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Tensegrity structure. (A) Kurilpa Bridge [1]. (B) Public art sculpture uti-
lizing tensegrity structure [2]. (C) Tensegrity-based toy for infants [3].  All
the images are adapted and relabeled from the original figures. . . . .. ..
Soft tensegrity robots. (A) TR3 [4]. (B) SuperBall [5]. (C) SUPERball
v2 [6]. (D) Variable-stiffness tensegrity spine [7]. (E) v-expander tensegrity
robot [8]. (F) Dual stiffness tensegrity [9]. (G) A three-dof actuated robot
[10]. (H) Strut-driven tensegrity [11]. (I) Modular tensegrity robot arm [12].
(J) Vibrating tensegrity robot. [13]. (K) Membrane-driven tensegrity robots
[14]. (L) Spikebot [15]. (M) Shape-changing wheeling and jumping robot [16].
(N) 3D printed cable network [17]. (O) 3d-printed programmable tensegrity
[18]. All the images are adapted and relabeled from the original figures.

(A) Tensegrity structure capable of large deformation into various configu-

rations. (B) Cave exploration using the highly deformable tensegrity. (C)

Supporting a semi-collapsing structure using the highly deformable tensegrity.

Operating principle and the physical artificial muscle. . . . . . . ... .. ..
Large deformation of the entire structure achieved by combining the com-
pression deformation of triangles. . . . . . . .. ... L L.
Compressive deformation and passive expansion of a triangle using artificial
muscles. (B) Case using standard artificial muscles. (C) Case using thin
artificial muscles in a bent state. (D) Case using artificial muscles with passive
stretchability. . . . . . . .. L

Structure of the thesis. . . . . . . . . . .

(A) Driving mechanism of thin McKibben muscle. (B) Appearance of the
drive of the thin McKibben muscle in a bent state. (C) Fiber-to-fiber mis-
alignment of the sleeve of the artificial muscle during repetitive driving in a

bent state. (D) Mechanism of thin pneumatic artificial muscle breakage.
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Proposed method of thin pneumatic artificial muscle with adhesive for the
enhancement of durability in a bent state. (A) Structures to prevent fiber
displacement. (B) Method to apply adhesive to the sleeve. (C) Modeling of
thin McKibben muscle sleeve. . . . . . . . . ... ..o
Surface of the sleeve of artificial muscle. . . . ... ... ... ... ... ..
(A) Contraction of normal thin McKibben muscle and thin McKibben muscle
with adhesive. (B) Surface of the sleeve. (C-G) Actuation performance of
thin McKibben muscle with adhesive. . . . . . ... .. ... ... ...
(A) Durability test equipment and driving system. (B) Repetitions number
before breaking with respect to D/d ratio. (C) Repetitions number before
breaking with respect to the thin McKibben muscle’s angle. (D) Surface of

the inner rubber tube caused breaking mode 2. . . . . ... ... ... ...

Node labeling of the tensegrity structure used in this study. . . .. ... ..
Definition of deformation magnitude of the tensegrity structure. . . . . . . .
Method for attaching artificial muscles to the tensegrity structure. (A) At-
tachment scheme to bring a node and a strut closer. (B) Attachment scheme
to bring two nodes closer. . . . . . .. ...
(A) Two artificial muscles that affect the height displacement of Al when
using the ”74/3 muscle winding” method. To give an upward displacement
to A, the artificial muscle in (i) should be driven, and to give a downward
displacement, the artificial muscle in (ii) should be driven. (B) Artificial
muscles to be driven and the deformation at that case. . . . .. ... .. ..
(A) Torsional deformation between triangles due to proximity between two
points. (B) (i) Three ways to divide the four triangles into two pairs. Three
methods to place artificial muscles between (ii) red, and (iii) blue triangles.
Considering (i), (ii), and (iii), there are 3 X 3 X 3 = 27 placement methods
of the artificial muscles. . . . . . .. . .. L L
(A) Load on the rubber thread used in the tensegrity structure with respect to
normalized length by natural length. (B) Force characteristic of thin artificial
muscles. . . ..
Simulation of tensegrity deformation: (A) Contraction and (B) Stretch. . . .
(A) Diameter and (B) height, normalized by their initial values, with respect
to the natural length of the rubber thread. . . . . . . . . ... ... .. ...
Simulation of tensegrity deformation: Bending. . . . ... ... ... .. ..
Bending angle of the bend module with respect to the natural length of the
rubber thread when the 0.4 MPa is applied to the artificial muscles. . . . . .
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3.11  Simulation result of torsion angle 1 with respect to pressure applied to the
artificial muscles and in all placement methods that can cause torsion. In this
study, the larger torsion angle at the point of 0.4 MPa is considered superior.
The data are shown up to the point where strut-to-strut contact occurred
in the simulation. For those without data at 0.4 MPa, the torsional angle
at strut-to-strut contact occurred was used to optimize the artificial muscles
arrangement. . . ... ... Lo Lo e e 41
3.12  Simulation result of a range of height changes relative to pressure changes,
normalized by initial height with respect to the most torsion angle using all
placement methods that can cause torsion. Torsion angle is desired to be
large, and rate of change in height is desired to be small. . . . . . . ... .. 42
3.13  Simulation results of torsional deformation of tensegrity, with artificial mus-
cles placed in the optimal position to produce torsion (A{A3, AZC3). . . .. 42
3.14  (A) Component to be attached to the tip of the strut. (B) Fittings to split
one tube into six tubes. . . . . ... oo 43
3.15  (A) Contracted state. (B) Initial state. (C) Stretched state. . . ... .. .. 44
3.16  (A) Diameter and (B) height, normalized by their initial values, with respect
to the applied pressure to artificial muscles when the natural length of rubber
thread is 50 mm. . . . . . . ... 44
3.17  Deformations of bend module. (A) Initial state. (B) Contraction. (C)
Stretching. (D)-(I) Bending in six different directions. Method of driving
the artificial muscles is shown at the upper right of each picture. . . . . . . . 45
3.18  Bending angle of the bend module with respect to the pneumatic pressure
applied to the artificial muscles. . . . . . . .. ..o oo 46
3.19  Comparison with bending angles of tensegrity in other studies . . . . . . .. 46
3.20  (A) Bending deformation of soft tensegrity modules with and without the
adhesive. (B) Durability test results of one tensegrity module. . . . . . . .. 47
3.21  (A) Deformation in tensegrity structure. (A) When pressure of 0.4 MPa is
applied to (A2A2, ALCl). (B) Initial state. (C) When pressure of 0.4 MPa
is applied to (ATAL A2C3). . . . ... .. 48
3.22  Experiment result of (A) torsion angle and (B) height normalized by initial
value with respect to the pressure applied to the artificial muscles. . . . . . 48
3.23  Comparison with torsion angles of tensegrity in other studies . . . . . . . .. 49
3.24  (A) Deformation of the tensegrity gripper. (B) Gripping force of a tensegrity
GTIPPET. .« v v o e e e e e e 50
4.1 Tensegrity locomotion robot consisting of five contractile modules. . . . . . . 53
4.2 Driving principle of the tensegrity robot and the control signal. . . . . . .. 54
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Adaptation of the robot to the width of the wall. . . . .. ... ... ....
Speed of the robot with respect to wall-to-wall spacing. . . . . . . .. .. ..
(A) Moving along a straight path. (B) Moving along a curved path.
(C)Vertical tube climbing demonstration. . . . . . . ... ... ... .. ...
Speed of the robot with respect to sequence time interval AT when the wall
spacing is 210 mm. . . . . .. Lo oL
Behavior of the tensegrity robot inducing propulsion from contact with a mud
wall. e
Tensegrity robot movement on a curved path in the field test. . . ... . ..
(A) Developed tensegrity arm consisting of two bend modules. The two
structures are connected so that they are mirror images respect to the plane of
symmetry. (B) Bending deformation when 0.4 MPa is applied to the artificial
muscles. (C,D) Motion capture markers attatched to the tensegrity arm. . .
Trajectory of the arm tip when the pneumatic pressure is varied. There are
two patterns shown in (A) and (B). As shown in (C), the arm tip can move
insix directions. . . . . . . ...
Deformation when a total of 600 g weight is suspended at the tip of the arm
with the arm bent. . . . . . . . . ... L L
The bending angle displacement of the arm when a moment is applied to the
root of the arm by a weight. . . . . . . ... ... ... ... ...,
Demonstration of the tensegrity arm with grip module attached to pick and
place of balls. (A) Initial state. (B) Down the arm and grip the ball. (C) Lift
the arm. (D) Move and sort balls according to their colors in three directions.
(E) Release the ball. . . . ... ... ...
(A) Ball throwing tensegrity arm driven by thin pneumatic artificial mus-
cles. (B) Ball throwing experiment of two types of arms. One is with thin
McKibben muscles with the proposed method; the other is with normal thin
McKibben muscles. (C) Repetitions number before breaking one artificial
muscle of the two types of arms. (D) Appearance of the artificial muscle
sleeve after repetitive throwing experiment. (E) Appearance of the broken
artificial muscle. . . . . . . ... L Lo
Tensegrity arm consisting of two modules that can torsion, a module that can
lift and a module that can grip. (A) Initial state. (B) Pressurized state.

(A) Module IT showing arms down while Module III grips the cap. (B) Torsion
the arm in the direction to loosen the cap with the Module I. (C) Module III
releases the cap and Module II lifts the arm. (D) Torsion Module I back
to its original state. (E) After turning the cap four times, the cap could be

removed by lifting the arm without releasing the cap. . . . . . . .. ... ..
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Tensegrity arm movement experiment. (A) Initial state. (B) Grasp the driver.
(C) Rotate the arm tip in the direction to tighten the screw. (D) Open the
gripping module of the arm. (E) Restore the initial state. . . . . . . ... ..

(A) Antagonistic actuation without slack. The movement of the robotic arm
is severely restricted because the non-actuated muscle does not extend. (B)
Antagonistic actuation with slack. The range of motion of the robotic arm is
reduced due to the initial slack. . . . . .. .. ..o oL
(A) Structure of the proposed stretchable artificial muscle. (B) Extension of
the artificial muscle is achieved by stretching the inner rubber thread. (C)
Contraction mechanism: (C.i) Inner silicone tube presses the thread against
the sleeve, locking it in place. (C.ii) Sleeve contraction pulling the locked
thread, which buckles into a wavy pattern within the sleeve. (D) Internal
structure and variables, where liyread,out = 0 mmat FF =0N. . . . ... ..
Fabrication of stretchable muscle. (A) Internal structure assembly. (B) Con-
nection between rubber thread and inextensible thread. (C) Sleeve prepara-
tion. (D) Cutting of silicone tube. (E) Sleeve installation. . . . ... .. ..
Performance evaluation of conventional and stretchable artificial muscles.
The plots display the mean values with shaded regions representing stan-
dard deviation (sample size = 5). (A) Sleeve contraction ratio as a function
of applied pressure, without sleeve-thread slippage effects. The stretchable
muscle achieves typical contraction ratios under load but shows a 2% lower
ratio when unloaded, as the rubber thread cannot contract. (B) Load as a
function of elongation ratio under unpressurized conditions. . . . . .. . ..
Sleeve-thread slippage under different conditions. The plots display the mean
values with shaded regions representing standard deviation (sample size = 5).
(A) Slippage during pressurization to 0.4 MPa. (B) Force-induced slippage
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(a) Detailed analysis of slippage mechanism from Fig. 5.2A to C.ii. (b) Di-
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727 7 4 (Tensegrity) (331 (Tensile) & #iE (Integrity) ZAMLBTHEL LTy ¥
IVRAR— T 7=k o T HNMRTH D, EfEE T 2O EIROMEIA Y 515k % X
F32r—oApolsE (K1.1) TH2 [19]. ZofE, K1.1IRT X5, BikEiE
B3 27D BREMNE2EBIRNEZZ 2HTICOATMPEEINTED, MisEHmR
T 272D DRBERNROMH L NTWDS [20]. 2D, —HIREERICE L TIERICEEN
M TRELRZEMZ D2 TES. MENORAFZ vy MIAEWIET 2 Z 272 5l5kD
2T SMIC Ko THMENTE D, BTOEMICE < 515K EEMS 23O D & o TRRETLE
LiZB %2 r 5.

Ty T4 MEEED b b, B (21, 1] =M (2, 22) REOAFICBWTEAN I
BT, EOBREMZFHT 2 22 TR 1.1A,BIIRT & 5 28+ X — MUVEB O IEFE 1K = o
EYPEIHEINTEL., ZOMERN 1LICITRTFOULIIEZIIFLDRE ZDHRMT DI

Fig. 1.1: Tensegrity structure. (A) Kurilpa Bridge [1]. (B) Public art sculpture utilizing
tensegrity structure [2]. (C) Tensegrity-based toy for infants [3].  All the images are adapted

and relabeled from the original figures.
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H B ICETIELIEHZNATED, A7 =5V T4 ICEATWVS.

1.12 YI7b7oEJ)T00KRY b

HETHOWONZ T Y7V T4 HED X5 IEIREME LTREY A YR DMz L Wit
K HWZSE1E, ME2KRoRMEIZ&EL %%, —HT, 7220 T4 BE0—H %k e
RICE LD WIE E WG58, EREOMIMEL &Y, FREEET 2. ZOFKK
TYERZV T4 M, EE, V7 FaRy MBI TV [23)].

Y7 haRy b [24] LEART 4 ICFREEZRD AN S Z e TREANOHEICEZR LT 50Ky
FTH%. BRy bOHKTIINEEK, BCE L BELHEC X > TEIfFORR X, Eifx%iE
WRDTE. ARIEUDH L T2EYNINIC, BEROFZMIEEREL»T 2 212 &k o THMOREE
WRICHEIG L 2BIfER SR 35, fl2F, WEED VBBV T, ERoEvwar Ry b
R AT 5 B D 25, EVO XS BFMIEE S DOaRy b [25] IFEHERFIE R L
WKHZEL Z E 2AlREE §5. AT 4 WEREZID AN Z 22 X o TRAMOBREICHEE L7z
BERBE T HET Ry b3V 7 bhaRy b THD. FiREEZROT 27 ) T4 fEra Ry
FORTFT 4 e L THWEZ2IZE-T, —EY 7 haRy FOHOEBEANDEINEERFRE D
213, 26], 7>EZVF 4 BEONERE, LRy PEERT I LN TE S,

fho—R Y 7 ba Ry b [24] DFRVREE LT, iR T V27V 74 liEE oo
Ay MCEREX, A7 =707 4, ERME, EHRINE, BIEZELESTH S 2ok
WrdHz. £3, BEOMERICHNTORVEZTHKATGETH 2720, BoaRy b E2FEH
LTV, F, b BEETHOULATWEMETH S X512, FMEART 1 DANPLKD Y
ZbhBaRy bHELT, RERMEZERLLTV. ME2EOITHBAPA T v POEZX
ZAC & BT, JERETE (27, 28, 29] 12k D, uRy FOMEIRERDICTZ L HAHETH .
51T, MESKICFIMABEREEZRD ANET o220 7 413, EHEIND - 7283 2 #is
R, RFNRIEHERE S ZERTES [30,31]. 2Dk, EWUEDLSHENL
7=BER, vRy FARBEOBRBEAHELEZEIC, aky FOBGNRIEEZ < 2 L BATRET
»H5. MEOEMEMEET 27 27V 7 4 M5 REM ORIEZ(IC X DGR DRI
BENIEZ N TEZD, HEZDESTH S [32, 33).

Ty 7Y T 4 SR WS 2 TEBIINE T & 2 BREEA QTR G 2
FHLE S e LZm Ry MEY 7727 U7 21Ky b (soft tensegrity robot) & IM:IXH 2
ZeMHB([13,34,35. ZITEET, VIZhaRy VBIBZTVEIY T 4 EEOBK, 7
JFax—a Yk, SEFEOBEDI S CNETRIAINTELY 7Ty 27V T4 R
Ay MZOWTIHERS. Z20%, TAEXTOY 7 Ty Z7V 710Ky FHAETIHEICOL
TR 3.

V7 hORy MCEBIFTBE T T T iEE
V7 raRy MCHOWLNE T V7Y T 4 MEIE, R by MROMIKEZDAEZET S
LD T F IRy FIERRREZECIEA Ty FIRORIKERZZETLZ2300H 5. 787V
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TAERBRT 22 TOMKERNSZA Ty b THBGE, Mk, AbFy besr—700C
BZNZNE A D DAEBE L. ZDD, ZEMIIKREZ LT EAM 2 X2 2 0EDR
, WEERBL-BEXGIDHEBENEMICRZS. 2Ty bRHAVWET Y220 7 1 fEIcBW
TRODEMABEREETZ2DDIE3ARDRALF v b 9 RDFEREM D OMZ T €27V 7 4
METH 2. ZOMEITHMAEERES T 2 -DICERERLERNESTH 2. ZoEzH
WY 7 b7V 7amRy b LT, BEROKRY b [4, 36, 37 BEAFEIALTVWE (K
1.2A). BRIKTEIREBE T2 7227V 7 4 #5538 [6, 38, 5, 39, 40, 41, 42] AL RSN TED, 6
KDRLZ v b 24 KDBEREM ZFWT 212V 7 4 HE 2 0 TIdE d Bl R 2 A
LTW3. NASA OBi% LT\ SUPERBall &V — XHAREMEFITH 3 [6, 5] (K 1.2B,0).
N=PaYIZIDZBPOEIDHZDOD, FRPFA L REICEIZHEER T2 7 —T7hHH
VWHNTWS. lH, 0—"—0OBFBICIIIEE IS TEMREIEI RS bh, ZOEBIIAS
TRV, =TTy 20 T4 &R0 —N—DRF 4 ITHWEGE, o ERIINH: % F]
HA32ZealaEe iz, BREROBELRHEIDERL BRI eEILNS. ZDkD, FiHn
AT 4 ZANDERE, Y7 727V 740Ky POBEERICHO—DOTHE. IEXT+F v
MEROMIAREREZET2Y 7 b7 27V 7 40vRy b LTE, BHEBIREEL EENZ
CHHRENTVS. —DOFIREIY O BHEOKRE R B L 72FITd % [7, 43, 44]. BWIOBHEE,
EVRITEIC X D RELRFEEZLZ 6N E—F, BEIEC TRRICEES 5. Sk (7] (R 3HF%
T, VA VEHBRICEDBEHD XS BEVAIEE(LEEH LTV (K1.2D).

TURZ) T4 fEEY 7 baRy MCHFT 2, UM OBEATIECED, vRy O
WENZENTE. Y7 b7V 740Ky bOZLIIEIREXZ 57— T AEDIT, 7%
COMRMEDD 2MBZHNS Z e TERUMELIHERLTWVWS. 2D XDRT — T MDA
FHALET Y2270 74 M, ATy FDBBEOWEDREEDHFICIEA T v MK ZED
fItEZ RS, EDZ2LOAAICEWEREDRE Y 2 512, 77— NVDARLTAMI v b
7Y ORI S MM EH WS 2 b 5. Xk [8] TIX, 5IRMMICERRr — 7 L%
AWTEBD, HFAMICEKIRICER T 22 MEZ A7y MCHWS Z 2T, BB L TE
D RS 2 Z e ARETH 5 (M 1.2E). 7z, FRMECHIMEIC X 282 WL X B 2720
2, BOWEBNMD oL ZIZDAR Ty MBEETEY 7 7RV 748Ky b9 b
FxhTwz (K1.2F). X9 KBF 2727 VT 4 DAL Ty MW & FEE ] §E
IR R EINCBIT 2 DBHWLNT WS, HfFEO/NI T =TIV T WS 720,
BRWEEL D SR WA I CEE U THEEET 20, BMOVEREIND > 2HEEICRA Ty
N S Z e THEBERINT 5 e TES.

FOFaI—avhEE

VINTYEZUT 48Ry b7V Fax—yavikix, 787V T 4 OWEDO—EEHE
BNCER I TE T HE, M7 7 F 22— EWMOHF 228 TT Y227V 7 4 #iE
ERBMNCEN IR HE, ZLTT77F a2 —RIZE3T70827 07 1 OFEEE 2D TR
T4 LTHWRHIED 3 DICKELL pETE 3.

REBIM S LT R IER 32 FIATIE, ATy VEEEX R 2RIk r— 7L 2 8ifEx ¥ 3
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1.Printing 2.Injecting 3. Curing Tendon . 3'? printed .
Mold & Struts ~ Tendon Dissolving Mold Cylindrical Tensegrity

Fig. 1.2: Soft tensegrity robots. (A) TR3 [4]. (B) SuperBall [5]. (C) SUPERDball v2 [6]. (D)
Variable-stiffness tensegrity spine [7]. (E) v-expander tensegrity robot [8]. (F) Dual stiffness
tensegrity [9]. (G) A three-dof actuated robot [10]. (H) Strut-driven tensegrity [11]. (I)
Modular tensegrity robot arm [12]. (J) Vibrating tensegrity robot. [13]. (K) Membrane-
driven tensegrity robots [14]. (L) Spikebot [15]. (M) Shape-changing wheeling and jumping
robot [16]. (N) 3D printed cable network [17]. (O) 3d-printed programmable tensegrity [18].

All the images are adapted and relabeled from the original figures.

FHEMREMNTHD, ZZTRERFNERNT v MNREIRI Y 7 — TLERER L IR, 2 T v
NEKERITUE, EBIO 7 7 F 2T — X [10,45) EFAVWR I TR NIy hORIZZ(LXE, fiE
EEREIES (K1.2G). 77Faz—Xoffffickhary rOEBLEFERLTWS. %
FES V& (11 ZRA Py b LTHWESEIKZ, ¥V Y X2HRS €2 BEOEEZ FIH
T2 TurAY FOESDENEZERL WS (K 1.2H). 77— 7LEREARI Y L TRd —H
2B DIE SUPERball D L5112, ¥ —TIIUEEZE—XPLIV VAR EEHWET A4 YEEIRIC X
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DENSIEDZRA T THE. FLALDT VLTV T AHETIE, F—TNVOAREPBANF v b
DAKE D B2V, F—7 BRI SS A+ F v MREIAL X D B FTOHHESE V. 2
D7, BER Ry MR ECEMLEIERET 2Ry TR -7V EIS WSS Z b
EANY

TR VT4 UTHINEY 7 F 22— R 2RO T2 5ETE, BXr—I1v%e7 2
F 2T —XIERT2DOTIERL, MELAKOIELTIEERLT, HESY VX [12] RER
D77 FaxT—R (14 BEBPHVSLI S, HK[12] TIX, YV Y XEHAVWSEZET, o L
SHFEMEARAL, 1.2mOuRy b7 —AICBVTERIHEZERLTWS (K 1.21). Sk [14]
T, 77V T4 O LTEKRDO 7 7 F 2 2 —XZWD 1T 2 Z & Tliadd b BifEz EH
LTWwW3 (K1.2)). BIR7 7 F 2 2—XD XS BRBERT 7 F a2 —XeHWESGE, iRy b
EREREICTZZLDAEETH S (X 1.2K).

XD, 77Fax—RICXk2T7087 )7 4 OREBINARER AT Ry N ZEEXE2
DTIEHRL, RF4DO—He LTT ¥t Z V7 4 ZRHWS Z & TENN 72 W0 Do E BRI
PEERIEH U EE D 2 < 5 XT3 [13, 16, 46, 47). S#k [13] T, KT 47>+ 27V
TAEE AV, IRPT-XCEVEBELTEY, MEOER I NIV ODOREVEEIT HH
LTW5. XHk[15] T, 727V T4 DR Ty MEMICEES Y X EHV, #EosHil
WALy bEHEIIETZETI7 70 ICHENRES A, ERADRYy U TE2EHLTWS (K
1.2L). F72, 7y 27V 74 ZElr LTHWEZBRY b [16] &7 227 7 4 HEOEFIC
LD HERORE, WBRCZBEICECTE(LEES. ThsonRy MIZENRERZAREL §
5T, BNERTINERSAEMEREZER LTS (M1.2K). Zok5 17127
74 BRZEREE2DTIERL, RT4 D ANSZZ L THZORMEZIEHTE 5.

BEFE

TRV T4 RS ERRINE, WM, R ORL REBRIREEZE LTV, 1
EBPEMCR DR TV, DDA Ty bh oA E TIREHEESEE TId R0, B, &
BEWoZBHDRA NIy V2ETET72 7V T 4TI —7VOARDIEFICZ KD, &
EHERENEL KD, Ok, Y7727V T 40Ky MTBWTIZENESTE S T 5
D—=DR>TWVW5S., 727V T4 EETOT —=TAP—D2DMD X S ICHWTHEBEX T
5. COMHEZENLT, F—7LEn%E—Kr LT3D 7V ¥7 4 27X DEYES 2510
MHEEnT&Z [17]. 3D 7V 74 272 &D, —RlAS 2 2 e Tr — VAL DERA A E
%%, ATy beHAEDLEBZLETITERICT 27 74 28WETE, nRy hDHAIT
THp M5 (K 1.2N).

ANT Y FOREBPHEZ 51200, F—TNVEALNT Y POMAILTHOEDTEIBRL LD, *
T, F=TNREITEHEL, AbT7v bdHbOETRKRICEET 2 HENRESI N [18] (K
1.20). ZOHETERA ISy MRy — 72K LA 0tEL2 —EI123D 7Y » T
5. ZDtk, TLEMERLAA, BHEEEZKEIPT I TE R T VL2 T4 BEERS
WEHLTWS., BEAEOMEL, A7y FOARKEES L THRIFICBII 2 FHIZEDLS
T, EHICTEMLEE RS ICEBRRETH 5.
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113 ROV I FoEIUToORY FOERE

FRROEIEY 7 Ty Y T 4Ry MIEROBNEEEZFFOR Ry b 2 I3,
ERRIRIESRBIRIRANDORMAZE IS EZ B LTS, ZA6DMIEY 7 brRy b LTOF
MTH3. —HT, RF4BETIVaA—rITLDEIRFMEMETHSZ Y 7 bary Mgk
N3 e, HHEEEEZERTL, RERRT 4 ZEDRT VLV LR F>. 2, 7~
£ 7 7 4 DRI & M O T & SN e RO E B T 2D TH . MUK
DER L UCHARET 3729 [48], MM Y 7 b e Ry MCHATAERRT 1 R2ED T,
FIMZED BTV, 205, Y7 TFrEZ U T4 vRy FEERDVNORY kY
ZbaRy FOHFHBOFEL LTEZLZIENTE, ZNZNLORMEEDIT I DTE 2HE
D—FETHBLEZBND.

INETIE, Y77y Z Y740 Ry FORES, A7—J8 VY 71, EHME, HERIY
T, MEZLOBGIIRENTELDDD, ZLDOY 7 727V T 48Ry MTEWTH
EOREBNAREEIZINZIVWBDIZ ¥ EoTWb., KEEZ LT ICHEN D B2 EBETE 3
RMCEHBRRIMEEZBE 5N 2 MEREROY 7 v 722V T 40Ky FOFIETHZH, V7L
TV T 4Ry MBWTAEEZHEHE LEMRINCERT2 2212k, Y7bh7o27
V74 uRy FOHAREEZIAT 2 Z e TE 3.

114 VI rToEIIVTAEDa—IILORERICKL ZEHEORY b

TRV T A MEOHIREIMR T 22 TOERDNDODEVIC L s TIRES NS 2D, £
DFFEIRT 7 F 21— a VIIEHTIERYL. 208D, KEFENS>Y 777741
Ay PORFFEICBWT, Ry bR, BREREL, 77Fax—>a v HIERIRET
2 S BRI, B2 Y, BRAEE LToRATIEY. Ztoasgst, FUH koo
WiE, EANBREREITS Y 7 b7V T4 Y a— V%2R L, ZhoZ2illaabE 2
T TV —va b LEY 7 b T oY T o u Ry M EABETIFEIEEI LV
EZbh5.

ZZTAMETE, =207y Z7 V7 4/E (702707 4EY2—0) KBWTK1.3A
R XD BBk ARERZERL, IObZ2HBIK Fkid, HAGDES I TERLENELHE
W3aY 7 7707 48RKy MZOWTHDEKS. ZOLIREY2-NVBDY T bT ¥
7V 7 4aRy MEFIZIR, K 1.3BIRT X5l Ath, e vwoZEREHAGD
VLI LICXoTADILH ASZ e BRI ADIAATHE, FRT L eH
TZ5%. X1.3CTi&, A5 A2 D0REZIBATCB W THND T W&V 2 —RHITLZ %
VI FrRZUFsaRy COMFERT. ORI EEEY O FAFET 2 7-DI12135
BEOHZ2MHEZ TD, BFSHATORVHEZEE L THO FAZET Z2HERHD, X5
MiEME %22 E51cu Ry VPEETZ2LESH S, @%, aRy MAEEKEDOD ZREE R
2DIFEZTERVY, Y7 7y Z7 V7 48Ry bOFOHRIUEICLD, AeRy M
BHRHEE TN TES. X510, MEREABI BTN S LIk THiEIA TV
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B Scenario 1

Stretch module

Fig. 1.3: (A) Tensegrity structure capable of large deformation into various configurations.
(B) Cave exploration using the highly deformable tensegrity. (C) Supporting a semi-collapsing
structure using the highly deformable tensegrity.

WHHTENICTEIS L2 DS HRBEN T 2 Z e SA[RECTH 3. ZLC, 727U T4 OERMICED, B
DT EEY e —RICEZA B eI TE 5.

115 BERYVI LTI IVTAED2a—IILRRDIOHDIT Y FXVEANTH

—DODT VTV T 4BV TERARERZERH 258, BT 277F 22— XD
MELRDBEEZLNS. BEORERT7 7F 22 —RZ2HWR T2 7 74 GRS
% Jo DITLETLRITEM ORIPEA R E {72 D, FHMEZRO Z e AR 22 2 e EZ 6N,
DD, VI TRV T 4D 2a—LDDDT I F 2T —XDFEEIZBVWTIE, ZOIRX
PHEHETDHS. ¥/, 77F 22— XDI0ERHEOZERINEZR[THE. Y7 7oV T4
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McKibben diameter: 10-40 mm

Thin McKibben diameter: 2-4 mm
= K M

Initial state Initial state

. »

= RS O S |

20% contraction <

Pressurized state Pressurized state

Fig. 1.4: Operating principle and the physical artificial muscle.

ARy MZBWTERE— XK 27— 7 VEENE R EBBFEDO—D2>TH 20, r—7
25 oR27-DICHBBRERERNEET 5720, B2 HWI0ERD 2. Bz w3
BE, METTr— TN EBEMA I3 LR, aRy rOBEEENEL K3, HlXIZ,
SUPERDball v2 [6] TIZ—[ED#z23 D 10 HEREE L, SCHk [40] iICB1F 2 0Ky b O—E DR
DITIZ 3 MBREETZ. 2LT, Y7 722U T4 Y 2a—LOERMNEEPT-DI121F
TIF 2T —ROERMEDNEETH L. T I TAMETE, Ty T ErEfExE 57
HDOT7 I Far—Re LT, BETHHRPLHNEREDEL, 2B HOE N~y FAY
BINTH [49) ZHWR 2 $3. ZO77Fax—RZHWTIESBD Z{T5Y 7 Tk
F4mRy b [50] 1%, —EOEESDICET 2 2 WEETHD, BRE—XEHVWERAL
N TREIHE D,

< IRV ATHIZEERX A TO7 7 F 22 —XTH5 [51][62]. EIZ, TaFa—TZh
EEORAV=TDoRDLSVYINEMBEERTS. RV — 7 DRAMIC K > TZEERINREIUE
T3h, METE22ORMEDSRL S, ZEMMEICHET 2 X4 70~ v FX B THIZEHE
NeXz22BOEEERZERT 2HEND 20, ZEHMFICINGET 2 24 TO~ v XA
THIERNZXFFT 272DICHVONE - DBERFELF BT 2 BB, 2D, ZEEHIN
FICINRES 2 X A4 TO< v FXUVBIANTHOIZ S 02 F <, vRy FEFEZZLHWLAT
W3, ZONMERD< v FARBANTHE MR 20% BEOIGEREHT 2. 1 mY7k B+
25 LB IFHICRETH D NS, 0.5 MPa REQEEZHME TS 2 T F=a— >
YWVt KERNEREZIBLZZENTES. ZOBVWHNEREZENLT, ZhETIZ, 1
Ry b7 —2 [52, 53] WU AR v b [54, 55, 56], Ry > ZuRy b 57 KISHINTE .
M RPEIC N LM T [58] 1@ H O~ v F AR THAEE 10 mm 725 40 mm L
ETHZDITHL, F2mm A5 5mm EWVWol/NEREEDD. TONIRFTID, MIEAN
THGEE DO~y FAVEATHO X5 REWHAERICNZ T, BERCHE VTS ZHRMEx
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A5 5. BERRIRZT TR EHIRIEEICE VT S AR EEI A RER 2 ORBUIMER DKW A TH
TREFHRETH > - FHa Ry POEHEZAREL L, v XV ATHOISHATRENEZ & o
3. BHOMBATIHZZ LD THVWS 2T, ZNETRADEER Ry b [59, 60] FV
YHla Ry b [61], RBaRy b [62] BREFEINTER. £, 2OMRXEZMHTE 2 T/h
BpHFRRY b [63] v al—&[64, 65, BRT 1 v ra—7[66] 2L b 5 IS
ENTW3. X5, MIRATHIEENT 72 IRAECERB I AE /2 72 DR ¥ L TIRAAAZZIREETH]
3% Z e TE (67,68, REERARENEDAIRER Y 7 F 2 = — &2 L THMADTHOATVS
(69, 70, 71].

Oy IRVEAANTHZHACTHEI XN Y 7 b T2 7T 4 Y 2 —LX, X7
VT4 ey FRUBATHICHBT 2METHZ, BEX, FRMEEZETS. 251, A
THMNECREIOEEEE T 270, EERICEESE2 Z L2 lREL k5.

116 KREFZEIBAVILToEI )T T a—ILOXRRICHITS55E

V7T TV T4V a— A EMAEDETCY 7TV T 40 Ry bEMKTZZ
YEEZDE, TNPROEY 2 -V OEFRIEFIKREVEIPEF LV, BITHIECBEVT, X
MEREITS> 7227V 7T 40Ky b [17] Tid 25% BREQHEHAEFK2RR L TWa. 7,
AT 20 deg 1215 [12], AL DA TIE 10 deg LUF [72] TH 2 (PRI 2 ARFFETHW
27k T A MEANOHBBHETH Y, HREFEICOVWTIIHE 2 BTHLIARS). Zhoz
BEWOEREOHEEDHEZ L LT, AR TEZNS % LHZ KER % HIET.

LDL, vy ERVRATHEHWTT Y22 74 g2 KREE 2 ¥ 38548, NTHO
20% & WS IEROFIRA K E LB L 2 5. BRE— X WY A Y ERERCURUGHER O
BRIZ7RwA, ANTHiZHV 358, BAT 20% BEOINMERETLIrAVS Z e TER. H
T 27V 7 4 BER IS WA e A TICATHREE L 5E, MEeke LTo
ZIEIANLHOINMERTH 2 20% U Fekh, REBEZERIEL Z I TERL. ALHOD
20% DUKEHR D & T > 7)) 7 4 BEDOREW 2 A C S8 27D DENILKEEDI L E L 125

REWETO NTHBERDY 7 b7 o227V T4 Y a— L2 EHT5-DICEBT INE
BRZE, VIbTURTVTAEI 2 VDEKERDLZ TRV T4 BEORIK, £z, 20D
TRV T4 RNTAANTLHOBELETHS. ThSEHYNGEET S Z LIk -> TREW
AREDOBBERY 7 T2V T4 BV 2 — LB FEHT 3.

FT, RKEWT 27V T4 ED2a—NEHDOEDODT 27T 4 DBIRICTOVWTEZ 3.
ANy bORZTVETY T A BEIIBOTRD BMRBRIE 3 ADA NIy b 9RO
Lt B2 bDTHS. LirL, TOMEDTD XA FEEBRICEEL, AhEMZTED
EOBERERECXIEZ N TEZM LIz 25, MfE, iy, AL HIcE L TRiTRE:
FEZAREREECZEE ZCERETHZ EZ LN, 2L, TVE2Z VT4 OEDH
HEICL2BDTHELEZLNS. 3KDA NI v b 9RKDI LMD SRET LIV T 4
OREDHHEIZ 9 TH Y, FEDHANCHIENE L DT, i, #F, RLbrwvoiz
EREELCLIEL PN KD, —/AT, KR15AKCRT 6ARADR T v b 24 RO 3 Lkl
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5% % Six-bar tensegrity DFIEDHHEIX 24 THD, 3KDA L Z7 v bDdHD LD EER
LRTWVWEEZSLNS. ZOD Six-bar tensegrity & A b7 v b OKAEKBIRD T > 27V 7 4
MEDOHFTIIRHEHMBHBRTH 2. ERICTa b &4 F2EWEL, ANEIMATBIC, BREIR
O E D REEZEC S ER T VI L DMHRTEL. £, MELOBA»r L b EMTE
BROETHZeEZ, REREELIEZ/2DDT7 27V T 4 Ok L TERBIR TR H
fli7e Six-bar tensegrity ZH\W5Z & 3 5.

EREERTVWT 7V 7 1 Mg e U TEE L7 Six-bar tensegrity % A\ Lffi% HW\WTKZE
BEEDEZZIZEoT, BERKREWT VLIV T4 E 2NV E2EHILELIENTES. £
DIDIZ, 72TV T 4 ODREVEBD - DY) N TH OB HBRNEE 725,

1.1.7 =ZAFRORHLICEZ T ET ) T4 ODRERFEADRESE

% 2T, ARFZETIX Six-bar tensegrity WO =MFICEH L7z, HHT 2 ZMAFIEK 1.5A 1R
THOTHYH, —DODRA T v DL, ZOA LTy FOUE»LRBIELIMET M0
2 Tv b, FASEDOKRE 2ARDEETMP SRS, ZO=MBIIHLENIC 12 BFET 5.

ZO LR2MHD=ATEDON, 6 HZHN LD RFIEE LB KT EZK 1.5B ITRT.
ZRZNOZAFORBEOEIICERT 2, ZhodRIZTNIVH DD, EERIKY L
TERERIHEEFEBHINTWE Z e DHETE 5. 20k, ZO=MFORFHLERAHT
52T, NLHDO/NE IR HWTHEERRDOREEZEBTEEZbNk. 22T
AT, ZO=MAEEZATHEZAVWCTREIEZ 2 X577 ) T4 OREBFIEL IR
EL, TOFHILEET 27V T4 DREFITOWTEIZEDIKS.

1.1.8 =AFORFICEY 55RE

X 1.5 1R T &5 12 MO =AM 6 o =M EEBNICR X8 35, BEBINICRTX
FTOVROWEAENZEINCIAD 2R FOMHER I N, ChEEINEROROMETH S, M
EEROBHELFNIHRC I DEET 2 ANOBTH 2. NOWMDOHAD & 512 L FICED i) 7%
RD D 256, RFAIOHREZREIT 2L, b5 AOHREZENCHEIELNS. FHlo
R ZENCH S 2 B WGE, FllofRNEREIXE XS & LB, &5 Rlofin
DZOEBEHET 2. ZOHELIC LD, HREZHNLMEZHFETEILEND L. 7
YRV T 4 SRR ETIRBIR TH 2720 (73], FAEOMEEZELTED, S=AFIZ
BINRILD D AR LBRWEGS, ZARERTEFIE LS Lz o =AErn 2z 0ZLH %1
EFTZZeehd. Ok, 77T 4 OEFERICH NOBOMA & Rk, REBEINZ =
GO TR RN R ZATEDIEN D ZFFETE 208D 5.

Lo LBEYES, ALHOREDO—2L LT, ZEPHEMIN NIV WS HAHE. vy FA
VHEINTRIERY — 7 TAF 2 —TOMHIZED, ANEMATE oo HAIMHEXES
CEeDNEETH B [74]. TDD, K 1.6A RS &I ICALHZLIREME D CHE L HEI
BATHZIGHES 2 Z e CEAFORLEERTE 32 —75T, KERZHWRILDS D RHHE
TERWV. FBRIZT V2707 41 O5REM e LTATHZHWZEE [50, 75] 12X, D ZE
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A Triangle in tensegrity

End point of strut

B
Nber thread
a I I a2

Another strut

One triangle compressed

“ \/\\

\\/ -
\v-

Fig. 1.5: Large deformation of the entire structure achieved by combining the compression

deformation of triangles.

FBRIEHLTWEH00, #EeRe LTOREREZECIEL 2 IFTETVARY. IR
WA NTHI T2 FERBCHE S EL5EI0E, ALHZINMSE T =ML 91K
FEXEDLIENTERY. 22T, KMETRZO=ZAFORFLOTEL L THREALTZH
WeFEY, SHMHREEZFET 2 ANTHEHVZFED 2 0RRE T 5.

X 1.6B IR FiEE, —AFOAMCHREATHZEBEM T2 X5CHET 2 FIETHS. A
Foy MR ORIBAETH B0, NTHZIHEX B, NTHOINHEZ 3 X THI5RER
MORIZICHHT 22 M TE, ZARZREIELLICERIELIENTES. ZL
T, 722 FERETHEL TV 2DZBNREND ZHFAET . I THELRIZDNEL
DY 7 ARy MCBOWTHEL 2 5 AM [76]) TH 5. BEIUIR, 72130850 CHE X7z
FBNLA DD IR LN B TEWIMALEZH T % 2 2 I3KASH: s-muscle IZ & h/RETW
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Initial state Pressurized state Passive expansion

B Thin Artificial muscle

Slacked
r/*\}
L 1 [ —1)

Initial state Pressurized state Passive expansion

C Passively stretchable artificial muscle

/\ Stretched
. . ,A‘ p

Initial state Pressurized state Passive expansion

Fig. 1.6: Compressive deformation and passive expansion of a triangle using artificial muscles.
(B) Case using standard artificial muscles. (C) Case using thin artificial muscles in a bent

state. (D) Case using artificial muscles with passive stretchability.

%. L2 L, s-muscle DF® 2 HHLED SH4NT, MBATHZ BT RETHEHRT 2
BUCIZTHAMSE R LTLES. 20, X 1.6BITRT FEEFWVS o3 EIRECS T
BN LH OMANEE M X8 2 080D 5.

X 1.6C \R3FikE, SEMHREEEZE T2 ATHEZERSE, ZOANTHEAVSFIETH
3. BEONTH FAREOIMEEH LA S, EMERCZENRMREEEZFEHIESZ 2
T, M 1.6CIIRTREBIN AR =AFOREL, ZBNRENDEREEHTES. ZOFEDOEY
DD, BIERHEMNT 2 Z e TIMET 2 2B TE, 2o, EMERICZENRHEELE2H
TEHLVWHRDON L ZHAHET 208D 5.

D &5, BMENO=MFORHICEHT 22T, K15 IR THEDKRZRINFEE
BEANTHERHWTHERETZ2EZONS. Y7 TRV T4 2a—VERETICH
72h, AR O AR 5T, MOEALH TH 2 MELE, MTER, AL HLER, BAEHEE
Ry 2080H%. “ARORELEOLIHAGDESEZ LT, TNHLOREREEBTE S
», Fl, ZARORHLOATERTIREEL, COXIBRFETINSOEFZEBITE
B, RFICEIT 2HED—DOTH 5.
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1.2 HWZEEB

RO BN, ZHRREREZTOBERY 772227V 7 4 €Y 2 — LV OBHERRIE,
77 Fax—a Y HIEOWINII X TREEY 7 b7 o277 4 aRy b OEBERN = L
THZrTH5. HfHE, #F, BTD, MRKFOREKRNLRRKEREZITS>Y 7 b7 027V T4 E
Va—nEEHRL, ThALEHAGDLEIZIEICE>TY 7 77V T 48Ry FORERIC
ROERREHZERT 22 EHNE T 5.

FRTHBREZRRRER 2TV 7 b 70227V T4 Y 2 — LV IIHEENDO =AF DRt
EHALGDEZ ZLICEVEREINS. 7220 T4 BENO =M 2R3 FEL L
T, 1) MEATLHI %72 EETC=AFOEBICEE S 2 Fike, 2) ZBINMEEEZET 2 A TH
EHWSEFED 2 OOFEERET 5. RS, TNHD2D2OFEEHNT, 727V T 41
BEOREWDOEBRFEZMWLTS. 2L T, #RT22D0D0FHEIZLIREHY 7 T
TAEY 2a—VOERMERT DI, REEPERATHZY 7707V T 40Ky bAD
WHZITS.

BRI, 1 DHOFIETH 2MBEANTH %722 28 T=AKORAICEE ST 2B L 2
BANTH ORI IB T BT AMEOFE IR LT, BEAZHWEZMEANTHOm AR EF
BRERET S, WA Eodic, MEATHORY — 7 ICEERNC X 2Willl =T 4 > 3
UHEEEER L, ZhDBANTHOMAMNICE X 23R E M AR &> THRIFST 2. 2 2HOF
FOEBDDIC, ZEIHEEEZE T2y FRVHATHOERFEL LT, #EEET 3
e et 52 1 AOMERERD < v FXVRIATHICMZ 2 FIEERETS. ZOA
THZEEEL, WFEERHEO»ICT 5. £, BEFEHEEZIEZETLERAVTHL2IZT .

“AORPLEMAEDEZ LT, Y7 T 27V T4 FY 2 — MBI 3 WL,
T AR ORB G EEZRT. AL DEFICOVTIMEATT 2 AWM ERIC & 2 FEHT
BaERT. ¥, MAREBEIZHNHEEEZET2ATLHEEES Y YR EMAGDRIC LS5
BAEZRT. ChoDZERICELT, BBRICEY 2—LOAREREZELIELNE IR,
NH¥YIal—Ya e EREHCERAEIC L D FEET 5.

ZLT, ZNODOREARERY 7 v T Y27 VT4 EY 2a—ADPEHTHS I E2RTD
2, EVa—ARHWEYZ Ty TRy FEREFEL, BERRIET 5. MEATE
ZPHWEY 7 8Ty 7V T4 Y 2 LOI0HBlE LT, BEEIRNCHEE N ZELSEE 2D
TE2BHHa Ry b, HPEENFEER Ry b7 —24, QU HBENARER =Y 2l —&
PHFET . ZEIPEEEH WY 7 b T2 T4 Y 2 - LDIGHBIE LT, #A3D &
ERETS > uRy b, EHCBE L BRI e Ry M RT3,
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Fig. 1.7: Structure of the thesis.

1.3 X DB

ARSI LT IRTED, SEMR L L-oTW3. B 1ETIE, AIELREET2Y 77
YRV TF Ry MCHETRETMIEEERD B, BIROBEEHS2ICL, RO HKE
WA=, 2 FE T, MIRATHOREMIRETOMAMR EFEE LT, ATHDRY — 72
BAIRBNT 2 FIEEIREL, MARBEITS 2k oT, ZOMBREMAT 5. 5 3 ETIX
MENTLHZ T 270 7 o NCTHIMEETHE T2 2 TEHRT L2712 7Y 7 4 OREFI
DVWTRNG. 54 B TIEH 3 B TEHALMEATLHRERDOY 7 b 727V T4 Y 2 —
ARy MEHIZOWTIARS. 5 BETEZENHREZAT 2 ALHORREIC OV TR
%. %6 FETIXH 5 BCTHRBLAEATHZHWIAILAE AR T €27 7 4 DREFIZOW
TidNZ. H7ETIEE 6 ECEHLLMLAREREZMHES Y 7 b T2V T4 0uRy MbH%E

179. ZL T, BYETIE, KX DIHMMNSHEDELIZOWTIENS.
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5
it

N

=z
=

AT EH O B RSN A 1E A _E

AN

el

RKETWET VRV T A NO=ZAREERIEL2-00—2oHDOFEL UTEHEEL 2 2 ik
RBIzBU 2MEANTHOMANED R EICOWTER 3B,

2.1 EERETORDIRLURERICS T SEEALR
DIEBEE

AREIWCHBIT 2 ANLHIICE, SME4mm Ry =F Ly oLy (EPDM) OF a—7, K
VIFL 7L 7%5—1 (PET) ORY — 72 HWIMEANLLD (EM40, #REX& 14t s-muscle)
ZHALL. ARANLHITEES SR T DR USKENC B W TR AR 2 v 5 3E Z 4
ZTED, I TOANLHOBIED 7 V7 O BlE I N, ATHioITsFa—T LTS
A=Y ITLEHVEGEIES ) a-Y T LOMAMEC I D ALHABHE LT R 2 2 255
TV [77). =T, AR THAT 2 ALHDIT LF 2 — 71 EPDM 2 HWTHED, EFIR
WCHELE X 728551203 0.3 MPa T 100 A EIO# DR LEITEIC S 2 5 (MRINA 4L s-muscle). Z
Dz, ALF 22— 7 HEROMAMIIIRKZRBES RN E Z 5.

JEEHIRRE T O D IR UBKBIRFIC B 2 A THIOBERTFEREST 27290, EikET 2L
WKAED R UBKEN S 2 RN THOT2BE Lz, BODBLEHT2ZICk>oTRY -7 DM
MR L DM ERBRIK 21C ITRT LS TN TV oz, M 21BIZEEZHIML TWARVWE X
(K 2.1C.4,iil,v,vil) DRV — 7 OfHEE L O ERFRO ThOZLZ RS, ALHDRAY —T7D
WHED 72 LT B0 OEBUS OPIHIREE (K 2.1C0) » 5 0EMEBEEEED SFHARD, LIF
ORICE->T N HHOEMN AL ZHEH L /.

k
1
AL(N) = 7 Z \/(:L‘ZN —240)% + (Yi,N — ¥i0)? (2.1.1)
i=1

k=13 & I_/, ':F'y%f:ﬂgﬁj\ 13 Jﬁ@%ﬁ%ﬁlﬁ]jﬁo)i/ﬁ@@t%%ﬂqb\fi fﬁ (211) IZBWT Zi,0,Yi,0 8
FIEAIRAE (I 2.1C0) BT S 13 D55 i HHOKD x BRE, vy EEZRLTWS. 2L T,
ziN,Yin & NEHD 13 RZRZND x FERE, vy EEZRLTWS. —HTlEd 323, 2.1B
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A Sharply bent state B Misalignment of fibers
’ after Nth iterations

A L: Average of

T > arrow lengths
£
~
<
<
(V]
S
(O]
v
©
g
o a . . . .
C.i,jii,v,vii 0 20 20 o 50
C Damage mode 1 Number of Repetitions N

Fig. 2.1: (A) Driving mechanism of thin McKibben muscle. (B) Appearance of the drive
of the thin McKibben muscle in a bent state. (C) Fiber-to-fiber misalignment of the sleeve
of the artificial muscle during repetitive driving in a bent state. (D) Mechanism of thin

pneumatic artificial muscle breakage.

Mo, N=67TICBWVWTALDP 45 mm 2D, EPo7RY) —7D#ED»HX 2.1C.vill D X 5
WKTLF 2—THRECHELTENZ Z b o7z, DX ) EHIRETOM DR LBKEITIX, 2
Y — 7 ORI L O EBFRENITND 28T, Do) —T7OME»PSNEFTOTLF 2 —7
PROHT Z 2 E> TATHIIHHET 2. 2V —7OfERLOTRIECRVI e BNEF L
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W, HARICIE AL 2 0 mm RO Z EDEENS.

2.2 HEFIERICLZEHRRETOMEAIRHOMA
M L FE

JEHPRRET O N THBHEMF X LR 0@ TH 3. Do, RV — 7 OMMER T o/ iE B
DFNEP S Z e THIPIREORED B LB T MEALHOMAL 2R ETE2 £ X
bhd. AV —T7OMMERTOMEREBRO TN 2N <CDIZ, MERPHM SR — 72 HWT
A — T OMHMEDP LA L TV B ERD ZRIE T 2 TIEPRESI A TS 78], LaL, @HEOANL
FNIIFRE R O SN TED, ZOFEZEHT LI LERETHD, £, MEDLDIZ
FERQBELY T220MIAESTERN. Z 2 TARMETIZ LD fEICRA Y — TN 2L T2
WoEEET 5 THEL LT, #&# (LOCTITE 401, Henkel AG & Co. KGaA) ZHW=#H L
WHEBEERIRET 5.

IR AAZN TV S 20, BMHERITLICEZE VIS EE S ARICHDREBL. 2ok, X
220ITRT LI R=T 4 > a VBEZDIT 2 28I ko TR Lo Th 2 & 2 e HT
x3rEZoNS. LaL, EEORY — A OMMiR A A—T 4 > a VEEEEROITZ 8
BHREETHZ. 22T, HEAEHAVWS Z L TR 2.2A10 OWREXHHR T2 HEEIRET 5. K
2.2A 01 IR T & S ICHIHER L0382 U 2B IR R R A T 5. AR oIk, Sir3
T I LT, RABEEAEREL, X2.2A10 OFRELFEHTE S E X .

EAFOEECEL TE, BEABELATOME L BLBROBEEBED 2 DOBERELERT 5.
BELRTICIE R Y — T DX v & 2 EE RSB RVRELRD 570, FEFDBMETHZ L &
V. E e, NLHiZERE) X8 2 BICEEAIDRHEET 2 0% < oo, Bk O &S WEETRED L
EHThH3. ZOOOBEMEDIS, BEE (70 205 110 mPass) 2oE0WEANGEE (Hl21X, PVC
T 10 N/mm?, KU H—K3%x—}T9.6 N/mm?) 26T 2 m@aLER#ER (LOCTITE 401,
Henkel AG & Co. KGaA) %i#EE L 7-.

2.3 MREAIBORYY—TANOEERIDOER

AT, FEADOLETRAY =T RIEPTILIZL > TRV — T OMMED R L 72585712
2200 D XS WCHBEREBM T2 I 2EBT 2. R — 7B T 2HEAl L L C Rl b
#£#5# (LOCTITE 401, Henkel AG & Co. KGaA) Z W=, X 2.2B.i,ii ISRT LSV
a— > 3 4 iz (EcoFlex00-30, Smooth-On, Inc) ICEEERIZE D LT 5. B INF#EEAIO
EZ2M2.2Bii ICRT LKAV =T 2@ LR EBR LN T 8 TRV — 7 OMMENRZE L7
W HEERERT TS, O E, 2 —T7OMBRESEADPEEZE-TLES , RV —7
DHFEERDSEDATLES. 2Dk, AV —T7OMEBOFIHEERBADAZRNESICT
ZIENERL S, A —T7OMBCHEERNEELZERES Z e 2l oil, ZODBERNER
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A

i. Structure to prevent fiber displacement ii. Proposed method

Fibers of sleeve Adhesive

26, 20

& <

Partition
B
i Adhesive i iii Bar Sleeve
/ . /X
( \ \ ,,,,,,,,,,,,,,,,,,,,,,,,,, ‘ O
} =
\\ 6 mm
Silicone block Spread the adhesive Roll the bar
iv v Balloon
( =
PRI I I I I I I IS I
9.0, 90.0.90.90.9.0.90.0.0.0.0.0.0.0.06.0.0.¢
booooooooooooooooooo’
EESESEEEEEEEEEEEEEE AN
Pull after 10 minutes of b.iii 0.4 MPa
C . Sleeve during deformation
Sleeve of initial state 4
‘ v
4
()
>
=
<
N

Fig. 2.2: Proposed method of thin pneumatic artificial muscle with adhesive for the enhance-
ment of durability in a bent state. (A) Structures to prevent fiber displacement. (B) Method
to apply adhesive to the sleeve. (C) Modeling of thin McKibben muscle sleeve.
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Y5, BEAEEHT O —TOMEDERYE >V a—r I a LIZRIT 2 BERIO-ED
EXTH5.

9, RV =7 HEKEERSFERIIEERORBEEZ/ NI T2 L5 MEHT 29 TR
DBIEES N THEEREBHONZXICHS. AV —7OMEOHEEIANE WGBS, HEHNIH
HICHE IR - BRI O REEA/NE V. 20k, EEFO/NSRRERNTIIEEZHET 2
ZeATEY, MEHCERERS. Wi, 2 —7OMHOHEEZKEL T2 T, HEFIEE
RoGEDOEERROREENREL RS, Uk D, EEFO/NSRRERSTDEEZH
BLL3L k5. 20k, HHOHEBEEZKE LILREBTHEERNZBH T2 TRAY—-70D
WHICHEZES Z e ZiER T RS, 22T, AV —7WXEITEBEBEORICE>TRAY —TD
MEHZREL T2, AV —T7OMHEICEET 2ZB%ZK 2.2C 1R 3. RV —713 2n KOMED &
o TBD, 1 ROMHEIZOBARICEZFIoNTVS. 1 KOMBEDOLLADKEL Ly &5
3. £z, RV =T OUHPREDORE Dy, BIWRD 2 Y — 7 D% D, 2 — 7 OHIHPREO R
AA%E 0y, BEROR ) —T70fFEAME 0, WO EL ¢, MEOUVLFEO—UOEZ R a k
T35, Zor%, MEHOmEBIUTOR (2.3.1) TREINS.

S = a*sin 20 (2.3.1)

F7z, 2n RKOWMHED 55 n K i n KROMHEIXE VICHREDSLBANEEZET S, D7
®, WA Lo BICAY —7oMBE n BFET 222D, MEOMRREEERT 2 2B
D—ADEE a 13X (2.3.2) TREN 3.
L t
a= — —
2ncos® sin20
AV =T PER LG EICBWTD 1 KOO SBA—ATOREINAETHZ I 2FHT
3 XRORBE NS (79, 80).

(2.3.2)

Lo L Dy D
= ;L= (2.3.3)
cosOy cosH sinfp sin0

X (2.3.1)-(23.3) ZHWVWs Z T, MHOEMIIRY -7, DEDMATI2EEEDOE D
DADHEEE LTEDLNS. 23B kb, t =0.16 mm, 6, = 22 deg, Lo/n = 1.6 mm,
Dy=42mm TH2 I ehbnrd. TOALDEEZHWDS , K (2.2) DMEDHE S 2SR AEE
Y30 DIEF63mmDrELRSE. ZDkD, AFPELSTHA1E6 mm OBEBEICRY -7
WL, BEAEBRATS I Lz, ZhCED, MHOMEBEAKREL kD, HEEAIORER
X THEERDIZALK TR TES.

¥/, YV a—rvah ERZNF2EEAIOEDEZIZONTHEZINEND L. BEHIDE
BEWIGE, ERBICEERIBHINZ b, 2LT, @BEBICEBHAINLBEERIC
Lo TRV —TOMBEREIRONTLES. WABRINLE 2l kdic, HEAI»ERE
BB I NBVEREOH I THREAIZBD N 208D 5. BEAIORENR ) —7 DD
016 mm KO BELRD L, AV =T RN LRI, BEAIDEREBICEBENS. 207
B, RFFKETIIEX 0.08 mm OEEFOBOIER % BIE L2, HAEFDEEX 1.05 g/cm® TH
D, D 70 mmx40 mm OV a—r I rxfniz. £z, BYHIRT 2B E5 0#ERIDIE
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A Sleeve with adhesive B Sleeve without adhesive

Partitions

G
Y. j

=

Fig. 2.3: Surface of the sleeve of artificial muscle.

FISHET 2 e RE L. ZOHE, 047 g DEERIZBM T2 Z 2 TEX 0.1 mm OFEEHID
BRI Ns e EZLNS. 2Dk, 0.5 g BEOEERZ V.

MR ZFHEICE D, RV =7 OB EERIDRZRED OS5 T2 EDARETH 5.
COFEEHY, RV —T7%2 V) a—r D ET5ENECETENST I LIk o THERIZ B L
2. 2O E, IKMEERToI A TEERT-o7. £/, 26 mm OBERICL>TRAY —
TOMRMAEDRKEL IR TLES 12, 10 FIFEEERZLHEZ -0 BK 2.2B.iv ITRT &5
WAV — 7%l 55| o8k 2 2 & TRAM ZEE ORBICE T, HEAIZRA L2 ERICHA
MERTE, RV — 7 OIS LEERDESICHEICA DAL, 10 HREGZRXE
BZREND 5.

1 RENF B LSRR RS 8205, R — 7 OMMED R L 7250 2.2A.01 1R T
XowEEsh, WEERZRS. ZOKREBORY —THICEVWEMZIHAL 0.4 MPa Zi1Z,
W5 2D — 7 %S 3 2 & Tl 2 RO TS USRI B &0 5O/ 5
iz (K2.2B.v). ZAuc kb, EEAIDBHRIN: 2 RO =T 4 > a VEEEKR L7
RETYI DX, IEIERDHEEET 2 £ 51072 5. 2 RKOMHEICH D BN HZEFIC L - T,

Department of Mechanical Engineering.

Institute of Science Tokyo



5 2 B MR T 00 M ERE T A L 21

X 2.2A IR TREHER L O T EP CHERED T I N S,

HAEBEMEE (VHX-8000 series, Keyence Corp.) & W THR L #EERIZBA L TOWARVR
) — T EERI PR LAY —TOMTFEN 2.3 107, M23ABISRT X512, MiirngE
LB BRI B SN TV AR F LR T2 e TEL. £, WMAMAIZOVTHE D
5% 22 deg FEETH 2 Z L MR TE /2. X 2.3C AR E B L2 A Y — 7 OMHER LD
R, K23D B3EEAZEGL TORVWAY = 7OMF LORREZRLTWS. £/, M 2.3E
BEBERERA LAY — 7% W N TS ZEE % FIN L CUNHE X B 7= B o fiiE R L o2k %
RLTW3. fiEFERLTOMOAENENL TV AT IR SNz, £/, K 2.3E » 5 Lo
D BRE, TRlOMMEORFEZBIZ L7 (K 2.3F). K 2.3F OGRIIHEESHEE HWT 3
RIEBREEHDTH 3. UK DERANC K2 8—7 4 > a YEEIEBRIERI AT
5 Z e PRI T,

EAERE R — 7B T 28, HAERORGLATDRGERBRERGERERRLIZbD
F2EREETH- . MAHBICBOTIEINSDRMLIZAY — 7 EHD R THEEREIT - 72.

2.4 #EEAZEH LICHEATRHOM RS
241 BEAZEICS SEEATHOBIEMEADLE

AR E B LAY — 7% AW AT &l s o N TH oI ER 2 5HE S 2. ATH (EMA40,
B2 H ssmuscle) 13— 0.6 MPa TREDETEN%Z 5 HEEHMNT 2 Z2ickoTHDOIT A
F 2 — T DOFHENELEL, 0.3 MPa = 0.4 MPa ¥\ o 7@ 5 OBREIFINEZ A /22 EDATL
HOWEHAIE LS 2. 2Dz, AHFRICBWTD—E 0.6 MPa ZEIINL 7. Zhrho AT
B OUGER 2 - W T L 21T - 7=,

X 2.4A B ICHEERZ B L ATH L BEOANTHOBB O T 2RT. K 24BilRT &
ST, MRHEICHEEAIDSE S NIRETK 2.4Bii WRTEEDRAY — T RMICEFK LT3
PO XN, BAMKICEWT 0.4 MPa ZHIIN L 72BC 2 O A T/ < FEAk O IUER
EELTWVS DRI N. ZO EOFEN IR OBFREN 24C RS, £/, FN
L IHES OBEfR, 0.4 MPa ZEIIN L 7z BR OISR & I OBIfRICOWTK 24D, E 1SR 3. X
24CD.E WTHDOHZBFITBWVWTH 5 200H Y INIBWTT—X2HELZDOVEEHWTY
oy kL7 ALHHORMEZ RSO OEERK 2.4C,D,E ITRT 3 DOBBRICBWT, #EEH
R LR — 712 X2 NTIGEE O NTH & FAEOMEREEZ R Uz, £/, K24F,GICAT
ORI EMICE T 27— & %R, X 24F T, 1 ADANTHIC 0.4 MPa DZEExFIMNL
7B OIGERORILE Z R LTV, F7z, K 2.4G 121X 0.3 MPa, 0.5 MPa, 0.7 MPa % Fljil
L=BOIGERDZLICE T 2ERERLTWS. Z2hzh, ALHi%Z 5 B BB ok
EROEEEERLTNS., BEAZBH LD LBHALTOVARVD DTRELRZIMEIN
BhoTz.

X512, HAEAITHEML 2 ANTH @O NTH L AR FIEZRL, P72 IRET oK)
MWAJRETH 5 Z L DR S Lz,
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C No external force D const E  Pressure = const (0.4 MPa)
. ' | o
S oo B o sy ¢ o B
= z
k) 0.2 = 50 < 50
g Y g
g 015 S 40 S 40
g o1 5§30 5§20
g © 20 S 20
5 0.05 —e—Normal 510 —e—Normal E 10 ||—*—Normal
O —=—Proposed 5 —=—Proposed| & —=—Proposed
0 U 0 (]
0 01 02 03 04 05 0O 01 02 03 04 05 0 005 0.1 035 0.2
Pressure [MPa] Pressure [MPa] Contraction ratio
F G
0.25 0.04
o b~ .
s 02 2003 :
< 0.15 ]
2 £ 0.02
s 0.1 S
- ()] PPN
S 005 ——Normal c 0.01 e Normal
S —Proposed|  i= e Proposed
0 0
0 0.1 02 03 04 03 04 05 06 07
Time [s] Pressure [MPa]

Fig. 2.4: (A) Contraction of normal thin McKibben muscle and thin McKibben muscle with
adhesive. (B) Surface of the sleeve. (C-G) Actuation performance of thin McKibben muscle

with adhesive.
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242 BEEAZEGICKZMEALHOMAMEADIHR

NIz & &M 2CBBEOFRE NLHOLRTAE, NLHICHMNT 22EEDFEIINT S
ANTHIDHHE ST 2 £ TOBREERZHE L. MARBROD D DEE 2K 2.5A IIRT. 1A
DODANTLHIE, NTHOMEDMERLE Ty Yy ZHWAZETTZAI 7L — LI T S
NTHH, FEBICEEMNIOALKRETRHEZINTVS. ZRZRDATHEY L/ 4 B
L7 (025E1, KOGANEI) iI224EANTWS., aYFLyIhbDBEEZLF 2L —&RIZEoT
0.5 MPa IZFE L, YL /A4 L T7W#ELN, 43V poDiERICE> TALHZHEI &
%. 1% ON, 1% OFF Z# DKL, 0.5 MPa OZEDEM, HERZ#DIRS Z & TALTHO
KRB AT o /2.

M AGRER DGR Z M 2.5B,C.D IZ/RT. 1 DDTF =&K& 57012 5 KD NLH DI AGKER %
v, ZOFEMEe EEEAEICED Fay b Lz WARBIZZZ24h 1,000,000 [ % TfF- 7=.
1 [BloZ2 RN, B 2 BE L, 1,000,000 [EOZEEEIINZIE 23 HEZE S 5. X 2.5B,C,D I
BOWTHAIHEE TR AN LHOMMRITEAEE LTERRLTWS. X 25B TEE4 mm DA
Tz, %2 mm OANTH (EM20, s-muscle) # FHWTE X 1T 2 EEOE D 2 ATHOD
FdOWE D/d 1T 2HHEE TOMR DR USKEIERZ MEE L. ATHORTMHEIL 0 deg &
L7z, K25CTEE4mm OATHEHWT, NLHOEEX{IA ¢ % 0 deg, 45 deg, 90 deg
Y LB EOBHEE TOM D IR UBREIEIECE MEE L7z, B &) 534 7O 10 mm & Lz,
X 2.4D T, BEIAEE 0 deg ¥ LTHIMESNZ 0.3 MPa, 0.5 MPa, 0.7 MPa & L7255
DMAMEEZMGEE L7z, K 2.5B,C,DICBVT, HLRT T —XMEDONLHIC X 2HET— X,
TRERTDDOIRET B FEREHCEATIHCEZHMETF — R TH 3.

Z 2T, MMAGERICE W TE T [E 0 BRENR ICHERR X L7 Bl OBHERE T IC X 2 BHRIC D W TiAX
3. MARBROMER, RV —7ofiFALOINE DI ICHIES 2 \TH MRS, 20
ANTHOBWAROHT 2K 2.5E 1IRT. K 25Ei EAV =7 EWMOBROWIEATHOITLF 2 —7
DREZRLTED, AV —=TEIKo TV EERTFOMRI N, 2L T, HEZHMT5Z L
TR 2.5E.ii 225X 2.5E.0ii IZ/R T & 512, EfE 0.5 mm FEEDOWM/INRID 52D TRALS Lo
THEOMETTh o7, K2.1C OB 2HHEET— F 1, X 2.5E OBEOMIT 2 HHEE—
R2EMERZ LT 5.

B 2.5B Ti&, D/dH 556 75 DEOD2ME (D/d), ZHICLT, 2R X D/PhIWHEITE
TRTOHECBOTIREFENENTH 3 Z e RSN, BEFEEA VLSS, K2.1C
WRT AV =T7DFIUIAELT. D/d26 LTFOGE, BHEONTHTEBEEE—F 1T, %
FEEHAVZANTHCIEIBEE—F 2 THIELZ. —5T D/d 26 U EDBEITIE L bICHEE
E—FN2THHELZ. 7, 292 mm OATHEIITLOEINENLD, XY —TRIZX D
HE—F 2 THHET 2 S TOREIEIBK NS {725 Z e DR S N,

X 2.5C T, WIELET—2D55, NTHDRTMAEN 67.5 deg 2> 5 90 deg DD H 3£
FEopy ZEICLT, ZRED/NIWGEERERFENENTH 2 2 eIz, M25C 1B
WTh, BETFEEZHOESARZETHIEE— N2 ICE3MHETH 72, BEM1FA%Z 90 deg &
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A Durability test setup
i be

| Compressor | | Microcontroller |

Regulator

| 3-port solenoid valve |

AT WSS

Actuator

s810° 510° S
© © ©
2 = 2 2
& 4 ® 4 - < 4
010 L) 2 010 0 10
z s+ * * = z B
o] * (@] P o
10 * 3107, o o $10°
o * 9 @® Normal (d=4mm) Y g\ - k4
a‘ ¢ yormal(gzamm) a ® Normal v ® Normal
2 g $ homeddinn @ g
=10 =10 410
0 2 4 6 8 0 20 40 60 80 100 0.2 03 04 05 0.6 0.7 0.8
D/d ratio Winding angle ¢ [deg] Pressure P [MPa]

E Damage mode 2 ( more pronounced with proposed method)

Inner rubber

Wit air
F—— 1 mm

Fig. 2.5: (A) Durability test equipment and driving system. (B) Repetitions number before

Sleeve scar

breaking with respect to D/d ratio. (C) Repetitions number before breaking with respect
to the thin McKibben muscle’s angle. (D) Surface of the inner rubber tube caused breaking

mode 2.

LUEER 2B L TR WALHCOWTIE, 4203 Y FLVIHIEE—RK2 T, 12097
MIHHEE— R 1 TR L. —77, BEMUIMA%E 90 deg & LIHEAERZEBAMA LI ALHIZET
BT — F 212 & 5T 20,000 FIFEECHHE L 72, 45 deg & 90 deg IZBWTHERZEMH L T
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WA, BERERN L ANLH, 2zl D03 > 7 uh 1,000,000 B F T Ot AR
W2 2.7z

X 24D W2BWT, WELETF—ZD 55, EHH 0.3 MPa 225 0.5 MPa OO H 3 EH P,
ERICLT, TR EOGAREFENENTH 2 Z e DRI N. 2, HINT 2 EN0E
SRBIFCEBLLT LD Z PRI, 0.3 MPa ZHIMU72B, BERZBHGLEZAT
fiZ 3 oDV Y FADWIEE—F 2 THIEL, 2 2D% > 725 1,000,000 B £ T 2 72, &
B2 @A L TWEWATLHIZ 0.3 MPa iI2BWT 5 2FXRTOH > 7T 1,000,000 [ % Chit 2
7z. %7z, 0.7 MPa ZFHII L zBRICIZEERI 2 BM LA THTIE 2 208 > FAHEE— R
1T, 3209 Y FIUHPHHEE—F 2 THIEL7z. 0.7 MPa & Wo le@WEN %5 2 723 iR 4
W=7 4 ¥ a YEEPIEI NS Z e iR S k.

X 2.5B,C,D OFERDP LARFRTOREBETFIRIC L - T, BB IEIH X8 SN IRETONTH
DA ZE ETE 2 e BRI, ZhLDEBITBVTIE, BEAICK 2 —F 1> 2
VREEDS N TH OB IR USBICHIE L oo 2 e B2 6N 5. LarL, K25B D D/dd
6 mm M EDEE, C ODANLTHDOAED 90 deg DIFE, TS5 0.3 MPa DIFEICBWTIRETF
BEEDBEEDANTLHDIES HE L O IRURENCHT R /2. Zh o D&M RITBT 2 A TH O
HiZ, HIFAELIZTERY, ENBNRCREOEEHLSIFEE— K 1 TOEENIREZ I I5L,
WEE—F 20X 2HHENE LR o TV, BHEE— N 2 TOWEIEL R 258 ICHEAAZE
ML ANLHOMAEIME R LT WS Zeh s, BEMEZEBEM LAY — 7 DIE 5 PEERZE
HLTVWAEVWRY) =TI TLF2a—TE2ETFRT VIR EZIONS. ZDAY — 7RI
HHREND 0.5 MPa £ EWWZ & & R — 7 DFREAD 0.16 mm /NI WZ &, HEFIOM N2
KT S, XoT, BHEHNEEHRD 0.3 MPa 2355, 2V —70fFEE2AL L, REZHE
EPICTAILIE o TINGRBRT BN TEB I EZONS. AlkiFr LTEX
L5 NTHIOMED 67.5 deg AT, D/d 236 LTFDEGE, £4 mm OANLTHZHWZWTh
DEHEICE L TH 1000 L EDMAME/RL, &AT 10,000 5L EDMAMEERL 7.

WIEE—F 22X 2B EMR 270, HEAZHOWTICRAY) —TORATZZEZ S5 LI
o TRV =7 ORI LOMBERBFRO TR S FiEREdEZONS. L L, HEAEE
ﬁbfh\?ﬁﬁb\i% WHBHEE— F 2 12 X 28GR SN0, BEAE L W 2EEO#ED

R UK B W THMANEABELRIGAICE, T2F 21— ICHEBEERN 25X NTHIHS
WAL BHEZ BET 2 L W o ETENER Y R 25 5.

2.5 FC®

ARETITMEAN LA O IRE T D DR LN B 2 A DA EICOWTAR. £F,
AN TH O T IRE T OEREIRFIC B 1T 2 BHAR R ZH 5202 L. 2L T, HFIRRET o &l
DMEDT=DIZ R Y — 7 DIEHMED A U 7B NG A 2 BT 2 L WFReRR L. #HEH
DETENRLERY =7 OXRHAZETHEMENC I DBIZT 2 2 22Xk o THER O MM < —
T4 ¥ a YEENERINTWS Z e RSN £, EHONLH & FREOINFMEER, [
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20 55 2 % W TG 00 i HhER BT 2 L

HROFMNEEZET 2 e 2R L. 2L T, MARBREZITo AR, UMD THRAEHIE
12 k2 N O AR EAOF MDD D & 7.

1. AL T 2820 284 7EDOWHE D/d B—EDME (D/d); &D/NZ2WHE
(5< (D/d)y <7.5)

2. BEMIAEDL—EDAE ¢, LTFDHE (67.5 deg< ¢ <90 deg)

3. NLHAOHNIEND® 2 —EDEN P, LEDEE (0.3 MPa< P, <0.5 MPa)

INSDEMFFVTRD AL Z ERIRICEE LT 0.3 MPa T $ 258 ICLER TR L WSAHF
TH23. Mz, FEROWEE, 2EFDEHLLBZVWEFIIBWTIERAY =TI BITLF 2 — T 25D
322X BHHBIC & o T, EEAERA LA THOMAMIESEZBA L TORVAT
HOMANEE RE o7, RV =BT LF 2 —T%2EDT B Z 2 I2& 3 N THOBEIZEEF O
BRICHEDSTHEL 2D, BEAIZEN LIHGEDDEDOEENKE VI L DMAGKERC X -
THE»® s 7=,

ARETHRRE LEEROEMIC X 2 N LA DM AR EEZ WS Z & T, ERREZTTRL,
JEH X B2 RETOANTHOFANAREL 2 a0 Ry F OREITHIEDEEILT 2 Z L A AEETH
5. RETE, 727V 7+ NO=AFOREFACANTHZEE I TREST S ZIckd TV
£ 7V T 4 ORERFECOVTRT.
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i

=z
=

ANILFDOEETHIFICEKD T 2T
4 EZS 2a—ILOKEHR

Ny
5l

3.1 RAETEHIZToEITUT1DEFICDOWVWT
311 HBEOZHEOTE

ARETIE, MIREANTHZEMXECREST 2 Z 2 TATHD 20% OIEER» 6T 27 74
MG KA X8 2 FERIRET 2. COFEEZHWT, BEOT Y27 ) 7 4128WT, fiif,
Y, At Dh, FEEEIES. o2 EY2a—le LTHAGDE S Z 2 CTEMKRER T >
L) T4 BREXELEHAREL 2 5. T, MIRALHBERD T2 2) 7 4 OF %
WEd23Ialb—2aryzEH0nd T, #&it$I X—XORE{LEZRREL § 5.

ARWFFETH W 5 Six-bar tensegrity Of##E, HILF, KU D EFESGEZRT-OOES, MITAH
FE, RUDAEIZT L2V 74 QKR AIBICI 0=fEr 7220 5 4 _kH A2B2C2 0=
A ONEBFROZICE > TERT 2 (X 3.2B).

FIARMIICEBVT, 727 ) 74 HEOREMAIINK 3.1 W RT L5112, AL, A2 Bl B2,
Cl, 0%, A% AL, B3 B, C2, CLl i3, 722771 oEXcBLTE, FHO=AF
DEL L ERHO=AKOELEOHE Y EH T 5. 2Fh, 7UE27V T4 OEE HIZ LY E
D =AEDOTERDMENRY M LEHWT,

1

01:§(A}+B}+Cﬂ (3.1.1)

02:%(A§+B§+C%) (3.1.2)
H =|0; — 0, (3.1.3)

rRIND.

2, B32C IR T XD AZ B EANENTZ2HEDT TV T4 OMFEERS. D
YEDTFURZY T 4 OMITAER, FHO=ZAKORELE A2 2B EME KHDO=AFDk
THEL LTERTS. FHO=AFBOELNPS AS ADRZ bl a ld

a=A3— 0, (3.1.4)
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100
E
E 50
N
0
100

y [mm] X [mm]

Fig. 3.1: Node labeling of the tensegrity structure used in this study.

LTRSS, KEHDO=AEDIEHRRT FLn il

n= (B} - A]) x (C; — A}) (3.1.5)
rLTEREINE. ZhH6OZEHEZHAWT, T2 27072 ofliFARE 01

e:tm11Qa_a"1) (3.1.6)

(a-n)n|

rRINB.
FyEZV T4 0RL YA ERO=MAR L KHO=AFORTAEL LTRT (K3.2D).
PIREEIC B VT, BARANCIENRZ PL 01A] ERZ ML A30,, X2 ML OB ¥R b L
B30,, X7+ O,C7 £RZ F L C30; iFENZRE L. 2 TEBROT 22 ) 7412
BUIBINHDRT LD THEDFIGEEZRD DA LERTS. 2%, ALLA Y IE

1 _, O1A]- A0, _, O,B]- B30, _, 0.C}-C30,
- 1.
U 3 <cos }01AH ‘AgOg‘ + cos ‘O1BH |B§OQ| + cos }OICH \0302| (3.1.7)
rREND.
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A Initial state B Contraction and stretch

2
BZ

Fig. 3.2: Definition of deformation magnitude of the tensegrity structure.

3.1.2 &I

INETIT 27V 7 4 OMFEE, MiFEE, AL DEFICET 2HEIZITbA TS B
DD, ZNODERIZHITDH 2 e REREPV NS VWREDRTEY 2a— L2 HWE L
2 e L TIRE S 7200,

TE AT LCREAIZE, AN E D HfEZIT5 6D 18] Aid 5. F72, REBIRIRIL
MERZITS OB L TEB k2 25% BEOMAROINFEER 2175 b0 (17 B8d 5. LH
L, MEEEZITI DO 7 7 Faz—RFMEINTEST, BXE7 7Y 71 D55k
DEMIC K 2 T1DA LS.

HFERE 21757827V 7 4 0Ky FOFRREZATOATWS 81, 82, 18, 12]. LA L,
Z L OMIFERIINED & DI X 2 ZE LA 2175 b D [81, 82, 18] ®, B #ko/T ¥
7Y T4 IBOWTUNS BT EEEITODD (18, 12] TH 2. EL#Eko/7 27V T 112
BOWTEEAFNICRWVIZEHITAEIEIRELLADRT L, BPREWVIZCHTAEIZ NS RD
TV, 2Ok, MITAELHATAORIZES ORI TH - /2EIC X D S L -E%H
WTHRATIGE R B 2 % &, 38 deg [18], 26 deg [12] &/hX .

Six-Bar Tensegrity i2BWT, R D EFEEEB L MIEIEEIHZBD ZhETITFEEL
BV, DT e 7Y T A BBV TS, MfERHT & B LTt D EIEICEE T 2 ISR
BYV. £, ZAoDT 7V T4 DERERD 1EDHD 20 deg LR THH, mRy b
EY 2t LTHAaEIEEVWEW (72,83, 18], o2, HoZEBE— FElAGHLES ZH

Institute of
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L WHFEDERWT 2 27 ) F 4 ERZ VT WS L FEIRIC, S5 AOFRREEZE L TWiRW
(72, 83], AN HDINT X 2ZEHZA L DENETD 3 (18, 84] &\ o 72 I TAMFLD HINCIE
AAZETH 5.

RETIE, EITHRL D RELELEZRBINARER  UTERT 2ROV TIEANS.

3.2 MHEAIBmZRWCT>EIY T« OEBBDHIER

RN THOURERIZ 20% BE /NS W. ATHERWTT Y227 ) 74 2 KEH I 570
iE, 20 20% OUNHEREZ B R L 72 @) N THEE 2T RELD 2. KREITIE, 727
7 4 DFEMHMORIPAETH 2 2 e ZHH L ZBEO N THOREELIRE T 5. M
MBI ANTHZEET 2 Z e TATHORERBRS Z LN TE, ILMBTORIERECE
fbx82 e HAfEr 5.

321 FrotEIUTARAD=AFDORFL

—DOHDOANTHOEEEIZS 1 EThR, 727V 74 NO=AFOEPIC N THiZ&E =
275 (K3.3A) TH%. I THEZ S =MAIFIZ Six-bar tensegrity WIZIFET % 1 AD R
7y bOURE, ZOMWMRIORDITVNEICFEETSZ2A Ty b, ThokORS2ARDT
LS5 D (nagf). TORPICALEZEES 5 Z 8T, NLEHBREIRIC=AFE 2RI
B, AF T bOUIR B ERANT Y b ajay BEEMIEELZENTELZEVIHBDTHS. X5
W2, NLHiz7-2 58 THRET 22T, 1 BTAXRL XS IX=ATBOZENRIED D Z3FE
3 5. Six-bar tensegrity IZ 6 KDZXA FZ v b 2HL, AT v FONERE 12 FOD, ZH
ZNDURICN L TALHZEEZMNI 2 =AEEDH 5. £, RaliZBWTryEZ V74N
DEZABEMERDBDIERT, 1ADA Ty FOIEEHIDRA N Z v b 2SS ajaxf IZEFA
=G ERT 5.

322 FoEIJUTFAROZTEROER

“OHDANTHEEBREZ, 78270 T 402 00TEAMOIERE FiT 3 =01 G8 Tk
TH23 (M3.3B). AFETE, HEIELV2ODEEEZEL ADA Sy FEZEALEDR
CRNEMZRAT 2 LS5 CATHZREST 2. EMEMOEIBAETH 27D, ATHODIN
faneT 2 moERIcE NS, B ZmEZoRC L KATHZEE L 25HEa12id 20%
DULHEIZIR 50523, IRIFMETICH NLHZHES 2 2 & T RONERZ 100% &35 2
EHARETH 5.

I TR ZIHF O LR —OMAGDE T 33A D LS BEWEHEBXE S Z L bAJEE
TH 20, HVdNTHOAEE V%L T2 7DICRKMETIZ=AFORTLICIE 1 ADANTH
T=MER S FikEHV 5.
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A Vertex and strut

End point of strut

Artificial muscle Rubber thread

E—

Another strut
Initial state

Pressurized state

Initial state

Pressurized state

Fig. 3.3: Method for attaching artificial muscles to the tensegrity structure. (A) Attachment

scheme to bring a node and a strut closer. (B) Attachment scheme to bring two nodes closer.

3.3 TrEI)TABEREORNFEA
331 fE, BIFORRFR

FrE )T AREENANCE > TS 2 XD ICEW B, 7227V T4 HND 6D
D=MEPZEHINCRFEIE SN2 Z e PRI Nz, ZD7D, WK 3.3A IR T ALHIC X
D= EmEIEI2FEZHNT 6 DO=MABEERIEEZ LT, 7YyE7 V74 fEek
DRELNGHES B ONLIEEPEBATE S EZ. ZOEZDbE, 727V T4 HND 12
D=AKOREBICANTHEZRD O, 727V T4 I ARER 2525252525, AT
DGR 2 BEEERT 52T, WEBDATRL, MELY, MFEBIERTE
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2rFEZLNS.

7, 1 RKOANTHIPEZZ ATy bOUROE I HRIDOEMANDHEIIONWT, Al 2l
LTHEZS. Al ORI AHMOENMICKE S HEEE 2 5 NTHZK 34ALi IORT 2AKTH .
zhzeh, AICICE, AJC3CE 2T XS IKIE L TH A2 ALHTH 5. K 3.4A1 1R T AN LA
ZIHE B 208, AT EA T v b CICE FRAINGIEREZT 2728, Al X EAMO %3212
ZLT, M34AHIRTATHZINHEEE 2 & A2 X C3CL DHMIANEIRERITS. ZDL X,
ZhZ v b AIA2 QI THREOHAMb Y, AL ETARMON%EZITS. koT, Al 2 EARIC
ZN X B HAIEN 3440 O AN THZREN X, Al 2 FAAICENM S E 285513K 3.4A.4 DA
THZBE S TE IV, ZhXb, #END 12 Ko A THIZ, #Eo Ly SBT3 2
FZ v FD6DDMRIIN LTZEREN EAME RAANOZE M2 b6 FT ANLHLE LTER S
CENTES.

SR ERE 2L T X820 L KHOHAEZ TALIVEDS T2 L5112, K
3ABIITRTRANCHIG T 2 6 AOANLHiZHE T I weEZ NS, iz, MG
REFZECSE27-0123, FHEEAZS 2/ X512, K 34Bii ITRTRENIHIET 5 6
RKONTHZREHTHE LIV EZ NS, X512, MIFEEEZELXE25A81%, LHDO=MA
B EHO=MICEZ %252 2 7-DI12X 3.4B.iii DKHID XS5 ICER PO EEZZEM X183
7DD NTHICZEEZHM TR L WEEZ 5N, X 3.4B.iii O N THELE % iR, KinXE
T NLIABCEC X DD 5 FAADHITFAER I NI eEZ 5. K3412B\WT, BExE
2 NI & ST o =M TER (K 3.4A.0 TE A) ZAAITRLTWV 3.

KX, TYEZ) T 4 OEREIHE X2 A THOH L5 REM DRI ETDDH EWVIC
Ko THEEINZ =0, LRl X5 ICHMTIERY. 3.42TETIE, 8%y Iar—var2H
WTCLEGEDEZDEY ARSI B LN TELZ L ERT.

332 RULOLOERBFE

Six-Bar Tensegrity ¥ 3.5A IR T XS4 DD 55, A AIBICI 2&8LE%25H
—JE, =AF AIBICL 2 8CEEHE _E, =AF AIBIC? 28U EHE =8, =MAF AJB3C3 *
BUOEZENBEE MR LICTS. ZOALDEZHWTT Y27 ) 7o HiEDRT D EFIZOW
TER5.

TV T4 R 2 AAICRALNEIEZ 3B B e EUEO =AFORTRAL D %
ALXERZeREKT 2. ME2KE z#A A8 258, SEO=AFFRLOMT
RUDHBELZZITkD. 2Ok, HITEEO=MAFFRLOMTRAL Y EFEELEESZ
ETT VR T A EERERUNIEZ N TEZEZILNS.

M 3.5A GRID XS5 =20 =AFDOEAFLZEDF 22 T. 2 00=MFHTHAL hH4E
C%. ZAFOHERARLOEIEN 3.3B IRT FEEZHWS Z e TEAMETH 5. K 35A K
T 3ARDKHNIHIET 2 3 RKOANTHZHEL, BWET2ZT28O=AFKOAL D EE
P22 eNTES. 7027V 710D 4BO=AEE 2T ZhZNOMICB VTR 3.5A
WRTEOIBPDUDZELSIEE I E2EZRD. 400=AF%2 2 I T2 HEEXELIBEE R
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A One muscle effect

Rubber thread Thin McKibben muscle

B Deformation concept

Pressurized

Fig. 3.4: (A) Two artificial muscles that affect the height displacement of A} when using the
”4/3 muscle winding” method. To give an upward displacement to A}, the artificial muscle
in (i) should be driven, and to give a downward displacement, the artificial muscle in (ii)

should be driven. (B) Artificial muscles to be driven and the deformation at that case.

ttttttttttt
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i 3 ways to divide ii 3 arrangement for one pair.

triangles.
(“
(\

iii 3 arrangement for the other pair.

N

Fig. 3.5: (A) Torsional deformation between triangles due to proximity between two points.

(B) (i) Three ways to divide the four triangles into two pairs. Three methods to place artificial
muscles between (ii) red, and (iii) blue triangles. Considering (i), (ii), and (iii), there are 3

X 3 X 3 = 27 placement methods of the artificial muscles.

TICRZbDEEZDZLT3@ED 725 (K35B.1). Zo0=AKOMIANTHEZEETS %
FIEX 35BLiHTICRT XD I3 TH 2. 2Dk, 7o) 74 filEE z @AM RAL
NEEBAHREED D 2 ATHOREEIZ 4 DO=AKDD I 2hzho=AFRLoRL 5
BHEEZDIELTIXFZ =2TWEOFETS. 7>tV 74 ko 2MtosME e N TH
DHEDORTODOHDEVICE VA RED, FEHICEMTHY, BROHENRETHS. =
D7z 343 HTIE, RUDZETCIELA[EENHDH 2 27D D2 TO N THDEBEEIZDOWT
YIal—=YarEiiw, 77V T4 ALY RAEL IV ILDOREBRANTHOREEY
RET 5.
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3.4 ToEIUT1DETILULEERET
341 IR, ALD, BIFEROLODEHF L HHF

TR 7Y T 4 BEOMRNT e L CER [85] B X NN [86, 87] <, it D & E M MT
[88, 89] B FTIATONTWS. LaL, ATHIEIEZICE>THIAED S0, EX2EE
LB DRETH 5. D7D, RFFETIE, 1ERDT > 7 7 4 OEFEMBH & N THO
ZANT, SRR U T R (TS .

i, BT, AT D IE—2DHliE b OXFEE b OEHTH 2. HITERICBE L T, X 3.4B.iii
RS u A D O E AT AERTH S, TR B OVWTHRTHZ 2 E X
222 Tbhd. ZODIUE, HIF, RCHOEFS I aL—2a yET570HI1E, —D20D
HEDDICHIMEZ D OMEDEH 2> I 2L —Ya r2{75 2 eATEE v, ITEED
YIal—=>arTl, zHEDODICHMBRERDS I 2L —> a Y 2fTo 7% 2 lidS u BN E
BABEORMEIRIEEZLTYIal—av®iTH. 22T, 1 208Eb b IicHitErE T
ZEEDTEHRE R T D DOEBOFEEITV, TNODOERERHWTIT M ANTHOMEEE
J& L 7= # IR 21T S

TV T A BEOREROALANIN 31 ITRTHEDTHY, EMHTMORXIL &35,
F/z, TRV T AMEED X, TRINZEAZEOEMIMOESEME ], X, TRINID
THEZ UMM OEEZHE L IR 10T 5. 2 Eb DIt E2  oE 2 E BT

LZEMTEDL XD, 8ODDER r, 01, d1, 72, 02, Go, h, Y ZHVWT 12 HDTEAEZRT. 2
DFEHFEL TN DT Z WK TEAOEERZ D RIRT.

F9, IS OMEE % 0, b1 ZAWTERT Z & T, [EMEHHM ALA2 ofiEixX (3.4.1), (3.4.2)
DESITHRDB. TIT, A0, X Al - Al DIBATHD, ¢ 1d A} - Al DFRATH 2.

Ai(r1,01,¢1) = (0, 0, 0)", (3.4.1)
L sin 01 cos ¢
A2(r1,01,¢1) = | Lsin0;sind, (3.4.2)
L cos0;

ZFLT, 7227V 74 BEOKERO=MAED 1% r, BI%2he33, ELICHTST
eV T 4 EEOFD P(r) 13X (3.4.3) D& S IcRIh 3.

.
P(ry) = (;rh i?rh Z) . (3.4.3)

BoE T O OTEMDOFEEIE, A, A2 % P(r) 2F08 LTz S EICAEXE 5 2 2 THES
nz. 2%bh, i=1,2T

. 9 ,
Bi(r1,01,¢1) = R, <37T> (A} — P(r1)) + P(r1), (3.4.4)

A 4 ,
Ci&hehdn)==Rz(3ﬂ)(Ai—lﬁrﬁ)+1%rn. (3.4.5)
Department of Mechanical Engineering. ISnStCHIUEIiIfCE TOKYO
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rRINDG. L, R(0) 1z b 0 MEiXE2EERTHTHZ. 2 2 THEE T DFE
EER2 HIEEIROBDTHS. (1) £F, MEITDNRT A=K 1,01, 01 & 19,00, G ITHE X
WZ 5. 032D ED A) — A OHify, & 1d Ay — AL OHMATHY, ro 3HEED RO
“AEO—R ORI THZ. K2, Pr) KL THMBEIZE 5. 22T P(re) OENZ b
WMEK (34.3) D Zrpy WEEHZ 22 TRDOHNS. (i) P(r) ZHDE LT z B ANC P
FEiEE 2. YIET7TrE 7V 71 DR CNAEEZRIZHTH S, (i) MEL LG s 5
TRV T A BEDHL P(ry), P(ry) Z—HEE 2 L5 HE T OKHAE P(re) — P(ry)
RO HTREHEES. (1) 226 (i) 25 TRICT 2L, MEIT OIRTOHE[ZZALZAR
(3.4.6) D& STKEB. 27L, X=AB,CTHhH, i=12ThH53.

X, =R, () {P(r2) — X7 (r2,02,$2)} + P(r1). (3.4.6)

FROZEBERAWS Z T, z#EA D OXFMEE D OEHEITI T2 T4 BED 12 AOTH
HESODEMEHVTRT I EMARETH 2. IS DEREHOCTEIIEEN 27> Z e
TZ53.

w2 asfte NTHOREZTRT [90] THWHLRTWS5EABEIC L > THIE L. &
BICBITA 0 &L FOREDORE, £V a—NIlkoT2EBEOIT AMOWTRD, £/, A
THEZE 2 mm £ 4 mm OWFhrZHWTWS., Zas0RER2HEIEL . HIEMEIZET
500 Y BT 2 EMOFEEEEHA VR, WELZITLV0DOHARTHKELERX
YREOMGEER 3.6 1ISRT. BT EHEICT 2D AT U REEMAL, [TElEb o
MoExEHWE 5. RN EEZHCTZHEABEBIGELL, TA20bDEX Lyppe &
W5 2 FEDBEE f(lrubber) ZKDZ. ZD L ZOEMEBOREREIL, BHEXRT LD /L
LADAEMEDRAMED 1% LR e 2 XD IWCED. Tofft 1 I1BIL T 9XRBER, 4421
BEL Tl 11 REEB e L7z, NTHOE L UNHET, FEJ e IEER, DGR 2 I o B iR % X
36T, TD2DODFZ 706, NLHICEN P 2L 7z & & D & IHHER O BRITHR
WIGEBT 22N TEBL 80D 5. £oT, ANIHDEZD Lnusce DL EFDANTHHITHH
BRTEEES P ZHINLU 72 & DUHET] gmax(P) & IR rmax(P), £72, EIZEIM LW
BDONLHDRE lnuscle,0 ZHWTRD X SITKRES.

lmusc e,0 — lmusc e
g(lrnuscle) = (1 - 0.0 1 ) gmax(P). (347)

Tmax(P)lmuscle,O
NTHIIZEIE 2 ANT5E, INHERD 0% H S5 RIGELRDOB CTIEBEHIERD L 512525 %5.
CDD, TITERAIHZIERE ARSI TCALHOMEL AN X ZEZ . TL0DH DM
H f(lrubber) EALHIDOFE g(lmuscle) Z ZNETNDRITHEDT 5L T, I 2ite ATHDGHM
PLEINE FlLupber); Glmuscle) EZFRFHRD LS ITKRE 3.

F(lrubber> - /f(lrubber)dlrubber7 G(lmuscle) = /g(lmuscle)dlmuscle- (348)

B LFMORZIIHEZINT VS 2 DDHAMOERME LTRT e TE 29, K (3.4.1)-
(346) rHW5 Z & T, ri, 01, ¢1, ro, 0o, Po, h, P D8 DOEBIZE > TEREINE. NLHH
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A Rubber thread
Rubber1 Rubber2

——Experimental valu ——Experimental valu
— Approximation — Approximation

0 1 2 3 0 1 2 3
Normalized length Normalized length

B Thin McKibben muscle

] z o
E 02 g
o >
3 0.16 g Z15
c0.12 S o
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Fig. 3.6: (A) Load on the rubber thread used in the tensegrity structure with respect to

normalized length by natural length. (B) Force characteristic of thin artificial muscles.

DORIFME SN TV 2 FHK FOEMETM e s IRM ORI /AR enTtEs. fl2X, M
BAANWRTATHOEXE = |[A{C + |[A1C?| 4+ 2|CICE v R&xh3d. ZokS1LT, O
LD EZE lupber EATLHDEE lhuscle BT 8 DDEKIZL>TRIZENTES. ZNE
hoasilt, NITHBNET2EF v L3 AFIER (3.4.8) ZHWT, Taft, AIHOES
POEHABEETH L. 77V T A EDETORT VY vy VIRV FETLMORT > %
WVIFNAFL 6 ROANTHDDDORT VY v L3 LFOME LT, K (3.4.9) Oi@HKRE 3.

U(T1,91,d>1,7“2,62,d)2,h,1b)ZZF+ZG. (3.4.9)

all all
T, Y FRILMOERT Vv LI AFTHD, | GRATHOERT V¥ v LT
INVETHD., TORTUVIYLIFINX2 8 ODDERICEIDREMI T2 TUTRDXSI1T8
KOO EVWRAIESNS.

oU oU oU oU
o e e A

oU oU oU oU

8792 - 07 T% — 0, % - 07 % —_— 0 (3.4.10)

OO EVORERBIEINCHEL 22T, NLAICZEE P ZEHML 7560 1 Kol b H it
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A Contration

z [mm]
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y [mm] x[mm] y[mm] x[mm] y[mm] x [mm]
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B Stretch

100

y [mm] x [mm] y [mm] x [mm] y [mm] x [mm]

P =0.00 MPa P =0.20 MPa P=0.36 MPa

Fig. 3.7: Simulation of tensegrity deformation: (A) Contraction and (B) Stretch.

OHENEZNE B TOMEDE EFHE T 2121k, X (3.4.7) ZHWTEL—EL LEHED
RIWCMT2ANLHOMEZEIREL, Zhzd L ALHOMHEZAIALF, 727V 71 2K
DRT V2 LEZXAF2RD, K (3.4.10) ZFtETUI IV,

3.42 fofE, HIITFED 2—LOKGT

A

HFEE IR 2 mm OB T, o8 1 ZHOTE 21T, 72720, AT 1165
DEXWZLTEZEELREEZEZTED, Y321 —YaryTRALHNEZZATWSIEAR
S5 20X 51Uz K (3.4.10) 2E8MEMICRL Z 2T, I aMtoEARRIX 50 mm
CLEGEDT Y7V T 4 O, MRICHET 2SI 21—y ar®iTo7. ZOMREEZX 3.7
WWRT. ¥Ialb—ya YPIZBWT 20% DA LHOIGERD &7 27V 7 4 OUE, HEL
EHTEZ LD LN. X5, ZD¥Ial—yaryEHWE I TR TIA—&
FROEET 2 Z e DARETH 5.

X 3.6A ITRTED, TLMITVOTALMEORIGEWVIERELEEZET 5. 2Dk, TLHMD
HARIE—DDHFRIX—XTHY, 727V T4 EEOEBICKERFEEL S X 2R
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Fig. 3.8: (A) Diameter and (B) height, normalized by their initial values, with respect to the
natural length of the rubber thread.

D5, MHEZITOEY 2a—NZaRy MANSHT 2, iAo, BAHMOERD
REXPEBEL RS, 22T, 2927 IV R MLy FIZX 2850 - B ANCET 2 H#EED
EFEADNRIZOWTHRETT .

PIal—yaryEHVWT, JAMOBARICHTIMEDEREFA L. I2MOBRE
W BETE, BRAHOREEDZEEK 3.8 1RT. EBOTF R ) T 4 TN 3.14 1TRT
XX T VTV T 4 OTEMOE G & [EMEEM AL, Zh EEESMRE L0 2 e
TERV. 2Ok, ¥Ial—ay RIBWTHENEME L O RS TES O 12 mm &
JEAEEAA DFA4E 3 mm DEFF 15 mm IR -7 TENLL EOERITEZ 5B 0ndbD e L.

M 38icix35.1Hicorya &4 FeHuiillEEzHbETRT. 787V 74 MiE%R
I S B 7R TZ DM KO FATRIEE %, ZOMREZHES 2 Z & TEMEZ KD .
EBDT 27V 74 TORXDRAETIEN 3.14 \RTEHMHDEOELEZIRZME LD, &
22—y arYETIDORIEMATVS. NLHHIZ 0.4 MPa N L 72358 OUGEER TIld B
E2 40 mm U ETRZAZEZEIZR L, MREFOLEEZAARED 50 mm BE TR EY
LR TV eaiAlRNng. 22T, 7827074 ORNEMIZZ 2 ERVIESIDIFELVE
XNB7D [91], T LMOBEARRGATRELRBRYENESIPEE LY. 20D, T7YyE7 VT4
ETRRERIEZZeNTE, 2o, TLMP2AILVEWVS G263 L0bDEARER
50 mm DRETH 5.

B SR

HIFETCICIEE 4 mm DA T, o4t 2 zHVW. iIFEFEO I a2 —>aryo—fle L
TILMOBEARED 50 mm TH 2717V 74 EOEROBHFHERZX 3.9 177, X 3.9
T, X 34B.iii @ LHEHEEEHICMHES 22+ 7 v b OSARANR T AANICEN L, #HiEe
Ry LTRERETEHEZAE T TV AHTOMRI N, AR A, ATHEERET 2
HMREICHLT LI EORIICL TR EEALRELZEZTED, ¥Ial—a Yy TRALM
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y [mm] x[mm] Y [mm] x[mm] Y [mm] x [mm)]

P=0.00 MPa P=0.22 MPa P =0.24 MPa

Fig. 3.9: Simulation of tensegrity deformation: Bending.
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Fig. 3.10: Bending angle of the bend module with respect to the natural length of the rubber
thread when the 0.4 MPa is applied to the artificial muscles.

DB ATVEEERIMEICHELZEZRVESIC L. 20D, 0.18 MPa 2 % Tl3HE
PEFL TRV, £, EEOT V27V 74 METOR NIy bOHEMGEAEEER L. M
3.4B.ili IZBWVT ALAZ & BBl OBICZEELZHIIM L2 A THD 2 REET 272DA M7y +O
%8 mm ¥ ALHOMEROE 6 mm 2& 2 208355, 2D, ALAZ & B3B) O
6+8x2=2mm KRR TYIal—YareELXER TaMOBERECHTZA
THERBIROT > 27 ) 7 4 FEOMITAEZX 3.10 1/R3. FEEREICEIL Tl 3.5.1 Hio 7m
&4 TDLEFE 5 EFOWE L EEEEZHNTED, T5—N—3HEF— X DIEHERA
RLTW3S, M3.10IBWTyIalb—ryay, ERHrHICTLMOEARENE VY 212137
YR 7V T4 DMTFAEINEL, TLMOBRENDZBERS 2Ty E 7Y 7 4 OIS
AEIE—E L R BEADBHERI Nz, DD, FRITBWTIET 4O BAKA 50 mm Thh
BT OREREZD 0T IeNTES. TS 2 — L EBIIC, 22MoBREIZZDO 7w b
AALTTIEH0mMm ET23DDRRECHILEEZOHND.
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Fig. 3.11: Simulation result of torsion angle { with respect to pressure applied to the
artificial muscles and in all placement methods that can cause torsion. In this study, the
larger torsion angle at the point of 0.4 MPa is considered superior. The data are shown up
to the point where strut-to-strut contact occurred in the simulation. For those without data
at 0.4 MPa, the torsional angle at strut-to-strut contact occurred was used to optimize the

artificial muscles arrangement.

343 RLODEZDa2—ILOFG

AU DERICIIFE 2 mm ODANLH, T2 2 2H Wz RQUDEY 2 — L EHREIT 20, ([#HiE
PHTREEZEDRVIEIDBEY 2 =L LTHOLRITWV. 207D, RUDALZKELTSZ
LATA, {#fE, HFe/hE T2 K5 RREEITS. K35 TRULAREETIEMTEETCS 2
i3V, 2D, EOESHROZEOREZ2ERL CALHOREEDRELEITS.

79, M35 B2 AN LHORBEORLEZEFRTS. Al L Al BAOF 270D NTHL
ZRUCHRFR 2 —AD NTH, A2 ¥ C2 2EDF 372D NTH & ZUilistfizk Ao N T
2EZD. ZOXIBRATHOREEEARRETIE (ATAS, AIC) RELFTIILICF2. 2ot
X, TUR YT AEICE 6 ROANTHARBEINS Z e k5. ATHOREKRIZEF 27 @
DD, ETOHERELTY I 2L —ya Y ETY, LA THOREELHRET 3.

TLMOBEAEIZ 60 mm & L. EEDOTF YR ZV T 4I12BWT, EREEMEL ORI I35
Smm BEONTIHNEFEEL, TEMHTMOEDS 6 mm THA72D 9 mm FTLIEIL 22
TERWV. 202D, ¥Ialb—yayiZBWTHEMHMELOERA 9 mm Ro7/mT
al—arERTTA.

Six-Bar-Tensegrity & F FRIEZS ¥ % L oG L BEROBKRE 2D, 25 N THOEEREIC
o UTHGE 22 NTHOREESFET 5. flZE, (ATAS, AIC3) & (A3A%, AJCl) OAT
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Fig. 3.12: Simulation result of a range of height changes relative to pressure changes, nor-
malized by initial height with respect to the most torsion angle using all placement methods
that can cause torsion. Torsion angle is desired to be large, and rate of change in height is

desired to be small.
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Fig. 3.13: Simulation results of torsional deformation of tensegrity, with artificial muscles

placed in the optimal position to produce torsion (A%A%, A%C%).

HOBEBIXFEGROBBRTH S, 20X REEROBKRE 225 A THOE BRI 10 HFEET 5. 7
DD 7T ODREEICE L TEZOHFENZThES 85, (A{C), ALCE) 2Z2oflThs. 20
72, ¥Ial—a YORBRIZOVTIEERSFET 2 10 HICB L TIdRd QLN HEMNIE
THEH5EDOHEEDAZRL, EBDO 7T ODOREELE LY T 17T HO 7 —XITHT MR 2R
T. ALHOHIIENCHT 2R EDADS I 2L —Ya VERZK 311 I1IRL, mARLE DA
T 2REHDENIC L 2B DOELREZK 3.12 1R T. K3 I1LIRTHED, R UIEGE
DANTLHOMEREE (A1A], AIC3) THD, 61.4 deg DRL D, ZOMERIIBIF2ES DAL
RiZ10% RETH 2 Z AKX 3.12 2 5FtAHL 2. 30 deg L ER U3 ATHOBLEEIX 7 8@
DIFIEL, ZOHT (A1AS, AIC3) BRI OZLRIEB/NI VI L0 s, ZOREENT V1
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Attach rubber

Fig. 3.14: (A) Component to be attached to the tip of the strut. (B) Fittings to split one

tube into six tubes.

ZVT AR DEELSELLDORBERAEETHZ L VWAS. DD, (AjA], AIC3)
BRULAL, AULIHESHEHROZIOMFICBVW TR ENTWS 72D, KELALEEXL
W25, ZOREZEEZHWET Y27V 74D 2=y a iRV EREZX 3.13 1R
. E1IEeHE 2 O=AFRLIRALD, HI3ELE LBO=AFALIALD, MHEeke
LTRELQLNTVWE Z Db 5.

3.5 Totd)TFa OESER M
3.5.1 &%t

JEMEERAMICIZR X L = 130 mm, AMX D = 6 mm O 77 2 F v 7 EMER W BRI K
ZPEEERIIES 2729, FIZRE 110 mm, KX 2.5 mm OH%LZ 3 AAN. £z, 3.4.1 i
TRULMEZMNZ SOOI At 2 WS, EMEM OFimcX 3.14A OfMmER Y175 2 & T
ILMEEETS. ZOERD 4 DODRD I B 3 DIIIALHEZID AT, O D 1 2IiEA
THICIDAT2F 2 -7 2@ LEES 5. K 3.14B IR $#EF% 3D printer (Mark Two,
Markforged) % M\, FERZFEMAERIL T A 7 28l (Onyx, Markforged ) © 7 4 7 X ¥ MiZ
EDEELZ. ZOHMMERAWSE ZET1ARDF 2 —7h MG XNZ2EET 6 KON THICH
RRCZEEZFINS 2 Z e ZAlREL 2 5.

3.5.2 f{##E, BIFE -l

BT

IO EHAED 50 mm DT V7Y T 4 I ANTHICEEZHMU 2T 2K 3.15 1R
FIMU 72850 ES e EAMROEIDT I a2l —YarhroRESEL OLEZK 3.16 127
T BEETE T3 AN 40% FRE OMiA L BT 25% BEOMHMUERR L. 7, ME
E T NS 25% FREDM O AT 20% REDMAZ R L. Ziuckd, PHEE
e HARREGAZALE Bz & 3TN 65%, RS 456% OZ L Z2E U |5 2 L H3AHE
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Fig. 3.15: (A) Contracted state. (B) Initial state. (C) Stretched state.
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Fig. 3.16: (A) Diameter and (B) height, normalized by their initial values, with respect to

the applied pressure to artificial muscles when the natural length of rubber thread is 50 mm.

THb. ZZT¥Ial—yaYeEBroMoEELZEL IR TVWEHERKDO—D2 LTALH
DA 2 B 2 RELREBIND TN 5.

AT KD, FATHISE [17] O MAETER 25% 1T LT, BLZ 2.6 5D 65% £ WHKER
T IAIETE R 2 T U .

i FER

HARK 50 mm O3 At 2 W7 2 7)) 7 4 MEO N LTANC X 2 T, HfEZE o+
2K 3.17 1R, M 3.17B,C IR T INHEAETY, MEZEE I FRETH 5. K 3.17D,E,F,GH,I I
6 HAINDOHITER TH 2. ZHZNOEETIEE LORITRTRHID X 5 ICHMEEM I 5
72D NTHNCZEEZHML TV 3.

RE(L I 2 MOBEARE S0 mm OF 27V 7 4 ODNTHICEEERNML & = DS
AEOZEX 318 12T, ANTLHICHIMT 222Ee 7227 ) 7 4 OMFEFROBICIZKH
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Thin McKibben muscle

Fig. 3.17: Deformations of bend module. (A) Initial state. (B) Contraction. (C) Stretching.
(D)-(I) Bending in six different directions. Method of driving the artificial muscles is shown

at the upper right of each picture.

DERENRTHMO L R T V) T ADBTFEET 5 Z LRSIz, ZE2FE% 0.4 MPaFIiNL7- & &
43 deg FREMIY 2 Z & DR S N7z,

B 3.10 DFERZ[G 2 DICHWET v 7Y T a &0 7m F X4 FRK 31TA RS, &K
W TIE T2 27V T4 EDRA 7 v b LTHME 6 mm, W&E 5.4 mm, £ 130 mm D 2
TYVARNAL TRV, ¥z, 77F 22— LT 3.6B IR E2/RTE 4 mm O AN TLH
RV,

ARETHBLLMFEY 2 - LOMITAEZMOWKD T 7Y 7 1 OMFAHE L KRS
3. 77T 4 OMBARORS { BEWVIZEIITAEEIRELRZIRTL, RdPREVIEZ
CHIITAERNIL DTV eEILNS. 20k, ERBEOMITAEEZEAIOT V&7
V74D L/dTHRT2ZeTHIBMLLZZINTFAEZHCTHEZITS. A7y POREZ L
¥ ¥ % ¢ H—0 six-bar tensegrity DEX1Z ¢ = /3L/2 TH Y, Rldd=V42L/6 TH5. Z
D7z, 43 deg % (/d THRT 2 L RHFLICBI 2T EY 2 — LD £/d THEL L 7z dhid M
354 deg FEEL 72 5. (18] D7 &7V T 4 D l/d DI Fig. 2E £ h 24 BETH Y, #hiy
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Fig. 3.18: Bending angle of the bend module with respect to the pneumatic pressure applied

to the artificial muscles.

[47]

-

Reference This study

A B
£ ID @ 0 Robot
<>
d

Angle %6 54 deg 26 deg 38 deg

Fig. 3.19: Comparison with bending angles of tensegrity in other studies

AEE Fig. 2H &) 90 deg BETH 2. Z D, (/d THIBL L 72T AEIX 38 deg FRET
H5. Fiz, 1210727V T7 4 OEFHID £/d DX FIGURE 3 kb THRETHD, T/
FIGURE 11 XD &K TOHFAETS 180 deg RiiTH 2 e Bbhb. Do, ¢/d TH
AL L 7=#T A X 26 deg RiIGTH 2. ko T, AWFSETHFELLMITEY 2 — L OHNTAEIZ
RATHED T > 27V 7 4 OEITAED 1.4 1%, 2.1 52 K&EL LA 2R 2o 7.

T, B2ETHRELEMAMZM EXELMEATHEH T Y27V T4 EY 2 —
LD AT ONTIERS. K 3.20A 12, HEAZEMLEANLHZHAVWET Y27V T 4 %E
Va— e EEREBA L TORWATLHEHWET Y27 ) 7 4 Y 2 — L DEFIZOWTR
T —ODEY 22— 12 ROEEAIZ B LA THEZIRD I T0E. 727741
ANTHZEBRDFIZBOMFoREX LTIE, D/d DRKEX250.5 25 2.5 ORICILE D, il
AL 10 deg BETH o 72, TORMHFICBWT, MITEHEITS 720D 6 AD N LHAZZED
FION, PERZRED IR C e CAMZHEIE L. 0.5 MPa ®ZEE% 2 MEIM, 2 BWHEK 2D IR
L7z, ZORR, HEEAIZBHL TOWRWALHZHWET 227V 7 4 Tld, 100 FEIFEO#
DIRLEEDHIC 1 KO NTHHOBWAE L. —/H T, BEMEZEA L ALHZHVEEIE,
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A Soft tensegrity module B Module durability test
with 0.5 MPa
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Fig. 3.20: (A) Bending deformation of soft tensegrity modules with and without the adhesive.

(B) Durability test results of one tensegrity module.

50,000 [ E DD IR UEIEICIHZ 5 2 & 3T & 7.

353 BLDOH, #FET 21—

AL OEH

5.6 i TRE /T L7V T 4 DAL D D DIELR N THOBLERIIIFEBROBEGR L 725
FiEls (A3A3, ALCYH) PHEET 2. 2O 2O ANTHOREEE 1207 > 17 7 4 G
RRCEA L, mAmICh N T2 7V 74 28 T 5. 2O, 100727V 7 4 il
WG 12 KON TP O MiIond 2 eins.

ANTIHCEIINS 2 E /% 0.00 MPa %25 0.40 MPa ®fT 0.05 MPa B TREE 28T
W&, TR T4 OEREIELE. TRV T 4 OEROREDDICE—S a Ty
7F v W,

K 321A D LT 7V T A BEDRTOHEAKE—YaryFy 7 FyDOv—h—%HD
MI~—h—DfEZEL]. ThbDT—XE2br 707V T 1 OLXBEEHET 25k
WBROBEHTHS. £3, TE=—YarIrTFxD—A—DFEENPLT VL7V T 4 DHHRD
PEREREE T 2. E—a Xy 7 Fy O —h—OFFE 55 mm TH D, K 3.14 DANTHD
WO OEZIE 18 mm TH 5. ZD77D 1 ROJEMEEHM I LT 23.5 mmx2 721345 <
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Fig. 3.21: (A) Deformation in tensegrity structure. (A) When pressure of 0.4 MPa is
applied to (A2A%, AlC1). (B) Initial state. (C) When pressure of 0.4 MPa is applied to
(A1A3, ATC3).
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Fig. 3.22: Experiment result of (A) torsion angle and (B) height normalized by initial value

with respect to the pressure applied to the artificial muscles.

7% &5 IHEDTESEMET 5. RS AIBICT &L Y AZB2C2 oELEEZ T2 7Y 7 4
HEDW ¢ 5 z WIPEATICR 2 £ 5 1cn R ZF 20N E AW THIEDBIEE I E T 7205,
FATREZITS 2Tl 2 e —HRXE 5.

D EOBIEFIEICE>T, NLHOHMEL 727V T4 DRQLHAE, GX0EbeD
BIfRIE 3.22 ITRT X H BNz, RUVALEIOZLIATHICMZ 2EH% 0.0 MPa
15 0.4 MPa X CTHINEE, 0.0 MPa ¥ TRIT ETOZELZask L. K 3.22 1IZR$ KA
F—XORUFIEEZRLTWS. (A{A], AIC3) ORCEETIX 52.7 deg, (AZAZ, ALCT) OfiL#E
KT —52.6 deg DRU D ZEB L. @I GANCELTIE, ¥Ialb— a3 ryTE-92% »
5 +2.7%, EBHRTOIEHBDRL D TE —0.7% 25 22%, BHBEDRLNTIE 0% 25 15% &
FEOZZE T, ¥ 2 —2a Y TRATHOHNED 0.2 MPa L L7223 & 2HEDE X
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Reference This study [72] [47]

+25 deg 4 deg 20 deg
Angle/stage | (4502 deg) | (40 deg/10) | (100 deg/5)

Robot

Fig. 3.23: Comparison with torsion angles of tensegrity in other studies

PMEL R 2 DI L TERBOMETIZEL Ko7z, TARBATHOEIRLHIED HEDHES,
ANTHBMERCEA ML pEZ NS, PHIREBICBEWTATHOEISLHEICX
D RSEDH S AN IS 258, N LTHBEROMED @ X SHEMINICEL %S, %, ¥Ia
L—>a yTEERLTOROWATHOMEROFEAFDEIRICE > TT 27 7 4 OEED
HFohTndZehEZILNS.

Z DEERD & Six-Bar Tensegrity I2BWT, &I D L% 10% BREICHZ 7 IREET 100 deg
DEDORQUOYERERECIEONE Z PRI NZ. ZUZ [72] OFTHEAIATVERLD
ZHIF 1B T4deg ZREL LHIZKREZZDORLEDTHS. F/, BIHMDOELNS2RDTIZ
RULVEREERTZ2Ie N TER. X561, (18] THWHRTWS 5BEDT V227 7 4 #id
3 40% OE SN 1 BHT2D 20 deg AL b, Six-Bar Tensegrity 1% 2 RO T >t 27D
TALLTERDZIENTE, 10N BEOESZEICHEOS T 1 BT +£25 deg DAL D, OF
D 50 deg DR D EZRKBTE. Tk, 18 ML T 25 HREEDQLDMATHD, AL
WA 1B I HAMDENDIEF I NI W ebr b, £, ATHEHAVS Z 22X hZE
THL, REIMNRRAC D EREREART I TE S Z LRI N,

FEHENRU D ERIERITHIZE (18, 72, 83] I LT 25 REOREXTH D, MIFEEE
DT, OIS 10% BEL/NIWED, EV2—L e LTABICHVWS ZENTEZ L
N7z,

1Bk AE

RDLLEY 2 —ATEMOMIZATH DS H 6 RICEERZHNMT 22 TIEARAORALD,
BOOD6ARICEEZHMT 2 TAFMORQLYHPEHRTES. ZOEHREEAFRAANDRL
DDEDIEHBEXNTWS 12 KL TOANTHICEEZHMTZ 2TV Yy FTEY 2 —LHEH
b,

ZDZY Y FEY 2 —IIN 3.24A H B 3.24BDESIC6 AKDRA NSy FHBEATLHICE 5T
RSO > THEZINHEEO NI B2 e 2FHT 2. COEBEHNSZLTH6
ADORANZ7y bOFICEEINIMEREIER T2 enTEL2eEZONE. 2 LT, 7v&7
V74 L ALFIOFRSIC X o TYRIBIRCEIS L Tt ZIT5 e TE e E2 6N 5. T
BEY 2 -V 2HAOEYEROIERMEEE LT 3BEORDO 7L I BRI T 2 EBRET- 7. {8
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A Tensegrity Gripper

Inner space

Initial state Pressurized state

B Gripping force
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Outer diameter of the bar [mm]

Fig. 3.24: (A) Deformation of the tensegrity gripper. (B) Gripping force of a tensegrity
gripper.

BEY2a—LORIC7 L IBEZEEBEL, TS 2 - LD ANTHIICZEER 0.4 MPaEIIIL. &
DIRRETHB D S5 R EE 5 2, RAFIRMEZJIE L. JETHOW 2 EEEE %X 3.24A
RS, 7AIBEEESELRETT V7Y T4/l E 7 4+ — AR5 =& THETHIIR D,
RAGIRMEZTIR L. 70 I ORI 10 mm, 20 mm, 38 mm @ 3 FEFEE 7.
FEROMEREX 3.24B IR T. T IHBOHNENKEL R BIZY, BRASIRNEIKRELS Zo7
EBIZ, TOTYEZVTAEY2—VOERIZTT g TH B0, IME10 mm D7 IHICE
WTHHED 5 U EOBEROWIAE, SME 38 mm O 7L IBITBVWTIZEED 20 S oY
KEHRET 22 TEREZILNS. ZLT, 727V 74 bMIRBATHORZRSIC X -
THME 10 mm 5 HAME 38 mm FTOT7 N IBZIFFT 2 2212k, YWERDBIRADESIEDS
RNz
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3.6 F®

ARETE, MBEATHZT Y27 74 NCEIMXERETHREST 2 Z212&3 727
7 4 DREB R AE D FEBHTFIEIC OV TR, £F, MENADATHOBEZXY LT, &b
7y bOREHIDRA T v FEEDFIEZ2DDNTHOEE, —2o0%SEEST%7%
DONTHOBEIEZRE L. ZLT, ThHDANTHOBERERED LICLT, ¥y Ia
L—>avRAW3 2T, Wi, P, AUV EBEITS> 722V 74 e sket Lz, ®
EL7EY 2 =BT, IHER Tl AN 40% fRE OfiA & 2771 25% FRE DR
%, MEEF AN 25% REOMU L AN 20% RE DAL, HIFEETIX 6 /1A
AD 43 deg BEDOHIITZ, AL DEFTIE +52.7 deg & —52.6 deg DAL H ZEH L. W
NOEBICBNTH AT LT, 2 U EOKRE XOEH ZREBMNR L TEB T L
MTER. 51T, 2 BTOREANC X 2MAER E2To A LHiZzHWsZTT &7
V74 EY 2 —LOMAMNE 500 fEH ETE3 2 %RLE. 2LT, RUDLHEERIES
7DD ANIHEEEZHVS Z &> T, B2 RBETE2 2 2R L.
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E4E

EXNIFITFoEd )T ED 2 —)LIC
K507y bk

4.1 EZMFT>EIVFTFo0ORY FADEA

HIEE CTICHEALHZHOCTRERLEREZECLEIELDTES T Y27V 7 1 OMHFEE
Va—i, HIFEY 2, RUDEY 2—NIZBT 2%EF, BRICOWTIBRR]. AETIEZ
NOEDEY 2=V ZHAEDLELT Y27V T4 B8Ry "ADEHGIZRT.

57, MBEALHZHWTT Y27V 74 ZRERSE2H5EOHA, REIZDOWTHENS.
RN THZ =M OFEFICEE L THREDKRER 2T 56, TROLTMHMEZESRER TS Z
EHORRETH D, BEEIRENE, SELEEEREELE T 5. F 6 BRI ZENHREELAET
NITHZ W58, Bk 2 ZBIRENBR X3, —EATO»2 5 R WHIEIREL EH T
ZRENDH S, AL, MRATHIC X 2R RENE, PRKEEZ NS RVEERER
EAREICT 2. 2, R LTIE, APy MBAERESMHEIEZ Z B TERVEICD
. MIRANTHNE 1.1 BFEEC2 2RI THRBINTVWS 2D, A7y M EMEX
BFEI e LGA, NIHORXICX2HEZ), KRESMBIEZZ B TERL. ZOAIX
56 BIORTZEMHREEEZET 2 ATHEH VARG EORE Y 5.

ARETIE, TEOEEM % EEEBITRETDH 2 RHRIED L CREBIN AR BIER TS EY 2 — L
HAGDEa Ry FOHAMERT. EHREEZTSY 7 72U T 40Ky b EH
¥ 2B, WEZOHFHIAG TIERWV. L, RFETHELZEY 2 —LOKRELHAS
bEZZICE-T, BHBREELEBRTE20 Ry VERBICHRETZ2 LD TEL I ER
Tz, KROBOT7 -2 %2FZ 556, 7—L5MOE%% ERAMEAQAL D AHAICEIE
XEEVHAIIEZ, WFEY 2— LAY EY 2 — L2 ERABICEB X BT LWV, 20 &
SWCMEDOEE, HEEZEY 2 —LVOEBERIIHRT 2T, EVa—L2illsabEsZ
Y TRHICARY EEBXEEINTES.

aRy FAOHAE LT, BEaRy &, MEOEREZIT5 Ry b, #EZIT50 Ry b
D 3O%RT. BEOARY ML TIIMIMHEY 2 — A2 EE LA v F v —2Bo Ry M2k
D, RERWMWHEALEZH VWS Z e TREE ) v T URD SREBINRHEE N 2 EANT Z e T E
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3-port solenoid valves

Regulator Transistor
Compressor || Microcontroller

One tensegrity unit

Fig. 4.1: Tensegrity locomotion robot consisting of five contractile modules.

22 r%mMY. ElETO>RRY b LTE, HERILTKE L MNTEIESIRETH D Y v &
TYRTVU—REERITOI I ENTEL L ZRT. FRAR—NLORKEITS 2N TESIFY
FROVIENFRETH Z Z e ZRT. BEEZIT5rRy b2 LTERUDENRICE DRy MR b
NF Yy TOWDHNL &V o EMBRENEDAIRETH 2 2 2R d. 2L T, WihonrkRy b
WBWTH, EROT 27V T 1Ry PCEIEHRETH > -BEZITO 2N TEZ L
ZRl, MBENLHBEOKRLERT 7Y T 4 Y 2a—LOHHAEZRT.

4.2 AVFI—LBY I NFIOEITUFoORY K

B2ETHRAITLAMEEY 2 — L% 5 DB A Y FU—au Ry b OB L Z Dl
HKZRK 41128 T. 1 20FY 2 — M L TATHOBLED LT DUNE L RIS L TZh
FRN2MHMDNTHDBFEET 2720, 5 ODEFEY 2 — L THF 10 HOANTHMBEFEET 2. 20D 10
HONTHDOHENCOWTEHHT 2. 3, a7 Ly —DoDZEEZLF 2L —RIZLkoT
0.4 MPa ICH#fi$ 2. ZLTC, 10MHOEBEHA AN TETL AV IZE-oTHIITZZETE5D2DT >
7V T4 OEREHIET 5. ZORBEREHOTR 42 ITRTI—Fr YR r Ry M EH)
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0 AT AT+ At t

Fig. 4.2: Driving principle of the tensegrity robot and the control signal.

M. BWELn Ry FOERIIE, BEF2—TERWT39Tg THoT-. Tz, EBREITSBIX
ORy bHREE Y v FT B X5, 12072 T 4 HEEICOER 4.1 1R T 24 (Tango
Black) #DIE D 1% 2 DHLD 1) 7=.

X420 Ry CORENGFETHS. F2=y FEXK 42 ITRTEIRMERE, 1) & I, IIa
g 3ZzhzhmUCEEE2 35, 2 LT, MizrVy 7XERET IS & fiEd 2
=y FEZEEZXETVWL ZET, FEEEZAE LKA ACT Y27 ) T4 0Ry bOBEIT 3.

421 BRERIEOZ{ADBEGE

3, BolEsaRy FOREREICE 2 2 ELRT. BrEORE%Z 150 mm 5 5
240 mm {Z 10 mm 3O EHE, vRy FOBEEREZIT- /2. BELEDORFES 150 mm,
200 mm, 240 mm O XD BRy bBBETIHTER 4.3 17T, WINbHEROLI=y bOD
AETHANARR, o=y MIBEEZ IV v 7T L5177V T4 PEFLTVE L X
DT TH2. BOMREEZE, 7227V T 48Ry NIZDOELL I oEERM LA
F2E5CLTEFLTWEREETAALNS. ZOrE0nRy MBEIT2HX 2K 4.4 1R
T X ERETBE, K42 D> —r v R% 5 FASTW, BEIL R SR ZFRE L
¥z, 7RIV T A MBEPTAICERTES XS, K42ITRT =7V ADOMMEE2.0s & L
7z. BEQRIFEA 210 mm Ok EEEDMHIZ Lon b 7V v F32 Z e RS h, Zh Dl BRI

Department of Mechanical Engineering.

Institute of Science Tokyo



$48EEENITYRIVTFAES 2z kB a Ry b 515

T2 M 4.3 OREFED 240 mm D& XD XS, 7V v FLTWRWEFRDHERI N, %
7z, BEOMREIHENE 2iE7 07 7 4 MEORARANOEREINNE 2D, ZAUE0i
HEANDEEH/NE Koz, LaL, BEEHULMUIRPOAET 2 Z PRI h. 2ot
=, g rc LT tid X5 IcHiEs 2T bR X 7.

422 ERIIRERADENE

RIZBE U 72BRBEA OB SEIC O W TORT. K 4.5A ZEEDRIBED 210 mm O F - 3 < &Pk
HEEDKRTTHD, 4.5B [ ZHEFRFED 550 mm, BEDMREA 210 mm TdH 2 fhids - 735k
HEHEDRETTHE. ZOL ZONEFIKIEIEELBFRUTHD, 423 HITRT AT, Atldzh
ZFNUAT =06s, At =02sTHh5. Ziuckb, FEUHEGECOEDLS S, vy MIFEH
DOERECZBIINTEIG L CBEIT 2 2 L DRI .

423 EEZROHE

RICENFFOBENCOVWT/RT. HhiIED%E 1 2=y MIHLT6 2ED 1T 2% &K 4.5C
D XS WCHE 210 mm D84 TOFZEBEICE > TV TN TEL. 2L, KEEBETS
BEYIZRERY, Y= Y AORHMFEEFESLTLE > 22V y S TEFTIEBTLES. Z
Dz, ¥—r Y ZAORHEBREIREL T20E8H D, K45CTIEAT =1.0s, At=02s ¥
LTW3. ZOEE»LAKFEEHEOBEZ T TR, EAAMOENSAETHZ e br 5.

150 mm
200 mm
240 mm
Fig. 4.3: Adaptation of the robot to the width of the wall.
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0 1 1 1 1
140 160 180 200 220 240
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Fig. 4.4: Speed of the robot with respect to wall-to-wall spacing.

Fig. 4.5: (A) Moving along a straight path. (B) Moving along a curved path. (C)Vertical

tube climbing demonstration.

XoT, RAIDBRBEICBWTHKEARDATKRL, BENAFRCOBEITEZehEZILN, 3
TITHI R BRBICEHID L TIRIRERR T2 e N TEDR e EZILNS.
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14 T T T
—— At=00s
12 1 ——At=0.2s |7
At=04s
10 1 1
g
E 8
©
 6f
o
(V]
4_
2_
0 & 1 1 1
0 0.5 1 1.5 2

Sequence time interval AT [s]

Fig. 4.6: Speed of the robot with respect to sequence time interval AT when the wall spacing

1s 210 mm.

BB EAERDE X 2 E

RRICY — 7 Y ADREERA e Ry s OB EICEZ 2882 RT. 20787V T4
ORy MI—WZRA v F 7 — s BigD, BiTmoEE L EROB X EE L TW5,
ZAUTED, FIZIER 4.2.1=2 TR I AHEEZFENCIAZY v FLTLEW, 11 HETHRANS
HOEZENEDPLTLES. 208D, K42 IORTHIEIRKD X517V v 7XE 28R At &
58%. At =0.0,0.2,04s LT, ¥—7 Y 2AOKRMERMRE AT OZLICRHT 20Ky s OBH)
TEHERXDOEEXK 4.6 1RT. O &, BErEOMFAE 210 mm & LT, ¥—7 ¥ XDk
Mk AT % 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0 s ¥ L TEERZIT- 7=, KR AT EWVWE 23
TR TR ZENTE, TRV T4 G2 T IRERIE 2 I e ARETH S —T7, 1
YA ZNVNDOREDPEL R27D, BEIT2HXIEL Kotz £z, MHEBEAE VL 2T
DT REETICT V2TV T APEH LB B2 7-DICHIPEL Kol MR IIBHX
B27-DIEAL At LTI, At=02,04s2L722%, HICTAt=00sDEE LD
LR BHT 2 AR IN. TDESIE, TrEZU T 2Ry M L RS EHE
3220 —fkiNizA v F U — LM B 2RE R T 50, BERHNT 244 IV 0%
TOLT I THRILKBEIEZ N TE S 20 BEIMF SN,

424 Ta4—)L REER

FrEZV TRy bOMPBIEREZITo7-. M48ITRT L2 mEED 10 KDz
FFa—7%2HVWTrRy P eBEAZERTLZZTarRy FOFIEERS N X 3 ER2%Z

Institute of

Department of Mechanical Engineering. SCIENCE TOKYO
Institute of Science Tokyo



58 BABEBENIT VLIV T4EYa— MK BRARY b

Pneumatic tube

Fig. 4.8: Tensegrity robot movement on a curved path in the field test.
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Pressurized

Fig. 4.9: (A) Developed tensegrity arm consisting of two bend modules. The two structures
are connected so that they are mirror images respect to the plane of symmetry. (B) Bending
deformation when 0.4 MPa is applied to the artificial muscles. (C,D) Motion capture markers

attatched to the tensegrity arm.

JrZeiiunRy bAMIFEBEITE 2 X517 EBRTIEK 4.2.2 DR FEL & 512,
RS 550 mm DB 22 &5 LIck o TREZEBLE. 2L T ErORELRES
CETHED XS BRRELZEIEL, ZoHOBEEREZITo. /o, AEBICBVTIIERL
LTE—ZIIVEREHW-.

Y= v AOKRMEE AT =1.0s, 277V v 75 2EEEHGMICHETEIEICH T 2258
K2 At =02s &332 TrARY bEBEIXEL. R4TWCRT IO, BRy F2EEL O
el & HEE S B R A LIS > TO L P DSHER X 7.

ZLTRA48 D &g, HHFIIBWTHZoaRy MIFEDES D X & » TEREMIRICE
JELTHEIT % 2 L RSN,

INBLDEBRICE->T, ZOT Y27V T 4Ry FHAEEDOHARBRICE W T EFHIRIC
HIE L THENT 2 Z L 2RETH 5 2 L DR S L.

4.3 HFEEZFBLIEY 2T )T T7—LA
431 £%5

M 4.9A IRT EOICHE I ETHRELEHITEY 2 — L% 2 ot x 8, MFEHAlEER T >~
V74K b7 —LF8EL. ZOLE, ZODEY a—ADHMNHE RS LDITE
Va— RALEER L. Tre 2 7 4 SR T E RS L TR T B e K
HO=ABIIIE=AKTHS. LrL, NLHICEEZHML- &, LHEEHO=AFD %
NZNDLDOEXIZERZ. 22T, ZO0EY2a— LOEREMHHE L L THEBOMGRE 23
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Fig. 4.10: Trajectory of the arm tip when the pneumatic pressure is varied. There are two

patterns shown in (A) and (B). As shown in (C), the arm tip can move in six directions.

ANTHICZEEEZANT 5. HERICEHLTE, EY2— AL IDAZ 22— LI DAL, £Ya—
LMIDBEEY2—LITOBl, £EYa—-1 1003 EV2a—110OCl 2ZOAZAITLMT
DTz, e, 7—2DHEXIT412g THo7. 2L T, K49AITRTHED, 7—2DHRA
(DFD, EYV2—1 10 AIBICH BHICEE L.

X 4.9D IZ/RT X DICEY 22— 11 DAEH#IC 3D printer TRIE L 7= = AT DI 2 ELD 1)
oo ZABOHINCIE 7 v 2B o TEY, B3O EMBZTIENTELZ LK T
Wb, ¥z, M4.9CDIWRT L7 —ZWOMNIT RO EIZ3 K, 77— 2D 3 KE—
arFy I FAvD—H—FWOMI. ZOv—h—DMEEHET S L TK49B DX
STV T4 LT ZOHMOHEF2UETE 5. X 4.9B I ANTLHIIZ 0.4 MPa
ZHIMUZZBROBFERL TN 5.

432 EEFERICHT B R

B3ETRLAED —D2DEY 2 — LOMIFERD /DD 12 KD N THIOERE /%1% 6 8D
H%. 2ODFY 2—IUIEY 2 — LOEREAWIE & 72 % & 5 IHREBOBKRE 725 A THIC
TIEERHINT 27292 00FY 2 — L2 #3877 —2OHMIPEHOXEHS 6BV H 3. =
T, RImO=AEDSb—RDA%Z LTANZNSEZEFDO—2%2K 4.10A 12, TiiD=
AED 2 mk EHAANZEM IR 2EFEO—20%K 4.10B 1IR3, Zzhzh, ANLHHIC 0.0 MPa,
0.2 MPa, 0.3 MPa, 0.4 MPa ZHIN L 723548 DK 4.9D IORT 7 — LMD E—>a v F v 7
FX DY —H—ONBEERT. £, TOLE HEFEHVS Z L THEER—X 1 ARIZX DEX
X823 NIHETEBEEZHEL TV,

638D OMIFTERZITo/ ED 7 — LEHDNE 6 D% X 4.10C 1ITRT. ZHHid 0.4 MPa
ZEMMLZBOEMDE—> a v F v TF D —H—(ETHD, 6 HENOHITHERTZ 3
ZEeHRENIz. K 4.10C T, MO =AKDO S5 1 fiEx LAMCEMEEbD (K4.10A
DAR—) BFREOT, 2mE EHECEMSEZDD (K4.10B DX —Y) 2HEOTRRL
TW3,

72721, K 4.10A ¥ X 4.10B DX — Y TOEFOMIFAEDOKE X IZRE -7, Z2h2h
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Displacement

caused by the load

Total weight =600 g
(100 g each)

Fig. 4.11: Deformation when a total of 600 g weight is suspended at the tip of the arm with

the arm bent.

DR —TD 3 JFANDOETEHNT A E DO FEMEIZN 4.10A D% —>H383.2 deg THH, K
4.10B DK —p375.8 deg TH o7z, HIFAEL LTK49C D3 HDE—YaryFyr I F vy
POHWRBSFHER 49D D3 HDE—YaryIy 7 F vy oM5FHE OMOAEZHW, H
HoOREETOMIFEIZHEAMNIIZR2TOARTELWVD, 7— L0500 EIRARD 3 mHIE=A
BaRD &5 IHIEAEL 22T, HFEHICHELEGA TV ZeREZILNS.

4.3.3  S\IENINEF 14 RE T

AT ED T2 27V T4 7 — 2R BRI LREDLSBIFCBIDERZ LTV oT L &
DHIFAEDEL RS L. ALHIIC 0.4 MPa OZEEZHINL TX 4.10A OB 2 X 872D
5, 100 g DBEHDERVEDTOMAITVE, 600 g TTEDHHEMPLTVE, 2%, B
D% 100 g $OWMDERNTWVWoz, ZOEEXDBHNICEI-oTT —L2DRITITHLZE—XT b
L7 —LOMITAEOEMNOMBFREN 4.12 1R F. E—>a Iy T F vy DEENHE—X ¥
PP %BHEL, BYDOEHLDEEHWTE—X Y REHR L. 727V T4 77— A4
DEEIZ412 g THH7HS, 700 Nmm BEDE—X > b EZITTHHHPRETOMITAED
83.2 deg IZXf LT 23 deg lF¥ LAEM LRV DRSNS ZhEVHFEY 2— 1%
WTHBEIH LT 1.5 FREECVYREZEINCH S > TIRIET 2 22 REDPTE 2 L HiffEh 5.
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Fig. 4.12: The bending angle displacement of the arm when a moment is applied to the root

of the arm by a weight.

¥ Air supply via 12 air hoses

(1,11 Bend and

contract module

(1) Grip module

Fig. 4.13: Demonstration of the tensegrity arm with grip module attached to pick and place
of balls. (A) Initial state. (B) Down the arm and grip the ball. (C) Lift the arm. (D) Move

and sort balls according to their colors in three directions. (E) Release the ball.
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434 KmOBET7-LIZLKBZEYIT7YRTL—X
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12 0.5 s %X 4.13D IR T XS ICHBICEDE L ARANMITEY 2 — LV ZHEXE 25 Z 2 TR—L
Zhy 7D EHABEIXE. 2005 s BR413E WX RT IV Yy TEI 2a— Ik ->T
A= L EHET L TR—LDE Yy 27 R AL —R%{To72. ZLT, 0.5s%ICX 4.13A DIRRE
WEL, 2D 1sRICK 4.13B AL X ¥ 5 Z & THENRIEEDSTRETH 5. ZD/D 120D
R EM T 2RMIE 3.5 s TH B, F/, SBOR—AEMLETIT B, K4.13D IRT LI
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Fig. 4.14: (A) Ball throwing tensegrity arm driven by thin pneumatic artificial muscles. (B)
Ball throwing experiment of two types of arms. One is with thin McKibben muscles with
the proposed method; the other is with normal thin McKibben muscles. (C) Repetitions
number before breaking one artificial muscle of the two types of arms. (D) Appearance of the
artificial muscle sleeve after repetitive throwing experiment. (E) Appearance of the broken

artificial muscle.
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Fig. 4.15: Tensegrity arm consisting of two modules that can torsion, a module that can lift

and a module that can grip. (A) Initial state. (B) Pressurized state.
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Fig. 4.16: (A) Module IT showing arms down while Module IIT grips the cap. (B) Torsion
the arm in the direction to loosen the cap with the Module I. (C) Module III releases the
cap and Module II lifts the arm. (D) Torsion Module I back to its original state. (E) After
turning the cap four times, the cap could be removed by lifting the arm without releasing

the cap.
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Fig. 4.17: Tensegrity arm movement experiment. (A) Initial state. (B) Grasp the driver.
(C) Rotate the arm tip in the direction to tighten the screw. (D) Open the gripping module
of the arm. (E) Restore the initial state.
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A Muscle with unslackend thread B Muscle with slackend thread

Hard to stretch

Fig. 5.1: (A) Antagonistic actuation without slack. The movement of the robotic arm
is severely restricted because the non-actuated muscle does not extend. (B) Antagonistic
actuation with slack. The range of motion of the robotic arm is reduced due to the initial

slack.
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Fig. 5.2: (A) Structure of the proposed stretchable artificial muscle. (B) Extension of
the artificial muscle is achieved by stretching the inner rubber thread. (C) Contraction
mechanism: (C.i) Inner silicone tube presses the thread against the sleeve, locking it in place.
(C.ii) Sleeve contraction pulling the locked thread, which buckles into a wavy pattern within

the sleeve. (D) Internal structure and variables, where fihread,ont = 0 mm at £ = 0 N.

HWEMEEZET2Z2ANLHEH WS Z 21X > THREEFHSILN 2 Z 2 RTI ik, BET3
ANLHOEREEZRT. EEOEI»SIGERRE» OZEHEMEEL A T2 A LHICOWVWTIE,
BOETODT VLTV T ANDEHT 2 TEOEREERT.

5.2 RFNHERMEZET S ATHOERAIR

AR TIRET 2 HRATRER AN THOEAN LR ER 5.2 1ITRF. A7 7 Faz—KiE< v
FNVHANTHONTO T LF 2 =7 A — 7 DM T 14, HEAATRELRRZ BN L 72K
FLTWS., Dt RFESICER SN, TLMOERPATO I LF 2 — 7 DEHRICEE X
T3 (K52A). £/, AV —T7OMMEZTLF 2 — TOMIHEBEE L TWE. DD, R
V=T ILF 2—TORTHEDIIPEL S Z idR0.

Institute of

Department of Mechanical Engineering. SCIENCE TOKYO
Institute of Science Tokyo



72 % 5 & JEMERCZ IR A S 2 AT

ZEEZEHML TOWRWIKEETEX, GRlOSREG -8R, TLAMOBHICE s THET 2
DARETH S (K 52B). AV =T dLFa—THRMU2Zidkwd, %22 E60H
DE DRI 2 - DIHETIRENFICH WS Z e 23A[RETH 5. —/T, ZEXHMT 52 L
TALF 2 —TDBWHEAR) —THIFET 2. COLE, TLFa—TBTLH, K2RV —7
WKL, S vy I V7 (8| D kS IcEEITtry 7 &hiz0b (K5.2C1), XY —7 0]
Rk D NTHAIGES 2 (K15.2C.01). D7, FA5DFMO R Z2EENRT N LT A TH
DEXDH 80% ICHHE X2 Z L ARETH 5. 72721, ME5IoR- IRETRIEZHINE &
72354, K 5.2Ci 225K 5.2CiH I TR AV =7 DB THOPEL, 727 F 22— RO
EIDPETREDT2HRKDPHRINTVS. ZORIKBWTIE 5.2.2 HiTH D ML SZ5RIC TR
flig2 (K55AZ8). MBRAY =T ITLTF 2—T0 0% BN K o THEL S DE| -
BRDEXZ B Z L HARETH 5.

521 REIBZAIHORERE

AHITRET 2 NLAIORETEZK 5.3 1R, AFFRICBT 2 N LA ORIETEICE [99]
EBEICL. BE# 200 mm O N THiZ2 8055 2 HEERT.

%7, 5.3A ITRT & 91T, AHMFE 10 mm HNEE 8 mm D F = — 7 200 mm IZHHE 8.4 mm D
EHEMEFERHATS. 2EEF 2 — 7 L EEMEFOMICHEAR (LOCTITE401) 22175, %
LT, 4M%3 mm O L& HHE 0.5 mm OERARERME SV a -V F a2 -T2 K- 5
YTERCTEOMNT S, AR A—RIZ 52XV a—rFa—T7NIZEEZHML
T ERXELGDNZ e 2 e TES. T2, ElOR—27 7> 123 iofE0H
ZEES 2 (M5.3A). 22T, ot ralaEeiiZx 5.3BISRT L5 AL, K
5.3BiIRT £ 5 I3 2O EHDERIZONEH, #EA] (LOCTITE401) Z—fizol, =
LDBEMICEE DD O S LS5l (K53Bi). ZAUCED Lo hiEET SN
A[RETH 5. TLMOEZIEZH0mm & L. GO Y Y TOETRIES K512, A—R7 7
VITEREETS. ZOLEIVA—VFa—TNI TV TOEIIALRVWESITEERT S I L HE
BTHD. R"RPATART 272000757 TOIHIT ) a— YA DAL ERICEETDE = X
FARLOBL BT LED. ¥, K53ADESIRXEFRDKR—RT T2 T DD % [ Ul
ZICHEET 5.

RIZTLF2a—T LAV =T DEETH 2. RV =TI LF 21— 7 DMEBEBGRI TRV
EOWXAR—RI VI TREET Z2HEND L. GHDR—=—RT 5 FIZBVTRDRAT A4 FIZA]
BEREE, RV —T%2KR—RXI 7V FAICLVEET 3720, AV —7%K 5.3C.ii \RTHIZT 3
REDRDDH. 2D E, 220 mm ORY — T DFHEDNIZ LT B D& 7D IZWI DI Al Z H
W 15 mm BEEDTHEL (M5.3C.0). HEEAZEESE I, FICHMES mm OZEFEF 2 —
T 2REAT S LTIV A X&EE L (K5.3C0). 20, X 5.3C.ii DBICH Y M
3. ZLTC, AV—=T70HIZTLFa—7, auift, RE@EL, Wiz Rx—227 5> CTEET
5. 22T, I53DIWRT 2TV a—rFa—T%hy b LTBLIETHR—RIF VT
DTS ) A=V F a—TPAD ZH, RICEER»H»PZ e E2P. £z, HIDIKED i)z

Department of Mechanical Engineering.

Institute of Science Tokyo



85 & MR ZBMEE R AT 2 AT 73

~Inextensible thread

Adhesive

G)S mm tube

Inner hose clamp

Fig. 5.3: Fabrication of stretchable muscle. (A) Internal structure assembly. (B) Connection
between rubber thread and inextensible thread. (C) Sleeve preparation. (D) Cutting of

silicone tube. (E) Sleeve installation.
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Fig. 5.4: Performance evaluation of conventional and stretchable artificial muscles. The

plots display the mean values with shaded regions representing standard deviation (sample
size = 5). (A) Sleeve contraction ratio as a function of applied pressure, without sleeve-thread
slippage effects. The stretchable muscle achieves typical contraction ratios under load but
shows a 2% lower ratio when unloaded, as the rubber thread cannot contract. (B) Load as a

function of elongation ratio under unpressurized conditions.
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Slippage ratio by activation &siip

Load F[N]

0.08

0.06

0.04

0.02

60

40
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—e&— Experimental result
Analysis result

0 5 10 15 20
Load F [N]

0 0.02 0.04 0.06 0.08 0.1

Slippage ratio by external force &siipoad

Fig. 5.5: Sleeve-thread slippage under different conditions. The plots display the mean values

with shaded regions representing standard deviation (sample size = 5). (A) Slippage during

pressurization to 0.4 MPa. (B) Force-induced slippage after applying 0.4 MPa.

52.3 ZEEEIMEEDOATIEHOAEETIL
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JERZBWTHREZ VY v T T2 NHANI W IERT2EZ 6N 5. AL 0.4 MPa DS
FEHINS 28, Va—rFa—7HNDOENZ 0 MPa 55 0.4 MPa % CHElIcHEmMs 5. #
DEE, FEND/NE NS BIERIH BN E I D /S, BEIZEDRGI-1kS Z
EMTERY (KM5.6A0). EHPEML, ARV —F, SVa—yFa—Th6%20F3EE)
PREZXZONDE KIICRSLRRTARAY =72k %Ery 7L, RV —=7DIHiL & IR
Z0LEGE® % (X 5.6A.i). RBEMULADZETTRIGHELZR ) —TORIDHHRE A -7
DEDIED £725.

—J7TC, DLMETICEAL TEXEBROBEN SR ) — 7 ORI TIIE D DRI N o 7.
ZHER 5.6AGICK DFHEINS. AFRICBVW T AMIEE 3 mm Db D%E, LR WAHIC
BFEOSmMm OBDEHWTWS., 2D, YVa—rFa—ThEoZ & TEIINZXWD
ETHILMEMERNVARDOREHIZBWTRY — T ICRENTE S, 2 —7HINET %
BRUICZOBEICRAY =I5 b aafte e I LzeEZ N5, aafte iR n
ROOREFEIILEMD S I LFOEME T, HRID ST, ZDEFDSIHDIREH
PHRAY =T DEZINLTE L. ZONEIEREIToLHANTIERY — 7230 FHICB
ZRAERBZDBAREL R, TLMERY) —TOMTIHEOPEL Lo/ EZLNS.

HXRNARDIE DI LTIE, RV —=THDENIHT 2 REHEBNNEREL LS. 20
BEE NI A ) =T D, YVa—rFa—T0R%, ROF, EHCERTEZ 605, AIH
THWEI YV a—YFa—TDR) =T 2HVERVWEEDOEN L ROKE X DBERIZK 5.6B 12
RTEDTHD. ZEEN0.11 MPa 2o 72T KRELSO A, FhUUETEEREL LG
BRIV a—Y I ARWHELEEDHELTWRYL., 22T, AU —70ONEE dyeeve, >V
A—=Fa—TNEE D T EIMEE dilicone, RDIMEE dinread & LT &, ERENDBRD
EoITREhBeEZLNS.

fthread = H“(dsilicone + dthread - dsleeve)P (521)

ZIZT alFZn 2 OFOBFREE2 S BEEICNILT 2 BEF N Z KD 27-DDFRETHD,
WITEEREREETH S, fidny 7 3hi0b, ROBEICIHHIEONE e Th2AZED
2728, X (5.2.1) TERV=THORITRTOEXTERL, Gl 0H 2 —EDRIITH
MPBEENREZTNVS., YV a—rFa—TONRER 5.6B»5KED, SRR T LI
0.11 MPa #i8 2 7255121 0.11 MPa 2B 2422 VW=, F7/z,

LO _ L T[dsleeve,() _ ndsleeve (5 9 2)
cosOy cosO’ sin O¢ sin® o

6 A — 7 DI HILIREED R U — 7 DIME L IR E FIWTRD 5 2 L 2T X, X5.6B D
YBDTHS. 01FRV—TORMAMATHD, 0y ZTHIRETOR Y -7 OFAMTHS. h
5OMEEFWCEBNEFEL, HEIGELZATORY — 7 OIHES O W RE S O D
RTHD. K%y 7T BENE Phreadlock £3 2L, HKEDTDMW D H Sip thread 1&

6slip,th]read - 5—,sleeve(Pthread,lock) (523)

%%, TLAVBETTERY -7 OMIKED 2ETRWED, NIHEERIIHT 2D R
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A B

iP=0 Cross-section

—eo—S|eeve
- -m--Sjlicone tube without sleeve

Sleeve shape prevents
ii P < Pthread,lock sllppagiat connection BTTTTTTTTTTTTI T
== <

m]
N
o

£ 30
o
S
Y20
7]
E r__/,,.———o——o——ﬁ
S 10 ==
(&)
O n n 1 1
0 0.1 0.2 0.3 0.4

Pressure P [MPal]

Thread’s slippage
doesn't occur any more

Fig. 5.6: (a) Detailed analysis of slippage mechanism from Fig. 5.2A to C.i. (b) Diameter

of the sleeve and unconstrained silicone tube.

Stip 13
gsleeve,O - Erubber,o 5

6slip —

slip,thread (524)
gsleeve,O

rRING.

M EDETFNVZHWTHEA LR D ROMHHIRDK 5.5A DERRTH 2. K (5.2.1) 1B 2
ua % 1 N/(MPa-mm) ¥ L75EZ2RLTWAS. 7, MIHHIREETIZR Y — 7 QWi I A
L7BRZELT0ED, ZZTIE@HOLDICHTHZ ERELTWS. TIT, MEEZIIT
BEWIEK 5.4B OFRITRT L 51T, TLAMHBMY, RV —=THOMPRVHD R X DEIGH
T R2ZEREBEBLTVWS. ZOkD, MENKEILRDIFY, MOROVHERTICBIT21ED
K Balip thread FAZL KDY, AV —TORIINTIMORIOEINFI LS. koT, R
(5.2.4) DBFEA S, WEHPHITHRAEDE D RBEML 2o EZ NS, T, B
R EEEROBREIARETNVTEE LR D > LB ANRESR, BEOTECT 3 IEREE
REPHELTWDEEZILNS.

€ muscle = €— sleeve — 5slip (525)

Y725, R TFORTRIN D EEHNNBICHEZMAZBEDRA ) — TR B OE DR
Sslip,load & FEBT X DHIE L 7.

Ethread,out,P,F - ethread,out,P

6slip,load = (526)

esleeve,O

fthrcad,out,P,F Li%E%EHDHsz?ﬁczﬁi%ﬁ)cijB%‘S@f% 591‘&:.).&{11\%);{\‘@%% gthrcad VC%
. AV —=7WET % RIRFISCRIENE T2 AIREE > TWS. REF-5kR5Z 2T
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A Durability test

1-s ON, 1-s OFF cycle

Antagonist

-Damage YIf_i'n:e_
bythread
s

Agonist sl Antagonist |

Fig. 5.7: Durability test of McKibben muscles with passive stretchability.

LZADBHELTVWE, RIERSTHTOEIDPHEI TV ZETEDODRDIETDOEIDNEZ 2
WONTEEOBMZ TholztEZHNS.

524 ZHMEHERMEZE T 3 ATHOMHAER

AEITIRET 2 ATHGEFEDOANTHICH LTIt 20HD, Va—rFa—7 A
%, 22T, AV—7ONEIEML 752D ANTHICE X BT AMED B % ZBRINCHER L 72

FEROMF 2R 5.7TA RS, FEW & P2 EFNCER- S &, FEISHEES 2 £ TA
BaiT5> e TEHHE LTHES BA LY LTES BEOMARE21To 7. ATHICE
W) a—ryFa—7EHVEEES, YV a—rFa—TOMAMDE LSS 0.3 MPa TOf#
AR Z. Z0k®, AFIEICBVTD 0.3 MPa I8 2MMAMEZ MR L. ZZEZEIN
LTWRWIREETE S 50T LS 5 NEEE T oRkRHN S K5 ITNERD I afftpidIX T iz 4k
BBy L7z, 1 MRRTREDHN, BERZ#EIEL .

5 ARDNTH %AW T AR ET> /2. ZOMR, 1 ARIGBEML7Z5R e BEFRZWETICENT
2250 BT Y a—rFa—T7HHEL, BD 4 DOANTHTIEK 5.7TB IIRT X1, RHEN
52TV a—rFa—71EGroK 2T 2955 b (KR 838 [A]) THHEL 7=, %
7z, BHHEICBNT RIS LB EDHERIN. YV a—rFa—TDMRE~ vy FAUBA
THICHELTWS 0D, Ik 2BHBE 23 < [17], MAMICHENHZ. 0k, i
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IMZRIC LB TR RSBV FUr— a 2BV, LK bhiAomnwa 22 6H TR
XThHb. ¥/, HCBEEHZ I LF 12— T ICEZ 2 FEEIENTHLIEZ NS,

5.3 EEOET CERFRIBERALS

HIENC B 2 N LTI, JEMERICZENMREEZER LT, ERNREE L J1%E
EFAPLARNTHOREZHOPICTE A TEL. L, BEMSH K > THI ST
EXNTIREET N TH 2 BRE U 2B ICRIEAE T 5. XA TWARWIREET A THNICZE 2 H]
MUBRE, RY — 7 OHEMHA PRI EEA TIHET 2729, ATHOEEZ IS
BRI HNTES. —/HT, MESINIRETALHCEEZHML ZBIE, AV —7 D
DM ET 720, A THONHIHEMEMRIT 5 EIEFX I N2 LIS, ZO/RHR, A
THoEEZIGEST 2 Z e ARy 225 (K 5.80). /2, Z0HAE, NLHOMIMEHEMD
FIMEICIRIE L, ATHOMEZEL T2 eATERY. ZEATHEZIREM T 27022
V7 4 ORI AN THORIMECAKIES 2720, NTHORMIEZEIZT > &2 7 4 fE 2 om|
MEEE L X B2 -DICEETH S,

AEHCRIEEDOR I FTHREIESNREIC BN CTIGERTRE, HORIMEZ LA N LA D
MR ZRET 2. AHTRETLIALHOMKEZN 5.8BITRT. TaFa—TZhiES X
V=T LHRENZBHEDOY Yy FANVEATHICH L C—AROMEEBMLUEREET 2. #i
i N TR & OEWITBINT 2B 2802 2 MEOMEEM» 52 28 TH 3.
BINT 2, FRER kb 0T L, FREB ke, T L4, 2L THMEZHEIRVIO 3 DDHE
FhoRD. TLDFREH kb 133 MO QER ke I LTIEFICRKZVWb DTS, o,
WEREB Kk O LIZ 6 EREORS FTHREARET, 1XEB ky O3 2HHIMHEIC X > TEB
b TBY, 25 EEEFTHRAETHS. 2L T, ZNHOITAFMILYS & 2nll LR
FTIEMTERLLS., AETIRk DITLZITL]L, by DITLERITL2 LRI LIZT S, O
21, 342, inextensible thread 1 ZDIETEINHEAE XN TED, v v FRXVBATHODO I L
Fa—T LAY —TOMICHEAZN, TLDMEEBANTHOSICEEXNS.

TREOILERHWIAMEANICE > THIXT &, XRERD/NS R L 2 IHTED,
ZOt%, 5 1DPHUEDZ. MU Esasfidzhl BT e cERrlkD, ks
BEIBRVHDESI1252F5. 2V =T OPEOHMOIMI A IRV E G MO - 7 2 o4
ThUE, NTHICEEZEMLU 2B, NTHEIGEEL, MEzE s 2 eraEcd s (K
5.8B).

53.1 AIFDH:st

EROMERSICBVWTALHOMIMEZLZAREL 35 7D121%, ALHi%Z EDREE THIE
L7BRCH RV — I MEOAE 7 R T2 Wi, F23 U Z ot 725 X5 1I2& T X=X
ERET D2HEDDD. TL2BMHMUYHNE F L, TOLEDVTERE a2 £T 5
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A Stretchable McKibben muscle

Inextensible thread

-

|

Force transmission loss

B Lossless stretchable McKibben muscle

$ Stiff
z
<
o
o
—l

Hyper stretchable rubber

Strain

-

=

No force transmission loss

Fig. 5.8: (A) Single rubber configuration: Force transmission fails when the cord exits the
sleeve. (B) Dual rubber configuration: The artificial muscle achieves contraction proportional

to the sleeve’s contraction ratio at any length.

&, ROBAGRDIKD LD,
F2 = f2(5max,2) (531)

72720, B fo B3O T AT Z2TL2DMETHS. £/, 2MPIHPEZEIEIT LMD
FEZMHREIZB VT, BT H» EED LR T 28TH 5. S5 B, LFOBEIE, a4
QMU E 5 TRV, R =T34 2 TEEL, MUOBRVHERD 2L END L. *
DIzD, 11 Fy B3hr o7z FBIZTLMMBRY —TNIZH 208D 5. D&M ZHAZHWT
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RITERXDES 1T 5.
(1 + fl_l(FQ))grubberl + (1 + EmaX,Q)grubberQ < gsleeve (532)

72120, Lsteeve EAV =T DEZ, Lrupber1,lrubber,2 (& 2 FEHO 2 LOPIMIR X, B f1 132
L1DOFTAIIHTBHRETHS. I (5.3.2) Z2ifiT & &, EFEORIICBVWTZELEZ ANLE
2, NEGEIETPHIZEZ e TE 2.
ARANTHEFGFTEBICEER 2 DOHOBERZZIATHORAKOHUIRTH 2. T4 2 DHRKD
FTARLFARIC, T4 1DORKOTAEE enax1, ALHORKVTAEE €naxmuscle & LT2E
E, ROBEBRHED LD,

smax,musclegmuscle = smax,lgrubberl + 5max,2€rubber2 (533)

X (5.3.3) P HEEINZALHOMIESA R Y FOBRFFITBNTHE L 223 ALHOMUE
IERBZ B XD lewbberts brubbers DRI ZPETHUT X W,

ZLT, NIAixd&et32BIcEZ 2NE 3 OHOER L LT, ANLHICHD 3 MHEE Sk
DEFETEZBTEERL VI A H S, N LHBHORWHEE A TIGES 2 Bucix, Mo
BROREPATHOMEE LR TELZ0EEZZDEDDH L. NTHHIHIXIH, T4 2 %HEAT
ARG 2B, MUVt 24 2 BN THOMEL T 5D TEZ02E X 508N
H5H. OOV OWKEREL LEOFMES N THCr2 LRV ES IRy b EREITINE
TH5.

FRHO=RZ2ZR L TALHDOENRTI A =X 2PET 2. KMFRICBITFE2E8T7 X —XORE
FERZDINORT. 7, 3242332 12U TOEFIAIMEMEL 2 TR S Rw—7,
EHELZBZENTEZRENDHS. 22T, T2 1ICBKRELREROTAZET S, H5E
JEROAME 3 mm, W 1.8 mm OKART 2% 2AKH, 22 2 1ITEAIMEDIER ISRV, Wi
BONTVE I THELZXRHT S ZeARERE 1 mm ORAIT L2 ARHANEZ 2 L
HEZMHEDNZIT 2 e TE, F1lmm ORAITALIZ 1 AT 25 NBEITIRARETE 5.
4RV ZT100 N BEOZRPARETH 2 EZ NS, TL 2P EZDITHERN
o320 NTHY, BROTAE a0 1314 THote. ZOLE, T 100F A fTHEF)
305 845, BRBAEREITI T2V T4 DD NTHICE, emaxmusce2.2 DRI
EETOMRMENBLEL LS. T5 1 DBRRHRER ehax1 X455 BETHS. 2L T, RV —
TDEE luscle 1 200 mm & L7-.

Loz % (5.3.2),(5.3.3) ITRAL, #EVGERZMH ZET, Lubberts frubberz Diii 725
NEHEAPBEONS. TSR T LI CAMATIEITL 1 DOEZ %2 35 mm, I420E3%
60 mm & L 7=.

ZZT, 5.2 8B B ANTHMK (K 5.10A H) TOATHORAKMELREEZ 5. [LED
RXTIEATRE L 3 2121%, T MPEICRY) — THCHFET 2BELH 5. 4.5 FORKVT A
PET 2T LGS, MEEoREBIZBWTHTLNRAY —THICL 8208 08H 5.
ZDR, ILDOHARRIX 35 mm BEICLTELDBEDLDH L. MUEBRWHIOEZ% 165 mm &
L7zt &, ILMPRAROEZ EFTHIEEINLIBOALHOREIZ 360 mm 7425, XoTAL
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FOBRKOTAIXLISEBELRD, RETKTLEALHO LI R 22MEOHEELZEHTE L
BTERN. TOERICKD, AL TIRET 2 2 8HED I L4057 252 A L 72280
EME2EITAANTIHOERHNZMIET 2 Z e DA[EETH 5.

532 ALHOBUEAE

NI OREREEES. 24 1 %K 5.9A1 1RT. ME 3.2 mm, WE 1.8 mm ORAD
2 (KOKUGO Co., Ltd) ZHWk. ¥£7F, @OE72 37T mm &85 X5 KR LF2—7
ZEIDRICEDMES, BEELKZ. 37T mm & LTEL Z e TREMNICFIAMTREERD L 1 ORI
35mm 2725, K2, K5.9AHITRTEIIE, T4 1D, T42DWmHOENBEXDITT
L2%EBILAT. ZORE, 24MA 115 mm 74225 X515 2 THRIC60 mm ¥75. %
LT, M wite LTvA27rFAfa>ra—F (Atwood Rope MFG ) ZHW/=. Hiffiics
FENEETANS, R =T aLTF 2—T ORI EBT 2 BB ERNTHO ) v
THECREREELEZ DI EPREINTVERD, RV =T ALF 22— 7L ORDEESH
KELBLRZHVE., M5.9AVISRT LS, 94270 Ffnrya—FOREIIF 115 mm 27455
IO HEE T2, ~47urfnra— R asflid & bR TR, #EF (LOCTITE
401) 276 F e THEEA L. ZORMUHIEAIRRRD /NS T2 eMAEFLWL. 2L T, K
RILF 2 —TL L2 %HEATS. MEIAVIITRT LI, T4 2DMUEHSRARITLICK
DREEIND XIHOWERTHEE L. CHERKUTENIKRELRD, AV =T, ILFa—-TLDE
BPRELL BB 2Mi<kdTHb. %, BEEAIZOT BRI, HICTOABML, RAIT L
WK ST L. BEAIDRARIT LIINET 2 Z L TIHAMENZF LK RLTLES.

NED I L F 2 — 7DV TIEIME 8.4 mm, HNFE 6 mm DKAITLF 2 —T2HVWE., EX
1230 mm 2 L7, 2LC, AENCAMES mm, EX 15 mm DS 7AF v rdmay FeriEA
L, LOCTITE 401 i X D EE L. @EDOANTLHEEZRD, Mtz RV — 7D/ ITHEN D
D, NHOITLF 2 —TBR)—=THLROEHL, BINTLESAREELN D 2. TLF 2 —TH
MRUOHTZ e 2 <®, RI59BAvITRT & 512, EMmfhLEaaF 2 -7 %20 b THY, B5
FHRVWEDICLE. X512, ErSEAEARITEE L.

AV =7 DEI1F 250 mm & L. EHEHEEAZHWTEE L. 25612, K5.9C.iv i
RT &I, RV—=T%FDRL, 3D 7V ¥ MRAICKDEET 2 Z 2 TR Y — 7k E L
L. R —TDRETIEMRTIE-DI12, ZOL51HLT20END 2. L EOH, T4
Fa—7, AV =TEhTRAEHAVTHAEDLEZ ZE TATHZEET 2 Z e PA[EETH 2 (X
5.9D).

533 ALfD%4

BELANTHZX 5.10B 1IRT. K 5.10B.i 1IR3 & 5 I ALHiZHE B TR WIRED
SEERHNT 2 Z & TATHINMETEETH 5. K 5.10B.ii ISR T & 512, ANTH% 30% 2
MEXELHGE, BEOHINC L > TITLF 2 —7 & 2 — Z IR WHEE AN T IE
35, 512, M5.10Biii IR T XS IRALAIZ 60% A LR X EL5E, ZEZHNT 5 Z
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A Thread
: ”i iV Making a knot L5 \'% . f
i| e 2 kot Making a knot Tying W|th arope.
\ Y e e e Knot
et
- i 115 mm | )"
- Tying with a rope il
vi vii viii ix | s
Tying with a rope Cutting off excess rope AU
1 <>
Adhesive S s>
300 mm \ s - 37mm60mm 115mm 11 mm
i SR e s K
B Rubber tube
i ii i >13mm Vv
Latex rubber tube ©8x15 mm rod 10 mm AT
Adhesive = 5
230 mm ﬂ Adhesive b W
C Sleeve
i ii \% .
Cutting Folding back Securing

250 mm

®8 mm tube

DAssembllng

IV&aﬁ_ﬂ,w“ll—“ﬁ i‘l!F;lihhnnﬂ‘ﬁ

Fig. 5.9: Fabrication method of lossless stretchable McKibben muscle. (A) Fabrication
method of inserted thread. (B) Fabrication method of rubber tube. (C) Fabrication method

of sleeve. (D) Assembling of artificial muscle.

CTCIALFa—TLR) =3I 2%l ZOREBIZBWT, T4 21320 ELOMEDR
HrhoTWsd., 2Dk, T4 21U BRVEDO LIRS EW, NTHZHEITLZTH
DIEENFRETH D, NTHR2EORIER Y — 7 OIED 728 5.

HIE L AT OREREEK 5.10C,D 123, K 5.10C IEATHOEZ IR T 2HELRL
TW3. HIETIE, INSTRON to5[5kikE#E (Instron5965, INSTRON ) =MWz, AL
OHIHIEZICBWTEERHIML, EE2—EIXfFo72%F, NLHiomAFLTOHEE25E < L
TVWE, MEMNON ZRo7HT, ALHOMHARLOEMEZES LTWE, WIHIKEETRL

. ANLH oM AF T OEREE 1 mm/s TELIE TV o, ZENMESELZET 2 AN THHICHE
F%WMLt%Lm,xu-7&ﬁkttﬁ®ﬁf2#a3%&§®ﬁbﬁ$bt.it,ﬂ@
FALE>THLORY =7 OIERDOBRPEL, BEHEDO~< v FRVEIATHILENT 5% 2
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A Activativation performance of stretchable muscle
Inextesible thread Rubber thread in a stiff state

\ﬁ\ | = | -
;ﬁ-—-—-—-b\ ’ ﬂ.—-—-—-;Lz,\ ﬁ&-—-—-—-g
0.0 MPa 0.0 MPa \\\s 0.0 MPa

7 P
B
il , — o <
ey ’\ O — ‘Q
0.5 MPa 0.5 MPa _— 0.5 MPa
B Contractile performance of muscles

v

Conventional McKibben muscle Stretchable McKibben muscle
150 150
06 mza —— 0.6 MPa when relaxed
0.5 MPa ——0.5 MPa when relaxed
0.4 MPa 0.4 MPa when relaxed
100 0.3 MPa ol — 0.3 MPa when relaxed
= 0.2 MPa = ——0.2 MPa when relaxed
= = 0.4 MPa when stretched
‘g 'g ——0.3 MPa when stretched
S S —o02 Mpy
50 50 /
0 0= gg L L 1
0.8 0.8 17 175 18
Normalized Length (L/Lo) Normalized Length (L/Lo)

C Passive stretchability of muscles

Conventional McKibben muscle Stretchable McKibben muscle

350 350 -

0.4 MPa when relaxed
———0.3 MPa when relaxed
——0.2 MPa when relaxed
——0.0 MPa

—0.3 MPa when stretched
——0.2 MPa when stretched

300 300 -
250 250 -

200 200 -

150

Load [N]
Load [N]

150 —

100 100
50 50 - /
. .

0 0 T I I I
08 1 12 14 1.6 08 1 12 14 1.6 1.8 2 22 24

Normalized Length (L/Lo) Normalized Length (L/Lo)

Fig. 5.10: (A) Activation performance of lossless stretchable McKibben muscle. (B) Con-
tractile performance of conventional McKibben muscle and lossless stretchable McKibben

muscle. (C) Passive stretchability of conventional McKibben muscle and lossless stretchable
McKibben muscle.

ENGEE NS K 72 o7z, BREIRRICIZIE D DAL 2208, —EftEEALOBIE, 100 N EDD
NEFEXGZIENTETVSE DR 5.10C G HMERTE 2. £, ZEBNHEEEZE
TH5NLHTIE, MFESRBICBT 2IHERMEZHIE L. K315 RS Ty Z7 VT4 N
DANLHOREEFTH EHEILOBIZZEEZEMLZ. 2O E, T4 21FRY—TDITH
JIRREE 1> TEBD, ZHEZHMT 2 ZETRY =73 E > aflt 2 ZiEte. T2 213
DEoREBrR-oTED, AITHORY —T7OIHERN 0 L Ro7micBWVWTd 10 N BED
TEDFE - TR o T W5, XX NIREET 0.5 MPa ML EDZEERHIML /2%, 24 223
WML TLEo%7%®d, 04 MPa S TOTFT—XZ/RLTWVWS. ZAH6DT—XIE5EOTF—XD
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A B

Fig. 5.11: Motion of a robotic arm using antagonistic actuation. (A) Case using standard

artificial muscles. (B) Case using stretchable artificial muscles.

FIE e FHERZEZ R LTV 5.

B 5.10D 13T 2 FTOIRMBOMREZRLTWS. @HOALAICEWTE, 2EEE
FIINL TOARWIREET OB IRIRBRDFE R 2 RS, SIERIABROFEE, 300 N FEE OfEZ X 72K
WCAR—R7 7 T DEEN TN T THHE L 7. ZENHREN 26T 2 A LB W T,
ZEEZRHML TOWRWIREE, PR ZICBOTEEZHIMLUZIRE, MR X ICZEEEH
MUZAREE, @ 3 DODRBICBWTEIRABREIT o /2. ZZEZHIN L T L & 5 724K 551
REToEZOMEZTRT. 1 mm/s THELEILTWok., ZBEZHML TOWARWIKETIX
25 ERREDOMENEHRTETED, @FEOALHICH LT, HIESIEE KL, e nie
DHERTE 5.

IR S ICBWTHEZHML 72K S5 [iREBR 21T o L &, HEZHIML TWRWVWE &
DANTHOYR S RBR b= D5, A =717 v FINTAMPE D IhD, RENICE
UV T4 2 ORI E /23T 4 2 DR L 7. XS REBTHEZHIME A AL
FO5IRABR T, 22 2 585 OBMITREICE L2BRIC, BliLz. ZEZEML TWRVEED
R & 222 I U 72RO R & LR 3 2 2 & CUNHE, RIMEZ 21T 2 Tw 5 2 & B30
RTE3.

5.4 EMEEHEORY 7 —LADER

ZENHEMRERATHZHWT, Ry b7 — o2 AD@EHAZ{T-72. 22T, 5.2 IIRT
1EEO T LM 62 NTHZHAWE. Ry 7 —ARBRX7 Y7 7LI 7L —4, 3D
YUY hEERWTEE L. =V DOERE 55 mm & L. 7— Vol N TAZEED
O, FEIONTHZHRET 2 ickoTaRy b7 —2DOBELMIAEL 7. ZOTFZK 5.11
WRT. YHELDAL S NBEDOT YT aryERTTATHZID M2, K5.11A 138
WONTH 2 REHVWZDDOTHD, M5B IIZENHEEEZET 2 ATH 2 AZHWEDOD
TH3. BEOANLHTIX, GRIOANTHIHEYID, aRy b OBREI#EEIHD L Tw» 35T
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DRI NIz, o E0a Ry b7 —LDMEEEMAEL 25 deg FBETH o7, —/T, ZEHIMH
EME2ET 2 NTHZHWEEEICE, 2 =35 EEEIN2 e Bhniz, BRELZA
THBPAELED, vRy b7 — 2DBEHEFI RPN TR DR TE. ZORD
ORy b7 —LDAEEAEIX 63 deg BETH o7z, Ko THIEHMIX 2.5 f5ICER L2220
n5.

5.5 FC®

RETREERL Y FRVMATHORERBEND =D TH o7z, vy FRUBATHICBT
200 & B ZEMNHEREORBUC OV TNz, RO~y FNVEATHORY —7 L I 4
Fa—TORICHUY MMV SKS 1 KOMEZFHATZZEDAICED, JEMERC
SENHENEEE L, NMERICEED <y FXUEIATH & FREICIUET 2 2 L DATRETH 2 &
L.

X5, WMAT LML LCHlEDRL 2 2 B I 24 & ROVl Z #RE X B 2R, F
BORIPHLR) —TONERESHIZFIGHT 22D TELANTLHEFBHTES 2 2RI,
BUEL 7= A THZ 0.5 MPa OZEFEHRINNG & - T 13% BRI L, JEETINCIX 2.2 150 ZEHH
EME2ET2 %Rl ¥/, 0.5 MPa OZEEZHINML 72K, &KT 100 N F2EOIE %
FAEXEDLZEPARET, ZOHBAICHRY =T LT 2 — 7 OHTH S ANDEEIT K -
THER TR W L R TR L -,

SZEHENEZE T 2 N THZ2HEIBEC L 208y v 7 —AICHEAT 322 I2& - T, fEK
Dy FNVRANTHERACEGEED bRy b7 — 2 OBRENEIFAA 2.5 fFIckE{ 232k
IR ZEMTER.

COZHNHELEEETAIANTIHEZH VL ZICE>TTF 227V 7 4 NO=AKDORFEL,
TR EABOZENRILS D R KR T HAHETHZ. 20k, MEANTHIC K2 =M
FHORHLDOGE L ERC, FI3IBWTRLEZEIRT VLI T4 ORERMWHFLEH EFEBTE
rEZLNG.

DR UBRENCRES 2MAMEICBI L T, AT 240 OREEHIMEN S Z LIk o THHES
5 EHALPCLE. MR ZEEDEVWI LBMO T LF 2 —TRHWS, HOBEEHRZ
BI2TLF2a—TEHVBHEOTHRICELD, SHMALERZE LT 208N H 3.
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E6F

SENHBEEEE DT I T E
T a—ILOKER

ARETIEHE 5 ECHELLZINHREEZET2ATHEACCTT V227V 7 4 & E KL
SR DZFRICOVTHARS, ZEHESEET2ATHEAVS Z e TEAFOR L, ZH)
(LA D DR EBIBL L DARETH 5. ZOFEEH VS I THE3IETORLE=MA
FEORFEICEZ2T TV T4 ODREREELIELNL Z L ERT. ILZHNHELEE
BT 2 NTHiEHOSGE, ZESY YR OMAEDOEIC X 2ILRER 2 E, WIPEZ(GATRE
BRTyEI7VT 4 RRETE 5.

BIECTRLELSIICHIBATHZH VWS ZTY 7 T2 T 4 0Ky FDRITHIZEL
LERT, RELREWERBHIBLZ 22 ERLE. LrL, MIRATHERWESGE, HiE fng,
REDDEICHZ—HANDREFIIAHETDH 57, MEREEILAT 2 &5 REH 2 FEH X
B2 BNETHS. 22T, TEZY T4 OFEREM & L CRENHESEEE T 2 N TH
%, JEMEEM e UCHfETRER A NSy FEHWR 2B X 2. —RINZ, 7827V T 4D
REXWFIAPI Y FORXICEDEZS. 20D, ATy FEHEZEZZLICED, TV
LT 4 DILKER 2 RRX B2 e HAEETH 5. 5 5 BTHBRANALHEZHN R HER
FRT B0, 77V T 4 OFREM e L TREINMESEEE T 2 N TH, EfESMe LT
EE) Y EERAVEEE, BESY) VXL > THERZFXE2 ZAJHETH 5.

ZITARETIRET, @FOANLHZHWESGE L XBNHRELZAE ST 2 NIz HWiGa
WKBFZ7 €707 4 OFBIEICOWTHIEEL, MIEATHEHAWESEE L ARIC=ABOR
P K 2MEDOREREFEBTE S Z L BRT. R, BES ) Y XOMBIZ L BIEKERL
A[RER T &7V 7 4 OFEFHTOWTIAN S, FEED Y VX OMEIC X 2HELEEE, 5.3 TN
FEBOREX D SIHEARER AN L ZHEIT 2 212k > TTF &2V 7 4 OEIMEEITS
YN TEZILERT. ZLTC, 30HDT7 7 F a2 —R0olET 27V T 4 BT 5720
O, BEA7LVITV XL EAWERECFEOHBEICOVWTENS. Zhuc kb, IBAER, H
WA ARER T > 27 T 4 ZEYNCERIEZ Z e affEe kb, 727V T 40aRy
FDIEHDIEEIET 2 Z L DA[REL 72 5.
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B Conventional muscles
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Fig. 6.1: (A) Stretchable artificial muscle generating 5 N tension at initial length. (B),
(C) Tensegrity deformation using conventional (B) and stretchable artificial muscles (C). (D)
Axial and radial strain versus applied pressure, where strain represents the length change
indicated by arrows. Tensegrity visualization from motion capture data (red: with conven-

tional McKibben muscles, blue: with stretchable muscles).
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6.1 REHNBRMEZEIIAIHZAVC=ALEOR
Fic Kk B2 EH

TITIE, ZENHEREETAATLHEHWEZARORLICED, 77V T4 DK
EIEWEBIFARETH 2 Z L 2IWRER ZHWTRT. 727V 71 O5lREM e LT, @HOD
AN E > THTWR S WATHEH 5 BTRELAZHNHEEEZE T2 A THEHEL, 2h
S5OIEAE DO ZITS. Zduc kb, NTHCZEBNHEEEL 52 % 2 2 T=ABDOR L
KX 2MEDOREEDER NS Z L 2RT.

BEEOANLHIBNTH AV —7OEZAH 200 mm, HD (3R 230 mm O N THZFHWT
TrEZV T4 EEEEEL (K6.1B). 2L, MEDOANTHERWEGS, RIZREEXE
27-DID LIEE L2 RBEECREE Lz, AT ko THUE R W, ZEINHESEEE
T35ANLHEAOCIGEICHART, oihEe s, £/, K6.1CIIRT X 51 5.2 HilcRxg
ROlRER AL 24 Kol b7 27V 7 4 ZBYEL 7-.

FEDEE DT DENEMGES 2 7291258 3 BB 2 UL R C L W EFOKEX T
B35, E=—YarFr7FyO~x—h% R2EOHACEELE—aryFy 7F v 2 HOTH
BOEBERE Lz, B3 BICBI AL L IV BCREIELNS 6 HO=MAF%
REEE272HD 12 RO NTHICEEEZHML 255 08A MO 03T AL EHAD VT AZK
6.1D IR, BEDOANTHEHWZGEITIANTHIEI T2 Z e TRECPMET A2 e N TE
F, RADPIEFICKEL D, 0.35 MPa 21X RHCIX B O DBEE XN, 2ok, @
DANTHZEHWZDDIZOWTIX 0.3 MPa S TOT—X%EZ/RLTWS. 0.3 MPa 2B 3£
ULz &, BEFEERAVESS, @FEOANTHEZAWESE TS 4.0 £5, %
HENZ 2.2 58 Vo e KERVTAERERT LI NTER. M6.1D »obh2Eh, AT
KL ANTHZHCGEIEE# MR, FAMEICENNIRELS ko7, Zhuck b, AT
SEHNMEEL G522 28T, 727V 74 OREWEFERTE S Z e RSN/,

6.2 ZEEID)UVReZHNBRREZEITSALGICE
37T T DG

AREITE, 5IREM & UTZRIENLS, TS LTRES ) VX EET2702 7V T4 %
OIS, B5BTEREZEINHELREZETZ2ANLHET VLV 7 4 OF[REM & L T%E)
HHEEZE T 2 NTH, FMEEMe LT2RES Y U E 2V X, 2BFES ) U RIC X - TR
KREFRZREHX L DARETH L. /RO~ vy FRUBANTHIZEFEDEINNC & - T 20% 2
EDIENFIRET D 255, N X 2ZERMHEEEN NI W, 207D, 7287V T 4 &M
R332 TOFEREM & U TZEIHEEI NI WIERD < v FRUBIANTH %AW 254E [50]
Wik, MEEERE L ToOFRIMEIZ/NEL, HMEDEFEZKEL T2 LIIR#TH 3.
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A Large deformable and
Variable Stiffness Tensegrity

Air cylinder

Stretchable McKibben muscle

and thick rubber thread
B Self-weight effect C Rubber thread
1 80
0.8 r 60
= =
IS >l T 40
B oaf g
20 ”
021
>
o0 012 014 0.6 org 1I 00 0.2 0.4 0.6 0.8 1 1.2
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Fig. 6.2: (A) Tensegrity capable of large deformation and variable stiffness, composed of six
pneumatic cylinders and 24 stretchable artificial muscles. (B) Strain of the tensegrity struc-
ture versus the stiffness of the tension members. (C) Load on the rubber threads constituting

the tensegrity.

RBET2707 V74 HEERK 6.2A RS, EfiZZ T 28Me LTRHESY Y X2
THD, 5IRZZT2EM e LTZEBNMEEZ2E T2 AN LA MEZZT 272DDK NI L4
ZAANCHCE U2 e T W3, X 5.10D 1IR$ X518, ZEERML TWiaWw AT
HEPNZ V2D, K0T LERAVWSE &> TT v 74 BIRER-E2 2 L

B 6.2A IR X DIC, RESDELRZ 2DODREIZBNTT 27V 7 4 BEHDTEIRZ RO%b
EnH 5. WREROT-ODEITHZGIREM DRI TH S, ZOETHBT 7V T 1 DY
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REMRTE 202 EZTaLMOBARRERG T2 LELDH 5.
CITHERBDREFMT VIV T 4 OHEIRIZHETHS. HEICID KRELIEHIES
Nk, T, ANk TER IO NLBBICHIARIRCRE T2 O TE 2B BB ETH
3. AWZFICBWTT Y27V T4 ANy TUREMAEZAUHE S 27 228K T 2556, &
KT25 kg BBEICRZ L REDONG. 22T, COHEEZZZOLNS XIS 5. 51K
MOBEMER NS NGE, 7227 T4 BHERE>TRELODREINTLES. L LHE,
RIEZ KE L ST ELGEE, BESVY YR EMWEI R 22DICRERNPRELE>TL
5. BESV VX EMBIEZNIEMT 2ENENRICKET 5. BEOEES AT AICE
W ATRER ZEE1X 0.7 MPa BEEZ TTH 2720, ThzEd L ICHNREZFEIh . EESY
Y XD IFRERINC B IR B 5720, AIRERIR D, SRIFMM OB N WIZS RV, 2
NoEEETIE, 727V T4 OHERXZ S DIHEREROMAMEE 522 DMBEE L.

6.2.1 FEHFEIIal—>a>zRVIHE

ARWHFETlX Rhinoceros @ Grasshopper Z W T> 2 2L — a ¥ %17 - 7. Grasshopper
1%, 3DCAD ®Y 7 b v = 7 Rhinoceros L TEMET 280271070 r oIV /FiETH5.
M OB DD D EWVEEHE W o B R AR 2 BEME - REICEL TV 5.
Grasshopper ZHWTALHEEZES VY VX, At 30HO7 7 F 22 —2DTjODH HVE
ERCES 2 TEBDY I 2L —>a Y2175 T D A[ETH 5. Six-bar tensegrity DFJHZE
BEDLIHNEYIaL—vadfiol. 7YV T 4 BHRT 22ES Y ¥ X OIUER O
£X% 400 mm, HEROEX% 720 mm & L7-.

FFRLDIC, FIREMICEOREDHIEEZ S5 X5 2 THEEZX A N2 ROV Tk s
5. I TRLIREMZRIBIEREE Z, SIREMOMMEIELRIVICEZ 28 2E 2 5. H
BICK2WELTRORMNYY I 2L —2a iZBVTE, 7y 7 V7 1 OBERBITEMAFET
BLEZDIENTES. 22T, 7827V 740 12 HQTHRAIC z AT AN —EFMEZ 5
ZABZE TCHEZHHELE 727V 74 OEEN 25 kg THEHEEZ S L, 12 HOTHAICIE
20 NFRED z 8 AmO N5 2R VW eicksd. sEREMOMIEICNT 27227 ) 7 4
DHEICLZZEFOKREX®2K 6.2B IIRT. 24 RKOFIREMICIEESTHUMEIEEZ S5 2 TED,
ANLHZHEH L TOWRWEEOHEOARR I Z2ZEHEZER L TWVWS. HEOEELEZRWES
DT 7V T4 ORI Lo TERL L ZEmE 2R LTS, 5IIREM OMITED 0.1 N/mm O
BECEHREC L s TRBRIRFEEoNAF 725, HIMED 0.3 N/mm O5EITIE 40% 2
EAEIELNS. M6.2B 256, HEZXZ 57012, BIEAQADEHE, 0.4 N/mm DLW
Brrb.

L2L, 04 N/mm MY EOIMEZET 28I HWGE, ZESY VXK 5ZEIH
Hrzs, HlZiE, 0.4 N/mm ORIMEZH S % 51REM 2 245 mm 225 440 mm FTEE S E
& (K6.2A), 80 N BRERAEMT 5. Zor &, ZEESY Y XITF 200 N BEOMHEN
EHEZBLATE, BEV) VX EMESELIDBTERY. 727 Y 74 O5REHME LT
MR ZEAWTHhEEZ KREEZ S8 25812, Z2EORE X0 L THRIBICZEES Y v X
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WRHABERNDPRKEL o TLED. 0k, AT S X5 BKEBEHS T2 7Y
7 4 DIRSERM & U TR IR X 72 0.

ZZT, IHEDIEROFAEEZ 5. 2L MOIPEEEZK 6.2C 12T, K 6.2C IIRT T
LT, BRED? LA LIEE UIED 2B EENMARKIC BT 2EE, D F DREIPEIKE N
3, 5% BEME L0552 53 MIESIEF /NSRS, X512, ML T HIEDSEHUTKR
EL%5. ZOESRIFIRIERERVWESGE, 787V T7T 4 OHEZXZ 57012133 L
DOFTAD 0L AERKE VIS Z AV S & kv, 2 a6 5% BREMZ N2 L HlPEME
{7eb, HES) YXOMBIEZ KRS, AT, HEEZXZ S I TE, »o, ¥
BRERAVEGEICHARTEES ) Y XOMBENERICEEATRER ZOR 2 E T 2 2 0% 7
Y7V T 4 DRI LTHWS., X512, TaMt2 ML THCRIMEDS K E < 72 - 72586
EFRHWEZeTT oy VT4 OREEED 2 Z e AHET, T2V 7 1 ORIPEZRLICHIH
TZE5.

TR TN T 4 BORNEINIIRED SPAZRBALTUARET H 2 PICEE R DIF I A O
ZAMKNICENZ LR T 20D ORIETH 2. RHFFLTHWSK 6.2C IR T 2 L ORF
P, X7V 20D ORITED 0.4 N/mm FBE L %2 X512, RFETIEE 3 mm O3 4
MEFE4 mm T itz Zheh 1 AT OMAGDELIT AMMEH VL. oItz W7
YTV T AIZBWT, NTHZHEIL TOWRWEEIZEES Y VX5 720 mm ZHES & 57
DICRHERZINI 120 NRETH -/, Thrkd IBEESY) ¥R 0.5 MPa ZEIINL 2B
120 N Z2HEAEXELNDE LIV YEANEFERZ 18 mm & L=,

SEHPHEEEZAE T2 ALHE RO 2MZMFNCEE L7 7 F 22— X IFRI L MEOM
WHEWIEREEZE T 2. /2, ATAIEZEEZEML TV 354 L HIIML TORWEETIER
MERRESERRS., ZhoOMELLENFREEZD L1222 b= a YND NTHNCIERTEME
R, Y2 =y a YNTRER HEDOIFBIRXRZUDEZ 2 2 TALHICEER
HIfILTW2 2, HILTOWARWAZEE L., ZEEZHML TOARWEFICIZEZ 400 mm
T, MEOIEFICE W IZRAY L OER L. BRI, ZEZEML TWARWEEITIE,
£E 229 mm £TIE 0 N/mm, 229 mm 75 472 mm F T 0.17 N/mm, 472 mm M BT
2.56 N/mm & L, ZEERMRICIZRE 210 mm £ T 0 N/mm, 210 mm 225 470 mm % Tl
3.38 N/mm, 470 mm B ETIX5.77 N/mm & U7z, ZH o8 5 BB 2 A LHD IS
ZHEET =X X 6.2C IR TRV LMD N SFIH LETH 2. ZEZHNNL 7ZEO2EE >
)Y RE—EDS (0.5 MPa OBEOMES 127 N) THET2HME LTHf|ko7. ¥ I a2l —
TavORER LTI Y XOEXD 720 mm Zi# 2 7255120%, £ 720 mm THIESIEEIC
BWVREIERE LTHEMLTHERS 32— ar2{75 28TV Y XDEZXH 720 mm ¥ 73
b5&951TL 7.

ZBES Y U RFAME 20 mm N 18 mm D7 I o84 P A 16 mm N 14 mm O 7L 3
RATEHACTK 6.3 1ITRTESCHELR. ZERZHEMT 285 LTIE 3D 7V 2 %H
WTHIELY. 22RO EEE T 2RI RF UEERIZHWE. 2k ZELK0R
NEREOOHEBET LI LHARETH L. MEBIBTORVIKETIZRE2 400 mm TH D, 22
JEEIIMZ & D 400 mm @ 1.8 5D 720 mm FCTHET 2. E{ELEES VY Y XDOHEIZ 1A
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Fig. 6.3: Fabrication method of air cylinder. (A), (B) 3d printed component. (C) Inner tube
and Outer tube. (D) Assembled air cylinder.

H72H 140 g THote. NIHEEES VYV REFT v v —ZHWTITLMOEUOHEZEE LT
W3, Ty ¥y —rRUCIEDNERZTSZeHAREL 2D, RIFEMIC 100 N FRE DR EH D>
Do THHBERTICNEXZ 2 e AREL 72 5.

FUEZVTF 4 DHEELZ B0, BESY VEADOEEIH 400 mm TH B & 2123 L4
DT AP OIGEWVEAHFHENE X512 F 5. FUVR MLy FHANITEZ LTI 4
WBATLES. ZNHZERLT, TMB % DTV R MLy F2ETEEIIICHARES:
230 mm & L7-.
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A Small state
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Fig. 6.4: Stiffness change of the tensegrity structure. (A) State with the pneumatic cylinder
contracted. (B) State with the pneumatic cylinder extended. Stiffness is increased by apply-

ing pneumatic pressure to all artificial muscles after extending the cylinder.

6.3 AILFEFICELDZT>EI) T DRI

B5ETRRELEATHICEOEZICB W THERIFET, ZEZHNT % Z & THMEZZ(L
XEBZZEDARETH D, BESVY VX, NTHE HICHEIXEFTICT V227U T 4 HVhI VIR
BihzeE12d, ZTREMBETHZ. ZORED O NTHICEEZHNT % 2 & THEDFIR
EROZFMMNAEED D Z e DARETHS. NTHEWEL/2GE LB L TORWEED T
Y7V T 4 OFMEOHEEK 6.4A 1ITRT. Ty T4 EO LicBb D EHEL L E20
TV T4 ORI EME L. ATLHEZRBSETORWIKETIX 25 N X 723581258
KREZELNIREL 2oz, BRCHFEIELNLIREBICBW T EES ) ¥ RIKED H
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728, B0 ehoTWaRWL, ANLHIZ 0.5 MPa ZHIIML 72358121%, 10 kg DE D 2 #E
7oIREE, D% D 100 NEEEOEMZ 52 THHWEN ORI IND 3R o, ZHEZHML
TVRWEEDOEEDa Y 754 7 > 21 0.24 N/mm, 0.5 MPa % HII U 72355 O #iE o [l 1%
1% 1.99 N/mm THo7z. ThSHOMMEEZ 0N D25 10 N OAREP T RD T 7 DMEE D5
SR L. ANTHiZ 0.5 MPa HIINS % Z 212 & » THIMEAS 8.3 fFICNT % & AR X iz,

TES) X RREMAL THEEZ KEL LEREBIIBOWTO AN THEZHEIXE 2 Z L llEE2 &S
52 EHARETH S (M 6.4B). 72721, ZOHBRIEFIALHACHALLITL 22052 =70
A ENTREEE RoTWVWD., 2O L 2 OWEIHREX 100 N fRETH D, FINT %22
0.3 MPa & L7z. ZEEZHIML TOWARWEEICE 30 N OAf % 5 2 R ERIcfiEsn o h
7z. 0.3 MPa ZHIIN L 72F#i213 100 N O & 2 5 2 72581 b e BICHER D3N 5 Z & i3z
Dol ZBEZHML TOWRWEEOHEDMITEZ 0.15 N/mm, 0.3 MPa ZEINL 72858 O
EOMIMEX 0.80 N/mm THo7. ZHAHDMIMEIXON 25 10 N DA EP T RKDZZ 7D
EE2 BRI L. ATH%E 0.3 MPa HIIIS % Z 212 & - CHIMEDS 5.3 51N % 2 & 25hRR
It

FEEORI BV THIMZEAAIRERATH VT WA, ZEED Y ¥ XRLERONTH
ERHE L CHERZER X0 I L TORWATHEZR#NT2 22 Ik > THEEDER %
KELSEZZZeRAAGEEZEDZ Z L DARETH .

ZIT, 77F a2z —ROBEERERT BRI, ANTHORTEEHR LR, ZESY VXD
HEZHRT2DEDDHZ ZEBERICEIDAL 2R o7, ZAUE, NTHICZEEZEHML 7
REET, AT X o THiED B RICZEEZ IR T 5 & N LB A LA AN E AR 5
BN EIWERT 5. ATHRNHOMIMIENRELS RoTWS. 20D, NLHBZHN
WHIZ N RE» SR X IR I N 35581, MELOMECENS R Y — 7 DRI - Hh
BZeMHB. NTHOZEEZHMUIRET, k- T o 5E, M EMT 2 2
PR THUENRY =TI o0 2HERDEL RoTLES. Z0RkD, 77V T4
DEFEZHRT 256, NLH, ZES ) Y XOIEETHR T 20ENH 5. ZORICELT, #&
VCHD 2L %2 X5 NIHMREFHT 2 2 1d—20MIKTH 5. HlZIE, EWMEVAY
ZOPIEXOHIG AU LM 2ER WS Z e MEALOMUEEZRL T2 AEETH D, 2
Y — 7 OJeHiE THEDIE | o B 2 HERZ KIS FIF 2 Z L 25AlREL 72 5.

6.4 EELH7ILI) X L%EAVEERESREL

KTV T 41E6 RKDEES) YR 24 KON TH» LI TVWE., ZOT V27
VT 4 OREERIRT 27012, DIFEDER 2 EB XL DI TRET I/ F 212K
DHAEDLEZBEH T LIV XL ZHVTHERTS. 30D 7 7 F 22— X OREDOHAE
ODEEFI0EEDUEEEL, IRTOHEDEBICOVWTHET 2 Z L 3REETHZ. Fi,
ON,OFF @ 2l X %37 7 F 2 T— X OEREN Tk RE(L T 2356, AR FRGES 2. £
2T, AW TIE, EHECERRBERZEMEZROMEICH L TETH 2 BEN 7 VI Y X0k
w5, Grasshopper NOa Y R—3x > b2 HWS Z e TEENT7 VIV X L2 WK F
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Fig. 6.5: Optimization of actuator combinations using an genetic algorithm. (A) Search
space. (B) Initial state. (C) Optimization and experimental validation of actuator combina-

tions maximizing height and volume.
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Deformation One stretchable McKibben muscle

Stretched

Initial length

Contracted length

Fig. 7.1: Feasibility of transitions between tensegrity deformation modes based on the passive

stretchability of artificial muscles.
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A Tensegrity B Genetic algorithm
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Fig. 7.2: (A) Tensegrity robot equipped with a battery, valves, control system, and sensors.
(B) Optimization of rolling deformation using an evolutionary algorithm. (C) Simulation-
based generation of actuation patterns for path following. (D) Overview of the demonstration
setup for the rolling bridge-support robot. (E) Experimental demonstration of the bridge-
supporting robot.
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A Combined worm robot

D Locomotion

Fig. 7.3: (A) Mobile robot composed of combined tensegrity structures. (B) Deformation of
individual structures. (C) Actuation patterns for locomotion. (D) Locomotion of the physical

robot. (E) Structural deployment, showing the expansion of the central unit.
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CHFEEERITO T2V T A 2 — A EHMIES 8T, ¥y I 7Y RIS L—RA%ITS
ORy N7 —LEEBH L ZLT, AUHEREITI 20727V 74 €Y 2 —)b, YUHHE
IS5 7027V T4V a0, EREMERZTS TRV T4V 2R ERIEL L
TRU DIREAfE R~ = 2 L — X B RH L -

FBHETE, BHEOS Yy FNVAANTHOILF 2 -7 2 —TOMIZ, #EEET 2,
BRI RV LKE 1 AOMERATZZ2ICE - T, RO~y FNUBATHICZE)
PP EMEE 52 2 FEEIRE L. BB LT a b &4 ik, ZENHEEEET
B NI OZEEN, IHEE, IGEREO 2 — 7 ety oM OEhIcOWTHEL. Zh
O OEMERHEZ b L ICEENMEOZENHREEZET 2 ANLHONFET LV EMBELL. 20
TEETNAES LI, ERORI 2 HIGEATRER AN TH OB EIRE L. WFERRlE L, 22
FEIEETANREIC 100% DA EOZEMEMEEZE LR s, ZZEHMEICIE 100 N BEO 24T X
BBZEDARETH B b RR L7z, X512, ZENMESEHE 2 N THiEZETIRECEIfES 5
BRy b7 —aNEAL, RO ANTHZ W55 L TEIERF LD 2 2 & ZHER L 7-.

H6FETIE, 5 ETHELLZENMREZAET2ALHZHVET Y7V 7 s HiEOK
B EToT-. T 7 VT 4 MBS X7 20—2TH D, BHEMICZENNHEN
EETAZANTIHERHCEGE, BESERIZREELET L2 2R L. 2L T, NLHizEKE
TBEILIRE-T, BHOANTHEHN GBI TERIKREL KB I EBRLE. EHIC,
TR VT 4 OFEMEME LTHES Y VX2V 8IEkoT, 7087V T 4 OIKRE
TEWalREe B Z e Zm L. FMBEOENEZ G5 Z 27-DICETNEZEES Y X e N THOD
HAGDEZ/27-D12, BEH7ZALIY XL E2RELS R T L2 RHEEELT-.

B TETI, IEREUARER T2 7V 74 WdEz VT, B L G2~ 5y 7 b
TYEIZVTauaRy b, PRBHEANDRADFRERY 7 b7 27V T 48Ry bOHFEEITo
Jo. BEN7ZALIY ALEHWS 2 THEADEREZR#EILL, BADEEEITo/. Ny TV
RPERAFOMI S R T2 Ry PAIBEHT ST, ZEEIPOD 1 KDZEEF 12— 712
Ko Thrp D, BEHZEBHTESZ Z 2R L. X518, IMKEFARERT V227 7 4 HiE%
HIEXEZ22T, A vFU—LBOBH0 Ry bEFEHIEL I HNTE, FEHANRAL, B
BTE2Z 2R

KIFFETIET V227 T4 EE KB S B 2 -0 DENO =ATFORFELFiEe LT, M
FEANLHI %72 L TEARORAMCERES 2 Fike, XBNMEEEZET2ALHEH VS F
EERER L. MIBATHEAOZSEAIE, TEROLHETERIIRETH 2 DI L, ZEF)
RN Z W 5E1cid, 2 EOLER 2 B T 2RI IIRELREH T 208N H 5, S
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OICHIHIREBIC X b B0 2858, BRCEEEE5E2 526U, ZLT, MfF
ANLHZHWEGECEA NIy VT ORIZ(ZE LS EL Z e BRETH 2 DITH LT,
ZENHEEEE T 2 ATHEHVESSIEA NIy FORIE(AARETH 2 Z L 2IHL D
L7z, 20k, REEIDEYL 2355 CEZHNHEEE2E T2 AN THEH V2135 1Y
F UL, BEBIMREELE S R EER DI L 2 2 AN T Z W2 AL E L.

8.2 SROERE

5 2 ECHRATMENLH OMNFIREET O DR USKENC B AR LT, K<
R GE B TKERMAER EE2FER L. LrLiads, 0.5 MPa Ml EOEWET%Z2H
WS, WTNOEXFIZBWTHRAY = IR LF 2 —7WEE DT 3 Z LT 100 FEIAD
BDIRUBREITHHET 2 Z e DHL 2R o7, 2D, MAMKRLED 72D IIEARHFE TR
TFEOARL T, NEOaLF 2 —TICHABRIEHE 52 2X&EThseEZL6NE. AT
icHCBRER 2 52, HEWEEIET L CMAMEDSRBRE L 72 2 FHiEAO N T OF H A6
YRBEAS. X5, EHMIRECBWTEVHALZET 2MEATHEZY 7 b 5712
TABRRY M PELHT, ZOMOBELFERLY 7 bRy bOFEBICALTEHTE 272255,

T/, BEETRRLAEZIHNHESEZE T2 ATHIERE NAIHEOKERENTH -2
AN & 2 ZHNRBEEEZEFEXELDDTHE. ZOZHNHEEEETZATHEA VS
TrIZEoT, MEROAEEEMa Ry XD EYIVYARY FEEBET S ZEHNAEETH B
A5, LrLEDL, ZOZENMEELE T 2 A THEMESE N IRED & 22 F 2 HIN
LTHRDMEIFTIRL RV Vo 2EEZEI TVWE. RNEIFTIURSE 272D,
ANLHPIIHRE S E TRENRICEELHMT 20EDLH 5. EEROHRET 7 F > 7 4 T X
YEEIAT Y T4 FRAY FOMEEHCEOIGET 5720, FRORI»OR/INRE ETENM
ARETH 2. ZD®, KRR TEHL ZINHEEIIEROZEHNMESE 2 Z2ICHITE
TWBEIEE AR,

CORIFARRICBITZ2 727V T4 NOBEHICBWTHHEZELCIEIHFEKE ZoTW
5. MEANLHZHOSBEE, ZOo0E WL ERT 0, PIHIRELRHE T ICEEER S
5ZEHARETH L. Lo L, RIFFETIRELALZENHESEEH T2 AN THEHVHEIE,
TOOEREBET B, YIHIREERETINENH L. THIANTHIMIZ I N RE TR
I/ 2RRNESIEFTIETERWZ CITERT 5. (EEORI 2 SHR/INDRE X T TIHE
SEZZLDTELZANLHHZMFET ST, AMETRE L L _MEO=AE DR LFiEIZ
X277V T 4 OREFOREEMABRDOELENFEEERIE2 e 5. D
%D, EEOLEMMZREBINCERATRE, 2o, IARZHARERY 7 F 7y 27V F v Ry b
EEBXELZeREL RS ERORI»ORNRI ETIGHEAIRER ALY 7 b7 >k
VT 48Ry hOARLT, HOWIEMRBHRRY bAOISHLARETH 5.

TRV T 4 DRERERH Ve Ry MEHIE LT, RFETE, A vFry—2aBoRy
b, BUFATREZR B R T v b7 — 24, QU DBREARER =2l —&, A D 2Ry PADIGH%Z
fTo7e. TRHEAMRICBIST 7T 4 OREFEFIERCIDFEHRTEZ20 Ry hOTE
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VAR —=Yarve L TTok., AR TIEEHEDOIDHIZ, EY 2 — /L2 RIKITHER X B 7= HAK
WOWTE D o 7228, EMil), 3 EINCEY a— L2 AaGbEL L bHARETH . 7
TV =2 aYEOELEY 2 - VOMAEGDOEFORELEITAZ L5125 2T, kA
BRGETOY 77k V7 48Ry POMAZEGILT S ZenTESeEZONS. £
AIFETIX, —DD Six-bar Tensegrity 23H K LTHAEEL, »D, Y 2—Le L THAAD
BEILICEIZBEAHEEFEBRTEL I ER L. RABRRICBOTEET 2081, HIKTH)
325,88, V2L LTIMEST 25820 R 27-9120F, BENERGEREHEE
YRBESS. AENZEEMEEZE T3 22 Ik o TRIEICEDLE TRy b2 HANICHIE
TEHZEHAREL RS,

X2, AKETET VIV T4 D77 Fax—vayEeFEEy LTk, T2
VT ABEDE Yy Y IR 2Dy T =R 2 W7 4 — KNy 77280 FIIIH R D R Hhd
H5. RFKTHCWT V7Y 7 4 FEEEIHEED BHEORK L 5 REM ORBD—B LT3
72, ETOFRBMOEI 2LV VI TEIICK->TT Y27 T4 BEDOHIREFE T
LZZEMARETH L. CDXIREIRMET L2V EHAVET V7Y 7 1 OIEIRERIZ,
Bz, FEOBREMIRERO DIV e TES. HFA4ETRLEEIL, VI TV
7V T4 aRy MIZOMEOFIMED S, FAMOBRERIRCEDETEET 22N TE 3.
ZOrE, FAMOBRREEREKMIEX5Y 7 727V 740Ky vHBEETE. 20
7o, FEHOBRBEIRICEIRICHEICL TEET2Y 7 b7V 740Ky FDOBIRZFR#H S
5 CRFDBRIREHEST 2 Z e WAlAEL 5. £/, 66 BTRLUILIBAEEATEER T
YR TVT 4 EAWRIIZE T, EDAVERIZBWTS T 27V T 4 BERLZBIC,
BECROD B ETIED S ZeDA[REL D, KD ZLOBRBRICBVWTEREHE T 2 2 L 25AlHE
£2%. NDVBAZ I OREELRIFICEWTREZHRT 20 Ry b LTHAT 222
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iR A

KRR THWCZEES X TLICET S
BRI

AIFETIX 0.5 MPa FREOZEE R vz, 28ES X7 22 BUWET 2RI W BfEO/M X F5F
WOWTZ RS, 2 2ITRTMEFICRE T 2 R AGERE 3T o Tty 0.7 MPa
DZEFEZHMLUTHEL[DTND RN L IFHERFEATH 5. HROWNEHRT 5720121,
ZERIMODFAE T 2RO B 20 % KD TR TRIEZEHNT 5 Z & TEANRALTWL
08 D MITOWTHER L 7=.

e =y:l

Y, BEMEFCBVTHERORZELRDFTAZC I THL. BXADRNE <72
&, 0 VY IRIALRBEEHRE, —NT TS, HEAIZHVLREDTEND . Kt
FICBT 5 AFOMEFICBWTIEERDIFHICENTH o 7. BEANIEFA Y ORMTH
% HENKEL 25t L T\ % LOCTITE 401 % EICfH L 7.

:DEJZT:; i 7'3':':0)%1:;

¥, BEAEFORSTCHF 2 —TRLEERT 2 2L DTEBHIKICOVWTET. PISCO
DHME 4 mm, NEE 2.5 mm OF 2 — 7 DOFNIHE 3 mm, NE 2 mm OZEEF 2 —T 2K Al
WRT LI, FADISIREOALI L TRY VLAY Fa—T0MEICkD, #HEAIRLT
STICHREFLE L THAET 2. 2 mm BEELIAATELS 2L TO0.7 MPaf2E2 2T THIN
32223 Bhol. FTH-R2 MR R0, HOBTEIRL, MIECBVTEZ L AW,
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Fig. A.1: Adhesive-free connection between a 4 mm tube and a 3 mm tube.

Fig. A.2: Fabrication of a T-shaped pneumatic tube.

“RROZEFEFa—T

TEROMEFEAVIES, MA2IWORTEIREEF 2 —TDAPLEET 2 Z 2 AJEET
H5. £3, MEA4mm OEEF 2 —7WCEFE4mm OMED /NIDHDONREHITS. = v 8—
RPRUVLEHAVE IR I TRZDIFZIEDRIEETH L. ZOIUIH L THIDHME 4 mm D
HEF2—T2EZ LAY, OB, Fa2—T70HMHICko THIBREEREZINTH LIR-> THiK
TRV HBWIZRSTWVWARIZENERETHS. ZD2O00DF 2—7DMIC LOCTITE 272567
ZeT, ZKROEEF 2 — T2 ET 2 Z e HARETH 5. HFELOEE TIIRVZDHNST
GloBRoTLES LRI TLE S, 0.7 MPa fBEDZEREIC L > THRIF 2 Z i3k, ROV
ARXREEET LI THDOH A XDEEF 22— 205 bARETHS. SHIZ, Zhzil
HAEDEDL IR Lo TS FIFREERBELHET LI HARETH 5.
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Fig. A.3: Fabrication of a pneumatic plug

Fig. A.4: Fabrication of 3D-printed pneumatic fittings.

TETST

BT 2 RITHMEORICEERDOMNEEH U WGERH 5 /2. EIET T 7 BIEARET
H3. FF, BEF2—TFOFRFALL 5VDH A XOER (hoWTdA) ZFHAT . i
% LOCTITE 22 T30 D22 I ko THET I 7 LTHEET 2. ZOrE, > VYa—
YLD I LOCTITE 2726 L TEE, Fa—T70%E D 2BETTITHS. ¥/,
DHEL ZBDEETF 2 — T OBAEEEMAGDE 2 Z & TEMICHD 5 2B EF 2 — 7% AfE
TEHILHARETHS. BH, ZEF2—T7RZEMAICHITFTLES L BZLPEL KR TLE
5720, EARKMPS -7F 2 —TBMLWEEIEENTH 5. WiC, EEF2— 7% s
% 2 CTHBICZEROMNENC Ze B TES 72D (JME 4 mm, 3 mm OF 2 — 7 THIUXA]
RETH 2 Z L RHEREA), —RINCELRE TR LI BRWIGE I ZOHENENTH 5.

3D 7)) VR BAVWICMEFORE

ZLTHRERIZ, 3D 7V 2 EAWEHEFOBEICOWTORT (KA4). BHERKEFTD
BCBET A ZEDAEETH B, T/, FWICE LT 2 — THREOEFICHERT, 8l5lo5k->
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Fig. A.6: Method to make a spiral tube.

THRT BV RBZMEFIEEAIRETH 5. AME A mm OF 2 —TZHAT 57DITIEKD K
SR ENED. NIE 4.5 mm OIIIEEARE ANSE720D0bDTH5S. ZL T, NE4 mm DI
35 2 =7 2D DS DT, HEAIZOFIRTTLIEDARETDH 5.

3D 7V ¥ &12iE Markforged @ Mark two Z W7z, 74 7 X2 FOZFEMR 3D 7V ¥ &I
Ko TIEEEHI D H KD NTLES 22D b7, FEHDETH S, BEMiD b2 DTRwA
5561213 LOCTITE 401 %2 AW T 2 i S ED3 H 5. [FIFRIC U TROMANCAME 1.8 mm
DF2—=T7% 6 AMOMIFZ2ZT1IADIHEL MM OF 2 =705 6 KOHE 1.8 mm D
Fa2—-T XA ELMEF2EYET L 2 eARETH S (K 3.14).

BH/NILT TOBEEMRE FADFA

SMC DERE LT (SY113-5L-M3) 131215 g A RTH D, E L7 RORy MHEEL
TV EBICHERTH o/, LA LTHIROKRETIE, BHEAL T ICEREEL DDV k-l
RB7LVITTECVWLDIC—EREDHEENHS. 22T, FOEHEOD XS4 3D SV &
HOMETFLREELE. UKD, 3SR—P DY L /AL RNV TRET15 g BETHWS Z
EWHREY TR o T2,

A0.1 ZNAISILFa—TE#=RUVI-EHREO B

BTREICBI SRR T 7Y T o vRy TR, EESY Y XOMBICHWY,
BEEEPRESEILT 5. ZOBE, NIHRREES Y Y EANDZELEF 2 —7, LR TA
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DERE DI CHMENZLT 2. ZDRD, BEF 12— TPEROEMEI TRy s DL EHE
LBEWESICEEBT 2 TREABETH -7z, 22T, AMETRERIRICEPNZRY YL XY
Fa—TEMEHALE. RVVLRYFa—TR@ 7= VI E T 22212k > THRARICEE
T2ZEDARETH 5.

RVTLRYF2a—7%AE 10 mm D7V I8, FICEEMT, Fa—TmEEE LR Z
LT, 80 EBIXRo7A—T 230 ME L. 2Dk, BHREDMENKITICKR S L5 IEEk
B3I TEREF 2 — 7 OETTIZEMIE TV 5.

Fie, RVILERYF 2—T7ONANC 8 AD AWG30 DESRE AN 3 Z & TEE IR IR
L7z, 3, BEEBBIE27-DICRKIVLEAYFa—TRICTY)arytA4reAn, ek
RVTVLEAYF2—TOFET. 2L T, SADEREHBICT -#HT, #HEEFI-K 2 22T
BEE L. ZO%, RVVLAYFa—T7RIBHERCEEL, 7=— VAR L 72.

COWEF 2 —T WS ZeiIlkoTrARY FOEBEZHEEST 22 DRVEEF 12— 7,
HRERLET 2 ZEDARETH 5.
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