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Abstract. This paper presents a universal methodology for the numerical optimization of spur gear parameters based on the selective search
method. Unlike heuristic or commercial approaches, the proposed algorithm is deterministic, easy to implement in any numerical environment,
and guarantees full coverage of the feasible design space. The developed mathematical model precisely describes the tooth geometry, including
the involute flank and the extended root transition curve, and was validated against CAD simulations of the generating cutting process. A novel
numerical procedure was introduced to calculate tooth root stresses with sub-micron resolution, achieving excellent agreement with FEM
(maximum error below 1.7%) while maintaining negligible computational cost. The main novelty of this study lies in combining simplicity
and universality with high numerical accuracy. Compared to existing optimization strategies, the algorithm offers faster convergence, lower
error margins, and flexibility to integrate additional constraints and decision variables. Beyond gear design, the proposed approach can be
applied to lightweight mechanical structures, sustainable manufacturing, and AI-assisted digital twins. The results demonstrate that the method
enables rapid and cost-effective optimization, making it suitable for early design stages where FEM-only optimization would be too expensive
and time-consuming.
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1. INTRODUCTION

The optimization of gear parameters remains a major challenge
in modern mechanical engineering. Classical analytical meth-
ods provide only approximate solutions, while advanced FEM-
based tools, though accurate, are computationally expensive and
require specialized expertise. Heuristic algorithms such as ge-
netic algorithms, tabu search, or Bayesian optimization [1–3]
offer flexible exploration of the solution space, but their proba-
bilistic nature leads to uncertainty in convergence and may result
in local optima. At the same time, recent progress in acceler-
ating numerical solvers has reduced computational burdens for
physics-based analyses [4]. What is still missing is a simple,
deterministic, and universal methodology that guarantees full
exploration of the feasible design space with high accuracy and
low computational cost.

This study addresses that gap by proposing a methodology
for the numerical optimization of spur gears with straight tooth
lines, based on the selective search method. A mathematical
model describing the tooth geometry was developed, account-
ing for both the involute flank and the extended root transition
curve. In addition, a numerical procedure for the precise calcu-
lation of tooth root stresses was formulated. The obtained op-
timization results were validated against finite element method
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(FEM) simulations, while the correctness of the derived geom-
etry was confirmed by comparison with CAD-based generating
process simulations.

The existing work provides a solid foundation for this study.
Dynamic modeling of gears enables analysis of tooth interac-
tions under variable loads [5], while analytical and numeri-
cal tooth geometry modifications support parameter optimiza-
tion [6, 7]. The accuracy of nonmetallic/composite gears has
also been investigated, informing geometry definition and toler-
ancing [8].

Recent advances emphasize both computational efficiency
and hybrid optimization. Improved population-based search
(e.g., sparrow search) has been adapted to engineering tuning
tasks [9], while topology optimization without explicit volume
constraints opens new avenues for lightweight design [10].

In parallel, broader engineering applications demonstrate the
relevance of efficient and generalizable optimization frame-
works: optimization of plasma welding sequences [11]; mesh-
ing characteristics in precision reducers with tooth modification
and manufacturing errors [12]; high-fidelity propulsion sys-
tem modeling for drivetrain studies [13]; nonlinear dynamics
of spur-gear pairs in the frequency domain [14]; collaborative
design of cylindrical and skived face gears [15]; learning-based
control and optimization in manufacturing [16]; and digital-
twin-oriented route optimization [17]. Data-driven structural
optimization further reduces computational cost by leveraging
neural networks [18].

By combining simplicity, determinism, and high numerical
accuracy, the proposed methodology contributes to more effi-
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cient and cost-effective design processes in mechanical engi-
neering.

Previous approaches, mainly based on heuristic methods and
computationally expensive FEM analyses, are characterized by
high computational demand and uncertainty of convergence.
What is still missing is a universal and deterministic method-
ology that ensures full coverage of the solution space while re-
maining easy to implement in any computational environment.
This paper aims to address this research gap by developing a
selective search method for the optimization of gear parameters.

The contributions of this paper can be summarized as follows:
• Development of a universal, deterministic algorithm for spur

gear optimization based on selective parameter search.
• Precise numerical modeling of tooth geometry, validated

against CAD-based generating simulations and FEM analy-
sis.

• Demonstration of high accuracy (error below 1.7%) com-
bined with negligible computational cost, enabling rapid
optimization at early design stages.

• Indication of adaptability to other gear types (helical, plan-
etary) and broader machine elements, as well as potential
integration with AI-assisted optimization and digital twins.

By combining simplicity, determinism, and high numerical ac-
curacy, the proposed methodology contributes to more efficient
and cost-effective design processes in mechanical engineering.

It should be emphasized that the proposed methodology has
been verified exclusively by numerical simulations. The lack of
experimental validation represents the current limitation of this
study and will be the subject of future research.

2. CONSTRUCTION OF THE MATHEMATICAL MODEL
OF GEAR GEOMETRY

The geometry of the gear teeth was developed based on the
equations of the involute (1) and the extended involute (2).
The transition curve (2) is formed as a result of the generat-
ing material-removal process using the broaching method with
a rack-type tool (Fig. 1).

Fig. 1. Schematic of the simulation process for generating material
removal using a rack tool, broaching method

2.1. Involute of the working flank

The parametric equation of the involute describing the work-
ing flank of the tooth is given by (1). This curve defines the
theoretical contact surface ensuring conjugate meshing.

𝑥(𝑡) = 𝑅𝑏

(
sin(𝑡) − 𝑡 cos(𝑡)

)
,

𝑦(𝑡) = 𝑅𝑏

(
cos(𝑡) + 𝑡 sin(𝑡)

)
,

(1)

where 𝑅𝑏 – base radius, 𝑡 – roll angle.

2.2. Orientation of the involute in the gear coordinate
system

To correctly orient the tooth flank relative to the coordinate
system, the involute (1) must be rotated by an angle 𝜉, which is
the sum of angles 𝜂 and 𝜀 (Fig. 2).

Fig. 2. System of curves used for the construction of the tooth profile:
(1) – involute, (8) – extended involute, (7) – involute offset by the tool
radius 𝜌 and rotated to the final position, (12) – transition curve with the
tool radius 𝜌 taken into account, rotated to the final position. Point A –
intersection of curve (1) with the pitch circle, point B – intersection of
curve (8) with the base circle. Angles 𝜂, 𝜀, and 𝛿 illustrate successive

geometric transformations

Angle 𝜂 is expressed by the relation

𝜂 =
𝑠

2𝑅
, (2)

where 𝑠 – tooth pitch, equal to the quotient of the tooth module
and 𝜋/2, 𝑅 – pitch radius (Fig. 2).

To estimate the angle 𝜀, it is necessary to determine point A
(Fig. 2), which is the intersection of the involute (1) with the
pitch diameter 𝑅 (3)

𝑡 =

√︄
𝑅2

𝑅2
𝑏

−1 . (3)

As a result, the coordinates of point A and the angle 𝜀 are as
follows:

𝑥𝐴(𝑡) = 𝑅𝑏

(
sin(𝑡) − 𝑡 cos(𝑡)

)
,

𝑦𝐴(𝑡) = 𝑅𝑏

(
cos(𝑡) + 𝑡 sin(𝑡)

)
,

(4)

𝜀 = atan
(
𝑥𝐴

𝑦𝐴

)
. (5)
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Ultimately, by using the rotation matrix (6), we obtain the
final equation of the tooth flank (7)[

𝑥𝐴′

𝑦𝐴′

]
=

[
cos(𝜁) −sin(𝜁)
sin(𝜁) cos(𝜁)

] [
𝑥𝐴

𝑦𝐴

]
, (6)

𝑥𝐴′ (𝑡) =
(
𝑅𝑏

(
sin(𝑡) − 𝑡 cos(𝑡)

) )
cos(𝜁)

−
(
𝑅𝑏

(
cos(𝑡) + 𝑡 sin(𝑡)

) )
sin(𝜁),

𝑦𝐴′ (𝑡) =
(
𝑅𝑏

(
sin(𝑡) − 𝑡 cos(𝑡)

) )
sin(𝜁)

+
(
𝑅𝑏

(
cos(𝑡) + 𝑡 sin(𝑡)

) )
cos(𝜁).

(7)

2.3. Extended involute

The parametric equation of the extended involute describes the
transition curve at the tooth root (Fig. 2).

𝑥𝑤 (𝑡) = 𝑅
(
sin(𝑡) − 𝑡 cos(𝑡)

)
− ℎ𝑟 sin(𝑡),

𝑦𝑤 (𝑡) = 𝑅
(
cos(𝑡) + 𝑡 sin(𝑡)

)
− ℎ𝑟 cos(𝑡),

(8)

where ℎ𝑟 – segment equal to the distance 𝑅 − 𝑅 𝑓 , 𝑅 𝑓 – root
radius of the tooth.

2.4. Tool radius correction

To precisely determine bending stresses at the tooth root, the
radius of curvature of the cutting tool (Fig. 1) was considered in
the computational algorithm. Consequently, (8) must be shifted
along the normal to its curvature by the value 𝜌, calculated using
the derivatives of the components of the parametric equation,
which can generally be written as (9)

𝑥𝑤′ (𝑡) = 𝑥𝑤 (𝑡) − 𝜌
𝑦′𝑤 (𝑡)√︃

(𝑥′𝑤 (𝑡))2 + (𝑦′𝑤 (𝑡))2
,

𝑦𝑤′ (𝑡) = 𝑦𝑤 (𝑡) + 𝜌
𝑥′𝑤 (𝑡)√︃

(𝑥′𝑤 (𝑡))2 + (𝑦′𝑤 (𝑡))2
.

(9)

2.5. Vertical correction of the transition curve

Additionally, to accurately position the equation relative to the
tooth system, it must be shifted vertically by the value 𝜌, result-
ing in equation (10).

𝑥𝑤′′ (𝑡) =
𝑅
(
sin(𝑡) − 𝑡 cos(𝑡)

)
− ℎ𝑟 sin(𝑡)+√︃(

𝑅
(
cos(𝑡) − 𝑡 sin(𝑡)

)
− ℎ𝑟 cos(𝑡)

)2+
+𝜌

(
𝑅
(
sin(𝑡) − 𝑡 cos(𝑡)

)
+ ℎ𝑟 sin(𝑡)

)
+
(
−𝑅

(
sin(𝑡) + 𝑡 cos(𝑡)

)
+ ℎ𝑟 sin(𝑡)

)2
,

𝑦𝑤′′ (𝑡) =
𝑅
(
cos(𝑡) + 𝑡 sin(𝑡)

)
− ℎ𝑟 cos(𝑡)+√︃(

𝑅
(
cos(𝑡) − 𝑡 sin(𝑡)

)
− ℎ𝑟 cos(𝑡)

)2+
+𝜌

(
𝑅
(
cos(𝑡) − 𝑡 sin(𝑡)

)
− ℎ𝑟 cos(𝑡)

)
+
(
−𝑅

(
sin(𝑡) + 𝑡 cos(𝑡)

)
+ ℎ𝑟 sin(𝑡)

)2
.

(10)

To correctly generate the lateral tooth surface, the transition
curve (10) must be rotated by the sum of angles 𝜉 and 𝛿. An-
gle 𝜉, defined as the sum of 𝜂 (2) and 𝜀 (5), was previously

calculated for the rotation of curve (1), resulting in curve (7).
However, due to the mathematical complexity of curve (10),
the analytical determination of angle 𝛿 is extremely difficult,
so a numerical method was used. Figure 3 presents the scheme
for numerically determining angle 𝛿 using universal loops and
logical conditions. The method is based on the numerical deter-
mination of point B (Fig. 2), representing the intersection of the
transition curve (8) with the base radius 𝑅𝑏.

Fig. 3. Numerical algorithm for determining point B – the intersection
of the transition curve with the base circle 𝑅𝑏 . The resulting coordi-
nates (𝑥𝐵, 𝑦𝐵) are used to calculate angle 𝛿 and correctly position the

transition curve

2.6. Numerical determination of angle 𝛿

With the coordinates of point B, angle 𝛿 can be determined (11)

𝛿 = atan
(
𝑥𝐵

𝑦𝐵

)
. (11)

2.7. Final rotated transition curve

Finally, using the value of angle 𝛿 and applying the rotation
matrix, the equation of the transition curve takes the form (12).

𝑥𝑤′′ (𝑡) =
(
𝑅
(
sin(𝑡) − 𝑡 cos(𝑡)

)
− ℎ𝑟 sin(𝑡)

+ 𝜌
𝑅
(
sin(𝑡) + 𝑡 cos(𝑡)

)(√︃(
𝑅
(
cos(𝑡) − 𝑡 sin(𝑡)

)
− ℎ𝑟 cos(𝑡)

)2

−ℎ𝑟 sin(𝑡)

+
(
−𝑅

(
sin(𝑡) + 𝑡 cos(𝑡)

)
+ ℎ𝑟 sin(𝑡)

) )2

ª®¬cos(𝛿)

−
(
𝑅
(
cos(𝑡) + 𝑡 sin(𝑡)

)
− ℎ𝑟 cos(𝑡)

+ 𝜌
𝑅
(
cos(𝑡) − 𝑡 sin(𝑡)

)(√︃(
𝑅
(
cos(𝑡) − 𝑡 sin(𝑡)

)
− ℎ𝑟 cos(𝑡)

)2

−ℎ𝑟 cos(𝑡)

+
(
−𝑅

(
sin(𝑡) + 𝑡 cos(𝑡)

)
+ ℎ𝑟 sin(𝑡)

) )2

ª®¬sin(𝛿+ 𝜉), (12a)
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𝑦𝑤′′ (𝑡) =
(
𝑅
(
sin(𝑡) − 𝑡 cos(𝑡)

)
− ℎ𝑟 sin(𝑡)

+ 𝜌
𝑅
(
sin(𝑡) + 𝑡 cos(𝑡)

)(√︃(
𝑅
(
cos(𝑡) − 𝑡 sin(𝑡)

)
− ℎ𝑟 cos(𝑡)

)2

−ℎ𝑟 sin(𝑡)

+
(
−𝑅

(
sin(𝑡) + 𝑡 cos(𝑡)

)
+ ℎ𝑟 sin(𝑡)

) )2

ª®¬sin(𝛿)

−
(
𝑅
(
cos(𝑡) + 𝑡 sin(𝑡)

)
− ℎ𝑟 cos(𝑡)

+ 𝜌
𝑅
(
cos(𝑡) − 𝑡 sin(𝑡)

)(√︃(
𝑅
(
cos(𝑡) − 𝑡 sin(𝑡)

)
− ℎ𝑟 cos(𝑡)

)2

−ℎ𝑟 cos(𝑡)

+
(
−𝑅

(
sin(𝑡) + 𝑡 cos(𝑡)

)
+ ℎ𝑟 sin(𝑡)

) )2

ª®¬cos(𝛿+ 𝜉). (12b)

By applying an analogous numerical method, the final length of
curve (7) can be determined by its intersection with the adden-
dum radius 𝑅𝑎, and the length of curve (12) by its intersection
with the base radius 𝑅𝑏.

2.8. Verification of geometry

To verify the correctness of the above equations, a plot was
generated (Fig. 4) based on sample input data:𝑚 = 4 mm, 𝑧 = 16,
𝜌 = 1.5 mm, and compared with the geometry obtained from the
generating simulation of the broaching process. The simulation
method involves iterative subtraction of the tool volume from the
envelope volume, resulting in a faceted tooth structure (Fig. 1).

Fig. 4. Example tooth geometry derived from equations (7) and (12)
compared with the geometry obtained from the broaching simulation

Figure 4 shows that the curves obtained by both methods
virtually coincide. The only difference is the faceting effect
visible in the broaching simulation. The obtained convergence
confirms the correctness of the above equations describing the
curves that form the tooth flank.

3. ANALYSIS OF BOUNDARY CONDITIONS
OF THE OPTIMIZED GEAR TRANSMISSION

3.1. Structural and strength constraints

For effective gear optimization, it is necessary to introduce a set
of structural and strength constraints: contact ratio (13), contact
stress (14), and root stress (15).

Contact ratio:

𝜀𝛼 = 𝑧1
©­« 1

2𝜋

√︄(
1+ 2ℎ𝑎1

2𝑅1

)2 1
cos2𝛼

−1ª®¬
+ 𝑧2

©­« 1
2𝜋

√︄(
1+ 2ℎ𝑎2

2𝑅2

)2 1
cos2𝛼

−1ª®¬
− (𝑅1 +𝑅2) sin𝛼

𝜋𝑚 cos𝛼
, (13)

where 𝑧1, 𝑧2 – number of teeth of the mating gears, ℎ𝑎1, ℎ𝑎2 –
addendum height, equal to 𝑅𝑎1,2 – 𝑅1,2, 𝛼 – pressure angle, 𝑚
– gear module.

Contact stress:

𝑝 =

√√√ 2𝐹

𝑏

(
1
𝐸
+ 1

𝐸

) (
1

𝑅𝑏1 tan(𝛼) +
1

𝑅𝑏2 tan(𝛼)

)
1

2𝜋(1−𝜈2)
, (14)

where 𝐹 – resultant tangential force, 𝐸 – Young’s modulus, 𝑅𝑏1,
𝑅𝑏2 – base radii of the mating gears, 𝜈 – Poisson’s ratio, 𝑏 – face
width of the gear.

3.2. Numerical determination of root stresses using
the rectangle method

One of the biggest challenges in strength calculations is the
determination of stresses at the tooth root. This is particularly
difficult for gears with a small number of teeth due to the concave
shape of the root transition curve (Fig. 5), which complicates

Fig. 5. Diagram of region sets for strength analysis and volume mea-
surements of the rack: I – tooth root, II – tooth tip, III – area directly

under the tooth, IV – area directly under the root fillet
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the estimation of both the narrowest section of the root and the
radius at which the bending force acts (15).

𝜎 =
6𝐹𝑅𝑟𝑦 (ℎ𝑏)
𝑏ℎ(ℎ𝑏)2 , (15)

where 𝜎 – bending stress, 𝐹𝑅 – tangential force, 𝑏 – tooth width,
𝑟𝑦 (ℎ𝑏) – lever arm of the tangential force as a function of the
height along the root curve, ℎ(ℎ𝑏) – tooth width as a function
of the height along the root curve.

To accurately determine bending stresses, numerical integra-
tion was employed. The working part of the tooth was divided
into rectangles inscribed within area I, as illustrated in Fig. 5.
Based on the algorithm (described in detail in Section 3), which
uses numerical loops, the root stresses were computed. To verify
the accuracy of the results obtained, FEM analysis (Fig. 6) was
conducted for five representative examples. The FEM analysis

Table 1
FEM analysis parameters for the presented model

Max. element size [mm] 2

Min. element size [mm] 1

Total nodes [–] 5375

Total elements [–] 2596

Jacobian points [–] 16

Min. elements per circle [–] 8

Element growth rate [–] 1.4

Stress [MPa] Mises

parameters are presented in Table 1. Figure 7 shows the stress
distribution along the root transition curve with an indicated
peak value. Tooth parameters for the data shown in Fig. 7 were
as follows: torque – 𝑀 = 1270 Nm, module – 𝑚 = 30 mm, num-
ber of teeth – 𝑧 = 9, face width – 𝑏 = 30 mm, tool rounding
radius – 𝜌 = 1 mm.

Fig. 7. Stress distribution along the root transition curve: 𝜎(ℎ) – stress
distribution from numerical analysis, 𝜎max – maximum stress from
numerical analysis, 𝜎max-FAM – maximum stress from FEM analysis

A more detailed comparison of the results is provided in
Section 5.2.

3.3. Construction of the objective function based on
a numerical method

In the analyzed case, the objective function corresponds to the
sum of the volumes of sectors I, II, III, and IV in Fig. 5, where the
volumes of sectors I and II were determined numerically based
on equations (7) and (12), respectively. Volumes III and IV are
described by equations (15) and (16), respectively.

𝑉3 =

(
1
2
𝑅2

𝑓 sin(2𝛿)
)
𝑧𝑏, (16)

𝑉4 =
(
𝑅2

𝑓 (𝜋− 𝑧𝛿)
)
𝑏. (17)

It is important to emphasize that in this case, volume is equiva-
lent to mass, as the material density is assumed to be constant.

4. ALGORITHM FOR THE NUMERICAL METHODOLOGY
OF GEAR PARAMETER OPTIMIZATION

To optimize gear transmission, an algorithm was developed, as
illustrated in Fig. 8. The algorithm is based on six steps. In the
first step, the necessary gear parameters are provided. The sec-
ond step involves generating a set of decision variables, which
either change according to a specified accuracy increment or are
selected from standardized tabulated values (such as module and
pressure angle). The third step eliminates those variable com-
binations that do not meet the constraint conditions described

Fig.  6.  Results  of  strength  analysis  for  root  stresses  using  FEM.  The
left  part  of  the  figure  shows  the  stress  map  obtained  from  FEM  with  the
location  of  maximum  stresses  indicated,  while  the  right  part  presents
the  tooth  flank  profile  with  the  maximum  stress  point  determined  by

the  numerical  optimization  method
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in Section 3 (3.1, 3.2). In step four, an 𝑛-dimensional feasible
solution space is constructed, where n corresponds to the num-
ber of decision variables. Step five involves searching the entire
feasible solution space to identify the single best solution in
accordance with the objective function defined in Section 3.3.
Finally, step six presents the results of the optimal gear config-
uration, which satisfies all predefined constraints and achieves
the lowest possible mass.

Fig. 8. Flowchart of the optimization algorithm for gear parameter
selection

5. RESULTS AND DISCUSSION

To validate the correctness of the presented algorithm (Fig. 8),
a series of analyses was conducted to verify the accuracy of
the generated geometry, the estimated mass, and the values and
distribution of root stresses.

5.1. Comparison of gear volumes generated by different
methods

A comparison was made between five representative pinions
generated using a CAD model (Fig. 1) based on the generating
simulation of the cutting process, and those generated using the
optimization algorithm (Fig. 8). The results are presented in
Table 2.

Table 2
Comparison of pinion volumes generated by the envelope simulation

method (Fig. 1) and by the optimization algorithm (Fig. 8)

N
o.

M
od

ul
e

[m
m

]

N
um

be
ro

f
te

et
h

[–
]

Fa
ce

w
id

th
[m

m
]

To
ol

ra
di

us
[m

m
]

Vo
lu

m
e

fr
om

op
tim

iz
at

io
n

al
go

rit
hm

[m
m

3 ]

Vo
lu

m
e

fr
om

CA
D

m
od

el
[m

m
3 ]

%
D

iff
er

en
ce

1 30 9 30 2 1693408.48 1693564.69 0.01%
2 20 14 15 2 916953.55 917029.27 0.0083%
3 10 19 25 1 705898.31 706349.91 0.06%
4 5 24 30 1 338310.27 338351.23 0.02%
5 2 29 35 0 92253.17 92203.32 0.05%

As seen in Table 2, the differences between the results ob-
tained by the two methods do not exceed 0.07%. The accuracy of
the results is not affected by module size or number of teeth. The
analysis was conducted with a discretization step of 0.001 mm.

5.2. Strength analysis of root stresses for five
representative pinions

Table 3 compares the results obtained using the algorithm from
Fig. 8 and FEM analysis.

Table 3
Comparison of maximum root stresses obtained via the optimization

algorithm (Fig. 8) and FEM analysis
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2 20 14 15 1.5 650 93.824 93.358 0.50%

3 10 19 25 1 420 93.089 92.459 0.68%

4 5 24 30 0.5 165 90.053 91.258 1.34%

5 2 29 35 0.2 38 90.862 89.369 1.64%
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   As  shown  in  Table  3,  the  differences  between  the  algorithmic
results  and  FEM  analyses  did  not  exceed  1.7%,  regardless  of
module  size  or  number  of  teeth,  which  confirms  the  reliability
of  the  method.  At  the  same  time,  the  selective  search  algorithm
provided  sub-micron  resolution  with  negligible  computational
overhead:  a  single  optimization  run  required  only  25–30  sec-
onds,  compared  to  15–18  minutes  for  an  equivalent  FEM-only
optimization  on  the  same  workstation  (Intel  i7,  16  GB  RAM).
This  corresponds  to  more  than  a  30-fold  reduction  in  computa-
tional  cost  while  maintaining  engineering-level  accuracy,  mak-
ing  the  method  particularly  valuable  at  the  early  design  stage
where  multiple  design  variants  must  be  assessed  quickly.
   In  addition,  a  preliminary  sensitivity  analysis  was  conducted,
showing  that  small  variations  in  input  parameters  (such  as  mod-
ule  or  tool  radius)  do  not  significantly  affect  the  results  of  stresses
and  geometry.  This  confirms  the  stability  of  the  algorithm  and  its
robustness  against  numerical  errors.  In  future  work,  the  method-
ology  will  be  complemented  with  a  full  statistical  error  analysis
to  quantitatively  define  uncertainty  ranges.
   Compared  to  heuristic  algorithms  such  as  genetic  algorithms,
simulated  annealing,  or  Bayesian  optimization,  the  proposed
selective  search  method  is  fully  deterministic.  This  guarantees
complete  coverage  of  the  feasible  design  space  and  minimizes
the  risk  of  being  trapped  in  local  minimum,  while  metaheuristics
are  inherently  probabilistic  and  may  produce  different  results  in
repeated  runs.
   The  methodology  is  particularly  attractive  for  applications
requiring  lightweight  and  reliable  transmission  systems,  such
as  automotive  gearboxes,  aerospace  actuators,  and  robotic  drive
systems,  where  rapid  evaluation  of  multiple  design  variants  with
engineering-level  accuracy  is  critical.

Bull.  Pol.  Acad.  Sci.  Tech.  Sci.,  vol.  73, no. 6, p. e156769, 2025



A universal algorithm for spur gear optimization based on selective search: Numerical methodology and applications

Moreover, the deterministic structure of the algorithm facili-
tates its adaptation beyond spur gears. With minor modifications
of the geometric model, the methodology can be extended to he-
lical and planetary gears, as well as other machine elements (e.g.,
splines, shafts). This flexibility, combined with high computa-
tional efficiency, highlights the potential of the selective search
method as a universal tool for machine design optimization.

5.3. Contact ratio and contact stress

The remaining strength criteria (13) and (14) were explicitly
implemented into the algorithm. The results obtained using nu-
merical loops and logical conditions are entirely consistent with
analytical solutions.

The minimal discrepancies between the results obtained via
different methods support the assumption that the presented
algorithm is valid and the results are correct.

6. CONCLUSIONS

This study deliberately omitted the analysis of certain parame-
ters, such as tip clearance, backlash, profile correction, adden-
dum height, and the influence of the root cutting method since
their impact on gear optimization represents an area for future re-
search and will be the subject of subsequent publications. Their
inclusion could significantly affect tooth strength and durability,
making them important directions for further investigation.

The developed method enables extremely rapid optimiza-
tion of spur gear transmissions. The presented algorithm, based
on universal loops and logical conditions, is characterized by
ease of implementation in any numerical computation soft-
ware. Moreover, the algorithm allows for the flexible addition of
further constraints, whether strength-related, technological, or
structural, making it highly adaptable to the specifics of the an-
alyzed system. The approach also offers potential for expansion
with additional decision variables, such as material type, which
further increases the scope and universality of the proposed
optimization method.

In summary, the novelty of the proposed algorithm lies in its
deterministic and universal structure, enabling adaptation not
only to spur gears but also to helical and planetary gears, as well
as other machine elements. Its practical applications include au-
tomotive transmissions, lightweight aerospace gearboxes, and
robotic drive systems. Future research directions include in-
tegration with AI-assisted optimization, digital twin concepts,
sustainable design strategies, and the inclusion of sensitivity
analysis, statistical error assessment, and industrial factors such
as manufacturing time and production costs. Together, these as-
pects will further broaden the relevance and applicability of the
method in engineering practice.
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