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Abstract— The straight bevel gears are important mechanical element used in the industrial application
for the purposes of transfer power and motion between two perpendicular shaft. Therefore, this study aims
to increase the capability of the teeth to resist pitting failure and increase life of gears by modify the teeth
profiles of standard (symmetric) straight bevel gear. The modification used in this study involve adopted
the pressure angle of the teeth profile on unloaded side and fixed the pressure angle of the teeth profile on
loaded side to establish a new geometry of modified (asymmetric) straight bevel gear . The first step used
in the contact stress analysis is the generation of the tooth profile of standard and modified straight bevel
gear, the generation process has been done by programming the parametric equation of the movement of
the cutter by using MATLAB program (ver. 16), then the results obtain from parametric equation is import
to the SOLIDWORKS program (ver.14) to generate the final form of standard and modified straight bevel
gear. Then numerical investigation has been done on the model of the standard and modified straight bevel
gear by using Finite Element Method (FEM) based on the ANSYS program (ver.16) to find the value of
the contact stress. The results obtained from this study explained that there are a good enhancement in the
value of the contact stress when using the modified straight bevel gear instead of standard case. The
enhancement in the value of the contact about 19.601% for the case of modified straight bevel gear with
unloaded pressure angle 35° when compared with standard case. Finally, verification on the numerical
results of the contact stress has been done only for standard straight bevel gear by using analytical
equation.

Keywords— Straight bevel gear, Standard (symmetric), Modified (asymmetric), Finite element method
(FEM), Contact stress.

1. Introduction profile of straight bevel gear was regarded as the best

Bevel gear drives are mostly used for the application of
transfer power and motion between two perpendicular
shafts, also few applications required a special design for
the purposes of transfer power with shaft angle less or
more than 90°. There are different types of bevel gear
such as straight, spiral, zerol, and hypoid bevel gear, the
straight bevel gear which studied in this research was
regarded as the simple types used in different application
such automobile, marine, and lathe machine [3].

Pitting failure was regarded as the main types of failure
that effected upon the working efficiency and
corresponding effected up on the life of gear. Therefore,
the requirement of increasing the ability of the teeth to
resist the pitting failure were appear as the basic that
interest the engineering design in the field of gear [7].
Accordingly, the modification on the involute teeth

way to increase the strength to resisting the pitting
failure, this modification has been done by using
asymmetric tooth profile by changing the working
pressure angle for the unloaded side and fixed the
working pressure angle of loaded side.

Ligata et al in [2] studied the contact stress of
straight bevel gear generate by forging process forge with
spherical involute tooth profile. The spherical involute
form is not common in the industrial application, due to
the fact that the machine don’t have ability to cut this
form of the tooth accurately. Then the contact analysis
was done to compute the contact stress of the spherical
involute tooth profile of straight bevel gear. Finally, the
verification has been done to compare the results obtain
from this study with the results from gear generated by
rolling process. Zeyong et al in [14] introduced a new
form of geometry of straight bevel gear and study the

1726-4081© 2022 The author(s). Published by Association of Arab Universities Journal of Engineering Sciences. This is an open access article under

the CC BY-NC license (https://creativecommons.org/licenses/by-nc/4.0/).



50 Adil H.H. and Mohammad Q.A./ Association of Arab Universities Journal of Engineering Sciences (2022)29(4):49-58

effect of this new geometry on the tooth contact stress
and misalignment. The model of straight bevel gear was
established and then the axial modification has been done
done on the pinion and then the engagement between gear
and pinion has been done to specify the contact region.
The tooth contact stress of two interlock straight bevel
gear was obtained by built software program in
MATLAB. Deng et al in [12] studied the bending fatigue
at the root of the tooth and contact fatigue on the tooth
surface of the straight bevel gear by using finite element
method, Also studied the variation in the contact fatigue
and bending fatigue for different load condition. The
value of contact and bending stress of two meshing tooth
were done depending upon the stress life equation and
nominal accumulative fatigue. Verification was done by
using simulation procedure to increase the reliability of
this method. The results of fatigue failure of the straight
bevel gear was happen on the pinion derive. The contact
fatigue and bending fatigue of the pinion was regarded as
the main fatigue happen in two interlock straight bevel
gear. KurlapKar and Merza in [11] studied two types of
failure happen when a pair of bevel gear are meshing for
the purposes of transfer power and motion, one include
the bending failure due to bending stress ,and other
include the pitting failure due to contact stress, Also
studied the effect of different forces acting on the bevel
gear. The Lewis bending equation was used to compute
the bending stress of straight bevel gear, also the contact
stress was computed by using Hertz equation. The results
obtained for bending and contact stress of bevel gear by
analytical method give good agreement when compared
with the numerical results done by ANSYS. Kulkarni et
al in [8] studied the bending stress and contact stress for
the bevel gear for three different types of material
theoretically and numerically by using finite element
method. This study explains that the failure of the gear by
the contact stress are higher when compared with bending
stress, So that the maximum contact stress of bevel gear
was computed by using finite element method and then
the theoretical investigation was done by using Hertz
contact equation. The results obtained for contact stress
of bevel gear by numerical method gives good agreement
when compared with the theoretical results. sandor in [1],
studied the contact stress parameter such as normal stress,
normal strain, and normal deformation of straight bevel
gear as a function of number of teeth of the main gear. At
first the model of straight bevel gear was generated by
using a new software program which facilitate the
procedure of calculation the dimension of the gears.
Finally, the finite element method was done for five pairs
of straight bevel gear to determine the normal stress,
normal strain, and normal deformation at the contact
region of every mating gears. Chen et al in [4] proposed
an axial modification on the tooth profile of the straight
bevel gear in order to improve the bearing capacity and
meshing performance. In this study, two axial
modification was done, one include tip end relief and
second include symmetric crown modification, then
meshing performance of the two gears were done by
using finite element method. The results obtained from
this study explained that the modification on the tip relief

was regarded as optimum choice to enhancement the
meshing performance for different installation of straight
bevel gear with reduced transmission error, reduced
bending and contact stress, and improve the distribution
of the bending and contact strength.

Accordingly, this research aims to analyze the
contact stress for standard and modified straight
bevel gear for the purposes of increasing strength
against pitting failure. modified straight bevel gear.

2. Generation of Standard and Modified
Straight Bevel Gear

The first step used before analysis the contact stress
involve the generation of the tooth profile of standard and
modify straight bevel gear, this generation has been done
by depending on the parametric equation describe the
movement of the cutter during the operation of cutting
process of the tooth of straight bevel gear as shown in the
following equation [10]:

X3 = X,c08¢p — y,sing + (R — )¢ tand cos¢p —
(R — Dtané sing (D

Y3 = X,8in¢g — y,cos¢p + (R — )¢ tand cos¢p —
(R — Dtané sing (@)

Z3=Z2+l (3)

Then the parametric equation used to establish the
standard form tooth profile of straight bevel gear has been
modified to add the property of asymmetric form on the
unladed side of tooth profile for straight bevel gear. There
for the generation process can be divided into two parts,
the first part include the generation of the loaded side as
shown in the following equations [6]:

X3, = X2,C08¢ — Yy sing + (R — )¢ tand cos¢p —

(R — Dtané sing 4)
YsL = Xy 5ing — y, cos¢ + (R — D¢ tand cosp —

(R — Dtané sing (5)
Z31, = Zyj, + l (6)

While, the second part have the generation process of the
unloaded side of the tooth profile of straight bevel gear as
shown in the following equations [6]:

X3y = X2,€0SP — Yy, sing + (R — )¢ tand cos¢p —
(R — Dtané sing (7

Vay = X2, SiNQP — y,,cos¢p + (R — )¢ tand cos¢p —
(R — Dtané sing ®)

Zgy = Zoy + 1 9
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3. Modeling of the Standard and Modified
Straight Bevel Gear by Using Solidworks

Solidworks program ver. 14 has been used to generate the
final shape of standard and modified straight bevel gear
by depending upon different parameters shown in Table
(1) like, gear module, addendum circle, dedendum circle,
pitch circle, and reference cone angle.

Table 1: Gear and pinion parameters for speed ratio (SR

=1).
Gear parameter Gear and pinion
Pitch circle d =140 mm
Number of teeth 7=20
Gear module m =7 mm
Face width f=33 mm
Addendum h,=7 mm
Dedendum hg = 8.75 mm
Pitch angle §=45°
Distance of the cone R =98.994 mm
Angle of addedendum 0., = 4.04°
Angle of dedendum 8¢ = 5.05°
Tooth thickness S =10.9956 mm
Addendum circle d, = 149.899 mm

At first, the parametric equation describe the movement
of cutter has been programming by using MATLAB
program ver. 14 to get the profile of the involute teeth for
standard and modified staright bevel gear.

The generation process for the straight bevel gear start by
drawing the conical gear blank depending upon parameter
shown in Table (1), then apply the instruction of
revolved from 0° to 360° to establish the final form of
gear conical blank as shown in Figure (1) and Figure (2).
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Figure 1 : 2D profile of conical gear blank.

Figure 2 : 3D conical gear blank.

Then, imoport the involute profile of tooth of the gear
found in MATLAB program to the SOLIDWORKS
program to specify the tooth shape on the conical gear
blank as shown in Figure (3).
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Figure 3 : Involute tooth profile fixed on the gear conical
blank.

Using the lofted cut order on the involute profile of tooth
according to reference point fixed on the line of
intersection of center of gear with cone distance as shown
in Figure (4), the circular pattern order for 20 number of
teeth and spacing 360 degree as shown in Figure (5) used
to create the final shape of straight bevel gear.

Figure 4 : Involute tooth profile fixed on the gear conical
blank.
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Figure 5 : Circular pattern done on the involute of the
gear conical blank.

Finally, Figure (6) shows the full involute profile
of straight bevel gear, then the order of revolved cut
used to generate the final model used to obtain the
contact stress of standard and modified straight
bevel gear as shown in Figure (7).

Figure 6 : 3D full straight bevel gear.

Figure 7 : Involute tooth profile fixed on the gear conical
blank.

Figure 8 : Engagement of the two model of straight
bevel gear.

4. Analytical Investigation into Contact Stress
for Standard Straight Bevel Gear

The pitting failure is take place in the teeth of gear drives
when the value of the contact stress on teeth surface is
greater than the fatigue strength of the gear.

If a pair of tooth surface of gear drives are engage
together the contact will be happen, the contact point
between two engaged tooth move along tooth surface
from top to bottom as shown in Figure (9). The value of
the contact stress depends on the number of pairs of the
teeth in contact, so the maximum value of the contact
stress was hapen when only one pair of teeth are in
contact. Figure (10) shows the contact stress distribution
along the tooth surface profile of straight bevel gear, from
this figure its clear that the variation in the actual value of
the contact stress from points a, b, and p, so point P (pitch
point at middle surface) used to calculate the contact
stress of a pairs of tooth of straight bevel gear are in
contact. The Hertz equation is regard as a foundation
used to determine the contact stress of gear drives as
describe in the following equation [13]:

Z.Z th (10)

. =

¢ EoH ©.(1-05¢)d,°u

Where

Zy = ! 11
g 1—pf 1-4 b

E E,

Zy = 2 12
H™ |sinB.cosp 12)
_b 13

¢ =7 (13)

o.: Contact stress (Mpa).
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T;: Torque applied at the pinion (N.mm).

U1, Uy Poisson's ratio of pinion and gear respectively.

E;, E,: Elastic modulus of pinion and gear respectively
(Mpa).

d,: Pitch diameter of the pinion (mm).

u: Gear ratio.

b: Face width (mm).

R: Cone distance (mm).

[: Pressure angle (degree).

Foint of contact

Fitch point

Fath of action

Figure 9 : Contact point of two matching straight bevel
gear.

Figure 10 : Contact stress distribution on the tooth
profile..

5. FEM Investigation into Contact Stress for
Standard and Modified Straight Bevel Gear

The model of the teeth profile of standard and modified
straight bevel gear was created in the SOLIDWORKS
program (ver.14), then engagement of the two model has

been done to study the contact stress. The model created
in the Solidworks program include engagement of two
straight bevel gear are importe to ANSYS program
(ver.16), then the structural analysis has been done by
using Finite Element Method (FEM) according to the
following steps [5, 9].

The first step used in the contact stress analysis in
ANSYS program is set engineering data with linear
elastic properties, 6061 aluminum alloy material used
with properties show in Table (2).

Table 2: Properties of aluminum material used for study
the contact stress.

Type of Elastic Poisson's Yield
m?;erial Modulus ratio strength
(Mpa) (Mpa)
Aluminum 69 0.33 276

The second step carry out in the analysis is set the contact
region between two interlock gear, using frictionless
contact region for the contact body and target body for
one tooth only as shown in Figure (11).

0.00 25.00

50,00 (i)
]

12.50 3150

Figure 11 : Contact region of two engagement straight
bevel gear.

The third step carry out in the analysis is set meshing to
the model of the tooth profile of straight bevel gear, this
meshing divided the model of the contact and target
bodies to the number of small element with Imm in size
and then the sweep type of mesh is select. The elements
in the expected region of maximum contact stress of the
contact and target bodies was refined and then the size of
element in this region is set 0.5mm, and finally the
meshing operation has been done on the models as shown
in Figure (12) having 242941 elements and 357324
nodes.
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; 60,00 (mm)
i
15.00 45,00

Figure 12 : Meshing performance of the two interlock
straight bevel gear.

The fourth step carry out in the analysis is set the
boundary condition on the rim of the engaged model of
straight bevel gear, fixed boundary condition apply at the
inner rim of the lower gear (target body) while
frictionless support apply at the inner rim of the upper
gear (contact body) to prevent radial translation and allow
only to the rotational motion as shown in Figure (13).

0.00 50.00
25.00 75.00

100,00 {rarn)

Figure 13: Boundary condition of two engagement
straight bevel gear.

The fifth step carry out in the analysis is set the moment
on the inner rim of upper gear (contact body) on the
model of straight bevel gear with value equal to 8500
N.mm as shown in Figure (14).

0.00 a0.00
25.00 75,00

100.00 frrirr)

Figure 14: Loading condition of two interlock straight
bevel gear.

Then the final step involves the solution of the model of
the standard and modified tooth profile of straight bevel
gear.

6. Results of the Contact Stress

The results of the contact stress consist of two parts, the
first part deal with the analytical results for standard
straight bevel gear, while the second part deal with the
numerical results for standard and modified straight bevel
gear.

6.1 Analytical Results

In this study, the analytical results can be find for
standard straight bevel gear, while in the case of modified
straight bevel gear, there is no clear theoretical equation
used to obtain the contact stress due to complexity in the
geometry of teeth profile. The main purposes of the
analytical result of standard straight bevel gear are using
to verify the numerical results of standard straight bevel
gear, and this also give good indication to the validity of
the numerical results for modified straight bevel gear.

Figure (15) shows the effect of loading condition on the
value of the contact stress. From this figure, it's clear that
the increase in the value of loading will cause increase in
the value of the contact stress, this behavior can attribute
due to the fact that the loading is directly related the
induced contact stress of straight bevel.
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Figure 15: Effect of the loading on the value of the
contact stress for straight bevel gear with 14.5° loaded
pressure angle on both side.

Figure (16) shows the effect of pressure angle on the
value of the contact stress. From this figure, it's clear that
the increase in the value of pressure angle will cause
decrease in the value of the contact stress, this behavior
can attribute due to the fact that the increase in the
pressure angle lead to increase in the contact area and this
lead to increase the radius of curvature of straight bevel.

Kl

36}

Contact stress (Mpa)
() L¥%}
] =

[
=

28}

10 15 20 25 30 38

26

Pressure angle on both side (Degree)

Figure 16: Effect of pressure angle on the value of the
contact stress for straight bevel gear.

Figure (17) shows the effect of speed ratio on the value
of the contact stress. From this figure, it's clear that the
increase in the value of speed ratio will cause decrease in
the value of the contact stress, this behavior can attribute
due to the fact that the increase in the speed ratio lead to
increase in the contact area and this lead to increase the
radius of curvature of straight bevel.

55

501

45

40

351

Contact stress (Mpa)

30

25¢

20 1 1 1
0 05 1 15 2 25 3
Gear ratio

Figure 17: Effect of the gear ratio on the value of the
contact stress for straight bevel gear.

6.2 Numerical Results

Figures (18,19,20,21,22) explain the contact stress
distribution on the tooth profile of two engagement
standard and modified straight bevel gear for five
selected examples of case studies of Table (3).

Table 3: Sample case studies

Case Loaded pressure | Unloaded pressure
study angle () angle ()
Case (1) 14.5° 14.5°
Case (2) 14.5° 20°
Case (3) 14.5° 259
Case (4) 14.5° 30°
Case (5) 14.5° 35°

Time: 1
18/10/2021 01:19 =

74,333 Max
66,073
SEL
43,555
11295
33.037
4778
16,519
82601
0.0010933 Min

5% ¥

-

Figure 18: Contact stress of standard straight bevel gear.

15.00 45,00
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A: Static Structural

Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: P2

Tirne: 1
18/10/2021 01:34 o

67.402 Max
59.913
52424
4,935
37,445
29,057
22,468
14,070
7.4889
0.00091839 Min ¥

X

60.00 (mrm)

15,00 45.00

Figure 19: Contact stress of modified straight bevel gear
(£=14.5° and £,=20°).

A: Static Structural
Equi ress

Typ:
Unit: MPa

18/10/2021 L1:5T g

65.269 Max

= 14505
72543 &
0.0024347 Min

Figure 20: Contact stress of modified straight bevel gear
(£=14.5% and £,=25).

A: Static Structural
Equivalent Stress .
Type: Equivalent (von-Mises) Stress
Unit: MPa

ime:
18/10/2021 12235

61467 Max
54634

47809

4098

34151

73n

20,493

13864 v

6.8356
0.0067428 Min
X

Figure 21: Contact stress of modified straight bevel gear
(£=14.5° and £,=30°).

Az Static Structural

Equivalent Stress

Type: Equivalant (von-Mises) Stress
Unit: MPa

Tirne: 1

18/10/202L 12:35 0

59.763 Max

53123

46,483

30.843

3203

26,563

18023

13.283

66435 X

0.0035248 Min
f\-‘ ¥

Figure 22: Contact stress of modified straight bevel gear
($=14.5%and B,=359).

Table (4) explains the numerical results of contact stress
(maximum stress) on the tooth profile for standard and
modified straight bevel gear according to the moment
load applied at rim of the gear with its enhancement
percentage in the value of contact stress when using
modified (asymmetric) straight bevel gear of all case
studied describe in Table (1) when compared to the
reference (standard) case study (1).

Table 4: Numerical results of contact stress with
enhancement percentage.

Case Contact stress Enhancement
study (Mpa) percentage (%)
Case (1) 74.333 0%
Case (2) 67.402 9.3243%
Case (3) 65.269 12.1938%
Case (4) 61.467 17.3086%
Case (5) 59.763 19.601%

From Table (4) and Figure (15-19), one can conclude
that there is clear enhancement in the value of the contact
stress for all case studies of modified straight bevel gear
when compared with standard case, this behavior due to
the fact that using modified tooth profile of straight bevel
gear lead to increase stiffness distribution in the tooth
body, and this stiffness in body of the tooth increase
when increasing the pressure angle of the unloaded side
of modified straight bevel gear.

Table (5) shows the comparison between numerical
results and analytical results for standard bevel gear drive
with percentage error less than 1%.

Table 5: Comparison between numerical and analytical

results.
Analytical Finite element | Percentage
contact stress (Mpa) error (%)
(Mpa)
73.7743 74.333 0.75%
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Conclusion

The results of the contact stress of standard and
symmetric straight bevel gear lead to fixed the following
facts:

1.

The model of standard tooth profile of straight bevel
gear can be generated by using the parametric
equation of the movement of the cutter, then this
parametric equation is modified to establish the
modified tooth profile of straight bevel gear.

The modification on the tooth profile of straight
bevel gear has been done by changing the working
pressure angle of the unloaded side and fixed the
working pressure angle of the loaded side at standard
value.

There are a significant enhancement in the value of
the contact stress (increase strength against pitting
failure) when using modified teeth profile of straight
bevel gear when compared with the standard case.
The enhancement percentage in the value of the
contact stress when using modified straight bevel
gear with unloaded pressure angle (20°, 25°, 30°, 359
and 14.5° loaded pressure angle are (9.3243%,
12.1938%, 17.3086%, 19.601%) according to
reference standard case study.
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d; Pitch diameter (mm).
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/ Distance between reference point and Angular position of blank coordinate
coordinate of the cutter (mm). [0) system relative to the reference
R Cone distance (mm). coordinate (degree).
T; Torque transmitted (N.mm) 17 Ratio of face width to the cone distance.
u Gear rgtio o, Contact stress (Mpa).
x2y2z2  Coordinate of cutter (mm) Poisson's ratio of pinion and gear
x3Y323  Coordinate of gear (mm).) M1, Mo respectively.
Zy Zone factor .
7 Elastic coefficient 1) Reference pitch angle (degree).
Elastic modulus of pinion and gear Subscripts
E, E, .
respectively (Mpa). C Contact
b Face width (mm). L Loaded side
R Cone distance (mm). U Unloaded side
Greek symbols
d.\a.d\ ‘;hJJ&AM uaﬂuauﬂ\ AL@A.\ d...daﬁ
24 S ’;.\.urlj.tda.d ’I*ra.dt"u cwia Jile
adilhabeeb990@gmail.com Gl ¢ £20 8¢ L sll AliaadS il
mohqasim1969@gmail.com G/l c3/xiseddis deals cduitigh LIS cauSailSuall dustih anid?
adilhabeeb990@gmail.com e ails cuua Jole:Siaal Ealilf
2022 IV QS 3] o b s
oo O A8 jall g Adal) J (i el Apelial) culinlaill 8 a0diud dage K0S ol Ja) 8 dagiiial) Auda 5 53 oo Al — duadal)

il (3 _pdaliiall) Apnldll Ul madle Jadaty yeall 3ol 5y 8l (L8 da glaal L) 3 508 30l ) () caagd Al jall sda M HAl
¢ yall Jaraall Ayl iy Jamall e el Jaall 3503 Jysat Cpanmly Ayl 03 8 aniioadl) Jyanill asfineall g jadll
A ol dlgal Jilai b deadinaddl J5¥1 5 shall (Gblie pe) Jamall o s yaall Gesill (e dda asdin JSE (9583 Jasal
(14 4all) SOLIDWORKS ey alaainly Ggabay 2 sill 138 Jamall o s el G il 5 ousil) g i) G il (s 0l
Ayl aladiuly aditesal) oy aall Gosill Jandly bl Ssail e gaaall Glatll Gk o &5 A fisel ) Y aladl ks
Al all 038 a Lggle Jsall o3 (Al U Guedll) dlga) dad AasY ANSYS (ver.16) gelind liks (FEM) 33 g0aall jualial
Lad b il oda Aeldl) Al Jay Janall o s pdiall o il aladiias) o5 Ladie Guadiil) gl dad 8 d (s Slllia o))
Ol Ay 5 Jaaall e calall e da )3 35 L 4yl 3 Jamall (g Al e jill Al (8 s Lgaiia 55y el Sl
Aldatl) Alalaal) alasioly ) o g paall (e il uedl alea Y Lpaaall il e il 231 580 9% 19,601

Gl ga) Banaall yualial) 43k (lalie ull) Jueall | (Obliall) ol aivel g yaall o il — dpuasi ) cilalSl)



