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Abstract: This paper presents a software for multi-criteria optimization of external cylindrical gears. The
outputs of the software are different solutions ordered depending on their approach to the imposed criteria.
The optimization method is based on taking decision in condition of certainty and allows the selection of an
optimal solution from a k number of possible solutions considering quantity and quality criteria of
optimization.

1. INTRODUCTION
The durability and safe functioning of an external cylindrical gear that is part of a
mechanical transmission are influenced by a great number of factors. Designing a gear
that is able to transmit an imposed torque at an imposed rotation speed – in certain
functioning and size conditions – is an undetermined problem which can be, in fact,
described by the dimensioning equations and is satisfied by a large number of solutions.
During design, using some correlations and intervals of the variables – based on designing
experience or theoretical research – makes the solutions number decrease, but it still
remains big enough. As a result, an optimal solution cannot be obtained without imposing
certain optimizing criteria depending on constructive, technological and functional
particularities of the gearing and using dedicated software.
This paper presents software for multi-criteria optimization of external cylindrical
gears; the outputs are several solutions ordered depending on their approach to the
imposed criteria.
2. THEORETICAL BASES
For choosing the optimal solution for an external cylindrical gearing, a method that
is based on taking decisions in certainty states is used. This method allows choosing the
optimal solution from k possible solutions, taking account of all the influencing quantitative
and qualitative criteria. The decision is based on favorable and unfavorable spaces of the
different solutions.
The optimizing criteria have been chosen by authors and the marks Ni, for each
criterion and each solution i from the k possible solutions ( i ∈ [1... k ] ), have been
established following the next rules [3]:
• The range of the marks must be the same for each criterion (from 0 to 10);
• The marks must be as higher as the solution is closer to optimum.
The objective function is determined with relation
m

N i = ∑ a j N ji ,

(1)

j =1

where aj represents the j criterion importance coefficient; m – the total number of criteria;
Nji – the mark for the j criterion of the i solution. The aj criterion importance coefficient has
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to be as big as the importance of the criterion. Establishing the reference order for the k
solutions is done by descendent ordering the objective function (1).
The main imposed restrictions for external cylindrical gearings are [6, 9, 10]:
– Avoiding the teeth profile interference;
– Achieving a minimum transverse contact ratio of εαmin=1.3;
– Avoiding the sharpening of the gearing wheels teeth sa1 ≥ samin and sa2 ≥ samin;
– Choosing the minimal normal module according to the applied treatment. (mnmin
≥1.5 mm, for improvement treatment, respectively mnmin ≥ 2.0 mm, for carburation, nitrating
and superficial hardening).
– The superficial stresses for the two main stress types should not be bigger then
the corresponding permissible stresses, σ H ≤ σ HP ; σ F 1 ≤ σ FP1, respectively σ F 2 ≤ σ FP 2 .
The imposed optimizing criteria and their mathematical models have been
presented in [3] and Table 1 is presenting their synthesis.
Table 1
Mathematical model of the optimizing criteria
Optimizing criteria
Mathematical model
Technological, constructive and functional criteria
V − Vi
Volume of material of the
NCV i = 10 max
; 0 ≤ NCV i ≤ 10
wheels criterion CV
Vmax − Vmin
Vmax = max(Vi , i = 1...k ); Vmin = min(Vi , i = 1...k )
u2 + 1
V = πawi2 bi i
(ui + 1)2
Gear
centre
criterion Caw

distance

NCawi = 10

aw max − awi
aw max − aw min

; 0 ≤ NCawi ≤ 10

aw max = max(awi , i = 1...k ); aw min = min(awi , i = 1...k )
Gear width criterion Cb

NC bi = 10
bmax

Technological
criterion Cprt

accuracy

; 0 ≤ NC bi ≤ 10
b2 max − b2 min
= max( bi , i = 1...k ); bmin = min(bi , i = 1...k )

NCprti = 10
Trpr max

Gear efficiency criterion Cη

b 2 max − b2 i

Trpri i − Trpr min

; 0 ≤ NCprti ≤ 10
Trprmax − Trprmin
= max(Trpr i , i = 1...k ); Trpr min = min(Trpr i , i = 1...k )

ηi − ηmin
; 0 ≤ NC ηi ≤ 10,
ηmax − ηmin
ηmax = max( ηi , i = 1...k ); ηmin = min(ηi , i = 1...k ) , where [8]:
2
2
cos 2 β υali
1 + υali 2
ηi = 1 − μ
2 cos α n υali 1 + υali 2
u +1
⋅
υali 1 = i
ui

NCηi = 10

⎡
⋅⎢
⎢
⎣

2
⎤
*
⎛ z1i cos β + 2(han
+ xn1i − k i ) ⎞
2
⎜⎜
⎟⎟ − cos α n − sin α n ⎥
*
⎥
β
+
+
cos
z
2
(
h
x
)
an
n1i
1i
⎝
⎠
⎦
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Table 1 (continues)

υali 2 = (ui + 1) ⋅
⎡
⎢
⎢
⎣

2
⎤
*
⎛ z2i cos β + 2(han
+ xn 2i − k i ) ⎞
⎜⎜
⎟⎟ − cos 2 α n − sin α n ⎥
*
⎥
⎝ z2 i cos β + 2(han + x n 2 i ) ⎠
⎦

⎛ z + z2 i
k i = (xn1i + xn 2i ) − ⎜⎜ 1i
⎝ 2 cos β

Gear
ratio
criterion CΔu

⎞
⎞⎛ cos α ti
− 1⎟⎟ [2]
⎟⎟⎜⎜
⎠⎝ cos αwti
⎠

Geometric and kinematics criteria
precision
Δumax − Δu i
NCΔui = 10
; 0 ≤ NCΔui ≤ 10
Δumax − Δumin

Δumax = max( Δui , i = 1...k ); Δumin = min(Δu i , i = 1...k )
Δui =

Frontal
contact
criterion Cεα

ratio

ui − udat
udat
ε αi − ε α min
; 0 ≤ NC ε α i ≤ 10,
ε α max − ε α min

NC ε α i = 10

ε α max = max( ε αi , i = 1...k ); ε α min = min(ε αi , i = 1...k )
Specific addendum sliding
criterion Cξ

NCΔξ i = 10

Δξ max − Δξ i
; 0 ≤ NCΔξ i ≤ 10
Δξ max − Δξ min

Δξmax = max( Δξ i , i = 1...k ); Δξmin = min(Δξ i , i = 1...k )
Δξ i = ξ Ei − ξ Ai , where:

⎡
⎢
ui + 1 ⎢
ξE =
⎢1 −
ui ⎢
⎢
⎢⎣

cos α ti tgαwti
*
⎛ z1i cos β + 2(han
+ xn1i − k i ) ⎞
⎜⎜
⎟⎟
*
⎝ z1i cos β + 2(han + xn1i ) ⎠

⎡
⎢
⎢
ξ A = (ui + 1)⎢1 −
⎢
⎢
⎣⎢

2

⎤
⎥
⎥
⎥
⎥
− cos 2 α ti ⎥
⎥⎦

cos α ti tgαwti
*
⎛ z2 i cos β + 2(han
+ xn 2i − k i ) ⎞
⎜⎜
⎟⎟
*
⎝ z2 i cos β + 2(han + xn 2i ) ⎠

2

⎤
⎥
⎥
⎥
⎥
− cos 2 α ti ⎥
⎦⎥

Strength criteria

Loading to the limit of
contact stress criterion Cσ

NC σH i = 10

Δσ H max − Δσ H i
Δσ H max − Δσ H min

; 0 ≤ NC σH i ≤ 10

ΔσH max = max( ΔσHi , i = 1...k ); ΔσH min = min(ΔσHi , i = 1...k )
ΔσH i = σHPi − σHi
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Table 1 (continues)
Bending stress approach
between pinion and wheel
criterion CΔσF

NCΔσFi = 10

Δσ F max − Δσ F i
Δσ F max − Δσ F min

; 0 ≤ NCΔσFi ≤ 10

ΔσF max = max( ΔσFi , i = 1...k ); ΔσF min = min(ΔσFi , i = 1...k )
ΔσFi =

YF 1iYS1i YF 2 iYS 2i
−
b1i σFP1i b2 i σFP 2i

3. SOFTWARE

Gear dimensioning or verification calculus usually takes a large amount of work.
Following calculus methodology, imposing optimization criteria and the complex and large
calculus amount recommends development of dedicated software for gear calculus. All
these and also the purpose of obtaining optimal solutions of external cylindrical gears for
any specific conditions have been the base for developing the software presented in this
paper.
The software is using the mathematical models of the optimization criteria
presented in [3] and also the design methodology, notes and recommendations presented
in [6, 10]. For a friendly user interface, the software is using the advantages of the existing
Windows objects.
The main menu of the software is presented in fig. 1.
In order to show the stages
of running the software, this paper is
presenting, using the screen
images, the steps followed for a
concrete optimal calculus of an
external cylindrical gear.
The Input data are introduced
in the following steps:
Type
of
• Screen
(fig.
2)
allows
Transmission
Fig. 1. Main menu
choosing the destination of the gear,
with direct effect on the range of the gear precision and also on the standardized or nonstandardized values of the centre distance.
• Screen Technical Data (fig. 3) allows the input of the necessary design data for
strength and geometric dimensioning of cylindrical external gears, used for establishing of
the parameters of the possible solutions. For certain input data, like transmitted load or
imposed durability, there is the possibility to choose between specific known inputs like
torque or power, respectively running time or number of running cycles. The application
factor is determined by accessing the Choose application factor button, which opens the
screen Application factor (fig. 4). By choosing the type of the driving machine and the
character of load, the value of the application factor is automatically taken from the
recommended values.
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The variables of the multi-criteria
optimization algorithm are: pinion number
of teeth, gear helix angle, gear width
coefficient,
normal
addendum
modification coefficient at pinion. For
each of them, the Technical Data screen
gives the possibility to set the range
(minimum and maximum value) and
iteration step.
• Screen Wheels Construction
Fig. 2. Type of transmission
Data (fig. 5) allows introduction of the
constructive features, separate for pinion and wheel, and also the length of the shafts
sustaining the pinion and the wheel (considering the same length). These data have
influence on the reduced mass of pinion and wheel and also on the critical input rotation of
the gear, which determine the Kυ dynamic factor. The length of the shafts is necessary for
determining the KHβ and KFβ factors.

Fig. 3. Technical data
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• Screen Steels and Treatments, presented in fig. 6, allows choosing the materials
of pinion and wheel and their features. There have to be set the type of steel and specific
treatment, and also the steel symbol. The contact and bending limit stresses for pinion and
respectively wheel have to be chosen depending on the recommendations presented in
the panel.

Fig. 4. Application factor

After introducing the technical data,
by pushing the OK button (see. fig. 3), the
screen Supplementary data for gear
strength calculus (fig. 7) opens. In this
screen, the following elements must be set:
data on gear machining (roughness of the
Fig. 5. Wheels construction data
profile and of the foot of the tooth);
exploiting specifications on accepting or not any pits on the tooth profile and safety
coefficients for the two contact and bending stresses (according to recommendations).

Fig. 6. Steels and Treatments
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Screen Optimizing criteria, presented in fig. 8, allows choosing of the optimizing
criteria and the importance of each criterion. For the presented example, four criteria have
been selected: volume of material criterion; technological accuracy criterion; frontal contact
ratio criterion and loading to the limit of contact stress criterion. The importances of the
three criteria are (in percents): 100, 50, 50 and 90. The software is following the calculus
methodology presented in [6].
The parameters of all possible
solutions of the cylindrical gear
are determined first. Then, the
marks Nij of each solution i are
established, for each of the j
selected optimizing criteria
and, based on relation (1), the
objective function (general
mark Ni) is determined for
each solution. The solutions
are then ordered by their
approach to optimum. A part of
the table containing the
solutions from the preliminary
optimization is presented in fig.
9. It shows that there are 8969
solutions fulfilling the imposed
restrictions,
the
optimal
solution being evaluated with a
general mark of 8.679.
Fig. 7. Supplementary data for the strength calculus

Fig. 8. Optimizing criteria and their importance
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Fig. 9. Results of the preliminary optimization

Fig. 10. Results of the final optimization
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The final optimization is
accomplished by considering a
relative small number of the
preliminary solutions, closest to
optimum. The marks Nij of the first
solutions are re-calculated for the
selected optimizing criteria. Figure
10 is presenting the re-ordered
solutions according to the final
optimization and their general an
criteria marks. There can be seen
that the solution set as optimal is the
same with the one from the
preliminary optimization phase. The
order of the following solutions is
slightly changed. For each of the
shown solutions the software can
perform the geometric calculus
(geometry of pinion, wheel and gear,
geometry of the substitute gear,
control elements) and the strength
calculus (calculus factors, real
stresses and permissible stresses)
by simple selection of the row of any
solution. By pushing one of the
Fig. 11. Gear geometrical elements
buttons placed at the top of the
screen,
a
new
screen
is
automatically opening showing the selected outputs of the selected solution of cylindrical
gear.
As an example, for the first solution, figures 11...13 are showing: gear geometrical
elements (fig. 11), pinion and wheel control elements (fig. 12) and geometrical elements of
pinion and wheel (fig. 13).
Optimization outputs are mostly depending on the chosen optimizing criteria and
their importance. The software can be used by setting only one optimizing criterion or a
small group of criteria, giving an image of the significant influences on each optimizing
criterion.

Fig. 12. Pinion and wheel control elements
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Fig. 13. Pinion and wheel geometrical elements
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