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Abstract. Five types of bevel gear pairs having straight teeth were designed to analyze the effect of the
modification of the shaft angle. This angle is the parameter� subject of TCA. After the geometric design process
and the creation and assembly of the CADmodels, Tooth Contact Analysis (TCA) was performed in order to get
the mechanical parameters focusing of the tooth roots of the connecting teeth. We repeated this process five
times since the load torques were also changed. The received mechanical parameters on the teeth connection of
the pinion and the driven gear were analyzed with taking in consideration all four-tooth root surfaces that limit
the contacting teeth pair. Finally, we referred to the useful selection of the appropriate gear pair for the
engineering application.
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1 Introduction

The bevel gears are used in many different engineer’s
constructions. The application of them is mainly found in
the vehicle industry, robot industry, medical applications
and other special engineer’s areas. The main properties of
these elements are the changing of turning direction
between the elements and the application of different sum
of pitch angles because of the cone establishments [1,2].

There are many publications in field of the bevel gear
pairs having straight teeth [2–10].

The computer aided designing (CAD) of straight bevel
gears manufactured by dual interlocking circular cutters,
and the evaluation of this simulation of meshing and
connection of the elements as well as finite element analysis
are shown [2].

Because of the high forming load and serious die wear,
the large diameter of the straight bevel gear is rarely to
manufacture by forging. A new forming method is
recommended to manufacture the straight bevel gear by
a specific die with a flash and a boss. The forming load and
die wear are considered as the optimization targets [4].

Based on the Tredgold’s approximation, a transparent
contact stress capacity model for straight bevel gears is
developed. A bevel load factor could be defined which
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provides a kinetic connection between the real bevel gear
and theoretical spur gear [5].

Considering the precessional bevel gears with a small
shaft angle, a number of drives with oil and gas devices
have been developed. Due to multi-pair tooth generating
they have a higher load capacity in comparison with other
types of gears, which provides a good drive operation [6].

The [7] paper deals with the development and the
validation of an approach for the contact pattern
evaluation in straight bevel gears within a pass/fail
decision process. The developed method is based on
blending vibration-based condition indicators with classi-
fication algorithms so as to distinguish adequate contact
patterns from inaccurate pairs.

The purpose of the study presented in [8] is to present
a clear essential thought for designing and investigating
straight bevel gear made of compound material.
Application of them in modern engineering practice
includes the components of the elements, such as robotic
arms, and this is especially obvious when metallic gears
are incapable of coping with the lively requirements of
the constructions.

The paper [10] shows two powerful optimization
methods: the simulated annealing algorithm (SA) and
the genetic algorithm (GA), that open up possibilities for
advanced optimization. These, coupled with American
Gear Manufacturers Association (AGMA) instructions
lead to the mass reducing of straight bevel gear pair by
considering the suitable design variables.
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Fig. 1. The geometry of bevel gear pairs having straight teeth by the shaft angle and fillet radiuses on the tooth roots [11].

2 S. Bodzás: Mechanics & Industry 21, 624 (2020)
The aim of the TCA is the analysis of the significant
mechanical parameters (stresses, deformations, etc.) on the
teeth of the connecting elements by different loads (torque,
moment). That is why the behaviour of the gear pairs could
be simulated and pre-estimated before the real application.
Certainly, the setting of the material type is also
important.

This is a complex research because firstly the researcher
has to design the geometric parameters of gear pairs
considering the reference’s recommendations. For this
purpose new computer software has to be worked out in
many cases or special gear designer software has to be
bought. The following step is the CAD modelling and the
assembling of the elements by the application of a CAD
software. Once the surfaces and solid bodies are obtained,
the TCA can start.

If the S=90° sum of pitch angles arrangement is not
solvable but angular shaft position is needed the shaft angle
will have to be modified. In these special cases the
appropriate tooth establishment is significant because of
the conversation of given load. The gear setting is along the
pitch cones that is why the sum of pitch angles is (Fig. 1)
[1–7,12].

X
¼ d01 þ d02 ð1Þ

2 Computer aided design of different bevel
gear pairs

Five types of bevel gear pairs were designed. In geometrical
aspects they are similar but only one parameter is the
difference between them which is only the shaft angle.
Knowing of the recommendations of the gear design
references [1–8,12,13,15] the initial parameters could be set
and the designing method could be selected. As a result,
these pairs could be designed.

The geometric parameters of our-designed bevel gear
pairs are presented on Table 1. The transmission ratio
means the ratio of Number of teeth I and Number of teeth
II. During the teeth connection two teeth are connected at
the same time.

Firstly, all of the geometric parameters had to be
determined by the help of the GearTeq software. This
software is quite complex but it is important for the exact
gear designing. Using of this program many types of gear
pairs could be designed (bevel gears, tooth gears, gear
racks, helical gears, worm gear drives, planetary gears, etc.)
(Fig. 2).

After the geometric designing, the GearTeq can
visualize the gear pair. If the geometric shape is acceptable
the designed parameters could be saved into the Solidworks
software (Fig. 3). The our-designed gear pair could be seen
(CAD modelling) by the Solidworks software. The
necessary tooth connecting simulations are to be done
here to be before the TCA starts.

2.1 TCA analysis on the tooth roots by the
modification of the shaft angle

After the geometric designing (CAD) the TCA could be
done. The aim of this analysis is the determination of the
mechanical parameters (stresses, deformations, strains,
etc.) during the teeth connection by given loads before the
real manufacturing [7,12,14–17].

The selected material was structural steel for both
elements (Tab. 2).



Table 1. The designed gear pair’s parameters.

Parameter Gears I Gears II Gears III Gears IV Gears V

Module (mm) 10
Pressure angle (°) 20
Spiral angle (°) 0
Shaft angle (°) 70 75 80 85 90
Number of teeth I (z1) 20
Number of teeth II (z2) 30
Fillet radiuses (mm) 2.8
Face width (mm) 100
Working depth (mm) 20
Whole depth (mm) 21.9
Pitch diameter I (mm, d01) 200
Pitch diameter II (mm, d02) 300
Pitch angle I (°, d01) 27 28.8 30.5 32.1 33.7
Pitch angle II (°, d02) 43 46.2 49.5 52.9 56.3
Circular pitch (mm) 31.4
Addendum (mm) I. f01 12.6
Dedendum (mm) I. l01 9.3
Addendum (mm) II. f02 7.4
Dedendum (mm) II. l02 14.4
Clearance (mm) 1.9
Root angle (°) I. dl1 24.6 26.2 27.8 29.3 30.7
Root angle (°) II. dl2 39.2 42.2 45.3 48.5 51.7
Outside diameter (mm) I. df1 222.4 222 221.6 221.3 220.9
Outside diameter (mm) II. df2 310.9 310.3 309.7 309 308.3
Tooth thickness (mm) I. 17.2
Tooth thickness (mm) II. 14.2
Addendum modification I (mm) 2.6
Addendum modification II (mm) �2.6
Addendum modification coefficient I 0.26
Addendum modification doefficient II �0.26
Transmission ratio 0.666
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The friction coefficient value was set m=0.15 because
this can be considered an average value characteristic for
steel. Dense meshing was used on the teeth contact zone
(Fig. 4). Element size was 1mm on this area. All fillet
radiuses were set on 2.8mm on the tooth roots.

The driven gear has all degrees of freedom blocked.
Only one rotation freedom degree was permitted on the
pinion. 900, 1500, 2000, 2500 and 3000 Nm torques were
applied as a load torque on the pinion. This values were
selected accordingly the geometric parameters, the mate-
rial type and based on our experience. The effect of these
loads on the tooth roots were analyzed (Fig. 5).

Both roots of the coupling teeth were analyzed on the
pinion’s and the driven gear’s tooth according to Figure 5.
The above mentioned torques were used in case of Gears
I–V and analyzed the arising normal stresses and normal
deformations.

Six coordinate systems had to be defined for the
analysis:
–
 one rotation coordinate system of the pinion around the
axis of rotation,
–
 one rotation coordinate system of the driven gear around
the axis of rotation,
–
 four coordinate systems on the tooth roots (by all fillet
surfaces, axis ‘x’ is perpendicular on the fillet surface
direction line and are situated in the symmetry plane
of it).

2.2 The analysis of the normal stresses

The distributions of the normal stress on the tooth roots
could be seen on Figures 6–9 in case of S=70° and
M=1500 Nm. Naturally, these analyzes were done for the
other gear pairs.

The average results are summarized on the following
charts for every tooth root individually for each torque
(Fig. 10).



Fig. 2. The application of the GearTeq software for designing of bevel gear pairs (S=70°).

Fig. 3. The designed bevel gear pair by Solidworks software
(S=70°).

Table 2. The parameters of the selected structural steel.

Density 7850 kg/m3

Yield limit 250 MPa
Ultimate strength 460 MPa

Fig. 4. The adoption of the FEM mesh.

Fig. 5. The analyzed tooth roots of the pinion and the driven
gear.
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(a) (b)

(c) (d)

(e)

Fig. 6. Normal stress’ distributions on Tooth root 1 on the pinion (S=70°, M=1500 Nm). (a) M=900 Nm, (b) M=1500 Nm,
(c) M=2000 Nm, (d) M=2500 Nm, (e) M=3000 Nm.
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Based on Figure 10 the followings could be concluded:

–
 the normal stress is being increased because of the
enhancement of the torque,
–
 the highest normal stress values are received on the
Tooth root 1 on the pinion,
–
 the normal stresses on Tooth root 2 is usually lower than
on Tooth root 3,
–
 the lowest normal stress values are received on the Tooth
root 2 and Tooth root 3.
Summary charts considering each tooth root were
drawn using the gained stress analysis data (Fig. 11). Based
on Figure 11 the following statements can be done:

–
 the highest normal stress values appear in case of S=85°
result,
–
 the lowest normal stress values appear in case of S=70°
result, that is why this sum of pitch angle is
recommended for designing if the construction is
allowed,



(a) (b)

(c) (d)

(e)

Fig. 7. Distributions of the normal stress on Tooth root 2 on the pinion (S=70°, M=1500 Nm). (a) M=900 Nm, (b) M=1500 Nm,
(c) M=2000 Nm, (d) M=2500 Nm, (e) M=3000 Nm.
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–
 a little wave could be considered on Tooth root 3 and 4
due to the higher growth of the normal stress

2.3 The analysis of the normal deformations

The normal deformation’s distributions on the tooth roots
couldbeseenonFigure12 incaseofS=70°andM=1500Nm.
Naturally, the analyzes were done for the other bevel gears
too.
The average results are summarized on charts for
every tooth root individually for each torque (Fig. 13).
Based on Figure 13 the following statements could be
made:

–
 the highest normal deformation values appear on the
Tooth root 1 on the pinion. This value is prominently
higher than the other values.
–
 the lowest normal deformation values appear on the
Tooth root 4 on the driven gear,



(a) (b)

(c) (d)

(e)

Fig. 8. Distributions of the normal stress on Tooth root 3 on the driven gear (S=70°, M=1500 Nm). (a) M=900 Nm, (b)M=1500 Nm,
(c) M=2000 Nm, (d) M=2500 Nm, (e) M=3000 Nm.
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–
 the normal deformations are continuously decreasing
from the Tooth root 1 to the Tooth root 4,
–
 the normal deformation values are continuously increas-
ing because the effect of the increscent torque.

Summary charts referring to each tooth roots were done
because of stress analysis (Fig. 14).

Based on Figure 14 the following statements could be
made:

–
 in case of Tooth root 1:
� the highest normal deformation values appear in case of
S=90°,
� the lowest normal deformation values appear in case of
S=70°,

� the S=80° result is situated on the middle approxi-
mately,

� the normal deformation values are almost equal in case
of S=70° and S=75° sum of pitch angles.
–
 in case of Tooth root 2:
� the highest normal deformation values appear in case of
S=85°,

� the lowest normal deformation’s values appear in case
of S=90°,



(a) (b)

(c) (d)

(e)

Fig. 9. Distributions of the normal stress onTooth root 4 on the driven gear (S=70°,M=1500Nm). (a)M=900Nm, (b)M=1500Nm,
(c) M=2000 Nm, (d) M=2500 Nm, (e) M=3000 Nm.
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� the S=70° and S=75° results are situated on the
middle approximately,

� the normal deformation values are almost equal in case
of S=70° and S=75° sum of pitch angles.
–
 in case of Tooth root 3:
� the highest normal deformation values appear in case of
S=85°,

� the lowest normal deformation values appear in case of
S=70°,

� the S=80° result is situated on the middle approxi-
mately.
–
 in case of Tooth root 4:
� the highest normal deformation values appear in case of
S=70°,

� the lowest normal deformation values appear in case of
S=85° and S=90° sum of pitch angles,

� the S=80° result is situated on the middle approxi-
mately.

Knowing of the decided optimum purpose the appro-
priate bevel gear pair by the shaft angles could be selected
accordingly Figures 11 and 14.



Fig. 10. Summary chart of the results of the normal stresses for each shaft angle. (a) S=70°, (b) S=75°, (c) S=80°, (d) S=85°,
(e) S=90°.
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3 Conclusion

The aim of the research is the investigation of the effect of
modification of the shaft angles by a straight teethed bevel
gear pair on the repartition of stresses and displacements
on the pinion and the driven gear tooth roots during the
tooth connection. Five gear pairs were designed by
different shaft angles (70°–90°) beside the constancy of
the other geometric parameters. After the geometric
designing by GearTeq software the CAD models were
created by SolidWorks software.
Considering the exact connection simulations and
profile shapes the TCA could be followed. Four tooth roots
were analyzed by normal stress and normal deformation
on each of bevel gears. The analysis was done by Ansys
FEM software. These connecting gear pairs were loaded
by different torques (900–3000 Nm). The necessary charts
were stood up for the evaluations. According to the
construction requirement the advantageous gear pair
could be selected considering the summary charts. The
results and the consequences of this research were
determined.



Fig. 11. Summary chart of the results of the normal stresses separately for every tooth root. (a) Tooth root 1, (b) Tooth root 2,
(c) Tooth root 3, (d) Tooth root 4.

Fig. 12. Normal deformation’s distributions on the tooth roots (S=70°, M=1500 Nm). (a) Tooth root 1 on the pinion, (b) Tooth root 2
on the pinion, (c) Tooth root 3 on the driven gear, (d) Tooth root 4 on the driven gear.
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Fig. 13. Summary chart of the results of the normal deformations for each shaft angle. (a)S=70°, (b)S=75°, (c)S=80°, (d)S=85°,
(e) S=90°.

Fig. 14. Summary chart of the normal deformation’s results separately for every tooth root. (a) Tooth root 1, (b) Tooth root 2
(c) Tooth root 3, (d) Tooth root 4.
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