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Abstract

Dimensional synthesis of crank-rocker mechanisms applied to provide some desired values of stroke and time ratio, is of
utmost importance for designing an efficient mechanism. In the synthesis and manufacturing of crank-rocker mechanisms,
the designers are further challenged by other design criteria, such as quality of motion. In this study, a novel approach
based on genetic programming (GP) is proposed for dimensional synthesis of planar crank-rocker mechanisms with opti-
mum transmission angle over the desired stroke and time-ratio. An analytical approach is elaborated which leads to an
interesting relationship of length of the coupler and rocker links. It is, therefore, advised that by adopting equal lengths
for coupler link and rocker link, one can guarantee the optimality of the transmission angle’s deviation (TA), ensuring the
Grashof condition. Consequently, through an inverse modeling approach, GP method is utilized to construct some expli-
citly mathematical formulas to represent all the sizes and dimensions of the crank-rocker mechanism based on the any
desired values of both stroke and time-ratio. In this way, an input-output data set consisting of all the dimensions and the
sizes of the links as the input variables and both the stroke and time-ratio as output variables is first constructed using
the pertinent mathematical equations. Indeed, such approach of inverse modeling using GP simplifies greatly the synth-
esis of the crack-rocker mechanisms for any desired values of both stroke and time-ratio. The proposed approach has
been applied for kinematic synthesis of a crank-rocker mechanism. A comparison between the obtained results of this
work and the analytic method, clearly illustrates the efficiency of the proposed approach.
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mechanisms. Dimensional syntheses of crank-rocker
mechanisms to provide some desired values of stroke
and time-ratio, have been sort of challenging problems
in the case of planar mechanisms. However, in the
synthesis and manufacturing of crank-rocker mechan-
isms, the designers are challenged by some other design
criteria, for example, quality of motion. Addressing this
issue is very important to design an efficient mechan-
ism.> The quality of motion is measured by transmis-
sion angle’s deviation from ideal value of 900.’
Generally, synthesis of the crank-rocker mechanisms
has been addressed during the last decades. In earlier
studies, Joe Brodell and Soni* introduced a design
chart obtained from an analytical approach to synthe-
size the crank-rocker mechanism with good quality of
motion and unit time-ratio. Balaji Rao and
Lakshminarayana® presented the optimal synthesis of
RSSR crank-rocker mechanisms for different combina-
tions of oscillation angle, time-ratio, and axis angle.
The authors in® suggested a synthesis procedure which
satisfies a prescribed stroke and time-ratio wherein the
required definite objective function is optimized.
Soylu,’ investigated a synthesis procedure for the pla-
nar mechanism in which the maximum deviation of
transmission angle is constrained to be less than a cer-
tain desired limit. The graphical and analytical
approaches associated with design charts considering
some performance criteria, such as stroke, transmission
angle, and time-ratio was addressed in Lun and Leu.®
Balli and Chand® investigated the transmission angle’s
influence on the different parameters of a mechanism,
for example, friction, mechanical advantage, pressure
angle, transmission force, input crank angle, tolerance,
and the performance sensitivity. The authors also stud-
ied the various mechanism’s defects, such as branching,
order, circuit, and poor transmission angle in Balli and
Chand.’ Eren and Aydemir'® introduced a kinematic
synthesis scheme for the synthesis of four-bar sley drive
linkages. The authors considered the transmission
angle, the stroke, and the time-ratio as the parameters
affecting the sley trajectory. Hassaan et al.'' used
Powell’s optimization method for optimal design of
crank-rocker linkages for a given stroke and time-ratio.
Khader'? proposed the design nomograms for directly
designing the crank-rocker mechanism links’ ratios
with a definite determined transmission angle limit.
Rufino and Ferreira'® described a variable stroke
mechanism and presented a kinematic model to
determine the requirements for synthesis of the
mechanism.  El-Shakeryet al.'* suggested both
analytical and graphical methodologies to optimally
determine links’ lengths of crank-rocker four-bar
linkage to obtain a targeted design with definite
transmission angle. Yildiz'® addressed the structural
design optimization of a four-bar linkage for a trunk
lid of a sedan type passenger car, incorporating three

different population-based optimization techniques.
The authors in Refs.>'®!7 used game theory to present
a framework for multi-objective optimal synthesis of
four-bar mechanisms for path-generating applications.
It should be mentioned that the performance criteria
stroke and time-ratio were not taken into account by
authors. However, many research works have been
devoted to the optimal synthesis of path-generating
four-bar mechanism using suitable optimization schemes
and computational intelligence techniques.>!'”>*

Modeling and identification of data driven systems
have always been of a great interest for research work-
ers and have become a new topic of research in a broad
range area in engineering science.”> >' Generally, an
exactly mathematical relationship between input—
output data is needed to model as well as to predict the
data-driven system, precisely. However, obtaining such
mathematical modeling is so cumbersome and even is
not possible in poorly identified systems. Recently,
some deep learning algorithms as a part of a broader
category of machine learning schemes in conjunction
with evolutionary algorithms have drawn considerable
attention in computation of imprecisely complex envir-
onments. In evolutionary algorithms (EAs), genetic
programming is defined as an extension to genetic algo-
rithms (GAs) in which the structures undergoing adap-
tation are not strings but are hierarchical computer
programs of dynamically varying shape and size.
Recent research works that set the stage for current GP
research topics and applications is various, and includes
topology optimization of structures,*>** optimal mod-
eling of complex systems,** controller design,*® image
processing,*® object detection,?’ data mining,*® control
of robots,*” and so on.

The available kinematic design methods in mechan-
ism literature calculate the link lengths of a crank
rocker mechanism according to minimum transmission
angle criteria as a design constraint. On the other hand,
as the occurrence of failure of Grashof condition is cat-
astrophic in a four-bar mechanism, guaranteeing
Grashof constraint feasibility is of the most importance
at both the synthesis stage and the manufacturing pro-
cess. As far as the authors know, there is no design
approach in the literature for a crank-rocker mechan-
ism to determine the link lengths of the mechanism
analytically, taking into account the deviation of trans-
mission angle from ideal value as an objective function
and guaranteeing the Grashof condition, simultane-
ously. Moreover, there is still a clear gap in develop-
ment and implementing meta-heuristic approaches to
generate the structural descriptions of mechanisms.

This study tries to overcome these shortcomings by
incorporating GP meta-modeling and inverse modeling
approaches to solve the optimization problems arising
in kinematic synthesis of crank-rocker mechanisms.
The objective of the optimization problem is defined as
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to design a mechanism that has a pre-determined value
for stroke and time ratio and simultaneously guaran-
tees the optimality of the motion quality and Grashof
condition as well . In this regard, the lengths of the
mechanism links are considered as design variables. It
is, analytically, advised that keeping equal the length of
rocker link and connecting rod link would automati-
cally satisfy the optimality of the transmission angle’s
deviation. Then, for each mechanism, the stroke and
the time ratio are geometrically obtained as a function
of the lengths of the mechanism links. In order to apply
GP method for the inverse modeling purpose, some
input-output data are constructed based on stroke and
time ratio as functions of sizes and lengths of the
crank-rocker mechanism. Finally, with the use of the
GP, the optimal mathematical model for each design
variables are obtained as the functions of both stroke
and time ratio.

It is shown that the GP model can successfully find
almost simple and easy to use mathematical relations
of mechanism’s links needed to synthesize the mechan-
ism with the best quality of motion for any desired val-
ues of both stroke and time ratio simultaneously. In
fact, the proposed mathematical forms presented in this
study, provide the capability to synthesize the length of
mechanism’s links for any desired value of stroke and
time ratio within the estimated ranges. Moreover, such
novel application of the proposed approach of the opti-
mum synthesis of crank-rocker mechanisms leads to a
very interesting relationship of length of mechanism’s
link. It is advised that keeping equal the length of
rocker link and connecting rod link would automati-
cally satisfy the optimality of the transmission angle’s
deviation. The proposed approach has been applied for
kinematic synthesis of a four-bar crank-rocker mechan-
ism. A comparison between the obtained results of this
work and the analytical method, clearly illustrates the
efficiency of the proposed method.

Methodology

In this section, a general algorithm for the optimally
synthesis of mechanisms has been presented by using
genetic programming method. The proposed algorithm
has been summarized in Figure 1. The objective of the
optimization problem is defined as to design a mechan-
ism that has some desired performance criteria.
Generally, the lengths of the mechanism links are con-
sidered as design variables, that is, output variables.
For each mechanism, the performance criteria, that is,
input variables are geometrically obtained as a function
of the lengths of the mechanism links. Then, in order to
apply genetic programming method for the inverse
modeling purpose, some input-output data are con-
structed based on the performance criteria as functions

Generate sample points in
the space of input variables

'

Solve the equations of the problem

to obtain output variables

!

Construct look-up
table of data

I—b Train GP meta-model

Change the GP parameters
experimentally
7y
No
Is the model efficient?

Yes

Synthesize the mechanism

Are the designer's
criteria satisfied?

Figure I. Schematic algorithm of the proposed approach for
synthesis of mechanisms.

of sizes and lengths of the mechanism. Finally, with the
use of the GP the optimal mathematical model for each
design variable are obtained as the functions of perfor-
mance criteria. The following case study illustrate how
the proposed approach depicted in Figure 1 can be
used to improve the overall design of a four-bar crank-
rocker mechanism for any desired stroke and time-ratio
while optimizing transmission angle’ deviation.

Crank-rocker mechanism: A case study

The four-bar mechanism is the simplest and the most
popular linkages, which consists of three movable links
and a fixed link. A crank-rocker is a type of four-bar
mechanism which is widely used for converting contin-
uous rotary motion to oscillatory motion with a quick
return feature. A four-bar linkage is called a crank-
rocker when the shortest link is connected to the
ground link. As illustrated in Figure 2, r; is the refer-
ence bar, r, is the input link with rotatory motion
which is called crank, r; is a connecting rod link, and r4
is the output link which is called rocker and oscillates
between two limiting angles.
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Figure 2. Schematic of a four-bar mechanism.

Angles 605, 6, and vy represent the interior joint
angles and obtained as follows for a certain crank angle
(6,) as follows

BD = \/ri2 + 12 — 2r1r cosb (1)
2 2 2
—i(n”tre —BD
= COS A 2
Y ( 2r3ry @
6y = 2 tan-! (T2 302 * ra siny (3)
3 ri+r3—rycosby —rscosy)
b= 2 tan! ry sinfy — r3 siny (4)
4 r4 —ry +ryco86, —rycosy/)

In this study, the stroke, time-ratio, and transmission
angle’s deviation (74) are considered as performance
criteria in the synthesis of mechanism. The stroke of a
crank-rocker mechanism is the angle range that rocker
oscillates and time ratio is a measure of its quick return
feature. Figure 3 shows a planar four-bar crank-rocker
mechanism at its limiting situations.

According to Figure 3 and by using cosine law, the
stroke and time-ratio of the mechanism are kinemati-
cally computed as a function of four parameters, that
is, the length of the mechanism’s links. The parameters
Bi, By, a1, and a, are defined as follows

Figure 3. Schematic of crank-rocker mechanism at its limiting
situation.

B, = cos”! (Vlz +rg? —(r3 — r2)2> (sb)

27‘17‘4

24 (13 + 1) —
a; = cos™! (rl rs +1r2)” =14 ) (5¢)

2ri(r3 + 1)
_ ~1 <r12
ay = Cos

The stroke and time ratio are then calculated using
equations (6) and (7), respectively.

+ (=) - F42> (5d)

2ri(r3s — 12)

S= BB,
_@n-p
73 s

inwhich =7 —a, and @ = a; — a5.
The transmission angle’ deviation is formulated as

(8)

According to equation (8), 74 is to minimize the
deviation of the transmission angle from 90°. Figure 4
illustrates the minimum and maximum values of trans-
mission angles which can be obtained by equation (9)

2 2 2
it = (=)
.= COS s 9a

(6)

TR (7)

T4 = (‘Ymax - 900>2 + ('}/min - 900>2

2 2 2
r°trys—(03t+r
B, = cos—! 1 4 (3 2) (Sa)
2rr. 24 5.2 (r + )2
174 y, = cos! N N U S P (9b)
max 27"3}"4 ’

(o) C,

TAmin TArnax
A By D B, A D

Figure 4. The minimum and maximum values of transmission angles.
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where, y refers to transmission angle of mechanism. In
order to allow for the complete turn of the input link,
the Grashof condition should be satisfied as an inequal-
ity constraint during the synthesis process. Grashof
condition for a four-bar crank-rocker is defined as

Fonin + Fmae <o + 73, (10)
where, 7, and r,,, are the lengths of minimum and
maximum links and r, and r, are the lengths of two
other links.

Optimization of transmission angle

In the synthesis and manufacturing of mechanisms,
design engineers usually are faced quality of motion.
Addressing this important issue is essential to synthe-
size an accurate, efficient, and reliable mechanism that
functions satisfactorily during its period of service. The
transmission angle of mechanism employed as a mea-
sure of the quality of force transmission of the mechan-
ism. For instance, it helps to decide the “Best” among a
family of possible mechanisms for most effective force
transmission.

In this section, an analytical approach adopted from
Ahmadi et al.** is given to obtain an explicitly mathe-
matical equation which guarantees the optimality of
the transmission angle’s deviation and also ensures the
Grashof condition.

In this way, equation (8) can be rewritten using equa-
tion (9) as follows,

2
TA = |cos™! (n + ) —r = r‘z‘] _ Z}
21"31"4 2
., 5 (11)
+ |cos! [(”1 — ) -3 _”4] _W]
21"3]"4 2

In order to obtain a relationship between r; and 7y
which leads to optimality of 74, one can set the gradi-
ent vector of equation (11) to zero with respect to r3
and ry, that is,

oTA _
8]"3

> 2 e [ ) =22
<r3 ri—(r+nr) ){f cos™ { T

(ry + 7 ) —p2—2
\/1 - |: : 22r3r4 : 4i|
r—r)?—ri—r?
(==t —r)’) [3—cos tfrod]
. =0

2 2
r1—7r2) —r%—r§:|

(
\/1 - |: 2r3ry

E)

(12a)

5
oA _
31"4
2
(=72 = (1 + 1)) [5—cost [ i |
(rn + )R- 2
i- g
2
. (rﬁ —r2—(r— rz)z) {%— cos™! {_(”"313;’5—%” L
| [r=r—ri-i]?
2r3ry
(12b)
By taking substitution variables @ and B as

1o [

a= , (13a)
\/ 1 - [l
2r3ry
' — T 27}” =7

5 cos™! [lrforizr]]

B= (13b)

2 b
| [n=r=ren
- 2r3ry

The necessary conditions of equation (12) is transferred
to equation (14) using some algebraic manipulation as

a(m+mn)+pm-—n’=0,
(a +,8)(r47r3) =0.

Evidently, both « and B in equation (13) cannot be
equal to zero at the same time. Moreover, the sum of
(a + B) in equation (14b) cannot be zero. By this way,
the set of solution is obtained as an feasible solution of
RRS as V3 = r4.

In order to obtain real solution, the radicand terms
in equation (13) should be positive values. Readily, by
considering 73 = r4 in equation (13) one can conclude
that

(14a)
(14b)

r +V2

14 :}"4>
3 2

(15a)

[r1 =

r3 = Fr4>
3 4 5

(15b)

in which, |.| denotes the absolute value. The equation
(15) simply represent Grashof condition. Moreover, by
using r3 = r4, the equation (5) can be restated as

follows
2 2
. (N —nm —2]’27‘3
= - - 16
By = cos ( o ) (162)
2 2
_ (1=t 2mn
= a —72 427 1
B, = cos ( T ) (16b)
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Table |. Input-output data pairs for the crank-rocker four-bar
mechanism.

Index S TR ry (cm) r, (cm) r3 (cm)
| 20 1.08 45.29 425 28.03
2 21.5 1.15 45.71 4.54 27.05
3 223 1.12 45.32 4.75 27.54
4 23 1.06 44.67 4.98 28.43
5 24 1.17 45.54 5.10 26.88
6 25.1 1.09 44.65 5.45 28.11
7 26 1.2 45.55 5.55 26.54
8 274 1.05 43.95 6.05 28.74
9 28 111 44.44 6.12 27.96
10 29.2 1.07 43.90 6.47 28.56
I 30 1.18 44.84 6.53 27.04
12 30.7 1.1 43.98 6.80 28.22
13 31.5 I.16 44.45 6.93 27.40
14 32 1.06 43.43 7.19 28.80
15 33 1.13 43.98 7.34 2791
16 34.2 1.19 44.4| 7.57 27.10
17 35 1.08 43.24 7.92 28.67
18 36.5 I.14 43.65 822 27.93
19 37.8 1.17 43.79 8.51 27.57
20 38 1.05 42.58 8.76 29.14
21 393 1.15 4343 8.94 27.92
22 40 1.07 42.54 9.26 28.99
23 40 1.2 43.86 9.05 27.26
24 41 1.1 42.73 9.47 28.67
25 42 I.16 43.24 9.64 2791
26 43.6 1.09 42.35 10.19 28.89
27 44 1.18 43.24 10.14 27.73
28 45 I.11 4241 10.54 28.71
29 46.9 1.16 42.76 10.97 28.14
30 48.5 1.13 42.29 11.48 28.61
31 50 1.17 42.60 11.82 28.16
32 51 1.09 41.62 12.27 29.18
33 525 .11 41.72 12.66 29.01
34 54 1.15 42.06 13.00 28.59
35 55 .14 41.87 13.32 28.76

2 2
1[N + ry + 21”2]"3
= _ - 16
aT e ( 2ri(ry + 13) ) (160)
2 2
i (n” Frt=2nn
= - - 16d
a2 e ( 2ri(r3 —r2) ) (16d)

Such analytical approach indicates that keeping equal
the length of 3 and r4 would automatically guarantees
the optimality of the motion quality and also ensures
the entire turn of crank link.

Results and discussion

As shown in Table 1, the sample points include two
inputs (S, 7R) and three independent outputs (7, 2, 73)
which are considered as the input-output data pairs for
GP algorithm. Subsequently, GP takes S and TR as
input variables to generate mathematical functions and
to fit as accurately as possible for each link’s length of

ri, r» and r3. It should be mentioned that the

1.21
° °
119 °
° °
117 ° ° °
° ° °
% 1.15 e ° °
£ ° °
E 113 ° o
= °
111 ° ° °
° °
1.09 ° ° °
° °
1.07 ° [
° °
1.05 ° L3
20 25 30 35 40 45 50 55
Stroke (deg)

Figure 5. The input samples.

variations of two input parameters are set to
20 =S=<55 and 1.05=<TR=<1.2. The input samples
are depicted in Figure 5. Moreover, the limits of link
lengths are considered as:

1<ry, rp, r;<50 (17)

The main advantage of GP for the modeling pro-
cess is its ability to produce models that build an
understandable structure, that is, a formula or equa-
tion relating input and output variables, which might
shed engineering insight into the processes involved.*
Thus, for mechanism synthesis instances, GP may
offer advantages over other techniques since GP can
self-modify, through the genetic loop, a population of
function trees in order to finally generate an optimal
and physically interpretable model. Specifically, a
comparative analysis of GP and multi-layer percep-
tron artificial neural network (MLP-ANN) for meta-
modeling of the sample points is provided in Table 2.
The results show that across all three systems GP pro-
vided greater training and prediction capability. The
close proximity of training and prediction perfor-
mance of GP implies relatively greater resistance to
overfitting. The analysis of computational effort by
GP and MLP-ANN reveals that GP requires a
greater amount of computing time. However, this
increased cost of fitting a GP metamodel may not be
significant when the data is computationally expen-
sive.*! Furthermore, GP produces explicit functions
in contrast with the models generated by other non-
parametric approaches, such as MLP-ANN.

In order to succeed the inverse modeling procedure,
the GP algorithm is deployed as a surrogate model. The
GP algorithm utilizes computer programs as individuals
of its population and models them with a tree struc-
ture.>® More complete details on genetic programming
and its terminology is presented in Refs.30-3%34
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Table 2. Comparison of the proposed GP and MLP-ANN

method.
Method Accuracy (R?) Computation cost (s)
r r rs
GP 0.97 0.95
MLP-ANN 0.88 0.83
Table 3. The parameters of GP.
Population size 100
Generation 200
Maximum depth 7
Probability of crossover 0.9
Probability of mutation 0.15

Fitness selection method
Stopping criteria

Binary tournament selection
Maximum generation

Function set {plus, multiple, minus, divide,

power, sin(.), cos(.)}

Terminal set {ri, r, r3, rand}

In the optimization process, the inverse modeling
error is evolutionarily minimized as the fitness function
which is expressed as follows

k
F = Zl_:l |Fhmi — rag| (18)

in which, r, represents the length obtain from GP’s
models and r; stands for the desired length of links. To
construct the GP-type meta-model, 35 input—output
data sets (Table 1) have been generated by equations
(6) and (7) under above-mentioned constraints. Table 3
lists the determined parameters to control the genetic
programming performance in this study. It should be
mentioned that, the control parameters are adjusted
experimentally.

According to Table 3, the initial population in GP
execution consists of 100 individuals generated by
ramped half and half method with the maximum depth
of trees as 7. In the last generation, there are 100 math-
ematical models with different levels of accuracy and
complexity for each normalized length. The best model
related to the fitness function considered as the final
solution to the problem.

The corresponding mathematical expressions of such
GP- type models for optimum r,r;, r3 are given by
equation (19). In order to examine the efficiency of GP,
the output of such non-linear meta-models is shown in
Figures 6 to 8 for ry,r,, and r3, respectively. As it can
be seen, the suggested GP models impressively provide
high correlation coefficients. These mathematical mod-
els enable designers to synthesize a crank-rocker

46
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Figure 6. Scatter diagram of actually values versus estimated
values for design variables r;.
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Figure 7. Scatter diagram of actually values versus estimated
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Figure 8. Scatter diagram of actually values versus estimated
values for design variables r3.

mechanism for any desired pre-determined value of
stroke and time ratio.
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Table 4. Comparative results for crank-rocker four-bar
mechanism.

Parameter GP model Analytic method
ry (cm) 43.43 41.06
ry (cm) 7.59 10

r3 (cm) 28.80 25.01
rs (cm) 28.80 36.47
S(°) 3113 32
TR 1.07 1.06
Error S (%) 271 -
Error TR (%) 0.94 -
Ymin (O) 77 57
Yo ) 124 112
TA (deg®) 1373 1520

Rocker angle (deg)
2 B B

5
b

—o— Analytic Model

1s- ——This work

. | . I .
50 100 150 200 250 300 350 400
Crank angle (deg)

110
0

Figure 9. Rocker displacement.

+ 38.61

in(S X TR
r =9.03 (TR—sm(iR))

(19a)

=38 (s + % + 2.79) (19b)

9.15 9.23
=74 =2(S—TR)—sin( S+ 2= +7.84 ) + 2= + 20.
r3=r4=2(S—TR)—sin (S R 7 84> R 20.12

(19¢)

The proposed method is now applied effectively to
the optimal synthesis of a four-bar mechanism. It is
desired to synthesize a crank-rocker four-bar mechan-
ism to provide a stroke of S = 32° (0.558rad) and
TR = 1.06 with the best possible value of quality of
motion. Table 4 provides the performance comparison
of the synthesized mechanism using the obtained equa-
tion (19) of this paper for the given stroke and time
ratio with that of analytic method. It should be men-
tioned that, in analytic method, the optimal values of
ri,ry, 13, and rq are directly calculated by equations (6)
and (7) for any desired values of S and TR. Figure 9
depicts the rocker displacement for mechanism
obtained by this work and the analytic method.

The ideal value of transmission angle is 90° in order
to provide the best possible quality of force transmis-
sion at the joint. That is why most mechanism designers

Deviation of ¥ from 90° (deg)

L L L L L
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Crank angle, 6, (deg)

Figure 10. Deviation of transmission angle from 90°.

try to keep the minimum transmission angle’ deviation
above a specified value to promote smooth running and
good force transmission. Generally, to obtain a good
quality of motion, it is recommended in the literature,
for example, that the maximum deviation of the trans-
mission angle from 90" should be less than 45°." The
constraint limits on the minimum and maximum values
of transmission angles are considered as

45" <7y, <90, (20a)

90" <7y, <135 . (20b)

It should be noted that, for a Grashof four-bar mechan-
ism the transmission angle can generally vary from 0°
to 90°. In the other hand, for a non-Grashof linkage the
transmission angle will be 0° in the toggle positions
which occur when the output rocker and the coupler
are colinear.! However, the equation (15) obtained
from the proposed approach would automatically guar-
antees the optimality of the motion quality and also
ensures the Grashof condition, that is, the transmission
angle will not be 0° or 180°. The values of TA over the
entire range of motion for the mechanism is also shown
in Figure 10. It is evident from Figure 10 that the
synthesized mechanism keeps the transmission angle
within the recommended range while simultaneously
improve the overall design of four-bar mechanism to
met the desired stroke and time-ratio.

More importantly, it should be mentioned now that
the genetically obtained synthesis equations of this paper
can now be readily employed for the design of any crank-
rocker mechanism used in real-world practical applica-
tions such as the sley drive of weaving machines,'® the
mixer mechanism,*? the shaper linkage,* windshield
wiper mechanism,* the continuously variable transmis-
sion (CVT) system,* etc. For instance, the application of
the proposed approach for the design of four-bar linkage
sley drive mechanisms is elaborated. The minimum trans-
mission angle’ deviation, the stroke, and the time ratio
are the parameters affecting the sley motion curve. The
optimum values of these parameters should be used by
taking into account the desired sley motion on the one
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hand and dynamics of the mechanism on the other hand.
Once the required sley motion curve is determined from
the shed geometry of a weaving machine, the kinematic
design approach introduced in the proposed methodol-
ogy can be used to optimize a four-bar sley drive mechan-
ism with the best quality of motion.

Conclusion

In this paper, by using genetic programming, a unified
approach for optimal syntheses of four-bar crank-
rocker mechanisms was proposed so that any desired
values of both stroke and time-ratio are achieved
wherein the optimality of the transmission angle devia-
tion as well as Grashof condition is guaranteed analyti-
cally. It was proved that keeping equal the length of
connecting rod link and rocker link would guarantee
the optimality of the transmission angle deviation and
also ensures the Grashof condition. In this way, the
length of three links, namely, reference bar, crank, and
connecting rod was considered as design variables. A
complete set of input-output data was obtained by con-
sidering the pertinent mechanism’s geometry relations
and constraints. It is shown that GP can successfully
find almost simple and easy to use mathematical rela-
tions of design variables needed to synthesize the
mechanism for desired values of both stroke and time-
ratio simultaneously. In fact, the proposed mathemati-
cal forms presented in this paper, provide the capability
to synthesize the length of mechanism’s links for any
desired value of stroke and time-ratio with optimum
transmission angle. Further considerations are sug-
gested to conduct as future works:

- In the case of this study, the dynamic considera-
tions have not been taken into account. However,
the future works may consider several dynamic
performance criteria such as maximum values of
the ground bearing forces during one input crank
revolution, maximum required value of driving
torque, maximum shaking force/moment, etc.

- The present study addressed the problem of
dimensional synthesis of planar linkages in a
deterministic environment, that is, the dimen-
sional tolerance and joint clearance were not con-
sidered. However, in real world applications, the
dimensional tolerance and joint clearance are
investable in the stages of manufacturing and
assembling. Certainly, any experimental attempt
is required to hire some robust design approaches
and uncertainty analysis which can be done as
future research.

- Further possible future research avenues are to
introduce advances from the GP literature to fur-
ther improve the generalization ability and also
to investigate the capability of the other methods

of artificial intelligence in metamodeling of
mechanism synthesis applications.
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