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Abstract-The plastics industry is important in the world due to
its recurrent use in daily life and the supply it provides to other
sectors such as medicine, transportation, health. Previous studies
show that the average difference in global efficiency between the
manufacturing industry and the World Class ranges between 15 to
25 percentage points, also affecting the plastics sector. The case
study presents a gap of 17% regarding this metric in the
thermoforming line. This efficiency gap has had an impact on
cancelled orders, which generate 18.8% of annual sales losses.
During the analysis it was determined that availability losses are
generated by constant machinery breakdowns and quality losses are
caused by the high rate of nonconforming products. Thus, in view of
the scarcity of efforts in the sector, an efficiency maximization model
is proposed that combines the management of time and machinery
with the quality associated with the process. To this end, the
integration of tools such as 35S, autonomous and planned
maintenance to reduce unscheduled stops and standardization under
a continuous improvement framework to reduce the sources of
quality loss is proposed. In this way, an improvement of 12.15% in
the efficiency of the line is achieved, increasing by 3.36% and
10.96% in the Availability and Quality indicators respectively for the
M4 thermoforming machine.

Keywords—TPM, Standardization of Work, Global Efficiency,
Plastics Industry

I. INTRODUCTION

According to the Plastics Sector Report, world production of
this material has increased steadily, amounting to 348 million
tons, of which America has contributed 4% [1]. Peru, on the
other hand, has presented an accumulated increase of 11.2%
during the period from 2013 to 2018. SMEs predominate in the
plastics sector with 94.8%. Nowadays, many of these companies
present an increase of waste in their production which causes a
low level of efficiency in their processes. Especially for SMEs,
implementing methods to solve these barriers has been difficult,
due to their limitations [2].

In the plastics industry, the production process requires
continuous operation, so a reduction in machine availability
means a reduction in the quantity and level of production.
Similarly, a reduction in the quality index requires processing
more raw material than planned. These types of losses are
largely explained in the OEE literature. However, according to
the literature research, there is a gap between availability
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assurance and quality control in an integrated approach to
maximizing the efficiency of a production line [3].

It is important to eliminate and control the causes associated
with machine downtime by using a simplified TPM pillar model
to reduce unproductive times [4]. In the same way, very few
research focus this implementation based on the company's
resources, so the use of support tools such as 5S is relevant [5].
Likewise, it is important to mitigate the sources of variation in
the work performed by the operators. To this end,
standardization, under a DMAIC improvement approach,
reduces waste and increases process efficiency [6]. The
application of Total Productive Maintenance (TPM) as a tool to
maximize availability and, consequently, OEE has proven to be
successful in all industrial sectors and in SMEs [4], [7], [8].
From a quality standpoint, the DMAIC cycle, in conjunction
with standardization, has been used to achieve process capability
in similar manufacturing industries that reduce the defect rate to
less than 1% [9], [10].

Market competitiveness in the plastics manufacturing
industry requires further improvement of the production process.
However, SMEs in the sector do not have the knowledge,
method, and resources to achieve this. Similarly, there is a gap
between maintenance-based and quality-based methods to
decrease losses. To increase OEE in an SME, it is not enough to
increase machine availability but also end-of-production process
compliance. To reduce this gap, it is necessary to design a
method that includes both forms of loss reduction and that is
affordable for the size of the SMEs. [5], [11].

Finally, this research has the following structure: literature
review, presentation of the proposed method, validation of the
model in the case study and conclusions.

Il. STATE OF THE ART

1. Overall efficiency in a production line

The Overall Equipment Effectiveness (OEE) indicator was
developed by Nakajima in 1988 to meet the need to determine
the efficiency of the machines comprising a production system
[3]. The measurement of this indicator allows the identification
of the six main sources of loss and their mitigation through the
implementation of lean tools [12], [13]. Similarly, Nakajima
states that every organization must achieve at least 85% in OEE
to belong to the World Class [3], [13]. Muchiri and Pintelon
state that the average difference between this world standard
and that achieved by manufacturing companies ranges from 15
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to 25 percentage points, which represents a major impact on the
competitiveness of the industrial sector [14]. However, despite
the usefulness of the indicator and its analysis of losses, the
feasibility of its use has been widely questioned over time. This
questioning is based on the indicator's effectiveness in
measuring a production system beyond an isolated machine, a
condition that is impossible to meet [15], [16]. Thus, multiple
adaptations have been developed since its inception to achieve
the most realistic metric for measuring efficiency over a
complete production system [15], [17].

The scientific contribution made by the analysis of
production losses and the structuring of an indicator to measure
them in a complete way, developed by Nakajima, is
indisputable. However, it is evident that, when the analysis of a
more complex system is required, the approach presents several
inconsistencies [15], [16]. In the same way, analyzing the
World Class as an ideal parameter, this will be difficult to
achieve if the system is not analyzed due to the interrelation
between the variables shared from one process to another [15].
Therefore, for a detailed analysis of the efficiency of a
production line considering the relationship between the
processes performed by the machines that compose it, the
models that are most widely used are Overall Fab Effectiveness
(OFE), Overall Line Effectiveness (OLE) and Overall
Throughtput Effectiveness (OTE), the latter considering the
different types of production lines present in the industry [15].

2. Basic tools of Lean Manufacturing

Lean Manufacturing philosophy focuses on improving the
performance of the production system by eliminating processes
that do not generate value. Therefore, some research affirms
that the implementation of this philosophy reduces waste flow
and thus reduces costs and improves product quality. Lean
practices can be carried out with the support of tools such as 5S,
Visual Management, Kanban Kaizen or VSM, which increase
the probability of increasing productivity. The 5S allows to set
up an area in such a way that facilitates and improves the
organization and cleanliness of it. On the other hand, the VSM
allows to identify and eliminate the most wasteful processes,
the execution of this mapping is essential especially when it
comes to detecting the bottleneck of the production flow [18],
[19].

The use of these lean manufacturing practices has shown
several successes in the manufacturing industry. In an SME in
the industrial sector, an average performance index of 97% was
achieved. In a packaging area, productivity was increased by
13.6% and material flow distances were reduced by 50%. In a
milling process it was possible to increase production by
57.15% and reduce cycle times by 69.64%. And in a company
that manufactures valves, productivity increased from 25% to
28% [11], [20]-]22]. In this way, these practices become a key
factor for industries to successfully manage their quality, time,
and costs of their processes through the application of methods
and tools presented by this philosophy [5].

3. TPM Pillars: Autonomous and Planned Maintenance

Total Productive Maintenance is a strategy that guarantees
the optimal operation of machinery and therefore allows
companies to reach the most competitive efficiency standards
in the market [3], [23]. In the same way, it allows to extend the
useful life of the machine, thus reducing unplanned shutdowns.
In this way, several authors assure that the role of maintenance
is relevant when seeking to improve production standards such
as: equipment availability, quality, and performance. According
to several authors, the application of TPM has increased the
overall efficiency of equipment in a spinning plant, a forging
workshop, a clutch manufacturing company and a plastic bottle
producer by 10.93%, 17.08%, 5% and 16.2%, respectively [4],
[16], [23]- [25].

Part of the success of the implementation is based on the
commitment of both staff and top management. Therefore, the
participation of the entire company is essential to obtain
positive results [24], [26]. Likewise, applying and sustaining
TPM is complicated, especially for small and medium-sized
companies, because this strategy requires time and high-cost
resources. However, a model called "light TPM" has been
proposed, which is focused on the application of basic pillars
such as: autonomous maintenance, training, and planned
maintenance. Autonomous maintenance is a pillar designed to
promote the ownership of the equipment in the operator,
planned maintenance to reduce breakdowns and training is a
pillar focused on personnel training [27], [28].

4. Standardization and continuous improvement

Product quality plays an important role in the manufacturing
industry and influences customer satisfaction. Quality losses
directly affect this premise, so multiple methods of continuous
improvement have been developed. [9], [10], [29]. Among
these methods, the Define-Measure-Analyze-Improve-Control
(DMAIC) cycle stands out as it has a more accurate
understanding of the process and fully measures its capability
[6],[10], [30]. However, its application requires the use of other
tools to improve the process. The implementation of
standardization defines and replicates the standard execution of
a process, reducing its variation over time [10], [30], [31]. With
this integration, a reduction in the defect rate of 99% has been
achieved [9], 97.6% [10], 78% [31] and 50% [32][6]
demonstrating its effectiveness.

Minimizing the sources of quality loss requires the
application of a continuous improvement method capable of
analyzing and improving the process, as enhanced by the
DMAIC cycle [6], [10]. Similarly, this improvement cycle is
applied as a framework for improvement leading to
standardization. Standardization uses the different stages of the
DMAIC cycle to determine improvement opportunities,
implement them, validate them, and apply or improve the
standards to the process [30], [33].
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Fig. 1. Efficiency Maximization Model in a production line

I1l. CONTRIBUTION

A. Foundation

The proposed model was developed based on the analysis
of the efficiency of a production line contemplating the entire
process flow as the focus for improvement [13]. This analysis
determines the sources of loss with respect to productive time
and compliant production. In the case of losses due to
unproductive time, these are related to the availability indicator,
whose maximization is sought by reducing unplanned machine
stoppages [4]. This requires the management of the time and
machinery available for the execution of the process [13]. For
losses associated with product nonconformity, process quality
assurance is required [34]. To this end, the DMAIC cycle is
used as a framework for the improvement of all production
processes [6]. The relationship between these two aspects and
their maximization over time directly affect the efficiency of
the production line.

B. Proposed model

The proposed model proposes a balanced improvement
approach covering both aspects: quality and maintenance.
Likewise, its implementation is based on the limitations of labor
capital and resources that an SME has.

As shown in Figure N°1, the focus of the Time & Machine
Management component is to minimize time losses by
maximizing availability and is based on the execution of the
TPM pillars, autonomous and planned maintenance. The
Quality Assurance component aims at reducing the sources of
quality loss by minimizing the number of defects per million.
The conjunction of these two components occurs throughout
the production process flow and has as a joint objective the
maximization of efficiency. The advantage of the
implementation of this model is the complement existing in the

same in guaranteeing a greater available time and an improved
rate of conforming products.

C. Model detail

1) Time & Machine Management

The focus of the Time & Machine Management component
is the minimization of time losses generated by machine
breakdowns. To this end, it requires the evaluation of the initial
OEE, the recording of machine stoppages and the
implementation of the proposed tools: 5S and TPM pillars [5].

a) 5s methodology

The 5S is executed as a basic implementation tool to
condition the space because the cleanliness and order of an area
directly affect the way in which operators develop their
activities. Likewise, delimiting areas, tools, equipment.
facilitates the search and identification of these which in turn
reduces unproductive times [4].

b) Autonomous Maintenance (AM)

The implementation of the AM is the central axis of
improvement because it allows to train operators under a
standard of basic activities which reduce the probability of a
breakdown in the machine. In the same way, it allows to extend
the machine's useful life through the conditioning of its
components [35].

¢) Planned Maintenance (PM)

The application of PM focuses on maintaining the machine
at its highest level through periodic maintenance. With this,
maintenance activities include inspection and basic
conditioning of the equipment, for which a frequency is
established to control and verify compliance with these
activities [24].

The application of PM focuses on maintaining the machine
at its highest level through periodic maintenance. With this,
maintenance activities include inspection and basic
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conditioning of the equipment, for which a frequency is
established to control and verify compliance with these
activities [24].

2) Quality Assurance

Its objective is to minimize the sources of quality loss and,
therefore, the defect rate. This component is based on the use of
the production and defect record to mitigate their sources of
losses through the analysis of the process that generates them.
For this, the implementation of the standardization tool is
required as a central axis through the DMAIC cycle due to its
close relationship [6]. Likewise, as a complement, the Visual
Management tool is proposed as the final link in the
standardization process.

a) Standardization
Standardization is used to formalize the processes to be
improved and to define the indicators that will govern the
performance of these processes. To achieve this, the DMAIC
cycle will be used as a continuous improvement framework.
With this integration, the process to be improved will be
defined, standardized, and controlled on a continuous basis [6].
b) Visual Management
Visual Management supports the standardization of
processes by managing visual warnings that allow the
identification of the actions to be performed by the operators,
minimizing non-standard decisions [36].

D. Proposed process
Proposed Process for the implementation of the model is
presented in the figure 2.

E. Model Indicators
a) OEE
This indicator measures the overall efficiency of the teams.
Objective: Increase to 85% [3].

OEE~= Availability x Performance x Quality

b) Availability
This indicator measures the percentage of time available
for line operation. Objective: Increase to 90% [12], [13], [37].

o Operating Time
Availability = 5 e

c) MTBF
This indicator measures the average time a machine
operates without failure. Objective: Increase by 25% [4], [38].

Time Available - Stop Time
MTBF =

Number of Stops

d) Quality
This indicator measures the percentage of line operation
quality. Objective: Increase to 99% [38].
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Fig. 2. Proposed Process

Compliant production

lity =
Quality Total Production

e) Defects per Million
Measures the number of defects per Million. Objective:
Decrease to <66k.

B Defects

PPM = 1076

Sample

IV. VALIDATION

The case study is developed in an SME company of the
plastics sector located in Peru. This company has a
thermoforming production line in which the final product is a
thousand polypropylene cups. The company's production
process is shown in Figure 3.

For the analysis of line efficiency, the calculation method
proposed by Muthiah and Huang in 2007 was used [15] which
consider the analysis of the system in parallel within the
complete production system. For this purpose, it is necessary to
calculate the Availability, Yield and Quality for the period from
July 2020 to June 2021. Therefore, the results of the calculation
of the efficiency of each machine are presented in Table I and
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TABLE I
OEE CALCULATION PER MACHINCE
Machine A P Q OEE
M1 99.75% | 100.00% | 100.00% | 99.75%
M2 99.58% | 100.00% | 100.00% | 99.58%
M3 98.80% [ 97.68% | 87.34% 84.28%
M4 88.74% | 98.32% | 77.48% 67.60%
M5 88.60% | 98.18% | 78.54% 68.32%
TABLE 11
OEE CALCULATION FOR PRODUCTION LINE
Subsystem |OEEsub Rth SQeff |[Bottleneck (Kg/h)
M1 99.75% 200 ka/h 100.00% 106.02
M2 99.58% 400 kg/h 100.00% 211.67
M3 84.28% 250 kg/h 87.34% 128.20
P1 67.96% [ 130.56 kg/h 78.01% 88.72

the results of the calculation of the efficiency of the line in Table
Il

With this, the result of the overall efficiency of the
production line amounts to 67.96% denoting the bottleneck in
the subsystem comprised by the M4 and M5 machines, being
the M4 machine the one with the lowest efficiency value.

The root cause associated with the loss of availability lies in
the absence of conditioning on the machine components.
Similarly, the root causes associated with quality losses are
inadequate temperature settings and losses caused by product
contamination. The proposed model will be implemented to
mitigate these causes. The validation of the model will be
carried out based on a pilot test on the M4 machine, since it is
the one with the lowest efficiency.

A. Time & Machine Resource Management
a) Theoretical and practical training

To begin with, a training session was held, and the plant
manager and 2 maintenance operators were invited. The
purpose of this training was to introduce them to the theory and
practice of applying the proposed tools. A document was signed
and a TPM team was created to supervise and follow up on the
proposed activities.

b) Basic conditioning

To improve order and cleanliness within the maintenance
area, 5s were applied. In the first instance, an initial audit was
carried out and a score of 30.67% was obtained, which meant

that it was "Insufficient” with respect to the maximum value
and improvement actions had to be taken. In this way, the
elements were classified according to the following categories:
equipment, tools, consumables, and spare parts. After that, the
elements that belonged to another area or were considered
defective were discarded. With this, the elements were
relocated according to their frequency of use, i.e., those that
were more frequent were placed in a place closer to the
operator. In addition, the areas were delimited with signaling
tapes: yellow for the aisles, red for flammable elements, orange
for equipment, tools, spare parts, and consumables. To monitor
the activities, a checklist was developed in which each cleaning
and tidying task had a person in charge. With all the
improvements implemented, a final audit was carried out, in
which an increase of 49.33% was obtained with respect to the
current situation.
¢) Application of autonomous planned maintenance

For the application of autonomous maintenance, a
schedule of initial inspection of the machine was developed
with the objective of detecting and preventing future failures.
Similarly, a lubrication, adjustment and cleaning standard were
developed, detailing how the machine components should be
adjusted or lubricated, and the frequency with which this should
be done. Also, for continuous improvement of maintenance
practices, a suggestion booklet was made available to the
operators so that they could make any contribution with respect
to the proposed standard.

For the application of planned maintenance, a schedule is
developed based on the maintenance activities to be performed
by the operators, and compliance with these activities is
monitored. With this, a computer-assisted maintenance
management (CMMS) is implemented in which machinery
failures and available time are compiled. In the same way, based
on the information entered, weekly reports are generated, which
are useful to measure the MTBF and the availability of the
machine and at the same time detect which components require
further inspection before starting each production. Thus, after
the pilot test, an increase in MTBF of 11.29% was evidenced.

B. Quality Assurance
a) Standardization of the environment

To reduce product contamination, which represents 4.7% of
total production, the process execution conditions were
standardized. For this purpose, a 3S audit was carried out,
where initially a value of 33.3% was obtained with respect to
the ideal.

Sorting and Ordering

With the classification and ordering, 25 elements were in
the thermoforming area, of which 16 were relocated to the areas
to which they belonged and 4 were discarded because they had
no function.

Cleaning
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An initial cleaning schedule was drawn up for the cleaning,
which lasted one week. This schedule stipulated the cleaning
methods and the people responsible for them.

Standardization of the environment

To standardize the cleaning conditions of the process, a
procedure for mitigating sources of dirt was developed. This
procedure contains a schedule by zone, frequency,
responsibility, and cleaning method. This procedure contains a
schedule by zone, periodicity, responsibility and cleaning
method, and its execution is controlled over time through the
cleaning control register.

With the implementation, the final audit was carried out,
achieving a score of 86.7%, improving the initial conditions of
the process.

b) Process standardization

For the standardization of the quality control process, the
DMAIC cycle is executed in which an improvement is made on
it to finally standardize and control it over time.

Define

The SIPOC diagram was used to define the critical process
to be improved. From the analysis of this diagram, it was
determined that the process responsible for the temperature
configuration and its control over time is the Quality Control
process. With this process defined, the quality circle team was
formed.

Measure

The quality losses associated with the production process
were measured and it was validated that 61.2% of the defects
are caused by inadequate temperature settings and, in turn,
represent 13.5% of the total production.

Analyze & Improve

As developed by Penix in 1991 on thermoforming process
[39], you have been able to identify the required you on the
current temperature configuration. The current configuration
maintains an irregular distribution of the heat on which the
polypropylene film is exposed. However, the recommendation
is to make a uniform configuration where the temperature can
reach the core of the sheet without generating the effect of
thermal degradation.

The improvement of the process on the configuration was
done through the development of the Quality Control
procedure. This procedure includes the temperature change
method according to the defect samples collected. Personnel
training was carried out and a method of periodic review of
daily defects was implemented.

Control

In the control phase, audits were conducted on the improved
process and the SIPOC was updated with the improvements
proposed. The indicators that will control the process were also
determined.

¢) Visual Management

This tool served as a complement to the standardization of

the quality control process by placing information cards in the

M4 machine. In addition, a visual board was installed with
information pertinent to the production processes.
C. Results

With the implementation of Time & Machine Resource
Management, MTBF was increased from 708 minutes to 788
minutes, which in turn allowed an increase in availability from
88.60% to 91.96%.

With the implementation of Quality Assurance, defects due
to soiling were reduced from 4.7% of total production to only
0.93%. Similarly, defects due to temperature configuration
were reduced from 13.5% to 5.51%.

Table III shows the As Is Vs To Be indicators of the case
study, as well as the improvement achieved with the pilot test.

V. CONCLUSIONS

The conjunction of tools dedicated to the improvement of
maintenance and quality processes in a machine belonging to
the thermoforming line, have brought positive results in a short
period of maturation of the model. The implementation of the
maintenance component has as its focus the reduction of time
losses due to machinery breakdowns that directly compromises
the working time. With this implementation, the MTBF
indicator exceeded the expected by 45 minutes and guaranteed
an increase of 3.36% in Availability. The implementation of the
component associated with quality improvement decreased the
PPM defect rate from 215k to 115k reducing the gap to only
49k to reach 3 sigmas. With this reduction, the gap in the
Quality indicator was cut to only 10.56% improving by 10.96%
in the short implementation time of the pilot.

Through the implementation of the 5S, the maintenance
agents were prepared for the improvement process with the
implementation of the TPM pillars. The conjunction of these
tools allowed the maintenance process to flow according to the
immediate needs of the machinery and those planned for their
attention. Thus, the responsibilities and involvement of the
personnel were key factors in the success of the pilot
implementation. With the standardization of the quality control
process, the organization improved the parameterization of the
configurations it exercised around the process. In the same way,
the decision making of changes in the operating window
changed from an empirical perspective to one determined by
sampling and correction references [39]. Similarly, the
standardization of cleaning activities improved not only the
defect rate but also the work environment by taking place in a
clean and orderly environment.

TABLE III
KPI EVOLUTION

KPI AS IS TOBE Pilot GAP
OEE 67.60% 85.00% 79.75% 5.25%
Availability 88.60% 90.00% 91.96% -1.96%
MTBF 708 min 743 min 788 min -45min
Quality 77.48% 99.00% 88.44% 10.56%

PPM 215k 66k 115k 49k
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In summary, although the pilot plan was not able to achieve
the goals set by the analyzed literature, its short implementation
time has allowed considerable progress to be made. Therefore,
with time to mature and its application throughout the
production line, the objectives will be successfully achieved.
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