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Featured Application: The preventive maintenance strategy developed in present study can be
employed for an automatic production line in the industrial field.

Abstract: The high maintenance costs and low reliability of automatic production line are attributed
to the complexity of maintenance management. In the present study, a preventive maintenance
strategy for the automatic production line was developed based on the group maintenance method.
The criticality of machines in the production line was evaluated, and then the machines were classified
into three groups: the most critical machines, the secondary critical machines and the general
machines. The general machines were performed on the breakdown maintenance. The preventive
maintenance model of the most critical machines was established with the shortest shutdown time as
decision objective on basis of the Delay-time theory. The maintenance model of the secondary critical
machine was established based on the considering of reliability-maintenance cost. A case study on
an automotive part automatic production line was carried out to verify the proposed preventive
maintenance strategy based on the production line data, and the maintenance periods of the most
and secondary critical machines were gained; meanwhile, the machines all satisfied the reliability
requirements during the maintenance periods.

Keywords: automatic production line; preventive maintenance strategy; machine criticality; group
maintenance method; maintenance model

1. Introduction

An automatic production line is an important part of the manufacturing system in the modern
industrial field owing to the enormous advantages of high yield, good product quality and labor cost
saving [1–3]. However, due to the variety of machine, complex layout and structure, any machine
failure may lead to the whole production line shutdown, resulting in enormous economic losses to
the production enterprise. The low reliability and high maintenance costs of the production line have
become an urgent problem for production enterprises to solve [4,5]. It is very important to put forward
scientific maintenance strategy to guide the maintenance and management works according to the
machines’ failure characteristics and operation laws of the production line.

Because the working conditions of machines in the production line are different and the machine
reliability is also different from each other, if all machines in entire production line are performed on
breakdown maintenance or preventive maintenance in the same maintenance period, it is difficult
to meet the requirements of high reliability, high operating rate and low maintenance costs [6–8].
In previous literature, the group maintenance method, which meant that a group machines with similar
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characteristics are maintained together in order to reduce the maintenance times and maintenance
costs, was considered to be suitable for the automatic production line [9,10]. Wu et al. [11] developed
an optimized maintenance cost model to determine an optimal interval of condition monitoring
and the degradation level after imperfect preventive repairs, which had initiated a new area for
the research on cost effective maintenance strategies. Barata and Tong respectively established
the maintenance optimization models for the production line using the different methods [12,13].
Rao et al. [14] developed an opportunity maintenance model for the production line to conduct
preventive maintenance on several machines at the same time when one of the machines in the
production line breaks down. However, it is difficult to use the opportunity maintenance strategy
for the complex production line consisting of many machines. Talukder et al. [15] used a heuristic
algorithm to group the machines of the production line, and then performed the maintenance to
reduce maintenance costs. Arunraj et al. [16] used the Analytic Hierarchy Process (AHP) and goal
planning methods to develop the maintenance strategies based on considering the machine failure
rate and maintenance costs, respectively. Christer et al. [17] put forward a delay-time model to the
prevent machines’ failure during the preventative maintenance period when the machines had serious
deterioration. However, these previous maintenance models and maintenance strategies were often
developed with single evaluation criterion such as reliability and maintenance costs, or the same
maintenance model and maintenance strategy were used for all machines in the automatic production
line without distinguishing the machines’ criticality.

In the present study, a preventive maintenance strategy for the automatic production line was
developed based on a group maintenance method. Using the uniform design method, the machines
in the production line were classified according to the influence degree of the machine failure rate
on the operating rate of the production line. Then, the machines were classified into three groups:
the most critical machines, the secondary critical machines and the general machines. The general
machines were performed on the breakdown maintenance. The preventive maintenance models were
established for the most and secondary critical machines, respectively. The preventive maintenance
model of the most critical machines was established with the shortest shutdown time as a decision
objective on the basis of delay-time theory, and that of a secondary critical machine was established
based on consideration of reliability-maintenance cost. Finally, a case study on an automotive part
automatic production line was carried out, and the preventive maintenance periods of the most and
secondary critical machines were gained according to the collected data of the production line.

2. Evaluating of Machine Criticality for an Automatic Production Line

The operating rate is one of the most important performance indexes to evaluate the automatic
production line, which is defined by the ratio of actual output to theoretical output in unit time.
The main factors that influence the operating rate of production line are machine failure rate, mean
time to repair (MTTR), buffer capacity and production line balancing rate. Because the automatic
production line is often a complicated manufacturing system, it is very difficult to establish a definite
analytical model between all influence factors and the operating rate. Considering the maintainability,
the optimal maintenance strategy directly influenced the failure rate and repair rate of the machines;
therefore, the machine failure rate was considered as the key influence factor of the operating rate
in this study. The buffer capacity and balancing rate of the production line mostly depended on the
design performance of production line and they were taken as the quantitative design parameters into
the preventive maintenance model.

For an automatic production line with K machines (M1, M2, . . . , MK), the typical layout and
structure are shown in Figure 1.
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Figure 1. The typical layout and structure of automatic production line, where Bi (i = 1, 2, …, K) is the 
buffer area, Li (i = 1, 2, …, K) is the corresponding buffer capacity, λi (i = 1, 2, …, K) is the machine 
failure rate, and it is assumed that the time between failure (TBF) of each machine is Weibull 
distribution. 

For the automatic production line, the preventive maintenance is to inspect the machines, and 
replace parts and lubrication in a certain maintenance period. The preventive maintenance will 
make the machine return to the state of completely new or good, as long as the parts and lubrication 
are correctly replaced according to the criteria. The effect of preventive maintenance on the different 
machine is the same. Therefore, it can be assumed that preventive maintenance has the same effect 
on the failure rate of each machine, and the operating rates of production line are solved by 
simulation for the different combinations of the machines’ failure rate. In order to ensure the 
simulation accuracy, many groups of combinations of the failure rate are needed, especially while 
the production line is comprised of a high number of machines, the simulation calculation will be 
very difficult and take a long time. To improve the calculation efficiency, the simulation analysis of 
the production line is carried out in the present study based on the uniform design method [18,19]. 

First of all, the range of λi value of each machine can be determined according to the machines’ 
failure data. The N levels were taken for each λi (N is 3–5 times the K of the machines), and then the 
uniform design table UN (NS) is established to combine the failure rate for each machine. Finally, the 
different machines’ failure rate combinations are put into the simulation model to calculate the 
corresponding operating rates of production line Yj, and N groups of data samples (Yj, λj1, λj2, …, λjK) 
(j = 1, 2, …, K) are obtained. 

The failure rate of each machine in the production line doesn’t affect each other, which means 
that the variables λj are independent of each other. Therefore, the regression equation of operating 
rate Y can be expressed as: 
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where the values of a, b1, b2, …, bK can be gained by solving Equations (3) above. The value of bi 
indicates the effect of the machine failure rate λi on the operating rate of production line Y, and the 
larger the bi, the greater the effect of λi on the operating rate Y. 

Figure 1. The typical layout and structure of automatic production line, where Bi (i = 1, 2, . . . , K)
is the buffer area, Li (i = 1, 2, . . . , K) is the corresponding buffer capacity, λi (i = 1, 2, . . . , K) is
the machine failure rate, and it is assumed that the time between failure (TBF) of each machine is
Weibull distribution.

For the automatic production line, the preventive maintenance is to inspect the machines, and
replace parts and lubrication in a certain maintenance period. The preventive maintenance will make
the machine return to the state of completely new or good, as long as the parts and lubrication are
correctly replaced according to the criteria. The effect of preventive maintenance on the different
machine is the same. Therefore, it can be assumed that preventive maintenance has the same effect on
the failure rate of each machine, and the operating rates of production line are solved by simulation
for the different combinations of the machines’ failure rate. In order to ensure the simulation accuracy,
many groups of combinations of the failure rate are needed, especially while the production line is
comprised of a high number of machines, the simulation calculation will be very difficult and take
a long time. To improve the calculation efficiency, the simulation analysis of the production line is
carried out in the present study based on the uniform design method [18,19].

First of all, the range of λi value of each machine can be determined according to the machines’
failure data. The N levels were taken for each λi (N is 3–5 times the K of the machines), and then
the uniform design table UN (NS) is established to combine the failure rate for each machine. Finally,
the different machines’ failure rate combinations are put into the simulation model to calculate the
corresponding operating rates of production line Yj, and N groups of data samples (Yj, λj1, λj2, . . . ,
λjK) (j = 1, 2, . . . , K) are obtained.

The failure rate of each machine in the production line doesn’t affect each other, which means
that the variables λj are independent of each other. Therefore, the regression equation of operating
rate Y can be expressed as:

∧
Y = a + b1λ1 + b2λ2 + · · ·+ bKλK, (1)

where a, b1, b2, . . . , bK are the unknown parameters in Equation (1).
The fitting regression equation is performed by the minimal mean square error method for the N

groups of samples (Yj, λj1, λj2, . . . , λjK) (j = 1, 2, . . . , N) and expressed as:

minM = E
(

Yj −
∧
Yj

)2
= E

(
Yj − a− b1λj1 − b2λj2 − · · · − bKλjK

)2. (2)

The partial derivation of each parameter in Equation (2) is taken, and the partial derivation is set
to be zero. The following equations are gained:

Eyj = na + b1Eλj1 + b2Eλj2 + · · ·+ bKEλjK
Eλj1yj = aEλj1 + b1Eλj1

2 + b2Eλj1λj2 + · · ·+ bKEλj1λjK
Eλj2yj = aEλj2 + b1Eλj1λj2 + b2Eλj2

2 + · · ·+ bKEλj2λjK
· · · · · ·
EλjKyj = aEλjK + b1Eλj1λjK + b2Eλj2λjK + · · ·+ bKEλjK

2

, (3)

where the values of a, b1, b2, . . . , bK can be gained by solving Equations (3) above. The value of bi
indicates the effect of the machine failure rate λi on the operating rate of production line Y, and the
larger the bi, the greater the effect of λi on the operating rate Y.
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Finally, the criticality of machine in the production line is evaluated according to the parameter
bi in Equation (3), and so the machines can be classified into three groups on the basis of the ABC
(Activity Based Classification, ABC) analysis method [20–22]. The principle of ABC classification
analysis method comes from Pareto’s principle, which classifies the top 15–20% goods occupied
65–80% value of whole system into A group, the following 30–40% goods occupied 15–20% value of
whole system into B group, and the other 40–55% goods occupied 5–15% value of the whole system
into C group. For the automatic production line, the most critical machines have an important effect on
the operating rate of production line, so the top 20% (Upper limit of A group ratio in ABC classification
method) machines were evaluated as the most critical machines (A group). The secondary critical
machines have a lower influence on the operating rate of the automatic production line compared
with that of the most critical machines and the production enterprises pay more attention to saving
maintenance costs. Thus, the following 30% (Lower limit of B group ratio in the ABC classification
method) of machines were evaluated as the secondary critical machines (B group). The other 50%
of the machines were evaluated as the general machines (C group). Namely, the machines with the
parameter bi at the top 20% are classified into the most critical machines and that the following 20–50%
are classified into the secondary critical machines; thus, the rest of machines are classified into the
general machines.

The failure of most and secondary critical machines all have a great influence on the operating rate
of production line; therefore, the preventive maintenance should be carried out for them. The failure
of general machines has a smaller influence on the operating rate, and the breakdown maintenance is
suitable for the general machines.

3. Preventive Maintenance Modeling for Most Critical Machines Based on Delay-Time Theory

As mentioned above, the most critical machines as evaluated in Section 2 have great influence on
the operating rate of the automatic production line, and they will bring enormous economic losses to
production enterprises, if the downtime of the most critical machines is too long. If the preventive
maintenance is carried out separately for each of the most critical machines, which causes the frequent
shutdown to the production line. Therefore, based on the theory of synchronous maintenance [23],
all of the most critical machines are maintained in a group in order to reduce the frequency of the
preventive maintenance.

In the present study, the shortest shutdown time was regarded as the decision goal of
synchronization maintenance for the most critical machines, and then the balance between the
shutdown time of failure and preventive maintenance period was found, so as to minimize the
total shutdown time. The relationship between the total expected value of shutdown time ED(Tm) per
unit time and the preventive maintenance period Tm for the most critical machines can be expressed:

ED(Tm) =
t f EN f (Tm) + tp

Tm
, (4)

where tf is the average failure shutdown time, tp is the average preventive maintenance shutdown
time, and ENf(Tm) is the expected failure number for all most critical machines in the preventive
maintenance period. The tf and tp can be gained by the failure data and maintenance data of the most
critical machines. Then, the Tm is gained when ED(Tm) is the shortest.

According to the delay-time theory, the machine in the production line may gradually generate the
potential failure, which can’t cause machine shutdown temporarily. However, if the potential failure is
not maintained in time, it will develop into failure and causes the machine to be shutdown. The time
while a potential failure develops into a failure is delay-time th. On the basis of the Akaike information
criterion, the delay-time th is exponential distribution [24]. Therefore, the ENf(Tm) of the most critical
machines can be calculated according to the delay-time model. The key to establishing the delay-time
model is to determine the probability of potential failure θ, delay-time function f (h) and the probability
of potential failure that can be detected by preventive maintenance r. The maximum-likelihood method
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can be used to calculate the parameters in the delay-time model. Firstly, the preventive maintenance
period is divided into z number of ∆t intervals:

Ik
l = [tk−1 + (l − 1)∆t, tk−1 + l∆t](l = 1, 2, · · · , z), tk−1 + z∆t = tk, (5)

where tk−1 is the time for the (k − 1)th maintenance, and tk−1 + z∆t = tk.
Because the potential failure and its mature failure couldn’t generate at the same time, it was

assumed that the potential failure and failure were independent events and each potential failure
generated independently. Thus, the maximum-likelihood function is expressed:

L =
n
∏

k=1
{Probability o f potential f ailure nk generating in Tk}

z
∏
l=1

{
Probability o f f ailure mkl generating in Ik

l

}
, (6)

where n is the number of preventive maintenance, Tk is the duration time of k-th maintenance, nk is the
number of potential failures detected in the k-th maintenance, and mkl is the number of failures in the
l-th interval of the k-th maintenance period.

While a potential failure of machine generates at time u, the probability of the potential failure
degrades to be a failure in (t, t + ∆t) interval is:

p(t, t + ∆t|u) =


(1− r)n−k(F(t + ∆t− u)− F(t− u)), Tk−1 < u < Tk, k = 1, 2, · · · , n− 1
F(t + ∆t− u)− F(t− u), Tn−1 < u < t
F(t + ∆t− u), t < u < t + ∆t
0, u > t + ∆t

, (7)

where F(th) = 1 − exp(−ηth) is the distribution function of the delay time th.
While the occurrence of potential failure obeys the Homogeneous Poisson process (HPP) and the

occurrence rate is θ, the failure occurrence rate v(t) at time t is expressed:

v(t) = θ(
n−1

∑
k=1

(1− r)n−k(F(t− Tk−1)− F(t− Tk)) + F(t− Tk−1)), (Tn−1 < t ≤ Tn) (8)

From Equation (8), it can be found that the occurrence of failure obeys the Non-homogeneous
Poisson Process (NHPP). Thus, the average number of failures during the time interval Ik

l is:

EN f (Ik
l ) =

t+∆t∫
t

v(t)dt = θ

t+∆t∫
t

n−1

∑
k=1

(1− r)n−k[F(x− Tk−1)− F(x− Tk)]dx + θ

t+∆t∫
t

F(x− Tn−1)dx. (9)

The probability of mkl failures generated during the Ik
l is:

Pkl =
[EN f (Ik

l )]
mkl e−EN f (t, t+∆t)

mkl !
. (10)

Meanwhile, the probability that the potential failure that generates at time u can be detected in
the Tk is expressed:

p(Tk|u) =


(1− r)k−g × r× (1− F(Ti − u)), Tg−1 < u < Tg, g = 1, 2, · · · , k− 1
r× (1− F(Tk − u)), Tk−1 < u < Tk
0, u > Tk

. (11)
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According to Equation (11), the expected number of potential failures that are detected in the Tk
can be expressed:

ENp(Tk) = θ

∞∫
0

p(Tk|u)du = θ
k−1

∑
l=1

(1− r)k−lr
∫ Tl

Tl−1

[1− F(Tk − u)]du + θr
∫ Tk

Tk−1

[1− F(Tk − u)]du. (12)

As mentioned above, the occurrence of potential failure is assumed to obey the Homogeneous
Poisson process (HPP), and, on the basis of Equation (12), the probability of the nk-th potential failure
detected in the Tk is:

Pk =
(ENP(Tk))

nk e−ENP(Tk)

nk!
. (13)

Equations (10) and (13) are taken into Equation (6) and take its natural logarithm, and then the
logarithm Likelihood function is gained as follows:

ln L =
n

∑
k=1

[nk ln ENp(Tk)− ENp(Tk)] +
n

∑
k=1

z

∑
l=1

[mkl ln EN f (Ik
l )]−

n

∑
k=1

z

∑
l=1

[EN f (Ik
l )]. (14)

The mkl and nk obtained based on the failure and maintenance data of the production line are
taken into Equation (14), and the value of θ, f (th) and r can be gained by solving the maximum value of
lnL. The ENf(Tm) is gained accordingly to take the θ, f (th) and r into Equation (9). Finally, the preventive
maintenance period of the most critical machines can be determined by Equation (4).

According to the above model, the optimal preventive maintenance period for the most critical
machines can be calculated. Meanwhile, it is necessary to ensure the reliability of the most critical
machine in the preventive maintenance period that can bring the shortest shutdown time. The time
between failure (TBF) of the production line is subject to Weibull distribution [17,23]:

Fw(t) = 1− exp[−(t/α)β], t ≥ 0. (15)

The maximum likelihood estimation method can be used to solve the scale parameter α and shape
parameter β of each machine. The cumulative failure probability of each machine can be calculated
by taking the preventive maintenance period Tm into Equation (15), and then the cumulative failure
probabilities are compared with experience value from the literature or specified value from enterprise
to confirm.

4. Preventive Maintenance Modeling for Secondary Critical Machines Based on
Reliability-Maintenance Cost

The secondary critical machines as evaluated in Section 2 have lower influence on the operating
rate of the automatic production line compared with that of the most critical machines, and the
production enterprises pay more attention to save maintenance costs for the secondary critical machines.
Because the failures of the secondary critical machines may also lead to the shutdown of the automatic
production line, it is also necessary to ensure the reliability of the secondary machines to ensure the
operating rate of production line.

Firstly, the reliability model of the secondary critical machines is established to ensure the machine
reliability requirement in the preventive maintenance period. In the reliability model, the failure
probability of secondary critical machine needs to be lower than an upper limit. For the e secondary
critical machines evaluated in Section 2, the cumulative failure probability Fm(Ts) of the m-th secondary
critical machine during the preventive maintenance period Ts for the secondary critical machines is:

Fm(Ts) = 1− exp[−(Ts/αm)
βm ], (16)

where αm and βm are the scale parameter and shape parameter in the Weibull distribution, respectively.
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To ensure that Fm(Ts) is less than the upper limit Fmax, Ts must meet the following condition:

Ts = min{Tse} = min

{
αm

[
ln
(

1
1− Fmax

)]1/βm
}

, (17)

where Tse is the maximum preventive maintenance period for each secondary critical machine under
the reliability constraints.

Then, the maintenance cost model is established to optimize the total maintenance costs of the
secondary critical machines during a production period. It is assumed that the TBF of the machine
is Weibull distribution. In the preventive maintenance period of the secondary critical machines, the
expected failure number of the m-th machine is [25,26]:

ENm
f (Ts) = (

Ts

(αm)
)

βm

, (18)

The total maintenance costs of machine in a production period TJ are comprised of the preventive
maintenance costs and the machine failure loss, which can be expressed as [27]:

TC(Ts) = nCo +
e

∑
m=1

nmCm+
e

∑
m=1

nmC f m(
Tse

αm
)

βm

, (19)

where n is the number of preventive maintenance in the production period, C0 is the fixed cost for
each preventive maintenance, nm is the number of preventive maintenance for the m-th secondary
critical machine, Cm is the cost of parts replacement for the preventive maintenance of the m-th
secondary critical machine, Cfm is the average cost of the breakdown maintenance for the m-th
secondary critical machine.

In order to minimize the maintenance costs based on meeting the requirement of machine
reliability, the multi-objective function of reliability-maintenance cost is proposed:

maxTs;

minTC(Ts) = nC0 +
e
∑

m=1
NmCm+

e
∑

m=1
NmC f m(

TPMm
αm

)
βm ;

Tse ≥ Ts ×Ym, Fm(Ts) ≤ Fmax;

Tse ≤ αm

{
ln
[

1
1−Fmax

]}1/βm

, (20)

where Ym = [Tse/Ts], namely Ym is the integer value of Tse/Ts. TPMm is the preventive maintenance
period of the m-th secondary critical machine and TPMm = Ts × Ym, Nm is the number of preventive
maintenance for the m-th machine in the production period and Nm = [TJ/TPMm], n is the number of
preventive maintenance in the production cycle and n = max{Nm}.

To solve the preventive maintenance model of the secondary critical machines based on the
reliability-maintenance cost, the values of the parameters (C0, Cm, Cfm, Fmax, αm, βm) can be gained from
the failure and maintenance data of the machines, and they are taken into Equation (16). The preventive
maintenance period TPMm of each secondary machine is obtained. TPMm is an integral multiple of Ts

and the closer it is to Tse, the better TPMm is. Meanwhile, the secondary critical machines are grouped
for the preventive maintenance according to their TPMm, and there are as many machines as possible
in each group.

5. Case Study

The preventive maintenance strategy developed in present study was used to analyze an
automotive part production line located in Shandong Province, China. This production line is
comprised of 20 processing machines and it operates 16 h every day. The machines and layout
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of the automatic production line are shown in Figure 2, and the scene of the production line is shown
in Figure 3. The failure rate of each machine was gained accordingly to collect and statistically analyze
the production line data including the operating data, failure data and maintenance data. The failure
rates of machines in the production line are shown in Table 1.
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Table 1. The failure rate of each machine.

Machine Failure Rate λ (1/h)

M01 0.0022
M02 0.0017
M03 0.0026
M04 0.0026
M05 0.0027
M06 0.0021
M07 0.0021
M08 0.0025
M09 0.0021
M10 0.0034
M11 0.0023
M12 0.0020
M13 0.0027
M14 0.0026
M15 0.0023
M16 0.0035
M17 0.0017
M18 0.0019
M19 0.0054
M20 0.0030

5.1. Evaluating of Machine Criticality for the Automotive Part Production Line

In this case study, the number of uniform design factor S was equal to 20 (the number of machines
in the automotive part production line) and the value of level N (N is 3–5 times S) took 70, so the
uniform design table U20 (2070) was gained and used. It was assumed that the preventive maintenance
had the same influence on the failure rate of each machine, namely, the failure rate of each machine
uniformly reduced on the basis of current level as showed in Table 1. The 70 groups of factor levels for
the machines’ failure rate are listed in Table 2.

Table 2. The levels of the uniform design for the machines’ failure rate.

No. Machine
Levels λjK (1/h)

1 2 · · · j · · · 69 70

1 M01 0.0022 0.00218 · · · 0.0022 − (j − 1) × 0.00002 · · · 0.00084 0.00082
2 M02 0.0017 0.00168 · · · 0.0017 − (j − 1) × 0.00002 · · · 0.00034 0.00032
3 M03 0.0026 0.00258 · · · 0.0026 − (j − 1) × 0.00002 · · · 0.00124 0.00122
4 M04 0.0026 0.00258 · · · 0.0026 − (j − 1) × 0.00002 · · · 0.00124 0.00122
5 M05 0.0027 0.00268 · · · 0.0027 − (j − 1) × 0.00002 · · · 0.00134 0.00132
6 M06 0.0021 0.00208 · · · 0.0021 − (j − 1) × 0.00002 · · · 0.00074 0.00072
7 M07 0.0021 0.00208 · · · 0.0021 − (j − 1) × 0.00002 · · · 0.00074 0.00072
8 M08 0.0025 0.00248 · · · 0.0025 − (j − 1) × 0.00002 · · · 0.00114 0.00112
9 M09 0.0021 0.00208 · · · 0.0021 − (j − 1) × 0.00002 · · · 0.00074 0.00072

10 M10 0.0034 0.00338 · · · 0.0034 − (j − 1) × 0.00002 · · · 0.00204 0.00202
11 M11 0.0023 0.00228 · · · 0.0023 − (j − 1) × 0.00002 · · · 0.00094 0.00092
12 M12 0.0020 0.00198 · · · 0.0020 − (j − 1) × 0.00002 · · · 0.00064 0.00062
13 M13 0.0027 0.00268 · · · 0.0027 − (j − 1) × 0.00002 · · · 0.00134 0.00132
14 M14 0.0026 0.00258 · · · 0.0026 − (j − 1) × 0.00002 · · · 0.00124 0.00122
15 M15 0.0023 0.00228 · · · 0.0023 − (j − 1) × 0.00002 · · · 0.00094 0.00092
16 M16 0.0035 0.00348 · · · 0.0035 − (j − 1) × 0.00002 · · · 0.00214 0.00212
17 M17 0.0017 0.00168 · · · 0.0017 − (j − 1) × 0.00002 · · · 0.00034 0.00032
18 M18 0.0019 0.00188 · · · 0.0019 − (j − 1) × 0.00002 · · · 0.00054 0.00052
19 M19 0.0054 0.00538 · · · 0.0054 − (j − 1) × 0.00002 · · · 0.00404 0.00402
20 M20 0.0030 0.00298 · · · 0.0030 − (j − 1) × 0.00002 · · · 0.00164 0.00162

The uniform design table was created using the DPS (Data Processing System) software (DPSv17.0,
Hangzhou Ruifeng Information Technology Co., Ltd., Hangzhou, China), and 70 groups of combined
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schemes were gained, which were taken into the simulation model for the production line based on
the Plant Simulation software (Plant Simulation 13.0, Siemens Ltd. China, Beijing, China). Then, the
operating rate Y of the production line with different groups of the machine failure rates was obtained.
The regression equation between the failure rate of each machine and the operating rate of production
line was established using MATLAB software (MATLAB 7.0, MathWorks Inc., Natick, MA, USA). The
coefficients of regression equation are shown in Table 3.

Table 3. The coefficients of regression equation.

Coefficient Value Corresponding Machine

a 0.996 Constant term
b1 −1.766 M01
b2 −1.897 M02
b3 −1.051 M03
b4 −1.129 M04
b5 −3.441 M05
b6 −1.231 M06
b7 −0.953 M07
b8 −1.551 M08
b9 −0.407 M09
b10 −1.060 M10
b11 −1.263 M11
b12 −1.848 M12
b13 −0.847 M13
b14 −0.914 M14
b15 −2.286 M15
b16 −1.405 M16
b17 −1.338 M17
b18 −1.437 M18
b19 −1.875 M19
b20 −1.977 M20

According to the coefficients of regression equation as shown in Table 3, it can be found that
the coefficients of regression equation are all negative except for the constant term, that is, there is a
negative correlation between the failure rate of each machine and the operating rate of the production
line. The bigger the absolute value of the regression equation coefficient, the greater the influence of
the machine failure rate on the operating rate of the production line. Therefore, the absolute value of
the regression equation coefficient can be used as the criterion to evaluate criticality of the machines.
On the basis of the ABC analysis method as mentioned in Section 2, four machines such as M02, M05,
M15, and M20 were evaluated as the most critical machines and six machines such as M01, M08, M12,
M16, M18, and M19 were evaluated as the secondary critical machines.

5.2. Maintenance Period of Most Critical Machines for the Automotive Part Production Line

The statistics and analysis were performed on the failure data and potential failure data of all
most critical machines, and its results were taken into Equation (14); then, the delay-time function
F(h), the probability of potential failure θ and the probability of potential failure detected in preventive
maintenance r were gained, that is, F(th) = 1 − exp(−0.0098th), θ = 0.8012, and r = 0.4145.

The integral transformation of Equation (9) was carried out and while t = Tn−1, t + ∆t = Tn−1 +
Tm = Tn. The expected number of the machine failure in the preventive maintenance period Tm was
expressed:

EN f (Tm) = θTm −
θ × r× (eηTm − 1)
η × (eηTm − 1 + r)

. (21)
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Equation (21) was taken into the decision objective Equation (4):

ED(Tm) =
t f EN f (Tm) + tp

Tm
=

t f

[
θTm − θ×r×(eηTm−1)

η×(eηTm−1+r)

]
+ tp

Tm
. (22)

On the basis of the statistics and analysis of maintenance data, the average shutdown time of
automatic production line caused by the most critical machines’ failure was 2.4 h (tf = 2.4 h) and
the average preventive maintenance time of the most critical machines was 1.5 h (tp = 1.5 h). Then,
the parameters F(th), θ, r, tf and tp were taken into Equation (22), and the relationship between the
expected shutdown time of the production line and the preventive maintenance period was obtained
by MATLAB software, as shown in Figure 4.
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Figure 4. The relationship between expected shutdown time of the production line and the preventive
maintenance period.

According to Figure 4, it can be found that the shutdown time is the shortest while the preventive
maintenance period Tm is 7.30 days and the value of shortest shutdown time is 0.44. Considering of
the actual operation of the production enterprise and simplifying the maintenance plan, the preventive
maintenance period for the most critical machines (M02, M05, M15, M20) was designated as seven days.

In order to ensure the reliability and operating rate of the automatic production line, the reliability
of each machine in the production line is not less than 0.7, namely, the cumulative failure probability
of each machine should be lower than 0.3 in this case study [25]. To the best of the authors’ knowledge,
there is no unified standard of minimum value of machine reliability now. Thus, in this case study, we
referred to the study results of reference [25]. Thus, the Weibull distribution model of each machine
and reliability of each machine were calculated when the Tm was 7. The results are shown in Table 4.

Table 4. Reliability of the most critical machines during the preventive maintenance period.

Machine Weibull Distribution Model Reliability (%)

M02 Fw(t) = 1− exp[−(t/393.8)1.118] 0.783
M05 Fw(t) = 1− exp[−(t/442.6)1.410] 0.866
M15 Fw(t) = 1− exp[−(t/263.7)1.462] 0.751
M20 Fw(t) = 1− exp[−(t/454.5)1.784] 0.921

It can be seen from Table 4 that the reliability of each machine in the preventive maintenance
period are higher than 0.7. Therefore, while the preventive maintenance period of the most critical
machine was designed as seven days, the production line had the shortest shutdown time and
sufficient reliability.
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5.3. Maintenance Period of Secondary Critical Machines for the Automotive Part Production Line

As mentioned in Section 5.2, the cumulative failure probability of machine should be lower than
the Fmax and Fmax = 1 − 0.7 = 0.3. The value of Fmax was taken into Equation (16), and the preventive
maintenance period Ts under reliability constraints was gained, which was equal to 13 days. According
to Equation (18), the cumulative failure probability of each secondary critical machine Fm(Ts) during
Ts period were gained. The values of Fm(Ts) for the secondary machine are shown in Table 5.

Table 5. The cumulative failure probability of secondary critical machines.

Machine Tse/day Ts/day Fm(Ts)/%

M01 14.5 13 0.266
M08 14.3 13 0.269
M12 13.2 13 0.296
M16 13.3 13 0.291
M18 13.3 13 0.292
M19 17.4 13 0.218

As shown in Table 5, the cumulative failure probability Fm(Ts) of each secondary critical machine
is less than Fmax (Fmax = 0.3), while the preventive maintenance period Ts is 13 days. According to
Equation (20), the operating rate Ym is always equal to 1 with the values listed in Table 5. Hence, the
preventive maintenance period of each secondary critical machine TPMm is 13 days (TPMm = T0·Ym).
Namely, six machines evaluated as the secondary critical machines (M01, M08, M12, M16, M18 and
M19) were in a group for the preventive maintenance with the 13 days period.

The fixed cost C0, the average cost of the parts replacement Cm, and the average cost of the
breakdown maintenance Cfm of each secondary critical machine in a preventive maintenance period
were obtained from the maintenance data provide by the enterprise and shown in Table 6.

Table 6. The maintenance cost data of each secondary critical machine.

Machine C0 (RMB) Cm (RMB) Cfm (RMB)

M01

5100

275 3470
M08 370 2405
M12 300 3190
M16 330 2575
M18 315 2640
M19 290 3895

When the preventive maintenance period TS was 13 days and the production period was one year,
there were about 26 periods for the preventive maintenance. The total maintenance costs could be
calculated by Equation (19) and TC(Ts) = 353,306 RMB. Compare with the results in literature [12,28],
it could be found that, although the number of machines and the maintenance costs were different,
the average maintenance cost of each machine in the present case study was lower. The preventive
maintenance strategy for the secondary critical machine in this study should reduce the maintenance
cost; meanwhile, the production line reliability was ensured.

6. Conclusions

(1) A maintenance strategy for automatic production line was developed on the basis of considering
both the reliability, operating rate and maintenance cost. Furthermore, the different maintenance
methods were employed according to the criticality of the machines in the production line.
The maintenance strategy was practical. If this maintenance strategy was used to guide the
maintenance and management work for the production enterprise, the economic efficiency and
production efficiency of the automatic production line should increase obviously.
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(2) The uniform design method and simulation method were combined to establish the regression
model between the failure rate of machine and the operating rate of the production line.
The influence extent of the machine failure rate on the operating rate was used as the criterion to
evaluate criticality of the machines. Then, the machines were classified into three groups: the
most critical machines, the secondary critical machines and the general machines. The general
machines were performed on the breakdown maintenance.

(3) The preventive maintenance model for the most critical machines was built based on delay-time
theory. The relation between the preventive maintenance period for the most critical machines
and total shutdown time of the production line was gained. The best preventive maintenance
period of the most critical machines was determined by taking the shortest total shutdown time
as the decision objective.

(4) The preventive maintenance model for the secondary critical machines was built based on the
reliability-maintenance costs. The preventive maintenance period was gained according to take
the parameters (C0, Cm, Cfm, Fmax, αm, βm) into the model which were determined by the statistics
and analysis of failure data and maintenance data of the secondary critical machines.

(5) A case study on an automotive part automatic production line was carried out. The results
showed that the optimal preventative maintenance period for the most critical machines’ group
comprised of M02, M05, M15, and M20 was seven days while the production line reliability was
ensured. In addition, the secondary critical machines’ group comprised of M01, M08, M12, M16,
M18, and M19 was 13 days while the average maintenance costs were lower.

(6) This study assumed that the system would be in a new state after the maintenance, but, in fact,
this assumption was difficult to achieve under the limitation of maintenance capability. Therefore,
it is necessary to investigate the synchronous imperfect preventive maintenance strategy for the
automatic production line in the future.
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Abbreviations

e The number of the secondary critical machines
f (h) The delay-time function
mkl The number of failures in the l-th interval of the k-th maintenance period
n The number of preventive maintenance in the production period
nk The number of potential failures detected in the k-th maintenance
nm The number of preventive maintenance for the m-th secondary critical machine
Pk The probability of the nk-th potential failure detected in the Tk
r The probability of potential failure which can be detected by preventive maintenance
tf The average failure shutdown time
th The delay-time
tp The average preventive maintenance shutdown time
u Time when a potential failure of machine generates
v(t) The failure occurrence rate at time t
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z The number of ∆t intervals
C0 The fixed cost for each preventive maintenance

Cfm
The average cost of the breakdown maintenance for the m-th secondary critical
machine

Cm
The cost of parts replacement for the preventive maintenance of the m-th secondary
critical machine

ENf(Tm)
The expected failure number for all most critical machines in the preventive
maintenance period

ENm
f (Ts) The expected failure number of the m-th machine

Fmax The upper limit value of the cumulative failure probability

Fm(Ts)
The cumulative failure probability of the m-th machine during the preventive
maintenance period

Ik
l A ∆t interval of the preventive maintenance period

Tk The duration time of k-th maintenance
TJ A production period
Tm The preventive maintenance period of the most critical machines

Tse
The maximum preventive maintenance period of each secondary critical machine
under reliability constraints

TPMm The preventive maintenance period of the m-th secondary critical machine
Ts The preventive maintenance period of the secondary critical machines
αm The scale parameter in the Weibull distribution
βm The shape parameter in the Weibull distribution
θ The occurrence rate of potential failure
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