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OPTIMIZATION OF ROTATING ASSEMBLY MASSES 
IN MECHANICAL TRANSMISSIONS OF MACHINE UNITS

Introduction. The stabilization of kinematic and dynamic characteristics in machine assemblies, which exhibit 
periodic changes during steady-state operation, has necessitated the development of methods for optimizing fl y-
wheel masses to enhance the productivity of machine executive bodies.

Problem Statement. Stabilizing the parameters of machine assemblies with additional fl ywheel masses in-
creases the overall weight and inertia of the mechanism. Therefore, it has become essential to design mechanical 
transmissions with optimized rotating assembly masses that can perform the function of fl ywheel masses.

Purpose. This study has aimed to develop a method for estimating the mass of a rotary assembly in a me-
chanical transmission during the preliminary design stage, utilizing the power parameters of the machine unit.

Materials and Methods. Analytical approaches have been employed to study the dependencies in a machine 
unit model and its rotary assembly, featuring cylindrical gears.

Results. A functional dependence of the rotary assembly mass on torque, gear ratio, and the mechanical cha-
racteristics of gear wheel and shaft materials has been established. Mass coeffi  cients for gears and shafts have 
been derived, allowing variation through material selection and heat treatment. This expands the range of optimi-
zation options and simplifi es solving multivariate design problems.

Conclusions. The proposed method for estimating the rotary assembly mass at the preliminary design stage, 
based on the machine unit’s power parameters, has shown promise. It provides a clear framework for aligning the 
masses of assembly components with the required fl ywheel moment, ensuring stabilization of the machine unit’s 
kinematic and dynamic characteristics.
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At the present stage, the most effective approach to 
addressing optimization problems in mecha nics in-
volves various modeling methods. These me thods 
provide a comprehensive understanding of the in-
terconnections between the elements of the de-
signed machine or mechanism and enable targeted 
modifications of parameters or, when ne cessary, the 
overall structure [1—4]. Mode  ling data allows the 
evaluation of a technical sys tem’s behavior under 
both ideal and extreme opera ting conditions.

The modeling method has enabled the varia-
tion of mechanism parameters such as the size 
and mass of components and assemblies, the gear 
ratio of mechanical transmissions, and kinematic 
and force parameters. This approach facilitates 
the analysis of their influence on the mechanism’s 
performance or its individual components. Such a 
methodology provides insights into the periodic 
changes in the acting forces and the transfer func-
tion of a mechanical transmission, which in turn 
determine the corresponding variations in the ki-
nematic and dynamic characteristics of the machi-
ne unit’s drive in a steady-state operating mode.

Typically, the task of reducing the amplitude of 
fluctuations in the kinematic and dynamic char-
acteristics of the machine unit’s drive has been 
addressed by installing a flywheel, which increas-
es the equivalent moment of inertia [5—9]. While 
the use of a flywheel significantly reduces the am-
plitude of angular velocity fluctuations in the 
driving link, it also substantially increases the 
mechanism’s weight, leading to higher inertia.

To address the limitations of this approach, it is 
advisable to design new mechanical transmissions 
during the preliminary configuration stage of the 
machine unit’s drive, with rotating assembly mas-
ses capable of fulfilling the flywheel’s function.

The primary elements of mechanical transmis-
sions are assemblies that perform rotational motion. 
In some cases, the mass of such assemblies consti-
tutes more than two-thirds of the gearbox’s weight. 
This factor can be leveraged to eliminate the disad-
vantages of additional flywheel masses by designing 
new mechanisms with the moments of inertia of ro-
tating masses optimized to function as a flywheel. 

Furthermore, designing sui table transmissions is 
necessary because finding a standard gearbox with 
the required parameters is practically impossible.

This approach enables the adjustment of the 
equivalent moment of inertia without altering 
the parameters of the machine’s executive body. 
In this case, the role of the flywheel is performed 
by the rotating assembly masses of the mechani-
cal transmission.

Thus, solving the stated problem involves se-
lecting the mass of the rotating assembly of the 
mechanical transmission during the preliminary 
design stage to ensure it corresponds to the fly-
wheel moment of inertia.

The unique aspect of designing a mechanical 
transmission assembly with optimized mass lies in 
the significantly greater number of unknown de-
sign variables compared to the equations of const-
raints. Therefore, the task involves reducing the 
number of unknowns in the objective function, 
imposing certain restrictions on the range of their 
variation [10, 11], and determining the impact of 
relevant parameters on the nature of mass varia-
tion. Consequently, it is advisable to consider op-
timizing the mass of individual components of 
the assembly and imposing constraints on certain 
parameters of these components.

The corresponding problem has been addressed 
in studies [12—14], but only with a focus on op-
timi zing the mass of the gear wheels in mechani-
cal trans missions. Considering the multi-criteria 
and multi-variant nature of solving optimization 
problems for machine unit parameters and their 
components, these studies have derived dependen-
cies for determining the mass of gear wheels in 
the following form:

3
1 1(1 ) ;m A u z 

3
2 2

11 ,m A z
u

   
 

where: m1 is the mass of the pinion, kg; m2 is the 
mass of the wheel, kg; u is the gear ratio of the me-
chanical transmission; z1 is the number of teeth on 
the pinion; z2 is the number of teeth on the wheel; 
A is the mass coefficient of the gear wheels, kg.



ISSN 2409-9066. Sci. innov. 2025. 21(2) 95

Optimization of Rotating Assembly Masses in Mechanical Transmissions of Machine Units

Recommendations for selecting the mass coeffi-
cient A, considering the interdependent geomet-
ric parameters of gear transmissions, have been 
presented in studies [13, 14]. These recommen-
dations are based on reducing the number of un-
known design parameters and introducing speci-
fic constraints on the intervals of their variation.

A limitation of the equations obtained for esti-
mating the mass of gear wheels during the pre-
liminary design stage is the mass coefficient A that 
is determined by the following dependence:

3
1 ,
8 cos

n
ba

m
A

 
     

where: ba is the coefficient of the gear rim width 
to center distance; mn is the normal module of 
me shing, mm;  is the helix angle, degree;  is the 
specific gravity of the gear material, kg/m3. 

Thus, the mass coefficient A is a function of 
three variables representing the geometric para me-
ters, A = f (ba, mn, ) under the condition that 
 = const. These parameters that are not defini-
tively determi ned during the preliminary design 
stage, significantly complicate the process of se-
lecting the optimal mass for the gear wheels.

Using a similar approach, studies [15, 16] have 
de rived the formula for calculating the mass of a 
shaft model element with bearings, at the prede-
sign stage:

3
1

1 ,
4b bm Kd 

where: mb is the mass of the shaft with inner bea-
ring rings, kg; Kis the general structural coeffi-
cient for recalculating the geometric parameters 
of the shaft model elements with bearings; db1

 is 
diameter of the initial section of the shaft, mm; 
is the specific gravity of the shaft material, kg/m3. 

Thus, the mass of the rotary assembly of a me-
chanical transmission at the predesign stage, ac-
cording to studies [12—16], is calculated by the 
following formula:

m = m1(2) + mb.
Considering the interdependent relationships 

between the geometric parameters of gear trans-

missions, it is more practical to develop a metho do-
logy for estimating the mass of the rotary assemb-
ly of a mechanical transmission at the predesign 
stage based on the power parameters, which are 
the primary characteristics of the machine unit.

The models of the machine unit and the rotary 
assembly of the mechanical transmission are shown 
in Fig. 1.

The key model parameters are as follows: N is 
the engine power, W; ω is the angular velocity of 
the engine shaft, 1/s ; ω1 is the angular velocity of 
the high-speed shaft, 1/s; ω2 is the angular veloci-
ty of the low-speed shaft, 1/s; T1, T2 are the torque 
on the high-speed and the low-speed shafts, res-
pectively, N·m; d1, d2 are the pitch diameters of 
the pinion and the wheel, respectively, mm; aw is 
the center distance, mm; db1 is the diameter of the 
initial section of the shaft, mm.

The geometric characteristics of the gear whe els 
in a mechanical transmission are functions of the 
center distance: mn = f (aw); ba = f (aw);  = f (aw); 
zi = f (aw), which is function of the torque and the 
gear ratio, aw = f (T, u). The geometric parame-
ters of the shaft are also functions of the torque: 
K = f (db1

); db1
 = f (T).

Fig. 1. Models of the machine unit (a) and the mechanical 
transmission assembly (b)
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Thus, the feasibility of optimizing the geomet-
ric parameters of the rotary assembly of the me-
chanical transmission, which determine its mass 
based on the power characteristics of the machine 
unit, is mathematically substantiated, as also con-
firmed by the studies presented in [17].

The mass of the wheel is estimated by the rela-
tionship provided in [13]:

m2 = u2m1,
Therefore, further research is made only for the 

pinion.
According to [12], the mass of the pinion is de-

termined by the formula:
3

3
1 1

1 (1 ) .
8 cos

n
ba

m
m u z

 
     

Given the pitch diameter of the pinion:
1

1 ,
cos

nm z
d 


the mass is determined by the equation: 

1 .3
1

1 (1 )
8 bam u d  

Given that the center distance is

1 2 1
1 1( ) (1 ),
2 2wa d d d u   

let us define the pitch diameter of the pinion as 
function of 

1
2

.
1

wa
d

u



Having substituted into the given equation

2
3

2 2( 1) .
[ ]

np H
w a

H ba

E T K
a K u

u
 

 

Given that T2 = T1u, we obtain:

2
31 2 22 ,

[ ]
np H

a
H ba

E T K
d K

u


 

where: Enp is the equivalent modulus of elasticity of 
the gear wheel materials, MPa; [σH] is the per mis-
sible contact stresses, MPa; KHβ is the coeffici ent 
accounting for the uneven load distribution across 
the gear wheel face width; Ka is the coefficient ac-
counting for the helix angle of the gear teeth.

The equivalent modulus of elasticity of the gear 
wheel materials is determined by the formula:

1 2

1 2

2 ,np
E EE

E E




where E1, E2 are the moduli of elasticity of the pi-
nion and the wheel material, MPa.

Accordingly, the equation for the mass of the pi-
nion is written as follows:

1 1
11 ,   

 
m BT

u

where: 3
2[ ] 


np

a H
H

E
B K K  is the mass co effici ent 

that accounts for the properties of the gear mate-
rial, kg/(N m).

Fig. 2. Dependance of the mass coefficient B on the teeth’s 
working surface hardness HB

Fig. 3. Dependance of the mass coefficient B on the teeth’s 
working surface hardness HRC
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The derived dependence enables a more accu-
rate determination of the gear’s mass at the pre-
liminary design stage, as the parameters T1 and u 
are unambiguously known, and the equation ex-
cludes the parameter z1 that is also not clearly de-
fined. The mass coefficient B, compared to the 
mass coefficient A, offers significant advantages 
since the mechanical properties of the gear mate-
rial and the helix angle of the tooth are definitive-
ly known at the predesign stage.

Moreover, the coefficient B allows for variation 
by selecting the gear material or applying heat 
treatment, significantly broadening the range for 
finding an optimal solution and simplifying the 
task. The coefficients KHβ and Ka are chosen fol lo-
wing the recommendations for gear calculati ons 
[18]. It is worth noting that the helix angle of the 
tooth has minimal impact on the numerical values 
of the coefficient B.

According to [15], the dependence for estimat-
ing the mass of a shaft element with bearings at 
the predesign stage 

1

3 ,1
4

 b bm Kd
given that

1

13
0.2[ ]


b

Td

is written as follows:

1 1
5 ,
4[ ]

 
   

bm KT XKT

where: X = 3.927 /[] is the mass coefficient that 
takes into account the material properties of the 
shaft., kg/(N m); [τ] is the permissible tangen-
tial stress of the shaft material, MPa.

Accordingly, the mass of the rotating assembly 
of the mechanical transmission at the predesign 
stage can be estimated by the formula:

1 1
11 .        

  
bm m m B XK T

u
According to this, for the preliminary estima-

tion of the mass of the rotating assembly, the fol-
lowing dependencies are required: T1 = f (N, ); 
B = f (HB) and B = f (HRC); K = f (T1); X = f ([]).

The mass coefficient B is calculated for carbon 
and alloy steels for heat treatments such as norma-

Fig. 4. Dependences of the coeffici ent 
K on T1

Fig. 5. Dependance of the shaft mass X on []

, MPa

MPa
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lization, improvement, and volumetric hardening. 
For carbon steels of grades 20, 30, 35, 40, 45, the 
modulus of elasticity is E = 1.96 / 2.06  MPa, 
and the specific gravity is ρ = 7850 kg/m³ [19]. For 
alloy steels of grades 30X, 45X, 40XN, 45XN, the 
modulus of elasticity is E = 2.06 / 2.16  MPa, 
and the specific gravity is ρ = 7820 kg/m³ [19]. 

The permissible contact stress is determined 
by the formula:

lim[ ] ,
[ ]

 
  H HL

H
H

K
n

where: H lim is the contact fatigue limit of the 
material of gear wheels, MPa; KHL is the durabili-
ty coefficient; and [nH] is the safety factor co ef-
ficient.

According to [18], when the heat treat-
ment   in vol ves normalization or improvement 
(HB180—350), the contact fatigue limit is H lim = 
= 2HB + 70, while for heat treatment with har-
dening (HRC38—50), the contact fatigue limit is 
H lim = 18HRC + 150. Accordingly, the coeffici-
ents are KHL = 1 and [nH] = 1.15.

The dependence of the mass coefficient B on 
the hardness of the working surface of the teeth 
for carbon and alloy steels during heat treatment 
(normalization or improvement (HB180—350) is 
shown in Fig. 2.

The coefficient Bmax has been calculated for alloy 
steels 30Х, 45Х, 40ХН, and 45ХН. The elasticity 
modulus is E = 2,16 105 MPa. The specific gra-
vity is  = 7820 kg/m3. The coefficient Bmin has been 
calculated for carbon steels 20, 30, 35, 40, and 45. 
The elasticity modulus is E = 1,96 105 MPa. The 
specific gravity is  = 7850 kg/m3.

The dependence of the mass coefficient B on 
the hardness of the working surface of gear teeth 
for carbon and alloy steels subjected to volumet-
ric hardening (HRC38—50) is shown in Fig. 3. 
Based on the analysis of the curves in Fig. 2, the 
mass coefficient B for volumetric hardening has 
been calculated for the averaged modulus of elas-
ticity. E = 2,06 105 MPa and the specific gravity 
 = 7820 kg/m3.

The dependences of the coefficient K on the tor-
que T1 are presented in Fig. 4. The maximum and 
minimum values of the coefficient K have been 
calculated for the ranges of the geometric para me-
ters of the shaft elements [18].

The variation in the coefficient X for carbon 
and alloy steels as a function of the permissible 
shear stress [] of the shaft material is shown in 
Fig. 5. Given that the gear is typically manufac-
tured integrally with the shaft, the coefficient X 
has calculated for steels 30X, 45X, 40XH, and 
45XH. The specific gravity is  = 7820 kg/m3.

CONCLUSIONS

1. A functional dependency of the mass of the rota-
tional assembly of a mechanical transmission on 
torque, gear ratio, and introduced mass coefficients 
that are functions of the mechanical properties of 
the gear and shaft materials, has been derived.

2. The introduced mass coefficients for gears 
and shafts allow for variation in material and heat 
treatment, significantly expanding the range of 
optimal design options and simplifying the solu-
tion to multi-criteria design problems.

3. It has been established that at the prelimi-
nary stage of estimating the mass of the rotatio-
nal assembly of a mechanical transmission, ave-
raged values of the coefficients B and K can be 
used, as the error does not exceed permissible de-
viations. Additionally, it was found that the helix 
angle of the gear teeth has a negligible impact on 
the numerical values of coefficient B.

4. The proposed method for estimating the mass 
of the rotational assembly of a mechanical trans-
mission, whose moment of inertia corres ponds to 
the flywheel moment of a flywheel, enab les sol-
ving the problem of stabilizing the kinematic and 
dynamic characteristics of the machine assembly, 
as the corresponding force characteristics and me-
chanical properties of the gear and shaft materi-
als are definitively determined during the prede-
sign stage.
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ОПТИМІЗАЦІЯ МАС ОБЕРТАЛЬНИХ ВУЗЛІВ 
МЕХАНІЧНИХ ПЕРЕДАЧ МАШИННОГО АГРЕГАТУ 

Вступ. Необхідність стабілізації кінематичних та динамічних характеристик машинного агрегату, які мають періо-
дичний характер зміни при усталеному режимі роботи, обумовлює пошук методів підбору махових мас для підви-
щення продуктивності виконавчого органу машини.
Проблематика. Стабілізацію параметрів машинного агрегату забезпечують додаткові махові маси, що призводить 

до збільшення ваги механізму та його інерційності. Тому доцільно проєктувати нові механічні передачі з відповід-
ними масами обертальних вузлів, які могли б виконувати функцію махової маси.
Мета. Розроблення методу оцінки маси обертального вузла механічної передачі на етапі попереднього проєктування 

з використанням силових параметрів машинного агрегату.
Матеріали й методи. Використано аналітичні методи дослідження залежностей, отриманих на основі моделі ма-

шинного агрегату та обертального вузла механічної передачі з циліндричними зубчастими колесами.
Результати. Встановлено функціональну залежність маси обертального вузла механічної передачі від крутного мо-

менту, передаточного числа та механічних характеристик матеріалів зубчастих коліс і валу. Введені коефіцієнти маси 
зубчастих коліс та валу дають можливість варіювати вибором матеріалу або термообробкою, що суттєво розширює 
діапазон пошуку оптимального варіанту та спрощує вирішення поставленої багатоваріантної задачі конструювання.
Висновки. Запропонований метод оцінки маси обертального вузла механічної передачі на етапі попереднього про-

єктування на основі силових параметрів машинного агрегату є перспективним, оскільки відповідні силові характерис-
тики та механічні властивості матеріалів зубчастих коліс та валів визначені однозначно. Такий підхід дозволить піді-
брати відповідну масу ланок складальних одиниць, моменти інерції яких відповідатимуть маховому моменту маховика, 
що, у свою чергу, забезпечить необхідну стабілізацію кінематичних та динамічних характеристик машинного агрегату.




