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Abstract: This paper explores the importance of smart manufacturing in the context of Industry 4.0,
highlighting the crucial role of Manufacturing Execution Systems (MESs) in facilitating Industry 4.0,
particularly in data capture and process management. It is worth noting that Small and Medium
Enterprises (SMEs) face several obstacles, unlike large companies that have the resources to adopt
these principles. This text explores the challenges that SMEs encounter when adopting Industry
4.0, considering budget constraints and technology transfer difficulties. The potential benefits of
such projects are often difficult to measure during the initial stages, but they can facilitate the
digital transformation of small businesses. To support this thesis, this paper presents an example
of MES implementation in a manufacturing SME, showcasing the creation of a comprehensive
data monitoring and industrial performance assessment system. This paper aims to introduce a
systematic approach for integrating a Key Performance Indicator (KPI) framework using MESs within
an SME. This paper highlights the importance of transitioning from big data to smart data to achieve
outcomes in terms of operational efficiency, cost analysis, workload management, resource utilisation,

knowledge dissemination, and enhanced operator engagement.

Keywords: manufacturing execution system; key performance indicator; small-medium-sized
enterprise; industry 4.0; big data; performance measurement

1. Introduction

Smart manufacturing has become a significant trend in the manufacturing industry
in recent years [1]. Enterprises are increasingly seeking flexibility, efficiency [2], and sus-
tainability in production in order to optimise costs and remain competitive in the market.
Smart manufacturing relies on advanced technologies such as automation, robotics, artifi-
cial intelligence, and Internet of Things (IoT) [1,2]. The effectiveness and resilience of smart
manufacturing systems are closely tied to the level of digitisation within an enterprise.
Integrating Industry 4.0 technologies can enhance efficiency and provide manufacturing
systems with the resilience required to overcome global challenges. This approach, based
on digitisation and technological integration, may enable manufacturers to innovate and
succeed in an increasingly complex and competitive environment [3]. Currently, large
enterprises have achieved a significant level of digitalisation, with numerous machines
capable of generating large quantities of different types of data (big data) [4], which can be
collected, managed, and analysed to create new business opportunities [5]. Data are associ-
ated with Industry 4.0 technologies and pose a considerable challenge in implementing
its main paradigm—Cyber Physical Systems—particularly for Small-Medium Enterprises
(SMEs) [6-8].
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The aim of this study is to present a methodology for identifying and selecting KPIs to
manage and monitor the production processes of a SME using Industry 4.0 tools and technologies.

1.1. The Goals of Industry 4.0

Since April 2013, when the Industry 4.0 Working Group published its final report,
academia and industry endeavoured to fully comprehend the new technology paradigm
and its applications. Despite initial uncertainties, a comprehensive definition of Industry
4.0 was proposed [9]: “Industry 4.0 is a manufacturing philosophy that includes modern
automation systems with a cretin level autonomy, flexible and effective data exchanges
encoring the implementation of next generation production technologies, innovation in
design, and more personal and more agile in production as well as customized products”.

In a more practical way, the goals of Industry 4.0 are the following [10]:

To provide IT-enabled mass customisation for manufactured products.

To make automatic and flexible adaptation of the production chain.

To track parts and products.

To facilitate communication among parts, products, and machines.

To apply human-machine interaction paradigms.

To achieve IoT-enabled production optimisation in smart factories.

To provide new types of services and business models of interaction in the value chain.

1.2. Manufacturing Execution System for Industry 4.0

A Manufacturing Execution System (MES) is an enabling technology for Industry 4.0
due to the high demand for data in the current technological context. This capability facili-
tates the collection of heterogeneous data and the development of process management
indicators. Decentralised decision-making has resulted from building an enterprise’s Cyber
Physical Systems. Therefore, enterprises must consider how to apply MES technology in
accordance with this approach to both decision-making and monitoring [5]. The intercon-
nection of systems with the production process can enable enterprises to become more
intelligent and create a fertile environment of possibilities, which can usher in a new era
of big data analysis [2]. It is believed that Industry 4.0 has the capability to streamline the
processes required for implementing a Total Quality Management (TQM) approach [11].

Furthermore, although limited research emphasises this connection, Industry 4.0
technologies have the intrinsic capability to collect and exchange data, which can aid in
the move towards environmental, social, and economic sustainability in various indus-
tries [12,13]. Collecting and assessing data from production processes provides the basis for
advancing towards Industry 4.0 or Industry 5.0, as defined by the EU in 2021 [14]. Industry
5.0 acknowledges the capacity of industry to achieve societal objectives beyond job creation
and economic growth and to become a resilient source of prosperity by ensuring that
production conforms to the limits of our planet and prioritises the welfare of industry
workers in the production process [14].

1.3. Differences between SMEs and Large Companies in Industry 4.0

While large companies have the resources to address these innovative issues, SMEs
face many barriers to adopting new technologies, including financial constraints, a lack of
established standards, and the challenge of transferring research-based technology to an
industrial context. These barriers for SMEs have been reported through specific statistics by
Elhusseiny et al., which also highlights the opportunities in adopting these systems. [15].
Coping with these obstacles requires a significant amount of effort, which is often beyond
the capabilities of SMEs. The implementation process and the digital transition often
produce outcomes that are difficult to quantify, making it challenging to determine the
value of an investment and its impact on the organisation [16].

Therefore, this paper aims to illustrate a practical application within an Italian SME
where a comprehensive data monitoring and industrial performance assessment system
based on MESs and Key Performance Indicators (KPIs) has been established. It proposes
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specific KPIs for monitoring a manufacturing SME that can be calculated through the
application of an MES, addressing the barriers that an SME may face. The system provides
a framework for SMEs to make informed and measurable choices towards enterprise
sustainability despite persistent uncertainty surrounding the practical implementation of
data monitoring strategies through Industry 4.0 technologies [17].

2. State-of-the-Art: MES Integration in Industry 4.0 and SMEs

A Manufacturing Execution System (MES) can be a valuable tool for linking shop floor
operations and enterprise strategy, particularly in the context of Industry 4.0. While MESs
have traditionally been adopted by larger enterprises, it is important to consider the unique
challenges that integrating MESs may pose for SMEs. This discussion aims to explore both
the challenges and opportunities that SMEs may encounter when adopting MESs, with the
goal of enhancing operational efficiency and monitoring overall performance.

2.1. Manufacturing Execution Systems (MESs)

A MES forms the basis of the practical development outlined in this paper.

Positioned between the Device level and the Enterprise level, illustrated in Figure 1,
an MES collects and manages production information in greater detail than Supervisory
Control and Data Acquisition (SCADA) and Human Machine Interface (HMI) systems yet
with less aggregation than the strategic information provided by Enterprise Resource Plan-
ning (ERP). This position is responsible for managing day-to-day and real-time operations
in production departments. It ensures consistent data are provided to management KPIs
chosen by the enterprise for the production process [18].

Enterprise Level A

Control Level / ME> \
HMI, 1/O, VFD, ect

Device Level

Sensor Sensor, valves, etc

Level

Figure 1. The automation pyramid in the Industry 4.0 paradigm for manufacturing enterprises.

MESs are widely used technologies, particularly in large enterprises, due to their
high productivity and minimal product variations. An MES operates with high levels of
automation and integrates seamlessly, allowing for continuous monitoring through data
collection and KPI calculation [19]. This tool is a statistical data processing system that
provides comprehensive insights into production performance, including material input,
consumable utilisation, product flow, and faults [20]. Thanks to these data and the Industry
4.0 manufacturing paradigm, Kuys Blair et al. state that it is possible to create more durable
and sustainable products [21].

According to the MESA-11 model, an MES should implement eleven specific function-
alities, listed in Table 1, to fully integrate with the Industry 4.0 paradigm [22]:

However, Ardeshir Shojaeinasab et al. propose an MES classification in relation to
Industry 4.0, as no existing MES model provides all the listed features [18]:

(1) Digitalisation and computerisation of an MES: Data from each information source are
collected automatically in real-time and sent to the MES.

(2) Visibility and sensor-based MES: MES operations highly rely on sensor readings to
figure out the current production status.

(8) Transparency and adding perception to an MES: This level implies the adoption of
smart sensors and intelligent software to gather more structured information about
the production process.
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(4) Prediction and utilising prediction methods in an MES: The system can anticipate the
requirement for maintenance of machinery, equipment, and robotics.

(5) Adaptability and self-optimisation: That is the final maturity level, where the use of
real-time data allows the system to make the best possible decision in relation to the
facing scenario.

Table 1. MES functionality according to MESA-11 model.

S

Function

Resource allocation and status

Operations scheduling

Dispatching product units

Document control

Data collection and acquisition

Labour management

Quality management

Process management

O | X (I | |G| =] WD

Maintenance management

—_
o

Product tracking

—_
[

Performance analysis

2.2. Application within SMEs

In addition to the theoretical definition, as far as SMEs are concerned, there are only

a few instances of MES adoption [23] and implementation frameworks presented in the

literature [24]. This poses a major concern for SMEs, as they cannot afford mistakes in

investment and risk losing their competitive edge [20,25]. If the investments for MES
implementation were undertaken, multiple difficulties would be encountered in practically

carrying out the project [25]:

(1) Ineffective closed loop: Enterprises measure their performance using specific KPIs.
However, if these KPIs are not connected to the shop floor data, the implementation
process remains incomplete.

(2) Fragmented infrastructure: The heterogeneity of the production environment poses a
strong barrier to data collection and communication between the different technolo-
gies involved in MES monitoring.

(3) Inflexible processes: SMEs aspire to quickly respond to a volatile market. However,
despite their IT system and MESs being able to manage information effectively, the
production system cannot keep up with the demand of the market.

(4) Inefficient data: Inadequate data collection contributes to incomplete information,
which can negatively impact the real-time functioning of the MES.

(5) Ineffective data: The selection of raw data from the shop floor is necessary to re-
construct the context, which will give the data a clear meaning. The aim is not the
collection of big data but smart data that can aid in effective decision-making.

After collecting data on the MES database, KPIs are defined to reduce complexity,
enabling the transition from big data to smart data and facilitating the elaboration of
strategic information for process management [26].

In recent years, numerous papers have proposed frameworks for creating and imple-
menting successful KPI monitoring systems in enterprises [27-30], as well as in an SME
network [31]. Furthermore, various studies have explored suitable dashboard and visual-
isation systems [30,32]. Despite the available literature, there is a lack of manufacturing
SME examples and a tailored implementation process to meet the specific requirements of
small enterprises regarding performance measurement.
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3. Methodology

Today’s manufacturing companies, especially SMEs, must optimise their operations
to decrease production time and expenses. Achieving this objective requires the imple-
mentation of an MES system that can effortlessly incorporate data originating from both
the shop floor and external information systems. Nevertheless, this technology has not
been widely adopted in SMEs due to economic constraints and challenges associated with
adapting the system to non-series production. Additionally, two other factors contribute to
the low adoption:

(1) Lack of approach that enables SMEs to implement the system and monitor their
process through numerical indicators.

(2) Lack of entrepreneurial foresight regarding the benefits of this implementation. This
difficulty mainly arises from the challenge of quantifying the economic returns of
investments in terms of data collection and management, while the outcomes are clear.

The succeeding sections present the methodology for implementing MESs within man-
ufacturing SMEs, along with a specific industrial case study in which the same methodology
has been executed.

3.1. Methodology Stages

To deploy an automated production monitoring system that uses visual KPIs in an
SME, four primary stages must be completed. These stages are illustrated in Figure 2.

P e e B o et Tl o st el i S St ey T e et [ttt e et ot Bt St th ot = |
| | |
| 1 2 | 3 4 |
| | |
| Analysis of the | |
| procedure and Definition and : DAt Gl S _— :
: architecture of selection of KPIs | q v |
| data acquisition e — ] 1 L. |
| I I
| I I
| I I
| | L —— I
: : Company Project :
Design and Planning Pilot Project

Figure 2. Methodology Stages.

The first two phases establish the Design and Planning stage. This stage involves a com-
prehensive analysis of production conditions, the tools currently in use, and the necessary
information collection. During the initial phase of outlining the architecture of the data
acquisition process, it is worth noting that the integration of Industry 4.0 technologies may
significantly enhance the ability to collect and store data. This advancement could further
facilitate the identification and definition of potential KPIs aligned with the company’s
strategic objectives, setting a strong foundation for data-driven decision-making. During
the second stage, KPIs that are necessary for monitoring and managing processes are
selected. The subsequent step involves implementing the data collection structure and
KPIs that have been previously determined.

To begin the first phase, it is crucial to conduct a Pilot Project on a limited section
of the production, such as a specific machine or production line. The next step involves
implementing what was previously determined in the data collection structure and KPIs.
Finally, it is necessary to evaluate the quality of the data to ensure that what the MES
acquires and calculates aligns with actual production. After the system implementation
is completed, it may be beneficial to consider utilising data science methodologies. This
could help manage the big data collected and effectively process, visualise, and interpret
the results, thereby unlocking the full potential of the data. Only after concluding the
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Pilot Project and ensuring that the results meet expectations, a complete Plant Project can
be initiated.
The following includes a detailed description of each step.

3.1.1. Analysis of the Procedure and Architecture of Data Acquisition

Characterising the enterprise and the data acquisition system is a crucial stage. It is
fundamental to complete the following:

(1)  Study the process. To ensure an accurate association of operational conditions with the
stored data, it is essential to comprehend the operational process of the enterprise
or department being considered by recognising a set of KPIs. This procedure is
particularly crucial for small enterprises. Therefore, it becomes necessary to map the
working procedure under study.

(2)  Study the data acquisition mechanism. This study focuses on the architecture of the data
acquisition. It is essential to establish the method of recording data in the following

terms:

(a) Structure of data acquisition hardware.
(b) Structure of the database.

(c) Acquisition timeframes.

Establishing a robust data framework is crucial for selecting and supplying KPIs in the
subsequent stage. This structure forms the foundation for all subsequent data processing
and may vary depending on the application case and machine type. In fact, the level of
digitisation of the machine determines whether the connection is simple or complex. If the
machine has a low level of digitisation or is not digitised at all, the cost of connecting it
will increase.

3.1.2. Definition and Selection of KPIs

The second stage of the methodology involves defining the KPIs required by each
enterprise depending on its sector. Therefore, their definition starts with identifying the
company’s needs. Measuring performance is a vital aspect of enterprise operations, requir-
ing careful consideration and precise evaluation. In a business organisation, performance
evaluation is essential for the following:

Having an objective measure to take short-, medium-, and long-term decisions.
Exactly identifying critical issues in the production.

Establishing coherent targets according to the enterprise.

Encouraging employees” work.

The initial stage is to establish a set of KPIs to monitor the company’s production.
The process for developing these KPIs, illustrated in Figure 3, includes the following:

(1) Study the KPIs. Search the literature for suitable KPIs within the relevant sector. It may
be helpful to examine similar systems used in other industrial projects for possible
examples of KPI monitoring.

(2) Analyse the available set of data. Once the KPIs have been defined, it is essential to
verify whether the data are available to support the factors that make up these KPIs.
Additionally, the KPIs should be generated automatically upon project completion. If
the data acquisition does not support a KPI factor, it should be removed. Alternatively,
it may be possible to obtain the necessary data for KPI calculation by consulting with
the data acquisition system supplier.

(3)  Selection of the set of KPIs to implement. After completing Steps 1 and 2, the appropriate
set of KPIs can be selected. It is essential to involve enterprise management and
production managers at this stage to ensure they understand the rationale behind the
selection and comprehend how to interpret the data in the future.

(4) Association of data to the operating conditions. It is essential to understand the correla-
tion between data storage and operational parameters to characterise the enterprise
process. This understanding is crucial for subsequent steps of the methodology.
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Stud tlh eKPIs | Analyse the ——1 Selection of the set of ——] Association of data to
y available set of data KPIs to implement the operating conditions

Figure 3. Definition and selection of KPIs.

A standardised approach is required to identify KPIs for all the preceding steps. Below
is a catalogue of commonly implemented KPIs used to monitor processes and production:

Overall Equipment Effectiveness (OEE) = Availability x Performance x Quality;

Machine hours-to-man hours ratio = Machine hours/Man hours;

Order Fulfilment Cycle Time (OFCT) = Source Cycle time + Market cycle time + Delivery

cycle time;

e Compliance Index = [1 — (S/R)] x 100; where S represents non-compliant quantities,
and R represents the quantity shipped in the period;

e  Punctuality of delivery = Lines of orders fulfilled in time/Total lines requested in
the period;

e  Over Time Rate = Hours of overtime/Total hours.

This list can be used as a general starting point for identifying the KPIs that best reflect
the specific production process. It has been retrieved based on ISO 9001 for quality and
ISO 22400 for manufacturing operations management [33,34]. As stated at the beginning of
this section, indicators should be selected based on specific monitoring requirements and
data availability.

3.1.3. Data Quality

To make informed decisions, it is important to have a set of reliable KPIs. The gathered
data must accurately depict the true state of the company or correspond to the current
operating conditions.

The following steps outline how to verify the quality of the data:

(1) Implement a method for testing the data. This task requires emphasising the data values
that require verification according to the operating system specifications. Additionally,
it is imperative to ensure that the stored data can be accessed and interpreted easily.

(2)  Plan the test according to the enterprise’s production. It is essential to collaborate with
the production manager to schedule testing activities. This will reduce the impact on
production and ultimately lower expenses.

(8)  Data check and result evaluation. The purpose of this test is to verify whether the stored
data match exactly with the operating conditions established in point one. If the data
correspond to the actual conditions, the data acquisition system is considered reliable.
However, if there is a mismatch, measures must be taken to mitigate the problem and
ensure the reliability of the data acquisition system.

3.1.4. Data Science

The last step in this methodology involves transitioning from big data to smart data.
In this stage, data stored in a database are extracted and analysed to generate visual
representations of KPIs through a Business Intelligence Software (BI):

a.  Choose the structure of data to visualise. The objective of an effective KPI visualisation
system is to facilitate the prompt and precise identification of critical issues. A
well-organised KPI visualisation system allows for the monitoring of individual
machining centres for work orders, while also aiming to summarise the work of a
department or multiple machining centres.

b.  Elaborate on the data. After defining the data structure, it is possible to create KPIs as
outlined in point one. An initial elaboration and data visualisation can be performed
using a spreadsheet.

C. Implement data visualisation in a Bl software. The final step in the method involves
implementing the spreadsheet from point two into a BI software. This is essential for
the automatic and continuous management of a large amount of data.
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3.1.5. Pilot and Enterprise Project

To reduce initial investment costs when the benefit and functionality of the system
are not yet established, the project can be divided into two phases: a pilot project and an
enterprise project.

The pilot project aims to accomplish the following:

Test the system under real-life circumstances.
Verify the data flow accuracy.
Verify the accurate interpretation of indicators.

During this phase, the company reduces its economic investment and gains the ability
to monitor a portion of its production directly through the use of KPIs. The company can
analyse whether the operators are able to read and interpret the data in order to enhance
production performance. Furthermore, the management can utilise the same data to make
strategic decisions.

If the pilot project is successful, the work can then be expanded to the rest of the
production plant to achieve complete control over the entire production process. This
would pave the way for an enterprise project.

4. Application
4.1. Industrial Case Study: A Machining Industry

The methodology was applied in a small-scale Italian enterprise situated in Emilia Ro-
magna, also known as ‘Packaging Valley’. This region is home to world-leading companies
that design and produce automatic packaging machines for various industries, including
food and pharmaceuticals. The decision to implement the methodology in a small company
was made because SMEs constitute the majority of Italy’s industrial infrastructure. In recent
years, the Italian government has invested in promoting digital transition. Although SMEs
have benefited from these incentives, the digital transition has not yet been fully completed.

The enterprise involved in the project specialises in creating high-precision mechanical
parts that are later assembled into automated machines. As a subcontractor, the enterprise
produces custom components for clients and offers the option to run small orders and
prototype parts using Computerised Numerical Control (CNC) machines. The company has
gained considerable expertise during its 45 years in the sector, resulting in the employment
of around fifty staff and an annual turnover of approximately 6 million euros.

To ensure the longevity of the company, it was necessary to establish an information
system that could pass down knowledge to future generations. This system was designed
to prepare for the shift from a traditional craftsmanship culture to a digitalised and col-
laborative one. To achieve this, industrial plans were incorporated to introduce novel
techniques and cutting-edge technologies. In order to ensure a more successful future for
the company, it began considering the option of strengthening its relationship with its
clients by openly disclosing information about its production processes. Consequently,
an information system was implemented to monitor and manage the production process
using numerical data.

The enterprise’s primary goals can be summarised as follows:

Smooth knowledge transfer.

Complete control of the production cycle.
Efficiency control.

Process streamlining.

Access to information from any workstation.

To achieve these goals, the enterprise has implemented an MES to link machine signals
in the field with the ERP. As stated in Section 2.1, this system is primarily intended for
managing large volumes of data related to highly repetitive serial production. Its outputs
comprise statistical indicators for individual machine performance, productivity, and
defects. However, the main production aspects of the enterprise are completely different
and can be summarised as follows:
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Small batch or prototype production.

Production often includes orders that have never been placed before.
Production of complex parts that requires highly skilled employees.
Industry divided in departments.

To adapt the information system to the specific production characteristics, the project
resulted in software that is able to offer greater flexibility for customisation. It was vital to
identify a software provider with the appropriate skills to adapt the system to the versatile
production process. A technical specification for the software was prepared and shared
with several potential providers. The specification covered key points such as the following;:

Integration and connectivity with existing software.
Production planning and management.

Real-time machine monitoring and control.
Workflow automation and efficiency.

Document and data management.

The endeavour took nearly two years, and only after that, the methodology presented
in Section 3 could be implemented with the help of external professionals and specific IT
consulting services.

4.2. MES Implementation in a SME
4.2.1. Application of Architecture of Data Acquisition System

The first steps in implementing the methodology outlined in Section 3 involve assess-
ing the production process and developing a suitable data acquisition mechanism for the
enterprise. Figure 4 presents a scheme of the level of automation of the enterprise:

Enterprise Level A

Control Level / ME \
HMI, SCADA

Supervisory Level

Device PLC

Level

Workshop Sensor, valves, hardware

Level

Figure 4. Automation level of the enterprise.

An analysis was conducted on all machines in the enterprise, which were constructed
at different years. The enterprise comprises four departments and a total of 18 CNC
machines. These machines have varying ages, with some being modern and others consid-
erably older without the necessary features to be compatible with MES for data exchange.
Management refused to connect only new-generation machines to the MES system. It was
important to measure and monitor all activities and machine centres using consistent KPIs,
especially within a single department. Only three of the eighteen older machines were
excluded, each requiring a unique data acquisition architecture. The Table 2 illustrates
the distinct characteristics identified for each. Therefore, measures were implemented to
establish connectivity between each machine and MES by installing suitable hardware if
the machine was incapable of sharing data.

The recorded data are saved into different tables according to the communication
protocol and then integrated into the MES database. This allows for the extraction of useful
data to calculate the chosen KPIs. Figure 5 shows an illustration of this framework.

During the production process, the MES requires statements from the operator in
addition to machine field signals. The purpose of these statements is to accurately record
the times for each stage of the work order. Figure 6 highlights the operator’s statements in
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red and emphasises their importance in allowing the production data to correlate with the
tables automatically generated by the database.

Field data collection MES Dashboard
MT Connect Protocol Table
Machine PLC - %
L ]
Prosys Protocol M Table \ Database
-
Machine PLC —_—— @ — E N KPI
Table
Producti Processing
rsrolifeslgn | Declaration @
Figure 5. Data acquisition architecture.
Table 2. Machine characteristics.
Typology Connectable N° of Machines Control Hardw.a re Communication
Integrations Protocol
Old generation No 3 Analogic / /
New generation Yes 3 Digital No MT Connect
New generation Yes 12 Digital Yes, for three of these Prosys
Declaration Declaration Declaration Declaration
Start [> Presetting [> End [> Start [> Processing D End
Presetting Presetting Processing Processing

Figure 6. Production sequence with red-highlighted operator declaration phase.

The necessary declarations concern the start and end of the Presetting stage, which

involves preparing the tool and programme, and the beginning and end of the Process-
ing stage, which includes the actual creation of the workpiece. The system identifies
discrepancies in machine usage by comparing them with operator reports.

At this point, it is essential to establish a robust data framework for use in the sub-

sequent stage of KPI input. In this SME, the data structure is designed to account for the
operating conditions of each machine over time. Established conventions have been used
to evaluate the efficiency and utilisation of the machines. It is necessary to include the
following time frames:

Tooling times: the time required for the technician to load and prepare the component
on the device.

Active spindle times: time when the machine runs the programme continuously.

MO stop times: scheduled stop times in the Part Programme that are necessary for both
spindle cleaning and dimensional checks of the workpiece.

M1 manual stop times: interruptions that are not scheduled in the Part Programme but
are required for manual control of the machine by the operator, like machine cleaning
and checking dimensions.

Hold times: time when the component is fixed onto the machine and is awaiting processing.
Downtimes: time resulting from malfunctions or anomalies.

In order to ensure accurate KPI reporting, a specific colour was assigned to each

operating condition. This is illustrated in Tables 3 and 4:
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Table 3. Matrix colours.

‘g;:l; Order Activity z;girriillle Active Signal for Alarm Signal MO0 Stop g(;i(:gassteored on

no - off off off GREY

no - on off off GREY

no - off on off GREY

no - off off on GREY

yes PRESETTING off off off YELLOW

yes PRESETTING  on off off YELLOW

yes PRESETTING off on off YELLOW

yes PRESETTING  off off on RED
yes PROCESSING  off off off YELLOW

yes PROCESSING  on off off GREEN
yes PROCESSING  off on off YELLOW

yes PROCESSING  off off on RED

Table 4. Meaning of colours.

Colour Meaning

Machine not connected
GREY Undeclared work order

Presetting
YELLOW Piece awaiting processing
Machine downtime

MO scheduled stop times
M1 manual stop times

Note that the grey colour is not monitored but appears when the machine is not
connected or when the work order has not been declared. This should account for a small
proportion of machining and tooling.

4.2.2. Application of Definition and Selection of KPIs

During the definition and selection of KPIs within the enterprise, it was decided to
only consider KPIs that could be automated from the data provided by the MES. Therefore,
only the first two KPIs listed in Section 3.1.2 were chosen:

e  Machine hours to man hours ratio (I0) = Machine hours/man hours

O Machine hours: working time of the machine.
O Man hours: working time of the operator.
e  Opverall Equipment Effectiveness (I1) = Availability x Performance x Quality
O Availability: percentage of actual uptime versus available uptime.
O Performance: percentage of parts produced compared to theoretical capacity

when the plant is active (corresponds to actual speed compared to rated speed).
@) Quality: percentage of compliant parts to total parts produced.

In this enterprise’s context, additional observations about the OEE could be performed.
The Quality factor was set to 100% because this enterprise produces multiple batches
consisting of few or one-of-a-kind parts. Similarly, since specific productions are often
unprecedented, the cycle time is uncertain, and thus, the Performance factor was also set to
100%. The OEE of this enterprise was reduced to only reflect Availability, as configured in

the database:
N° green hours + N° red hours

N° daily machine working hours

Availability =
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To enhance the business process, it is crucial to identify the sources of issues, such
as inefficiencies, slowdowns, or anomalies. To achieve this objective, it was necessary to
define additional KPIs. Two new indicators were designed and implemented to meet the
specific needs of the project and feed into the data already available in the MES database:
machine cycle efficiency (12) and fleet saturation (13). It was crucial to organise these KPIs in a
clear and effective manner to enable targeted enhancements.

Table 5 presents a summary of the KPIs used in the enterprise based on time tracked
using coloured hours:

Table 5. Selected KPIs.

KPI Description

10 =Hm/Hu N° of machines a single operator can operate
N=w+r)/(v+r+g) Availability of the Machine (OEE)
2=v/(v+r) Machine cycle efficiency

I3=(v+r1+g)/24 x n°mach x n°days Fleet Saturation

Table 6 displays the legends for each factor that determines the KPIs:

Table 6. KPIs factors.

Legend
Hm Machine hours
Hu Man hours
\% Green hours
R Red hours
G Yellow hours
n® mach Number of machines considered
n° days Number of days considered

Each of these KPIs, or a set of them, has been developed to support a specific corporate
hierarchy in its tasks within the company:

10, I1, 12, and I3 are all indicators monitored by the enterprise management.
I0 is monitored by the department manager, as it represents the ability to control
multiple machines with the same resources.

e I1is monitored by the work centre manager, as it reflects the ability to efficiently run
the work centre, which in turn affects the machine’s availability.

e 12 is monitored by the technical office, as it reflects the programmer’s ability to
minimise the need for programme calibration during execution.

e I3 is monitored by the sales and planning department, as it indicates the saturation
level of the machines.

4.2.3. Application of Data Quality

The data quality and subsequent data science have been examined in a pilot project
that connected one department’s machines for data collection and processing.

The primary purpose of this phase was to confirm the accuracy of information sourced
from the MES. A series of tests have been conducted directly on the field, which took about
a month to complete. If the data are unreliable, the indicators lack representativeness and
become essentially worthless.

This stage has been conducted through three main steps following the methodology
outlined in Section 3.1.3:
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@

@)

®)

Implement a method for testing the data. To compare the division of coloured hours
obtained from the MES with the actual output, it was necessary to compare each
machine’s MES processing output with a simulated work cycle. This provided infor-
mation on the machine’s times and statuses. The supplier was asked to provide a
data extraction that would allow for the observation of processing status variations,
durations, and colours.

Plan the test according to the enterprise’s production. Test activities were planned with
the production manager to minimise their impact on production and costs. Table 7
displays the control sheet template for testing the fictitious cycle executed on each
machine to verify the correspondence between cycle characteristics and data processed
by the MES.

Data check and result evaluation. After collecting data on the operating conditions,
including times and corresponding colours, the recorded results were compared with
those stored by the system to assess its reliability. Discrepancies between the data
points were observed on certain occasions. The primary errors identified were related
to the assignment of colours to the operating conditions of the machines, which were
not correct. This was caused by the fact that a single operator was able to operate
multiple machines simultaneously. Subsequently, the entire data acquisition chain
was retraced to identify and rectify the error. The activity concluded when all machine
data from the whole department accurately depicted the work cycles carried out.

Table 7. Control sheet template for testing the fictitious order of work.

Kind of Activity Set Times Activity ]C)(flt(enc::?Ac tual) Stored Colour

No odl 2/

Declaration Start Presetting

Presetting 2/

Presetting 2/ Loading programme

Presetting 2! Refer the Piece

Declaration End Presetting

Declaration Start Processing

Processing 2 Spindle Running

Processing o 1];/[() (Manual Operation
xpected by the programme)

Processing 2 Manual Operation

Processing 2/ Joystick

Processing 2! Alarm (If possible)

Declaration End Processing

4.2.4. Application of Data Science

The final stage of the methodology entailed deploying data science, which refers to an

automated visualisation system for data and indicators. Below are the steps followed to
complete the activity:

Choose the structure of the data to visualise. In the present case, three different structures
of data visualisation have been elected: (i) Management; (ii) Department; (iii) Machine.
Elaborate on the data. Initially, the exported data from the MES were processed in
a spreadsheet. The objective was to create a KPI dashboard with the previously
elaborated structure. In the pilot project, this stage verifies whether the selected
structure aligns with the set objectives and is convenient to implement.
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o Implement data visualisation in a Bl software. After processing the data in the spreadsheet
and confirming that the visualisation aligns with the objectives and is user-friendly,
the same structure was applied in a Bl software. This was necessary, as a large volume
of data requires automated management.

Several visualisations were created based on the data structure to be visualised. The
first visualisation is the enterprise dashboard, which is only visible to management and
contains indicators for all connected machinery and departments. Figures 7 and 8 display
the management control panel.
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Figure 7 shows the indicators for two different departments during a specific week.
The left and top sections contain filters that allow for customisation of the display based on
each request. Figure 8 demonstrates the variation of all indicators in two machines during
the selected weeks:

Figure 9 displays the departmental dashboard on a TV screen in every department
of the enterprise. The dashboard shows performance metrics for individual machinery,
including coloured hours, availability, and status. Specifically, for each machine, the
dashboard displays eight key pieces of information:

Machine name.

Pie chart showing the colour breakdown of the last 24 h.

Machine availability indicator (I1, OEE).

Traffic light graphic indicating the status of the machine (green: running programme,
red: MO stop times and manual stop times, yellow: presetting, piece awaiting process-
ing, and machine downtime).

Code number of work order in process.

Quantity produced for the work order.

Code number and description of the article being processed.

Operator name.
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Figure 9. Department dashboard.

In addition, the dashboard displays a summary of the department’s overall perfor-
mance on the right-hand side, presenting two key pieces of information:

A pie chart showing the coloured hours breakdown of the last 24 h of all machines.
Overall availability indicator of the department:

O The bar chart shows the average availability of all machines in the department
over the last seven days.
O The histogram shows the indicator’s value over the past seven days.

The machine dashboard is displayed on each machine, providing real-time monitoring
of its performance. It shows the same information as the department dashboard but only for
the specific machine. This allows the operator to receive direct feedback on the operation
efficiency. In addition to the machine dashboard, the operator also has access to the MES
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interface. This facilitates machining operations by displaying technical documents, set-up
diagrams, and quality checks. Similar dashboards to those shown in Figures 5 and 6 were
created for the other KPIs, 10, I2, and I3, monitored by the departmental manager, technical
department, and sales and planning department.

5. Results and Discussion

The presented project successfully adapted the MES information system, originally
designed for serial and highly repetitive production, to a small-scale industrial environment
characterised by small production volumes, variable production, and individual prototyp-
ing. Implementing software systems in SMEs presents significant difficulties, as various
sources in the literature suggest. However, by following the methodology explained above,
most of the barriers listed by Dutta G. et al. [25] have been successfully overcome. The
most challenging aspect, in terms of the scientific accomplishments of the project, was
identifying and selecting suitable indicators. There are few instances in the literature detail-
ing a list of indicators beneficial for overseeing the production of a manufacturing SME.
Thus, a comprehensive inquiry was carried out to establish a set of quantifiable metrics
that effectively demonstrate the manufacturing process in order to identify operational
inefficiencies, defects, and abnormalities.

The main challenges faced by SMEs when implementing digitalisation solutions, such
as MES, are related to budget constraints, lack of technical expertise, and employee train-
ing requirements. To address the issue of technical expertise, this case study employed
external consultancy. The acquired skills were then disseminated through training sessions
to department heads, who subsequently trained employees through on-the-job training
activities. With regard to budget constraints, it is worth noting that in addition to the cost
of the MES software, modernising CNC machines requires a significant initial investment
for installation, as highlighted by Coronado et al. [20]. However, the investment quickly
paid for itself due to increased enterprise profitability. Within the first year of full system
operation, enterprise profitability increased by 7% compared to the average of the previous
three years. Furthermore, all objectives outlined in Section 4.1 were achieved successfully.
Regarding process control, the goal was achieved by the ability to numerically monitor
the process. It was recognised that the machines had low availability, indicating an inef-
ficient production process with extended periods of machine idleness. The efficiency of
the production process increased significantly by utilising organisational tools, such as
meetings and discussions between management and department managers, to analyse
indicators and optimise enterprise resource usage. The company has achieved its goal
of providing access to information within an MES from every workstation by installing
computers. These computers provide operators with all the necessary information to pro-
cess machine parts, including technical documents such as 3D and 2D drawings, set-up
diagrams, and quality checks. Furthermore, each workstation has the ability to view the
complete schedule of orders for the specific machine, including their relative priorities and
the corresponding part programmes required for uploading with the correct work cycle. If
necessary, the operator can make changes by uploading the modified part programme to
the MES or by highlighting any non-conformities through photos uploaded from smart-
phone devices. This architecture has also successfully achieved the goal of facilitating the
smooth transfer of skills between generations. This approach allows for the induction of
new resources with a short period of shadowing a senior resource, making the company
an attractive place to work for younger generations who aspire to excel in technologically
advanced environments.

The installation of screens in each department displaying KPIs calculated through
the MES and their trends, as illustrated in the department dashboard in Section 4.2.4, has
achieved an important and unexpected objective. This has generated healthy competition
between operators, prioritising the improvement of indicators and increasing the overall
efficiency of processes. The company’s commitment has improved, despite the lack of
incentives from management, by simply looking at the performance indicators. A pos-
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sible future development could be the introduction of incentive mechanisms based on
performance monitoring. These mechanisms would be based on the ability of departments
to meet established target goals, supported by meaningful and representative statistical
data. According to Zheng T. et al. [17], this unexpected result has proven that companies
transitioning to Industry 4.0 gain more advantages than initially expected. Furthermore,
the transfer of skills between generations and the increased engagement of the operators
marks the initiation of the Industry 5.0 transition, as defined in the EU document [14].
Table 8 presents the Industry 4.0 technologies used and their respective areas of application
at the end of the project:

Table 8. Industry 4.0 technologies used at the end of the project.

Technology Area of Application

Big data Data acquisition from shopfloor
Data analytics and business intelligence Data science

Cyber physical system Process management

Machine interconnection Data acquisitition system

HMI on each workstation Workers engagement

Cyber security Protection of company know-how

The enterprise achieved another important milestone by implementing a better cost
stratification, which was one of the primary objectives of the project. The data collection
structure enables a comprehensive breakdown of costs associated with the execution of a
single work order, resulting in more precise cost estimates during negotiations with clients
to produce new components. Ultimately, this reduces the need for cost revisions with
clients and provides substantial evidence in cases of budget overruns. This promotes trust
and transparency with customers, validating the partnership. However, as noted by Siedler
et al. [16], it is difficult to quantify this positive outcome economically.

In summary, the project lasted for four years, from the identification of the need for
an information system to the implementation of indicators to manage the process. A large
amount of time and resources were invested. During the first year, an initial version of
the MES was implemented, but it was considered too inflexible and inadequate for the
company’s needs and was subsequently abandoned. In the following year, a new software
provider was selected whose product specifications aligned better with the project goals.
The process of integrating each machine with the system began. By the third year, all
machines without a control system capable of transmitting machine states were connected.
The communication system for transmitting all data was also fully operational. In the
fourth and final year, the focus was on interpreting data to identify KPIs for monitoring
and governing the process.

The project has the potential to expand into the field of environmental sustainability
and address requests from large companies that must comply with the European Cor-
porate Sustainability Reporting Directive [35]. A potential future development of the
presented system could lead to the estimation of the carbon emissions resulting from the
production of each specific order. All emission-related data would be collected through an
MES architecture.

6. Conclusions

This paper outlines the implementation of MESs in SMEs and the development of KPIs
for monitoring enterprise processes. The project has significantly improved the company’s
ability to understand and manage its internal operations. A methodology was developed,
based on indicator research, to effectively use the large amount of data generated by
Industry 4.0 technologies. This has enabled the creation of smart data indicators, which
assist management in their pursuit of continuous process improvement.

The project faced several challenges, including selecting appropriate MES software,
which was later customised for the company with numerous modifications. Another
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challenge was connecting the production machines to the information system, which
involved updating outdated machines without status reporting capabilities by installing
additional sensors. These two issues resulted in increased costs compared to the budget.
Finally, the drafting of KPIs proved to be a complex task for managing and monitoring
processes. As a result, the KPIs used were modified and could not be applied as per the
literature. After a development period of four years, the system achieved full operational
capability. This achievement resulted in increased profitability and efficiency within the
enterprise. The economic efforts to implement the system have been repaid, and the
procedures have been streamlined. Production costs are now broken down in a timely
manner, and customer engagement with the system has improved, thereby enhancing
business relations. Additionally, employee participation achieved further objectives.

The initiative had a positive impact on social sustainability by promoting corporate
commitment through healthy competition among employees to improve performance
based on monitored indicators. This aspect could be measured with specific indicators in
the future. The company’s implementation of new technology has made it more attractive
to young workers by creating a dynamic working environment that facilitates growth,
training, and knowledge sharing through the MES system. This system collects and shares
information on specific procedures and transactions within the company. Its flexibility
allows for future growth and improvements by identifying new indicators and improving
record-keeping. For instance, the integration of consumption meters offers valuable data
to monitor the environmental impact of the production process through the MES system.
This aspect will be explored in future research to investigate the benefits of Industry 4.0 on
product sustainability. Other issues that deserve further improvement or research are the
selection and adaptation of the software, the reduction of the system’s application time,
as stated in a specific method by Mesa David et al. [36], and finally the adaptability and
scalability of the system.

The methodology’s foundational approach allows it to be applied in various industrial
settings, making it easier to adopt effective information systems, even within SMEs.
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MES Manufacturing Execution System
KPI Key Performance Indicators

SME Small-Medium Enterprise
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IT Information Technology

OEE Overall Equipment Effectiveness

HMI Human Machine Interface

SCADA  Supervisory Control and Data Acquisition
IoT Internet of Things

TOM Total Quality Management

ERP Enterprise Resource Planning

OFCT Order Fulfilment Cycle Time

CNC Computerised Numerical Control

BI Business Intelligence
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