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INFLUENCE OF THE GEOMETRICAL PARAMETERS OF SPLIT GEAR
ELEMENTS ON THEIR DISPLACEMENT

Summary. Gearboxes are still a key element of drive transmission systems used in various
technical objects and many transport means. The gearbox’s operation is associated with the
emission of vibrations and noise. The quietness of gearboxes is a significant research problem,
and in the case of means of transport, it is directly related to the comfort of passengers and the
impact on the nearest environment, as it causes pollution with vibrations and noise. The subject
of many studies is the search for new and improved design solutions to reduce the vibration
emission of operating gearboxes. One such solution is the design of a split gear containing a
ring made of a flexible material covered by patent protection, Pat. 244312. This paper assessed
the influence of selected geometric parameters of the split gear’s flexible ring on the gear
elements’ displacement due to the transferred load. As part of the research, simulation studies
using the finite element method were performed for selected design cases of a split gear and
the relative position of the flexible ring and the loaded gear’s tooth. The results show a
significant effect of the flexible ring’s thickness and position relative to the loaded gear’s tooth
on the displacements of the selected elements.

1. INTRODUCTION

Gearboxes remain a critical element of transmission systems used in many technical objects. They
are commonly used in various means of transport and technical objects in the energy sector, and they
are used to transfer propulsion in many civil engineering objects. Regardless of their application, the
design of gearboxes must meet specific requirements. The obvious ones include ensuring the assumed
durability and high reliability [1]. Increasingly often, these requirements also include ensuring the lowest
possible emission of vibrations and noise during operation [2-4]. The quiet operation of the gearbox is
a key issue in structures that directly affect users and the immediate environment. Such structures
undoubtedly include means of transport [5].

In the case of gear transmissions, vibrations generated during their operation have various sources,
including parametric vibrations from the shaft’s bearings [2, 4, 6-7], deviations resulting from the
tolerances of the manufacturing of gearbox elements and their assembly [2, 4, 8], elastic deformations
of gearbox elements as a result of transferred loads [1, 2, 4], uneven load distribution along the meshing
width [1-4, 9] and housing stiffness [1-4, 10-11]. It should be noted that the main source of vibrations
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generated during gearbox operation is the meshing zone, where cooperating gears come into contact.
Vibrations from this zone are transferred through the remaining elements of the gearbox (the gear’s
body, shafts, and bearings) to its housing, thus exciting it. The housing, excited by vibrations in this
way, affects the immediate surroundings and the entire object structure in which the gear transmission
is installed. In the case of means of transport, this is a highly undesirable phenomenon because vibrations
and the noise that accompany them significantly affect passengers and users of transport, reducing their
comfort, among other things.

Research to find solutions for reducing the vibration of gearboxes has been conducted for years in
many research centers worldwide. Researchers believe it is possible to reduce vibration emissions by,
among other methods, using unconventional materials to make gears, which is often supported by
additive manufacturing techniques [13-15]. The use of these materials and additive manufacturing
techniques is also closely related to the problem of gear manufacturing precision [8, 16-18]. An
important direction of research on the development of silent running gearboxes has focused on
developing new gear designs and modifying existing ones. In this field, we can distinguish, for example,
research aimed at developing new meshing profiles [19-21] and research aimed at developing gears with
a modified housing design [14, 22-24].

One of the design solutions for limiting the propagation of vibrations generated in the meshing zone
to the other transmission elements is the design of a split gear covered by patent protection, Pat. 244312
[25]. The split gear shown in the patent Pat. 244312 separates the hub and toothed rim by forming a
groove in the shape of a sinusoidal curve and then reconnecting these two components with an additional
element made of a flexible material called a ring. This design of the gear (Fig. 1) is intended to
additionally limit the transfer of vibrations from the meshing zone to the other elements of the gear
transmission by using an element (ring) characterized by a higher vibration-damping coefficient than
the material from which the hub and the toothed rim are made. Moreover, using an element made of a
flexible material is intended to eliminate, to some extent, the negative impact of deviations in the teeth’s
geometry and reduce uneven load distribution along the tooth width.

toothed rim
(outer part)

<—hub
(inner part)

Fig. 1. An illustrative presentation of the split gear design - Pat. 244312

Using a flexible material element in the design of a split gear may contribute to increased
displacements of the toothed rim due to the transferred load. Any excessive displacement of the toothed
rim could contribute to the deterioration of the meshing conditions of the cooperating teeth, which, in
turn, will not bring the expected reduction in vibration emissions from the operating gearbox. This paper
assessed the influence of the thickness and shape of the ring, which is made of a flexible element, on
the displacements of selected elements of a split gear due to the transferred load. As part of the research,
simulation studies using the finite element method (FEM) were performed for selected design cases of
a split gear and the relative position of the flexible ring and the loaded gear’s tooth. The results reveal
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that the flexible ring’s thickness and position relative to the loaded gear’s tooth significantly affect the
displacements of the selected elements.

2. DESCRIPTION OF THE RESEARCH METHOD AND THE CONDUCTED STUDIES

The FEM was used to evaluate the influence of the flexible split ring’s selected geometric parameters
and its position relative to the loaded gear’s tooth on the displacement of selected gear elements. The
geometric models of the split gear prepared for simulation consider the geometry changes resulting from
the analyzed cases. The selected parameters of the analyzed gear and the transmission in which the gear
operated are presented in Table 1.

Table 1
Selected parameters of the gearbox and the analyzed gear

Selected gearbox parameters
Selected parameter Value
Gear Ratio - i 1.5
Module - m 4.5 mm
Helix angle - 0°
Pressure angle - a 20°
Center distance - a,, 91.500 mm
Total unit correction - Xx 0.3532
Circular pitch - p 14.137 mm
Base circular pitch - P 13.285 mm
Operating pressure angle - o, 22.4388°
Selected gear parameters
Selected parameter Value
Number of teeth 24
Facewidth - b 20 mm
Unit correction - x 0.0497
Pitch diameter - d> 108.000 mm
Outside diameter - d.> 117.269 mm
Root diameter - dp 97.198 mm
Base circle diameter - dj.> 101.487 mm

In order to accurately represent the load on the gear’s tooth during the gearbox operation, an extended
analysis was also performed to determine the direction and value of meshing forces for the analyzed
gear load cases. Fig. 2 shows the gears’ base circles, addendum circles, the line of action (pressure line),
and characteristic points. The original drawing was made in the Computer-Aided Design (CAD)
environment [26, 27].

Fig. 3 shows an enlarged view of the location of two characteristic points on the line of action. The
first of them, marked B1, when the gearbox operates as a reducer, is connected to the end of the single-
pair contact and the beginning of the double-pair contact. Similarly, the second of them, marked B2, is
connected to the end of the double-pair contact and the beginning of the single-pair contact.

Fig. 4 shows the diameter dpg; related to point B1 (Fig. 3), which marks the end of the single-pair
contact and the beginning of the two-pair contact. The diameter of the analyzed gears is
dpi=0112.009 mm. The meshing force will be applied to this diameter during further analyses, and its
direction is consistent with the direction of the pressure line occurring in the tested gearbox.

Figs. 5a and 5b show two characteristic angles, 6,51 and dsg1/2. The first of them (J,81), which occurs
in the case of a gearbox whose axis system O1-02 is vertical (Fig. 2), is included between the vertical
axis Y and the straight line passing through points O2 and B1 (Figs. 3, 5a, and 5b). The second one
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(8sB1/2), which occurs when the highest tooth of the driven gear is symmetrical to the Y-axis, is included
between this axis and the straight line passing through points O2 and Sgi, (Figs. 5a and 5b).

Fig. 2. Base circles and addendum circles of the gears and the line of action (pressure line), as well as
characteristic points
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Fig. 3. Characteristic points on the line of action: B1 — end of the single-pair contact and the beginning of the
double-pair contact, B2 — end of the double-pair contact and the beginning of the single-pair contact

Fig. 4. Driven gear and characteristic diameter dps: connected with point B1 — end of the single-pair contact and
the beginning of the double-pair contact
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a)

Fig. 5. Two characteristic angles dy81 and dspi1/2: a) tooth of the driven gear and two characteristic angles, dpB1
and JsB1/2, measured concerning the Y-axis — detail A (Fig. 5b) shows the points related to them, and the
arms of the angles are led to the point O2; b) the driven gear and the characteristic diameter dys1 related to
the end point of the single-pair contact and the beginning of the two-pair contact B1, as well as the point
Spi2 located at the intersection of the diameter dps:1 and the operating surface of the tooth

Therefore, for further consideration, the gearbox shown in Fig. 2 was adopted, except the axis
01-02 (Fig. 2) connecting the gears’ centers is rotated clockwise relative to point O2 by an angle of
dss12 — Oppi. In the analyzed case, the value of the angle dsgi2 — dpsi is 0.2657°. On the other hand,
between the horizontal axis X (Fig. 5b) and the direction of the pressure line, there is the angle o —
(8sB12 — Opm1). In this case, the highest tooth of the driven gear occupies a symmetrical position to
the axis Y (Fig. 5a). The force loading this tooth is applied at the end point of the single-pair contact
and the beginning of the two-pair contact B1, which, in this case, coincides with point Sgi» (Fig. 5b).
The direction of the meshing force acting along the pressure line determined in this way was reproduced
in the model used to conduct the simulation tests (Fig. 6).

S,

Fig. 6. The direction of the meshing force acting along the pressure line (green vector) reproduced in the model
for conducting the simulation tests
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The simulation studies aimed to assess the effect of changes in selected geometric parameters of the
split gear design on the displacements of the gear components. During these studies, the influence of the
thickness of the flexible ring (marked as ¢ — Fig. 7) connecting the hub (inner element) and the toothed
ring (outer element) of the split gear was analyzed. During the simulation studies, three selected
thicknesses of the flexible ring ¢ were analyzed: 1 mm, 2 mm, and 3 mm.

The shape of the flexible ring used in the analyzed design of the split gear is characterized by a
variable cross-section in the plane containing the axis of rotation of the gear when the value of the angle
Ly between the YZ plane and the cross-section plane IT changes (shape similar to a sinusoidal curve).

b)

Fig. 7. Graphical representation of the analyzed thicknesses of the flexible ring: a) designation of the thickness of
the flexible ring #-, b) fragment of the gear geometric model used for simulation tests with a flexible ring
thickness #- of 1 mm, c) fragment of the gear geometric model used for simulation tests with a flexible
ring thickness #- of 2 mm, d) fragment of the gear geometric model used for simulation tests with a
flexible ring thickness #- of 3 mm

In addition, the shape of the flexible ring in the circumferential direction is characterized by
repeatability, and the angular measure between identical cross-sections of the flexible groove is 5,=30°.
Owing to this construction feature of the analyzed split gear, it was also necessary to analyze the
influence of changes in the mutual position of the loaded gear tooth (stationary during simulation tests)
and the flexible ring on the displacements of the split gear’s selected elements. In this study, selected
mutual positions of the loaded gear tooth and the flexible ring were analyzed in the range of f, angles
from 0° to 30° in the assumed angular increments of 1.25°. This situation is illustrated in Fig. 8.

) o
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Fig. 8. Illustrative presentation of the angle f5, between the YZ plane and the section plane IT and the analyzed
range of angle S, values from 0° to 30°
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Simulation tests were run to analyze four selected cases of the meshing force values representing
unit load values Q in the range from 1 MPa to 4 MPa. During the tests, the cylindrical surface of the hub
bore was fixed. In the case of gear elements made of metal, the material was AISI 5150 steel. In the case
of the flexible ring, the material had linear characteristics reflecting the selected mechanical properties
of rubber (i.e., density, Young’s modulus, and Poisson’s ratio).

3. SIMULATION TEST RESULTS AND THEIR ANALYSIS

In order to determine the displacements of selected elements of the split gear, simulation studies
of selected design cases were performed using FEM. Due to the operation of the gear in the real
transmission, and in particular the meshing, the same point at the top of the head of the loaded tooth was
selected to determine the changes in displacement. The obtained displacement values (relative and
absolute) were determined for three significant variants: total displacement, X-axis direction (parallel to
the circumferential component of the meshing force axis of action), and Y-axis direction (parallel to the
radial component of the meshing force axis of action). Due to the comparative nature of the research,
changes in the values of relative displacements between the analyzed cases are presented on a percentage
scale (Figs. 9 and 10).
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Fig. 9. The course of the obtained displacement values (total, X-axis direction, Y-axis direction) as a function of
angular displacement /3, in the case of O = 1 MPa and a) thickness of the flexible ring #-= 1 mm,
b) thickness of the flexible ring #-= 2 mm, c) thickness of the flexible ring #-=3 mm
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In the case of relative total displacements and relative displacements in the circumferential direction
(Figs. 9 and 10), the determined courses of their values as a function of the angular displacement f, are
characterized by similar values.

15,0% ) ] ) o 15%
< 125% Displacement: Total, X Axis, Y axis, Q= 2 MPa S
= 10,0% 1,0% o
% 75% . ©
> 50% et T T SN — 05% =
' K L '.'.~" . 9. o ©
'E 2' 5% ...;:.“3“' . sy TS g
S 00% ¢ - 00% F
g -25% e <
I 50% .. -05% &
9 -75% o
O 100% 1,0% 2
-12,5% o
-15,0% -1,5%
0 5 10 15 20 25 30
Angular displacement 3, [°] )
a
15,0% - _ - _ 1,5%
= 125% Displacement: Total, X Axis, Y axis, Q= 2 MPa S
= 10,0% 1,0% 2
X 7.5% ©
> 50% 05% <
e 25% — 2
GE) 0‘0% &:'-'--‘ “‘i.‘“"""",&'.u,'.O\ +& Py .s*" 0’0'% 'T
5 25% . A .o\ms\w.l“\g\:.::;;:g' =
8 -50% R NPT e -05% &
o
a -75% ]
0 .10,0% 1,0% I
-12,5% 2
-15,0% -1,5%
0 5 10 15 20 25 30
Angular displacement 3, [°] b)
15,0% ) ] ) o 1,5%
= 12.5% Displacement: Total, X Axis, Y axis, Q= 2 MPa S
' 10,0% 1,0% 2
X 75% o ©
> 50% . 05%
£ 25% g el " g
g 00% & = 00% +
g -2.5% €
S 50% -05% &
@ -75% 0
O .10,0% -1,0% 2
-12,5% 2
' )
-15,0% -1,5%
0 5 10 15 20 25 30
Angular displacement 3, [°] C)

Fig. 10. The course of the obtained displacement values (total, X-axis direction, Y-axis direction) as a function
of angular displacement f, in the case of Q =2 MPa and a) thickness of the flexible ring #-= 1 mm,
b) thickness of the flexible ring #-= 2 mm, c) thickness of the flexible ring #-= 3 mm

This is because the displacements in the circumferential direction (the determined actual values of
these displacements) in the tested structure of the split gear constitute the dominant component of
the calculated total displacement. Moreover, in the case of relative total displacements and relative
displacements in the circumferential direction (Figs. 9 and 10), the analysis of the course of the
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determined function showed that its zero value occurred in the range of angle f, values of 16° to 22°,
which is not at the point constituting the center of the analyzed range of angular displacement. The
highest value of the angular displacement S, for the zero value point of the determined function was
noted for the thickness of the flexible ring #- = 1 mm. As the thickness of the flexible ring increased, the
value of the angular displacement f, for the zero value point decreased. In the case of #- = 3 mm, it was
within the range of the angular displacement £, of 16° to 17°.

The simulation test results show that the largest relative changes in displacements (up to almost 10%)
occurred in the Y-axis direction, parallel to the direction of the radial component of the meshing force
(Figs. 9 and 10). In this direction, higher displacement values were also observed in the first half of the
angular displacement Bp (from 0° to 15°) compared to the second half of the angular displacement S,
(from 15° to 30°). This phenomenon was noted for all analyzed cases. In the case of displacements
determined in the Y-axis direction (Figs. 9 and 10), the analysis of the relative displacement change
function shows that the zero value point of the determined function occurred in the range of f, angle
values of 13° and 14°, which is also not at the point constituting the center of the analyzed angular
displacement range. This phenomenon may result from the direction of the applied meshing force
loading the tooth, but an extended analysis is recommended to confirm this thesis.

Fig. 11 presents the displacement curves (actual values) as a function of flexible ring width #. and
selected values of unit load Q for selected cases of angular displacement f,.
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Fig. 11. The course of the obtained displacement values (total, X-axis direction, Y-axis direction) as a function
flexible ring width # and selected values of unit load Q: a) total displacement and angular displacement
pp=15% b) X-axis direction displacement and angular displacement f, = 5°; c) Y-axis direction
displacement and angular displacement 5, = 5°; d) total displacement and angular displacement 5, = 159
e) X-axis direction displacement and angular displacement ,= 15 f) Y-axis direction displacement
and angular displacement S, = 15°% g) total displacement and angular displacement f, = 25°; h) X-axis
direction displacement and angular displacement f, = 25° i) Y-axis direction displacement and angular
displacement S, = 25°
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Based on the courses of the determined displacement functions presented in Fig. 11, the increase in
the flexible ring #’s thickness results in higher values of total displacements in all analyzed directions.
In the case of the values of the flexible ring ¢ for the analyzed range of 0 to 3 mm, the course of the
determined function is not linear. Moreover, as expected, the increase in the unit load Q also increased
the values of total displacements in all analyzed directions.

4. CONCLUSIONS

Based on the simulation tests and analyses of the results, it was found that:

1. In the case of a split gear, the selected geometric parameters of the used flexible ring (in particular,
the ring thickness) significantly influence the displacement of the split gear’s elements due to the
transferred load. Based on the courses of the determined displacement functions presented in Fig. 11,
it was shown that an increase in the thickness of the flexible ring #, results in higher values of total
displacement in all analyzed directions. In the case of values of thickness of the flexible ring #. from
the analyzed range of 0 to 3 mm, the course of the determined function is not linear.

2. In the case of a split gear and the applied shape of the flexible ring (a curve similar to a sinusoid),
the position of the loaded gear tooth relative to the flexible ring significantly affects the obtained
displacement values of the split gear’s elements. The largest relative differences in displacement
(almost 10%) were noted for the radial direction (Y-axis direction; Figs. 9 and 10). However, the
largest displacements (actual values) were recorded in the circumferential direction (X-axis
direction), dominating the calculated value of the total displacement.

3. For all analyzed variants and directions of relative displacements, a shift of the zero value point of
the determined courses of the above-mentioned displacements relative to the center of the analyzed
range of angular displacement (f, = 15°) was noted. For total displacements and relative
displacements in the circumferential direction, the occurrence of the zero value point was
demonstrated in the range of the f, angle values of 16° and 22° (Figs. 9 and 10). The highest value
of the angular displacement S, for the zero point of the determined function was recorded for the
thickness of the flexible ring #- = 1 mm. As the thickness of the flexible ring increased, the value of
the angular displacement S, for the zero value point decreased. In the case of 7. = 3 mm, it was within
the range of the angular displacement 5, of 16° to 17°. In the case of displacements determined in
the Y-axis direction (the direction parallel to the direction of the radial component of the meshing
force), the analysis of the relative displacement change function showed that the zero value point of
the determined function occurred in the range of 5, angle values of 13° and 14° (Figs. 9 and 10). This
is also not at the point constituting the center of the analyzed angular displacement range. This
phenomenon may result from the direction of the applied meshing force loading the tooth, but an
extended analysis is recommended to confirm this thesis.

4. Inthe case of displacements determined in the Y-axis direction (the direction parallel to the direction
of the radial component of the meshing force), higher displacement values were observed in the first
half of the analyzed range of angular displacement /3, (from 0° to 15°) compared to the second half
of the analyzed range of angular displacement S, (from 15° to 30°; Figs. 9 and 10). This phenomenon
was noted for all analyzed cases.

Despite all four of the above important conclusions, this article does not present a detailed analysis
of how the proposed design will affect reliability indicators and manufacturing costs. Regarding
manufacturing costs, the authors have some experience, having manufactured prototype wheels of this
type for research purposes. Manufacturing split wheels costs more than manufacturing non-split wheels
because the wheels must be separated and joined with a flexible material. These technological operations
had to be developed, which was a significant investment that does not reflect the costs of manufacturing
such wheels on a mass scale once the technology has been developed and optimized. However, if
experimental studies show that vibrations generated by gears containing split gears are lower, even with
higher meshing deviations, the lower cost of producing gears with larger meshing deviations may
compensate for the additional steps required to produce split gears.
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Furthermore, the authors consider that converting non-split gears, whose teeth exceed acceptable

precision classes, into split gears may be cost-effective and ensure lower vibrations during operation.
For this reason, the authors plan to conduct this type of research in the future. The authors also plan to
conduct reliability tests if positive results are achieved in reducing vibration and noise from
transmissions containing split gears. This is because, to limit the number of design variants tested, it is
necessary to know which material and its thickness will provide the greatest vibration reduction. This
article provides the basis for understanding the phenomena described.
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