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ABSTRACT

This thesis describe about the designing & prototyping through an implementation
of asmall multiprocessors six—legged walking robot in sufficient detail to allow reproduction
and continuation of the work.The document is broken up into three maindifferent categories;
mechanical leg design, hardware controller design, and software design.The motivation
behind this project and the design decisions made throughout the course of the project
are describe in their respective section. Our current work still need a further development,
or even need to be reengineered. However, it is hoped that this paper will provide some
fundamental useful guidelines for those who are of interest or wish to continue this project

in the future.
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fmnzanaziianngareanisinamszin 15 iuRuesvEennnndy  AnuenaTesviewsing 4 fdenan

) 1Y ° (] ] (

wazzeLaANAAREUINIE89IN (workspace ) uamsalugll Tnediladamsiadauiiluy 3 wua'Ae
- nsenan  (lifting )

- M3dawn  ( extending )

- MIUNIN ( rotating)

14
14 cm 20cm o

Lifting Extending Rotating

JUuanssaLmAnI9YiINYe9e e L1 = 10 cm
L2 =24 cm
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LEG DESIGN
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DETAIL DESIGN AND REALIZATION
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LEG DESIGN

o

uﬁnlummanLLuuﬁﬂwﬁcy?iﬂfaiﬁqwmw%n
Ussmsuiieide mamenenulimduinaou
( actuator ) ag/lnaTLg U8 MR
Faduiadeu (actuator ) agflanAusnans
annldinanszmulaniasnasadianniss

mMalaunfia seausazanansae e ludiag

'
al

LAABUNIATBIFTULARSY (actuator ) TRA

A T oA % .

‘ i seetilusumishvinaenlusmudasasng I
nasAssissiaTuAReuNTaRe AN AMTUTeN TUNTALANYIN WidesIn s amaem s lavading
picture appears courtesy of UK Engineering and Physical Science Research Council
taken from http//www.salford.ac.uk/eee/staff/dpb/homepage.htm
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thwinffiunumitdndgyndn ﬁ@:ﬁmﬁﬁmﬂmmwLﬁfmJizaw‘ﬁmw‘tmﬂmummvjuﬂuﬁ Fofusdadenld
agfifloadutaguan mesidwinuuasiausidldig nedadudausng 7 dAaeiulagldang

Welreajussineldd desesing ] HRepanuLL

Wiaadesmusuaziiassaudull  wiaadenld

v
a o

antu ( bearing ) unsldeu uwsieendlsfinunisdinsa

o

gnithumnadntuiiiin I duinldenn wazgniufeed
AUWIBNAE

MuaziBunresdadiumaunaming aznaatialunia
LuanEnAS %w:ﬂi:nfauﬁoﬂgﬂt,mwmmméumu

v
paanaulAzeaiIae s ususLARZ T

o

aewlafid fudouunedu - Adedesnisnislfniqase
aanwuulusan Lﬁ@lﬁﬁuﬂuﬁﬁﬂixaw%mwu,a:mw
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BINLTINATUNIN Lﬂ‘u’ﬂ EJ'L‘U‘IJ il

mwuﬂnwwastﬂﬂmﬂfoummwm»jwum
ff\unmmimmmmwummuwymguz/nww

-



10T O BT -4 1 5 55 el M ST S S W o 1 S e sy e | (5 ) SION

MECHANICAL PROBLEMS Hoyiinuansnsoutseen1fidu 3 90 Ae

- 72u99N1788NULY ( design phase )

L5

o v P ¥ o o g
V]']LLUUV]L“N'WQN‘LWE]']H Lu@]ﬁ’qqﬂ‘ﬂﬂqqnﬂmﬂQﬂﬂﬂ?mﬂu

v

Wi nseanwuudeslduunmesiluaisn e lianmu

9 Y

2q

f9IBMJULIUR ( centre of gravity ) 2t 7| uaziive il

v
al o

o 4 o yy ¥ o deva o
wummefuganaduvisenduld  Bnvissiaaiidounldas
rdll L4 [l ° Il g"
wesluewmefinaliaglusumisinzan  nasnau
mausladfulgsuuuivnzaniugunsafiu 4 withaz
aunsom e

- 9299N198599 ( construction phase )

\
1% °

4‘ L : al o [~ ¥ = ' dl
wesangunsnfunstundflusieainnldenn Jgdad
Lignsoldemsaniuldl inldsaauslasawlasgnsal

Aing 1) Wivanzan viw Auessing q anginden gnilu

- o

visawinszis Anmouzguividennuminaessnegiidloy

' v
@ @ a

g :" - - z - o
LAY %mqm‘dm'\umwmmﬁm pruufiiaandasim

<

1enlsrdninmaeaatesieniey windscnmeddnyfine
msmedszaumsnilunisldiaresile vesnnzddavinies

vy nMsinsegniiudniudesiasing 4 mlianunsaden

Iudegiideaninnadnld  nsldieteslianafineia

vize felifimndungiiame asasauANEANAIAT

¥

= A’ : ' ¥ =4 | Ay o v a
\NAANMsTUgLTUAUENS ) sieiie aldauinliiAe

ANNEANAALATAENNE TI9LRINANTIENLADANHIUZNN

wNAPEINAIRETINT DI UEIUET
ﬂ‘ A” ¥ -3 . .
- WNBTUNIUUAUATA ( completion & operation phase )

J ¥ P ¥ 1 T G ' =l L il nl‘y o dll A‘ Y o I} o
manaaeshuiisvhuiieainjususiafanud Sgunsafuneteidesfulyaiefinanssous Wiuyusus

v
o o

i angindeanldlunisananesiuaus  vertical screw ) tulimsinaniidhes lisngatunsadewlvaly

|
¥

] - - g o -l o pu o - -
WUINITIARDUNDUUDITUN LLUQWWQIUﬂ']'ﬂ.Jﬁ\Uﬂ?Qﬂﬂ WHAADINNANMNLIIUAZNDATINANINENIND VIDLUAeIY

a v

o alal ) ) a . X P o o - |
ﬂnzm@ﬁqwuixﬂzuq\ﬁ\:uqq\ﬁLﬂﬂﬂ"l ( pitch ) NNINTU uTﬂ'LULTﬂ\’ﬂquWUQLL?QIﬂﬂ?QNm@\ﬂn FINUINFARIU
T L v Y R v < 4 -
'ﬂ’l’]Q’IﬂLN@W]ﬂunu’ﬁ"lm')ﬂﬂﬂﬂqqutﬂ?q:u’]\?@f‘]‘uqq ‘INmQLLm‘ﬂﬁTmaﬂ"lﬁ“umﬂﬁmmu N8 IWNAMNUUNTDN
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MECHANICAL OVERVIEW

GENERAL DESIGN ASPECT

MevanuULZUINIajuIsLaz N IRARIgUNIRIFN 7
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s |\|ECHANICAL OVERVIEW

v
o o o

nMaganuLLLAZFAnFIgUNsnlsng o senjususiiuiiadevareetwiidudedinlunisesnuuudisil

1. iWpsmjuensilaivanegiidlen Aeliamnsodesdudauunsduifisunednts wsnzazinlegiides

avare  AadulumsUszneududewsing 4 Aaldldangdaunu
' ' ' 4‘ | o ©
2. mnauazgLlieeesumasinelv (battery ) Teanidusiariouun

nnveniueus e ldiaenld sealed lead - acid battery | <

a1 - - B rdier :
I NIRRT HGHT T RE 225 i

3. 1AL AwmiaAess uar Masiuresgunsaiiuindeu

Tazaaireneluyes sealed lead - acid battery

1 o v ' lﬂ' L -
wuﬂum 1@ WNR/C servo GHQ'LWLL?QUQU?"N’]M 3 kg-cm taken from ‘Robot Evolution : the development of anthrobotics'
& v o ol 44’ ' Vo g o ¥ d‘ ¥ dﬂ' 2
4. auudausereslassaivegiifien Slianunsneenuuulifuhminunld dWeasanndeseenuuuiels
ausaRaARvFesefugUnIniEu . | wasduindewiteunasdneinavih idndouanslaraineunedy

HAuudausesn

COMPONENT MOUNTING

msRnsegunsnfiuueldid 2 dow Ae
1. #@9UAF ( body components )

2. 4211 (leg components)

Body Components

1. leg board ( slave controller)

Whineasmiugunsiafeuuedusaz I T8 UEUS T
aumilauriuis 6 11 fnseegliplate 1098 FaduLU

2. swing servo & swing gears

v
o

a . o— ad
i servo uazrgaes NmuAuNIsUNdn Ansvaei

plate 19I8FAAIUF FUuamssirumisinsagrnsnl
Tugaua 8917
3. extension servo & linkage

v
o

i servo uaz linkage NinauAuNstiauee Aeseagiuamiifulasiaiandnassdnsa
4. sealed lead-acid battery
i battery wuuwis AnsvagnasddiaieanuannarenjususiiasiumssingnldiugUnsafnsa
5. junction terminal & slots with core controller ( master controller)
o o 4 siin
WNNNATNTIN connector AN legboard ( slave controller) NHIINUYNUN B slots AUFUNI RGN

2asAN UM IAIANUEUALATIATRY 7 TaeazRinsegmilebattery

—20§
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Leg Components

1. gearbox
Hugaduineuioldlunmsanarluwuais dszneudan
- servoTifauasudanSeniiu R-side Weldlunstlay
NAUAUNUS
- PANDY
2. screw
m&'m'ﬁ'ﬁi@ﬁu‘gm gearboxLﬁ‘@muaumﬁvmwmm
3. bearing
gnthutuannstlaludesiesis - yndesie
4. leg switch

dululpsaindasiegusinnlaaifuseei

JUuamegauL/szneuv891)

anewaing e=>
\\'.
|
viausgiitien '—_-'1>{

Tulnsaing => ;
)

¥ ﬁ
#9vNLaNE N

Juanreazidunyeailatee
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e sesressemmeme CIRCUIT BOARD DESIGN

Hardware Control System

sxLIAURNENFAU ( haroware control system ) Tyl sevviuas Feldur Waunse  gnansn
Roslassuinaiul (interfaces ) fumfauad Wiliite faduedew ( actuator) 3eldun weflauewnes
?:'uumuqum{mLm"'ﬁﬁqzﬁmﬁﬁnwm:ﬁmmmuﬂnfﬂumuﬂﬁ (modular)  Feazinlszunfiannadameu
( flexible ) uazamsnUfnlgavse WudalAlande

- o - y Vo o ¥ v o - sl mial o
‘ElﬂVNm‘i‘ﬂ’mFjNm?Lﬂﬂ@uwtmm‘mﬂuuuﬁ'ﬂu‘m‘nﬂu ﬂQuUT:UUﬂ'JUﬂ“ﬂ'ﬁ'ﬂlLQ?wmQ\’ﬂQT‘WQ:NﬂQWNanq?n

TumsAnseiumicalssunananans 7 61 (multiple processors ) wazuananiifiaAasiianuguisalunig

AR ABANIILUINAY (communication interface )

Architecture Overview

- 3 i o L
anntlianssuiugunifesnuunlitanwusiag

- /\_‘/‘\ N _ -
[0} ) %) @ D @
«Q «Q © «Q «Q «Q
O Q Q Q Q Q
3 o] o] o) o o o}
2 = = = = = =
o S (e |lSfle |l |l<
) ) o) ) %) ) T
= = = = = =
I+ I+ H It H* H*
- N w £~ O (e))

& , -
anlmein TTNWUTILYDIYULIG

Tntiszuusne - seajuensd azsiedhriu system bus uananazisznevludedoyeyumuguang - udads
1 4 ]
Uszneuldoe szuuliieeuaznsnud ssuumsiinsefeansuuneynsy ( seral networking) azwiulgdn

anIRNENYTeneagLUnsaling 4 assfueuitinumng system bus Wlasazaon
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AT C|RCUIT BOARD DESIGN

ROBOT CORE BOARD

Features o

- microcontroller AT89C51/52

- crystal 11.0592MHz
- capacitor 30 pF
0.1 pF

- reset switch

-LED: power LED

mini  LED
-R-pull up 10k Ohm
- resistor : 10k Ohm
220 Ohm

- enternal memory UM61256
- bus transceiver  741.8245

- transparent latch  74L.S373

atugms robot core board
Functional Description

Whuafafifhnbenlsznianavdnresjussidululasaoutnsaines AT89C521/52 uazmistaudnniauen
UM61M256 1u1m 32kbyte ‘ﬁm:ﬁaurﬁmﬁqﬁus:nuﬁuq PDIVULUFHIUNN connectoMamNTaIRELAILIY
. L as , Y - T T Y - v o o
slot 148 16 X 2 pin DRl system bus vamiuewsild vefatiasimiindnagasnlsznnsfie nsiusds
vsslilsunsuangldtinlalnsaesiames uaz manszanadndanisenugaeiulfanielsmnanases Tae
- 13 d o ) d‘l b3 ar .
msdinsiefensfinanail axldinnagunsiu / dedfeyauunaynsulutiun muttiprocessor

wedn 0 uaz wofn 2 axgnldlunnsddeaddress uaznsiy / dediagafimisuarnadaneauen

Wofm 1 uay wafm 3 Al LED uwamgouzluudasinananasnlnaende buffer iliedoady LED

24 %
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e C[RCUIT BOARD DESIGN

Pin Configuration

B [ Ack1 1 P1.0 vCC |40
ACK2 2| P1.1 PO.0 |39 ADD ]
port with aCk":;”:dge ACK3 3| P12 P0.1 38 AD1
LED status each leg ACK4 /4 P1.3 f’o.z 37 AD2
indicator _| ACKS S| P14 P0.3 |36 AD3
- | _ACK6 6| P1.5 P0.4 |35 AD4
- 7] P16 P05 |34 ADS
— 8 | P17 P0.6 |33 AD6
9 | RsT PO.7 (32 AD7
r serial RXD10 | P3.O/RXD EA |31 reserved for
interface TXD11 | P3.1/TXD ALE |30 external
port with 12 P3.2/|_N_jo PSEN {29 memory
LED status 13 | P33/INT1 P27 |28
indicator 14 P3.4T0 P26 |27 A4
15 | P3.5T1 P25 |26 A13
memory [ WR16 | P3.6WR P24 |25 A12
readiwrite | RD 17 | p37/RD P23 |24 At1
18 | XTAL2 P22 |23 A10
19 | XTAL1 P2.1 |22 A9
20 | GND P2.0 {21 A8
gﬂmm'/awiwwm'lufﬂ7lemmmaf
Connections
pin

o

Y-O/F B—-m _,

—_

X-O/FP #—m _.

N

w
VCC m—=
D
o
D

TEMP B——~a&
reserved B——H
reserved m—m .

udnN pin assignment 489 connector




S e C|RCUIT BOARD DESIGN

LEG CONTROL BOARD

Features -

- microcontroller AT89C2051

- crystal 11.0592MHz
- capacitor 30 pF
0.1 pF

- on / off switch

-LED: power LED
user LED
leg switch LED
extension servo LED
swing servo LED

vertical servo  LED

-R-pull up 10k Ohm
- feedback resistor for servo:

trimpot 1k Ohm

calibrated resistor

Juuana leg control board

Functional Description
3 [] 1 |t
vafatitlszneuldng  wieszananasesildinlrsreninsaians AT89C2051 measfumAatinunisdaans

WLLBYNINIMIELTZNIRNAUAN ( core controller ) Mdlalmsreutnsaians AT8ICE1/52 iitetlssana

1
- o

dl' —i' v [ ] & = L] o .«
NANTARDUNTBITWAAZTN Tmu‘luiﬂ?ﬂﬂuimataﬂmmazmwmwanlunﬁsmﬂ’tytyﬂu‘lﬂ'uuvnﬂﬂwame

t v
o

-d' - -l' ] o ) S
NAMUANNITIAABUNYN 3 WNUIBUUAREUN fulsiun

- nNIFane ﬂ’)UQNTﬂfJ vertical servo

o

- M Auaniatswing servo
- mstiavatn  AeuANla extension servo
uazlulnsreulnsaiaaisionans fannoiurandindiiasiegifoonaen  winaansaouznig

Musng 7 $rasiu sirumna LED 16 +

(ouiialy)

26 %
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Functional Description iesinuiaiiudy)

vananssuyiniazrauinsaneidnviuude uuuesatnlsenavludassuuanusumiudilfluntstleundy

FAuMLeT8A vertical servo Tildinmasautas- Wiilumstlaundusiumising 1 4R-slide unu R-pot uiGia
el

seuupNsnunutlaundusiinaad axlsznaulliae R AvashAwmil uas timpot dwLUAILAANazBee

1 4 t
o«

13 L4 i
sieaynsudlunvisagsdiens R-sideviiiffaraus ldAranniunutloundy fanwiiureadauiildng

tlaunausinuwidasog R-pot

v
-~

szuusine v vunede  azdensedaiugunsaiiu q dunnsconnector Baldun servo motor Va3 sl adnd

Uaenn  szuunAssumulleundud miy sevo swliaufle Tides naaud dyoyiusy / desynan

fyandas uay Ay wiineulnanseiumicedssanananan

Pin Configuration

LEDs indicator

1 RST vCC |20
RXD 2| P3.0 P1.7 |19 extension servo drive Y73 = PCB
TXD 3| P3.1 P16 |18 swing servo drive DDDDDI:I
41 XTAL2 P15 |17 verti;;al servo drive VSE |—
5] XTAL1 P14 |16 acknowledge I power
reserved 6| P32 P1.3 |15 user LED I : user
reserved 7| P3.3 P12 |14 extension LED o leg switch
reserved 8| P34 P11 |13 swing LED LED ufvmmmusn'z?ﬁ'mu
reserved 9 P3.5 P1.0 |12 vertical LED
10 GND P3.7 |11 leg switch I/p & LED

sUnmadausevivedinlnsiinsaires

Connections ’
—
VCC GND TXD RXD RST ACK | B u][n W servo control pulse
CPU, m{[m m m m w m]|m||m||m| R servosupply
GND Ll n IILI [ llili B  servo ground
GWB GWB V SE

| I | J L Il ]

leg sw. from pot. toservo servo

UanN pin assignment 484 connector

27 %




e -

e C{RCUIT BOARD DESIGN

JUNGTION TERMINAL & SYSTEM BUS SLOTS

Features

- 6 sets of distribution connector for leg control board
- 14 X 2 pins robot system bus

- 4 sets of 16 X 2 pins connector slots
- 5 pins connector for inclinometer

- 3 pins connector for RS - 232 serial interface
- RS - 232 drivers MAX - 232

- inclinometer mounting area

- power supply system : main switch

battery terminal
jack adapter
bridge diode

8 V regulator 7808

JUuging junction terminal

JUuan systerh bus slots

Functional Description

junction terrninal Lﬂumuﬁﬁ'}mmumumﬂﬁmt‘u’m*?‘;mmn/eg control board vasusazan  Wsumadu
system bus 19wt aniideste bus dni stots elanansadien cardsing 7 diniusueusfls
core controller board W3 card A I fenaflfindaluaunanld

uanani} vefadaiiszuuaneinlsiiugunsaling ) seaiussd souluaufiensas RS - 232dnver Wienns
ﬁmﬁiaﬁﬂma‘uuuwmumummgﬂu RS - 232 Lﬁﬂlﬁu’uﬂuﬁmmmﬁiﬂL‘ﬁﬂﬁumuﬁfame'muuﬂma'lc-‘i uazel

fuAnnudmiRaf sensor MddnANuaABEansjues (incinometer) Fazliiluldlun1saruny

msmsasaneajuesfsall

28 %
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eseserwresssssssssssssesssmemn ROBOT CONTROL SCHEME & SOFTWARE DESIGN

‘Genghls' yuuusiaM 6 ywiausnyes MIT

picture appears courtesy of MIT Anitficial Intelligence Mobile Robot Lab.

taken from http//www.ai.mit.edwprojects/genghis/genghis.htmi
Robot Control Scheme
ATFmuusuindauifinnuadrei Tnehjueugd

wiamlind  (mechanics ) fiFauiafiounuadansaassranis
Bianmsaiing (electronics ) fiFuuafioutussuulszam
szuUAILAN (controller) FuSeuiafieutuansresdeditin
dudeaihaned  vusuiifiacwennsofiasiufamas
WIRKBNAN sensor N4 7] fdafeyryrnsnluléy controflerlng
contraller azamummuazimndiayafils wdiddedeyeyrouiie
TfedulhjusuilfiRnusianis

mseauArtuvIATL 2 wuu Ao - fow - level control

- high - level control




eree———————————sssssssssn -  ROBOT CONTROL SCHEME & SOFTWARE DESIGN

LOW - LEVEL CONTROL

] ]
® al

A 4 o % ad a , - o 4 o
arnaniansruANNaeReuTlntiuamzdouen  Aaniliildlunafuesjueud Ae nisdasyuly
4 o 2 -] : ué’ s o —l. “a n‘v ] o dl' d' 1 [ 34’ < ° i
diawdh (viFenpevduiLRANITanin)  Tnueisivjueusiadeud anazagRnagiuiy Saaunsoyinli
vususfiadeudlild  maduranjueausiaciilss@vinwadhnassiuausiliduloadis
Via - Point
dl ° 4 2 ] - ﬂ‘l 1 ¥ ] :’4 ¥ = o o 1 .
Wawrivualvinsiazesaranfissaciuiuen Tunsfiousazaisassiasiinmeamnusitumisaasnis
b - 1 7 A‘ ° 1 as 4‘ dl g o ] v -] - o 4'
faduluusdacite dainldilazaon Buildiazdaassnaduaniluusiasing e Manmuanaesqafun
e A S (R S N Y v e s
AUWNTILIANENAIARBUNY ( via - points ) Fog matrix FiaruadeudluUsssnumisfidasnisuds fazin

maAundunaiasitamusaly

- "/
Via Point 4 O i
t .

vieroins (7

a £ { _
Fuanaunmninadeuiithudunsvesarga ingiansnui via - points

Trnsibifidiaensjususiiamnsoniauilumuiamdidesnslé uwiffiunagounisafdunisiidiu

1 =l -t

LWiliGauene Wy Auguiserdalievuswiiodullenainiiueudduld  anqailindiilideetinns

q

il N sinaAul

t v 3

1Y = , d'-l ] o o i -d' ] ¥ as -3 o L 74
u.mmuﬁanmmwumm@\ﬂumnun vy uu‘lmwummmiqzmu BTNV ULURNTENUIRAD fagyinl

q e

microprocessor FuarardylenamniwmisuiuaziidslifufasinluGes @ aulifdaguanadelifau

vususlignansoananle
Robot Foot clears object,
' achieves via point
and isplarted.
Foot is raised and 9 """""""" "} ¥ Foot hits object,
advances towards : retreats and raises,
next via point. —/g tries again.

FUuaaen1gtnBenngatuiile

31%’&
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asssssssse——sssssssssssssn  ROBOT CONTROL SCHEME & SOFTWARE DESIGN

HIGH - LEVEL CONTROL

Fsnsnnaunefasin i vususianansardsuililaedn il

ol g o o

iEIRMInandEmeneiloyyesiing (artificial intelligence)

NMERREuIULNITRdauiTeseduareesRediEin (actual biological organism

Walking Gait

lumsmupmadvrenjueust gUuuvresnsfiadiu Ae wwuwe (pattern ) s iadeutiie
Wénshausniadeuiimulufag UsstanFuoldfnsanjuous Wufanmiuueusilddeifomanns
wasuasgluunadue s Wiulapanmaesiuiits

dmiuiueus 6 iy arfipliumadunaisuny  whsasRansundinniu 3 3Tifenedasmnzay

Amfumnifuresjusuiiuaninuandanisaii
Pottion of Phase

1. The tripod gait 012345678 910110

nds‘d‘ X 2 )

o« ad s 4
AtturnraniuNaAReun lununnAsud ey Jeaenu

P

Falunsiedeuniagitllargenddtau  nuazuianeen

Leg

du2ngu umsiduazane 3 arfinlddrawiiagian

LSS R S S

] v
o [l

d' -l :’ (LIRSS < 0 g9 ¥
3 ivdereum dN  legAamnanuds dou
.. a0 W R DY JuunAuLLY tripod gait
ashazgnanmuanegiumibnivazGunisunanai

Portion of Phase
2. The ripple gait 012345678 910110
ol a n:ll { a - ar d‘d 3 1 U
AEnsAuuLueusiasinamasdiafanduuuugn nan g
Ap aziln 4 MegRntuane  unsfnaziniias 290 Leg ‘11
2 o -l - ' v - - ' 3
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MECHANICAL LAYOUT
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MECHANICAL LAYOUT
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3. daullssnauras GEAR BOX
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T s AP PENDIX B
SERVO MOTORS

RIC servo unawesimstieundusiaumnia ( position feeaback ) agmeluin  Ren¥luszuugunsali
tieAupuRNAnting ( Radio Controlled) Reilaniganninuasdeinesiomsiauas fauddngeslas!
mabignfieuiuewefsisildlusaduiol) wideRszmsviimensefdeaunsofasifig e
andfhaemefiiusgegluglves gearbox MdTinmmaiasiiiida Salaeialussiidnsmarssano 1431
uarliuselinylszanns 3kg-cm etauturfiauazanaeeitaild

wofhweweilddawaweilangin 3 ¥ Ae mansous a1olides uay anadtyeynpulse ATLIAN
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fifiendn puise code TdnwnuzwRdYYyIN pulse TidRuANF UMb uteTanewme fasiflunsds pulsed
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fiaaundna (puise width ) siaif e imeflmdeulldaiumiuasianefisneiumadenis

| 5

2y Ep

—

Ayeyeu puise watlazgnaed ) Muluaunanamunill  Aaundneesdtytunpulse ( puise width ) ax

dhdaimismnauasfienamauasunugeflewmef  dwmfuaunadessasinesswinoulse us
azqn ( pulse duty cycle ) az\ihusionmuaugsiia (torque)  dwsu weflanawa i ld@enldunsatlen
&gy pulse AT amplitude 321319 4.8 - 6.0 Taasiuazfiaaundna pulse Uszan 1.520ms. azvinltiesla
a0 | ' ' o v -y , sy -
LR UmegRrnana (neutral ) Sraedtyeyin puise MfAanIwumiatisandiaanundag puise At 7
° + - o :’I < < - ! A
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. H 1 Y J - } |- 1]
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TYWIN pulse WAaTqn (puise duty cycle ) lirsazndrends 10 ms.

maivunsumbzeteilanewesil Jilsslamistnannlueudurobotics  Iasannzandasaviawny

] .J % B . ° v Y ] -4 d' v B
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andnunizeeiuies 4 gafiussaaiu gearbox 1azdaunmiy
Fniuunuues potientio meter azagdnudeniufiuaeln dou
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v
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APPENDIX C
DIRECT & INVERSE KINEMATICS

1 DIRECT KINEMATIC : The Arm Equation

wrunadidnmrauziilu Rigid Body tnd links nana uihaundendnsos iy

Tnelddasie (Joint) Uaradrauileras link TuqaasRinuiuiug (Base) daulaneindns
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14' . = b d‘ dl 17 1 - 9 l=’l’ ] Y e dll <4
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=3 a a

o 173 A ]
(Tool or End - effector) muunsiNdesie 2 1R 4 @ansa Links
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1 - ° 2 o A A
- 4584 ( Revolute joint) M lMiiANIsAREUALLLMYNIALIUNY

4

- dasiaidau (Prismatic joint ) " IRansARauILLLELd R ulUnuun

sl 1-1 uaunanddnwoilu links

1 4
UsZA9A AR NMIATLANTIIATUMRUAZANTNYUTE End - effector 1u

] [ t 1 7
souy 3 R ialdsunsu i End - effector inaaud llmudunieildnavusld st

e O

aflusiasAinuanmuduiudsendrsfaudsfeseiuiumisuaznnsmyuaasginsal

TFund1 ffywn Direct Kinematic Toafitny #afl

tfeymn : Direct Kinematics Aa  nstuuanamefasiulsdasa (Joint

Variable ) 189uauna Tnsuanmuanwoszdanatiy

2/

- diasteuyu saudsliun Arasauyusauunudase

73 ] dl' o

- dasaldaun maudslsun sraznisimdaaui Uauuuaunudesa
WAMANITAMUIUMIRIMMI ( Position ) waznnswa ( Orientation ) 284 End - effector
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DIRECT & INVERSE KINEMATICS

1.1 n1suU (Rotation )

o o
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lwinueadeaiu §1R, (@) uar R, (o) uwamnismyuealasefina M seu

2 uazr 3 mnaeu agla

COS q 0 sing

-sin g 0 COS q J

1 T

cosq  -Sing 0

R,( ) =|[sing cosq O

1.1..2 n29UNUNEAN ( Composite Rotations )
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1.2 Nnmlaluaiided (Homogeneouse Coordinates )
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1.3 #in’ Link ( Link Coordinates )
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kg

o d,' 4 ° o o ! . :'4 4 o
qmﬂsxmﬁ'tum‘n@u AR NINMUATATAAARILIULAAY link MNUUINIAITRIGNN1TUTIU

] [] 1} v 1
(arm equation ) TWAMINITARBUTTEY link Ta9uauna TnsdulsnasAnmwsDine g

Tun1seenuuLFLIuNanay

1.3.1 Kinematic Parameters
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TABLE 2:1 K NEMATIC PARAM ITLOS
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1.3.2 Normal , Sliding and .Approch Vectors

st mualasaRierasuy link 289uauna n unw siaeliaonuauladlufae
U link gavinedaihuaTesile 13 end - effector NsyUIBAATATiadUNTOUARY Y
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= o dl' = AI v A . 2 :l/ o
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: 1 v
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. g o o a - o
STNIBN approch WAz sliding vector MinliRATAseina INAINN,HaTIN

g‘Ll 1-6 Normal , Sliding and Approch Vectors 184 End - effector

1.3.3 The Denavit - Hartenberg ( D - H ) Representation
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2. vaunu Z* Wegluwwadaaiuwnudasia k + 1
3. fvunqaifinges LX fqadaiuseuny 2 < uay 2 < dlaisiariulildansin
M99 Z* AL common normal 184 Z ¢ fu Z *!
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1.4 dNn19uAU ( Arm Equation )
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T e = To(a )T (a,) ... T (aq,)=T"%(q) (1.4.1)
1.4.2 4NN19LLUU ( Arm Equation )
AnaNng (1.4.1) wadlfusinduan T (q) Waunumasly isedld
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ANNITUIU ( arm equation ) Fai
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2 INVERSE KINEMATIC
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2.1 Qmﬁuumwﬂﬂmmﬁqm@u ( General Properties Of Solution )

o/

o~ ' ' A - ' :" i 1 X (
Avldnanaudadn maufiifoym Inverse Kinematics il dumenfiviuaviuagdu

- o 10 dl v o alo n; & o
TUALNCANBOUCADILTUND LLﬂﬂ'Wlﬂ'Ll‘VltLﬂﬂﬂ\m nEUTUINsEN TN BUAY

- ] [ L .
2.1.1 nisNet1edAInall ( Existence Of Solutions )
fasaunluan1iziApeantes Inverse Kinematics Sagasa fin Awmalany
o < 1 o A < 1 a ai o | 7N
wsaslie P agimeluzauiamnisinnu  waznsmuaresiiallifudiinvessaulsdasie

MNANNITUTIU
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outputs. Just install Model 900 and - APPL[ED/\’SQ%\
connect it to your volimeter or data ! N
- GEOMECHANICS |

acauisition system. You are ready (0 ;
begin your measurements! l
i
1

The sensing element within
Model 900 is a giass vial hali-illed
with a conducitive liquid. When ine
sensor is ievel, fluid covers iive

internal electrodes to equal depths. Model 900
When the sensor tilts, the depth of 3 ’ "
Biaxial Clinometer

{luid on each electrode changes,
altering the eiectrical resistance
between matched pairs of elec-
trodes. Model 900’s surface-mount
electronics measure these chanuas,
converting them to OC cutputs Use Model 900 for:
propostional (o the it angle.

avatd

AN,
A8Y,

\/

X

Factory automation and
Key features include: . robotics

¥ Measures rotation in two s & Drilling and mining
—— orthogonal vertical planes i machinery
Determine pitch. roll and ievel A it Detailed 2i-point calibra- B Construction equipment
_ j tions supplied for each axis M sigbs\dhovs ROVs. towdish
he dual-axis Model 900 is P la 2 No mechanical moving parts y Ps; ' ot il o
an inexpensive, gravity- ¥ to break or wear out 3 Land vehiclas
referenced clinometer ) . Optional temperature:sensor. = Aircrart
tiltmeter) with wide dynamic %\ . r— (s menid
range. Its small size and hign E . Call or fax today for a guotation. For | ~ 2 A
precision make it a versatile N\ | greater precision, ask about our Ly ) AG Mp{Rine or struciure §

choice for many measurement
and control appiications.

Model 900 measures angular
position with respett to the
stablest of all external refer-
ences: the vertical gravity vector. ]
Its advanced design assures high )
repeatability over a standard 40 !
degree measurement span (90 |

]
[
|
1
|

700-Series tiltmeters. |

Prewired connector
supplied with
each unit

degree optional span). Model 900
also features a wide input voltage
range and signal conditioned analog

| Efficiently sized
for many uses




B " -~ .
s —~ Specitications
2.004 /‘)‘4
150+ ol s QUTPLUT CHANNELS =23 VD per channe tsingie-endec::
= 150+ 7"- . . -5 VDC avarlabie. Onuonal temuerature
= ases = < i ¢ i chanrel, -0.415 =1.0\VDC
"2 ase s | : 7
B & ! 1 ANCULAR RANGE | Model 90C: =20 degrees (40 oegree span) or greaier.
3 - b | Model 900-45: =45 degress (90 degree soani or greater
(=] ,,.”?_.—.?-4 ! | |
.34 & E 1 RESOLLTION { 0.01 degree of arc
oo P "
4 e J [ ! REPEATABILITY | < 0.2 degree of arc at consiant iemperaiure
S W 95 10 4 o § 1 1% 2 ® ! e :
Inout (degrees) © P H4YSTERES:S . < 0102 dearee of arg
p & it © 1 LINEARITY i Muciel 900: 17 over half soan; 2.5% over full span. Model 200-43:
Fvpead calibiation | 6% of full span. Factory polynomials improve lincaritv oy 10x.
- ‘ L TEMPERATURE COER, b 0.05% of reading per "C tvoical
it T o — -
2 [ | | SCALE ACTORS Model 900: 10 degreesivoit tvpical. Model 909-23: 3 degreesvor:
e AT, ) i1 tvpical. Temoerature: 0.1°C/mV. =0.75°C accuracv
8 ! ! Y i 47 T
e “"‘l d “ ] TIME CONSTANT, T 10,23 second: outuut is DropoRtenal t V= 2t T oD Wi a0
B oonj e 4 ] : } | wherg ¢ s time in seconds
e \. o —
R N R SR I NATURAL FREDUENSY 10 Hz
3 g ! g QET TPEDANCE 270 onnys, shord crrcun protecie:
1. g - e cnss i o oo oo s s s s 6w
AR - POWER REQUIREMENTS +810 +24 VDC @ 7 mA 250 m\ 0Lak-t0-00a~ 1i0DDIE TaN.. reverse
B T o u = polarity protected
Input (degrees)

Typicai noniinearity

© INVIRONMENTAL

-10" to +30°C operating ana storage. (3-80%» numidin

. SIZE & WEIGHT

2x2x0.64 inches (51 x 31 x 17 mmi, 0.5 0z 15 grams); 18 incn

l (450 mm) cable with connector

] MOUNTING

Four (1.1 25inch (3.2 mm! no. 4 mounting noles, one in each zorer

Scale lactor of primary axls
533 33384#

80, 400, 8,10, 18
. Cross-axis angle (degrees)
EIOTIE FUCTRRE IO | SRR N 1 A S EY

Cross-axis effect on scale factor

1y i.l‘:! d: A TRANSDUCER
?';_E—'-' —. T ~Ie's

1
K o ool /_ |/

Mocdlel 900 dimensions. inches (mm)

<~ = 5-PIN HEADER

| MATERIALS

Liquia-fiiled giass sensor, fipergiass PC board, unooties assemaly

Angle conversion chart

| . : rachians degrees arc minutes | arcseconds | pradians

| radians ] 57.30 3438 | 206265 | 105 |

| degrees 0.01745 i 60 |1 3600 | 17453 |
arc minutes 2.909 x 10 0.01667 1 | 0 {2909 |
arc seconds 4.848x10% | 2778 x10" | 001667 1 1848 |
pradians 106 5.730x10% | 3.438x 107 0.2063 1

Ordering Information

Model 900 . =20 degree range
Model 900-T Adds temperature sensor
Model 900-45 =45 degree range
Model 900-45T Adds temperature sensor

Thas e umient s g srate s of the e o
publhication  Apphied Goeomechames may moxdiny
speCHitations without prior Nolice 10 retlect
onpoing techmical developments

Pasition masts
and booms

GEOMECHANICS

1336 Brommer Street

Santa Cruz, CA 95062 U.S.A.
Telephone: (408) 462-2801
FAX:(408) 462-4418

©.1995 by Annlusd Geomechanics Ing
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|
SPECIFICATION: Model 900 Biaxial Clinometer

i Model gOO is a low-cost biaxdal clinometer for a wide variety of industrial and scientific applications. A precision
;eb:ctrolytxc transducer comprises the sensing element. The clinometer consists of a printed circuit assembly
with four mounting holes. It is designed for easy mounting or repackaging in customer products or systems.
Linear and polynomial calibrations for both tilt axes are provided with each clinometer. A temperature sensor,
‘mountéd in the circuit, is available as an option.

OUTPUT CHANNELS

ANGULAR RANGE

RESOLUTION

REPEATABILITY

HYSTERESIS
LINEARITY

[
TEMBERATURE COEF.
SCAL;E FACTORS

:
TIMEg CONSTANT, T

NATI.[RAL FREQUENCY
OUTRUT IMPEDANCE

POWER REQUIREMENTS

&

Two orthogonal tilt angles, £2 VDC per channel (single-ended); one temper-
ature channel (optional), —0.4 to +1.0 VDC

Standard: +20 degrees (40 deg. span). Optional: 45 degrees (90 deg. span)
0.01 degree of arc

< 0.02 degfee of arc at constant temperature

< 0.02 degree of arc

+20 degree unit: 1% over half span; 2.5% over full span. Use of factory-
supplied polynomials can improve linearity by factor of 10

Span: ~0.05% of voltage reading per °C typical

Tilt (£20 degree unmit): 10 degrees/volt +20%. Temperature: 0.1°C/mV,
+0.75°C accuracy

0.25 second; output is proportional to 1 — ¢~*/T — 0.001e=t/5990T where t is
time in seconds

10 Hz

270 ohms, short circuit protected

+8 to +24 VDC @ 7 mA, 250 mV peak-to-peak ripple max., reverse polarity
protected

N

ENVI;RONMENTAL —10° to +50°C operating and storage, 0-80% humidity

SIZE & WEIGHT - 2 x 2 x 0.4 inches {51 x 51 x 17 mm), 0.5 oz (15 grams); 18 inch (450 mm) ™
! cable with connector

MOUNTING Four 0.125 inch (3.2 mm) no. 4 mounting holes, one in each corner

MATERIALS Liquid-filled glass sensor, fiberglass'PC board, unpotted assembly
i
E ANGLE CONVERSION CHART
} radians degrees arc minutes | arc seconds | uradians
E radians 1 57.30 3438 206265 10°
d degrees 0.01745 1 60 3600 17453
! arc minutes | 2.909 x 10~* 0.01667 1 60 290.9

K 4 arc seconds | 4.848 x 10~% | 2.778 x 10~* 0.01667 1 4,848

. uradians 10~°% 5.730 x 107> | 3.438 x 10~3 0.2063 1

e U P

BV et B e

Automated Deformation-Sensing Systems
Systerh Installation and Training
Tiltmeters and Inclinometers

l .

REORDERING INFORMATION
Model 900 %20 degree range
Model 900-T Adds temperature sensor
Model 900-45 345 degree range 3
T Model 900-45T | Adds temperature sensor

APPLED SN

GEOMECHANICS

e Hydraulic-Fracture Evaluation
» Well Testing

;1336 Brommer Street, Santa Cruz, CA 95062, USA « Tel: (408)462-2801, FAX: (408)462-4418
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) APPLIED GEOMECHANICS INC.
CALIBRATION CERTIFICATE
Model 900-45, Serial Number 2452

] Date: 11-22-1997

X-AXIS CALIBRATION Y-AXIS CALIBRATION
THeta X-OUTPUT Y-OUTPUT Theta X-OUTPUT Y-OUTPUT
-52.241 -2.0188 -0.0139 -47.7742 -0.0139 -1.858
-48.739  -1.7954 -0.0047 ~44.2943 -0.0229 -1.637
-43.235 -1.6007 0.0011 -40.7732 -0.0232 -1.453
-4%.733 -1.4281  0.0089 -37.2713 -0.0255 -1.273
-38.228 -1.2702  0.0150 . -33.7639 -0.0301 -1.119
-34.707 ~-1.1239  0.0198 -30.2538 -0.0335 -0.975
—3%.213 -0.9891  0.0249 | -26.7546 -0.0340 -Q.847
-27.709 -0.8630  0.0290 -23.2610 -0.0370 -0.722
-24.210 -0.7419 0.0332 -19.7563 -0.0417 -0.595
-20.697 -0.6285  0.0372 -16.2435 -0.0425 -0.490
-1%.197 -0.5177 0.0388 -12.7580 -0.0445 °-0.380
-13.,698 -0.4074  0.0423 -9.2342 -0.0475 -0,272
-10.177 -0.3023  0.0452 - -5.7103 -0.0500 -0.167
-6.659  -0.1953  0.0487 -2.2057 -0.0512 -0.061
-3f132 -0.0937 0.0507 1.3457 -0.0542  0.036
0l394 0.0121  0.0537 4.8338 -0.0542  0.139
3;924 0.1169  0.0558 8.3494 -0.0576  0.246
7420 0.2206. 0.0574 - 11.8815 -0.0617  0.352
10.925 0.3293  0.0630 15.3889 -0.0619  0.454
14.418 0.4378  0.0629 18.8826 -0.0640  0.568
17.912 0.5534  0.0644 22.3790 -0.0648 0.676
21.419 0.6685  0.0637 25.8644 -0.0684  0.792
24.902 0.7940  0.0701 29.3608 -0.0682  0.913
28.393  0.9247  0.0693 32.8462 -0.0709  1.044
31.881  1.0645 0.0741 36.3371 -0.0725  1.186
35.372 1.2170 0.0770 39.8253 -0.0751  1.329
38.860 1.3818 0.0798 43.3134 -0.0782  1.502
42.351 1.5649 0.0814 46.8153 -0.0783  1.677
45.839  1.7747  0.0839 50.2897 -0.0842 1.874
49.327 2.0192  0.0867 53.7724 -0.0858  2.123

!

Theta i's reported in: Arc Degrees
X and Y outputs are reported in Volts.
X-Axis calibration temperature = 16.9 deg. C
Y-Axis calibration temperature = 17.3 deg. C

k
Sdale Factors are determined by linear regression of
all data points for each axis of calibration.

X:AXIS SCALE FACTOR = 28.06 Arc Degrees/volt

Maximum nonlinearity (% of full span), X-AXIS = 6.6632
i

Y-AXIS 'SCALE FACTOR = 28.46 Arc Degrees/volt

Maximum nonlinearity (% of full span), Y-AXIS = 6.6772

] »
Calibration curves fit a polynomial of form: )
THeéta = a + bV + cV**2 + dV**3 + eV**4 + fV**S where V = X or Y output

i POLYNOMIAL FIT COEFICIENTS
; .a b c d e £
X-AX1IS 0.0000 33.6400 ~0.6142 -2.9105 0.0655 0.2045

YiAXIS 0.0000 34.0946 0.5126 -3.0173 -0.06112 0.2164

e e L
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