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Nomenclature

S Slider position measured from origin of x-y coordinate
system in the x-direction

¢ Crank angle of input or driving crank

K Constant

bs,Sg Starting or initial values of crank angle and slider
position

¢f,Sf Final values of crank angle and slider position

¢1,¢2,¢3 Precision positions of crank

81,82,33 Precision positions of'slider

p Magnitude of the radius of curvature of coupler curve

r Radius of driving crank

ag Slider path offset from the x-axis

1 Length of connecting rod

z Displacement of coupler point along the coupler curve

M,N Constants in the cubic of stationary curvature

s,t Coordinate system at the link pole aligned with the
centrode tangent

W Angle in the s~t coordinate system measured from the
centrode tangent

Point T Point on the centrode tangent

Ty Radius vector from the pole of the s-t coordinate system
to points on the cubic of stationary curvature

bS Intercept of the s-axis by the connecting rod

n Slope of the connecting rod in the s-t coordinate system

X, ¥ Coordinate system with origin at the pole of the driving

crank. The x-axis is parallel to the slider path.

ix



x',x", etc.

y',y", etc.

XX,yy

XesYe

B

[
co ’XCO ’xCO’ etc.

X

Xy,XysXy, etc.

Xy, Xy, Xy, etc.
(] n .
YcorYcorYcor €te-
t "
YusYusYu» etc.

Yv> YG, Y¥’ etc.

Z,W,U,T,S,R,
Z' ,U' ,T'

of the x cocrdinate position with
the input crank aungle ¢

Derivatives
respect to

Derivatives
respect to

of the y coordinate position with
the input crank angle ¢

Coordinate system fixed to connecting rod with the
origin at the input crank end of the rod and the
xx axis aligned with the rod

xx/1 dimensionless coordinate in the xx direction

Horizontal or x-component of the connecting rod
length

Included angle of connecting rod at the driving crank
end

Angle between the connecting rod and the x-axis

Coordinates, in the x-y system, of the center of
curvature or link pole

Length of follower crank
Design crank angle
Length of driving crank

Coordinate system fixed to the coupler with the origin
at the input crank end of the coupler and the u axis
aligned with the coupler

Angle between the coupler and the x-axis

1 "

Constant coefficients in x, x', %', etc.

Coefficients of u in x, x', x", etc.

Coefficients of v in x, x', x", etc.

Constant coefficients iny, y', vy, etc.

etc.

Coefficients of u in y, y', y",

etc .

Coefficients of v in y, y', y",

Dummy variables used for simplification



Point A

Point B

Point I

Point C

0O

d

V’D’E’P’Q ’L’HH’
JJ,UU,AA,BB

KK, MM,NN

XB,YB

XF,YF

IA,IB

VasTA

¢c,rc

x1

Constant

Numerator of dp/d¢

Numerator of d%p/d¢°®

Dummy variables used for simplification

Length of coupler or connecting rod

yy/l, dimensionless coordinate in the yy direction

Connection point between the driving crank and the
coupler

Solution coupler point that is constrained
Pole of the coupler

Revolute-coupler attachment in original linkage
configuration

Length of follower crank in original four-bar
configuration

Length of fixed link in original four-bar configuration

Dummy variables used for simplification
Dummy variables used for simplification

Center of curvature of coupler point path in x-y
coordinate systen

Location of coupler point in the original configuration
in the x-y coordinate system

Length of line segments from 1 to A and B

Coordinates of Point A in polar coordinate system at
the coupler pole

Coordinates of Point C in polar coordinate system at
the coupler pole



Introduction

If a link as shown in Fig. 1 is in plane motion with two points
on the link constrained to particular paths, the nature of the paths
of all other points on the link is known. In particular, the function-
al behavior of the radius of curvature of the path of any point on the
link and the derivatives of the radius of curvature with respect to
some displacement parameter may be ascertained. Given this deter-
mination of the radius of curvature of the path of the points, it is
possible to approximate the motion of the link by approximating the
behavior of the derivatives of the radius of curvature of the paths

of points on the link.
In pin-connected planar linkages, there are two broad classifica-

tions for the links. The first classification includes those links
which are constrained to rotate about a fixed point. These links are
called cranks or revolutes. It should be noted that, though the center
of rotation may be at some infinite distance from the link, the link
remains a revolute and it may be referred to as a slider because the
link, in such a case, is in tramslation. The secnnd classificatioun,
called couplers or connecting rods, includes those links which are

used to connect a pair of revolutes or a revolute and another coupler.
Points on the coupler, or coupler points, may be varied paths or curves
depending upon the location of the point on the coupler and upon the
constraints imposed upon the coupler by its revolutes. The concern of
this discussion is the location of the coupler point in the plane of
the coupler with freedom being allowed in one or two coordinate

directions, assuming that revolute constraints have been defined.
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Figure 1. A Constrained Link with Variations of the Four-Bar Linkage




The discussion focuses upon the coupler or connecting rod of the
four-bar linkage in two common configurations as shown in Fig. 1.

One end of the coupler is constrained to move in a circular path, and
the other end of the coupler is constrained to move in either a straight
path or a circular path. The straight path case is investigated using
the first derivative of the radius of curvature of the coupler point
path with respect to the coupler point displacement. In this straight
path case, the coupler point location has one degree of freedom. Addi-
tionally the straight path case and the circular path case, each with
two degrees of freedom in the coupler point location, are studied using
the behavior of both the first and second derivatives of the radius of
curvature of the coupler point path with respect to the input crank
angle.

The four-bar linkage with either a straight-line or circular coupler
curve finds wide usage in the design of mechanisms for a variety of
applications. Materials handling, graphic arts, agricultural, earth
moving, and business machines are but a few of the broad classes of
machinery employing four-bar linkages with specific coupler curves.

The synthesis of linkages with distinctive coupler curves has long
been a topic of kinematic interest. Recent and older investigations
have developed a number of methods for the synthesis of particular
four-bar linkage coupler curves. A search of the literature reveals that
these methods are predominately graphical or analytical techniques which

focus upon planar characteristics other than the radius of curvature.



A literature search disclosed no synthesis procedure based upon
derivatives of the radius of curvature other than those governed by the
behavior of the radius of curvature at some extreme values. It should
be pointed out that until recent times, the analytical tools such as
the computer and relevant software necessary for a comprehensive attack
of the problem did not exist.

The discussion that follows focuses upon the development of the
equations essential to this synthesis procedure in the order of
increasing complexity of the original mechanism, of the equations, and
of the solution methods. Attention is first given to the single degree
of freedom case, then to the two degrees of freedom cases. The single
degree of freedom case is developed only with respect to the straight-
line path. For the two degrees of freedom situation the general
equations and their solutions are developed and particularized with

respect to straight-line, circular, and arbitrary paths.



Literature Review

The problem of synthesizing a multi-linked mechanism with either
a straight-line, circular, or generalized coupler curve has been treated
extensively in the literature. This discussion will focus upon the
recent works for each of the coupler curve types mentioned above.

The generalized coupler curve may be approximated by using a
least squares synthesis technique as proposed by Levitskii [1] and
Sarkisyan [2] with extensions by Bagci [3] and Southerland [4]. Essen-
tially, this technique requires the description of points in the fixed
plane through which the sixth~order coupler curve of the four-bar
linkage should pass. Equations, with the size and position of the
mechanism links as variables, are determined such that the sum of the
squares of the deviations of the fixed-plane points from the coupler
curve is minimized. A set of linear simultaneous equations in the
linkage parameters results and this set of equations may be solved to
yield the best least squares approximation. This procedure is not s
method that guarantees displacement precision at any point and errci:
in velocities and accelerations are inevitable. Mowever, the proced..:¢
can accommodate up toc nine degrees of freedom in the specification of
the four-bar linkage.

The problem of synthesizing a four-bar linkage with a straight-
line coupler curve has been treated most recently for the case of
adjustable linkages. Tao and Amos [5] and Tesar and Watts [6] developed
procedures, both graphical and analytical, using the Ball point for the

linkage synthesis. The Ball point is that point of intersection of the



locus of points with an infinite radius of curvature and of the locus
of points whose radius of curvature is momentarily invariant. The
emphasis in these two investigations was upon the adjustable nature of
the resulting linkage. 1In either case though the procedures presented
do result in no displacement and velocity errors, they do not permit
the designer to specify the straight path initially. Krishnamoorthy
and Tao [7], Beaudrot [8], and McGovern and Sandor [9] have contri-
buted to the literature in the synthesis of adjustable mechanisms for
straight-line paths. The work of McGovern and Sandor is notable in
that a complex number technique was employed.

Hoekzema and others [10] presented a method by which an adjustable
four-bar linkage with a variable radius of curvature of the coupler
curve may be synthesized. This method is based upon a graphical proce-
dure whereby the instant center of the coupler is made to coincide with
a non-adjustable fixed pivot. Krishnamoorthy and Tao [11] have extended
the work of Hoekzema but their procedures are graphical in nature and
concerned primarily with the adjustable behavior of the linkage.

The method of synthesis of straighi aud circular coupler corves,
as presented in this dissertation, allows the linkage designer to
specify the coupler point path and the driving crank and coupler. This
flexibility permits other synthesis procedures to be applied beforehand
in order tc assure some approximate functional relationship between the
driving or input crank position and the coupler point position.

Through the use of the equations presented herein one is able to locatc

points of constraint on the coupler such that the approximate coupler



curve is realized and such that, at the design position, errors in

position, velocity, and acceleration are avoided.



Chapter 1

Straight Line Path - First Derivative

Attention is given to the synthesis of a four-bar linkage with a
straight line coupler point path utilizing the first derivative of the
radius of curvature with respect to a displacement of the coupler
point. A procedure is presented by which a four~bar linkage may be
synthesized such that a coupler point of the four-bar linkage will
retain its functional relationship with the crank and will also have
approximately straight line motion. Thus, having selected a slider-
zrank mechanism for a particular application, one may use this proce=-
dure to determine a four-bar linkage that is suitable for the same
application.

A slider-crank mechanism may be designed to approximately satisfy
virtually any functional relationship between the crank position and
the slider position. As an example, a slider-crank mechanism with the
slider displacement proportionail to the crank rotation will be synthe-
sized using the method of Freudeustein [12]. 7The «iiderv displacement
S can be expressed as a function of the crank rotation ¢ as follows:

AS = K (Ad)

where K 1is a constant of proportionality.

Assuming
¢g = 30 degrees Ss = 1C.00 cm
§g = 90 degrees Sg = 6.00 em
Ad = 60 degrees AS = 4,00 cm



Using Chebyshev spacing of the crank positions for three accuracy

points as shown by Hartenberg and Denavit [13]

¢; = 34.02 degrees

$2 = 60.00 degrees

$3 = 85.98 degrees
Therefore,

S = 9.7321 cm

So = 8.0000 cm

S3 = 6.2679 cm

As a result,
r = 3.1762 cm Crank Radius
1 = 88,2918 cm Connecting Rod Length
a3 =-2.5068 cm Slider Path Offset
This slider-crank mechanism which is shown in Fig. 2 satisfies
approximately the required functional relationship between the crank
and slider positions and provides exactly a straight line motion of the
slider, Point C. Attention will now be given to the synthesis of the
straight line motion using a four-bar linkage, with particular emphasis
on the retention of the approximate funcfional relationship.
Given a generalized slider-crank mechanism as shown in Fig. 3,
points exist on the connecting rod where, the change in the radius
of curvature of the coupler point path, dp, for each infinitesimal
displacement, dz, of such points is zero or

dp .
dz
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Figure 2. The Slider-Crank Mechanism
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Design Position of B

AN

Figure 3. A Slider-Crank Mechanism with a Change in Coupler
Constraints
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The object of this synthesis procedure is the location of a point
on the coupler whose path is approximately circular. Such a point is
Point B in the slider-crank mechanism shown in Fig. 3. If the crank
in Fig. 3 is permitted a small rotation such that Point B is displaced
an infinitesimal distance, dz, along its coupler curve, Eq. 1 will be
satisfied if the radius of curvature is invariant. Thus Point B may
be constrained with a revolute since the revolute will enforce the
condition that dp/dz = 0. Figure 3 shows a revolute connecting B with
the center of curvature of the coupler curve of Point B. Because the
motion of the coupler at the design position has not been substantially
altered, the revolute at C may be removed and the coupler curve of
Point C should approximate the coupler curve of Point C in the original
slider crank configuration.

At this stage of the development of the method, no conditions are
attached to higher derivatives of the radius of curvature of the coupler
curve as only one degree of freedom shall be permitted. Thus, at these
slider-crank coupler points, the radius of curvature of the coupler
curve is invariant for small displacements of the slider on each side
of the position for which the radius is to be specified.

The locus of points satisfyjng Eq. 1 is given by

(s + t?) (Mt + Ns) - st = 0 (2)
wvhere M and N are constants to be defined below.
This third degree equation, called the "cubic of stationary curvature",
is derived by Hartenberg and Denavit [13]. Equation 2 will not neces-
sarily describe points whose coupler paths are circular arcs because

of the lack of conditions on the higher derivatives of dp/dz. The
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cubic of stationary curvature for the slider-crank mechanism of the
preceding example is plotted in Fig. 4. To simplify the solution,
the s-t coordinate system is defined and displaced as shown. Because
crank Point A and slider Point C are points where dp/dz is zero, the
cubic must pass through these points.

Equation 2 may be written alternatively in polar form as

1
M N (3)

sin Y + cos Y B rw

The pole of the coordinate system corresponds to the pole1 of the

2

link and the angle ¥ is measured from the common centrode“ tangent at

the pole to the radius vector described by ry, where ry is a radius
vector from the pole to a point on the cubic. Fig. 5 shows the moving
and fixed centrodes of the connecting rod, and the common tangent.

The direction of the common centrode tangent may be established
by locating the inflection circ1e3 by the Euler-Savary construction as
shown by Hartenberg and Denavit [13]. The centrode tangent is located

by rotating thc line through the pole¢, Point T, and the inflection

1 Pole - the instantaneous center of velocities of points on the link
with respect to a fixed reference plane.

2 Centrode - the path of the instant center of a link as it moves
relative to another link. The fixed centrode is the path of the pole
of a link as that link moves relative to the frame, or ground. The
moving centrode is the path of the pole of the frame as the frame
moves relative to the link for which the centrode is developed.

3 Inflection Circle - the locus of points on a link for which the 1adius
of curvature of the path of such points is infinite.
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Cubic of

Stationary
Curvature

Figure 4. The Slider-Crank Mechanism with the Cubic-of-Stationary-
Curvature
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Inflection Circle
S Center

J—
—
Fixed Centrode
Moving
Centrode
N ’l \\\ | // x
Y & 2 VA A——
0 \ \ 17
e _\\‘rrc 2 / _
h o
Ve
Common Centrode 12T

Tangent

Figure 5. The Connecting Rod Centrodes of the Slider-Crank
Mechanism
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circle center, 90 degrees in a counter-clockwise direction. The cen-
trode tangent is line IT in Fig. 4.

Using a coordinate system with the origin at the poles and aligned
with the centrode tangent, it is possible to solve for the constants,
M and N, in Eqs. 2 and 3. It is known that Points A and C in Fig. 4

lie on the plot of the cubic of stationary curvature. Thus

M csc Yy + N sec Yy = 1/IA

(4)

M csc Yo + N sec Yo = 1/IC
Solving this system of equations will characterize M and N for the

link in question.

Denoting s and t as distances in the coordinate directions in the

s-t coordinate system shown in Fig. 6,

ri = g2 4+ t? (5)
t =71y cosy (6)
s =1y sin Y 7N

Let Point B be chosen as a coup!er point such that Point A, B,
and C lie on a straight line as shown in Fig. 4. Denoting the slope of
the coupler AC as m and the s-axis intercept of AC as by (refer to
Fig. 6), the equation of the defining line of the coupler may be given
by

s = mt + bg (8)

Now using Eq. 3,

M N 1
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Q,w

e T -

fentt— ()
—y

Cubic of Stationary Curvature

Figure 6. The Cubic of Stationary Curvature and the Connecting Rod
in the S$-T Plane
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(Mt + Ns)(t? + s?) = st
Mt? + Ns® + Mts? + Nt?s - st = 0 (9)

Combining Eq. 8 and Eq. 9 to eliminate s,

(M + No® + Mn® + Nm) t? + (3Nm®bg + 2Mmbg + Nbg - m) t?

+ 3(Nmbg2 + Mbg? + Mbg?- bg) t + Nb ® = 0 (10)

Or combining Eq. 8 and Eq. 9 to eliminate t,

M M N bM bM  bN 1
(T+N+—+T) sa+(‘3 e s?
m m m m . m m m
b_2M b_2N b M
+ 132 4 =5 )s—( = —]=0 (11)
m m m

Since M, N, m, and bS are all defined, the coefficients in Eqs. 10
and 11 are defined. The roots of either or both of these equations may
be determined. The roots correspond to the points of intersection of
the cubic and the line defined by the coupler. See Fig. 6. Of these
roots, one will correspond to Point A, one to Point C, and the remaining
root to the required coupler point, Point B.

It is now necessary to determine the radius of curvature and the
center of curvature of the coupler curve for the design position of the
slider-crank mechanism. Crossley [14] shows that the parametric

equations for the coupler point position may be expressed as

b
]

r cos ¢ + Al,
(12)
r sin ¢ - Al

<
[

y
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In these equations 1, = ! cos®, 1y = r sin 0 - ay as shown in
Fig.- 2 and A = xx/1 where xx is measured in the xx~yy coordinate system
and is the distance from Point A to the coupler point. From the deri-
vatives with respect to the crank angle, ¢, of Eqs. 12 it is possible

to evaluate the expression for the radius of curvature using

(xl2 + xv2)3/2

= (13)
P *(xv yn - yv xn)

Substituting the derivatives of Eqs. 12 into Eq. 13 yields Eq. 14
(p. 21) which defines the radius of curvature of the coupler point path
in terms of the slider crank linkage dimensions and the parameter A.

The location of the center of curvature in the fixed plane, coor-

dinates (x., yc) is given by

(va + y|2)
X, = X - y' (15)
x'yll - y'x"
(XVZ + va)
Ye =y +x' (16)
x’yll - y'xll

Substituting the derivatives of Eqs. 12 into Egs. 15 and 16 yields
Eqs. 17 and 18. Equations 17 and 18 (pp. 22 and 23) locate the center
of curvature of the coupler point path in the fixed plane. Note that
x and y in Eqs. 15 and 16 are the coordinate positions of the coupler
point, Point B, in the fixed plane. Figure 7 shows the center of
curvature, radius of curvature, and the coupler curve which is gene-

rated by Point B.
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VARIABLES USED IN EQUATICNS 14, 17, AND 18

L

]

"

X COCRODIMATE CF SLIDER-CPANK COUPLER POINT
Y COORDINATE CF SLIDER-CRANK COUPLER POINT

CRANK ANGLE

XX/L wWHGRE XX IS MEASUREN IN THE CGORDINATE SYSTEM
ON THAT CCHMNECTING ROO

CONNECTING RCD LENGTH
SLIDER PATH CFFSET

CRANK RADIUS
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By the use of Eqs. 14, 17, and 18, the synthesis of the four-bar
linkage equivalent of the slider-crank mechanism has been accomplished.
The length of the follower link is made equal to the radius of curva-
ture of the slider-crank coupler curve of Fig. 7 and rotates about the
center of curvature. It is attached to the connecting rod at Point B
and the slider is eliminated. Figure 8 shows the resulting four-bar
linkage where the path of Point C is an approximate straight line
along the original path of the slider. Figures 9 and 10 show enlarged
plots of the four-bar coupler curve for Point C with Fig. 9 showing
the complete coupler curve and Fig. 10 an enlargement of the straight-
line portion. Figure 11 shows a comparison between the actual values
and the theoretical values of the displacement S as a function of the
crank angle ¢ for the four-bar linkage. The amount of error in the
y-direction of the path of Point C for the four-bar linkage can be
determined from Fig. 10.

The results of this procedure indicate that a four-bar linkage
can be determined such that the cubic of stationary curvature of the
four-bar coupler is identical to that of the slider-crank coupler.

The difference in each case is the location of the links which provide
for constant curvature. The accuracy of the coupler point path
resulting from the conversion of the slider-crank into a four-bar
linkage is illustrated by the coupler curve charts in Figs. 12 to 15.
In particular, the accuracy of the path was investigated with respect

to the crank design angle, the ratio of the connecting rod length to



25

Center of Curvature
Coordinates X.,Yc

Rodius

<

‘ —Coupler Curve of B
Coordinates x,y

Figure 7. The Slider-Crank Couple Curve



26

/7

—— Coordinates x., ¥y
i

SN

RR

Follower Link

6 8 10 \——Coorci%notes X,y
Coupler Curve of C

Figure 8. The Four-Bar Linkage with the Coupler Curve



Y.DISTANCE. CM

27

300 500 7.00 9. 00 11.00
g
-t
8 ——
m / B
g
vl
8
N
300 500 7 &0 9 GO 11. 00

Figure 9.

XOISTANCE. CM

The Four-Bar Linkage Coupler Curve of Point C

-5 -3.00 -1.00

.7.00



Y.DISTANCE. CM

28

6. G0 7.C0 800 9. CO 10. Q0
&7
o

/ ""ﬁ-\
@ N

B / \
" X
R
o
B®
o

6 00 7 OO 8 00 9 00 10. 0

XPDISTANCE. CM

Figure 10. The "Straight" Portion of the Four-Bar Linkage
Coupler Curve of Point C

-2.53 2.3 230

.2.$



N

I T g
10 “Q ,
S >\\ ___i—Idedl Linear Curve )
8 —A4 )
w 7
Xe 1 £
c A 4
5 ¥\ /I \
4 It A\
3 Actual Relaﬁonship———S
2
I
0

O 30 60 90 120 150 180 2I0 240 270 300 330 360

Crank Angle, ¢, Degrees

Figure 11. Comparison of Actual with Theoretical Values of Horizontal

Displacement Relztive te Crank Angle for the Four-Bar Linkage

6¢



Error in X-Position, Cm

_.l..

D000 O0OQ OO0
U’-&um—g-—mu;}m

o EEW

7~ | Y }—Slider Crank Error—

A

~

LFour—Bar Function Error —

L/ N

-

//
W\‘/
V4

30

40 S0 60

70

80

Crank Angle, ¢, Degrees

Mechanism and Focur-Bar Linkage

. Figure 12. Comparison of Structural Errors for Slider-Crank

S0

o€



2

=8
. N7
W
ul
<
T
78
q ]
Y
XOISTANCE. CM
<300 2.0 .1.00 (=]
L ] ] 3
i < ")
‘ v
AS 2
3 “w dz=-.25
= < 7
* ‘ 03=*c50
< 03="'n75
3 03=-i000

Figure 13. Foux-Bzx Coupler Curves from Slider-Cranks with

Varying Path Cffsets.

¢ = 60°

Slider Crank r = 1.00 cm, 1 = 2.0C cm,

1t



YOISTRNCE. CH

-2.00

AD XOISTANCE. CM
0

llZ.L'IJ

Figure 14. Four-Bar Coupler Curves from Slider-Cranks with
Varying Connecting Rod Lengths. Slider Crank r = 1.00 cm,
az3 = -.25 cm, ¢ = 60°

(43



YDISTANCE, CM

o= 70°

XOISTANCE, CM

4. 00

Pp= 60°
§y= 50°
Pp= 40°

Figure 15. Four-Bar Cocupler Curves from Slider-Cranks with

Varying Design Crank Angles. Slider Crank r = 1.00 cm,
1 =2.00cm, 23 = -.25 cm

123



34

crank length, and the ratio of the crank length to the offset distance.
These charts exhibit relative insensitivity to changes in the crank
angle and the ratios listed above. However, the cases of negative
slider path offset appear to give better straight line performances.
This discussion, procedure, and example have been concerned with
satisfying Eq. 1. For the four-bar linkage of Fig. 8, with the fol-

lower link RR, the same conditions may be satisfied by

— (RR) =0 (19)

The satisfaction of this condition is necessary for an acceptable
mechanism, but in many situations it will not be sufficient. The fol-
lowing discussion will focus upon the establishment of these sufficient

conditions, namely

d2
(RR) = 0 (20
do?
and
d3
(RR) + O (21)



Chapter 2
General Equations -~ Three DRerivatives

The general equations and their solution for three derivatives of
the radius of curvature are presented such that the nature of the
coupler constraints remains undefined at this point. The position of
Point P on the dyada, shown in Fig. 16, in the x-y coordinate system

may be shown tc be

X=acos ¢ +ucos B-v sin B (22)

y=asin ¢ + u sin B - v cos B (23)
The magnitude and sign of the angle B will be dependent upon the
size and position of the dyad and the constraints placed upon the posi-

tion of Point B.

Equations 22 and 23 are of the form

X = X,o + xyu + xyv (24)
Y = Yoo + Yuu * VyV (25)
where

X.o = @ cos ¢
Yoo = @ 8in ¢

Xy, =cos B =x, (a,$,b,...)
Xy = - sin B = x, (a,¢,b,...)
Yy = sin B =y, (a,9,b,...)
Yy, =cos B =y, (a,d,b,...)

From Eqs. 24 and 25, derivatives of x and y with respect to the

4 Dyad - An open chain of two links.

35
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Figure 16. A Generalized Dyad
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crank angle <, may be formed

dx

ES— = x' = xéo + x&u + xév (26a)
dy

T y' = Yo *oyau * vV (272)

x' = Xoo t xyu + XV (26b)

x"? = xgé + X.:;L'l L %"y (26C)

v = xég + xﬁvu + x%vv (264d)

xV = xZo + xZu + xzv , (26e)
" - o " - "

y = Yeo + Y + Iy (270)

ynv - ygé + Y'L;'U + y:;'v (27¢)
iv _ _iv iv iv

y = Yo + y, ¢ +y, v (274)

yoo= Yoo + yzu + )“Zv (27e)

The radius of curvature oif the path of Point P is given by

x'2 4 y'2y)3/2 _
o = ( y ) - (X'Z + y'Z)S/Z(xvyn _ y'x") 1
(len - y'x")

Evaluating the derivatives of the radius of curvature of Point P
with respect to the pararmeter 2

dp 3(x" 2+yv2) (x'x"+y'y") (x'y"—y'x") - (x12+y|2) (x'y"'-—y'x"')

dé Vi 2y’ (e'y" - y'x™)? (28)
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d*p 1
d¢2 -'\[x12+ y|2 (x'y" _ y'x")3

[3(x'x"+y'y")2 (van - ylxn)Z

-9(X'x" + yvyn) (X'y"' - y'x"') (X'y" - y'x") (XQZ + y12)

+2(x'y"' - yvxnv)Z (XVZ + yv2) +3(xnz + yn + x'x"' + yty'u)

(xlyn - yvxn)z (X'z + yl 2) - (xnynv + xyyiV _ ynxny - y.xiv)
(x'y" - Y'X") (xv2 + yv 2)2] (29)
d’p 1

5T~ 3T [2zw3 6RW2T + 6R?WS - 6TSWZ
223/ 2y

-6RUWZ - 6RS2Z - 6RSWZ' + 4SUz2
+4S222" + 3T'W2Z + 6TWSZ + 3TW3Z'
-U'wz? - usz? - 2uwzz' - (2'w? + 6zW2s)

(3R2W2 - 6RSWZ + 25%z% 4+ 3TW?Z - Uwzz}] (30)

where
Z - xlz +y12

W= x'y" - x'"y'

U= x"y"' + vaiv - yllxln - y'XiV
- L2 n2 1,010 [T

T=x"+y"“+x'x""+y'y

T, Tt

S=x'y -y'x

| . ) )

R=x'x"_yy

Zl = leyl (y'xll + xlyll)
nxiv - Y'Xv

iv + y'yiv

U' = anyiv + xvyV _ zy

T' = 3x"x"' + 3}’”}’"' + x'x
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Consider now the case of the first derivative. If Eq. 28 is set
equal to zero, or the numerator of Eq. 28 is set equal to zero, it may

be shown that the resulting expression will be of the form

6
I agy ulvk =0 | (31)
=0 k=0

e ™M O

The locus of the real roots of this equation describes points for
which the radius of curvature is invariant with respect to infinitesi-
mal changes in the parameter ¢. It should be noted that a description
of the linkage through the definition of both the link lengths and
crank angle will define each of the ajk's of Eq. 31. Solution of the
equation will also yield a locus of roots in the imaginary plane.

Having described a real linkage, the imaginary roots are of no interest.

The denominator of Eq. 28 may be set to zero and may be expanded

to result in an expression of the form

4 4 )
z I oay uwivk = 0 (32)
=0 k=0

Coincident roots of Egqs. 31 and 32 locate points for which the
first derivative of the radius of curvature is undefined. Generally,
it may be shown that such coincident roots are not in the vicinity of
the coupler, with the lone exception of the ever-present coincident
root pair at the pole of the link. As such the definition of the first
derivative of the radius of curvature presents no real problem except

at the pole. The nature of this difficulty will be discussed later.
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The numerator of the equation for the second derivative of the
radius of curvature, Eq. 29, may be set equal to zero and expanded to
yield an equation of the form
8
z

8
z ajy wlvk = 0 (33)
j:

0 k=0

The locus of the real roots of Eq. 33 describes points for which
the second derivative of the radius of curvature is invariant with
respect to infinitesimal changes in the parameter ¢. Again, for a
defined linkage, each ajk is defined. The denominator of Eq. 27 may
be set to zero and expanded, and will yield the same results as in the
case of the first derivative denominator. That result is an indeter-
minate definition of the derivative at the pole.

The premise of this synthesis procedure is that the link may
undergo a change in constraints and retain approximately the same
characteristics of the derivatives. Practically, the circular con-
straint of a path is the easiest of all constraints to realize and con-
trol. In the case of a point constrained to move in a circular path,
the radius of curvature of the path of such a point is constant and
all derivatives of the radius of curvature with respect to a displace=~
ment parameter are zero.

The locaticn of Point P in Fig. 16 is defined with respect to two
parameters, u and v. As there are two degrees of freedom in this case,
solutions satisfying two equations (Egqs. 31 and 32) may be found. The

simultaneous solution of the equations defines points for which the

first and second derivatives of the radius of curvature (in the fixed
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plane) with respect to the driving angle are equal to zero.

It should be noted that the result of the entire procedure will be
to constrain a point, at which the first and second derivatives of p
are zero, such that ALL derivatives are zero. Because the higher deri-
vatives are not zero in the original linkage configuration, the proce-~
dure represents an approximation of the third and higher derivatives of
the radius of curvature. With only two degrees of freedom being
involved, only the first two derivatives of the radius of curvature
may be specified exactly. However, the solution of Eqs. 31 and 33
should yield multiple combinations of u and v, each pair of which has
a differentvalue of the third derivative of the radius of curvature.
Selection from these multiple solutions on the basis of the minimi-
zation of the absolute value of the third derivative should yield the
most desirable approximation.

Equations corresponding to Eqs. 26 through 33 with the exception
of Eq. 32 are presented in Appendix A. Super- and subscripts are not

iV X390 corresponds to

used. X1 corresponds to x', Y4 corresponds to y
xu', etc. Also, rather than being equated to zero, the appended

equations are equated to a dummy variable. Additiomally, all equations
are unexpanded. The reason for this is that Eq. 31, for example, when

expanded, will consist of thousands of terms and require tens of pages

for its listing.



The Solution Technique

The loci of the zeroes of the first and second derivatives of the

radius of curvature of coupler point curves are defined by
6 6 .
L z a., ulv
k
§=0 k=0 3

k (31) Repeated

1t
o

v =0 (32) Repeated

The above pair of non-linear equations may be solved simultane-

ously using the Newton-Raphson technique as shown by Carnahan [15].

Assume

6 6 j

f. =1 z a., u'v 0

k

' y=0 k=0 !
8 8

f =1L I a ujv =

2 520 k=0 Jk

Expanding these relationships in a Taylor Series and truncating

second order and higher order terms

of of
1ou+ 1 av= --f1
Ju v
of of
2 2
Au + AV = —f2
du ov

The determinant of the coefficient matrix (the Jacobian) becomes
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Bfl Bfl .
u . 8f1 °f2 Bfl sz .
‘ B du ov ov ou
sz sz
du v
Then
fz Bfl r sz
) 13
b= — e (34)
of of

Thus, after choosing satisfactory initial values of u and v, Egs.
34 and 35 may be solved repeatedly, updating u and v, until Au and Av
vanish.

An essential difficulty in formulating a Newton-Raphson Solution
is the determination of the expressions for the derivatives.

Let

F = -xyy' + xly" + ysx' - y;x"

G = 2(ygy" + xyx")
H = 2(y&y' + x&x')

1.,

LA, | 1., x

J = -xpy' + x\y" + yx' - Yo
R - X'X" + yly'l

T, T 11!

S=xy ' -yXx
T = Xuz + ynz + x"x"' + yvynv
U = X"}’"' + vaiV - y"x"' - y'xiv

W= ynxv - y'x"

Z=x!2+y'2



44

dp
1 = numerator of|——
d5

3ZRW - sz2 (36)

2

d
f5 = numerator of(ggg = 3R?W? -6RSWZ + 25222
+3TW?Z - UWz? (37)
Further
of 1
o = 3(y;y" + ysy' + x"x; + x'xz) WZ -2GSZ
+3FRZ +3GRW - 2?2 (x'yn! - yix"
- "lyl + x"’yll') (38)
af1
s = 3WZ (x"x) + x'x; + y'ya + y'y") -2HSZ
" V! (NRIX]
+3JRZ + 3HRW -(y x - y'x, tx Yu
_xnvylvl)ZZ (39)
5== = -2WUZH + 4S%ZH - TRSWH + 3TW?H + 6TWZJ - 6RSZJ

- 2+ _ not " " (] -
UZ°J - 6(x x, tx'x +ylyy + vy ) SWZ -6
()’"'X:l — ytxa' + x'y{;' - X"'Yl'l) RWZ

1,110 mne ] "non nun t it "e ] 2

+3(x x," x4+ 2x"x +2y"yo + ¥yt by yu)ZW

-( ivx! - """ 4+
y x| -y'xy' +y

"t LU O D DU [} I TE D L SO | 2
+x"y ) WZ + 4(y S AR + x Y, X yu)SZ + 6

iv

iv iv
ny_no_ e ' - 1 - '
X L AN + x yu y X, yux

(139 } " | 1] [ 2
(x x| +x'x +y'yy + yLy ) RW (40)
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of
- 2 | . ) tr,,t L1 P | | i}
= -2WUGZ + 45°GZ-6(yly" + yuy' + x"x| + x'x)SWZ

ov
+6TFWZ-6(x'y}' = yox"' = xU'y' + x3y"') RWZ-6RFSZ

1nt 11t

+3(2yyy" + y'yy' +oxgx"' + y'lyy +ox'xg' + 2x xV)ZW2
~6RSWG + 3TW2G + 6RZFW-FUZ® -(x'yi¥ - x'y" - yyxiV
-y'x%v + x,\',yiv + x"yy' - yux"' + xgy"t) wz? + 4(x'yy!
-y&x"' - x;'y' + x\',y"')SZ2 + 6(y;y" + ysy' + x"xé

+ x'x\))RW? (41)

It should be noted that solution difficulties are encountered at

points where the Jacobian vanishes. For the case of Eqs. 31 and 32,
such a point is the pole of the link. At the pole the first and second
derivatives of the radius of curvature are zero and as such, the coordi-
nates of the pole cause the numerators of Eqs. 28 and 29 to be zero.
But at the pole, the Jacobian vanishes and ideally Au and Av are not
defined at this point. The practical considerations of finite arith-
metic, however, does yield a solution at the pole, though convergence
may be difficult to achieve.

Further, generally at one of the link ends, the derivatives of f2
with respect to u and v are double-valued. This contributes to conver-
gence difficulties at the link end. However, solutions defining a link
end are of no interest, thus the lack of convergence is inconsequential.

Success in obtaining solutions using the Newton-Raphson method
depends primarily on the suitability of the initial parameters chosen.
In this problem, it is particularly important that all solutions in

the vicinity of the linkage be revecled. Thus, it is important that



46

the initial values of u and v be chosen such that the convergence to
the proper solutions is assured. These initial values may be chosen
such that they satisfy the cubic of stationary curvature.

The cubic of stationary curvature defines the locus of points such

that
dp
a4z - 0 (1) Repeated
Equation 28 defines the locus of points in the real plane such
that
dp
— 0
d¢
Asuming
d d;
.._p.._ _?__ =0
do dz

the two functions should, and in fact do, describe the same set of
points. Thus, using the cubic of stationary curvature, a set of points
or initial values may be determined to satisfy one of the two equations
of concern. Provided that these points are adequatcly spaced along tihia
locus of points satisfying the first derivatives equation, the crossing
of the first and second derivative equations should be adequately
bracketed such that convergence to every crossing in the vicinity of

the linkage is assured. Solutions at infinity are of no interest.



The Computer Program

The functions describing the zeroes of the derivatives and their
solution are generated numerically using standard numerical techni-
ques. An ANSI FORTRAN progran for each of the two cases, straight
path and circular path, has been developed. The listing of each pro-
gram is listed in Appendix 3.

Essentially the two programs are the same; however, the deriva-~
tives of the coordinate positions in the fixed plane are formed dif-
ferently. The curved path program uses diménsioned coordinate posi-
tions, u and v, in the coupler coordinate system while the straight
path program uses non-dimensional coordinates, W and A. Both programs
provide for the point-by-point detexrmination of the original and synthe-
sized coupler curves and for the generation of a printer plot of these
curves. For a CALCOMP plot of the coupler curves, it is suggested that
the user may direct the point-by-point coordinates to an auxiliary file
that may be read by a simple plotting program for the plot generation.

The programs consist of a number of special purpose subroutinces,
each of which performs a well defined function in the synthesis. These
routines are orchestrated by a small main program that provides for the
calling sequence and conditioning of the input and output arguments of
the subroutines. All routines used, including commonly available
scientific subroutines and functions, are shown in the appended
listings.

The order of calling of the major subroutines and their principal

functions are as follows:

47
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SUBROUTINE TRIAL - This subroutine performs an Euler-Savary
analysis to fix the inflection circle and the common
centrode tangent of the link. The constants in the
cubic of stationary curvature are determined. The
asymptotic direction for the cubic is fixed. Fifty
trial solutions are generated. Forty of these solu-
tions are evenly distributed angularly around the
cubic. Ten solutions are distributed along the

asymptote.

SUBROUTINE NEWRAP - For the original linkage the coef-
ficients of the expressions for the derivatives of
tne coordinate positions are generated. Using each
of the trial solutions as a starting point, Newton-
Raphson iterations are performed until the changes
in the variables are less than some epsilon or until
lack of convergence is apparent. If either or both
variables proceed to infinity, lack of convergence is
indicated. If the number of iterations exceeds 100,
the values of the next 10 iterations are averaged and

lack of convergence is assumed.

SUBROUTINE SOL - This routine inspects the resuilts of the
Newton-Raphson iterations. Solutions are deleted if
1. Lack of convergence is indicated;

2. Solution indicates a link end; or
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3. Soluticn duplicates an existing
solution within 0.57%.
SUBROUTINE RANK - This subroutine computes, for all cor-
firmed solutions, the absolute value of d®p/d¢®. The
solutions are then ranked in increasing value of the

absolute value of d3z/ds®.

SUBROUTINE STRLIN - For each solution, this routine
locates the coupler point in the fixed plane and
determines the radius of curvature and center of
curvature of the coupler curve for this point in

the design position.

SUBROUTINE ANALZE - For iategral degree positions of the
driving crank, the coordinates of the coupler point in
both the original linkage and the synthesized linkage
are computed and printed along with the differences in
the x and y directions. SUBROUTINE DRAW may be called

to provide a printer plot of the coupler curves.

AUXILIARY ROUTINES

SUBROUTINE SIMQ - IBM Scientific Subroutine which solves a
set of simultaneous linear equations.

SUBROUTINE CIRCLE - This routine locates the center of a
circle and determines the circle radius given the

coordinates of three points of the circle.



Computer Program Specifications

Table 1 shows the size and time characteristics of both the
straight path and curved path programs. These programs have been
executed on an IBM System 370 and a Control Data Corporation 3300

System. Specifications for both systems are given.
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Table 1

Computer Program Specifications

Program

Straight Path

Curved Path

Computer IBM 370/158 CDC 3300 | IBM 370/158 CDC 3300
Compiler FORTG MSOS FORTG MSOS
Core Req'd* 40.1 50 62.3 65

Compile Time 20 62 33 104
Secs.

Execute TimeT 14 159 26 192

Secs.

* Core requirements are given in kilobytes for IBM and quarter-pages

for CDC.

t Includes central processor and chamnnel time for cxamples presented

herein.

Includes printer plot of (oupler curves.



Discussion of the Accuracy of
Computer Programs

The equations developed in previous and subsequent portions are
exact and represent no approximations or compromises. However the
use of these equations in a computer program that is executed with
finite mathematics represents a compromise in the exactness of solu-
tions.

The original versions of both programs were written such that the
Newton-Raphson solution and the location of the coupler point and its
center and radius of curvature were performed in double precision.

The appended listings show single precision programs. With an epsilon
of 10.7 for the Newton-Raphson sclution, and double-precision calcu-
lations with 16 and 24 significant digits, and single precision calcu-
lations with 8 and 12 significant digits, it may be shown that no
material differences will result in the solutions as a function of
precision.

If the solutions obtained by inputting a desired linkage configu-
ration are themselves input to the program, it may h¢ shown that the
original linkage configuration is given as the best solution. With e
solution epsilon of 10—7, the solutions obtained are recursive to
within 6 to 7 significant digits.

The existing programs, as shown in the Appendix B, employ single
precision arithmetic only. The recursion checks indicate that within
the normal range of link length ratios the accuracy of the solutions is

far greater than normal requirements. Link length ratios greater than
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200 will cause problems because of the large number of exponentiations
required by the solution technique.

Ideally, the use of a very large radius path (>10°%m) in the
circular path procedure should duplicate the straight path procedure.
However, because of the aforementioned limits on link length ratios,
the results are meaningless. With large length ratios within the 200
limit, the two procedures do approach each other.

The data processing software will affect the behavior of the
routines with respect to underflows and overflows. The standard
fix-ups taken in the cases of underflows and overflows will preserve
the accuracy of the procedures. It is nonetheless bothersome to have
the occurrences of over- and underflows printed, thus, the detection
of these errors should be masked-off to avoid notification and to

avoid termination of execution if applicable.



Chapter 3

Straight Line Path - Three Derivatives

Having established the general equations for the synthesis proce-
dure with three derivatives, the particularized equations for the
straight line path case are developed. A slider-crank mechanism is
shown in Fig. 17 in which the doordinates of Point C and the fixed

coordinate system are given by

Xx=rcos &+ bcos (O -1Y)
(42)
y=1rsin 9+ b sin (@ - ¥)
or
X =Y cos Q+ xx cos Y+ yy sin vy
(43)
y=1r sind + yx cos Y - xx sin ¥y
But
t 1
cos Y = X sin v = Y
1 1
where ly =1 sin ¢ - as
Let A = xx/1 U= yy/
Then
X =Trcos 9+ Ay + MU
7 (44)
y = r sin ¢ + Ui, - lly
Or, expressing x and y in terms of r, 1, aqs and ¢
1 i -
X =71 cos 9 + A\ cos [ sin” (r sin ¢ as )]
+ H(r sin O - aj) ! (45)
y=1rsind -2 (r sind - a3)
~1/r sin ¢ -a
+ Ul cos [ sin 1( 3)] (46)
1
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Figure 17. A Slider-Crank Mechanism
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The derivatives of Eqs. 45 and 46 with respect to the displace-~
ment parameter ¢ may now be taken. These derivatives were taken on
the computer using a formula manipulator, FORMAC. The resulting
expressions are shown in the Appendix A as a part of the Straight Path
Equations. The expressions are shown as X1L, Y2M, X4L, etc. as
described previously. X1L indicates the lambda coefficient in dx/d¢;
Y2C indicates the constant coefficient of dzy/d¢2.

It should be noted that the coefficients that make up these deriva-
tives are functions of r, 1, a3 and ® only. If the original slider
crank has been described in terms of these parameters, the nature of
the derivatives throughout the moving plane can be determined, and
these derivatives will vary linearly with respect to the coordinate

positions A and u.



Straight-Line Path Example

An illustration of a straight-line path synthesis example follows.
Assume that the slider crank mechanism used in the previous examples
were to be the object of this two degrees of freedom synthesis procedure
utilizing the first, second, and third derivatives of the radius of
curvature of a coupler point path.

The slider crank linkage is described by

Crank radius = 3.176162 cm

Connecting rod length = 8.291779 cm
Slider path offset = 2.50682 cm

Crank angle = 60.000° = 1.047198 radians

Table 2 shows those characteristics of the slider—crank mechanism
used for the generation of trial solutions.

At this point, Yy in Eq. 3 may be incremented, sclving for r, and
in turn for s and t in Eqs. 6 and 7. Thus the forty trial solutions on
the cubic of stationary curvature are generated. The remaining ten
trial scolutions are distributed along the asymptotc. Figure 18 shows
a plot of the trial solutions in the t - s, U -~ A, and X - y coordinate
systems.

Next, each of the coefficients of the derivatives of x and y are
evaluated. Then using each of the trial solutions and Eqs. 34 through
41, Newton-Raphson iterations are continuously made until the proce-
dure converges to a solution or lack of convergence is indicated.
Figure 19 shows the original trial solutions and the solutions to which

each trial converges by the Newton-Raphson method.
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Table 2

Characteristics of the Original Linkage
Used in the Straight Path Example

Point Aisat . . . . .+ +« « +« « « « . (1.58808, 2.75068) cm
Point Cisat . . .« « +« « « « « +« .+ . (8.00000, -2.506821)cm
Connecting rod pole isat . . . . . . . .(8.00000, 13.85642) cm
IA . . . ¢ s e e o s e e e 4 e e e e 12.8239 cm
IB . . . . « « « « « v « v « & & o « .« 16.3632 cm
Points on the inflection circle . . . . . .(-24.3002, -42.0893) cm

(8.00000, -2.506821)cm

(8.00000, 13.85642) cm
Inflection circle centered at e e o o« o J(-42.4296, 5.6748) cm

Inflection circle radius . . . . . . . . 51.0889 cm

Angle between the common centrode and the horizontal. . . -=1.40995 cm

L T T P PP 5.59875 radians
Tp e e e e e e e e e e e e e 12.8239 cm
Ve e e e e e e e e e e e e e e ~1.60837 radians
Too e e e e e e e e e e e e 16.3632 cm
M . 5311.99
N e e e o e e e s e 4 s 4 4 e s s e 16.54536

Angle between centrode tangent and asymptote. . . -0.0003115 radians
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Figure 18. Trial Solutions in the Fixed Plane
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Figure 19. Migration of the Trial Solutions in a Newton-Raphson
Procedure
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Figure 20 shows the loci of zeroes of the first and second
derivatives of the radius of curvature of coupler points in the fixed
plane. These curves were obtained by a procedure independent of
the solution technique described herein. Note that the coincident
zeroes in Fig. 20 correspond to the indicated solutions in Fig. 19.

The coupler points whose first and second derivatives of the
radius of curvature of the coupler curve are equal to zero are shown
in Table 3.

Figure 21 shows the linkage in the slider-crank configuration
with coupler curves plotted in part for each of the solutions.

Note that Solution 3 indicates the pole of the coupler and as such
is of no interest.

Solution 1

1.69360

u

A = 1.05318

Coupler point position in the fixed plane = (17.2450,
8.07279) cm
Radius of curvature of coupler path = 1.3550 cm
Center of curvature = (16.0959, 8.79170) cm
The four-bar linkage indicated by this solution is shown in

Fig. 22.
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Figure 20. The Loci of the Zeroes of the First and Second
Derivatives of the Radius of Curvature for the Slider-Crank

Mechanism
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Table 3

Solutions for the Straight Path Example

Coupler Point B Coordinates

3
Solution Number -d—g——
d¢
> H
1 1.05318 1.69360 42.425
2 .52381 .1842330 521.03
3 -.25127 1.52603 2.5865 x 1073
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Figure 21. The Behavior of Solution Points in the Coupler Plane
of the Slider-Crank Mechanism
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Figure 22. The Configurations of the Four-Bar Solutions
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Solution 2

0.842330

!

A = 0.52381

Coupler point position in the fixed plane = (9.3752,
5.39767) cm

Radius of curvature of coupler path = 8.5358 cm

Center of curvature = (8.0055, 13.8228) cm

The four-bar linkage indicated by this solution is also shown
in Fig. 22.

Figure 23 shows a comparison of the coupler curves of Point C
in the four-bar configurations of the two solutions and the original
slider path and stroke.

Assuming wy; = 100 radians/sec clockwise and Gy = 0, a velocitwy
analysis of the original slider-crank mechanism and of each of the
solutions shown in Fig. 22, results in the angular velocity of the
coupler, w3, being 24.7676 radians/sec in each case. An acceleration
analysis of each of the same linkages with the <ume assumptions,
determines the angular acceleration of the coupler, 03, to be 3786.9
radians/sec/sec in each case. Since no first or second order
approximations have been made, it is to be expected that the first
and second order displacement functions for the coupler of each

solution would be exact.
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Chapter 4
Circular Path - Three Derivatives

Given a four-bar linkage, as shown in Fig. 24, the vector loop

equation may be written

a+b+c=4d (47)

From Fig. 25, Kersten [16] shows that

c? = [(d-acos $) - b cos B]2+[a sin ¢ + b sin B]z
c? = (d - a cos ¢)2 -2b (d - a cos ¢) cos B + b? cos?B
+ (a sin ¢)2 + 2 ab sin B sin ¢ + b? sin B
Now using
P=d - acos ¢
Q = a sin ¢
c? = P? - 2bPcos B8 + Q2 + 2bQ sin B + b2
or
c? - b2 - P?-Q% + 2bP cos B
Q sin B =
2b
P2+ Q2+ b - ¢
=P cos B -
2b
Using
P2 + Q% + b? - c?
V =

2b
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Figure 24. The Vector Loop for a Four-Bar Linkage
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Figure 25. The Geometry of the Four-Bar Vector Loop
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then
QsinB=Pcos -V
Pcos B=V+QsinB
P2cos?B = V% + 2VQ sin B + Q% sin?B

P2 - P%sin B = V% + 2VQ sin B + Q%sin B

) vQ v2 - p?
sin3+2"—_ sin3+'—“—"=0
Using
vQ
D= —m and
P2 + Q2
v? - p?
E=
2 2
P +Q

Note: (P2 + Q2) = 0 only when P? = 0 and Q? = 0, for which ¢ = 0,

a=d, and b = ¢

Then

sin?8 + 2D (sin B) + E =0

Therefore
sin 8 = -D + VD? - E (48)
Also
V+ Q si ‘
cos B = Q sin 8 {49)
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The double solution is a result of the dual geometric inversions
possible for a four-bar linkage described in terms of link length and
one crank angle. Therefore, in dealing with a definite linkage, it is
necessary to particularize the sign of the radical. Figure 26 shows
the geometric inversions for a four-bar linkage.

Then

B = sin™! [-—Di ’\/DZ-E]

Having defined the angle B for a four-bar linkage as shown in
Fig. 27, the parametric equations indicating the position of a coupler

point in the fixed plane are

X =acos 6+ ucos 8 -v sin B
(50)
y = a sin 9 + u sin B + v cos B
Then
dx ds dB
x' =——=-asind -usinB—— - v cos B
d¢ d¢ da¢
(51)
dy dB . dg
y' = a0 =acos $ + ucos 8 “;; - v sin $ &é'
where

fﬁ:L[sin"l (—Di\/Dz—E)] (52)

do d¢
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Figure 26. Geometric Inversions of a Four-Bar Linkage
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Figure 27. The Four-Bar Linkage
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Then , 3
ds d N
= dsint | ———— (vt P V@2 +Q?) -v: )|y
do do P2 + Q2
L /
d 1 a’d
= s:i_n"1 sin 2(1)
do (a®+ d? - 2 ad cos ¢) 2b

2 2 2 2
a +ad + ab” - ac

2b

sin ¢ | * (d - a cos ¢) a® + 42

a“+2a2d? + 2a%b? - 2a2%c? - 2¢%b? + Mt d*

- 2adcosd) - -
4b?
2b232%2-2c24%+b* 2242 a3d+ad3- ab?d-ac?d | %
- - cos ¢
4b? b? b?

Let

KK = a2 + 42
L = 2ad

HH = (a? + ad? + ab? - ac?) /2b
a%d

2b

JJ =

MM = (a* + 2a2d%+2a?b%-2a2c?-2c2b24c+ d*4+2b2d%-2c2d2+b")/ (4b2)

a?q?
NN:

b2

a®d + ad® - ab?%d - ac?d
uu
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Then
ds d 1
— = —— ( sin™! “———‘——"*-(— [HH sin ¢ ~ JJ sin 2¢]
do do KK-L cos ¢

+ ['d-a cos ¢][ (KK-L cos¢);(MM+NN cos?¢-UU cosé) ] %]
Let
AA = KK - MM
BB = UU -1L
g d _y| 39sin2 -HH sin ¢
— = — ¢ sin
dé d¢ KK - L cos ¢

+ [(d-a cos ¢)2 (AA+BB cos ¢~ NN cosz¢)]
KK - L cos ¢ (53)

Now dB/d¢ (Eq. 53) may be substituted into Eqs. 51 in order to
define x' and y' for the circular path case. The problem of the plus
or minus sign of the radical in Eq. 53 may be solved by introducing
a variable of unit magnitude. The sign of this variable may be deter-
mined such that the size of angle B as given by Eq. 48 corresponds to
that size of B on the original four-bar linkage.

The expressions for x' and y' may be successively differentiated
with respect to the crank angle ¢ such that Eqs. 26 and 27 are defined
for the circular path case. Now the general equations of Chap. 3
may be used to search for coupler points such that the first and

second derivatives of the radius of curvature with respect to the

crank angle are zero.



Circular Path Example

An example of the two degrees of freedom as it applies to the
synthesis of a circular path is presented. Assume that the synthesis
of an approximately circular path corresponding to that of Point C in
Fig. 27 is desired. Using the two degrees of freedom synthesis proce-
dure, points on the coupler (Link 3 in Fig. 27) shall be determind such
that the first and second derivatives of the radius of curvature with
respect to the crank angle of the path of such points are zero.

The characteristics of the original linkage of Fig. 27 used for
the generation of trial solutions are shown in Table 4.

With M and N having been defined, the cubic of stationary curva-
ture may be used to generate the set of 50 trial solutions. These trial
solutions are plotted in Fig. 28. At this point the Newton-Raphson
procedure may be applied to each of the trial solutions. Figure 29

shows the behavior of each of the trial solutions with respect to con-~

vergence to a solution or a point in the moving plane such that dp/d$=0

and d2p/d¢?=0.

The unique solutions result from culling the Newton-Raphson results

are shown in Table 5.
Solution 1
u = 6.205584 cm
v = .468489 cm
Coupler point position in the fixed plane=(3.36187, 5.055578)cm

radius of curvature of coupler path = 2.39977 cm

Center of curvature = (2.66866, 7.36404) cm
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Table 4

Characteristics of the Original Linkage
Used in the Circular Path Example

Crank radius

Crank angle .

. . . . . . . . . . . . .

Center of curvature of coupler point path .

Coupler point at . . . . . .
Connecting rod pole at

IA .
IB. .« .« « ¢ ¢ ¢« .« .

Points on the inflection circle

Inflection circle center at
Inflection circle radius e e e e e e

Angle between the centrode tangent and

the horizontal e e e e e e e e
L7
A e e e e e e e e e e e

Yoo . e e

l'C . . . o o . B . .
M . . . . . . . . .
N

Angle between centrode tangent and

asymptote .

1.0000 cm

2.617994 cm

(3.0000, 0.0000) cm

. (1.050888, 2.280562) cm
(5.922297, -3.419239) cm
. 7.838479 cm

e e e . 7.497890 cm
(52.34410, -30.22087) cm
(13.22598, ~11.96493) cm
(5.922297, -3.419239) cm
(58.58922,34.19929) cm

. . 64.72217 cm

. 2.19104 radianc
. 0.426957 radiaus
7.838479 cm

. .0869542 radians

. 7.49789 cm
e .. 553.8348
. 8.916274

-0.016097 radians
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Figure 28. Trial Solutions in the Fixed Plane
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Figure 29. Migration of the Trial Solutions in a Newton-Raphson
Procedure
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Table 5

Solutions for the Circular Path Example

Solution Number

Coupler Point B Coordinates

5
dé

u, cm v, cm
1 .205584 468489 32.2341
2 .705078 2.771973 2095.03
3 .306390 -7.491483 |7.7639 x 1072
4 .624201 3.221359 |2.4706 x 1022
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The four-bar linkage indicated by this solution is shown in

Fig. 30
Solution 2
u = 4.705078 ca
v = 2.771973 cn

Coupler point position in the fixed plane = (.694796,
5.73311) cm
Radius of curvature of coupler path = 43.5759 cm
Center of curvature = (-20.9174, 43.5719) cm
The four-bar linkage indicated by this solution is shown in
Fig. 31

The third solutioa is at the coupler pole, and as such is of no

interest.
Solution 4
u = 4.624201 cn
v = 3.221359 cn

Coupler point position in the fixed plane = (.3297006,
6.00732) cm
Radius of curvature of coupler path = 1.8789 x 10! cm
Center of curvature = (9.5868 x 1010, - 1.6159 x 10'Y) cm
The four-bar linkage indicated by this solution is shown in
Fig. 32. 1In the discussion that follows, it is assumed that the
radius of the coupler path in this case is infinite.
Figure 33 shows the plot of the coupler curve of Point B in the

configuration shown in Fig. 30. Figure 34 shows the plot of the
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Figure 30. Solution 1, a Four-Bar Linkage with a Circular
Coupler Curve
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Figure 31. Solution 2, a Four-Bar Linkage with a Circular
Coupler Curve
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Figure 32. Solution 4, a Four-Bar Linkage with a Circular
Coupler Curve
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coupler curve of Point C in the configuration shown in Fig. 31. 1In
both Figs. 33 and 34, the path of Point C in the original mechanism,
Fig. 27, is shown as an arc of radius R. Because the ratio of link
lengths is large, a plot of the coupler curve for Solution 4 is
omitted.

The loci of the zeroes of the first and second derivatives of the
radius of curvature in the moving plane are shown in Fig. 35 for the
original mechanism of Fig. 27. The transformation of this mapping
into the fixed plane is shown in Fig. 36.

Figures 37 and 38 show the loci of the zeroes of the first and
second derivatives for Solution 1 (Fig. 30) in the moving and fixed
planes respectively. Figures 39 and 40 show the loci of the zeroes
of the first and second derivatives for Solution 2 (Fig. 31) in the
moving and fixed planes respectively.

A comparison of Figs. 36, 38, and 40 reveals that in the fixed
plane the original linkage and its synthesized solutions have identi-
cal loci of the zeroes of the first and second derivatives of the
radius of curvature. Correspondence is noted not only at the coinci-
dent zeroes, but throughout the fixed plane. 1n the case of the first
derivative, constraints on the constants in the cubic of stationary
curvature indicate that coincident cubics will result. Because the
expanded form of the second derivative equation transformed to the
fixed plane is unobtainable, no definitive explanation of the second

derivative zeroes can be given.



89

-

Figure 35. The Loci of the Zeroes of the First and Second
Derivatives of the Radius of Curvature in the Coupler of the
Original Four-Bar Linkage in the Moving Plane
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Figure 36. The Loci of the Zeroes of the First and Second
Derivatives of the Radius of Curvature in the Coupler of the
Original Four-Bar Linkage in the Fixed Plane
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Figure 37. The Loci of the Zeroes of the First and Second
Derivatives of the Radius of Curvature in the Coupler of
Solution 1 in the Moving Plane



92

|

0.
©
O

]
L
Q
-~

-l

8
"

Figure 38. The Loci of the Zeroes of the First and Second
Derivatives of the Radius of Curvature in the Coupler
of Solution 1 in the fixed Plane
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Figure 39. The Loci of the Zeroes of the First and Second
Derivatives of the Radius of Curvature in the Coupler of
Solution 2 in the Moving Plane
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Figure 40. The Loci of the Zeroes of the First and Second
Derivatives of the Radius of Curvature in the Coupler of

Solution 2 in the Fixed Plane



It is apparent, however, that having defined the constraints on
a link in a manner similar to those constraints of Fig. 27, a family
of constraints has been determined. TFigure 41 shows all of these
constraints for the coupler of this example.

These constraints of Fig. 41 when taken two at a time will neces-
sarily impose all of the others. It is implied that all of the con-
straints apply only to first and second order displacement functions.
However, because of the requirement that the functional relationship
between driving crank angle and coupler point position be maintained,
the constraint at Point A must always be observed.

Velocity and acceleration analyses of the original mechanism and
of each of the solutions will confirm that the angular velocities and
accelerations of the coupler of each mechanism will agree with those
velocities and accelerations of every other case because of the second-

order exactness in displacement functions.
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Figure 41. The Constrained Coupler of the Four-Bar Linkage



Chapter 5
The Arbitrary Path

Coupler curves approximating paths that are arbitrary in the
sense that these paths are neither straight nor circular are often
desired. 1If one end of a link is constrained to a circular path and
the other end 1s constrained to a path that is defined in the fixed
plane by some relationship, y = f(x), it is possible to synthesize a
four-bar linkage such that the coupler point motion will approximate
y = f(x). The first five derivatives of the function must exist in
the range of the variables for which the synthesis is desired.

Figure 42 shows a linkage in which the coupler is subject to the

constraints above. Applications of loop equations yield

y =asin ¢ + b sin B (54)

x=acos ¢ +b cos B (55)
But

y = £(x) (56)
Then

asin¢+bsinB=f acos $+bcosB (57)

Provided that the functional relationship between x and y is
defined, Eq. 57 may be expanded and simplified to yield an equation in
sin B. It should be noted that if the functional relationship is in
the form of a polynomial, the order of the polynomial must be four or
less as Eq. 57 must be evaluated for an explicit function for sin B.

Any other functional form that will not yield an explicit solution for

sin B cannot be synthesized.
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Figure 42. A Linkage with an Arbitrarily Constrained Coupler



99

sin B = g(d,a,b,.....) (58)
Having determined a representation for sin B as shown in Eq. 58,

B may be evaluated as

B = sin™! g(d,a,b,.....) | (59)

Equation 59 may be differentiated and substituted along with
Eq. 58 into Eq. 51 for the definition of x' and y'. Then x' and y'
may each be successively differentiated to form the terms of Eqs. 36
through 41. The general solution technique may then be followed to
make the first and second derivatives of the radius of curvature of
the coupler point path zero.

Implicit to the previously outlined procedure of using the cubic
of stationary curvature for the generation of trial solutions is the
requirement that two points in the moving plane with constant curvature
couple path must be known. 1In the case of the arbitrary path, only one
such point can be identified. Because of this, relatively precise
trial solutions cannot be determined. Trial solutions can only be a
collection of uniformly distributed points in the vicinity of the
linkage.

The evaluation of dB/d¢, x', y', and successive derivatives may
be, and perhaps must be, evaluated using a formula translator such as
FORMAC. The feasibility and possibility of accomplishing this task is
dependent upon the complexity of the functional relationship as shown in

Eq. 56. For the case of the circular coupler point path, this task

required hours of computer time and up to 1.2 million bytes of core

storage for the algebraic manipulations.



Conclusion

It has been demonstrated that, given a description of the coupler
constraints, it is possible to approximate the behavior of the deri-
vatives of the radius of curvature of ﬁoints on the coupler. This
approximation may be in the form of exactness in the first derivative,
approximation or exactness of the second derivative, and approximations
of third and higher derivatives. The mechanism of the approximations
involve duplicating the loci of the zeroes of the derivative(s) of the
original mechanism coupler in the coupler plane of the solution mecha-
nism. Implicit in the synthesis procedures outlined herein is the
requirement that the coupler in the original linkage configuration must
not be in translation only. The pole of the link must exist at a finite
location. If the 1link translates only, the only coupler points suitable
for attachment of a link are at some infinity. As finite mathematics is
employed in the calculations, failure is assured.

The cubic of stationary curvature defines points on a coupler such
that the derivative of the radius of curvature of the path of such
points with respect to a displacement along the coupler curve is zerc.
If the coupler is in a dwell position, the cubic does exist, but it may
define points whose radius of curvature is double-valued. The coupler
curves of such points will contain cusps or crunodes.

In the two degree of freedom synthesis procedure the derivatives
of the radius of curvature of the path of coupler points were formed

with respect to the angle of the driving crank. If the coupler is in
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a dwell position the derivatives of the radius of curvature through-out
the coupler plane are zero. As such, the procedure is not useful for
the dwell position of the coupler.

This discussion is limited to the development of one and two
degrees of freedom synthesis procedures. Those degrees of freedom
involve the number of coordinate dimensions that may be specified in
the coupler point location. It has been demonstrated that the proce-
dure is sound and it would appear that higher orders of exactness with
more degrees of freedom would be attractive.‘

The approximation of the third derivative of the radius of curva-
ture required the determination of the expression for the third deri-
vative and the specification of the expressions for the fifth derivatives
of the coordinate positions in the fixed plane. Thus, it appears that
a three degrees of freedom synthesis procedure is attainable provided
that the derivatives essential to the Newton-Raphson method may be
formed. The third degree of freedom may be the link length of the
coupler or the driving crank angle in the original configuration. Tt
must be recognized that the cubic of stationary curvature cannot be
used for the generation of trial solutions as a complete specification
of the coupler is required for the definition of the cubic's constants.

While the procedure may appear to be extendable to fourth and
higher orders of exéctness, the untractability of the successively
higher derivatives will undoubtedly prove to be more than a typ..zl
modern computer configuration may handle. The sizes of the equations

handled so far are staggering and these expressions were manipulated
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with considerable difficulty. There may exist, however, other mathe-
matical techniques as well as other formula manipulation techniques or
manipulators which will make equation size much less of a limitation of
the scope of the synthesis procedure.

To this point, emphasis has been placed upon the task of locating
coupler points whose lower derivatives of the radius of curvature
coupler curve are zero. While this is necessary for the approximation
of some coupler path, it is not the only procedure available. For
instance, in the coupler plane those points possessive of an infinite
radius of curvature and a zero first derivative will have an approxi-
mately straight path. Thus, this coupler point may be located through
the use of a similar procedure utilizing equations that have been
developed. The radius of curvature, the first, or the second deri-
vative of the radius of curvature may each or in pairs be given non-
zero values.

It is believed that the procedures outlined herein are useful and
that these procedures provide for the advancement of planar kinematic
synthesis. However, the equations re¢quired by these proceduxes may
prove to be of greater usefulness as other synthesis procedures may

employ these relationships.
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APPENDIX A

Straight Path Equations
and

Circular Path Equations

Some of the names of intermediate variables in this Appendix
do not correspond to the names of the same variables in the main
body of the text. In all cases, all variables are completely
defined. Initial and final variables utilize the same names as
are found in the main body of the text or these variables are

named using the naming schemes described in the text.
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STRAIGHT PATH EQUATIUNS

SP = SIN [ PHI )

- o = - ———— -

- = s e e . e

- o . = ———— - ——— ———————— - —— -t - — - - - .

Xit = - R SP CP +# R 33 CP )/ 12

- ———————

- - = - ——— —— ——— — - - - > > ——— O o T W - —-— -

2 2 2 2 2 3
R 43 SP - R cP + R S? )} 2 Y/ 1
X284 = X1C

-——— a — —

2 2 2 2 4 4
X3t = ( 3R z a3 SP CP + 4 R z SP CcP - R 12 A3 CP - %
3 2 2 4 2 3 4 2 3
R y4 A3 s°? cP + 3R z sep cp - 3R A3 SP CpP -3
4 2 3 3 2 3 5 2 3 6
K z SP C? + 3R z A3 CP ¢ 9 R A% SP ce ~ 3 R
3 3 3 3 3 5



107

STRAIGHT PATH EQUATIONS

X3v = Xx2C
X4C = X1M
[ 3 4 2 3 2 3
X4L = { RZ A3 SP -26R Z A3 SPCP =-13R I A3 se
2 & 2 2 2 2 4 4 2 2 S
CP 4+ 5, R 2 A3 SF CP +22R I SP CP - 52
2 3 2 6 2 4 2 2 4 2 2
2 A3 SP CP 4+ 18R I SP CP + 4R I A3 (P
2 6 2 5 2 4 S 3 4
+ 4 P b4 cP + 36 R z A3 SP CP + 60 R A3 SP CP
6 2 2 4 6 2 2 4 7 3
- 90 R A3 S? CP -18R 2 SP CP + 65 R 43 SO
4 8 4 4 4 2 2 4 4 4
cP - 15 R s> ce - 18 R 2 A3 cep - 15 ® A3 ce
4 4 4 4 2 4 2 2 2 6 2
-3R I €C? =-3R I A3 SP -4 1 SP +6 R

- - - -
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STRAIGHT PATH EQUATICNS

2 2 6 2 8 3 3
X5L = ( - 15 A3 R 4 SP CP - 16 R z SP CP + 45 A3 R

- - - — - - - -~

4 2 3 6 2 2 4 4 3
2 sp CP + 75 A3 R z SP CP = 135 A3 R z se ce

4 6 3 5 4 4 é 4 S
- 60 R 4 sp CP 4 135 A3 R b4 se CP - 45 R z se

- > v > S e T - —— -

8 4 4 2 3 2 4 4
CP + A3 R Z CP + 150 A3 R z SP CP + 270 A3 R 4

3 L é 3 3 S 2 2 3
SP Cp + 60 R 4 SP cp = 600 A3 R 4 SP ce - 453

— - - - - > b - - -

5 4 2 3 2 6 2 3 3 & &
A3 R z SP cpP + 90C A3 R z se cp + 210 R z

3 3 7 2 4 3 8 2 5 3
sp ce - 60C A3 R z SP CP 4+ 150 R y4 SP ce -

3 3 4 3 3 6 3 2 6 2
30 A3 R z ce - 30 a3 R z cp - 450 A3 R 4 se

B e Sy

5 6 4 5 4 6 S 7 2
cp - 45 R b4 SP CpP - 525 A3 R sp Cp + 450 A3 R z
2 5 3 7 2 5 8 2 3 S
sP (o1 + 1050 A3 R spP cp - 150 R z sp ce -

R M A W AR " > - = P B4

2 8 3 S 9 4 5 " 10 -]
1050 A3 RSP (P + 525 A3 R s Cp - 105 R sp
5 3 ] 2 5 5 4 ] s 5
ce + 150 A3 R T Cp + 45 A3 R z ce + 105 A3 R

——— - - - e Bn. = A e B o W > -

5 9
ce 17 2

X5M = X1M

-
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STRAIGHT PATH EQUATICNS

Y1C = X1IM

YiL = Xx2C

2
YiM = { - R SP CP + R A3 CP ) 7 2

- ———————— —— o -~ ——

Y2C = X1C

Y2t = X3C

2 3 2 4 2 2 2
Y2M = ( -~ Kk Z A3 SP + 2 R A3 sp CpP - R sp cep - R

2 2 2 2 2 2 2 2 3
A3 cp - PR z ce + R 4 SP Y /7 1

- - - - —— -

Y3C = X2C

-—— s S > - -

Y3L = X1M

- —— - - —

2 2 2 2 4 4
Ym = ( 3 R b4 A3 SP CP + 4 R z SP CP - R Z A3 P - ¢

3 2 2 4 2 3 4% 2 3
R 4 A3 §P CP + 3R z sp cCP -9 R A3 spP CP -3

- - - - - - - -~ —_— -

4 2 k| 3 2 3 5 2 3 6
P. Z sP CpP + 3R z A3 CP + 9 R A3 Sp cp - 3R

- - - o - - -

3 3 3 3 3 5
se cp ¢+ 3R A3 ce 17 1

Y4C = X3C

- — —— - o

Yal = X1C

- - -
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STRAIGHT PATH EQUATIONS

6 3 4 2 3 2 3
YaM = ( RZ A3 SP — 26 R 2 A3 SPCP - 18 PR I A3  sp
2 « 2 2 2 2 4 4 2 2 5
CP + 55 R Z A3 SP CP +22R I $° CP =548
2 3 2 6 2 & 2 2 4 2 2
2 A3SP CP + 18R Z SP CP +4R I A3 CP
2 & 2 5 2 4 5 2 4
+4R 2 €P +36R I A3 SPCP +6DR A3 SP CP
6 2 2 4 6 2 2 4 7 3
-~-90R A3 SP CP ~18R 2 SP CP 4+ 60 R A3 SP
4 8 4 4 &« 2 2 4 4 4
CP -15R SP CP =-18R 2 A3 CP - 15R A3 (o
4 « & & 2 & 2 2 2 6 2
-3R 2 CP -3R I A3 SP =-4R I SP 4+ &R
3 4 3 4 4 4 7
2 A3SP -3R I SP 11/ 1
Y5C = YIC
YS5L = YIL
YSM = XSL

X1 = X1C ¢ X1L LAMBOA + X1IM MU

X2 = X2C + X2L LAMEDA + X2M MU

X3 = X3C ¢ X3L LAMEDA + X3 MU

X4 = X4C + X4L LAMBDA + X&M MU

X5 = X5C + XSL LAMBOA + X5M MU

-

Y1 = YIC & YIL LAMEDA + Y1M MU

Y2 = ¥Y2C + Y2L LAMBOA + Y2M MY

¥3 = ¥3C ¢ Y3L LA¥BDA + Y3M MU
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STRAIGHT PATH EQUATICNS

Y4 = Y4C + Y4L LAMEDA + Y4M MU

¥5 = YSC + YSL LAMEDA + YS5M MU

F = XIM Y2 - X2 Y1M - X2M ¥l + X1 Y2

G =2 { Yl YIN + X1 X1IM )

=2 ( X1 X1L + Y1 Y1L )

= ¥2 XiL - Y1 X2L + X1 Y2L - X2 Y1L

H
J
R = ¥l Y2 ¢ X1 X2
3

- Yl X3 + X1 Y3

2 2
X1 X3 + Y3 Y1 + Y2 + X2

- X3 Y2 - Y1 X4 + X1 Y4 + X2 Y3

W= X1 Y2 - X2Y1

2 2
7 = Y1l + X1

2
Dl = 3 RW 22 - S 22

DIL = 3 ( X2 X1L ¢ X1 X2L + Y1 Y2L + YL ¥2 )} w 2ZZ - 2 (¢ 2 X1

Y1 X2L + X1 Y2L - X2 YiL )

- - -

R ZZ ¢ 3 ( 2 X} XIL +# 2 Y1 YIL ) R W - ( = ¥1 X3L + Y3 X1L + X1

- -o - -

'

XiL ¢+ 2 Y1 YIL ) § 2Z + 3 ( Y2 XI1L

2
¥Y3L - X3 YIL ) 22

DIM = 3 ( YIM Y2 + Y2M Y1 ¢ X2 XIM + X1 X2M4 ) W ZZ -~ 2 € 2 Y1

X2 YIM = X2M Y1 + X1 v2m )

1

YIM ¢ 2 X1 XIM ) S ZZ # 3 ( X1M Y2

R2Z+ 3 ¢(2VY1LVYIM+2 X1 XIM ) RMW={( X1 ¥3M4 = YIM X3 = X3IM

2
Y1 ¢ X1M Y3 ) 22
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STRAIGHT PATH EQUATICNS

2 2 4 2 2
D2 = -6RSw» 1L+ 37T M 2z - WU 22z + 25 194 + 3P
2
L]

2. 2
D2L = =2 WU ZZH+4S ZZMH-6RSWH+3TH H+ 6 THW

- ———— o —— -~ - - = ="

2 4
22 J - 6 R S ZZ J + 6R W J-u122 J -6 ( x2 XI1L + X1 Xx2L

- - B e D S p—

+ Y1 Y2iL + YilL Y2 IIS W ZIZ -6 ( = Yl X3L + Y3 XIL ¢ X1 Y3L -

-— - - - ———— - - - -~ - -

X3 YIL ) R W 22 + 3 ( X1 X3L #+ X3 XlL + 2 X2 X2L ¢+ 2 Y2 Y2L + Y1

- - P el

2
Y3L + Y3 YIL ) W ZZ - ( = Y2 X3L + ¥4 X1L + Y3 X2L - X3 Yv2L
2
+ X1 Y4L - Y1 X4L - YIL X4 + X2 Y3L ) W 22 + 4 (0 - Y1l X3L ¢+

- — - e s -

2
Y3 X1L + X1 Y3L - X3 YIL ) S 22 + 6 ( X2 XIL + X1 X2L + Y1 Y2L

- - > - - o - - - - - - - - -

2
+ YIL Y2 ) R W

2
D2 = = 2 W UG ZZ ¢+ 4 S G IZ -6 U Y14 Y2 + Y2M Y1 + X2 X1M

- anan —— o - > - ar

+ X1 X2M )} S K ZZ ¢+ 6 TF ¥ 22 - 6 ( X1 Y3M - YIM X3 - X3% Y]

- e - - —— - o v - - -

+ XIM Y3 ) RY¥ 2Z -6 R F S 27 + 3 ¢ 2 Y24 Y2 + Y1 Y34 + X1IM X3

2 2
+ Y3 YIM # X1 X3M 4 2 X2 X2M } K LI - 6 R S WG +3TwH G

- . ——— — ——— - " o " - -

2 2
+ 6R FW-FU2Z22 - ( = X3M Y2 + X1 Y44 - YIM X4 = Y1 X&M
2
+ XIM Yo ¢ X2 Y3M - Y2M X3 + X2M Y3 ) W 22 + 4 ( X1 Y3M - YiIH

2
X3 - X3M Y1 # XIM Y3 ) S 22 + 6 ( YIM Y2 +# Y24 Y1 + X2 XIM ¢

- ——— -~ - Y - - " - - -
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STRAIGHT PATH EQUATIGNS

2
X1 X24 ) R.W

TP = 2 ( X3 X2 4+ ¥3 Y2 ) +# X3 X2 + Y4 Y3 + X4 X1 + Y1 Y4

2P = 2 1 Y1 X2 + X1 Y2 ) vl X1

UP = X1 Y5 = Y1 X5 ¢ 2 Y4 X2 - 2 X4 Y2

——— -

2
172 ¢t 2 ( - 6 UR WZIZ -22P UK IZ-6S R IZ + 2 TP ¥

03

2 2 2 2
IZ + 4 IP S 21 - &6 IP S R W + 6 SR W= UurP 4 Z2Z +3USs

- - e s - - ———— - - - - - T T - - " — -

2 2 F 4 3 2 3
12 ¢+ 6 TRN + 3P T w I ] IZ - { 6 S W IZ + IP W

2
)t -~ 6SRNKIZIZ+3TW 22 - U W 22 ¢+ 2SS 22 + 3 R

2 ] 372
W 1)/ € W 12 )
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CIRCULAR PATH EQUATIONS

L =2 AD

2 2
K =D + A

2 2 2 3
H=1/2 ( AD + A S8 - A C + A Y/ 8
2
J=1/2 A 07 8
2 2 2 2 2 2

AA = 1/2C D J B -1/2A © /7 3

2 2 2 4 2 4
1/2A C 7 B =-14C /7 B - 1/4A

2 2 2
- 1/48 «1/2C +1/2A
2 2 3 2

BB= —-AD-AC O/ B +A D/ B +

2 2 2
N=A D 7 B8
CP = COS ( PHI )
SP = SIN ( PHI )
528 = SIN ( 2 PHI )
C2P = COS ( 2 PHI )
R2=0-CP A

' 2 172

RS = { AA ¢+ CP BB -~ CP N )

R7=K=-CPL

4 2
- 1/4 0 / B
2
/7 8 + 1/2 D
3 2
A D / 8
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CIRCULAR PATH EQUATIONS

R3 = R5 S R2 = SP H + S2pP J

R4 = -~ SP B8 + S2P N

R6 = 1/2 P4 S R2 / R5 - CP H +# 2 J C2P + SP R5 S A

- oo -

2 2 172
R8 = ( - R3 / R7 + 1)

2 2
R9 = <~ (P 8B ¢+ 2 CpP N -2 SP N

2
R10 = =« SP L R3 / R7 + K6 / R7

R1l1 = SP BB - & S2F N

2 2 3
R12 = 2 R6 R3 / R7 - 2 SP L R3 /7 R7

2 3 ,
R14 = = 1/4 R4 S R2 / RS + 1/2 R9 S R2 / R5 ¢ SP H + C?

-—— > > s e s o S s " -

RS S A ¢« SPR4&S A/ RS -4 S2PJ

2 2 3 2 2
R15 = 2 SP L R3 / 77 - CP LR3I /7 RY? - 2 SPR6 L/ RrRY

+ R14 / R7
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CIRCULAR PATH EQUATIONS

2 3 2
R16 = 2 R3 R14 / R7T =~ 8 SP L R6 R3 / RY -2 CP L R3 4

- oo -

3 2 2 2 4 2 2
R7 + 6 SP L R3 /7 R7 + 2 RS / R7
3 -5
R17 = 1/2 S R2 R11 / RS + 3/8 R4 S R2 /7 RS - 3/4 9 R4 §

- > - o .- = an

3 2 k3
R2 / RS *+ CP H~- 8 JC2P - SP RS S A - 3/4 SP R4 $ A/ 25

-y - - oo an o -

3 3 4 2 3
R18 = =~ 6 SP L R3 / R7 + 3 S2r L R3 /7 RY + SP L R3

- - - o -

¢ 3’2 RACP S A/ RS + 3/2SPR9S A/ RS

2 2 2 3 2
/ R?7 + 6 SP RS L / RT =3 CPR6EL/J AT -~ 3 8P 14

- W D e > A > > —— - -

2
L7 R7 + R17T /7 R?

3 F4
Rl19 = = 172 RIC R12 R3 / ( RS R?7 } + SP R19 L R3 /7 { R3 a7

- e aran - - -

) - RISA3S /7 ¢ R8RT ) - RICR6 7 ( RB RT )

R20 = SP BB - 8 SP CP N

2 2
R23 a CP BB - 8 CP N +8sP N
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CIRCULAR PATH EQUATIONS

3 5
R21 = 1/2 S R2 R20 / R5 + 3/8 R& S RZ/ RS - 3/4 RS9 P4 S

——— - - - -

3 2 3
R2 / RS ¢ CP H-8JC2P - SPR5S & ~ 3/4 5P R4 S A/ &S

- - o o . - - - v

+ 3/2 R4 CP S A/ R5 ¢ 3/2 SPRS S A/ RS

3
R22 = = R4 S R2 R20 / RS + 2 SP S AR20/ R5 + 1/2 S %23 R2
L) 7 2 $
/ R5 - 15716 R4 S R2/ RS + 9/4 R9 R4 S R2/ RS - 3/

- ——— - = -

2 3 3 S
4 RS SR2/ RS = SPH-CPR5S5 A+ 3/2S?Re S A/ RS

- - - - - Py -y

2 3 3
- 3/2 R4 CP S A/ RS ~ 3 SPRIRL SA/ RS +329 ¢CP §

A/ R5 - 2S8SP R4 S A/ RS + 16 S2P J
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CIRCULAR PATH EQUATIONS

3 2 3
R24 = - 12 R3 R6 CP L / RY - 12 R6 sP L /7 R7 -

- -

3 2 3 2
R14 SP L / R7 + 2 R3 SP L/ R7 + 6 Rl14 P5 / R7
2 2 2 4 2

R21 /7 R7 + 18 R3 SP CP L / R7 + 36 R3 R6 SP

12 R3

- - - o

- - - -

- - - - — - aman - - -

4 2 3 3 5
RT = 24 R3 SP L /7 R7

2 2
R25 = = 3 R6 CP L / R7 -~ 3 R14 SP L / RY7 + R3 SP

—

2 3 2 2
+ R21 /7 R7T ¢+ 6 R3 SP CP L / R7 + &6 R6 SP L /

-

3 3 4
6 R3 SP L /7 R?7

2 2
R26 = =~ 6 R14 CP L / R7 + R3 CP L / R7 + 4 PE SP

- o -

- -

2 2 3
-4R21SP L/ RT + R22/RT +24R6SPCPL [/ RT + 6
2 2 3 2 2 3 2 2
RICP L 7 RT +12R14SP L / RT =-8R3SP L /
3 2 3 4 3 3 4
R7 =~36R3SP CPL / RT = 24R6SP L / 27T + 24

-~ - - - -

4 & s
R3SP L 7/ R7

R2% = 32 CP SP N ~ SP B8

- -
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CIRCULAR PATH EQUATIONS

3
R28 = <« 48 R6 R1l4 SP L / R7 ~ 16 R3 R21 SP L / R7? + 16 R¢
3 3 2 3
R3 sP L/ P7 - 24 R3 CP R14 L 7 R7 + 2 ’3 cP L/ RY
2 3 2 4
- 24 R6 CP L /7 R7 +7144 K& R3 CP SP L / K7 + 72 °3
2 2 4 2 2 2 4 2 2
R14 sp L / R7 - 24 R3 sp L / R7 + 72 Fo Se L
2 ) 2 2 2 4 2 2 3
/ R7 + 18 R3 cP L / R7 - 144 R3 cp se L /

. - - WO e i > - - = - - -

-] 3 3 5 2 4 4 6
R7 - 192 R6 R3 S°P L / R7 + 12C R3 SP L /. RT +

2 2 2 2
6 R14 / RY + 8 R6 R21 / R7 + 2 R3 R22 / R7

T T

3
R29 = =~ 5 SP R4 S A R20 / RS + 5 CP S AR20 /7 R5 + 15/4 R2

- - - —— - - - -

2 S 3
R4 S R20 / RS - 5/2 R9 R2 S R20 / RS + 5/2 SP S A R23 /
3
RS = 5/4 R2 R4 S R23 / RS + 1/2 R2 S R27 /7 R5 ¢+ SP RS S A
4 7 2 3

- 75716 SP R4 S A/ RS + 45/4 SP R9 R4 S A/ RS + 15/

— -y i > -

3 L 3 2
4CPRG S A/ RS =~ 15/2 CP R9 R4S A/ RS + 5/2 SP %

- -~ 2 - -

3 2 3
S A/ R5 = 15/4 SP RS SA/ RS ~-5/2CP R4S A/ RS -8

- - - " - -

S g 3
SP R9 S A / RS + 105/32 R2 R4 S /7 R5 - 75/8 R9 R2 R4 S

- -~

7 2 S
/J R5 ¢+ 45/8 RS R2 R4S/ RS ~=CPH=+ 32029 J
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CIRCULAR PATH EQUATIONS

Z 2
R30 = R29 / R7 4 10 Rl4 SP L / RY - $ R22 SP L /s R7 - R3

— - o - - - -

2 2 2
SP L / R7 - 10 R2L CP L / R7 + SR6CP L/ RT + 60 CP

- ot - s - o o -

2 3 2 3 2
R14 SP L / R7 =-30R3ICP SPL / RI + 27 R21 SP L
3 2 2 3 2 2 3
/ RT ~-40R6SP L /7 RT +30R6CP L ¢ RT =90

- - ——— > — - - - — - - - —— -

2 3 4 2 3 4 3
R3 CP SP L / RT - 13G Rs CP §P L / RT = 60 Rl4 SP
3 4 3 3 4 3 4
L /7 R7 + 60 R3 SP L / R7 + 24) R3 CP SP L /7 R7
5 4 & S S 5 6
¢+ 120 R6 SP L / R7 - 120 R3 SP L / R7
YiC = CP A
YiU = R10

Yiv = = R10 R3 / t R7 R8 )

Y2C = - SP A

Y2U = R1S5

Y2y = R19

¥3C = - Y1iC

- o o

Y3u = R18

e
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CIRCULAR PATH EQUATIONS

2 5
Y3v = < R10 R14 /7 ( R? R8 ) - 3/4 R1C Ri2 R3 7t R7 R8 }
3 2 3
= R15 R12 R3 /7 ( R7 R8 } # SP L R13 R12 R3 / ( R7 Rg )
3
~ 172 R10 R16 R3 / t RT R8 ) - RI8R3 /7 ( R7T R8 ) 4+ 2 §2

- v > o - > o > e -

2 2 2
R15 R3 /7 1 R7? R8 ) ¢« CP L RI0 R3 /7 ( RY? R } -~ 2 sp L

- - —— - - - - . - s ww - -

3
RIDR3 /7 t RY? R8 ) - R10 R12 R¢ /7 ¢ R7 RS } - 2 R15 RS ¢

2
{ RT R8 ) ¢ 2 SP L R10 R¢ / ( R7 R8 }

Y4C = =~ Y2C

- ananan.

3 3
Y4y =t - 6 CP R7 L R14 + 12 R7 sp L R14 + CP R7 L R3

—anw — - - - as e -

2 2 2 2 2 2 2 3
- 8 R7 sP L R3 ¢+ 6 CP R7 L R3 - 36 CP RT SP L

— - - -

4 4 3 2 2
R3 + 24 SP L R3 ¢+ 4 RT 'SP L R6 + 24 CP RY SP L R6 -~ 24

3 3 3 4
RT SP L Ré = & R21 R7? SP L + R22 R7 Yy 7/ RT7

- - -
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CIRCULAR PATH EQUATIONS

3 2
Y4V = 3/2 R3 R10 SP L R16 7 ( RS R7 } - 3/2 R10 RS R16 /7 ¢

— - ——— - - o - - -

3
R8 R7 ) - 3/2 R3 R15 R16 /7 { RS R7 ) - 9/4 R3 R12 R1Q R1S

- - - o = A v - — - -

S 4
/7 U RS R7 ) #+ 3 RIOR6ECP L /7t R8 RY ) ¢ 3 R3 R15 Co

- B ek X .

2 3
/ ¢ RB RY ) +3/2 R3 R12 R1G CP L /7 ¢ RS R7 } & 6 R1S

- - - - - - -

2 3 2
R6 SP L /7 ( RE8 R? ) + 3 R12 RIOR6 SP L /7 ( RSB R7 Y + 3

2
R3 R25 SP L / U RB 17 ) # 3R3 RI2 RIS SP L/ { RSB R7 )

2 5 2
+ 974 R3 R12 R1C SP L /7 ( R8 R7 } + 3 R14 R1G SP L 7 ¢

- —— > " - - - -

- ——-

2 . 2
RE R? ) = R3 RI0O SP L /7 ( R8 R7? ) - 3R25R6 / { F£8 R7 )

- —-— - - . Y - - - — - - - -

3 2 5
- 3 RI2RI5 R6 /7 t RSB R7 ) - 9/4 R12 RIJ R6 /7 { F8 R7 1}
3 3
- 1/2 R3 R10 R246 /7 t RS R7T ) - 3/2 R3 RI2 R25 /7 ( RS LA |
2 5
- R3 R26 7/ ¢ RB RT ) -~ 9/4 R3 R12 R15 /7 ( RS RT ) - 3 14
" :

R15 7 ¢ R8 R7T ) - R21 R10 / t( R8 RT )} ~ 15716 R3 R12 eLs 7/

—_—r s Bw - o - - e - o o - -

7 3
{ R8 R7 ) - 3/2 R12 R14 R1C / { RS R7 )} - &6 R3 R10 SP CP L

- e - -

2 3 2 2 3
/7 ¢t R8 R7 ) = 6 R10 R6 SP L / ¢ R8 R7 ) = 6 R3 315

2 2 3 2 2 3 3
SP L /Ut R8RY? ) - 3 R3 R12 R10 SP t / t R3 R7

3 3 4
¢4 6R3IRIOSP L /7 ¢ R8RT }
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CIRCULAR PATH EQUATIONS

Y5C = Y1C

s e e i~

4 4 3 6
Y5V = { - 9 R7T P12 R8 R3 Rle R15 ¢ 6 L SP R? R3S  R3 16

- -t o> - - -

4 6 3 6
R15 - 6 R&6 R7 R8 R16 R15 ¢+ €& L R? R12 RS R3 CP k15 - 24

-0 - - — - wh o - -

2 2 e 3 8 4
L SP R7 r8 R3 CP R1S + 12 R6 L R7 R8 €P R15 - 4 R7

- - - - - - - -

8 4 [ & 3 2
RE R21 R15 - 2 f7 R8 R3 R24 R15 - 15/2 R7T R12 R8 K3
3 2 4 2 2 2 6
R1S5 + 9 L SP R7 R12 R8 R3 R15 - 12 L SP R7 R12 3

3 3 8 3
R3 R15 + 24 L 14 R7 R8 R3 R15 - 4 L SP RT R8 R3 R15 =

4 F ™ 3 6
9 R6 RT RI2 RE8 R15 + 12 R6 L SP R7 R12 R3 R15 - 6 214
. 6 2 2 2 8
R7T R12 R8 R15 - 24 R6 L SP R7 R8 R15 + 12 24 L $P

3 8 3 6 & 2
R7 R8 R1S5 ¢+ 3 L R7 R8 R3 CP R10 R16 - 45/4 RY R12 R8
3 4 2 2 2
R3 R1D R16 ¢ 9 L SP R7 R12 RS R3 R10 R16 -~ 6 L LA ) §

6 4 4 3
R8 R3 RIC R16 - 9 R6 R7 R12 R8 R13 R16 # 6 R6 L SP ?7

- g —— o -——

) 4 & 4 6
RS R10 R1& ~ 3 R14 R7 Re R10 R16 - 3 R7 R8 R3 R2S R16

-

3 8 4 3
+ 6 RIS L R? R8 CP RIO - 2 RY R12 R8 R21 R1C + 4 L SP

3 ] 4 4 3 [}
R7T R8s R21 R10 - 3 R? R12 RS R3 R24 R1J + 2 L SP R7 RS

4 & 4 8
R3 R24 R10 - 2 R6 RT RS R24 R10 ~ R7 X8 R22 K10 + 15/2

——— -ap ot —-
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CIRCULAR PATH EQUATIGNS

3 3 2 2 2 2 2 4
L SP R7 R12 R8 R3 R1C -9 L sp 7 R12 R8 R3 R1D

6 2 4 4 4

+ R7 R12 rRE R3 R13 - 1C5/16 R7 _12 R3 R19 - 9/2 Rl4

4 2 4 3 6 2
R7 R12 R8 R1C # 6 R14 L SP R7 R12 R8 R10 - 12 R14 L

2 2 8 3 8 4 2
SP R7 R8 R10 + 6 L R? R8 R3 CP R25 = 972 RY R12 R3
4 3 6 2 2 2 8

R3 R25 ¢ 6 L SP P7 R12 R R3 R25 - 12 L Se R7 Q8

4 (] 3 8
R3 R25 - & R6 R7 R12 R8 R25 + 12 R6 L SP r7 RS R25 - &
L 8 4 6 3 8
R14 R7 Y] R25 = 2 R7 R12 RS R3 R26 + 4 L SP R7 R8 K3

- - -

4 8 5 S
R26 - 4 R6 P? R2 R26 ) / ¢ RT RS )

5 4 4 3
YSU = { R? R29 - 13 L R7 R21 CP + 240 L SP R7 R3 CP - 3¢
2 3 3 2 2 2 3
L SP RY R3 CP - 180 R6 L spP R7 CP + 60 R14 L SP kY

- - oo -n - -

4 2 2 3 4
CP & 5 R6 L RY CP + 20 L sP R7 Q21 - 5 L SP R7 R22
3 3 2 4 S 5 4
60 L sp R7 R3 - L SP R7 R3 - 120 L Sp R3 + 123 r6 L
4 3 2 2 2 3 2
sp R7T -9 L SP R7 R3 ¢Cr + 30 R6 L R7 ce - 60 R14

- —— - - - -

3 3 2 2 2 3 4 6
L sp R7 - 4G R6 L sP R7 + 10 R14 L SP R7 Y 7 R7

X5U = Y5V

o e———aaa

X5V = -Y5U



X1C = Y2C '

o ——— —- a—— -

X1y = Y1V

X2C = Y3C

- - -

X2V = K19

ot s e e

X2V = = R15

X3C = - v2C

O o 2 e > o>

X3y = Y3v

X3V = - R13

L e

X4C = Y1C

- - - -

X4U = Y4V

X4V = - Y4U
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CIRCULAR PATH EQUATIONS

X5C = X1C

X1 = XIC + X1U U + X1V ¥
X2 = X2C + X2U U + X2V V
X3 = X3C + X3U U + X3V V
X4 = X4C + X4U U + X4V V
;5 = X5C + XSU U + X5V V
Yl = YIC + YIU U + YIV V
Y2 = Y2C ¢+ Y2U U + Y2V V
¥3 = Y3C ¢+ Y3U U + Y3V Vv~
Y4 = Y4C + Y4U U + Yav v
Y5 = Y5C + YSU U + YSV V
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CIRCULAR PATH EQUATIGNS

X1V Y2 = X2 Y1V - X2V Yl + X1 Ya2v

2 C YL Y1V + X1 X1V 1

2 ( X1 X1U + Y1 YLU )

Y2 X1U - Y1l X2u + X1 Y2u - X2 YlU

Y1 Y2 ¢+ X1 X2

nintaiIxXitotm
L}

- ¥1 X3 ¢ X1 Y3

L]

2 2
T = X1 X3 ¢ Y3 Y1 ¢ Y2 + X2

YU = = X3 Y2 = Y1 X4 +# X1 Y4 + X2 Y3

W o= X1 Y2 - X2 VY1

2 2
1 = Y1 + X1

2
TP = 2 § X3 X2 ¢+ Y3 Y2 ) & X3 X2 ¢ Y4 Y3 + X4 X1 + Y1 Y4

P = 2 ( Y1 X2 + X1 Y2 ) Y1l X1

UP = X1 ¥5 = Y1 X5 ¢+ 2 Y& X2 - 2 X4 Y2

Dl =3 RW2I ~-5S 12

OlU = 3 ( X2 X1V + X1 X2U + Y1 Y2U + YIU Y2 } W 27 - 2 ¢ 2 X1

- -

XlU ¢ 2 Y1 YIU ) § ZIZ + 3 (YYZ X1U = Y1 X2Y ¢ X1 Y2U - X2 Y1V )}

— - o -

R ZIZ +# 3 (2 X) XU ¢ 2 YL VYIU ) RW=1¢ = Y1 X3U ¢ Y3 X1U + X1

2
Y3u - X3 Y1u ) 2z
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CIRCULAR PATH EQUATIONS

OlV = 3 ( YIV Y2 + Y2V Y1 + XZ X1V +# X1 X2V ) #1212 - 2 ¢ 2 Y1

B L T e e e e Lk S app——

Y1V ¢ 2 X1 X1V ) S ZIZ + 3 ( XlV ¥2 - X2 Y1V - X2V YL & X1 Y2V )

e - A ———— ———— = - ——— - - " = - - - -

R ZIZ + 3 (1 2 Y1l Y1V + 2 Xl XLV ) R W - ( X1 Y3V - Y1V X3 - Xx3v

—y . e - . - . - - o -

- w— -

2
Yl + XlV Y3 ) 22z
2 2 2 2 2
D2 = -~ 6RSWIZ+3 TN 7 - W UV 22 + 25 12 + 3R
2
L]

2 2
D2u= -2 W UU 2Z H+ 4SS IZ H-6R SWH+3TW H+67

2 2
H 22 J-6R S 27T J +60P W J - Ly 22 J=- 61t X2 X1U + X1

XZU + Y1l Y2U + YIU Y2 ) S w22 -6 = Y1 X3U & ¥3 X1lU + X1 Y3u

— - e W > - - -

- X3 YIU ) R w 2Z + 3 ( X1 X3U # X3 X1U + 2 X2 X2U + 2 Y2 Y2U

- o -~ -

2
4 Y1l YU ¢+ Y3 YIU ) W ZZ - { = Y2 X3U + Y4 X1U + ¥3 X2U - X3

- - > 00 - -

Y2U + X1 Y4U - Y1 X4U - YIU X4 ¢+ X2 Y3U )} W 22 +t 40 - Y1

" - > > > —— — . . - . - . - - > e - - -

2
X3U + Y3 XLU ¢ X1 Y3U - X3 YIlU ) S 22 + 6 [ X2 X1U + X1 X2U ¢

- " > s B e S~ " . ——— - - v - -

2
Y1 Y2U ¢ Y1U Y2 ) F W
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CIRCULAR PATH EQUATIGNS

2 .
D2v = = 2 % UUGZZ + 4 S G 2z - 6 { Y1V Y2 + Y2V Y1 + XZ XlV

- - - - e s o= - - s -

+ X1 X2V ) S W 22 *+ 6 TF w2l - 6 X1 Y3V = YLV X3 - X3V Yl

— ——— - - - - - - . - - " = - - -

¢ X1V Y3 ) R W ZZ -6 R F S ZZ + 3 L 2 Y2V Y2 + Y1 Y3V +.X1Vv X3

2 2
+ Y3 Y1V # X1 X3V + 2 X2 X2V ) & IZ - 6 R SWG 3T G

-y av -t b an oo

2 2
+ 6 R FH=-F Uiz - { = X3V Y2 ¢+ X1 Y4V = Y1V X4 - Y1

- - - - -

2
X4V + X1V Y4 & X2 Y3V - Y2V X3 + X2V Y3 } W 21 + 4 ( X1 Y3V -

- — - - s o -

2
Y1V X3 = X3V Y1 + X1V Y2 ) S 22 +# 6 ( YIV Y2 « Y2V Y1 + X2 X1V

- o am o gn o

2
+ X1 X2V ) R W

2
03 =1/2 (2 ( -6 RWUU ZZ -2 2P WUW2ZZI -6 S R 27 + 3 7@

—— - - > - -

2 2 2 2
L 22 + & 2P S 22 - 6 ZP S R W ¢+ 6 SR € %3S U 2 -

- - o wn - -

2 2 2 3 2
upP w 22 *+ 6T RW ¢ 32P T ) W IT - {1 6 S W lZ + 2@

3 ' 2 2 2 2
M ) ( -6SRW2Z+3 T % IZ~-~WUU Il +2S 22 +3

- e o= o e - -

2 2 6 372
R W ¥)/t w22 )




APPENDIX B

Listing of Straight Path Program
and

Listing of Circular Path Program
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OO0 OOOOOOOD

PROGRAM STRGHT

PROGRAM STRGHT

THE MAIN PROGRAM PROVIDES FCR THE INPUT OF THE DESCRIPTICN OF

THE ORIGINAL
CALLS,y TRIAL
MINED, AND T

INPUT VAR
Al
PHI1
A2
OF ST
EPS4
START

(L T T 1 A ]

]

ENDD
IPRINT =

INPUT VARIABLES MUST BE IN THE ORDER ABOVE AND IN THE FORMATY

{7TF10.001

THE FINAL

DIMENSION LX

REAL L Xy MX
4C WRITE(6,20)
20 FORMAT({1Kl)

FCUR-BAR CONFIGURATION. THEN, THROUGH SUBROUTINE
SCLUTIONS ARE GENERATED, UNIQUE SOLUTIONS DETER-
HE SOLUTIONS ARE FURTHER PROCESSED.

TABLES

DRIVING CRANK RADIUS

DRIVING CRANK ANGLE

CCNNECTING ROD LENGTHE

SLIDER PATH OFFSET

CONVERGENCE CRITEREA

INTIAL ANGLE FCR DRIVING CRANK FOR COUPLER CURVE
PLOT

FINAL ANGLE FOR DRIVING CRANK FOR COUPLER CURVE PLCT

PRINT LEVEL

1)

DATA CARD SHCULD BE BLANK TC TERMINATE EXECUTION

(5G) yMX(50) s ITER(50)yICONV(50),DERIV(10,+3),D3(50)

CcOoC
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR

10

2C

30

40

5C

60

icC

80

90
100
110
120
130
146
15C
16G
170
180
19G
200
21C
220
230
240
250
260
27C
28C
290
30C
31¢
32¢C

0¢T



3¢

10

50

REAC(5+30) A1,PHI1,A2,0FSTyEPS4,STARTLENDD, IPRINT
FORMAT(TF1GCeGyI1)

IF(AL.EQ4J.C) GG TC 50

IF(ENDD«EQsQsC) ENDD=359.

CALL TRIAL(ALyA2y0FSTyPHI1yLXyMX9yIPRINT,yICHK)
IFUICHK.EQ.1l) GO TO 40

CALL NEWRAP{MXyLXyICONVIEPS4,ITERyPHI1 A1 4A2,4CFST,DERIV,y IPRINT)
CALL SOL(LX9MXsNNNy IPRINT, ICONV)

CALL RANK(NNN LX9MX4DERIVyD3,IPRINT)

DO 10 I=1,NNN
X1=DERIV{1ls1)+CERIV(12)*LX(T)+CERIV(1,3)%MX(I])
X2=DERIV(241)+DERIV(2,2 )*LX(I)+DERIV(243)%MX(])
Y1=CERIV(S,1)+DERIV(542)*LX(I)+DERIV(543)%MX(])
Y2=DERIV(641)+DERIV(6,2)*LX(I)+DERIV(6,3)*MX(])

STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR

CALL STRLIN(MXUI)oLX(I)9yALlsA2y0FSTyPHIL19XL9X29YL9Y24RHOyXCyYCyXyY)STR

IF(RHO.LT.1.E~1) GO TC 10
IPLOTR=0
IFCIPRINT<GE«.1) IPLOTR=1

STR
STR
STR

CALL ANALZE(PHILlySTARTHENDD9sALyA240FST 9XyY9XCyYCyRHDyIPLOTRyOyMX(ISTR

1),LX(I))
CCNT INUE
GO TO 40
WRITE(6,420)
STOP
END

STR
STR
STR
STR
STR
STR

33C
34C
350
360
376
380
39¢
400
41C
420
430
440
45C
460
47¢C
430
49C
500
51C
52C
530
540
550
56C
57C
580

T€T



OO0 OOO0

SUBROUTINE RANK(NNN,LX,¥X,DERIVsD3,IPRINT) RNK 10

RNK 20

RNK 30

SUBROUTINE RANK RNK 4C
RNK 5C

GIVEN THE UNIQUE NEWTCN-RHAPSON SCLUTICNS IN THE UPPER NNN RNK 6
SPACES OF THE ARRAYS LX AND MX, THIS ROUTINE WILL COMPUTE, RNK 70
FCR EACH SCLUTION, THE ABSOLUTE VALUE OF THE THIRD DERIVATIVE RNK 80
OF THE RADIUS CF CURVATURE OF THE COUPLER POINT PATH WITH RNK A
RESPECT TO THE CRANK ANGLE. THE VALUES OF THE DERIVATIVE ARE RNK 100
STCRED IN ARRAY D3. THEN, THE SOLUTIONS ARE REARRANGED IN RNK 110
CRDER OF INCREASING VALUE OF D3 IN THE UPPER NNN SPACES OF RMK  12¢
LX AND MX. RNK 130C
RNK 140G

INPUT ARGUMENTS RNK 15C
LXsMX = ULNIQUE SOLUTIOCNS RNK  16C

NNN = NUMBER COF SOLUTIONS RNK 1793
DERIV = ARRAY UF COEFFICIENTS CF DERIVATIVES OF X AND Y RNK 180
IPRINT = IF NOT EQUAL ZERO, INPUT AND OUTPUT ARRAYS PRINTED RNK 190

RNK  20C

CUTPUT ARGUMENTS RINK 210
LXyMX = REARRANGED UNIQUE SOLUTIONS RNK 220

D3 = ARRAY (OF ABSOLUTE VALUES OF THE THIRD DERIVATIVE RNK 230

OF THE RADIUS CF CURVATURE OF THE COUPLER CURVE PNK 240

RNK  25C

DIMENSION LX(5C)4MX(5C),D3(52),DERIV(1C,3) RNK 260
REAL LX,MXyJ RNK 270
IFCIPRINTONELC) WRITE(6550) (LX(K)yMX(K) yK=1,NNN) RNK 280
50 FORMAT(//77741CXe* SUBROGUTINE RANK*¥xX%%,//,10X,* INPUT SOLUTIGONS® /RNK 290
L/920Xy *LAMBLCA! 15X " MU, //950(1CX92E20e79/)4//7) RNK  33C
DC 10 I=1,5C RNK 314

16 C3(I)=0. RNK  32C

4!



70

20

D 20 I=1,NNN RNK
X1=DERIV(1ly1)4DERIV(1,2)*LX(I)+DERIV(1,3)*MX(]) RNK
X2=DERIV(24 1 )+DERIV(242)*LX(I)+DERIV (2,43 )*MX (1) RNK
X3=DERIV(3,1)4DERIV(3,2)*LX{I)+DERIV(3,3)*MX(]) RNK
X4=DERIV(4y1)4DERIVI4,2)*LX(I)+DERIV(4,43)*MX(]) RNK
XS5=DERIV(9,1)+DERIV(9,2)*¥LX(I)+DERIV(9,43)*MX(I) RNK
Y1=DERIV(5, 1 )#DERIV(5,2)*LX{I)+DERIV(5,3)%MX(]) RNK
Y2=CERIV{691)+DERIV(692)*¥LX(T)+DERIV(6,53)%MX(]) RNK
Y3=DERIV(Ty1)+DERIV(T2)*LX(I)+DERIV(T43)*MX(I) RNK
Y4=DERIV(8y 1 )+DERIV(8,2)*LX({I)+DERIV(8,3)%MX(I) RNK
YS5S=DERIV(10,1)+DERIV(10,2)*LX(I)+DERIV(10,43)*MX(1]) RNK
F==DERIV(2,3)*Y14DERIV(1,+3)*Y2+DERIV(643)%X1-DERIV(5,3)%X2 PNK
G=2.*(DERIV(5y3)*Y14+DERIV(1,3)%X1) RNK
H=2*(DERIV(5,2)*Y1+DERIV(1,2)%X1) RNK
JE==DERIV(2,2)*xY14+DERIV(L1,2)*Y2+4DERIV(6,42)*X1-D=RIV(5,2)%X2 RNK
R=X1#X2+Y1*Y?2 RNK
S=X1*Y3-Y]1%xX3 RNK
T=X2*%%2+Y2*¥24X1%X3+Y1*Y3 RINK
UsSX2%Y3+X1%Y4-Y2%X3=-Y]1%X4 RNK
W=Y2%X]1-Y1*X2 RNK
L=X1%%2+4Y1%*2 RNK
IF(IPRINTGE«S) WRITE(65T7C) Z,1 RNK
FORMAT{10Xs'Z = *,E20eT910X,y*'I = *415,4/) RNK
TP=2%{X2%X34Y2%Y3 ) +X2¥ X3+ X1 *¥X4+Y4%Y3+Y1*Y4 RNK
IP=2,%X1*Y1*(V1%X24X1%*Y2) RNK
UP=2 ¥ X2%Y4#X1%Y5=2 ¢ XY 2% X4~Y1%*X5 RNK

D3(T)=ABS((2*Z%Whk*3h( 6 kRXNKE2AT 46 ¢ HR*ZF 2K WS- 6o kT XS *kWk 7 -6 4 *R¥IUXWERNK
1Z-6 e ¥RASKX2K T =6 ¢ ¥RASHENKIP+4 o RkSKUKI X %244 ¥SA¥ 2% T . IP+3 (¥TPRWk*2% ] RNK

240 ¥ THRWASKZ 43k THWRK 2K IP-UPXWK 2%k x2-U¥SKZ *%2=2 X YXW*x2 %P )~(2IP* RNK
WK 40 oK T HWRU2KS ) K (3 o kREK2QEWKN2— O ¥RISHWKI 42 X SKE2KT k%243 ¥ Tk RNK
GARE2KT —UXWhI%%2) ) /(2% 71%%] { SKkAXX*6)) RNK

CCNTINUE RINK

330
34C
350
360
370
386
390
400
410
420
43Q
440
45C
460
47C
48C
490
500
510
520
53C
54C
55
560
57C
580
59¢C
60C
61C
€2C
63C
64C

€eT



40

30

D3 30 I=1,NNN

00O 30 K=I1,NNN
IF(C3(K)LT.C3(I)) GO TO 40
GO TG 30

TEMP=D3(1)

D3(1)=D3(K)

D3(K)=TEMP

TEMP=LX(TI)

LX(I)=LX(K)

LX(K)=TEMP

TEMP=MX(T)

MX(I )=MX(K)

MX(K)=TEMP

CONTINUE

IF(IPRINTANE.O) WRITE(6,460)

(LXCK) 9 MX(K) 4D3(K) 4K=1,NNN)

RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RANK
RNK

60 FORMAT(///+10Xs*QUTPUT SOLUTICNS®y// 420Xy *LAMBDA®, 15X, *MU* 17X,y *D3RNK

1'9/77+50010X43E20e74/)477/7)
RETURN
END

RNK
RNK
RNK

65C
660
67C
680
690G
7CC
716
720
73C
74C
T5C
76C
T70
78C
79C
80C
81C
820
830

weT



aNeNeNeNslsEsNeNeNeNeNeNeNeoNalalosNeNeEeNeNeNaNeNe!

SUBROUTINE CIRCLE(XH o XKoR9X19Y14X2,Y2,X3,Y3,ICIRCL)

SUBROUTINE CIRCLE

SUBROUTINE CIRCLE DETERMINES THE CENTER AND RADIUS OF THE
CIRCLE PASSING THRQUGH THREE DESCRIBED POINTS

ARGUMENTS

SUPPLIED BY THE CALLING RCUTINE

X19Y1l9X29Y29X34Y3 = Xy¥Y COORDINATES OF THREE PCINTS THROUGH WHICH
THE CIRCLE MUST PASS

SUPPLIED BY CIRCLE

R = RADIUS CF CIRCLE
XHeXK = X,Y COORDINATES OF THE CENTER OF THE CIRCLE

DIMENSION A(G),B(3)
ICIRCL=0

EPS=.001
XK1=ABS(X1=-X2)
XK2=ABS(X2-X3)
XK3=AgS(X1-X3)

CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIF
CIR

16

20

30

40

50

6C

7G

8C

9qC
100
11¢
12C
136
14C
15C
160
17C
18C
190
23C
21¢C
220
230
24C
2506
260
276
280
29C
300
31¢
320

GET



YK1=ABS{Y1l-Y2) CIR 33¢C

YK2=ABS(Y2-Y3) CIR 240
YK3=ABS(Y1l-Y3) CIR 35¢C
IF(XKLLT<EPS.ANDYK1.LT.EPS) GO TC 10 CIR 36C
IF(XK2eLToEPS.AND.YK2.LT.EPS) GU TC 10 CIR 370
TF(XK3 eLTeEPSeANDYK3.LTLEPS) GO TC 16 CIR 380
All)==-2.%X1 CIR 39C
A(2)==2.%X2 CIR 40C
Al3)=—2.%X3 CIR 410
A(4)=—-2.%Y1 CIR 42C
A(5)==2,.%Y2 CIR 43¢C
A(6)==2.%*Y3 CIR 44C
A(7)=1. CIR 45
A(8)=1. CIR 46C
A(9)=1. CIR 474G
B(l)==(X1%%2+Y1%%2) CIR 48C
B(2)==(X2%%24Y2%%2) CIR 49¢C
B(3)==(X3%%24Y3%%2) CIR 500
K=3 CIR 510
L=9 CIR 52C
vM=0 CIR 530
CALL SIMQ(A,ByKyM) CIR 540
IF(M.EQel) GC TO 10 CIR 55¢C
XH=8(1) CIR 56C
XK=B8(2) CIR 570
R=SQRT(XH*%24+XK*%2-8(3)) CIR 58C
RETURN CIR 56C
10 ICIRCL=1 CIR 600G
WRITE(6,429) X19Y19X29Y29X39Y3 CIR 616
2C FIORMAT(/ ¢4TXe*UNABLE TC RESOLVE INFLECTICON CIRCLES®y/ 451X, CIR 620
1*CHECK FCR CCINCIDENT POINTS "9 //940Xe Pl = ('92E20e69" )'4//, CIR 63C

240X9 P2 = ('92E20464" V'3 //740X4'P3 = (',2E2C 64" )') CIR 64C

9¢1



RETURN
END

CIR
CIR

650
660

LET



OO0

SUBKCUTINE TRIAL(A19A24A34PHI¢X9YyIPRINT,ICHK)

SLIDER CRANK VERSION

SUBROUTINE TRIALy GIVEN THE ARGUMENTS BELOW, WILL GENERATE 50
TRIAL SOLUTICNS FOR A NEWTCN-RHAPSCN ANALYSIS. FORTY OF THESE

POINTS ARE EVENLY DISTRIBUTEDy ANGULARLY, AROUND THE CUBIIC-0OFf=-

STATIONARY CURVATURE, TEN ARE DISTRIBUTED ALCNG THE CUBIC'S
ASYMPTOTE. AN EULER-SAVARY ANALYSIS IS PERFORMED TO LOCATE
THE INFLECTICN CIRCLE ANDy, IN TURN TO LGOCATE THE COMMON
CENTRODE TANGENT, OR THE INSTANT CENTER VELGCITY DIRECTION.
THENy USING A COORDINATE SYSTEM ALIGNED WITH THE TANGENT, WITH
THE ORIGIN AT THE INSTANT CENTER, M AND N ARE DETERMINED FOR
THE CUBIC. USING POLAR NOTATICN,y, R AND PSI ARE DETERMINED,
YIELDING X AND Y IN THE ORIGINAL CCOROINATE SYSTEM. FINALLY
THE X*S AND Y'S ARE TRANSFORMED INTO MU AND LAMBDA.

INPUT ARGUMENTS

Al = CRANK RADIUS

A2 = CONNECTING RCD LENGTH
A3 = SLIDER PATH OCFFSET
PHI = CRANK ANGLE, RADIANS

IPRINT = IF NOT EQUAL ZERG, INTERNAL VARIABLES PRINTED
ouUTPUT

XeoY = ARRAYS CF TRIAL SOLUTICNS, DIMENSIONED 50

TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL

ICHK = ALARM TIF NOT EQUAL ZERC, INFLECTION CIRCLE NOT FIXEDTRL

DIMENSION A(4),B(2)yX(50),Y(50)
REAL IXoIYyIA,IByJAA,JAAP,JAX,JAY

TRL
TRL
TRL

1C

20

3¢

40

50

6G

7C

89

9C
180
11C
126G
130
14C
15C
16C
17C
186
190G
290
21¢C
220
230
240
250G
26C
270
28C
290
300
310
32¢C

8¢T



aNeNe]

PI=3.141563
HALFPI=1.570796
IF(IPRINT.NE.O) WRITE(6,45C)

TRL
TRL
TRL

50 FCRMAT(///7 910Xy "SUBRCUTINE TRIAL**x%%%,//,10X,*PCGINT O = CRANK CETRL

INTER®"y /910X, *POINT A = CRANK END'y/ 510Xy *POINT B = SLIDER',/,10X,

2'POINT I = INSTANT CENTER',/,10X,*POINT T = POINT ON TANGENT®,/,

TRL
TRL

310Xy *THETA = ANGLE X-AXIS AND I-T',/,10X,*ALPHA = ANGLE I-T AND I-TRL
4A"3/ 910X 'BETA = ANGLE I-T AND I-B*',/,1CX,*'PSI ASM = ANGLE I-T ANDTRL

5 ASYMPTOTE'/,10Xs'J = POINTS ON INFLECTION CIRCLE',//)
D3 5 [=1,50

X(1)=0.

5 Y(I)=0.

AX=A1*COS(PHI)

AY=A1*SIN(PHI)

BX=AX+A2*CCS(ARSINI( (A3-AY)/A2))

BY=A3

IY=BX*TAN(PHI)

IX=8X

IB=ABS(IY-BY)

TA=SQRT( (IY=AY ) %%2+( IX-AX)*%x2)

IFCIPRINTNEO) WRITE(6960) AL,A29A3,PHI yAXyAY 4BXyBYIX,1Y,1A,I8

TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL

6C FORMAT(//+10X9'Al = '3E20e89/910Xy'A2 = V,E20e89/7/910X9'A3 = 9,E20.TRL

1897910Xy *PHI = " 4yE20.89/910Xy'A AT ' ,2E20.389/7+91UX,'B AT ',2E20.8,

TRL

2/7+10Xy ' T AT *32E20e89/ 910Xy I-A = *4E20e89/91CXo'I-B = " ,E20.8,//)TRL

EULER-SAVARY ANALYSIS

JAA=TA*X2/A1

JAAP=A1-JAA

JAX=JAAP*COS(PHI)

JAY=JAAPXSIN(PHI)

CALL CIRCLE(XHyXKyR 3 IXsIYyJAXyJAY,BXyBY, ICHK)

TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL

33C
34
350
36C
37C
38C
39C
400
41C
42GC
430
44C
45C
46C
47C
48C
490
50C
510
520
53C
540
55C
560
STC
58C
590
600
610
62C
630
64C

6¢T



sNaNel

IF(ICHK.EQ.1) GC TO 40
IFCIPRINTNESO) WRITE(647C) JAX JAY 9BX9BYICHK g XHy XK 4R

TRL
TFL

70 FORMAT(///,10X,*POINTS ON THE INFLECTION CIRCLE'¢/+10X92E20.84/y TRL

110X9y2E20e89///791CXs " ICHK = '3 [109/ 910Xy " INFLECTIGN CIRCLE AT
20849 /910Xy *INFLECTION CIRCLE RADIUS = %,E23.8,4//)

TRANSFORM TO RECTANGULAR CCORDINATES AT INSTANT CENTER

CXX=XH=-1IX

CYY=XK-1Y

TXX==CYY

TYY=CXX

AXX=AX-1X

AYY=AY-1Y

BXX=BX-IX

BYY=8Y-1Y

SIGN=l.

IF(BYY.LTeGe) SIGN=-1.
THETA=ATAN2(TYY,TXX)
ALPHA=ATAN2 (AYY, AXX)-THETA
BETA=SIGN*HALFPI-THETA

SCLVE FOR CONSTANTS IN CUBIC, SEE HARTENBERG & DENAVIT,P.209

A{1)=1./SINUALPHA)
A(2)=1./SIN(BETA)
A(3)=1./COS(ALPHA)
A(4)=1./COS(BETA)
BU1)=1e/SQRT(AXX%%X24+AYY%%2)
Bl2)=1/SQRT(BXX*%2+BYY*%*2)
CALL SIMQ(A,By24KS)
XM=1./8(1)

'3 2E2TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL

65C
660
670
68
69C
70C
71C
720
73C
743
750
760
770
783
79C
8CC
81C
82C
83G
84C
85C
860
87C
880
890
50C
Q1¢C
92C
930
540
950
960G

ovT



OO0

OO0

XN=1./8(2) TRL

TRL

DETERMINE TRIAL SULUTICNS TFL
TRL

DO 10 I=1,440 TRL
PSI=(I-1)%,(7653982+.0392699 TRL
R=(XNEXM*XSIN(2.*%PST) )/ (2% (XN*CCS(PSI)+XMXSIN(PSI))) TRL
X{I)=R*COS(PSI)*COS(THETA)-R*SIN(PSI)*SIN(THETA)+IX TRL

10 Y(I)=R*CCS(PSI)*SIN(THETA) +R*SIN(PSI )*COS(THETA)+1Y TKL
PSIASM=ATAN(=-XN/XM) TRL
XAVG=(IA+IB)/2. TRL
IF{IPRINT.NE.O) WRITE(6+80) THETA,ALPHA,BETA,XMyXNyPSIASM,XAVG TRL

80 FURMAT(///+10Xe'THETA = *,E20.8,/510XyTALPHA = 1,520.89/ 910X, TRL
1'8BETA = "yE2Ce89/910Xy*™M = ?3E20e897/9310X9"'N = *,F20.84/910X, TRL
2'PST ASM = '3E2089/910Xy*XAVG = "4 E20.8,47/) TRL
X(41)=2.%XAVC*COS(PSTASM)*CCOS(THETA) =2 *SIN(PSIASM)*XAVGXSIN(THETATRL
1)+IX TRL
Y(41)=2.*%XAVG*CCS(PSTASM)*SIN(THETA) +2 4 *XAVG*SIN(PSTASM)*COS(THETATRL
1)+1Y TRL
DO 20 I=42,50 TRL
XX=(I-42)*XAVG/3.333-XAVG TRL
X{I)=XX*COS(PSIASM)*COS{THETA)=XX*SIN(PSIASM)*SIN(THETA)+IX TRL

20 Y(I)=XX*COS(PSIASM)®SIN(THETA) #XX*SIN(PSIASM)*COS(THETA)+I1Y TRL
IFCIPRINTNESO) WRITE(649C) (X(I)yY(I),I=1,50) TRL

90 FORMAT(///+10Xy*ORIGINAL TRIAL SCLUTIONS®,//425X4"'X*319Xs*Y?,///45TRL
10(10Xy2E2GC.84/)4/77) TRL
TRL

TRANSFORM INTO MU AND LAMBDA TRL
TRL

ETA=ARSIN((AY-A3)/A2) TRL

DC 30 I=1,50 TRL
XT=X(1)=-aX TRL

g70

580

96C
1000
1C1C
162C
1G30
104C
105C
1C6C
107G
1G8C
109C
1100
111C
112¢C
113C
114G
1150
116C
117¢
1180
119G
1200
121¢C
122C
123C
124C
1250
126G
1270
1280

T



YT=Y([)=-AY TRL

X(I)=(XT*CCS(ETA)-YT*SIN(ETA))/A2 TRL

30 YUID)=(XT*SIN(ETA)+YT*COS(ETA))/A2 TRL
IF(IPRINTNELC) WRITE(64100) (X(I)yY(I)yI=1,450) TRL

1GO FORMAT(///+10X9* TRANSFORMED TRIAL SCLUTICNS® 4// 20X,y *LAMBDA®*,15X,'TRL
1MU®y//+50(1CXs2E20.84/)49///) TRL

40 RETURN TRL
END TRL

129C
130C
1310
1320
1330
1340
135G
1360

T



OO0 OO0

SUBRCUTINE SCL(XyY 9NNy IPRINT,ICCNV) SOoL

SOL

SoL

SUBROUTINE SCL SOL
SOL

GIVEN ALL NEWTGON-RHAPSON SOLUTICNS IN ARRAYS X AND Y (0OF CIMENSICNSOL
53 AND DETERMINED WITHIN EPS), SCL WILL : SGL
SOL

1) EXCLUCE ALL SOLUTIONS THAT DUPLICATE EACH OTHER WITHIN Sat

0.5 PER CENT SCL

SCL

2) EXCLUDE SOLUTIONS FOR WHICH LACK 3F CONVERGENCE IS SOL
INDICATED SGL

SOL

3) EXCLUDE SOLUTICNS AT EITHER END OF THE CCUPLER SOL

SCL

4) ARRANGE UNIQUE SOLUTICNS WITHIN THE UPPER NN SPACES OF SOL

X AND Y, ALL CTHER SPACES SEY TC ZERC SCL

SGL

SOL

INPUT ARGUMENTS SOL
XeY = ARRAYS OF NEWTON-RHAPSCN SCLUTICNS SOL

N = NUMBER 0OF SCLUTIGNS (5C) SOL
IPRINT = IF NOT EQUAL TO ZERC,y INPUT AND CUTPUT ARRAYS SGL
PRINTED SOL

ICONV = ARRAY INDICATING CONVEKGENCEslo.Ee ICONV=0 SaL

SOL

GUTPUT ARGUMENTS SoL
NN= NUMBER OF UNIQUE SOLUTIONS SOL

XeoY = ARRAYS OF NN UNIQUE SOLUTICNS SCL

SaL

DIMENSIUN X(50)sY(50), ICONV(50) SaL

1C

20

30

4C

50

6GC

7C

80

9C
100
110
12C
13¢C
14C
15C
16GC
170
182
190
200
21&
22¢C
230
24C
25C
260
27C
28C
290
3¢0
31C
32C

eVt



7C

15

16

17

30

2C
10

80

MN=1
EPSN=,005
IFCIPRINTNESC) WRITE(6,7C) EPSSy(X(ID)yY(I)yI=1,50)

FORMAT(////7 410X, *SUBROUTINE SOL*%¥%%xx%,//413X,*SOL EPSILON = *,F20.
189//710Xy *ORIGINAL SOLUTIOCONS? y// 925X 'X* 919X, 'Y "3 //4100(13X,2E20.8,
2/7))

DO 10 I=1,50

IFCICONV(I).EQeG) GO TC 15

X(I)=0.

Y(I)=0.

CCNTINUE

IF(X(I)elTeleE~4ANDoY(I)elLTeleE=4) GO TO 16

IF(X(I)elTeleOleANDaX(I)eGTae995ANDABS(Y(I))eLTeleE-8) GO TO 16

GG 10 17

X(I)=0.

Y(I)=0.

CCNT INUE

IF(X(I)eEQeOeeANDY(I).EQsQe) GO TC 1D

DO 20 J=1,5C

IF(1.EQeJd) GC TO 20

EPSX=ABS ((X(I)=-X(J))/ULABS{X(I))+ABS(X(J)))/2.))
EPSY=ABSUIY(I)=-Y(J)D/C(ABS{Y(I))+ABS(Y(J)))/2.))
IF(EPSXeLE<EPSNeANDEPSY.LELEPSN) GG TG 3¢C

Ga T0 20

XtJ4)=0.

Y(J)=D.

CCNTINUE

CONT INUE

IFCIPRINTMNESO) WRITE(698C) (X(I)yY(I)y1I=1,50)
FORMAT (/777 4910X9 "UNTQUE SOLUTIONS' 3/ // 425X " XY 919X 'Y,/ // 4130

1({10X92E2084/1))

DC 40 I=1,50

SGL
SOL
SGL
SOL
SOL
SOL
SOL
SaL
SGL
SCL
SOL
SOL
SOL
SOL
SOL
S3L
SOL
SOL
SOL
SOL
SOL
SOL
SOL
SOL
SOt
SaL
SOL
SOL
SOL
SOL
SOL
SOL

330
340
35C
360
371C
38¢
390
40C
41C
42C
43(
440
45C
46C
47¢C
48C
49¢C
50C
51C
52C
53C
54C
55C
560
516
58C
59GC
6G0
61C
62C
63C
64C

AN



IF(X{I)eNEeCeoeAND2Y(I)NE.O.) GC TC 40 SOL

J=1+1 SOL
IF(J.EQ.51) GG TO 4C SOL
DO 50 K=J,50 SGL
IF{XIK)eNEeOQoeoANDY(K) cNE.G.) GO TC 60 SOL
GG 10 59 SGL
60 X({I)=X(K) SOL
Y(I)=Y(K) SaL
X(K)=0D. SOoL
Y(K)=0. SOL
NN=1 SOL
GO T0 40 SOL
50 CONTINUE soL
4C CONTINUE SOL
IFCIPRINTNESO) WRITE(6,90) NNy (X(ID)oY(I)yI=1,NN) SCL
90 FORMAT(//77+10Xy *RETURNED SOLUTICNS = *3I110 +///915Xs* X" 4,19X,'Y*,/SOL
1/+1C0(10X42C20.8471)) S50L
RETURN SOt

END SOL

65C
660
67C
680
69C
700
710
12C
730
740
750
76C
770
78C
790
8430
810
820
83GC

ST
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SUBROUTINE NEWRAP (MX oLXyICONVyEPS,ITERPHI9ALlyA2,0FST,DERIV,
1IPRINT)

SUBRCUTINE NEWRAP

SUBROUTINE NEWRAP, GIVEN A DESCRIPTION GF THE COUPLER CON-
STRAINTS, WILL FCRM THE RELATIONSHIPS NtCESSARY TO LOCATE
SIMULTANEQUS ZERGES OF THE FIRST AND SECCND DERIVATIVES OF THE
RADIUS OF CURVATURE OF A COUPLER PCINT PATH., THEN, GIVEN TRIAL
SCGLUTIONS,y THE RCUTINE WILL EXECUTE A NEWTON-RHAPSON ITERATICN
PROCEDURE UNTIL THE SGLUTIGN CONVERGES TG WITHIN SOME EPSILON.
CCNVERGENCE IS PRESUMED TO HAVE FAILED IF

1) EITHER MU OR LAMBCA EXCEED 200 (ICCNV=2) OR
2) THE NUMBER OF ITERATIONS EQUAL OR EXCEED 110e. (ICONV=1)

IN THE CASE CF (2) ABOVE, THE FINAL 10 VALUES OF U AND V ARE
AVERAGED AND REPORTED AS MU AND LAMBDA.

INPUT ARGUMENTS
MXosLX = ARRAYS OF TRIAL SOLUTICNS. DIMENSIONED 50

EPS = RELATIVE CONVERGENCE CRITEREA
PHI = DRIVING CRANK ANGLE

Al = DRIVING CRANK RADIUS

A2 = CCNNECTING ROD LENGTH

OFST = SLIDER PATH CFFSeT

IPRINT = PRINT COMMAND
= 0y NO PRINTED OUTPUT
> 5, RESULTS OF EACH ITERATICN STEP PRINTED PLUS
> 3y RESULTS OF ITERATIONS CON EACH TRIAL SOLUTIOCN

PRINTED PLUS

NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
MNWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
MWR
NWR
NWR
NWR

1¢C

20

3C

4C

50

6C

70

80

96
12¢C
110
12C
13C
14C
150
160G
170
18C
190
200
210
220
23G
240
25C
260
270
280
29¢C
300
310
32C

9T



OCOOOOOOOOOOOOO0O

NE Gy INPUT TRIAL SOLUTICNS AND JUTPUT SOLUTIONS
PRINTED
OQUTPUT ARGUMENTS
UXsVX ARRAYS OF ITERATED SCLUTIONS
ICONV ARRAY INDICATING CONVERGENCE CR LACK OF IT
Cy CONVERGENCE
1, ITERATICNS EXCEEDED 110
2y SOLUTICNS EXCEEDED 2230 IN VALUE
ITER = ARRAY INDICATING NUMBER OF ITERATICNS FOR EACH
SOLUTION
ARRAY CONTAINING COEFFICIENTS OF DERIVATIVES CF X
AND Y WITH RESPECT TC PHI, THE DRIVING CRANK ANGLE

DERIV

REAL MXysULXoLoMUyMP,LPyJs LAMBDA

DIMENSION LX(50) ¢MX(5C) s ITER(50)4ICONV(50),DERIVI1D,3)
A3=0FST

R=A1

L=A2

CP=COS(PHI)

SP=SIN(PHI)

L=SQRT(2.CUXSPXAIKRR=SP%%2XR%k%k2~A3%R%X2 4| *%2)

X1C==RxSP

XI1L=(R*A3XCP=-CP*SPXR*¥%2) /7

X1IM=R*xCP

X2C==X1M
X2L=(1%%2%(=R*AJXSP+R¥k¥2¥SP*k %2 —RAKQKCP**2)=RAK2KUAZRkX2X(PRX2 42,0
LOX(C P¥x%2%x SPXA3%RRXEF~=(C PR X2 HSPRK MR X%KG ) /7 %% 3

X2M=X1C

X3C=-X1C

NWR
NWR
NWR
NAR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NwWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NwR
NWR
NwR
NWR

X3L=(3.00%CPXSPXABHK2*¥R* K2 %I k% 2=, Q0¥CPHSP¥ ¥k 2% AT HR k% 3% 7% %243, LCXCPNWR

330
34C
350
360
370
380
390
400
410
42¢C
430
440
45C
4649
47GC
480
49¢C
500
51C
520
530
54C
558C
56C
57C
580
590
600
610
620
63¢C
64¢

(YT



L*%*3KAZKR KX HZk% 243, 00K CPASPRXI KRG * Ix%k2=3, 00%CPx* I« SPRR*¥*XGH¥T¥%2  NWR

2-CPHABKREI* K444 00K CPRSPEP R K2¥ 7 #4443 ,D0KCP % 3KAIRRIHRA%3 -9, Y0¥ NWR
3CP*%EIRSPHABKE2¥R#¥% 449, O0RCPHKk3X SPR* 2 *AZHR¥%¥5=3 , 00%CP*¥% 3xSP* k33X R* %6 NWR
4)/1%%5 NWR
X3M=X2C NWR
X4C=X1M NWR

X4L=(=18e00C%CP*x%x 2%k SPXRAZKKIUkRX¥I R %2454, GURCPHH2%RSP R X2 KA %K 2%R k%4 NWR
1 %2 %% 2-18 o OBCPHRLRABER2AR¥KGUTh X254 J00%CPRX2RSP %I XAFHR¥R5%7%x%2  NWK
2436, 00%CP*x4*xSPRAZRRXXEX 4% 218 0U¥CPhk¥4XSPRRIKRXRE6X7¥kk24]18,C0% NWR
BCP¥X2XSPXRUGURK¥EXT %% 2—3 Q0% SPH*R2XAIR K2 URA%2K IX%4 44 J00*CPx%2%xAZ %% NWR

GRR¥XUTEHG) /T ¥%T NWR

X4L=X4GL+ (6% SPHRIRAZKRA I I 5 %4=2 6 %L PRK2KSPRAZKR KK Ik I %4+ NwWR
122 CO*CPHA2ASPHKQURK K4k Ihk 4=3 ,QOKSPRRYRRAKGK [ %4=3 , 0 0% CPR%GRR %G  NWR
2¥I%¥4+SPHABKREIHKGE=4 (CHRSPH 4 2RRKU2% I ¥k 6+ 4, 00%CPE K2 HR KKK I ¥ K 6= NWR

315, 00%CP**¥4%k AR G¥kR* ¥4 4604 0I¥CP% 24X SPx A X% I kREX5-G] II*XCP**¥4%SP NWR
Gx ¥ 2% A xR 2XRAX6460, 00 *CP*k%4kSPRERIRATRREXT=]15,Q0*¥CPR*kGRSPRKLGXRXXE) / NWR

SZ**7 NWR
Xa4M=X3C NAR
X5C=X1C NWR
X5M=X1M NWP

XSL =(=CPH*SP*I%x¥O%kRuX2XAJ%x%k2%] 5 ~CPXSPXRL*%BRR%X2%]16 o +CPXRSP*R%2% 7 x X4 NWR
1 ¥R&¥%FXAKKIKLE, +CPRSPU KK IR HORR¥XIJHAZK TS (=CPHSPHXI KT ok fkR¥&GHATXX2NWR
2%¥135 =CP*SP**3%ZXxXQkR¥¥4%60, +tCPHSPXX4GX I * ¥4 *R¥%( 5% A% ] 35 ,~CP*SPx*¥5%INWR
3RKLGARXKO¥LE S 4CPH Ik RBERXAS 4+ PRSP RIxk k2 ¥R ¥ %4KAZk%4%k 50, +CP*%x3%xSPANWR
LGIRNRGERXN¥GXAZRR2%2T0 4 )/ 1% %9 NWR

XS5L=XS5L+ (CP**3%kSPH7* XQkR¥¥4 %60 ¢=CPX¥3%SPx&K2Kx 7 k% 2kRAK5XAZ*%x 3 %600 -CNWR
1P*%xhSPRF2XTRXGRRAXSHATHLS Yo +CPH X3 xSPRXJ Tk 2% R*KOXATH K2 %G T o +CP X xXNWR
23%SPHRIXNT Rk KkLGARKEEX2 ] 0e=CPRRIASPRRLHR T XA 2%RFXTHRAT* 6006 +CPEXIRSPRESKINWR
3k 2xRxK8*] 504 -CP¥ ¥ X IR ¥4 KkR%k*JRAFXKIXB0 ,~CP*¥kJ*x 7k XO*kR¥XFKAT%K 3, ~CP*NWR
GRSRSPRIAK2URKXEXATRX 2K G50 ¢ =CPHXSHSPRIRXLGURXKOXELE =CPX%RSKSPRR*XEXAINKWR
6% %4X525, +CPRASRSP X%k 247 k¥ 2kR*¥ %k TR A3¥45C, )/ L**9 NWR

XSL=XSL4(CP**5%RSPhkXk2XR¥kKXTHAZKkKRIN] 050 —CP)k*5%SPR%kI %7 x#2xR¥%8%]150, NWR

65C
66C
670
680
66C
706
T1C
72C
73C
T74GC
750
76C
770
780
76C
80(
81¢
820
830
84C
850G
86
870
88l
890
9060
gic
920
S3C
94C
G5C
9690

81



1-CP*%5%SP*k3¥R¥%BRAZKk 2% ]G50 +CPHXSK SPRKLGRREXGKAR525,~CP**5%SPxx NWR 9TC

25%R¥%10% 105, +CP* %5k 7 %% 24R*k5%A3*%x3% ] S50 ¢ +CP*k %Sk Ik ¥4k R¥k%SFAT*45, NAR 980
3+CP**SAkREX5XATXk%5%]1 (05, ) /L% *3 NAR 99C
Y5C=X1M NWR 1026C
Y5L=X5M NWR 1010
Y5M=X5L NAR 1020
Y1C=X1M NWR 153C
Y1lL=X2C NWR 1040
Y1M=X1L NWR 1G50
Y2C=X1C NWR 1G6C
Y2L=X3C NWR 1C70
Y2M=X2L NWR 1080
Y3C=X2C NWR 1090
Y3L=X1M NWR 1106
Y 3M=X3L NWR 1110
Y4C=X3C NWR 112C
Y4L=X1C NWR 1130
Y4M=X4L NWR 1140
D3 10 I=1,50 NWR 1150
10 ICONV(I)=0 NWR 1160
DO 30 I=1,+50 NWR 1170
SUMM=0, NWR 1180
SUML=J. NWR 1190
MU=MX(1) NWR 12060
LAMBDA=LX(I) NWR 1210C
IMU=MU NWR 1220
ZLM=LAMBDA NWR 123C
IFCIPRINT.GEL5) WRITE(6,120) MU,LAMBCA NWR 124C

120 FORMAT(////7+10X, *SUBROUTINE NEWRAP®,//,10Xy *TRIAL MU = %, E20.8,*'NWR 1250
1 » TRIAL LAMBDA = 'y E20.84///7 410X, *TITERATION®, 8X,*MU',16X,"LAMBNWR 1260
2DA' 414X, 'EPS MU',12X,*EPS LAMBDA'4//) NWF 127C

N=0 NWR 1289

6T



40 CCNTINUE NWR

LP=LAMBDA NWR
MP=MU NWR
X1=X1C+X1L*L AMBDA+X1MxMU NWR
X2=X2C+X2L*L AMBDA+X2M*xMU NWR
X3=X3C+X3L*LAMBDA+X3M¥MU NWR
X4=X4C +X4L*¥L AMBDA+X4MXx MU NWR
Y1=Y1C+Y1lL*LAMBOA+Y ] MxMU NWR
¥Y2=Y2C+Y2L*L AMBDA+Y2M*MU NWR
¥Y3=Y3C+Y3L*LAMEDA+Y3MxMU NWR
Y4=Y4L +Y4L*L AMBDA+Y4MEMY NWR
F==X2M*XY1+X1M¥Y24Y2M%¥kX]1-Y1IMxX2 NWR
G=2+00%(YLIM*Y14¢X1IM*X1) NWR
H=2.00%(YIL*Y1+X1L*X1) NWR
J==X2L*XY14X1L*Y24Y2L xX1-Y1L*X2 NWR
R=X1%X2+Y1*Y2 NWR
S=X1*Y3-Y1%X3 NWR
T=X2*¥2+4Y2*%24+X1%X3+Y1*Y3 NWR
U=X2%Y3+X1*Y4-Y2%X3=-Y]*X4 NWR
W=Y2%X1-Y1%X2 NWR
LZ=X1*%x24Y]1%%2 MWK
ND1=300*ZZ%R¥W=Z2Z%*2%S NWR

D1L =ZZ*R*(X1*Y2L-X2*Y1L-Y1*X2L+Y2XX1IL)*3,00+4ZZ*Wk(X1E2X2L+X2*xX1L+YNWR
LI*Y2L V2% YIL)*3,00-ZZ%S*(X1*X1L*2,00+4Y1*Y1L*2.00)%2.0)4R*Wx(X1*X1LNWR
2%2,CO+YLRYILA2,00) %3 ,CO=Z22%%2%(X1*Y3L=X3*YLL-Y1*X3L+Y3*X1L) NWR

DIM =2Z%R*¥( X1¥Y2M=X2%Y]IM=Y 1% X2M4Y2EX1IM) %3, 00+ 727 W (X1 EX2M+EX2XX1IM+YNWK
L11*Y2MeY2%YIM)%3,00-ZZ%Sk(X1.RXIMX2 ,CO+YL*YIM*X2,00)*204R*Wk(X1*¥X1MNWR

2%2CO+YL*YLIM*2,00)%3,00-22%%2% ( X1%Y3M=X3%Y]IM-Y1*xX3M+Y3%X]M) NWR
D2=3 6Q0UXR**2¥Wk%2=6 ¢ CO*R¥SHWKI I 42, CUNSHKx2¥ LI X% 243, 00%TeWk%2%77 NWR
1=UXW%ZZ%%2 NWR

D2L ==ZZ*H*URW*2 30472 ¥H%uS*42%4 ,CO=Z2*J¥R%S*k 6, Q0+ 2% JxwkT¥6400-7 Z*NhK
LR#*WX (X1*Y3L=X3*Y1L=Y1I*¥X3L+Y3XXIL)*6e00=7 ZXW*Sx (X 1%*X2L+X2%X1L+Y]1*Y2NWR

129¢C
13G0G
1310
132C
133G
1340
1350
136C
137C
138C
139C
140¢
141C
142G
1430
1440
145C
1460
147¢C
1480
1467
150C
151C
1520
1530
154C
155C
1560C
157C
158C
159C
160G

0sT



110

75

2LAY2%Y 1L %6 CO4ZZ % Wk#x2x { X1k X3L+X2*%X2L %2, CO+X3:XLL+YL®xYIL +Y2%Y2L*2 NWR
3004Y3%YLL)I*3,U0C—H*¥RXWXSXE,GI+HRWH%2% T3, JC+ ¥R XX 2% W6 4 DO +R X Wk% 2% ( XNWR
GLAEX2LEX2RXLL+Y1*Y2L4Y2%YIL V%6, 0C=Z 2% %2% JXU=Z 2% %*2 %W * (X1 XY 4L +X2%Y 3L -NWR
S5X3%Y2L~=X4*YLL-Y1%X4L=-Y2*X3L+Y3*X2L+Y4XxX1L)+22%%2%S*(X1%*Y3L=-X3*%Y1L-NWR
6Y1xX3L ¢Y3%X1L)*4, NWR
02M ==77*G*U*W*2, 004 272%GxS*%2% 4o CO0=1I%F*R*xS*6,00+L2L*FXxWxT%6,00-72Z%NWR
LR*WH (X 1*Y3M=X3*¥YIM=Y 1*X3M+Y3I%kXIM)%6eC00=ZZ%WxS¥ (X1 ¥X2M+X2%€ X1 M+Y1%Y2NWF
2M4Y2XY IM)* 6o QO+ ZZ%Wx%2% [ X1 % X3M+ X2¥X2M%k 2, QO+ X3R X1 M+Y LRYIMEY2%XY2M%2  NWR
3C04Y3%YLIM)*3,00-GC¥RENKSHE DI +CXWHH2%T*3 , JO+FXR¥ % 2Kk WK 6, GI+P ¥ WXk 2% ( XNWR
4L1EX2MEX2EXIMEY LXY2MEY2XYIM) %6, 00272 %%2%F*U=Z 2% %2 %Wk ( X1 %Y 4M+X2*Y3M=NWR
5X3%Y2M=X4%Y IM=-Y 1% X4M=Y 2K XIM+YIXX2M4+YLXXIMI+ZZ%%k2%S % ( X]1*Y3M=X3*xY1M~NWR

OY1*X3M+Y3XX1M)*4, NwR
N=N+1 NWR
DJAC=D1IM%D2L~-D2M*D1L NWR
DTEMPL=D2*D1L-D1*D2L NWR
DTEMP2=D1*D2M-D2*D1M NWR
DELM=DTEMP1/0JAC NWR
DELL=DTEMP2/CJAC NWR
MU=MU+DELM NWR
LAMBCA=L AMBDA+DELL NWR
EFSM=( MU-MP) /My NWR
EPSL=(LAMBDA-LP)/LAMBDA NWR
IF(ABS(EPSM) LEEPS<AND.ABS(EPSL)LELEPS) GO TO 70 NWR
IF(ABS({MU) eGE+200e «AND.ABS(LAMBDA).GEL200s) GG TO 75 NWR
IFCIPRINTGES5) WRITE(69110) NyMULAMBDA,EPSM, EPSL NWR
FORMAT(10X,1544( £20.8)) NWR
IFIN.GE.101) GO TO 290 NWR
G3 TO 40 NWR
MX(I)=MU NWR
LX(I)=LAMBDA NWR
ITER(I)=N NWR
ICONV(I) =2 NWR

1610
1620
163C
l164C
165C
166C
167C
1680
1660
1780
171¢
172¢
173C
174C
1750
176C
1770
178C
179C
1800
1810
1820
1830
1840
135¢C
1860
187C
188¢
189C
150C
191C
192¢

IST



GC T0 39 NWR 193C

20 SUMM=SUMM+MU NWR 194C
SUML=SUML+LAMBDA NWR 1950
IFINNE.L110) GG TO 40 NWR 196C
LAMBDA=SUML/10. NWR 197¢
MU=SUMM/ 10. NWR 168C
ICONV(I)=1 NWR 199C

70 CCNTINUE NWR 2C0C
MX(I)=MU NWR 2C10
LX(I)=LAMBDA NWR 2020
ITER(I)=N NWR 283G
IF(IPRINT.GEe3) WRITE(64130) ZMUsZLMyNyMU,L AMBDA,EPSM, EPSL NWR 2040

13C FORMATU(////+10X,*SUBRCUTINE NEWRAP®,//,10X, *TRIAL MU = ', E20.8,'NWR 205C
1 » TRIAL LAMBDA = 'y E20.89///7 410Xy " ITERATION?y 8Xy'MU' 416Xy ' LAMBNWR 2360
2DAY 14X, YEPS MU' 312X ,'EPS LAMBDA'y/,10X,15,4( E20.8)47/77/) NWR 2070

30 CCNTINUE NWR 20806
[IF(IPRINTNESO) WRITE(69100) (MX(I)oLX(I)oITER(IDSICONV(I)yI=1,52)NWR 2090

100 FORMAT(///7+10Xy*SUBRCUTINE NEWRAP® 4///+17Xs"MU SOLUTION®,7X,* LAMBNWR 210C
LDA SOLUTION® 43X *ITERATIONS? 41Xy *CCNVERGENCE*9//4+100(10Xy2E204892INWR 2110

210+7)) NWR 2120
DERIV(1l,1)=X1C NWR 213C
DERIV(1s2)=X1L NWR 2140
DERIVI1,3)=X1M NWR 2150
DERIV(2y1)=X2C NWF 2160
DERIV(2,2)=X2L NWR 2170
DERIV(293)=X2M NWR 218C
DERIV(3,1)=X3C NWR 2190
DERIV(3,2)=X3L NWR 2200C
DERIV(3,3)=X3M NWR 221C
DERIV{4y1)=X4C NWk 2220
DERIV(4,y2)=X4L NWR 223C

DERIV(4,y3)=X4M NWR 224C

¢St



DERIV(5,1)=Y1C
DERIV(5,2)=Y1L
DERIV(5,3)=Y1M
DERIVI(641)=Y2C
DERIV(6,2)=Y2L
DERIV(6+43)=Y2M
DERIV(T7,1)=Y3C
DERIV(T742)=Y3L
CERIV(7,3)=Y3M
DERIV(8,y1)=Y4C
DERIV(8,2)=Y4L
DERIV(8,3)=Y4M
DERIV(9,1)=X5C
DERIV(9,y2)=X5L
DERIV(9,3)=X5M
DERIV(10,1)=Y5C
DERIV(13,2)=Y5L
DERIV(1093)=Y5M
IFCIPRINTONESD) WRITE(6,SC)((DERIVIKyI)yI=143),4K=1,10)

NWE
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR

225¢C
226C
2270
2280
2290
2300
231C
232C
2330
2340
235C
2360
237¢C
2380
239¢
240G
2410
242C
243C

50 FORMAT(///77+2TXs "CONST® 314Xy *LAMBDA® 317Xy " MU'y //910Xy*X1*95X93E20NWR 2440

189/ 910Xe " X2 95X93E20e89/910X9*X3*95X33E20689/7/910X9"'X4'9y5Xy3E2D,
289/ 91Xy "Y1' 35X 93E204897/910X,'Y2"35X,3E20e89/910Xy*Y3?,5X43E20.

NWR
NWR

389/ 910Xy Y4 95X 93E20e897/910X9*X5'95X93E20e89/910X9'Y5'35X93E2068,/NWR

4///77)
RETURN
END

NWR
NWR
NWR

2450
2460
2476
2480
249C
2500

€GT
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SUBROUTINE SIMQ(A,ByNyKS)

SMQ
SMQ

. e .O.......Q.........'...‘.............'................Q..O..O...SMQ

SUBROUTINE SIMQ

PURPOSE

OBTAIN SOLUTION CF A SET OF SIMULTANEOUS LINEAR EQUATIONS,
AX=8

USAGE
CALL SIMQ(A,B9yNyKS)

DESCRIPTICN CF PARAMETERS
A - MATRIX OF COEFFICIENTS STORED COULUMNWISE. THESE ARE
DESTROYED IN THE CCMPUTATICN. THE SIZE OF MATRIX A IS
N BY N.
B = VECTCR 0OF ORIGINAL CONSTANTS (LENGTH N). THESE ARE
REPLACED BY FINAL SOLUTIGCN VALUES, VECTOR Xe.
N = NUMBER OF EQUATICONS AND VARIABLESe N MUST BE .GT. ONE.
KS - CUTPUT DIGIT
3 FOR A NCRMAL SOLUTICN
1 FCR A SINGULAR SET OF EQUATICNS

REMARKS
MATRIX A MUST BE GENERAL.
IF MATRIX IS SINGULAR , SCLUTICN VALUES ARE MEANINGLESS.
AN ALTERNATIVE SOLUTION MAY BE CBTAINED BY USING MATRIX
INVEKSION (MINV) AND MATRIX PRCODUCT (GMPRD).

SUBROUTINES AND FUNCTION SUBPRCGRAMS REQUIRED
NONE

SMQ
SM@Q
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ

1G

20

3G

4C

5C

60

1C

8C

S0
10C
11C
12¢
130
14C
150
160
17¢C
18C
19¢
200
210
22C
23¢
240
250
260
27¢
28C
29C
30C
310
32¢C

%61
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aNeNe!

METHOD
METHCD OF SOLUTICN IS BY ELIMINATICN USING LARGEST PIVCTAL

SMQ
SMQ
SMQ

DIVISOR. EACH STAGE OF ELIMINATICN CONSISTS OF INTERCHANGINGSMQ

ROWS wHEN NECESSARY TO AVCID DIVISIGON BY ZERO OR SMALL
ELEMENTS.

THE FORWARD SCLUTION TO OBTAIN VARIA3LE N IS DCNE IN

N STAGES. THE BACK SOLUTICON FOR THE OTHER VARIABLES IS
CALCULATED 8Y SUCCESSIVE SUBSTITUTICNS. FINAL SOLUTION
VALUES ARE DEVELOPED IN VECTCR By WITH VARIABLE 1 IN B(1),
VARIABLE 2 IN B(2)gececeesesy VARIABLE N IN B(N).

IF NO PIVGT CAN BE FCUND EXCEEDING A TOLERANCE OJF 0.0,

THE MATRIX IS CONSIDERED SINGULAR AND KS IS SET TO 1. THIS
TOLERANCE CAN BE MODIFIED BY REPLACING THE FIRST STATEMENT.,

® 0 6000 OO 90O O 0000 VO OO 00 OO0 OO OO D OOOOO VO VOO0 O OO 0000 00O O OSSO ESPCDN OO

DIMENSION A(1),B(1)
FCRWARD SCLUTION

TOL=0.0
KS=(

JJd==N

D0 65 J=14N
JY=J+l
JJI=JJ+N+1l
BIGA=0
IT=JdJd-J

DG 30 I=JyN

SEARCH FCR MAXIMUM COEFFICIENT IN CCLUMN

SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMG
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMG
SMQ
SMQ
SMQ
SMQ

33C
340
350
36C
37¢C
38C
390
4CC
41C
420
430
44C
45C
46C
470
48C
49C
500
51C
520
530
54C
56C
560
57C
580
59C
600
61C
62C
630
64C

GGT
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aNeNe)

OO0

aNg!

20

30

35

40

50

1J=1T+]

IF(ABS(BIGA)-ABS(A(1J))) 20,30,3C
BIGA=A(1J)

IMAX=1]

CCONTINUE

TEST FOR PIVOT LESS THAN TOLERANCE (SINGULAR MATRIX)

IF(ABS(BIGA)-TOL) 35,35,40
KS=1
RETURN

INTERCHANGE ROWS IF NECESSARY

Il1=J+N%x{J-2)
IT=IMAX-J
D2 50 K=JyN
I1=11+N
[2=11+1IT
SAVE=A(I1)
A(Il)=A(I2)
A(12)=SAVE

CIVIDE EQUATICN BY LEADING COEFFICIENT
A(I1)=A(I1)/BIGA
SAVE=8(1MAX)
B(IMAX)=B(J)
B(J)=SAVE/BIGA

ELIMINATE NEXT VARIABLE

SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ

65C
66C
670
68C
690
790
71C
12C
730
74C
75C
760
770
780
790
80C
81C
820
83C
84C
850
86C
874G
880
89¢C
900
910
920
930
940
950
96C

9¢T



OO0

55

6G
65

70

80

IF(J=N) 55,7C,55

I1QS=N*(J-1)

DO 65 IX=JY,A

IXJ=1QS+IX

IT=J-IX

DO €0 JX=JY,NA

IXJIX=N*(JIX=-1)+IX

JIX=IXIX+IT
ACIXJIX)=ACIXIX)=(ACIXJI)I*A(JIIX))
BUIX)=BUIX)=(B(JI:A(IXJ))

BACK SOLUTICN

NY=N-1
IT=N%N

DO 80 J=14sNY
[IA=1T-J
I18=N=-J

IC=N

DO 80 K=1,J
B(IB)=B(IB)-A(IA)*%B(IC)
IA=TA-N
IC=1C-1
RETURN

END

SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
sSMQ

970G
S 80
990
156C
141G
1020
123¢C
1¢4C
1050
156¢C
1070
108C
1CSC
110C
111
1120
113G
114C
115C
116C
117C
118C
119C
120C
121¢C
122C

LST
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SUBROUTINE STRLIN{(MULAMBLA A1 9sA25A34PHI 3X19X29Y1leY24RsXCyYCyX

SUBROUTINE STRLIN

SUBROUTINE STRLINy GIVEN THE ARGUMENTS BELOW, WILL LOCATE THE
CENTER OF CURVATURE CF THE COUPLER POINT CURVE AND WILL DETER-
MINE THE RADIUS COF CURVATURE OF THE CURVE

INPUT ARGUMENTS

MU,LAMBDA = COGRDINTES OF THE COUPLER POINT IN THE MOVING
PLANE

Al CRIVING CRANK RADIUS

PHI DRIVING CRANK ANGLE

OFST = SLIDER PATH OFFSET

A2 = CCNNECTING RCD LENGTH
X14X2 = FIRST AND SECCND DERIVATIVES CF X WITH RESPECT TO
Y1+Y2 = FIRST AND SECCND DERIVATIVES OF Y WITH RESPECT TC

OUTPUT ARGUMENTS
R = RADIUS OF CURVATURE OF THE COUPLER CURVE
XCsYC = CENTER OF CURVATURE CF THE CCUPLER CURVE
XsY = COCRDINATES CF THE COUPLER PCINY IN THE FIXED PLANE

REAL MU, LAMBDA,LX,LY
PSI=ARSIN((A3=-AL*SIN(PKI))/A2)
LX=A2%COS(PSI)

LY=A1%SIN(PHI)=-A3

X=A1%COS (PHI)+LAMBDAXL X4+MU*LY
Y=AL*SIN(PHI )+MU*LX-LAMBDA*LY
R=ABS((X1%%24Y]%%2)%%] ,5/(X1*Y2=-Y1*X2))
YP=Y1/X1

' Y)

PHI
PHI

SLN
SLN
SLN
SULN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SUN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SULN
SLN
SLN
SLN
SLN
SULN
SLN

1C

2C

3C

4C

50

6C

7C

80

90
1¢C
11vu
12C
130
14C
150
16C
17C
18¢C
164
200
21¢
220
230
24¢
25C
260
27C
28¢C
29¢C
340C
310
220

86T



YPP={X1%Y2=-Y1%X2)/X1%*%3 SLN
XC=X=(YP+YP%%3)/YPP SLN
YC=Y+(l.+YP%%2)/YPP SLN
WRITE(6510) MUJLAMBRDA) AL 9yA29A3 yPHI 9 X 9gYgyR 4 XCoYC 9 X19yX2,Y1,Y2,YP,YPP SLN

10 FORMAT(////7/7¢10X,*SUBRCUTINE STRUIN*xx%xx%,//,10Xy'MU = *4E15.89/49SLN

110X *LAMBDA = " 3E15e89/910CX9 'R = " 3E15e89/910Xy'L = *9E15.8,4/,10X,SLN
2'C0FST = ",E15489/910Xy*PHI = "3E15.8+/910Xy*COUPLER POINT AT *,42Ec1SLN
35689/910Xy*RADIUS OF CURVATURE = '3E15.89/910Xy"CENTER OF CURVATURSLN
4E AT *92E15489/7/7/7 310X " X1l = V4E15e84/910Xy"'X2 = *9EL15.8¢/+10Xy*'Y1l SLN
5= VP 3E15e8¢/910X9'Y¥2 = *3FE15.89/7910X9'YP = " 43E15.89/910X,'YPP = *, SLN

6E15.84///1117177) SLN
RETURN SLN
END SLN

330
34C
35C
36C
37C
38C
39C
40C
410
420
430
440
45C

66T
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SUBROUTINE ANALZE(PHILlySTARTSENDDyALyA2,A39X9YsXCyYC,RCyIPLOTK, ICHANL 10

1Ky MU,LMBEA) ANL 2C
ANL 3C
ANL 40
ANL 5C
SUBROUTINE ANALZE ANL 60
ANL 70
ANL 8C
ANL qC

SUBROUTINE ANALZE PROVIDES AN ANALYSIS, FCR INTEGRAL DEGREES, ANL 100
OVER A SPECIFIED RANGE FOR THE FOUR BAR - CCOUPLER CUNFIGURATION. ANL 110

ANL 12C

ANL 13C

ANL 14C

ARGUMENTS ANL 150
ANL 160

PHI1 = DESIGN ANGLE CF CRANK, DEGREES ANL  17C
START = INITIAL VALUE CF CRANK ANGLE ANL 180
ENDD = FINAL VALUE OF CRANK ANGLE ANL 19C
AlyA2,A3 = LENGTHS- CRANK, CCNN RCD, OFFSET ANL 20C
X+Yy = CCORDS COF CGQUPLER POINT IN S-C CCONFIGURATION ANL 210
XCyYC = CCCRDS OF CENTER OF FOLLCWER CRANK RCTATIGN ANL 22C
RC = RADIUS CF FOLLOWER CRANK ANL 230
IPLOTR = 1y PRINTER PLOT OF CCUPLER CURVES PROVIDED ANL 240
= 29 NQ PRINTER PLOT OF COUPLER CURVES ANL 250

ICHK = Cy ANALYSIS OF COUPLER CURVES PRCVIDED ANL 260
= 19 NG ANALYSIS OF COUPLER CURVES ANL 27C

MUoLMBDA = OMNLESS COOKDS OF COUPLER PCINT IN 4-BAR CONFIG ANL 280
ANL 290

NC CUTPUT ARGUMENTS PRCVIDED ANL 3090
ANL 31C

ANL 320

09T



DIMENSIGON XZ(360),YZ(360),IFAULT(3603),AA(T720) ANL 33C

REAL MU, LMBDA ANL  34(C
PI=3.141593 ANL  35C
HALFPI=1.,57C796 ANL 36C
IFCICHKeNE«O) CALL DRAWI(XZ¢YZyNyALl9yA29A3 41y IFAULT,PHIL1oSTART,,ENDXyANL 37C
1AA, IVPI) ANL 380
IF(ICHK<NE.C) RETURN ANL 39C
ENDX=ENDC*P1/180, ANL 400
PHI=PHI1 ANL 41C
IF(PHI«LTeCo) PHI=PHI#+2.%P1 ANL 420
WRITE(6,420) AML 430
20 FORMAT(1HL¢//7/7 415Xy "THETA' 49Xy *X4"' 913X,y *X3%,13X,'Y4"*,13X,*Y3?, ANL 44C
113X,%0X*413X,'DY*y//) ANL 450
ALPHA=ATANZ2 (MU,LMBDA) ANL 460
A=SQRT (XC**2+4YC*%2) ANL 470
CORR=ATAN2(YC,XC) ANL 48(C
B=Al ANL 490
C=SQRT((AL* SIN(PHI)-Y)**2+(AL*CCS(PHI)=-X)*x*2) ANL 530
D=ABS(RC) ANL 510
ANL 52C

DETERMINE THE VALUE OF THE VARIABLE, SIGN, +1 OR -1 ANL 530
ANL 540

ETA=ATAN2((Y=A1*SIN(PHI)), (X=A1*COS(PHI)))-CORR ANL 55C
ETA=ARSIN(SIN(ETA)) ANL 56C
P=A-B8%COS{PHI-CORR) ANL 570
Q=8B*SIN(PHI-CORR) ANL 58C
R=(P¥%x2+Q*%24(*x2-D*%*2) /(2 .%C) ANL 590
S=R*Q/ (P*#2+(*%2) ANL 630
T=(R¥%2-P%x*x2)/(P¥%2+Q%%2) ANL 61C

EPSP=ABS(ETA-ARSIN(=S+SQRT(ABS(S**x2~-T)))) ANL 620
EPSM=ABS (ETA-ARSIN(=S=SQRT(ABS(S**2-T)))) ANL 630
SIGN=-1. ANL 640

9T
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12¢C

160

140

130

IF(EPSP.LE.EPSM) SIGN=1.
INCREMENT LINKAGE THROUGH RANGE
IFAULT = 1 FOUR IMPOSSIBLE LINKAGE POSITIGCNS

DELTA=PI/18C.
THETA=START*PI/180.-DELTA
J=0

NX=50

DO 129 I=1,36¢
IFAULT(I)=0

XZ(I)=0

YZ(1)=0

DO 10 I=1,360
THETA=THETA+CELTA
IF(THETAL.GT.ENDX) GO TO 110
ZLNGTH=ABS(C+D)
YLNGTH=ABS{C~-D)

XLNGTH=SQRT((A1*SIN(THETA)-YC)*%2+ (A1*COS(THETA)=XC) *%2)
IF(XLNGTHeGTeZLNGTHeOR « XLNGTHeLT<YLNGTH) GO TO 140

G3 TO 130
IFAULT(I)=1

GC TQO 100
N=I-1

J=J+1
EPS=THETA-CORR
P=A-B*COS(EPS)
Q=B*SIN(EPS)
R=(PH*x24+Q**24+C*%2-D%**x2)/(2.*C)
P2Q2=P%%x2+Q% %2
S=R*Q/P2Q2

AML
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL

650
66C
67C
680
69GC
700
710
125
730
740
750
76C
777G
78C
790G
800
510
820
83C
840
850
86C
87¢C
88¢
890
900
91C
920
930
940
950
960

91



T=(R*%2-P%x%2)/P2Q2 ANL

BETA=ARSIN(-S+SIGN*SQRT(ABS(S**2-T)) )-ALPHA ANL
XK=B*COS(EPS)+A2*#COS(BETA) ANL
YK=B*SIN(EPS)+A2*SIN(BETA) ANL
XZ{I)=XK*CCS{CORR)=YK*SIN(CORR) ANL
YZ(I)=XK*SIN(CORR)+YK*CCS(CCRR) ANL
Y3=A3 ANL
THETAX=THETA*180./PI ANL
X3=B*COS(THETA)+A2*COS(ARSIN((B*SIN(THETA)-A3 )/A2)) ANL
DX=XZ{1)=-X3 ANL
DY=YZ(I)-Y3 ANL
IF(J.EQ.NX) GO TC 30 ANL

GO TO 40 ANL

30 J=0 ANL
NX=50 ANL
WRITE(6570) ANL

TO FORMATU(LHL /777 315X "THETA® 39X " X4 313Xy X3 ,13X,'Y4',13X,'Y3", ANL
113Xy 'DX*y13X,'0Y*,//) ANL
40 WRITE(6950) THETAX XZU(I)9eX3,Y2Z(1)yY3,0X,0Y ANL
50 FORMAT(15XyF64292X36(F10.5,45X)) ANL
10 CCNTINUE ANL
110 IVPI=2%N ANL
IFCIPLOTR.EQel) CALLDRAW(XZ,YZyNyALl,A2,A3,0,IFAULT,PHILl,ySTART,ENDXANL
1sAA,IVPI) ANL
RETURN ANL
END ANL

970

980

990
100G
101C
1620
1030
16406
1¢5¢C
1060
1070
1080
1G9¢C
110C
1110
1120
113¢
1140
115¢
116C
1170
1180
119G
1290
1210
1220

€91
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SUBROUTINE DRAW(X,YyNyAlsA2,A3,ICHK, IFAULTyPHI START,ENDXyA,IVPI)

SUBRQUTINE DRAW

SUBRCUTINE CORAW WILL PROVIDE A PRINTER PLGT OF ALL COUPLER
CURVES DESCRIBED IN TERMS 0OF CGORDINATES GF POINTS ALONG THE
CURVE.

XoY = ARRAYS OF DATA 7O BE PLOTTED

A = WORKING VECTCOR OF SIZE IVPI (N%*2)

N = NUMBER OF ELEMENTS IN X (OR Y)

IVPI = LENGTH OF VECTOR AyN%2,

[FAULT = ARRAY INDICATING DISCCNTINUITY IN CCUPLER CURVE

ICHK =1y PAGE EJECT ONLY
=0y, CCUPLER CURVE PLOT

ALL CTHER ARGUMENTS ARE VARIABLES PROVIDED FOR REFERENCE PRINTING
ONLY.

Al,A2,A3 = CRANK,RADIUS,CONNECTING ROD LENGTH,OFFSET
START,ENDX = STARTING AND ENDING ANGLES OF CRANK ROTATION

DIMENSION CUT(101),YPRCLL) yALT2C) 4 X(360),Y(36C),IFAULT(36D)
INTEGER CUT BLANK DOTy STROKE yUSC 9STAR

DATA (BLANK=1H ), (DOT=1He) o {STROKE=1HI )y (USC=1H=), (STAR=1H*)
DATA BLANK/LH /4DOT/1H./ ySTROKE/LHI/ ¢USC/1H=/3STAR/ LH%/
IF(ICHK.EQel) WRITE(6455)

DRW
DRW
DRW
DRW
DRwW
DRW
DRW
DRW
DRW
DRW
DRW
DR W
DRwW
DRW
DRW
DRW
DRW
DRW
ORW
DRW
DRW
DRW
DRW
DRW
ORW
DRwW
DRW
DRW
DR W
CcDC
IBM
DRW

1C

20

30

4C

50

60

70

8C

SC
100G
11¢
120
13C
143
15¢
160
17¢C
180
190
200G
210
220
23C
240
25¢C
260
270
280
25¢C
3006
310
32C

%91



17

14

95 FORMAT(1H1.//77) DRW

IF(ICHK.EQ.1) RETURN DR W

WRITE(6,1) A1yA2,A3,PHI,START,LENCX DRW
1 FORMAT (L1HL19/7 950Xy *COUPLER CURVE ILLUSTRATING THE®,/ 432X,y *PERFCRMADRW
INCE OF A FCUR-BAR LINKAGE SYNTHESIZED FRCM A SLIDER CRANK',//,50X,DRW
2'CRANK RADIUS = %3yF15e89/945Xy *CCNNECTING ROD LENGTH = *4F1%.8397/4+ DRW
347X+ 'SLIDER PATH OFFSET = "yF15.89/ 947Xy *DESIGN CRANK ANGLE = ', DRW
4F15485 /935Xy "CRANK ROTATEC FROM 'yF15.8,' TOU *4,F15484' RADIANS',//DRW

5/) DRW
DC 100 J=1,yN DRW
A(J)=X(J) DRW
JTEMP=J+N DRW

1CC A(JTEMP)I=Y(J) DR W
DC 14 I=1,N DRW
D315J=14N DRW
[IF(A(J)LTLA(I))IGOTOLS DRW
DO17K=1,2 DRW
KK=K-1 DRW
ITP=T+KK*%N DRwW
JTP=J+KK*N DRW
F=A(ITP) DR W
ACITP)=ALJTP) DRW
ALJTP)=F DRW
CONTINUE DRW

15 CCNTINUE DRW
CONTINUE DRW
NLL=61 DRW
XSCAL=(A(N)=-A(1))/60. DRW
Ml=N+1 DRW
YMIN=A(M]1) DRW
YMAX=YMIN ORW

M2=2%N DRW

33¢
34C
350
36C
37¢C
380
39¢
40¢
410
42¢C
43C
447
458
460
47¢
480
49C
500
510
52C
53¢
540
55C
560
570
58¢
590
600
61¢C
620
63C
640

S9T



26
28

30

45

50
55

301
300

56

40

9C

DC40J=M]1 M2
IFCA(J)=-YMIN)28426426
IF(A(J)=-YMAX)40440,30
YMIN=A(J)
GCT049

YMAX=A(J)
CCNTINUE

DELY =ABS(YMAX-YMIN)
YSCAL=DELY/1(0.
YPR(1)=YMIN

CO 90 KN=1,10
YPROKN+1)=YPR(1)+KN*YSCAL*10.
WRITE(698) (YPR(IP),IP=1,411)
FCRMAT(1H 49X,11F10.4,/)
XB=A(1l)
L=1
LX=1
MY=1

I1=1
F=1-1

XPR=XB+F*XSCAL
XPRHI=XPR+XSCAL/2.
XPRLC=XPR=-XSCAL/2.
IF(A(L) LT XPRLOSUORAIL)<GTXPRHI) GO TO 70
DO551IX=1,101
CUT(IX)=BLANK
IF(LX«NE«1)GOTO300
D3301IX=1,1C1
QUTLIX)=USC

CCNTINUE
DO561IX=1,101,10
CUT(IX)=STROKE

DRW
DRW
ORW
DRwW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
NRW
DRW
DRW
DRW
DR W
DRW
DRW
DRW
DRW
DRW
DRW

650
66C
67C
680
690
T0¢
T71C
120
73C
774G
75C
760
770
78C
796
800G
810
820
830
84C
85C
860
87C
880
89C
93¢
910
g2¢C
93C
940
35C
96C

991



84

220

70
71

12

76
77

14
73

8C

IS=L+#N
JP={A(IS)-YMIN)/YSCAL+]1.5
OUT(JP)=STAR

IF(A(L+]1) eGEXPRLO«ANDsA(L+1)LEXPRHI) GC TO 221
GC 10 200

L=L+1

GC TGO 220

CCNT INUE

WRITE(6,2)XPRy (CUT(IZ2),12=1,101)
FGRMAT(1H 4F1lle4+5X,101A1)
LX=LX+1

L=L+1

GOTC80

CONTINUE

DO 71 IX=1,1C1
QUT(IX)=BLAMNK

DD 72 IX=1,1C1,10

OUT (IX)=STRCKE

IF(LXsNEel) GO TC 74

DG 76 IX=1,101

CUT(IX)=USC

DT 77 IX=1,101,10
QUT(IX)=STROKE

WRITE(6,73) CUT
FCRMAT(17X,101A1)

LX=LX+1

I=1+1

IF(I-NLL)45,84,86

XPR=A(N)

GOT059

DRW
DRW
DRHW
DRW
DRW
DRW
DRW
DRW
DRW
DR W
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DR W
DRW
DRW
ORW
DRwW
DRwW
DRW
DR W
DRWw
DRW

S7¢C

980

99C
15GC
161C
1020
183¢C
1040
1350
1060
1070
128C
1090¢
110G
1110
1120
113C
114C
1150
116C
1170
118C
119¢
126C
121C
122G
1230
124C
125C
1260
127C
128C
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WRITE(646)
FORMAT (1H1)
RETURN

END

DRW
DRw
DRw
DRW

1290
1330
131C
1320
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OO0

FUNCTION ATAN2(Y,X)
C=C.0

IF{XeLTeOo) C=3.141593
ATANZ2=ATAN(Y/X)+C
RETURN

END

FUNCTION TAN(X)
TAN=SIN(X)/COS(X)
RZTURN

END

FUNCTIGN ARSIN(X)
ARSIN=ATAN{X/SQRT(]1 .=X%*2))
RETURN

END

TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG

1€
20
3C
4C
50
6C
70
8C
9C
10C
110
120
130
14C
15C
160
17¢
18C
19C
200

69T
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PRCGRAM CIPCLK

PRCGRAM CIRCLR

THE MAIN PROGRAM PROVIDES FOR THE INPUT OF THE DESCRIPTION CF
THE ORIGINAL FUOUR-BAR CONFIGURATICN. THEN, THRJUGH SUBROUTINE
CALLSy TRIAL SCLUTIONS ARE GENERATED, UNIQUE SOLUTIONS DJETER-
MINED, AND THE SCLUTIONS ARE FURTHER PROCESSED.

INPUT VARIABLES

Al = ORIVING CRANK RADIUS

PHI1 = CRIVING CRANK ANGLE

XF+YF = COCRDINATES OF THE RCD END CF THE FOLLOWER CRANK
XBsYB = CCORDINATES GOF THE FOLLOWER CRANK CENTER

EPS4 = CONVERGENCE CRITEREA

IPRINT = PRINT LEVEL

START = INITIAL ANGLE FCOR DRIVING CRANK FUOR COUPLER CURVE
PLOT
ENDD = FINAL ANGLE FOR DRIVING CRANK FOR COUPLER CURVE PLCT

INPUT VARIABLES MUST BE IN THE ORDER ABOVE AND IN THE FOFMAT
(6F10e09F5.091142F7.C)
ThE FINAL DATA CARD SHGULC BE BLANK TO TERMINATE EXECUTICN
DIMENSION UX(5U)sVX(50),ICONV(50),ITER(50),0ERIV(10,3),03(50)
25 CCNTINUE

WRITE(6,20)
REAC(595) ALyPHILyXFyYFyXByYBEPS4, IPRINT,START,ENDD

cbC
CRrL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CPL

10

2C

30

40

50

3¢

70

8¢

9C
10C
110
120
13¢C
14C
15C
16C
170
180
19¢
20C
210
220
23C
240
25¢
26C
27¢C
28C
290
300
310
320
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5 FCRMAT(6F10.09F5eCy1142F7.0)
IF(Al.EQ.Q0.) GC TO 15
IF{EPS4.EQ.Q0.) EPS4=1.E-7
CALL TRIAL(ALyPHI1 o XByYB9XFeYFyUX9eVXyIPRINT,ICHK)
IF(ICHK.EQsl) GO TCQ 25
CALL NEWRAP(UXyVXy ICONVIEPS4yITERyPHIL yAl9yXF9YFyXByYByDERIV,
1BLEN, IPRINT)
CALL SOL(UXyVXsNNyIPRINTHBLEN,ICCNV)
CALL RANK(NN UXyVX,DERIV,D3, IPRINT)
DO 10 J=1,NN
X1=DERIV(1ly 1)+DERIV(1,2)%UX(J)+DERIVI(1,3)%VX(J)
X2=DERIV(2,1)+DERIV(2,2)*UX(JI+DERIV(2,3)%VX(J)
Y1=OERIV(S591)4DERIVI542)%UX(J)+DERIVI(5,3)%VX(J)
Y2=DERIV(691)+DERIV(6,2)*UX(J)+DERIV(643)%VX(J)

CRL
CRL
CRL
CRL
CrRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL

CALL STRLIN(UX(J)9sVX(JI) AL 9yPHIL 9 XFyYFyXByYByRHOyXCyYCoXeYyX1yX2,Y1ICRL

1,Y2)
IF(RHO.LT.1.€E-2) GO TO 1¢C
IPLOTR=D
IFCIPRINT.GE.1) IPLGTK=1
CALL ANALZE(PHI19gSTART 9ENDD9Al 4 XFyYF gXByoYBy XY s XCyYC9yRHDZIPLOTR,
1ICHK, U,4V)
10 CCNTINUE
GC TO 25
15 WRITE(6420)
20 FCRMAT(1H1)
STOP
END

CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL
CRL

33C
340
35C
360
37C
380
39cC
40C
41C
42¢C
43C
440
45C
460
470
480
49¢
5CC
51C
52C
53¢
540
550
56C
570
58C
580
60C

LT
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SUBROUTINE RANK(NNN,UX,VX,DERIVsD3,IPRINT) RNK 1C

RMK 2C

RNK 3C

SUBROUTINE RANK RNK 4C
RNK 5G

GIVEN THE UNIQUE NEWTON-RHAPSCN SCLUTICNS IN THE UPPER NNN RNK 6C
SPACES OF THE ARRAYS UX AND VX, THIS RCUTINE wILL COMPUTE, RMK 70
FCR EACH SCLUTION, THE ABSCLUTE VALUE OF THE THIRD DERIVATIVE RANK 80
0F THE RADIUS GF CURVATURE OF THE CGUPLER POINT PATH WITH RNK 9¢
RESPECT TO THE CRANK ANGLE. THF VALUES OF THE DERIVATIVE ARE RNK 10C
STORED IN ARRAY [3. THEN, THE SOLUTIONS ARE REARRANGED IN RNK 11¢C
CRDOER OF INCREASING VALUE OF D3 IN THE UPPER NNN SPACLS OF RNK  12C
UX AND VX. RNK 130
RNK 140

INPUT ARGUMENTS RNK 15¢C
UXyVX = UNIQUE SCLUTICNS RNK  16C

NNN = NUMBER OF SCLUTIONS RNK 17C
DeERIV = ARRAY OF -COEFFICIENTS OF DERIVATIVES OF X AND Y RNK 18C
IPRINT = IF NOT EQUAL ZERJ, INPUT AND OUTPUT ARRAYS PRINTED RNK 19¢C

RNK 230G

CUTPUT ARGUMENTS RNK 210
UXyVX = REARKRANGED UNIQUE SOLUTIOCNS RNK 220

D3 = ARRAY OF ABSOLUTE VALUES OF THE THIRD DERIVATIVE RNK 230

OF THE RADIUS OF CURVATURE OF THE COUPLER CURVE RNK 240

RNK  25C

DIMENSION UX{50)yVX(5C),D3(5G),+DERIVI10,3) RNK 260
REAL J RNK 270
IFCIPRINTeNECG) WRITE(6450) (UX(K)VX(K) 9K=1,NNN) RNK 280
50 FORMAT(///77 410Xy * SUBRCUTINE RANK*%%%X®,//,10X,"INPUT SOLUTIONS',/RNK 29C
1/7922X9*U 9 18Xe*' V' //45C(10X42E2CeT9/)9///) RNK  30C
D3 10 I=1,5C RNK  31C

10 £3(I)=0. RNK 320

CLT



D3 20 I=1,NNN
X1=DERIV(1s1l)+DERIV(1+2)*UX(T)+DERIV(1,3)*VX(])
X2=DERIV(241 )+DERIV(2,2)*UX(I)+DERIV(2,3)%VX(])
X3=DERIV(3,1)+DERIV(3,2)*%UX(I)+DERIV(3,3)*VX(TI)
X4=DERIV(4,1)+DERIV(4,2)*%UX(I)+DERIV(4,3)%VX(1)
XS=DERIV(9y 1 )+DERIV(9,2)*UX(I)+DERIVIG,3)%VXI(])
Y1=DERIV(541)+0ERIV(5,2)*UX(I)+DERIV(5,3)*VX(I)
Y2=DERIV(69 1 )+0ERIV(692)*UX(T)+DERIV(6,3)%VX(I)
Y3=DERIV(Ts1)+DERIV(T42)*UX(I)+DERIV(T,43)%VX{(1])
Y4=DERIV(8yl)+DERIV{B8492)*UX(I)+DERIV(8,3)*VX(T1)
YS5=DERIV(10,y1)+DERIVI(1C+2)*¥UX(T)+DERIV(10,3)%xVX(I])
F==DERIV(293)*Y1+DERIV(1,3)%Y2+DERIV(643)%X1=-DERIV(5,3)*X2
G=2+*(DERIVI(5,3)*Y]1 +DERIV(1,3)%X1)
H=2%(DERIV(5,2)*Y1+DERIV(1,2)%X1)
J==DERIV(292)*Y14+DERIV(142)*Y2+DERIV(6,2)*X1-DERIV(5,2)%X2
R=X1*X2+Y1%Y2
S=X1%Y3-Y1*%*X3
T=X2%%24Y2%*24+X1*X3+Y1%*Y3
U=X2*Y3+X1*Y4-Y2%X3~-Y]1%X4
W=Y2%X1-Y1*X2
Z=X1%%24Y]1%%2
IF(IPRINT«GES) WRITE(6,7C) 2,1

TC FCRMAT(1CX9'Z = *4E20eT910Xy'I = '45315,/)
TP=2%{X2%X34+Y2%Y3 ) +X2%X3+X1*X44+Y4%Y3+Y]1*Y4
IP=2 kX1 %YLk (Y1IXX2+¢X1%Y2)
UP=2 % X2%Y44X]1*XYS5=2 ,*Y2%XX4=-Y1%X5

RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RANK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK

D3(TI=ABS{ (2% 2 %Wk R( 6 ¥RUWKR2XT 46 ¢ ¥REK QAWK S— 6 X TR SRk WK =6 o ¥RHXYXWERNK

176 ¥RESHR2K =G ¢ ¥RESKWKIP+4 o ¥SHUKRL A %244 o ¥SHA2% T X IP+3 ,KTPRWKRX2%X]
QH6 e HTHWRSHI #$3 ¥ ThWk¥ 2% P-UPHWRI ¥ %2=URSKI¥%2=2 (XYxWKRI*IP)=-(LPx*
BWARI 40 o R IKRNKR2KS )% (3 G XRIHKQAWKK D= g XRASHWKT 42 ¢ X SKkX2K T %243 ¥ T
GWNR2¥I—UFW*L2¥%2) ) /(2% 2%%] 5%Wx%6))

20 CCNTINUE

RNK
RNK
RNK
RNK
RNK

33G
340
35C
360
37¢C
380
36C
40C
410
420
430
44C
450
466
47C
48C
49C
530
51C
520
530
540
550
560
570
58C
590
600
61C
62C
63C
640

€LT



4C

30

60

DG 30 I=1sNNN
DC 30 K=1,NNN
IF(D3(K)«LTLC3(I)) GO TO 423
G3 TO 30
TEMP=D3(1I)
D3(I)=D3(K)
D3(K)=TEMP
TEMP=UXI(T)
UX(T)=UX(K)
UX(K)=TEMP
TEMP=VX(I)
VX{I)=VX(K)
VX{K)=TEMP
CONT INUE

IFCIPRINTNESO) WRITE(6460) (UXIKD)aVXIK) 9D3(K)oK=14NNN)
FORMAT(///7 910X, 'CUTPUT SOLUTIONS' /7 922X 9°U" 918Xy "V',418X,4'D3',//,

150(10X93E2Ce74/)4//7)
RETURN
END

RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK
RNK

65C
660
67C
680
69C
75¢
71¢
72C
73C
T4C
750
760
77C
778G
79¢C
800
81C
§2¢C
83C

LT



OO0 OO0

SUBROUTINE STRLIN(UyVeAyPHI ¢ XFogYFyXByYByRyXCyYCyXyY9sX19X2,Y1lyY2)

SUBRQOUTINE STRLIN

SUBROUTINE STRLIN, GIVEN THE ARGUMENTS BELOW, WILL LOCATE THE
CENTER OF CURVATURE OF THE COUPLER POINT CURVE AND WILL DETER~-
MINE THE RACIUS OF CURVATURE OF THE CURVE

INPUT ARGUMENTS

UyV = COCRDINATES OF THE COUPLER PCINT IN THE MOVING PLANE
A = ORIVING CRANK RADIUS

PHI = DRIVING CRANK ANGLE

XFsYF = COCRDINATES CF THE ROD END OF THE FCLLOWER CRANK
X8,YB8 = CCORDINATES CF THE FCLLOWER CRANK CENTER

X1¢X2 = FIRST AND SECOND DERIVATIVES CF X WITH RESPECT TG PHI
YleY2 = FIRST AND SECCND DERIVATIVES OF Y WITH RESPECT TO PHI

CUTPUT ARGUMENTS

R = RACIUS OF CURVATURE OF THE COUPLER CURVE

XCo¥YC = CENTER GF CURVATURE CF THE COUPLER CURVE

XY = CCCRDINATES CF THE COUPLER PCINT IN THE FIXED PLANE

ETA= ATAN2((YF=A* SIN(PHI)), (XF-Ax CCS(PHI)))

Y=Ax SIN(PHI)+U* SIN(ETA)+V%x COS(ETA)

X=A% COS(PHI)+U* COS(ETA)-Vx SIN(ETA)

TEMP=X1%xY2-Y]1%X2

R=ABS((X1**24Y1%%2)%%x] ,S/TEMP)

YP=Y1/X1

YPP=TEMP/X1%%*3

ALPHA=ATAN2(YB,y XB)

YC=Y+(~=(YP+YP:%3 )% SIN(ALPHA)+(1.EO+YP%%2)%* COS(ALPHA))/YPP
XC=X+(=(YP+YPx%x3)%x COS(ALPHA)=(1.EQ+YPXx%2)% SIN(ALPHA))/YPP

SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SLN
SN
SLN
SLN
SLN
SLAN
SLN
SLN
SLN
SLN
SULN
SULN
SLN

10

2C

30

40

50

6C

10

80

9C
100
11C
12¢C
130
14C
150
160
17¢
18C
190
20C
21C
220
230
240
250
260
265
270
280
29¢C
380
31¢

GLT



WRITE(6910) UsVyAsPHI 9 XByYByXFyYFyETAyXyY9gR¢XCyYCyX19X2,Y1,Y2,YP,
1YPP

1C FORMAT(///7/ 410Xy *SUBRCUTINE STRLINZ#*%&x®,//,10Xy'U = '"4E15.849/,
110X o'V = ' ,E15.8y/ 910X, *CRANK RADIUS = *,E15.8,/,10X,y'CRANK ANGLE

SLA
SLN
SLN
SLN

2= "93E1584/,510X, *FOLLOWER CRANK CENTER AT '"32E1589/+910Xy*FOLLOWERSLN
3 CRANK END AT *32E15489/ 910Xy *COUPLER ANGLE = '3E1548y/413X, "CCUPLSLN
4ER POINT AT '32E15484/,10X,'RADIUS OF CURVATURE = ' 4E15484/910X,*CSLN
5ENTER OF CURVATURE AT '92E15e89/910Xe* X1l = '"9E15.89/+10Xs*'X2 = *,ESLN

6156897/ 91CXe 'Yl = "3EL15.89/910X,*Y¥2 = 9 ,E15.8,/,410X,*'YP = *,E15.3,
T/+1CXye *YPP = "2E15e84/7///7/)

RETURN

END

SLN
SULN
SLN
SULN

320
330
34C
350
360
370
380
39¢C
400
410
42C
43C

9LT



OO0 OOOO0n

SUBROUTINE SCL{XyYsNNyIPRINTyBLEN,ICCNV)

SUBRCGUTINE SCL

SOL
SOL
SCL
SOL
SOL

GIVEN ALL NEWTCN-RHAPSON SOLUTICNS IN ARRAYS X AND Y (OF DIMENSIONSOL

5C AND DETERMINED WITHIN EPS), SCL wILL :

1) EXCLUDE ALL SCLUTICNS THAT DUPLICATE EACH OTHER WITHIN
Ue5 PER CENT

2) EXCLUDE SOLUTICONS FOR WHICH LACK DF CONVERGENCE IS
INCICATED

3) EXCLUDE SCLUTICNS AT EITHER END OF THE COUPLER

4) ARRANGE UNIQUE SOLUTIONS WITHIN THE UPPER NN SPACES OF
X AND Y

INPUT ARGUMENTS
XeY = ARRAYS UOF NEWTON-RHAPSON SCLUTICNS
BLEN = LENGTH OF CCUPLER
IPRINT = IF NOT EQUAL TGO ZERO, INPUT AND CUTPUT ARRAYS
PRINTED
ICONV = ARRAY INDICATING CCNVERGENCE,l.Ee. ICONV=D

CUTPUT ARCUMENTS

NN= NUMBER OF UNIQUE SOLUTICNS
Xy Y = ARRAYS OF NN UNIQUE SOLUTICNS

DIMENSION X(50),Y(50), ICONV(50)

SOoL
SOL
SCL
SCL
SGL
SoL
SCL
SOL
SCL
SoL
SGL
SCL
SOoL
SGL
SOL
SOL
SCL
SOL
SOL
SOL
SGL
SGL
SCL
SGL
SOL
SCL

10

20

3C

40

50

6C

7C

80

SC
10€C
11C
12¢
13C
14C
15¢C
160
170
18C
16C
20C
21¢C
220
230
240
256
260
27C
28G
290
300
31C
320

LLT



NN=1 SCL

BMX=1.01*BLEN soL
BMN=.99%BLEN SCL
EPSN=.025EC SoL
IF(IPRINT.NESO) WRITE(6,470) EPSNy (X(I)sY(I),I=1,50) SCL

70 FORMAT(//// 410X "SUBRUUTINE SOL**x%kx%,//,10X,'SOL EPS = ',E20.4,4//S0L
1s10Xy*ORIGINAL SOLUTICNSY 9// 925X X" y1GX 'Y,/ /,100(10X,2E20.8,4/))S0L

SOL

DC 10 I=1,50 SOL
IFCICONV(I).EQ.Q) GC TO 15 SCL
X(I1)=0. SaL
Y(I)=0. SOoL

15 CCNTINUE SCL
IF(X(I)alLTeBMXoAND X (I )eGTeBMNGANDSs ABS(Y(I))elLT.leE=5) GO TO 16 SCL

G T0 17 SOL

16 X(I)=J. SoL
Y(I)=0. SOL

17 CCNTINUE SOL
IF(X(I)eEQeQeeANDY(I)eEQede) GC TC 10 SOL

DA 20 J=1,50 SoL
IF(I.EQed) GC TO 20 SOL
EPSX= ABS(IX(I)=X(J))/7(( ABS(X(I))+ ABS(X{(J)))/2.)) SOL
EPSY= ABSC(Y(I)=Y(J))/ (L ABS(Y(I)D)&+ ABRS(Y(J)))/2.)) SaL
IF(EPSXeLE+EPSNeANDSEPSY.LE.EPSN) GO TC 30 Sat

Ga TO 20 SOL

30 x(J)=0. SCGL
Y(J)=92. SOL

2C CONTINUE SOL
10 CCNTINUE SOL
IFC(IPRINTeNESU) WRITE(E,8C) (X(IDyY(1),1=1,50) ScL

8C FORMAT(///7 410Xy *UNIQUE SOLUTICNS'y///925X9 " X" 919Xe'Y'4///+100 S3L

33C
340
35C
36C
370
38C
39¢
400
41¢C
420
430
440
450
4560
470
480
49¢C
50C
51C
52C
53C
54C
55C
560
57C
580C
590
600
61C
62C
63C
64C

8LT



1(10X42E2C.84/)) SCL

DO 40 I=1,50 SoL
IF(X(I)eNEeCeo ANDoY(I)NEsDs) GO TC 40 SCL
J=1+1 SCOL
IF(J.EQe51) GG TO 4C SCL

DD 50 K=J,50 SoL
IF(X(K)eNEeCeeANDeY(K) eNE.Oe) GO TC 60 SoL

G3 TO 50 SCGL

6C X{I)=X(K) SCL
Y(I)=Y(K) SoL
X(K)=D. SOL
Y{K)=0. SaL
NN=1 SCL

GC T0 49 SSL

50 CCNTINUE SOL
40 CONTINUE SCL
IF(IPRINTANESO) WRITE(64990) NNy (X(1)yY(I)yI=1,NN) SCOL

90 FORMAT{///77+10Xy *RETURNED SOLUTICNS = 95,110 /77 915X+*X* y19X,'YV*,/SCL
1/+10C(10X42€208,7)) SOL
RETURN SGL

END SOL

650
66C
67C
680
69C
700
T1C
T2¢C
73¢C
74
75C
760
77¢
78C
790
8G90
81C
820
830
84C
850

6LT



OO0 OOOOOOOO

SUBROUTINE TRIAL(ALl,PHI XByYByXFoYFyU,yV,IPRINT,ICHK)

FOUR-BAR VERSICN

SUBROUTINE TRIAL, GIVEN THE ARGUMENTS BELCW, WILL GENERATE 50
TRIAL SOLUTICNS FOR A NEWTUN-RHAPSON ANALYSIS. FORTY OF THESE

POINTS ARE EVENLY DISTRIBUTEDs ANGULARLY, AROUND THE CU3IIC-OF-

STATIONARY CURVATURE, TEN ARE DISTRIBUTED ALCNG THE CuUuBIC®S
ASYMPTOTE. AN EULER-SAVARY ANALYSIS IS PERFORMED TO LOCATE
THE INFLECTION CIRCLE ANDy IN TURN TO LOCATE THE COMMON
CENTRODE TANGENT, OR THE INSTANT CENTER VELOCITY DIRECTION.
THENy USING A COORDINATE SYSTEM ALIGNED WITH THE TANGENT, WITH
THE ORIGIN AT THE INSTANT CENTER, M AND N ARE DETERMINED FOR
THE CUBIC. USING POLAR NOTATION, R ANC PSI ARE DETERMINED,
YIELDING X AND Y IN THE ORIGINAL COCRDINATE SYSTEMe FINALLY
THE X*S AND Y'S ARE TRANSFORMED INTO U AND V.

INPUT ARGUMENTS

Al = CRANK RADIUS

PHI = CRANK ANGLE, RADIANS

XB+YB CENTER CF FOLLOWER CRANK

XFoYF ROD END OF FOLLOWER CRANK

[PRINT = IF NOT EQUAL ZERO, INTERNAL VARIABLES PRINTED

ouTeUuT

UsV = ARRAYS OF TRIAL SOLUTIONS, DIMENSIONED 5C

TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL

ICHK = ALARM IF NOT EQUAL ZERO, INFLECTION CIRCLE NOT FIXEDTRL

DIMENSION A(4)4B(2)U(58)4V(50)
REAL IXeIY,IA,IByJAAWJAAP,JAX,JAY,JBB,JPBP,JBX,JBY

TRL
TRL
TRL

10

20

3C

4C

50

6C

7C

8C

9
10C
11C
120
130
140
15C
160
178
18C
19C
20¢C
21C
22C
230
24C
25C
26C
270
28C
29¢C
300
31¢C
320

08T



[aNeXe]

PI=3.141593
HALFPI=1.57C79¢
IFCIPRINTNELO) WRITE(6450)

50 FORMAT(////+10X,'SUBROUTINE TRIALX***%xt,//,

4YALPHA = ANGLE I-T AND I-A'y,/,10Xs'BETA =

59'PSI ASM = ANGLE I-T AND ASYMPOOTE',/41GXy*J - POINTS

TRL
TRL
TRL

10X, *PUINT O = DRIVING TRL
LCRANK CENTER?®,/,10X, "PCINT A = DRIVING CRANK END'4/, 10Xy '*POINT B =TRL
2 FOLLOWER CRANK END® /410X, POINT T = INSTANT CENTER',/,12X,'PCINTTRL
3 T = POINT ON TANGENT',/,10X,*THETA = ANGLE X-AXIS AND I-T'*,/,10X,TRL

OECTION CIRCLE®"y/410Xy*POINT OB = FCLLOWER CRANK CENTER',///)

DO 5 I=1,50
utr)=a.
5 V(I)=0.
AX=A1%COS(PHI)
AY=A1%SIN(PHI)
IY=(Y3%XF=-XB*YF)/ (XF=XB=(YF=YB)/TAN(PHI))
IX=IY/TAN(PHI)
IB=SQRT((IY=YF)**x2+{ IX=XF)*%2)
[A=SQRT((IY-AY)**x24+( [X=-AX)*%*2)

IFCIPRINTeNESC) WRITE(E960) AL 9PHI 9 XByYBoXFyYFoaIX,IYoI1A,1B

60 FORMAT(//+10X9"Al = '"yE20e8y/ 910Xy *'PHI = ', E20.89/910X,'XB,YB =

22FE20 489/ ¢ 10X 9" XF9yYF = " ,2E25.84/10X,*1 AT
39620.89/’10x"1-e = ',E20.81///,

EULER-SAVARY ANALYSIS

JAA=TA%%2/A]

JAAP=A1-JAA

JAX=JAAP*COS(PHI)
JAY=JAAP®SIN(PHI)
B1=SQRTU{(XB=XF ) %**2+(YB=YF)*%*2)
JaB=IB8**2/81

'"92E20.89 /410Xy 1-A

L
.

ANGLE I-T AND I-8B',/,10XTRL
ON THE INFLTPRL

TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL

330
340
35C
36C
370
38C
360
490
41C
420
430
440
45C
46C
470
480
490
5CC
510
520
530
54C
550
56C
57C
580
59¢
600
61C
620
630
64C

18T



OO0

OO0

JBBP=81-JBR TRL

SLP4=ATAN2((YF-YB), (XF-XB)) TRL
JBX=JBBP*COS(SLP4)+XB TRL
JBY=JBBP*SIN(SLP4)+YB TPL
CALL CIRCLE(XHyXKyRyIXyIYyJAXyJAY,,JBX,JBY,ICHK) TRL
IF(ICHK.EQ.1) GO TO 40 TRL
IFC(IPRINT NESG) WRITE(697C) JAXyJAY»JBXyJBYy ICHK ) XHy XKy R TRL

7C FUORMAT(///,10Xy*POINTS ON THE INFLECTICN CIRCLE®*,/,103X,2E20.8,/y TRL

110X92E20e89///910Xy*ICHK = "31104/910Xy ' INFLECTION CIRCLE AT *,2E2TRL

2089 /910X * INFLECTION CIRCLE RADIUS = ',E23.84//) TRL
TRL

TRANSFORM TG RECTANGULAR CCORDINATES AT INSTANT CENTER TRL
TRL

CXX=XH-1IX TRL
CYY=XK-1Y TRL
TXX=-CYY TRL
TYY=CXX TRL
AXX=AX-1X TRL
AYY=AY=-1Y TRL
BXX=XF=1X TRL
BYY=YF-1Y TRL
THETA=ATAN2(TYY,TXX) TRL
ALPHA=ATAN2(AYY,AXX)-THETA TRL
BETA=ATAN2(BYY,BXX)-THETA TRL
TRL

SCLVE FOR CONSTANTS IM CUBIC, SEE HARTENBERG & DENAVIT,P.2C9 TRL
TRL

A(l)=1./SIN(ALPHA) TRL
A(2)=1./SIN(BETA) TRL
A(3)=1./C0S(ALPHA) TRL
A(4)=1./COS(BETA) TRL

BU1)=1¢/SQRT(AXX%®X2+AYY*%2) TRL

€50
660
670
680
6GL
700
716G
72C
730
T74C
75C
760
177G
783G
790
8GC0
81GC
820
83C
840
85GC
86C
87C
88C
890
900
910
G20
930
94C
950
360

¢81



eNeNe)

B(2)=1+/SQRT(BXX*%x2+BYY*%*2) TRL

CALL SIMQ(AyBy2,KS) TRL
XM=1./8B(1) TRL
XN=1./B(2) TRL
TRL

DETERMINE TRIAL SOLUTICNS TRL
TRL

DO 10 [=1,40 TRL
PSI=(I-1)%,07853982 TRL
R=(XNXXMXSIN(2.%PSI) )/ (2% (XN*COS(PSI)+XMXSIN(PSI))) TRL
U(T)=R*COS(PSI)*COS(THETA)=RESIN(PSI)*SIN(THETA)+IX TRL

10 V(I)=RxCOS(PSI)*SIN(THETA)+R®SIN(PSI)I*COS(THETA) +1Y TRL
PSIASM=ATAN(-XN/XM) TRL
XAVG=(IA+IB)/2. TRL
IF(IPRINTeNE«O) WRITE(6,80) THETAyALPHAJBETA XMy XNyPSIASM,XAVG TRL

80 FORMAT(///+10X9'THETA = "4E20e89 /910Xy *ALPHA = '"4E20.84/410X, TRL
1'BETA = *3E2CeB8y/91CXe '™ = " ,E20.897910X9'N = "'4,E20.89/4910X, TRL
2'PSI ASM = V,E20.8¢7/910Xs*XAVG = *,E20.8,4//7) TRL
Ul41)=2e%XAVGXCOS(PSIASM)*XCIOS(THETA)=2.*SIN(PSIASM)*XAVGHASIN(THETATRL
1)¢1IX TRL
V(41 )=2.*XAVG*CGS(PSTIASMI*®SIN(THETA) 42 . *XAVG*SIN(PSIASM)*COS(THETATRL
1)+1Y TRL
DC 20 1=42,50 TRL
XX=(1-42)*XAVG/3.333=-XAVG TRL
UCT )=XX%®CCS(PSIASM)*COS(THETA)=-XX®SIN(PSIASM)I*SIN(THETA) +IX TRL

20 VI )=XX®CCS(PSIASM)XSIN(THETA) ¢XX* SIN(PSIASM)*COS(THETA)+1Y TRL
IF(IPRINTNESC) WRITE(6,490) (U(I)yV(I)yI=1,50) TRL

30 FCRMAT(///7 410X *CRIGINAL TRIAL SOLUTIONS® 3// 925X "X 319X,%Y*,/// +5TRL
10010X92F20e89/)9/7/7) TRL
TRL

TRANSFORM INTO U AND V TRL
TRL

I7C

98¢0

990
1008
101C
102G
1¢3¢C
104G
1050
106C
1070
108C
1CS0
1106
111G
112¢C
1130
114G
115G
116C
117¢C
1180
116C
1200
121C
1220
123C
1240
125¢
1260
1270
128C

€81



ETA==ATAN2((YF=AY ), (XF-AX))
D3O 30 I=1,+50
XT=U(I)=-AX
YT=V(I)-AY
U(L)= XT*CCS(ETA)=YT*SIN(ETA)
3C V(I)= XT*SIN(ETA)+YT*CCS(ETA)
IF(IPRINTNESO) WRITE(641C0) (ULIDyVII), I=1,450)
100 FORMAT(///410Xs* TRANSFCRMED TRIAL SOLUTICNS®,// 425X, 'UJ*,19X,'V?",
2/7+50(10Xy2F20e84/)49///7)
40 RETURN
END

TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL
TRL

125C
1300
131C
132C
133G
134C
135C
1360
137¢
1380
139C

¥8T
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SUBRGOUTINE CIRCLE(XHoXKyRyX1yY1l9X25Y2,X3,Y¥3,ICIRCL)

SUBRQUTINE CIRCLE

SUBROUTINE CIRCLE DETERMINES THE CENTER AND RADIUS OF THE
CIRCLE PASSING THROUGH THREE DESCRIBED POINTS

ARGUMENTS

SUPPLIED BY THE CALLING RGUTINE

X1lyY19X29Y29X39Y3 = XyY COORDINATES OF THREE POINTS THROUGH WHICH
THE CIRCLE MUST PASS

SUPPLIED B8Y CIRCLE

R = RADIUS OF CIRCLE
XHy XK = X,Y COORDINATES OF THE CENTER GF THE CIRCLE

DIMENSICN A(9),B(3)
ICIRCL=0

EPS=,0001
X2Z1=ABS(X1-X2)
X22=ABS(X2=X3)
XZ3=ABS(X3-X1)

CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIR
CIr
CIR

16

2C

30

40

50

6C

7C

8U

90
10C
110
12C
133G
140
1560
l16C
170
18C
190
200
210
220
230
24C
25¢C
26C
270
28C
290
336
31¢
32¢

G8T



YZ1=A3S5(Y1l-Y2) CIR 330

YZ2=A35(Y2-Y3) CIR  34C
YZ3=A8S(Y3-Y1) CIR 35C
IF(XZ1eLTEPS.ANDYZ1.LTLEPS) GO TC 10 CIR 360
IF(XZ2.LTeEPS.ANDYZ2.LT.EPS) GC TC 10 CIR 37C
IF(XZ3eLTEPS<AND.YZ3.LT.EPS) GC TC 10 CIR 380
A(l)==2.%X1 CIR 139G
A(2)=-2.%X2 CIR 40C
A(3)==2.%X3 CIR 410
A(4)==-2.%*Y1 CIR 42vu
A(5)==2.%Y2 CIR 430
A(6)==2.%Y3 CIR  44C
A(7)=1. CIR 45§
A(g)=1. CIR 460
A(9)=1. CIR 470
BOl)==(X1*%2+Y]1%%x2) CIR 48C
B(2)==(X2%%24Y2%%2) CIR 49¢
B(3)=—=(X3%%24Y3%%2) CIrR 5030
K=3 CIR 510
L=9 CIR 52C
M=0 CIR 53C
CALL SIMQ(A,EyKyM) CIR 540
IF(M.EQ.1) GC TO 10 CIR 55C
XH=B(1) CIR 560
XK=8(2) CIR S57C
R=SQRT (XH**24+XK*%2-8(3)) CIR 58¢C
RETURN CIR 59¢C
10 ICIRCL=1 CIR 600
WRITE(6+920) X19Y1l9X29Y29X3,5Y3 CIR 610
2C¢ FORMAT(/ +4TXye*UNABLE TC RESCLVE INFLECTICN CIRCLE."y/451X, CIR 620
1*CHECK FCR CCINCIDENT POINTSe"9//940Xe Pl = ('92F20e69' )'9//» CIR 63C

240Xy 'P2 = (" 92E2Ca69 ' )"y //40X,'P3 = (',2E2Ce6,4"' )*) CIR 64<

98T



RETURN
END

CIR
CIR

650
660

L8T



OO0 OO0

SUBROUTINE NEWRAP(UX VX3 ICCNVEPSHyITERyPHI Ay XFyYF4XB,Y3,DERIV,
1BLENy IPRINT)

SUBROUTINE NEWRAP

SUBROUTINE NEWRAP, GIVEN A DESCKIPTIGON COF THE COUPLER CIN-
STRAINTSy WILL FCRM THE RELATIONSHIPS NECESSARY TO LOCATE
SIMULTANEOUS ZERCES OF THE FIRST AND SECCND DERIVATIVES OF THE
RADIUS OF CURVATURE OF A COUPLER POINT PATHe. THEN, GIVEN TRIAL
SOLUTIONSy THE ROUTINE WILL EXECUTE A NEWTON-RHAPSON ITERATION
PROCEDURE UNTIL THE SOLUTICN CCNVERGES TC WITHIN SGME EPSILON.
CONVERGENCE IS PRESUMED TC HAVE FAILED IF

1) EITHER U OR Vv EXCEED 200 (ICONV=2) OR
2) THE NUMBER OF ITERATIONS EQUAL OR EXCEED 110. (ICINV=1)

IN THE CASE CF (2) ABOVE, THE FINAL 10 VALUES OF U AND V ARE
AVERAGED AND REPORTED AS U AND V.

INPUT ARGUMENTS
UXyUX = ARKAYS CF TRIAL SOLUTICNS. DIMENSIONED 50
= RELATIVE CONVERGENCE CRITEREA
PHI = ODRIVING CRANK ANGLE
A = DRIVING CRANK RADIUS
XFyYF = COORCINATES OF THE RCD END GF THE FOLLOWER CRANK
XByYB = COCRDINATES OF THE FCLLOWER CRANK CENTER

IPRINT = PRINT COMMAND
= 0y NO PRINTED GQUTPUT
> 5y KRESULTS OF EACH ITERATICN STEP PRINTED PLUS
> 39 RESULTS OF ITERATIONS CN EACH TRIAL SULUTICN

PRINTEDC PLUS

NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NW K
NWR
NWR

10
20
3¢

~
v

50

6C

7C

80

9C
100
110
120
130
140
15C
16C
170
18C
19C
23C
210
220
23C
240
250
26C
273
28GC
29C
30C
310
320

88T



OO0 OOOOOOO

NE Oy INPUT TRIAL SCLUTIUNS AND OUTPUT SOLUTIONS
PRINTED
CUTPUT ARGUMENTS

UXsVX = ARRAYS OF ITERATED SCLUTIONS
ICONV = ARRAY INDICATING CONVERGENCE CR LACK OF IT
= 0y CUONVERGENCE
= ly ITERATICNS EXCEEDED 11D
= 2y SCLUTICNS EXCEEDED 200 IN VALUE
ITER = ARRAY INDICATING NUMBER OF ITERATIONS FOR EACH
SOLUTION
DERIV = ARRAY CONTAINING COEFFICIENTS OF DERIVATIVES OF X
AND Y WITH RESPECT TO PHI, THE DRIVING CRANK ANGLE
BLEN = LENGTH OF CCUPLER

REAL LyKyJyN

DIMENSIUN ICCNV(S50),ITER(5CG),UX(5G)yVX(5C)4DERIVI(10,3)
B=SQRT((YF=AXSIN(PHI )) *%x2+(XF=A*COS(PHI) ) *%2)
C=SQRT((YF=YB)**2+(XF=XB)**2)

D=SQRT (XB**x24YB*%2)

BLEN=B

CORR=ATANZ2(YB,XB)
ETA=ATAN2((YF=A*SIN(PHI) )y (XF=A%COS(PHI)))=-CORR
ETA=ARSIN(SIN(ETA))

P=D-A*COS(PHI-CORR)

C=A*SIN(PHI-CORR)
R=(P*xXk2+Q¥%x24BxX2-C*%2)/(2,.%*B)
SS=R*Q/(P**24Q*%2)

T=(R&K2=-P*%2)/ (P¥*X2+Q%*%2)
EPSM=ABS(ETA-ARSIN(-SS-SQRT(ABS(SS**2-T)))
EPSP=ABS(ETA-ARSIN(=SS+SQRT(ABS(SS*%*2-T)))
S=-1.£0

IF(EPSPL.LE.EPSM) S=1.EC

)
)

NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWFR.
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR

330
340
35¢C
360
370
38C
39¢C
400
410
420
430
440
45G
460
470C
48C
49C
5GC
516
52C
530
540
550
56C
57C
58C
590
600G
61C
620
630
640

68T



L=2.EQ%A*D NWR

K=A%¥2+D%*2 NWR
H=(AXB*%x2=C*%2X A+ AXD**24+A%%3) /( 2.EC*R) NwR
J=AXX2XD/ (2.E0*B) NWR
AA=A%%R2 4% % 2= SEQ A*R2XNXR%2/B*x %24, SEQ*C*¥2xD¥x%2 / Bk % 2=, 25EQ*D**x4/ NWR
IB¥% 24 SECHC*¥2XAXHK2 /BX%k 2= 25E0¥A*X4 /Bx %2~ 25 EQ*C*%4/ B3x%2 =, 5F 0% NWR
2D%%K 2= SECHAR¥ 2=, 25E0¥BXx%x2+ ¢ SEO*C*x2 NiWR
BB3==1e EQ¥AXC=Cx¥2%AXD/BX*k24+A*¥3*C/BX 2+ A%k %3/ Bk %2 NWR
N=AXX2%[)%xX2 /B**2 NWR
CP=CCS(PHI-CCRR) NAR
SP=SIN(PHI-CCRR) NWR
C2P=C3S(2.*(PHI-CORR)) NWR
S2P=SIN(2.*(PHI-CORR)) NWR
R2=D-A*CP NWR
TEMP=AA+BB*CP=-N*CP*%2 NWR
R5= SQRT (AA+BB*CP-N*xCP*%*2) NWR
R7T=K=L*CP NWR
R3=J*S2P+R2%R5%S=H*SP NWR
R4=N*52P-BB*SP NWR
RO6==H*CP 42, EC*¥J*C2P+SEC*R4¥R2%xS/R5+AXSP*kR5%S NWR
R8= SQRT(1l.EC-R3**2/RT*%%2) NWR
RO=-BE*CP#2 JEQ*CP*x%x2%XN=2 ,EQ*N*SP %% 2 NWR
R1U==L*SP*R3/RT*%2+4R6/R7 NWR
R1l1=-4,EC*N*S2P+BB*SpP NWR
R12=2.EQ*REXRI/RT**2-2 EOXL*SP*¥RI*k*x2/RT*%x3 NWR
R14==4,E0%J*S2P+A%SPXSKRL4/RS+AXCPXSHkRE4HXSP = ;25 0% R2%KSKkR4*¥ %2 /R5X *INWR
1+.5E0%RI%R2%*S/R5 NWR
RLIS=R14/RTH+2 EQO*L*x*x2%SP*k%x2%RI/KkT**3=*¥CP*R3/RT**2=-2,EJ*L*SP*R6/RT NWR
1%%2 NWR
R16=24 EQ*R3*R14/RT*%2=-8 EC*L*XSP*ROEFXRI/RT**34+6, EOX L %k 2uSP k¥ 2%RI*x %2/ NWR
1RT7%%4=2 ( EQXLACPXRI*x%x2/RT** 342 ,EQO*REX*2 /RT*%2 NWR

R17==8.EC*J*C2P-o TSEQ*R2%¥S*RI*R4/R5* %3 4] ,SEC*AXCP*S*R4/R5=-A*XSPxS* NWR

650
660
67C
689
65C
70C
710
12¢
73C
140
75C
76C
77C
778G
790
800
31C
82C
33C
84C
850
86C
870
88C
890
9C¢C
910
92C
93C
940
95C
96C

06T



LRS+H*¥CP=  TS5EQ*AXSP X S*kR4%x %2 /R5%*k 3+, 3T5EQ%R2*¥SkR4* %3 /R5%x%5+]  SEI*AX
2SP%¥S*R9/R5+,5E0*%R2%S*R11/R5
R18==3,E0%L*SP%*R14/RT*%2+R1T/RT+3ECHL*%2%R3%*S2P/RT**3=5,EQ* L% %3
LSP¥%3%R3/RT*¥*4L4+ [ ¥SPRRI/RT*%246 4 EQXL % X2XSP¥X2XRE/RT*%3-3, EOXL*CP*
2R6/RT%%x2

R19==,SEC*R10%R3*R12/(RT*Kk 8%*3)-R3%*R15/(RT*RB)+L*SP*R1C*RI/(RT%*2
1*R8)-R10%R6/(RT*R8B)

R20==8BECXN*SP*CP+BB*SP

R23=BB*CP-8o EOKXN¥CP % %248, EQ*xNXSP%%x2
R21=1e5E0%A*¥S*R4%CP/RS+H¥*CP=8,EQ*J*C 2P~ TS5EC*R2XSXRFI*R4/R5**3=~A%
1SP%S*R5—- o T5EQ*A*SPXS*kR4 ¥k %2 /REX%I+,3TSECHKR2XSkR4¥ KT /R5*%54] (SECKAX
2SP*S*¥RG/R5+ SEQ*R20*R2%S/F 5
R22==A%S*¥R5%CP-1.5E0%A*SKkR4X¥2XCP/RE¥%XT 43, EQ¥AXSRkRI*CP/RS+16.EC*
1%S2P=3 ,c0*A*SP*XS*RI*XRG/RS*k%3-R2JI*¥R2*S*R4/R5*%3-2 ,EO*A*SP*SkR4/R5
2=H*SP4#2.25E0%R2¥S*kRI%xR4%x%k2 /R5%%54] ¢ SEOXAXSPXSKkRL4x%3/R5%%5-,93T5E
30%R2¥SHR4X X4 /RE¥*T= , TSEOXR2%SHROG* %2 /R5*¥% 34 ,SEC*R2%xS*kR23/R5+2,E0
4%R20%A*SP*S/R5
R24=2.,EQ*R3*%R21/RT*%2-12.EO*L*SP*R3*R14/RT**3+6., EU*¥RE6XR14/RT%%2~
112.EQ% L ¥ROXRI*CP/RT**3+18, EQ*L*x¥k2%xSPXRI%¥2%kCP/RT* %4436 (EI*L xx2%
2SP¥%2KRO¥RI/RT*¥4=24 JECHKL**J*SPx*k3ERI33% %2 /RT**k542 ,EOQO*L*SP*kRI%**x2/
BR7*%3-12 (EQO¥L*SP*RE%%2/RT*%3

R25=R21/RT-3 EO¥L*SP*R14/RT**246 EQ*L*x¥2%SP*R3*CP/RT**3=-3,EQ*L %
1REXCP/RT*%2-E EC*L ¥%x3%SP A%k 3ARI/RT* %4+ L %SPRRI/RT* X2+ 6, EQ*L *%2%SP
2X¥k2XRO/RT*%3

R26==4 JEO* *SP*R21/RT*%224R22/RT=6 EO*L*CP*R14/RT*%2+4 12, EQO*xL**2%
1SP*%2%R14/RT*%3-36,EOQ*L**3%SPx%k2%RI*CP /RT**4+L¥*RI*CP/RT*%2424,E0
2¥L %%k 2% SPAXROE¥CP/RT*%3 424 (EC*L ¥4k SPA*4GARRI/RT**5=-8,E0kL*k%k2%SP*x*k 2%
3R3/RT*%3-24,EQ*L%x%x3XSPx%xJARE/RT*¥4+4 (EO*LXSPHROE/RT* %246, ECKL**%2
4%RI*CP*x*x2/RT#%3

R27 =N*SP*(CP%32.,-8B*SP

NWR
NWR
NWR
NWR
NWR
NWR
NWR
MWR
NWR
NWR
NWR
NWR
NWR
NwWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR

RZB'=(—L*SP*R14*R7**3*?6*48.-L*SP*R?**3*R21*R3*16.iL*SP*R7**3*R3*RNHR
16¥10e—=L*R14*RTI*%3XCPXR 3% 24  +LHRTX%IRCPHRInx 2% 2 =L HRT %%k 3k CPXROEX*2%2NWR

970

98y

990
1¢0C
1C1C
142¢C
1030
1040
1950
1060
170
1680
129¢
1100
1110
1120
1130
114C
1156C
116C
117¢
118C
119C
120C
121¢C
1220
123C
1240
1250
126C
127¢C
128C

T6T



24 4L *%2X SPRRT*¥%2¥CP*RI¥XROX 144 ¢+ L ¥¥ 25 SPH%2%¥kR L 4KkRT¥¥2¥RIXT2 L *%x2*xSPNWR
B3R 2ARTHRK2ERIFR2K24 o +LXH2XSPRK2UR THU2HIROK ¥ 2K T2 +L*% 2K RTH*¥k 2% Px*x2%XRINAR
4% 2K 18 o=L*kIASPRX2XRTECP ¥R I*%2% ] 44— *¥*3%RSPRXIXR THRI*RE* 192 o +L ¥ ¥k 4XNWR
S5SPH%k4URIE%X2X |20 +R 1 4¥ % 2¥XRTHXL4K 6 o +RT¥ X4 %R 2] % RO* B4 +RT* ¥ 4XR22%R3¥2, ) /NWR
6RT*%6 NWR

R29 =(-R20%A*SkR5¥x¥E¥kR4GXSP*5, +R20* A*SkRS**BRCP*5,+R20* S*kRS¥*4kR4xxNWR
12%R2%3,75 -R2O*S*kRO*¥*¥O*¥R2*¥RG¥2,5 +R2I¥ARSKkRE¥%B*SP%x2,5 -R23*S*kRS*&NWR
26%R4¥R2%] ¢25 +R2T*S*RSXXB¥kR2%,50 —A*SkREXX2%kR4LG¥x%4%SP%4,56875 +AXSERNWR
5%k 4¥R4¥¥2FRG¥SP*k] 1,25 +ARSHRS*kX4XR4*%xJxCPX3,T75 )/R5*%9 NWR
R29 =R29 #(-A*XSHRSXXOEXRLHXRIRCP®T o5 #+AXSKRS*kXOKRLE¥X2%SP*2 5 —A*SkRSNWR
1%%k6%RI¥%2KSP*3, TS5 —A*SHKRS*k*kGRRLH*CP%k2,5 —AXSHkRS5SX*kZHRG%RSP*5, +AXSHR5ENWR
2X]10%SP=SHREXK2KRLE¥ Kk I AR 2KRGXG 4375 +SKkREXKLXRGHR2*RI** 245,625 +SkREXNWR
3%5%R2% 3428125 —RS*¥*GXHRCP+RS*%IXxJ%xC2P%32,)/R5%%9 NWR

R30 =(R2G¥RT*¥54  *¥SPXRI4*RT%**4% 1 0o~ L*kSPERRT*k*4KR22%5,-LXSPART**4*R3INWR
1 —L*¥R7*%4¥CPHR2L1*¥ 10 #LXRT*%(4%xCP*ROE%X5 , +L¥ % 2% SPxR] 4*¥RT* % 3%k CPRk6(U o —LxxNWR
22%SPART*%kFJXCPHRI¥JC o +L ¥4 2%k SPRk2FRT*k%¥3XR2 %20 (=L %%k 2%k SPR*K2 kR Tx%xJHRO6EXNWR
340 4L *%H2*¥RT*¥*¥IXCPR X 2KRO¥ZV o =L *¥¥ 3XSPRRT% K2 Xk PRX2¥RIKRGI ¢ =L X%k3%kSP Rk 2XNWR
GRTI*¥*2%CPHRO¥ B0 o =L * %3k SPRXkIRR]LH¥RTHkX2%EC ¢ +L ¥ X3 XSPXRI AR TH Kk 2ERI* 6] o +NWR
S5L*%4%SP¥¥3%RTACPHR3% 240 4 +L ¥ * 4% SP*X K GUkRTH¥RO¥ L 20 o =L * % S5%SPXk%S5KkR3%]1 25, ) NWR

6/RT%%*6 NWR
Y1C=A*CP NWR
Y1U=R10 NWR
Y1V==R10%R3/(RT7*R8) NWR
Y2C==A*SP NWR
Y2U=R15 NWR
Y2V=R19 NWR
Y3C=-Y1C NWR
Y3U=R18 NWR

Y3V==R3*R1B8/(RT*RB)-R3*R15*%R12/ (RT*RBx*3 )+ *SPRRIO%R3I*kR12/ (RT*%2% NWR
1R8%%3)=R1ID¥RE*¥R12/(RT*¥R8*%3)=R10*R14/(RT*RB) +2, EO*L*SP*R3*R15/(RT7 NWR
2*¥2%RB)=2EQ*RE*¥RLIS5/ (RT*RB)=oSEO¥RIC¥RI%*R16/ (RT*REB%x%x3) =2 ,EO*L**2 NuR
3%SPx*x2%R 10*%R3/(RT**3%RB)+L*¥CP*RLO*RI/(RT*x2%RE)+2., EQ*L*SPERIO*¥R6 NWR

129C
1300
121¢
1320
1330
134C
1350
136C
137¢C
138C
1390
140C
1410
1420
1430
144C
145C
1460
147C
148C
1490
1500
151C
1520
153C
154C
155¢C
156C
1570
1580
1590
1600

6T



4/ (RT*%2%P8 )= TSEQX¥R1O*RI*R 12%%2/(RT*R8**5) NWR
Y4C=-Y2C NWR
YaU=(=4. EOXL*SPXRT**3%RkR21 4R T*x*4%xR22-6, EQ¥L ¥RT* %3 %CP*R14+12. EO*L** NWR

12%SP*% 2%k RT*%x2%R14=36EQ*L¥*3XSP*x*2¥RT*kRI*CP+LXRT**%3*RI*CP4+24.,5C* NwWR

2L¥X2*XSPRR T4 2XRO¥CP -8 EQ¥L ¥ ¥ 2K SPHU2¥RT*k % 2%XR3 424 JEOX L ¥%k4%SPx%4%R3  NWR
3=24EO¥L%¥%3%SPxk3kRT*KE+44 EQORLEASPRRT%R%XIHRE+HEQRL*%2%RT%%2%R3%xCP NWR
4%%2 ) JRT*%*5 NWR
Y4V==R10*R21/(R7T*¥R8)~1.5EC*¥R14*R12*¥R10/(RT*RB**3)=2,25E)*R3%RL6%* NWR
1R12%R1Q/ (RT*RB*%5) 41 (SEQ*L*R3I*CPARI2*¥R1IC/(RT**x2%RB*x%x3) =3 ,F %L %%k 2% NWR
2SP*%2%R3%R12%R10/(RT*RBI** 343, EC*L*¥SP*R6¥RL2*R10/ (RT*%2%RB%x%3) + NWR
33.EO*L*SP*R14*R1C/ (RT*%2%R8)+1« SEC*L¥SP*R3I%®R16*¥R10/(RT7*x%2%R8%%3) NWR
4=1.5EQ0*RO6*R16¥R10O/ (RT*RB¥*3 ) =6, EI*L*%2%SP*kR3*CP*R1I/ (RT7%%3%R8) NWR

Y4V=Y4V+3 %L ¥RO6XCP*¥R 10/ (RT*%2%RB )= o 5*%R24%R3*¥R]1 I/ (RT*RBx%k3 )+ 6, *¥L*%3INAR
1#%SPx%3%R3*R10/(RT*x*4¥RB)~L *SP*R3*ARICG/(RT*¥2%RB) -6 EOXL ¥ % 2%SPkx2%  NwR
2R6*¥K10/ (RT**3%RB)+2 ,25E0*L *SP*R3*¥R12¥x2%R10/ (RT*%2%R8%*5)=2,25E0 NWK
3*%RO*¥RL2¥*2%R1U/ (RT*RB**5)~1,8T5E0*R3I*R12=*x3%R1N/ (RT*RB*%xT)+3,E0* NWR
4L#SPX*R3I*RIS*R12/(RT*%2%RB*x*3 ) =3 (EQ*RO6*R]15%R12/ (RT*RB*%x3) NWR

Y4V=Y4V=1.5E0%R25%R3*R12/(RT*RB**3)-3,EQ*R15*R14/(RT*R8)-1.5E0% NWR
1R3%R16%R15/(RT*RE8**3 )43 ,EQ*L*RI*CPERLIS/(RT®¥2%RB)=56, EQ¥L%xx2%SP*x%x  NWR
22*R3*¥R15/(RT*%3%RB)+6 EQO*L*SP*REXR1S5/(RT**2%RB)+3,EQ*R25*%¥L*SP*R3  NWR
3/(RT*%x2%R8)-R26*¥R3/(RT*RB)-3,EQ¥R25%R6/(RT*R8)-2.25E0%R3*R15%R12 NWR
4%%2/(RT*RB**5) NWR

Y5C=Y1C NWR
Y5U =(R29%¥RT**¥5-CP*R2L1 ¥R T**4%{ ¥ 1 Qo +CP¥RIKRT*SP kX% %%4%240,~-CP%XR3%xNWR

IRT%%3xSPHL¥%2%30~CPHRT¥k¥2ESPHH 2% %% IKkROE*1BU+CPHRTHXIRSPRL x*¥2%R ] 4NWR

2%60C ¢ #CPHERTHKLK| ¥ROE* 5  +R2LIURTRXIRSPRX2%| ¥ % 2% 20 4 ~R22¥R T*%4%SP )L %5, +RNWR

33%RT*%2%SPxk3%| %¥%3%60e=R3*kR Tk %GR SPH L —RIXSPRASHLXX5%] 206 +RTHSPH%G XL NWR
4%%4%ROXL20 e ~CPRR2XRIURTHX2XSP X ¥%3%G0 o +CPHX2¥R THXJ k| ¥k 2%R6%* 30, -R TXNWR

S5*2%SP*¥J k| R%¥TKRL4¥E0 o= RT*¥3%SPXA2%L % k2 %R E6¥40 ¢ +RT ¥k x4k SPxL %R 14*1Ce ) /NWR

6RT*%6 NWR
YSV ={-R1S5%R16*%R3IXREB¥*4*¥R12*¥RT*%4%G +R1IS5*R1OFRI*RBXXOG¥RT*%k ISPk *HNWR

1 e—R15%K]1 6*RB*X*¥EHkRT* ¥ 4% RH¥6, +R1S5¥CPH*RI¥RBAKXHXR] 2¥RT %% 3k ¥ 6. ~=R15%CPxNWR

1610
1620
163¢C
1640
165C
1660
167<
168C
16SC
179¢
171C
172C
173¢C
174C
1750
1760
1770
178C
17¢C
18CC
181C
182(C
183C
184C
185G
136C
187G
1880
1890
19GC
191C
1320

€6T



2R3*RBe%BARTHK2%SPR| ¥ %k 2% 24, +R15%CP*RB¥xBARTx%X I xR6%]2.-R15%R2L*¥RB*XNWR
IRBER Thk4H%4 o =RI5¥R24*RI*RBXXEGKRT ¥4k 2 (=R]1S5FRIK¥K GH¥2*R 2% * FRRTR¥4X T dNWR
45 +R1S*RIXRB¥*LHFRI2*¥K2F¥RT¥XFASP X %G =R1S5S¥RI*RBAKXOGHR] 2H¥R TH%2%SP * %k 2% NWR
SL¥%2%] 2. #R15%R3¥RB¥* BRRTHSPXR &I x| ¥%3 %24 ,~R]I5%¥RI¥RB¥*¥FART* ¥k RSP x| ¥4, NWR
6-R15%RBX*¥4%R ] 2%%2%kRT*k4KXRE6%F,+R]1 S¥RBAXEXRL2¥RT**k3xSP¥| *RH6*12,.) /(RBNWR
T%%QkRT*¥%5) NWR

Y5V =Y5V+(-R1IS*¥RBX¥EKRI2¥RT**4GXR 1 4% 6 o=R1S¥RGHX.BART XXk 26 SPhK2%| %% 2%RNWR
16%¥24+R15%RB*¥BXRT*%k3ASPX| xR 14%12,+R 16*R10O*%C PRRI*RBAx*kO*R Tk 3k %3 =NWR
2R1I6%R10*RI*RE¥ X 2%R L 244 2% RT*%4%] 1 25+R16*RLIO*RI*RB¥*¥4*¥R12*¥RT**3xSPXNKWR
3L*%9e=R16%R10*RI*RBXKOGHRTHK2ASPR ¥ 2K XXk2% €, ~R16¥RI0O%RB*XGXR]L2*RT*k*4XNWR
4R6%¥G ,+R16*¥RL1O*RBXKkEXRT*%3%SP*| kREKX 6. ~RLE¥RLO*RBEXEXRT*k%4*¥R]14%*3 ,=RINWR
56%R25*¥RI¥RB¥#6¥RT*%k4%3 ,+R10*CPXRB¥*XBART*k %3 X *P14%6, )/ (RB¥XFG*kRT%%5) NWR

Y5V =YS5VH(-R1IC*R21*RB*¥k*EXRL2¥RT*%4%2 4 4R1I*¥R21*RB¥k*GART*k%kIRSP* %4 ,~NWR
1R10%R24*RI*RBEXLHXRL2%RT¥*4%3 . +R1I0*R24%RI*R G *%k Gk RT*XIXSP X %2 ,-R]1O*NWR
2R24%RB*¥k¥EXRTHkX4LGEPO6*2 o= R 10XR22¥R X% BHRT* ¥ 4+R1O¥RI¥RBEK2 KR 1 2% % J %R T XNWR
33%SPxL*xTe5 —=RI0O¥RI*RBX*L*R L 2%*2RRTH*k 2k SP k% 2% #%2%G , +R10O*¥RI*RGx ¥4 XRNWR
412%% 2% RT*¥6-RICH¥RI*R 12**k4XRT*%4% 645625 —RIOHREX*LH*¥R] 2% % 2%RTh %GR 1 4NWR
5%4 45 +R10%RB**EHR]L2¥RT**3xSPXL ¥R14%6.)/(RBX%GERT%%5) NWR
Y5V =YS5V+(=R10*RB¥¥GRRTXK2ESPHRKk2¥| X% 2%R [ 4% ] 2, +R25%CP*R3*R G**k 8#R TxXNWR
13%L %6, ~R25*%RI*¥RP¥* 4R R 2% %2 %R T*k4%4 .5 +R25%RJXRBRXOEXRL2*¥R T &I XSP X *NWR
26 e=R25%RI*¥RBIXBART X%k 2% SPRH2¥| %% 2% ] 2, ~R25¥REBX¥OXR12KR T*%4¥R6*6e +R25NWR
3¥RE¥*GARTAEIASPX XkRHEX] 2, ~R25%¥RB¥x*BART*k %4 ¥R14%6,-R26*¥R3%RB*k*kH6*R 1 2*RNWR
GTR%L%2 o #R26¥RIXRBYXZARTHRIRSPR] %4 o ~R26¥P B8Rk BRRTR%k4%kRH6%4, )/ (RBEXIERNWR

S5T#%5) NWR
X1C=Y2C NWR
Xiu=YlVv NWR
X1v==R10 NwWR
X2C=Y3C NWR
X2U=R19 NWR
X2Vv=-R15 NWR
X3C=-Y2C NWF
X3U=Y3V NWR

1930
1940
1650
196C
197¢C
1980
199¢C
2GS
2010
2220
2353¢C
2040
20538
2060
2C7G
2080
209¢C
2100
2112
2120
213G
2140
2150
216G
2170
2180
219C
220G
221G
222C
2230
2240

Y61



X3y==R18 NWR 225C

X4C=YlC NWR 226C
X4U=Y4V NWR 2270
X4V==Y4U NWR 228C
X5C=X1C NWR 229U
X5U=Y5v NWR 2300
X5V==Y5U NWR 231C
DO 10 I=1,50 NWR 232C
1C ICONV(I)=0 NWR 233C
D3 30 I=1,5C NWR 234C
SuMu=0. NWR 2350
SUMV=0. NWR 2360
U=suxi(I1) NWR 2370
V=VX(I) NWR 238G
uz=u NWR 2390
vi=V NWR 2400
IF(IPRINT.GES5) WRITE(64120) U,V NWR 241C

120 FORMAT(///+1CXs*SUBROUTINE NEWRAPx%x%k%k%x%ke ,//, 10Xy "TRIALU = 'y E2)7.NwR 2420
18" o TRIAL V = %, E2CeBy//7//31CXs * ITERATION' 8Xs'U'y19X,*V*,17X,NWR 243C

2'EPS Uy 14Xy 'EPSV*,4//) NWR 2440
NC=0 NWR 245C
40 CCNTINUE NWR 246C
NC=NC+1 NWR 2470
up=uy NWR 248C
vP=V NWR 2490
X1=X1C+X1U*xU+X1V*V NWR 2500
X2=X2C +X2U*U+X2V*xV NWR 2510
X3=X3C+X3U*L+X3V*xV NWR 2520
X4=X4C +X4U*L+X4V*V NWR 253C
Y1=YLIC+Y1lU*U+Y1lV*V NWR 2540
Y2=Y2C +Y2U*U+Y2V*V NWR 255C

Y3=Y3C+Y3U*U+Y3Vxky NWR 2560

G6T



Y4=Y4C+Y4U*U+Y4V*V NWR

==X2VXY1+X1V*Y2+Y2V%xX1-Y1V*X2 NWR
G=2.EO0*(YLIVXY1+X1V%X1) NWR
H=2.EQO*(Y1U*Y1+X1U%*X1) NWR
J==X2U*Y1+X1UXY2+Y2U%X1-Y1U%*X2 NWR
R=X1%X2+Y1l*Y2 NWR
S=X1%Y3-Y1%X3 NWR
T=X2**2+Y2¥*24X1*X3+Y1%*Y3 NWR
UU=X2%Y¥34X1%Y4-Y2%xX3-Y1%X4 NWR
W=Y2%xX1=-Y1*X2 NWR
Z7=X1%%2+4Y1%*%2 NWR
E1=3.EQ0%ZZ%R¥W=22%*2%§ NWR

E1U =ZZ*R¥(X1%Y2U-X2*Y1U-Y1*%X2U+Y2%X1U) *3,EC+ZZ¥Wx( X1*xX2U+X2%¥X1U+YNWR
LI®Y2U#Y2%YLU)*3EQ-ZZ*SH¥{X1*¥X1UZ2.EO+YL1¥YIU*X2EC)*2 4 EQ+R¥Wx (X1 %X LUNWR
2%2EO+YL*YLU#2.EG) %3 JEC-ZZ** 2% ( X1*Y3U-X3*YLU-Y1*X3U+Y3xX1U) NWR

ELV =ZZ%R¥(X1*¥Y2V-X2*Y1IV-Y1#X2V+Y2¥X1V)*3ECH+ZZ*Wx(XL1%*X2V+X2%xX1V+YNWR
11%Y2VHY2%RY1V)I*3 EO=ZZxSH{X 1% XIV*2EG+YL*YIVH*2,EQ) %2, EQ+R*W*x (X1 %X1VNWR

2%2 dEUYL*YLIV*¥2,EQ)*3 JEC-ZZ*%2%( X1*Y3V-X3*YLV-Y1*X3V+Y3%X1V) NWR
E2=3 JEQXRX%2¥iWk%2=6 (EOXRXSKWKZ 7 #2 EO* Sk % 2X7 7 kX 24J, EOXTHWk¥ 2% ] ] NAR
1-UU*WXZZ%x2 NWR

E2U==Z7*HXUUXW¥2 ,EQ+ZZ*H* Sk %2%4 JEQ-ZZ%J*¥R¥S* 6 EQ+IZ* J*x W T*6,FU-ZZ*NWR
IR¥WX (X1xY3U=X3*YL1U=Y L*X3U+Y3%*X1U) %6 ¢ EQO=Z Z*WS* (X1EX2U+X2%X1U+Y1*Y2NWR
2U#Y2*Y LU I*ECLEQ#ZZ*WkH2x (X1 X X3U+X2%xX2U%2 s EQ#X3%X1U+Y1RY3U+Y2%£Y2U%2 . NWR
BECH+Y3XRYLU)¥3 EO-H*RAWKS*O  EJ+HXW¥ K2k T2  ECHIRR¥*¥2X W6 L0 +R*Wkx 2% ( XNWR
4LEX2UX2%XLUYIXY2U4Y2*YLU) *6.c0-22%#2% J*YY=ZZ**2¥ Wk (X1 XY4U+X2*YIUNWR
5=X3%Y2U-X4*Y IU-Y1%xX4U=-Y2*X3U+Y3*X2U+Y4*XLUD+Z7*%2*Sx(X1*Y3U-X3*Y LUNWR
6-Y1%X3U+Y3%X1U)*4.EO NWR

E2V==Z2*G*UURWH2 JEO+ZZ%*GC*S*%2%4 (EQ- T Z*F*R* Sk O FO+Z L% F*W%xT%6,EQ=-ZZ*NWR
LRAWX(X1%XY3V=X3%XY1V-Y1*X3V+YIRX1IV)*E EC-ZZ*WxkSx:(X1¥X2V+X2%X1V+Y1%XY2NWR
2VHY2XY LV )*O0oEQ+ZZ%¥Wxx 2% ( X1 ¥ X3V X2%XX2V¥2, EQ+ X3%x X1 V+YLXYIV+Y2%XY2VH2 (NWR
BECH+Y3XYLVI*3 L EC-G*R¥WKSHK6 o EX+CHWHX2¥ T3, ECHFXF XX 2k k6, EJ+R Wk 4 2% ( XNWR
GLEXZVEXZ2EXLIVEYLXY2VHY2RY IV ) * 0, EQ=Z2x%2%xF%UU—ZZ**¥2%W*x (X1 %Y4V+X2%Y ZVNWR

2570
2580
2590
260G
2610
262G
2630
264C
2650
2660
267C
2680
26SC
2TC0
271¢C
2120
273C
2740
275G
276C
277¢C
278¢G
279C
28¢C
281C
282G
283¢C
284¢
285C
286C
281C
2880
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110

75

20

70

5=X3%Y2V=X4XYIV=Y1%xX4V=Y2%xX3V+YIHX2V+Y4GXX]1V)+ZZ*%2% 5% ( X1%Y3V=X3*Y]LVNWR

6-Y1*X3V+Y3%xX1VI*4,EQ
OJAC=E1V*E2U-E2V*ELlU
DTEMPL=E2*E1U-EL1*E2U
DTEMP2=E1%E2V-E2%E1lV
DELV=DTEMP1/CJAC
DeELU=DTEMP2/CJAC
U=U+DELU
V=V+DELV
EPSU=(U-UP) /U
EPSV=(V=-VP)/V

IF( ABS(EPSV).LE.EPS.AND.
IF( ABS(U)eGEe2+.E2.AND.
IF(IPRINT.GE«S5) WRITE(69110INCyUyVHEPS,EPSV
FORMAT(1CXys154,4( E20.8))

IF(NC.GE.101) GG TO 20

G3 TC 40
vX(ri=v
ux(Iii)=u
ITER(I)=NC
ICCNV(I)=2
G3 TO 30
SUMU=SUMU+U
SUMV=SUMV+V
IF(NC.NE.110) GO 7O
V=SUMV/10.
U=SuMu/10.
ICONV(I) =1
CONT INUE
ux(eI)=u
vx(I)=v
ITER(I)=NC

ABS(EPSU).LELEPS) GC TO 70
ABS(V) .GE.2.E2) GG TO 75

NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR

2890
292G
2910
292C
2930
294C
295C
2960
2372
298C
299C
3Ca¢C
301¢
3u2C
3030
3540
305C
3060
307C
3086
3090
310¢C
3110
312C
313¢C
314C
3150
3160
3170
318C
3190
323G
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IF(IPRINTAGES3) WRITE(6,130) UZ,VZyNCyUyV,EPSULEPSV NWR 321C

130 FORMAT(////7+10Xe*SUBROUTINE NEWRAP:¥*%x%k%¥,//,10Xs*TRIAL U = ',E20.NWR 322C
189y TRIAL V = ",E20e89/// 910Xy *ITERATIUN® 39X, Uy 19X, 'V?,16X,'EPSNWR 3230

2 U' 915Xy "EPS V'9/410X91544( £20.8)4/7/) NWR 3240

30 CCNTINUE NWR 3250
IF(IPRINTeNESC) WRITE(E6,1CON(UXLTI)oVX(I)HZITER(I)LZICONVII),I=1,50) NWR 3260

10C FORMAT(////4+10X, *SUBROUTINE NEWRAP®,///417X,* U SOLUTION',7X,* V NWR 3270
1SCLUTION 93Xy "ITERATIONS" 9y 1X9 *CCNVERGENCE*9//91C0(10X92E208y2INWR 328C

210,/ 0) NWR 329C
DERIV(1l,1)=X1C NWR 3300
DERIV(1,y2)=X1U NWR 331C
DERIV(1,3)=X1V NWR 332C
DERIV(2y1)=X2C NWR 3330
DERIV(2,y2)=X2U NWR 334C
DERIV(2,3)=X2V NWR 335¢
DcRIV(3,41)=X3C NWR 336C
DERIV(3,2)=X3U NWR 337C
DERIV(3,3)=X3V NWR 3380
DERIV(4,1)=X4C NWR 339¢
DERIV(4,2)=X4U NWR 3400
CERIV(443)=X4V NWR 3410
DERIV(S5,1)=Y1C NWR 342G
DERIV(5,2)=Y1U NWR 343C
DERIV(5,3)=Y1V NWR 344C
DERIV(6,1)=Y2C NWR 3450
DERIV(6,2)=Y2U NWR 3460
DERIVI643)=Y2V NWR 3470
DERIV(T,1)=Y3C NWR 348C
DERIV(T7,2)=Y3U NWR 349C
DeRIV(T7,3)=Y3V NwR 3590
DERIV(8y1)=Y4C NWR 351G

DERIV(By2)=Y4U NWR 3520

86T



DERIV(8y3)=Y4V

DERIVI(9,1)=X5C

DERIV(9,2)=X5U

DERIV{(9,3)=X5V

DERIV(104s1)=Y5C

DERIV(10,2)=Y5U

DERIV(1043)=Y5V

IFCIPRINTNESO) WRITE(64S5CI(DERIVII$JJ)9JI=193)4I=1,10)

NWR
NWR
NWR
NWR
NWR
NWR
NWR
NWR

50 FORMAT (/777 +2TXsCONST® 14X, U YlTXy? V' //3L3X 9" X1"95X33E20.NWR

189/ 910Xy " X2 35X 93E20e89/910X9"X3"9y5X33E2Ce89/910Xy*X4'9y5X,y3E20,
2835/ 910X9'Y1'95X93E20e89/910X9*Y2" 95X 93E20e89/91IXy*'Y3',5Xy3E20.

NWR
NWR

389/ 910X 'Y4"* y5X93E2Ce897/910Xe " X5",5X33E20Ce849/910X9*Y5",5X,3E2089/NKWR

4//7/77)
RETURN
END

NWR
NWR
NWR

353¢
354¢C
3550
356C
357G
358G
3590
360C
361¢C
3620
3630
3640
3650
3660
3670
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SUBROUTINE SIMQ(A,ByNyKS)

SMQ
SMQ

..................'........Q...............I..‘......O............SMQ

SUBRUOUTINE SIMQ

PURPOSE
OBTAIN SCLUTION OF A SET OF SIMULTANEOQUS LINEAR EQUATIONS,
AX=8

USAGE
CALL SIMQ(A,ByN,yKS)

DESCRIPTICN OF PARAMETERS

A - MATRIX OF CCEFFICIENTS STORED COLUMNWISE. THESE AKE
DESTRCYED IN THE COMPUTATICN. THE SIZE OF MATRIX A IS
N BY N.

B = VECTOR OF ORIGINAL CONSTANTS (LENGTH N). THESE ARE
REPLACED BY FINAL SOLUTION VALUES, VECTOR X.

N = NUMBER OF EQUATIONS AND VARIABLES. N MUST B3E .GT. ONE.

KS - OuLTPUT DIGIT
0 FOR A NORMAL SIJLUTIOCN

1 FCR A SINGULAR SET CF EQUATICNS

REMARKS
MATRIX A MUST BE GENERAL.
IF MATRIX IS SINGULAR , SCLUTICN VALUES ARE MEANINGLESS.
AN ALTERNATIVE SOLUTION MAY BE OBTAINED BY USING MATRIX
INVERSION (MINV) AND MATRIX PRODUCT (GMPRD).

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIKED
NCNE

SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMG
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ

1c

28

3¢

4C

50

6C

7C

8G

9C
1508
116
12¢C
136
14C
15C
160
170
180G
190
200
21C
22C
23C
24C
250
260
27¢C
280
29¢C
303
310
32C

00¢



OO0 OO0

e N aXe!l

sMQ  33¢C

METHOD SMQ  34C
METHOD OF SOLUTION IS BY ELIMINATICN USING LARGEST PIVOTAL SMQ 35C
DIVISOR., EACH STAGE OF ELIMINATION CONSISTS OF INTERCHANGINGSMQ 36C

ROWS WHEN NECESSARY TO AVOIO DIVISICN BY ZERUO OR SMALL SMQ  37C
ELEMENTS. SMQ 380
THE FCRWARD SOLUTION TO CBTAIN VARIABLE N IS DCONE IN SMQ  39C
N STAGES. THE BACK SCLUTIGN FOR THE OTHER VARIABLES IS SMQ 400
CALCULATED BY SUCCESSIVE SUBSTITUTIONS. FINAL SOLUTION SMQ 410G
VALUES ARE OEVELCPED IN VECTOR By WITH VARIABLE 1 IN B(1l), SMQ 42C
VARIABLE 2 IN B(2)yeeceseeey VARIABLE N IN B(N). SMQ  43C
IF NO PIVOT CAN BE FGUND EXCEEDING A TOLERANCE OF 0.0, SMQ 440

THE MATRIX IS CONSIDERED SINGULAR AND KS IS SET TO le. THIS SMQ 45C
TOLERANCE CAN BE MODIFIED BY REPLACING THE FIRST STATEMENT. SMQ 46C

SMQ  47C
.....‘......C..............O..O...‘.........‘.O.......‘...........SMQ 48C
SMQ  49C

ODIMENSION A(1),B(1) SMQ  50C
SMQ 510

FORWARD SCLUTION SMQ  52C
SMQ 53¢

TdL=0.0 SMQ 540
KS=0 SMQ 55C
JJ=-=N SMQ 560
03 65 J=14N SMQ 570
JY=Jd+1 S¥Q 580
JJd=JJeN+1 SMQ  59C
BIGA=D SMQ 600
IT=JJ-J SMQ 610
DO 30 I=J,N SMQ 620
SMQ 630

SEARCH FQOR MAXIMUM COEFFICIENT IN CCLUMN SMQ 640

102



OO0

OO0

eNeNe]

2¢C

30

35

40

50

[1J=1T+1

IF(ABS(BIGA)-ABS(A(IJ))) 20,30,30
BIGA=A(I1J)

IMAX=1]

CONTINUE

TEST FOR PIVOT LESS THAN TOLERANCE (SINGULAR MATRIX)

IF(ABS(BIGA)-TOL) 35,35,40
KS=1
RETURN

INTERCHANGE RCWS IF NECESSARY

I1=J#N*(J=-2)
IT=IMAX-J

DC 50 K=J,N
Il=11+N
[2=11+IT
SAVE=A(I1)
ACIL)=A(12)
A(I2)=SAVE

DIVIDE EQUATION BY LEADING COEFFICIENT
A(I1)=A(I1)/BIGA
SAVE=8(IMAX)
B{IMAX)=B(J)
B(J)=SAVE/BIGA

ELIMINATE NEXT VARIABLE

SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ

65¢C
660
67TC
680
69C
70C
710
T2C
73C
740
750
766
770
78C
790
80C
810
820
830
840
850G
BHU
87C
880
890
90C
91¢
9206
93¢
940
350
96G

¢0¢



OO0

55

60
65

70

8C

IF(J=-N) 55,7C,55

IQS=N*(J-1)

DO 65 IX=JY,N

IXJ=1QS+IX

IT=U-1IX

CO 60 JX=JY,N

IXJIX=N*(JX=-1)+]IX

JIX=IXIX+IT
ACIXIX)I=ACIXIX)=(ALIXID*ALIIX))
BOIX)=B(IX)=(B(J)*A(IXJ))

BACK SOLUTION

NY=N-1
IT=N*N

DO 80 J=1,yNY
[IA=IT-J
IB=N=-J

IC=N

D3 80 K=1,J
Bl(IB)=B{IB)=A(IA)%B(IC)
IA=1A-N
IC=IC-1
RETURN

END

SMQ
SMQ
SMQ
SMQ
SMQ
SMG
SMQ
SMQ
S~Q
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMQ
SMG
SMQ
SMQ

970

980

S9C
1000
1C10
120
1030
1240
105¢C
1060
1¢7¢
1C80
109¢
1100
111¢
112C
1130
1140
1150
1163
1170
118¢C
1195
1200
121C
1220

€£0¢
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FUNCTION ATAN2(Y,X)

C=0.0

[IF(XelTeOs) C=3.141592654
ATANZ2=ATAN(Y/X)+C

RETURN

END

FUNCTION TAN(X)
TAN=SIN(X)/CCS(X)
RETURN

END

FUNCTION ARSIN(X)
ARSIN=ATAN(X/SQRT(1 e=X%%2))
RETURN

END

TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG
TRG

1G
2C
30
4G
50
60
75
8¢
90
120
110
12¢
130
14C
15C
16C
170
18C
19¢C
200

%0¢
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SUBROUTINE ANALZE(PHILl,STARTHENDUsALyXFyYFyXByYBoXyYeXCyYCHyRCyIPLOANL

1TRyICHK,y U,y V)

SUBROUTINE ANALZE PRCVIDES AN ANALYSIS, FOR INTEGRAL DEGREES,
OVER A SPECIFIED RANGE FOR THE FGUR BAR - COUPLER CONFIGURATION.

INPUT ARGUMENTS

PHI1 = DESIGN ANGLE CF CRANK, DEGREES

START = INITIAL VALUE CF CRANK ANGLE

ENDD = FINAL VALUE OF CRANK ANGLE

Al = DRIVING CRANK RADIUS

XFsYF = CONNECTING ROD END CF FOLLCWER CRANK

XByYB = CENTER OF FOLLOWER CRANK

XsY = COCRDINATES OF THE COUPLER PCINT SCLUTICN

XCoYC = CENTER OF CURVATURE FOR SOLUTICN

RC = RADIUS OF CURVATURE OF THE SOLUTICN

UsV = COCRDINATES, IN THE MIVING PLANE, OF THE SOLUTION

NC CUTPUT ARGUMENTS PRCVIDED

DIMENSION AA(1450)

DIMENSION XZ{(360),YZ(360),IFAULTI360),JFAULTI(363),X3(360),Y3(362)

PI=3.141593
HALFPI=1.570796

IFCICHKeNELD) CALL DRAWIXZ 9YZ9yNLgN23AL gPHI 9 XFyYF o XByYB9yXCyYCyRCy

1ICHK, STARTHENDXysAAy IVPI 4 XyYy X3,Y3)
IFCICHK<NKE.C) RETURN

ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL

10

26

3C

40

5C

6C

76

8GC

90
100
110
126
130
14C
156
16C
170
18C
18¢C
200
21¢C
22G
230
24G
250
26C
27¢C
280
250G
396
31C
32¢C
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OO0

ENDX=ENDD*P]/180.

PHI=PHI1

IF(PHILT.0) PHI=PHI#2.%P]
WRITE(6920)

20 FORMAT(L1HL19///77 915X "THETA? 49Xy *X4" 313Xy " X3*,13X,'Y4',13X,'Y3",

113X, *'DX*313Xy'DY"y//)

ALPHA=ATAN2(V,U)
A3=SQRT((YF=AL*SIN(PHI))**2+(XF-AL1*COS(PHI) ) *%2)
A=SQRT(XC**24YC%%2)

CORR=ATAN2(YC,XC)

B=Al

C=SQRT((ALl* SIN(PHI)-Y)*¥2+(A1*COS(PHI)=X)*%x2)
D=ABS(RC)

DETERMINE THE VALUE OF THE VARIABLE, SIGN, +1 OR -1

ETA=ATAN2((Y-AL*SIN(PHI)), (X-AL*CCS(PHI)))I-CORR
ETA=ARSIN(SINI(ETA))

P=A-BxCOS(PHI-CORR)

Q=8*SIN(PHI-CORR)
R=(P*%24 Q% 24(C**2-D*%2) /(2 .*C)

S=R¥Q/ (PX*¥24C%%2)

T=(R*X2-P%%2 )/ (P*%24Q%%2)
EPSP=ABS(ETA-ARSIN(-S+SQRT(ABS(S*%2-T))))
EPSM=ABS(ETA-ARSIN(-S~-SQRT(ABS(S**2-T))))
SIGN=-1.

IF(EPSP.LE.EPSM) SIGN=1.

COR1=ATAN2(YB,XB)

B=A1

A2=SQRT(YB**2+XB*%2)
Cl=SQRT((YF=B*SIN(PHI) ) **2+(XF-B*COS(PHI ) )*%2)
EL1=SQRT((XF-XB)*¥2+(YF-YB)*%*2)

ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL

330
340
35C
360
37
380
390
40C
410
42C
430
44C
450
460G
470G
480
49C
500
510
52C
530
54C
550
560
570
580
590
600
610
620
630
640

90¢



OOO0O0O

120
136G

ETAL=ATAN2({YF-B*SIN(PHI)), (XF-B*CCS(PHI)))-COR1

ETAL1=ARSIN(SIN(ETALl))

P1=A2-B*CCS(PHI-COR1)

Q1l=B*SIN(PHI-COR1)
R1=(P1*%524Q1*%x24C1%*2-E1%*2)/(2.%C1)
S1=R1*Q1/(P1*%24Q1*%2)
T1l=(RL**2-P1%%2)/(P1l**x24Q1*%*2)
EPSPLl=ABS(ETAL-ARSIN(=S1+SQRT(ABS(S1**2-T1)))
EPSMI=ABS{ETAL-ARSIN(-S1-SQRT(ABS(S1*%2-T1)))
SIGNl=-1.

[IF(EPSPl.LE.EPSM1) SIGNl=1.

)
)

INCREMENT LINKAGE THROUGH RANGE
IFAULT =1 FGR IMPOSSIBLE LINKAGE PCSITICNS

DELTA=PI/18C.
THETA=START*P1/180.-DELTA
N2=0

N1=9

J=0

NX=51

00 120 I=1,3¢€0
IFAULT(I)=0
JFAULT(I)=0
X3(I)=0.

Y3(1)=0.

XZ(1)=0

YZ(1)=0
THETA=THETA+CELTA
[P1=0

IP2=0

ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL

65C
660
67C
68C
690
700
71C
720
713G
740
75C
760
77C
T8¢
796
80C
810
820G
83C
84C
850
8606
870
880
8GC
500
910
320
930
94G
35C
96C

L0T



140

130

150

IF(THETA.GT.ENDX) GC TC 110
ILNGTH=ABS(C+D)
YLNGTHA=ABS (C-D)

XULNGTH=SQRT((AL*SIN(THETA)-YC)**2+ (A1*COS(THETA)=-XC) *x2)

IF(XLNGTHeGToZLNGTHCR e XLNGTHe LT YLNGTH) GO TG 140
GU TO 130

IF(N1.EQ.J) GG TC 150

IFAULT(N1)=1

GO TO 150

N1=N1l+1

EPS=THETA-CCRR

P=A-B*COS(EPS)

Q=B*SIN(EPS)

R=(P¥k*2+C**¥24C*x%2-D*%2)/ (2 .%C)
P2Q2=PXk%x 24 Q%2

S=R*Q/P2Q2

T=(R*%x2-P%%2)/P2Q2
BETA=ARSIN(-S+SIGN*SQRT(ABS{S**2-T)) )-ALPHA
XK=B*COS(EPS)+A3*%CCS(BETA)
YK=BX*SIN(EPS)+A3%SIN(BETA)
XZI{N1)=XK*COS(CORR)=YK*SIN(CORR)
YZ(NL)=XK*SIN(CORR)+YK*COS(CORR)

IPl=1

IL=ABS(C1+El)

YL=ABS(C1-E1l)
XL=SQRT((BXSIN(THETA)=YB)**24+(B*COS(THETA)=-XB) **2)
IF(XLeGToZLoCReXLoLTSYL) GO TO 16C

N2=N2+1

EPS1=THETA-CCR1

P=A2-B*CCS(EPS1)

Q=B*SIN(EPS1)
R=(Px%x24Q**2+4C1%¥%2-E1%%2)/(2.%C1l)

ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL

97C

980

99(¢
100G
1010
122C
1030
1040
105C
106C
1C7C
158
1590C
1130
111°
112C
1130
114C
1150
116C
117C
118G
119¢C
120C
121¢
122C
1230
124C
125¢C
126v
1270
128¢

80¢



160

165
170

45

4C

3¢

70 FORMAT(1HL9/7/77 915X *THETA® 39X *X4' 313X, *X3*,13X,'Y4',13X,%Y3",
113Xy *DX® 4 13X9'DY*y//)
41 TF(IPL.EQeleANDIP2.EQel) WRITE(69SOITHETAXyXZ(NL1)9X3(N2)yYZ(N1),
LY3(N2),0X,DY

50

P2Q2=P**x24Q%x%x2

S=R*Q/P2Q2

T=(R*%2-Pp%x%x2) /P2Q2
BETA=ARSIN(=S+SIGN1*SQRT(ABS(S*%*2-T)))+COR1
X3(N2)=B*COS(THETA) +C1*COS(BETA)
Y3(N2)=B*SIN(THETA)+C1*SIN(BETA)
[P2=1

GC T0 17¢C

IF(N2.EQ.D) GO TO 165
JFAULT(N2)=1
[F{IPL.EQe0.AND.IP2.EQ.Q) GO TO 100
CONTINUE

THETAX=THETA%*180./P1
TFIN1.EQeOeCReN2.EQ.0) GO TO 45
IF(IPl.EQ.C.CRIP2.EQ.C) GO TO 45
DX=XZ(N1)-X3(N2)

DY=YZ{N1)=-Y3(N2)

GG TO 40

DX=Ce

DY=0.

J=J+1

IF(J.EQ.NX) GO TC 30

GO TO 41

J=0

NX=51

WRITE(6,70)

FORMAT(15X9F€e292X96(F10e595X))

IF(IPL.FQele ANCoIP24EQeC) WRITE(6951) THETAXyXZ(N1),YZ(N1)

ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL

129¢C
13300
1310
132C
1330
1340
135¢C
1360
137C
1380
13390
1400
141¢C
1420
143¢C
144C
1450
1460
1470
1480
149C
1500
151C
1520
1530
1540
155¢C
1560
157C
158C
159C
160C

60¢



51
52

110

FORMAT(15X9F6e292X9F10e5920XyF10.5)

IF(IPl.EQeC.ANDIP2.EQel) WRITE(6952) THETAXyX3(N2),Y3(N2)
FORMAT (15X )F6e2917X3F10e5920XyF18.5)

GC 70 100

IVPI=2x(NL+N2)

[IF(IPLOTR.EQe1l) CALL DRAW(XZsYZyNLyN2yICHKyAA9IVPI3XyY9X3,Y3)
RETURN

END

ANL
ANL
ANL
ANL
ANL
ANL
ANL
ANL

161C
162C
163C
1640
165C
166C
167C
168C

0T1¢



OO0 OOOOO
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SUBROUTINE DRAW(X Y yNLyN2yICHKyA9IVPI 4 XX,YYyX3,Y3)

SUBROUTINE CRAW

SUBROUTINE CRAW WILL PRCVIDE A PRINTER PLGT OF ALL COUPLER
CURVES DESCRIBED IN TERMS OF CUCRDINATES CF PCINTS ALONG THE

CURVE

INPUT ARGUMENTS

X3,Y3
XeY
NlgyN2

XXysYY
A
IVPl
ICHK

=1y
=0,

ARRAYS OF PTS IN ORIG COUPLER CURVE

ARRAYS OF PTS IN SYNTHESIZED COUPLER CURVE

NUMBER OF PGINTS IN THE FIRST AND SECOND COUPLER
CURVES RESPECTIVELY

CCCRDINATES CF COUPLER PT SOLUTION IN THE FIXED PLANE
WCRKING VECTCR GF SIZE IVPTI (Nx2)

LENGTH OF VECTOR AgN*2,

PAGE EJECT ONLY

COUPLER CURVE PLOT

DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DR W
DRW
DR W
DR W
DRW
DR W
DRW
DRW
DRW
DRW
DRW
DRW
DRw
DRW
DRwW
DRW
DRW

DIMENSION CUT(101),A(1080)¢4X(36C)Y(36C) 4X3(3670),Y3(36C),ITYPE(T2JDRW
1), YPR(11)
INTEGER BLANK,CCToOUT,STROKEGUSCySTAR,CHsEKS
DATA (BLANK=1H ) y{DOT=1H4) o (STROKE=1HI )y (USC=1HI), (STAR=1H*),(CH=1CDC
1HJ) y (EKS=1HX)

CATA BLANK/1H /4DOT/1He/ +STROKE/1HIZ/ yUSC/1H-/,STAR/1H%/,0H/1HC/,
1EKS/1HX/

DR W
DRW

coc
18M
18M

10

20

3¢

4C

50

6C

1C

80

90
1C0
115
12¢C
130
140
15C
160
17¢C
180
190
20C
210
220
230
240
25C
26C
279
28C
29¢C
30C
31C
32¢

T1¢C



IF(ICHK.EQel) WRITE(6455) BRW 33C

95 FORMAT(1H1,//77) DRW  34C
IF(ICHK.EQel) RETURN DRW 35C
WRITE(691) DRW  36&

1 FORMAT(1HL1,//+50Xy'COUPLER CURVE ILLUSTRATING THE®,/ 32X, 'PERFCRMADFW 37C
INCE OF A FOGUR-BAR LINKAGE SYNTHESIZED FROM A FCUR-BAR LINKAGE',///DRW 380

2/7) DRW  39C
N=N1+#N2 DRW 40C
NT=N1+1 DRwW 410
DO 103 J=1,N1 DRW 42C
ITYPE(J)=D DRW 43C
ACJ)=X(J) DRW 440
KTP=J+N DEW 450

100 A(KTPI=Y(J) DRW 460
DO 110 J=NT,N DRW 47C
ITYPE(J)=1 DRW 480
KTP=J=N1 DRW 490
KTX=J+N DRW 500
A(JD)=X3(KTP) DRW 510

110 A(KTX)=Y3(KTP) ORW 52C
D3I 14 I=1,N DRW 530
DO 15 J=14N DRW 540
IF(A(J).LT.A(I)IGCTCLS DRW 550
DC17K=1,2 ODRW 560
KK=K=1 DRW S57TC
ICD=1+KK*N DRW 580
JCD=J+KK*N DRW 590
IF(Ke.EQs2) GC TO 13 DRW 600
ITEMP=ITYPE(ICD) DRW 61C
ITYPE(ICD)=ITYPE(JCD) DRW 620
ITYPE(JCD)=ITEMP DRW 630

13 CCNTINUE DRW 640

[Aava



17
15
14

26
28

30

45

F=A(ICD)
A{ICD)=A(JCD)
A(JCD)=F

CCNTINUE

CONTINUE

CCNTINUE

NLL=61
XSCAL=(A(N)-A(1))/60.
Ml=N+1

YMIN=A(M1)

YMAX=YMIN

M2=2%N

D040J=M1 M2
IFCA(J)-YMIN)28,26,426
IF(A(J)-YMAX)40 940,430
YMIN=A(J)

GZTC49

YMAX=A(J)

> CCNTINUE

DELY =ABS(YMAX-YMIN)
YSCAL=DELY/10C.
YPR{1)=YMIN

D0 90 KN=1,10

YPROKN#1)=YPR(1)+KN*YSCAL*10.
WRITE(6,8) (YPR{IP),IP=1,11)
FORMAT(1H 49X911F10e44/)

XBZ=A(1)

DRwW
DRW
DRW
DRW
DP.W
DRW
ORW
DRW
DR W
DRW
DRW
DRW
DRW
DR W
DRW
DRW
DRW
DR W
DRW
DRW
DRW
DRW
DRW
DRW
DR w
DR W
DRW
DRW
DR W
DR W
DRW
DRW

650
660
67¢C
6380
690
70C
71¢C
720
73C
740
75C
76C
77C
78C
79¢C
80¢C
810
82C
830
84C
85C
860
87¢C
88C
89cC
300
910
320
930
940
950
96C

€1¢



50
55

30
30

56

1
0

220

450
410
43C
440

420
400

XPR=XBZ+F*XSCAL
XPRHI=XPR+XSCAL/2.
XPRLO=XPR=XSCAL/2.

IFCA(L) o LT XPRLOORA(L) «GT«XPRKHI) GO TC 70
DO551IX=1,101

QUT(IX)=BLANK
IF(LXeNE.1)GOTC300
D0301IX=1,101

GuUT(IX)=USC

CONTINUE

D0561IX=14101410
QUT(IX)=STRCKE

IS=L+N

17=L
JP=(A(IS)-YMIN)/YSCAL+1.5
IF(CUT(JP).EQ.EKS) GO TO 400
[F(OUT(JP).EQ.USC) GG TC 410
IF(OUT(JP).EC.STRGKE) GC TO 410
[F(OUT(JP).EQ.BLANK) GU TC 410
IF(OUT(JP).EQ.STAR) GO TO 4590
IFCITYPE(IZ).EQ.L) GO TO 4CO
GO TO 420

IF(ITYPE(IZ).EQ.U) GO TO 4C0O
GO TO 420

IFCITYPE(IZ).EQ.1) GO TO 430
GO TO 440

QuT(JP)=CH

GC TO 400

CUT(JP)=STAR

GO TO 400

OQUT(JP)=EKS

CONTINUE

DRW
DR W
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DR W
DRwW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRW
DRHW
DRW
DRW
DRW
DRW
DRW
DRW
DRW

97C

98C

99C
1090C
101C
1820
1630
104C
105C
1060
107G
128C
1C8SC
110C
111C
112C
113C
1140
1150
1160
117¢
1180
119°
12G6
1210
122C
1230
1240
1250
1260
1276
128¢C

VA4



84

70

71

72

16
17

14
73

80

IFCA(L+1).GE.XPRLO«AND.A(L+1)oLEXPRHI) GC TOC 221

Gy TO 200
L=L+1

G3 TO 220
CCNTINUE

WRITE(6,2)XPR,y (CUT(1Z)y12=1,101)
FORMAT(1H 4F11.4+5X,101A1)

LX=LX+1
IF(LX.EQeT)LX=1
L=L+1

GOTO8D

CCNTINUE

DU 71 IX=1,1C1
CUT(IX)=BLANK

DO 72 IX=1,1C1,10
OUT(IX)=STRCKE
IF(LX.NEs1l) GO TO 74
DO 76 IX=1,1C1
ouUT(IX)=USC

DO 77 IX=10101910
CUT(IX)=STRCKE
WRITE(6,73) CUT
FORMAT(17X,1C1A1)
LX=LX+1
IFILX.EQeT) LX=1
I=1+1
IF(I-NLL)45,84,86
XPR=A(N)

GOTO0S0

WRITE(6,6)
FORMAT(1H1)
RETURN

DRW
DRW
DRW
DR W
DRwW
DRHW
DRW
DRW
DRW
DRW
DRW
DRW
DR’
DR W
DRW
DRA
DRW
DRW
DR ¥
DRW
DRwW
DRW
DR W
DR W
DRW
DRW
DRwW
DRW
DRW
DRW
DR W
DRwW

129C
1300
131C
132¢
1330
134¢C
135C
1360
127C
1380
139C
1400
1410
1420
143C
1440
145G
1460
1470
148C
1490
155C
1510
1520
153C
154C
1550
1560
157C
158C
1590
160C

STC



END

DRW 1610

9T¢



APPENDIX C

Sample Output of Straight Path Program
and

Sample Output of Circular Path Program

217



218

SUBROUTINE TRIALX%>%xx

POINT G = CRANK CENTER

PUINT A = CRANK END

PCINT 8 = SLIDER

PCINT I = INSTANT CENTER
POINT T = POINT ON TANGENT
THETA = ANGLE X-AXIS AND I-T

ALPHA ANGLE I-T AND I-A

BETA = ANGLE I-T AND I-8

PSI ASM = ANGLE I-T AND ASYMPTCTE
J = PCINTS CN INFLECTICN CIRCLE

Al = 0.31761618E C1

A2 = 0.82917786E C1

A3 = -3.250682C7E C1

PHI = GC«10471973E C1

A AT 0.15883804F (1 J.275C6361E Ol
B AT Ue80C0C029E C1 -0e25068207E 01
I AT 0.8000C029E U1 0.13856404E 02
[-A = 0.12823838E 02

[-8 = 0.16363220E G2

PCINTS CN THE INFLECTION CIRCLE

=0.243G0201E 32 -0.42G86188E 02
0.800C0029E 01 -0.25C682C7E C1
ICHK = C
INFLECTION CIRCLE AT -C.42429413E (02 0.56747894€E (1
INFLECTION CIRCLE RADIUS = 0.51088791E 02
THETA = -04143G6957GE 01
ALPHA = 0455987473E 01
BETA = -0.160G83717E GO
M = 0.53239875E (5
N = 0.16545410E 02
PSI ASM = -0e31077Q7CE-03

XAVG = Ce14593529E 02



X

0.11260493E
Uel2507535E
Uel36649546E
Ce14T13740E
0.15629179E
G«163890G23¢E
0.16974686F
Ce173718B11E
CelT57C648E
0.17566330E
0e17358963E
Jel6953€T4E
Uel6360443E
vel15593906E
0e146729C9E
0.13620146E
Cel2461540E
0.11225645E
Ue99428644E
0.8644TS83E
Ue73634157E
0.61302681E
0.49757214E
Ue39282084E
0.30135221E
De22541952E
C.16689196E
Cel1l2721157E
UelO0T735607E
0.10781422E
C.12857618E
0e16913147E
0.22848291¢
Le3(516968E
0.397305C2¢
0.56263729¢
0.61857347E
0.74229317¢
C.87086020E
C.1C¢020852¢
J0.12665234¢E

ORIGINAL TRIAL SCLUTIONS

02
J2
02
02
C2
C2
02
02
o2
02
02
02
02
02
02
02
J2
J2
o1
01

~
v

A
[¥)

J1
Gl
01
01
01
o1
Gl
91
J1
01
01
Jl
01
01
vl
01
Ul
02

~
v

219

Y

-0.22191572E
-G +18991699E
-0.13231554F
-C.564C1825E
C.35283089E
Vel4029274E
0.25596590F
0e37941713E
L e50758581F
Ce6373C412E
UeT€536922E
U.888¢€2123E
Ue10040216E
Ce11C87241E
Ce12001493E
0.1276G428E
C.1334534CE
Cel37418C4E
U«1394C051E
Ue13935178E
0.13727291E
C.13321493¢
Cel2727761E
0.1196CTO1E
U.1103G6180E
C«95858742E
0.8€266954E
0.756C0167CE
C.63067112E
0.50C78859E
C«37256393F
Ue24914742E
C«13357086EF

Ce28667368F G

-C0.63003635¢E
=-0.13921919E
-Ce16817972E
~-0.238€2257E
-C.2€023054¢E
-0.2685C386E
-C.14955394¢F

21
01
01
00
00
01
cl1
01
01
01
a1
01
02
2
02
02
22
C2
02
02
02
22
02
02
02
01
01
01
01
01
01
Ll
01

CG

01
03}
J1
01
G2



0e5667388CE
Ceb63672428C
C.70670967t
Ce7T669506E
C.840668C45E
091666584t
G.98665142E
C.10566368E
U.11266223E

P
~

Cl
01
aJ1
ol
01
01
02
02

220

C.282€2299¢
04239400G4F
0.15617889E
Uel1529569TE
0.1C973505E
C.6€513042E
0.23250882E
-0e19931040F
-0.63152876F

2
02
02
G2
G2
01
Gl
Gl

01



LAMBCA

0.12820740E 0Ol
0.13739033E 31
0.14377966€ U1
0.14775562E J1
(«14928198E J1
0e14833841E 01
Ce14495497E 01
0.13921843E 91
Ce13127203E Cl
0.12131243€ 31
U.10958557E Jl
0.96381104E 00
0.82024217E CO
C.66869146E 30
0.51288861E GO
0.35667413E 00
0.20389622E 09
0.58320373E-C1
-C.76470554E-01
-0.19715488& 00
-0.30075920E 00
-0.38473135E 00
-0.44700211€ QO
-0.48603702€ 0D
-Ue5CC87315E JC
-0.49114317E Q0
-0.45708555E Q9
-036953625E JJ
-0e31990999E 07
-(0e22016406E 35
-0.10275C66E Q0
Ue29445183E-01
0.17317516E 00
Je32491070E 99
U.480G63814E 00
0.63744730E 00
Je 79065472 09
Ue93696488E G0
0.10733843E Ul
C.12020912E 01
0.23869944E 01
-Ue15703926F 01

221

TRANSFORMED TRIAL SGLUTICNS

MU

0.2761527CE €D
0.4G135151E 00U
J0.54357529E 090
0.6S457132E 00
0.850C77S3E 00
C.100€1131€ Ol
O0.115E7734E 01
Cel30427CT7E C1
Cel4390C49E 01
0.15566495E 01
Ce16632252E Ol
0.17471781E Ol
0.18094358E 0l
0.18484659E 01
0.18633013E Ol
0.18535767€ 01
0.18195286E 01
017616963E 01
0.16823921€F 01
0.15€26778E 01
0.14€53053E 01
Cel13331642EF 01
0.11895075€ 01
Cel1C378704E C1
C«88198584E 42
C.72569072E G)
0.57283151E 3J9
0e42717063F 0
0e29229319F 20
0e1T151570FE O)
0.6781C535E-01
-Ce16275175€6-201
-0.78676164E-01
-C.11786837E 390
-0.13290250F Q0
-0.12343318E 00
-0.8977L257=-01
-Ue32881018E=01
U0e45280267E-01
013790989k 30
-0.8C42C536E 00
Ce26911373E 01



-0.1174614GE
-0.77883619E
-0.38305879F

0e12718987E~

Ue40B49733E
J.80427700E
0.12000542¢E
U.15958319¢E

J1
990
29
Gl
J0
00
31
21

222

0623415689E
C«1G9199ETE
0.1€6424313E
0e12628629E
0.943229345F
0.56372258E
0.24415392E
-0.10541391€E
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SUBROUTINE NEWRAP

MU SCLUTICN LAMRBDA SCLUTIDN ITERATICNS CCNVERGENC<=

.20378655€E-43 C.106C0CQCOE 01 5V o
0.20054801E-43 C.100C000GE 21 51 0
C«20054801€-43 C.1C0CCOCOE 01 51 0
Ce20141399E-43 0.,1CCCOCCOE Ol 51 e
0.15260258E (1 ~(e25126582E OC 98 G
C.16935987E Cl C«10531836E C1 12 &
Ce16935G8TE Q1 C.10531836E 01 7 0
0.16935987E (C1 0.10531836E U1 5 ¢
0e16935978E (1 Ue10531836E Tl 6 0
0.16935987c 01 0.10531836E 01 5 G
0.16935987E (1 0«10531836F 31 4 0
C.1€6935987E (1 U.10531836E 01 5 0
0.16935978E C1 0.1053183¢€E 01 8 0
0e15260277E C1 -0.25126588E 20 43 g
0.15260258c C1 -0425126439E 20 45 e
0.15260258E 01 =0.25126445E )G 45 0
Uel1526C258E U1l -0+2512643%E U0 45 C
Ue15260258E Cl -0+25126445E JC 44 C
C.15260258E C1 -0.25126445€ OC 43 d
C.15260258E 01 -C0+25126439E 20 39 9]
Uel15260229E C1 -0.251265€5E 00 40 0
e15260229E C1 -C0+25126559E 00 44 0
0e15260229E C1 -0e25126582E 00 45 0
Ue15260229E C1 -0+25126582E J0C 46 0
0.15260229€ Ol -C+25126576F 29 47 0
015260229t 01 =0e2512657CE J0C 48 C
0«1526C229€ C1 -0.25126582E OU 48 0
C.15260229E C1 =0+25126559E 030 51 0
Ce45871616E-CT -C«28109682E-07 110 1
0e25972724E-07 -0.18274646E-08 113 1
0.4854472CE-07 0.54498770E-08 1190 1
061254653€6E-CT Cel5292365E-I7 11 0
0e50358452E~C7 Ce492175G3CE-08 110 1
0e36537333€-C7 -0.229344C8F-CT 110 1
Ue2G326311E-43 0.100G0OCCGE C1 61 0
Ce92930960E~-44 C«1CCCCO0JE C1 51 2
5.8805C07C5E-44 C.10COCACOE 01 51 V)
C+B87903169E-44 0.100000C0E 1 50 ¢
Ce2831634TE-43 Ge100000SCE 01 48 C
Cec0051124E-43 0.1CCQO0NCCE 01 50 0
Ce89C86455E-44 G«1CCO02TCE 01 55 0
0.15260258E 01 -0.25126582€ 0C 64 0
0.15260229E (1 -0.25126451€ 70 63 C
De15260258E 01 -0+25126576E 20 61 G



0.1526C258€ Cl
Ce15260229E 01
0.1526G258E C1
Ce84233135E &C
0.€84233153E CC
0.84233129t 20
CONST
X1 =0.275063¢€1E
X2 -0.15880804E
X3 U.27506361E
X4 0.15880U8C4E
Yl C.158380804E
Y2 ~-0.27506361E
Y3 -0.15880804EF
Y4 U.27506361E
X5 -0.27506361F
Y5 0.15880804E

J1
cl
Jl
J1
01
1
31
71
01
91

224

-0.2512657CE
=0.25126439¢E
-C.251265176¢
0.52381164¢€
0e52381182E
0.523811G4¢E

aC
00
95
3C
Ge
20

LAMBDA

-0.13021465¢
Uel5976114E
0.43192835E

-0.19C75298E

-0.15880804F
0.275C63¢1E
0.1588C804E

~0«27506361E

=0e24220062F
0.15880804E

01
01
Gl
01
01
J1
Q1
01
02
01

55
53
12

11
12

GCOQOOO

MU

J.15880804¢%
-J0427506351F
=U.15880804F

Je2T7506361F
-0.13G21469¢

0e15976114F

J+43192835¢
=C.19075293F

0.15880804F
~0.242223062¢E

01
1
21
Jjl
o1
01
¢l
01
21
o2
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SUBROUTINE SOL*%%%x%
SCL EPSILON = 0+4699G6990E-C2
NUMBER CF SGCLUTICNS = 50

ORIGINAL SCLUTIONS

X

0.10000000E C1
Ue1CGUOCCGOE 01
C.1COCCOCIOE 01
U.1C0CC00CE Tl
-0.25126582E 20
0.10531836E 31
Ue10531836E 01
0.10531836E 01
U.1C531836E 01
0.10531836E Ol
0.10531836Et 01
0.10531836E 31
0.10531836E 01
=0.25126588E 00
-0.25126439E 390
-0.25126445E QO
-0e25126439E Q9
-0.25126445E CO
-0.25126445E 00
-0.25126439E O°C
~J+25126565E GO
-0.25126559E Q0
-0.25126582E 030
-0.25126582E Q0
-0.25126576E 00
=0Ue25126570E 00
-0.25126582F 3]0
-0+25126559€E 00
-0.2810G9682E-07
-0.18274646C-98
Ue54498770E-C8
U.15292365€6-27
0.49217590E-C8
~{¢229344C8BE-J7
Le1000COCOE 01
C.10000C600E 01
C«10GCOCOCE C1
C.1000COCCE J1

Y

0.2C318655E~43
Ce20054801E-43
0.2CC54RC1E-43
Ce20141399E-43
0.15260258E 01
J616935387E 01
0.16G35987E Gl
0.169359ETE U1
Ce16935978FE V1
0.16935987E 01
Ue16635987E 01
0.1€935987E 0Ol
0.16935978E Cl
0.15260277E 01
C.15260258E 01
0.1526C258E 01
0.,15260258FE Ul
0.15260258E 01
0.15260258E 01
U.15260258F 01
0.1526C229E 01
J.1526022GE 01
015260229 01
0.152€60229t 01
Ce1526C229F 01
Uel526C229E 01
C.1526C229E J1
0.1526C229F Cl1
0+45371616&-07
(e259T72724E-97
Ue48544T720E-07
-Ce12546536E-CT
0+50358452E-07
Ce36537333E~-07
Ue20326311E-43
=0692930960E~-44
-C.8805CT05E-44
-0.879C3169E-44
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U.1000GJCOE 01 Ce2C316347E-43
JelC2OCOCRE O1 Ce20CE1124E-43
oelCCO0CCOE 21 -C.8SC86455E-44
=-U.25126582F J0 Ce15260258E 01
-04251206451E 33 Cel5260229E 01
-0e25126576E 00 C.1526C258E 01
=0.25126570E Q0 0e.1526C258E Ul
-0.25126439t U0 (e1526C229E QJ1
-0625126576F Q30 0e15260258E 0Ol
Ue52381194E 0O C.84223135¢ 20
0.52381182E 09 C+84233153E 30
0e523811%4E 00 084233129 29

UNICQUE SOLUTICNS

X Y

5260258 01
6935GE7E 91

5126582 33
0531836t Ul

sNeolsioNoNoNoNeNoloNoNoloNoNoNolsNolaloNolnRoNoN N NolNoNeNo

® 6 6 8 6 8 O © 0 06 8 6 0 6 6 8 © 6 6 6 6 0 0 0 0 0 0 0 4

COO0OO0VCOULCLOOVLO0OLVOCLULLLOOOULCODNOOOC

OOV LOOODOLOODODOLMNOOODDOCLLODCCOOOLO
.

cooocoLoooocCcoooooOoLoCoOC oo COCLCOCOOO
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OO0 O0OO0O0QOQOOODOODOOO

e 0 & 5 0 0 & 0 0 0 0 0 & o o ¢ o

DODO0OODOOOOQOLODODOODCQ

0.84233135F 00

2381194E Q0

OCTOODOOMNDOO0ONOOO0ODTDODNOO

o 9 @ @ 0o ¢ @ 9o ©° 0 o 0 O 0o & 0 0 0 o o

OO0 O0OODDOODVDOOIO0ODMNDODODO

RETURNED SOLUTIGONS

X

0.15260258E C1
0.1€935987E 01
0.84233135E 093

-0.25126582€E Q0
0.1G531836E 31
0.52381194F 390



SUBRGUTINE RANK=XX k%
INPUT SOLUTIONS
LAMBDA
-Ce2512658E 29

0.1053184E 01
C.5238119€ GV

l = J.1818G689F-11
7 = Ge7295914F (1
= 0.4505151€E 01

OQUTPUT SOLUTICNS
LAMBDA
C.1C53184E 01

C.5238119€ C9O
-C.2512658E 4O

228

MU
061526026FE
C.1693599E
C.8423313E

I =
I =

I =

MU

C.1663599¢E
C.8423313E
0.1526026E

01
01
00

01
02
01

D3

J.4172296E 02
Ce5406426E 23
Cel2424665E 0°
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SUBROUTINE STRLIN¥¥3xx

MU = 0016935687 31

LAMBDA = U.1(531836E Q1

R = Q0,31761618E 01

L = 0.82917786E 01

CFSYT = -0U.250682C7€ 01

PHI = (l.10471973E Ol

COUPLER POUINT AT Q.17245026E 02 0.80727930E C1
RADIUS CF CURVATURE = 0.13554G64F 01

CENTER OF CURVATURE AT 0.16065871E C2 5.87916937E C1

X1 = =0.14324646E C1
X2 = =0.45639763E 01
Yl = -0.22897730€ )1
Y2 = 0.28520002E C1
YP = 0.15984840E 01
YPP = (.49452600F Ol

SUBRCUTINE STRLIN»¥x%k*kx

MU = 0.84233135E CO

LAMBCA = (0.52381194E ¢C

R = (0.31761618E 01

L = 0.82917786E 01

OFST = -0.25068207& 01

PHI = (.10471973E 031

CCUPLER PCINT AT 0.93752413E Cl 0.53976812E 01
RADIUS OF CURVATURE = 0.85357466% ul

CENTER CF CURVATURE AT 0.800546655 0Ol 0013822803k C2

X1l = -0.20950260E J1
X2 = =0e30681791E 91
Yl = =0.340613G6E 00
Y2 = 0.35897255E-91
YP = (0.16258216EFE Q0

YPP = (0.12182993FE 00
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SUBRCOUTINE STRLINzZ:*k&kxx

MU = 0.15260258E (1

LAMBLA = -0425126582E QO

R = 0.31761618E 01

L = 0.82917786E Cl1

GFST = =0.25068207E 01

PHI = C(a1lu471973E 01

CCUPLER POINT AT O0.,79GG99E81E Ul 0.13856414E (2
RACIUS OF CURVATURE = (£.49630829&c~-12

CENTER QOF CURVATURE AT 0.79999G981FE C1 2.13856414F 02

X1 = 0.95367432E-06
X2 = -0.61870461E J1
Yl = 0.95367432E-Q36
Y2 = -0.100378G4€ 01
YP = G.1C00GCGOE 01

YPP = 0.,56990609E 13
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SUBROUTINE TRTAL**x%x

PCINT
PCINT
PCINT
POINT
PCINT
THETA
ALPHA

It it~ >0

A
A

DRIVING CRANK CENTER

ORIVING CRANK END
FOLLOWER CRANK END
INSTANT CENTER
POINT CN TANGENT
NGLE X-AXIS AND I-T
NGLE I-T AND I-A

BETA = ANGLE I-T AND I-B
ANGLE I-T AND ASYMPCOTE
J = PCINTS ON THE INFLECTION CIRCLE
= FOLLOWER CRANK CENTER

PSI ASM
POINT CB

Al =
PHI =

x

-

-

<

n
[T}

1.00CCG0C00E CO
261799400k &C
3.0CC0CJ00E CO
1.C5086870CE 0O
5.92230240F CU
T7.83843528E CO
T«4978S579E 00

2.280561C0E O
-3.41924192E 00

PCINTS CN THE INFLECTIGN CIRCLE

5.23441826E 01
13226CC8TE 31

=-3.0220G194E 01
-1.15649485F 31

85893616E 01
6.47223570E Ol

ICHK = 0

INFLECTION CIRCLE AT 5
INFLECTION CIRCLE RADIUS =
THETA = 2.19103755€E CC
ALPHA = 4.26956453E-01
BETA = 8.69542147E-C2
Moo= 5.53836367E €2

N = 8.91627864E CC

PSI ASM = -1.60977303E-02
XAVG = T.66819054E 0O

ORTGINAL TRIAL SCLUTIONS

X

562230240
1.17531411
«31556592
-0.21322792
-0.57562581

Y

=3.41924192
2.23054391
2.2788C873
1.50730246
1.38244540

0
0

3.41994286¢F

01



-0.8C491893
-0.91099542
-0.69845933
-C.77151484%
-Ce53562818
-0.19813325
«23159847

« 14220658
1.32051957
1.95181866
2062016231
3.30875394
4.00033842
4.67761478
5.32365287
5092230293
6.45858674
6.51506058
T.29214011
756837891
7.74C69325
7.80452515
775794212
7.60166592
Te33902C48
6.97581012
6452009928
5.98188626
537262116
4.70445379
3.98889513
323389445
243545234
1454255822
«16369990
-2.78964215
10.27827467
8497135230
T.66442952
635750755
505058517
3.743662%0C
2.43674042
1.12681835
-C.17710433

TRANSFORKMED TRIAL SOLUTIGNS

232

«77832098
«13230997
-(.52922608
-1.18435432
-1.81355254
-2439911755
-2.52509332
=-3.37740000
-3.,74423299
-4.,01527092
-4.18386004
-4.24515692
~-4.19721801
-4.04082984
-3.77947617
-3.41924154
-2.56865212
-2.43845715
-1.84135550
-1.19167317
-Ue504998389
«20221464
«51307612
1.61C0700159
2.27866576
2450148654
3446510009
3495735999
4.36887553
4.69352726
4,93052031
5.08802903
541945C299
535089698
6.15558330
9.20243C18
-9.73007797
-7.83663781
-5.564319765
-4.04G75749
-2.15631733
-0.26287717
1.63056298
3.52400314
541744330



U

230639207
2.67341157
207633476
1.43606024
«8133353840
«23418829
-0.28318689
-Ce72422234
-1.07707156
-1.33245337
-1.4836G6258
=1.52€79157
-1.460350841
-1.28630614
-1.00835891
-0«63341017
-0.17060636
«36873269
«97139552
1l.62260674
2430639271
3.0C597651
3.704159251
4.38391060
5.02845972
5.62204037
6415011627
6.5G677581
6.96C05501
7.22221490
7.37996831
7642965347
737035673
7.20399475
6.93538643
6457239752
612641554
5.61414428
506605901
4.60127660
4.51319355
1.20G299132
153404465
1.86539798
216615131

233

v

-7.49148898
-0.12132790
«49915234
«58683571
«44891750
«16233446
-0.238795565
-073202462
-1.29842144
-1.5199€233
-2.57868514
-3.255652131
-3.93542315
-4,59763101
-542260C501
-5.80438116
-6.31792696
-6.75347242
—7.£9982200
-7.34800522
=7.49148907
-7.52632686
-T7.45124503
=1.26766339
-6.97965098
-6.59380680
-6.11908439
-5.56654456
=4.54904996
-4.2808G279
=3.57737211
-2.85427876
-2.12728747
-1l.41115915
-0.71855828
-0.05793059
«57T130315
1.1930C243
1.91497225
3.44500252
7.68528972
-15.,07987833
-12.80313385
-10.52638937
~-8.24964490



252720464
285825797
3.18931129
3.52036462
3.85141795

234

-5.,97290042
=3.69615594
-1.41941146
«85733302
3.13407750
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SUBROUTINE NEWRAP

U SOLUTION V SCLUTION ITERATIONS CUNVERGENCE
20306392C7c GC -7.491488G8E 020 1 9]
2.616285T7€E (O -2.4T69507GE-10 119 1
2.€162857T7E GC -2+306E89668E~10 110 1
2.6162857T7TE 00 -24314553C2E-10 110 1
1.£7785022E-11 1.25658115E-12 1190 1

~-3.76150924E-12 2.28000334E-11 10 0
-3.46610073E-11 -1.09794287E-11 18 ]
8.02256673E~12 -1.,42326048E-12 119 1
7.58116832E-12 -7.45550214E-12 112 1
-3.2766(954E-11 1.063359699E~-11 7 0
-2.665006CC5E-11 -1.C7053429E~-11 19 0
4.€2419569E 00 3.22136057E 00 16 G
2432J063G146E CO -7+449148922E 90 55 0
2030639155k CC =-7.491489CGE 00 55 d
2¢33639144C U0 -7.491489C5E 090 54 J
2.30639151E CG ~-7.491489CJE 00 54 0]
2+30639145€E (O -7.491488G8E OO0 53 0
2430639143E 00 -7.49148896E 20 52 0
2.3063G914G€E 00 -7.49148864E 00 51 ¢
243063G9155E L@ -7.451488S93E 00 49 v
230639255E 0C -T7.49148905E 00 1 9
2430639259E C0 -7.491489C7E UO 49 G
2.30639265E CU -7.491489CSE OO 51 3
243063927068 CG -T7.45148912E 00 52 Q
2.3063G268¢E ©C -7.49148914E 00 53 g
2430639262E CC ~7+49148914E 00 5% Q
2¢30639269E OC -7.4G148920€ 00 54 a
2430639275t COC -7.49148928E 090 54 0
230639263k 0Q -7.49148931F 00 55 2
243U639264E (O -T7.49148944E 00 57 3
22293972 C3 -3.,00108712E 23 2 2
6.20558138E (0 4468490361E-01 9 2
6.20558138E €O 4.68490361E-01 7 0
6.20558138E GO 4.684930361FE-01 7 9]
6.20558138E CC 4.68490361E-01 6 0
6.205586138E 00 4.68490361€E-01 5 3
6.20558138E 00 4.68490361E-01 4 D
-3.20774007E (2 3.89571145E (2 1 2
4.70507335E 00 2.77157258E€ QO 5 0
4,€2419569E 09 3.22136957E GO 5 C
4.€2419569E GO 3.22136357E 00 11 0
2.30639185E 00 =7.4914S07CE J0C 79 Q
230639229t €O -7.4914872GE 0O 16 9
230639182t 00 -7.491490S3E 00 75 N



2.30639180E 00
2¢30639247E COC
2+30639235E COC
203063G234E G0
2.61628577E CC
4.€2419569E CC

X1
X2
X3
X4
Yl
Y2
Y3
Y4
X5
Y5

CCNST

-4.999998594£-01
8+466025465E-01
4.95999894E-0C1

-8.66025465E-01

~8.66025465E-01

~4+99999894E-01
B.66025465E-01
4,999969894E-01
<4.999GG5894E-)1
-8.66025465E-01

236

-7.491463S8E 00
-7.49148718E 30
-7.4914868lE 00
-7.49148688E 00
-2.32304784E-1C

3.22136056E 00

u

~B.68239531E-02
-1.78423556E~-C1
=-5.02832990E~-02
-7.1624C5C6E-02
9.34727359€E-02
1.68172181€-01
-84344652G6E-02
=1.67706877E-01
1.32506047E 0O
-2.840278C3E~-01

46
45
73
74

110

15

C—~OOOO

\

-9.34727359E-32
-1.681721815-01
8.34465206E-02
1.677C6877E-01
-8.68239531F-02
=-1.78423556¢c~-01
-5402832939CE-02
=T7.16240506E-02
2.8402783-21
1.325G06047E JC
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SUBRCUTINE SOL**%%*x%
SCL EPS = 5.00CC0COCE-03

ORIGINAL SOLUTICNS

X

2306392C7E 00
2.61628577E 00
2.61628577t J0
261628577 O
1.57785022E-11
-3.7615C924E-12
-3.4661C073E-11
Be02256673E-12
T«58116832E-12
-3.27660954E-11
-2.665060C5E-11
4.62419569E 00
2.30639146E 00
230639155t GO
230639144t 00
2430639151F 00
2430639145E 0C
2.30635143E 00
2.30639149E 00
2.30639155E 0C
230635255k Q0
2430639259 ¢O0
2430635265 00
2030639270E 00
230639268t 00
2430639262E 93
2430639269t 00
2.3063G275t 0C
230639263F 0OC
243C639264E 99
1.32293G72€ C3
6.20558138E 20
6.20558138E 00
6.20558138E Q0
6.2C558138E 0O
6.20558138E O30
6.20558138E 00
-3.207740C07€ Q2
4.70507335€E 00
4,62419569E 0

Y

-T7+49148898E 00
-2.47655079E-10
-2.30689668E-190
-2+31455302€-190
1.2565€115€E-12
2.28000334E-11
-1.06794287E~-11
-1.42326048E-12
-T7.45550214E-12
1.0€6335999E-11
=1.07C53429E~-11
3.22136057F GO
-T+49148922E Cu
-7.45148909F 00
-T7.49148905E 00
-7.49148900E 00
-7.4G148898E 30
-T7.49148896E JU
-7.49148894F 00
-T7.49148893E OO0
-7.49148995E 30
-T7.45148907€E 00
-7.46148909E 00
-7+46148912€ 00
-7.49148914F 0
-7.4G148914E 00
-7.4G148920E 09
-T.49148928E QOO0
-T7.49148931E 00
-T7.49148944F 0OU
-3.,0C1C8712€E 03
4.68450361E-01
4468490361E-01
4.68490361€E-01
4.68490361E-01
4.68490361E-01
4.68490361€E-01
3.8G6571145E 02
2.77197258E 9
3.22136957¢ GO
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4.62419569E 29 3.22136357E 30
230639185k 00 =7.4914G9C070E QC
230639229F Q0 -T7.49148729F CO
230639182k 30 -7.49149093EF J0
2430639180E 00 ~7.4914S9098E CO
230639247 )0 -7.49148718F 20
2.30639235E 00 =~7+49148681E 00
230639234E JC -7.49148688t 20
261628577 00 -2.30304784E-10
4.62419569E 00 3422136056E Q0

UNIQUE SOLUTIGNS

X Y
2.3063G2C7E 2D -7.49148898F ()
d 0
¢} 0
J 0
0 0
0 J
0 0
0 0
a3 0]
0 Q
0 0
4,62419569E IJ 3.22136357F (O
0 0
0 0
C G
G 0
0 9]
Q 0
0 0
0 0
) 9]
0 0
3 C
0 )
0 Q
C 0
9, G
8] 0
J 2
J 0
¢] g
6.20558138t 30 4,68490361E-01



4.,70507335E

9

[cNeReRoNoNoNoNoNoRoNoNoNoNeNe NS Ne N el

RETURNED SCLUTICNS =

X

2.3063G207E
4¢62419569E
6.20558138E
4.70507335E

oC
0
30
U

239

2.77167258E 0f

OCOCCOLOODODOCOOOVUOCOOLLODL O

Y

~-T7.49146898E 00
3.22136057F CO
4.68490361E-C1
2771672588 (O



SUBRUOUTINE RANK*** %%

INPUT SGLUTIONS

ouTPUT

u

2.3063921E
4.6241957E
6.2055814E
44 T050734E

SOLUTICGNS
U

6.2055814E

4.7050734¢E

2.3063921¢E
4.6241957E

00
00
e}
00

32
00
J0
00

240

v

3.2213606E

-7.4914890F CC

00

4,6849036E-01

2.7719726E

v

4.6849036E-

2. 171GT26E

-7.4914890¢E

3.22136C6E

00

Cl
00
Co
00

D3

3.2234013F
2.0950131F
1.6150553F
3.555€6049¢C

a1
a3
11
22
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SUBROUTINE STRLIN¥*%s%

U = 6.20558138E 00
V = 4,68490361E-01
CRANK RADIUS = 1.3CCCOCCCE 2C
CRANK ANGLE = 2.€179S4CCE CO

FCLLOWER CRANK CENTER AT 3,0CCOCOCOF 0O

FOLLOWER CRANK END AT 1.C50887CCE UC 2.28056120E 2
COUPLER ANGLE = 7.48537967E-0C1

COUPLER POINT AT 3.36186917E 00 5.06657744E OO
RADIUS OF CURVATURE = 2.39976831E 0OC

CENTER OF CUKVATURE AT 2.668€5412F 00 7.36403931E (O

Xl = -1.08258408E 30
X2 = =3.19983477€E-C1
Y1 = -3.26648980E-01
Y2 = 4.60016546E~31
YP = 3,0173U819E-01
YPP = 4,74889921€-01

SUBROUTINE STRLIN*¥*%**xx%

U = 4,70507335E CC

V = 2.77197258E CO

CRANK RADIUS = 1.3000080CE C7

CRANK ANGLE = 2.6179S4CO0E CO

FOLLOWER CRANK CENTER AT 3,00CCCOQCE CI

FOLLOWER CRANK END AT 1.050887CCE €O 2.28056100E 00
COUPLER ANGLE = T.485379675-01

CCUPLER PUINT AT 6.94793C20E-C1 5.73310536E GD
RADIUS OF CURVATURE = 4.,35759142¢ Ol

CENTER OF CURVATURE AT -2.05173170FE 01 4.35716862E <1

Xl = -1.16761682E J30
X2 = =4439639127€E-901
YL = -6.66903003E-31
Y2 = =2.03322650E-C1
YP = 5.71165977€-01

YPP = 3,50496911E-02



242

SUBRIUTINE STRLINx&¥xkx

u 2430639207k OC

v -7.49148898E (I

CRANK RADIUS = 1.06GC0CCCCE ©C

CRANK ANGLE = 2.617994C0E 00

FOLLOWER CRANK CENTER AT 3.0C0CCOCOE 30 o
FOLLOWER CRANK END AT 1.05C887COE 00 2.280561008 0C
COUPLER ANGLE = T.48537967F-C1

CCUPLER POINT AT 5.9223024CE (0-3.,41924192E Q2
RADIUS OF CURVATURE = 3,07865423E~16

CENTER CF CURVATURE AT 5.9223C24CE 00-3.41924192¢8 C©

X1 = 1.45519152E-11
X2 = 1.71437C83E 20
YL = =7.27595761E-11
Y2 = 1.22452919€ 20
YP = =-5.,0000G000E 00
YPP = 4,62621125E 22

SUBRCUTINE STRLIN¥*%x%x

U = 4,62419569E 20

V = 3.22136057€ 0OC

CRANK KADIUS = 1.0600CUOCOE CC

CRANK ANGLE = 2.€17994CCE 0C

FCLLOWER CRANK CENTER AT 3,00CCCOOOE QO 0
FCLLOWER CRANK END AT 1.050887CCE QU 2.2835617208 30
CGUPLER ANGLE = T7.4853796T7E-C1

CCUPLER PCINT AT 3.2G6G5988E-01 6.00732228E 20

RADIUS COF CURVATURE = 1.87892461E 11

CENTER OF CURVATURE AT =9.58684572E 10 1.61590160E 11

X1l = =-1.2026CC23E 3)
X2 = =5,00783205E-C1
Yl = -7.13480501€E-01
Y2 = =2,97105425E-01
YP = 5.93281528E-C1

YPP = B8,36674069E-12
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THE SYNTHESIS OF FOUR-BAR LINKAGE
COUPLER CURVES USING DERIVATIVES
OF THE RADIUS OF CURVATURE
by

Reginald Glennis Mitchiner

(ABSTRACT)

Procedures for the synthesis of four-bar kinematic linkages with
approximate portions of their coupler point curves specified are
developed. The necessary equations are derived and computer programs
using these equations which have been integrated into a complete
synthesis procedure are set forth.

If a body, or a mechanisz link, is in plane motion with two points
on the body constrained to particular paths, the nature of the paths
of all other points on the link is known. The functional behavior of
the radius of curvature of the path of any point on the link and the
derivatives of the radius of curvature with respect to some displacement
parameter may be ascertained. It js then possible tc approximate the
motion of the link by approximating the behavior of the derivatives
of the radius of curvature.

A procedure allowing one degree of freedom in locating the coupler
point, such that the zeroes of the first derivative of the radius of
curvature are approximated, is presented for the case of an approxi-
mately straight coupler point path. Another procedure permitting two
degrees of freedom in the ccupler point specification is shown for both

straight and circular coupler curves. -In the case of the two degrees



of freedom procedure, both the first and second derivatives of the
radius of curvature are specified with respect to the loci of the
zeroes of the derivatives.

For each synthesis procedure, examples are presented. The com-

puter program listings and sample outputs for each example are shown.
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