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 This paper aims to develop a maintenance optimization model to maintain a high level of efficiency 
and reliability of the machinery. The methodological approach is based on preventive maintenance 
through the partial or total replacement of critical components. Although an intermediate intervention 
control, the focus is on a particular machine that has stopped several times, reducing its operational 
availability and resulting in a high cost of non-production. This study uses a Weibull model to analyze 
and optimize the correct maintenance process of the machinery considered.  The failure data are then 
analyzed and scheduled. The final purpose is to standardize the operators' intervention procedures to 
reduce the time for the same interventions.   
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1. Introduction 
 
      The topic of maintenance is widely covered in the scientific literature. It includes many different 
areas, and it may be considered in several aspects.  In the years, maintenance has focused on the activities' 
optimizations. It is essential to put into evidence the most critical items considered in the maintenance 
activities. Maintenance is a critical activity in the industrial sector, where the productivity of workers 
depends above all on proper management (Geisler, 2002). It still is considered operating costs, mainly 
due to the high intensity of their facilities (Ciarapica et al., 2008) and limits the productivity of an 
organization (Carnero et al., 2016). Moreover, maintenance activities are an essential source of 
knowledge management (Cárcel-Carrasco et al., 2020). We propose the categorization that we found in 
Lidén (2015, 2016), where three classes of tactical maintenance scheduling problems are the following: 
(1) deterioration-based maintenance scheduling, (2) maintenance vehicle routing, and team scheduling, 
and (3) possession schedule. Maintenance plays a central role in ensuring continuous production and 
improving equipment utilization. To achieve these aims, leasing or sharing complex equipment by 
multiple users combined with a promising way (Exner et al., 2017). The advantages of PSS-based 
maintenance service were evaluated by Marchi et al.,  (2016) and these allow being competitive and 
supporting sustainability and decreasing energy consumption in the steel industry. The business 
maintenance function must ensure the continuity and smooth functioning of production activities; it is 
transformed into scheduled work, characterized by rationality and skills to offer the company more 
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complete and economical solutions and preserve and improve the devices to guarantee the safety health 
of the worker (Irhirane et al.,  2019). The maintenance optimisation activities go through the affirmation 
of a real Maintenance Engineering, which becomes preventive and predictive, where there are 
unavoidable costs and wise investments of company resources to ensure the plants' continuity (Zequeira 
and Bérenguer, 2005). Before carrying out any intervention to improve the maintenance management 
service, it is necessary to initially make a data collection campaign to highlight the problems, with a 
description of the intervention's problem and description. To solve the maintenance problem, the 
machine's operational availability will be improved, or the number of failures preventing costly failures 
has reduced. However, it is impossible to use the optimizations' model policies of total and partial 
substitution present in the literature, mainly for three reasons: the first reason concerns cyclical 
preventive maintenance. The second reason relates to the time taken to carry out preventive maintenance. 
Finally, the third reason concerns the definition of the maintenance cycle of the machine. It will be shown 
that the total maintenance cost decreases even if the number of intermediate checks increases. In order 
to get this result, it was developed and proposed an ad hoc mathematical model: continuous improvement 
of the machine's operational availability and containment of overall maintenance costs, implemented by 
the theory of reliability.  
 
      This study develops an algorithm that optimizes maintenance policies with revision of batch end, so 
in the next sections will be analyzed in detail only jobs that deal with optimization models and algorithms 
through simulation. The remainder of this paper is organized as follows. The second Section reviews the 
most relevant studies from the literature. The model formulation and the solution approach are presented 
in Section 3. Section 4 presents the results of a numerical study, Section 5 presents the model's 
implementation, and Section 6 draws a final results sensitivity analysis from the simulations conducted. 
Finally, the work concludes with suggestions and future research directions. 
 
2. Main models and optimization methods  

     The literature review on optimizing maintenance activities has shown various models and methods 
for determining the most appropriate maintenance strategy depending on the context examined. The study 
revealed a strong dependence between various implementations and the productive environment, from 
time to time examined. This problem depends on many elements, which are constraints of the 
optimization process. The first is the weight to be given to critical variables, such as safety, reliability 
cost, availability, etc. 
 
      In order to solve the maintenance problem, it should be highlighted that can not be used optimization 
models of preventive policies for three reasons: 
1) In the literature, the preventive maintenance model's policy adopted for the substitution patterns total 
is referred to as the standard policy of preventive maintenance. This is characterized by operations carried 
out periodically, which involve the total replacement of a specific machine or component that has not yet 
failed with a new one. To prevent uncontrolled collapse, a particular type of preventive maintenance, 
called revision maintenance, is adopted. It is based on complete inspection and repair, carried out 
periodically, by disassembling and inspecting-controlling the whole plant/machine in order to repair or 
change only the damaged parts or worn. 
2) In the literature, the models allow determining the instant of time that allows minimizing the total cost 
of maintenance. Instead, the customer, who requires central control of every 10 km of cable wrapped in 
order to obtain an increased assurance on the quality of the product, shall impose preventive maintenance 
operations. 
3) The maintenance cycle, i.e., that cycle that starts and ends with the machine in condition “as good as 
new,” i.e., with a new machine, with the reliability of 100%, is defined in function of optimum time at 
which to carry out the replacement; in this case, the maintenance cycle coincides with the production 
batch, i.e., begins and ends with the sizes to be produced, therefore, is different from size to size. 
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      We note that maintenance management is part of asset management, defined as: "coordinated activity 
of an organization to realize value from assets." Asset management concerns the whole life cycle of 
assets, whereas maintenance management is mainly relevant during the assets' operational phase. By 
improving maintenance decisions during this phase, maintenance management can increase the value 
realized by assets. Firstly then, an agent is a stakeholder in the modeling process. The agent may be the 
decision-maker, modeler, operator, or system owner. Next, on assets, a system is an asset that performs 
an operational function. It is subject to deterioration and, therefore, also to maintenance interventions. A 
system has a hierarchical structure: a system may be viewed as comprising sub-systems, with each sub-
system comprising sub-systems, and so on, depending on the level of resolution. A unit or component is 
part of a system that is subject to maintenance interventions and cannot be further subdivided into sub-
units that are individually subject to any maintenance intervention. On maintenance actions, we 
distinguish preventive and corrective maintenance actions. A preventive maintenance action is performed 
before a unit's failure, a corrective maintenance action after failure. Preventive maintenance actions 
should be planned or triggered, for instance, based on time, age, usage, or condition information. The 
terms prognostic, predictive, and condition-based are merely jargon associated with planned preventive 
maintenance based on condition information. Finally, we note that various optimality criteria are 
considered when specifying maintenance policies. Examples are minimization of the long-run cost rate, 
minimization of the total (discounted) costs during a finite time horizon, maximization of the long-run 
availability, and maximization of the reliability during subsequent missions (de Jonge & Scarf, 2020). 
Industrial plants are complex systems that can simplify problems by considering a system as a set of few 
components (Jardine & Tsang, 2013). This implies that the results are poorly applicable to concrete cases, 
governed by high complexity. Essentially this approach is to identify, inside the system to be optimized, 
a few simple components and to model the behaviour probabilistically (Vineyard et al.,  2000). For the 
whole optimization process, the consequences will be evaluated, in terms of risk, interruption of 
production, and cost of different fault types, which may incur the various components considered. The 
modern production systems are complex, consisting of many components, tightly interconnected, from a 
functional standpoint. 
 
     Many components can be defined as Critical (C. C.); they play a fundamental role due to their 
importance in the production system. The manufacturer has designated these as requiring unique 
fabrication, maintenance, inspection, or operation. The range of failures/accidents that can occur is 
extensive, and it can be predicted, molded, and countered through complex models and simulations. It is 
necessary to develop a maintenance policy optimal in terms of critical parameters – such as safety – but 
also feasible in terms of reliability and economic sustainability. Therefore, the model representation of 
the system must contain a variable that somehow represents the maintenance plan adopted and, according 
to this, returns a value that is univocally associated with a certain amount of risk. In this way, it is possible, 
set the amount of risk considered acceptable to find a suitable maintenance plan (Chemweno et al.,  2015). 
For example, concerning safety (parameter increasingly considered by researchers, especially in more 
recent works), there are different ways to evaluate the amount of risk numerically. In particular Vaurio 
(1995), states that “optimization in terms of risks is equivalent to the minimization of the average time 
of unavailability”. Hence, the optimization process focuses on expressing the representative variable time 
of the maintenance plan adopted. This methodology optimizes the maintenance, pursuing goals 
simultaneously in terms of safety and availability (Zhang et al.,  2020). The variable representative of the 
maintenance plan adopted identified with the single interval time, which elapses between two successive 
maintenance operations. In this way, it is possible to find a maintenance plan that ensures proper security 
levels and does not involve excessively frequent production interruptions to permit checks and 
maintenance operations. It is noted that the structure of the function that links the average time of 
unavailability (unavailability time divided by total time) with the frequency T of maintenance operations, 
and the values assumed by the various parameters contained in it, depends on the maintenance policy to 
be adopted. For example, preventive and proactive maintenance ensures equal frequency of operations, 
more excellent safety and reliability, and only incidental and corrective maintenance, but higher costs 
linked to operations. However, the problem of costs remains unresolved. In other words, it is a function 
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in which the cost is always expressed as a function of the time interval T, which elapses between two 
successive maintenance operations. This function is minimized at a value of T either too significant (it 
would have an increase in the costs related to the consequences of faults) or too small (in this case, the 
costs would increase for the maintenance and loss of productivity caused by constant interruptions). In 
the first case, there would be an increase in costs related to the consequences of failures frequently made 
by the infrequency of maintenance. The second case would occur instead of an increase in maintenance 
costs, which sharply reduced plant productivity and, unavoidably, sales. Numerous studies in this field 
(Furlanetto et al., 2007) showed that regardless of the productive environment from time to time, the 
optimal timing T of maintenance intervals optimized based on the cost tends to be higher than optimized 
based on safety. The two optimal do not coincide; it is necessary to find an intermediate solution that 
takes both. The solution that protects more workers' safety suggests the determination of the time T, and 
it is necessary to start with a minimum level of safety considered acceptable and the costs associated with 
it. Suppose the business budget is not enough to support these costs. In that case, it is indispensable to 
reconsider the maintenance strategy to return satisfactory and compatible solutions in terms of economy 
and safety (for example, trying to replace a corrective with proactive maintenance and so on). Vaurio 
(1995) discusses the existing link between maintenance and probability/frequency where faults and other 
unfavorable events occur. 
 
3. Optimization model for maintenance policies for the final batch 

      Consider a manufacturing flow shop system that produces customized orders. Although an 
intermediate intervention control, the focus is on a particular machine that has stopped several times, 
reducing its operational availability and resulting in a high cost of non-production.This model is proposed 
to optimize the maintenance policy, or the mix of maintenance policies, adopted for wrapping machines 
for energy cables in the paper that produces batches of different lengths (expressed in km). In this model, 
for each maintenance cycle, each duration coincides with the length of a production batch, m preventive 
interventions audit, or control are performed; the first m-1 are called intermediate controls (CI) while 
the last is called the pre-start control (C.P.). There is provided with corrective maintenance (G), 
allowing the system to continue to perform its function in case of failure. Therefore, the maintenance 
cycle (MC) starts with a system whose reliability tends to 100% and ending, after m intervals, with a pre-
start control (C.P.), bringing back again the reliability of the system to a value tending to 100%, after 
which a new cycle begins maintenance, as shown in Fig. 1. 

 
Fig. 1. Evolution of the system with preventive audits 

 
      The achievement is to improve the machine's operational availability, i.e., avoid costly failures to 
reduce the total costs of maintenance. This can be achieved by improving the machine's aggregate 
reliability, i.e., the propensity for the proper functioning, in the range related to the production of a batch, 
by a strengthening of preventive controls, whose aim is to improve the reliability.  
 
      In the proposed model, the following notation is used as defined in Table 1. 
 

Intermediate control duration 
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Table 1. Model Notation 
T Mission time (expressed in km) 

λ(t) Failure rate of the system depending t 

f(t) Density of the probability of system failure depending t 

F(t) Unreliability system (cumulative probability of failure) depending t 

R(t) System reliability depending t 

Α Scaling factor of the Weibull distribution or life characteristic of the component 
(expressed in km) 

Β Form factor of the Weibull distribution of the component 𝑻𝑳𝑷 Duration of the maintenance cycle (expressed in km) or length production batch 𝑻𝑪𝑰 Duration of (expressed in km) between two intermediate controls or between a 
intermediate control and a pre-start control 

Η Number system components 𝜼𝑪𝑰 Number components changed during an intermediate control (CI) or pre-start control 
(C.P.) 𝑵𝑪𝑰 Number intermediate controls (CI) 𝑵𝑴𝑮 Number of stops on a fault in maintenance cycle, (coinciding with the total number of 
changed components) 

C.T. Total cost of maintenance in a maintenance cycle (production batch) 𝑪𝑴𝑮 Cost of corrective maintenance (G) 𝑪𝑪𝑰 Cost of intermediate maintenance (CI) 𝑪𝑪𝑷 Cost of pre-start maintenance (C.P.) 𝑪𝑪 Unit cost of the component 𝑻𝒊𝒏𝒕 Maintenance operation time (it is different in the various types of maintenance, int the 
C.P. is greater 𝑪𝒘𝒐𝒓𝒌𝒊𝒏𝒈 𝒕𝒊𝒎𝒆 Hourly cost worker 𝑵𝒘𝒐𝒓𝒌𝒆𝒓𝒔 Number of workers used in maintenance operation 𝑪𝒐𝒑𝒑 Opportunity cost for lost production in corrective maintenance 𝑪𝒔𝒕𝒐𝒑 Opportunity cost for lost production in intermediate maintenance and pre-start 
maintenance 𝑽𝒑𝒓𝒐𝒅 Speed of the hourly machine production  

 
The proposed model is valid under the following assumptions: 
• Reliability features, R(t), F(t), f(t) and λ(t) of the component, are distributed according to a 
Weibull distribution like: 𝑹ሺ𝒕ሻ = 𝒆ିቀ𝒕𝜶ቁ𝜷 (1) 



 352 𝑭ሺ𝒕ሻ = 1 − 𝑹ሺ𝒕ሻ = 1 − 𝒆ିቀ𝒕𝜶ቁ𝜷 (2) 

𝒇ሺ𝒕ሻ = 𝒅𝑭ሺ𝒕ሻ𝒅𝒕 = 𝝀ሺ𝒕ሻ ∙ 𝑹ሺ𝒕ሻ = 𝜷𝜶 ൬𝒕𝜶൰𝜷ିଵ ∙ 𝒆ିቀ𝒕𝜶ቁ𝜷 
(3) 

𝝀ሺ𝒕ሻ = 𝒇ሺ𝒕ሻ𝑹ሺ𝒕ሻ = 𝜷𝜶 ൬𝒕𝜶൰𝜷ିଵ 
(4) 

where  
 𝛽 < 1 if during infant mortality or run; 𝛽 = 1 if during the useful life or random failures; 𝛽 > 1 if during the usury or aging;  
 
• Before starting to work (or batch) there is a running-in phase that will prevent infant failures, 

considering only cases in which 𝛽 ≥ 1. 

• The system consists of identical components in series, so if the reliability of the components is 
described by a Weibull of parameters α and β, then the reliability of the total system is still described 
by a Weibull with parameters 𝛼௧௧ and β. 

• The failure rate of the total system, 𝝀𝒔ሺ𝒕ሻ, is a function of the failure rates of the n components that 
constitute the system, 𝝀𝒊ሺ𝒕ሻ with i=1, 2, …, n. 

• In any corrective maintenance will be changed only one component. 

• The cost of production downtime to corrective maintenance (relative to change of a component) is 
much greater than the cost of the single component changed to an intermediate maintenance 

• There is a restriction by the customer on the interval between two maintenance 

• Under these assumptions, the model allows us to minimise the following function: 𝑪𝑻 = 𝑪𝑴𝑮 × 𝑵𝑴𝑮 + 𝑪𝑪𝑰 × 𝑵𝑪𝑰 + 𝑪𝑪𝑷 (5) 

i.e. the total cost of maintenance on a maintenance cycle of length TLP (length production batch) where 
 𝑪𝑴𝑮 = ൫𝑻𝒊𝒏𝒕 × 𝑪𝒐𝒑𝒑 × 𝑽𝒑𝒓𝒐𝒅൯ + ൫𝑵𝒘𝒐𝒓𝒌𝒆𝒔 × 𝑻𝒊𝒏𝒕 × 𝑪𝒘𝒐𝒓𝒌𝒊𝒏𝒈𝒕𝒊𝒎𝒆൯ + 𝑪𝑪 (6) 𝑪𝑪𝑰ሺ= 𝑪𝑪𝑷ሻ = ሺ𝒏𝑪𝑰 × 𝑪𝑪ሻ + ൫𝑵𝒘𝒐𝒓𝒌𝒆𝒓𝒔 × 𝑻𝒊𝒏𝒕 × 𝑪𝒘𝒐𝒓𝒌𝒊𝒏𝒈𝒕𝒊𝒎𝒆൯ + ൫𝑪𝒔𝒕𝒐𝒑 × 𝑻𝒊𝒏𝒕 × 𝑽𝒑𝒓𝒐𝒅൯ (7) 
  
       Minimising the total maintenance coston cycle maintenance of length TLP (length production batch) 
is actionable by reducing the number of stops for faults, NMG. Thus, it increases, in the considered interval 
(maintenance cycle) TLP, the aggregate reliability of the machine/system, which is equal to: 
 𝑨𝑮𝑮𝑹𝑬𝑮𝑨𝑻𝑬𝑹𝑬𝑳𝑰𝑨𝑩𝑰𝑳𝑰𝑻𝒀= න 𝑹ሾ𝑪𝑷↔𝑪𝑰భሿሺ𝒕ሻ𝒅𝒕 +𝑻𝑪𝑰ሺభሻ න 𝑹ൣ𝑪𝑰ሺభሻ↔𝑪𝑰ሺమሻ൧ሺ𝒕ሻ𝒅𝒕𝑻𝑪𝑰ሺమሻ𝑻𝑪𝑰ሺభሻ + ⋯

+ න 𝑹ൣ𝑪𝑰ሺ𝒊షభሻ↔𝑪𝑰ሺ𝒊ሻ൧ሺ𝒕ሻ𝒅𝒕𝑻𝑪𝑰ሺ𝒊ሻ𝑻𝑪𝑰ሺ𝒊షభሻ + ⋯+ න 𝑹ቂ𝑪𝑰൫𝑵𝑪𝑰൯↔𝑪𝑷ቃሺ𝒕ሻ𝒅𝒕𝑻𝑳𝑷𝑻𝑪𝑰ሺ𝒊షభሻ  

 
 
 

(8) 

 
• In graphical terms, the system/machine's aggregated reliability is the sum of the areas under the 
curves of reliability of the system between two maintenance checks (CP ↔ CI, CI ↔ CI, CI ↔ CP).       
Basically, it is consistent to believe that increasing the system/machine's aggregated reliability increases 
its operational availability and thus decreases the probability of failure of the components that constitute 
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it. In the case of an intermediate control at a TCL=10 km, the interruptions or intermediate controls are 
established according to the formula: 𝑵𝑪𝑰 = 𝑻𝑳𝑷10 = 𝒌𝒎𝒔𝒊𝒛𝒆10 . (9) 

rounded to the nearest integer. Then the instant (Expressed in kilometers) in which to make the 
intermediate controls shall be calculated by the following mathematical problem formulation: 
 
Initialisation 
If 𝑻𝑳𝑷 ≥ 10 and 𝑻𝑳𝑷 − 10 < 10 
then 𝑻𝑪𝑰 = 𝑻𝑳𝑷ଶ  
else 𝑻𝑪𝑰 = 10 
end. 
 
Generalising, for the number of intermediate, 𝑁ூ: 
 
Set 𝑻𝑪𝑰ሺ𝒊సబሻ ; 
For 𝒊 = 1,2, … ,𝑵𝑪𝑰 
If ቀ𝑻𝑳𝑷 − 𝑻𝑪𝑰ሺభሻቁ − 10 ≥ 10 
then 𝑻𝑪𝑰ሺ𝒊శభሻ = 𝑻𝑪𝑰ሺ𝒊ሻ + 10 

else 𝑻𝑪𝑰ሺ𝒊శభሻ = 𝑻𝑪𝑰ሺ𝒊ሻ + 𝑻𝑳𝑷ି𝑻𝑪𝑰ሺ𝒊ሻଶ  
 
     Then, in correspondence of the i-th time TCI(t)(expressed in km) in which will be performed 
intermediate control, known the reliability function of the total system, will be calculated the number of 
components to be changed𝒏𝑪𝑰ሺ𝒕ሻ , by the following equation: 
 𝒏𝑪𝑰ሺ𝒕ሻ = ൣ𝟏 − 𝑹൫𝑻𝑪𝑰ሺ𝒕ሻ൯൧ × 𝒏 (10) 
 
where: 
 𝑹൫𝑻𝑪𝑰ሺ𝒕ሻ൯= System reliability to i-th maintenance check  1 − 𝑹൫𝑻𝑪𝑰ሺ𝒕ሻ൯= Systemunreliabilitytoi-th maintenance check  
 
     Therefore, after the intermediate control, the total system is reported at a level of reliability more 
excellent to increase its operational availability.  Starting the new maintenance cycle from time TCI (t) 
with a new reliability function calculated as the product of the components' reliability curves that 
compose it. The considered reliability curves of each component take into account that starting from the 
time i-th, some components have never been changed from the start cycle. Instead, some components 
have been changed to the time i-1and other components changed to the time i. Therefore, the considered 
Weibull model will always have the same size but are considered from different times. In conclusion, for 
this considered production system, the optimum maintenance policy, which improves the total system 
aggregate reliability, involves a greater operating availability, i.e., a reduction in the number of stops for 
failure and then a decreasing total cost. 
 
4. Case study 

4.1 Identification of critical components and data collection 
 
       The first step is data collection to identify problems affecting the wrapping machine. In particular 
mechanical failures, the fault data were collected for the three types of maintenance: pre-start control, 
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intermediate control, and corrective maintenance. These data contain information about the most 
common problems, i.e., for each machine stop, were highlighted the causes and the related operations 
performed to restore the correct machine working condition. Data collection lasted 50 days where a cable 
of about 24375 meters (about 24 km) was realized. Table 2 shows the number of maintenance operations 
for the three types of maintenance (Corrective maintenance, Pre-start Control, Intermediate Control). 
 
Table 2. Number of maintenance operations for the three types of maintenance on a wrapping line 

MACHINE 
OPERATION CORRECTIVE 

MAINTENANCE 
INTERMEDIATE CONTROL PRE-START CONTROL 

Operation  1 3 24 18 
Operation  2 4 7 0 
Operation  3 4 24 27 
Operation  4 3 2 0 
Operation  5 0 0 9 
Operation  6 1 0 0 
Operation  7 9 57 90 
Operation  8 2 0 2 
Operation  9 0 1 1 
Operation  10 0 1 0 
Operation  11 18 70 150 
Operation 12 2 2 10 

TOT. MAINTENANCE 46 188 307 
 

     The purpose of collecting data is to identify the C.C, i.e., which components have a higher weight, 
above all, about the machine wrapper's reliability and availability.  Table 3 shows each type of 
maintenance (Corrective maintenance, Intermediate Control). 
 
Table 3. Number of corrective maintenance operations 

MACHINE 
CORRECTIVE MAINTENANCE 

COMPONENT MACHINE % OPERATIONS 
Component 1 22 51.1% 
Component 2 13 30.2% 
Component 3 3 7.0% 
Component 4 2 4.7% 
Component 5 2 4.7% 
Component 6 1 2.3% 

TOTAL  43                      
 
      In conclusion, it was identified the c.c. of the machine, i.e., because the C.C., on it the most of 
maintenance operations, were concentrated, both of which were corrective maintenance that those of 
scheduled maintenance. It was shown that even though it carried out the intermediate control, at half 
cable length, at about 12 km, and where at the operation eleven, 70 components were changed. Therefore, 
the machine stopped 18 times for the same problem. It was also shown that the cost of production 
downtime for corrective maintenance on the replacement of a disk is much higher than the cost of the 
single component replaced in intermediate maintenance. 
 
4.2 Maintenance operation on critical machine 
 
      The attention was focused on a single machine in the maintenance process, the wrapping machine for 
energy cables in the paper. This one was considered, by the management, critical for the production 
process, due to continuous stops on a fault. A wrapping machine is a machine composed of 20 heads, and 
each head is composed of 12 identical brackets. A bracket is constituted by a beam of light alloy on which 
is mounted the braking disk or disk carries rolls of paper. On the disk's drum, it is fixed the friction lining 
(lining), on which the steel strip (strip). 
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4.3 Maintenance wrapping machine 
 
     In the analyzed manufacturing plant, the standard policy of periodic maintenance is not applied. 
Instead, a particular type of periodic maintenance called maintenance review or complete inspection and 
repair is developed. It is usually carried out by disassembling and inspecting the whole plant/machine 
periodically to repair or change only the damaged or worn parts. To ensure the proper functioning of the 
wrapping machine during each batch's production, i.e., during the wrapping of a specific size of the 
produced cable, three types of maintenance are represented in Fig. 1 are needed:  
 
1. Pre-start Control (C.P.); 

2. Intermediate Control (CI) 

3. Corrective maintenance (G). 

4.3.1. Pre-start Control 
 
     Before starting the cable's wrapping or right at the beginning of each batch, the Pre-start Control is 
carried out. It consists of an extensive control whose purpose is to ensure the proper machine operating 
in terms of reliability. This control has the purpose of bringing the machine to a level of reliability, which 
tends to the state of “as good as new,” bringing the failure rate to its initial value.  
 
4.3.2 Intermediate Control 
 
     The Intermediate Control on customer requirements is carried out not over 10 km of cable wrapped, 
in order to obtain an increased product quality. In terms of reliability, this control does not bring the 
machine to the 100% reliability as in the pre-start control; it guarantees a level of acceptable reliability 
to produce a high-quality cable. Furthermore, unlike the pre-start control, the intermediate control is 
carried out with “the cable in the machine.” Therefore, the maintenance operations which are necessary 
to restore the correct machine's state must be carried out not to damage the cable. This control is carried 
out by stopping the production for enough time to control all the wrapping machine heads.  
 
4.3.3 Corrective maintenance  
 
      Corrective maintenance is needed when a fault occurs in the machine during the cable wrapping. 
When the components which have determined the fault are identified, it proceeds to repair through a 
mechanical operation of cleaning, adjusting, and/or replacement. 
 
5.  Literature review 
 
     Many authors have dealt with the maintenance field during their studies (such as  Riquero et 
al.,  (2019)) in which he declares the quick changes lead the organizations in business demand toward 
higher efficacy and efficiency on all sides. Subsequently, in their research, Edwards and Love (2015) 
have established that the fundamental requirement for safe and productive operations on-site is proper 
scheduled and daily maintenance of machinery and infrastructure. Consequently, it has been considered 
essential to follow a model composed of maintenance procedures and protocols that can be implemented 
in all systems of the organization. The performance of TPM development has been dealt with by Shen 
(2015), providing details of execution, planning, and methodology with the work team, management and 
operators. This will allow the improvement of both equipment and operations by means of failure 
reductions. 
  
      The result has been obtained to lead to 12-steps TPM implementation and a process that can take 3-
5 years to implement. From this result, Amad et al.,  (2011) agree that developing autonomous 
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maintenance (M.A.) increases and practices the reliability and availability of machinery. The key is to 
follow up the process on top of the planned maintenance. Prabhaka et al.,  (2013) in their research work, 
deals with the maintenance model based both on predictive maintenance (PDM) and preventive 
maintenance (PM) that gets integrated with the initial processes of reliability-centered maintenance 
(RCM).  Sillivant (2015) mainly focused on improving industrial machine maintenance intervention 
times to maximize production and, consequently, the profit. Maintenance interventions should be 
performed quickly with standardized procedures, but this is not always possible because of the 
complexity of the various production systems and the vast number of components that it presents. 
 
      In most cases, it takes a long time to get proper maintenance. The analysis carried out by Tee and 
Ekpiwhre (2019) show how maintenance is a set of actions that should be performed by qualified 
operators ready to solve the problems that occur by minimizing waste, downtime, and recovering 
undamaged components in order to ensure high efficiency of systems and components. Rimawan and 
Bambang (2017) claim that to maintain high reliability and total productivity, it is necessary to perform 
ordinary maintenance, assigning the degree of efficiency to the various components. Furthermore, it is 
necessary to monitor each machine's operations to measure its effectiveness and reliability in each 
production cycle. An important aspect is represented by the skill level of specialized operators; in fact, 
Holt and Edwards (2015) highlighted that a critical element of operational productivity is the operator's 
ability, faced with the need to act quickly, to maintain high and reliable machinery operations. Finally, 
Chen et al.,  (2016) developed a model for the study of degradation by individually monitoring the 
production systems and obtained excellent results. It is necessary to analyze a wide number of data that 
is obtained through sensors. Thanks to this study, they have also noticed an opportune analysis on the 
degradation times based on the usage of machinery. 
 
6. Implementation of the model  
 
      The model was implemented through the reliability theory. When the C.C. is found, a study of the 
component reliability is conducted to get on the machine wrapper's functional reliability. Among the 
different models of reliability, it was decided to study the reliability using the Weibull distribution 
because it allows modeling all stages of the life cycle of an entity by changing the values of the 
characteristic parameters of the distribution, i.e., the value of the scale parameter α and the value of the 
parameter β.  In order to derive the reliability function from the method of Weibull, it is necessary to 
know the values of the distribution's characteristic parameters. In order to evaluate these values, a sample 
of 18 components. The estimation of the parameters α and β, having ordered the fault data ascending, 
was performed using before the maximum likelihood method and then the graph method of Weibull's 
Probability Plot, using the linear regression method. The procedure followed was implemented in 
MATLAB.   

 
6.1. MATLAB CODE 1 
 
     It follows that the values of the parameters α and β, which define the Weibull distribution, which is 
used to describe the reliability of the component to failure are: α= 65, β= 3.5 km. 
 
     Note the values of the parameters α and β can be derived from the trend of the reliability R (t) and of 
the other features of reliability, λ(t), f(t), F(t) of the component under consideration. Fig. 2 shows the 
trend of the reliability functions, i.e., f(t), F(t), R(t). 
 
6.2. MATLAB CODE 2 
 
     Derived the single component's reliability function can be derived from the machine object of study, 
i.e., wrapping machine since it is a system whose components are arranged in series, the failure even of 
a single c.c. leads to a failure of the whole machine; therefore, the reliability is: 
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i.e., the system reliability at time t is the product of all the components' reliability at time t. In the case of 
a system constituted by n identical components in series, whose reliability is described by a Weibull of 
parameters α and β, then the reliability of the overall system is still described by a Weibull of parameters: 
 𝜷 𝒆 𝜶𝒕𝒐𝒕 = 𝜶𝒏భ𝜷 (12) 

      Therefore, the reliability of the overall system is: 
 𝑹(𝒕) = 𝒆ିቀ 𝒕𝜶𝒕𝒐𝒕ቁ𝜷 

(13) 

 
 

 
Fig. 2. Trends of f(t), λ(t), F(t), R(t) for the braking disk 

 
      Note the values of the parameters αtot, and β has derived the trend of the reliability R(t) and of the 
other features of reliability, λ(t), f(t), F(t), and then, the behavior of the machine to fail. Below is the code 
implemented in MATLAB to derive the trend of f(t) and F(t) (Fig. 3). 
 

 
 

Total probability density wrapping f(t) 

Km size 

Reliability of single disk R(t) 
km size km size 

Rate of failure of a single disk 

km size km size 

Probability density of single disk f(t) Probability of failure of single disk F(t) 
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Fig. 3. Trend of f(t), λ(t), F(t), R(t) for the braking disk 

 
6.3. MATLAB CODE 3 
 
      Below is the code implemented in MATLAB to derive the trends of reliability R(t) of the machine 
wrapping machine, in maintenance context examined, i.e., for a batch of 24 km of cable, and to determine 
the area under curves of reliability, which we remember is the aggregate reliability, i.e., the propensity of 
a machine to proper operation in the range considered (Fig. 4). 
 
 

 
Fig. 4. Current maintenance policy for the wrapping machine SACOI 

 
6.4. MATLAB CODE 4 
 
     This context (Fig. 5), which represents the current maintenance policy adopted, was carried out. Only 
one intermediate control was done, at 12 km, (i.e., in the middle batch), when the machine had the 
reliability of ≈ 55%. In this control point, 70 disks were changed, and the machine reliability goes back 
to a value of ≈ 65%. A pre-start control was done at 24 km (i.e., for the next batch), when the machine 
reliability was less than 10%: 150 disks were changed, bringing back the machine's reliability to a value 
of ≈100%. Then it was calculated the aggregate reliability of the machine in the operating range (0-24 

km size 

km size 

Total probability of failure/unreliability wrapping F(t) 

km size 

km size 

km size 
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km) simply by adding up the area underlying the two curves of reliability, getting 13,65 km. Then it was 
decided to implement the proposed model to define a new maintenance policy to be adopted, referring to 
a batch of the same type. The proposed model is used to define the number of intermediate controls 
needed and the instant in which to carry out control, in observance of the constraint imposed by a 
customer: at least every 10 km of cable wrapped. It also allows calculating the number of C.C. to be 
replaced, during these controls, in order to restore a higher reliability machine.  Since the batch is 24 km, 
it is found that the intermediate controls to be made are 2: 
 𝑁ூ =  𝑇10 =  𝑘𝑚𝑠𝑖𝑧𝑒10 =  24 𝑘𝑚10 = 2.4 ൎ 2 (14) 

 
     Moreover, using the algorithm, we calculate the time (in km) in which to make such intermediate 
controls: 24 − 10 = 14 ≥ 10 → 𝑻𝑪𝑰(ଵ) = 𝑻1 = 10 (24 − 10) − 10 = 4  10 → 𝑻𝑪𝑰(ଶ) = 𝑻2 = 10 + 142 = 10 + 7 = 17 

 
i.e., one to 10 km and the other at 17 km. Moreover, it is considered the last check, the pre-start control 
(for the next batch) carried out at 24 km, as in the current maintenance policy.  Below is visible the code 
implemented in MATLAB to derive the trends of the reliability R(t) of the machine wrapper in the new 
maintenance context and the aggregate reliability, i.e., the propensity of a machine to the first operation 
in the range considered. 

 

 
Fig. 5. Maintenance policy proposed for the wrapping machine 

      It is noted that at the first control carried out at 10 km, the machine has a reliability of ≈ 75%, in that 
control, the model proposes to change 55 disks, to bring back the reliability of the machine to a value of 
≈ 80%; while at the second control, carried out at 17 km, the machine has a reliability of ≈ 23 %, in that 
control the model proposes to change 175 c.c., to bring back the reliability of the machine to a value 
close to 100%. Finally, in the last control, i.e., the pre-start control (for the next batch) carried out, then, 
at 24 km, the machine turns out to have a reliability of ≈75%, in that control, the model proposed to 

km size 

km size 
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change 55 c.c., to bring back the reliability of the machine to a value close to 100%. Then it was calculated 
the aggregate reliability of the machine in the operating range (0-24 km) only by adding up the area 
underlying the two curves of reliability, getting 19.27 km. 
 
7. Result and analysis 
 
     By comparing the machine's aggregated reliability in the operating range (0-24 km) calculated for the 
two maintenance contexts, the current one and the one obtained by implementing the proposed model 
showed an improvement of 41%. Analytically it is given by: 19,42 − 13,6513.65 = 0,41 = 41% 

      So an improvement of the machine's reliability aggregate is translated into an improvement of the 
availability of the machine and therefore in a reduction of corrective maintenance, and therefore, in this 
case, in a lower number of C.C. it replaced to failure or a reduction of machine downtime or production 
downtime. Recalling that the number of operations of corrective maintenance on the C.C. was 18, it 
follows that an improvement of 41% of aggregate reliability involves having about eight stops. Corrective 
maintenance cost is certainly much greater than the cost of a single C.C. replaced in the operation of 
preventive control, leading to a lower total cost of maintenance. This was demonstrated by assessing the 
relative cost for both policies, using the following relationship:  
 𝑪𝑻 = 𝑪𝑴𝑮 × 𝑵𝑴𝑮 + 𝑪𝑪𝑰 × 𝑵𝑪𝑰 + 𝑪𝑪𝑷 (15) 
where  𝑪𝑴𝑮 = ൫𝑻𝒊𝒏𝒕 × 𝑪𝒐𝒑𝒑 × 𝑽𝒑𝒓𝒐𝒅൯ + ൫𝑵𝒘𝒐𝒓𝒌𝒆𝒓𝒔 × 𝑻𝒊𝒏𝒕 × 𝑪𝒘𝒐𝒓𝒌𝒊𝒏𝒈 𝒕𝒊𝒎𝒆൯ + 𝑪𝑪 𝑪𝑪𝑰(= 𝑪𝑪𝑷) = (𝒏𝑪𝑰 ∗ 𝑪𝑪) + ൫𝑵𝒘𝒐𝒓𝒌𝒆𝒓𝒔 × 𝑻𝒊𝒏𝒕 × 𝑪𝒘𝒐𝒓𝒌𝒊𝒏𝒈 𝒕𝒊𝒎𝒆൯ + ൫𝑪𝒔𝒕𝒐𝒑 × 𝑻𝒊𝒏𝒕 × 𝑽𝒑𝒓𝒐𝒅൯ 
 
      It is highlighted that the cost and time, used in the implementation of the model, are estimates, partly 
given by those responsible for maintenance and partly by making inquiries, (see Tables 4 and 5). 
 
Table 5. Maintenance context current 

Intermediate Control 𝑵𝑪𝑰 = 1 
Pre-start Control 𝑵𝑪𝑷 = 1 
Total number of c.c. replaced in corrective maintenance 𝑵𝑴𝑮 = 18 
Total number of c.c. replaced in intermediate control 𝒏𝑪𝑰 = 70 
Total number of c.c. replaced in pre-start control 𝒏𝑪𝑰 = 150 
Maintenance operation time in corrective maintenance 𝑻𝒊𝒏𝒕 = 1 𝒉 
Maintenance operation time in intermediate control and pre-start control 𝑻𝒊𝒏𝒕 = 5 𝒅𝒂𝒚𝒔 
Machine speed 𝑽𝒑𝒓𝒐𝒅 = 3,1 𝒎𝒎𝒊𝒏 
Hourly cost worker 𝑪𝒘𝒐𝒓𝒌𝒊𝒏𝒈 𝒕𝒊𝒎𝒆 = 15€𝒉  
Opportunity cost for lost production in corrective maintenance (multiplied by 0.07 to 
account for saturation levels) 

𝑪𝒐𝒑𝒑 = 50€ 

Opportunity cost for lost production in intermediate control and pre-start control 𝑪𝒔𝒕𝒐𝒑 = 1€ 
Number of workers used in corrective maintenance 𝑵𝒘𝒐𝒓𝒌𝒆𝒓𝒔 = 1 
Number of workers used in intermediate control and pre-start control 𝑵𝒘𝒐𝒓𝒌𝒆𝒓𝒔 = 3 
Cost c.c. 𝑪𝒄 = 150 

    So, the total cost of maintenance for the current context is € 261810. 
 
Table 5. Maintenance context derived from the proposed model. 

Intermediate Control 𝑵𝑪𝑰 = 2 
Pre-start Control 𝑵𝑪𝑷 = 1 
Total number of c.c. replaced in corrective maintenance 𝑵𝑴𝑮 = 10 
Total number of c.c. replaced in the 1st intermediate control 𝒏𝑪𝑰 = 20 
Total number of c.c. replaced in the 2nd intermediate control 𝒏𝑪𝑰 = 167 
Total number of c.c. replaced in pre-start control 𝒏𝑪𝑰 = 55 
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      Time and cost and other parameters are the same in the current maintenance context. So, the total 
cost of maintenance for this new context is € 214.210. 

 
8. Conclusions  
 
Nowadays, manufacturers have to consider some important factors to reach their goals economically and 
productively, such as the competition, the loss of economic capital, and the technological explosion. 
These are leading to an increasingly rapid change in production processes. The company should focus 
their attention on the life cycles of products that are always becoming shorter and shorter. Thanks to 
intellectual minds and the new evolutive engineering advantages involved in increasingly reliable 
production processes, these companies and their activities become increasingly prosperous. A company 
is based on the effective implementation of its physical resources, which people and processes. It is still 
important to pay attention to the effective management of the costs in relation to the capacities that the 
company may give. The real potential consists of the minimization of the waste of a company's resources, 
but this minimization starts from the improvement proposals that involve the optimization of the 
resources in all levels of the company. The improvement is obtained by means of a series of action-based 
tools to allow the creation of products and services to customers in a way better, faster and cheaper. A 
mathematical model has been implemented. The point of starting is the optimization of the maintenance 
policies to reach the set target of continuous improvement of the machine and containment's operational 
availability and containment, ensuring the maximal efficiency and lower costs. However, maintenance 
should not be seen as a cost because appropriate continuous maintenance allows getting cost savings in 
the long term. The proposed model uses mainly the theory of reliability. As a matter of fact, an aggregate 
reliability machine improvement influences the availability of the machine reducing maintenance 
operations to be carried out. Thus, the obtained results show that the proposed model optimizes the 
current preventive and cyclical maintenance policy, with a reduction in failure interventions that 
correspond to a reduction of the total cost of maintenance. 
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