4.3: Design specifications of thin McKibben muscles for the trunk.

Length Muscle fibers number  Muscle shape
Longissimus capitis (skull-C5) 90 mm 1 Linear
Longissimus capitis (skull-C7) 120 mm 1 Linear
Longissimus cervicis (C3-T2) 105 mm 1 Linear
Longissimus cervicis (C5-T4) 125 mm 1 Linear
Longissimus thoracis (T1-sacrum) 470 mm 1 Linear
Longissimus thoracis (T3-sacrum) 430 mm 1 Linear
Longissimus thoracis (T5-sacrum) 380 mm 1 Linear
Longissimus thoracis (T7-sacrum) 330 mm 1 Linear
Longissimus thoracis (T9-sacrum) 270 mm 1 Linear
Longissimus thoracis (T11-sacrum) 210 mm 1 Linear
Longissimus thoracis (T12-sacrum) 165 mm 1 Linear
Iliocostalis lumborum (R5-sacrum) 375 mm 1 Linear
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Length Muscle fibers number  Muscle shape
lliocostalis lumborum (R7-sacrum) 315 mm 1 Linear
lliocostalis lumborum (R8-sacrum) 285 mm 1 Linear
lliocostalis lumborum (R9-sacrum) 255 mm 1 Linear
lliocostalis lumborum (R10-sacrum) 225 mm 1 Linear
Semispinalis capitis (skull-C3) 70 mm 1 Linear
Semispinalis capitis (skull-C5) 100 mm 1 Linear
Semispinalis capitis (skull-C7) 120 mm 1 Linear
Semispinalis capitis (skull-T1) 130 mm 1 Linear
Semispinalis capitis (skull-T3) 180 mm 1 Linear
Semispinalis capitis (skull-T5) 230 mm 1 Linear
Semispinalis capitis (skull-T7) 280 mm 1 Linear
Semispinalis cervicis (C3-T2) 80 mm 1 Linear
Semispinalis cervicis (C5-T4) 90 mm 1 Linear
Semispinalis cervicis (C7-T6) 120 mm 1 Linear
Semispinalis thoracis (C7-T8) 220 mm 1 Linear
Semispinalis thoracis (T2-T10) 230 mm 1 Linear
Semispinalis thoracis (T4-T12) 250 mm 1 Linear
External oblique | 180 mm 1 Linear
External oblique 11 230 mm 1 Linear
External oblique 111 260 mm 1 Linear
External oblique IX 270 mm 1 Linear
Internal oblique | 200 mm 1 Linear
Internal oblique I1 200 mm 1 Linear
Internal oblique 11 180 mm 1 Linear
Internal oblique IX 150 mm 1 Linear
Rectus abdominis 550 mm 8 textile
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Figure 4.16: Developed musculoskeletal mechanism of the trunk which includes 61 thin
McKibben muscles.

TERO®RGE & B%

TR B, BRI, R BAENTAEN T 2 M A TR HLERR & ZE, ORI D 5.
HEA & ZHAR & L CRIAIZ 2 v S ¥ 7= ZEEMA O SIS N T 2@ A L, Bk
& L CRIBRIOIR Y MR & O TR DN S0 5IRES AN T2 A Lz, @A Lz
A B E N LA DX EHMEAR A Table 4.4 12, BAFE L7 fiirgts v AN » MM Z Figure 4.17 (2%
NEIRT. ANLHE SITEKTT VORI EAZ IEORRED HIE L, s AT 80 &
EIRKASE U TEEOIRY T ORE EHBIREL, HRAOKIRITAERTHHNICE b
THRE L. RLEBI L TERY T O THD ATHITINEEGTH Y, BT 90075
i L72REECTHY 11 ST DL B O 3 B Ei AU D IEREOH) SRR IS K o TARE A
DOHRWEIICHEESINTWD, FRZRETIEEOBIZR L TE L HROFIED J1&5
T D72 DI S L o THRBICEREE SN TWD. ZOMEZBIT 572901
UL BT a—T R RIS — ) ORI SR A TR0 AT, IR IE LWOBEORREE &
frfcE (82, 83, 84, 85] % EH L7= (Figure 4.18). BHR L7-fiE#H oA b PRI 2 33 il
DA ZAE L= N TR M 5T, TR 7 EEALIC X - TR ~D/EH 2 B
72 BRBAENEINL Z L ICER AR — BT BN TN D8, KT 36 OIEFIEE A T %M
ST S D Z N TE L. EROLBHERRIEIE RO I L > CTIRICEET 2/
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Z MNR OB T 85.7%FH.L, NMR=RR t7c25t kL [R%EORE A BMEL AT DHEHK
2Ry bR L.

Table 4.4: Design specifications of thin McKibben muscles for the lower limb.

Length Muscle fibers number Muscle shape

Psoas major 330 mm 80 Linear
Iliacus 230 mm 60 Flat

Gluteus maximus 260 mm 80 Flat

Gluteus medius (front side) 150 mm 36 Flat

Gluteus medius (back side) 150 mm 36 Flat

Gluteus minimus 120 mm 36 Flat

Temsor fasciae latae 280 mm 40 Linear
Piriformis 140 mm 30 Linear
Obturator internus 190 mm 40 Linear
Sartorius 450 mm 26 Linear
Pectineus 110 mm 20 Linear
Adductor longus 160 mm 26 Linear
Adductor brevis 140 mm 26 Linear
Adductor magnus (front side) 230 mm 30 Linear
Adductor magnus (back side) 330 mm 40 Linear
Gracilis 350 mm 26 Linear
Rectus femoris 325 mm 65 Linear
Vastus lateralis 270 mm 63 Linear
Vastus intermedius 270 mm 48 Linear
Vastus medialis 300 mm 60 Linear
Biceps femoris (long) 250 mm 60 Linear
Biceps femoris (short) 280 mm 72 Linear
Semitendinosus 350 mm 60 Linear
Semimembranosus 250 mm 60 Biceps
Gastrocnemius 300 mm 60 Biceps
Soleus 300 mm 40 Linear
Plantaris 300 mm 10 Linear
Tibialis anterior 300 mm 40 Linear
Tibialis posterior 300 mm 26 Linear
Fibularis tertius 100 mm 10 Linear
Fibularis longus 300 mm 30 Linear

Fibularis brevis 160 mm 40 Linear
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Length Muscle fibers number  Muscle shape
Flexor digitorum longus 300 mm 30 Linear
Extensor digitorum longus 300 mm 30 Linear
Flexor hallucis longus 250 mm 20 Linear
Extesor hallucis longus 250 mm 20 Linear

Figure 4.17: Developed musculoskeletal mechanism of the lower limb which includes 36

multifilament muscles.
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Intrinsic muscles

Muscle retinaculum

Tendon sheath

Figure 4.18: Retinaculum and sheath made of urethane tubes and metal pulley.
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423, £ FEFHERORY FTREMEARDLE
BIF L7-fEka Ry N F2BHRE mE, BEiEBE, MNR (Muscles Number Ratio),
MR (Muscle Redundancy Ratio), RR (Redundancy Ratio) O#ls Calflid 5. & FDTF
BeE ks (WAERZFR<S) 13424, BIHIHME S THLHZ b MRIX5.25 £72%. Zi
2 U CARMIZE CRIZE Lo b MUFERE e R v SO FEIIARNE 36 &, B&BAHE 8 Th
HT EMDL, B LIzl Y @ MNR (X 85.7%, MR (% 4.5, RRIX85.7%&72%.
PEROTEM R v N TR E T 25 ARSI S %5 > 7= Kengoro [136]D 1.5 5T
BV, ANHE&HEL T 85.7%D M AEE L OTLEMZEI L T2 (Table 4.5).

Table 4.5 Comparison of muscles number ratio and redundancy ratio in lower limb
between human, conventional musculoskeletal robots and developed musculoskeletal

robot in this research.

Name Muscles number dJoint D.O.F. MNR MR RR
Human [83, 85] 42 8 100% 5.3 100%
Developed 36 8 85.7% 4.5 85.7%
Musculoskeletal robot

Biped robot [68] 14 5 33.3% 2.8 53.3%
Lucy[103] 6 3 14.3% 2.0 38.1%
Kenshiro [135] 21 7 50.0% 3.0 57.1%
Kengoro [136] 24 8 57.1% 3.0 57.1%
Shadow biped robot 14 6 33.3% 2.3 44.4%
[137]

3D biped robot [139] 7 3 16.7% 2.3 44.4%
Athlete robot [140] 7 3 16.7% 2.3 44.4%
PANTER [141] 12 4 28.6% 3.0 57.1%
Pneuborn-711 [142] 5 11.9% 1.0 19.0%
Pneuborn-13 [142] 9 5 21.4% 1.8 34.3%
Anthrop. legs [145] 8 3 19.0% 2.7 50.8%
Pneumat-BS [146] 16 6 38.1% 2.7 50.8%




108 42 HEN TR E e B FREEE 28 > B OREF

4.3. EhYERER

43.1. £ MEFHEERORY OB T LA

b NMUFERKaR Yy NOSIKRY AT L% Figure 4.19 1233, g aR vy MY T
BT AT OBERT = — 7 1IN O 22 EIRE L OHIES S ICHm STk Y, L7 O
PIZ K> THIROIGERHE ST D, AR THERT 2 ZERIZ= 7Ly Th Y,
Lo L—X CHNEOREEZITS . EEIX/ VA KAV T 24 LCALHICHmE T
BY, v arnbnd ) TABET VT OB AT > TALAOIGHEZ I L T\ a.
AW TIZFEIINE 2 —E & L CEMMEREBIE & (K2 2 U ERI CIE il 21T 2 72,
YV ) A RV TEBRALE.

Computer Microcomputer
Musculoskeletal robot
Air Pressure
Solenoid Multifilament
Compressor | Regulator 9 ——
valves Muscles

Figure 4.19: Robot control system for thin McKibben muscles. The multifilament muscles

on the robot are provided with air pressure through a regulator and solenoid valves.
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4.3.2. FAETENME

FHRIETEERBR

BIgE L7 b MU R > b OB CHHBENEER 21T > 7. EBRTII Table 4.1 12
Mo THNEZEMESE S Z L TRHEBOZ - FTHIEIWEC L2 DO, FTHEOELE~D
EEC L 590 S S LEMEICKRE L7z (Figure 4.20). £7-, HEEEO—F & LT 1A
BTRaBAMASEL Z & THRIRD A F v 7 B2l k< Z LI LTz (Figure 4.22).
MRAN T2 & N OAEKRTA L RERICHHER ICEE T 5 2 & Ta vy MR EREh S
AEETEDHZLERL, b N ERBROFHNOIAEIEMN TR OB & i ~DF 0 D58 LE)
TEDWE e E EEIC AR LTz,

Figure 4.20: Chewing motion of musculoskeletal robot. (a) Open (b) Close (¢) Grinding to
the left (c) Grinding to the right.
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Figure 4.21: Operation of chewing a stick-shaped snack confection by opening and closing

the mouth at a cycle of one second.

B EER

BRENFEER CIXBMERNCAIN 2 A L TV 7T L, IO N RE % 7@757'65?;4( 14
HHE, B OmARts 3FES BHHEE LS Lz, ZOBHMBEICE > THEEO R, B, FkE,
JEHEDASERALIZ I 1T DAL 7o, B X OMEBmOMENAETH 5. FalFEERE L THEIZ
DHNLFH 2RO AT TG R D LIRECHEREOME LR 21T -7 (Figure 4.22,
Figure 4.23). E{EFEFROFHEOME - AR rTE) 82 PR R R T8 & ik L7z b 0%
Table 4.6 |2/~ Blimi KAl @K IXZEIC e hOR@BAEI IR TH Y, EICL DR
REBOFHINTBE S T, JEHEDRIZIB W TIEE Mo rfElz K x < %z‘é@jﬁ?

ZRER T E 2D, P & 2 2O NI L CRth 32 Z & 2B L Tl ATIRRET
BT 7e5E, ANRERSEICELD EEX LS. £7o, MHEORRERITHEEE & g LT
INES L TpoTeid, BEICAE U CHMED R Z BT 2 B il 8 EIE S Tunvign 2 & T
APARRLIZZ EDBFERELTEZBND.

RICHEH O & 2 D EHONLH I (1 TEE7REB TR X OV ih

(Figure 4.24), M5 LIIRRE TR Z HmIZ AT THVE (Figure 4.25), M2 L7REEThy
FIZPE - TlElE (Figure 4.26) OEWEERZ ZNZNAT - 7. BEERD SO MEE - Ml
e, P A PR AR A K FTEIE & LR L7= b D % Table 4.7 (2779, i Bh Al Ehiakl X PRERAE & Lbiik
LTREL rofedy, FEES I TORWEERRIE-C KM & o 7o mE 2 #iBh L CRIE % #ifi
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LA ELET HZ LT MW ATEIICYGE SN D FTREMED B 5. [BIEEE) M, 2
HEIZIB W Th T IR CE 7.

FROBERBR O ERELZRE 325 2 & CERBES O, M, AR
HETE DERENRIC K o Trdh - . e, EhEL VD 3RotiZB T2 FMEIELZEH L
T2 L h R L.

Figure 4.22: Extension of the trunk without abdominal muscles. (a) Natural state. (b)

Extension.

Figure 4.23: Side bending of the trunk without abdominal muscles. (a) Natural state. (b)
Left side bending. (c) Right side bending.



112 45 RN TR a0 B PRS2 > b DT

Table 4.6: Range of motion of musculoskeletal robot and human trunk without abdominal

muscles [84].

Musculoskeletal robot Human
Extension of cervical spine 56.6° 55°
Extension of thoracic spine 10° 20°
Extension of lumber spine 93.8° 15°
Right side bending of cervical spine 8.6° 40°
Left side bending of cervical spine 11.9° 40°
Right side bending of thoracic and lumber spine  31.2° 40°
Left side bending of thoracic and lumber spine 28.2° 40°

Figure 4.24: Flexion and extension of the trunk. (a) Face up of natural state. (b) Flexion

(b) Face down of natural state. (b) Extension.
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Figure 4.25: Side bending of the trunk. (a) Natural state. (b) Left side bending. (c) Right
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Figure 4.26: Convolution of the trunk. (a) Natural state. (b) Left convolution. (c) Right

side bending.

convolution.
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Table 4.7: Range of motion of musculoskeletal robot and human trunk [84].

Musculoskeletal robot Human
Extension of cervical spine 21° 55°
Extension of thoracic and lumber spine 34.5° 35°
Flexion of thoracic and lumber spine 57° 80°

TREIEERR

BRENFZBR CIXE AN 2 L 7128 LC 33 fl 36 HHIED AT CEEFEBREZTT 7=
Figure 4.27 (2B R - JR ih, WNls-4MiE, NHE-SMEL TO D82 T Thurd. %
BEIOWNNKE « AMEIZENE 200 09 < T 572018, BEEZ R S e RETiT-72. #
B~ & ZRBEHIR T & Dk L OERIC X 2 B BIHE g D JRBAER 0 2o )~/ i b 2 g8 L 72
(Figure 4.27 (). BhEFEBROMER & BlEwHR A ATEYR & it L7- & D% Table 4.8 12737
Figure 4.27 TIXEEENTER TE 573, Figure 4.10 (2R $ & 5 (2RI O WNIEIC/EA T 5
AP - SMRIC B IR AER T 2 2 OEA I REMEIC 2 > T D, BIERERD O B o
Ry MZE-o> Tl b EFEICFEUAEECIEAWb 00, RBIFICRIT D ME- R, Wik
ShER,  NE - S E O BIENME & —BAER I OE T X 2 BEBIER O Ji th D FEBL A ffedd L 7=

EBIE A M - SR, FEROPFE-AME L TV 86T % Figure 4.28 12, EiEFEBRORE R &
BEG IR AJEhG & Lhie L7 & D % Table 4.9 [ZZ3LEHURT . EERO S TR il EF o 4 TR
PENE T 2 KeomnRil [ FERERE (Figure 4.28 (¢), (d) & REREAGIC K 2 B iRy o ik B i
Ol (Figure 4.28 (a) R L7, BERBROHEHK R Yy MZX->TE b
(ST RTER O i, FRRO NE - S EOERIENE & ZREEIH OERIC X 2 BB O JE
HiDFEBL,  F5 I ORI [E] FEREAR D FE L & sl L 7-.

Figure 4.29 [Z/@BAFINE -5, PWIRL-FMEL L TW A2 2N Eiund. #fEE
B D R & BEGR oK AT B & bel U726 O % Table 4.10 (2R3, IR L « 4R LEIEN S )2
INUIR D X0 B REA OBMEELMERT D2 LN TE . e, RETTH D HEERIC
Ko TREFRCRBEI N b2 e 3 2 /EA L a8 L7z (Figure 4.29 (b)).

TREOEMERER D & B BRENRIZ IS TR ORRGF & SikHEREEME SR 2 @ 12 & -
TR SN ERK R Yy MK o> THEEOMEBIEE, —BEfifHIC L5 2 SORESEIE,
I BEEN o Kesmpdmin [ hErgiE, RO LNEBL LT Z & &M LTz

UL EOEEESR G b ERBROBIEAZ T2 b Mila Ry hOkEHFIEE L TARIIE Tt
R LT B HESICESWRG PR FH T L2 D,
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Figure 4.27: Hip motion of musculoskeletal robot. (a) Flexion. (b) Extension. (c)

Adduction. (a) Abduction. (b) External rotation. (¢c) Internal rotation.

Table 4.8: Range of motion of musculoskeletal robot and human hip joints [84].

Musculoskeletal robot Human
Extension 69.9° 120°
Flexion 22.1° -20°
Adduction 21.1° 25°

Abduction 18.7° 40°
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Figure 4.28: Knee motion of musculoskeletal robot. (a) Extension. (b) Flexion. (c) Internal

rotation. (a) External rotation.

Table 4.9: Range of motion of musculoskeletal robot and human knee joints [84].

Musculoskeletal robot Human
Extension 120° 130°
Flexion 14° 0°
Internal rotation 15° 10-20°

External rotation 26° 20-30°
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Figure 4.29: Ankle motion of musculoskeletal robot. (a) Dorsal flexion. (b) Plantar flexion.

(c) Pronation. (d) Supination. (e) Adduction. (f) Abduction.

Table 4.10: Range of motion of musculoskeletal robot and human ankle joints [84].

Musculoskeletal robot Human
Dorsal flexion 120° 130°
Plantar flexion 14° 0°
Pronation 15° 10-20°
Supination 26° 20-30°
Adduction 11° 10°

Abduction 28° 20°
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433. BRE7—FEEDILTSA4T7 R4

B HAR SR O G & 2 BT — T & O A MIE S BR LB e ARy T
HIEEET DD DT DI ar T T4 7 o R A E LT-. 28 OB DR S 5 2
ERITENEY S, ALK > T — T EEA A L CRY, SITOEERIC T — TSN E R A
WU -+ 3B (BT AgRR) 952 & CROM, M~0fHZ2BET 5. BITIEHEE 55 5
Db RERNAGET —F, IMEMO/NS 229MAliET —F, RO —F L9 35D
T —FHEED B H[85]. BRI EN M o7z & &, NHEIET —F % X 2 T 5 2 2
BRE L CRESOZERINEZ @D TV D2, WRIRET —F &0 Ry 7T 4 7 v A%
bIc 52 2 T EEThH S (Figure 4.30) [162]. REEWRYICNAINEY —F & D =275
AT AEESE D ERHNITEICET & BRIFETN CTh 5 2 & BEIRER[TT 60 5
2725 TWAD. 20 2 ORI ZBFIZ JEHE S 228, PWOMR LEECIIHEHiT+ 2 &
IHEHT 2. gt eRy NEEOBEERIZI W TRIZRIPER L ORI - 55804 ffEh
D DO T —FHEE DN TN T HDEMEZRE L T T I A4 T AR L =¥
Buti= (EDR, Energy Dissipation Rate) Z:K 5. =3 /LXFHALFITINE - Brir a9 5l
BRTHELZZXAVXERL, BEOT —FHEPII N LD TRV F % EFLIZTRIN - 47
WL ZRTIEECTHDL. MEEZMA T EEIIEZONDTRNVX T Egore, BRI LT E X
W ESND TRV X B pease & T 5 ERNEA. DD X D ITEFE SN, INE - BRf/L—7 Tl E
Nizmfl, 772bbb AT U v AOKRE SIZHpFIF5[163].

Estore - Erelease

EDR = (4.1)

EStOT@

T —FHEEE T 27D PBOGR Y NT 7 2 = L o R XA — L) fllife (3
Ary) LV a—r LR R EREZ EHICELE L (Figure 4.31 (a)), HEICITA LA
DR L XA T =2 B LT 3+ — 2 A=V 2 . ERRIIHA 2 U S
WG, RIS SEeha, RIFEH 2 IGE S E2%a, BIREH & REFE %
ZHE S ET2 G ED 4 DIZONWTENEN AL T T AT 2 ARREZRIE Uiz, EBRCIX TR
A X2 7T —VICHEEL, 10 N OWMIEHN 2 N2 72 RKB 2 ke & L7z (Figure
4.31 ). AN L& S ¥ TEBRT 255132EE 0.25 MPa # I L7-%ICaid ot » 7
A T EATV, MEFIT—EDOZEEZHN L THRIZIUHE L TV ARHEE Lz, Lmm/s T X il
2T —HRENUTER 2N A, fAFE 200 N 28 % 72412 1 mm/s T X @i 25— Z@hn
LT L, FIEICRT ZECar 7 o4 7 v AREZRIE LT-.

A2 G S B2 WIS, BISCEH 200 S 1-54, ERIFEH2IUHE S84, #%IE
B e RMEE 2N S ETZSED 4 JMEBTDRMa T T4 7 o AREO ik %
Figure 4.32, #fH 200 N (2381 5807 & = RV FHHF % Table 4.11 [N ZroRd. #E
BAE RN O T — TG T 2MAZ IS S5 2 & CEME/NS LT, ThbbRME
EEHDH I EITHE LT
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AADMER L TWZRWEE ORIMER—F/N S <, BB EMEE &0 & R OmMEZ &
WD LD FEERAERIIERRFER[TTIOR R & —F LT\ 5. SEATHFE TR A ORHEIZ &
THREEDET 25 L EESNDZ & THIMEDNE £ D & ikim STV D23, EEROF
2Ry hTHRHROIEIZ L > THEEOICHET 2508 EO b BR 2R L, 2
DROHIMEZEmDTND EEZDND. BRIREROR R ERRDRE L TRIEEH & RS
G S E0a T4 T U ABERFT HND . BEREBROMERE CII%ISER &
FWEE 2 I S &5 & 2N TN A2 BTG S Bz & EOEMOFRICR 2 ElESNT
BY, BIEEHE BEEHIENE LIME LEEIZI W THREEL OBIfRIZ /e > TWnd Z & TA.
WOWHE N ZFTHHET L2 RMEARH D LiEim ST D, AUk LTS L7 irE s =
Ry MTBWTITEISE T & RIS 4 RRICIGHE S8 2 BRIV ie> TN D.
BIEHENERBR IC B W CTHEISEMIINIE L, EBFE MR LICENEIUERT 5 2 & & il
LCWDZEnD, WHEHMMERT A e hEFULTHL EWVZ D, AR LXK H ik
TR CIIIEIC L DR B OR v 7 A D= X LRI EZED D Z L ICHFHELTWD ik
S AVTWV DD, R PRI IS W & BFEE I XmE g A2r L TR R BT LT
BY, BORENSGEZDENDRLEDEICL > THREENSEFIINT TOFEED S
TERZFF>. ZhHDORERNG 2 5OMRENME S EIo L EDa LTI 47 o AZGIT R
DZDOMOH;, FHA, L DEEELZ T TND I ENREEINS. EDRIZEEHT —T
EOMPENRKEL 2 DIFENSL 2D VI FERITZR o7z, ZHVUT A LA OUUHEAS & H Ol
P2 @O TRV FBRD/NS LS 2D XOIMEFRLIZEZE 26N 5. AEOFERTIZIALRG
DZEEIZHOR L2y v~ MER MBI 720 &9 72K (L mmis) TEfLSH/2Z & T
IEXBORDE Z DR oo NHEEZ K& T2 & TRy A MERBME Z &R THEEN
5.

I

N
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E))

Figure 4.30: Ligamentous specimen of a human right foot cited from [162] and added
legends. (a) Plantar aponeurosis becomes slack and wavy with no load. (b) Planter

aponeurosis is tightened support the arch with load.

X-stage

A

Plantar aponeurosis

Tibia

Foot arch

Force gauge

Figure 4.31: Experimental setup measuring foot arch compliance of the musculoskeletal
robot. (a) Foot arch structure retained by plantar aponeurosis. (b) Experimental

instrument.
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Figure 4.32: Change in the foot arch compliance, N: before muscle contraction, TP: after
contraction of tibialis posterior, FL: after contraction of fibularis longus, TP+FL: after

contraction of both tibialis posterior and fibularis longus.

Table 4.11: Comparison of displacement of the foot with 200 N and EDR.

Displacement with 200 N  EDR

No muscle contraction 23.6 mm 64.7%
Tibialis posterior contraction 14.4 mm 57.4%
Fibularis longus contraction 20.2 mm 64.2%

Tibialis posterior and fibularis longus contraction 11.4 mm 56.1%
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4.4. F&OH
I BETHRFIIEOD L LMHEEE Rz B L, HNARE, HEERS ZOEKHE

II.

III.

IV.

EOBRND e FOEREEREZAM L- e NMUFER R Y FORGHFTRIEEREL
7z

ERROBRGFHEEE AV MUFERK e AR v OB, R, FEAEBFL, b RE
FeiEg U CHABIEI T 100 %, AT 29.4 %, FHET85.7 %D MNR #38L L7=. fHiNH
METZNETOE MUFBGER Ry M IR EHEE LT 50 %M EL, 60% < MNR,
MNR =RR L7 2fEfsa Ry b FEOBFRICHES L.

BAZE L7evE s m AR v s OEERERD b EFHITH S 2T 78 o T 2 i WILHE DAL &
DEIZE->TE NOBEA D= AL EHBLTEHZ LR L. HESOBERRICE
WTHOBRA ELEAE~OT D DS LEEZ RS Lz, KB ORESNEIMEIZIS W IR
i - R, MR, BIFEEMELZFEBL L. THICH 2B CIZmeh - g, WobEs, [
FEDEEEZ, MBS CITEeh - (MR, FEOEEEL, RESICBWL ISR - EKE, W
MR L ZZNENEB L. £, ZREiC X2 2 >ORIEEME, KB O K& bhmmR i)
B FERAE 2 A B A BRE R CRBL L= Z L2 ER TR L. b M ERBROEEEZT S E b
Bl y hOBREFEL L TARIFE TIRE LB RS RSO R EHFRITAEHT
HHENRD.

JEE T — T A& O R AR & A ASEEEN R THEBL L2, BT — TG ORI I B
53 D15 188 i & RMEE 7 2 0 S8, RSB W TR OIGE XL Ta vy 77
AT U ABE O RNV FEGRBRNEAT D 2 L2 Lz, BISER & EEmHE2TnT
PR TIHE S 7258013 b L RBRORHEZ(L 2R L2ns, i 20U S B 725 61%
b b EEER LTRSS RE MLz, BIEDHIR B b b & B D82 Iz O T
L, RRAHE L.
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5.1. XHAROEE

A SCTITMBEN LA O @ B & TRIRFRIEICE B L, ZhE 2T 252 &
TR D@ ) TR & BT 5 iR EE SR 2 BR Lz, S ic k2%
BAMGRET V& EROME N HMET L, MR T8 Ko TR M B35 2 & 28
BN LTz, Fiz, BERET A DUIERIEZ(CICBE 53 2 HE A HEE L, FBRIICH
AET 2 2 & TRREMVEBDIAEREIC B 2 2 B2 58T Lz, ZidfEREE SR 21k
N Lk JORBEIMAG & bl U CUNHE SR, s, HEEE, BRIARMEOBLE TERL T
2L ER LI, B%E LS eEE S RO ERE, a7 T4 7 AR, IR
WPEICER L, Zhaml Lz b OfEsERER 21k L 7o gishis, JIRRER, =
TIAT AR AT S MR R Y NORGTIEARE L, BB, R, Th
ORI L OEEERZITo72. B Lzt MUBEKEa R Yy MIEROFHBER 2R~ M
ECITERTERD R ABELZER L, BERBRICBVTE NOBEERS L OVEET
—TFHEEORIEMIMEEZER L2 2R LT

B1E [Fim) i, BEIOFRMAZEATHE e MUFERE Ry RBARDO LN
o LOMERMFIE DR A R, AFRRONE ST & B ZI 620 L.

92 W TN LA O/ 2wt &b <%, =Ry MEAICmT 72 /Mee N Lo
SUEFIEZTRRE L, RFHMEE R Uic, EBRANSIRN LA OUUHE /), A6, P57 m
R, LT TAT U ARHEICET A R S L, BKREVINE 0.55 MPa IZ80)
THRRUUIET) 221N, B RIHESR 27.2%, 5 TEIRSE 158% Ch D Z & Rl L. FB
DG 5T I TR O F1 22 2 e, EBRS A N A5 O UE 1 & il 5 e Ui =1
HWHATE 72T, BEEMICBET 2 EHRXA AW CRTMgRRICbEATE 2 &
BRIz, £z, RN TR OBEMEZ A SN2 L, 2 FOMY R U S AGRER TS % 32
F U7z, 80 U TR AGGRER CIMERA TAR 23 #h 5 7R A8 T 100 5 BIONUHEEMEIZIH 2 5
HZ LT,

% 3 B [ AR IE R OBASE & e TV A 1 = XA D) TIE, mR Yy MEH
(BT 7RIS N T & BRI AT 2 B R L, S S =T 7 F 2 = — & O ALEE
BLOERRORGFELMNL LT, £, MBEANLHOARZ TSI 252 & TE
PISHRMAT LT 2 HIEEEZRL, 0 ZRMERREMEE IR DS AN L) & [R5 D TR ik
PR D Z L ZR LTz, SAHAL OIGRERIEIC 5 2 D 5B E2 I ST 5 - 02k &
S ONRAEE IZHE L CHRREIC DWW TET U > 7 21TV, IUERE OB, ZAkHE
&Ko TUHESRR M BT 2 2 &, IHERAIEICEE 52 5 /37 A — 2 P IEFIREEIC B T
WRTAEE NLREOT A7 M, = OfRAPEEICE W TERAH OBETH L Z L2
S LT, BRSNS o TR IEREIC B2 5 2 5 /8T A — X Zikit Bkl Lz
FERAATV, EORER & BERA Hle U TR EDBM RS — B L CTnDd 2 L iR L.
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WIS AN TN B W TR A E ATHOT AT MERKEWVITE, oAtk
IZBWTIIMRA B 38 221 F UG RSN 2@ mic 72 o7z, Lac LRy s, IUHE=REE €
TICIIAAEHER O BEERC N T OB B L QR SOARY —INZE I TV, =
O A CIEHR A OHLEE B K o CREERME & BRI ER 2. Zh b FERE & BER o
AR FE RN 2 B PRI [FIE U 7o, RprEsR oD B REVINE 0.50 MPa (23T 10 AOMMEEAN T
7 B 72 2 A FIREE N THp O KINHE 711% 159.8 N TH 0, I KILHEZR 1 29% THAA & il
L CUUHERIT 11%8N L=, S REIINE 0.40 MPa (238 W CTHIEAN T/ 12 A b7 5 =5
i 7~ RE BN AT 0D fe KILAE /713 131.4 N, e RILHE=R1E 29.6% THLAR & Heile LT 22%H4n L 7.
Z DFEBRFER 2 IR O N Lid L ORBENRRAT & Hhik L CINE=R, |, HEx XL XE
JE, IRFZHHEOBA TER TS TV Fax—FTHDHI EERL, MEROMAmcL D
INHE A PR b iR L7z

a4 e MUREKe Ry FOBR%) T, #EkofEHReRy MIT 7 Faz—420
B0 AT B EORBEN B A B BEZKE SERRNEWS-ERD -7, BETHERE
WD B D S HEREEEE R 2 EH T2 Z L CIN AR Lz, HRABE, BEER LW
EAEEOBLEN D, B NOE & SMMERTIREE R A FW T N OR B ERE)R 2 i L
7ot MUFERKROR Y FOBRFFEZRE L. ZORMEZ AW TE MUBEK R
N OFHABE, RER, THRGABRFE L, b b &l L CHBEIT 100 %, AT 29.4%, THT
85.4% DN EAEHH L. MWNHBEIILETOe MIFEK e Ry b P& g LT
50 %[ L, 60% < MNR, MNR =RR & 725 anR v b FROBRICHKS L-. B
L=t e Ay b OBERERD b E AT ST 78 o T D55 WK ORLAE DI &
ST NOBMWEA D= LZH/BTEX 52 Eamn Lz, BB OBEERERIZBS VT OB
EEE~OT YOS LEWEZER L. (Ko @i@hEics v Tidadh - i, W, =
FEBNEA FBL L7z, TR H 2RI CITmah - e, PR, e @hiE4, BB Cix
JE - R, [EhEOEIEE, REEICEOCIIEE - KB, NINR LiEEEE T T ES
L7z, &7z, ZBHEifhC &2 2 DO PEEENE, WREIHT R omoR i e hetsns 4 i 54 BRE) % T
FH LT Z 2 TR TR LU, EROMEK ARy NEET —FEEITEHOFNY 71T
o TWE=, FRLEOTEICE D BT —FREEORIMEZLIZER TE o720, &
W7 —F g R e P ERBEOBKRIEEL T2 Ta T4 T o AREERRIZ BV CRIME
I B 59 D% IS 15 & BBEE S 2 WG S TR 2 RE L, 5 OISR L
Tarv 747V AB LR RV FHRENELT 5 Z & 2R L.

52. SBODRE

AWFFETITH N EEL LRGN S 2 0 T T4 T AREE A LT SR I &
Bzt POFFEREEICENT 52T, TRETICRWHHRNEBELZA Lzt MUGERK
BNy M ORBUTHI) LT, ZHHEREBIE 1 (R 3AR 3C TR L2 AR IR oA 2 Al L 72 %
DIZF T, Thehe L TR LRIBRZAINT 2 Z L3 TE, & 57225 IUREREINCE
BONERN RS 27 7 Fax— S 2R TEOAREMNRDHS. £z, 77/ Fax—40
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BYEZENLTIBERE Ry 2T TR, TUA A=Y B U BEIC G A T fErE
NWdH5b.

AR T Lot MUFEK e Ry MIHROTTEELa 7T A4 7 o AR, B
MEIEIZAE B U CHRYR ATV, AR 72 50 D> O il P O WU 2 8 L CEBIEIE 2 FE8L L7273,
AT, BEKEE, LB BV ENER EO B EEEICHRS EO LS ITER LTV Db EFEIC
OIS TWD. AR TR L7efirgts e A v MCFE SN Z ERLo s I
STMESEDLZ LT MERBRO AFEIENTE L EEZOND. W, HEHEeRy B
N FOFEEWENFEBR TE 20 THIVUE, EFHGUCHE E > TWDH e MEIWED R A F i
RTHEET 577 v b 74— Al 0155, DI, FERINTIIARBIZE CTHRFE S L2 B+
2Ry NIt NOREHAZEIET 577 v h 74— A0 FEXGUC L BRRBR O L
LCuRy hON—=RY =7 RICEE ST, ZOMOFIRFERICEIKNT 2 Z L HIfFS
L. INOEEBRT LT FOMfEEE XD RIS A MNERH Y, AR ED
VEWVEIRSOIE O E, WIECIENT, KB L Wi BRI OBERICH AR LT A2 ED
HRETHD. FHHROHBENZEL T, AR TITRELZMHER R v M EFOICH S
NTWLENEIZEI G- T 5 A& 7 — 7RI S & CTEATBEDOAR A FEBR LN, b
b EFRBROBMEER BT H7-0I12F Y L ) A RNV T 2T a7 v 7IC@EE iz T PWM
HE TN LA OULE DU &2 I CEX 2 K5 ICT 0BRSS, o, B E2NET
% Z & TN D ORI L TR 2 UG S, KHABIER TEX AL HICTH 2 bEE
Th5b.

ARG S TIX S BHEREEEE (R & B R o AR > MBI L CEriIZ 1R 2 B s LT —
5T, B EREICB L CIEEBRSCBEEZ LTV R, BT —FiEoa 7747 A
BRI CEBR AT o720, BEL CHEM LI DL ) REEOEMMNE LD K 5 72
B NTFOZEES 7 MERIC &Ko TEBPRIL « 58T 21ERABS LN D ATEER S 5.
ZIUTZEIEN TR OBFEE &L GbE TAHEHOLNCTINERD .

FE A FHEEICGBOREE CH D Z L 2B XD &, EEREEEA T 5T OMmo
EPTONTHRET LIEfiEse Ry NORFFFETEHAMETH L B2 6ND. AEK
WORHEIZE BT 5 L, ARTREGEEOR S, Jim, Wrinf, ek GE £ 721338 m)
K- TULE S, UURER, IWHEHRENEZRY, b ME2E0 Tt s GE+ 2E
CAEDETHANF LTS, 3 BT X )5 IS S IE G IR IT R &, Jim, Wrm
B (NLHOAS) #BAHICEFTE 57720, ZER2AEMOMHAL LTl M <X % aEEn
DO, ZFHALT D 2 & TIEBNRIEROEIEN M 2720, WMEHEIXIR T 52 L8 F
HEND. Lo s SHEREIEE RPN ERFA LV b RERBENEFFSZ LD,
=D TY TOF LW o e R B ICHEISER SV EB X b,
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A) BRBEBEDERICET HBR

WFFEDONLE ST & BTl 72 X9 \CARRFFE CIIAh B B & hh - Z1IEoiE (R o
SR NERY, AL LTRSS 2 TR AR E 1 O LN E L
LEDOMHRAOEE LTER L. b ML X5 & FRF, KIED &/NEHO X S I2H
LEMEICR L CE U & D ICERT BRI RH D0, B ET 285 3B 72 5 72 UL 71
PERT 25 MG R0, BEFOICORRIERZFFO2E VW25, 25 LIEfHROMER S
2 DITEREFHEETZ T Tl < BAFOMIPEZCIC HIEIT 27290 TH Y, BRI OZEMEICH
HLTWs. sk UTNERIIREHDOZRKTHY, FIFEELOE FBAXKMLTHD &V D
T EDBMREIERNICA STV DD, B R UEAICES - Ik E R D, 2ol UIE
METHHLOIFE LR, E72, SR EOEBEICE TR LY A X 7 TIET 5K
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Figure apx. 2 Contraction force of 4.8 mm thin McKibben muscle with hysteresis
property under each applied air pressure, where the maximum contraction force is 73.2

N under an air pressure of 0.55 MPa.
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Figure apx. 3 Contraction ratio of 4.8 mm thin McKibben muscle with hysteresis

property under each applied air pressure, where the maximum contraction ratio is 27.9%

under an air pressure of 0.55 MPa.
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Figure apx. 4 Expansion ratio of 4.8 mm thin McKibben muscle with hysteresis

property under each applied air pressure, where the maximum expansion ratio is 102%
under an air pressure of 0.55 MPa.
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Figure apx. 5 Compliance characteristics of 4.8 mm thin McKibben muscle with

empirical formulae under each applied air pressure.

Table apx. 1: Specifications of thin McKibben muscles with diameter of 4.8 mm used in

the experiment and trunk mechanism.

Diameter 4.8 mm
Initial length 300 mm
Outer diameter of the tube 4.0 mm
Inner diameter of the tube 2.56 mm
Hardness of the silicone tube 40 shore A
Blade angle 19°
Weight 10.2 g/m

Table apx. 2: Six coefficients for thin McKibben muscle with diameter of 4.8 mm

determined by least square fitting.

« 2.23 X 107* m?
B —6.62 X 1075 m?
Y —32.7N

D, —5.60 X 1075 m?
D, 5.08 x 107> m?

D, 5.54 x 1076 m?
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