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Abstract: The Lewis equation in gear design is
always used to determine spur gear tooth
dimensions, i.e., face width tooth (b), based on
the pushing force tangential component during
engagement between gear and pinion. The
radial pushing component force was neglected
due to its insignificant value. The present study
depends on the high radial component force
along a tooth caused by the longitudinal
vibration. The tooth was regarded as a
cantilever. The Timoshenko equation was used
to produce dynamic force. Then, the dynamic
pushing component of tooth face width in the
second case can be calculated. All the results
were obtained from the Auto desk inventor
program in the case of the Lewis equation
depending on machine power. The Timoshenko
equation for longitudinal vibration with
different gear rotation speeds showed the same
results as the theoretical ones. An inverse
relationship was found between the speed
increase and the tooth face width. The strain
gauge technique, receiver, and transmitter
(wireless) were experimentally used to record
the dynamic strain readings and calculate (b).
The importance of longitudinal vibration in
tooth gear design in avoiding failure was
highlighted.
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1. INTRODUCTION

The chatted design of mechanical elements,
such as spur gear, is key due to the high request
for efficiency, reliability, the capacity of load
carrying, and service life. The goal of the
present research is to review and collect
practical examples of important points and
guidelines of gear design, including dimensions
and lubricant liquid. The supported tools to
perform engaging two gears are important in
gear design. The group of tooth profiles,
pressure angles, suitable lubricant fluid, quality
grade, and clearances is needed to get backlash
[1-3]. The common faults in gearboxes are tooth
surface wear, increasing fatigue force on the
gearbox, and loss of its stable properties and
service life. The gear mish characteristics highly
vary with wear posted intensities. The sample of
wear faults regarding tooth  profile
deformation, friction, and mish stiffness over
time was considered to study the effect of
vibration on tooth fatigue wear (TFW). The
adjustment of friction coefficient and tooth
profile were applied in (TFW). The simulation
was conducted under multiple wear intensities,
which became a single-state parallel to the
gearbox according to the dynamic differential
equation and under multiple torque conditions.
The dynamic simulation's results converged
with experimental results of [4-6]. The present
research develops a process of two spur gears
engaging with the involute tooth. The spur
gears were selected from a lathe machine
gearbox. Under the same conditions, the Lewis
formula was used in stress analysis and the
finite element approach. The stresses are
combined as concentration stress, especially at
the tooth's curvatures. The model and size of
the spur gear tooth are important parameters
due to their effect on stress analysis [7-9]. Spur
gear design includes new predictions, such as
shipwreck median, contact label as translating
third body, the form factor of contact, a service
load factor, the shipwreck median rule, the
physical properties, and geometry properties of
the contact label. The contact label is a body in

transmission during a gear teeth clash. The
factor of contact label was used to compare the
influence of different pressure angle standards.
The service load factor represents the effect of
different agreement-altered load modifications.
The analysis of gear design is discrete in design
sizing and verification. The formula of design
sizing and design verification is concocted and
antedated in simplified forms for the Hertz
contact and the Lewis root bending stresses [10,
11]. The research scientific methodology
includes describing meshing procedures. Then,
the procedures were applied to the spur gear
model using stress analysis in the ABAQUS
program. The finite element process was
applied between the spur gear and pinion. The
cross-section included a front spur gear tooth
and tooth face width. The engaging process
between the spur gear and pinion was
performed using a CAD program. These
processes save time and stress in spur design
calculations. Also, these processes improve the
design and perform it during operation [12, 13].
The common defects of gear transmission
systems are tooth fractures and cracks. The
fracture mechanics theory was used to
investigate crack propagation paths. The
software ADAMS was used to establish
multibody dynamics in the gear system and
simulate vibration singles of cracked gear with
different torques. The root mean square
method in statistics was used to limit the
damage degree. Instantaneous energy was used
to analyze the fault features of the gear under
crack and tooth fracture [14-16].

2, METHODOLOGY

2.1.The Force Analysis of Spur Gear
Tooth

The spur gear tooth is considered a beam of free
limb and fixing from another limb. The tooth
strength can be found using the Lewis equation,
which yields suitable ability tooth loading
results. The loading transfers from one tooth to
another; therefore, the analysis of forces and
stresses was applied to one tooth. The load was
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the same on the other teeth in the spur gear.
When the contact occurred between the big
gear and pinion, the load was assumed to be at
the end of the driven gear tooth. The load was
at the end of the driving gear tooth at contact
stoppings. The tooth was considered a
cantilever beam, and the natural force
subjected to it, as shown in Fig. 1. This force is
analyzed into two components: tangential force
(Wr) and radial force (Wr), acting vertically and
parallel to the center line of the tooth,
respectively [17].

W, -
Wi, 4
E N

W — YA — Tooth profile

{ Parabola

n e — Tangent to the

F
i m se circle
B 8

Fig. 1 Analysis of Gear Tooth.

The tangential component produces bending
stress, breaking the tooth. This component has
a high value and is a key variable in the Lewis
equation. The radial component produces
compression stress on the tooth, iterating every
full revolution of the spur gear. The radial force
is relatively small; however, it leads to a

longitudinal vibration on the tooth root and
generates compression stress at the root [18].
The tooth of the spur gear at each revolution is
subjected to a radial force. This force is small;
however, longitudinal vibration produces stress
on the tooth root. The tooth root cross-section
area that impacts the longitudinal vibration
equation for Timoshenko is (bxt), where b and
t are constants. The static stress for gear
material is also constant. The stress
transmission from the effect point through
engaging to the root is (x), representing the
stress path through tooth height (t) while
changing the rotation velocity to a linear
velocity by active pitch circle diameter
parameter for the gear. This parameter is
important due to its effect on increasing the
radial force. The static strain is a gear property
of gear material and stress transmission
velocity from the tip to root (BC) of the tooth, as
illustrated in the following equations [19,20]:
F+(8F/8x)dx=F+p.A.dx(52u/5t2) (€))
F = A.o=A.E.c =A.E. (u/8x) (2)
The radial component of the active force on the
spur gear tooth is due to longitudinal vibration
that acts from the free tip to the tooth root,
causing stresses and strains that translate to the
tooth root with functions of (x) and (t). Egs.
from 3 to 24 to derive the dynamic load
equation used to spur gear design.

(82u/5x2) = (1/a2).(32u/5t2) 3)

U= 3 U070 @

T.(t)= 4, (;;)s wlt + B sinwt 5)

U(x,t)= i U,(x)[ 4, cos wi + B, sinwt] (6)

UG- (wiz faz) UG @)

Ui (x) =C;icos (wi/a)x+ Disin( wi/a)x (€))

U(x,t)=i= Z [4, cosw+ B sinwit]. {C cos( )+ D, sin(—- )} )
223

Applying the displacement conditions yields:

U@0,0)= Y. (4 coswt+B sinwit).C,=0 (10)
i=1,2,3
U(x,t)= Z (4; coswt + B, sinw;t).D.sin(w, / a)x (11)
i=1,2,3
ou(x,t . .
u(x ) _ z (— ){ i COSW;t + Bsin wit}cos(m t) (12)
i=1,3,5 a
cos( =0 (13)
2 (14)
— . 4
x /L

u(x,0) =& .x

(15)
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u=V, (16)
u(x,0) = Z Asm(— X)=¢€, X 17)
i=1,3,5
8e, [ o
4= H2O(2 (=1)? (18)
ou(x,0
a0 Ehs J in” Dysin( L (10)
i=1,3,5
- 4
Bi =V, N (20)
. -1 (21)
Ulr = 3 sin(S0— { & (-7 cos(S D+ L n()t}
i=1,3,5 l
i-1 1 H
Ugct) 82(1) |:(1 la} (22)
0 i=1,3,5
Hook's law can be written as the ratio of
dynamic stress to static stress:
o o ;
—== (-D? ()t} (23)
ult. ’%5 ZH |: 0 3
Wa = 4% Argoq * Gy e, Zi2a5 005 5. 2 [(<1) 7 . cos (22) ¢ in (22) ¢] (24)

The pinion's mechanical properties are known,
such as density and modulus of elasticity;
therefore, the stress speed along the height of

the gear tooth can be calculated as(a = \E =

10558

780’,?;) for a static strain of (0.004) at pinion
m3

&0

different rotation speeds of (600, 1500, and
3000 rpm) and circular pitch diameter of
(12o0mm). Therefore, the liner speed for the
tooth movement becomes (6.28, 9.2, and 11.3
m/sec). The Quick Basic program was used with
counter (I = 99), tooth height (t, h = 5omm),
tooth root width (t = 6omm), and tooth face
width (b = 100mm). The results are shown in
Figs. 2, 3, and 4.

60 ',,..-D—G-"

20

Dyynamic stres on tecth (MPa)

. —eeu_ |

-B0

Max. Dynamic alross=G0. 75 Mps
Holation speesd =800rpm

Linor mpead = 3 76 minoc

0l Max. Dynamic force = 101256 N

— = "

-

o 1 2 3 4 5 6 7 8B 9 10 11 12 13 14 15 16 1T 18

Time (sec)

1%

20 21 22

Fig. 2 One Resonance Cycle Rotation of Spur Gear Tooth at 3.76 m/sec.
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Fig. 3 One Resonance Cycle Rotation of Spur Gear Tooth at 9.4 m/sec.
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Fig. 4 One Resonance Cycle Rotation of Spur Gear Tooth at 18.4 m/sec.

W = Wr (25) circle diameter was (120 mm) and had (16

N7 cosp S5 teeth), while the gear had (48 teeth). Therefore,

P the module of engaging was (8). The tangential

Wr = o Cs (26) force can be calculated using the Lewis

P x60 equation, and tooth face width can be

r= 2% N, (27) determined. All these steps were performed

_ according to the previous equation, i.e., of

Wr w (ZO MEV)I;I;T '@m' Y gg; tangential vibration in the tooth (Eqg. 1) as pulse

’ N (b.CHWr) motion produces a dynamic force (Eq. 30)

Wa=Wr +W, =W+ 210+ /(b.C+WT (30) assuming (b = 100mm) and (C= 228) according

The material of the two spur gears engaged was to information in machine design reference by

cast iron ordinary, which has allowable static KHURMI [21]. Then, the tangential force was

stress (o, = 84 MPa). The speed factor depends calculated, and the Lewis equation was applied

on the linear velocity of the gear rotation based to determine the tooth face width. These results
on machine power of(20kW). The pinion pitch are illustrated in Table 1.

Table 1 Theoretical Results of Power and Longitudinal Vibration Force.

Type of force V=3.76m/sec V= 9.4m/sec V = 18.4m/sec
W: (N) b (mm) W: (N) b (imm) W: (N) b (imm)
Machine power equation 5319 60 2174 45 1087 30
Longitudinal vibration equation 6750 75.3 7275 52 7310 36
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3.2.Simulation Work

The Static simulation is used (Auto desk
inventor program), the forces with the same
values of the power equation, and the
longitudinal vibration equation were used to
calculate the static stress work at the tooth root.
Then, these values were applied in the Lewis
equation with the same data to determine the
tooth face width (b) and compare the results
with previous values, as listed in Table 1. The
simulation results of the stresses and strain are

shown in Figs. 5-10 and Table 2.
MNodes:3844
Elements: 2413
Type: Equivaent Strain
Unit: Ul
622022, 3:49:29 PM
3.137e-004 Max

Wr=1935N

251e-004
1853004 W=b319N

£.292e-005

Max.0.0003137
2,227e-007 Min

LN
MNodes 3344
Blements: 2412 . Wr=1935N
Type: Von Mises Stress
Unit: MPa
6/2{2022, 3:47.25 PM
77.42 Max

According power
equation

61.95

647 w=s319

31

15.52

Max. 77.42MPa

0.05 Min

Fig. 5 Simulation Analysis of Stress and Strain
on Spur Gear Tooth at V=3.76m/sec According

to Power Equation.
MNodes:4585
Elements:2915
Type: Equivalent Strain
Unit: ul
6/2/2022, 3:.58:11 PM
3.306e-004 Max

=2456N

2.652e-004
1 998e-00

Wi=6750N
|36
£.893e-005

3.5116-006 Min [

MNodes 4585

Blerments: 2915

Type: Von Mises Stress

Unit: MPa

6/2/2022, 3:56:54 PM
81.51 Max

Wr=2456N

According
longitudinal
ibration equation
b=77.39mm

65,35

49,19

Wi=6750N
33.04

16.88

0.72 Min

s |
Fig. 6 Simulation Analysis of Stress and Strain
on Spur Gear Tooth at V=3.76m/sec According

to Longitudinal Vibration Equation.
Modes: 1195
Blements 669 Wr=770N
Type: Equivalent Strain
Unit: ol
6/3/2022, 1:45:50 PM
1.634e-004 Max

1.307e-004 " Max. 0.0001634
Q802005 Wi=2127N
SREaTe i
2.267e-00%

1.32%e-011 Min

Modes: 1196

Elerments:669 w
Type: Won Mises Stress r=770N

Unit: MPa

6/3/2022, 1:45:44 PM
40.85 Max
32638

51 Wi=2127N
1.5
217

Q Min

t ,
Fig. 7 Simulation Analysis of Stress and Strain
on Spur Gear Tooth at V=9.4m/sec According

to Power Equation.
MNodes: 1679
Elernents: 977
Type: Equivalent Strain
Lnit: ul
6/3/2022, 2:43:07 PM
5.506e-004 Max

Wr=2634N

4,406e-004
3.306e-004  \wy=7275N
2.206e-004
1.107e-004

6.773e-007 Min
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Bements:S77 W= 2634 Ascarding longludinal
Typee: Wior MiEds Stress = . WD!'E_“!D!‘. aqntion
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GIP02E, 20300 P

#1456 VeI TEN

L=

., - i
Fig. 8 Simulation Analysis of Stress and Strain
on Spur Gear Tooth at V=9.4m/sec According

to Longitudinal Vibration Equation.
MNodes: 1128

Blernents:608 Wr=396N
Type: Equivalent Strain

Unit: ul
6/3/2022, 83320 PM
1.263e-004 Max

1.011e-004
75091e-005 Wi=1087N
5 ens
2.552e-005

3.253e-007 Min

Nodes:1128 i
Elernents:508 Wr=396N Accotridmg to power
Type: Von Mises Stress Equt?-al‘);
Unit: MPa =32mm
6/3/2022, 8:33:22 PM
31,43 Max
2516
1289 Wi=1087N Max. 31.43MPa
1ol
6.34
0.07 Mir

Fig. 9 Simulation Analysis of Stress and Strain
on Spur Gear Tooth at V=18.4m/sec According
to Power Equation

Nodes: 1355

Eements 775

Type: Equivalent Stran

Unit; ul

6/3/2022, 9:16:14 PM
7.55e-004 Max

6.122e-004

Max.0.000765

|50 Wi=7200N
MR
1.538e-004

9.53%-007 Min

Modes: 1355

Elernents:775 Wir= 2464y

Type: VYon Mises Stress

Unit: MPa

6/3/2022, 9:16:06 PM
1901 Max

According te longitudinal
vibration equation
b=35.5mm

1521
114.1 Wi=7200N
6.1
38.2

0.2 Mn

Fig. 10 Simulation Analysis of Stress and
Strain on Spur Gear Tooth at V=18.4m/sec,
According to Longitudinal Vibration Equation.

Table 2 Simulation Results of Spur Gear Face
Width in Two Cases.

Calculation (b) at (b) at (b) at
Type v=3.76m/sec v=9.4m/secv=18.4m/sec
Machine 64.2 40.85 32
power
equation
(Lwis
equation)
Longitudinal 77.39 51 35.5
vibration
equation
3.3.Experimental Work

The Timoshenko equations were used to
determine the ratio of dynamic stress to static
stress, representing the same ratio of dynamic
strain to static strain for any point in the spur
gear tooth. Then, the dynamic strain can be
measured using a strain gauge, i.e., applying a
close contact point between the two teeth of the
drive and driven gears during engaging,
dynamic strain reading device with transmitter
and receiver technique. With the Static IBM
program on the computer, as shown in Fig. 11.
As previously mentioned, the dynamic strain
readings can be recorded. The static strain
(0.004) was divided for the spur gear metal.
Finally, the equal ratio for stress can be
determined, and (Wq4) can be calculated at
different practical speeds (3.76, 9.4, and 18.4
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m/sec) and compared with the longitudinal
vibration values for the spur gear tooth to attain
the accuracy, as shown in Fig. 12.

Fig. 11 Experimental Apparatus to Measure
Strain.

ISIPREENE
s n%%%%%%

I
LY

Fig. 12 The Experimental Results with
Different Speeds of Spur Gear.

4.DISCUSSION

The design of spur gear and its resistance to
dynamic pushing forces and wear are vital in
manufacturing, factory production, and
dynamic mechanical elements. The design
equation (Lewis equation) is a classical
equation. The tangential component is always
considered in design calculation, while the
radial and dynamic loads are neglected. Both
loads cause longitudinal vibration along the

tooth, representing a cantilever fixed in one end
and free in the other. Eq. (1) represents the
longitudinal vibration equation, exposed to the
spur gear tooth during engaging, and is
regarded as a periodical equation, where the
tooth rotates one revolution (360°) and again
belongs to engaging and expose vibration. The
considered parameters were mechanical
properties for tooth metal, rotation speed, tooth
height, tooth root area, and static stress for the
tooth metal. Based on the spur gear studied
speeds (3.76, 9.4, and 18.4 m/sec) and machine
power and using Egs. (3, 4, 5, and 6), the quick
basic program determined the dynamic loads
(Wq) (10125, 11250, and 13116 N), as shown in
Figs. (2, 3, and 4), respectively. Depending on
the machine's power, the gear dimensions can
be designed based on the Lewis equation. The
values of (b) were (60, 45, and 3omm) for (3.76,
9.4, and 18.4 m/sec), respectively. The
tangential force component (W) can be
calculated from Eq. (8) and (Wp) values, which
depend on the longitudinal vibration equation.
Then, the Lewis equation can be applied to
determine the values of (b), i.e., 75, 52, and
36mm, based on the studied velocities. This
result reveals the importance of the tooth
longitudinal vibration. The tooth face width
should be increased to avoid failure caused by
the tooth longitudinal vibration, as shown in
Table 1. Figures (5, 7, and 9) show the static
analysis results of (W:and W,), produced from
the power equation. The values of (b) were
(64.2, 40.85, and 32mm) for speeds of (3.76,
9.4, and 18.4 m/sec), respectively. Figures (6, 8,
and 10) show the static analysis results of (Wt
and W;) produced from the longitudinal
vibration equation. The values of (b) were
(77.39, 51, and 35.5mm) for speeds of (3.76, 9.4,
and 18.4 m/sec), respectively. The above two
simulation analysis results agree with the
longitudinal vibration design, i.e., increase the
tooth face width to avoid failure. The
experimental results showed the same values of
(b), as shown in Fig. 12.

5.CONCLUSIONS

1- The longitudinal vibrations, subjected to
spur gear tooth, are very dangerous and
lead to tooth failure.

2- The design, according to the longitudinal
vibration equation, shows an increase in
the spur gear tooth face width to resist the
produced stresses and avoid failure.

3- The tooth of the spur gear was subjected
to falter iteration for stresses at each gear
revolution, designed based on fatigue to
avoid failure.

4- The simulation static analysis results of
the auto desk inventor program
effectively produce close theoretical and
practical results.
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NOMENCLATURE

Vo Linear speed m/sec
N Rotational speed rpm
€o Static strain of tooth material -

a Stress speed m/sec
E Modulus of elasticity N/m2
p Material density kg/m3
h Tooth height mm

b Tooth face width mm
0o Static stress of tooth material ~ N/m?2
Aroot Tooth root area mm2
wr Radial force component N
WN  Normal force of tooth N

WT  Tangential force component N

Dp Circular pitch diameter mm

T Rotational torque N-m
p Rotational power of motor w

Cv Velocity factor -

M Module of spur gear -

y Lewis factor -

) Pressure angle of tooth 22.5°
U Displacement -

o Deformation factor -

t Time sec

w Angular velocity rad/sec
4 Tooth length mm

x Stress translate displacement -

Cs Service factor -
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