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Abstract — Hybrid metal-composite gears, which
combine the strengths of traditional metal gears with
advanced composite materials, have become a
promising solution for various industrial applications.
This study presents a comprehensive numerical
analysis of the influence of rim thickness on tooth root
stress in metal-composite gears. In the process of
manufacturing composite gears, the gear body is
replaced with a composite, excluding the hub and rim,
which remain metallic. This analysis includes
proportional scaling of the rim thickness while keeping
other parameters constant to assess its impact on root
stress distribution. Six different cases are examined. In
each case, various gear configurations are considered,
starting from a fully metal gear and moving to hybrid
metal-composite gears with varying rim thicknesses.
Ansys Workbench is used for the analysis, and the
results are verified with analytical calculations
according to ISO 6336-3. This study establishes a
deeper understanding of the compromise between rim
thickness and stress distribution. The conclusions
gained from this study can guide gear engineers in
optimizing the design of hybrid metal-composite gears.
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1. Introduction

Gears are crucial mechanical components for
power transmission because of their consistent
transmission  ratios and high load-bearing
capabilities. Various types of gears exist but,
cylindrical gears with either straight or oblique teeth
are among the most common. The main difference
between these gears is that the teeth of the spur gears
are aligned parallel to the axis of rotation, whereas in
helical gears, the teeth are angled at 3. Helical gears,
compared to spur gears, can bear higher loads and
operate more quietly. In spur gears, contact between
the teeth occurs all at once across the entire width of
the gear. In contrast, in helical gears, contact begins
at one point on the tooth edge and gradually extends
across the whole tooth, aiding in a quieter gear
operation [1], [2], [3], [4].

The increasing need to reduce the weight of load-
bearing parts, especially in the automotive and
aviation industries, has increased the need for the
development of innovative technological solutions
for components composed of multiple materials.
With this, different characteristics can be obtained in
different segments of the part using a material for a
specific application. For example, metal parts can be
added to a composite part to improve assembly
operations. In addition, combining multiple materials
in one part can lead to a significant reduction in
weight  without  impairing the  functional
characteristics of the part. The use of composite
materials, together with metals, in a hybrid structure
is currently being developed for application in high-
tech industries [14]. In the aviation industry, a
combination of composites and aluminum is used in
the latest aircraft models. The same thing happens in
the military industry, for example, in the ships of the
US Navy, certain structures can be found that are
composed of metal and composite.
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By combining a composite material with a metal,
a metal-composite hybrid structure can be obtained,
which allows the grouping of the mechanical
properties of both materials. This combination has
great potential and is especially applicable when
there is a need for mass reduction [5], [6].

The need to reduce mass also appears in gears.
Several solutions for mass reduction can be found in
the literature. Traditionally, the mass of gears is
reduced by reducing the thickness of the ring and
gear body. These studies were conducted by several
authors [7], [8]. In addition, with new manufacturing
technologies, such as 3D printing, mass reduction
can also be achieved using different structures that
cannot be obtained with traditional manufacturing
methods. In previous work, the use of a lattice
structure in gears, that is, reducing the mass while
maintaining the characteristics of the gear in terms of
carrying capacity, was investigated [9].

The application of hybrid gears in modern
engineering represents a significant advance towards
achieving high performance while reducing mass.
These gears, which combine different materials, such
as metals and composites in their construction, allow
the optimization of mechanical properties for specific
applications. For example, the gear body can be
made of a lightweight composite material to reduce
mass, while the teeth and hub are made of metal to
improve durability and power transfer capability.
This innovative use of hybrid materials not only
contributes to efficiency and cost-effectiveness
within various industries but also improves the
operational characteristics of the systems where they
are used. Recently, research in the field of hybrid
gears has increased and become more popular. The
authors in [10] and [13] are working on developing a
model of hybrid gears, combining metal and
composite, aiming to reduce the mass. The analyses
were performed using the Finite Element Method
(FEM) by performing a static analysis and comparing
the performance of a hybrid gear with an all-metal
gear. This study shows that with hybrid gears, a
significant reduction in mass can be obtained, as well
as an improvement in performance.

o
%)

The influence of the geometrical parameters of
hybrid gears on the stress, stiffness, and dynamic
behavior was analyzed in [11]. The authors are
working to optimize the performance by carefully
selecting the geometrical parameters. Additionally,
NASA has conducted research in this area. In [12],
they developed and tested hybrid gears. Tested for
more than 300 million cycles at high speeds and
torques, hybrid gears have demonstrated success.

2. Methodology

To determine the impact of the gear rim thickness
on the stress at the tooth root, six different cases were
examined. In each case, various gear configurations
were considered, starting from a fully metal gear and
then moving to hybrid metal-composite gears with
varying rim thicknesses (Figure 1). In the first case, a
traditional, fully metal gear was analyzed, which
serves as a baseline for comparing the results. The
other analyzed gears are hybrid, meaning that the
gear rim and hub are made of metal, while the body
is made of a composite material, carbon fiber and
resin. In these gears, the rim thickness is the only
variable changed across different cases, whereas all
other parameters remain unchanged to observe their
influence on the stresses. The rim thickness Sg
(Figure 1) is related to the module m, starting from
2.5m, down to 0.5m, decreasing by 0.5 for each case.

All gears were modelled using the SolidWorks
software suite, and the stress analysis at the tooth
root was conducted using structural analysis in the
Ansys Workbench software. Table 1 lists the gear
parameters. The metal gears are made from 16MnCr5
material, while for the hybrid gears, the metal part
(the rim and hub) remains the same, and the body is
made from a composite material named Epoxy
Carbon Woven (395 GPa) prepreg, with
characteristics taken from the Ansys database.
Additionally, to validate the results of the structural
analysis, an analytical calculation of the stress at the
tooth root was conducted according to ISO 6336-3.

Rim (metal)
BOdy composite)

HUb (metal)

Figure 1. Hybrid metal-composite gear
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3. Analytical Calculation of the Stress at the
Tooth Root

The performance of gears largely depends on the
stress distribution within the gear tooth, and
particular attention should be paid to the stress at the
tooth root. This stress can contribute to tooth failure.
Understanding and accurately predicting this stress is
a fundamental task in gear dimensioning.

Table 1. Gears parameters

The maximum stress at the tooth root can be
determined by various methods, such as Finite
Element Analysis (FEA), integral equations, or
experimentally using strain gauge strips. In addition
to these methods, according to ISO 6336-3 [16], [15]
the nominal relevant loading at the tooth root is
determined based on the force that loads the tooth at
external point D (Figure 2).

o . Hybrid I8l Hybrid gt Hybrid
Parameter Pinion Solid Gear gear e (i) gear sz lia) gear
Q,5m) & (1,sm) & (0,5m)
Number of teeth 34 34 34 34 34 34 34
Modul [mm] 5 5 5 5 5 5 5
Pressure angle [ °] 20 20 20 20 20 20 20
Pitch diameter 170 170 170 170 170 170 170
[mm]
Face width [mm] 25 25 25 25 25 25 25
Rim thickness [mm] / / 12,5 10 7.5 5 2,5
Torque [Nm] 339.15
Contact Force [N] 3750
Where,
Fi- Contact force,
b- Face width.
m,,- Normal module,
_‘ Yr - Tooth form factor, and can be
300 ma . calculated according to equation (2):
P 6 (%) * COS Qpen
+ F _ n
P=— @)
(ﬂ) * COS
2 n
SFn mn
Figure 2. Tooth loading at external point D[17] Where,

At this point, the entire load is transferred only by
the current tooth. The formula for calculating the
nominal stress according to ISO 6336-3 [16] is as
follows:

Fy
b+m,

OFp = YeYsYpYpYpr (1

30

hpe - Bending moment arm for the tooth
root stress (Figure 2),

Spn - Tooth root thickness at the critical
section (Figure 2),

Qpen - Load direction angle (Figure 2),

a, — Pressure angle,
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Ys - stress correction factor, and can be calculated
according to equation (3):

N

Yo = (1.2 +0.13 % L)gq

Where,
Skn
L= (4)
hge
Fn
= 5
%= v pp (5)
Where,

pr - Tooth root radius at the critical section
Yg - Helix angle factor,

Yg - Rim thickness factor, and

Ypr - Deep tooth factor.

Although the main method used in this study to
determine the maximum stress at the tooth root is
FEA, for the verification of the simulation, the
calculated maximum stress for a solid gear will be
used, with the individual parameters and conditions
shown in Table 1. A detailed calculation was made
using formulas (1) to (5), and is presented as follows:

Fy
Opp = mYFYSY[)’YBYDT

3750 1.435%232+«1x1=%1
= *x 1. *x 2. * 1 x1 %
25 %5
= 99,88 MPa

F. = 3750 N

b=25mm

m, =5mm

h
6 (ﬁ) *COSUpen 6 (4'919) * c0s 19.04

YF — n 5
2 10.1702
(SL;‘) * COS &ty (T) * cos 20
mn
= 1.435

1
T o14(23]
Ys = (1.2 +0.13 » L)qs{[““(T)]}

=(12+0.13
2.3
+ 2.067)2.891+21+(z567)]
=2.32
Spn 10170
L=——= = 2.067

hre 4919
S 10.170

qs =5 = 2.891

T 2%pr  2#1.759
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YB:]‘
YB:1
Ypr =1

Based on the presented calculation, a maximum
stress at the tooth root for a full gear of 99.88 MPa
was obtained.

4. Finite Element Analysis

As previously mentioned, FEA was used to
determine the impact of the gear rim thickness on the
tooth root stress. Six cases were analyzed: a solid
gear, a hybrid gear, and rim thicknesses of 12.5, 10,
7.5, 5, and 2.5 mm. Figure 3 shows a gear pair in a
mesh, where one gear is a test gear and changes for
each case, whereas the other is solid and remains the
same for all cases. The 3D models of the gears were
prepared using the SolidWorks software package and
then imported into Ansys Workbench.

Consistent boundary conditions were used for all
analyses. Specifically, for the hybrid gears, a rigid
connection was established between the gear body,
rim, and hub (Figure 3). On surface A, a cylindrical
support was defined with no degrees of freedom, and
on surface B, a cylindrical support allowed for
rotation. Additionally, a moment of 339150 Nmm
was defined on surface B. The contact between the
gears in mesh is defined as frictionless contact. Six
analyses were conducted, and the stress values at the
tooth root were recorded. The first case, that is, the
analysis of a solid gear, which serves as a reference
for the comparison of the results, is also the basis for
the validation of the model with the analytical
calculation.

Contact gear. Test gear
e

Figure 3. Meshing gears

A well-structured and defined mesh is of great
importance for the model because the results largely
depend on the mesh quality. Using the tools in Ansys
Workbench for mesh control, the size of the elements
is defined as 3 mm, while a finer mesh of 0.4 mm is
specified for the contact surface and the root part of
the tooth where the stresses are measured.
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Prism-shaped elements are used because they
converge the solution faster than tetrahedral-shaped

elements. Figure 4 illustrates the meshing of the
models.

Figure 4. Meshed model of gear pair

5. Results and Discussion

From the analytical calculation performed for the
stress at the tooth root, a result of 99.88 MPa was
obtained and compared with the stress measured
from Ansys Workbench for the first case, solid gears.
In this case, a stress of 92.377 MPa was recorded,
resulting in a difference of -7.5%. This discrepancy
occurs because of the assumptions made in the
analytical calculation. The results for all cases are
shown in figures 5-10 for each case individually.

A group display of the results is shown in Figure
11. As expected, reducing the thickness of the gear
rim increased the stress at the tooth root.

B: solid

Maximum Principal Stress
Type: Maximum Principal Stres
Unit: MPa <
Time: 15

92.377 Max
. 82.085

| 71,793
61.502

51.21

40918
30.627

20.335

10.043
-0.24839 Min

Figure 5. Root stress results for the solid gear

F:2.5m

Maximum Principal Stress
Type: Maximum Principal Stress
Unit: MPa -
Time: 1s

97.533 Max

F 84.887

72.241
59.596
46.95
34.304
21.658
9.0127
-3.633
-16.279 Min . \

Figure 6. Root stress results for hybrid metal-composite
gear with a rim thickness of 12.5 mm
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For the first cases, the difference was smaller. For
a hybrid gear with a rim thickness of 12.5 mm, a
stress of 97.53 MPa was recorded, corresponding to
an increase in stress of 5%. For a rim thickness of 10
mm, a stress of 99.45 MPa was recorded, representing
a difference of 7.65% compared to a full gear. For a
rim thickness of 7.5 mm, the stress was 103.03 MPa,
or a difference of 11.5%. For cases with a thin rim,
namely thicknesses of 5 mm and 2.5 mm, a
significant increase in stress is observed. A stress of
113.78 MPa was recorded for a rim thickness of 5
mm, and a stress of 139.24 MPa for a rim thickness of
2.5 mm, representing differences of 23.17% and
50.73%, respectively.

A:2m

Maximum Principal Stress
Type: Maximum Principal Stress
Unit: MPa :
Time: 1s

99.453 Max
H 87.557
- 7566
63.763
51.867
39.97
| 28073
16.177 L
4.2802
-7.6164 Min

Figure 7. Root stress results for hybrid metal-composite
gear with a rim thickness of 10 mm

D: 15m

Maximum Principal Stress |
Type: Maximum Principal Stress
Unit: MPa

Time: 15

103.03 Max
. 90.385
‘ 77.742
65.099
52.456
39.813
2717
14.527 —
1.8844
-10.759 Min

/

Figure 8. Root stress results for hybrid metal-composite
gear with a rim thickness of 7.5 mm
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E:1m

Maximum Principal Stress
Type: Maximum Principal Stress
Unit: MPa

Time: 1s

113.78 Max
. 99.86

85.941

72.022

. 58.104
44185
 30.26e6

16.347
I 24281 ,
-11.491 Min B

Figure 9. Root stress results for hybrid metal-composite
gear with a rim thickness of 5 mm

150
140
130
120
110
100
90
80
70
60

ROOT STRESS [MPA]

Solid Gear 12.5 10

C:05m

Maximum Principal Stress
Type: Maximum Principal Stress
Unit: MPa

Time: 1s

139.24 Max
. 120.5

101.76

83.026

. 64.288
45.551

|| 26.813

8.0759 :
I -10.662 |
-29.399 Min e

Figure 10. Root stress results for hybrid metal-composite
gear with a rim thickness of 2.5 mm

7.5 5 2.5

RIM TICKNESS [MM]

Figure 11. Comparison between the results

6. Conclusion

The analysis presented in this paper highlights the
significance of rim thickness on the stress at the tooth
root in hybrid metal-composite gears. It is clearly
demonstrated that a thinner rim results in a
significant increase in stress compared to a fully
metal gear. This research underscores the importance
of considering rim thickness when designing hybrid
metal-composite  gears to  ensure  optimal
performance and durability.

This study focused solely on rim thickness; future
research should be conducted to determine the
optimal hub thickness and to explore the connection
between the metal and composite materials. This
would help to further refine the design and
performance parameters for these types of gears.
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