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Abstract: In this paper, a gear rack of a ship lift is taken as an example. This paper presents a method for analyzing the 

reliability of gear and rack movement under the influence of time-varying wear. The example of large modulus gear rack 

mechanism for ship lift is verified. Through the wear state of rack and pinion, the time dependent reliability equation of 

kinematic pair is established with the consideration of the original dimension error, gap error and wear effect. Based on the 

Archard wear model, the hardness and other factors under the influence of time variation are analyzed and the new kinematic pair 

model is established. Finally, the Matlab software is used to simulate the wear process of the rack and pinion. The influence 

degree of the above factors on the motion reliability of mechanism is analyzed. The results of simulation and analysis show that 

the method is more accurate and suitable for engineering application. It provides an important reference for the life prediction of 

gear rack and the development of maintenance and maintenance outline. 
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1. Introduction 

In recent years, with the increasing development and 

application of heavy load of large mechanical equipment, the 

mechanical reliability assessment stage from design have 

been great attention and in-depth study, however, compared 

with the mechanism of strength reliability, according to the 

characteristics of the mechanism motion reliability of large 

overloading of the late start of the study [1, 2]. In 80s, 

Sandler and Rhyu studied the influence of the original 

dimension error of gear and planar four bar mechanism on 

reliability [3]. In the literature [4-10], the wear process of 

gear profile was calculated by using Archard wear and Hertz 

theory, but other factors such as surface hardness and wear 

depth were not considered [11, 12]. 

This paper takes a lift with big modulus gear and rack 

structure as the research object, a detailed analysis of the 

Archard wear theory when the impact factor, through 

different wear surface hardness changes, and establish 

reliability of gear rack movement in different wear or life 

were calculated. 

2. Time-Variant Wear Model and 

Influence Factors 

The structure of the rack and pinion is a line contact, and 

the motion of the active part is transferred to the passive part 

by direct contact. Therefore, with the increase of the running 

time of the gear rack, the change of the surface shape in the 

wear process will lead to the change of the motion law, which 

will affect the reliability of the equipment operation. 

Due to the wear of complex factors, it is difficult to find 

analytical expressions to describe precisely the wear surface 

changes, so consider using approximate numerical method, 

the gear rack continuous wear process of discretization, the 

wear problem can be attributed to wear for finite element 

node, as shown in Figure 1. Here used to describe the friction 

wear step in motion in the process of a series of discrete state, 

a micro amount of wear parts is as a wear step (time ranging) 

[5, 14]. 
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Figure 1. Discrete contact points. 

2.1. Gear Wear State Parameter 

The Archard wear model was proposed by Professor J. F. 

Archard in 1953, which is suitable for studying the wear 

characteristics of elastomers. This is similar to the wear 

mechanism of large modulus gear pair. Therefore, it can be 

used to analyze and establish the time-varying wear model of 

gear and rack. The wear model is: 

�
� � �∙��

�                      (1) 

In the formula, V and S are respectively the volume wear 

and relative slip distance, Fn is the normal force, K is the 

dimensionless wear coefficient, H is the Brinell hardness of 

the material. The relationship between wear depth and wear 

coefficient, sliding distance, contact stress and hardness is 

given. A large number of experiments have proved that the 

wear rate of the rack is directly proportional to the relative 

sliding distance and the surface hardness. If the gear rack pair 

contact area is A, the wear depth is h [4]: 

	
 � � ∙ �
 � ��

�
	                  (2) 

According to the finite element method of gear and rack 

wear, the wear amount of normal differential element can be 

expressed by formula (1) and (2): 

∆h�,� � ��,�∙��,�∙��,�
����,� 	                (3) 

Among them, Li,j for the I wear step tooth contact on the J 

contact point from entering into contact with contact friction 

travel through this interaction period; Hi-1,j as the surface 

hardness of the I-1 wear step after tooth contact in the J 

contact point; ki,j as the material wear coefficient under 

certain conditions J at the contact point, which is a 

dimensionless parameter; Sigmai,j for the I wear step tooth 

contact on the J contact point of contact stress. In the Archard 

model, the wear coefficient is defined as the probability of 

producing grain, but this coefficient contains in addition to 

all the factors affecting wear load Fn and sliding distance of L, 

the hardness of the surface materials of H, many scholars at 

home and abroad for the Archard wear model has done a lot 

of research and experiments, the wear coefficient selection is 

rich can reference, also can be obtained according to the 

experimental data or actual wear monitoring [15-20]. 

2.2. Time-Variant Influence Factor 

In the practical application of the project, the key parts of 

the important equipment are often treated by surface 

treatment, and the hardness of the surface is much higher 

than that of the raw material itself. With the equipment 

running time increases, the wear volume increases gradually, 

will cause the surface properties of the material changes, it is 

necessary in the time dimension of wear affects the hardness 

and depth of the relationship for further study. 

Considering the absence of internal defects, the hardness 

of the surface to the center of the rack is generally decreased. 

Therefore, the nonlinear function fitting method can be used 

to analyze the hardness and depth data of the same batch and 

the same process: 

��,� � f�∑ ∆��,��� ! " �#,� 	           (4) 

Among them, Hi,j is the first I wear step after contact on 

the J contact point on the surface hardness; H0,j for the first J 

contact points on the surface of the initial hardness. In 

particular, different surface depths can be expressed as the 

sum of the wear quantities from 1 to I. It can be known that 

the surface hardness of parts to calculate the hardness of 

different depths, in which the fitting function f(h) 

approximation (hardness testing data) determines the 

accuracy of the calculation. 

2.3. Time-Variant Wear Model 

Based on the discrete finite element method, the 

relationship between the hardness and the wear amount is 

added to the Archard model, and the recursive formula of the 

wear amount of the element is obtained after the first I wear 

step: 

∆h�,� � ��,�∙��,�∙��,�
$�∑ ∆%���,��&� !'�(,�	           (5) 

In the standard spur gear rack, wear performance of 

normal contact distance of center distance increases, so you 

can get any t time, which is a finite I wear step, the 

cumulative gear rack pair time-varying wear: 

h�,�)t+ � , ∆��,�)-+.-/
#               (6) 

h�,�)t+ � ∆h�,� " ∆h�0 ,�	             (7) 

You can get the original clearance time ∆∗ " - cumulative 

wear amount: 

∆)t+ � ∆∗ " h�,�)t+	               (8) 

3. Time-Variant Reliability Modeling 

Monte Carlo simulation method is also called statistical 

simulation test method, statistical test method, stochastic 
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simulation method, referred to as Monte Carlo method. 

Monte Carlo method is based on the known probability 

distribution of random variables, through the random 

sampling of random variables or random simulation test to 

estimate and describe the function of the statistics. In this 

paper, Monte Carlo simulation is carried out to analyze the 

motion error caused by the random error variables such as the 

dimension of the gear rack and the meshing, and to evaluate 

the reliability of the gear rack under the influence of 

time-varying wear. The specific reliability simulation 

analysis block diagram is shown in Figure 2. 

 

Figure 2. Reliability simulation analysis. 

The rack and gear can be used as the basis for reliability 

calculation according to the relevant criteria, such as the wear 

failure criterion, the correct meshing and surface hardness. 

The specific simulation steps: 

(1) According to the law of error distribution, the random 

variables of the variables in the model are sampled randomly, 

and the sample size of N with a given sample space capacity 

is Xi; 

(2) The wear variable is added to the sample Xi in the 

given wear step, and the numerical solution is obtained by 

substituting the time-varying wear model, and the maximum 

deviation of the meshing motion is obtained Smax; 

(3) The sample maximum deviation or whether the wear 

failure criteria, namely the correct meshing Smax is less than 

or equal to [S] with, remember: 

M � 31, 5678 9 :5;;
0, 5678 > :5;.               (9) 

(4) Repeat (1) ~ (3) steps, get the number of Smax is less 

than or equal to [S] limited test in a certain time in t. The 

reliability is obtained by the theorem of large numbers. 

4. Probabilistic Analysis of Gear Rack 

Motion 

Usually the gear rack manufacture and installation of the 

gap size error meshing movement deviation, the reliability 

index for certain number of meshing or running time under 

the actual deviation is not greater than the maximum 

allowable deviation of the wear threshold. In this paper, the 

correct meshing gear rack on the basis of the coincidence 

degree to meet the maximum end [ε] coincidence degree 

requirements, take with clearance gear rack relative at time t 

gear axis deviation as the evaluation of gear rack meshing 

movement. Therefore, the problem can be transformed into 

the reliability of gear rack engagement: 

	R � P:)CDEF G :ε;+ H 0;	         (10) 

It is known that the large module gear rack structure of a 

ship lift is shown in the following Figure 3, the parameters 

are as follows [4]: 

The gear rack modulus m = 63, z = 16 gear, pressure angle 

alpha = 20 degrees, the elastic modulus of gear rack E1 = 

209000MPa, E2 = 202000MPa, density ρ1 = ρ2 = 7850, 

Poisson's ratio µ1 = 0.271, µ2= 0.3; torque T = 453000 

KN*mm, wear coefficient	k � 3.6 L 100M, gear rated speed 

is equal to 1000r/min. 

 

Figure 3. Rack and gear drive mechanism. 
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Under normal circumstances, the errors of manufacture 

and measurement are normally distributed, it can be seen that 

the actual gear rack installation and operation position should 

be in the range of deviation from normal distribution [21, 22]. 

Based on the assumption that the error distribution of 

mechanical manufacturing is normal distribution, two 

important assumptions are put forward: 

First, the meshing accuracy of the rack and pinion 

manufacturing error is the normal direction along the tooth 

surface. The conversion is equivalent to a vertical gear in the 

direction of the direction of the connection between the gear 

rack and pinion connecting rod L1 (where the center of the 

gear to the root of the rack distance); 

Second, the installation error caused by the gear rotation 

accuracy of the gear shaft and sleeve gap changes. Based on 

the theory of effective length model, can get the gear shaft 

center should wear effect in the range between the inner 

sleeve and the error motion as shown in the Figure 4, the 

deviation is determined by the drive system error. 

So the distribution function of the rack and pinion: the gear 

R1 ~ N (10, (0.14/3)
2
), and the distance between the center 

and the connecting rod is L1 ~ N (10 (0.1/3)
2
). N (a, b

2
) 

indicates that a and b are normal distribution of mean and 

standard deviation. 

 

Figure 4. Effective length contact model. 

In this case, the gear rack and pinion tooth surface 

hardening process, the surface hardness of 596HB, from the 

tooth surface Brinell hardness and hardened layer depth of 

wear test data as shown in Figure 5 and table 1. 

 

Figure 5. Hardened depth. 

Table 1. Rack and pinion hardness at different depths. 

Depth/mm Hardness/HV 

\ Point 1 Point 2 Point 3 Point 4 

0 609 615 613 610 

1 612 615 609 612 

2 607 611 603 605 

3 590 595 595 587 

4 579 571 575 574 

5 547 543 541 544 

6 503 505 501 506 

According to the hardness conversion table and the 

decrease of the hardness of the surface to the center, the 

fitting relationship between the Brinell hardness and the wear 

depth of the hardened layer can be obtained. 

The initial state of the gear is set at 0 degrees, and the gear 

shaft coincides with the inner and outer center of the sleeve. 

In the numerical simulation, the gear axis is used as the 

output point. 

 

Figure 6. The orbit of the gear axis. 

 

Figure 7. Local view of Figure 6. 
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Figure 8. Mark motion deviation. 

Figure 6 is the movement of the gear axis, Figure 7 is a 

partial view of the trajectory. As can be seen from the 

trajectory, the gap and the ideal trajectory. Figure 8 is the 

curve of the relative distance between the gear shaft and the 

rack root, it can be seen that the meshing center distance is 

affected by the gap error. 

 

Figure 9. Motion deviation under different conditions. 

In order to analyze the relationship between motion 

deviation and time, the number of loop simulation is set to 

5256000 times. Taking the meshing of gear and rack as the 

wear step, the motion error of the mark point is obtained as 

shown in figure 9. It can be found that under the condition of 

installation and clearance error, the rack and pinion motion is 

smaller than the ideal motion. It can only be used in the 

research and optimization of equipment or mechanism design 

stage, but can not be used in the operation of the equipment 

after a certain period of time and reliability evaluation. 

The wear rate does not change with time under the 

situation, sign the motion deviation increases with the 

increase in running time, the average performance for the 

basic linear change values in the wear rate of the accuracy of 

analysis results depend entirely on motion. The wear process 

can be divided into running in stage, stable wear stage and 

severe wear stage, the wear rate with time after degradation, 

the same to the ascending process. Therefore, the study on 

the reliability of the rack and pinion under constant wear rate 

is only applicable to the stable wear stage, and can not be 

used to analyze the life cycle reliability of the equipment 

under complex conditions. 

According to the time-variant wear gear motion deviation 

curve can be seen, because the surface hardness degradation 

effect on load and other conditions are constant, the wear 

volume gradually increased rapidly, mark point motion 

deviation and mean changes greatly, time-varying factors 

have significant influence on the wear and motion state of the 

gear rack. Therefore, in the calculation of actual movement 

reliability, it is necessary to wear model and operating 

conditions to choose the influence of some of the main 

factors to consider, the simulation model of the calculation 

results more accurate and reliable. 

According to the time-variant wear reliability calculation 

model, obtained the different meshing number calculation, 

gear rack movement reliability as shown in Table 2, with the 

increase of the amount of meshing and wear, gear rack 

movement reliability decreases quickly. 

Table 2. Rack and gear motion reliability. 

Gear revolution Reliability 

241200 0.99 

331650 0.97 

361800 0.79 

391950 0.41 

452250 0.01 

5. Conclusion 

Compared with the ideal structure analysis of the rack and 

pinion design stage, the gear rack movement will be affected 

by the manufacturing error, the gap, the wear and the 

time-varying factors. The time-varying wear model can be 

used to evaluate the reliability of rack and pinion with time. 

The manufacturing error and the gap have little influence on 

the mean and deviation of the moving output, and the 

influence of the time-varying factors such as wear time 

increases with the time scale. Therefore, in the calculation of 

the general accuracy of the instantaneous or short time, the 

ideal state can be ignored in the calculation. However, it is 

necessary to consider the analysis of the motion 

characteristics of the precision machine under the bad 

working conditions and long service time. 

In this paper, the ideal values of other wear factors other 

than hardness are selected to calculate the reliability results. 

In order to obtain the reliability of time-varying wear, it is 

suggested that the measured values of various factors should 

be put into practice, especially the value of wear coefficient 

with time. 
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