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Abstract

A powerful optimization method is proposed in tlsisidy for the minimal dimensional design
problem of gearbox. It is a general model thauisable to use for any series of gear drives system
and can extract both dimensional and layout of comepts-limited optimization design together.
The objective function in this study has many loegiremes so for avoiding this situation, various
constraints have been determined Then, Particlernswaptimization algorithm has been
implemented to speed up the convergence of opttraizand elitist particles searched in problem
space to find optimum value of goal function uatllof them converge to the similar set of values.
At the end, Results have been presented in thigatith diagrams to obtain optimal parameters
from useful diagrams. The results display thatgi@posed method in this study is better than other
reported in last works and it shows optimum volurhgearbox being related to a decrease of not
just space but costs, material used to make geaxdioponent, etc.
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1. Introduction

Weight/Volume optimization of gearbox has been matteactive for researchers. The volume is
depending ortonfiguration of the affected parameters suchastion of gears, number of gears,
and number of teeth and so on. To achieve thefdaesineter for gearbox many researchers used
different method for optimizatiorChong and Lee used genetic algorithm for desigm gams to
achieve the automate preliminary [1]. Gologlu amy\2li by using GA worked on optimization of
helical gear with parallel axis gearbox to approathimizing volume [2]. They optimized the
number of teeth, module and width of teeth for gead pinion. Panda et al. researched on weight
optimization for single-stage gearbox consists plirsgear [3].They used different evolution
algorithm to achieve optimum weight of spur gedrisesingle-stage. Results wetempared with
other modern algorithm and proved to achieve betisults than other heuristic meth@ablfaghari

et al. worked on volume optimization of straighvélegears by employing evolutionary algorithm
[4]. To achieve this purpose, they used two optimizatemhniques include Genetic Algorithm and
simulated annealing algorithm (SA). Miler et alilimeéd Genetic algorithm to optimize weight of
gear pair and studied on design spur gear withideresd profile shift [5]. Alexandru et al. studied
on the steering gearbox design and simulation vwatiable transmission ratio [6]. They focused on
importantobjectivesconsist of mathematical model theoretical bases, determined geometrical
parameters and simulated the ability of the gearfaxiose et al. studied on two-stage reducer
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consists of helical gear for automate process tfmym design by means of evolutionary algorithm
[7]. Li et al. presented how to use Genetic Aldortto solve the multi-objective gear reducer
design problems in optimization process [8]. Karigak presented optimization method for
obtaining the optimum helix angle of gears [9]. ¥hpresented the relation between the
transmission error and contact ratio. AbderazeM.eworked on spur gear and introduced a method
for achieving the optimal tooth profile for geaf®]. Yokota and Gen studied on weight design of
gears and used genetic algorithm to achieve aignlatethod for optimum weight [11Favsani et

al. utilized simulated annealing and particle swargoathms to achieve optimum weight of a gear
train in multi stage [12]Swantner and Campbell worked on optimized geandraiith a method
that automates the design of gear trains and densfis/arious type of gear such as bevel, worm,
simple and compound gears [13]. Marjanovic estldied on optimization of spur gear trains [14].
They studied on position of shaft axes in geantfar reducing the volum@&heir strategy to select
optimal parameters has three stages: optimal mbggear ratios and position of shaft axes. They
presentedgear trains with 22% reduction in volum€hong et al. proposed an optimization
algorithmwith four important stages [15]. In the first stage, tleerselects number of reduction
stages.Next, gear ratios are specified for each stage by ugiegrandom search. Third, basic
parameters for gear design are generated by usstgrtethodsAt the end, simulated annealing
algorithm specified shafts position and other degigrameters for minimizing the gearbox volume
is presented. Pomrehn and Papalambros worked oreisoptimum design model in gearbox that
used spur gear pairs [168]hompsoret al. studied on optimal volume design for spur gear cadn
units [17]. They presented optimal design formolativhich is applicable to two-stage and three
stages gearbox of arbitrary complexity. Mendi et edrried out an genetic algorithm for
optimization of rolling bearing, shaft diameter amddule [18]. They compared genetic algorithm
with analytic method and the results showed thatgénetic algorithm is better than the analytic
method to achieve optimal gear volume. Zarefar andthukrishnan used random-search
methodology for helical gear optimization [19]. @abnet al. worked on optimizatioof gearbox
design by using active robust considering requirgsef uncertain load [20]. Ciavarella and
Demelio worked on optimization of fatigue life adéays, specific sliding and stress concentration by
using numerical methods [2)Vang et al. studied asptimumdesignof tooth profile andspur gear
[22, 23] Golabiet al. worked ordesign optimization of single and multistage gearbased on
minimum volume\weight [24]They usedfmincon methodto perform optimization and consider
different values for gear ratio, input power anddinass of material to draw practical curves. They
presented the esign parameters with some graphs such as numbstagés, modules, shafts
diameter and face width of gears, but location edirg is considered to change in two directions
(height and length). The minimum weight for a gearbccurs if the location of gears is changed in
three directions as locating in height, length esdth directions.

In this paper the optimum volume/weight of a geartsinvestigated that the location of gears is
varied in 3-stage dimensional direction. In thisnpoof view, the presented gearbox has the
minimum weight/volume of possible gearbox. To optien the problem, particle swarm
optimization (PSO) algorithm is used. The algoritbptimized (minimize) the weight of gearbox
and presented the location of gears in gearboxpeumf teeth, module, width of teeth and helical
angel for each gears, etc. The optimum parameteigefar box are presented as practical graphs for
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use. At the end, an example is presented to shawtbouse the diagrams and obtain the best
parameter for each gearbox. The presented resalisadated by comparing with those reported in
previous papers.

Tablel.Nomenclatures

Nomenclatures

!

a Gap as technical clearance for gear andi_out Length of output shaft

stt:ell on aLI sides-dth M, Periodical bending moment definedhafs
d Insuranceaf(?n\;\:ant NS¢ Number of teeth in gear

d Shaft diameter NP Number of teeth in pinion

d, Operational pitch diameter of pinion | O Origin coordinate center

(mm) O, Center point of gear

d?’ diameter of gear Op Center point of pinion

dp Diameter of pinion R, Total reduction ratio of gearbox

m?® Module of gear (mm) R’ Radius of wheel

m Transverse module (mm) S, Fatigue strength of shaft

- Safety Factor-bendi
MP Module of pinion (mm) S Safety Factor-bending

N Number of shafts in gearbox S Safety factor for shaft design
O Center state origin coordinate 34

. - Safety factor—pitting
g Tangential distance between pinion and gear

r Radius of gears S, Yield strength of shaft

r' Radius of pinion T., Torque of shaft
S Number of gearbox stages
t Thickness of shell of gearbox

U Partial reduction ratio of any stages of gearbg x Y Life coefficient for bending stress

Y, Geometry coefficient for bending stress

(for example i =1, 2, 3) ZI Geometry coefficient for pitting resistance
c Center distance between gear pair Y, Temperature coefficient
F Tangential load (N)

) ZN Life coefficient for pitting resistance
H Height of gearbox

KH Load distribution coefficient ZR Surface condition coefficient for pitting resisten

) ) o Zy Hardness ratio coefficient for pitting resistanc
Kg Rim thickness coefficient y
GI Position angle (degree)

Kg Size coefficient )
O Helix angle

K, Dynamic coefficient o s
wp Permissible contact stress (N/Aim

L Length of gearbox o )
O, Permissible bending stress (N/Am

2. Problem Definition

Working on gearbox design and optimization has baere attractive for researchers. In gearbox,
the position of shafts is located in parallel plamet the location of gears in gearbox can affeet t
minimum volume of gearbox effectively. The gearbvaume is the outcome of multiplying length
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(L), width (W) and height (H) of gearbox. In this paper, tbeakion of gears can be changed al
the three directions in gearbox anc After implementing the optimization algorithm the minimi
possible volume for gearbox is identifie

It should be consideretidt the volume of gearbox depends on the layothiefhears so a suitat
layout provides compact gearb Figure 1shows optimum layout of gears in geatr.

Pinion

Figurel. Optimum layout of gears

2.1 Mathematical ModdWinimum Volum

To find the optimumvolume of gearbox, the fitness function and comssravhich consist ¢
geometrical, design and control parameter conssraiust be specified. The parameters tha
relative to the gear pairs and shafts are namedrdeariables The volume of materl of gearbox
is considered as fitness function for optimizatagorithm. This volume of materials is formula
in Equation (1which is sum of the volume of sh, shafts and gears

i = + + !
Volume of materials Mhatt T Mgear " Mshell Y

And the considering volumes are presentel

Mgy = W.Lh) = [(w = 20).(1 - 20).(h - 20)] (2)
n.df n.dﬁ n-1 n.diz
mshaft:Tx(W+Lin)+ 4 ><(W-l-Lout)-i- 2 4 xw) (3)
i=2
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B 237I.Di2 n:1n.di2 TC.DiZ n.d%
Mgear= 2 *Bj = 3 — =X (05 +05; 4) =— =By == Txbyg )
Also the centedistancebetween gear pairs is presented as:
C=(ryi* 1y) ()

2.2 Calculating the Width of the Gearbox (W)
According to Figure 1, the width giearboxis calculated by using Equation (6):

first gear + endgear

2 2
Where “Z” is the distance between the center st find end gear in the z-direction as shown in
Figure 1.

W =

+2a +2t+Z (6)

2.3 Calculate Height of Gearbox “H”
The height of gearbox as shown in Figure 1 canbbaimed as:

H =diff,, +2a'+2 (7)
Where, diffy is the difference between the top point of the g@ad the lowest point of the gears in
gearbox as:

diff, =max@®,) —min(R,) (8)
And R, for all gears is obtained from:

BL(2)=Y (s +1p,)CONE) +a, (C, (20))=
o= )
D (raa+12,)Co8) + (ry, +1,)CosB) £(C, (2))  (1=12....9

i=2

P2 -1= (1, +1,,)C08B) +8 £(C, @ ~D)= (1, s +1,,)Cos(8)

+(ry +1, )COK8) £(C, (2 - 1)) (i=12....9

(10)

In Equations 9 and 10, the termy"@s the edge of each gear in “x” direction accogdio Figure 2.
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es(CL)

Figure2.Display gear pair to show edge-points

2.4 CalculateLength of Gearbos”
The length of gearbox is obtained:

L =diff, +2a +2t (11)
Where, "diff_ " is the difference between the first point of fiist gear and end point of the end
gear along the “y” direction and is presented as:

diff =max(R)-min(R) (12)
And, R for all gears in gearbox is obtained from:

2 =(ry_, +1,)sin@) (i=12...9 (13)
R(2)=3. (s +122)SIN8) +2,£(C, (2) =

. =2 (14)
> (ras+12,)SIN(6) + (1, +1,)SiN(6) £(C, (20) (1=12.....9)
R (2 -D= (s 0 +1,,)Sin(6)+2 (C, (2 -1) =

= (15)

S

D (rams +14.5)SINB) + (14, +1,)SIN(B) £(C, (2 -D) (i =12....,9)

i=2

Where in Equations 14 and 15, "CI" is the edgeachegear in “y” direction as shown in Figure 2.

3. Mathematical Model - Constraints

The results of optimization process propose a lotpassible solutions; therefore, different
constrains must be defined in order to investigatd determine the feasible design variables to
attain the optimum weight/volume of the gearboxtfiis end, these constrains should be converted
to the mathematical model, so these constrains élldivided into three pivotal categories
including geometrical constraint, design constemd control parameter constrain.
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3.1 Geometrical Constraints
A geometrical constraint is defined to avoid threain types oiclashes. At first, the geometric
constraint should control the area that there espibssibility of the clash between the gear anc
next shaft in each stage as shown in Fi¢ 3 and 4The minimum possible distance for all of
gears in each stage in separate planes can bennas

r,CoY6)<T,,,CogB)+1,,, +a (16)

Where, minimal possibldistance is showed "a™.

H
Figure3. Possible interfagelash) between gear and shaft in the separate (88Bneptimizatior)

Figure4. Possible interfagelash) between gear and shaft in the separate (88Bneptimizatior)
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The second geometrical constraint is presented to eehlee best choice to position each gee
two types of layout in all stag: initial arrangement for placing the gear in the sgoanes(2D
optimization) that is showed in Figt 5 and the optimized lation of gears in separated plai(3D
optimization) that is presented in Fig 7. In other wordsthe second geometrical constraint
been proposed to ensure that there is no clashtenface in initial and optimized model amc
non-paired elementsahown in Euation (17) and (18) respectively.

pod?
Cr >£+ it (17)
) 2 2

Where,"1"and" J" are paired gec
Favs 1y COKO) < 1y,, COLO) +15,, +C (18)

H
Figure5.Possible interfac(clash) betweenon-pairedn the same plane Roptimizatior)

Part a) Figure @&xpressed the state that theuation (17) is satisfying anifl Equation (17) is not

satisfying the position of geawith initial optimization was changed. It ghowed in part b) in
Figure 6.
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H

-}
= |

&

= O

b

IL 1L
L] u

Figure6. State ajatisfygeometry constrain betwe@on-pairedn the same plane and b) Comn
arranged gear position in gearbox in the same plane

H

Figure7.Possible interfac(clash) betweenon-pairedn the separate plai(3D optimization)

3.2 Design Constraints
The design constraints for gearbox have been divid® three parts including bending stren

and pitting resistance for each gear in all ofdteges of gearbox by the strength of shafts tha
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been presented in maximum shear stress theoryofAthe design constrains are indicated in
Equations (19) to (21) [25].

Table2.DesignConstraints

1 3
2 202
Diameter constrain d> M, + T_m ﬁ (19)
S, S, m
Kg.K Yy O
aBending < aAIIowabIe(Bending) KV ":t'KS'Ko'YBrn|l-|3 < Y NY . S';P (20)
Jo it 26
2
aComaot s aAIIowabIe(Contact) [KV EKSKO&&] 'ZE < M (21)
Z, 'bd,, Y,Y,.S,

3.3 Control Parameter Constraints
Control parameter constraints are final constrathgeh have been indicated in Equations (22) to
(27) in Table 3. For each pinion the minimum numfetooth is equal by [26]:

Table3. Control Parameter Constraints

g a2 g
Minimum teeth NE _ NP NP NP (22)
(2[’\”,] +1j Sirf (@)
. . _ps1 M 2i-1
Ratio check point R=MN;— (23)
M 2i
reduction the ratio of p
gearbox N"<N® @4)
Gear face width 37zm < F< 5zm (25)
Modulus constant
number 1< m°< 50 (26)
Constrain for modulus of _
each pair m?=m° ")

The speed ratio is one of the main check pointactueve the speed ratio of geartddx.', the
speed ratio of each stage should be multiplied iagoresented in Equation (23), shown Table 3

4. Methods of Solution

4.1 Particle Swarm Optimization (PSO algorithm)

The PSO algorithm was introduced by Eberhart andnkg [27]. Kulkarni et al. worked on

application of PSO method to mechanical engined8f PSO method is the pivotal entry into a

computation technique that used meta-heuristic rdao® to stochastic optimization that used
26
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behavior of population. PSO studied on the socélawior of a bird or fish group and it used
random search in nature. In PSO, each bird wandelr® problem space, called Particle. They are
potential solutions and assumed position of pagicVelocity and final fithess function. For initia
steps all of particles have random position and xefocity. Each particle being random searched
to find piece of food in problem space and theyehsame question that where the target or food is
but in iteration the particles just know how fae tfargets or foods are in space. One of the pasticl
that is nearest to the target or food, is effectovéollow. So Bestand Gestare the best values for
govern to optimum target each particles updatingegsions. that achieved by particle position
update in every iteration. Each particle findsdga value byvaluatingand it is also collected. The
best previous position, indeed the best fithesgeval each iteration is calleg& that all particles
save and remember. The historical best value shiltel highest value or maximum food source or
value of fitness function obtained so far by eacpaXicle in whole swarm is namegds Two best
values (Bestand Ges) are used foupdating velocityand positions vectors for any of the N particles i
population. Particle velocity is obtained from thay that each N particles move all over in
problem space. That is consisting of three termghe first, the decrypted inertia or momentum
prohibits the particle to extremely changing di@tt The second, called the self (individual)
intelligence that is tendency of particles towdrdit own best locations in each partislenemory.

At the end, named the social (group) intelligenod denotes the particle steers to move towards
the general (global) best situation (location) loé twhole population. Velocity and position of
particle j in thel' iteration are obtained and updated from Equat{@g¥and (29) respectively [29].

Vi(j):Vi(j_1)+ylxR1x[Pb _Xj(i_l)]+y2xR2x[Gbest_Xj(i_l)] j=12,...,N

est, j

(28)
X=X +v, 0 j=12,...,N (29)
Where individual and social intelligence factor avalledy,andy,, respectively and usually

Y, =Y, =2 and R and R, are random numbers that are chosen in the ragel . Calculate the
fitness function values (target) correspondinghe particles as(X”), f(X{"),... f(X{). PSO
method is converged when the locations of wholdiges (birds) converge to the same set of
values. If the convergence current solution issatisfied, position and velocity would be repeated
by updating the number of iteration as i=i+1, awydchlculating the new values of8;and Ges:
29].

[I'he] basic flowchart of operation the PSO method iemlementation of the optimization process
for achieving a global optimum is illustrated irgkie 8.
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YES

Input Constant Gearbox ratio,
Power,...& Number of particles {N}

Poest = Poest)i & Gpest= Ghest)i

Vinitia=0,J=0

If OF(Pbest)\

Poest = Presth 1 &
> OF{Pyesthi1

Gbest= Ghest)i-l

initial random position Beta,(teta),..

}

Evaluate length, height & width &
volume of gearbox

Save objective function value (OF) l
Evaluate constraint considred g(x),h(x)
- (g(x)  glx) > O}
T Considered gi(x)-{ 0 g(x) «0 )’

Evaluate objective function value g(x) = unequal constraint,

h(x) = equal constraint
f v

Save Positions

Evaluate penalty constraint function r; &

, i

Evaluate penalty constraint function r; &
Ri

T

Evaluate constraint considred g{x),h{x)

Evaluate objective function value

F NO

Evaluate length, height & width &
volume of gearbox

T

Evaluate Beta

. Determine value of Pyag & Gpest
=i+l

i

Update Velocity & position

Input
iteration

Check PSO
Convergence

YES

Save Py &

Ghest

Figure8. Implementation of PSO flowchart
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5. Results and Example

In order to obtain the optimum results and presieam, it should be considered that the value of
optimized fitness function needs to satisfy thest@ints in Equations (16) to (27). The parameters
of optimum design gearbox in multistage gearboxlmobtained from the graphs such as modules,
shaft diameter, and the number of stages and fad#h wf gears. To this end, and to obtain the
optimum results, a lot of problems have been solw&dg Particle Swarm Optimization which is
one of the powerful optimization methods. Usefudglams are extracted from the results of the
program calculations. Table 4 showed the candidatmput design gearbox parameter values such
as hardness, gearbox ratio and power. In orderseothe results of optimization process, the
required design parameters are converted to apf@icairves, using the flowchart in Figure 8. The
ratio of gearbox conversion specifies the numbergefrbox stages extracted from Figure 9.
According to this figure the mass of materials bagen plotted based on the ratio conversion of
gearbox.

Table4. Elected Specific input data

Input parameters Transmission power (hp) Hardneswterial (BHN) Gearbox ratio
Elected Specific values 2 > 10 20: 30, 50, 80, 200, 300, 400 15,2,3,5,8,10, 15,
P 100, 150, 200 20, 40, 50

The flowchart shown in Figure 8 has expressedtéesdor using the graphs. Firstly, the number of
stages is extracted considering the transmissiomep@nd total ratio of gearbox conversion as
shown in Figure 9, in which the volume of gearbas lbeen plotted considering the range of
transmission power. Hence, the lowest volume oftgeadetermines the optimal number of stages.
Secondly, the ratio of trivial conversions in eathge will be obtained from Figure 10. The overall
ratio of gearbox conversion is generated by mufingl the speed ratio of trivial conversions in
each stage (partial ratios). Hence, Figures 116tsHow the optimum of design parameters in 3-
stage of gearbox based on Table 4. As it was needi@bove, in order to explain how to use the
curves, an example of selecting the design paramefegearbox has been presented in order to
reach optimum weight based on the curves presémtinis paper. In order to compare the acquired
results of this study with that of Golabi et aletimputs are the same as it is indicated in Table 5
[24].

Table5. input data for applicable example consiitamavith Golabiet al.[24]

Input parameterExample  Transmission power (hp) Hardness of material (BHN) eai®ox ratio

Example input data 150 400 15

As it was mentioned above, the number of stagegeafbox as optimal state is extracted from
Figure 9. Considering the transmission power atal tatio of gearbox, Figure 9 has been chaesen
the optimalfor 3-stage gearbox. Then, the optimal of the aficonversion ratio has been used from
Figure 10, considering the transmission power atal tatio. Finally, Figures 11 to 16 respectively
have been used to achieve optimal design parameters
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6. Results Validation

Resultsobtainedfrom this paper are compared with Golabi et akdofirm the results [24]. Golabi

et al. worked on optimization weight/volume in dangnd multistage gearbox, so for illustrating the
results, the different input parameters for geardi@<considered [24]. The range of input dataes th
same as Golabi et al. that is presented in Talpt}§h Particle swarm optimization algorithm has
been implemented by using specific parametershiergearbox. Then, and finds optimum values
for all components of the gearbox and all optimusugs are presented as useful diagrams. As it
was mentioned above, in order to explain how tothsecurves, an example of selecting the design
parameters of gearbox has been presented in ard#tain optimum weight based on the curves
presented in this paper. In order to compare theiesd results of this study with that of Golabi et
al. the inputs are the same as it is indicatedahld 5 [24]. Finally, Figures 9 to 16 respectively
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have been used to achieve optimal design paraneatdrat the end, result of this paper shows that
they get to optimum volume about 15% less thanmelwbtained from Golabi and et al. that is
illustrated in Table 6 [24].

Table6. Comparison between results obtained frasnpidper and previous publication by Golabi ef21]
Total Ratio=15, Power=150 hp, hardness of matet20-BHN

Description Ref [24] Presented Research
ul First Stage 2.6 2.7
u2 Second Stage 2.6 2.6
u3 Third stage 2.2 2.2
First Stage 5 6
Module Second Stage 8 9
Third stage 10 8
First Stage 51 77
Face Width (mm) Second Stage 82 81
Third stage 170 112
First Stage 35 33
Shaft Diameter (mm) Second Stage 43 41
Third stage 125,72 87, 68
First Stage - 130
Gear Position Angle Second Stage - 240
Third stage - 210
Volume (mm~3) 2.6 e7 2.2 e7
Difference -15 %

7. Conclusion

In this paper, particle swarm optimization methad employed for dimensions and layout
optimization process of 3-stage of gearbox to ebtainimum weight/volume design. To achieve
the optimal weight/volume of gearbox, it is mathéoely formulated as fitness function and
defined design constrains as conditions that mesabtisfied. For avoiding local extremes that are
reported as possibilities solution in optimizatiprocess, three pivotal types of constrains which
include geometrical constrain, including design stcain and control parameter constrain are
defined. Optimization process implemented thregestgearbox by selecting different input data
include gear ratio, power and hardness of matetilitarian diagrams areobtained from
optimization's results for achieving the minimaligé#/volume of gearbox. Value of optimum
weight/volume, all the necessary design parameteigearbox and layout of gears are obtained
from the utilitarian diagrams such as position angdce width of gears, number of stage, shaft
diameter and module. Verification of model is présd by comparing other reports in the previous
published worksat the end, an example was elaborated to display Hiwewitilitarian diagrams.
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