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.Jare equa l to enree , The fi rst" type 'is a,ol ved us i ng the

modified 'Newt on-Raph lion technique. whereas the second type

s olved 'by' s~muli:,neous Bolut,iolJ of the eq uations .

To carry ou t the dynami c analtai s , the eq uations of

motion hav~ b~en obtained u'sing 't he fi'nite 81e\ent analysis . .

~e s~s-t~~ llIatrices "f o r the . robotic' lllllnt'pula~ors are also.

dependent on the angular ve locities -a nd .ang Ula r ·acceler,atlon .

Se vs : lll riew me;hO~.8 _ ~j obt~rnin9 th~ .ma t r ix of dlrect~on

cosines "n~eded',to repre8~nt ' th ~ or i&n tation ' of the ~oc.~l . ax~8

The reeeerch carri~d out In.this war)l::"~nvoive!J the

kin~~a:t1: and 'dyna"m.i.canalyses ,'0.£ 't h e : r obo t ri-ma nl Plrlh ,t o r s .

The ki~ema,tic ana.1Y~ie· i~CIUd;~' the , d!'sp lacem:~nt an~l,ysh of ,

the planar a nd : 8~atlal llIe Chani sm~ ' as ~ we~ l ' as t,he ' V~l~c i ty

a'nd acceleration ' ana ly 'eeB ~ I n ,t h e d~nalllic · .anatY Bi ~ . ,' the

' ~a riat ibn .~~ . t~e. ri~'blrai tr?qUenCi~S a~d; ' t li e 'dynami : -- '.---....~ . ,

conde~sati~ri'teChn.iqUe8 have been B t~~ i ~d· ., ' . .~~
I Th e displace me'nt' anilly~is_ of . the open and closed-

• f ~ . . -" , .' : . .
l oop systems h a ve been 'ca r ri ed out using t h.e ,opti ll1za tlon

Prind~les anci '-the mOdified N~~ton-Raph.on teC\,niqu~. -rlre

?~~i;)ci ty and a~ce ler~t i on an~'~yses have bee n' ~iv.i'd ed in to t~o
ca'ie90ri~-8~~'the ' f i r a t ol'le, t1.'le-n n·u;;;m"'b.;o;r;-. ::Oof'--;'~n;;;~;;;n"ow::n::;.;-a;-:r::;.--~~~

'elt~er g reater or l e~8 'tha~' t~ree 'arid "in th~ . ~econd "o ne they '
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with '~e8pect to 't h e global 'axE!s , a r e discussed; The natural

frequencies as a reault of the ya r i a t i on of several design

p~ramete~rB h~Ye been obtained., Finally, a ,compa rat~ve study. . . .
on ,' ~he t,wp types of dynamic condensation ,s cllEnne s have been

, . .. . , . \ '",
c:~r1edout ulling a machi~.e ..t:pO~~~d~e ~n_d a.~:r~bOtiC

manipulator aa examples ~
f· . .
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CHAPTER 1-

I
INlRODUCllCl. M'fD I:iITERAT!;JftE SURVEY

1.1 The Automation and RoboticB

. , A Fe~~lutionaFY c.J;a"angs . in factory production

techfiqU9S" is predicted: ~Y ';he end . ~f the twentieth century •

.Eve~y, oper~tion i~ ~he f act:ory of the f~ture,' "f r om the

product design t. 0; manufact.uring. assembly, an d' product · '

inspection would be carrled~ OU~ 'us i n g the machine tools an~

!;pb o t s aide~:~y computers . This new deV,elopme nt ( t he

~~t.omati~ ,cont r o lled factory). is nothin~ mor e than' e new

phaae~i the industrial revolution that began in Europe two

cen-~ries ag o and progressed through the following stages I
, ./ .

1 . The ' 7 o ns t r u c:tion of simpl~ production ' mach i ne s aild

meChanizations ' started i n 1770.

2 . Fixed autbmatic mechani s ms ' And transfer lines for mass

produc'tion came along at t:he turn , of this century.

3 . Machine tools with simple automatic ·c ont r o l s such as

plug-board control~ere to pe~for~ ' fi~e'd sequence of

operations. and copyi ,ng machines in w~ich a s t y l u s . moves

'. on a maeter copy. ,

4 . The int~oduction of numerical cont~oi (NC) machine t oo l ,S ,
': I '
in 1952" opened. a , new ,e r a in automation .

. : . ;"~



with progress in c;:omputer technology a nd programming

5. I nt egra t i o n of a minicomputer to d rive the machi~e tools

(CNC) in 1970.

6 . The use of industrial r obo t s for e lementary operations

~~:P::wW:::'::~:::.:~:,::':h::h':::;t~d withth~
fntrodu~tion of NCmachine tools , was , u nd,oubted1 y stimulated

!?y t h e digit'a l .computer' . . The di~i~l techno logy ~nd

computers enable the design of more flexible IIl8nufac turing .....-.-
"

.~rfjti~'ns , (FMS ) , name ly sys t.ems.· whlcr can be ado~~ed bY .

ttrogt;amming to ,pr o d uce or assemble a new product in a short

time . Actua~ly ; ..fl e xi bil i t y is the kE!'y word which

characterl~es the new era in indu~:rial au tomation . ' ROb o t;.

and lIIanufacturing systems are becoming more .e nd more , ,fl e xi b l e
~-~

t~chniqueB •

The use of the tobat's "h as l e d .t o ' i ncr ea s e d

productiv ity and better aA well as consistent quali ty in t h e
, ' .

manufacturing ' envi ronment. The' robots are ~ho being used in
. ' -:,. ...

t h e hazardous environment su ch a s nuc l«:,ar reactors ' o r

unde r-sea operations' where t hey are c6 n t ro llea 'r emo t e'l y. '

t - I Anot he .r example of thei r us~ge I s in the s p ray-pai n t 1n9 jobs

where'they replace human being who br e a t h ·t o xi c alr

presently ~ ' I n su dr'ma ry , t.hs advaQtages of u sing robots c an be

, stated a s fo l lo ws t I



' J " ..

1 . ~ledbllity

2 . Hi ghe r pro:ductivity

3 . Better q~al1ty of product I

4 • . Improved q~aUty of human l ife by .p~rformin9

undeairable and ' ha_z~~d~uI jOb. :

'A T3R 3 mod.e1 o ( a 'r obOt manufac t.ured b y the

o c i nnclnati · Mll.ac ro~ Company i s ' ~hown i n' t.he Fi·~s . 1, 1~ and

l ..l b r ,espe ct;i vslY. This robot. ' can be -uled by varying three

1':, degre~s of ~reedo~ . which : -are 9.1 ' 9: and 93 w~ere 91 is , t.h e

r otat io~ . about .t,h~ ,bas e , whereas 9 2 and 93 a r~ t h e "r ot a tiona l

ang les dI the uppe rarm and forear m respec t.ivelY'. These
I '

a ngles a re ueed to pos ition the gripper or the end effector

'~t .. loc.~on in th~'th re. di~en.ion.' ~P.c. , Onc e t h e end

o e;;ect~r is pos itioned ·.at t h e ' poi nt~ 't he or1enta~i~n of. t he

grippe r ' i s controlled by three independent angl e s whi ch are

ehown a e p itch, l o ll and yaw' in FIg _ ~ . la .

I n t h e lnveree .kinematic analyeis, t he l oca t i o n or
. .
. the t rajectory o f the end ef.f ecto~ is Ipecified and 'the

prObl em. is to f ~nd t h,e _8ng l;; 91 , ' 92 and 9) co r r e spond i n g to.

each location o f the en d e ff ector. ShUar ly , in the

,ve loc~.ty. Qr ~he ' ac celeration a nalysi s, the veloc i ty or the

ac celera,9on ~f the e.~~ e f f e c tor i s s ped f led i n the

' 9~ r ta8 ian ..~ace ~nd. one has to ,~bt ain t he ee epece t ve

q,uant.it,i.ee . in t h e 9 epace , In t h e ' c;lynaai c an~lYB1B o f th....

- ,s t r uc t u r e s , onah• • to evalua te , the sYlte.1ft lIlat r i c e s

r .
' .;".-~ .
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I ,.
c orresponding to each .lo c a tion o f t h e end effect~r becau se of

the nonlinear·Yll.dat!~. .of the s e mat r i ces' as ll J u n ction of

the location of ~he Ef~tf.ect ot:. Moreovbr, 1t is well -known

(1] that all these ma tri ces ar e a lso a fu~ct ion of joi nt

ve loci t i es a o er-jo i n t acceler ations . Thus , the ~dynall ic

a nalys i s ee . the~e str~cture8, whith are Illuc h IllOr e flexible

tJ:1an the conve ~ t iona i ma c h ine e cc r e ,

1 .2 The Li t.erature survey

1. 2.1 The "Kinelllatic Ana l yaie

18 fairly invol ved .

:\}..

The displacement ,-,velocity and.:accelerat~on

a nalyses of planar closed loo p mech a niSlls using e ev er e L

techniques such as the graphi cal method, the c~ex algebra

met hod eto :. ar e d i s ,". s _ d l ~ [2-4]. Some slmpt_ .p.ti~l

c Ioaed l oop 'me cha n i s ms are also eor v ee 1n thet a references.

I n reference [S~. ' an i t e r at i ve te chn ique known as

~.NewtOn-RaPhBon technique was .~ed to s ol ve the..»lanar

p r oblems • .A new technique ca l l ed t h e 4. x 4 matrix techn ique

wae introduced by Uicl:er et a l [6] .t; solv~ ' Ipatia~ ·o"1. o se d

l oop ~echanisme . The ilia i n ·adv ';'nt.llge of this t ec h n ique lies

in the easier implement a tion in the co~puter program. Hall ­

ot al [ 7] solved spatial cl osed lo op ~echani Sll8 b y using

gr~dieiit op t i miz at i o n technique . For solving the planar and

~atial ope n - loo p me~~h<;,n~ B118 Turle (8] use d th~ · . 4 x 4 mat rix

nceaet cn and 80! V\d the inverse kinematlcs probl"em ulling

'-I
' j
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the modified Nevt.on-Raphs on t.echnique where the number of

unknowns were more th a n , t he num ber of eq'ua t i ons. Pau l (9)

, and c raig' [10) d~r1\ed the equations f or ' the inverse. .
" diapla cEflllent ana"l~B is of some common l y av;,a1.lab1e robot i c

mani p u la t.i o n s . , So me ,o t h e r important research work i n this

area can be Been in [11.;.. 15'1.::-;.

1.2 .2 .. The' oynanlic Analysis

, ~i~'n'ificant proqre~s ' has been 'made on the dynamic. . " . ,

mode l i ng of rigid ~patia1 mec h a ni sms and mani puL ator s in

. ..,." [16-18) . These inve.stigll.tions in clude s uc h me t h ods ' as sc rew

cal r u lu S [16] , dual vec tors (17) and 4 x 4 matri c es [18] .

The dynamics of the flexible spatial systems was s tu d i e d in

,
I

)\

Finit e ~lement met h ods were f,irst app l i ed t o

s'patia1 linkages by Winfrey (2 0). He i nvestigate d the

FO~8ib1e advantage~ of ':1sin9 tbe Guyan ' s reduction -technique

t o reduce .t.h~ size of the dyn a mi ci syst,em ma:tri~es [2'1) '.

Another important · r eduction technique known aB Co mpon ent Mode

Syn.thesis was ~8ed in , (22'-23 ) where the dynamics of linkages

was studied. 'Mfe 1l1ex.1..,ility a nd control, 1n t h e dyna mi c

. analys ie of ' the 11.n~s inarm-~ype'devices ~ ....as reported in

(24].B~ok. a nd Whitney [25-26] carried out research o~ the

linearly , dilJtrib~1::~d dyna~icB of planar arms vi a 't ra n s f e r

matricel ; Severa1 other reaee r che r a hav e addressed the, .

1\



fle xi b le"-manipulator dy nami cs p~oble ltl by analydng tn t(

fl e xi bl e mechan i sms {I, 27-29) . :. Dubows)cy and Gardner [27]

ha v e prov i ded b ibliog raphies ' on th is _t y pe of wo rk . Sunada

"-ri ] deve loped mode~lin9 techniq"i es applicable t o .both, spatial

closed loop- mech a nism s and manipulator a"rllls. Such a

"""," techni qu e as sume s a known n Olllinal mot io,:, o:;er t ilDe about.

which -t h e fl exible-arm equa tion are linearized . This

't e Ch ni qu e is "o r i e nt ed t owards finite~element a nalys is t o

Ob tain ~modal cha racteri s t ics of the lin)c, .,.,hicb are ~hen

co inbined using a t ime-varying comp~tibility lDatt i x . ,I t _u ees

t h e 4 x ,4 mat r i c es t.s.. .repr e s ent the no mi nal k ine~!L t;- i c • .

eq ua tion s and a lso in th e deri va tion o f t h; c ompatibility. . ... . ... \

ma trix . The s a me tech niq u e ia a lso used i n the ,pr e s ant

i n ve stigat i on. . .- . _~

. R'ten~ lY ' the nonlinear modal analy9' ls 'te~hniT '
was us ed by (YQk [2 8) t o ~evel~ th e equations '~ f alat ion for

fl e xible man pu la tor arats con sis t ing of rotary joi n ts that .

, co nne ct pain of flexible links . Curren1;ly, ~orlc is be l n g

ca r ried too ana lyze fle xible man i pu lat~r s con t a i ni ng prisDj!l tic

an d rotary j'o i n t s USi~9 the fi n ite s leme'nt a b y Nag a na u .(n a;d

So n i (29) .

1.3 . The Obj ectives o f - t h i s ' Investigation

Since the ro~ot manipulators are IllOvin~ space

s tructures ebcee systelll matrices 6 U func t ions of kineDatic
.-:



th,en the Be tech!'iques h a ve be en used :~o solve. t.he i nvers e

. '

.. ' '

.(
./

" - "

" "

.'
" , '

. pa~a"meters . t~e present wdrk has been divided int.o two part8 ,

th~ fi rst pu;t is' the 'kinematic ~na;ys1a of these . space ,

mecha nisms, a.nd the se.cond part is -the dy na mic a na lysi" . ' The

..~~. ~C ~ fiC ·ab j e ct l Y.. ~he kl~~~lc' and dy na llJic .analY~ ~·9
~re t • . _ ~

1. , 'Th e d iaplac e.ment an ~Y9h'?f t h e p lana r and spatial

cl~sed l oop me~haniams using tJ,e optimiz~tion

~rin~ipre8.

2.; 'The d1 8p.lacement ana i ys'l s ·of t.h~ pla na r .' and .spa t ia l ' 'ope n" . . " . , ' " . ,
l oop mechan~ sm~ using ,t h e optimiza~i~:m · p.rinc1ples .

3. The veloc1~y ana'lYsis o f, t h e open l oo"p 'mech an i s ms.

" . The acce le rat~o~ ,a~alYB :fs o f th~' ope~ -'l oop mec~ari.is_m~ •

. 5 • . The determination of the mat rix of di recti¢n cosines . of:'!f......, ..
t h e spatia l lin~s ~

6 . 'The variation of t h e natural f requencies of the rob6tic
l ~ ' ' .

manipulator a a .a funeti~n of dea !4ri ' p a r ame t e r s . and .

7 • • . The compa ra'tive 8t udy o f t h e. d ynami c condens'~tion

techni~e" appl1,<.! ~o' t h e ~chi?e tools -and r~botic

. j\'la n i.p a l a t or s .

In'Cha p t e r 2-. the op t i mization principles h a ve bee n

,us e d t o c arry ' ou t ttle i nverse displa c elf\en t ana l ysis o f

t h e -p l an a r ,and sp atial closed l oo p me ch an isms ~t fi rs t , a~d , ; ,: ~

."
. problems . tor th~ op e n l oo p mech an h ms . At t e r this •. the .

a n9 u l a r veloci t. ies a nd a c celera tion o f t hs var~ou,s joi n t s

"J '.
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have been obtained for the sped Hed veloci ty and

acceleration of the end effector .

. The dyna~ic equations of motions' "a r e de8cri~ed in

Chapter 3 . The system stiffn'Bss and .d a llp i ng matrices are

.f ~nct ions of angular -velocities and an~~lar eecete eae tcne ,

.the force vececr d.e also a functionaf the angular velocit.ies

and ~ccelerations; ' ~.o carry out t};1e n.atur,!'l f~equency ,

·compu ~ a~ i on.B i the . fini.te el,ement ".~.na ~Y8 ~ 8 ' ~.a8 been ueed r to

. 8pe~:f:( theorientatio": of' .t he spati.al · l~Q)tB .•, several u.'et.hod~

of obtaining the ~atrix of direct,ion : cosines is discu8Be~.

Final~y, to reduce', the ' deg~ ee s of . fr~edom. two d~namic

ecedeneaeIcn schemes are" used .

}. .. .

- '

\

\
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CHA~TER 2

THE KINEMATIC ANALYSIS OF THE CLOSED AND OPEN LOOP MECHANISMS.
• INCLUDING ROBOTIC MANIPULATORS

2 .1 Introduction .

The l:fbot8 .a r e uaed- for weldihg. 'a s s e mb l y • .palnt~n9

j'~bB , "etc. in ~~e industrial 'e nv i r onme nt . WhUe perfo~ing a

job, the end effector is .moved along a epecd f Led trajectory

.....ith a 9~ven velocity and acceleration : Thi,s requires a

coordinated movement of the various arms of t]1e robot which

are drlven by independently operated motors or drives. Thus,

for e very location of the end ' effec~or. it is necessary to

, 'know .t h e ! • .! and ! wher~ ! . j.~ the ~ec.tor having as its

4 ' e~~ment8. all th~ ld~ematic degrees of freedom of , t~ system. I

The det.ermiri~t.iOn of these vector~ is carried out In. ''t.his .

chapt.er. ~ 'l'he inverse. d~sp.~acement! 'analysis is carried out'

f,1nt and ~s presented in the next section.

"2 .2 The Displacement Malysla of the Planar
and spatial Closed Loop Mecbaniamll

, ' J

... . W1;len the path ,o f the pointe on a link 1n a given

mechanism uti in a s'10g1e ~~ape or . in parallel planes, it 1s

called a pl'anar ~Behanism_. T\. vast majority of mechanisms ~n

uaB today belong to this category; , TO.analyze these,

.:11



mechanisms, there are many t echniques ~Ya ilab le in the

+,.;~atlH" e (2 -5). · Some of these importan~ t ech n iq ues are ;-V-- • ,
1. the graphica l method ,

2 . the complex algebra lIethod,

3 . t he \!8ctor algebra llIe t h od , and

4 . the Newton~Raphson method .

In the spatial cl~8ed loop mechanl~m8, . the motion

o f a ' g i ve n point. Illay describe a curve that does not li e in a

. pla~·e . Ev en thou'gh the..c~~v~·nti on,al !fIs t h o d o f ~n~ lYZ i ng •

planar ~~chllnlBm8' like ~ the .vector method can ' he ex 'tended f or

,t he spatial mechal}ism , the calc'ula tion becomes enormous, a nd

cUlllber.~.ome. and "in'vari ably' . i t. l ead.s t o th e use of the d i.9 ltal

COll\put~r8· . Hence , 't h e nUn:'er ical meth~ds are widely used . i n

t he k ine ma t i c a na l ysi s o f 8P~tlal mec~anL8m8 . In this

s e ction, eo ee of the lmportant nume r l ca l methods are

d iscussed with 8ult~.ble , exa':tples. Beforl!r the numeri cal

methods a r e ·i3.1s cu s a ed, a brlef' ilit r odu ctlon r e ga r d i ng the

notatlons used In. setting up the spat1al-IlIBchanfim

displacement-equations ls d~slrable 'and 1& dlBcuS8~d next Of

.;.,
2 .2 .1 • The Hartenberq-Oenavlt~

Let us cC?nslder the two "eoordlnate' syste lll!\.shown ,in

Fig. 2.1 whiclt.d:escrt~e the relative posl.tion and orLentation

of the u-n th an':' it:h links i n a spatlal mech a n ism. 'The t;';o

coordinate systems are related by the four coordi nate

;.."
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where ~i' is 's . 4 x 1 COlumn ~·ec'tor and it. represents the

position of a point p with respebt to the origin of the ith

frame. Similarly, the pO,sition vector £1-1 defines a

poSition vececr frc:)lll the origin of the (~-l)th frame. The

relation betwe~n!i and !i-l can 'be"written &s

.t r a ns f o r ma t i on parameters 0i' IIi' Li and Hi (6) . The %.i axis '

I;'epresents· the rotational axi s for e a ch of the individual

eevcruee jOints of the."mechanism. The x i. axis 'lie s "

perJ:l~ndicular to the Z,i_1 and Z,1 axes and the perpendicular

1e~9t.h' b...etween these axes is represe':lted as Li. Hi is the

distanoe alongz,1from x i_ l to.xi • ., 91 is the relative

rotat:ion of th~ Xi " axis 'a bou t the %i-l ' a,xi s' a~;lIi is 'the

:.ela\i:V~' ,r~~at i o~ : .P f the, ~iand: .Zi ',a xe e abou; . the xJ ads .

For the 'links ecnneeeeacnry by reVolut~ jo~nt~, "91 is the

only ·t i me varying ·pa r a lll'et e r . Similarly, for a link ,with

prismatic slider joint , . H.i would be the onlY ' time varying

' pa r a met e r .

The position vector of any pod ne referenced to , the

ith link coordinate system can be described as

"' .[~r] " (i: ',)
" . : Yi .

, z,
r
J

(2.2)
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where [Ti _l] is a 4 x 4 l i nk transformat.ion mat r ix, and it i s

r: 0'1'- . Licos9 it

( TL I] · Li s i ri9i

. H,

.0 ·

sinai

"n.:o,n.,1
-cosOisincci (2.3)

caslIi

- - - -
The p08iti~ri ' ve ct or s in o ther cOordin'ate : systems

can be ~bt.a l ned bY mul tip l y i ng ~he approP,l"iate" l i nk

tran sformation mat r i ce s . If the .r e f e r ertc e or the i nertial

s ystem is' . XO-~O-Zo ' t'hen t he inertial pos ition ~~ctor can be

defined as

(2 ,4)

. 'Where

Before proceeding further, it i s e s s e n t i a l to note

8~me of ,~he"lmpor~~mt propB r tie'e of th i S: matrix . This ' .matrix

is' only a time "functio~ '~f 91 and ~,~~ since Li,and Cl 1 a r e

alw ay s fixed for a giVEln.gsometry.. If aspat.i al ~eCha~ism

con t alns ~nlY; ~evolute j o i nt s- the." Hi wU l also be'a

. ~..
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co nstant . and .... o t he transforlllatioi'18 matrix. i n this cas e ca n

be w.r1tten as ~T~ _ 1( 9i )) ' If t h h lIa t r l x. 18 written for 'a

I s~all increlle nt. . in 9 i t he n we get

" 4''''
" :' (

,

'I e....
[Tt_ l< .9i +d Bi )) • -

[

i COS( : i +6Bl )

L~ .In(' ,+",)

H,

o 0 ±-S1n(9f~6 ~ 1 ) cosa: 1 81 n ( 9 1+69 1 )ei~Cl l. .
CO,},,",, )CO:' , -co' (' ,+" , )",0;- --"

' s l nCl l COSCIl ~

(2.6)

[.,~.. 0 -
• o Jcos B

1
-s ln9 1c0811 1

dn9
1sinll l

.';
>0- •

L
1dn9 l

' aLn9
1

cOll9 1collal . - coll9 1s1nll
l

Hi sln 11 1 COII..1l1 '

f ·
' 0

]":
-L 1Sl.1;191

-81n91 •- ec e a 1COSCI 1 c os 91d nll l

L
1
cos9

1 co s.9 i
. - si rie l cOSCI 1 s l n e l slnCl l "

. O . 0
\. -

.,~ 00

( 2 .' 1 )

~;1ll, .'

. ..... .. ..
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Th e Uut o f t t:e_ tw o ."Dat r ices i n the Eqn. (2 .7) c a n be

illllle.d! a t erY iden~ if1ed as t he origi nal tranaf orlD.~t i on matr ix.

ev a luat ed ·.a t 9 1 and the second mat ri x ca n be Jlee n to be the

-C int partia l de rivative o f t h e tran. fo~lIa tion matr ix ", i th"

. r"e llpe c t to 9 1• . There t ore •• Eqn. (2 .7) ca," be r ewritten a 8
. .

( 2 .8)

,
/

I
! The :s e co nd mattrix ,:9

1
[ TL l] can be ob t.ai ne d u~'in9 the

f~OWl~9 simpl e matrix mult i~J i'ca.t i o.n.

(2. 9a )

wher~ .

[ Q8 l •

o.

.'
12 . 9b)

If the till. vary ing parameter waa Hi i nat e ad o f '~ then we '

would have

where,
(

(2 .10a)

,,



.,

'I.'hese properties '.of the 4 x 4 transformation matrix

ars.-very u.eeful ~n reducing ~~e computations andean be very

ea"~~~,' implemente"d i.n the com~u~e'r programs us ed fol' th~

k i ne ma t i c analysis "of the planar and spatial mechanisms which

is ' explained next ,

2 .2 . 2 The Mathematical Formulation of the
Displacement E9uation

In carrying .out the d i s p l a c e ment analysis·, several '
. ( ¥ "

iterative techniques have ba,en.used [7, 30, 3lJ. In these

tech~iques either Newton-type[31J ~~ auasi-Newton-type [7J

approach .ha s be,:n .used. In the Newton type procedure an

initial estimate of the desired solf:tt1on vector'is lIa~e ,

then the Jacobian matrix. ,·is evaluated 'co r r e spond i ng to the

initial starting vector and the improved estimate vecece is

~a)cUlate~. If the improvsd estimate v~ctor ' meets the

converg~nce crtteria then the iteration ts.ttopped , othe'rwi~e

it is C?ntinued.. Unfortunately, the disadvantage of this \

method is that if the initial gueu of the starting vector is

~~t very C10S8 to Ute li~~iYector then the method ' fa ils to
. . - ~

"
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"
converge. On -the otlle r ha!1d . if one usee qu a s i-Ne wt on method

. f .
s uc h I1 S t he .Da v i do n - Fl e t c h e r - paw e l l method the solution or

t he mUltip le '::~olutlon. a r e a llllo st always found . However,

bot h t h e s e methode a re 9ra~Uent methods. ~here the g r a die n t s

~re evalua t ed · either numerica l ly or ana lytically_ The

grad'le nt. me"t hode do "" ~ lWaY8 -: r0'7eed e~othlY t~ the. /'

~Uma . ~08~ ' a de signe,r ,i nVQI Ved in the ~inelna~lc :'.:.9Y81s . .

o f , comple x mechanisms eh ouid also have acme a l t e r na te methods

f or ' t ne analY8ie.~ ' 9~e of. iJuch m~th~.8 would be ~8i~9!the . .

, dir"~~t search methode which if cOmbi ne d '~ith- the pendty.

. ,, ' func"ti~n~ can be ,8 very p~er£~ l t ool i n ,.na·lYZ i~n9' . n:echani,sm s .

wi t h nonline ar constrain t li ( 32) • . In t his . t h elli s " , t.he ~lana r

f o ur - bar mec hanism an~ t.wo · spa ce -m e c h a n i s n:'-8 a r e , solved u e i n9 '

one of eneee types of rne~hode .cal ~e~ t h e Hooke and aeevee

roet.hod [ 33] ' wh i l:h is II dire'~t sea r ch method. It: d~e, no t

i nvOlve th~ 'e va lua tion o f the 9rad.iente . """' i na i I Y, ' t.he dee19n

o f , II pla~a/ crank--rOCk~r t ype mech8nie~ is UlU8~rat~d wp i ch

, ' ~an be ueed f o r::•fl a me-cut ting of hole~. i n t h e plat es .

Using .' t ;"e tran8 for~-t.ion mat rix , when .-a p p lie"d t o a

'f o u r":.b a r c lo8ed- loop mec hanism o ne .c e n wr it.e

• (2 .11)
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whe re ' ( Il 18 t h e ,i de n t i t y mat "ri x . Another way o f expre8s1~9

th e equations fo r a n link c 16sed loop mech"anh"m is

()

r . ;, [~] r L n

". ."'
P, " Rn

'n on ], ", .. ...
" "2 ", " n

)I,
. H

2 Hi Hn

-~, r
<, ( 2 .12)

/

. where Ra nd P re present r e vol ute and p r iainatic joint s

respecti ve l y . When de al i ng wi t h space mecha ni sms, the

. cy lindrica l pairs are re p l a c.e d by re volut e a nd pr ismatic pa i r

combi nations . Tr ans po s ing ( I ) to the 1eOf t - ha nd side In Eqn .

(2 . 11 ). one ca,\ wri t e

( 2 . 13 )

whe~e ( T") is th e mat r ix p rod uc t o f &11 t he t rans fo rmation

mat~ice B . To obtain th e unk~own an g le s , one can de f~ne the

object ive f unc tion 8S the sum of t he sq ua re ,o f th e differ ence ­

o f each o f th e e lements o f the mat r i c e s CT ] a nd [I] , whIch

cen be mat hern:atical l y exp re s s e d as

- '.::
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(2 .14 )

~..

wh e r e -f ! ) " is the des19f1 vector having unknown pe r a e ee e ee 1111

1te ele me nts •

. I n t h e des ign o f t h e lIIe c ha n i s ms , if t h ere re k t'

cons t t .d o t e repre l!l~..!1ted a ~ '9k the n" t}te objec t 'iv e f unc tion

be llIOdif ied to include t he constraints . The modif ied . "'."

· ~j~ c t.i Ye f unction 'can b~ lI\a th~matically wrl1':.t ~n as ' ~,

wh ere H( 9 k ) is the Heavyside un it step function defi ned 80 ( ~

t h a t
!.-

If~r9k!.o

O fo~ 9k ( ~

"

I n Eqn. f2.. 1S) , Pk "are l arge pen alty . co ns l:.ant s

whi ch are positive because the present problem 1s a

mt.~ hlizat-tpn pr-Ob~elll . Next, one nee~ s ;~ .801v.e for t he

' t" Minimum o f U(!) using the Hook 'e and' Je:~_~8 method Whi ch 1s

:. /: .
' <
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