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A novel objective function for path generation synthesis of the four-bar mechanism
with prescribed timing
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ABSTRACT: Dimensional synthesis of the four-bar mechanisms, as the simplest and most widely used =~ Review History:

linkage, is always one of the main issues raised in the field of mechanism design. In the past, geometric = Received: Nov. 08, 2023

and graphical analysis methods were used to design these mechanisms, but with the advancement of  Revised: Jan. 20, 2024
technology in recent decades, numerical optimization methods and meta-heuristic algorithms have been ~ Accepted: Feb. 19, 2024
utilized more. Moreover, it is possible to solve problems more precisely and consider a higher number ~ Available Online: Mar. 10, 2024
of precision points. The path generation synthesis problem of this mechanism has been solved using
different algorithms and in different design modes, including with and without prescribed timing. The
synthesis problem with prescribed timing is more difficult and has a higher path generation error. In
this research, to solve the path generation synthesis problem of the four-bar mechanism with prescribed
timing, a novel objective function is utilized. The proposed function includes two terms, path error
and angle error. This new objective function leads to a lower error for path generation with prescribed
timing. Four different designs are considered and their results, where extracted by the PSO algorithm,
are compared. The results of solving this problem for three numerical examples show that the design in  rithm.
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the proposed way, has fewer path generation errors.

1- Introduction

Mechanisms, as basic industrial elements with the ability
to accurately control movements and transfer forces, help to
improve quality, and efficiency, reduce costs, and increase the
safety of industrial production. In this regard, the accurate
and optimal design of mechanisms is considered essential
in modern industry. Designing mechanisms for different
applications and producing different movements are always
difficult but important issues. In the design of mechanisms,
only for a certain and limited number of accuracy points,
the mechanism can be designed in such a way that it passes
through all those accuracy positions accurately (without error)
[1,2]. For problems with a higher number of accuracy points,
methods such as the least squares method or optimization
methods should be used [3, 4]. Four-bar mechanisms
are a group of simple mechanisms and in the division of
mechanisms based on the working space, these mechanisms
are considered part of the plane mechanisms. The main goal
of this paper is the optimal design of a four-bar mechanism
based on the route generation problem and by providing a new
objective function. To reach the desired objective function,
four different design modes are considered and their results,
which were extracted using the particle swarm optimization
algorithm, are compared.

*Corresponding author’s email: varedi@shahroodut.ac.ir

2- Methodology

Fig. 1 shows the general and detailed schematic of the
angles and links of the four-bar mechanism, where the
ground member is link number 1, the intermediate member
is link number 3, and the input and output members are links
number 2 and 4, respectively. According to the figure, r, is the
length of the fixed member (ground), r, is the length of the
input member, r, is the length of the output member, and if the
intermediate member is triangular, r,, r,, and r, are the lengths
of the three sides of the intermediate member. Obviously, if
the angular position of all members is determined, then the
location of all points on the links, including the location of
point P, can be obtained.

As depicted in Fig.1, the design variables for a prescribed
timing synthesis problem of the four-bar mechanism are as
follows:

X:[lplzals:lwls)mlsyax()ayo,Hl] (1)

Moreover, for the synthesis of the path generation of a
four-bar mechanism in general mode, the objective function
of the optimization problem, which is the error between the
path generated by the mechanism and the desired (desired)
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path, is defined as follows:
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Note that for a design problem without prescribed timing,
the unknown values of the input link must be added to the
design variables.

In the synthesis of the path production of a four-bar
mechanism, different cases can be considered. In this article,
the four design cases are defined as follows:

» Without prescribed timing:

In this case, no specific timing is determined for the
mechanism to pass through the desired points, so the
mechanism is free to pass over the desired points at a time
interval.

 With prescribed timing:

In this case, although the main goal is still to design a
four-bar mechanism based on the minimum path error, the
timing of passing through the desired points is also important
and its values are given by the problem.

» With prescribed timing ( is a design variable):

This mode is similar to the previous mode and the only
difference is that is part of the design variables in this mode.
Here, the time difference in passing through different points
is important.

 Design based on two objective functions:

In this case, a prescribed timing design is considered by
defining an acceptable range for the angles of the input link
(corresponding to each accuracy point). Thus these angles
can have changes in this range, and their values with respect
to desired ones define the second error function. Therefore,
in this case, both the path error and the angle error must be
minimized. Finally, the two objective functions are added
together and the overall objective function for this state will
be as follows:
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Fig. 2. Designed mechanisms based on the proposed
objective function
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3- Results and Discussion

Fig. 2 shows the results based on the proposed objective
function (Eq. 4) for different problems.

Moreover, Fig.3 shows a comparison between different
design states in three numerical examples with 6, 10, and 20
precision points, respectively. The general results that can be
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Fig. 3. Comparison of the path error (F1) in different cases and examples

extracted from designs in different situations and examples
are:

* The path generation synthesis problem with a prescribed
timing (case 2) always has the highest error.

» Using the proposed function, the path error of the
problem with a certain timing can be reduced and is the
lowest among all cases.

4- Conclusion

The optimal path generation synthesis of the four-bar
mechanism for a prescribed timing was the main goal of
this research. Synthesis problems with definite timing
always have a higher path generation error than problems
without definite timing. In this research, by presenting a new
objective function, which includes both the path error and
the orientation (angle) error, it has been tried to improve the
design process. To prove the efficiency of this new function,
three numerical examples have been used with 6, 10, and 20
precision points, respectively. PSO algorithm is also used
for the optimization process. The design results in different
situations show that the new objective function has been
able to significantly reduce the path generation error for the
problem with prescribed timing.
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Fig. 1. A schematic view of the four-bar mechanism
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Fig. 3. The flowchart of the PSO algorithm
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Fig. 4. Design variables for the synthesis problem of the four-bar mechanism

X jeme b 99 sae by O (G =V.n) ol o oS
8 bla olaw @ do gl cplply bl o dlluse cdd abts N L bl
Gl Bl b eyl il bl deng Sk LN+l
5 e €85 blas 5l oas slyb p36lSe P alais youe b 0945 cyonnd
W oabl) gled ol o Ban a6 gl (b 5l cdls ) e
(F

oy = F\ ) 2905 ool

Phbyie O )ome sanplojl pislSe lb Vel Y ¥ Y
(23l
slabe ez piolse (2l lizen (ol Bua iz o s cnl 5
3 wollae b 5l joe angle) bl el yn gllas o oS bl
a9 Lo g 5l g g0 0303 dluse awgi ] polie ¢ cunl coenl gl
Oloj g g 4i8)S Jas 5> (639)5 Sl (sl 45 (1 gl sy
s sl uliie (639y5 gas laygly Sl b <8 LIS g
Cogarly O (1 =111 blg; Vgons s &g ¢l ] sl
Ol 3 S gl jgme 0ad (b 1l g S o0 (S (o330
2 2hb oo by wles joe Hblae cds dad jl o odly blg;
Al alin 55 Ban WU uomed Dy ol (V0) dayly loa clls o]
ey Ll '(Fobj :F\ ) 990 d“3)§ )J"" » (\\c) olee g J“ﬁ

Ghlss 45 casl ol e sinilo) s s b el ol sl 353

1€-Y

Bigd oo oy g Oy dlue ALk lapsiie & S5 4 g L

X =10, 0,0, 0,050, 90,6 (Va)

9 X F JSo slbe S Job Sl [, (4 =V.00) o p &S
& Cond o) g digly 35 O g amio > Ay Jeate Slate P
Al cslado)loa 23l SO e Mg jiw )3 bl oo (88 Heomo

Ol rwdg 4 bl oS s S b o shb gy alise oYl

A5 Anlgs asls

oo s3le; ok pislSe (Sl Vedls =) =Y Y
bli Sl pille joue (lp (patude angloj o <l ol
93 J) o Alols y bl SIjT 23315 cpl ol 25805 (s ogln
bl olas & el ganglej gy pislSe (b aSul aan gl .l
38 ¥ grome (nl & 09 00 oy (639)9 9a sl Jorore sl B
sl oyl «dlo el ) ol plis ] sty (glwdinge a013 (b o wb

Wgd e 48)S JIa5 )3 )y ©)gods gilwdingg dlue ()b

X =[1,0,, 1,1, L5 . %0, 9,0, 6,05 ,...,0) ] (V%)



Sagly 3 B> oo lipple; b Sk dlas (50 (pl 5> anily
ol g yai B ognd pl 0 ollas g ol wlezs &y dllue dtwles
g e st o o5 Cl Gl p)ler b > (SLb I Lol Sua
SV 5 ¥ Yy aly )5 03,5 )8 (Il S gpSal; glas
Fedlo 5 Lol sl YL puans sllas i 0397 s (6 ySgly (sllos
oS lalad yiie (gllad cons 031 Llg; ogas 13 &S glojl 4 an g L
gz disaS yumna slla 45 iyl s ogMe Fidlo 3 qoplpliy o salgs
Sl 8 jlaise dae Gus b Glyie 4 w2 |y oS el sles e
o cpl sl (IS Ban @l g K9 o0 gor wa L Ban @l g3 Coli

D91 Bl ) g

F,

oz;j:MlFI"'Mze (“)

F\ o s S a5 15V plp o sien Sj5 3o Mo s M,

Dgd e Uy i Oy 5 g odd 03ld VF dlal)

n

R 3, -0)

i=1

(v+)

Al o VF dles oy le 50 dlue  (Slyb (ol yuaie «dls pl )
B oo oo adlyy calizee (gode Jlo cpiin> &) & (sdn isw y
Ol e ey (b sl o sl calise eVl Sl eslatul @iyl
Sl da ya Cawl oy iwd ol By bl sl Jold b Jle

Foddrn 9 PO e Mg i dlee > L )38l cdy bl

RPYIRVAPES

soue JLo -¥

Slodw Lly) (938" cilizea SVl )3 p 3080 (g 5ludinge
P31 w)oSUl sl (iomen Canl 0 ploxil e jdle 5 5 pjilSe
elal wy9Sl 4 bgrye (loyial)l g bl Clie )3 (ungisS 5 )
VO« ply Cumon i ¢ idgh cpl (g34e (sla Jlo dod > (gl 0
it Ll 5 bS5 Ay olial (piomen ol o 485 a5 )
A ol Ve v e ply 58

wlad ials g dlue (bdgione Coge (6395 Sid (gl odds odld
Ylan! g 29 daled Joow dlue Jo & xe cpdy D9 0 b
&lg 50 .0 daled slool Vedbs a4y Cansd e (gllad (glyy g5V J0lis
L0, ol dgime $Sgd 291 (e Giple) g 4 Ve
Llgj ol Vel ) Lol ol assls (claggls o 48 15590 3151 g cuslis 3429

hbytel] ) cume satiglej b pislse (Sl ¥l Y Y ¥

(s,
a8 Canl cpl 35l 2535 45T Sgly L g Cunl Vs ailiie s ]

ooy slow el > gdly y3 sl (Sl (glapiio e Yedls ;6]
i S (_5‘)’ $39)9 4;9‘) RS ):.)l.o.o sbo ‘)i.g..) L;’)L& L .l
lwg alisee €8> blis | joue 13 (635y5 guie dyoly OS] (o5 8
Oygas (b ool )l cdls plpd cpl il g o 031 dlus & jgo

g iy dal

X:[11912913914715x715y7x07y0’917021] (\V)

Sgear ) €83 bl 1 jsee 13 (6399 gl ollae Ol s Al )51
w0 5l ool LO, sl olST cny AG, (i =1,...,n —1)

Aolge Candy 15 Oy g

02(i+1) 2021 +A0j5 i=1’2,...,l’l—1 (\A)

SV (gl old By daily lod Ban @b dal, 15 Yl 5
'(Fobj =F\)C‘““"6L?§

RV
ol 03 (o (lulo; b (Sl a4 bayye o5 ¢ 8 <l 9oy
WAoo O (350 Oygar Allus sl olalp (939)9 gas by
2 Lol cal 0350 Jod 350 Llos cpl o (SMB zp &S Sxe p

Olyss ghyls wle5 oo 03b cpl 33 Llaj cpl g g o d8)S a5 )3 (cds

V€8



VEYY B ATRAY doxio VFY Jlo VY 05l DO 095 ¢S ool SilSn i 4y pii

[¥+ ] Jo! s wrglhae s bl ) Jgua

Table 1. Precision points for the first problem [20]
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Table 2. Range of changes in design variables for the first problem [20]
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Table 3. Desired angles of the input link for design in Case2 of the first problem
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Fig. 5. The designed mechanism in Casel for the problem with 6 precision points
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Fig. 6. The designed mechanism in Case2 for the problem with 6 precision points
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Fig. 7. The designed mechanism in Case3 for the problem with 6 precision points
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Table 4. Range of changes in angles of the input link for design in Case4 of the first problem
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Fig. 8. The designed mechanism in Case4 for the problem with 6 precision points
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Table S. Optimal design variables and the error value for the first problem
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Table 6. Precision points for the second problem [20]
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Table 7. Range of changes in design variables for the second problem [20]
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Fig. 9. The designed mechanism in Casel for the problem with 10 precision points
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Table 8. Desired angles of the input link for design in Case2 of the second problem
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Table 9. Range of changes in angles of the input link for design in Case4 of the second problem
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Fig. 11. The designed mechanism in Case3 for the problem with 10 precision points
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Fig. 10. The designed mechanism in Case2 for the problem with 10 precision points
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Table 9. Range of changes in angles of the input link for design in Case4 of the second problem
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Fig. 12. The designed mechanism in Case4 for the problem with 10 precision points
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Table 10. Optimal design variables and the error value for the second problem
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Table 11. Precision points for the third problem [20]

P Py Ps P Ps Ps Py P;3 P; P
AR AR EIARANY N4l YV/F-VY fYIfYN 2 OAIY-FA YY/A# AYIYY AP AFINOAY aY/VEYYy Xdes
VEZYY  AVYYEY  VAYIYADZ  YAAXY-Y  VAY/0FYL  VAF/-AYY RAPAvd YAAEYY  YAAIYEYZ  YAFIYADA Ydes
Py Py P P Pis Pis Py Pis P P
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VY2IPY -4 \2R/OPYZ  AZY/ATYY  YOONYY  YOY/FYY.  YFA/FAA0 YFA/YYPA AFANONY 1 F9/03061 VO -/34YY Ydes
(Vo] pgw dlumo (alb (b pikie Lol putd 0394500 Y Jgu>
Table 12. Range of changes in design variables for the third problem [20]
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Fig. 13. The designed mechanism in Casel for the problem with 20 precision points
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Table 13. Desired angles of the input link for design in Case2 of the third problem
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Fig. 14. The designed mechanism in Case2 for the problem with 20 precision points
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Fig. 15. The designed mechanism in Case3 for the problem with 20 precision points
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Table 14. Range of changes in angles of the input link for design in Case4 of the third problem
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Fig. 16. The designed mechanism in Case4 for the problem with 20 precision points
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Table 15. Optimal design variables and the error value for the third problem
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Fig. 17. Comparison of the path error ( F,) value in different cases and examples
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