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ABSTRACT |
ABSTRACT

The research carried out in.this work invciveu the

kxnematic and dynamic anal.ysea of the tobotfE 1 manipplatcrs.

" The kinematic analysia includes the displacement anal.ysh of .

the planar and spatial mec‘huniema as’well as the velocity |

and accela:a:lon anulyeea. In the dynamic analyuiu, ‘the

variacion af tha‘ nabutal traquencies and the dynamic
condensation tachn.iques have been utudiad.

| The displacement analysis of the opan and closed-
loop systems have been curiad ‘out using the optimizauon

principles and the modified Newton-Raphson cecpntque. o
' - e

facity and acceleration analyses have been divided into two

categories:' in “the First ofie, "the number of unknowns are
aithet wrenter oF 1686 than' Eives afd'dn, iis sechnd one they -
are equal to three. The first type'is solved using the
modified Newton-Raphson technique-whereas the second type

solved by simultanéous solution of the equations.

To carry out the dynamic analysis, the eqﬁationn of

motion nave been obtained using ‘the finite ela\ent analysis.
-

The system matrlcan ‘for the. robotic manipulatou are also.
dapendent on tha angular velocitiea and angulu aeceleratton.

Several new me:hods of obtaining the matrix of diraccion B

‘cosines' needed’ to represent the oriéntation' of the local axes
3 - ; A A




w .
with respect to ‘the global axés, are discussed. The natural

frequencies as a result Sf the yariation of several design N
- paraméters have been obtained. Finally, a comparative study
. . . on/the two types of dynamic condensa‘f.ion schidmes haveé been ‘

carried out using a machine tooliepindle and a“robotic . -

>
. \ g lpgn_ipul.ator as examples. . 5
5 - . - .
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CHAPTER 1 §
/
~INTRODUCTTON-AND LITERAPURE SURVEY ;
s ™ \

. - 1.1 The Automation and Robotics

A revo].utionary change in factory producticn
techgiques is predicted by the end-of the twentieth century.

Every operation in ‘.’he fact_ory of the future,’ ‘from the

design to ring, assembly, and product "~ e
- inspection would be carried’ out ‘using the machine tools and
5obots aidetvls 13y computers. Thiu new development (the
n.;xtomatié controlled factory) is noth1n§ more than a new
phase ifi the industrial revolution that began in Europe two
A cgnéuries ago and progresseéd through the following stages:
1. The gonucrueticn of simple'; production machines and
mechanizations started in 1770.
© 2. Fixed automatic mechanisms And transfer lines for mass
production came along at the turn of this century. .
’ 3. . Machine tools with simple automatic ‘controls such as
plug-board controllers to perform fi)ged sequence of '
opexat’;cns. and copying machines in which a stylus moves
‘on a master copy . ’
= 4. The intx‘oduction of numerical control (NC) machine tools,

in 1952, opened a new \era in automation. T




. 5. Integration of a minicomputer to drive the machine tools
2 ) (cNe) in 1970.
6. The use of industrial robots for elenenta;y operations
L such as spot weldmg. and assembly in 1970. =
. i e new era oi"(autcmation, which started with the

introduction of NC machine tools, was_undoubtedly stimulated’

by the digital computer. The dig‘is\al technology “and

Som’puters enable the design of more flexible manufacturing A~
st:‘ems (FMS), namely systems which can be adopted by
‘fg'togr.amn;ing to produce or .ass'emble a new product in a short
time. Actu;ily,rflexibility is the key word which '
o characterizes the new era in industrial automation. 'Robot}

and "manuiac.:ti::in'g systems are beco;uing more .and more flexible

, .. with progress in computer technology and programming , - .
techniques. ’
The use of the tcbol:s has led to ‘increased
produccivity and better ae we!.l as consistent quauty in :he
manufacturing environment.‘ The robots are also being uaed in -
the hazardous anvironmer;e; such as nucl.e.a.x reactors’ or )
R under-sea npetaticm; where théy are controlled 'temotavly.. 4 \
P Another example of their usage is in the spray-painting jobs
where they replace human Peing who breath ‘toxic air

presently: ‘In amﬁnu:y, the advantages of using robots can be

stated as follows: ! 5 5




1. Flexibility
2. Higher prot’iuctivit:y
3. Better gquality of products

4. Improved quality of human life by performing

- unf!ellxab].e and haza_zd:;ul jobs.

‘A T3R3 model of a rébot manufactured by the
cinncinati Muacrcn company 15 shown in the Figs. 1. la and
1.1b raupectively. This zobot: can be-used by varying three

l
degrees of freedom which are Ql, 92 and 93 where 91 ia‘ the

rotation about the .baac, whereas 6, and 63 are the rotational -

angles o€ the .u.p‘psrann and forearm zeapactively. 'nm;e

angles atu used to po-ition the gripper or the end effen:tor
at a location in the three dinenuianal space. Once the end
effector is positioned ‘at the point, the nrhntat:ion of the
gripper is controlled by three independent angles which are

shown as pitch, roll and yaw in Fig. l.la.

~ S In the inva:n kinematic ana’lys{.-, the location or

“ the trajectory of tha end effectod is lpeciﬂed and the
p:obl.an is to find the angl.es sl, Py and 93 corresponding to,
" each location of the and effector. Similarly, in the
vcloc%_t.y, Qr the’ acceleration analysis, the velocity or the
nccaiarué'@on of the end effector is specified in the
'cutauianﬂeaco and one has to obtain the respective

qunntitiau in the 0 space. In r.ha dynamic analysis of these

- structures, one has to avaluate_tht‘ system matrices
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corresponding to each location of the end effectar because of
the nonlinear-variatigg. of these matrices as a function of
the location of the ¢jd-effector. Moreovbr, it is well ‘known

[1] that all these matrices are also a function of joint

_ velocities and joint accelerations. Thus, the“.‘aynumic

analysis of- these structures, w‘hi&\ are much more flexible
than the conventional machine tools, is fairly involved.
B . - -

1.2 The Literature survey = - ‘
1.2,1 The-Kinematic Analysis

The displacement, .velocity andlacceleration

—
analyses of planar closed loop mechanisms using several
techniques such as the graphical method, the cdﬁlex algebra
method etc., are discussed in [2-4]. some simp\le spatial
closed loop ‘medhanisma are also solved in these references.
In reference [5],r an iterative techﬁique known as “
'Newton-Raphsor.n technique was uged to solve the planar
-problems. A new technique ca‘!:ed the 4 x 4 matrix technique
was introduced by Uicker et al [6] to solvé: spatial ‘Nosed
luoiw n}echanisms. The main'adva’ntage of this technique lies
in the easier implementation in the r:on:pute‘t progran. Hall -
et al [7) solved spatial closed xooé mechariisns by using
gridlehé optimization technique. For solving the planar and
s;atial open-loop meghgnianu Turic [8] used the 4 x 4 matri‘x

notation and solv%d the inverse kinematics problem using
S

. =
; , ‘ :

k]




A[m\/ ' &

: annlyéh of the links in arm~type ‘devices, was reported in

the modified Newton-Raphson technique where the number of > \

unknowns were more than, the number of equations. Paul [9]

and Ctlaiq' C1i0] der%ed thé equations for'the inverse

\
dlsplacement analysis of some commonly available robotic

manipulations. Some other important research work in this

P
a.raa can be seen in [11-151.; - &
1.2.2 The Dynamic Analysis ¥ 7

> Significant progress has t;‘een made on the dynamic
modeling of rigid fpatial mechanisms and manipulators in
[iﬁ-la]- These investigations include such met‘:hods‘ as screw
cul;:uluu [16], Qual vectors [17] and 4 x 4 matrices [18].

The dynamics of the flexible spatial systems was studied in -

Finite eleflent methods were first applied to
gpatial linkages l;ay Winfrey fzo]. He investigated the
pnqaibla a;lvqntages_ of using the Guyan's red‘uction‘technlque ‘-'
to reduce the size’ of the dynamic system matrices [2‘1]-
Another important - reduction techniq;ie known as Component Mode
Synthes‘h was ysed in [‘22. 23] vhere the dynamics of linkages

was studied. THe fFlexibility and control, in the dynamic

[24]. .Béok and Whitney [25-26] carried out research on the \
linearly distributed dynamics of planar arms via transfer

matrices. Several other researchers hnve’ addressed the
3 G .




£Texible-manipulator dynamics problen by analyzing the(
flexible mechanisms [1, 27-29].: Dubowsky and Gardner [27]
have provided bibliographiesion this type of work. Sunada
’Tl] developed modelling techniques appucabxe to.both, spnul
© . closed loop- mechanisms and manipu].ator arms. Such a
technique assumes a known nominal motion over time about
which the flexible-arm equation are linearized. This
- Vtechnique i oriented towards finite-element ann’lysis to
obtain modal characteristics of the link, which are then
coitbined using a time-varying compatibility matrix. It uses.
the 4 x 4 nmatrices to represent the nominal kinsmgt'ic .
equations and also in the derivation ?E the comp‘atibillty
matri’x. The same technique 1; also used in the Jpresent
investig‘ation. . & % « w ’
Re antly, the nonlinear modal analysis techntg’e
was used by fok [28] to develo&the equations of motion for
" flexible manipulator arms consisting of rotary joints that *
. connect pairs of flexible unks.. Currently, work is being
carried to annlyze ﬁlexible manipulators contalning pnsm/atlc
, and rotary joints using the finite elements by NAganatW{n and

soni [29].

’

1.3 The Objectives of “this’ lnvescigation

‘"since the rohor. nantpulators are mving space

structures whose system matrices are functions of kinematic

-




T . ' 3
. e
' S . 9
. R - -
'plrameterl. tho present work has been divided into two parts;
the first patt is the kinematic analyﬂ.a of theue spuce
! mechanisms, and the second part is “the dynamic analysis. ‘The
; specific objectives ip‘the kinematic and dynamic analyses
% | are: 5 - % g S8
1. . The displacement amplysis of the planar and spatial .
:6 , - closed loap mechanisms using the optimlzution :
principlel. :
".. ‘,‘ # o 2i The dis]ilaee;nent analysis of the p].anar and spatial open .
: i’ "loop mechanisns using the optimization principles.
; 3. The velocity ma’lyaiu of the open loo'p méchanigms.
- . 4. The acceleration _unaly's{s of mé open loop mchanism;.
- . 5. "The deteminntian of the matrix oOf direction cosines. of
. i the spatial Mnkn. '
’ 6. The varigtion of the natural frequenciel of the zobétic
. manipulator as .a tuncuon of ae-an parameters, and
/ * 7..-The comparative study of the dynamic condensation o

technidhes applied to the machine tools and robotic

.mnipul.ators .

In Chlptar 2, the optimlzation principles 'have baen £ ?

used to carry: out the inverse displacement analysis of

the" plannr and spatial closed loop mechanisms at first, und i

o 3 . .
2 s than these techniques have been used to solve the inverse ."’_ 3

problems for the open loop mechln!.sm-. After this, the '

* angular velocities and acceleration of the vnr}nuu joints
B i y N




have been obtained for the specified velocity and
acceleration of the end effector.
The dynamic equations of motions are described in

.
Chapter 3. The system stiffness and .damping matrices are

[functions of angular-velocities and angular accelerations,

the force vector is also a function of the angular velocities

and accelerations.’ To carry out the natural frequency ’

Eompug_.a}.ions,‘ the finite element fpalysis has been used; to

' specify the orientation of the spatial-links, several méthods

of obtaining the matrix ©f direction’cosines is discussed.
Finally, to reduce-the degrees of. frgédom, two dynamic
condensation schemes are used.




CHAPTER 2

THE KINEMATIC AN}\LYSIS OF THE CLOSED AND OPEN LODP MECHAN!SMS

INCLUDING ROBOTIC MANIPULATORS

2.1 Incroﬂuction - P ! .

The x{:botq .are used for weldihg, assembly, painting

Jobaugbter ih the 1 ial énvir While p ing a
job, the end effector is .moved along a 3pecifi:ed trajectory
with a given velocity and acceleration. This reqﬁitea a
con:d;nated movement of the various arms of f.'he.rohot which
are ariven by independently operated motors or drives. Thus,

for every 1ocation of t‘ne end effector. it is necessary to

knw the 8, B and 9 where 9 is the vector having as its
elements, all the kinematic degrees of freedom of t:he_s_ys(:em.l
The determln‘ahtim;. of these vectors is carried out in_‘ﬁhis .
chapter. y The inverse di.spgacement' ‘analysis is carried out '

first and is presented in the next section.

2.2 The Dis lacément Analysis of the Pl}na;

. and sEtIaI Closed Loop MecEanIsma
. - When the path of the points on a link in a given
mechanism lie in a uingla Pkapa or in parallel planes, it is
called n’pl‘annr n}echnnhm,, A vast ma‘jetity of mechanisms in

use today belong to this cntegoty.“ To analyze these
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mechanisms, there are many techniques available in the
tvf;acu:e [2-5].- some of these important techniques are:

1. the graphical method, d

2. the complex algebra method,

© . 3. the .»:gc.:tm: aigebra method, and

» " 4. the Ne‘wtcn-kaphsnn method. -

In the epatial: ciosed 1oop.mechanlgms, the motion
of a given poir:t. may‘ des}:tibe’ a curve that does .ot lie in‘a

! .plane. Even though the convéntional method of enalyzing

.\\ . planar mechnnisms like :the vector method can be extended for

the spatial mechanism, the calculation becomes enormous and
cumbergome, and 'idvariably_ig léada to the use of the digital .
compur.t;.rsv. Hence, ‘the numerical methc;ds are widely used.in

the kinematic analysis of bpgc;ial mech'an:lsms' In this -

.saction, some of the important numerical methods are

discussed with sulcéble exal?nples. Before the numerical

5 : methods a’xe"diﬁcussed, a brief introduction regarding the

a: ' notations used in setting up the spatiai-mnchuniim'

N displacement-equations is desirable and is discussed next.,

2,2.1 + The Hurtenberg-Danavit Nocaticn

Let us conuider the two cooxdinata systens, shown _in

e Fig. 2.1 which_describe the relative position and orientation
of the (i-1)th and ith links in a spatial mechanism. The two

coordinate systems are related by the four coordinate




G=1) th Connection

(i-1) th Link

i th Connection

Fig. 2.1: Hartenberg-Denavit Notation




B

(po's{tion vector from the origin of the (i-1)th frame. The 2

~ o = 14

transformation parameters 0., a;, L; and H; (6]. The z, axis’
represents the rotational axis for each of the individual
Tevolute 'jcinr.a of the mechanism. The x{ axis ‘lies’
perggndicular to the z;_l and z; axes and the perpendicular
1e‘ng’thv between these axes is :ep:esenced'aa L. Hi is the
distance along ziixom xX 1 to. x5 Bi is the :elative
rotation of the x; “axis about the ‘i 1 axia and ay is the

relat ve rotation of the yiand z1 axes about the "4 axis.

Fux the links connected only by revolute joints, 0y is the
only time varying parameter. Similarly, Eo: a link with

prismaéic :sudex joint; H-i would be the only time varying

. 'parameter.

The position vector of any point referenced to the

ith link coordinate system can be described as

- . (F1)

“

where Eg is'a 4 x 1 column w;ector and it represents the

)
position of a point P with respect to the origin of the ith

frame. Similarly, the position vector £ , defines a B

relation bewaen r‘ and £, , can'be “written as ¥

~
~

£io = (1) ’s : (2.2




where [Tt_ll is a 4 x 4 link transformation matrix, and it is

given as
‘ ! 0 .0 - 0 .

Ljcosf, . ‘?m:ex -sin® cosa; sinb;sing,

{1} 1 = |Leine, einé,  cos6icosx, -cose,sina| (2.3) .’

Hy . o sina; cosay

The positibn'vectors in other coordinate’ systems
can be o‘btained by multiplying the appwpriat.e link N e iy o
transformation matrices. If the refererice or the inertial

system is' X ~Y;-Z,, then the inertial posxtion véctor can be

defined as . : 5

© = rwtaer, 200m,%0 el py = rnptd g (2.4)

‘where

. & 2 i
[ry71= [T, ]‘I:’l‘1 10,7 el LTy 1 1(Q05)
Before proceeding further, it is essential to note
some of g.ho'import_’ant properties of this matrix. 'rhis._matrix

is only a time function of 6; and H,,

since L, and a; are i )
always fixed for a giyen_geometry. If a spaéial mechanism v

contains only revolute joints then Hy will also bea . W
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constant, and,so the transformations matrix in this case can

be written as [Ti_l(ei)]. If this matrix is written for a

, small increment. in 8; then we get i 2

.7\

L(o5+a8 )] = ~

L 4

i
[y

1

B

-Lisi‘l‘lei
Ljcosd,

o

o

Ly 505(01+691) cnu(si;ﬂl)

0 0"

-ai‘n(e*fbsi)c.ou‘ sin(e;+60;)sina

- . (2.6)

0o~ 0

-8in6 cosa sine sina,
5 i i - i i

cos86 cosay -cosf l"'"'i
sin a; cos ay
‘0 o
"=-cos@ jcosay couslllna‘ -
3 i

My o Gl . .
-8in0 cosa; . 8in6sina;

] ~0




The first of the two.matrices in the Eqn. (2.7) can be
inmediately !:donglﬂed as the original trans(orl?tioﬁ matrix
evaluated-at 8, and the second matrix can be seen to be the
-first partial derivative of the transformation matrix with

xhnpact to e‘.. Therefore, Eqn. (2.7) can be rewritten as
N L .

i 5 _
[Ty ,(0,+d0,)] = "1 (8 )] + [1-1 pJae,” (2.8)
” 2
’/, The second matrix “ [’l‘i 1] can be obtained using the -~ 4
/ . EKll/ouing simple matrix multip,li‘cltion. % <
= ' B _eek il
o] [ry_,3 = [Q°IlTy_,1 . (2.9a)
-
where, . N .
: o 0. 0 o
. *
= |° i o (2.9b)
o 1 o o
¥ - 0 o o LN
e i
If the time varying parameter was Hy instead of 4, then we
would have 5 ' &
A L I S [ (2.10a)
s . i .
where, 2
. /
; - ~
- ¥
v
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. 1] 0 0 o
R 0 o 0 0
[Xepp] (2.10p)
I o 0 0 0 E
i W -5
1 0 o o

N t
These properties of the 4 x 4 transformation matrix

are very useful in reducing the computations and can be very

easil.y impl d in the : t programs used for the
kinematic analysis’of the planar and spatial mechanisms which

is explained next.

2.2.2 The Mathematical Formulation of the 7 .
Displacement Equation ) %

. In carrying.qut the displacement analysis, several’
iterative techniques have basn.used [7, 30, 31]. ' In these
techniques either Newton-type [31] o Quasi-Newton-type [7]
approach has bea_n,used. In the Newto;'l type procedure an
initial estimate of the desired solbtion vector’is made,
then the Jacobian matrix.is evaluated corresponding to the
initial starting vector and the improved estimate vector is ’
'ca\'culate(;. 1f the improved estimate ve.ctur'm_aets the

convergence ciiteria then the iteration isgtopped, otherwise

" it is continued. Unfor ly, the disad of this \
" method is that if the initial guess of the starting vector s '

nut very close to the tinal \Iectcr then the method fails to
L )¢




direct search methods which if combined with'the penalty.
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converge. On the other hand, if one uses qu‘gui—Newton method
such as the Davidon-Fletcher-Powell method the solution or 7

the multiple-solutions are almost always found. However,

both these are e » where the gradients .
are evaluated-either numetically or unulyf_ically. The
qx'adiem: methods do not always procead smuothly to the
optima. Thus, a denigner involved in the klnematic ana}:ys/la

of complex mechunisms uhould also have some altern o methods :

for the analysis. Ona of, such methods would be usi g/f.he

functions can be a very powerful tool in gnalyzing. mechanisms

with nonlinear constraints [32].. In this. thesis, the planar

four-b 6m and two space isms are. solved using

one of these types of methods called the Hooke and Jeéves

method [33] which is a direct search method. It does not

invblve the evalpation of the gradienf,s. ’Pinauy, the design

of a planar type ism is illustrated which

‘can be used for flan\c-cutting of holes in the plates.

Uung r.he transformation matrix, when appuerl to a

four-bar closed-loop machanism one .can write

R IE RS TR (< A RN S5 . (2.11)
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. where [1] is the identity matrix. Another way of expressing

the equations for a n link clésed loop mechanism is

O
o
Ly By Ly Ln
- L3 @ a . a .o =
R % R, 2|, guees B ) (PO " o=t1)
e 2 e e L
1 i 2 % i n
351 Ha it o g
3 el = fzam)
-

‘where R and P represent revolute and prismatic joints
respectively. When dealing with space mechanisms, the

cylindrical pairs are replaced by revolute and prismatic pair

combinations. Transposing [I] to the left-hand side in Eqn.

(2.11), one can write

<z
q ¥
*
Ir)-[1] =f0] - (2.13)
., whete [T"] is the matrix Y. of all the \tion
matrices. To obtain the unknown angles, one can define the .

objective Eunct!.on'u thé sum of the square of the difference
cl each of the elements of the matrices t'r ] and [x], which

can be mathamacically expressed n
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n n
try; - 1?

i3 (2.14)

F(x) = £ I
- . i=1 3=1

where [x} is The desigp vector having unknown parameters as

oy . its elements. - -

.
- In the design of the mechanisms, if thereyre k

constraints represented as 'qk then’ the objective function\can

jective function ‘can be mathematically written as
\

) m e
_ Ul =R+ T v,g2 H(g,) (2.15)

where H(gk) is the Heavyside unit step function defined so

: " that
D ’ X

H(g, ) { lfgrgklo : z%)
2 g.) = 1
- ————%.— ogorg <4 S

) '

In Eqn. (2.15), Py “are large penalty constants

which are positive because the present problem is a

= minimization problem. Next, one needs to solve for the

b s minimum of U(x) using the Hooke and’ ;7;:,{);- method which {s

be modified to include the constraints. The modifikd \ &

»*
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