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Abstract

Pneumatic artificial muscles have many advantages. They have high force mass ratio, high compliance and simple
structures. Especially, the flexibility contributes to compose novel mechanisms. The flexibility of pneumatic artificial
muscles releases us from the spatially strict design required for rigid mechanical elements: it could actualize compact
mechanisms made of a fewer parts. Our research group developed a thin McKibben actuator. The thin McKibben actuators
is more flexible than conventional McKibben actuators. Authors succeeded in manufacturing novel soft mechanisms that
are made of only braided artificial muscles. We aim to establish a design method for these novel mechanisms. We already
have fabricated a cylindrical mechanism made of helical muscles. In this paper, we report a geometric model for the
cylindrical mechanism. We focus on only deformation of a side surface in the coordinate system of muscles to simulate
the movements of the cylindrical mechanism. The movement was verified by an experiment, and besides, it was simulated
successfully in the geometric model that was created. The deformation of height and radius directions changed according

to muscles alignment.
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BEMREESR ORFMEY, RREHEAR - BLEYE - FE - kL Vo Tn, B AT A OB L I fllimc R A 52 5.
ZDT, WERITIRVFRE AT T DB TR O HBULFFI R S AT A& AT IREN ) & 72 D 2 L IR
TX 5. McKibben B A TATAICAREINDEEANTHRIL, BENBEOGSIOH T IAT A, £L
THRENEG TH O MM THD E V- EEZA LTS, FrC, BRENGE - BB O &6 5 OEAICBW
THHERINDEN AT TAT AL, EEEZHBRT OBRICHERICAERRBETHD. 77 Faz—% KN
FHRIZETRT D720, FBWEREOEY (HINLE % B G T 2 MEERME . 2oy, 77 Fax—2%]
V7 72 EOREEEMIZED (T B 72 OO OIS FRETH Y, LV fEFE S OEEROREEZ RS IC
T 5. UL, FERMGETIXEEE O I LB D 72 2 BEAEH mm O K S D McKibben BN LA % W5 2
ENE L, TBIERHINUZBICEERICHB ORI Z s, TOEERBEFZELE SV X 2R AT 55
ERERIZIERE IZ0 S 1D H D Th > 7= (Andrikopoulos et al., 2011).
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(c) Solid of revolution type made of helicel muscles(Hiramitsu et al., 2017)

Fig. 1 Categolization of soft mechanisms made of multi filaments of artificial muscles.

12k o, %tk McKibben AN LA XL 0 EBWHIRCTORGE - BIENTHEE 720, ZHFE TITEBNEHE L o7z
FHK - 2 HHEOHHAIR A B = X NOREENTTRE L 7o~ 72. FATHIZETIL, RFTIC AN LR AZER L TRET S
Z LT, AH=ALOMER KL OBEENI RIS 2T AND Z & Re L T& /=, %72, Funabora (X — bk EiZ
ZHEOMBNLHALZEETHZ & T, NOHARBIZICHEET 2 A D =X L%HAEL TV D (Funabora, 2017).
ARG TIX, FTHRRNTHRDZEER LI A = X L% 2 E Y 7 N A= AL WL, Fifcley 7
MAD=AXLDOREEE L CTIRET D, WEROMME L LT, BREIHBEICH L TBIUEREDT / Fax—4%
AWD, BREZMOMENEE TR EblWE, 77 Faz—FOLE- 58 mbstoms 25 H45
SRR, BH—BROMAR DRI > CTEMEE 2GR LOMEORIRE BIE

ZNETICWL DD BRI BIIED LMHEEE Y 7 N A =X LBNEWES WS, %55 DX 1(a)
R RME R A2 PRE T d 5 (Kurumaya et al.,, 2017). &R OT 7L U 20 N TR & RIS D Z &0
ARERUET 7 F 2 —2 THDHN, LOVHEMPSIRETORBENARETHY, 37 N0 FERITAHT
%% (Kurumaya et al., 2016). RIZZET 515 DX 1(b) ITRT L 9 AR OBRETH 5. File & OfffHE % HH
HEDEIAEEL, DR WEEOEME Vo0 b, B SR TS EEET 2 Z ERAEETHY, 2
DR EZ AN =X LAOBEEIZID ANDZ EMHNTH D, KEFHIE, EARNRBAMESE CH 5 TR Ok H
HUNEHER BRI 2 N LA E U TR L 72 S DI DN T, JRHERS FE 2 250 & B 7= BE O BRENV R D 251 % F25R
MIZHRT L CTH Y (Ohno et al.,, 2015), FMEHEEZITE A EHWRWWT =T 2 h 2—=2ZGH LTV 5 (REth,
2015). ik 0 LIS ORATIZ DN TIE, 7 4 Foid=y MROMA A, BALIX =D& R S W7 fdi 2 13
FLTWD (T ¢ T, 2015)(FEAM, 2015). EFIL, T OMREEOSIE~OIEELE LT, FZEORERRE
REBRIELTRY, BICINEMASGDETEREEEIZ OV THRE L TWD (X 1(c)(CEEf, 2017).
AFETIE, 1) ZRIERERICHRA L 72 AT S 722 2 MR O SHHETEE Y 7 A D= A L Extg L35,
2) RO SHHEFIHEIE Y 7 N A =X LA T By, 3) JEA ORI — > OERES & T TOR
HEIZH—1TAT 9, LW ) RIET TR Y 7 b A D= X LDET L EIT Y. £7-, FEBEICHEE L 72 ek
LD EITH) 2L TETNAVOREEERFET 5.



(a) Step 1: Disposing muscles helically (b) Step 2: Braiding muscles and wires

Fig. 2 Production flow.

2. & & B

AR TH O ZMHEREIE Y 7 b A = X503, MBNLHRE A 1 U A v O FTEOMHE &R A Z AT G
Zbo. UBRATR T, O MMOMMEEZ T THE (DAY LT 5. LUTIS, AT 1R
raELnd.

I e T o &

F kIR 0D IELAE

FUINES

AR D WA
FHAAE D IR 3R
FREAE D AETT M EE (U — )
T A Y DETHE (V— R
il D ALK

WERTE D P

WAKE DR T A R &

o MIfRE O
FEBOWAT 0132 DEBOYMIEZF®RT 5.

N> 3I S, o

<

3. ARKSMMEBEEY I P ADZXA

31 BEAE

P fa R Sl A O U E T IEIZ DN TR 5. [HHRAR O ZARHER#EE Y 7 b A B = X A0E, m ROMBAN
TR Z ZRTIEFEIRIC Lz (K 2(a) 1, BAEZILSERND, &£ETDH L) IOz (X 2(b) Z &1
Ko THEEND. ARETH O MEEER, MEBATHRE A T4 YO _FEOMHEZ AVIZHE X O =K
TCHBHERIZ L, kY OEETRMT 5 2 & TRESHTWS (K 3). MBI A s UL Y E2HN5Z &
ko T, MBATHRNEZEELESESOL, VA YOEFFAEZRODTUZLEAEHRT 52 &R BREHESZ
LINTE S,

32 MBRALIGRAOENE

AFE T D SREGHERERE Y 7 8 A ) = X MW TN T A O 72 & QNS BRI DWW TR 5. fil
A L7ZMBANTHRONMEZK 4 12779, 2O NTHAIE, SMEH 3 mm O McKibben B A TR TH Y, EHEE
2mmBE 40 DY Y a— T AF 2 —TNEE0I6mm DT e E ) T 4 TFTAY NefRHEZ AT AN —T B
I MEEIZ 72 5T D (Takaoka et al,, 2013). AU —7#RAMIL 197, HHEERHETHD. Imbizh o



Fig. 3 Muscle layout of cylindrical mechanism is helical. A red string is a thin McKibben muscle.
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Braided PBT monofilament fibers

Silicon rubber tube

Fig. 4 Construction of a thin McKibben muscle. A muscle consists of two layers: a rubber tube and a sleeve

made of braided fibers.
0.05 T T T T T 1.4
0.00 121
T —_—
o 005t jtm
c 010} S os}
S c
£ -0.15F| ® Actualvalue © 06[| ® Actualvalue
g — Approximation formula & — Approximation formula
S -020} g 04
i
O
-0.25F ] 0.2
(]
-0.30 - L . 1 L 0.0 . \ \ . . 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Pressure [MPa] Pressure [MPa]
(a) Contraction ratio in axial direction. (b) Expansion ratio in radial direction.
Fig. 5 Driving characteristics of a thin McKibben muscle. The diameter is 3 mm.
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Fig. 6 Calculation method of cylindrical structure made of muscles and cords
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Fig. 7 Two examples of cylindrical mechanisms.
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Fig. 8 Schematic diagram pneumatic system
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Table 1 Physical properties of air at atmospheric pressure.
m|—]|Ro[mm]|Zo[mm]|go[" ]| @[]
modelI| 1 | 379 | 83.5 |0.56| 90
model II| 72 | 36.0 | 128.5 | 60 | 60
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Fig. 9 Deformation of prototypes.

Table 2 Ratio of root mean squared errors between calculation values and experimental values to initial values.

Radius in radical direction|[%]|Height in axial direction[%]
model I 2.0 6.8
model II 2.2 4.8
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