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# # 4370526721 : MAJOR MECHANICAL ENGINEERING
KEY WORD: COBOT / CONTINUOUSLY VARIABLE TRANSSMISSION / HAPTIC INTERFACE
SUPAPHON CHANPHAT: A FLUID COBOTIC JOINT DEVELOPMENT. THESIS ADVISOR :

PROF. WITAYA WANNASUPHOPRASIT, 162 pp. ISBN 974-17-4340-8

This thesis purposed a development of a fluid cobotic joint. This reseach work includes simulation
of the joint characteristics and development of a x-y collaborative robot with a fluid joint. This fluid
collaborative robot prototype was built to test and verify the ability of the fluid joint.

A cobotic joint is an essential element of collaborative robot. The cobotic joint controls a
transmission relation of each link of collaborative robot structure. In this thesis, a pneumatic system was
applied to cobotic joint. A flow rate control valve was designed and constructed to control flow rate between
two cylinders of the fluid collaborative robot. The pistons on each cylinders are connected to a linear stroke
x-y table via cable transmission. The controller of the fluid collaborative robot was developed on a real time
operating system for a precision sample time of control loop.

In the experiment, the collaborative robot was commanded to track some paths and generate some
virtual walls. The result shows satisfactory performance in some transmission ratios of cobotic joint. Due to
nonlinearity of fluid and stick slip on cylinder, some ratios are limited and recommended for further

investigation.
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0.1 0.15 0.2

0.05

0.0121 m/s

Minimum velocity

Minimum force = 0.721 N

0.285 m/s

Maximum velocity

Maximum force = 15.139 N

0.184 m/s

Average velocity

Average force =9.487 N
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0.1 0.15 0.2

0.05

-0.15 -0.1

-0.2

0.005 m/s

Minimum velocity

Minimum force = 0.936 N

0.262 m/s

Maximum velocity

Maximum force = 14.826 N

0.128 m/s

Average velocity

Average force =8.819 N
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0.2

0.15

0.1

0.05

-0.1

-0.2

0.055 m/s

Minimum velocity

Minimum force = 5.604 N

0.518 m/s

Maximum velocity

Maximum force = 26.128 N

0.302 m/s

Average velocity

Average force =12.903 N
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7.3.2 f‘i1uwazaﬁau°luum 45 94911 (Unilateral Constraint)
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~ A o s s ~ o s
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end

0.15 0.2

0.1

0.05

0.666 m/s

Minimum velocity

0.249 m/s

Maximum velocity

0.139 m/s

Average velocity

4
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o
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A Vv
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U

-0.2

Minimum force = 3.71 N

Maximum force = 12.883 N

Average force = 8.579 N
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0.1 0.15 0.2

0.05

-0.15 -0.1

-0.2

0.051 m/s

Minimum velocity

Minimum force = 4.975 N

0.256 m/s

Maximum velocity

Maximum force = 19.62 N

0.162 m/s

Average velocity

Average force = 14.018 N

517 7.15 uaINamI a3

U

4

LN 45 99F1 NANWAY 4 V15

[



94

0.2

0.15

0.1

0.05

-0.05

-0.1

-0.2

0.006 m/s

Minimum velocity

Minimum force = 2.159 N

0.394 m/s

Maximum velocity

Maximum force = 18.015 N

0.231 m/s

Average velocity

Average force =11.255 N
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TIRLRIN NAIADS normal 119 tangent GoulvvesmsadesumaluTdsunsy
: =L 0 0] y>c
n=/0 120
= ] ~0.5¢ > x > 0.5¢
5 f, =[cos(z/4) —sin(z/4) 0] y > —X+%C
n, =[sin(z/4) cos(z/4) 0] (0.5c < x < x)A(0.5c < y < ¢)
; t,=[0 -1 0 X>C
=1 0 0] ~0.5¢ > y > 0.5¢
4 f, =[-cos(z/4) -sin(z/4) 0] y < X—%C
" ~Sinkefd)7 7 oos(a(4) 0] (05c<c<c)a(-c<y<-05y)
5 i,=[-1 0 0] y>—C
n=(0 -1 0
g =] ] —0.5¢c > x > 0.5¢
6 f, =[-cos(z/4) sin(z/4) O] y< —X—%C
fe = [-sin(z/4) —cos(z/4) 0] (—c<x<-05¢)A(-c <y <—-0.5¢)
: G0 1 0 -
n=[-1 0 0] —-0.5¢c > y > 0.5¢c
g f, =[cos(z/4) sin(z/4) 0] y > X+%C

§8=[—Sin(ﬂ/4) cos(z/4) 0]

(~c<x<-05c)A(0.5c<y<c)

{ 4 10 J o
GﬂﬁN‘ﬁ 7.1 llﬁﬂQlﬁau"l"llﬂ'ﬁl"fl}'lfIﬂ']LlW\ulagl'Jﬂlﬁaﬁ normal LQ1E tangent YBININN
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0.1 0.15 0.2

0.05

-0.15 -0.1

-0.2

0 m/s

Minimum velocity

Minimum force = 4.070 N

Maximum velocity = 1.504 m/s

Maximum force = 14.153 N

0.627 m/s

Average velocity

Average force =9.212 N
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0.0255

Minimum velocity

Minimum force = 3.248 N

Maximum velocity = 1.857 m/s

Maximum force = 18.527 N

Average velocity = 1.804 m/s

Average force =12.658 N
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free area

Y

0.0002 m/s
0.374 m/s
4

0.194 m/s

[
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Maximum velocity
4

Minimum velocity
Average velocity

Minimum force = 6.596 N

Maximum force = 17.354 N

Average Force = 12.120 N
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0.002 m/s

Minimum velocity

Minimum force = 0.051 N

0.172 m/s

Maximum velocity

Maximum force = 20.15 N

0.0924 m/s

Average velocity

Average force =10.976 N
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Hole X Y Size
1.1 375 375 6
1.2 590 620 5
1.3 720 240 5
1.4 590 240 5
1.5 720 620 5
1.6 71,5 162 5
1.7 71,5 214 5
1.8 536 678,5 5
1.9 588 678,5 5

1.10 103 103 6

1.11 77 613,25 6

1.12 136,75 673 6

1.13 613,25 77 6

1.14 647 647 6

1.15 673 136,75 6

1.16 142 656 M5

1.17 656 608 M5

1.18 624 608 M5

1.19 608 624 M5

1.20 608 656 M5

1.21 656 142 M5

1.22 624 142 M5

1.23 608 126 M5

1.24 608 94 M5

1.25 94 142 M5

1.26 126 142 M5

Hole X p/ Size
1.28 142 94 M5
1.29 94 608 M 5
1.30 126 608 M 5
1.31 142 624 M5
1.32 294,92 52 )
1.33 222,8 | 455,08 5,
1.34 | 455,08 222.,8 5
1.35 266,64 | 498,92 B,
1.36 251,08 | 483,36 5
1.37 | 483,36 251,08 5
1.38 527,2 294,92 b
1.39 | 498,92 266,64 5
1.40 93,91 87,09 M 3
1.41 62,09 118,91 M 3
1.42 631,09 687,91 M 3
1.43 662,91 656,09 M 3
1.44 647 672 19
1.45 78 103 19
1.46 13,75 587 5
1.47 13,75 537 5
1.48 27,75 537 5
1.49 47,75 536 5
1.50 27,75 587 5
1.51 163 736,25 5
1.52 47,75 588 5
1.53 213 722,25 5

A157199 vl Llﬁﬂ\iﬁ"ILL‘H‘Li\ing"IJMTWUE]QEHHS‘]JHLLWHQWH

Hole X Y Size
1.55 214 | 702,25 5
1.56 162 702,25 5
1.57 163 722,25 5
1.58 52 638,25 6
1.59 111,75 698 6
1.60 103 78 6
1.61 638,25 52 6
1.62 698 111,75 6
1.63 672 647 6
1.64 77 702,34 6
1.65 47,66 673 6
1.66 673 47,66 6
1.67 702,34 77 6
1.68 731,89 18,11 4
1.69 738,96 11,04 4
1.70 11,04 | 738,96 4
1.71 18,11 731,89 4
1.72 14 | 634,39 6
1.73 736 115,61 6
1.74 | 634,39 14 6
1.75 115,61 736 6
1.76 65,61 730 6
1.77 684,39 20 6
1.78 730 65,61 6
1.79 20 | 684,39 6
1.80 367 375 M 3

14!
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Abstract

A fluid cobot is a new type of cobot. The
cobot is developed by using fluid system to
produce constraint between motion in each
generalized coordinate of cobot. The flow rate
divider was used to the diving flow rate between
fluid actuators. This acts like a conventional
cobotic joint. In this paper, we propose pneumatic
system applied to fluid cobot. A characteristic of
valve, cylinder and nonlinearity of air was
studied. The simple x-y pneumatic cobot and its
controller were constructed. An experiment has
been set up to test performance of pneumatic
cobot in virtual environment.

1.un#
o & ' & oA < &a
Iﬂuammﬂuﬁuﬂu@gﬂuuﬂﬂu mnwmuﬂuqﬂmmw
(Passive
- A ' ' < {0 o
Device) @suandwnnvyusudgaswnisulasnaluals

1 b et J v v o
Vl,&lmminaswwawmnamumvlmmsmLaa

qﬂﬂsrﬁﬁuﬁwé’aﬁmmmaaﬁwﬁaﬁulﬁﬁuwjuﬁuﬁﬁﬁa5161".1
dwiad 1w nilfuaeiiutodadnig vasiuoud B9
lamafannuFems laauiannulanaialuszuy
muquvﬁamsﬁﬁ%@ﬁ@mwﬂumimﬁauﬁmmﬁumﬁ wel

= a a a a
1uﬂ5m°11 E’NIﬂ‘U 2 nILtfaunN E]OIﬂ‘UE]@m&Lﬂ AINLLIIN

146

6 o @ A o o v A
NT#HUﬂiZ'ﬂ']ﬂUIﬂUE]@ lummzﬂ@ﬂﬂua@nam:mﬂu’m

NIRRT ANIINILAROWNVDIAIAITINRS  GItlla
X ' A AV v o o ¢ o
vandslignananfennlaalioaiad  Uszlaminanvasla

A o o =2 o, A
vaa @ leussasdenddsaansfudiazielynileg
¥ o . \ L e
AUNUITUY muuf[ﬂua@’%ammm‘n’mm’mnuwgmﬂu
wunnIviaw (Work Space) doanuldatnslasant
o A5 @ £

lufaiudloveanasgdunugniauwau[l] lavea

weazarazlFRanNIIEIIATINATTRINILARsTadava A
o A o £ A A A

Uaa Iﬂuammmﬂﬂgﬂwwmmu fa %Ju"l,snmaiﬂuam

3 o & Y & A
(Unicycle Cobot) I@ma@lmugﬂmmwmwmmmua:
NAFBURANNIIVOIlALAA ﬂé'amﬂﬁuﬁqmmﬂﬂua@gﬂ
e J = a o U s a
wamasngilndalavaa uazaanini ldldiunueis
lugamwnssuntsdsznovsnoud  napftlmAalavaauaza
nawnailavaaaziuegluiuny lavsanisasazlidaly

° a A A A A = o o
MIMARanaNIeNsefenn  JedadumIlsuansine
szrdanuiudasulumaafounluuns X uazunw y
o d' A > ' =
GINNN 1 BILRAIDINIRIIOATINATERINIANNS 0
wnu X (v, ) sazanuslumaefendiluwnu y (v, ) loy
A & . v & &a
m:mm’mamuqﬂmmw
(Continuously
Variable Transmission ; CVT) fanusuwudiiu

malfuyuiaevaie  (a)
030U TUAINA laatnsdaLita

1)

AT 1 waasgiialmAalavaa [1]

msﬁwmwuaagﬁ@"l,ﬁmﬁaiﬂuammﬂuﬂuaamuu fo
mandanidase (free mode) uszmatadoufionudunms
firhwua (path mode) 1w free mode w3a VUMV
289 Iﬂuam}fzﬂ%'u&;ul,'é?ﬂ'smaaﬁa Iaglufiemadsiiuus



ngldnazyi fiamivedusnzialdingunintious
(force sensor) nénagiuduiy lunaiefeunuuy path
mode szuuauguaziiuyn steering ldandsldaw

L\§un19 (path) figoams

msldnulavaauuuniteiidudsslomiann 8 M3
seiuwaalow (virtual wall) suwaalanazasrean
m3ld path mode uaz free mode shunu Lﬁaiﬂuamagj
wenfunsiaiion  lavamazaunsaindenildagnsdassln
free mode udifialavaaadouildandounwaiiumg seuy
muqm:mﬁﬂumsmuqmﬂmmu path mode aunszi
guUnsaliaussamaialdh LLidﬁﬁé‘L%ﬂﬁzﬁ’lﬁﬁﬂﬂ’Nadaaﬂ
PINANS éhmuqmzl,ﬂﬁsumimuqmmn path mode

14l free mode alaulﬁ;ﬂ‘*ﬁﬁﬂﬂua@aam}’ml,l,mﬁ’n,l,wa

10

or o
11atAQAan a
8l

7k

y position (inches)
o

\
nath mnada l T

0,

2 3 4 5 6 7 8 9 10
X position (inches)

NN 2 gt undaiioudsy loda[3]
aansu C. Moore [1] ¢a31 CVT daansanaw
(Spherical CVT)gailu CVT fidsudasnavas
anuisngay mansai lulFlunsdinlaveadanuma iy

LLYUNA

nwi 3 CVT wuunssnaw [1]

147

lunwil 3 Spherical CVT aztsznavludan drive
roller follower
roller azﬂuﬁaﬁi‘*ﬁﬂi:ﬂaamoﬂaﬂﬁﬁ@agﬁuﬁ WaE

steering roller 2:8 2 dnmsaunin (Faa39nan) wag

Failusanazedaiwatoan bt lwan

AURAI ﬁ]:ﬁmﬁﬁﬁlumiﬂ%'uLmumwuaamaﬂau 2031
\ o & L '

NAENIW o NU 0 WTUDYNUAY di UAE dp UaZFN d;

uar d, Wezwdsdunu steering angle o« aw

ANMVFTNNUT

9 e > 22 -tana 2
dg )
Gaiun1sUsudanaves Spherical CVT azvildlas
matiuau steering Fsfidennsiia steering roller wuias
tetrahedral CVT i lulflunmsairelaveaiifidsanas
mavirudusnaii@ (3D-Cobot)

2.1 UUFIADINARAFIFAAIVDITZUURUNAN

2.1 LULIIRDINWAAAIAAIVDINIZTUBNAN
BUUIIREIVBINTEUANANITUTENALGIE 2 &I A8
ei’mﬁ%ﬁaanﬂuaumswafmadgﬂguﬁﬁ):muﬁaﬁmgul,l,a:

' A A o A
N3 §IBN 2 AaFUMILEAINNTER TN IR WL U aI Ve

AN BLULARZHBIVBINTZUANAN FUMINAIAYBIANFL
A
R
M +BXp + Fr +FL = AA — P A — PaArgg 3
tﬂl I £ |
lagn ™ wwasvesangy, dugy wszanz, pilu

(Viscous

Coefficient), r iluussanansuan ,/ uaz B iduwanw

@ a £

FUUTERNDIANUFHANUULLLANRATA
é’u’tuﬁaaguﬁnﬁmLLa:mmmé'}ﬁu. P, L uwANAH
uvime, A uss A dwinimiresnszuenguinede
waza, x, tuszszmsiefdaniizadnIzuangy uar

uwsadoamuuuugaani[2]

R if %p=0
Fi =
7 Far san(ip) if %0

(4)



Toofl Ry Dunsadoamuuuusiod uaz F  LDuUS
LA UULLNAI®
sunsuaaIsanmMaUasuulaivasnnuauluudas
wasguazihanan [2] aumsf:ﬁ]:ﬁﬁugmmmﬂ ]UN3
fagauad (Ideal Gas), npgnsauia UaLENUNIWAINYK
loofisugfgwi  swdaduiolugauefuazgmunginu

ﬂ’nuﬁuwhﬁ'uﬁdﬁaagu aumiﬁdndn%aghgﬂ

; RT . . P s
P =f(“inmin —%utmout)—afxp
VO+A(ELipr V0+A[5Lixpj

loo?l P duanuduludesgy r ludiasfivesing
\Hugaunnd Vo tlutSunash ldiinadanisvinenaas
NITUBNGU L SeuzfnueInszuangy g, udnTN3
Inadanaduazeananiedgy  apague  uAAING
v A U U Qs ] a 1
ledanmneans Glu [2] 14 &, Inanudidasnsinaa
Fauswnz (Ratio of Specific Heat ; K) 19 oqy Inaniu
1 WazAN o Useanm 1.2

2.2 LUUINABINWAMAFIAAIVDIBDSHA

wuudsasnIndiamanizesassnaazinunnn - [2]

C A,cl% if %s P,

1/k (k-1)/k
it [P if
CfAICZ\/?[Pu] ' [Pu] i Pu>PCr

K( 2 k+1/k—1' 2k
C ﬂ(ﬁ(mj iC2 =‘,m’Cf =CcCyq (6)

lunstivasanmeadn k=14 1% ¢, =0.040418 C, =0.156174
Py =0528 U8z C; Aa discharge coefficient, A, iilu

(5)

m=

a ¥ o

Aufivihdauoinsifa, p, wsz Py WUANUAEHLAZHES
aaIla waz r, tduanuauinge (critical pressure)
naumsf 5 AAUTNINAILANEATINT INAHIKEDT
Wﬂﬁﬁ@uﬂﬂiﬂaquﬁuﬁﬁﬁﬂﬁmaaaa’%‘ﬂ@ Farin 1181
auqunIuiinsdanmswaléiunszuanayld

148

3lavaauuuvaslna
A o Ao & I Aaf 4
lavaanazasoluuddos  azdulavaaniNwnng
ﬁ’ld’l%l%i:%’lmmmaﬂ?ﬁﬂ%lﬁvL‘IiLaaIﬂuaﬂ Tumsase
FLUUEIMRILULYSUAaTINadaLitlasnlTsuuTed e a2
Eh?ni:‘uangmﬁaLuﬁm‘i’luﬁadashuﬁﬂé’ﬁ:mw,mu X Waz

WN% Y @INNIWA 4

U7 4 Tavaauuuvad s

nIssaaTmasznianulunw y (vy) de
anusaluunm X (v,) aasums 1 vaslauaadaiasi
lalauarugumsudsiisveslnauazdsdufianmenising
szwinvasguradnszuanguluuwiuny X uazluuuwiun
y %aa:é‘uﬁufﬁumsm'&;auﬁmaomwangnluumunu X
uaz Y dansdieluit

NIeiR 1 mimﬁauﬁag}’luumuﬂu X WIOUWIUNY Y
m‘smuqmmuﬁ%ﬁn"lﬁdwq lasmssaviaanszninewas
guﬁ'w,awaam:uaﬂgulmmu’tmmumﬁa fanalAnszuan
gummsmﬂé"auﬁvlﬁamﬁmz sufinaadnununitoinee
ﬂ@ﬁaauﬁv’aaaaﬁaagm:lﬂumiﬁaﬁulﬁmzuangum%‘auﬁ
Tai'ler saviumsinaeuivas Taveaazdsanaidn 1:0 vie
0:1 wiefimaafaniiluuwiuny X wWiouwiunu y 1o
WL TN

nsiiA 2 EnsuiEuwmemsedenidsasmedn 1:1
via 1-1 msshodunmaeianilunsditesdamean
nazuanguluuwiunu X L%awﬁ'umzuangulmmuﬂu y
dawuulimearlasannadn 1:1 wazdldladzoas

laaarmeadn 1:-1



dd‘ = Ad 1 =1 A v U
NI 3 AATINANIANWNAIEIINRAINTTTNIG
azdaslinutisdnsvedinaszniniosguengg 289

& o o A ° a < aa
nizuangussaslingneas  Geazildlasnisfiaasesiia

W E]ﬂ"JLIQSJ aq’@li’n'ﬁivl,‘ﬁ AITNININTEU am:m W uvl,ﬂ a1 Ngﬂﬁ 5

E‘].]“?] 5 LLﬁ(ﬂ\‘iﬂ’]iﬂ'JUﬂ‘&lﬂ'ﬁvl,%ﬂ’ﬂad?ladvlﬁaiZﬁ'j’N

NITUBNFULNEFIILEUNINILAREUNY aalauaa

i 5 senmswaidwas m azlwseanan
Wasgurnednofiozasnszuanguluunwiunm X Tunsdifians
Nagad 1,3 uwsz 4 audadudiaiionmslnadiwie
awinfionsiadi 2 usz 5 xUSuiuiivesasiila e
uiisdanmylnaldgnizueanguaasuny Y uazaadlnagan
witsaz InarweasWadafi 5 Tagfl me=m-m, 2odlnad
Inarimassiadai 5 axlwaunwiy m, fisanansas
guvasnszuanguluunu y leidu iy =g+’ naLiting
Wesgurednofiaveanszuenguluwmounu - X fums
tsaulwnszuanguluumwiunu X Lnaand ldunniinszuan
gﬂuumunu y ﬁuﬁaS@iWﬂﬂazﬁ@iwagszmw 1:0. Ny
1:1 é’aifumimuqué’m’]mmaaszij Ve WRZ v, 93N
ldlasminiuguaannisinaidanaszniinizuangues
WA X Uaz Y Lm:mimuquﬁﬂmamimﬁauﬁmaqm:uaﬂ
guﬁv’aaaalﬁﬁﬁﬂmdL?}mﬁ'u%‘%amuﬁ'uﬁaﬂmnﬁmﬁ’a
412 welatmepaslng

dlasnmautsdannmsivaszdasudssanmslne
NNUIN LLi_ia"LanJ%ﬂiwaﬂguﬁﬁmﬂmﬁaﬂ FITNNIUL

149

°1h<|‘11aamimuquﬁaﬁmﬁmimﬂﬁammL%ﬂum'imﬁauﬁ
LA UWILNUGIY LT Sl,umaﬁé'mmm:ﬁ@hag’i:mw
1:0 nu 1:1

WRawNNINNIWNL Y

nazuanguluuni X azlianuiilums
@anmilnasznizuangulu
WWIUN% X NN YY) eaiumIutssanmslne
AzdaIutIUsan mmaﬂ%aﬁaaﬂmﬂﬂizuaﬂguluumuﬂu X
dauﬂﬁaﬂé‘uLﬁﬂg’(ﬁaaguﬁﬂﬁamﬁwmm:uangﬁﬂ,u

WA X 189 LLa:‘ﬁmﬁa'ﬁ’iaﬁhUiﬁﬁUﬂi:uanguluLLuaLLnu

Yy

lasasnsaiuguannnatisingg  lianudunus
Auaanms lnaasaals
1) T298031NATER319 1:0 §19 111 (0° <@ < 45°) NINILAY

AATINAILHN FNNTUTUIATNEIN 15 aNANNTNAUT

m3
v 1
tan(a)= L = — @)
v ms
X 1+ s

N 412 azagluduniileime uer dfiaves v aglua
& an A o A o A A o

10ALIUGN 1 8aNANTINIWAD AN 2 waz 5 Iuueiad

e —— & A & v A ' & Aaa

AL IALANN K30 dfiAvag v agﬂumammuw 3 paa3Wa

AM9BAD A7 3 Uaz 5 U NaI oA

2) F98amnaening 1:1 89 0:1 (45° <a<00°) azle

ANUFNNUT

tan(oz):—\>y(=1+,—5 y (8)
Vx m
[ 1 o 1 v v A I
2181 412 azagludunislyiae usz dhiiaves v aglua
& aa_ A o A o A A o
1DAUIUGN 1 8083NANTINNUAD G99 4 uaz 5 luwnenen
A A & A a v a . & aa
2oL ANNA 3o ofiAvas v agiumamnuw 3 paasia
N ufe 93N 1 u,a:4 Tuwmnandutladun
3) Feannazning 0:1 69 1:-1 (900 <o <135°) azler
ANMUFTUNUT
v w9
tan(lSOO—a):—y:Hﬁ (9)
Vx m
6 l o ' 1 v Aa 1
Ma7 4/2 a:agluml,mumama Waz onfauad v agﬂuﬂ
A aa_ A o A o A A o
1DAUIUAT 2 8BBTNANYINIIUAD 27 1 Uz 5 vz

3 2



'
A

a = A v A [l &l aAa
anttlalfun wia oauas v agiumamnu@w 4 aaaIa

'
A

o A o A Ao A A = A
N¥ufe 611 4 uaz 5 luvmenadwdaidun
4) 1980 NaTEnINg 1:-1 89 1:0 (135° < <180°) 2let

ANMVUFNAUT

(10)

v
tan(180° —a): y_ 1
Vx 1+£
m3

[ 1 o ] ' v a 1
N& 412 azagludunisdanss uaz mifiaves v aglua
&al Aal A o A o A A o
199KIUAN 2 saadNaNufe daf 3 way 5 luumeian
A A & A A v A ' ga Aan
audadind wia dhfiewes v aglunlaausudi 4 aaaifla
A o A o A Ao A A s A
A¥nude a1 2 uaz 5 lusaenadwdaidun
lumimugulavaaaziunaugudnnnaivelila
vaalnaldauiuns fa meauguliye o whnuyuzas
UWAFBFUNRVAITUNG () 2087190 T%  NIRITIUNS
wilaniduzienay FIAMUTUDDITIUWIAG R UGS 9
WNNY
B =90°sgn(y)+ tan’l[lj (11)
X
laof x waz y (dudunisaslauaaunwuwifundiaion
asnuinlavanagluuwihunsszuuaiuquiazinnis
ﬂ%’ué'm'mﬁ"lmmﬁaﬂ'mqﬂﬁaam a  WNNLYN  FWIN
sun@lvlavanagfidunis  x-0866.y = 0.5 UWUWITIUNS
a A > a e & k]
wwilauniiwinaudedl 1wy QNN o = #=120° D30¢
lug299 3) unugums 9 azldsanain B-0732  uaz
m

M8 412 ag’Iu@‘inmﬂa@iama el lepN T uaIIaa NIy
A A a A a &£ A
LARIUNVBIIALBAITTAINANIALARDUL AT mugﬂw 6

é’aﬁfus:uumuqu?jaﬁadaanLmulﬁmminﬁﬁ@mm
aaaLARanlErIa 1 6’1%agj‘s:%iwﬁﬂmiﬁnmLLa:aaﬂLmu

UUAILNY

150

Commanded nath

Actual nath

A A A A o A o
317 6 anuAawaalunmsiafeufianudunsfirnua [3]
4. d31
a dq’ L o v oA

ﬂlummamu"l,@ml,auamiaﬁﬂﬂua@lgﬂuuﬂvm fo la
vaaflfszuurasivalumaseings  quansuziduzadla
usnin ldselavaaniainy
(degree of

o v v l=l l}‘
freedom) a9 uazlimavszendldnunannaisbau

A
‘]_IQVILL‘LI‘]J“DEGVL‘HE‘] fa

o o ) P P P
‘Ijllfﬁaugjd ix@mﬂ’nmﬁﬂuﬂ’limaau‘ﬂ

LANGI9IN laUaaN I Aaurint  Allulavsanldszuy

a A v 4 o v
wuamBasy lunssis CVT Gevihlvmsesnuuulevea
ﬁﬁmwsﬁwﬁaugaﬁﬂﬁmﬂ

LN&E15D19D9

[1] A. Peshkin, J.E. Colgate, C.A. Moore, W.
Wannasuphoprosit, R.B. Gillespie, and P. Akella,
“Cobot  Architecture”, IEEE Trans. Robot.
Automat., vol.17,pp. 377-389, Aug. 2001.

[2] E. Richer, and Y. Hurmuzlu, “A High
Performance Pneumatic Force Actuator System:
Part I---Nonlinear Mathematical Model”, J. of
Dyn. Sys. Meas, Cont., vol. 122, pp. 416-425, Sep
2000

[3] W. Wannasuphoprosit, R.B. Gillespie, J.E.
Colgate and M.A. Peshkin, “Cobot Control”,
IEEE conference. Robot. Automat.,pp. 3571-
3576, Apr. 1997.



151

Proceedings of IMECE2002

ASME International Mechanical Engineering Congress & Exposition

November 17-22, 2002, New Orleans, Louisiana

IMECEZ2002- 23840

A Study and Develop of Fluid Cobot

Witaya Wannasuphoprasit
Supaphon Chanphat

Mechanical Engineering Department
Faculty of Engineer
Chulalongkorn University
Phayathai Road, Bangkok 10330, Thailand
{mewwn@eng.chula.ac.th

ABSTRACT

Cobots are a class of passive robotic devices that utilize
steering joints to impose nonholonomic constraints on their
joints. These steering joints are a subclass of transmission
called Continuous Variable Transmission, CVT. Here we
purpose to develop a cobot that utilizes a CVT joint based
on flow rate divider of pneumatic actuators. We studied
characteristics of a valve and a cylinder. We designed and
built a multi channel flow divider. Further more, To test our
concept we constructed a simple x-y pneumatic cobot.

1. INTRODUCTION

A cobot is a mechanically passive robotic device
that designed to direct interact with human operator.
Cobots utilize nonholonomic contraints to control ratio of
their joint velocities. The most important element in cobot
is the steerable joint. The Cobotic steering joint is
essentially a well-know mechanical i{ransmission class .
called continuously variable transmission or CIT.

In the past, many Cobotic prototypes and
architecture have been developed and purposed [1]. Each
cobot utilizes two types of CVTs between their joints;
wheel joint CVT and spherical joint CVT.

The first and simplest cobot is a unicycle cobot.
This unicycle cobot was constructed to verify and evaluate
cobotic concept. After that. a higher dimensional C spage
Cobot, nicknamed Scooter was developed. With a
promising performance, the extended industrial prototype
of scooter was applied to real world application in an
assembly line of an automobile assembly plant.

Both a uni¢yele and scooter cobots have a planar
task space that utilize wheel joint CVT that couples linear
velocities,

Moore, C. A. proposed a spherical CVT that can
adjust ratio between angular velocities. This type of CVT

1s used in various types of cobot such as serial link cobots,
a Gantry Cobot at Ford, and a 3DOF powered arm cobot
1].

8\ All of the cobots mentioned above require a ngid
mechanical element to couple each CVTs. For examples,
Scooter uses a rigid floor and a 3 DOF powered cobot uses
a circular plate. For this reason, designing a higher DOF
cobot 15 a challenging task and limit to those rigid
coupling elements.

In our work, we purpose to develop a fluid
system as a novel steering joint for cobot. The main idea is
to divide flow between actuators' while they are
mechanically connected. One advantage of a fluid system
15 the flexable fluid line that enables complex design of
higher dimensional C Space Cobots.

2. RELATED PNEUMATIC RESSEARCH

There are many researchers studied about
pneumatic systems in a robotic field. Scavarda, Betemps
and Jutard [2] proposed a modeling of a pneumatic PWM
solenoid valve [or engineering applications that show
essential effects of solenoid valve and mass flow rate
characteristic in PWM method. Ben-Dov and Salcudean
[3] propesed a force-controlled in pneumatic actuator.
They used flapper-valve to control mass flow rate in a
cylinder chamber that relate to chamber pressure and force
exerting on a piston rod. In 1996, Scavarda presented a
nonlinear centroller for pneumatic actuator [4] as well as
an effect In a long rodless cylinder [5]. Vaughan and
Gamble[6] also studied about nonlinearly modeling and
simulation of a proportional valve. Varseveld and Bone[7]
enhanced accuracy in positioning control by using PWM

MNon powered actuator

Copyright © 2002 by ASME



technique. Thiz resultz in a high aceuracy control strategy
with a low price. Richer and Hurmuzlu [8] proposed
nonlmear mathematic model of pnesmatic system  for
general applhication.

3 FLOW DIVIDER

In developing a fluid cobot, A cobotic joint {or
CWT) can be achieved by dividing flow rate between fhaid
actatorz. For example, a fluid cobst can be szimply
construct by two cylinders as shown in Fig 1.

Y-dnis

oG =
Cylindar - - - / Cylindar

Figure 1: An example of x-y fluid Cobot

The motions of each axie are conpled directly 1o
the pistons via a cable tramsmission, The eylinders are
double acting. Both chambers of the cvlnders are
connected via a fluid line and fow divider valves, An
schematic example of these connection i€ shown in Fig I
and Fig 4 {see details below).

There are two dividing flow rate techniques
between cylinders that we have been considered; FWM
technigues and variable area orifice technigues.

x-axis cylinder

et

= ——

15
@

e

®

L]
X

y=axia cylinder

Figure 2.: A diagram using PYWM technigue
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3.1 PWM TECHNIQUE

In PWM  techmique, solenoid wvalve swilches
poeumatic lines to divide flow rate between each lme. The
schematic is shown in Fig 2. Varseveld and Bone [7)
merease linearity between control signal and flow diving
by open and close zome wvalvez zlightly ahead, to
compensate for air nonlinearity and delay time on solenoid
actuator, The diagram in Fig.3 describes the algorithm of
flow diving. Aller pre-study we concluded that PWM
technigue iz not suitable for our objective,

= [ I_IT T
sl [T |
4

Fx
——
===
A\ . -

1 pariod

Fig.s Valve diagram of the PWM technique.The figure 1-5
are valve number, F. and F, are a direclion of force act on
piston, X and ¥ are the motion of cylinder prasent anly
direction.

For example, when we implement a virmal wall
with slope between 0°-45". As shown in Fig.d.a, if a force
applies in direction between 90°-135%, when the PWM
swilching between ach cylinder, the user can penetmle
the wirtual wall In other hand, we can view WM
technigque as a high bandwidih programmable on-ofl
brake.

Virtual Wall WVirtual wall
b __,mf’ 1359
, Handle
F path
a) b

Fig. 4 A fail case of the PWM technigue.
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3.2 ORIFICE TECHNIQUE

The other approach for flow divider 1s variable area
orifice. This method provides continuous and smooth flow
without noise. If we applies orifice valves to the cobot
shown in Fig 1, a transmission between x-axis velocity and
y-axis velocity of the fluid cobot can be obtained by
dividing flow between two cylinders. The motion of fluid
cobot can be expressed in the following cases

For transmission ratio of zero or infinite, the motion
In X-axis or y-axis can be simply controlled by connecting
their left and right chambers together. While the other
cylinder both chambers was kept close. The handle of fluid
cobot can move in only x-direction or y-direction up to the
connecting cylinder. Thus the transmission ratio in this
case is 0:1 (move in x-direction only) or 1:0 (move in y-
direction only).

For a motion that have transmission ratio = 1. the right
chamber of the x-axis cylinder is connected to the left
chamber of the y-axis cylinder and vise versa. The
transmission will be -1, if the right chambers are
connected together and the left chambers are also
connected together.

X-axis Cylinder

[} HEX
—_——

¥-axis Cylinder

Fig.5 A schematic of flow in a fluid Cobot

For other ratios of transmission, orifice valves control
flow rate between each chamber of the cylinders. A
schematic of flow dividers of a fluid cobot is shown in Fig
5. There are five proportional valves and one 4/2 switching
valve. For the purpose of explaiming key operations, let
ignore the nonlinearilty, compressibility, and any loss of
the fluid.

ot
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For transmission ratio between 0-1 or (07 <e <457,
and 180° <<22% ) (here o, transmission angle, i1s an
angle measured from x-axis, where tan(o) = y/x), The
transmission ratio can be control by adjusting flow rate

. - H‘ . . .
ratio of ™5 and the transmission relation can be express
"
3
as:

1
lal'l(ﬂf)— Y - 1+ aits.

m
Here the 4/2 valve is in the cross position. For 07 <e <457,
the onfice number 2 and 5 will be controlled. The rest of
valves are fully opened. The orifice number 3 and 5 will
used and other valves are [fully opened, when
180° << 225°.

For transmission ratio from 1:1 to 0:1 (45° <& <90°,
and 225 <@<270°). The 4/2 valve is also in the cross
position. The transmission ratio can be expressed by
relation:

If transmission angle is in 1% quadrant 45° <a <907 , the
orifice number 4 and 5 will be controlled, and the rest of
valves are fully opened. Else if velocity direction is in the
3" quadrant (225 <a<27¢°), then we control orifice
number 1 and 5.

The other transmission ratios and can be found in
the similar manner with the 4/2 valve is in the straight
position.

4 CONTINUOUS MULTI PORT PROPORSIONAL VALVE

As explained in Sec 3, in order control the flow
rates (transmission) in all ratios, this requires several
proposal valves and good switching control.

In order to reduce a complication of schematics
and number of valves, we designed and developed a
continuous multi port proportional valve (CMP valve).
The CMP valve is consists of a spool (slider) and a valve
body as displayed in Fig 7.

The valve body has 8 ports, called XL XR,
YL,YR, R1,R2,R3.and R4 ports. The XL and XR ports are
connected to the left and right chambers of the x cylinder.
Also, the YL and YR ports are connected to the left and
right chambers of the y cylinder. R1 to R4 are internal
return ports that connected together as displayed in Fig 7.

The spool has two main grooves. Each groove is
able to connect two adjacent ports. By control spool
position we are able to control opening areas between two
ports.
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Fig 7: Continuous multi port proportional valve (CMP valve)

a) e=0", and =180 B)0" <o a5, and 1807 < =225

cla=1s"and & =225 d)15 <e<o”, and 129 < ge 270
)= and g = 270"

In Fig 7a. in this beginning pogition. the Spool
conirols the transmisswn mlio o mbmby (003, The devee
can only be maoved in the x direction

Onee the spool posiion starts o move nghtward
as shown in Fig Th. Thé opening area.of ¥l increases but
the YR, AL the sume tme, both opening ureas of B3 and
R4 are decreased The transmigsian ratio of the device will
gradually chamge from mfimity (100 w 1 (1/1), or the
steering angle @ 15 changing from O to 43 deg and from
180 to 225 deg

154

Once the spool 15 moved 1o the position as shown is Fig
T, the transmission ratio 15 equal o | or g =457 2257

From the positon shown m Fig 70, when the
sponl starts to move rightward, the opening area of X1 and
XR ports are continued Lo reduce while the opening area of
R1 and R2 increase. The ratio is changed from 1 (1/1) o
infinity (140, or the steering angle o is changing from 45
to W) deg and from 225 to 270 deg, and the ratio s mfimity
whaen the spool is in the end position in Fig Te

The relabon of the transmussion rauo and the
spool _position is  displayed in Fig 8 helow, The
rapsmissien rato of the CMP valve 15 calculzied based on
the model purposed by MeCloy and Mantin[9], For
mpla:n}' we gssume that the fluid 15 incompressible and
pressure difference between upstream and downsiream is
constant.

In Fig %, the vertical oxis s the truonsmission
angle and the horizomal axis is the spooal position. Only
transmission angle in the 1 quadrant is shown, The mirror
an quadrant has gsimilar shape MNote that, st e=45" the

 IFansMission rano remain the same for some range of spool

positians,

B
~ad

Spold positen [mm]

Fig 8, Graph displays Transmission angle and spoal
posibon of the CMP valve

The protatype of the CMP valve was constructed
The valve body 15 made from brass and the spool valve 15
made fromrstainbess steel

Fig & Pictura of the CMP valve prototype
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The CMP valve we developed only covers
transmission angle range of 1% and 3™ quadrant s
(0<a<9°and 180° < @ < 270°). Thus we purposedly

add a 4/2 valve to switch flow between YL and YR.
The CMP valve together with 4/2 valve enable full
transmission range of 0 <« <360°. The schematic

diagram is shown in Fig 10.
x:axis cylinder

=

y-a-xis cylinder

Fig 10: The diagram connection of CMP valve and
a 4/2 valve

§ COBOTIC TEST BED

In order to explore our fluid eobotic concepts, we
developed a two DOF cobotic test bed shown in Fig 11.
The test bed consists of an square aluminum base plate,
two identical double-acting/double-rod cylinders, x-y
parallel rails, CMP Valve assembly, handle, intend sensor
(not shown) and cable transmission.

The base plate supports all components. The x-y
parallel rails are placed on top of the base. The handle is
connected to the parallel rails by two sets of shafis and low
friction sliding units. The handle can be move in x and y
directions. The handle workspace is 30x30 cm. See Fig
11b. The cylinders and the valve assemble are hidden from
the operator and attached on the bottom of the base. The
cylinders are aligned in diagonal. The movement of the
cylinder rods and x-y rail mechanism arc connected
together via cable transmissions. Four pulleys shown in
Fig 11, divert the cables from bottom to the top of the
plate.

We built a prototype of the x-y cobotic test bed.
The picture of the prototype is displayed in Fig 12.

n
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Fig 10b: Bottom view displayed two double rod cylinders
and CMP valve

Fig 10c: side view of Fluid Cobotic Testbed
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A Novel Fluid Haptic Interface
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Abstract

This paper purposed a navel method for developing o
Haptic Interface based on a fluid system.  This haplic
device uses fluld flow dividers to contral velocity relations
between its peneralized coordinates, Since, these 15 no
power add to the system, the novel Muid haptic intecface is
mirinsically pasgive and thus safe to dirccily interact with
huzman operator. We designed and developed a planar fluid
haptic interfece protodype. In addition, we reviewed
characteristics of valve, cylinder wod noplineurity of air,
The simulations of the device also incheded.

1. Introduetion

A haptle inerface ks a device that lets a user waich, feel and
manipulate a virtual environment. Haptic research has
grown significantly more that a decade, which covers
topics ranging from mecchanical design 1o real-time
stmulabion, to  psychophysics and  ncurophysiology.
Applications of haptic imterface  include  teleoperation,
virtual prolodyping, computer-assisted  surgery,  human
assislod puidance and itz tratming.

A key feature of haptic device s an sbility to
implement virtual surfaces. Virtual surfaces are simulated
constreint. Virtun] surfeces have been proved to be a preat
inal tn incrense performance of human opertor in several
applications such as robot assisted surgery and assembly
operation in an astamobile plant |10,

Mast of haptic devices are active systems thal require
high gain serve control and sizable actuators (o create sGlf
vinual surfaces. Howewver safety [s & big concemed because
humans can induce instbility in such systems [14].

L Passive Haplic Interfuces

For reatons mentioned above, passive haptic interfaces
have great appeal. Delnondedicu and Troccaz introduced
“PADyC™ [13].  PADYC is m wmenlpulator using
overrunning clulches. Al each joint are two such cluches,
each of which runs on a motor-driven drum. One drum
rofates clockwise and the other counterclockwise, The
rotational speeds” of these drums detenmine the. maximum
clockwise and counterclockwise jomt angular velocitics
that an operator can, generate withoul engaging a clutch,

0-TE03-TE57T-90LE 1 7.000 2002 IEEE. 359

Thus, an operatar is effectively speed-limited in the
Jjoinl space. As in the example discussed above,
howewer, limited directions of constraint are available
s0 thil achieving a smooth feel is an inherently diffi-
cult problem.

Controllabile brske i o possive element that can
build a passive interface. However, there are some
shorncomings for virual surfsce implementation.
Brakes not conserve but absork energy. In addition
oricntations of virtual surfaces are [imited and in
some  configurations will result in & struck
mechanism [10],

In 1998, Colgate, Peshkin, and
Wannasuphoprasat [12] introduced & novel concept
and prototype of a nonholonomic haptic display, luer
called Cobot: Collaborative Robot.  Unlike
conventional active system (hat wie actuated joints,
Cobots employ steering  joints. This deviee s
energleally pastive because Cobots redirect operator-
applicd forces and thus conserve momentunt. Virtual
surfoces implemented by coboms are smooth, hard,
and  frictionless. Later, several higher C-Space
cobotic  prototypes had been developed. These
include Scocter Cobot [10], 3R Cobol [15], ami
Extreene Joystick Cobot [1]. Because of their great
potentinls, industrials protorypes were built o assist
E.l;iun operater In an automobile assembly plant

3. Passive Constrain(s Thrwgh Fluid System

In this work, we purpose o develop a fluid system as
2 novel approsch to a passive haptic interface by
penemting passive consiraints between s gencralize
coordinate. We insinoment each motion with non-
powered Muid actustors (such ns pneumatic cylinder)
and we control flow rate relation betwesn these
actustors while they are mechanically connected. Ome
sdvaniage of fluid system is the flexible fluid line

that couple berwesn actuators.
Before getting in mare details, ler we explain the
general through & prototype, being

concepls
developed, shown in Fig 1. Refer to Fig |, the Muid
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haptic interface has two DOF. It consists of o x-y mil
system, a flat base panel, two poeumatic cylinders, an
handle, and fow divider system (not shown in the picture),
There are two paralle] linear slides in each axis. The pistons
of x and y cylinders are connected o x-axis and y-axis
siiding blocks, respectively.

Fig. | The x-y Fluid Passive Haptie Interface

The cylinders are double acting. Both chambers of the
cylinders are connected via a fluld line and flow divider
valves. Schematic examples of these connections are shown
In Fig 3 and Fig & (see details below),

We can simply explain the operation of this deviee in
iwo modes, free mode and constraint mode. In free mode,
an operalor can move the handle fGeely in x and ¥ direction
This van be done easily by open oll [our chambers of both
oylmders, Alternntively for sach oylinder, the controllar can
connect left chamber fo the right chamber (prefemed).

Fig.2 A circular path

In constraint mode, the operator will allow o be on a
simulofed path only. For example, in Fig 2, the device
simulates a circular path. The flow rate in x and y cylinder
will be controlled so that their velosiy Fatlo (¥/V,) equals
to the cwrent path tangent. The device splits flow rate 1o
each cylinder by using flow dividers. Since there is no
additional power added into the system, this fluid haptic
iverface is passive and suitabls for safety critical tack.

4. Flow Divider

As expressed in the |ast section, the most imporiant slement
in the fMuid baptic interfoce i the. Oow divider system,
There are two dividing flow mile techniques belween
cylinders that we have been considered, PWM techniques
and varinble aren orifice techniques.

360

4.1 PWM technigque

In PWM technique, solenoid wvalve switches
poeurnatic line to divide flow rate between each lines,
The schematic is shown in Fig.3. Varseveld and Bone
[7] improved linearity between control signal and
flow diving by opening and closing the valve slighily
before and after to compensate for o deluy in solenoid
actuntors.

m-anly oylinder

mtio
s

Fig.3 A diagram using PWM technique
The algorithm of flow diving is described by dingram

in Figd, After pre-study we concluded that PWK
technique is not suitable for our objective.

Fig.4 Valve diagram ¢f the PWM technigue. The
number 1-3 is valve number, F, and F, arc o
direction of foree act on piston, X and ¥ are
the motion of cylinder present anly direction.
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For expmple, when we implement a straight virtual wall
with slope between 1°-45%. As shown in Fig.S.a, if a force
applies in direction between 90°-135%, when the FWM Is
swiching between each cylinder, the user can penetrote the
virual wall. In other ways, we can view PWM techmnicpue as
o high bandwidth programmable on-off brake.

Virtual Wall vi:u.l wall
_)S,w"—u:“
Handie
F path
a) b)
Fig.5 A fail case of the PWM technique.
4.2 The orifice technique

The ather approach for flow divider is varioble arca
orifice. This method provides continuous and smooth flow
without noise, Consider Fig#. I one pulls the x cylinder
forward, air from x-axis cylinder right chamber will flow
through arifice valve #2 and valve #5 Depending an the
ratio of areas of these orifices, pant of air will flow in the y-
axis cylinder right chamber. The rest of air will bypase
buck 1o the x-cylinder left chamber, By contralling the ratic
of orifice areas between two cylinders, we can effectively
adjust a transmission rutio between both actuators.

. System Modeling

There are many researchers studied aboul  presmatio
systems in a robotic field. Scavarda, Betemps and Jutard[2]
proposed modeling of a pneumatic PWM solenaid valve for
engineering applications that shown essential sffects of
solenoid valve and mass fow rate charecieristics in FWM
method. Ben-Dov and Saleudean3] proposed o force
control in & peumatic actuator, They wsed fapper-valve to
control mass flow rate that flow into a cylindsr chamber. In
1996, Scavarda presented & nonlinear comroller  for
preumatic actuator [4] as well as an effect in a long rodless
cylider [5]. Voughan ond Gamble[6] also snedied obouwt
nonlinearly modeling.and simulation ~of a propomionn|
valve. Varsevald and Bongl7?] enhanced in accuracy
position control by using PWM technique that give a high
securacy control with & Tow cost.

The medelings of pneumatic sysiem have been
developed by many researchers. In this paper, most of
models refer to work of Richer and Hurmuzlu [B]. Their
maddels were proven that sultable for our rescarch,

A1 A Cylinder model

A Cylinder model i separated in two parts. The first part is
2 dynamic model of plston and the second pant @& s
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chinge of pressure in chambers, The dynamic model
of piston in Fig.7 ean be express ay

ﬂﬁ+,ﬁ+ﬁ} +F, s RA =P A =P A, (1)

T

b+ Fi

Y-auls Cyinder
Fig.6 schematic of flow in Fluid Cobot

+x
-

A Fy
Fig. 7 cylinder schematic

where A is all mass thar include the pistan mass and
an external load, @ is the viscous friction coelficient,
Fy s an external force, £ and P, is the pressure in jeft
and right chamber. P, is the ambient pressure, 4; and
Ay i the aren of left ond right chomber, x is the piston
displacement, and F; is the Coulomb friction which
can be expressed as

Fyif#al
£ *[F_, sgnla)if 50 @

Here Fiy Iz the satie friction and Fy is the dynamic
friction. Richer and Hurmuzlu proposed the model of
pressure in chamber based on three equations, ideal

s low, continuity cquation, and energy cquation.
Cither assumptions are: air is perfect gas, and pressure
and temperature of air in esch chamber wre
homopgeneous, The final expression is

P

v - tr s - —ey ——
(S TS i)
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where R is the gas constant, T is the amblent absolute
temperatare, Fy s the inactive volume at end of siroke, A is
an area of piston, L is stroke length, =, and &, arc mass
flow ratz in and out the chamber, oo, e, &re constant
from experiment. Their values are between 1 to & For the
charging process, a vilue of g, should be close to &, but for
discharging process the value of @, should be close to 1,

5.2 Proportional valve model
i,
wleoid, K 1

WA =Gl=i
s Speing. &,

Fig.8 Schematic of a proportional valve

A mode]l of Proportional valve s consists of spoal model
and mass flow rate equation through corifice, The schematic
of solenold valve I shown in Fig® By wsing cument
amplifier, the force of solcnoid valve is proportional o
given current. So the dynamic model of solenoad valve can
be express ns

MF ve ko« Frrke =Kl {4}

where &S, is the spool valve mass, O, 18 the viscous Tiction
cociliclent, k. is the spring stiffncss, K, is the coil force
coefficient, {, is the coil cument, and x, 5 the spoal
di

The mode] of orifies w5 refer (o McCloy and Martin[S]
that has been use in many papers. The madel of mass Now
rale m, is

PI

'
O AL if —=5F
i l.lr:j?' o

i e (e[ rey Iy M
ol FET

where Cris discharge cocfficient, A, is un onifice urea, £ is
the upstream pressure, £, is the down stream pressirs, P
is the criticl pressure, & s the rtio of specific heat (k=14
for aur), and

Fah=l
’1 2 o |I 1 E———
= 'E(E+:-] W Hg_ﬁ'('-" g

b=l
£
b '{m]
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The area of orifice 4, is up to valve fype thal can be
caleuloted from position of spool valve x,.

5.3 Connecling tube model
There are two equations to describe characteristic of
flow in & tube. The first one i continuity equation,
expressed as

. (5)

[ ,rz"_i"i'
, and the momentum equation expressed as

F du

& e_ptt 0]
s 7w R (6}
These equations have presented by McCloy and
Maniin. The solution have been shown in Richer and
Hurmuzly work as

0ife=lfc
m, (L.0)= @

:""""""‘”h[t——i‘-}(f t>L /e

where L, is tube length, Aifi} is boundary condition at
upstream of twbe, and K, it tube resistance. For
laminar flow R, can be expressed as

R =2 ®
I7
For turbulence flow R, is expressed as
R -o.ls:-lr“p-n.:" ' %

6. Characterlstic of Mow divider

In order to comtrol transmission ratio of x and ¥
mation (that effect to path slope gwids of fluid haptic
interface), we need fo control an area of each orifices.
The chamcleristic of Mow divider should be study.
First we simulate the diving flow rate in system that
shown in Fig¥. Assume that upstream and
downstream pressure i8 & constant. By kecping the
total area of orifices constant ( 4, + 4, = constant),
we use the relation

P (B T (10
Aymr i, {113
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where r, is ratio of orifices area that vary from 0 to 1. In
Fig. 10 show a response of the ratio of orifices area respect
1o raties of orifices prea.

7. Simulation result

By the above mathematic models and the flow divide
algorithm. We simulate the fluid heptic interfsce us shown
in Fig.11.

Ml ooy,
Fig. 10 Relation between mnss flow rate {m2fmi ) and ratio
of orifices grea

Some arifices are not ueed and neglect effect of thean m the
simulstion, By giving, a force magnitude -5 N in x
direction 1o the handle, the cylinders stroke is 450 mm, the
ambient pressure ks 100323 kP, and the air In svitem is
pressurized for a five lime of ambient pressure. First we
simulate with fixed area of both orifices where (he sscond
and the fourth orifices are fully opened, while the fifth
orifice is closed. The result Is shown in Fig.12.

The effective transmistion ratio of this simulation is
one, This handle moves in diagonal of the workspace with
a constant slope,

363

Fig. 12 The result of 15t simulation.

In thee seciond simulation, we use the varying area
of arifices as explained in section 3. We vary ratio r,
of orifices (valve #2 and valve #5) as shown m
Fig.13. The forth orifice is fully opened. The resulted
trajectory of the zecond simulation is shown in
Fig.14. Form thiz result, it is evident that, we can
effectively control human trajectory by varying
orifice areag to adjust transmission mlio between x
&nd v motions,

T S T T
1 | | 1
- -1 -
L] i
T N
.
1 . 1
Eﬂ - -+
i i
W= =% - i
1 i
[ | -
i [
1
b T 1

[
Fig. 13 the orifice ratio respect to time
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Fig. 14 The result of 2nd responss

8. Conclusions and Future Work

A ncw type of passive fluid haptic ioterfice hac been
introduced, We utilize flow divider in pneumatic system o
adjust transmission belween its joims, The methematic
mode] was studied and wsed to simulate the chameteristic
of the device. A planar platform was designed and being
constructed to investipate our algorithm and device's
performance. This preliminary snedy suggested thar this
new method is o promising candidate fora passive class of

human-robot

interuotion  deévices.  Further sludy in

nenlinearity of the air, coupling and bypass éffects are on
its way, The other type of fluid s also considered.
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