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Abstract

Pneumatic control technology is indispensable for automating production processes and greatly
contributes to labor saving and efficiency improvement in all industries. As the demand for pneumatic
control technology increases, there is a growing need for the practical application of a
high-performance pneumatic control system with a simple mechanism that is expected to be used for a
long period of time and high safety and reliability. In order to promote practical application, it is
essential to improve the performance of pneumatic positioning devices. In addition, although there is
an urgent need to develop pneumatic control engineers with high problem-solving, apply properties,
and development capabilities, the education curriculum and teaching materials are not well developed,
so vocational education related to pneumatic control is not sufficiently conducted. Therefore, it is
necessary to apply the device development process addressed in this research to engineer training,
develop not only research and development but also vocational education curriculum and teaching
materials that are conscious of production technology, and apply it to vocational education. This study,
aims at solving problems practical application of pneumatic master-slave system with mechanical
feedback, realization of vocational education linking the theory and practice of pneumatic control,
realization of effective pneumatic control engineer training, and establishing skill transfer of

pneumatic control field.

In Chapter 1, the background and purpose of this study were described.

In Chapter 2, a model of the pneumatic positioning device that is the core of this study was
proposed, and the characteristic analysis using the proposed model can be used for the development of

new applications incorporating the pneumatic positioning device was showed.

In Chapter 3, a pneumatic master-slave system consisting only of machine elements was proposed.
Also, the possibility of developing applications that incorporate them was examined, and it is possible
to develop power assist suits for transfer assistance, transport systems, and master-slave robots that

expand human capabilities were showed.

In Chapter 4, after researching the current situation and issues of pneumatic control education, the
technical elements to be learned by pneumatic control engineers were organized, and a vocational

education curriculum related to pneumatic control was proposed.

In Chapter 5, measures to organically link the theory and practice of pneumatic control through
vocational education was proposed, and teaching materials necessary for the effective implementation
of the proposed educational curriculum were developed. In addition, vocational education using the
developed teaching materials was tried, and the results of verifying the effects of education and

training were shown.
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Fig.1.1 Application field of pneumatic control technology.
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Fig.1.2 Transition of pneumatic equipment shipment value[1].
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22 R A s DRI B 2R ARE AT OIS K 5127 v, ERAVNUEEREZET L
7T MTHLAGA A CRIERR L TS D - B MEBE O RBREHE 23 B LU ERT 2 B3R ST
[35]. Z2% PID FA&IERIE, 1960 AU/ NUEFHGHE AT AN ERTHET, 77 b
DT AFHE AT LAOFT S LT S, BIE D SRR S ISHEAAEN
TWb., FFRELT, BEENENWI &, BRIETEA T 77 LR EERETX 52
&, BIKDERNB IR BETHDLZ LR ERET NS, LarL, BRI OREIC X
ST, ZERAT 4 — Ky 7 HIEEINIEEL o5 5.

1A= PID BRI OB 2 2.1 1237, AR ZIZSATL A= RIZ4 20— X
DELE S, TNONDD ) TUNR=PR T 5 LD ICHl SN TND., e —X 3T %
INZEHT HREE b o, BRE, WENE —RIIMFHFERIE P, P35 255, L3—IZ
xf L CHH MO O AT 5. BRE & WER BRI E e (P— P35 L, LA—IZ ML
IWEL, 7T v ZAVOBRNE LT AVEEDOEERY, ar ta—L ) L—
2 X0 HIMEFTE P, 3L T 5. ZOMNEZOEITHFINE — XI5 2 bh, wEICK
STHAULTE M7 2T BT HEIC bvy 234 L, LAA—0OW 2> X 5 ICEET 5t
BIENE). HIMEZ IR - #8505 & v 7 Bl & il > Ty e — XIZE D P8, KD -
BT BREITIE NS LT I RIBRESE E LTERT 20T, o —Xnb0 ikt
PAZH LTCTIRENE L b 7> TLARA—IUB 2 bR, Pl 242 K 5 ICEIET D (% BE).
WAy R a— KT A ALEICAE SN0 — AN EE ST, BOKRY - By ¥ v 7 iz i@
S TN —XIZE N, FEOEEEZFEILL TWD. W7 A IR OMEIZ L - T,
Woy, BOORERITZFNZNORVEIC > TEHEIND. 20k 5 TR T,
PID fillifl 2 1% U8 7 v & AHENC MBI R BEDS, mVMEHEMEL & > TEI N TV H[36].
211 ETOMERER £ 2, BREMEDRNT 4 — Ry Z7HIREZ#E L C2REVY v
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ZOMEROHIEZERL LD &2 TOR, LKA FHIHRA TN TV D )P
A PID HH DI Z WD Z &2k » T, Z#RAT 4 — R ZIT KD ZEREV Y U H DAL
BERDHIEHNEBETE D[RR H D Z EICER L. L L, ZRAV—7 O, ik
PR, BEFE, RAEAEM)NDESIESOE RS E, ~May N L—0DFEBLGE, FE
DAREF LR ERGHHE NS N2 &, 2GR OEICEL S 558, Sn—Xe L
T 2RO ANTRRETH Y, VAT LAEZHET LI, WBERHINLTHARELRDH T
L, BRIEASRA vy MEBOARNKREETH D Z LAVHA L, 225 GHEE 2 Vw25 hiEL
IR DO FETEREY Y X ONERDHIEZFERTHZ L & L.

/X
i TAY

Fig.2.1 Principle of force balanced PID controller [44].

213 DUYIUARDY 3 FERAVEERD I

K TH 2% mm FRE O EROIEE CEET 2 2HRET 7 F 2= — X Ol FE L LT,
BN X 2 ik L 2R FEF OB E WS FiEERF L., BTHl#Ecks 7 41—
RN 7 R0%, 1.2 HiCik~7e X 91282 < O Fpl 83 dd STl v, Fililte, MgEn
WD Z L, BEOEWHIENZLY, 0.1 mm UL FONMEROIEEZEZI L TWLHEFLH D
2, AW THRFFTLTCND T 7V r— 3 BN TE, EUWLERDEE 2 ZR LenD
EMBERAEMIE L. BRRT7 4 — Ry ZHlHIE, 212 TR~ X 91, B
FHOFEEZ AW CHBE T 254, WRIEROSATRE CRE AT TRER SIS Z &,
ZERIENRNA vy ME B OERITIENRETH D Z EAHAL, RAZEE L. Wb
LIFEERFI L TN E 2 A, 7R ha—2 1Tk L TE%DOALEROIBEE, 372055 mm
FREOMNBERDEETHH VY VARV a FICERL, Ihia AV EREN @R iEE
REBLEET, ZBRET TV r—va b OBICORITEI EEZT-. VI X RV Y3
T, KIS, &R - 28 - BROZWERERSBRERAR R CEAMORE CHEH S
TW5. EHZEKIEIIHIET 23 ) U FOEMERAESE, BT +— Ky 72k -
TEDOEMERFFT DI LD, BRKELZOPBECEBENEAE L THEEINTEMHZER
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MR R D ETEHNELEIT D EWIRREAT S, £/, AMr—2773200 mmBEDY
VEERIET LU AR T 3 IE, 20,000 FRERECTHR ST Y, 2 mm f2EE O E
RDIGETD LY o F DR OHIEH A LB ZAMICEBARETH DH. b ORI [ ETEHT
L2 LRy, YTV TRENE, BEEOEWERIET 7Y r—a C &R LT
WEEZTZ ik, YV AR a I AV T OHEBE, & voS8—42— N OB
CRIGYEAE VB LY, ON/OFF il S i 2 HIBIZIRE S 4L, MFEORRE 2D 2 L B IER
W2 lenhoTo. LR T, HATHIERICEB W T Y U U AR Y Y a2 AWV EXENEDR D
EE AT Wb LT FBNIA A E Lo 7. thu%&wﬁ D@ IR, Tzl
IANATERKIERE > AT AOBRIZ ST 72 DI2iE, 7 b & FREfET 2170, PER
HOMNZTHZERARARTHD.

214 BETIERETIVS—3ay

ZE KB E R 6O T8 2 A A T2 AR PERRAR OB & X 2.2 127, X 2.2 |\ g 35 1, 7%
By =T, 3T EOY A XL @mINRRL RNy =N TV EEL =y b
g O, 1 YA 7NN TINVEEET D, ZOB, T-UVEE=y MR T
biicry RLAT Y UERNy =V ORmSICEDLE T ETAMICEN LT, TV
ETDH. ToOMEELI Sy MCESKEMERDEEDHAAENTEY, ErflEIhTn
5. FREEL, BEA e —2 3 50~500 mm, RiEELHZIBEOR o —7 DR TN 1 L
NTHY, MEREFMMOIEE S U CIEROEE, BifERENEEL 5.

AT, PV FRT Y aFTEHNTZEREY Y X ZALEONEIZ A J1 =T VIZH]
L, KE T2 mm FREOALER DL CHMARENEEZIT > 7 7Y r—y a VOB%%E
HigdZ & &Lz, BEMICIE, BEMHUVAT LA, EVAT LA, vAX—AL—T7BR
v M a2 ELTWD. FEMllE, 352 TS,

TR L=y b

Fig.2.2 Label picker (Source : FESTO).
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22 ER[EMERDOEEDHE

BRI ERDIEEL, VXY ARV aFaflAribEEbOTHS. v
VHERT YV a i, BREMDTEREROALTT 4 — Ry 7 2R 2HEETHY, 17
FERIENT S s LIS S U v X B S D 2D DR e a9 o &E| 2 R4, B
VX2 L—Z 2T, HE ) X O EEZRBECHIET 5 2 LIk v, EEOAEIC
FIEIEDZEBAMRETH L0, AMOEBIRLHANC L VEIEIENESICEBT 5, B
DEBEZITRLTLRDEVNIRENDD. TR LT, YU FRYY g 70E, B
27 4= Ry 7 NT D72, BEESINIORELZTIC L, BEOE I #E 2 kT
XL EOREEATH. KIS, @il 20 - BROZVIRAKBEREMEDO R L &
FEOBEETHENINTEY, L7 oHEEM, U7 2@ RkD, & v/3—5— h DB
FEEIR ERHBE LT o, RUGHE LT LT, BNk U CTE% R DAL E R 9
FECEMET 27 70 r—a VIZRESN TV, £2TC, ZZREMBERDIEBEOETT L
b & BrtEfRbT 2470, PEREZBH O MNIC L7 BT, REZRET H Z LI k> THEkE LT,
LEMREEMEOE WHIE Y 2T L% o VR TR EA L LIz B 2 T

VU UHERTY g E AW EREME R D IEE O Z X 2.3 1R, X 2.3 128V T
TS TSN ) U ERY Y aFThb.

B 22T pn MANBIZTHAT D&, ANEAT 77 LABNEFNENT D120, ATTH
AT T7ThE ) ZVOBRHKL 720, 7 AVEENEL D, ) ANVEECLIDZZAT 7
TLADRENDEAT 7T 5B DORENITH B> T, A7 — AN Hm~BE) L, OUTI
BN PSS 22 RUE pap 235 . OUT2 MNFHER S4L, U & uy RBEF B & .
ZOBXFEMBEEN LT T 4 — RN I ATV U TIRESN, ANTAT 77 L0OEE
TERIEIC R DR T 4 — N Ry 7 2T o T ORENNEETHE T o2y K3
< 720, EEEKEICHE LB ESND.

Supply pressure py,,  Input pressure p;,

I
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I
{Input chamber
I
I
I
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|

|
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i ) _| Feedback spring
|
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|
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Fig.2.3 Schematic representation of the pneumatic positioning device.
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23 ZEI[EMEBRODEEDETIVIE
23.1 YEETILORE

T AL B R DB OPEREZ 3T 5121, EF A& AWM AR AT R Th 5. 4k
BERRIIE, R - T B T e AR H Y, FHEHBEETET UEEITS). L, ¥
VU ERT Y aFEk O ERENE R D IEE LT T IS BT DR 2 e, E
TOVDBFERT, FEMT21TO 2N TERWL. 22T, VI HERY v a T EHGWZE
RIENLEROIEEDORFTFIELHNLT D2 L, EEHBOT oA THLND /) U AT ZHk
EHBIIERT L AN E LT, BT MEERRZ. ZHHDOETIVNRARFRIZEBIT D
a7 Thd. BETIETNEHOTREMIT 21T O 2 LI2 ko T, EXRENERDHEED
PEREDI S E 7220, HEBNIENRS 52 5.

232 HCTHBRARZFECE T /VEH ORI & LT, 2.2 Hi Tk 72 22K BN E R O E OB
FIRBIZE S MBET NV EZRET D, EXREMERDIEEDOET MEICEL L, v U v
ZRT Y aFOEEFEELTWD Z e BIMEREZ AW-fliREEDET VESHE L L
72[37]. R T H2EKEMBERDEBOWILET IV, T v 7N, ZERJENE RO LERE O
BAETNVEMIBE L THERAT 27 A2 2Z 2 24, K26, £2.1I1R-7.

BaltlE, 25 IR Hxg (U v &), B, PID 2y br—I 0 bR IND 7 1
— Ry ZHIHRZANTY U U X O ERD ZECHIET 57— AR TH5. BIE
BE TV U EOEMNEDRER IR LT, WHER, BOEE, MOoEED 3 22 MAas
bET, VI UFOBRMERARET H. EAHEOSLA, BEME, FE BEE HEES
BRIEFTHY, PID 2y hr—J I ZBIF5HFEIL, v 7/7rarBa—%DSP A HNT
T9. ~A47varEa—2LDSP OMENRM ELTWAZ &b, HEOES{L, miEE
(b HETr, B IR ONLE R DI O ENEIL L TV 5.

—77, 2.6 [T LIS, RBFETRET HZEREMEROLEE L, HEHE RO A THE
MENTEY, YIVERYYatRarba—7Lixsn. ANBMEEELE, HInY
VEDENTH DN, BEREKEEANNEAT 77 2IMADZ LY, E52EKEICHT
BILIe N ERESE, YV FOEMNET 4 — RNy 7 ATV T THZERTHZ LT X
ST, WEEIFAS, WhELNHERD, K25 IRTHIERICHISSES &, HEENE
BRELDFIC L S THELDANEAT 7T 5DT] f(pin), FIEIENR T 4 — RN 7 ATV 7O
WD) fozkex, TRDOBUVVHEOEMNETRD, BIEEBANEA T 77 20ORETTE T 4
— KX I AT TORRAETIEDZE f(pn)—fo & 70D EHEREND. VU XRY T a Iz
BUFAHWBIERILT 4 — RNy 7 27V I OITRER, BHBEFEIIZAT 7T LA LA
T 7T 5B ORENDFEIZL > TREDL AT — VOB, WOERIL, K24 17T AHK
ATTITh, AT T7T5 AB, 74— KRNI 2ATV U TEIRVY S HFIEENLHX
VRIS T EB LA BNS.
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Fig.2.4 The physical model of the pneumatic positioning device.
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Fig.2.5 Block diagram of feedback control system.
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L@ >

Valve
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foEkFx

Generation force of feedback spring

Fig.2.6 Block diagram of the proposed pneumatic positioning device.
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Table 2.1 Parameters to be used in modeling the pneumatic positioning system.

Parameters Description Unit
m Mass of connecting rod and load [kg]
Min Mass of input diaphragm [kg]
my Mass of diaphragm A [ke]
mp Mass of diaphragm B [ke]
M Mass of spool [ke]
me Mass of piston and cylinder rod [kg]
kr Spring coefficient of feedback spring [N/m]
kin Spring coefficient of input diaphragm [N/m]
ka Spring coefficient of diaphragm A [N/m]
kg Spring coefficient of diaphragm B [N/m]
cF Damping coefficient of synthesis of cylinder and feedback spring [Ns/m]
Cin Damping coefficient of input diaphragm [Ns/m]
c4 Damping coefticient of diaphragm A [Ns/m]
CB Damping coefticient of diaphragm B [Ns/m]
a Effective cylinder area [m?]
Qin Effective input diaphragm area [m?]
an Sectional area of nozzle [m?]
a4 Effective diaphragm A area [m?]
as Effective diaphragm B area [m?]
x Displacement of cylinder [m]
Xin Displacement from neutral position of input diaphragm [m]
Axq Distance between nozzle and input diaphragm [m]
Xs Displacement from neutral position of spool [m]
fs Force due to nozzle back pressure [N]
I Friction force of cylinder [N]
Din Input pressure [Pa]
Dsup Supply pressure [Pa]
pi Pressure on cylinder cap end [Pa]
2 Pressure on cylinder rod end [Pa]
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232 HAETILOEH
ERIENERDEEEANNIAT 7T 5, ¥ATT7T7H5ABEAT—)L, VYo HLT
4= KNI ATV TD3DEI LT BT, BT 528 LT,

NNFAT 7T h, BATT7TEHABERT =)L, VLT 4 — RNy 7 RAT Y
ZIZOWTHEM LmE 8RR % 2 2R Q1) ~Q)TFET.

minjéin = _cinxin _kin'xin —Cfp (xin _x)_kF (xin _x)_ainpin—‘rf:v (21)
(mA+mS+mB)5éS=—(CA+CB)5CS—(kA+kB)xS—fS 2.2)
(m+mc)5é=—cF(5c—5cm)—kF (x—xm)Jrap—fr (2.3)

KRBT DHXAT 7T LA BOITREE ki, kslE, K THZ LN H([38].

2 2
K . psupaA K . psupaB (2 4)

k = — [
471000 v, P 1000 v,

ZIZT, Vay, VBIIFAT 775 A BOKKE, «idAY bhae—"1ET, ANWXAT 7T A4
DOEERWEEAENLTHDL EIRELT, k=14 & L7

£, XQ.D), QAEBIFAIANTAT 7T LABIRIAT 775 ABOX TR
i&cim C4, CB lj:) ﬁﬂ?*&)%hé-

Cin =G 2Jmi ks, » €4 =C 4p ‘2\/mAkA . Cp =G p-2mgky (2.5)

ZIZTC, L CalE, ANEATTITN, BATTTLABORELTHS.

T2, RQHD apix, VIV UEER MO THD. BREV) X n v RRTC,
A MCOEMEE ey ROEBENARRLD, vy ROmBEA/NSWI E, 74— KKy 7R
TV TR NEZTHIEEZEL, vy UOZEREE 7y MO EiwfE A A
CTHDHEEPILTam?E Liz. p=pi—p:[Palix, AT — T NEHT 225K D K
FEHE R L VTR L OBIR, ZBROEMENE, JEICKT A EORAD E BB LT EETH
Do A= ST BT D 2SR ORFER R & VT OBEORfR A R T E A g[mYs],
ZERDIEMERE b[Pa™'], YV X DOEEE V=ax[m* L L, VU U FIZZELINRAT DS
JENREL, ZIPEMESNTI EEBETH. I HIT, OUTI ~DZER D AR L EH
& DOBRERTHBIESRZ rim’/Pa - s]E T2 &, AT —A LT BT 52K, v v
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HIZHAT D 2D BNTIZLL T DBIMRAIRL Y S2-2[37].
1 .
p =;(qxs —baxp—ax) (2.6)

7e12 L, AR 2, 33 I KD EEA~OREN NS, ERFAT =NV T ORRE
2T B EEITE S,

ZIT, JAVEEE ) AN E =5y NETOEREE O— e BERER 2.7 (R
[39]. AJJEZAT 7T AOEAIE, R T25umBRETHDH EHETE L. K 2.7 18T K 9H1Z,
J ANEEEEENE L Z—5 > b EOEBEORRIT, —MRENTITRWIERTRT L 91Tk
BIETH DN, NNEAT 7T LAOAEEROTLTHS 12,5 um ZEMES E LT, TRV
BRCRT X IR LT,
flF ) ANEEE ) ZVing 2 —7 y NETORMEE OBfRERT k [N/m], / AVEEf,
INIZE# L LT,

[y ==k (X —x,)+ £, 2.7)

Thzxzons.

100
80
60
40

20 \
| | | LN\
0.01 0.02

Distance from nozzle to target [mm]

Nozzle back pressure [%]

Fig.2.7 General relationship between nozzle back pressure and distance from nozzle to target.

RRNERQD), QOITRALTERT S L, ZAENX2.8), QIONVELND.

minjéin = _(cin tcp )xin _(kin +kn +kF)xin + knxs +CFx+kFx_ainpin+fn (28)
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(mA +my +mB)jés = _(CA +CB)xs _(kA +kB +kn)xs +knxin _fn (29)

F72, RQI)DTV X OEET) 1%, BEGEEE 1, BEOINEEL g [m/s?], 77— U
BO%ELINET DL,

fr={u(m+m,.)g~+f.}sign(x) (2.10)

TR INDH[40][41].

DABC20 'V > ZZ T, pap= 0.5 MPa DM TIE 225 E % 070 kPa & AT v ik
WCAD LIZgADT ) X R Yy 25O OUTL, OUT2 OJESDOZEZEK 2.8 (2. [X2.8
MNB, punDLH BNV EZIZ OUT1 OIENREIMICE < ed & L iz, OUT2 OJEINalk
IR 22D Z EHERTE D, pu AL ST, pu lZHBI L CTEENELS D L &5E
BRCHERR L T\ D. F7-, EFIRETIE, OUTI OJESN OUT2 OJES X Y FH TV IRRET
Ho, psuﬁ%ﬁf“*fﬁ‘(“&)é ENRERTE 5. 2L, BEEKREICHIET VY XD
NEARDTZDIZIE, 74— Ry 7 27 o FOREDEETn v MUOHES) & [F U )&%
Eéﬂié%%ﬁ)ébék%f‘%é.

550 200

500 130

450 160
_ 400 140 ,g
<
§ 350 120 g
= 300 g
5 100 £
2 250 . S
5 pin[kPa] 80 &
& 200 ——OUTI[kPa] =

150 ——OUT2[kPa] 60 A

100 = Displacement[mm] 40

50 !’ 7 20

0 0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time[sec]

Fig.2.8 Pressures of OUT 1 and OUT 2 and displacement of the cylinder with respect to the stepped air
pressure input (DABC20, ps,, = 0.5MPa, pin = 70 kPa).

VU UEDX Il Ty SO TIOZEN NS gD E, FAT 7T LADRETIEX
AT 7T 5BOFRENNEE LT, AT —ILRPNALEICITSL 728, OUTL, OUT2 ~DZE
L[OWMNANE, PEHENEDTH. AT — VPN EICEZET D & OUTL, OUT2 ~DZEA,
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OD?JIE]&, ‘ﬁlf/iﬁi\ﬂ:i U] , pvu;;%%);ﬂ_:@}j_‘:jj/cgﬁ;k fJ: ) , %'ﬁ[i%'f;ﬁo

#(2.6), (2.10)FRQINAALTEIE L= U L&, 74— RSy 7 27 v 7 O
T,

(m+mc)jé=—cF (J'C—)'cm)—kF (x—xl-n)+£(qxs —baxp—a)'c)—{,u(m+mc)g+fc}sign(5c) (2.11)
r

TERIND.

24 EREE

VIV HOREEEZ THLET METE D2 L 2ERT DD, 3 BEOYV ) v X a A
AN TZEEEIZ DWW TR R EBR 21T 5 .

ZE R ENLE R DIEE OB L BB CTHEA L) U X 2NN 2.9, 1X2.10 (12557
FRREEEL, FAElER, X2 L—%, YU U ZRY T aF, U KX (FESTO 152888,
KOGANEI DABC20x180-2, KOGANEI DA50x200 @ 3 ffiff), 7 « ¥ ¥ )VJE G T S C
BY, =7 Fa—TTHEESN TS, 2, YU U FOEMNEHTLZOORT =
A—=BH Y oY HRT T a FICEE LTS, M 23 IRTV Y U HRYva)
D pull ¥ a L—F TR LG 5ERTEE, pu R ZEREEZENENEGT D2 L1

X0, EEELQEICHBILIZV Y U HOEMESD L RERoTND.

R ZeREE — IR BN D, AT v IROEZZEKEE FRfIEFcERL, Ehz
0—30~100 kPa(152888 I%, 0—30~70 kPa)D#ifi T 5 kPa XA CELIHETL Y U H¥ RV
3D pulCATTTH. ZDEEXDOEFERE, WHEKIE, OUTI DENET 4 VX VET]
BT, VUVHDOENERT Y a A—HTENENT Fa EBEICERL, Thbat v
0 A a—7 Tl 5.

ZERIENLE R O EBRIEE CHEH T 288 & EREIE 22 h T n#E 2.2, £23 177

EHLZR(Q28), 29), QINDTRTETAEHWT, FEERIEEZANT], VU XOEM
DL LT BRI GRIERF ) OV R 2 L— 3 Y B To 7.

Vial—varETORICAE LIS ST A—FOfEEER 24 \TRT. ZHHD/RT A
—SZDI, m, m, mi, ms, me me ke, @, @ an i as, V. Vi, Ve, r IXEBEEO
R DAERR, ki, w XEBREE LHEX, ) G Gs FHINERZZZBICEEL, f
FERMLCREE L. £LT, 2L TOBEN pull Lo TEDLD ERE L, FRET R R
INBEELEZ LT, ¢ldpaDBRE LTEH L. £, SV FRI T aFOEALT 75
AA-BIE, BRIFRTHDLZ 0D, TNENDOITRER ki, ksld, ZEXUTROIFTREHK
EROLADDEM L. 72, WEICBT 2O EEERERE[37) 2 2RO EME L ER L
T, b=7.14x10 SPa ' & L7=.
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(for reference)

Fig.2.9 Experimental apparatus.

(b) DABC20 cylinder

(c) DA50 cylinder

Fig.2.10 Cylinders used in experiment.

19



2R ZERENEROILEDE T AL & FERRT

Table 2.2 Devices used in experimental apparatus.

Device name

Specifications

Pressure regulator

SMC IR1000-01BEC-A

Cylinder positioner

SMC 1P200-180 (stroke = 180 mm, 152888, DABC20)
SMC 1P200-200 (stroke = 200 mm, DA50)

Double acting cylinder

FESTO 152888 (piston diameter = 20 mm, stroke = 100 mm)
KOGANEI DABC20x180-2 (piston diameter = 20 mm, stroke = 180 mm)
KOGANEI DA50%200 (piston diameter = 50 mm, stroke = 200 mm)

Direction control valve

KOGANEI 110-E1-J41-83-PSL

Pressure gage

SMC ISE30 (input pressure measurement)
KOGANEI GS620A (supply pressure and OUT1 pressure measurement)

MIDORI PRECISIONS GreenPot LP-200FJ (1 kQ, stroke = 200 mm, 152888, DABC20)

Potentiometer
MIDORI PRECISIONS GreenPot LP-250F] (5 kQ, stroke =250 mm, DAS50)
Oscilloscope Tektronix TDS2014B
Tubing diameter =4 mm (152888, DABC20) or diameter = 6 mm (DA50)
Table 2.3 Experimental conditions.
Item Conditions
Cylinder FESTO 152888 KOGANEI DABC20 KOGANEI DAS50
Supply pressure 0.3~0.7 MPa (change by 0.05 MPa at a time)

Input pressure

0—30~70 kPa
0—30~100 kPa (change by 5 kPa at a time)
(change by 5 kPa at a time)

Piston diameter 20 mm 50 mm
Stroke 100 mm 180 mm 200 mm
Tubing diameter 4 mm 6 mm
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Table 2.4 Simulation parameters.

Parameter Value Parameter Value
m 0.2 kg b 7.14 x 107°Pa!
Min 8.0 x 1073 kg 14 3.14 x 1075 m? (152888)
my 9.0 x 103 kg 5.65 x 1075 m? (DABC20)
mg 3.0 x 103kg 3.93 x 107*m? (DA50)
g 1.3 x102kg V4 1.232 x 10°m?
Me 0.1 kg Vs 7.06 x 1077 m?
kr 147.4 N/m r 5.65 x 107 m?/Pa - s (152888, DABC20)
ki 699.4 N/m 5.65 x 10 m?/Pa - s (DA50)
ka 2.59 x 10° N/m (pgyp = 0.5 MPa) Psup 0.3~0.7 MPa
ks 1.48 x 103 N/m (psp = 0.5 MPa) ¢ 0.65
kn 275 N/m (152888, DABC20) Cin 0.4
387 N/m (DAS50) Can 0.4
a 3.14 x 10#m? (152888, DABC20) U 2.35 (152888)
1.96 x 1073 m? (DA50) 1.65 (DABC20)
Qin 5.52 x 1074 m? 4.35 (DAS0)
an 7.85 x 1077 m? fe 5.88 N (152888)
as 6.16 x 1074 m? 5.15 N (DABC20)
as 3.53 x 107*m? 5.53 N (DA50)
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Fig.2.11 Change in displacement with respect to input pressure.
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Fig.2.12  Step response (Supply pressure = 0.5 MPa) .
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Fig.2.13 Change in flow rate of OUT1 with step air pressure input.
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Fig.2.14 Comparison between experiments and proposed model (152888 cylinder).

Table 2.5 Deviations from the model of cylinder displacement in steady state (152888 cylinder).

Signal air pressure [kPa] Deviation [mm]
0—40 0.97
0—50 0.45
0—60 0.35
0—70 0.13
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Fig.2.15 Comparison between experiments and proposed model (DABC20 cylinder).

Table 2.6 Deviations from the model of cylinder displacement in steady state (DABC20 cylinder).

Signal air pressure [kPa] Deviation [mm]
0—40 0.72
0—50 0.19
0—60 0.78
0—70 0.65
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Fig.2.16 Comparison between experiments and proposed model (DAS50 cylinder).

Table 2.7 Deviations from the model of cylinder displacement in steady state (DAS50 cylinder).

Signal air pressure [kPa] Deviation [mm]
0—40 0.76
0—50 0.54
0—60 0.22
0—70 0.47
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Fig.3.2 Reciprocating slider crank mechanism.
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Fig.3.3 Rack and pinion mechanism.
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Driven side pulley

Euia ™

Fig.3.4 Belt pulley mechanism.
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Table 3.1 Devices used in experimental apparatus.

Device name

Specifications

One-axis stage

Original mind L150

Precision regulator

SMC IR1000-01EC-A

DC stabilized power supply

Sunhayato DK-806 (for potentiometer)
OMRON S82K-05024 (for pressure gage)

Potentiometer

MIDORI PRECITIONS GreenPot LP-250F7J (5 kQ, stroke = 250 mm)

Oscilloscope

Tektronix DPO2024B

Pressure gage

KOGANEI GS610A (precision regulator output pressure measurement)
KOGANEI GS620A (supply pressure measurement)

Digital multimeter

SANWA PC720M (potentiometer output voltage measurement)

Tubing diameter = 6 mm
Table 3.2 Experimental conditions.
Item Conditions
Supply pressure 0.5 MPa
Potentiometer supply voltage 8.765V

R L% = b —Z OReIEMERR EBRR 2 X 3.5 (DT

Fig.3.5 Characteristic confirmation experiment system of precision regulator.
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Fig.3.6  Step response (0—50 mm).
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Fig.3.7 Step response (50—0 mm).
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Fig.3.8

Step response (20— 70 mm).
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Fig.3.9 Step response (70—20 mm).
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Fig.3.10 Response to the periodic input.
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Table 3.3 Devices used in experimental apparatus.

Device name Specifications

One-axis stage Original mind L150

Electro-pneumatic regulator | SMC ITV1010-212BS5

Sunhayato DK-806 (for potentiometer)

DC stabilized power supply
OMRON S82K-05024 (for pressure gage)

Potentiometer MIDORI PRECITIONS GreenPot LP-250FJ (5 kQ, stroke = 250 mm)

Oscilloscope Tektronix DPO2024B

SMC ITV1010-212BS
Pressure gage (electro-pneumatic regulator output pressure measurement)

KOGANEI GS620A (supply pressure measurement)

Digital multimeter SANWA PC720M (potentiometer output voltage measurement)

Tubing diameter = 6 mm
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Table 3.4 Experimental conditions.

Item Conditions

Supply pressure 0.5 MPa

Potentiometer supply voltage 8.765V

igd

L X o L—F ORERMERER AR ZX 3.11 (TR,

Electro-pneumatic regulator

Fig.3.11 Characteristic confirmation experiment system of electro-pneumatic regulator.
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Fig.3.12 Step response (0—50 mm).

46



HIE EREYAY—AL—T VAT LD

500 mm D AT v FInE &K 3.13 127

MHBTITRYVERIZT VA —a— PR ELTWVERN, FEL X2 L —FDONH TR L
B LT, BEEROZL/NSNT &, EFIREICEIT 2 122K EDOEE D /NS W & D
WTE 5.

50

W
(=)

N

[e)
N
(o)

=) =)
& 30 = 30
=1 =
2 * 2 = *
$ 20 2 20
= =
~ ~
10 10
Input
Output
0 P 0
0 1 2 3 4 0 1 2 3 4
Time[sec] Time[sec]
(a) (b)
50 50
40 40
=) =)
& 30 & 30
(o] (o]
2 2
§ 20 § 20
~ ~
10 10
0 0
0 1 2 3 4 0 1 2 3 4
Time[sec] Time[sec]
(©) (d)

Fig.3.13  Step response (50—0 mm).
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Fig.3.14 Step response (20—70 mm).
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Fig.3.15 Step response (70—20 mm).
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Fig.3.16 Response to the periodic input.
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(d) Example of application (Glass carrying system)

Fig.3.17 Pneumatic master—slave system.
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DONTHE, K 318@UICRT L) ITHE L X o L— 2l LB T B EATICA D X H A
FVICHERETAMERS L0, BELX 2 L— 2L BRI TROKRE S 2 Mo Lz
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72, DABC20 v U U X ZAAATEETIE, vV U XOENEHT D200 RT v
AA—REV ) UERY v aF e ) UFITEFE L TEY, CDGIYL20 vV X ZfARIA L
TRHEE T, X 38N T I I E R ERE Y ) A IR T TS, 1R T
—VERBEMNIEDL LI Lo TERTAEFERE LN EB/DLT-DOEKEE ) 2R
VvaFliiaT s, U VAR a L, BHT o — Ry 7 EHWT, 1EIRT—
YOI X (B LT U o BB x T 5 KO HlET 5.

VAH—AL—THOEERE, 1.8mBLU20.7m & Lz, 214 IFHTHl7- L 9 2%
TET TV r—art LT, BRENHV AT A, #HEVAT L, ~AX—AL—T 1Ry
FEEELTWD., L E2HAT RS THICBWT, ZREEENE TSN TEY,
ZERIERLE DO LV m 2258010 m OFPHIZC AT L EHET HEIRE L. o, it
AT B3N L TV D ZEKEFHEF BN THEHT 27 F2a—7 ORI Im, 20 m fRE
ThHZ D, EEHEMELUFTHATAIZELELBELT, v AX—AL—THOBER%
1.8mBLU20.7m & U CHRMEMEREREZITY Z & & L. el B RIL, F2—7 D,
Fa—T7 OME, T LEBOEREIKRET S EHINSND 0D, ZNOEHELE
LTIV = a il hOE TRET A ZEDEETHS.

FRIEEBORE I, vAF—IZOWTE, 1BHIA T —YDORES, AL—T7IZ2O0 T,
VIV UHEVY ARV atOR Ma—7, EBRENEROEEZBATT DT L— LD
REZEBEBLTCRELEZ, ~AZ—E, fF300mm x &S 200 mm x AT 150 mm F2E, A
L—70%, @ 600 mm x /& S 400 mm x BAT400mm BBETHD. HETHT7 SV r—va v
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BT OE, ~AX - IEREELRREORESLEL, AL—TE T 7V r—va R
FERBREIIRAET 5725, K317 IR TH 7 AREEE 0% E, 1H 2000 mm x & S 2000 mm %
BAT 1000 mm F2EEZFHE L TWAD. T, v AX—OEMIZRT B A L —T O OIERZE
I3 ~10 ERELZAEEL TV D.

FEFIEE O Z R 3.5 1R

Table 3.5 Specifications of experimental apparatus.

Item Specifications

Number of pulley teeth 20, 25, 30

Tubing length 1.8 m, 20.7 m
Size of master W300mm X H200mm X D 150 mm
Size of slave W 600 mm X H400 mm X D 400 mm

VAL —, AL—T7 T DR L OVEIIMER A T T NE 3.6~FK 3.8 1TRT.
F2ETHRELLLETAZHNT, vRAZ—DOEM(EEFERIE)EANT), AL—7(V
NYDENLZ M & LT AT » IR, 0 IR LATNCHRT DI, AT 2850
Vial—varafTol. I alb—ra B TOBRICRIE LA NT A—F OEEE 3.9
T, ZNEDNRTA—=2D I Y, m, My, m4 mp, M, Me, kr, a, am, an, as, as, V,
Vi, Ve, rIXEREE OWEBHEREOMER, ki, p (XFEBREE CFEKX, £, G, Gs THEINE
Bt 2BIZREL, fIXFEHLCERELRE. £z, SATOBEN p, Itk TEDLD LK
EL, BRETEREROORE L LT, ¢gidp, OBEEE L TEH L., ~AX—RAL—7
MOF 2 —71ZB LTI, BEEZ TR Tl L CEKENLE R DIEE O T /A
AATE. ZORE, AT v FINVETHLNEER 1.8mBLUN 207 m BT 535 B2V Y I
DINVEDIEN %2 X (B.1) TRT 72K ofs] & L7z,

7[s]=5.18x107> x Tubinglength{m]+0.059 (R>=10.9992) (3.1)
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One-axis stage

Regulator

Potentiometer
(for reference)

(a) Master

Potentiometer
(for reference)

Cylinder with displacement sensor
(for reference)

(c) Slave (CDG1YL20 cylinder built-in)
Fig.3.18 Experimental apparatus.
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Table 3.6 Devices used in the master.

Device name

Specifications

One-axis stage

Original mind L150

Pressure regulator

SMC IR1000-01BEC-A

Pressure gage

KOGANEI GS610A (input pressure)
KOGANEI GS620A (supply pressure)

Potentiometer

MIDORI PRECISIONS Green Pot LP-250FJ (5 k€, stroke =250 mm)

Tubing

SMC diameter = 6 mm (made of polyurethane)

Table 3.7 Devices used in the slave.

Device name

Specifications

Cylinder positioner

SMC 1P200-180

Double acting cylinder

KOGANEI DABC20x%180-2 (piston diameter = 20 mm, stroke = 180 mm)
SMC CDG1YL20-200Z (piston diameter = 20 mm, stroke = 200 mm)

Potentiometer

MIDORI PRECISIONS Green Pot LP-200FJ (1 kQ, stroke =200 mm)

Displacement sensor

SMC D-MP200

Tubing

SMC diameter = 6 mm (made of polyurethane)

Table 3.8 Peripheral devices used in the experimental apparatus.

Device name

Specifications

DC regulated power supply

Sunhayato DK-806 (for potentiometer)
OMRON S82K-05024 (for pressure gage and displacement sensor)

Oscilloscope

Tektronix DPO2024B

Digital multimeter

SANWA PC720M
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Table 3.9 Simulation parameters.

Parameter Value Parameter Value
m 0.2 kg b 7.14 x 105 Pa!
Min 8.0 x 103 kg V 5.65x 107° m?
ma 9.0 x 103 kg Vi 1.232 x 106 m3
mp 3.0 x 103 kg Va 7.06 x 1077 m?
my 1.3 x102kg r 5.65 x 108 m?/Pa * s
Mme 0.1 kg DPsup 0.5 MPa
kr 147.4 N/m ¢ 0.65
ki 699.4 N/m Cin 0.4
k4 2.59 x 10° N/m Cap 0.4
ks 1.48 x 10N/m p 1.65 (DABC20)
ko 275 N/m 1.0 (CDG1YL20)
a 3.14 x 1074 m? £ 5.15 N (DABC20)
i 5.52 x 104 m? 2.52 N (CDG1YL20)
Qn 7.85 x 1077 m? T 0.111 s (Tubing length 1.8 m, DABC20)
as 6.16 x 104 m? 0.196 s (Tubing length 20.7 m, DABC20)
as 3.53 x 1074 m? 0.102 s (Tubing length 1.8 m, CDG1YL20)
0.198 s (Tubing length 20.7 m, CDG1YL20)
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3.4 FEMEHEFEEER
341 YRZ—DEMERAL—TDEMDBEIR

VX2 L—HIZEFE L TV T =Y OWBAEZDHZ LILoT, BMOEICKT DL
X2 L—HN RVOREAEEZEZ D ENTEDL., LEEN- T, v AX—DEMIIKT
HIEFELXEOEADOEE, Thbhb, AL—TOEMOE{LOEEGLEZDZENTED
EEZ, TV OWBEEZHGAED~Y AL —DEN L AL —T OBENOBR & MRS D5
BRaiTol. e EREEZ —EICR BN L, KEMED D 0~70 mm OFIF T 10 mm % A4
TIHAT =V ZEN L TS TG EREEZ LY VAR a FITAIT5. 2ok
EOVIUAOENET T S BEICERL, T4 VXN TF A —=FTEHIT S, b,
BERZ 1.8m, 20.7m & L, ENZFNORERIZEWTHEED 20, 25, 30 D7 — U 2
2. 1 AT — % A L—X|ZE)T =0, ZA I 7L FEATICER AT 52 &
NUETHDH., T T, BELX 2L —2lO7—1) LUEROT— ) OBRNPKEL Ebbk
WO, E 20, 25, 30 & L7z, EBRSE, EBRRRATNENEK 310, X319 1RT.

Table 3.10 Experimental conditions.

Item Conditions
Supply pressure [MPa] 0.5
One-axis stage (Master) displacement [mm] 0~70 (change by 10 mm at a time)
Number of pulley teeth 20, 25, 30
Cylinder DABC20 (diameter = 5 mm, stroke = 180 mm)
Tubing Length [m] 1.8, 20.7

20(1.8 m) RZ:O.9993
............... 20(1.8 m)

2020.7m)
............... 20007 m R =0-9986

X 25(18m) 2
25(1.8 m) R =0.9993

X 25207m) 2
............... 25(207m R =0.9988

> 30(1.8 m) 2
3008m R =0.9981

¥ 30(20.7m) 2
............... 30(20.7 m) R =0.9967

1 1 1 1 1 |
30 40 50 60 70 80
Displacement(Master)[mm]

80

Displacement(Slave)[mm]

Fig.3.19 Relationship between master displacement and slave displacement.
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319 LV, YAZ—DEMEAL—TOEMNNY) =T ThdHI LPHRATESH. £3.11
WZRT X9, = U OEHEN 20 DS, v AZ—OEMIZRT L TAL—TOEM 2.6 [
FREE, 77—V OWED 25 D6, 20 EFRRE, 7— U ORED 30 D56, LTERELRS
NTNWD., AL —DOENICHKT D AL —T OEMDOILKRRIL, ~ A X —DENLCEEREIC
AR IHE—ETHDH T &#%af%t

L7 oTC, LFalb—HIZERKLTWS = OWMBEEZHZ LKLY, ~AX—D
%&%Eﬁﬁ%ﬁ%mbfzv~7_mLT%é_&w%%w_&ok.

Table 3.11 Expansion ratio of master to slave.

Number of pulley teeth Tubing length =1.8 m | Tubing length =20.7 m

20 2.58 2.59
25 2.10 2.06
30 1.75 1.74

342 ATy ITNE

NYAB = AL —T VAT AOMEREA RS D700, AT v SINEEREIT o, Ha
ERIEE —BILRLRN D, 1| AT — U2 FCTEN L TAEK LIZ AT v 7IROE T2
%v)/§$yvafuﬁﬁﬁé ZOLED AT OBEN, V) A DOENET T

JFICEWR L, AvnAa—FCHlld 5.

Dmmva/&%ﬁﬁthﬁORXTy7m%@£%%#,%%%%kVi;v~y
a v EDREEENENE 312, X3.2012RT. K320 28V, @imﬁﬁl&n’ﬁﬁ
LS, OIIALE R 207 m BT AR TH S, 7ok, EFIRBIZET 2 B Z RO
TRLTWS .1%XT~V%@ﬁLkM%#@m%%m=mT%é.

RIVBITRTEREY, BER 1.8m OGE, IWEOEIL0.11s, BERRIX0.27s, EH
IREE TOEN. DIRZZD T 0.7 mm(A L—7 O [ EE 180 mm (2% LT 04%)E 720, 2 3
IR ZE(RMSE : Root Mean Squared Error)id 0.69, 5 #E{fF7(SD : Standard Deviation)(% 0.03 &
7eolz. Fi, BER 207 m O%A, WEOENT 020 s, BERMIX2.23 s, EFIRAET
@%ﬁ@ﬁ%@¥@@39mmXu—7@ﬂ%ﬁ1mmm CHLT22%)E 720, 2 b
Z21% 391, fEH¥RZAIL013 Leo7e. 2 LT, WEREARWTAT v FIRELEY I 2L —
TarNE—HELTWAZEDHERTES. BENES D La v X 72 AP/NEL 7

, BREIIRELS 2D, L L, BEED 105U EED > T, IREOBENTE LD OO,
2%$wa%,ﬁﬁﬁﬁﬂméw:e# , BAOIRELSHIIATND EERD.

25%TﬁokﬁﬁrMEﬁwﬁﬁﬁﬁﬁ@XTV7E§Tig&%t#@ﬁ%kﬁ“ﬂﬂ

-l\*?77b/§f-i/:n-l\ﬁiﬁzliftﬁ§ AREBRTIZAE U o lz. FEITRT v 7WROE
%xf%émbt_ ko T, BEEKIEDNS LNV REL R, U X OBEN
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BRI ENERTHDLEEZD. V) U AOFENELS o2 izky, v ¥
DB O T 2 72 EORBEZ T RY, A== a— T U F—Ta— R
P A, X320 I RTISEIC A o7z EHERI S LD . ZERIEALER OB RMTAT v TG
BuATo BT MR Z AN TAT v RO FEKEZ LR LI-DICk L, ZOER
T, FEITI1IMRAT—VE2BEIEL TAT v TIROBHFERIEEZER L. OB, 1 #lA
TV OEMENE IV N E T =Y EACTEESERNICAR L, ¥ a2 L —Z 2 RLEE
RS ETREFLESELERL, YUV EARIDYaFITANLE, b7 =1, | AT
— VORI, VX o L—F N RV EOBRED RO B X SOBERIC K D5 52 RIE DR ED
BAOTZDOIL, vV o FOREPELS ol tHERISND.

Table 3.12 Experimental conditions.

Item Conditions

Supply pressure [MPa] 0.5

Change in one-axis stage displacement [mm] 0—50 (stepwise)

Number of pulley teeth 25

Tubing Length [m] 1.8,20.7
— 60 . . . 120 _
g — i =
E 50t r 100 £
740 780 ;:
S0t 60
2 S
£ 20 h — Master 440 5
é o m— Slave 7 _ﬁ
= 104 F ==mss Simulation | 20 &
5 O : 1 1 L 0 C

0 1 2 3 4

Time[sec]

(a) Tubing length=1.8 m

[N
(=]

T T 120

j— —lI_II_I_I_I—II_I_I_I_II_II_I
L]

= W
=T

— Master 1440
— Slave

]
(==}

S

1
[N}
o
Displacement(Slave)[mm]

smmms Simulation | 20

1 1 1 0
0 1 2 3 4

Time[sec]

Displacement(Master)[mm]
qu

(b) Tubing length =20.7 m

Fig.3.20 Comparison between experiment and simulation in step response (DABC20 cylinder).
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Table 3.13  Experimental results of step response (DABC20 cylinder)

Tubing length [m] Response delay [s] Settling time [s] Deviation [mm]
1.8 0.10 0.21 0.7
20.7 0.20 2.23 3.9

CDGIYL20 2V v B uH AN TIT o1 AT v FIEDERER L I 2L —v a0
O Z K 321 12T, K321 128V T, @IFELERE 1.8m Zd1) 5 ik, (b)IXALE K 20.7
mIZBITLTH S, 2k, EFIREBICEIT 2 BEMEZ RO TR LTS, B
%L, DABC20 >V & LREE TR 312 ITR-T B THD.

K3V T LB, BER 1.8m OGS, IEDOEIL0.10s, BEERFMIL021s, EH
WEETCOENDRZEDFNT 6.4 mm(A L—7 O A[B 200 mm 2k LT 3.2%) 7220, 23
FHIREEN 6.39, fEHEMRAEIL 045 e o7, F£7z, BUE R 207 m OBE, IRE DI 0.20
s, BERFMIZ 1.24 s, EHFARE TOEN DIRZAED T 3.9 mm(A L— 7 O w8 200 mm (2
KL T2.0%) 720, 2 FVHIFREIT 3.98, HEMERFZEIX 0.55 L2 o7z,

— 70 140 __
g g
E. 60 120 Z
3 50 100 2
= 40 80 @
530k 60 5
EE n — \aster 5
é 20 . — Slave 40 &
§~ 10 . = mwuw Simulation {20 %
A 0 . I I \ 0 a
0 1 2 3 4
Time[sec]
(a) Tubing length=1.8 m
=70 . T . 140 z
£ 60 120 £
= >
,’z’ 50 100 2
= 40 80 2
53 60 o
=) m— Master g
g 20 —C|ave 40 ;_3
= 10 ==mms Simulation 20 F
E O 1 1 1 0 c
0 1 2 3 4

Time[sec]

(b) Tubing length =20.7 m
Fig.3.21  Comparison between experiment and simulation in step response (CDG1YL20 cylinder).
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Table 3.14  Experimental results of step response (CDG1YL20 cylinder)

Tubing length [m] Response delay [s] Settling time [s] Deviation [mm]
1.8 0.11 0.27 6.4
20.7 0.20 1.24 3.9

FEE 1.8 m DA, b EBRYERZRINS ot — "= a— WPRELTND I &, EH
WEEIZBWT, BN ETEHL TND I EDRMRTE 5. DABC20 L 0 EEN/ NI 2o
725y, BT A IS REWT 4 — Ry 7l & RN 6 &, K421 [TRTIRE
272 ol EHEIES LD . DABC20 v U U ZTAEIER, BLE RS 10500 EED > TH, IREDEN
IZER D00, BAIIHEE LS HH I TS, DABC20 'V >4, CDGIYL20 >V &
Eh, WTHORERICBWTYH, EFIREOEMIT—EDMEEE>TWNDL I LD, 20O
VAT LRENRALEREICFIAATRETH D L E X D.
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343 RBRYBLADICHT DIEE

VAE— AL —T VAT AOIBEMEEERT D720, 80 IRLUADICKT DINEFER AT
ol BHEEREE —BICRBRN D, 1A T — V% FLEE ) D 40 mm OB &2 H 0 &
LT, +20mm, —10 mm fREFTENL TEMR LBV IELOEEESEEZ VY U HRY
YaFICANT D, ZOLED VAT —UOEN, U X OENET T a T ]
L, Avmra—7CeHlT 5.

DABC20 'V > Z ZHHIGA A TIT o 124 0 I LA TN DI E O RER S, KRS &
Vial—varlDliREENENE 315 X322, X323 (IR 7. X322, X323
BWT, (a), OIEENZIEY K UEHE A 1.3 Hz FREE, 2.5 Hz f2fE CE L6 OfdE
F18mIZHIT 5, FBER207TmIZB T2 THS.

3.22, 323 L0, OBELADCHTHNEELEY I ab—va rNFE—-HLTWD
TENHERRTE D MY LA 1.3 Hz T, £3.16 17T LB, BER 1.8m DA,
BN DIRZED X 6.5 mm(A L—7 O r[EHE 180 mm (2%} LT 3.6%) & 720, 2 e FHJRaz%E
1% 8.6, EEYERAIL 82 L~ 7=. £, BERE 207 m DFA, ZBALORAEDFEIIL 2.9 mm(A
L—7 O r[EHK 180 mm (ZxF LT 1.6%) & 72 0, 2 PR E1T 4.0, FEME(F 221 3.8 L 7r o 7.
MR LA 2.5 Hz TiE, £3.161RTEEBY, BEE 1.8m 0BG, BN OMRAEDTY
1F 111 mm(A L— 7 OA[EH 180 mm (25 LT 6.2%) & 72 0, 2 TIEHIREFET 13.3, FEUE(R
X132 &7o7c. £z, BER 207 m OBE, BNORAEDFET 6.8 mm(A L—7 O F[H)
180 mm (12X LT 3.8%) & 700, 2 T FHJFRAIX 7.9, EHERAEIL 7T LT, £, BLE
EREWGA, IWEOEENROTATND Z AR TE S, FE5EKEETHTERLT
NWHZERMELX 2L —FD) V—THBNREEL CTOTARER L 2o TWnd EHEHIS
o, —J, BERPRVGGOMD IR URERES WA, 2RO 05
T L RER N OEMENE, BEOEEBIC L 5T, OFTHBDRVEIEIC R > TV S ATREMER
5. MR UEREE 1.3Hz 128 W T, BERE 1.8m 056, 20.7m O5G L HERL T, 2
TRz, EWREZEE bRE otz BERNEWGS, WEZ5 A R RER7 4 — K
RNy MO DERUMENR LT SH, [TEMINE L TRBNRIEEICR 5720 TH
HEBZDLND.

Table 3.15 Experimental conditions.

Item Conditions
Supply pressure [MPa] 0.5
Change in one-axis stage displacement [mm] 40+20, 40-10 (Periodic, Change of periodic frequency)
Number of pulley teeth 25
Tubing Length [m] 1.8,20.7
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(b) Tubing length =20.7 m

Fig.3.22 Comparison between experiment and simulation in response to periodic input (DABC20
cylinder. The periodic frequency is about 1.3 Hz).

(=]

—\aSter

— Slave

[ |
(=]

= = = = = Simulation

40

Displacement(Master)[mm]

Displacement(Slave)[mm]

Time[sec]

(a) Tubing length=1.8 m

— 70 160 __

=t o — Master
E,GO 140 £ e Slave
B 50 120 /12 = = = ® = Simulation
3 100 S

S a0 2

< 80 E

§30 60 £

= [}

§ 20 - 40 §

zlor 420 Z

[} 0 1 | I 0 &

Time[sec]
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Fig.3.23 Comparison between experiment and simulation in response to periodic input (DABC20
cylinder. The periodic frequency is about 2.5 Hz).
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Table 3.16  Experimental results of response to periodic input (DABC20 cylinder).

Frequency [Hz] Tubing length [m] Deviation [mm] RMSE SD
1.8 6.5 8.6 8.2
1.3
20.7 2.9 4.0 3.8
1.8 11.1 13.3 13.2
2.5
20.7 6.8 7.9 7.7

CDGIYL20 ¥ U o & %k AIA A TIT 2 T8 0 3R LA TN T B IRE O FEBR S, EBRs R
EVIal—ya DA 3.24, X325 1T, [X3.24, K 32512BWVT, (), (b)
IXENTIER Y IR USRS A 1.3 HZ FRE, 2.5 HZ BRE CE LA ORE R 1.8 m 28T
2, BER 207 m BT D TH D, FEESEME, DABC20 2V & L [AERTH# 3.15
R EBY THD.

MR LANCKT AL I 2 b—ya v OBMMIE—E L TEY, DABC20 >V
VACBIT DB LB LT, E— S TOOTHNEFICHNL TS Z LR TE 5.
MVOR LA 1.3 Hz TiE, £317108TEBY, BBEE 1L.8m OB, BANORAED Y
IX 5.7 mm(A L —7 O A[Ehg 200 mm (2K LT 2.9%)& 720, 2 T PtET 8.3, MEUER AT
74 Llgotc. Fiz, BER 20.7 m OE, BALOREDOFE)L 8.2 mm(A L—7 O A EEk
200 mm (ZXF LT 4.1%)E 720, 2 TIFHFEAEIT 9.3, EHEMRAEIL 03 Lleo7-. 0K UEWN
#25Hz Tl, BEE 1.8 m O5E, BEAOMRAEDVEIX 9.5 mm(A L—7 O A[EhEk 200 mm
IZXF LT 47%) 700, 2 e FRJRREIT 127, EERAIZ 114 L ro7c. £/, BE R 207 m
DOEE, ENORZED T 11.3 mm(A L—7 O a[ @i 200 mm (25 LT 5.6%) & 720, 2 3
EHRAZET 12,5, BEHERZEIL 121 E7eo7c. F70, BUEE2Y20.7m TiE, 1.8 m &L C,
M0 R UEEB ORI 5T, IRIED/NS K 2o TS Z ERMHERTE S, Ziud,
FERENREL 2D L ZZROMBICRH 2B 720, MR UEEED &< 25 & BEOE
MACHET DRNCESERENEL, FBEEREITBHETERL 2D 2 L REXDEMNE
DEELTWDHEDTHD EHEIESNDS. £ LT, AN 2.5Hz O%4, DABC20 >V
KLV ER Y, JEIEEL 1.3 Hz OIS L i L TRVE R 1.8 m 1B D H%IREF O v — 7 NI
ICBNTNWD ZEDERTE S, ZNHOHERE LT, AR LICEFEREOWMENEEL
TWAHZ &, DABC20 >V & L0 EEN/ NS Rolzdy, WBITZA VR REVWT 4 — K
Ny IR DEDERICIRERN BTSN, T —va— MRBNDZ ENFEToND.

DABC20 >V %, CDGIYL20 >V &L b AT v FIRE Ll LT, 2 e RhJahs, 1R
HWRENIEFICREL 2D, BELEEMPBELIUCS KR ZERP LMo, Lz
NoT, WNEIX 20T T 7Y r—a VOMBIARITITRES 2N EEZLND.
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Fig.3.24 Comparison between experiment and simulation in response to periodic input (CDG1YL20
cylinder. The periodic frequency is about 1.3 Hz).
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Fig.3.25 Comparison between experiment and simulation in response to periodic input (CDG1YL20
cylinder. The periodic frequency is about 2.5 Hz).
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Table 3.17 Experimental results of response to periodic input (CDG1YL20 cylinder).

Frequency [Hz] Tubing length [m] Deviation [mm] RMSE Standard Dev.
1.8 5.7 8.3 7.4
1.3
20.7 8.2 9.3 9.3
1.8 9.5 12.7 11.4
2.5
20.7 11.3 12.5 12.1
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WHRNE, FCTLIEAT =22 L Ick > TEFEKELAERL, YU U FRIY
aFIEANTH. ZOLED VAT =V DOEN, vV U X OENZT Fa JEEICERL,
Fuaxa—FTHETS.
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Table 3.18 Experimental conditions.

Item Conditions
Supply pressure [MPa] 0.5
Input waveform Arbitrary
Number of pulley teeth 25
Tubing Length [m] 1.8, 20.7
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T
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2

(b) Tubing length =20.7 m

Fig.3.26 Response to an arbitrary input (DABC20 cylinder).

Table 3.19 Experimental results of response to an arbitrary input (DABC20 cylinder).

Displacement(Slave)[mm]

Tubing length [m] Deviation [mm] RMSE SD
1.8 7.6 10.5 9.7
20.7 94 13.1 11.0

CDGI1YL20 ¥V » ZHMMIIAN TIT o TAEBANNCH T D IREDOFEBRFERLE VI 2 L —

varEDHEEK 327 18T, K327 12BWT, @IFEEE 1.8 m 2T A0,

(b)i%

BB 20.7 m IZBIT DI0E 2057, FEBRSMEEL, DABC20 >V & L[AIEETE 3.18 1TRT

LB THD.

DABC20 > VU ' Z DO IR L ANZHRT HIRE L IFIERETHD, WALV I 2l —3
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(b) Tubing length =20.7 m
Fig.3.27 Response to an arbitrary input (CDG1YL20 cylinder).

Table 3.20 Experimental results of response to an arbitrary input (CDG1YL20 cylinder).

Tubing length [m] Deviation [mm] RMSE SD
1.8 6.4 9.0 8.8
20.7 9.8 13.2 10.7
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345 DASO DY) U EMARAATZD R T LOYHEEREER

FEREMNER D) U B HBPAATE BB ICBVWTHZEREY AL — AL —T VAT LDl
TEREE, BIEENZED LW L 2GR T 5720, DASO > U U HEHMBIANTES AT D
FREfERER AT o 7. AT v 7 IRE T, 1 #AT—T% 050 mm f2EIZE) L 24
ZIRMH AT v TIROEEEAERL, BELX 2L —XI AL ED 1| AT — V108
L TWDRT g A—Z DM NEEANZERE), BEL X2 L—2ICHEiRESNTND
JEEtOH BRI ESR) e A v n A= THET S, £z, #OIRLANTHT S
JEETIE, ~ A X —ZIHENLE NS 50 mm O 2 E LT, +20mm, — 10 mm
DI LUEALT DENMNITHY T HEFEREEAER L, ATy a A—2OMERE, JEE
DOHNEEE A0 2 a—7THIET 5.

Y AL —, AL—T ZRET DS, IR L OERSIE A 3.21~FK 3.24 1R

Table 3.21 Devices used in the master.

Device name Specifications

One-axis stage Original mind L150

Pressure regulator SMC IR1000-01BEC-A

KOGANEI GS610A (input pressure)

Pressure gage
KOGANEI GS620A (supply pressure)

Potentiometer MIDORI PRECISIONS Green Pot LP-250FJ (5 kQ, stroke =250 mm)

Tubing SMC diameter = 6 mm (made of polyurethane)

Table 3.22 Devices used in the slave.

Device name Specifications

Cylinder positioner

SMC 1P200-180

Double acting cylinder

KOGANEI DA50x%200 (piston diameter = 50 mm, stroke = 200 mm)

Potentiometer

MIDORI PRECISIONS Green Pot LP-200FJ (1 kQ, stroke =200 mm)

Tubing

SMC diameter = 6 mm (made of polyurethane, for signal air pressure)

SMC diameter = 8 mm (made of polyurethane, for supply air pressure)

Table 3.23 Peripheral devices used in the experimental apparatus.

Device name

Specifications

DC regulated power supply

Sunhayato DK-806 (for potentiometer)
OMRON S82K-05024 (for pressure gage and displacement sensor)

Oscilloscope

Tektronix DP0O2024B

Digital multimeter

SANWA PC720M
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Table 3.24 Experimental conditions.

Item Conditions
Supply pressure [MPa] 0.5
0—50 (stepwise)

Change in one-axis stage displacement [mm]

50+20, 50-10 (Periodic, Change of periodic frequency)

Number of pulley teeth

25

Tubing Length [m]

0.7

DABCS50 >V > ¥ OB 32k R 2 [X] 3.28 (-7

Fig.3.28 Characteristic confirmation experiment system of DA50 cylinder.
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ATy IEEEYI 2 —v a3 —&LTEY, DABC20 >V 4, CDGIYL20 ¥
VoL T, ROLDICNEL ER>TND Z ENHRTES. DABC20 ¥ U 4,
CDGIYL20 'V & L e U CTHRENR K Z W o, EROMGICRMZ2ECTRICHEE L X
2L —2DV Y — 7RI K DBEEROBALEF T O T 729, K 329 [T RTINEIZ /oo &
SIS, K325 T B0, IWEOEILO0.16s, BERMIZ092s LieoTz. BE
F1307 m EHOWD, BMENKEL 2ol LKW MBERHENNREL otz 2 b, X
DR300 D Z 22X D, DABC20 > U >4, CDGIYL20 ¥V & & s LT
DOENDBRKEL Y, BERHEINELS ol bR SN, EWRETOEMOEEIL,
#) 2.1 mm(A L—7 O A[EEK 200 mm (2% LT L1I%EE) & 7o 7z,
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Fig.3.29 Step response (0—50 mm).

Table 3.25 Experimental results of step response (DAS50 cylinder).

Response delay [s] Settling time [s] Deviation [mm]

0.16 0.92 2.1

MR LASCHTDIELE I 2 b—a v Ol ZM 330 (RT3, YR UEREEK
%, 02HzBRETHD. AT v 7ISELEER, vIab—varbI{—HLTND.
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X330 NWOEFEREEZE Y LX) RIEETHL Z PR TE 5. BERIZ07m &
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BN HZzBETOHRYD KL TH-Th, AL—T N RAZ—OBRITBRETE <Y, X
330 IRTIREIC R o= EHERI S NG, LER-T, BOEIE 240 K42 2T A~DHA
INAITHEL W EEZ D,

DABC20 'V >4, CDGIYL20 > U U ZIZHiF HEBRE I L T, BERIL0.7m &40
D, U EORHERN 63 FRRERE S Ro72Z NG, AT v 7IREICB T DIEE DR
MREL 72, BEERFMNES 2D L LHIC, EFRREICBITAIEMORENRKE L 2ol
N, VAT LOMRE TRTLHZLICE->T, IETE5LE25. LoL, #0iKLUERE
BN 1THz R ThH-oTH, VU P HORHENRREL 2o/ Z LIZ X2 BEEDOIRT LR T
X/, 2L, VIV HORERELSTHIEICE ST, HENIDERTE 5720, K TH)
VET HERIE~Y AL — AL —T VAT A~DMBPIABRNBRETH D EEZD.
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Fig.3.30 Response to periodic input.

Table 3.26 Experimental results of response to periodic input (DA50 cylinder).

Tubing length [m] | Deviation [mm] RMSE SD
0.7 3.6 4.4 4.4
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35 7V — 3 0DRE
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BAER DU FE & B EVE DOFAMFRAR & U ToF BB E 0B ), (R A N T A —F &
L CRHmBas 2R R L6 B H[46][47]. TN DHDOMEED H B, ABFETT 7V r— 3
VELTHELTWOBRERMN AT A, #ikv AT A, vAX—AL—T7 Ry b &K
TOEMCEE L R DD, (EROREE, B, SERETHL. K331ernT LD
12, AT v FISEDEFEIRBICE T DALEROREEIIS ) XA DA he—27 2% LT, 3.1
~4.0%EIZIERETHY, HRKTO6~8 mmEETHS. £/, HJ11X DABC20 >V ¥k
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Table 3.27 Performance of cylinders.

DABC20 cylinder CDG1YL20 cylinder DAS5O cylinder
730 (1.8 m) 1042 (1.8 m)
Operating speed [mm/s] 270
315 (20.7 m) 355(20.7 m)
0.28 (1.8 m) 0.21 (1.8 m)
Settling time [s] 1.2
2.23 (20.7 m) 1.24 (20.7 m)
Positioning accuracy [%] 3.1 3.8 4.0
Theorical thrust[N] ([kgf]) 157 (16.0) 157 (16.0) 982 (100)
1042
730
355

315 270

DABC20_1.8m  DABC20_20.7m CDG1YL20_1.8m CDG1YL20_20.7m DAS50_0.7m

(a) Operating speed [mm/s]

2.23

1.24
0.92

0.27 0.21 .

DABC20_1.8m  DABC20_20.7m CDG1YL20_1.8m CDGI1YL20 20.7m  DAS50_0.7m

(b) Settling time [s]

3.8 4.0 982
3.1
157 157
DABC20 CDG1YL20 DA50 DABC20 CDG1YL20 DAS50
(c) Positioning accuracy [%] (d) Theorical thrust [N]

Fig.3.31 Performance of cylinders.
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352 ZERETARZA—RL—T LR T LDOMERDFEE DL
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B F A PRENT 4= RNy IR DOERIUHIERNR LT IN5728, [TEiRE
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Lo TRY, BEOEMMNEE L THLIUI W EBRHEHITE 5.

—J7, AT v TIEEICBNTL, EEFEEN/NE LY, BEOEMNPLE L TH LI
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(a) Step response [mm]
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-0.00 0.00 0.00 0.00
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(b) Response to periodic input [mm] (DABC20 cylinder)
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DABC20 1.8m DABC20 20.7m CDG1YL20 1.8m CDG1YL20 20.7m
(d) Response to an arbitrary input [mm]
Fig.3.32 Deviation distribution of slave displacement.
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@Step MPeriodic 1.3Hz @Periodic 2.5Hz @ Arbitrary

13.3 13.1

12.7 12.5 132

DABC20_1.8m DABC20_20.7m CDG1YL20_1.8m CDG1YL20_20.7m

(a) Root Mean Squared Error (RMSE)

@Step MPeriodic 1.3Hz BPeriodic 2.5Hz ® Arbitrary

13.2

DABC20_1.8m DABC20_20.7m CDG1YL20_1.8m CDGI1YL20_20.7m

(b) Standard Deviation (SD)

Fig.3.33 Result of characteristic confirmation experiment.

78



HI3E BRIEVTAZ—AL—T AT ADORIE

353 7TV — 3 VRAREAREMORET

ZERIEY AZ = AL —T VAT LOFEMERFEROFER D/ ONIE T Y X OMERE
AL E R DS E ORI 2B E 2, H2EBWTT F U r—va & LTHEELEZBR
MEHNRT =7 2 h A=Y, #ET AT A, ABIOENEZIET S~ A X —A L —7 1R
v MZOW TS O IRetE 2 et L7z,

FT, B NESTTEAMESN TV LIBERNPH AT =T XA P A—=IZFH L,
FOAREME A MR LTz,

R —T VA NA=VX, Wik, BE, T8, BIEESOREEIFS2]°U YT
—al, BITHBNS3], MR B EFOER - MRV THIERE N ED b Tk
D, WAT L CHIBET RIS 2F2E[54] b AT TS . £, NLFRR ED2ER
JET 7 Fax—2 N0 =7 2 & b 2= BT BHF22[55][56] bIThiL TR Y, TE
DY T EE b2 3T 2 5B DA XD 5B AR R E M D ko 1 D& LT, NU—
T VA NA=Y OMSETOIERIZL D —BDO=—XERNP TR SN TWD[57]. ERE - I
ESTICBWTEALENTWAERT =T VX b 2=V, ElE 122 WA TREE LKA
B T2 & OBATI A BT 5 B SL R OB [58][59][60][61] & /MBS IR IT H Xy K
D H 78 EHATEE OB E A SR D EE@® R INICE N T, (FEBOETE A M)
LU CEHIRR 72 B 2 B3 2 VE 3SR o B 5L [62][63][641[65 IS LD . Il - [ERESy
FICBWTEAMEESNTWAERT =T VA F A=Y %X 334 |Z~7.

.
s B0
-— L

[ .
o =

¥F B
4 i

| +
Il
> - 'i

¢ .

(a) Independence support type [58] (b) Work support type [59]

Fig.3.34 Power assist suits.
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Table 3.28 Survey target technologies for power assist suits [57].

RI—FL AR R—Y DR ER BR G BRI OHHEE 1R B SRR

. B :
— u SRS n sk g " 0
= &R m ARMER - EafsrEaap  THEREXE
---------------------------- " EEPEEL Priglioi g NET
" BECORAME . BEORELSIT
R WE7SFaI—4 W —Lt—JHE o ER
L] ;7#779’-:.1— ] %E{jéﬂ: L m}é‘iﬁﬂ?gﬁﬂﬁﬁ YNE)
u o . . . .
" BE " BERE N il
R REBAGIYT) mERRE = ORMER -
" " R L DRELOREL umm
»BESCLENE WD » BEEEOMEA EHAATERL
PO = RHRE CURFLTALE— | BETOBE. &
L wiER
DR E
CEBASUAUE omER
. BEREML B0, B, &
o YINITITILFA EE EE g
e Z IR BB HEH
» HIEEMOEE - WEBMELE by
u FEEEORL . gg#%‘g/—va‘/@
" tEalTe " BHENAER
© HEHOOBEIL | BEREEALT
BREFICRON  OEWIHE
« 1@ ST AR
" FAORE-ER  m g exmEn
* IoT -
. BEEFL - TEERC

RKIWITRT NI =T VA MA—=Y OMERERICENT, RIFFEORNSR LR HHE L LT
s, SMBIGTEE), 77 Fax—4%, mxX—anxrons. Whoh 2 a 72,
fEak e U OOMETE, EaE, mTEhE, BRI, Ml e EiisiE Ty, MhaeRkm
DIELTHZENARETHDH. ANMNEE LIRETEES YL 2B ETH L, /-
e, WEFEHEA MR T L2, IEFMAIEET 52 L, MBI ERELTHZENE
FME~OEERRA L N b, R LAY —AL—T VAT LENNT—T L A N A—
VICHLIRATe Z L ZFE LGS, YUV EADA =7 2 RELTDHZLITE > TrEh#
FERRT DL, VU U ARERELSTEHZLICE > THHEOH N 255 Z LIXRS T
HoHM, MBI E NL—RF T ERD. £, BRENRCTH D IEMZER & MRS 5 Hik
BRI AMNENRDD. VI AR a oL EFERTH E LI, VAT A0
BEUGETDHZ LK B/ - B LA FEBL L BT, BEMBAARY—T VA F A=Y DR
HEPEBFICAD LB 2D,

WIZ, Wakv AT KZEB L, BAROREMEEZ MR L 7.

HEVE, SEEME, B2k, Afnse SRBIERLE T, HAIC L o TIE KRB ThoEE DK
XL DD, IO OREEICWEFRT HMEEENETB L 700 HERAHENEZ 5. 2l
B L C, E@IC X DIEEDRIET, WHEBOEWVAIE, REFTNHLZ LICKLEE
~OE, RHIF OB L HMMR EORENEL D, ZbOMEERRT~, £

80



H3W TREYAL—AL—T VAT AOR%

FELZEER T ) r— g AT AR AT ARERENTEY, FlzIE, L~
OMEHEARCEL Y H LIEEZR LIS, &K 500kg ETOERE - Kb« 7T AXAF v 7 -
T AT EaR AR BEICET 2 Z ERREREZER AR Aleo]nmilkEh T b.
Fio, 7V —URBREZERTHRMAEME S AT AL L THBEOAEET A BT
IEMAREICL D/ L=V AT ARBRE E[67], UHID BB EZER L0 D 8 -
i - W CSESERERA~EHHEZIKR L TV 5.
FEALENTOWAIREY AT L %X 335 10R7.

(a) Vacuum suction lifting device [66] (b) Flexible drive system [67]

Fig.3.35 Transport system.
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Master

Fig.3.36 Master—slave robot [68].
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Fig.4.1 Overview of pneumatic control system.
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Table 4.1 Lectures and practical training contents in college.
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Table 4.2 Course contents of pneumatic equipment manufacturer.
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Table 4.3 Lectures and practical training contents in vocational training.
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Table 4.4 Human resource development issues in companies in the fluid power field.
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Table 4.5 Problems of pneumatic control engineer training.
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Table 4.6 Technical elements for pneumatic control engineers to learn.
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Table 4.7 Example of vocational ability evaluation criteria by ability unit [81].
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Table 4.8 Educational curriculum on pneumatic control.
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Table 4.9 Course subjects set for each category of the proposed educational curriculum.
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Table 4.10  Syllabus example.
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Table 5.1 Overall composition of vocational ability evaluation criteria in the field of fluid power [81].
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Table 5.2 Technical elements necessary for pneumatic equipment and system technology research duties.
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Table 5.3 Excerpt of instruction example.
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Fig.5.1 Excerpt of textbook.
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Fig.5.2 Application development training materials.

Table 5.4 Application development practice procedure.

FIE WA

1 KIS PIREZR R, AR SRR DAL, M SO

2 EIEAAR 2 B £ A T3S E O SRR A R U, B 208 E

FHEBR LIEIRORE L RNT v a A= OWMY T HiEEmat L BT, @&
DAL T I L ORLE

4 FRRIEE 2B E ST T, ARRZTTZ LTV D 2 OfERS & i

103



5 R ZERUERIENCEET 5 B PR & ESEHE ORAT

53 FRBMERAVBEZRBTOHT

531 ZREOERICEATSTIFR FERAVEEBERFTORT

ZERIERIE > AT L OFRE - WL - IRSFEAT O B & 72 B A PERNE DB AR BT 5
72, BRAHIIFER LR 4.5 [N THMNERICBE T S H0E - 5l - Ik a2 HE LT
ZEBNRAIKRTHD. mEREIRORAIE, BEERKIBOEMEAGIME T, BE
RRE STV D ¥ — o Al S o T2 KRR B3 2 SRR 22 20 F - EE O A
T LT\ 5. METRIL, ERAEEESEELMRLE L 4 FMoOFIRR T, G5k
FERRO Y — & —, BUERT A T AN, BENMEEREME ICLE L SN
TR AR - BRSO - BRI R ENEB AR ThH D, o, RMIEAGRREE, TRSRKR
FREFORO IR AR, TEER AR R PRI IR FE T8 &2 515 & L7 JIfGRR T,
TREEFIBEE B I LB L SN 5 PR fge - B IO &, FREE LR EV RS TRETH 5.
PR 5 2072 AR o0 Hh G 22 B HIENZ B9 2 ZERE 0 20 B i - HOAfF - ik &2 =i S s
HZEAEBERL, 2018 FEMNS S21HTHIA LT XA M L7582 EE L TR0,
ERR LT T F A N &2 W= HE IR A RGET 5729, JIBBAAARE & SR TR E 15
HEZEIT>TWA. HEINEZHIETHZEICLY, HBHED ) X2 7 LB EM O
EITAREAEZHALNCL, PRORBEBEOFERZ BT

532 ERENE

ER U727 A NOHB AN RZRGET D720, 1B LT-T 2 N OBEE IR EZ B
AET D720, AT 2 4, RIS 2 F4E 2 x5 L U CHIBBRLAEE & IR TR
BRENEZITo 72, FIEEBHAARC W T, MRREOFA & b 22 RUE O S B3 2 Akl
WROHBETEHRLTND., TXFAMIEENLIEMEZ LR L7z ETEHETREANEIC
AR, 28R EORME, EREM, Z2RERE SR RO Z 2H AT 2 MEE A 12
MHBE L, HIRRERZ 30 /0 & Lic. $nith, 2B OVYIEERLHEL, tRExH
THIREMRTE OESERERROABEZZMRET L2 LI2X0, BBNWZHET5Z L%
BB LI BT, BEIEEIRZRGE L. BEEREOFEMBEE A2 5.5 1IR7.
BEERE O HT- - T, ik - BHEZ1T T, BANRENRLHEE S ut A bE
D CRHMET 2 0—7"U » 7 [89][90], L& TR LN DINHBRRES - BBE - EmE V77~
—L AT =02 DOBENGHRIEL, HEOBURZZBIAIZHET 5 PROG 7 A b
[911[92], tHEDTEHZRFI L. »—7 U v 7R PROGTANNX, 777477 —=27
K> PBL(Project-Based Learning)% H\W\\7= BB AR AT 272 DIEH IS Z & 03 %
V. —J7, tRREE, HAIREICOWTIERZHWTT S MEEHME] THWOLIL L HIEODE
DOTHY, t PAAEMSTZHREE LTRSS TWAD[93]. t 240I%, 1IEMR2AR ORERIZE
LT, T—XORGEBNONLRWGEICHO OIS, BRI UTRRES D 2
END, REOER CTHERINIAEROT —X 25T 27 OICHBEICRH ST s, Bl
BT, BEMOSERH 5 TLODN>TWVETF—ANENTHDHZ L, L7

104



WS ESUERIENC BT D SRR & B ORI

TRELRBEMHODHAEREHTED A v FR3HDZ D, BEMICK L Th w7
NIDED LNRWEAICHS t RESFIH SN TEY, THOEESH, FIOMEHE,
V=TT AV TICBTDET = MR ETEHEIN TS, HESBFICE W TIE, B
U722 R b 2 U 72 208 I B O RRAIE[ 94150 F5 38 ) 1) B\ 2700 5 72 OB Al %h
BOSHI95]72 &, tMEICE » THB IO BRLE A MG 25BN L. ABFZETIE, 1
R L7 T % A N OREZE BT 58 AMEZHEICREET 5 720, t UE %2 V- CEASER
ERERZ N2 2 & & LT,

Table 5.5 Overview of proficiency measurement
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Fig.5.3 Mastery level measurement score.
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Fig.5.4 Air pressure basics score (Bachelor course of science in manufacturing technology).
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Fig.5.5 Air pressure basics score (Long-term course).
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Fig.5.6 Pneumatic equipment score (Bachelor course of science in manufacturing technology).
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Fig.5.7 Pneumatic equipment score (Long-term course).
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Fig.5.8 Health and safety during pneumatic control training score (Bachelor course of science in
manufacturing technology).
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Fig.5.9 Health and safety during pneumatic control training score (Long-term course).
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Fig.5.10 Mastery level measurement score (Bachelor course of science in manufacturing technology).
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Fig.5.11 Mastery level measurement score (Long-term course).
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Table 5.6 Hearing results of technical elements that have been acquired.
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