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Fabrication of a Miniature Rubber Muscle Actuator Driven
by Gas-Liquid Phase Change

Tomonori KATO, Shunta HONDA, Mingzhao CHENG,
Kazuki SAKURAGI, Manabu ONO

The ultimate goal of this research is to develop an artificial micro muscle in which a tiny compressor is installed.

Pneumatic actuators, such as pneumatic artificial rubber muscle (PARM) or rubber bellows, have been widely used in

many industrial and research fields, since they have merits such as being compact and lightweight. However, the size of

the compressor driving the actuator is relatively large. In order to solve this problem, the authors have been researching

soft actuators driven by the gas-liquid phase change (GLPC) of fluorocarbon. Fluorocarbon (C;F,,NO) is a substance that

has a relatively low boiling point (50 [°C]) and a low heat of evaporation (104.65 [k]/kg], whereas that of water is 2,260

[k]/kg]). In this research, PARM driving experiments utilizing the GLPC were conducted, and a PI control system was

built to test step response and frequency response of actuator. The frequency response up to 4.0 [Hz] was clarified and the

corner frequency of approximately 1.5 [Hz] was confirmed.

Key words : Pneumatics, Pneumatic artificial rubber muscle, Gas-liquid phase change, Pressure control
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Fig. 1 Pneumatic artificial rubber muscle

Compressor P Main filter P

*  Air filter
Buffer tank Servo valve Actuator

*  Pressure regulator
Fig. 2 Pneumatic system

Air dryer

+  Lubricator
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S LOBE 2 Fig 1R, RMZEILE1d, &
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5. MEEEIET 5 & BB b g LIIRIOR 5. €
OBIMAFEDWHG L, BT RET 5.
32 SEETETI7F1I—-20HE

SWAEALT 7 F 22— ¥ OMER ZFig 44TR7. &
WARZAL T 7 F 22— & L AL E AN T B 1, 1K
AR 2B AFHL 2T 7 F22—5 ThHbH. Hik
WK -BEpay 2y vy Yo —% (MF -
TOKYO WIRE WORKS LTD, 0231 [mm], HfiE X2
720 OPUEI602 [Q/m]) WCENEGZ25 LT, Ik
SN L7215, 9 LRIAANEILT 5. 2ok
WARRDWR LIS 2N 5 TT7 2 F 22— % 3R
B9 5 T, HEPOAEZIVERELE, ZLTVWER
RIS O RIS 5. S b2 w7 2
Far—%it, a7y H L ADIDPARMO KR % 4
MLFF, BESRO/NULITREE 25,
33 fEEhfiE

REFFECTIPEBARIC 7 v L% (CF,NO) &7z,
KE 7 vAbRFEDOHE % Table NWIRT. 7 v AL LA
ARFIETIZBWTH0 [C] K<, FIEBA10465 [K]/

FATE F15

kgl &KD25D 1 FHE LRV, MR s
F— G - BUhTHZMET 5. Bdgakaig, 20 [°C] I
BWT000154 ['C1] THY, kot 7ichs T
FEDTR KA TR ETD 5.

4. PARMMDERIFI4EER

ARFETIE, PARMDOET IALEZATH. PARMZ §EZ LY
FHF 72 4RAE CERE) X &, 2 DIEDOPARMOBEFE % Hl5E 3
b EE AT o 2. REFZECTHH L 72PARM (FESTO
MXAM-5-AA) $Fig LWIRL72dDTH A, ZDOPARM
DFFHITAKREIO [om], 4M%676 [om], P476 [mm]
Thb. FEEEZ Fig 5l d. PARMIZKRT ¥ g A—
&£ & OIBERE L — V) 1 S, Jeisic 7 —Y &4y
L Cola BLD 5 72,

Volume -expansionl

Fig. 4 Gas-liquid phase change system

Table 1 Characteristics of working fluid

_2_

Working fluid Boiling point Hea}t Of. the OoeaflﬁClent Of.
(Chemical formula) | (1 atm) [C] vaporization |therm: | expansion
[kJ/kg] [(c
Fluorocarbon
(C.F,NO) 50 104.65 000154
Water
(LO) 100 2257 000021
Regulator
Compressor F‘
Pulley > eglls |

Fig. 5 Experimental apparatus
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[MPa gauge] & 2L &8, ZOEPARMDZEN % RT ~

¥ a x—% TllE L, PARMOWIE: &R0 BfRZ K7z,

FBRE R Fig 612773, SHNIFLPARMOIUHTH ¢ £
JE P OBURIHEARS E W 7-(DRCHET LA TE 20,

F:P(a15+a0) = (bethy) (1)

EERER L) FROKREE BN ISEWE VT, q
=23042, a,=103, b,=15269, b,= —101& KD 7=

Ak Fig 5 J2BREE 2 M L, $E0EH %205 [ke]
(F=49 [N]), 2 [kg] (F=196 [N]) & L7:334 ®PARM
DI & EARFE VORRENE L7 iRz 712
R, PARMOYGHER & RO BIRIE, PARMIZIZ Hh
AWML SRV EABEDOHETHE SN TEY?,
B/NTFSEBIC X DTl a2k & L7

V=—6908¢ +2408¢+175 (2)

YL RIZ— B L PARMOSFEDET VAL TH Y, K
LORFELIETREOETOREEFHT 2 DIFTld R
WS, ARESCTHEA 9 2PARM%Z BRE 3 4 121, 02 [MPa
gauge] #*504 [MPa gauge] FEEOHNE ZFETIUL
Wz b nrs.

5. SURAZMLIC K 5 PARMERENEES

51 EHREFER (F—T2I—7)
LRAAHZEACIZ X BIE T O ORF 2 BT B 720, [
R W CTENIRAEEE % 1T 5 72, AR HEFEIX

0.1

+ Experimental result F=4.9 [N]
-Approximated equation £=4.9 [N]

&  Experimental result 7=19.6 [N]
==-=-=-Approximated equation /=19.6 [N]
006 * Experimental result /=294 [N]

B B -Approximated equation F=29.4 [N]
*

008+

Contraction ratio ¢ [-]
(=]
E

-——.'- i 1
0.1 0.2 0.3 04
Pressure P [MPa]

Fig. 6 Static characteristics of PARM
1S
]
2,
=N
22l +  Experimental resault of 0.5 [kg] 2
% @ Experimental resault of 2 [kg]
= — Approximated curve
V= -69.08:2 + 24.08: + 1.75
5 002 .0 0.06 5.0
Contraction ratio & [-]
Fig. 7 Volume change of PARM
HATE W1E

PARM®DYRENZAE %035 [MPa gauge] Tdh 5. FEhi%e
B Fig SITR Y. AREIZBIF 2 EHTIE, 30 [of] ORE
et (MEmME 727000, @S 1424 [om], PIEE 30
(mm], MR : 39961 [mi] 5 EFwE M : 7v3, BT
IR : 14137 [mdl) (2, BRO 7 v ALRFEEH S I2FK
L7 (FERAIRREE T Oa Y 2y v Y Eloe—%
(EHifE37 [Q]) WCENEL- 252 LT X s hilblg
T, F/e, HEEEIICIEE 2 (SMC PSE510-R06)
ZHLY AT 7.

FEERICBWTEFA -7V —TI12C, b—%IE %
331 [W] (3D [V], &EH946 [A]) 5252 LT,
ERRNDOET) & KEHEIIRED S LA S 5 E B 1T-
2. B0 ER#BEEZFg AR, TOEBRERLD,
SIHIZILIC X B IEOFEZ R L 72,

52 PARMEREIEER (F—T>IL—7)

L2 L% IV CPARMOME %03 [MPa gauge] 7
5035 [MPa gauge] F CEBS&LFEEHZIT- 72 FEE
B #Fig 1012779, PARMIZFEEZ 2D LAY A1,
& 5IZPARM® EFBICIZN 2 ME S 51— F&)v (TCLZ-
S50NA) Z Y A7z 72 EBRAEEE A L
PARMWER & 729 & 9 IS L7z, s & Bk, 28
XEII 2331 (W] (P37 [Q], EHESS [V], Et946
[A]) & L7 ZoEBRTE, —EBEASENE29035
[MPa gauge] (Z3EL72I2 — & ~DOES IR % MR L,
03 [MPa gauge] ¥ CTHF 3872 Z0tk, 57272003
[MPa gauge] 2°HEZMHGL, 035 [MPa gauge] T
BN % LA &4, 035 [MPa gauge] 123% L 72BRIC
BHEEN LUEDZET 38, ZOBOBERBNOFN
e L7z,

W S N-BERZFNOIEIME & FH L 72 E iz
N L 72 EERAS R 2 Fig ISR T, @& # W 7120303
[MPa gauge] 75035 [MPa gauge] ¥ T EHTHDIZHE
L7-IRR13021 [s], FRRICEL7-FI323 [s] Tho 7.
F 7., BOEGEZ BALG L 7R OF S NIE ) O s H
13054 [MPa/s], #EJJ#EW£iE —011 [MPa/s] TH 5
EERMARL., ZOENESMMEL D, PARMERSD TR v
FNAT LR 1~2 [Hz] BEOBFECE2 2 hE:
L7z

Pressure sensor
(PSE510-R06)

Fixed container
(30 [em?))

Working fluid
(Full)
Constantan heater
(3.7[2)

Fig. 8 Experimental device
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0.4t :
0.3t -

0.2F :

Pressure P [MPa]

n 1 n
0 0.5 1
Time 7 [s]

Fig. 9 Experimental result (time-pressure)

Load cell (TCLZ-50NA)

PARM (FESTO MXAM-5-AA]
* Outer diameter:6.76 [mm]
+ Inner diameter:4.76 [mm]
+ Natural length: 100 [mm)]

Pressure sensor
(PSE510-R06)

Fixed container
(30 [em®])
Working fluid
(Full)
Constantan heater
(3.7[2)

0.6

Pressure
—————— Differential value of pressure

<
~

S

=)
[\S}
Differential value of pressure P [MPa/s]

h
o
()

1 2
Time 7 [s]

Fig. 11 Experimental results

6. PARMMDERENEER (7 1 — K/\y 7 il

6.1 B EERGE

Fig. 10D%E % tf QU NIEHIEFEER 21T - 7. RFEEBRT
(&, PIRIBRZREHLL, &7 4 Al B4 400 [V/
Pal, Bisrs7 A4 3 [V/(Pars)] & L, HEEENP, L
03—035—03 [MPa gauge] & L7z, F 72/E8yiiKi320
eni] 2534 [enl] Gy ») £T2 [ond] RATHEERZ
1To7z. EROBEERE 2 Fig 12, 71 v 7 #X %Fig 13
IZ7”9. DSP (MTT sBOX) # M\ CHilf#fE5 (BHEO
~10 [V]) 27 v 7oETHLEFIIEGZ, e—FI12iF
0~35 [V] OBENEIMENS. ©—F DEIZ X D 78
NOEERAAIE S N, SIRAHZE LS4 T 5. Kl
ZALIC X O FAE L)1 % )11 ¥ (SMC PSE510-R06)

FATE F15

_4_

WEDERIL, DSPANEN LY OEFE2%EL L TED
T4 =Ry 7 &ffotz. F=rul—2HwCitsk L7z
X, F=HP, e—%O&EFE PARMDOWAF, ko T
H5b.
6.2 FERIER

R 1) B L T REORE % Fig RS
COFERTIF30 [en] DHEDOIET] EA L FREORERAD
WO/PEVEWVR S, 30 [cdf] OHEOFEEFERE (ETIP,
B|EV, WHF, #iR60) %Fig 1512739, HEFEI035
[MPa gauge] (25§ 2BOREEIZ012 [s] & %o7e
CORy, ZBHIC L RIS EMEL, PEIRE (%5 [T]
Vb)) %R 2720108 BB E R BRI [V]
Thotz. Z0fk, HEHITI03 [MPa gauge] I FHT 5
RO EHIZ032 [s] Eeolz. 2O ERNSEND S
ETREICE LT, k& I L filftsitizm L
WM EEBR L2 E WA S [ UEHO3 [MPa
gauge] ZHEFRT 572012, FEERBIMAIE A E50 [s] D%
Wi U<, 50 [s] DIBETEEAT 255 T % OIS
ERL-OEEEZONS. T2, 035 [MPa gauge]
WZHERE L T 2 REOPARMO 1113264 [N] TH - 72,
63 HEBEEH=E

SIAZAL % W TPARM % BEED S & 72 B2 E4
EL, FILHEETEWEGEREHVvTRd7.

Force =T

Pressure
signal

—
J| Power Source
Data logger (20190
Voltage
Fig. 12 Experimental configuration
Py I P

|| Heaterin gas-
- I controller liquid tank

Fig. 13 Block diagram

3 @ Pressure up
— * Pressure down
B~
g 2
E -
wy
=]
=]
o - .
w I; 1
=] .
= .
=
= o -
L] a9
X b ] -] Q@ ;

Qo 23 24 26 28 30 32 34
Volume of liquid ¥ [em?]

Fig. 14 Experimental result (volume-time constant)
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— — 11—
----Reference pressure
0.35 —=Experimental pressure

-

30—

o N {

10F N

Voltage E [V] Pressure P [MPa]

0-:}:}=}:“"

-

Temperature # ['C] Force F [N]

C 1 | | | 1 | l
0 10 20 30 40 50 60 70
Time 7 [s]

Fig. 15 Experimental results

w=1Ea (3)

BIEEL HEE W, B EREWEFig 161073, 108
M OMEE 13439 [k]] ERDSNT.

30

20

7
j

Voltage E [V]

10

N
=

—
=
=]

Electrical

uh
=
T

Power i
consumption W [kJ] power W [W]

Time ¢ [s]

Fig. 16 Power consumption

7. BRBUICERER

71 EERERM

REETIE, FAMAHZIIC X 0 BRE) S 2 PARMOBh4FE
LIRS 5720, Wi L FERICFig 1205 E % v T
RIS EER AT o7, SO, B4 2 13K.=1200

FATE H15

_5_

[V/Pal, B34 Y 13K=18 [V/(Pars)] &L, HEERET

P.,,=0325+0025sin (2zft) (4)
W E301 [Hz] 20540 [Hz] T L, EHEND
INEZRLER L7
72 REREER

BEETP,, 2 AJMEE L, TENPEWLIMEE LT, 74
vEMMERD, R— FRHEZIER L Zo/E%
Fig 170277 3. fiAIE30 [Hz] ol -857 [°] 74 bh —
VAEIGROPHNNAH -9 [C1X O REL LB720, VAT
21330 [Hz] F T4, #RiE#EH0S5 [Hz] o—kiER
RTEMTEX S, RS (Hz] O¥E0F R
Fig 181277
73 EHEHDOHEEM

JHWELS [(Hz] O¥aoET)EIDRR%Fig 191K
FRWEOLEDETIOIRIG Ap, TIOWRNEA,, FEIITDOAL
WL bp, JIONMLGAMEL, FEII - I - OB
BERD. FOREEFig 20010R-F. TOFXr57X0,
£ & DOPRIEIIE—E Tld v, F7240 [Hz] OBICT)
DOANIFEIOMA I D15 [°] BhTwb g,
PARMOKHMY ASEH Tld ARV b Z 2 5N bH, 25l

L .

Gain G =20log(P/P, ) [dB]

100+ 8

Phase Z¢,[* ]

—
w
=

05 1 510
Frequency f[Hz]

e
=

Fig. 17 Bode diagram

—--—-Reference pressure
Experime n}ql pressure
b

0.35

A

0.34-

0.33

Pressure P [MPa]

0.3 WA A vy -

585 50 505 60 605
Time 1 [s]

Fig. 18 Experimental result for /=15 [Hz]
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Fig. 19 Relationship between pressure and force for £ =15
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Fig. 20 Relationship between pressure and force
(frequency domain)
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