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ABSTRACT

An analytical procedure has been developed for the syn-
thesis of cam link four bar mechanisms. This method has pro-
vided the capability to design function generating mechanisms
and path generating mechanisms that are accurate over a limited
range as compared to a few points by conventional linkage syn-
thesis techniques. This method is used in conjunction with
an optimization utilizing a grid search technique to develop
a cam-link mechanism with minimum cam pressure angle over the
range of operation.

The method has been applied for path generating linkages
with the cam link as the input 1link. For the function gen-
erator the cam link has been positioned in all the links to
demonstrate the solution technique.

The solutions have been compared with standard kinematic
synthesis to demonstrate the accuracy and advantages of the

cam link mechanism over the conventional four-bar linkage.
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Chapter 1

INTRODUCTION

The study of motions in machines may be considered
from two;different points of view identified as kinematic
analysis and kinematic synthesis. Kinematic analysis is
the determination of motion inherent in a given mechanism.
In the past displacement analysis was of paramount import-
ance, but with increases in rotational speed, velocity and
acceleration analysis have become critical to the design of
the machine. Kinematic synthesis is the reverse problem:
it is the determination of mechanisms that are to fulfill
certain motion specifications. Synthesis is the very founda-
tion of design, for it permits the creation of new hardware
to meet particular needs in motion as specified by displace-
ments, velocifies. or accelerations, one at a time or in
combination. The itwo types of synthesis that are discussed
in this paper are the major areas of interest today, fﬁnc-
tion gensration and path generation.

The four-bar linkage has been classified according to
its design objective as either a function generator or a
path generator. The function generator has been character-
ized as having a specified functional relationship between
the input and output links. The ability to predict the

location of the output link has enabled the design engineer
1



to utilize the four-bar linkage as a computer mechanism,
a positioning mechanism, and as a transport mechanism in
many machines.

Classical kinematic synthesis methods have been developed
to generate both types of devices. They generally are exact
only at a limited number of precision points. Mathematical
difficulties in obtaining a solution have generally limited
these methods to a maximum of five points.

This thesis is concerned with the development of a
cam-link mechanism that provides a design solution that
gives accuracy over a range rather than at a limited number
of accuracy points. The path generator developed in this
study moves a coupler point along a prescribed path while
also correlating an input shaft rotation to a particular
position along the coupler curve. The function generator is
controlled in a similar manner to produce the functional re-
lationship between two shaft rotations.

The utilization of a cam-link mechanism complicates the
simplicity that is inherent in the four-bar linkage, but
has provided the capability of controlling the accuracy over
a range rather than at specific points. For this case, the
equations of constraint are more difficult than those of the
four-bar linkage and require additional assumptions in order

to provide an optimum solution.



The work done in this thesis develops a path generator
and three types of function generators utilizing a cam-link

to provide zero error.



Chapter 2

LITERATURE SURVEY

The sybject of kinematics is not very old in science,
although some of its phases are as old as recorded history.
The story began with the random growth of machines and
mechanisms under the pressure of necessity. This was the
period of invention and establishment of basic forms, but
there was neither unity nor plan. Hartenberg and Denavit,
(1) in the first chapter of their book, cover the history
of kinematics from the age of the Ancient Egyptians to the
end of the nineteenth century.

With the progress in mathematics and the introduction
of high speed computer machines, a considerable amount of
work on analysis and synthesis of linkage mechanisms has
been done, especially after the Second World War.

Four-bar linkages were the simplest mechanism to
fulfill function generation, path generation, or coupler posi-
tioning. Hall (2) presented an analysis of this mechanism
together with a brief introduction to some methods of syn-
thesis. Freudenstein (3) developed several methods of vary-
ing degrees of accuracy and complexity for four-bar linkage
synthesis. From these metﬁods the designer could select the
one best sulted to his requirement. These methods were de-

veloped by using either several precision points (up to five

L



points) or a single point with several precision derivatives.
Freudenstein (4) completed tables of linkage types, functions,
ranges, and accuracies possible using a conventional four-
bar linkage. Freudenstein and Sandor (5) developed a gen-
eral method for plane-linkage synthesis for path generation.
This method applied complex numbers and matrix theory of
linear systems on the four-link mechanism synthesis up to

five precision points. They found that up to twelve possible
solutions exist.

Several methods have been developed for minimizing the
error between precision points. Freudenstein (6) developed
methods for estimating and obtaining minimum error in the ap-
proximate synthesis of plane, function or path-generating
mechanisms. He used successive respacing of precision points
for minimization of the structural error. The method of suc-
cessive improvements could be used with any optimization
criterion. Lewis and Gyory (7) applied the extension of the
method of damped-least-squares to provide a means for suc-
cessive adjustment of parameters which define a four-bar
linkage to result in a convergence toward an optimuﬁ approxi-
mation to the desired coupler curve. McLarnan (8) modified
Freudenstein's method for respacing the precision points by
reducing the number of points which had to be shifted to ob-

tain minimum structural error. He was able to reduce the

number of these points to half the total number of mechanism



parameters used in the synthesis. Timko (9) established

a computer method for synthesizing a four-bar linkage that
approximated a desired position relationship between output
and input.cranks. The criterion he used is based upon a
least-error-squared fit of the curves at a number of check-
ing points, say, twelve along the desired curve.

Many mechanical design requirements involve inequality
constraints rather than equations. The problem of synthe-
sis of four-bar mechanisms subjected to constraints, such
as, limiting the transmission angle or lengths of links, or
restriction on the location of the pivot points, etc., was
treated by Fox and Willmert (10). The solution was found by
using an iterative technique with the aid of digital computer.
Using the nonlinear programming approach Tomas (1l1l) reduced
the complexity of the mathematical expressions and reduced
the computation time required to solve this system of e@ua-
tions.

When the required accuracy can not be attained by using
a four~bar linkage, an obvious alternative is to use a cam-
link mechanism. The cam-link mechanism was discussed by
Nickson (12) (13) for uses requiring more accuracy than
can be developed by a four-bar linkage.

Huey and Dixon (14) developed a cam-link function genera-
tor with the cam being between the input shaft and the coup-

ler. The work presented herein shows that the method may be



extended to other function generators of different configura-
tion and extends the method to the design of a cam-link path

generator.



Chapter 3
FORMULATION OF THE PROEBLEM

This chapter includes the development of the design
equations for the problems defined in the introduction.
The complete formulation to be used in this work is sub-
divided into four distinct subproblems:

A. Cam-link mechamism for function genera-

tion with the cam located in the input link,

B. Cam-link function generator with the

cam located in the output link,

C. Cam-link function generator with the cam

located in the base link, and

D. Path generating cam-link mechanism with

the cam located in the input link.

The equations derived in this chapter are based on the re-
sults of previous work (1) (5) that has made complex vari-
ables a standard kinematic analysis tool.

Huey and Dixon (14) developed a cam link function gen-
erator with the cam-link used as the coupler. In this chap-
ter the equations are derived for a cam-link function genera-
tor and a cam-link path generator with the cam as part of

the input link. Since the equations for the other function
8



generators are similar, their results only will be in-

cluded.
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Cam-Link Function Generator
With the Cam in the Input Link

A schematic diagram of a cam-link function generator
with the cam used on the input link is shown in Fig. 1. An
enlargement of the pressure angle section from Fig. 1 is
shown in Fig. 2. The design parameters available for opti-

mization for this mechanism are Ty r3. Ty 62 » and 640,

0

where 8, , and 8, , are the initial values of 6, and 9,,
2 Lo 2 L

o)
respectively. The inputs required are the desired range

of 92, the maximum pressure angle, a, the functional rela-

ds
> . Lp .
tionship 6, = fl(ez)’ and 33; = fz(ez). In this problem
ry is assigned the value unity and the solution is an op-
r, r
timization of — and —2.
1 !

The solution is begun by writing the closure equation

i84 gy ie

rie + r)e - rge 5 2 0, (3.1.1)
where the real part is

r5 cos 95 =ry + 1) cos 8y (3.1.2)
and the imaginary part is

rg sin 95 =1, sin 0 - (3.1.3)
Using (3.1.3)

sin <9LL

s STy STe, (3.1.4)

and using (3.1.2) and (3.1.3)
r;, sin @
8, = arc tan a 4 . (3.1.5)

5 ry + I, cos 8,
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TANGENT TO CAM
PITCH CURVE

%

Q
&
)

2

12

0O /\

CAM PITCH CURVE

FIGURE 2

CAM PRESSURE ANGLE, a
SCHEMATIC SHOWN FOR FUNCTION GENERATOR
WITH CAM ON INPUT SHAFT,

OTHERS ARE SIMILAR



13

The angle,e5, must be placed in the proper quadrant.
Using the law of cosines
2 2
= -2 r, cos (8, - 8

and changing the form to

2 2 2, _
r,” + r2[-2 r5 cos (92 - 65)] + (r5 - Ty ) =0,
the quadratic formula can be applied to obtain
N 2 2

r, = rg cos (62 - 65) + [rs cos (92 - 95)
1
2

-r52 + r32] (3.1.6)

This gives two possible solutions, both will be solved and
the solution with the lowest value for maximum cam slope
will be selected.

Now to find the pressure angle, a, for a given set of
design parameters.

The derivative of 65 with respect to 0, gives

de5 r, sin o -1
das. 1+ (ru + r gos 8 )2 E(rl
2 1 L L
deu
+ 1) cos 64)(r4 cos 64 EE;)
ds
2 . .2 L -2
+(ru sin” o) 555)] (rl + r) cos 64) . (3.1.7)
The derivative of ry with respect to 6, gives
ds
s L
dr5 - sin 95 cos 94 332
da,, /2 —>
sin 65
d65
- sin 8, cos 6, —=
; 5 d9, (3.1.8)

. 2
9
sin” 8,
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The derivative of r, with respect to 62 gives

dr dr
2= __2 - -
T, 3, cos (92 95) r, sin (62
de l: 2
-,95)(1 - E?g) tl r” cos (6, - 95)
-3 dr
2 27 2 5 2
- T + rs ] rg 3o, cos (62
-90_.) +r 2 cos (8, - 8,.) [ -sin (0, - © )(l-miii)]
5 5 2 5 2 5 ds,
dr
- 2
r5 dez . (3'1'9)
Now the cam pressure angle, @ , can be shown to be
er 1
®@ = are tanl (Eﬁ_)(?_)J (3.1.10)
2 c dr
The optimization of the cam slope 333 proceeds until the
2

mechanism with the lowest maximum value is found. The
value for® is a specified design parameter. g is chosen as
a specific value for the pressure angle and the radius of
the cam is calculated to be a minimum for this value. The
minimization of the cam is based on the cam slope at each
point on the cam surface. Since the optimization is based
on the cam slope the chosen value of @ may be exceeded. If
the value of @ is so important that exceeding the chosen
value slightly is intolerable, the problem can be recycled
with a change of radius at this point until the necessary

reduction is obtained.
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Cam-Link Function Generator
With the Cam in the Output Link

A schematic diagram of a cam-link function generator
with the cam in the output link is shown in Fig. 3.
Since this mechanism is very similar to the previous one,
only the results will be given.

The length of the output link is given by

2 2
= 8, - 9,) + -8
r)y = Tg cosl( s 4) + [rS ?os (65 4)
2 212
- + .
rg r3 1
Procesding towards the solution,
de r, sin @ -1
=2 =[1+ (5 233 7 ¢
= — r, cos 9
d94 r, cos 62 ry 2 2
. 2
(r, cos 9, dez/deh) + (r, sin ;) daz/da,+
"rl) 2 »
(r2 cos 9, - rl)
dri } r, cos 8, dez/deu
d94 sin 95
-r, sin 0, cos 9, d95/d94
. 2 5 ’
sin 5
dr do
L _ . 5
- -r5 sin (95 - 94)((13 - 1)
b 4
dr
—2 - 2 2 -
+ 3, cos (95 94). + [r5 cos (95 9,)

1
2 272 drp, 2 -
+r3 - r5 ] [r5 35; cos (95 94)
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and

2 ( . do g
-rg" cos 65 - GL”) sin (95 - 94) (-35-1:; - 1) -r

dr
o = arc tan [(-a-e-ﬁ-) (i—)] .
c

5

s
dSL,’

17
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Cam-Link Function Generator
With the Cam in the Base Link

A schematic of a cam-link function generator with the
cam used on the base link is shown in Fig. 4 . Since this
mechamism is very similar to the previous two derivations
only the results will be given.

The base length is given by

ry =T, cos 62 + r3 cos 63 - I, cos 9& s
where 93 = arc 31n(r4 sin 8, - r, sin 92)/ ry -
Note that 93 has two possible values.,

Following through,
ds ) ol =2
Egg =<1 = [(-r2 sin 8, + r) sin 94)/r3] L
r r ds
2 4 4
(-==) cos 8, +(==) cos 8, ——] ,
Ty 2 ry 4 ds,

dr ds

—L = _ i - i 3

3 r2 sSin 92 r3 sin 63 33

2 2
. da,,
+ Ty sin 64 335 ’

and

dr, .
@ = arc tan [(E%) ()] :
C

18
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U = £(V)

Parallelogram link-
age to transfer the
output to a fixed
pivot

SCHEMATIC CF CAM-LINK MECHANISM
FOR FUNCTION GENERATION WITH CAM LINK USED
IN BASE LINK
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Cam-Link Path Generator

A schematic diagram of a cam-link path generator with
the cam in the input link is shown in Fig. 5 . The design
parameters available for optimization for this mechanism
have been defined as ry s el, rj, Ty rS, Ty ptl2x, and
ptl2y. Where ptl2x is the x coordinate for the point 12
which is the point where link ry joins link r,. The point,
ptl2y, is similar and this usags with other points continues
throughout this problem. The inputs required are the coupler
path p = £f(8), %§ = fB(B)' and the range of 8. Where3 is
an input angle and if the path generator is optimum, the
drift angle, DA, approaches zero.

The drift angle, DA, is defined as

DA = (8, - 920) -8 (3.3.1)
whers 620 is the initial value of 9, In other words the
change in8 should in the optimum case equal the change in
92.

Although it is discussed later the merit function used
by the optimizing scheme will be mentioned now. The merit
function places a numerical valus upon the gquality of the
linkage formed with a particular set of design parameters.
It is important to note that not all sets of design parameter

will work as a mechanism so they must be eliminated from the

comparison early by a low merit value. The best mechanism



COUPLER PATH
P=f(3)

FIGURE 5

SCHEMATIC OF CAM-LINK MECHANISM FOR
PATH GENERATION

21
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will have the largest positive merit value. Once the mechan-
ism is working it is optimized in this manner. The linkage
is run through a complete cycle 8 = 0 to0 3 = BMAX' The maxi-
mum value of the cam pressure, a, is found and the largest
value of the drift angle is found. The final merit value
for the function is equal to the individual inverse of these
two multiplied together. This way the lowest maximum cam
angle and lowest maximum angle of drift may be found.
Merit Value = (%—) (%K (3.3.2)
A preliminary calculation is first run on the mechanism.
As viewed in the schematic r3. rs, and Ty form a triangle.
The angle, 956’ shown in Fig.?7 , will be needed later, so
it is used to check if a triangle can exist.

Using the law of cosines

2 2 2

) = arc cos ( 3 )
56 2 r6 rs
and
r62 + r52 - I‘32
A3 = 2 r6 r5 (3‘3’3)

If the argument of arc cos, AB' is not equal or not between +1

and -1, the triangle cannot exist and the problem aborts

giving a merit value of -1000 A 2.

3
The solution is started by locating points ptl2 and
ptld from the design parameters. The coupler point pt56 is

defined to be equal to pt56 = p = £(3). (3.3.4)



FIGURE 6

SCHEMATIC OF CAM~-LINK MECHANISM FOCR
PATH GENZRATION
SHOWING TWO POSSIBLE SOLUTIONS
MADE AVAILABLE BY ROTATION ABOUT r

7
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FIGURE 7

SCHEMATIC OF CAM-LINK MECHANISM FOR
PATH GENERATION
SHOWING TWO POSSIBLE SOLUTIONS
MADE AVAILABLE BY ROTATION ABOUT rs
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The solution of r, is

7 1
5 =[ (pt56x = pt14x)? + (pis6y - pt1dy)®T  (3.3.5)

(2

r

- pt56y - ptlhy
9, = arc tan ore T ptilix (3.3.6)

97 must be placed in the proper quadrant.

Now to attach links r), and r5. Using the law of cosines
2 2 2

r.“ + r -r
8 = gre¢ cos ¢ i 4 2 )
74 — @ 2 Tp T,
where 2 2 2

If A7 is not between +1 and -1 or equal to them, the schema-
tic triangle cannot exist. In this case the merit value is
set to -100 A72 and the problem continues only calculating
the value of A7 at various locations to find the maximum
value of A7. This low merit value is then returned to the
grid search program.

Once 974 is found it can take either a positive or nega-
tive value as shown in Fig. 6 . The angle 675 is similar to
674. These two possibilities caused by the rotation about
r7 are not easily taken care of. The location of Ty, by 974
can easily be started as either positive or negative by
the choice of the initial conditions.

The problem arises when eh = 67 = 65 and two solutions
degenerate into one solution. Later it breaks into two

solutions again and there is the possibility that the solu-

tion desired could be either one. The proper solution is
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picked this way. The value of r, at the last cycle is incre-
mented through the ideal increment of 05 and then the dif-
ference in distance between pt26 or pt36 and the tip of r,
test is qpmpared with the distance pt26' and the tip of r,
test. The point, pt26 or pt26', whichever is closer to the

tip of r, test, is chosen with the linkage containing it.

The angle 956 has already been found. It may be either
positive or negative as shown in Fig. .  This creates no real’
problem though. The solution is tried both ways and the solu-
tion with the best merit value is chosen.

After the linkage configuration is decided upon by tak-
ing one of the four possibilities at a time, the merit value
of the linkage is rather straight forward. It has been pointed
out earlier how the merit values are arrived upon when the
linkage is impossible to construct. The two items involved
in the merit function of a good mechanism ars the cam pres-
sure angle, @, and the drift angle, DA. The maximum of each
for the particular set of design parameters, and particular’
linkage configuration is found. Then each is inversed and
the two are multiplied together to obtain the merit value.

A final check is made to see that r, has never reversed its
rotation. It would by a physical impossibility for the cam

to have more than one radius at a particular angle. If the

calculated linkage reverses itself, the linkage merit value
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is multiplied by a very small number 1 x 10742,

; = () (.

Merit Value = (a) (DA) (AK) (3.3.8)
where AK is a constant that is used as a flag. If the link-
age input 62 is monotonic, increasing or decreasing, AK, is
equal to one. If 8, reverses its rotation, AK is then set

22 so that the merit value for this undesirable

to 1 x 107
case will be very low.

The derivation of the cam pressure, a, is shown by the
following procedure. The path to be generated p = f(8) and
the coupler path pt56 must be equal. So,

p = pt56 = £(8) (3.3.4)

The function must be input in parametric form for this par-

ticular solution as

ptséx = £, (3) (3.3.9)

pt56y = £,(3) . (3.3.10)
Also required of the input function is

%g%g%g = %ﬁ = £5(3) . (3.3.11)

An auxilliary vector o is used for this derivation and can

be written as

r, = pt56 - ptlh (3.3.12)
Toy = pt56y - ptlhy. ' (3.3.13)
Toy = pt56x - ptléx . (3.3.14)
Taking the derivative of the components
dr

7x _ dptséx - dptld .
dx dx dx
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Since ptlld is a stationary point, d gihx = 0,
d dr?x dpt56x dx

and —3= = =53 =3x = 1 . (3.3.15)
Again
Yoy = pt56y - ptllhy (3.3.13)
Aoy _ dpt56 _ dptlby
dx T odx dx
o . : . dptlly _
ince ptl4 is a stationary point, = = 0,
making
oy _ dotséy _ dy _ £.(3) ( 16)
Tx T ax T ax ~ 3R 3.3,
Placing ro, in easily obtainable form
1
_ 2 2,2
r? - (r»?x + r?y ) (3‘3'17)
and taking its derivative
dr ~-% dr
—L = 2 2y Y
= (r7X * To ) (ro, + T ) . (3.3.18)
The angle ¢, is
7 r
0, = arc tan (=) (3.3.19)
7X
and taking its derivative
g;z =[1 + (EZM)2]“1[ Tox dr7y/dx ; Foy dr?X/dx 1 .
r
7% r
(s (3.3.20)
Similar to 974. 675 is found using the law of cosines as
= - e 3 '2
9,5 = arc cos —f5 F T, (3.3.21)

Taking its derivative

2 2 2
ds r + -

7 5 h 2
75 _ (-1)[1 - (55 o )7]

I

2

L
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2 2 2 2
4r7 ry dr7/dx -(r? 2+ ry” - 1), )(Zr5 dr7/dx)
(2 r, r.)
705 (3.3.22)
Remembering from Fig.5 and Fig. 6
95 = 97 + 975 (3.3.23)

The plus or minus is chosen depending upon the final linkage
desired. In practice both are tried and the one with the

highest merit value is chosen.
das . do ds

5. =7 75
ax = ax i" ax [} (3’3‘24)
With refersnce to Fig.
de, ) a(+ 656) . de .
dx dx dx

and since 956 is a constant,

ds daa
6 _
] (3.3.26)

Tg is an input design parameter

r6x = I‘6 cos 96 (3.3 -27)
= = ~Tg sin 84 o= | (3.3.28)

From the geometry it can be seen that

pt26 = pt56 - r¢, (3.3.29)
and for the x component

pt26x = pt56x - gy (3.3.30)

Taking its derivative

dpt26x _ dpt56x _ drey
dx dx dx
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and remembering Qg%ié& =1 (3.3.15)
26 dr
dp2bx . ___dxéx (3.3.31)
Continuing,
r, = pt26 = ptl2 (3.3.32)

and its x components

Toy = pt26x - ptl2x (3.3.33)

Taking its derivative,

dry . _ dpt26x  dptl2x

dx ax =~ dx

And since ptl2 is a stationary point,

dg;le =0,
making
dr '
23 dpt26x .
== = 2= : . (3.3.34)

Now for the y axis.

Again r¢ is an input parameter.

Taking its derivative,
a—x = Ty COS 96 I (3.3.36)

Taking the y components of pt26
pt2dy = pt56y - rg, (3.3.37)

Taking its derivative .
dpt26y _ dpt56y _ dréy
dx dx dx

(3.3.38)




and since

dpt56y
dx

dpt26y _
dx h

Continuing through r

gl glg

2y

r, = ptéy - ptl2y

2y
droy _ dpt2éy _ dptl2y
dx dx dx

Since ptl2y is a constant,

dotizy - o,

And recalling

dpt26y
dx

making
dr

droy _ 4y _ 6y
dx T dx dx ’

From the geometry

T2

9, = arc tan (;—X) ’
2%

and taking its derivative

de r -1
2 2742
—= =[1 + (==£) (
dx Coy ]
r, erV/dx - r, dr, /dx
2
Tox

The link, r,, may easily calculated as

1
= (r 2 47 2) 2

L 2x 2y

2
and taking its derivative

dr
2 2 2\~
dx (r2x * Toy )

W=

31

(3.3.11)

(3.3.39)

(3.3.40)

(3.3.41)

(3.3.42)

(3.3.43)

(3.3.44)



o,

dr r
2X 2y
T2x dx * r2y dx )

Finally

d d
2 (22 A

d92 ’ dx d62/dx

Now the cam pressure angle, a, can be shown as
dr

a = arc tan [(dei) (iz — rF) 1 .

32

(3.3.45)

(3.3.46)

(3.3.47)

Where rp is the length of the cam follower and (r2 - rF)

is the radius of the cam.
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Optimization Scheme

To insure that a good design results when rough data
is used as input, the optimization technique must do its Jjob
properly.:,The optimization method used in this paper was
developed by Mischke and is thoroughly discussed in reference
(15). It is a grid type search within regional constraints
in a hyperspace. The use of a merit value, or a numerical
quality of goodness value informs the ssarch routine of the
gquality of its choice for a particular set of design parame-
ters and allows it to converge upon the optimum.

The merit value used for the function generators 1is
maximum cam slope incountered during a cycle of the mechanism

inversed.

- 1
1 (er/de

Merit Value )
2 "MAX

The two different merit values used with the path generators
use drift angle and eam slope or cam pressure angle. The
drift angle is a measure of the difference of where the in-

put link r, is and where it is desired.

Merit Value, = 1 (;_)
(dr,/d8, ),y DA’
. 1 1
Vi = e
Merit Value, (ax ) (53)

These are the two merit functions that were used in different

problems to show that different merit functions are available.
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Using the above merit functions, the computer hunts for
the maximum merit value and its design parameters.

This numerical technique is used to size the n variables
design parameters in a n dimension grid search. The search
technique“émployed finds the maximum point on the merit hyper-
surface and uses the values of the variable parameters cor-
responding to this maximum point in designing the mechanism.
The ability of a grid search routine to negotiate surface
peculiarities that tend to trap other search schemes made it
a logical choice. A simple computer flow diagram is shown
in Fig. 8.

While under the control of the grid search routine, the
computer program developed a pattern of points at the corners
and center of a hypercube in the hyperspace of normalized
variable parameters. The merit function is evaluated at
each point. The point corresponding to the maximum value of
the merit function was used as the center point for a new
hypercube of reduced size. This process continued until the
hypercube was sufficiently small. In this manner, the program.

converged to the set of optimum variable parameters.
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Chapter 4

RESULTS

This section shows some of the possible types of problems
that may be worked and the solutions that might be expected.
Several problems were picked for demonstrating the function
génerators of different types.

The path generator is used to work two different coupler
curves. The first problem is the upper right quarter of a
square where 1its input angle rotated 90° as the coupler moved
around the 90° of the coupler curve. This problem was worked
several times to show what can be done to a particular prob=-
lem. The second problem generates a cardioid showing that
this method will generate a continuous and somewhat difficult

form.

36
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EXAMPLE PROBLEM NO. 1
This example illustrates the application of this synthesis
technique to generate the function,

Y = X2

Where X varies between -1 and +1

When this problem is worked using a standard four bar
linkage, the accuracy point can be shifted to improve the
mechanism's overall accuracy. The best fit with a standard
non cam-1link mechanism has an output error of 474 (1 ).
These cam-link mechanisms developed here have no mathematical
or theoretical error.

Part 1:

This mechanism uses the cam-link in its base and all
dimensions are the same as the theoretical non cam-link
four bar mechanism, that is except for the cam link. The
mechanism is shown in Figure 9 and its computer output is
shown in Figure 10. It may be noticed that the cam used on
this mechanism is rather large to obtain the minimum maxi-
mum pressure angle of thirty degrees.

Part 2:

This mechanism is shown in Figurell and its computer
output is shown in Figure 12. It may be noticed that al-
though this mechanism is fairly similar in appearance, the
cam required is much smaller. On this mecﬁanism the com-

puter was given a broad range to optimize the link lengths
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and initial starting positions. The maximum radius of the
cam was reduced from 1.165 to .290, a substantial reduction.
Part 3:

This mechanism is shown in Figure13 and its computer
output is shown in Figurei14 . The mechanism uses the cam
link in the input link. For a base length of one the maxi-
mum cam radius would be .284, which is the smallest cam yet,

and this cam has a maximum pressure angle of only 15 degrees.
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Parallelogram
linkage to trans-
fer the out-

X -1.0 p\:l‘t to a fixed
pivot
=45
0
+u5 . {- 4——,
1.0

\ Cam attached to r,

FIGURE 9

SCHEMATIC OF CAM-LINK MECHANISM

TO GENZRATE Y = X2 WITH CAM USED

IN BASE LINK



INPUT
ANGLE
P2 (DEG)
-68.824
~65.824
-64.823
-62.823
-60.823
-58.823
-56.823
~54.823
-52.823
~50.823
-48.823
-46.,823
-44.823
—42.823
~40.823
~-38.823
-36.823
~-34.823
-32.823
~30.823
—-28.823
~-26.823
-24.823
~22.823
~20.823
-18.823
-16.823
-14.823
-12.823
-10.823
-8,823
~6.823
~4.823
~2.823
~0.823
1.177
3.177
5.177
T.177
9.177
11.177
13.177
15.177
17.177
19.177
21.177

ssxsx INPUT DATA »séxs

INPUT 4 P2, RANGEccvesscccesnacsees 90,000
PARAMETER RANGE REDUCTIONeceecoss 0.100
GRID SIZE REDUCTION INCREMENTS.. 0.800
APPROXIMATE MAXIMUM

CAM PRESSURE ANGLE)ALPHAvesseees 304000

*#3DESIGN PARAMETER LIMITS®*
LOWER LIMIT PARAMETERS UPPER LIMIT

0.610 R2 0.610
0.566 R3 0.566
0.380 Ré& 0.380
~68.324 P20 ~68.824
233.668 P40 233.663

#sxx RESULTS saes

OPTIMUM DESIGN PARAMETERS

R2= G.610 R3= 0.566
Ré4= 0.380 P20= -68.824
RfF= ~0.176 P40= 233.668

*x ONE CYCLE OF MECHANISM **

QuTPUT RADIYS CaM
ANGLE OF SLOPE
P4{DEG) CAM DR2/DP2
233.668 1.123 C.182
238.883 l.127 0.070
243.861 1.128 ~C.010
248.602 1.127 ~0.064
253.1086 1.124 -G.097
257.372 1.120 ~0.113
2614402 1.116 -0.116
265.194 1.112 ~-0.109
268.750 1.108 -C.C94
272.068 1.106 -G.075
275.150 1.103 -0.052
277.994 1.102 ~0.026
280.602 1.101 ~C.001
282.972 1.102 0.025
285.105 1.103 0.049
287.001 1.105 0.072
288.661 1.108 0.092
290.083 1.112 0.109
291.268 1.116 0.123
292.216 1.120 0.134
292.927 1.125 0.141
293.401 1.130 0.145
293.638 1.135 0.145
293.638 1.140 Gela2
293.401 14145 C.135
292.927 1.150 0.125
292.2156 1.154 0.112
291.268 1.157 0.097
290.083 1.160 0.078
288.660 1.163 0.058
287,001 1.164 0.035
285,105 1.165 0.012
232.971 1.165 ~-0.013
280,601 1.164 -0.038
277,994 1.163 -0.062
275.149 1.160 -0.085
272,068 1.157 -0.104
2684749 1.153 -0.117
265.194 1.149 -0.122
261.401 1.145 -C.113
257.371 1.141 ~0.034
253.105 . 1.139 ~0.026
248.601 1.140 0.075
243.860 1.145 0.230
238.882 1.156 0.439
233.668 1.176 0.679
. -FIGURE 10
COMPUTER CUTPUT FOR
2
Y =X

PRESSURE
ANGLE
ALPHAIDEG)
9.216
3.555
-0.501
~3.236
-4.911
=5.747
-5.924
-5.591
~4«870
-3.869
-2.678
-1.377
-0.035
1.291
2.552
3.709
44733
5.602
6.302
6.823
T.162
7.319
7.298
7.104
60744
6.229
5.568
4.774
3.860
2.842
1.738
0.567
=0.645
~1.868
~3.060
—4.1568
~5.116
-5.797
-~6.054
~5.5648
-4,227
-1.28%
3.785
11.351
20.766
30.000

WITH CAM USED IN BASE LINK

Lo



Input Output

FIGURE 11

SCHEMATIC OF CAM-LINK MECHANISM

TO GENERATE Y = X2 WITH CAM USED

IN BASE LINK
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INPUT
ANGLE
P2 (DEG)
-50.940
-58.940
~564940
-54.940
~52,940
-50.940
~48.940
—46.940
~44.,940
~42.940
~40.,940
~38.940
—=36.940
~34.940
=32.940
~30.940
-28.540
=26.,940
=24.940
-22.940
-20.940
~18.940
-16.340
~14.940
-12.940
-10.940
~8.940
-6.940
=4+940
—=2.940
-0.940
1.060
3.060
5.060
7.060
9.050
11.060
13.060
15.060
17.060
19.060
21.060
23.060
25.060
27.060
29.0060

sxsxk INPUT DATA Seess

INPUT,P2,RANCEcccessvseassscsaea 90,000
PARAMETER RANGE REDUCTIONecacose 0.100
GRID SIZE REDUCTION INCREMENTS.. 0.800
APPROXIMATE MAXIMUM

CAM PRESSURE ANGLE,ALPHAceeevese 30.000

**PESIGN PARAMETER LIMITS*#*
LOWER LIMIT PARAMETERS UPPER LIMIT

0.610 R2 0.610

0.300 R3 0.800

0.200 R4 0.700
-90.000 P20 0.0
200,000 P40 260.000

*4%3s RESULTS **%s

OPTIMUM DESIGN PARAMETERS

RZ= 0.610 R3= 0.736
R4= 0.292 P20= -60,940
REf= 0.868 P40= 247.100

#% ONE CYCLE OF MECHANISM ==

OuTPUT RADIUS CaM

ANGLE OF SLOPE

P4{DEG) CAHM DR2/0DP2 .
247.099 0.229 0.0467
252.314 0.230 0.004
257,292 0.229 -0.022
262.033 0.228 —-0.036
266.536 0.227 ~0.040
270.803 0.225 -0.036
274.833 0.224 -0.026
278.625 0.224 -0.011
282.181 0.224 0.006
285.499 0.224 0.025
288.581 0.225 0.045
291.425 0.227 0.064
294.013 0.230 c.081
2960403 0.233 0.098
298,536 0.237 G.112
300.433 0.241 0.123
302.092 0.245 0.132
303.514 0.250 G.137
3054.699 0.255 0.140
303.647 0.260 0.140
3064359 0.264 C.136
3C6.833 0.269 0.130
307.070 0.273 0.121
307.070 0.277 0.109
306.833 0.2381 G.095
3064359 0.284 0.079
305.647 0.287 0.060
3044699 0.288 G.041
303.514 0.289 0.020
302.092 0.290 -0.002
300.433 0.289 ~0.024
2984536 0.288 =046
2964403 0.286 ~C.067
294.033 0.283 -0.087
291.425 0.280 ~0.106
2688.581 0.276 -0.121
2854499 0.272 -0.133
2B2.181 0.267 ~0.140
278.625 0.2562 =0.140
274.833 0.257 ~G.134
270.803 0.253 -0.118
266.536 0.249 -0.092
262.033 0.266 -0.053
257.292 0.245 =0.000
2524314 0.246 0.066
247.099 0.250 C.l44

) FIGURE 12
COMPUTER OUTPUT FOR
2
Y =X

PRESSURE
ANGLE
ALPHA(DEG)

11.588
1.104
~5.574
-9.051
-10.017
-9.019
-6.487
~2.804%
1.637
6.434
11.206
15.640
19.521
22.737
25.251
27.076
28.249
28.816
28.819
28.296
27.278
25.787
23.843
21.461
18+660
15.464
11.906
8.032
3.907
-0.388
-4.755
-9,084
-13.258
-17.161
~20.674
-23.680
~26,050
-27.630
—-28.216
-27.511
-25.064
~20.212
=12.097
-0.105%
14,924
30.000

WITH CAM USED IN BASE LINK

L2



FIGURE 13

SCHEMATIC OF CAM-LINK MECHANISM

TO GENERATE Y = X° WITH CAM LINK USED
IN INPUT LINK
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INPUT

ANGLE
PZ2{DEG)
-46.722
-44,722
—-42.722
=4C.722
~38.722
-36.722
-34,722
-32.722
~3C.722
-28.722
-26.722
~-24.722
-22.722
-20.722
-18.722
~16.722
=14.722
-12.722
-1C.722
-8.722
~6.722
-4.722
-2.722
~0.722
1.278
3.278
5.278
7.278
9.278
11.278
13.278
15.27¢8
17.278
19.278
21.278
23.278
25.278
27.278
29.278
31.278
33.2789
35.278
37.27¢8
39.2178
41.278
43,278

*ssx% [NPUT DATA

INPUT 4 P2, RANGLesevcanccnsescanes
PARAMETFR RANGF RFOULCTICNaccaass
GRID SI12Z€E RFOUCTIM INCREFENTS..

APPROXIMATE MAXINMUM

CAN PRESSURE ANGLE,ALPHAcsesscce

$kded

90.€00
0.100
0.800

15.000

*s0ESIGH PARPAMETER LIMITS#»

LOWER LIMIT
10.CCC
1.CCGC
1.C00
-100.000
2C0.0CC

PARAMETERS
R1
r3
R4
P20
P40

UPPER LIMIT
10.000
10.CQ0
10.CCO

~40.CCO
260.€00

*rx% RESULTS #93%

OPTIMUM DESIGN PARAMETERS

R3= 7.96C
P2C= ~46.722
P4C= 211.082

CAM
SLEPE
CR2/0P2
-C.435
-C.022
0.261
C.452
C.575
G.648
C.684
C.692
C.681
C.656
C.622
c.583
C.54C
C.497
C.455
G.2l4
Ce375
0.340
G.306
C.276
G.248
0.222
C.198
C.175
C.152
C.12%
C.10¢
C.08C
C.052
c.C21
-C.015
-G .055
~C.102
-C.154
-¢.213
=C.279
-C.35C
—0.425
-C.5C3
~C.578
=C 645
~C.696
~€.721
=C.705
-G .631
~-C.478

14

2

Rl= 1C.CCO
R4= 1.6C0
RF= =C.7C3
*® GNE CYCLE CF MECHANISM **
ouTPUT RADIUS
ANGLE CF
P4(DEG) CAM
211.082 2.486
216.297 2.478
221.274 2.483
226.015 2,496
230.519 2.514
234.786 2.535
238.815 2.559
262.6C8 2.583
246163 2.6C7
249,482 2.63C
252.563 2.652
255.408 2.673
258.C15 2.€93
26C.385 2.711
262.519 2.728
264.415 2.743
266.C74 2.757
267.457 2.769
268.682 2.780
269.€30 2.791
270.341 2.800
270.815 2.808
271.C82 2.815
271.052 2.822
270.815 2.827
27C.341 2.832
269.630 2.836
268.682 2.840
267.497 2.842
2664074 2,843
264.415 2.843
262.518 2.842
260.385 2.839
253.015 2.E35
255.4(8 2.829
252,563 2.820
249.482 2.85C9
246.184 2.788
242.608 2.778
238,815 2,761
234.786 2.739
23C.519 2.716
226,015 2.691
221.275 2.666
2164297 24642
211.082 2.623
FIGURE
CCMPUTER OUTPUT FOR
Y =X

PRE SSURE
ANGLE

ALPHA(DEG)
-9.925
-0.539
5.996
10.270
12.854
14.343
14.963
15.0C2
14.638
14,005
13.2C0
12.256
11,348
10.396
9.468
8.585
7.757
6.951
6.289
5. 647
5.061
4.523
4.021
3.546
3.083
2.618
2.136
1.620
1.055
0.422
-0.255
-1.113
~2.048
-3.111
~4.309
~5.642
-T7.059
—B.653
~10.254
~-11.825
-13.255
-14.385
~15.0C0
—14.812
-13.433
-10.334

WITH CAM USED IN INPUT LINK

L
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EXAMPLE NO. 2

This example illustrates the application of this synthesis
technique to generate the function,

y = x2/3

With X varying from zero to one

This mechanism in the optimum four bar linkage has an
error of .162% ( 1). The cam link has reduced the error here
to zero. This problem 1is worked twice using the cam in the
output link. The first time the problem 1is worked using
the dimension of the optimum four bar linkage. The mechanism
formed is shown in Figure 15, and its computer output is
shown in Figure 16 . The cam has a maximum radius of .270.
This same problem is tried again and the linkage 1is optim-
ized to obtain the smallest maximum cam shape. The results
are shown in Figurel?7, and its computer results are shown
in Figurel8. For the same maximum pressure angle on the cam

the radius was reduced to .041,



Input

Qutput

FIGURE 15

SCHEMATIC OF CAM~-LINK MECHANISM

7O GENERATE Y = X2/3 WITH CAM USED IN
OUTPUT LINK

L6




skees [NPUT DATA ssses

L7

[HPUT 3 P2 4 RANGE e sessnsacssssssens 904000
PARAMETFR RANGE RFDUCTIONesceaes  0.100
GRIU 'STZE REDUCTION INCREMENTS.e 04800
APPROXIMATL Max{mym = e . .
CAH PRESSURE ANGLEsALPHAueeeeess  30.000

LOWER LIMIT

#¢DESIGN PARAMETER LIMITS*s ~ ~

PARAMETERS  UPPER LIMIT

1000 R1 1.000
0,601 RZ ______0.401
1.309 R3 1.309
31.689_ _ P20 __ _31.689
-5.171 P40 -5.170

*kxx RESULTS #5398

OPTIMUM DESIGN PARAMETERS

_ Rl=___1.0800 . R2= _ 0,401
R3I=  1.309 P20= 31.689
RE=  5.390 P40=  =5.1T71
. *%_ ONE CYCLE OF MECHANISM *# o
INPUT QuTPUT RADIUS CAM PRE SSURE
ANGLE ANGLE OF __ SLUPE __ ANGLE
T R P2(DEG) P4(DEGY CaM DR&/DP& ", ALPHA{DEG)
31,594 -5,028 0.234 5.056 13.336
33.69% 1.356 0.237 C.003 0.74%
. 35.594 6,132 £.237_ 0.00L 0,152
37.59% 9,536 0.237 0.002 0.428
_ 39.694 0.237 G.004% 0.947
- 41.694 0.237 0.0C6 T 1.524
43.694 0,238 0.009 2.084
45,694 0.238 5,011 2,598
_ 471.594 0.239 _ _0.013 3,050
) 49,694 0.239 “Te.Clae T 3,435
51.69% 0.240 0.016 3.752
i 53,594 0.24C 0.017 4,004
55.694 0.241 G.018 4.192
57,694 0.2%2 0.018 4.323
53.694 0.242 €.019 4,399
T 51.69% 0.2437 7 C.C19 T Tala 27
_63.694 9.243 0.019_ _ 4.411
65.694 0.244 2.019 4.358
57.694 0.245 U.0L8 4.272
- 69.569% 0.245 c.o18 4,161
o T1.69% 0.246 ___ 0.017  4.028
- 73.6%94 0.266 0.0177 77 " 773,883
75.696 0.247 0.u16 3.732
o 77.694 52.367 TTT0.247 0.015 T 3,582 -
79.69% 56.023 G.248 G.315 3,443
6§1.694 55,655 0,248 J.014 3.322
— 83.69% 57,261 0248 0014 3.229
85.694 58.857 0.249 Colé 3.175
B1.69% 57.429 0,249 C.0l% .31
39.694 61.981 0.250 C.014% 3.237
91.69% 63.516 0.250 0.015 3.381
93,694 65.034% 0.250 0.Clo 3.624
. 95.69% 664535 0.251 _c.017 o _3.982
97.69% 68.022 0.251 0.020 4,479
——— 99,635 69,493 __0.252 ¢.023 5.132
101.05% T73.949 0.252 0.026 5.977
103.694 72.332 0.253 G031 7.030
109,694 73.822 0.25% €.037 8.330
- . 107.094% 75.239 0.255. 0.065 _____ . 9.905
109.694 T6.663 0.256 €.053 11.775
— LL1.696____ __7%.73% 0258 _ ____0.664 _ 13.975
113.694 749,417 0.259 0.077 16.523
115.6%% B2.187 0.261 C.092 19.422
117.69% R2.146 0.204 ¢.110 22.658
. e _ 1194694 83,49 _____ 0.267 __ ___0.131 __ 26.20%
121.694 34.832 0.210 0.156 30.000
: FIGURE 16

—COMPUTER -QUTPUT .- FOR - - - —-—

sy = 23
' — WITH CAM USED IN-QUTRUL LINK




Input

Output

FIGURE 17

SCHEMATIC OF CAM-LINK
MECHANISM TO GENERATE

y = x2/3
WITH CAM USED IN OUTPUT LINK

Lg
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seexs [NPUT DATA 4sses

TINPUTP24RANGF oo vonscsocssanncse
PARAMETER RANGE REOUCTIDN.ceosss
GRID SIZE REUNCTION INCREMENTSL,

APPRUXIMATE MAXINUM

CAM PRESSURE ANGLE,ALPHA.eessses

90.000
0.100

T #«DESIGH PARAMETER LIMITS**

'30.000

0.800

LOWER LIMIT _ PARAMETERS _ UPPER LIMIT
1.000 R1 1.000
e 0.300 R2_ __.0.530 _
1.100 R3 1.500
0.0 P20 ___ _ 60.0G0
=30.900 P40 30.000

OPTiMUM DESIGN PARAMETERS

®%%%€ RESULTS #ass

RI=__ 1.00C ___ R2=__C.345
R3= 1.220 p20= 21,995
RF=  5.493 P40=_ —B.00S5
_ %% ONE_CYCLE OF MECHANISM *% L
T~PUT oureur RADIUS CAM PRESSURE
o ANGLE ANGLE OF _  SLOPE ____ ANGLE
. PZ{DEG) P& {DEG) CaM DR4/DP& . ALPHA(DEG)
22.651 ~7.862 0.034 'PObLY 5.843
24.00% -3.578 0.032 =0.C19 ~30.456
26.001 3.299 0.031 ~0.Cl4 __ =24.86b
28.001 5.802 0.031 ~-2.909 -16.532
e 35.001 9,929 0.030 _ =J.004 __ =7.415
- 32,001 12.804 0.030° 6.001 "7 71,325 "‘
34.001 15,492 .030 0.305 8.956
36.001 18.033 0.030 G.008 150192
i 35.001 23.457 0.031 Geull _ 20.060
- 40,001 22.731 0.031 0.014 23,726
42.001 25.02¢C 0.032 0.016 26.392
44,001 TT2T.186 70.033 C.ul8 T 28,242
46,001 23.288 0.033 0.019 29.427
44,001 31.331 0.034 3.020 30,058
50.001 33.323 0.035 C.020 30.229
52,001 35,268 0.035 0,020 T 730,000
54,001 37.170 0.036 Ge020 _ _ 29.%22
56.001 39,033 0.037 G.020 28.530
55,001 40.860 0.037 0.019 27.347
63.001 42.053 0.C38 PR E:) 257896
. 62.001 444415 0.038 _C.01T_ 244185 s
64.201 46,147 0.039 G.016 ©T22.229 -
66.031 47.353 0.039 G.0l4 20.031
Ut T 46,031 39,533 0.040 T0.013 T T 17.605
70.000 51.189 0.040 0.011 14.960
72.080 52,821 0.040 0.009 12.107
744230 54,433 0.041 0.0C6 _9.070
75.000 56.023 0.041 0.004 5.869
78.000 57.394 0.041 0.002 2.540
83.C0C 59.147 0.041 ~e001 ~0.896
82,020 60,642 d.001 ~C.003 -%.359
84.500 624200 J.041 -0.006 -7.820
. 86.000 63.701 _0.041 =0.008 _ -11.225
83.90C 65.188 0.040 ~C.010 ~14.493
. 99,030 _60.653 0.040 ~C.013 ___ _-17.581
92.600 68.115 0.040 -0.015 -20.408
94,023 69,558 2039 =C.0L17 =22.9i8
95.030 70.988 0.039 -0.618 -25.018
I 93.000 72.495 0.038 _ 0,019 __ _ ~26.64T__
130.000 73.809 0.C38 -0.020 -27.650
e e __l02.000_ 754202 _0.037 ______—0.320_ ___ _-27.990
104.000 75.583 0.037 -¢.019 -27.171
106.000 77.953 0.037 ~0.017 =25.074
105.000 79.312 0.036 ~0.214 ~21.104
—_ - 1104050 89.600 ____ 0,036 _ ___ ~-0.509 -14.435 .
112.090 81.998 0.036 ~0.003 ~4.119
FIGURE 18

- wmm—m———- -—- — COMPYTER -OUTPUT FOR
- vttt T/ TTTTmEmTm T o s Tm s e e 'Y' -~ X2/3

WITH CAM USED IN OUTPUT LINK
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EXAMPLE NO. 3

This example illustrates the application of this synthesis

technique to generate the function,

Y = SIN X
Where the range of X is zero to ninety degrees

This example 1is worked using a cam link in the input
link of the four bar mechanism. The optimum four bar for
this function has an error of .21% ( 1)..

The problem is worked the first time with the dimen-
sions of the optimum four bar mechanism. The resultant
mechanism is shown in Figurel9 and its computer output is
shown in Figure 20. The problem was then worked again allow-
ing the computer to optimize the mechanism. The resulting
mechanism is shown in Figure2l and its computer printout
is shown in Figure 22. It can be noted that the maximum

cam radius was reduced from .093 to .071.



Input

Cutput

FIGURE 19

SCHEMATIC OF CAM-LINK
MECHANISM TO GENERATE
Y = SIN X
WITH CAM USED IN INPUT LINK
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INPUT
ANGLE
P2(DEG)
2424263
240,263
238.263
236.263
234.263
232.263
230.263
228.263
2264263
224.263
222.263
220.263
218,263
216.263
214.262
212.262
210.262
208,262
206.262
2044262
202.262
200.262
198.262
196,262
134,262
192,262
190.262
188.262
186.262
184.262
182.262
180.262
178.262
176.262
174,262
172.262
170.262
168.261
166.261
164.261
162.261
16G.261
158.261
156.2561
154.261
152.261

sesex [NPUT DATA #4dss

INPUTyP2,RANGEs e seessccecceerees =90.000

PARAMETER RANGE RECUCTIONeseeeseo
GRID SIZE REDUCTION INCREMENTS..

APPROXIMATE MAX]MUM

CAM PRESSURE ANGLEyALPHAwcceoccee

0.100
0.800

30.000

*¥DESIGN PARAMETER LIMITS**

LOWER LIMIT
1.000
2.239
0.694

242.263
~75.607

PARAMETERS
R1
R3
R4
P20
P40

UPPER LIMIT
1.000
2.239
0.694

242.263
=15.606

sxke RESULTS #s%s

OPTIMUM DESIGN PARAMETERS

Rl= 1.000 R3= 2.239

R4= 0.6%4 P20= 2424263

RF= 1.775 P40=2 ~75.,606

** ONE CYCLE OF MECHANISM »*

pUTPUT RADIUS CaM

ANGLE OF SLOPE

P4{DEG) CAM DR2/0P2
=75.606 0.059 0.0645
-78.747 0.058 0.027
-8l1.884 0.057 0.011
~85.014 0.057 -0.002
~88.132 0.057 -0.012
~91.234 0.058 -0.020
~94,318 0.059 =3.025
-97.379 0.060 ~0.029
-100.414 0.061 -0.031
-103.418 0.062 -0.032
-106.388 0.063 -0.,031
-109.321 0.064% -0.030
-112.213 0.065 ~0.027
~115.060 0.066 -0.625
~117.859 0.C67 -C.022
-120.607 0.067 -0.019
-123.299 0.068 ~C.016
-125.934 0.069 -0.013
-128.507 0.069 -0.010
-131.C16 0.069 -0.008
~133.458 0.070 -G.007
-135.829 0.070 -0.006
—-138.126 0.070 ~0.005
~140.347 0.070 -C.006
-142.490 0.070 -0.007
-144.551 0.071 ~0.009
-146.528 0.071 -0.01L1
-148.418 0.071 —=0.014
-150.220 0.072 -0.018
-151.931 0.073 -0.022
-153.549 0.073 ~0.026
—-155.072 0.074 -0.030
=156.498 0.076 -0.C34
-157.826 0.377 -C.038
-159.053 0.078 ~0.042
~160,.79 0.080 =GC.045
-161.202 0.c81 =0.047
-162.120 0.083 -G.049
-162.933 0.035 ~0.049
~163.540 0.086 -0.048
~164.239 0.0838 ~C.045
~164.730 0.090 ~0.040
-165.113 0.091 -3.033
-165.387 0.082 -0.625
-165.551 0.093 ~0.014
~165.606 0.093 ~0.000
FIGURE <20

COMPUTER OUTPUT FOR

Y = SIN X

PRESSURE
ANGLE

. ALPHA(DEG}

37.421
24.817
1l.116
-1.505
-11.504
~18.590
-23.184%
=25.847
-27.041
-27.118
~26.330
~24.875
~22.914
~20.598
~18.062
=15.445
~12.880
-10.488
—~B.381
-5.654
~5.380
—4.613
~4.392
-4.731
~5.625
~T7.045
-8.938
-11.222
-13.791
-16.523
«19.283
-21.942
~24.381
~-26.502
-28.225
-29.489
=30.241
=30.430
-30.000
-28.878
~264969
-24.142
-20.228
=15.026
~8.335
-0.040

WITH CAM USED IN INPUT LINK
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Input

FIGURE 21

SCHEMATIC OF CAM-LINK
MECHANISM TO GENERATE
Y = SIN X
WITH CAM USED IN INPUT LINK

53



INPUT
ANGLE
P2(DEG)
244,800
242.800
240.8C0
238.800
236,800
234.800
232.799
230.799
226.799
226.799
224.799
222,799
220.799
218,799
216.799
214.799
212.799
216.799
208.799
206.799
204,799
202.799
200.799
198.799
196.799
194.799
192.799
199.799
1R8.799
186.798
184.798
182.798
180.798
178.798
176.798
174.798
172.798
170.798
168,798
166.798
164,794
152.798
160.798
158.798
156.798
154.798

ss43% [NPUT DATA *sess

INPUTyP2yRANGEcesnvoncveacaancarne
PARAMETER RAMGE RFDUCTIONecssoas
GRIN Si2c REDUCTION INCREMENTS..

APPROXIMATE MAXIMUM

CAM PRESSURE ANGLE,ALPHA.eaesews

*s0ESIGN PARAMETER LIMITS®s

LOWER LIEMIT

1.000
2.002
0.400
200,000
-100.000

PARAMETERS

R1
R3
R4
P20
P40

sxe% RESULTS *ss&

UPPER LINMIT

1.000
2.400
C.900
280.000
0.0

GPTIMUM DESIGN PARAMETERS

Rl=
Rb=
RF=

1.000 R3=

2,260

0.764 P20= 244,800
1.833 P40 -77.334

#%* ONE CYCLE OF MECHANISM *#

QuUTPUT ,
ANGLE
P4(DEG)
~77.334
-80.475
~93.612
-86.741
-B89.860
-92.962
-96.%46
-99.107
~102.142
~105.146
-108.116
-111.G49
-113.941
-116.788
-119.587
-122.335
-125.027
-127.552
~13C.235
-132.744
-135.186
~137.557
~139.854
~142,075
-144.218
~146.279
~148.256
=150.146
~151.948
=153.659
~155.277
-156.800
~153.226
~159.554%
-160.781
~161.907
~162.932
-163.848
=164.561
~165.368
-165.967
~166.458
~l66.341
-167.115
~-167.279
~167.334

RADIUS
OF
CaAM
0.062
0.062
0.062
0.062

.L63
0.064%
0.065
0.C66
0.067
0.068
0.069
0.G70
0.071
0.071
0.071
0.071
0.071
0.071
0.070
0.070
0.069
0.068
0.067
0.C66
0.065
0.065
0.064
0.063
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.063
0.063
0.064
0.065
0.065
0.066
0,068
0.0656
0,066
0.066
0.0565

FIGURE 22

CaAM
SLOPE
DR2/DP2
0.021
G.005
-0.008
-0.018
~-0.0253
-G.029
~0.032
-(.032
-0.031
~0.028
~C.024
-C.020
-0.015
=0.009
-0.003
0.002
0.007
c.012
G.317
0.020
0.623
C.025
0.026
0.026
c.026
0.024
0.022
0.019
0.015
C.011
0.006
0.001
~0.003
~0.008
-C.012
-G.016
-0.0138
~0.020
~0.020
—€.018
-C.015
-0.010
-0.002
0.009
c.022
0.037

COMPUTER OUTPUT FOR

Y = SIN X

-50.000
0.100
0.800

30.000

PRESSURE
ANGLE
ALPHA(DEG)

18.547
4.480
=-7.333
-15.901
=21.45%
-24.608
-25.922
=25.804
-24.539
-22.329
—-19.340
-15.719
-11l.62%
~7.225
~2.701
le765
6.010
9.89%
13.321
16.212
18.521
20.221
21.287
21.702
21447
20.502
18,851
16.492
13.454
9.806
S.680
1.277
~3.1586
~T+346
~11.037
-14.017
-16.113
=17.191
-17.116
~15.73%
=12.841
~8.181
—-l.488
7.380
18.163
30.00Q0

WITH CAM USED IN INPUT LINK

5k
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EXAMPLE NO. &4

This example illustrates the application of this synthesis
technique to generate the function,
Y = LOG X
Where X varies from 1 to 2
This example uses the dimension of the optimum four bar
linkage without a cam. The mechanism is shown in Figure 23

and its computer output is shown in Figure 24.



FIGURE 23

SCHEMATIC OF CAM-LINK
MECHANISM TQ GENERATE
Y = LOG X
WITH CAM USED IN BASE LINK
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GRIL SIZF 2WDULTION INCREMENTFS..

PARAME TEH_RANGE FEDUCTIONceaoass

APPRUXIMATE MAX [MUM

CAM PRESSURE ANGLEyALPHAwasessos

T TH¥DESIGN PLPAMETER LIMITS®*

0.100

0.800

30.000

LOWER LIMIT  PARAMETERS _ UPPER_LIMIT
3.352 R2 3.352

e _Gabdb _____ _ _R3 _____ . _ 0.346__-
3.486 R% 3.486
i N e —52.528 P20__ ____ . =52.628
~79.C78 P4 ~79.017

*kxx RESULTS *¥%x3

OPTIMUM DESIGN PARAMETERS

R2=_ _3.352._____R3s_ 0.846
R4= 3,446 P20= =52.628
RF=___ 0.0206 Phy= =~719.017
=% ONE_CYCLE_OF MECHANISM_*%
INPUT ouTPUT RADIUS CAM PRESSURE
ANGL = ANGLE ._OF SLCPE __ . ANGLE _ _ _
P2(DEG) P4{DEG) CAM DRLl/0P2 ALPHALDEG)
- ~52.628 -79.u177 0.974 -(.082 4,810
-53.962 -80,93C 0.976 -3.015 4,404
. -55.255 -82.341 0.977 _ __ ~0.069____  =5.020
-56.628 -84,664 6.979 ~L .63 ~-3.675
. =57.962 ~86,449__  0.980 _ =u.058 __ =3.368
-349,2995 -33.197 0.981 ~-0.053 -3.102
~0u.528 ~89.911 0.983 ~0,049 ~2.874
-61.962 ~91.592 0.984 ~C.045 ~2.682
e -63.295 =93,241 0.965 -C.043 =2.522
~64.628 -94.859 c.986 =CeC41 -2.393 -
R __=565.951  =96.447 0.987 -C.039 -2.292
-57.295 -92.307 0.958 -5.038 -2.216
—68.628 -99.539 0.989 ~(.037 -2.163
-63.961 -101.345 G.989 -G.037 -2.132
_____ . -T1.295 ~132.526 0.990 _=0.C37_ =2.120
-72.62€ -123.373 0.991 -0.337 —-2.128 -
. ~73.961 ~135,419 0.992 ~4.037 ~2.153
~75.295 -106.817 0.993 -L.038 -2.194
-76.5628 -138.203 0.994 ~0.€39 —2.251
~77.951 <133.566 3.995 -&.040 =2.325
_— o ~79.295_ _  =11C.903_ 7.996 _=C.0%2_  ___ -2.413
~53.6238 -112.229 0.997 ~0.044 -2.511 T
o -81.951 -113.531 D.998  =1.246 ~2.636
- ~83,294 -114.813 TT0.999 “0.G48 -2.771 e
~84.628 -116.577 1.000 ~-C.051 -2.924
-85.961 -117.323 1.0G1 ~0.054 -3.09%
e ~87.29% ~1184559_ « 1.002 -3.U58 -3.284
-33.628 ~119.761 1.004 -0.061 ~3.496
o . -39,951 ~120.955 1.005 _ ~0.066 -3.731
~31.294 -122.133 1.007 -2.07) -3.995% -
3 -92.628 -123.295 1.009 -0.076 —4.289
-33.761 ~124.441 1.019 ~3.082 -4.621
o ~35.294 -125.573 1,012 =C.UB8 __ _ =4.,99%
~96,628 ~126.690 1.015 -0.3%86 ~5.423 -
e -97.951 —127.792_____ 1.017 _ __ =ield5 ___=5.913
<99.294 ~128.681 1.019 -C.1l1l6 ~6,481 -
-1uu.628 129,957 1.022 -0,128 ~7.146
=101.9361 -131.219 1.025 ~C.143 ~7.934
_ . =163.294_ ~132.068 1.029 _ =0.1561 ___ ~8.881
—1U4.627 -133.104 1.033 -£.183 -10.038
_ _-1905.9a01 | ~134.129 1.038 -C.211  _ _ ~1ll.a7s
- ~107.294" ~-135.141 1.Ca3 -G.247 -13.304
~104.627 ~136.142 1.049 =C.295 -15.690
—149.901 -137.131 1.057 —0.362 —18.9932
- o o =111.204__ -138.109_ _ ___ 1.066 _ ~G.0461 _ =23.400 .
-112.627 -139.u17 1.079 ~0.623 -30.000
. : FIGURE 24

e e e -COMPUTER OUTPUT FOR

Y = LOG X

'WITH CAM USED IN BASE LINK
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EXAMPLE NO. 5

Path generator to generate upper right quarter of a square

This mechanism is shown in Figure25 and its computer
output is shown in Figure26, The mechanism was obtained
early during the development of this study by optimizing
a general set of data. It has a close resemblance to the
schematic for the development of the equation and for this
reason it makes a very good example problem. This example
was optimized to obtain the minimum cam pressure angle and

also to obtain the minimum drift angle.
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////____ Coupler Curve

(0,0) * re
r, ry 7,
%2
/ NN\ r}
FIGURE 25

SCHEMATIC OF CAM-LINK MECHANISM FOR
PATH GENERATION



INPLT
BETS
{CEE)
C.C
g.182
16.364
24.545
32.727
40.909
45.C91
57.213
654455
T2.¢€36
Bl.81R
90.CCO

**39%  PATH GENERATCR #ss3s
sasvs [NPUT CATA #9399

INPLT,BETA 3ANGEevsernvscsecsenss 9C.CO0

PARAMETER PRANGE REUCLCTICNecoceans
GRIE S1ZE RECUCTION INCREMENTS...
CAM FOLLUWE® LENGTH)RFescsecccons

**CESIGN PARAMETER LIMITS*®

C.1CC

c.8CC

C.750

LOWER LIMIT PARANETER LPPER LINIT

2.059 R1 2.05%
4.C37 Pl 4.037
2.381 R3 2.381
2.7¢&3 R4 2.763
3.446 RS 3.44¢&
24942 RS 2.942
2.169 PT12X 2.169
-2,.885 pT12Y -2.885

#3%3 RESULTS »*s%
CPTINMUM CESIGN PARAMETERS

R1= 2.C%9 Pl= 4.027
R3= 2.381 R4= 2.7€3
R5= 3,448 R6= 2.942

PTi2X= 2.1¢9 PT12Y= =-2,885
*x CNE CYCLE CF MECHANISM 2*3

ORIFT FECHANISHM RACIUS PRESSLRE
ANCLE DRIVE CF Capy BNGLE
CA{CEG) P2(CEG) RC ALPHAICEG)

0.0 41.897 C.586 -32.087
-3.9C8 464171 C.564 -23.136
-7.268 50.593 C.545 ~-11.437
-9.847 564595 0.545 3.098

-11.234 &3,28¢C €.558 19.43C
~11.313 T71.493 C.6G2 34,868
-9.250 81.738 C.618 -18.815
~T.569 G1.6C5 0.599 ~2.(54
-6.983 1C0.369 C.6C8 13.750
=-7.264 108.269 C.640 26.290
-8.179 115.536 0.691 35.531
~9.513 122.384% C.762 42.353
FIGURE 26

COMPUTER OQUTPUT FOCR
A CAM-LINK PATH GENERATOR
TO GENERATE UPPER RIGHT QUARTER OF A SQUARE
OPTIMIZING THE DRIFT ANGLE AND PRESSURE ANGLE

LOCATION CF
CCUPLER PGI
x

1.000

1.0C0

1.CCC

1.co00

1.C00

1.CCC

0.867

C.643

0.457

C.294

Oel44

¢.Cce

NT

Y

C.0
0.144
0.294
C.457
0.643
0.867
1.G0CC
1.00¢C
1.CC0
l.CCC
1.600
l1.c00

60
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EXAMPLE NO. 6

Path generator to generate the right
top quarter of a square

The optimization of this mechanism is shown in the com-
puter output of Figure 29. The cam follower was short and
the cam had very low pressure angles so the dimensions for
the basic mechanism were put into the computer to generate
a new mechanism with a longer cam follower. The mechanism
is shown in Figure27 and its computer output is shown in
Figure 28.

This mechanism was optimized for the cam pressure angle
along with the drift angle. Notice that when optimized with
a cam follower of length one, it is drawn with a cam follower
of four, how the length of the input link grew to a tremen-

dously long link. This will be discussed more later.
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Cam Surfacs

FIGURE 27

SCHEMATIC OF CAM~-LINK MECHANISM FOR
PATH GENERATION



TINPUT,BETA RAMGE ceverasevasnncons
PARAMET i RANGE RCOUCTIONeeesssns

susse  PATH GENERATOR #asss
ssxsx [NPUT DATA *sss®

GRID SIZE RFOUCTION INCREMENTS.ee
CAM _FOLLOWER LENGTH;RFeeoeevonene . _ 44000

90.000
0.100

(e
P

0.800

**DESIGN PARAMETER LIMITS®e___ __ __ _ __ ___

LOWER LEMIY PARAMETER _ UPPER LIMIT
VeT46 K1 U746
- 306.065 Pl 308.065__
4.167 R3 4.167
o 2.000 R4 2.000
1.697 R5 1.697
5.C20 R6 9.000
3.0 PT12X 0.0
0.0 PT12Y 0.0

#3228 RESULTS *%%%

UPTIMUM DESIGN PARAMETERS

Rl= Celb6 Pl= 308,065
R3= HalAT Ro= 2.000
- RSz 1.637 Rb6a___ 5,000
PT12X= 3.0 PT12Y= J.0
. *% O4E_CYCLE OF MECHANISM %% R
INPUT DRIFT MECHAMISH RADIUS PRESSURE LOCATICN OF
BETA ANGLE DRIVE DF_CA® ANGLE COUPLER POINT
{DEG) DA(DEG) P21{2EG) RC ALPHA(DEG) X Y
0.0 0.n 64,948 1,341 -12.271 1,000 3.0
S.14d2 2.475 75.604% 1.3C¢0 —-6.176 1.000 O.144
} 16,364 3,432 84.744 1.289 0.297 1.030 €.294%
244545 3.498 92.902 1.3G60 64309 1.000 C.457
32.727 2.831 100.507 1.327 11.031 1.000 0.643
49.909 2.089 1a7.946 1.366 13.302 1.000 0.867
49.0v1 2,127 1164166 1.365 -10.169 0.867 1,000
57273 2.177 124.338 1.341 -3.843 04643 1.000
) 65.455 1.445 131.848 1.338 1.385 0.457 1.000
73.636 6.G78 138.062 1.350 6.3C% 0294 1.000
81.513 -1,754 145.7213 1.374 10.912 0.144 1.000
0. 00U -3.430 151.068 1.407 14.278 0.009 1.G00
—_— TAT AT T N Q
Fali Jy 8 [ T
COMPUTER QUTPUT FOR
A OAM T TN _DAMIL OARMTIDASDAD —
AU O OvINT VAL T CLIVATOLTIUN
GENERATES THE RIGHT TOP QUARTER QF A SQUARE.
THIS MECHANISM WAS PRODUCED BY TAKING THE DATA FROM

FIGURE29 AND INCREASING THE LINGTH OF THE CAM FOLLOWER RF




N

INPLT
BETA
(BEG)
c.C
2.182
16.2¢64
244545
32.727
40.509
45.051
57.273
€5.455
T3.£36
e1.¢18
GC.CCC

CRIFT
ANGLE
CA{LCEG)
0.0
2.475
3.432
3.408
2.8131
2.08S
2.127
2.177
1.445
g.C78
-1.753
-3.€80

L EA X2 ]

PATH GENERATCR

2 XL L)

sxeds [APUT DATA o338
INPLT,PEIA RANGLecoeoconccsnvecees 9C.CCC
FARAMETER RANCE FFLLLTICNccseeons ¢.100
CPIC SI1ZE RECLCTIUN INCREMENTS<es C.90C
C8F FCLLOCWER LENGTH,RFcccvonccsce 1.C0C

##DESIGN PARAMETER LINITS**

LCWER LINMIT
0.5CC
Gc.C
0.5C0
0.500
C.5CC
C.5CC
0.C
0.C

x353F RESULTS ##39

PARAMETER LPPER LINVIT

Rl
PL
R3
R4
RS
RE&
PTL2X
PT12Y

5.C0C
36C.CCC
5.CCC
S.CCC
5.C0C
5.C0C
C.C
C.0

CPTIMUM CESIGN PARAMETERS

R1=
R3=
RG=
PT12X=

C.T4é Pl= 308.066
4.1¢7 R4= 2.CCC
1.657 Ré&a 5.CCC

C.C PT12Y=

Cc.0

#% CNE CYCLE CF MECHANISM *=

MECHANISM
CRIVE
P2(LEG)
64.948
75.6C4
84.744
92.9C2
1CC.5C6
1C7.546
116.146
. 124.398
131.848
138.£62
145.C13
151.C68

RACILS PRESSLRE

CF CaM ANGLE
RC ALPFALCEG) -
4.341 -3.844
4.300 -1.874
4.289 0.C89
4.30C 1.514
4.327 3.421
4,368 44230
4.365 -3,21C
4,381 -1.189
4.338 C.582
4435¢C 2.121
44374 34465
4,4C7 4.644

FIGURE 29

COMPUTER OUTPUT FCR
A CAM-LINK PATH GENERATCR.
GENERATES THE RIGHT TOP QUARTER OF A SQUARE.
THIS MECHANISM WAS PRODUCED BY THE OPTIMIZATION OF DRIFT
ANGLE AND THE CAM PRESSURE ANGLE WHILE THE INPUT LINK WAS
CONSTRAINED TO HAVE ITS BASE AT (0,0).

LCCATION CF
CCUPLER PCI
X

l.ccC

1.C00

1.CCC

1.cCC

1.600

1.000

0.867

0.643

0.457

0.294

0.144

0.000

NT

Y

6.0
Cal4s
0.294
Q.457
C.643
G.867
1.600
1.cCC
l.C0C
1.C00
1.CC0
1.G600

6L
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EXAMPLE NO. 7

Path generator to generate the upper right hand
guarter of a square
This path generator is much the same as the last
path éenerators with a minor change in optimization techni-
gue. This example does not optimize cam pressure angle,
it optimizes the cam slope. If 2 mechanism is taken and
only the cam and cam follower are changed, the pressure
angle would change, but the cam slope would stay the same.

The path generator schematic is shown in Figure 30,

and its computer output is shown in Figure 31.
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————————

/—— Coupler Curve

FIGURE 130

SCHEMATIC OF CAM-LINK MECHANISM FOR
PATH GENERATION



INPUT
BETA
(DEG)
0.0
8.182
16.364
244545
32.727
40.909
49.091
57.273
65.455
73.636
81.818
90.000

wxesx  PATH GENERATOR #¥sx%
srsax [NPUT DATA sesws
INPUT,BETA RANGEcenscsasesasnsnas 90,000
PARAMETER RANGE REDUCTIONcceevaes 0.100
GRID SIZE REUUCTICN INCREMENTSece 0.800
CAM FOLLOWER LENGTHyRFeavaccssree 0.0

**DESIGN PARAMETER LIMITS*#

LOUWER LIMIT PARAMETER UPPER LINIT

0.001 R1 5.000
0.001 Pl 5.000
0.001 R3 5.000
0.001 R& 5.000
0.001 R5 5.000
0.001 R6 5.000
-10.000 PT12X 16.000
-10.000 PTl2Y 10.000

sss% RESULTS =%
0PTIMUM DESIGN PARAMETERS

Rl= 2.9498 Pl= 3.531
R3= 2.098 R4s= 3.082
R5= 3,541 R6= 2.903

PTL2X= 2.326 PTI2Y= -1.610
=% OVE CYCLE OF MECHANISM ==

DRIFT MECHANISM RADIVS PRESSURE
ANGLE DRIVE OF CAM ANGLE
DA(DEG) P2{DEG) RC ALPHA{DEG)
0.0 -8.326 0.997 -38.846
-3.549 ~3.694 G.942 -31.638
-5.957 2.080 0.894 -23.221
-6.795 9.424 0.857 ~13.067
~5.564 18.837 0.840 -0.548
-1.936 30.646 0.862 14.843
2.724 43.489 0.901 444175
5.038 . 53.944 0.929 14.213
5.369 62,498 0.976 22.290
4.204 69.514 1.035 29.060
1.958 75.450 1.104 34.877
~1.050 80.623 1.183 40.034

FIGURE 31

- COMPUTER OUTPUT FOR
A CAM-LINK PATH GENERATCR.

LOCATION OF
COUPLER POI
X

1.000

1.000

1.000

1.000

1.000

1.000

0.867

0.643

0.457

0.294

Q144

0.000

NT

Y

0.0
O.144
0.294
0.457
0.643
0.867
1.000
1.000
1.000
1.000
1.000
1.000

GENERATES THE RIGHT TOP QUARTER OF A SQUARE.

THIS MECHANISM WAS PRODUCED BY OPTIMIZATION OF THE

DRIFT ANGLE AND THE CAM SLOPE.
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EXAMPLE NO. 8

Path generator to generate a cardioid

The path generator is shown in Figure 32, and its
computer output is shown in Fig.33. The example shows
that the cam link path generator has the ability to gen-
erate some curves that could not be approached using a
standard four bar path generator.

Although this mechanism does show some rather high
cam pressure angles these could be eliminated by making
the cam larger and with more work the optimization could

be improved considerably.



Cardioid —\

FIGURE 32

.SCHEMATIC OF CAM-LINK MECHANISM FOR
PATH GENERATION
OF A CARDIOID
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FIGURE 33

COMPUTER OUTPUT OF A CAM-LINK PATH GENERATOR
TO GENERATE A CARDIOD. THIS MECHANISM WAS GENERATED
BY OPTIMIZING THE DRIFT ANGLE AND THE CAM PRESSURE ANGLE.
NOTE: A DRIFT ANGLE OF 361 DEGREES IS THE SAME AS 1 DEGREE.

*3%8%  PATF GENERATCR #33%ss
#3392 INPUT CATA sssiss
INPUT,EBFTA RANGEseceacassseecsece 360.000
PARAMETER RANGFE RECLCTICNevecense ¢.100
CRIC SIZE RELUCTICN INCREMENTSeee C.8C0
CAFM FOLLCWER LENCTHyRFeneocecence Cc.0

*+CESIGN PARAMETER LINMITS»*

LEWER LINMIT PLRAMETER UPPER LIMIT

C.5CC R1 5.C0C
0.C Pl 36C.CCC
0.5C0 R3 S.C0GC
0.5C0 R& 5.000
G.5CC RS 5.0CC
0.5C0 R& 5.CCC
-4.000 PT12X 4.CCC
-4.00C PT12Y 4.0GC -

#%%3% RESULTS #3s»
CPTIMUM CESIGN PARAMETERS

Rl= 1.872 Pl= 73,532
R3= 2.5C6 R4= 2.218
RS5= 4.081 R6= 2.822

PT12X= -0.433 P712Y= 2.813
3% CNE CYCLE CF MECHANISM ##

INPLT CRIFT MECHANISM RACIUS PRESSLRE LOCATION CF
BETA ANGLE CRIVE CF CA¥ ANGLE COUPLER POINT
{CEG) CA(DEG) P2(CEG) RC ALPHA{CEG) x Y
c.C .0 -109.536 1.172 ~61.€17 g.CCC -1l.CCC
e.cce ~2.817 -104.4C3 €.978 -64.862 0.120 -0.852
16.0C0 -5.354 -98.941 c.78S -€6.586 0.2C0 ~0.696
24.CCC ~T.373 -92.959 0.613 -&7.880 0.241 ~C.542
32.CC0 -8,432 ~86.C1l9 0.456 -67.229 0.249 ~0.3%9
40.CCC ~T7.773 -17.35% C.325 -64.,479 G.23C ~0.274
48.CCO -4.227 -65.813 0.223 -%58.€29 0.191 ~0.172
56.CCC 3.335 ~5€C.251 C.152 -49.803 0.142 -0.C96
64.CCO 13.£88 ~-21.698 C.1lC -39.€13 0.091 =0.044
72.CCC 22.321 ~-15.265 c.ces ~25.592 CaCa7 -C.015
80.CC0 23.826 -5.761 c.Cc78 ~46.38% 0.015 ~0.CC3
8a.cco 18.462 -3.124 C.C73 =-73.566 0.001 -0.000
96.0C0 10.736 -2.850 0.C75 76.182 0.€05 ¢.Cot
1C4.CC0 6.46C 0.874 0.086 59.315 0.029 0.C07
112.CCC T.6C¢ 1c.C2cC C.11¢C 55.169 0.068 0.027
“12G.CC0 11.633 22.G47 C.15C 57.£36 Q.116 0.067
128.CCC 15.297 33.711 0.212 £l.629 0.167 ¢.131
126.CC0 17.177 43.591 0.299 64,775 0.212 0.220
144.CCO 17.259 51.673 C.409 £6.£82 0.242 0.333
152.CC0 15.922 58.336 0.540 67.591 0.249 0.468
14C.CCC 13.457 £3.91C G.685 67.839 0.225 0.5618
168.CC0 1c.182 £8.558% C.836 €7.695 C.165 0.775
176.GC0 6.C74 72.488 0.986 67,283 C.C65 G.928
184.CCC 1.210 75.624 1.120 66.194 ~0C75 1.067
162.CC0 -4.356 78.058 1.226 62.370 -0.,251 1.1862
2Cs.CCO -1C.262 T9.3¢%2 1.286 42.549 -0.459 1.261
2ce.cce -16.725 £1.689 1.295 -30.293 =0.690 1.2917
216.0C0 ~22.446 €3.567 1.239 ~-54,.C98 ~0.933 1.285
224.CCO -26.551 8T.862 1.128 -52.5C3 -1.177 1.219
232.CC0 —-27.508 544906 0.979 ~44.626 -1.,409 1.101
24C.CCC -23.259 1C7.154 c.g29 ~31.C58 -1.616 0.933
248.GCO -12.145 126.269 C.7217 -11.£83 -1.787 0.722
25&6.CCC 3.4CQ 149.313 0.725 10.738 -1.912 C.417
264,CCC 16.453 17C. 846 0.831 294262 -1.984 0.208
272.CC0 ~336.246 ~173.832 1.CC4 4C.E78 ~1.998 -0.070
2ec.cco -333.484 ° ~163.C70 . 1.202 46,183 —=1.955 ~0.345
288.CCC ~233,46¢6 -155.G83 1.396 47.245 -1.856 ~0.403
296.0CQ -335.127 ~148.71% 1.567 44.340 -1.707 =0.832
304.CCO -337.699 -143.236 1.702 15.405 -1.516 -1.C23
312.CCC -34C.752 -138.379 1.787 20.834 ~1.2995 ~l.1866
32¢.CCO -3445,118 -133.7CS 1.812 -2.866 -1.056 -1.258
328.CC0 =347.478 -129.C64 1.773 -25.552 -c.811 ~1.297
236.CC0 ~35C.7&3 ~124.1349 1.675 ~-41.363 ~0.572 -1.285
344.CC0 =-353.,944 -119.531 1.533 -50.841 -0.352 ~-1.226
352.CC0 -3%7.026 -114.612 1.26C -57.126 -0.159 -1.128

166.€CO -363.,0C0 =109.586 1.172 ~61.617 -0.000 ~1.0G¢
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These examples clearly indicate that the cam-link
mechanism can be successfully used to produce an error free
function or path generator. Also shown was that constraints
may easily be placed upon the mechanisms as might exist
in actual practice and even with these constraints the re-

sults can be very good.



Chapter 5
CONCLUSION

This work is culminated with an analytical technique
that provides error-free, optimized designs for path
generation and function generation. The solution technique
is briefly discussed for each solution in the following
paragraphs.,

Function Generator:

It has been shown with selected examples that a
perfectly accurate function can be generated analytically
utilizing a cam-link mechanism. But with this technique
common sense must still be used because the computer
did not check everything. Specifically in Figure 17
the transmission angle of the four bar cam link mechanism
is too small to transmit any effective force.

The three different types of cam-link function genera-
tors developed in this thesis have the problem that the
coupler link can never become perpendicular to the cam-
link of the mechanism being used. When the cam-link is
used for the input link and the input link is perpendi-
cular to the coupler, it would take a large displacement
in the length of the input cam-link to affect the angular
position of the output. This requires a great change

in the length of the cam-link in the input link
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with little rotation on the cam which requires a large pres-
sure angle. A large pressure angle gives a low merit value
and the computer optimization then selects another optimum.
Once this problem is realized, the proper type cam-link
mechanism may be chosen. If the problem is of an unknown
type, all the solutions may be tried and the best of the three

selected.

Path Generator:

The path generator examples show that there are several
acceptable solutions to a particular problem and that con-
straints may be easily placed upon the mechanism that would
disable a normal precision point four bar generator. All of
the examples here used the drift angle as a criteria of how
good the linkage 1is along with another factor. The other
factor is in most cases the cam pressure angle, but in one
case it is the cam slope. This 1s to show that many para-
meters may be used to determine the merit value of a linkage
and that once the factors determining merit value are deter-

mined, reasonable success may be expected by this method.

Interesting sidelights that should be mentioned when us-
ing this design scheme are that the design must be closely
observed. It is essentiai that the computer solution be
checked by some graphical visualization. Either the operator

must use some plotting technique or output on a CRT so decisions
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on acceptable transmission angles and other important cri-
terion can be judged. Also, it should be noted that even
though analytically we have error-free function generation,

this accuracy is now dependent on manufacturing accuracy.
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SUGGESTIONS FOR FURTHER STUDY

The field of kinematics is broad and although this
thesis study is narrow, it quickly épens up broad areas
for further study. Some of the more pertinent areas are:
1. Inclusion of such items as limitation of transmission
angle on the present study;

2. Determination of new and different types of merit
function to see if better mechanisms may be produced;

3. A different optimization technigque might be developed
that would produce results much quicker;

L., Dynamic evaluation of the cam-link mechanism.



APPENDIX

Scaling of Function Y = X2

For better fit the function will really be scaled as

=Y = + x2. Input Variable X, Range: =1 to + 1.

Represented by 92 whose range is 90 degrees

] . - 8
Ratio = X2 flnai e 2o = %9 = 45 degrees
final initial
8, - 0
T *initial
92 =B (X = Xynigia1) * 02
Now Xsiitial — -1
0, = Ly(x = 1) + 9,
0
and
62 - 62
X = Sgp=s -1

Y is output, represented by eu

Range of Y is 1 to 0 to 1 or 1

Range of 9, is 60 degrees.

0 - 8
Ratio = Yh MA% 7 4 MIN %9 = 60 degrees
MAX MIN

8, - @
_ 8y -8y
60_—-———aY_YO

9, 60(Y - YO) + e4

(o]
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8, = ~60[ (%2 = 8 _ 1)2

_TEE__Q
Taking the derivative of 64
deu
d62

-1]-:-94
o

T = (24/405) (180/3.1415) (6, -6, ) + 8/3
(o}
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