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## 4170319021 : MAJOR MECHANICAL ENGINEERING
KEY WORD: MASTER-SLAVE MANIPULATOR / HAPTIC / FORCE-REFLECTING
TAWEE NGAMVILAIKORN : DESIGN AND DEVELOPMENT OF A MASTER ARM FOR
FORCE-REFLECTING SYSTEM.
THESIS ADVISOR : ASSO. PROF. VIBOON SANGVERAPHUNSIRI, Ph.D, 86 pp.
ISBN 974-03-1162-8.

This paper describes the design and development of a 6 Degree of Freedom
Master-Slave Manipulator Arm. The configuration of the master arm and the slave arm can
be differenced. The Chula Il manipulator developed by our laboratory is used as the slave
arm. The Chula Ill is a high-speed manipulator arm with Five-bar linkage for the 2" and 3"
links. We develop a 6 DOF master arm which consists of a Tendon-Pulley train system. The

benefit of the Tendon-Pulley train are low inertia, low friction and almost zero backlash.

The position of the master arm evaluated from the forward kinematics is used for
calculating, by using the inverse kinematics of the slave, the reference commands for
commanding the slave arm. And the positions of the end-tip position of the slave arm can
be evaluated from the forward kinematics. The PID Control is used for controlling the

system.

The experimental results shown that the operator, by operating the master arm, can
control the slave arm very effective. The accuracy of positions and orientations will depends
on the Gp , used for the path generation, which is the gain for amplifying the error signals of

the master and slave.
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® Wasuwuvua1suetin (Harmonic Drives)
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= o A o
ﬁqﬂqﬁ‘ﬂﬂﬂ@%ﬂﬂmﬁﬁ‘ﬂﬁmuim

q

2. Wave Generator Usznat/llgaedauiifuasud uazuoausis (Ball bearing)
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1"

Circular Spline A

rigid, internal gear

Wave Generator
an elliptical ball-bearing

assembly

Flexspline A
nonrigid, external

gear

917 2.5 A NLARIIBIATIBLATES Harmonic Drives

Elliptical Wave Generator Flexspline teeth at minor axis

input deflects Flexspline to are fully disengage - most of

engage teeth at the major the relative motion occure

axis here

Flexspline out rotates Rigid Circular Spline is
rotationally fixed

in opposite direction
to input

180°

gﬂﬁ 2.6 NWLEAINIINNNU Harmonic Drives

Wz w N LeIres Flex  Spline  Hagandnatusudiuilesaes Circular
Spline . ag 2 Auuwaziuilasivaesazruiuet raannaI1 0N Wave

Generator wyulilntlssanuazyin1i Flex Spline nyulilaasiuineilamenriy
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amsnesueAlaefiansnNIIuLLLe Wave Generator 791111 Flex Spline
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Wave Generator vyl 90 avAsumisiunesnssgnasiazliauiuwazas
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AenNuLALeLa (Belt-and-Pulley system)
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A 4 o @ o i
232  nsulasunsiafaunuuuvyuiiluwuuEady (Rotary-to-Linear

Motion Conversion)

nsulasunisipdsunuuunyuiluiuu@adu (Rotary-to-Linear Motion
. A d‘ dll d‘ a | dll d‘ a %3
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dl -dl =2 ¥ G| a 1% dl ! 1 o o =
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aavdngaasuviainatagneaLAa Nt TRy uIauuN Bl TE N U AE9 MY

< N =2 VN 19 o A dl . -
fian (nut) Ngnenlaldlimyuseuunuazindeui llmuunuaeuwianaes u
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0 = Px
Ine? P Ae 5Y8IY pitch T89U¥NLNAED (Screw)
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Mounting— | "
Support .

Bearing L

Nut with \
payload rigidly
attached

M ![‘9'
> | O

Bearing to
support screw.

S - Bearing to support
A\ mass and pr_oylde
minimum friction
on surface

9117 2.9 MWaRgIEIUAIANASILL SEULANHNUANAILULINGY (Lead screws)

® 5L UAENUNNASLUILLAALAZNLLEY (Rack-and-pinion system)
HuseuUgINN U AN AT NAN AN NINN1TAR A UN LU LU BLATNNS
4 A . X 4 e e
LAAAUN UL AWLTRIUTUAY 3117 2.10 LaR9TTUUATNIUANAILLLILAA
waziiileiu (Rack-and-pinion system) iWasdu (pinion) AatastunAANFnAE]
nanaeegnsnidu (Motor) uviaines (rack) Aauviansnunilaiuiuneuay
dl v d" o = o 1 ) o o
anunroaenlduamnwannuls Wenilesdiasuiaiaannsnauiumn
Tausanlasuniseaeuinuuuguiiunspaauiuuudadulilaanismyu
Wasduanntiuiwnessasilesduarsuiuilesrasuiaileslinaswin ld

ANUNNINITARAUNUDII UL U AIULLLAALAZALTE1AD
X = 271ro

Ipef x ABTTEsuaNeY (Rack) naaunhl

A o A .

r ARSAN pitch vaaiesdy (pinion)

0 AayNasiumywhl

Q

o))
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Payload

ONONONON® G:} Rack
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A\ Pinion \
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717 2.10 NWUAAITULAENUAAIULL rack-and-pinion

o svuudwiuMANLUAENIBLasYaTL IvanLULLELEY (Belt and pulley
driving a linear load)
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U 9

Idler Drive
pulley pulley

9107 2.11 nWuARTT LA UAIASILY Belt and pulley driving a linear load
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233  STUUAHIUNAUULINUARULAZILA (Tendon-Pulley train)
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U7 4.1 uaunaqyi 3
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fudeloa i 3

FusioTes i 2 \h\
1Y 65 = 0°— 45°
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4.2 qﬂn‘stﬁﬁ’uﬁﬂ (Gripper)

nsldeuuannatiiuaunanntiudouninagldiuanutiududaesuan il

Uaande waunanuausiasiigUnsnidutiamaliannsnduaguanuls Wesainuauna
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317 4.4 szunllawEni i luginaniduie



35

a a ai 1% ¥
STULHINANT LiUsenausag

® NTUANQUULLABINTN (Double acting cylinder) NezUANgULLUABINA1E
o v o 8% dl dl v g// dl U a
ansudinlifinuguindaunduaraanivaesInie usanldainnszuenguatin
dy 1 = = | o Y =K
HAZNINNIINTTUBNGLULLNIUALWNTITHUNAUTITUFIAIWNIU AmnNY
. o d da o 4 y
AuunUssinninseanisnisiaaaun luan e niluuuaduns

® 21d9AYLAN 5 N9 2 AIUULN (Directional control  valve) 9189AYLANTA
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o A ndl A a o Ul a Qi 4
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2
% ]

v dld o g dy 1 o 6 1
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4.3 ﬁmtmanﬁﬂaumunagm 3

AnsusAnddsznevlUdae Forward kinematics uas Inverse kinematics 1ngid
Forward kinematics tlunnsmsnumibsuaziiAnisestaauauiiotminssueeusiag
Joint 1 dau Inverse kinematics @M ANyaTetusaz Joint 1adasnsiiilas
wruna e lusukiuasianiefigeanis

4.3.1 Forward kinematics

o o

AunauaziiAn1eadlanauaunaaia 3 NENRLE

Tugil Transformation matrix Taslafauaiauny unwis (0) 1Fasannis (4.3.1)

la TN I3 Px

fyy g I

(%T: 21 Fp I3 Py (4.3.1)
f31 F3p0 Tz Py
OF O FJ0 1

4

LNB

1 =C1[C23(C4C5Ce —S456) =S2385C6] +51[S4C5C6 + C4S6]
Mo =C1[-C23(C4C5S6 +54C6) +8235556] —51[S4C586 — C4Co]
M3 = C1[C23C4S5 +523C5]+ 518455

Py =51[C23(C4C5Ce —54S6) —S2385C6] = C1[S4C5Cq +CyS6]
F22 =51[—C23(C4CsS6 +54C6) +5235556] + C1[S4C586 —C4C6
F23 =51[C23C4S5 + 523051 C1S4S5

F31 =S23[C4C5Cq — 54561+ C2385Cs
r3p =—S23[C4C556 +54C6] —C235556

l33 =S523C4S5 —C»3C5

Py =Cy[lsSp3 +15C,]+1i5l6
Py =S1llgSa3 +15C, ]+ 15l

P, =155, = 15Co3 + 336

e px,py,pzmeﬁhLLmiwmﬂmﬂLmuﬁfawwmmmm 0 TULUILAUR X, Y UAY Z

ANHANAL

1 TNz N3 ,
& . . = A o
WAY | fy Ty Tys | L1 Rotation matrix aagisnndansuau (T) mauiumsu 0
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NHEINR ANl s, W sin(d;)
C; knu cos(6;)
(\ab4 S;; i sin(6; +6;)

C;; WU cos(9; +90;)

4.3.2 Inverse kinematics

dl 2% 2% dl dl o O 1 a dl o o | [
Wadaanisldlanauaunamaeun lldauwdaazfanieinivus anfluazsas

nauyNaesusazdasavesusunanazii livannaeg luduuiangasnis Taatiien

U

PPy Py (AIMIN) WA Ty, g e, T3y (AANNG) TFBINITHIATUIDUMIATYN O A9

s 6 o 4 s 6 o/ o 1

ANTUSTUAT UL UAT AN ATHH O 51197 NANAUSALAUMUILAS T AN TBIUTUN A

qri1 3 lulianuannis (4.3.2) 9 (4.3.7)

— Iyl
0, = arctan(M) (4.3.2)
Px —fals
05 = arctan(s—3) (4.3.3)
C3
e
. - —15-12 +(p, —1i3lg)% + (py - fale)” + (P, — asl)?
s 21,15
Cg = y1-52
0, =05 + arctan(>23) (4.3.4)
Ca3
e
~ 1ae3(p, —ra3le) + (1285 +15)(C1(Px —Tiale) +51(Py ~T23l6))]
23 =
(P, = azle)” +C1(Px = Ni3le) +51(Py — Taale )]
o = I2¢30C; (Py —Tiale) +51(Py —Tasle)]— (P, —ra3le) (IS5 +15)
23 =

(P, _r33|6)2 +[cy (P —sle) +51(py — rzale)]2

[12S1 — [aC
0, = arctan( 1371 2371 ) ; 05 %0 (4.3.5)
l13C23C1 + 3C235; + 33573

1 1 v 1 1
Wi 0, luaud aziiateuls Singularity I ABUNUN 4 TUUNUWA 6 Avdaui

dg’d b a o [ 3 :J/ dl =® A +% dl QI 1
ﬂ’]'iﬁl‘!u?]ﬂ\‘iiﬁﬂﬂLLﬂM%@QiMN@IMLLuQLﬂﬂQﬂu AL INEANAZAYN AUARN TN 4 Wiy
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1
[ g =

4 y . , , o X .
LN LAV ULNUN 6 WN1 BT nsmIragaudnNeunla Singularity aziinlwiels vinldlng
AI99RDLANNANUBINAUFIFILALNAUFMNFU949 arctan(.) TUaNN1T (4.3.5) TasazlATLgn

N4 0 iagaanail

S
05 = arctan(=>) (4.3.6)
Cs
o
LR
S5 =I13[S1S4 +C1C4C03] + Ip3[S1C4Co3 —C1S4] + 33[C4S 23]
Cs = I13[C1S 93] + p3[S1823] — Ia3[C 3]

0 = arctan(S—G) (4.3.7)
Cs

=
bNB

Sg =M1[S1C4 —C1S4C3] —123[C1C4 +5154Co3] —T31[S4S 23]
Ce =1[5154C5 +C1(C4C5C23 =S5S23)] + 121 [S1C4C5C o3 —C1S4C5 —S1S5S 3] + I31[C4C5S 23 +S5C23]

4.4 Workspace AR9LAUNAINI 3

[ %

1 1 1 1 3 1 !
nisdeunzeslafawauresuaunaaia 3 wasunlidununsuanlugly 4.5

[

iRz ARABUNANLWIRIHggA 103 cm lneqasngaiadeulfagaindiwen o

a [

ez 51 cm  LATdIRTTazARRUlAINILIIIULAGNER 78 cm  TnaqaTiTaTign aginean

q kT

was 0 luszer 12.5 om Auanslugiln 4.5
/8 cm

103 em

31I7 4.5 Workspace 999ut1naqv1 3
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5

b

un

TRYAUDILTUNAUN

5.1 51919 nsALNU

wrunatignaiauliansalassa¥silsznaulldaafinusiales 7 fusale

v 1 v 1 v v 1 .o v 1 dl . . - ¥ !
ARFA 6 UDFD ﬂizﬂ@ummﬂmmu (Revolute joint) azlanatafud (Prismatic joint) Aaa

b

v oA g e A | P Y Y ° o
A1BFRN 3 Lﬂwn@mL@@umum@mmmeﬂwﬂ@mm}lu mimumummwuﬂ@mmemgﬂm

5.1 AMNNIRMBSANNITIR Denavit-Hartenberg kandliim15199 5.1

i v
7171 5.1 N19FTUNUTIBIUIUNALN
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I Oy a4 d; b;
1 0’ 0 0 01
2 90° 0 -d, 0
3 90° 0 d, 0
4 0 0 0 04
5 90° 0 0 05
6 90° 0 0 B6

A15197 5.1 WIRAeTANREe4 Denavit-Hartenberg
5.2 AaAEASUIRILIUNAUD

lunnsenuanuaunan N liAde LRI LN AU TSR LT U LA UL
1 I v
wazfiAn9anlanausnaasuaunatinieaziiatuiasfianetiulldasuanuaunaniy

THpaaunman aardms (Kinematics) Usznalilaae

® Forward Kinematics _ ¥3adunaan1aiAaauin lddrentinduaunienlgdun

AN LALA AN U ANl n I MueA L tafan e TN

: . = - I ey o L
® |nverse Kinematics #78aNN13N13tAAARNNNEMLTRANNIN I MN AWMt D

AAUBILUUNALNANAUAATUAUILAZA AN AN W

5.2.1 Forward kinematics

o & 1 ' ¥

AunilaiasianisaeslaeuunatiaNdniuaiuAsuaa i de e @ auwlugy

q

'
= = o

WA3Nua9 (Transformation matrix) aa91lashanvizaniumalaed 6 auiimweu 0 lasa
ANNT

fp N Tz Py

lyy Ty T
op_|fa T2 T3 Py (5.2.1)

fl33 I3 I3z Py
0 0 0 1



41

1 = C1[C2(C4C5Ce +5456) +5255C6] +51[54C5C6 — C4S6]
Mo = —C1[C2(C4CsS6 —S4C6) +525556]—51[S4C5Ce + C4S6]
3 =52[C4C5Ce +5456]—C285Cs

Fp1 =51[C2(C4C5Ce +54S6) +5255C6] —C1[S4C5C6 —CaSe]
F2p =—51[C2(C4Cs86 —S4Cp) +525556] + C1[S4C5S6 +C4Co]
23 =51[C2C4S5 —S2C5] — 1845

r31 =5[C4C5Cq +5456] —C255Cq

3o =—5,[C4C556 —S4C6]+C2S5S6

33 =S523C4S5 —Cp3Cs

Py =d3CiS, —dyS;

Py =d38:8; +dycy

P, =—dsC;
d 4 2 .\
e py,py.p, WnuAlMLstetaneusuiegineanivsn 0 Tuuiaunu X,y way z
AINANAL
1 TNz fi3 ,
| . r = A o
WAY | fy Ty Ty | L1 Rotation matrix aadmanindaneuau (T) maudumsu 0
31 T3 Is3
NALILUB] Aryanenl s, un sin(o;)

C; knU cos(6;)
ey S;; %9 sin(9; +0;)

C;; Wi cos(0; +0;)

5.2.2 Inverse kinematics

dl % L4 dl dl o O 1 a dl o [ v
LﬁJ‘ﬂﬁlﬂx‘lﬂ’Wﬂﬁﬂ@’]ﬂLLﬂuﬂ@Lﬂ@@uWiﬂﬂ\W}’]Lmu\iLL@ZVIPWI’]\WIT]’W‘H@ AU UALFBY

o o O

NILNNTRIURazdastie i 6 AN IANRUSTL A uauas AN AT TR LA naNn1s

=

(5.2.2) 8 (5.2.7)

0

0, = arctan[

9 =§+arctan(p—z) (5.2.2)
% +py +p;
__ P (5.2.3)
cos(0,)

pydgsin(ez)—dsz} 52.4)

Pxdszsin(6,)+d,py
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0, = arctan[s—“j (5.2.5)
Cs

e
S4 = n38in(B;) —ry3 c0s(H;)
C4 = I13€0S(01) c0S(0,) + ry3 Sin(0;) cos(0;) + r33 Sin(65)

0g = arctan(s—ﬁj (5.2.6)
Ce

e

Sg = —I15 €0S(0;)sin(0,) — ry, sin(6;)sin(0, ) + r3, €0S(0,)

Cg = 171 €0S(07)SIN(05) + Iyq SIN(By)SIN(O,) — 31 c0s(05)

05 = arctan(i—sl (5.2.7)
5

ia
Sg = —I38iN(07) + ry3 cos(0,)
Cs = sin(0,)(ry3 cos(0;)sin(0,) + g Sin(B;)sin(0,) = r33 cos(6,))

Wi 0, lnaudaziinReuls Singularity W Aaunun 4 M unuin 6 avdaniv
nisnyuaesaasunuiaslinalutuaimeaiu fll n1spaadaidnNeuls Singularity Ay
Netuials K ldlnsnsagauaineAteanalfapeasnaiifianisued arctan(.) luannis

(5.2.5) InaiaziAdinlng 0 fagaanail

05 = arctan(s—s) (5.2.8)
Cs

o

LA

S5 = I13[S1S4 +C1C4Cp3]+ 123[51C4Co3 —C184] + 33[C4S 3]
C5 = 3[C1S23] + 23[S1523] — Fa3[Cs]

0 = arctan(s—ﬁ) (5.2.9)
Cs
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=
LB

Sg = 111[51C4 —C184Co3] —121[C1C4 +5154C 93] —131[S4523]
Co = M1[5154C5 +C1(C4C5Co3 —S5S23)] + 21 [S1C4C5C o3 —C184C5 —S1S5S 3] + 131 [C4C5S 23 +S5C 23]

|
= 1%

Tuaruifuasaudouaunatimldeanuuuniaglifilonanyuaesinusielad 5 (0,) azilen

Wugueldimezldeanuuuiuldldyuiiiy 0 vise 180 a9anld

5.2.3 Jacobian

TunsaunfieanisatLRNLIaNAT LAt unantius A lusfemaunsin

¥ ] ! !

Ausardafanaduatnatinnni inausanUane iaunati n19ANuIMN LT ANTasaLAa

v
1 ] o Y

YIasatiunaIaAe Jacobian [ﬂ’?ll@llﬂ’]iﬁ 5.2.10

ju b s 0 0 0
Jor Ja2 Js O 0 0
i i i 0 0 0
S0y =| 8 2 Jm T (5.2.10)
Jau Jaz 0 Jag s O
j51 j52 0 j54 j55 0
_j61 j62 0 j64 0 j66_
e

J11 = (C55452C —S256C4)d3 —(€2C4C5Cq +5255C5 +5456C2)d>
J12 = (5456 —C€4C5Cq)d3

J13 = (82€5 —C€C485)d,

J21 = —(525486C5 +52C4C)d3 + (C2C4C586 +525556 —C2CS4)d2
J22 = (C4C586 —C6S4)d3

Joz = (525455 —C485)d3

Ja1 = (52C5 —C5C4S5)d;

Ja2 =—Ss

Jaz =—Cs



44

Jar = (C4C5CeSy —CCeS5 +525456)
Jaz =54C5Cq —C4Sg

Jaz =5Cg

Jas =56

Js1 = (—C4C58652 +C2S6S5 +5254C¢)

Js2 = —5456C5 — C4Cg

Js4 =—S5S¢

Js5 =Cé

J1 =52C4S5 +C2C5
Jo2 =485

Jea =—Cs

Jes =1

Taafs;, c; W sin(8;), cos(;) AINAIAL

A 1% !

dl ¥ o o & ! (=3 d‘ d‘d” dl o
El:‘ﬂLL'LI‘]_I@Nﬂ'ﬁ“ﬂlﬁjﬂ”lﬂQWN’&N‘WMﬁi‘XMQWQﬂQ’]SJLﬁ")‘V]ﬂ@’]EILL‘YJusLuVIuﬂﬂﬂ’]um@Iﬂ\‘m 6 Nu

ARSI NTR N WAe TR A AIATANINST 5.2.11

6 T o,
N
v, _63(0) 03 (5.2.11)
My 0,
oy 0

L ©z | _96_

I L L HIE I S TN T IR

V,0 ABAMNIEITUAULAZAYINITUIN NN TWIUNA T A UL A e

stunuaunisn ldnaNuANRRS I usRN N eIl A tuannatin AU s ande siaws

azdaunlaanaunisi 5.2.12

— - 6_ -

T fX
To fy
f
T3 =6J(6)T z (5212)
Ty mX
Tg my
6 LMz |
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A a dl ¥ ] 1 ¥ '
T AaLTANTaFaTasusazn1Wsale

f.m AALNULALTNINUANEUANTANINTZN LA 8 LILN AN RANI9UDILILA L THINUAAR

Wauiumsngavineluniipamsu 6

5.3 Workspace 229U AUNAUN
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b

waunattaziadaunagne ludiuassnsananaesduniqnaudnanssaniu Fadosuand
A 500 HAAINAT FANSTUNIUIA 350 HAALNAITUIATDINUNNNUaIN1Tal Fu iR
anpsNAuvTadpaasld yuliiuaesiaunatinianedainduuuiarAudneuIung

1INHA1 30 A9AN

7117 5.2 uany Workspace 189UaIUNAYN
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dl J o 14 ¥ %4 £ = 1 dqj % o PR 4
densaiusoadulAuuy Parabola  dunIfutasuaunamailagnituualdaaeuin
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1. uniAuesRn LN giluinsesannig lun
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6.1 Lﬂ?’u‘lll']\‘l LAULRILTUNRFN
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o o |oa ¥ o , XA e < S ey = '
’&’1LME]‘VIE]’]LL‘WLNL?NLLﬁ‘ﬂﬁ]‘ﬂ\‘]ﬂW‘V]uﬂLﬂuuL‘W‘ﬂl‘VlLLﬂuﬂ@V]\‘I@@\‘IQJWlW]sL?J\‘I’]uVIL‘MS\I’]Z’&&I ATHN

ﬁ\‘lﬂ@’]\ﬂ]@\‘lLL%%ﬂ@ﬁQ@@\iﬁlﬂiﬁWEl’]ﬁWLthLLZQ AIAIRNIN 6.1
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