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STRESS AND FATIGUE ANALYSIS OF DRIVING WHEEL 
TOOTH BASED ON ORTHOGONAL DESIGN 

Hefeng ZHANG, Bijuan YAN1, Tiangang PEI, Zhangda ZHAO* 

To address the problem of excessive tooth root strength of the driving wheel 
during walking of a heavy spreader, this paper uses orthogonal design method to 
optimize the sprocket tooth structure parameters. The rigid-flexible coupling model of 
track mechanism is established based on dynamics software Recurdyn. The model is 
simulated under typical working conditions, and the stress and fatigue life of sprocket 
teeth is obtained. Then the orthogonal table with different tooth parameter size 
combinations is established based on orthogonal principle. And the orthogonal 
combination results are obtained by dynamics simulation and analyzed by variance 
and range method. Comparing the tooth strength before and after orthogonal 
optimization, it is found that stress of the tooth root is reduced by 7.5 %, fatigue life 
is increased by 8.9 %, which improves the service life of the driving wheel. The 
research results provide reference for the design of other structural parameter. 
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1. Introduction 

Crawler travel mechanism is an important walking structure of a heavy 
spreader. The sprocket is a significant part of crawler walking mechanism. Its teeth 
are subjected to excessive loads during the use of the sprocket, resulting in a 
shortened fatigue life of the sprocket, which causes a series of additional 
consumption such as the running cost of the sprocket and maintenance time, 
maintenance costs, etc., and seriously affects service life of crawler travel 
mechanism and overall effectiveness of entire spreader. Therefore, it is essential to 
reduce stress of sprocket teeth.  

In order to solve the above problems, some scholars optimize the gear tooth 
surface. For example, Ding et al. [1] proposed a tooth surface shaping method to 
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find the optimum amount of corner shaping, to increase the service life. Wang et al. 
[2] proposed a multi-objective optimization method to optimize the helical gear 
from the perspective of tooth profile modification. Ren et al. [3] proposed a method 
of cycloidal gear trimming to improve the load -carrying capacity of cycloid gears 
by adjusting the positions of five key points on the gear teeth to determine a 
corrected clearance curve. Yan et al. [4] used a dynamic tooth width correction 
method to optimize the uneven loading problem of helical gears. And Wang et al. 
[5] proposed a calculation method for tooth profile modification based on the tooth 
contact analysis (TCA) technique.  

The methods used in the above citation are based on modifying the tooth 
surface shape to improve the tooth strength. But it is not difficult to analyze the 
influence of the gear tooth size on the tooth root stress. Orthogonal experimental 
design is a method for investigating the effect of multiple factors and levels on the 
test index. In order to saw the optimal combination of factors for the test index, Yin 
et al. [6] optimized the key structural parameters of the dust collector based on the 
principle of orthogonal experiments so as to improve the efficiency of the dust 
removal system. Kuang et al. [7] optimize the key structural parameters of the 
drilling tool using the orthogonal optimization method, so as to improve the bending 
strength of the drilling tool joint in the actual working process. Liu et al. [8] 
analyzed the influence of spraying parameters on coating properties by orthogonal 
test method, and found that the optimized coating has better wear resistance through 
experimental comparison. 

In this paper, based on the principle of orthogonal experiments, a three-
factor and three-level orthogonal table is established, and a rigid-flexible coupling 
track model with different sizes of sprocket teeth as the flexible body is built based 
on the parameter combination of the teeth in the orthogonal table. The optimized 
sprocket teeth were simulated using dynamics software to obtain the stress and 
fatigue clouds of the sprocket teeth under different working conditions. Compared 
with stress and fatigue clouds of sprocket teeth before optimization, it was found 
that the strength of optimized sprocket teeth was improved. This provides a 
theoretical reference for the mechanical design of the crawler travel mechanism. 

2. Modeling and Simulation of Crawler Walking Mechanism 

2.1. Creation of the Model 

Fig. 1 shows completed three-dimensional (3D) crawler travel mechanism 
model. The 3D modeling of the studied spreader is carried out based on the product 
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manual and technical drawings of a certain type of spreader. A spreader is mainly 
composed of a crawler travel mechanism, discharge arm, balance beam, receiving 
arm, and other components. If all parts are imported, it will take up a lot of computer 
resources, seriously affect the simulation speed and the simulation is error-prone, 
so it is necessary to simplify the spreader model. The stress analysis of the sprocket 
tooth is mainly carried out. Therefore, in the modeling, the equivalent mass and 
equivalent moment of a inertia ball are used to replace the components that have 
little influence on crawler travel mechanism [9, 10]. The 3D model of crawler travel 
mechanism is established by software SolidWorks and imported into dynamics 
software RecurDyn in the form of an x_t file.  

 
The stress analysis of sprocket teeth is carried out. Firstly, the key 

parameters of a crawler travel mechanism are described. The weight of the spreader 
is 6.5e5 kg , the walking speed is 8 m/min, the diameter of the sprocket pitch is 
1.674 m, the track grounding length is 9.814 m, and the track gauge is 10 m. The 
main parameters of the sprocket are shown in Table 1. 

Table 1 
Related parameters of sprocket 

Name Value Name Value 

Number of teeth (z) 9 Tooth depth (mm) 134 
Pitch diameter of 
 sprocket (mm) 1674 Tooth root thickness (mm) 57 

Tooth thickness (mm) 161 Root diameter (mm) 50 

Figure 2 shows sprocket structure. It mainly includes hub and tooth, in 
which are connected by bolts. During walking process of crawler travel mechanism, 
force analysis of meshing process between sprocket and track shoes is carried out. 
The tooth root of sprocket is determined as main bearing position. Tooth thickness, 
tooth depth, and tooth root thickness are three key parameters of the sprocket [11-
14].  

Driving wheel 
 

Ground 

Driving direction 

Fig.1. 3D model of crawler travel mechanism 
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2.2. Boundary Condition Setting 

In ANSYS Workbench, the sprocket tooth material is set as 23MnCrNiMo, 
the Poisson’s ratio is 0.25, and the elastic modulus is 210 GPa. When the driving 
wheel is stressed, it is equivalent to the cantilever beam. The rigid-flexible coupling 
model takes a long time to simulate. In order to reduce the simulation time, only the 
mesh of the tooth of the sprocket is divided and the mesh of the tooth root is refined. 
The overall mesh size of sprocket tooth is 25 mm, and the mesh size of its root is 
20 mm. In the dynamic software RecurDyn, The sprocket tooth in the original rigid 
track travel meshed to complete the establishment of the sprocket tooth’s flexible 
body. The rigid-flexible coupling model of the sprocket with tooth as flexible body 
is established [10, 15-18]. 

The friction contact is created between the flexible sprocket tooth and the 
track shoes. The dynamic friction coefficient is set to 0.15, and the static friction 
coefficient is set to 0.2. Force Distributing Rigid (FDR) is created between the 
wheel hub and sprocket teeth to realize force transmission. The driving speed is 
applied to the sprocket, and its function expression is STEP (time, 0.1, 0, 1, 0.1593). 
The function is a step function, which means that when the simulation time is 0-
0.1s, the driving wheel rotation speed is 0 rad/s. When the simulation time is 0.1 s 
-1 s, the driving wheel is in the acceleration stage, and its rotation speed increases 
from 0 rad/s to 0.1593 rad/s. Then its rotation speed remains 0.1593 rad/s after 1 s. 
The dynamic simulation of the rigid-flexible coupling model of crawler travel 
mechanism is carried out to obtain the stress and fatigue life distribution of the 
sprocket tooth. 

2.3. Model Simulation and Analysis 

According to the actual running situation of spreader, simulation typical 
working conditions of flat road straight, uphill straight and In-situ steering are 

13
4 

i) Sprocket model 
  

ii) Sprocket tooth parameter model 
  Fig.2. 3D model of sprocket 

hub 

tooth 



Stress and fatigue analysis of driving wheel tooth based on orthogonal design      185 

determined. The model of track walking mechanism was simulated. The driving 
torque of driving wheel under different working conditions is obtained, which are 
shown in Figure 3. The average driving torque of the driving wheel under different 
working conditions can be obtained from Figure 3, as shown in Table 2. 

 

 

 
Fig.3 Driving torque of driving wheel under different working conditions 
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Driving wheel driving torque is calculated by theoretical calculation under 
typical working conditions. The driving torque under different working conditions 
is obtained, as shown in Table 2. 

Under three working conditions, the simulation and theoretical values of the 
driving wheel are within 10 %, as shown in Table 2, indicating the correctness of 
the model parameter Settings. 

Table2 
Comparison of theoretical and simulation values of driving torque  

under different working conditions 

 Straight road  Hill climbing  In-situ steering  
Simulation value (kN·m) 260 550 980 
Theoretical value (kN·m) 272 541 939 

Rate (%) 4.4 1.6 4.3 

Using dynamics software RecurDyn, the rigid-flexible coupling model of 
crawler travel mechanism is simulated. And then based on the rigid-flexible 
coupling simulation results, the fatigue life of a tooth of the sprocket is calculated 
by using the dynamic stress recovery method. The stress and fatigue distributions 
on sprocket teeth under different working conditions are obtained, which are shown 
in Figure 4. Code 39 in Figure 4 is the maximum stress node on one tooth of driving 
wheel in the walking process of crawler walking mechanism. 

 

 

i) Straight road conditions 
a) Sprocket teeth stress nephogram (MPa) 

iii) In-situ steering conditions ii) Hill climbing conditions 

javascript:;
javascript:;


Stress and fatigue analysis of driving wheel tooth based on orthogonal design      187 

 

It can be seen from Figure 4 a) that maximum stress of code 39 on sprocket 
teeth of crawler traveling mechanism is 256 MPa under straight road condition. Its 
maximum stress of code 39 is 317 MPa under the hill climbing condition. The 
maximum stress of code 39 is 425 MPa under in-situ steering condition. It can be 
seen from Figure 4 b) that minimum fatigue times on sprocket teeth are 276990 
under straight road condition. The minimum fatigue times are 174890 when 
climbing straight. Under in-situ steering, the minimum fatigue times is 46061. 
Therefore, the stress at the tooth root of sprocket is the maximum, and the fatigue 
life is the smallest during walking process of crawler travel mechanism. The 
maximum stress of sprocket tooth increases in turn and its fatigue life decreases in 
turn under the three working conditions of straight road, hill climbing, and in-situ 
steering. Based on strength analysis of sprocket teeth under different working 
conditions, the root of sprocket teeth is the weakest part of the whole tooth, and the 
weak area is modified accordingly, to improve the service life of the part.  

3. Orthogonal Optimization  

3.1. Orthogonal Array 

In order to facilitate the expression, symbol A is used to represent the tooth 
thickness parameter, B is the tooth depth, and C is the tooth root thickness parameter. 
In order to reduce number of orthogonal combination tests, three levels are selected 
for each factor among three key factors of sprocket teeth. Change of factor A is 5 
mm, that of factor B is 5 mm, and that of factor C is 3 mm. Then, A is taken as 156 
mm, 161 mm and 166 mm, B is taken as 129 mm, 134 mm and 139 mm, and C is 
taken as 54 mm, 57 mm and 60 mm. The orthogonal sequence design combination 

b) Sprocket tooth fatigue nephogram 

ii) Hill climbing conditions i) Straight road conditions iii) In-situ steering conditions 

Fig.4. Sprocket tooth stress and fatigue nephogram 
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of A, B, and C are obtained, shown in Table 3. It represents corresponding sprocket 
parameter size combination. According to nine groups of orthogonal size 
combinations, the rigid-flexible coupling models of crawler travel mechanism with 
different sizes of sprocket teeth as flexible bodies are established [19-21], and the 
dynamic simulation of the model is carried out. The results of different experiment 
sequence combinations are shown in Table 3. 

Table 3 
Results of orthogonal experiment 

Experiment No. A B C Simulation result (MPa) 
1 1 1 1 359 
2 1 2 2 245 
3 1 3 3 236 
4 2 1 2 338 
5 2 2 3 233 
6 2 3 1 288 
7 3 1 3 293 
8 3 2 1 245 
9 3 3 2 259 

3.2. Analysis of Range 

In order to analyze the influence weight of each factor on sprocket tooth 
strength, and find the main factors affecting the effect and the optimization scheme, 
the range analysis of simulation results is needed. The analysis results are shown in 
Table 4. In the table, ki is the sum of several simulation indexes at corresponding 
level i , Mi is the average value of the index at corresponding level i , and R is the 
range of each average value. The range indicates weight of level selected under each 
factor on test index. The greater the range indicates the greater the weight of level 
change of the factor on test index [22-23]. 

Table 4 
Range analysis of each factor on tooth root stress 

-- A B C 
K1 840 990 892 
K2 859 723 842 
K3 797 783 762 
M1 280 330 297.3 
M2 286.3 241 280.7 
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M3 265.7 261 254 
R 25.7 89 43.3 

In order to more intuitively reflect the influence of horizontal change of 
factors on test results, horizontal change of factors is taken as the abscissa and 
average value of the index is taken as the ordinate. The diagram of relationship 
between factors and the index is shown in Figure 5. 

The magnitude of the difference of each factor reflects the influence of tooth 
thickness, tooth depth, and tooth root thickness on sprocket tooth stress. Figure 5 
shows that the influence of each factor on sprocket tooth stress is different. Range 
of factors A, B, and C are 20.7, 89, and 43.3, respectively. Therefore, it is known 
that the order of the influence of the selected size parameters on the stress is B > 
C > A. 

 
For a single factor, comparing the values of experiment index under each 

level of a factor, the order of the influence of each level of the factor on the index 
can be obtained. It can be seen from Figure 5 that the tooth root stress increases first 
and then decreases with the increase of factor A, and the order of the influence of 
each level of factor A on the tooth root stress is A2, A1, and A3. The tooth root stress 
decreases with the increase of factor C, and the decrease rate is first small and then 
large. The influence of factor C on tooth root stress is in the order of C1, C2, and C3. 
The tooth root stress decreases first and then increases with the increase of factor 
B. Therefore, the tooth root stress can be obtained by taking intermediate value of 
factor B at the horizontal level. 

Given what the intermediate value of factor B is worth to obtain the 
minimum stress of the sprocket tooth, in this case, two points are taken on both 
sides of the intermediate value B2 at the level of factor B, and these two points are 
respectively at the midpoint between B1 and B2 and between B2 and B3. A new three-

Fig.5. Relationship between factors and indicator 
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factor three-level orthogonal experiment is composed of the obtained two points 
and the original intermediate value B2. According to the new orthogonal 
experimental group, a rigid-flexible model is established, and its dynamic 
simulation is carried out. The range analysis of obtained orthogonal results is 
carried out, and the obtained range and the original range are marked in Figure 6. 
The relationship between factor B and the stress is fitted by quadratic function 
fitting method, as shown in Figure 6. 

 

It can be seen from Figure 6 that according to the results of the quadratic 
fitting curve, the optimal factor B level value and the minimum stress value of 
sprocket tooth can be obtained by taking the vertex coordinates of the fitting curve, 
and the optimal value of factor B is 136 mm. 

To sum up, according to the line chart and curve-fitting results, the optimal 
combination of selected parameters can be obtained. The value of factor A is 166 
mm, factor B is 136 mm and factor C is 60 mm. This is the optimal structural 
parameter value of the sprocket teeth and its optimal combination within orthogonal 
optimization range. 

3.3. Mathematical Model of Variance Analysis 

Orthogonal experimental index is tooth root stress (von Mises), expressed 
byσ  . Without considering interaction of various factors. The sum of deviation 
squares of factors A, B and C were represented by SA, SB, and SC respectively, which 
is determined using Eqs.(1)-(3). Then, the sum of error squares is represented by Se, 
which is determined using Eqs.(4). 

2
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where n is total number of experiments, h is denotes number of factors, MAi 

is total observation of level i in factor A. Such as total observation of tooth thickness 
as shown in Table 4, MAi  =359+245+236=840.  

Thus, statistics of three factors A, B and C were expressed by FA, FB, and FC 
respectively, which is determined using Eqs. (5)-(7).  
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3.4. Analysis of Variance 

Table 5 shows the variance analysis of each factor on index root stress. The 
F test can be used to determine the confidence range of each factor affecting the 
index, to analyze the influence of each factor. By comparing results of variance sum 
of various factors, influence order of various factors is determined preliminarily 
[24-25]. 

Table 5 
Variance analysis of each factor on tooth root stress 

Factor Square of 
deviance Freedom Mean 

square F Confidence 
range 

A 673 2 336 3.57 * 

B 13082 2 6541 69.58 *** 

C 2867 2 1433 15.24 ** 
Error sum 
of squares 188 2 94 -- -- 

Sum 16810 8 -- -- -- 
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where: Factors A, B and C are tooth thickness, tooth height and tooth root thickness, 
respectively. F is F test. *, * * and * * * are confidence levels below 90 %, 90 % -
95 % and above 95 %, respectively. -- is blank[9]. 

According to the analysis of variance of tooth root stress in table 5, the 
confidence level of factor B is above 95 %, which has obvious influence. The 
confidence of factor C is 90 % - 95 %, which has a relatively significant influence. 
the confidence of factor A was less than 90 %, and there was no significant effect. 
By comparing the square sum of the deviation of each factor, the order of influence 
on the stress on the sprocket tooth is B > C > A. 

The order of influence of variance is consistent with the results of the 
analysis of range. In design and manufacture of a sprocket, due to the limitation of 
actual conditions, it may be impossible to change the three parameters at the same 
time to improve the sprocket strength. So, one or two size parameters of the sprocket 
can be changed to improve its bearing strength based on the influence of various 
factors. 

4. Results Comparison 

Under the same boundary conditions and friction parameters, the rigid-
flexible coupling simulation of optimized sprocket is carried out. And then based 
on the rigid-flexible coupling simulation results, the fatigue life of a tooth of the 
sprocket is calculated by using the dynamic stress recovery method. And stress and 
fatigue nephogram of the sprocket under different working conditions are obtained 
as shown in Figure 7.  

 

ii) Hill climbing conditions iii) In-situ steering conditions i) Straight road conditions 
a) Sprocket teeth stress nephogram (MPa) 
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It can be seen from Figure 7 that the maximum stress of the optimized 

sprocket tooth is reduced and its fatigue life is improved under typical working 
conditions, and its minimum fatigue life is more concentrated in the root of sprocket 
teeth. Therefore, only the root area of the sprocket tooth can be modified in the 
design and manufacture of the sprocket, to improve service life of whole sprocket 
tooth. 

Compared with simulation results of optimized front sprocket tooth, the root 
stress of Optimized sprocket tooth is improved. The maximum stress of tooth root 
is decreased respectively by 10.1 %, 13.8 %, 7.5 %, and its fatigue life is increased 
respectively by 12.9 %, 17.1 %, 8.9 % under three working conditions of straight 
road, hill climbing, and in-situ steering. Under actual working conditions, crawler 
travel mechanism of a spreader will experience three typical working conditions, 
and the maximum stress of sprocket tooth is the largest and the fatigue life is the 
smallest under in-situ steering condition. Therefore, the stress of sprocket tooth is 
reduced by 7.5 %, and the fatigue life is increased by 8.9 %, which effectively 
improves service life of sprocket tooth and increases its reliability. 

5. Conclusion 

This paper use rigid-flexible coupling method to analyze sprocket strength 
of a spreader. The key dimensions of sprocket teeth are optimized based on 
orthogonal principle to improve service life of driving wheel. The following 
conclusions are drawn: 

(1) The model of crawler walking mechanism is simulated and the driving 
torque of driving wheel is obtained. The simulation value of driving torque is 
compared with the theoretical value, and the error is less than 10 %, which verifies 
the correctness of the model.  

b) Sprocket teeth fatigue nephogram 

ii) Hill climbing conditions iii) In-situ steering conditions i) Straight road conditions 

Fig.7. Stress and fatigue nephogram of optimized sprocket teeth 
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(2) The results of orthogonal test are analyzed by variance and range method. 
The significance order of three factors obtained by the two methods on the stress of 
the tooth root is the same, and the order are B > C > A. The optimal size combination 
of sprocket teeth was obtained as factor A 166 mm, factor B 136 mm, and factor C 
60 mm. 

(3) After optimization of sprocket tooth, the results of rigid-flexible 
coupling simulation under typical working conditions showed that the maximum 
stress of tooth root is reduced by 7.5 % and its fatigue life is increased by 8.9 % 
under different working conditions, improving fatigue life of sprocket teeth. 
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