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Abstract. Gear failure is considered the main alarming and undesirable event in gearboxes. 
Usually, cracks happen by fatigue caused due to cyclic loading. Fatigue stress is focused on the 
teeth root because of the small tooth fillet radius. This causes progressive damage to gear teeth 
which causes teeth failure, and hence, a damaged gear. This work shows a numerical framework 
to identify and quantify cracks' existence at the teeth root of spur gears. The problem is 
numerically analysed through finite element-based simulation with ANSYS by conducting a 
modal analysis. There are nine cases of gears with different cracks on their tooth; these cracks are 
varied by their number (single or multiple), Crack Length Percentage (CLP %), and location. The 
FEA is used to simulate all nine cases to predict the bending natural frequency of teeth and to 
investigate the effects of the variation of the crack by looking at the natural frequency of the teeth 
bending as well as the deformation level. Results revealed that the teeth bending natural frequency 
decreases as the CLP% increases. In addition, the gear stiffness is calculated based on the natural 
frequency and gear’s mass and it is indicated that the stiffness decreases as the CLP% increases, 
while the deformation level increase with CLP%. 
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1. Introduction 

Gears are toothed mechanical components that are used to transmit power or motion by 
meshing without slippage [1]. Gears can also change torque through the mechanical advantage of 
gear (gear ratio). They can be used with different orientations of shafts, such as parallel, 
nonparallel, perpendicular, intersecting, and perpendicular and nonintersecting [2]. Early 
detection and determination of gear cracks are essential for avoiding all these problems and 
predicting failure time which can be useful for some biomedical application [3]. Approximately 
90 % of gear damage is caused by fatigue damage to teeth and their forced fracture, according to 
[4]. It is tooth bending fatigue that causes the most frequent fatigue breakdowns in gearing [5]. It 
is common for gear-tooth fractures to begin at the root fillet of the cantilever beam because this is 
its weakest point [6]. Cracks propagate either towards the teeth's feet or inside their rims after they 
are initiated.  

There have been many prior attempts to identify cracks in gears. The work by [7] produced a 
FORTRAN code linked to a finite element (FE) software and LEFM approach. A gear section 
with three successive teeth, featuring a thin meshing and a crack at a tooth foot, was created 
spontaneously by the code. However, in order to assess the stress intensity component necessary 
for foretelling fracture propagation, complex computations were required. [8] applied the FE 
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approach for a gearbox and compared the results to the results of the trials. By employing fracture 
mechanics and measuring the stress intensity components, which were determined using the 
virtual crack extension approach, numerical crack prediction was made possible. Regarding the 
growing direction of the cracks, there was a significant deal of consensus. In order to assess the 
precision of the stress intensity factor, [9] created FE and Weight function approaches, which 
aided in the precision of the crack development prediction. [10] examined the crack propagation 
path for gear pairs with various contact ratios, and the study created a 2-D finite element approach 
based on the linear elastic fracture mechanics’ concept. The 2D dimensional static analysis 
contains four finite element models of three consecutive teeth of a gear section with varying 
backup ratios. This effective approach is based on pseudo evolutionary structural optimization 
(ESO) [11]. 

In this article, a numerical modal analysis investigation for teeth cracks of spur gears is 
conducted using the Finite Element Analysis (FEA). There are nine cases of spur gears with 
different cracks on their tooth: the number of cracks, CPL%, and location. Modal analysis is 
utilized to simulate all nine cases to predict the bending natural frequency of teeth and the 
deformation; to investigate the effect of different teeth root cracks characteristics on the dynamic 
response of the gear. 

This paper is outlined as follows: Section 1 introduces the scope of work, and brief literature 
of previous studies is reported. Section 2 discusses the workflow and methodology starting by 
showing the spur gears specifications. Then, the crack configurations and scenarios are presented, 
and the spur gear model is shown. Section 3 presents all results for the modal analysis for single 
and multiple cracked gears. Finally, Section 4 concludes the work done by summarizing it and 
mentioning the remarks of this article, followed by some recommendations for future work. 

2. FEA framework and methods 

2.1. Gears modelling and cracks scenarios 

There is a total of nine gears which are to be studied. One healthy gear and the other eight 
gears have different Crack Length Percentages (CLP%), locations as well as number of cracks. 
The material of the gear is Cast Carbon Steel. Spur gear specifications, dimensions and material 
properties can be depicted in Fig. 1(a). As for the crack’s scenarios for each gear, assuming that 
CL is the length of the crack and PL is the total length of the crack path shown as blue and red 
lines as in Fig. 1(b). There are mainly two paths; the 1st path is marked in red by which the crack 
path is along with the teeth. The 2nd path marked in blue shows a 35° angle crack path along the 
rim of the gear. Hence, the crack length percentage (CLP%) can be developed as: 𝐶𝐿𝑃 = 𝐶𝐿𝑃𝐿 × 100. (1)

In this study, the CLP% is considered as changing from 0 % to 50 %. Various crack cases were 
considered, starting from 0 % to 50 %. However, there are a total of nine cases (gears) to be 
studied. All gears are numbered from 1 to 9. The numbering details to identify the gears based on 
their crack’s location, and the number by which there are gears with single cracks or multiple 
cracks. The crack thickness for all cases is 0.2 mm. There are two types of crack propagation paths 
in this study; cracks through the teeth themselves and cracks through the rim which makes an 
angle with the teeth crack path. Table 1 summarizes all the different crack scenarios on each gear 
and the crack characteristics. Eq. (1) is used to calculate the CLP% and hence, the crack length is 
calculated. The cracks were sketched on one face of the tooth (on the propagation path either on 
the tooth or the rim) and then a ‘3 points arc’ is sketched based on the crack length. Then, using 
the ‘extruded cut’ feature on SolidWorks, the cracks were initiated and modelled. SolidWorks® 
software is used to model all gears and cracks. SolidWorks allows making the sketches, building 
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3D models from the sketches, modifying the parts to fit in assemblies, and then performing various 
engineering analyses on your models. Fig. 1(c) shows the 3D CAD drawing of the gear, with no 
cracks in it (healthy). Fig. 2 shows the CLP% for all the possible cases whether the crack is through 
the tooth or the rim. 

 
a) 

 
b) 

 
c) 

Fig. 1. a) Spur gear specifications, dimensions, and materials, b) crack propagation scenarios formation, 
and c) 3D CAD model for spur gear used in this study 

Table 1. Gears, CLP% scenarios, location, and specifications 
Gear 

number Case Number 
of cracks CLP (%) Crack propagation 

angle (°) Crack location Crack length 
(mm) 

G1 Healthy 0 0 0 On 1 tooth 0 

G2 Cracked 
(single) 1 10 0 On 1 tooth 1.054 

G3 Cracked 
(single) 1 20 0 On 1 tooth 2.108 

G4 Cracked 
(single) 1 30 0 On 1 tooth 3.162 

G5 Cracked 
(single) 1 40 0 On 1 tooth 4.216 

G6 Cracked 
(single) 1 50 0 On 1 tooth 5.27 

G7 Cracked 
(multiple) 2 20 and 30 0 and 0 On 2 teeth 

separated by 180° 
2.108 and 

3.162 

G8 Cracked 
(multiple) 2 20 and 30 0 and 35 On 2 teeth 

separated by 90° 
2.108 and 

3.162 

G9 Cracked 
(multiple) 2 20 and 30 35 and 0 On 2 consecutive 

teeth 
2.108 and 

3.162 

2.2. Boundary conditions 

The boundary conditions of this study are aiming to capture the natural frequency at which the 
teeth of each gear teeth are being bent. To investigate the required mode of vibration, which is the 
mode by which the gear teeth bend, the hole of the gear is being fixed, and one surface of the gear 
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is fixed in the normal direction (𝑥-axis in this case). This is to prevent the gear from showing the 
lateral mode of vibration which is not desired in this work. In addition, one surface only is being 
fixed to give flexibility to the gear teeth to bend around the 𝑥-axis. The boundary conditions for 
this study for ANSYS are summarized in Table 2. Also, Fig. 3(a) shows the boundary conditions 
for all simulations of the nine gears. The first ten modes of vibration will be presented. However, 
the mode in which we are interested in the mode of bending of the teeth. 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
g) 

 
h) 

Fig. 2. CLP% a) 0 %, b) 10 %, c) 20 %, d) 30 %, e) 40 %, f) 50 %,  
g) 30 % through the rim, and h) 20 % through the rim 

Table 2. Boundary conditions for the gear. 

Software Boundary 
Conditions Details Directions # of modes of 

vibration 

ANSYS 

Fixed support Gear inner hole No rotation around the x-axis 

10 Displacement One face of the 
gear 

Free displacement on the y 
and z axis 

0 displacement on the x-axis 
 

 
a) 

 
b) 

Fig. 3. a) Boundary conditions for the frequency study,  
and b) meshing for the cracked tooth using mesh sizing 

2.3. Meshing properties 

Meshing is an integral part of the computer-aided engineering simulation process [12, 13]. An 
unstructured mesh is used; a grid of tetrahedral cells is generated. The sizing properties of the 
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mesh are fine for the relevance centre, the smoothening is high while the transition is slow to 
guarantee a better meshing. The curvature normal angle used is different for each case. For the 
cracked gears, and since the crack area and the location at which the force is applied are tiny 
regions, the mesh density at these regions was increased using the ‘sizing’ method. A 
program-controlled mesh is used for curves and edges. The maximum and minimum element size 
is 0.05 mm and 0.005 mm, respectively. The size function is curvature, with a tetrahedral element 
type. Relevance and span angle centre are fine. Fig. 3(b) shows the meshing of the cracks for the 
case of 10 % (G1).  

3. Results and discussion 

3.1. Teeth bending mode natural frequency for single cracked gears  

The 1st ten modes of vibration are listed and the mode responsible for in-plane bending 
deformation is plotted. This mode shows the bending of the teeth of the gear. The teeth bending 
decreases when the CLP% increases. Fig. 4 shows the teeth bending natural frequency with 
respect to the CLP%, as the CLP% increases, the natural frequency of that mode decreases. The 
natural frequency of a healthy tooth (G1) is 25632 Hz and it dropped to 16779 Hz (G6). This can 
be explained by the stiffness variation of the teeth, and the crack length is responsible for the 
removal of more material from the gear teeth. This can influence two main parameters, stiffness, 
and mass. However, the mass cut is negligible because the crack thickness is 0.2 mm which is 
very small. Therefore, the decrease in the natural frequency is caused by the change in the stiffness 
of the gear tooth.  

 
Fig. 4. Single cracked gears teeth bending natural frequency with respect to the CLP % 

3.2. Teeth bending mode natural frequency for multiple cracked gears 

For the multiple cracked gears, G7 to G9 are gears with multiple cracks on their teeth (2 cracks) 
varied by their location, CLP%, crack propagation path (through the teeth and the rim), and their 
locations. These gears consist of 20 % CLP% and 30 % CLP%, G7 consists of two cracks which 
are separated by a 180° angle, G8 consists of a 90° separation angle between the two cracks, and 
G9 consists of two consecutive cracks. The tooth bending natural frequency of the teeth cracks for 
G3 (20 %) and G4 (30 %) are 24483 Hz and 22325 Hz, respectively. These cracks are propagated 
through the tooth itself where no angle propagation is presented. For 20 % CLP, G7 and G8 show 
approximately identical results as the crack is the same (through the tooth) with values of 
24675 Hz and 24675 Hz, respectively. However, for G9, the natural frequency slightly increased 
to 24499 Hz, which shows a 2.1 % increase. This can be explained by the fact that the tooth which 
is cracked through the rim is harder to be fractured, and its natural frequency is increased slightly. 
Similarly, for 30 % CLP%, G8 which consists of one cracked tooth propagated through the rim, 
showed a slight increase in its natural frequency (22394 Hz) compared to G4 (22325 Hz), which 
also can indicate that the crack propagation through the rim will have a higher natural frequency. 

Fig. 5 shows a graphical representation (bar chart) of G7-G9, where the effect of the crack 
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propagation angle effect is to be investigated. If G3 and G4 are the references for this comparison, 
two horizontal lines are constructed on the figure. The blue bar indicates the tooth bending natural 
frequency of the 20 % CLP% cracks whereas the green bar shows the 30 % CLP% cracks for G3, 
G4, G7, G8, and G9. The x-axis clearly states the gear number as well as the angle whether is a 
propagation angle or not. For G9, the natural frequency of the 20 % cracked tooth is slightly higher 
than the reference gear (G3). Similarly, the 30 % CLP% crack of G8 shows a slight increase to 
the reference (G4). 

 
Fig. 5. The effect of the crack propagation angle effect (bar chart) 

3.3. Deformation and gear stiffness analysis for single cracked gears 

The bending natural frequency is obtained for each case; some calculations can be made to 
identify the stiffness of each gear. For this analysis, gears with a single crack are to be considered 
(G1 to G6). In addition, since the mass is constant (1.711 kg) for all gears as there is no effect of 
the crack on the gear’s masses, the stiffness can be calculated using the correlations below: 

𝜔 = 𝑘𝑚 , (2)𝑘 = 𝜔 𝑚, (3)

where 𝜔 is the natural frequency (rad/s), 𝑘 is the stiffness (N/m), and 𝑚 is the mass (kg). The 
deformation results are obtained from the plot of the mode of vibration of the tooth bending. The 
maximum deformation was considered and obtained for each case. Fig. 6 shows the stiffness and 
deformation for all single cracked gears. It can be clearly seen that the stiffness decreases as the 
CLP% increases. When there is no crack presented (G1), the gear stiffness is 4.54E+10 N/m. 
However, when the CLP% is increased to 50 %, the stiffness significantly decreased to 
1.84E+10 N/m. This is due to the decrease of the natural frequency as they are directly correlated 
to each other. Inversely, the deformation increases as the CLP% increases. This is due to the 
increase of the crack length on the tooth which makes it easier to be fractured.  

 
Fig. 6. Stiffness and deformation vs CLP% for all single cracked gears 
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4. Conclusions 

This work has studied the cracks of the spur gear for different crack configurations using modal 
analysis implemented by FEA. Firstly, the FEA was performed on nine gears with different cracks 
scenarios in terms of CLP%, location and number of cracks. All gears were modelled using 
SolidWorks software and modal analysis is carried out by ANSYS. These simulation studies aim 
to find the teeth bending mode natural frequency of the cracked gears as well as the healthy gear. 
Cracks scenarios are discussed based on the CLP% calculations, and illustration of the different 
cases is mentioned. The boundary conditions for the study are fixation of the gear surfaces for the 
face in a normal direction while allowing movement in other directions, and the fixation of the 
gear inner hole. This is to guarantee the bending of the teeth. Controlled mesh near the crack area 
is done to ensure higher accuracy of the modelling scheme, and meshing statistics are obtained. 
The following conclusions and remarks are obtained: 

1. The bending natural frequency decreases as the CLP% increases, and this can be explained 
by the change in the stiffness of the gear.  

2. The mass removal by the crack is negligible as the crack thickness is 0.2 mm, and the mass 
is constant for all ceases.  

3. The FEA was used also to calculate the stiffness and the deformation of each gear. Results 
showed that the stiffness decreases as the CLP% increases. On the other hand, the deformation 
increases with the CLP%.  

4. Results showed that there is a small increase in the natural frequency of a cracked tooth if 
the crack is initiated through the rim. 

This analysis can be the ground for extended works, this effort can be improved by studying 
different modes of vibration that act on the gear’s teeth such as torsional and longitudinal modes. 
Moreover, different cracks modelling can be studied by modelling curved cracks instead of a 
straight line through the root and the rim, which might capture the real-life gears’ teeth cracking 
and failure.  
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