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ABSTRACT
The Formulation and Numerical Solution of the

Coupler Curve Equations for a Multi-Link Planar Mechanism
With Mul}jp1e Design Parameters

Stephen Mah
, ’ . *

\ | . (

The objective of this thesis is to develop the coupler 60{ve
equation of an eight-bar mechanism consisting of bin{ry 'and' terna}y
1inks with two fixed pivots. The coupler curve equations consist of
three formulated parametric equat1on§, e&ch of which relates the (x,y)
coordinates of the coupler point wfth the 3nput crank angle, putput

¢ A m
rocker angle and a total of eighteen constant design parameters which

fdentify the mechanism. ,

By means of a digital computer, these simultaneous equations are

numerically solved by the implementation of Newton's {iterative technique

~whereby the coupler point and output rocker angle are determined for the

-

complete cycle of the fnput crank. Subsequent computation of all cor-

~ responding linkage orientations are then solved. A number of tesg\cases

are selected to sétisﬁy the mobility criteria where their one-degree of

freedom motion corresponds to that of a crank-rocker mechanism.

An experimental model is built and tested to simulate the eight-
bar mechanism. Its experimental coupler curve solution is compared with
that obtained from the analytical model and the correlation between the

two s verified.
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With .the presented efght-bar mechanism, coupler curves of signifi-

’captly,larger varfations can be generated due to the availabflity of

more design parameters and the improvement of the coupler link's Afreedom
of motion. This makes "the mechanism more “flexible" and especially

attractive in the field of synthesis.
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CHAPTER 1 ¢

INTRODUCTION

The ans}y is of linkage mechanisms has often posed as an intriqu-
ing problem to the kinématicians. Their investigatiokn"s have included
mechanisms of all shapes and sizes, ranging from a simple four-bar plan-
ar mechanism to a.highly complex spatial multi-linkage system. But
regardless of its type,- the analysis generally follows a Sequential and
systematic order. The first stage in the kinematic study, and perhaps
the most difficult -part, generally begins with an analysis of the dis-
placement of the mechanism. An investigation on its corresponding vel-
ocity and acce1er§t1’on can then be deterl;ﬁned by straightforward and

successive differentiation.

The study of the displacement of 1linkage mechanisms genera'll'y
serves as afrucia] starting point to a complete kinematic analysis.
‘ This will involve, for examp]e: of . inducing a rotational motion to an
input crank and observing the outpﬁt motion of otﬁer links. This output
motion may be defined by the orientation or angular position of a link
) or a path followed by a point on a link and is usually depicted
graphically or by a governing mathematical equation. The graphical
interpretation of the linkage motion is- useful for complex mechanisms
where the analytical approach becomes/ff'lcul*t However, its impracti-

yd

cality becomes evident where a/rap1d solution 1s required.

In the analytical approach, formulating the displacement equations
can be of a difficult task depending on the complexity of the mechanism.
Here, mathe/maﬂca] expressions are developed to describe the motion

whereby ~analytic geometry such as vectors or complex variables fs
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applied to the mechanisms configuration.  When the equations derived

relate the output displacement of the mechanism to 1its corresponding
‘i’nput in an explicit form, a closed form solution is represented. These
equations are usually of high order and require extensive and elaborate

algebraic manipulations to formulate. ) ‘

Other methods include the iterative or numerical approach where,
for example, a set of mathematical constraints, depicting the mechanism,
are iteratively solved to determine the displacements. It is not uncom-
mon that the numerical manipulations are carried out by means of an ana-

log or a digital computer.

1.1 Survey of Previous Work

For over decades, the study of mechanisms have been pursued in all
directions. Whether it be of a kinematic or synthesis point of view,
mechanisms of all types, large or small, simple or complex, have been
analyzed. One of.the simplest and well known mechanism is the basic
four-bar linkage which, during the past years, has served as the subject
of many analytical investigations, focussing on the area of kinematics
and synthesis. Freudenstein, for example, stood in the forefront in
performing extensive research on the related topics of linkage mechan-
isms. Some of his earliest works [1,2,3]* include the design of
four-link mechanisms using an analytical approach or a proposed method

of approximation on its synthesis as a function generator.

Much of Freudenstein's work has encouraged widespread interests

and has spurred further studies on linkages particularly in the field

*Numbers in brackets [ ] designate references at end of text.

s
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of kinematic analysis. In the texts of Beyer -[4] and Hartenberg and
Denavit [5], for instance, :the coupler curve equation is explicitly i11-
ustrated for a four-bgr mechanism with six design parameters.  Such
works illustrate th; complexity in formulating the high order equation

for a simple mechanism.

With the limitation of the four-bar mechanism, kinematicians - have
turned towards higher- nymbered linkages. This, in effect, makes the
finding of the coupler clirve equations very difficult if not almost
impossible and the implementation of numerical techniques becomes a
necessity. With this in mind, Molian [6] published a paper illustrating
a technique of solving kinematic equations with Newton's method where
its application 1is oriented towards planar mechanisms. Examples ‘Of
'works using this approach include Chi-Yeh [7], Osman and Mansour [8] and
Murata and Harada [9] where planar as well as spatial mechanisms are

subjects of their investigations.

Belletrutti [10] and Jones and Rooney [11] described another
approach in kinematic analysis whereby an analog computer is used to
simulate the mechanism. Examp1e‘s used to illustrate this technique
" incTude the "simulation of a crank-rocker, a crank-slider and a two-pivot
Stephenson linkage. Townsend [12,13] and Smith [14], on the other hand,
demonstrated a non-iterative technique by which one can solve for the
coupler curve of all planar mechanisms. The scheme of their investiga-
tign involves ‘tr}e development of a closed-form solution. Their method-
ology includes the manipulation of algebraic equation\s or the implemen-
tation of the complex conjugate exponential method. Their work, though,

fs general and only provide the initial steps in formulating the loop




equations or constraints and do not explicitly illustrate the closed-

form solution in their example which would be highly extensive in its

derivation.

Funabaghi, Ogawa and Hara [15] proposed a relatively unique
approach “in solving for the displacements of planar niﬂti-an mechan-
i’sms. Here, transformation functions are used,(to define the rélative

displacements of '1inks in each basic open chain as well as its connect-

-ing conditions. These transformation functions are arranged in block

diagram form to simulate the overall mechanism. This method, hawever,
doe\,s; not provide the closed-form equation directly, but can solve for
the displacements numerically by the use of a computer programming that

manipulates the transformation functions.

A.H. Soni_ played a prominent role in the field of mechanisms
whereby he conducted numerous research in the areas of kinematics and
synthesis.  His text [16] provides a concise overview of all topizy
relating to mechanism synthesis and analysis. His s’tudies also included
notable works 0;1 multi-1inkage mechanisms where, for example, in his
two-part series paper [17,18] an eight-link mechanism is geometrically
analyzed with the establishment of its coupler cognates. In his later
works, Soni teamed with Hamid [19] to release a paper on the synthesis
of an eight-bar mechanism using the iterative matrix approach. The
mechanism presented has five links in each of 1its three loops with two

pivot points, and §s similar to the proposed mechanism of this present

work.

Other multi-1inkage mechanisms studied include that of nine-1ink-

L
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ages by Ramaiyan, Lakshminarayana and Narayanamurthi (20,21]. The
different types of nine-link planar mecha’nisms for two-variable function
generations are 1llustrated in part 1 with a proposed method to its

synthesis in-part II. S )

Past works not only delved in the kinematic ana1ys+§ but also on
the 1nvestigation:' of the coupler curve profile. For instance, Dijksman

[22] concentrated on the design criteria of the Watt-1 1¥nkage mechan-

isms which would - produce symmetrical coupler curves, whereas, Davies

[23] proposed his own finite 5-dimensional atlas of crank-rocker coupler
curves:; Here, he discusses a method of defining a circumscribed region
where all coupﬁer points shouid“be confined to avoid duplication and
omission. Wunderlich [24]), on the other hand, investigated on the
design requireménts of a planar four-bar linkage to generate coupler

curves possessing the peculiarity of self-osculation.

Researchers, though, did not restrict themselves to planar mechan-
isms orﬁy but had extended their analysis to spatial ones. To name a
few, Dukkipati [25] i1lustrated his proposed closed-form displacement
analysis of a five-link R-C-R-C-P spatial mechanism and teaming up with
Osman [26] and Bahgat [27], he developed a unique approach to kinematic-
aily analyze spatial mechanisms with the former  paper implementing
matrices with dual-number elements and the latter us%ng the train

component technique.

1.2  Purpose and Scope of Research Work

The generdtion of the coupler curve {is characteristic of its cor-

responding mechanism wherein the diversity of its profile depends very
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much on the number of design parameters available within the system.
The four-bar mechanism, for instance, has on an average of six or seven
design parameters. Though its analysis will be simpler, the variation .
in coupler curve profiles will be much more limited than that of a five
or six-bar mechanism with a greater number of design parameters. It fis,
thus, the author's intention to develop and ;na1yze a 11nkage mechanism
with sufficient number of design parameters that allow the user to have
the capabﬁ]ity of generating wider and more diverse varieties of coupler

curve shapes. .

It has been found that with much of the research work Hone in the
past only a few, if any, have. actually derived and explicity illustrated
the coupler curve equation of 1its corresponding linkage mechanism.
Méreover, many of these works dealt with simple mechanisms only, namely,
the four-bar 1linkage. Where mechanisms involved higher number of
links,  its authors resorted to purely iterative or numerical techniques
to. generate the coupler curve, otherwise they would simply describe the

method and assume the reader to perform the rest.

In this present Pesearch, the author proposes to develop the coup-
ler curve equations of an eight-linkage mechanism with eighteen design
parameters. These coupler curve equations consist of three formulated
parametric equations, each of which relates the (x,y) coordinates of the
_ coupler po%n} with the input crank angle, output rocker angle and a
total of eighteen constant design parameters which 1dent1fy the mechan-
ism. Furthermore, a numerical iterative technique is implemented for

the purpose of solving the three simu1taneou§ equations.

b e ———n
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The content of this thesis consists of a detaﬂed'descr'lption of

the efght-bar mechanism with an explanation on the.basis of its cdn-

o figuration in the second‘ chapter. In the third chapter, th: coupler
\ curve equations for the efght-1ink mechanism are formulated and presen-
ted Along with a study on its mobility criteria and in the fourth chap-
ter, a complete descriptfon-is given to i1lustrate the computational as

\ well as experimental procedure used to numerically evaluaté’ the coupler

A

\curve.
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CHAPTER 2
FORMULATION OF MECHANISM .

2.1 Description of Eight-Link Mechanism

Fiéure 2.1 iMlustrates the eight-1ink mechanism chosen to be the
subject of. this présent investigation. The mechanism consists of one
coupler.an, two binary links and four tergary links, held by revolute
Joints and stationed ‘;y two pivot points. 1Its configuration is arranged
so as to form three five-link Tloops with its mobility confined to a
one-degree of freedom planar motion. A total of eighteen parameters
define the mechanism with thirteen of them being'the linear dimension of
the linkages and five being the angular specifications. The definition

of the three loops along with the classification of the &ighteen design

parameters are depicted in Table 2.1.

In the notation of parameters rij and ay, subscript i represents
the 1ink number which the dimension corresponds to,‘ whereas J designates
a specific component of that\link. Thus, J will assume a sole value of
1 for binary 1inks and a value of 1,2, and 3 for ternary links. With

#gspect to the frame, r;; represents the linear distance between the two

fixed pivots and y is the angle with which the cartesian coordinate axes’

are rotated. In the parametric description of the ternary link, ay
represents the fixeq angle between links i1 and i+ Hence, with the
designation of Ty, "i,;i becomes redundant and is not included as one of
the design parameters. The éighteen parameters described are constant
during the motion of Itl:ne coupler point but can be changed to obtain a

different coupler curve test case.

s gy e

e 4



-9.

WSLURYI3 NULT-34bL3 Byl 40 weaberq drjewayds :i°z 61y

—Qh '

(8) MUy s19)dnod-

(2) Nuesd

&
N
r

(fK ' fx)
jujod i@idnod

.
o -
- -
>
- .
- .
B s T
H
N ¢
F I
> - »
. . 3
P N
. -
~
s i P
s ok
:
B
=
i
. - i
° 1
- °
N - s e <
<«
R B
> .
M
i
>
5
=



-10-

Table 2.1: Classification of Parameters, Variables and Independent
Loops of the Eight-Link Mechanism ¥

—
LINK NO| — PARAMETERS VARIABLES
. Linear Angular Linear Angular
\ ! 1 ¥ - -
r
21
2 i o5 - 82
22
r
3 31 3 _ 93
r
32
4 r41 - - 94
r
5 51 s _ 65
r
52 .
) 6 T61 - - %
r
7 7 an - 8,7
r
72 .
r
81
82
\ . “ Loop I: - 0 ADB00502
Loop II: 0,0 HGFEO,
Loop III: OZADJGFEO2

e
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Having described the parameters, it is only appropriate to define
the variables of ;he mechanism. Two variables define the position of
the coupler point j (Fig. 2.1)'w1th respect fo the cartesian frame and
are gesignated by their coordinates (xj, yj). A1l other yariab1es de-
scribe the angular orientation of eash 1ink and are denoted by 05 where
1 represents the link to which the angle corresponds to. 6, is the
angular position of the:crank (link 2) and represents the input of the

system. For the sake of completeness, the variables are included and

c1assifiqd in Table 2.1.

In this study,‘the eight-bar mechanism is selected to conform to
that,of a crank-rocker system where link 2 (c}ank) is capable of making
a full revolution and link 5 (rocker) moves with a back and forth rock-
ing motion. Link 8 represents the coupler link with the coupler point

4

located at j (Fig. 2.1).

2.2 Development of the Eight-Link Model

The proposed eight-link mechanism is.intricate in 9ts configura-
tion. Its development is not a broduct of random selection but through
a logical formulation. The basis of its configuration evolves from the
simple four-bar mechanism as illustrated in Fig. 2.2. This mechanism
consists of an input crank b, an output rocker d and a coup]er‘ﬁink
‘c-e-f where point ¢ is the coupler point that defines the coupler curve.

Assuming a fixed reference frame, this four-bar mechnaism has a total of

six design parameters, namely a,b,e,f,d and vy.

One of the disadvantages of the four-bar mechanism is that its’
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coupler curve sHape is very limited.- Two factors contribute to this
Timitation with the first being the limited number of design parameters
available. The mechanism depicted in Fig. 2.2 has only six design
parameters. Furthermore, the coupler 1link c-e-f is vrestricted in

mobility in that its two end points A and B are confined to circular

‘motions only. This, in effect, limits the motion of the coupler point

: e . 7y
C, and reduces the variation in coupler curve profiles.

"

With this in mir;d, the auth?r proposes to design a mechanism whose
coupler 1¥nk do not have t'heirb two end points restricted to circular
motions. Thus, it is suggésteé thu?f point ¢ of ther four-bar mechanism
(Fig. 2.2) be""integrated as the end point of a coupler link since its
mot{on s general and not restricted to a circle. This concept is shown
in Figza. 2.3 where links ABC *fnd EFG are analogous to the coupler link of
the four-bar mechanism. It can be said that this mech‘aniSr'n (Fig. 2.3)‘
is comprised of two four-bar m&hﬁnisms fixed opposite to .each other
with the added links of BD and FH to'provide additional design parame-
ters as well as a one-degree of freedom mobility. The anéﬂe between
11‘nks‘01A and 0)H is fixed to function as a single input craﬁk-and sim-

ilarly the angle between links 0,D and 0,E is fixed to function as a

single output rocker. Link CGJ is the new coupler link whose end points .

C and G are no longer.confined to a circular path but are capable of

N - ¢

movingJ along general plane curves.

As a final step in formulating the eight-1ink model, a simplifica-
tion is made whereby the angular description, a7, of the ternary link
EFG (Fig. 2.3), is permanently assigned a value of 180°. The grounds

for such a simplification is to greatly reduce the difficulty and

' o}

Y
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Fig. 2.3: Mid-Stage Development of fhe
Eight-Link Mechanism
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lengthiness in deriving the coupler curve equations particularly in the
application of Gaussian Elimination (Chapter 3). The inclusion of aj as
a design parameter can be suggested as a future éxpansion of this

research work.

With the mentioned simplification, the model depicted in Fig. 2.1

results.

2.3 Application of Grubler's Criterion .

The application of Grubler's criterion is an examination on the
degree of freedom of a planar linkage system. This investigation serves
the purpose of determining the number of inputs that must be given to

the linkage so that the linkage has a constrained nntiq&.

The determination of the number of degregs of freedom of a linkage

is accomplished by the use of a formula proposed by Grubler [16]:

. F = 3(N-1) - 2P - Py (2.1)
where |

F = degree of freedom of the linkage

N = total number of links

P; = total number of kinemati; pairs having one degree of freedom

P, = total number of kinematic pairs having two degrees of freedom

No%e: Grubler's mobility criterion is wvalid for linkages that move in

parallel planes.

Kineﬂgtic pairs having one degree of freedom include all revo]ufé
Joints whereas kinematic pairs having two degrees of freedom include,

for ekamp1e, cam followers or mating teeth of gears.

[
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- Applying Grubler's criterion to our eight-bar linkage, the follow-

1ng results:

N =8 links total
Py = 10 revolute -joints
Py=0
& F = 3(8-1)-2(10)-0 = 1 degree of freedom.;

Thus, the proposed eight -bar linkage has one degree of freedom

“

(one input motion is required to provide a constrained motion) and is

c1assif1ed as a "mechanism".
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CHAPTER 3
MATHEMATICAL MODELLING OF MECHANISM

Y

3.1 Review of the Four-Bar Mechanism's boup]er Curve Equation

s
Figure 2.2 illustrates a four-bar mechanism having six design
parameters, assuming a fixed coordinate frame. Formulating the coupler
curve equation of point C (Fig. 2.2) requires extensive and elaborate
| algebraic manipulations, with its resulting equation being of high
order. Very few yérks done in the past have actually formulated expli-
citly this coupler curve equation and, moreover, attempts of this nature
were berformed mainly on simple mechanisms such as this four-bar link-
age. ‘In the text of Beyer [4], an outlining procedure is presented in

#hg formulation and derivation of the coupler curve equation for the

four-bar mechanism depicted in Fig. 2.2. The final equation is:
2 2 2,2 2 2 2.2 2 2 '
fl(x-a)" +y ](x'#y +e"=b")" - 2ef[(x 4y -ax)cosy + ay siny]

(Cay're’ ) [(x-a)" +y 4 £ - d] (x4 y ) [(x-a) ¢

2 2 2.2 2 2.2 2 2
y +f -d] -4fe[(x +y - ax)siny ~ ay cosy] =0 (3.1)

...whose variables and parameters correspond to the notation of that

figure.

The above equation s of a general and indistinct form in that it
represents the solution of two coupler curves simultaneously. This
;oncept is 1llustrated in Fig. 3.1 where for identical 1ink dimensions
and input crank angle, two possible configurations exist with each pro-

viding a different coupler curve profile. -No-distinction between the
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Fig. 3.1: Double Configuration
Mechanism
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two is made with the said coupler curve equation. Also, the equation
provides no iﬁ?ormaton whatsoever on the relation of the coupler point
coordinate (x,y) or output rocker angle with its corresponding input
.crank angle, which can be useful. In order to explicitly solve for the
coupler curve coordinate (x,y), a second equation of similar nature is

required. 7

With the above equation being of sixth order, an insight is given
to the reader on the complexity of the coupler curve equations for an
eight-1ink mechanism. These equations are illustrated in the next

section.

3.2  The Coupler Curve Equations for an Eight-Link Mechanism

'The coupler curve equations formulated in this thesis are based on
thé notation defined in fig.z.l. These equations relate the (x,y) co-
ordinate of the coupler point with the 18 constant design parameters and
the input crank and output rocker angles. Similar to the four-bar mech-
anism, the eight-link mechanism has two possible configurations for a
single input crank angle, with each configuqftion corresponding to its
own unique output rocker angle. Thus, with the existence of the output(
rocker angle in the coupler curve egquation, a unique configuration can
:be pinpointed whereby in ‘ihe numerical stage an initial approximate
' output angle corresponding to this configuration is assigned. This

technique pinpoints and converges the solution to the desired configura-

tion.

2

In general, the parametric coupler curve equations for the eight-

1ink mechanism depicted in Fig. 2.1 is described as:"




e
-3

and * rii(i = 1,2,...8), riz(i = 2,3,5,7,8), aili ='2,3,5, 8)

: ’ 2 - K ”
. S1n93 = ~680/2) + (80/4/) - Ao

, )
© i
-20- . o
i
. ;
L
A

U

Fu(XgsY 38208507410 yp02g37) = O on=1,2,3 - (3.2)

4o

With the unknown variables of xj,yj and 65, three s1mu1taneous equations 4;;

fl, f,, f3 are needed for the solution. < y ‘L

0

Explicitly, the coupler curve equapfons at coup1erfpoiht J afe:w

3. ‘ oo o
= n ’ p.'l = = ' ¢ ) .i
f ) a (p-1) ™ o n=123 g ~(3'22 )
p=1 '
wheré: m = tan(65/2) : ’ ’
’ 38 = Siﬂe3 (Gln + G3n) - (Lln + L'“‘3n) . B o ' , Leoa u
: N oap . ‘ - - Al
81 - erZn S1ﬂ93 - LG) . u\L . <
n ) v ' . N s | ,b i . ¢ _U
az = singy(Gy, - Gyp) - (Lyy - Lyp) - .

2 2 2 2 2.+ % 2.2, 2 2
Ao = xol{(xp + yo + d3 - dg)/2xg)" - ds)/[d3(xq + ¥o)]

2 2 2 .2 2 2
Bo = -yo(xo + yo + d3 - dg)/[d3(xg + ¥o)]
) 2 2 2 2 2 2
Ly = 1+d2+d3-d“+d5h - 2djcos04 ~ 2dyf3c0sa3 + d3f3

-1 2 2 2 2 ' ’
-Xg (Xo+_¥o+d3-de)(l+d2£3COS(Gz-ag) - dyc0s8; - 13€08a3)
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ee2, 272 2.2 2 2.2° 22 222
= 27 {1-27dg+asds+g(R741) d3 + (27+1) da*a,27d;

o 22 ‘ ' '
‘21217(27*1) d,cosa, - 2(27+1)d2C0$92 + 21217d2COS(92+02)

- 2, 2 2. 2
C+(8941) (Xono)(la - 28gcosagtl)

)

.; ' -1,2 2 2 2
+ " =2g{89*1 )Xo (xptyg+ds-dg)[cosag ~ (27+1)dycos (0;-a5)

Loy

+2227d €08 (82*+az-ag) + (£7+1)(RgXo-xoc0sag-yosinag))

. ' oo-1
+28g(27+1 ) xpc0sag - yosinag - 23 xg

-1
+2g (27+19d(xgc0s0+ygsing;)

»
-(£7+1)d2(xoc0s{62-ag) + yosin(62-ag))

-1 v
+2227%8 d2(x0c0s (82+a2) + yosin(82+az)) '

+1227d2(xocos(92+az—ae) + yosin(0ztaz-ag)) ]}

-2 2 2 2.2 2 2 .
. L1z = &7 {1-l7d7 + fs5ds + fgd3 + dyp - 2d,c0s8;

2 2 2
+(X0f¥o)(28-218c05a8+1)

-1, 2 2 2 2

+2gXg (Xofy0+d3-d8)[d2COS(92-a3) - COSag-2gXg

+Xxgc0sag + yosinag] - 2[2gdoxocos(08o-ag) + Lgdayesin(B2-ag)
L

-ngoCQSGz - doygsingy - fgxgco0sag + fLgygSinag + Xo]}

-1, 2

2 2 2
= dg[xy (xg + yo + d3 - dg)23sinaz - 2d,sine,]

24
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-2 -1, 2 2 2 2., .
= 285127 ds[% xq (xq + yo + d3 - dg)(27+1 )gsin(as-ag)

-d2(17+1)51n(92-a5) + d2121751n(92+a2-a5)

~(27+1 )2g(x0sin(as-ag) - yocos(as-aq))

+(27+41 )(xosinas - yocosas) - sinas]

-2 -1 2 2 2 7 2
22547 ds[;i Xg (’XO +yg + dy - dg)lgSi‘n(as-ag)
-dzsin(ez-as) - 13X0$1n(a5-a3) + layQCOS(ag-ad)

+xgsinas - yocosas - Sinag]

-1 2 2 2 2
ds[xo (xo+yo+d3-dg }(23c05a3-1) - 2d,cos6, + %]

. =2 -1, 2 2 2 2 ‘
~285%7 dsfg Xo (Xo+¥0*d3-d8](27+1)13C05(G5-a8)

+d2(27+1)COS(92-a5) - d21217COS(92+a2-a5)

“-(17+1)13(X0005(a5-ag] + yO51n(a5—a3))

#(27+1 )(xgcosas + yosinas) - cosas)

Lyz =

Cl2 1,2 2 2 2
22527 ds[-% xq (Xg*yo+d3-dg)egcos(as-ag)

-dzCOS(ez-as) + XonCOS[as-ag) + thQSiﬂ(ds-ag) “

-XpC0sas5 - yosSinas + cosas’]
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622

G32

G3j3
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R

-1 ' . ’
2d3{yoxo [-1 + f3cosa3 + d2cos62 - dz283co$(82-a3)]

-d223sin(02+a3) + 23sinas + d2sinez} .

-2 e :
227 (2741 )2gd3{ (2741 )d5[yoxo cos(0;-ag) - sin(8y-ag)]

-1
-d21217[y°X0 COS(92+a2-a3) - Sin(92+a2—ag)]
-1
+[xg(27+1)-1](yoxo tosag + sinag)

. ’ -1
+y0(2741)(yoxo .sinag - cosag)

-1 ‘-1 ‘
227 lada[y0XQ dzCOSLez-ag] - szin(ez-ag)

-1 2vel .
-yoXo cosag + (YoXo + Xp-1)sinag]

-1 2 2 2 2 ‘
d5[23X0L(Xo+¥0+d3-de)51na3 - 2d25in92]

‘ -1 -1
2d3ds2s2g27 (27+1)[yoxo sinlas-ag) + cos(as-ag)

-1 -1
2d3dsi52g2y [yoxo S1n(a5-ag) + COS(ab-ag)]u

-1 L
2d3d5[y0X0 (13C05a3-1] + lgs1na3]

-1

-2 ’
-2d3dsis2g®7 (27+1)[yoXo cos(as-ag) - sin(as-ag)]

-2 -1
-2d3dsis2gly [yoXo cos(as-ag) - sin(ag-ag)]

(X3/r11) - dacoses - ' .
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Yg = (Yj/rll) - dysine,
Xj = xjcosv - yjs1nf
i
Yj = yjc05y + xjsiny
L = (”12/”i1) i=2,3,5,7,8
d; = (ril/rll) i=2,3,4,5,6,7,8

. s
ﬁut
3.3 Formulation of the Eight-Link Mechanism's Coupler Curve Equations

The application of vector analysis to the mechanism's configura-

. -tion serves as the foundation for the derivation. This involves the
determination of all independent link loops within the’mechanism and to
describe each by a vector equation. In the eight-link mechanism, three
independent link 1loops exist each of which is shown in Figs. 3.2, 3.3

and 3.4. Consider Loop I (Fig. 3.2), whose vector equation is described

as follows:

> > > > > > '

R;l +' R3) + R3z + Ry - Rsy = Ry) (3.3)
Similarly, the vector equation of Loop II (Fig. 3.3) is:

> > > > > -+

R22 + Rg1 + Ry1 + Ry2 - Rs2 = Ry (3.4)

To fully characterize the nechaniﬁm, a third loop (Loop III) (Fig. 3.4)
is needed. By defining the\position coordinate of the coupler point

(3), two more vector equations are obtained by using two paths, namely:

-+ > > e
Rj = R21 + R31 + Rg1 (3.5)
e + -+ > >

[+ 1]
=3
o
=)
1}

j Ryz + Re1 + R71 + Ra2 ° (3.6)
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t

The above four vector equations completely define the eight-link mechan-

ism with which the displacement equations can be derived.

>

In equations (3.5) and (3.6), Rj represents the coupler point
. coordinate (XJ.,Yj). Expressing this in terms of the coordinate (xj,yj)
with reference to the rotated frame, the following coordinate transfor- ,

mation is implemented:

>
"

xjcosy - yysiny |
(3-’7)

-
n

. + vy,
5 st*lny chos-f

where y is the angle between the fixed and rotated frames of reference.

-

Rewriting each of the, vector equations into scalar form, the

following results:

rp1€c0s6y + r3)co0sf3 - Y‘32C05(93+d3)

+ ry1€0S6y - T'51C0S85 = ri) + {3.8)
\ ’
¢
ro1sin; + r3 sineésy - rizsin(63+as)
~
+ ry18in0y - rsysines = 0 (3.9)
ryacos{@,+az) + rgicoség + ry)cosé; *
-ry2c08(87+ay) - rsocos(6stas) = ry) (3.10)
rzzsin(92+a2) + rgi1singg + rysiney '
-ry2sin(@7+ay) - rsasin{6stas) = 0 (3.11)
Xjcosy - yjsiny = r,C0s8; + r3;C0s6;3 + rg;cosdg . - (3.12)

\
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xjsiny + yjc05y'= r21sinB2 + r3jsinéz + rgysinég

3 o .

- x;cosy - y;siny raacos(8o+ay) + rejcosts

e s + r71€0s67 + rgocos(6gtag )

N
[

x:siny + yjeosy = razsin(@xtay) + reysineg

J o [
N .

+ ry15in@; + rgzsin(6g*ag)

© h S
. . 6

« .

v
o
3

a

<

“ e

(3.13)

(3.14) “

- (3.15)

¢

‘ | = . ‘ S N U C
where for each vector equation, two scalar equations -expressing the x
PI ¢ 0 B

o

and y compbnents are obtained.

&

Expressing the linear design parameters in non-dimensional form,

the following are defined: - | A
‘ ) ' . l
l.i "*rfz/ril ? i - 2,3,5,7,8
di = Y‘il/rll ’ i = 2,3,4,...8

~

with the foT]owin§ non-dimensional coordinate (xg,yo) as:

X0 [(xiébsv - yjsiny)/rll] - dac0s6

yo = [(xjsiny* yjcosy)/ry)] - dosine;

J

\

o

o

With the rearrangement and substitution of the non-dimensional

parameters and coordinate into the scalar equations, the following are

obtained: \ .
-d,cos6, + dscosBs- d3(1-R3c05a3)cos03

-d3(23sina3)sin@3 = -1 + dycos8;

-d,sin6, + dssinds - d3(f3sinas)coss;

-d3(1-23c0sa3)sind3 = dysind;

(3.16)
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-d5(L5C05as)cos 85 + ds(i55Tnas)singg .
+d7(1-27c0sa7)cos87 + d7(&7sinay)sin6; + dgcosog .

= 1-dp{22c0say)cos0; + d2(1531na2)51n92 . (3.18)

-ds(25Sinag)cos8s - ds(25c0sag)sinds -
-d7(27sinay)cos87 + dy(1-27c0sa7)sin6; + dgsindg

= -d;(eysinaz)cos8y - dp(fpc0say)sing, (3.19)

-d;cos84 - dg(lgC()Sag)COSGE + dg(lgSinag)Sineg

-dgcosBg + xg = -do(1-2,C05a;)c0s8;

-dy(2,sina;)sin8, (3.20)

© -d7sin8y - dg(RgSinaglcoshg - dglfgcosag)sineg

-dgsineg + yo = da(22sinay)cose;

-dy{1-25c0say)sing, ) (3.21)
 =dgcos@g - dscosey + xg = 0 (3.22)
-dgsin6g - dysines + yg = 0 (3.23)

’Aﬁother useful equation to obtain is by the.squaring and adding of
the two scalar equations (3.22) and (3.23). Performing this gives the

following equation:

d3(cos o3 ‘ spsine3) = zg (3.24)

yhere
So = Yo/Xo .

-and  zg=[{xg + sgyg)/2] + [(d§ - d:)/zxo]

S .



|

) -31- .

Thus, with eight independent non-dimensional equatfbns (egs.
(3.16) to (3.23)), it ds possible to solve for the trigonometric func-
tions cos0; and sinei for i = 4,6,7 and 8. The redundamt equation
(3.24) serves the purpose of eliminating the cos6; term from all other
equations. A1l these are accomplished by the implementation of Gaussian
elimination whereby equations (3.16) to (3.24) are put into matrix form
as an initial step. ‘ This matrix is illustrated in Fig. 3.5, whose first
colamn indicates the coefficient of the 'd,cos6,' term, etcetera, and
whose last column represents the remaining terms placed on the other
side of the equality sion. The following figure after, Fig. 3.6, i1lus-
trates the final matrix obtained after performing Gaussian elimination.

Here, a7 was assigned a value of 180° before hand to greatly ease the

" algebraic manipulations involved in the Gaussian process.

Execution of the Gaussian elimination results in the following

solution for the trigonometric terms:

‘€056 = (-U1d3s1'n93 + d5c0505 + Q) )/dy

(3.25)
singy, = (-V1d3sin63 + dssinds + Q2)/dy
cosbg = (-U2d3sin93 - C5d5C0§95 + Sgdgsingg + Q3)/d5

(3.26)
singg = (-V2d3sin63 - Sgd5cos0g - Cgdgsings + Q,)/dg
coséy = (U3d351'n63 + C5d5c0s0g5 - Sgdysingg + Qs)/d’]

(3.27)
singy = (V3d351'n63 + Sgdocosfg + Cgdgsinbg + QG)/d’]
coség = (Sod3,Sin93 + 07)/da “*

“ (3.28)

sinég = (-d3sine3 + Qg)/dg
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C0§93 ; (-Sod351n93 + 20)/d3

where:

o

0
Q2
Q3
Qy

Qs

Qs ‘

Q7

Qg

=:S320
[

= Cg29

= SgZo

Cizp

~

Q1‘

g2

q3 + h)

qy *+ hy

(]

-CeZzp - g5 + hj
-Sgzp - qg *+ hy
20 + xg

Yo

-a Xg + Sayo
-Sgxo - ayo

bxy - Se¥o

Sgxg + byg

Cs - (17 + 1)/1y-

Ce - 1/44
(C3So + S3)

(S3S¢ - C3)




q

q2

q3,

qy’

as

13
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(CiSo ¢ SB) :
N P
(S&So - C) (/™
}><:;7 \
N B ’
Ua/(27 + 1) | i
7
Va/(27 + 1)
dycos65" ~ 1
d,sin6,

-1 C -1
27 - (&7%1)87 dcos6, + d2£2C05(92+a2)

»

-(17+1)1;1dgsin92 +'dafasinl6ytas)
q1/%7

q2/47

23cosaz - 1 _ .o
23sinas : y

15€0Sag/ Ly

15Sinasg/ Ly
Lgcosag/ Ly /

L1gsinag/%7 T

TS

e et om
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Cg = Cg{a7 + 1)

Sg = Sg(27 + 1)
...with all other parameters and variables being as defined earlier.

The next procedure in our formulation is to eliminate the angles
8y, 0¢, 67 and 6g. This is accomplished by squaring and adding the set
of equations (3.25), (3.26), (3.27) and (3.28) respectively, giving the

following: l ]
2 2 2 2 2 2 2 . / )
dy, ~dg - Q) - Qp = (U1+V1)d351n263,— 2U,d3dgsinB3c058¢
-2V1d3dssing3sings - 2d3(U;Q1+V1Q2)sine3

+2d5Q1cos6s + 2ds5Q25inds (3.30)

a5 - (C2452)ds < Q3 - Q4 = (Ug#V3)dasin2e;
f2(U2C5+V255)d3d5sine3coses
+2(V,C5-U,S5 )d3dssind3singg
'2(U203+Vzdu3d351"93 - 2(C5Q3+550Q, )dscos 85

-Z(Csou-5503)d5$ines (3.31)

2 2 2 2 2 0 2 2 2,2,
d7 - (C5+55)ds =~ Qs - Qg = (U3*V3)d3sin?ey
+2(U3C5+V3S5)d3d5$1ﬂ93€0$95
+2(V3C5-U355)d3d5$1ﬂ93$1n95

+2(U305+V3Q6 )d35in63 + 2(C5Q5+SsQe)dscoses

+2(C5Q6- SsQs)dssine: (3.32)




- 2 .2 2 ' |
-] = (So"‘l )d3sin By + 2d3QDS'in93 (3.33)
where: - Qo= (S6Q7 - Qs)
o 2, 2 2
L 0 = (07 + Qg - ds) : .

Implementing equation (3.33) in conjunction with equations (3.30),
(3.31) and (3.32) to eliminate the 'sin2e3' terms leads to our three

coupler curve equations:

R 2 2 2 2
310 + (dg-ds-Ql-OZ) = -2U1d3d551n91C0995
-2V, d3dssin0;sinds
-2d3(U;Q,+V1Q2%a) Q) siné;3

+2ds0)cos8s + 2dsNosings - (3.34) °

2 @ 2.2 2 2 .
a0 + [dg-(Cs5+S5)ds-Q3-04]) = 2d3ds(U;Cs+V;Ss)sine3c0s65
) +2d3d5(V2C5-U255)sine3sin95
22d3(U503+V2Qu+a20Qg ) s1n83

-2d5(C5Q3+SsQy)cos8s - 2d5(C5Q4-5S5Q3)sinés (3.35)
2 2 2 2 2 2
a30 + [dy-(Cs#S5)ds - 05 - Q] = 2d3ds5(U3Cs+V3S5)sine3coses
+2d3d5(V‘3C5-UaSs)S‘inegs‘lnes

+2d3(U3Q5+V3Q6-a3Q0 )s1n63

+2ds5(CsQ5+S5Q6 )coOS B + 2d5(C506-5505)sin95 L (3.36)

e g e pen e e e e s
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2 2
where: a; =" (C3 +.S3)
2 2
“a; = (Cg + S§ ) !
2
az = ay/(a7 + 1)

n

Rearranging, the above three coupler curve equations can be re-

written in tensor notation:

(L, + L, sin6. + L, cosé;) "
singy =10 2n 5 3n 75 n=1;2,3 (3,37)

3

. . > s’ (Gln + Ganines + G3nC0595) ‘ )
T i where: _ L -

s

' 2 2 2 2 o
Lip = ds + Qp + Qz -dy - 2,0

2 2.2 2 2 2
Li2 = (Cs + Sg)ds + Q3 + Qy - dg -~ a0 .

2 2.2 2 2 2
Ly3~= (Cs + Sg)ds + Q5 + Qg - d7 - a3l .
. . a
' v L21 = 2dsQ2
L22 = 2ds5(SsQ3 - CsQy) L ~ .

L2z = 2d5(C5Q¢ - Ss0s)

CL31 = 2dsQ; - k
. N , . l. ‘ .
c L3z = -2d5(CsQ3 + SsQy) \
L33 = 2d5(CsQs + S5Q6)
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Gyy = 2d3(UyQ; + V,0Q2 f'a100)

B

G2 = 2d3(UzQ3 + VoQu + aqu]

Gy3 = 2d3(a3Qo - U3Qs - V3Q6)

621 = 2d3dsVy
G22 = 2d3d5(“2§5 - V2C5)

Go3 = 2d3ds(V3Ss - V3Cs)
N .

"*G3) = 2d3dsU;

then,

and

o

G32 = -2d3ds(UsCs + VaS5) X
G33 = -2d3ds(U3Cs + V3Ss)

’

By defin1n§:

tan(6s/2) = m

it follows that: .
sinds = 2m/Q}+m2)
c0s8g = (l-mz]/(1+m2)

>

Substituting the above identities into equation (3.37) and rearranging,

the final coupler curve equations ‘are obtained:

4

Y

y-%

e e ot g e 4

;‘i@w“:‘f .
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- for a particular config

_40--

p-1 . (3.38)

1
o

3

1

—
o
w

. 3
e n
f-= )' Ap-1) M

p=l

a? = sindg(Gy ¥ G3)) - (Ly, + Lgp)

. al ="2(G, sind; - L, )
N s
az = s1n63(€51n - G3n) B (Lln - L3,)

The value for 'sing3' is obtained directly by solving equation (3.33).
Applying the quadratic formula, the following resu]ts:i

sfn% l= —(80/2) irV(B(z)/4)-Ag i . ' (3.39)

“

where: -’ : ) ] !
I v
Ay = Q/[d3(Se + 1)] L ‘ (
» 2 .
By = 20¢/[d3(Sp +1)]
<.

According-to equation (3.39), two‘pés};},ib'le solutions exist depending on

' the nature of its sign, * or - ; that is, for a given set of linkage
-

dimensions and ‘input crank” angle, twb possible angles ‘exist for 63.

 This cor}*esponds to the two possible confighrati'b'ns‘ which the mechanism

~may have as %wntionéQ;rHer. " Another impobtant factor to note is that

ration, the sign of equation (3.39) may change

_ during the course of its motion. As an example, a given -mechanism with

a specific configuration may exhibit a + -s‘,ign in equation (3.39) for the

range of 0 < 6, ¢« 180° and a - sign for 180 < 85 < 360°. With the

[ 4 ‘
configuration of its counterpart, a - sign will govern in the range of 0

< 8, < 180° and a + sign for 180° < 8, < 360°. The exact prediction
‘. ' . »

'
¢
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of when to use a + or - sign, however, is not known, but in this, present
application, its determination is accurately found by a 'trial and
error' procedure which will be illustrated in the numerical solution

\
section.

.
3.4 Investigation on 'the Mobility Criteria

With reference to the mobility analysis for nonjamming, many past
studies have dealt with only four-bar mechanisms. With mechanisms of
higher linkage numbers, the analysis of mobility becomes very difficult

depending on its configuration. ’ ///

In this section, an attempt is made to define a sét of eriteria
for which the eiﬁht-]ink mechanism should satisfy in order to have a
crank-rocker motion with no interference or jamming. Unlike that done
for th; four-1ink mechanism, though, the mobility criterié will not be
of a definite form but will serve as a starting point in determining the

requirements of the link 1lengths, even though leeways maf exist which

still satisfy the complete motion. The finding of the mobility criteria

“in a definite‘form for the eight-1ink mechanism is very difficult and is

recommended as a separate topic for investigation.

/

To begin, recall the mobility criteria for the four-bar mechanism
based on Grashof's condition. Grashof states that for the condition of

norijamming for a four-bar crank-rocker mechanism [16]:

1. The shortest link is the input link.

2. The sum of the lengths of its shortest and longest links is

\

links.

less than or equal to the sum of the length of its other tug,qa=¥‘="”’—"’
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In a more explicit form, Wilson et al. describe the criteria for the

four-bar crank-rocker mechanism (Fig. 2.2) as [28]:

b<a

b<c o .
b<d

ath < c+d

b+c -~ a+d
N L]

| To obtain the mobility equations for the eight-1ink crank-rocker
mechanism, a similar procedure is applied. Consider Figs. 3.2, 3.3 and
3.4, whose ‘three independent loops, Loop I, Loop Il and Loop III are
defined. h;e can simulate each of these loops as a four-bar mechanism
with a coupler lwink whose length varies with the input crank angle.
A'_nalagous‘ to the four-bar linkage, if we take the first loop, for ex-
ample, ry; represents the input crank, r33 and ry) combined is the coup-
ler link, and rg; is the output rocker. Hence, length 'c' of the four-

bar linkage is equivalent to:

)

.

c -+ |§r3'3l+ o1l where -1<.§,<1
' and similarly for Loop II and III:
co IU73 + "61,
c. » |ery ¢ "aa'

...since the angle between links r3; and r,;, for example, is not con-
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stant but changes during the course of motion. £ is, thus, a function
of the'input crank angle. The given range of E, though, is of an ex-

treme case whereas in actual application, £ may be of a very small range

depending on the choice of parameters.

Thus, the application of Grashof's. condition to the eight-link

mechanism results in the following mobility criteria:

N

ray < rli
ra22 <:r11
ra23 < rej
rap < r&raa + rhll

r22‘< |£"73“+ r6l|‘
ra2s < l&rgfl+ real
', r21 < rs) ‘
raz <rs;
ra23 <ry
P11+ raii< |Erag + rygf ¢ Pé} ' .
rip o+ orag < |Eryat rgl] +rs2 | :
re1 + ra "{5”31 + rasl try g
r2; + |-5r35 “."141|$< ry t rs)
' ra2 + |-€rza + rei] < ri+ rsz

ra3 + |-Er31 + ras| < rey + ry)

where: -1 <¢Eg <1
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Satisfaction of'these mobility criteria, however, will not provide a
definite nonjamming situation, but will give a foundation and starting
point in the selection of the link lengths. In actual fact, more leeway
may. be given to the selection of the an. lengths since during the
course of the entire motion of the input crank, E may not necessarily
cover fhe entire range of -1 to +1, but only a portion. On the other
’hanq, further constraints may< be required due to the restrictions of

an angles a2, a3, as gnd az.

In the present application, approximate\ linkage dimensions are
selected based an the use of the mentiponed mobility criteria. If, how-
ever, these values do not fully satisfy the condi_tion of a crank-rocker
mechanism, then ﬁ’na] adjustments are made by a method of 'friﬂ and
error' with the experimental model orA by the condition of convergence in

the numerical formulation. "
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CHAPTER 4

NUMERICAL SOLUTION OF THE MECHANISM'S MOTION

4,1 Computational Procedure /

With the formulation of the coupler curve equations/accomplished,
the next procedure is its application and verjfication. Solving for the
coupler curve eéquations requires extensive calculations and, thus, a
digital computer is implemented. “ The final foup1er cyrve equations
consist of three nonlinear equations with three unknowns being xj, yj
and m. The key tool used to solve these equations is the application of

Néwton's method for a system of nonlinear equations [6,29,30]. Given a

u set of three coupler cyrve equations of the form:

fl(xj’ YJI m) =0
. fZ(XJ" }‘J. m) =0

f3(xjs y‘j’ m) =0

’

...then each of these equations can be expanded in Taylor's series form

—

as: '
' af af af
fi(xj+6x.,y.+6yj.m+6m) = f{(xj,yj,m) + 15x. + iéyi + 15m -
{ J axj J ayj am
i=1,2,3 (4.1)

where, at a solution,

fi(x:j+6x‘j, yj+6yj’ Mém) +0

Arranging equations (4.1) into matrix form:
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r— —
af1 af1 af1 ~
6Xj -fl

aXJ 6)’j om

af2 of of

= 6_2 3_2 6)'j = -f2 (4.2)

] Y3 : A
of f af

LA I s _—
_QXJ' 5_YJ‘, am_ .

...the correction vector & can be solved to obtain the next approxima—'

tion to the unknown vector; that is:

.
[xj, Yis m]k+1 = [xj, Yy m]k + [6xj, 6yj, 6m]k (4.3)

where its correct solution is obtained when convergence is reached (5+0)

[29].

The said iterative technique is utilized to solve equations (3.2)

for the coupler point coordinate (x; ) and the output rocker angle s

it Y;
v (via'm'), whereby the solution obtained at step number 'k' 1is considered

as an initial approximate solution at the next step number 'k+1'. A

good approximation on the initial point can be achieved by drawing and

of equation \5'2)' The following is a list of the derivatives where

subscripts 7& y and m indicate what variable the function is partially
N CEI

diffeﬁentiatéﬁ with respect to: |

[

¢
i
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n 2
g ta m+am )

,
ap +a] m+ay m?)

sing, (G1n + 63, ) + sing,(6

, I

sindy (Gy, + Gy, ).+ sind,(G,

n=12,3

+ Gy V- (L, +Ly )
x 3nx 1nx 3nx

y y y y y

X X

[

! 2 .
2 s1n93 GZn + s1ne362n - L2n

)

y y y

sine3x(61n-63n1 + sin63(61nx-

’

sine3y(G1n-G3n) + sine3(Glny-

= q, /d3(s;+1)] - [00/d3(53
X

2 2
- [ooy/d3(so+1)] - [Qp/d4(S,

20+ A0 - 20

20,0,, + 20,0, - 2,0
1 ly ‘602 Zy 17y

20303 * 2040 - 20

Gy ) - Ly =L, )
3nx lnx 3nx

+1)7]25.8
0%,

+1)7]25, |
0%,
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20303y + 20404y - 8,0,
20505 * 2060 - 230
2505 + gl - a3k
2d50,,
250,
2d5(S503 - Csla, )
2d5(Sg03 - CgQy )

y

st(csqsx - 55°5x)

2d:(CcQp - SgQz )
5126%, " 5 5y

2d..0
51,

y

-2d.(C.Q, + ScQ, )
51593 ¥ o5l

-2d:(Cc0y + ScQq ) °
5573 * S5l

2d_(Cc0c + S:0x )
5\5% * 5% J

# e ——————— s

e s

IR
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L =
33y.

¢

G
11x

[
n

= 2d,(U, Q
3
2d3(Yy 0

='2d51U; Qg
SEx

2d.d. U, -
35 1x

-

2d5(C505
. y

L

+.

y

o

-+

2d3(V, 0y
y

t

2d,(2,0p.
3\°3 0x
2d,(a:Q, -
3173 Oy
2d.d.V
375 1x
2d d;V
375 1y
2d;dg (U, Sg
X

2d3d5(U3x55

5

2d.dcU
375 ly

-49.°
SeQe )
5 6y
u,Q, + Vv, 0Q, + Vv,Q, +
1 lx 1x 2 1 Zx

u

+

Q; +V; 0, +V,0Q
1 1y ly 2 1 2y

U203 + V2 04 + V204 +
X X X

+

U053 + V5 Qp + Vo0
2 3y ey 4 2 4y

Uy Qe = UQp - Vo O -
3y 5 3 Sy 3y 6

Ua Qr - Uq Qe = Vo Qe - Va0, )
3,67 73,75 7 '3 Y6 T '3

3200 )

X
a,Qn )
2 Oy

X

V306 )
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PSS VS e

Gy, = -2d,d (U, C. + V, S,.) (
32, 3%\2 5 7 T2 %5
6qy = -2dqdg(U, Cp + V, Sg)
12, 3%z 5 " T2 05
Grn = =2dad. (U, C +V, S ) e
33, 3%173,75 7 13,75 ; :
Gaq = +2d.dc(Uy Co + V5 S;)
33, 7 "B%a s T T3 %8
2
- . ) X X
2L
(43505 - ZoZp )
L ; 5
.°oy Soyzo * S'ozoy ¥ e .,
T N4 (501) - %
0, = 20,0, + 20q0, . |
X 77, 8%, .

Q, = 20,0, + 2040
7‘7y 38_y

y
Q0 ‘= C.Z
1, = Galo i
0, = CyZ
| 1, Glo,
0, = S.Z
2, = S3fo_
. .
. Q= S37 |
2 Y
0, = CoZ, +h
3, " Gt M



]

8ho, * "1
Sz;zo; * h2x
séz?¥ + hzy
Tty + 1y
'Cszoy *-h3y
Sl _* g
-Sézoy + hy
-Zox ! XDx
-Zoy ' xoy
Yo,

&oy.

CySq,
c3soy
s3sox
5350.‘
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The complete numerical calculation of, the coupler' point coordinate

3

and angular pbsition of each link 1is performed b} a computer program

called "LINKAGE". The complete listing of this program package is given

ir;\thg_ Appendix at- the end of this thesis. ATl that is needed to do is
L 2 . ' .

"to' input the link dimensions and an approximate initial value for thé

[ I

~ coupler point coordinate (x-,yj) and output rocker, angle 65 correspond-

J
ing to zero crank angle. The rest is done by the computer whereby the
Y .

coupler point coordinate and angular orientation of each link is com-
- o

puted' for the entire cycle of the input crank. The angular orientation

of Tlinks 3,4,6,7,8 .are computed by. the use of equations .(;\3.25-) to -

i - (N2
(3.29). Other useful information is 4;'ovided such as the number of

iterations (IC) taken for convergence, the residual error (ERROR) re-

maining when convergence is attained. Moreover, the prdgram {s '!nco'r-

v

porated with the capability of sensing any Jamming situation, where,

when the number of iterqtions exceed the 1imit, then the solution does

not converge due to an improner selection of the linkage dimensions,

-

resulting in a locking condition.

¢

o

In the compufer program, .a major problem was encountered which led

to the addition of anfa1ternat1’ve coupler curve equation. "This involves |

-equatioﬁu(3.39), particularly with the term’under. the square root: »

-’

7.
st

N 2
. sines*= -(Bp/2) +'Y (Bo/4) - Ag,  w

/
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This term can never have a negative value for a correct value of xj, y\j

and m. However, it is possible that before convergence to a correct
\

solution is reached, the term under the square root may temporarily

‘ attain a negtive value during one of the iteration cycles. The instant

. that this term reaches negative, a complete stoppage of the computer

execufion occurs due to a default by an arithmetic indefinite. Thus, an
alternate means is ;gquired when encountering this situation. This. is-
achieved by rearranging the coupler curve equgtiqns, whereby equatién
(3.37) js directly substituted into equati)on (3.@3;. Upon rearranging,

a higher order coupler curve equation is attained of following form:

L}
>

: ‘ ' oo .
- F N 2(p-1) _ - : 4
fn._ z aZ(p:l).m =0 . ’ n=1,2,3 oo . (4.4)
4 el :
where:
m o= taﬁ(es/Z) " oo . N
3 . ’ 7 ¢
ag = (Ef) + 2€03 + E5y) \ o °
» * ‘. e'\
23 = (el 4 EDs) o - '
a.’,‘ 34@?1 + 25’2‘2 - Er3‘3} ‘ ) Gf' .. ’
b ' ° ] .0 ‘ kd
. » -
af = 4(E]; - E23) o S T

n n .
ag = (E]) - 2€05 + E33) R
. . . L) :

. U L . ‘
s ' :
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n .
Est B 2Lsnl'tn * B°(Lsnth * l'tnGsn) * 2A"Gsnth
s =1,2,3 ; t=1,2,3
with its correslpgnding first derivatives ‘being: 8
8 6 y © 2
f:=agm +a2m +_a2m +agm +a8 n=12,3
X - - X X X X .
8 6 4 2
,f;=ag'm +a2m +a2m +a;m +a8
y y y y y
Con _ gn? n> n 3 n
fm" 8a8m + 6a6m + 4a4m .+ 2a2m
N _ 0 4 aeN n o
a, = E} + 2t + E
Ox 1-1x 13x 33x
n n n n
an =E + 2 + E
0‘y lly 13y 33.y
n n
al =4(ef, +E).")
Zx ‘ 12x 23x 4
n rch n
a, =4(E;, +E,, )
5T,
n n n n
a, =2(Ey, +2E - E37 )
LI VOt - S <
n on n n
4y 11)‘ 2 y y
»,
n n n
a = 4(E -E ) .
n «ch n .
a, = 4(E -Ehy )
12 23 % -
6 y y ’
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Qrl ( n n

a = (E 2E + E )

8x llx 13 33x

n n n

a, = (E - 2% + Eoa ) -

8y 11y 13y 33

0 =, L, o+, o Lsnb )
jkx n, kn Jn knx x kn kn in.

+ 2A0 GJnGkn + BO“‘jnkan M LjnGknx(f”[knijn

14

+ 2Ao(Gjnkan,+ GjnGknx)

2LL+2LL +8

kn Jjn kn (LinBkn * L

gjk Jn7kn

in, 0 knSin

y

* 2"‘OyGJnGkn + BO(I'Jn Gkn + LJnGkny + |'kr\ Gjn

* 2AO(G:)nkan + GjnG.kn )

%

£
o
)

=550, +S507 - 0Q ,
x 0x7 07x 8x

Sy 05 + S50+ - Q
0y7 07y 8y

. , 2
o =T /disg + 1)) - [2dsgs /dylsg # 1)°]
. x x

Ry = [0,/83(5 4 11] = (2058, e HORRIN)

-

=
H

(=~
1

2, 2 2 2
0 - [.zqox/d3(s0 +1)] - [45050x°o/daﬁso + 1)

[
[e =)
i

8 , 2,2 2. 2 2
oy, = [ZOOy/d3(SO + 1)] = [4soson0/d3(So + 1) ]

»

* Lkn

)

G, ).
Jn,

L, Gy )
-k
n“jn,
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Equation (4.4) is identical to equation (3.38) m't;h the only dif-
ference being its arrangement. Both will give the same solution. Al-
though, the modified equation eliminates any problem encc)mntered with
the square root of a negative number, its implementation requires con-
siderably much more computer time and is thus used only when eguation

(3.39) fails.

P .
The accurate prediction of whether equation (3.39) attains a + or

- sign is also considered within the program. Its correspondence to the

right configdration is based on the good approximate selection of the

initial values (6s, x; and yj) which match with this particular config-

J
uratiofﬁ.d If the wrong sign is assigned’, convergence will not occur and
once the set sublimit of number of iterations is reached, the sign is
changed to the correct one. Also, in the case where the sign changes
during the course of motion, this is taken care of.by monitoring its
assemblage error.(ERl). To explain this, suppose the sign is not
changed where it is supposeci to. Then thé computatjon may converge but
to an incorrect solution. This results in a solution where the linkage
mechanism wﬂ] not assemble. Hence, a change in sign is triggered when
this 1is sensed. This assemblage err'"or is tested by cé]cu]a;ing the
lindar distance between points D and G (Fig. 2.1) based on the computer
results and comparing it with the true value of rgj.

A . generalized flowchart depicting the. computer program is
illustrated in Fig. 4.1 with t':he folloiwng notations defined as:

IC : number of iterations

SS : sign (+ or -) of equation (3.39)

AX1 : value of term under square root in equation (3.39)
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Computational Procedure
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~

e #esidua] error from Newton's method

EP1 : 4ssemblage error

f1 ci\oupler curve oequation (3.38) (Approach 1)

f, cbup'ler curve equation (4.4) (Approach' 2) 0
AP irfjdication of whethgr coupler curve equation (3‘.38) or

(4.4) was used (AP=1 or AP=2, respectively).

]

!
4.2 Experimental Procedur'es

Figure 4.2 1illustrates the experimental model constructed to
simulate the eight-link mechanism. Its feature consists of fully adjus-
table links whose lengths and angles can be varied ‘and fixed to the
:lser's taste by a simple turn of the screws. A total of eighteer; possi«
ble adjustments are available to simulate the design parameters. A

writing implement is.attached to the goupler link to scribe the coupler

curve,.

The entire model is constructed out (;f aluminum for its durability
and 11'§htwe1'ght whereas qH revolute joints are comprised of lubricated
brass journal bearings. Although, play and back1;sh may exist 1in ‘the
joints due to manufacturing errors, its résuIting deviation 1is very
small and neqligible. Moreover, with its motion still retaining a plan-
ar characteristic, the mechanismnis built in a nmti-]eve/Hed fashiof\

with extended ground supports so as to avoid any problems ‘of

interférence or interaction between the linkages.

<
The key purpose of this experimental model is to verify the coup-

ler curve equations where its resnlt seryes as the basis of comparison

with that obtained from the compu.er. The linkages, however, are not’



s




b

-62-

infinitely variable (though it is mathematically feasible) where their
lengths and angles can only be adjusted to within their physical capac-
ity. As a.consequence, the selection of- the sar;npl‘es cases must be made
with discretion and in keeping within the 1imits and bounds of the mech-

anism.

4.3 Results and Dicusssion

Figure 4.3 i}]ustrates a schematic of the sample mechanism selec-
ted as one of our test cases. Having inputed the necessary data needed
to describe the mechanism into the computer program, results indicate
that the input crank is qapab]e of making a full revolution without any
'lo‘cki'ng oq‘/Eamm‘ing occurring. These results are included with the com-
puter listing in the Appendix. This sample case is fgrther applied and
tested o’n the - experimental model. The coupler point coordinates
obtained from the, computer results are then plotted simultaneous‘w with
that obtained from the exp‘erimentﬂ model as shown in Fig. 4.4. An
important conclusion can be deduced from this graph and that is, the
coupler curve équations are indeed correct. Both, the theoretical and
experimental coupler curves show an exact match. Furthermore, the ex-
perimental model showed thét the angular position of each link as a

function of the input crank angle corresponded exactly as that indicated

by the computer results. -

To further confirm the coupler curve equations, more sample cases
were selected and tested.’ Figure 4.5 to Fig. 4.16 illustrate the re-
sulting coupler curves for each test case with the correspending linkage

«t

dimensions listed in Table 4.1. Each/case shows an exact match between
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AYvy : Lt ,

Crank angle 85 = 0

Y=0
Mechanism Dimensions
link no. (i) Fp (mm)| G, (mm)| fi3(mm)| &,
1 500 - - -
2 60 ¢ 60 60 o’
3 9 160 184 270°
7
4 0 - - -
LN .
5 18 200 269 270
6 420 - - -
L7 160 160 320 180"
8 260 260 450 120°

Fig. 4.3: IMustrated Sample Mechanism of Test Case (1)
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Fig. 4.13: Coupler Curve Resu]t‘,; Test Case (10)
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Fig. 4.16: Coupler Curve Result : Test Case (13)
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the theoretical and experimental results. ‘Note that the selection of

the sample céses were bounded by the 11mitatiohs of the experimental
model. The selection of these numerous, cases further i11ustrate‘tﬁe
wide varfations of coupler curve profiles capable of being produced by -
the eight-link mechahism'especia]ly.where very little adjustments are .
made to the mechanism. Thjs demonstrates its versatility. In avoiding
'casesawith locking conditions, the moility criteria were employed in
conjunction with a 'trial‘and error' éeéhnique whereby the linkages were'

rando® adjusted until a jam-free state was found.
iy

In seach of the different test cases a few examples were fsund
with doub1g configurationsﬁ Figure 4.17 and Fig. 4.18 illustrate two
samples’ depicting thé two possible configurations for a given set of
1inkage dimensions The1r correspoinding coupler curve prof11es are very
much different for the two possible configurations inspite of the fact
that they bot? carry identical va]ues for the design paramgters.
Moreover computer results verified fhat the two configurations exhibited

opposite signs in equation (3.39) for each of the cases. R ¢ .

Furthermore, upon observation of the computer output, the modified
cbup1ef curve equatioﬁ ser;ed its purpose whéreby‘its implementation 'is
evident (ie. AP=2) when the value of the term under the square root
(AXI) is close to zero. It has been broven, though, that before the
incorporat}on of the modified coupler curve eguation, the'computgr pro-
gram terminated altogether at the instant AXl touched negative, result-

. : . !
ing in an incomplete run.

With reference to the computer time, execution of the presented

4 . \,
- B T T e N,
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Fig: 4.17: Double Configuration of Test Case

>

+

(5) and‘(6) -
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Fig. 4.18: Double Configuration of Tegt Case (12

) and (13)"
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computer program $Hirgved to be very fast and\effigient.) Aw single run

Y - N . “* ~
required an average, of about 3 to 5 seconds .of execution time. It has *

. ) t
been tested where the modified coupler cutve equation wasisoié'ly uged

i,

which re§u1ted in considerably longer éxecution time of about 15 to 20

‘

seconds, %roving it to be less éfficiént and more costly.

To ‘obtain a successful run, though, one must make thé proper

selections ' of the computer parameters. The interval size for the input

crank angle is one example. The run presented in the Appendix is baed
. . . : .

on a 2° interval. However, the results are only Printed at every 4° of

the input crank angle to avoid any over-stuffing of material. The

selection of @ small interval size w1l result in better accuracy and

-

A 1
cdnvergence, but one must pay, as 'a consequence, for more computer time.

An interval too large, however, might” increase the number of iterations”

or even cause the §o1ution to diverge. Another factor to consider “is
the proper se]ectioﬁ' ‘of the initial values for Xis Yj and 65 at ze;'o
crank angle. As menti’o’ned earlier, this can be best achieved by drawing
or from the experimental model directly. An erroneous se]ec“tion of a
certain’ degree may result in the‘solution of its alternate configura-
tion. How much error can be given to these initial guesses still re-
maips as a question. But once the first point is successfully solved,
successive points c:;n tt‘\en be \eésﬂy found by using ‘the f.Jrevious result
as an initial- guess for the iteration pfocess of the next step interval.
This is sometimes known as the 'proximity perturbation' technique. In a
majority of the test cases, the maximum number. of iterations taken

occurred at the first point corresponding to zero'crank ’ang1e. But once

this was established, all other successive intervals required only about
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four iterations when, a two degree interval stép size whs chHosen. Obvi-;
’ D s - ) ° )

. ously, therd t;xists an optimum range in the selection of “all these

' factors. For now, this can on}y be best chosen from e)gperience. \
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7 CONCLUSIONS AND RECOMMENDATIONS#'OR FUTURE WORK

N

The qe?ivation of the ;oupier curve equations ie} an eight-link
planar mechanism with eighteen design parameters is presented and numer-
iceiiy solved thfough a computer program, gieing a complete motion
analysis of the mechanism. The coupler curve equations consist of th?ee
simul taneous eeuations, each of which reiates the coupler curve coordin-
ates and output rocker anqie as a function of the-mechanism's ekehteen
design parameters and input crank angle. Its verification is.based on

the correlation of its solution with the experimental results.

In the past, many works have been written on the kinematic analy-

sis of linkage mechanisms but to the best of the author's knowledge, -

none have explicitly formulated and solved the coupler “curve equations
* for the e#@ht-iink mechanism presented here. This is due to the exten-

. 1Y .
sive work needed for this analysis. The coupTér curve equations derived

are of high order in nature and require the final solution to be deter-

mined by the impiemeptafion of a’'digital computer. Sdlution of gpe
three simultaneous equations is achieved by the use of Newtqn's method
for a system of nonlinear.equations: This method proves to be efficient
and effective hi'}hat a fast convergence 1is yielded. However, the
se]ectiop of the initial points.at zero crank angle must be made with
discretion in order to avoid any problems of divergence or convergence

to a solution of another configuration other than that of finterest.

The derivation of the mobility criteria for the eight-1ink unchen-

fsm 1s also presented. Is function serves as.a foundation and starting

R i, BRI T, w— o PO . e e



point in ’he selection of the 1 dimensions to give a nonlocking

condition. Ity use, however, should not be solely based on, but should

be 1mp1emented in conjunction witu\}he exper1menta1 model until further

development 1s made in def1n1ng more definite mob111ty cr1ter1q}

The presented method in: deriving the coup1er cun*e equations

‘ whereby Gaussian elimbtnation fs 1ncorporated provides a simple and

straightforward technique in formulation. Unlike many past research
works, its methodology does not require a.knowledge of advanced mithema-
tical analysis such as those required when us1ng screw matrices, dual
number quaternion algebra or tensors, to name a few, especially when
dea]inq with mechanisms of complicated geometrical configurations

Moreover the presented nethod provides the coupler curve equations that

v

pinpoints to a unique solution when the 1nit1a] values are proper1y

‘selected.”

With the presenteo eight-bar mechanism, coupler curves of signifi-
cantly larger variations can be generated due to the availability of
more design parameters and the improvement of the coupler link's freedom
of motion. ‘This makes the mechanism more “flexible" and especially
ateractive in the field of synthesis. This application is best suited

for computer-afded design.
-The’fo11ow1ng areas are recommended for further investigation:

1. The presented method of formulation can be further extended to the
application of different or more complex configurations, such as
the consideration of a7, the incorporation of sliders or its

application to spatial or multi-degree of freedom mechanisms.



2.

DN e v - o

" the efght-1ink mechanism.

#

\ ! ' ¥

An extended kfﬂematic analysis on the' velocity and acceleration of ¢

Y ‘ 4

/

Further i{nvestigation on the developMent of a definite and
. . '

explicit form for the mobility criteria of the,'eight-IinHl

mechanism. -

Further studies on the domain of the'1n1t1a1 guess to J3ssure con-

vergence.

Further extension of this work to thg synthésis of the efght-1ink
mechanism; that i%§ éiveh-a particular displacement (fe. coupler
curve shape; anguiar motion), to specify the corresponding design
pa}ameters of thg hechanism?

o \

<

Studies on the possibility of its application to profile uuca~n1ng

as well as an alternative to robgtkcs. p
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PROGRAM LINKAGE(INPUT TAPE1=INPUT,OUTPUT, TAPE3=0UTPUT)

I.I!'l‘l!llIlll’lll!"lllil!l’lll!lll.l!llIﬂll!ll‘lll’
. , .. ]
-% . !
s STEPHEN MAH . ‘ /

DEPARTMENT OF MECHANICAL- ENGINEERING N
CONCORDIA UNIVERSITY

~

PARAMETERS WHEREBY THE COUPLER' CURVE POINTS
AND THE ANGULAR POSITION OF EACH LINK ARE
ﬁALCULATED.

L)
a

2

N

L

]

]

#*

' .

. PROGRAM LINKAGE PERFORMS A KINEMATIC "ANALYSIS
#*

*

*

»

»

* .
Qllll’l!l.!llllll'ﬂllll"l"l'l!l".l’!!ll!lll“lllll

»
*
.
»
]
»
»
OF AN 8-LINK MECHANISM WITH. EIGHTEEN DESIGN .
»
»
»
]
*
.

~

DIMENSION D(8),AM(8),AL(8),X0(3),Y0(3),s50(3),20(3),
*E(4,3),Q1(6),Q(8, 3),0(3,3) v(3,3),A0(3),B0(3),00(3),
¥Ga(3),BL(3,3,3)%0L(3,3,3),AR(3.3,3,3),CC0(3,3),002(3,3),
*CCU(3,3),CC6(3,3),CC8(3,3),FF(3),AF(3,3),DD(3)

“\
READ* ,XX,YY, THETAS - \ . ' .
READ(1,2)(D(I) I=1,8), (AM(1),I=1,8), (AL(I),I=1,8),GM
2 FORMAT(2X,8F8.2/2X,8F8.2/2X,8F8. 2/2x F8.2)
WRITE(3,4)(D(I),I=1 8),(AM(I) I=1 8),(AL(I),I=1,8),GM
4 FORMAT(//ZX,'THE DATA ARE (MM) '//2X,'RI1=',8F7.2//2X,
* "RI2=',8F7.2//2X,'AFI=",8F7.2//2X,
* '"GA(DEGREES)=',F7.2)
. PRINT 6,XX,YY,THETAS ;
6 FORMAT(/2X,'INITIAL VALUE ',2X,'XX=',F7.2,2X,'YY=",
' * F7.2,2X,'THETAS="',F7.2) .
PI=U.#(ATAN(1.00)) : “

po 8 1=1,§
AM(I)=AM(I)/D(I)

8. CAL(T)=AL(I)*(PI/180.)
DO 10 I:ZQB .
10 D(I)=D(I)/D(1) . . .\

GM=GM* (PI/180.) _
. EPz0.0000001 ‘ o
; DH2=(2.%P1)/180. 4
TH2=0.0
_ THETA5=THETAS*(PI/180.)
CMM=TAN(THETAS5/2.)
© 8S8=21.0 .



- SN:SIN(GM

NUMERICAL CALCULATION OF THE COUPLER CURVE EQUATIONS
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IC=0 - . o M
XI=XXS
YI=YY
«CM=CMM
III=N

MMz 1

CS=C0S(GM) .

X={XI*CS)- (YI¥SN)
Y=(YI*CS)+(XI¥SN) .
C5=(AM(5) /AM(T))* (COS(AL (5
S5=(AM(5) /AM(N) ) * (SIN(AL (S
C8=(AM(B)/AM(T))* (COS(AL(8
S8=(AM(8) /AM(7))*® (SIN(AL(8
CB8=CB8*(AM(7)+1.0)
SBB=S8%(AM(7)+1:0)
C3=(AM(3)* (COS(AL(3))))~1.0
S3=AM(3)*(SIN(AL(3)))
QI(1)=(D(2)%(COS(TH2)))=1.0
QI(2)=D(2)*(SIN(TH2)) '

)
)))
)))
)))

QI(3)=(1./7AM(T)I-C((AM(T)+1. )*D(2)'(COS(TH2)))/AM(?))

QI(3)=QI(3)+(D(2)*AM(2)"® (COS(TH2+AL(2))))
QI(U)==(((AM(T)+1.)¥*D(2)* (SIN(TH2)))/AM(T))

QI (U)=QI(U)+(D(2)RAM(2)* (SIN(TH2+AL(2))))
QI(5)=QI(1)/AM(T) . . .
QI(6)=QI(2)/aM(T) o
A1-(C3'C3)+(S3’53)

A2=(cbs*cB8)+(SBB*SBS)

A3=A2/((AM(T)+1.)* (AM(T)41.)) -

X0(1)=(X/D(1))-(D(2)*(COS(TH2}))
YO(1)=(Y/D(1))-(D(2)*(SIN(THZ)))

~ X0(2)=(CS/D(1)) Py

X0(3)=z=(SN/D(1)) ~
YO(2)=(SN/D(1)) : .

YO (3)=(CS/D(1)) . -
S0(1)=(Y0O(1)/X0(1)) ~
S0(2)=(Y0(2)/X0(1))-((SO(1)*X0(2))/%0 ) .

"S0(3)=(YO(3)/X0(1))-((S0(1)*X0(3))/X (1))

20 (1)=(X0(1)+(S0(1)*Y0(1)))/2.
20(1)=20(1)+(((D(3)*D(3))-(D(8)*p(8) (2. 'xo(1)))
20(2)=(R0(2)+(S0(2)*Y0(1))+(S0(1)*Y0(2))) /2.
20(2)=20(2)~ (((D(3)'0(3))—(D(8)'D(8)))'(X0(2)/

* (2.%X0(1)%X0(1))))
20(3)=(X0(3)+(S0(3)*Y0(1))+(S0O(1)*Y0(
Z0(3)=20(3)-(((D(3)¥D(3))-(D(8)*D(8))

. (2.%#X0(1)#X0(1))))
UC1,1)=(C3*S0(1))+S3 .
U(2,1)=(CBB*S0(1) )+SB8

L UC3,1)=0(R,1)/ (AM(T)+1.) )

y/2.°
xXo0{3)/

-

3)
)*

L
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v(1,1)=(53%50(1))=C3
V(2,1)=(SB8%*S0(1))-CB8
V(3,1)=V(2,1)/(AM(T)+1,
DO 16 J=2,3
U(1,J)=C3%*50(J)
V(1,J)=S3%50(J)
U(2,J)=CBB*s0(J . _— .
V(2,J)=SB8#*s0(J) o . «
U(3,3)=U0(2,J)/(AM(T)+1.) 3 -
V(3,J)=V(2,J)/(AM(T)+1.) ’ '
AACBB- ((AM(T)+1.)/7AM(T)) -
B=C8-(1./AM(T))
DU=D(4)*D(H)
D5=D(5)%*D(5) ' -
D6=D(6)"*D(6) ‘ C e
D7=D(7)%*D(T7) .
B2=(C5%C5)+(55%S5) ' '
DO 18 J=1,3
E(1, J):-(A’XO(J))+(§BB’YO(J)
E(2,J)=-(SBB8*X0(J))-(A*YOQ(J)
E(3,J)=(B'XO(J))—(SS'YO(J))
E(4,3)=(S8%X0(J))+(B*Y0(J))
Q(1,1)=(C3%20(1))-0Q1(1)
Q(2,1)=(53%*20(1))-QI(2) .
Q(3,1)=(CB8*20(1))~QI(3)+E(1,1)
Q{U4,1)=(SBB*Z0(1))-QI(4)+E(2;1)
Q(5,1)=-(C8%Z20(1))-QI(5)}+E(3,1)
Q(6,1)=-(SB*Z0(1))-QI(6)+E(4,1)
Q(7,1)==20(1)+%X0(1)
Q(8,1)=Y0(1}
© DO 20 J=2,3 S

Q(1,J)=C3%20(J) .

Q(2,J)=83%20(J) A

Q(3,J)=(CB8*Z0(J))+E(1,J)

Q(U4,J)=(SBB*Z0(J))+E(2,J)

Q(5,J)=-(C8%Z0(J))+E(3,J)
© Q(6,J)=-(S8%20(J))+E(4,J)

Q(7,J)==20(J)+X0(J)

" Q(8,J)=Y0(J)

00(1) (so(1)*Q(7, 1)) Q(8,1)

QQ(1)=(Q(7, 1)'0(7 1))+(Q(8 1)%Q(8, 1))-(D(8)*D(8))-

DO 22 J23
Q0(J)=(S0(J)*Q(7,1))+(50(1)*Q(7,J))-Q¥8,J)
QQ(J)=(2.%Q(7, 1)‘0(7 J))+(2. 'Q(8y1) (8,d))

BL(1,1,1)=05+(0<1,1)'Q(1 1))+(Q(2 )'0(2 1))-DU4-(A1%QQ(1))
BL(1.2,1)=(B2%D5)+(Q(3,1)%aQ(3, 1)T+(Q(}, 1)%Q(4,1))

. -D6-(A2%QQ(1)) .
BL(1,3,1)=(B2%P5)+(Q(5,1)%Q(5,1))+(Q(6,1)%0(6,1))
. -D7-(A3%QQ(1)) . :

)
)

-~

BL(2,1,1)=2.%D(5)%Q(2,1) .
BL(2,2,1)=2.%D(5)® ((55%Q(3,1))-(C5%Q(4,1)))
BL(2, 3,*) 2.%*D(5)%¢(C5%Q(6,1))-(s5%(5, 1)))
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=

QOOOOO0O00O0aO0
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BL(3,3,1)=2.%D(5)*((C5%Q(5,1))+(S5%Q(6,1)))
GL(1,1,1)=2.%D(3)%((U(1,1)*Q(1,1))

* +(V({(1,1)*Q(2,1))+(A1%Q0 (1))
GL(1,2,1)=2.%D(3)*((U(2,1)%0(3,1))

* , +(V(2,1)%Q(U,1))+(A2%00(1)))
GL(1,3,1)=2-%D(3)"((A3%Q0(1))-(U(3,1)%a(5,1))

. ' -(v(3,1)%Q(6,1)))
‘GL(2,1,1)=2.%D(3)"D(5)*V(1,1)
GL(2,2,1)=2.%D(3)*D(5)*((U(2,1)%S5)-(V(2,1)%C5))
GL(2,3,1)=2.%D(3)*D(5)*((U(3,1)%S5)-(V(3,1)%C5))
GL(3,1,1)=2.%*D(3)%*D(5)*U(1,1)
GL(372y1)=-2..D(3).D(5).((U(2y1).C5)+(V(2,1).55))
GL(3,3,1)=-2.%D(3)*D(5)*((U(3,1)%C5)+(V(3,1)%35))
DO 24 J=2,3
BL(1,1,J)=(2.2Q(1,1)%0(1,J))+(2.%Q(2,1)%Q(2,J))-(A1%QQ(J))
BL(1,2,J)=(2.%Q(3,1)%Q(3,J))+(2.%Q(4,1)*0(4,J))-(A2*Q0(J))
BL(1,3,J)=(2.%Q(5,1)%Q(5,J))+(2.%Q(6,1)*¥Q(6,J))-(A3%QQ(J))
BL(2,1,J)=2.*D(5)%*0(2,J)
BL(2,2,J)=2.%D(5)#((S5%Q(3,J))-(C5%Q(4,d)))
BL(2,3,J)=2.%D(5)* ((C5%Q(6,J))-(S5%Q(5,J)))

° BL(311’J)=2-.D(5).Q(1,J)

BL(3,2,J)==-2.%D(5)% ((C5%Q(3,J))+(S5%Q(4,J)))
BL(3,3,J)=2.%D(5)*((C5%Q(5,J))+(35%Q(6,J)))
GL(1,1,J0)=2.%D(3)*((U(1,J)%Q(1,1))+(U(1,1)%*Q(1,J))+

» (V(1,3)%Q(2,1))+(V(1,1)%Q(2,3))+(A1%Q0(J)))
GL(1,2,d)=2.%D(3)*((U(2,J)*Q(3,1))+(U(2,1)%Q(3,J))+

. (V(2,3)%Q (4, 1))+(V(2,1)%0(U,d))+(A2%Q0(J)))
GL(1,3,J)=2.%D(3)*((A3%Q0(J))-(U(3,J)*0(5,1))-

. (U(3,1)%0(5,d))-(V(3,J)*Q(6,1))-(V(3,1)®%Q(6F,J)))
GL(2,1,J)=2.%D(3)*D(5)*V(1,J)
GL(2,2,J)=2.%D(3)*D(5)*((U(2,J)¥35)-(V(2,J)%*C5))
GL(2,3,J)=2.%D(3)*D(5)*((U(3,J)"35)~-(V(3,J)*C5))
GL(3,1,J)=2.%D(3)*D(5)*U(1,J)
GL(3,2,J)=-2.%D(3)*D(5)*((U(2,J)*C5)+(V(2,J)*S5))
GL(3,3,J)=-2.%D(3)*D(5)*((U(3,J)*C5)+(V(3,J)%*S5))
AX1=((S0(1)%SO(1))+1.0)%D(3)

AX2=(D(3)"AX1)-(Z0(1)*Z0(1))

O em m G ME e S R G e R B G G Em e e G S T MR e A e A R e M W e W W e e e
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IF SO0 USE 2ND APPROACH
IF NOT USE 1ST APPROACH
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IF(MM.EQ.0) GO TO 38
IF(AX2.GT.1.0E~5) THEN

AO(1)=(SS*(SQRT(AX2)))+(S0(1)#20( 1))
®

ey,
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28
30

OO0

34
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BO(1)=A0(1)/A%X1

AX3=SQRT (AX2)

DO 26 J=2,3
AO(J)=(D(3)*D(3)%S0(1)*S0(J))-(Z20(1)*20(J))
AO(J)=((AC(JI®SS)/AX3)+(S0(J)*20(1))+(S0O(1)*20(J))
BO(J)=(BO(1)*AQC(J))/A0(1)

BO(J)=BO(J)-((2. -50(1)'SO(JT'BO(1))/((50(1)'5011))+1.))
DO 30 I=1,3

DO 28 J=1,3

cco(I,J)=BO(1)'(GL(1,I,J)+GL(3.I,J))

cco(1,J)=CcCc0(I,J)=-(BL(1,I,J)+BL(3,I,J)) ™

cca2(1,Jd)=2.*((BO(1)*GL(2,1,J))-BL{2,I,J))
CCu(1,J)=BO(1)*(GL(1,I,J)-GL(3,I,J))
ccu(r,d)=cc4(r,J)-(BL¢(1,1,d)-BL(3,I,J))
IF(J.LT.2) GO TO 28
cco(r,Jd)=cco(1,J)+(BO(J)®(GL(1,I,1)+GL(3,I,1)))
cc2(1,J)=CcCc2(1,J)+(2.%*BO(J)*GL(2,I,1))
CCU(I,J)=CCH(I,J)+(BO(JI)®(GL(1,I,1)-GL(3,I,1)))
CONTINUE '

CONTINUE

AA=0.0

CM2:=CM¥CM

DO 32 I=1,3

- e = R R . . T R e v . W Tw B S D W e e W S e b e Gn e Oh WP R @D aw e - W

AA=(CCU(TI,1)%CM2)+(CC2(I,1)%*CM)+CCO(I,T)
FF(I)=-AA '
AA=0.0

- AA=0.0

J1=J+1

AAz(CCL(I, J1)‘CM2)+(CC2(I J1)‘CM)+CCO(I J1)
AF(I,J)=ARA

AA=0.0

BB=(2.%CCU(I,1)®CM)+CC2(1,1) S
AF(I,3)=BB

BB=0.0

NA=1

GO TO 66

ELSE

END IF

- - -

MM=0
AO(1)=Q0Q(1)/(D(3)®*aX1)
BO(1)=(2.%Q0(1)) /AX1_

[ ——
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DO 40 J=2,3 P
A0(J)=(QQ(J)/(D(3)®AX1))=-((2.%QQ(1)%*S0O(1)*S0(J))/

', (AX1%AX1))
BO(J)=((2.%Q0(J))/AX1)-((4.%#Q0(1)*SO(1)*50(J)*D(3).)/

.’ (AX1%AX1))

DO 46 I=1,3

DO 44 J=1,3

KO=J

DO 42, K=K0,3

AR(J K I, 1)-(2 *BL(J, I,1)‘BL(K I,1))+(2.%A0(1)*GL(J,1,1)"

T TGL(K,I,1))
AR(J K,I,1)=AR(J,K,I,1)+(BO(1)%((BL(J,I,1)*GL(K,I,1))
’ +(BL(K,T,1)%GL(J,I,1)))) ¢
CONTTNUE
CONTINUE

DO sS4 J1=2,3
DO 52 1=1,3
DO 50 J=1,3
K0=J

DO 4B X=KO0,3
AR=(2.%BL(J,I,J1)*BL(K,I,1))+(2."BL(J,I,1)*BL(K,I,J1))
AAzAA+(BO(J1)*((BL(J,I,1)%GL(K,I,1))

. +(BL(K,I,1)%L(J,I,1))))

AR=AA+(2.%A0(J1)*GL (J,I,1)*GL(K,I,1))
AR=AA+(BO(1)*((BL(J,I,JV)*GL(K,I,1))

* +(BL(J,I,1)*L(K,I,J1))))
AA=AA+(BO(1)*((BL(K,I,J1)*GL(J,I,1))

* +(BL(K,I,1)}*L(J,I,J1))))
AA=AA+(2.%A0(1)*((GL(J,I,J1)*GL(K,TI,1))

L] +(GL(J,I,1)%L(K,I,J1))))

AR(J,K,I,J1)=AA

AA=0.0

CONTINUE

CONTINUE S

CONTINUE
DO 58 1=
DO 56 J=
CCO(I1,d)= 1
cc2(1,J)= (
ccu(Ir,J)=2.%(
CC6(I,J)=U.%(
cCcB(I,f)=AR(1
CONTINUE_
AA=0.0
CM2=CM*CM
CM3=CM*CM2
CMU=CM2%CM2
DO 60 I=1,3 . ’

+(2.9ARC1, 3, I,J)
I,J)+AR(2,3,I,J)
2,
J
J

y1,1,J3) +AR(3,3,1I,J)
AR(1,2,

AR(1,1,1, J)+(2.'AR(2
AR(1,2,

3 1,1,4d)

1
1
A
=Y

. .|~ W

’
’
R

I,J)-AR(2,3,I,

-(2..AR(1,3’I,

)
)
I,J))-AR(3,3,1,J))
))
))

+AR(3,3,1,J)

A e e T DGR D G5 s S e W e - m e TR GG wm W R N e W SR W G e

AA=(CCB(I, 1)®CMU)+(CC6(I,1)"CM3)+(CCHU(T,1)%CMH2)

J O TP}
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AA=AA+(CC2(1I,1)%CM)+CCO(I,1)
FF(I)=-ARA

60 AA=0.0
AA=0.0

- AA=(CCB/.(I,J1)%CMU)+(CCOH(T, J1)'CM3)+(CCH(I J1)%CM2)
. AA= AA+(CC2(I J1)‘CM)+CCO(I J1)

‘ AF(I,J)=hA

62 AA=z0.0 J
BB=(4.2CC8(I,1)%*CM3)+(3.%CC6(X,1)%CM2)
BB=BB+(2.%CCU(I,1)%CM)+CC2(I,1) ‘ .
AF(I,3)=BB .
BB=0.0 .

(=1
&=

NA=2 ° o y

SOLVING THE COUPLER CURVE EQUATIONS (FOR X,Y,THETAS)
USING NEWTON'S METHOD

ROOOO0OO

6 . CALL INVERS(AF,3,KRR,IRANK)
DO 70 I=1,3
* CC:0.0
: DO 68 J=1,3
68 CC=CC+AF (I,J)#FF(J) .
70 DD(I)=CC
IC=1IC+1
ER2:= (ABS(DD(I)))+(AB§(DD(2)))+(ABS(DD(3)))
IF(ER2.LE.EP) GO TO 76
IF(IC.EQ.15) GO TO 77
' IF(IC.GE.30) GO TO 72

e NeReNeNe]
-
=
(@]
x
52
< 4
2]
=
3
>
4
(]
=
2]
-3
[ =
0
=z

XI=XI+DD(1)
YI=YI+DD(2)
«CM=CM+DD (3)
. GO TO 14
T2 T2=TH2* (180./PI)
WRITE(3,T74) T2’
y FORMAT(//zx 'MECHANISM CAN NOT ASSEMBLE AT TH2=',F6. 2)

* GO TO 82 “(\

6 TH5=2.% (ATAN(CM))
SN5=SIN(THS5)

v
r-
1]
!
i

e e st Y ] S
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78

80

C85=C0S(THS5)

. T2=TH2%(180./PI)
T5=TH5% (180./P1) '
SN3=BL(1,1,1)«(BL(2,1,1)%SN5)+(BL(3,1,1)%CS5)
SN3= SN3/(GL(1,1,1)+(GL(2 1,1)7SN5)+(GL(3, 1,1)'CSS))
CS0=z(~ (50(1)’D(3)'QN3)*ZO(1))/D(3) .
CALL ANGLE(SN3,CSO,PI,T3) -
SNO:(-(D(B)'SN3)+Q(8,1))/D(B)
CSO0=((S0(1)*D(3)*3N3)+Q(7,1))/D(8)
CALL ANGLE(SNO,CSO,PI,T8)

o« SNO=((V(3,1)*D(3)®SN3)+(S5%D(5)"* S5)

& . L(CS5%D(5)%SN5)+Q(6,1))/D(T)
CS0=((U(3,1)*D(3)*SN3)+(C5%*D(5)%CS5) .

. -(55'0(5)'SN5)+QK5,1))/D(7) ) _—
CALL ANGLE(SNO,CSO,PI,TT)
SNO=(=-(V(2,1)%D(3)*SN3)-{(S5*D(5)*CS5)

v -(C5®*D(5)¥SN5)+Q(4,1))/D(6)

1 CS0=(-(U(2,1)"D(3)%SN3)-(C5%D(5)%CS5)

. +(S5%D(5)"SN5)+0Q(3,1))/D(6)

CALL ANGLE(SNO,CSO,PI,T6)
SNO=(-(V(1,1)*D(3)#SN3)+(D(5)*SN5)+Q(2,1))/D(k)
CS0=(-(U(1,1)*D(3)*SN3)+(D(5)*CS5)+Q(1,1))/D(4)
CALL ANGLE(SNO,CSO,PI,THd)

- - - = o v v e A G G EE W Em En n . W e MR W .

TB2=T2* (PI/180.)

TB3=T3%(PI/180.)

TB6=T6*(PI/180.)

TB7=T7T*(PI/180.)

XBB= (D(Z)'(COS(TBZ)))+(D(3)'(COS(T83
YBB=(D(2)®(SIN(TB2)))+«(D{3)*(SIN(TB3
XGG=(D(6)®(COS(TB6)))+(D(T7)*(COS(TBT
YGG=(D(6)®(SIN(TB6)))+(D(T7)*(SIN(TR7
XGG=XGG+(D(2)*AM(2)"(COS(TB2+AL(2)))
YGG=YGG+(D(2)*AM(2)* (SIN(TB2+AL(2)))
EP1=((XBB-XGG)*#2),+((YBB-YGG)*#2)
EP2=1.+(AM(B)®AM(B))~-(2.%AM(B8)®* (COS(AL(8))))
"EP1=(D(8)*(SQRT(EP2)))~(SQRT(EP1))
IF(ABS(EP1).LE.EP) GO TO 78

IF(III.EQ.2) GO TO 78
88=-8S8

XI=XX .

YI=YY N -
CM=CMM ’ ' ‘ o o
IIT=TIIX+1 r's ;
GO-TO 14 ' : ' 1 ‘
WRITE(3,80) T2,XI,YI,T3,T4,75,T6,T7, ra L

N P Nt e A

. ER2 IC sz EP1,NA,SS

FORMAT(//2X, 'CRANK ANGLE(DEGREES)z',F7.2,//,2x,
"COORDINATE X,Y (MM)=z',E12.6,2X,E12.6,//,2X,
. "ANGLES T3,T4,75,T6,T7,T8° (DEGREES) = ' ',/,2X,

5
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: . 6(F7.2,2X),//,2X,'ERROR="',E12.6,2X,'1C=",13,
; L} 2X,'AX1=',E12.6,/,2X, 'ASSEMBLY ERROR="',E12.6,
i ' 2X, 'AP:',12,2%,'SSe"' ,F4.1)
« L ELSE
"END IF
XX=X1I ,
*YY=YIT
' CMM=CM
82 ‘TH2=TH2+DH2
IF(TH24,GT. (2.*PI+.001)) GO TO 84
0 TO 12
84 TOP
! END
| ,
* \
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1

" SUBROUTINE INVERS(EM,NN,KRR,IRANK)

THIS SUBROUTINE FINDS THE INVERSE OF A MATRIX
TO USE IN NEWTON'S METHOD

- e o on s e = e D S o e > Y T P B T S R RS G

anoooaa

* DIMENSION EM(3, 3)
IRANK=NN
KRR=1
DO 150 N=1,NN
DV=EM(N,N)
IF(DV.EQ.0.0) GO TO 160
DO 100 J=1,NN
100 EM(N,J)=-EM(N,J)/DV
DO 140 TI=1,NN °
' IF(N-I) 110,140,110
110 DO 130 J=1,NN
IF(N=J) 120,130,120
120 EM(I,J)=EM(I,J)+EM(I,N)®EM(N,J)
130 CONTINUE
1450 EM(I,N)=EM(I,N)/DV
EM(N,N)=1.0/DV
150 CONTINUE 2
RETURN -
160 KRR=0
IRANK=N-1
RETURN
END

© el e am et 1 o 5 = e PPN
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200

210

- 220

230

240

250
260

-100-
SUBROUTINE ANGLE(SNO,CSO,PI;TT)

THIS SUBROUTINE CALCULATES THE TRUE ANGLE GIVEN
ITS CORRESPONDING SINE AND COSINE VALUE,

L R R R R L PR R R P Y YL L R Y X X X

AXC=ABS(CS0)
AXS=ABS(5ND)
IF(AXC.LE.0.00001) GO TO 200
G0 TO 220 -
IF(SNO.GCT.0.0) GO TO 210
TT=270.

GO TO 260

TT=90. - ‘
GO .TO 260 . . 3
TO=ATAN(AXS/AXC) .
TO=TO®*(180./P1) .
IF(SNO.GT.0.0) GO TO 240
IF(CS0.GT.0.0) GO TO 230
TT=180.4+T0

GO TO 260

TT=360.-T0

"GO0 TO 260

IF(CS0.G6T.0.0) GO TO 250
TT=180.-TO

GO TO 260

TT=TO .

RETURN . .

N 3
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THE DATA ARE (MM)

RI1= 500.00 60.00 90.00 630.00 180.00 420.00 160.00 260.00
5

Ri12-= .00 60.00 160.00 .00 200.00 .00 160.00 260.00
AFI-= .00 300.00 270.00 .00 270.00 .00 180.08 120.00
GA(DEGREES)= .00

INITIAL VALUE XX= 385.00 YY= -10.00 THETAS5= 25.00

CRANK ANGLE(DEGREES)= .00
COORDINATE X,Y (MM)= .3BU4550E+03 -.191195E4+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =

34.50 350.05 24 .27 312.89 33.66 344,36
ERROR= .937548E-Dp8 IC= 4 AX1= ,122502E-01
ASSEMBLY ERROR= .154046E-10 AP= 1 8SS= 1.0

CRANK ANGLE(DEGREES)= 5,00

COORDINATE X,Y (MM)= .384158E4+03 -.21B461E+02

ANGLES T3,T4,TS,T6,T7,T8 (DEGREES) =
33.09  349.10 22.29  311.38 34,20  343.20

]

.ERROR= .391942E-11 IC= 4 AX1= .121816E-01
ASSEMBLY ERROR= .355271E-14 AP= 1 SS= 1.0
CRANK ANGLE(DEGREES)= 8.00

COORDINATE X,Y-(MM)= .38347BE+03 -.242236E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = ,
31.65 348.18 20.40 309.92 34.65 342,13

ERROR= .BTHB62E-11 IC= 4 AX1= .120691E-01
'ASSEMBLY ERROR=-.710543E-14 AP= 1 SS= 1.0
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CRANK ANGLE(DEGREES)= 12.00
COORDINATE X,Y (MM)= .382537E+03 -.262415E+02

ANGLES T3,TU,T5,T6,T7,T8 (DEGREES) -= :
30.20 347.30°  18.63  308.53  35.01 341.15

ERROR= .601480E-11 IC= 4 AX1= .719111E-01 *
ASSEMBLY ERROR=-.355271E-14 AP= 1 SS=,1.0

. .
CRANK ANGLE(DEGREES)= 16.00

COORDINATE X,Y (MM)= .381358E4+03 -.278975E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
28.73 346.45 16.97 307.22 . 35.29 340.29

ERROR= .228545E-11 IC= 4 AX1=z .117064E-01

ASSEMBLY ERROR= .355271E-14 AP= 1 S8S=.1.0

CRANK ANGLE(DEGREES)= 20.00

COORDINATE X,Y (MM)= .379966E+03 -.291962E+02
»

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
27.26 345.66 15.46 305.98 35.47 339.53

ERROR= .367355E£11 IC:z 4 AX1= .114543E-01
ASSEMBLY ERROR= .000000E+00 AP= 1 SS= 1.0

\ D
CRANK ANGLE (DEGREES)= 24.00 /
COORDINATE X,Y (MM)= .378384E+03 ~-.301486E+02

ANGLES T3,T4,TS,T6,T7,T8 (DEGREES) = :
25.78  344.93 14,08 304.82 - 35.56 338.88

ERROR= .299575E-11 IC= 4 AX1=z . 11154QE-01
ASSEMBLY ERROR= .T10543E-14 AP= 1 SS= 1.0
ERANK ANGLE(DEGREES)= 28,00

COORDINATE X,Y (MM)= .376632E+03 -.307701E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = :
24.31 344,25 12.85 .303.74 35.55 338.34

ERROR= .553924E-11 IC= 4 AX1= .108091E-01
ASSEMBLY ERROR= .106581E-13 AP= 1 5S= 1.0
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i Ve
CRANK ANGLE(DEGREES)= .32.00

B

COORDINATE X,Y (MM)= .3T74729E+03. -.310801E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = )
22.84  343.64  11.77  302.74 35.46  337.90

ERROR= .510330E-11 IC= 4 AX1= .104187E~Q1 '
ASSEMBLY ERROR=-.106581E-13 AP= 1 SS= 1.0 ‘

’

CRANK ANGLE(DEGREES)= 36,00
COORDINATE X,Y (MM)= .3726Q00E+03 -.311004E+02 °

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
21.38 343.09 10.84 301.83 35.27 , 337.58

ERROR= .126325E-11 IC= 4 AX1= .998663E-02

ASBEMBLY ERROR=-.355271E-14 AP= 1 SS= 1.0 ~ & . Q

oF

CRANK ANGLE(DEGREES)= 40.00
COORDINATE X,Y (MM)= .370530E+03 -.308544E+02
ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
19.93 342.61 10.04 301.01 35.00 ~ 337.36
P4
ERROR= .122631E-11 IC= U4 AX1= .951648E-02
ASSEMBLY ERROR=-.710543E-14 AP= 1 8SSz 1.0
CRANK ANGLE(DEGREES)= u4l4.00
COORDINATE X,Y (MM)= .368260E4+03 -.303667E+02

ANGLES T3,T4,T75,T76,T7,T8 (DEGREES) = N
18.50 342.20 9.39 300.27 34.65 337.24

ERROR= .341772E-11 IC= 4 AX1z .931282E-02
ASSEMBLY ERROR= .710543E-14 AP= 1 SS= 1.0
CRANK ANGLE(DEGREES)= 148.00

COORDINATE X,Y (MM)= .365890E+03 -.296621E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = _
17.08  341.85 8.87 299.62 34.23,  337.22

ERROR= .391390FR-11 IC= 4 AX1= .B48088E-02
ASSEMBLY ERROR= .710543E-14 AP= 1 8S= 1.0
' 8

@
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v

CRANK ANGLE (DEGREES)= 52.00 -
COORDINATE X,Y (MM)= .363429E403 —.2B7656E+02
’ g | 4

"ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =

15.69. 341,57 8.48  299.05  33.73

ERROR= .55930Q9E-11 IC= 4 AX1= -T926U45E-02
ASSEMBLY ERROR= .142109E-13 “AP= 1 8S= 1.0

»

-

CRANK ANGLE (DEGREES)= 656.00
COORDINATE X,Y (#M)= .360B85E+03 -.277016E+02

ANGLES T3,TH,T5,T6,T7,T8 (DEGREES) = , ,
14.31  341.36  B8.20  298.57 ' 33.17

ERROR= .241858E-11 1IC= A AX1=:.73§57§E-02
ASSEMBLY ERROR= .710543E-14 APZ 1 SS= 1.0

o

CRANK ANGLE(DEdREES): 60.00
COORDINATE X,Y (MM)= .358263E+03 -.26U494U4E+Q2

ANGLES T3,T4,%5,76,T7,T8 (DEGREES) =

ERROR= .276704E-11 ICz= 4 AX1:= .6TH§25E-02
ASSEMBLY ERROR=-.355271E-14 AP= 1 SS= 1.0
CRANK ANGLE (DEGREES)= 64.00

COORDINATE X,Y (MM)= .355571E403 -.251672E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
11.65 341,12 - Te97 297.85 31.90

ERROR= .12759TE-10 TIC= 4 AX1= .619146E-02
ASSEMBLY ERROR= .142109E-13 - APz 1 SS= 1.0
CRANK ANGLE(DEGREES)= 68.00

COORDINATE X,Y (MM)-= .3528j5Ef03 -.23]”27E+02

" ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =

10.36 341.09 8.00 , 297.62 31.20

ERRORs= .355269E-{0 IC= 4 AX1= .561085E-02
ASSEMBLY ERROR= ,284217E-13 AP= 1 SS=z 1.0
» O !

)

N

337.29

337.45

337.70

<

.

338.03

t
338.44

i

s
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CRANK ANGLE(DEGREES)= ™72.00 ‘ - 0
COORDINATE X,Y (MM)= .350000E+03 -.222423E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES)
9.10 341.12 ™ B.11  297.46 30.46  338.91

ERROR= .101073E-09 IC= 4 AX1=".503962E-02
ASSEMBLY ERROR= .994760E-13 AP= 1 SS= .0

7

"CRANK ANGLE(DEGREES)= 76.00

COORDINATE X,Y (MM)= .347133E+03 ~.206865E+02

ANGLES T3,TW,75,T6,T7,T8 (DEGREES). =
7.88 341,20 \8.29 297.38° " 2069  339.U46

vad
ERROR= .305061E-09 IC= 4 <AX1= .44B365E-02 ’
ASSEMBLY ERRORz .245137E-12 APz 1 S5z 1.0
‘. ‘ .
CRANK ANGLE (DEGREES)= 80.00  °
COORDINATE X,Y (MM)= .344221E+03. -.190948E+0% C
ANGLES T3,TL,T5,T6,T7,T8 .(DEGREES) = : oy
~6.69  341.32 8.55 297.38 = 28.90  340.06
ERROR= .993221E-09 IC= 4 AX1= .394831E-02 , o
ASSEMBLY ERROR: .699885E-12 AP= 1SSz 1.0 - S :
_CRANK ANGLE(DEGREES)= 84.00
COORDINATE X,Y (MM)= .341271E+03 =-.1T4B50E+02 3
ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = .
5.54  341.50 8.86 297.46 28.09  340.72
ERROR= .345343E-08 1IC= 4 AX1= .343842E-02
ASSEMBLY ERROR= .216005E-11 APz 1 S§S= 1.0
CRANK ANGLE(DEGREES)= 88.00 -
COORDINATE X,Y (MM)= .338291E+03 -.158738E+02
ANGLES.T3,Th4,T5,T6,T7,T8 (DEGREES) = . ,
4.43 341.72 9.22 297.61 27.217 341.43

ERROR= .130526E-07 .IC= 4 AX1= .295813E-02
ASSEMBLY ERROR= ,688161E-11 AP= 1 SS= 1.0
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CRANK ANGLE(DEGREES)= 92.00

COORDINATE X,Y (MM)= .335290E+03 -.142762E+02
ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =

3.37 341.98 9.63, 297.82° 26 .44
ERROR= .54B619E-07 IC= 4 AX1=z .251093E-02
ASSEMBLY ERROR= .236575E-10 AP= 1 SS8= 1.0
CRANK ANGLE(DEGREES)= 96.00
COORDINATE X,Y (MM)= .332278E+03 -.127055E+02
ANGLES T3,TH4,75,76,T7,T8 (DEGREES) =

2.35 342.28 10.08 298.11 25.60

ERROR= ,624D99E-11 IC= 5 AX1= .209955E-02
ASSEMBLY ERROR= .142109E-13 APz 1 SS= 1.0

CRANK ANGLE(DEGREES)= 100.00

342.19

342.99

COORDINATE X,Y (MM)= .329265E+03 -.111737E+02 -

o

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
1.38 342,62 10.57 298.46 24.77

* L]
ERROR= .689398E~11 IC= 5 AX1= .172600E=-02
ASSEMBLY ERROR=-.142109E-13 AP= 1 8S= 1.0
CRANK ANGLE (DEGREES)= 104.00

COORDINATE X,Y (MM)= :326262E+O3 ~-.969050E+01

'ANGLES T3,T4,75,76,T7,T8 (DEGREES) =

U6 342.99 11.09 298.88 23.94

ERROR= .1479QH0E-10 IC= 5 AX1= .139152E-02
ASSEMBLY ERROR= .710543E-14 AP= 1 85z 1.0,

4
343.83

344,70
4
')

r/
-

~

o

CRANK ANGLE(DEGREES)= 108.00 ' h
COORDINATE X,Y (MM)= .323282E+03 -.826U413E+01

ANGLES T3,TM,T5,T@,T7,T8 (DEGREES) = )
359.59 343,39 11.63 299.35 23.11

ERROR= .393106E-08 1IC= 5 AX1= .109665E-02
ASSEMBLY ERROR= .120792E-12 AP= 1 SS= 1.0

345.59
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“CRANK ANGLE(DEGREES)='112.00 N
COORDINATE X,Y (MM)= .320338E+03 -.690079E+01

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES)
358,78  343.81 12.21  299.89 22.29  346.52

ERROR= .733415E-10 IC= 5 AX1= .841208E-03
ASSEMBLY ERROR= .241585E-12 APz 2 S58= 1.0
CRANK ANGLE(DEGREEShe 116.00

COORDINATE X,Y (MM)= ,31TU443E+03 -.560476E+01

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
358.04 344,27 12.81  300.48 21.49  347.46

ERROR= ,413625E-09 IC= 5 AX1=z .6243L41E-03
ASSEMBLY ERROR= .10622§E-11 AP= 2 SS= 1.0
CRANK ANGLE(DEGREES)= 120.00

COORDINATE X,Y (MM)= .314613E+03 -.4378LUE+O1

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
357.35 344,74 13.43  301.12 20.69  348.42

ERROR= .275830E-08 1IC= 5 AX1= .4H4U4589E-03
ASSEMBLY ERROR= .727951E-11 AP= 2 SS= 1.0

t

CRANK ANGLE(DEGREES}= 124.00
COORDINATE X,Y (MM)= .311862E+03 -.322224E+01

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
356.74  345.23 14,08 301.82 19.90 349,40

ERROR= .201428E-07 IC= 5 AX1= .299924E-03
ASSEMBLY ERROR= .536886E-10 AP= 2 SS= 1.0

CRANK ANGLE(DEGREES)= 128.00

COORDINATE X,Y (MM)= .309206E+03 -.21347T4E+01

)

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = .
356.20  345.74 14.75  302.57 19.14 ° 350.38

ERRORs .138243E-10 IC= 6 AXi1= ,187823E-03
ASSEMBLY ERROR= .710543E-14 AP= 2 SS= 1.0
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CRANK ANGLE(DEGREES)=z 132.00

COORDINATE X,Y (MM)=z .,306660E+03 ~-.111251E+01

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = /
355.73  346.27 15.44  303.37 18.38  351.37

ERROR= .450829E-11 IC= 6 AX1= .105333E-03
ASSEMBLY ERRORz-~.603961E-13 AP= 2 SS= 1.0
CRANK ANGLE(DEGREES)= 136.00

COORDINATE X,Y (MM)= .3042U0E+03 -.150511E+00

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
355.35  346.81. 16.16  304.22 17.64  352.37

ERROR= .676364E-09 IC= 6 AX1= .491552E-04
ASSEMBLY ERROR= .131095E-11 AP= 2 8S= 1.0
CHANK ANGLE(DEGREES)s 140.00

COORDINATE X,Y (MM)= .301960E+03 .758163E+00

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) ‘
355.05 347.36 16.90 305.11 16 .92 353.36

ERROR= .135296E-09 1IC= 7 AX1= .157255E-0b Ps
ASSEMBLY ERROR=-.GQ4760E-13 AP= 2 SS= 1.0
N
CRANK ANGLE(DEGREES)= 144 .00
COORDINATE X,Y (MM)= .299B836E+03  .162199E+01 i

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
354,85  3U47.92 17.67 306;Gq:h\\16.21 354,36

N )
ERROR= .102628E-08 ICz 8 AX1= J130606E-05
ASSEMBLY ERROR=z-.238742E~-11 AP= 2 SS= 1.0

~ ,
-b\.\“ g
CRANK ANGLE(DEGREES)= 148.00
COORDINATE X,Y (MM)= .297B65E+03 «233655E+01

ANGLES T3,T4,15,T6,T7,T8 (DEGREES) =
354,43 348.37 17.90 307 .36 15.50 355.43

ERROR= .125253E-08 IC= 14 AX1= .BUYO2LUE-05
ASSEMBLY ERROR=-.113166E-02 AP= 2 8S8S= 1.0

v

T wem e xp o ek S
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CRANK ANGLE(DEGREES)= 152.00
COORDINATE X,Y (MM)= .296Q43E+03 +294133E+01

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
353.92  348.77 17.80  308.90 . 14.76  356.54

ERROR= .460985E-10 IC= 12 AX1= .373791E-0Y4
ASSEMBLY ERROR=-.311735E-02 APz 2 SS= 1.0
CRANK ANGLE(DEGREES)= 156.00

COORDINATE X,Y (MM)= .294337E+03 -353206E+01

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =’
353.57  349.19 17.83  310.M1 13.99  357.62

. s -

ERROR= .321510E-08 1IC= fé AX1=z .898109E-0X
ASSEMBLY ERROR=-.502688E-02 APz 2 S5z 1.0
CRANK ANGLE(DEGREES)= 160.00
COORDINATE.X,YI(MM)z .292946E+03 .U11926E+01

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
353.36 ‘3H9.§2 17.99 311.88 13.19 358.68

ERROR= .108751E-09 IC= 10 AX1= .153837E-03
ASSEMBLY ERROR=-.677757E-02 AP= 2 SS= 1.0 Yt)

v

CRANK ANGLE(DEGREES)= 164.00
COORDS?ATE X,Y (MM)= .2917T10E+03  .4T1564E+01

" ANGLES, T3,T4,T5,T6,T7,T8 (DEGREES) = -
353.32 .350.08 18.29  313.31  12.38 359,70

ERROR= .769531E-10 IC= 10 AX1= .221305E-03
ASSEMBLY ERROR=-.B29402E-02 AP= 2 SS= 1.0
CRANK ANGLE(DEGREES)= 168.00

COORDINATE X,Y (MM)= .291061E+03 .650186E+01

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
355.73 -351.32 22.96 312.53 12.32 T .16

ERROR= .606141E-09 IC= 5 AX1= .106721E-03
ASSEMBLY ERROR=-.18118BE-12 AP= 1 SS=-1.0
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CRANK ANGLE (DEGREES)= 172.00
COORDINATE  X,Y (MM)= .2903UTE+03  .738971E+01 :

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
356.27 351.87 . 23.96  313.74 11.73 1.08

ERROR= .466557E~-10 IC= 6 AX1= .126057E-03
ASSEMBLY ERROR= .103029E-12 AP= 2 S8S=-1.0

CRANK ANGLE(DEGREES)=z 176.00

v

COORDINATE X,Y (MM)= .289860E+03 .833676E+01

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = .
356.92  352.43 25.01 314.98 11.15 1.98

W

ERROS: .T97338E-08 IC= 5 AX1=z .1395U45E-03
ASSEMBLY ERROR:-.?53308E-11 AP= 1 85=-1.0

~ CRANK ANGLE (DEGREES)=' 180.00

-

COORDINATE X,Y (MM)= .289602E+03 +935670E401

ANGLES T3,T4,T75,T6,T7,T8 (DEGREES) =
387.69 352.97 26.09 316.25 10.59 2.86

ERROR= .978569E-08 ICz 4 AX1= .1459B82E-03
ASSEMBLY ERROR=-.300560E-11 AP= 1 SS=-1.0
CRANK ANGLE(DEGREES)= 184.00

CGORDINATE X,Y (MM)= .289569E+03 .104623E402

ANGLES T3,T4,75,T6,T7,T8 (DEGREES) =
358.57 353.51 a1.22 317:56 10.05 3.73

ERROR= .TH4T1SE-11 IC= 4 AX1= .144785E-03 . -
ASSEMBLY ERROR= .142109E-13 AP= 1 §S=-1.0

CRANK ANGLE (DEGREES)= 188.-00

COORDINATE X,Y (MM):= .289757E+03  .116650E+02

ANGLES T3,T4,75,T6,77,T8 (DEGREES) =
* 359.57 354,04  28.38 318.88 9.52 4.56

ERROR= .438572E-11 IC= 5 AX1= .136015E-03 :
ASSEMBLY ERROR= .142109E-13 AP= 1 8S=-1.0 , /////

P T —— —— T e —— A e |



&

""CRANK ANGLE(DEGREES)= 196.00 v

/ ' -

CRANK ANGLE(DEGREES)= 192.02 ¢

COORDINATE X,Y (MM)= .290160E+03 «129T7TUTE+O2

ANCLES T3,T4,75,T6,T7,T8 (DEGREES)
.69 354.56 29.58 320.23 9.02 5.38

EhRQR: .188791E-08 IC= S5 AX1= .120383E-03

" ASSEMBLY -ERROR=z-.504485E-12 AP= 1 8S=-1.0

COORDINATE X,Y (MM)= .290769E+03 »143993E4+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES)
1.91  355.07 , 30.81 321.60 8.53 6.17

ERROR= .49B295E-10 IC= 6 AX1= .992419E-04
ASSEMBLY ERROR= .710543E-14 AP= 1 8S=-1.0
CRANK ANGLE(DEGREES)= 200.00

COORDINATE X,Y (MM)= ,291575E+03 <159UU42E4+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = :
3.25 355.56 32.08 322,98 8.06 6.93

ERROR= .116106E-09 IC= 5 AX1= .TUS5693E-0U
ASSEMBLY ERROR= .344613E-12 APz 2 SS8S=-1.0

CRANK ANGLE(DEGREES)= 204.00 ‘ ‘
) !
COORDINATE X,Y (MM)= .292565E+03 .176120E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
.69 356.05  33.37  324.37 S T.61 7.66/

ERROR= .315240E-08 IC= 5 AX1=,.4B893U6E-OL
ASSEMBLY ERRORz=~.652634E-11 APz 2 S8S=z-1.0 ‘
CRANK ANGLE(DEGREES)= 208.00

COORDINATE X,Y (MM)= .293728E+03  .194025E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
6.22 356.52 34.69  325.77 7.19 8.36

ERROR= .193166E-09 IC= 6 AX1= .25U64TE-Ob g ' ¢
ASSEMBLY ERROR=z-.568U434E-13 AP= 2 SS=z-1.0 ' '

%

o
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CRANK ANGLE(DEGREES)= 212.00

COORDINATE X,Y((MH); .295050E+03 '21311NELDZ

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) oL
7.85  356.99° 36.04  327.16 ©6.79 .. 9.03

ERROR= .498379E-09 IC= 7 .AX1= .780181E-05
ASSEMBLY ERROR=-.301981E-12 AP= 2 SS==1,0
CRANK ANGLE(DEGREES)= 216.00 "7
COORDINATE X,Y (MM)= .296534E+03  .23241TE+02.

ANGLES T3,T“,T5,T6,T7;%8 (DEGREES) = ua o ) :
©9.49  -357.42 37.29 328.58 6.39 - 9.67 .

ERROR= .858971E-05 IC= 15  AX1= .178639E-06
ASSEMBLY ERROR=-.930326E-04 AP= 2 SS= 1.0

.CRANK ANGLE(DEGREES)= 220.00
" COORDINATE X,Y (MM)= .298121E+03  .254UB2E+02

ANGLES. T3,T4,T5,T6,T7,T8 (DEGREES) = ‘ ST
11.35  357.88 . 38.77  329.92 6.11 . 10.26
s v ¢ o

ERROR= .147958E-08 IC= 13 AX1: .677062E-05
ASSEMBLY ERROR= .228439E-11 APz 2 SS= 1.0
QRANK ANGLE(DEGREES)= 224.00

COORDINATE X,Y (MM)= .299845E+03 ' .276458E+02 S

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
13.21 °358.31 Jho.ty 331.26 ' 5.83 10.81

ERROR= .376708E-09 IC= 6 AX1= .328481E-04
ASSEMBLY ERROR=-.341061E-12 AP= 2 SS=z 1.0
CRANK ANGLE(DEGREES)= 228.00

COORDINATE X,Y (MM)= .301681E+03 .299005E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = . -
15.14 358,72 41.51  332.57 5.61 11.31

ERROR= .190711E-07 TC=. 5 AX1= .B35180E-04
ASSEMBLY ERROR= .293525E-10 AP= 2 55= 1.0 oo

- ’ m— RS OF (T A S - R i - ittty JURP
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L e CRANK ANGLE!DEGREES)= 232.00
COORDINATE ¥,Y (MM)= .303621E+03  .321B830E+02

... " ANGLES T3,T4,T5,T6,T7,78 (DEGREES) = ‘ s
e oo 17.1M 0 359.12 0 42.87  333.82 5.44 11.76

" ERROR= .4B0839E-09 IC= 5 AX1= .164257E-03
- "ASSEMBLY Eﬁhon=.4650qu7z—1z' AP= 2 8S= 1.0

ot

)

" CRANK ANGLE(DEGREES)= 236.00 -

_ . COORDINATE X,Y (MM)z .305659E+03  .344575E+02

. ‘ T ' . ’ . . 9
‘ANGLES*T3,T4,T5,T6,T7,T8 (DEGREES) ) ,
0 19.12  359.51 44,20  335.01 5.35 12.15,

ERROR= .58B754E-10 IC= 6 AX1= .280700E-03
KSSEMBLY ERROR=-.142109E-13 APz 1 SSZ 1.0
] : e .

¥
8 )

CRANK ANGLE(DEGREES)= 240.00
COORDINATE X,Y (MM)= .307794E+03  .366820E+02

. . ANGLES T3,T4,T5,T6,T?,T8 (DEGREES) = ,
. 21.16  359.88 45.50  336.12 5.35 12,47

- ERROR= .256592E-07 IC= 5 AX1= .438506E-03
ASSEMBLY ERROR= .219558E-11 AP= 1 SS= 1.0
CRANK ANGLE(DEGREES)= 244.00
COORDINATE X,Y (MM)= .310025E+03 .388081E+02

ANGLES T3,T4,T5,T6,T7,T8, (DEGREES) =
23.22 .23 46.76 337.13 5.45 12.72

ERROh: .195679E-09 IC= 5 \AX1= .643164E-03
ASSEMBLY- ERROR= .390799E-13 AP= 1 8S= 1.0

—

\ CRANK ANGLE(DEGREES): 2u48.00
| COORDINATE X,Y (MM)z .312358E+03 .407831E+02

. “ANGLES T3,T4,75,T6,T7,T8 (DEGREES) =
’ 25.28 .56 47.95 338.03 5.66 12.89

ERROR= .112694E-10 1IC= 5 aX1= .899707E-03
ASSEMBLY ERROR= .710543E-14 AP= 1 SS= 1.0

® L3
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CRANK ANGLE(DEGREES)s 252.00
COORDINATE X,Y (MM)= .314798E+03- .425519E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
27.32 .B7 49.07  338.79 5.99

ERROR= .865117E-11 IC= 5 AX1= .121232E-02"
ASSEMBLY ERROR= .106581E-13 AP= 1 SS= 1.0

v

CRANK ANGLE(DEGREES)= 256.00
COORDINATE X,Y (MM)= .317353E403  .440608E+02

ANGLES T3,Th,T5;T6,T7,T8 (DEGREES)
29.33 1.16 50.10  339.40 6.46

1

ERROR= .105075E-10 IC= 5 AX1z .158384E-02
ASSEMBLY ERROR=-.142109E-13. AP= 1 SS= 1.0
CRANK ANGLE(DEGREES)= 260.00

COORDINATE X,Y (MM)= .320032E+03 .452610E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) :
31.28 1.41  ©51.02  339.85  7.07

ERROR= .289967E-07 IC= U AX1= .201525E-02
ASSEMBLY ERROR= .138769E-10 APz 1 SS= 1.0

CRANK ANGLE(DEGREES)= 264.00 . R

COORDINATE X,Y (MM)= .322841E+03  .461129E+02"

ANGLES T3,T4,T54T6,T7,T8 (DEGREES) =
33.17 1.64 51.82 340,13 7.82

ERROR= .637427E-08 1IC= U4 AX1= .250516E-62
ASSEMBLY ERROR= .396128E-11 AP= 1 SS= 1.0

€

CRANK ANGLE(DEGREES)= 268.00
COORDINATE X,Y (MM)= .3257B2E+03  .465877E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = ~
34,97 1.82 - 52.47 340.24 " 8.69

ERROR= ,158089E-08 1IC= 4 AX1= .304955E-02 -
ASSEMBLY ERROR= -122213E-11 APz 1 5S8= 1.0

T e

' 12.96

12.93

<

12.56°

12.21

.t

<



-115- )

CRANK ANGLE (DEGREES)= 272.00
COORDINATE X,Y (MM)= .328855E403  .46668LE+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
36.66" 1.96 52.97  340.17 9.68

ERROR= .463670E-09 1IC= 4 AXT= .364173E-02
ASSEMBLY ERROR= .397904E-12 AP= 1 8S=z 1.0
CRANK ANGLE (DEGREES)= 276.00

'COORDINATE X,Y (MM)= .332054E+03. .U63UB2E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
38.23 2.06 53.31  339.95 . 10.76

, ‘
ERROR= .156750E-09 ICz= 4 AX1= ..427269E-02
ASSEMBLY ERROR= .152767E-12 AP= 1 38S= 1.0
CRANK ANGLE(DEGREES)= 280.00

COORDINATE X,Y (MM)= .335371E403  .4562B5E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = ‘
39.66 \_ 2.10 53.46  339.56 - 11.93
Y

.. ERROR:= .516679E-10 IC= 4 AX1= .493156E-02
ASSEMBLY ERROR= .675016E-13 AP= 1 SS=z 1.0

4

CRANK ANGLE(DRGREES)= 284.00

COORDINATE X,Y (MM)= .338791E+03  .445163E+02

i3

ANGLES T3,T4,75,76,T7,T8 (DEGREES) = ,
40.94 2.09 53.43 339.03 13.15

ERROR= .5276925;10 IC= 4 AX1= .560639E-02
'.ASSEMBLY ERROR=" .426326E-13. APz 1 SS= 1.0
.CRANK ANGLE(DEGREES)= 288.00

COORDINATE X,Y (MM)= ,342296E+03 . .430222E+02

ANGLES T3,T4,T75,T6,T7,T8 (DEGREES) =
42,06 2.01 53.22  338.37 14,42

ERROR= .9 "8425E-11 IC= 4 AX1z .628U48TE-02
ASSEMBLY ERROR= .2“8690E-13 AP= 1 SS= 1.0

11,74

1716

10.148

9.69

' 8.80
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CRANK ANGLE(DEGREES)= 292.00

COORDINATE X,Y (MM)= .345864E+03 .411595E+02

_~KNGLES T3,T4,TS5,T6,T7,L8 (DEGREES) =

43.01 1.88 52®W1 337.57 15.71 7.82
ERROR= .945796E-11 IC= 4 AX1= .695501E-02
ASSEMBLY ERROR= .T10543E-14 AP= 1 SS= 1.0
CRANK ANGLE(DEGREES)= 296.00
COORDINATE X,Y (MM)= .349469E+03  .389433E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES)
43.79 1.67 52.21 336.65 17.01 6.76

ERROR= .377864E-11 ICz 4 AX1= .760579E-02
ASSEMBLY ERROR= .106581E-13 AP= 1 SS= 1.0
CRANK ANGLE(DEGREES)= 300.00

COORDINATE X,Y (MM)= .353083E+03 .363909E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
§y.38 1.40 51.42  335.63 18.32 5.61

ERROR= .225U57E-11 IC= 4 AX1= .822761E-02
ASSEMBLY ERROR= .142109E-13 AP= 1 SS= 1.0
CRANK ANGLE(DEGREES)= 304.00

COORDINATE X,Y (MM)= .356671E+03  .335219E+02

ANGLES T3,Th4,75,T6,T7,T8 (DEGREES) =
44,78 1.05 50.45 334.50 19.61 4.38

ERROR= .106954E-10 IC= 4 AX1= .BB1262E-02
ASSEMBLY ERROR= .710543E-14 AP= 1 SS= 1.0
CRANK ANGLE(DEGREES)= 308.OOU

COORDINATE X,Y (MM)= .36019BE+03\ «303594E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = :
45.00 .63 49.29  333.27 20.89 3.09

_ ERROR= .123454E-10 1IC= 4 AX1= .935489E-02

ASSEMBLY ERROR= .710543E-14 AP= 1 SS= 1.0

EIS
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CRANK ANGLE(DEGREES)= 312.00

COORDINATE X,f (MM)= .363624E+03 .269304E+D2 .

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) :
45,04 L1l 47.97 - 331.96 22.14 W73 ‘

ERROR= .121334E-10 1IC= 4 AX1= .985044E-02
‘ASSEMBLY ERRQR: “T10543E-14 AP= 1 SS= 1.0

CRANK ANGLE(DEGREES)= 316.00 . : T
COORDINATE X,Y (MM)= :366909E+03 .232664E+02

ANGLES T3,TU,T5;T6,T7,T8 (DEGREES) =
44,90  359.58 46.48  330.56  23.37 .31

~

ERROR= .138983E-10 IC= 4 AX1= .102971E-01
ASSEMBLY ERROR=-.106581E-13 AP= 1 SS= 1.0

CRANK ANGLE(DEGREES)= 320.00

[

COORDINATE X,Y (MM)= .370012E+03 +198044E+02

ANGLES T3,Tk,T5,T6,T7,T8 (DEGREES)
B4 .58  358.9U 44.83  329.10  24.55  358.85 .

ERROR= .243383E-11 IC= 4 AX1= .106943E-01
ASSEMBLY ERROR= .355271E-14 AP= 1 SS=z 1.0
CRANK ANGLE(DEGREBES)= 324.00

COORDINATE X,Y (MM)= .372893E+03 .15386TE+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
4y.10 358.24 43,06 327.57 25.70 357.36 ~

?
'ERROR= .174765E-11 IC= U4 AX1= .110426E-01
ASSEMBLY ERROR=-.355271E-14 AP= 1 SS= 1.0
: b
CRANK ANGLE(DEGREES): 328.00 .
COORDINATE X,Y (MM)= .375515E+03  .112607E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
43.47  357.47 41.16  325.99 26.81 355.84

)
ERROK= .681530E-11 IC= 4 AX1= .11BU437E-01
ASSEMBLY ERROR= .213163E-13 AP= 1 S8S= 1.0

<
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CRANK ANGLE(DEGREEB)= 332.00 . ’

COORDINATE X,Y (Mi“l}/= .37T7844E+03 -T07871E4+01 a " - x

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = Vo
42.69  356.65 39.1F . 324.36 27.87 .354.31-

ERROR=z .419962E-11 IC= 4 AX1= .115996E-01

ASSEMBLY ERROR=, .106581E-13 AP= 1 SS= 1.0 ° ,
.o .

CRANK ANGLE(DEGREES)= 336.00

COORDINATE X,Y (MM)= .379853E+03  .289617E401

ANGLES T3,T4,T75,T6,T7,T8 (DEGREES) = .
41.79 355.78 37.09 322.71 .28.88 352.78

ERROR= .177213E-11 IC= 4 AX1= .118123E-01 ) R

- ASSEMBLY ERRCR= .710543E~-14 AP= 1 SS= 1.0

) - -

CRANK ANGLE(DEGREES)= 340.00

COORDINATE X,Y (MM)= .381520E+403 -.122049E+01
ANGLES T3,T4,T5,76,T7,78 (DEGREES) =
40.78  354.87 34,96 321.05 - 29.84 ~ 351.26

2» .
ERROR® .589689E-11 IC= 4 AX1= .119838E-01
ASSEMBLY ERROR= .213163E-13 AP= 1 S5= 1.0
] v '

CRANK ANGLE(DEGREES)= 344.00 . \

-

COORDINATE X,Y (MM)= .382832E+03 -.52409TE+01 N

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = ‘
39.66 353.93 - 32.79 319.37 30.7H4 349.78 .
. ’ {
ERROR= .580569E-12 IC= 4 AX1= .121156E-01
ASSEMBLY ERROR= .710543E-14 AP= 1 SS= 1.0

(AN Y
4 v& A
CRANK ANGLE(DEGREES)= 3u48.00
COORDINATE X,Y (MM)= .383786E+03 -.908321E+01 L,

ANGLES T3,T4,75,T6,T7,T8 (DEGREES) = .
38.46 352.97 30.62 317.71 31.57 348.33

ERROR= .293314E-11 IC= U4 AX1= .122084E-01
ASSEMBLY ERROR: .248690E-13 AP=-1 SS= 1.0 \\\
o, o '
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.CRANK ANGLE(DEGREES)= 352.00 L
COORDINATE X,Y (MM)= .384382E403 ~-.127055E+02

ANGLES T3,T4,75,T6,T7,T8 (DEGREES) =
37.19 351.99 28.46 316.07 32.34° 306.9“

ERROR= .399182E-11 IC= U AX1= .122622E-01

_ ASSEMBLY ERROR= .355271E-14 AP= 1 SS=.1.0

CRANK ANGLE(DEGREES)= 356.00

' COORDINATE X,Y (MM)= .384632E+03 -.160632E+02

o ¢

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) =
35.87 351.02 26.34 314.46 33.04 345.61

ERROR= .139107E-1) IC= 4 AX1= .122765E:01
ASSEMBLY ERROR= .000000E+00 AP= 1 SS= 1.0

CRANK ANGLE(DEGREES)= 360.00
COORDINATE X,Y (MM)= .384550E+03 -.191195E+02

ANGLES T3,T4,T5,T6,T7,T8 (DEGREES) = S .
34.50 350.05 24,27  312.89 33.66 . 344,36

'}

"ERROR= $135309E-10 IC= 4 AX1= .122502E-01

ASSEMBLY ERROR=Z.T710543E-14 AP= 1, 8S= 1.0

L]

)
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