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Abstract: The research presented in this paper aligns with the advancement of Industry 4.0 by
integrating intelligent machine tools and industrial robots within Flexible Manufacturing Systems
(FMS). Primarily, a development approach for Digital Twin (DT) is presented, beginning from the
design, sizing, and configuration stages of the system and extending through its implementation,
commissioning, operation, and simulation-based optimization. The digitization of current industrial
processes entails the development of applications based on modern technologies, utilizing state-of-
the-art tools and software. The general objective was to create a digital replica of a process to propose
optimization solutions through simulation and subsequently achieve virtual commissioning. The
practical nature of the research is reflected in the design and implementation of a Digital Twin for a
real physical system processing a family of cylindrical parts within an existing experimental FMS. A
digital model of the system was created by defining each individual device and piece of equipment
from the physical system, so the virtual model operates just like the real one. By implementing the
Digital Twin, both time-based and event-based simulations were performed. Through the execution of
multiple scenarios, it was possible to identify system errors and collisions, and propose optimization
solutions by implementing complex, collaborative-robot equipment where multiple interactions
occur simultaneously.

Keywords: flexible manufacturing systems; digital-twins; simulation; Industry 4.0

1. Introduction

Human creativity, correlated with the desire for a permanent increase in the standard of
living, constitutes the basis of societal development. Recognized as a new paradigm in the
field of manufacturing, the concept of Industry 4.0 presents an opportunity to re-engineer
and revitalize production through a new perspective focused on the digitization of current
production systems. In order to effectively respond to new market demands, companies
must rethink their entire production workflow by implementing digital technologies. This
digital transformation will improve organizational competitiveness [1], while strengthening
companies’ ability to make optimal decisions.

With the rapid technological evolution driven by Industry 4.0, industrial companies
need up-to-date strategies to respond to various challenges, including greater uncertainty
and variability in global markets, heightened competition, pressures for innovation, and
accelerated product launch times, leading to reduced delivery times. Additionally, customer
behavior is shifting toward a demand for mass customized products.

The transformation to Industry 4.0 is grounded in three core directions: industrial–
technological, economics in business models, and social [2].

The current stage of development is characterized by the transition from Industry
4.0 with new technologies already implemented in some companies, toward a sustainable
and resilient society based on the new paradigm of Society 5.0 [3–5]. A new concept,
“The Resilient Operator 5.0”, integrated into smart manufacturing systems represents
an alternative vision [6,7] for the development of Industry 5.0. Presently, we are seeing
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avant-garde studies and research focused on the development and implementation of
artificial intelligence, human–intelligent machine collaboration, and the integration of
biotechnologies, as well as quantum computers and quantum technologies—a stage some
authors refer to as Industry 6.0 [8].

The implementation of flexibility and automation concepts, together with the rapid
progress of information technology, has created the essential prerequisites for achieving the
transition to the digitalization of production systems within the Industry 4.0 framework.
The development of manufacturing systems capable of managing flexibility requirements
in achieving a wide typological diversity of products, based on customer demand, is now a
key competitive factor for companies across industrial sectors. Enhanced production system
flexibility boosts manufacturing performance, leading to increased competitiveness. In the
research study conducted by Brettel [9], relationships between flexibility and performance
are analyzed, and a systematic, logical diagram of empirical reviews is developed to connect
the model to advancements in Industry 4.0 technologies [10].

Production systems have undergone dynamic evolution, requiring increasing flexibil-
ity, the trend being towards complete automation and the development of flexible robotic
systems [11,12]. Flexible production can be viewed from a strategic perspective as essen-
tial for the development of advanced production systems capable of offering customers
high-quality, varied, and customized products. This justifies the need for greater process
flexibility and versatile resources, to respond to the variability and uncertainties inherent
in the operation of production systems [13]. The flexible production system has proven to
be the foundation of Industry 4.0, capable of managing changes both in technology and
in the adoption of new management methods. It has the agility to reconfigure operating
instructions in order to introduce new products into manufacturing or modify existing
ones within a specified time period at the request of customers. Practice has shown that
the flexible automated manufacturing system [14] is a pivotal element in the ongoing
industrial evolution.

Increasing the competitive advantage and performance of companies, especially in
the industrial sector, requires continuous innovation and the adaptation of production
systems and business processes to accommodate new customized products and services.
By developing intelligent platforms that integrate all operations in the value-creating chain
and interconnected systems, people, machines, and products, the industry enters a new
stage of development characterized by “intelligent and autonomous production” [15].

The experience and development of large industrial companies [16–18] demonstrate
the feasibility of gradually implementing advanced production systems characterized by
flexibility and automation, to which new technologies in the field of digitization, connectiv-
ity, and artificial intelligence can be added today. Iterative and agile product development
processes enable complex processes to be managed within flexible, intelligent systems
under conditions of uncertainty. These conditions are generated by the variability in prod-
uct demand in the market and the focus on diverse, mass-customized products, as well
as variations in the internal production environment: rapid changes in manufacturing,
the simultaneous production of several types of random items from the same family, and
functional blockages that occur in the operation of dynamic systems like Flexible Man-
ufacturing Systems (FMS). Along the way, companies have identified that optimization
begins by simplifying existing processes, then continuing with the integration of modern
technologies and the adoption of flexible automation [12] solutions to effectively respond
to changing market demands.

An element of novelty in the development of smart manufacturing in recent years
has been the introduction of the notion of the “Digital Twin” [19,20] as a software solution
for the virtual creation and simulation of a real physical system, in order to analyze the
performance and optimize the functioning of complex dynamic systems. The Digital Twin
(DT), along with the technologies of Industry 4.0 (the Internet of Things, Big Data Analytics,
and Cloud Computing), enables advanced analysis in the field of system optimization
through the integration of monitoring and control functions. DT is an exceptionally useful
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tool in industrial practice, particularly in real-time monitoring and total predictive mainte-
nance, with new data being constantly updated and facilitating accurate and immediate
interventions in the system.

Current concepts, such as “Digital Twins” [21,22] and “virtual commissioning” [23],
studied in specialized literature, are still in the early stages, as there is no general method
for their design and implementation. Currently, there are studies and research focused on
designing models and architectures of Digital Twins, as highlighted by authors [24–26].
Efforts are being made to standardize these approaches; however, practical application
poses several challenges. Additionally, well-documented studies, such as [27–29], suggest
that the use of a Digital Twin results in significant differences based on the fields of
applicability, as noted by [30–33]. As a result, it is timely to initiate future research activities
to establish relevant industrial applications and to investigate and demonstrate the wide
range of applications and benefits of these new technologies.

The present scientific research contributes to the development of intelligent manufac-
turing systems by implementing and applying new knowledge, methodologies regarding
the design and use of relatively new concepts such as “Digital Twins (DT)” and virtual
commissioning and the optimization of DT simulation, based on the current state of the
reviewed literature.

Even though classic simulation tools are still used in the design of production systems,
working with static data, they do not capture the system in its dynamic evolution. Events
asynchronous in time that cause interruptions in the production flow or delayed reactions
from operators can only be captured by simulation in a real-time environment. To help over-
come these limitations that the production field still faces and to reduce this gap, the paper
aims to study and configure a digital model of the Digital Twin type in the manufacturing
industry, with the goal of creating a dynamic and autonomous manufacturing system.

The use of advanced technologies like Digital Twins throughout the design, manu-
facturing, and maintenance phases, by developing technical solutions for collaboration
between humans and smart machines, creating human–machine interface systems, and
enabling remote maintenance, brings significant transformations in managing dynamic
processes in real time. Expected results can only be achieved by using established, state-of-
the-art simulation software.

These new approaches could become elements of resilience and flexibility for the phys-
ical production environment; “agility could be the key to the resilience of the manufacturing
industry” [34], digital technologies being the main pillars. A manufacturer can virtually
redesign a product, process or production system and even simulate its performance in
the real world. DT creates a virtual representation of both the physical elements and the
dynamics of how an IoT, Internet of Things, connected product functions and interacts in
its environment throughout its entire life cycle.

Structured in four sections, the scientific article begins by presenting the current context
of the development of advanced production systems and an analysis of the specialized
literature on the Industry 4.0 and Digital Twins approach, highlighting the opportunity
for application and their benefits (Section 1). The proposed research methodology and
framework are presented in Section 2. The applied research (Section 3) aims to design and
implement the “Digital Twin” of a Flexible Manufacturing System, conducted through
physical experimentation, and to find optimization solutions within a company, through
its virtual commissioning and dynamic simulation. In Section 4, conclusions and future
research directions are discussed.

2. Materials and Methods

The main objective of the research consists in approaching a flexible manufacturing
system from the perspective of implementing Industry 4.0 (I4.0) technologies and moving to
Industry 5.0 (I5.0) by designing a Digital Twin and offering optimization solutions through
simulation. Subsequently, the behavior of the real physical system was tested, by creating a
virtual commissioning model (predictive maintenance).
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In terms of simulation, the main contribution is represented by the correspondence be-
tween the real and the digital universe. The fact that physical objects can be transposed into
computer objects through digitization is currently the most powerful concept for simulation,
which allows new processes to be tested and studied before they are implemented.

The applied case study focused on the development of a company in the manufactur-
ing industry, and a project to digitize a production system aligned with the management’s
requirements. Many companies that have taken the first step toward digitalizing their pro-
duction systems see sustainable development as an opportunity by adding new dimensions
of digitalization and connectivity. The goal is to streamline processes and increase competi-
tive advantage, especially given the shortening of product life cycles and the demand for
mass customization according to customer requirements.

2.1. Industry 4.0 Approaches

Initially perceived as an “industrial paradigm”, the concept of Industry 4.0 (I4.0)
first introduced in Germany in 2011 has revolutionized industries worldwide. It has
since expanded globally under various names tailored to each country’s specific context:
France—“Industrie du Futur”, UK—“Catapult”, USA—“Smart Manufacturing”,
China—“Made in Chaina 2025”, and Japan—“Industrial Value-Chain Initiative”.

Currently, through advanced technologies, Industry 4.0 actively contributes to soci-
etal transformation by digitizing and connecting systems and incorporating elements of
artificial intelligence. The technological advancements in Industry 4.0 are built upon key
pillars: Cyber-Physical Systems (CPS), Big Data Analytics, the Internet of Things, Cloud
Computing, Human–Machine Interaction (HMI), Robotics, and Artificial Intelligence.

A synthetic analysis of the transition from Industry 4.0 to Industry 5.0 within the
current specialized literature—covering concepts, technologies, models, and areas of
applicability—has led to the identification of several reference papers (Table 1).

Table 1. Summary of reviewed papers: transition from I4.0 to I 5.0 and Society 5.0.

Research Areas Literature Review

Industry 4.0 initiative
Industry 4.0 concept

Quin, J. et al. (2016) [1]; Ulrich, S. (2013) [35]; Bauernhansel, T. (2014) [36];
Berger, R. (2014) [37];

Burmeister, C. et al. (2016) [38].

Basic conceptual models in Industry 4.0
Dombrovski (2017) [39]; Sony (2018) [40]; Schumacher, A. (2019) [41];
Santos, R.C. et al. (2020) [42]; Amaral, A. (2021) [43]; Zoubek, M. et al.

(2021) [44].

Industry 4.0 technologies
Ryalat, M. et al. (2023) [45]; Gupta, B.B. et al. (2021) [46]; Culot, G. et al.

(2020) [47]; Pei, E. et al. (2020) [48];
Frank, A. G. et al. (2019) [49].

Industry 4.0 implementation in companies and SMEs
Vrchota, J. et al. (2019) [50]; Gajdzik, B. et al. (2021) [51]; Moeuf, A. et al.
(2020) [52]; Lodgaard, E. et al. (2022) [53]; Grufman, N. et al. (2020) [54];

Vinodh, S. et al. (2020) [55]; Schönfuß, B. et al. (2021) [56].

Industry 4.0 sustainability
Ghobakhloo, M. (2020) [3]; De Sousa Jabbour, A.B.L et al. (2018) [57];

Fritzsche, K. et al. (2018) [58]; Leong, W.D. et al. (2020) [59];
Sharma, M. et al. (2023) [60].

Industry 5.0
Society 5.0

Mourtzis, D. et al. (2024) [4]; Pereira, A.G. et al. (2020) [5]; Romero, D., &
Stahre, J. (2021) [6]; Lu, Y., et al. (2022) [7]; Adel, A. (2022) [61];

Aslam, F. et al. (2020) [62]; Polonara, M. et al. (2024) [63];
Borboni, A. et al. (2023) [64]; Li, C. et al. (2023) [65];

Prassida, G.F. et al. (2022) [66]; Kopp, T. et al. (2021) [67];
Vanderborght, B. (2020) [68].

If until now Industry 4.0 has provided tools for technological development, we are
currently witnessing a transformation toward Industry 5.0, which emphasizes human and
social development within Society 5.0 [61,62].
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In this context, there is a need to develop new models of intelligent production,
motivating and empowering people to work alongside intelligent machines in Industry
4.0. The innovative technologies of Industry 4.0 are driving an increasing number of
industrial companies to transform into smart factories by reconfiguring and optimizing
flexible manufacturing systems.

2.2. Digital Twin Concept

The concept of the Digital Twin (DT), closely associated with the development of
Industry 4.0 and various fields of application, appears in the reviewed literature with
multiple definitions and approaches [69,70]. A recent scientific study [71] highlights the de-
velopment trends of this key technology for the industry in the coming years, emphasizing
the digital transformation from “Industry 4.0—Smart Factory” to “Industry 5.0—Human
Robot Interface” and eventually to “Industry 6.0—Cognitive Manufacturing”. In accor-
dance with the latest ideas on industrial development [28], Digital Twins (DTs) endowed
with elements of Artificial Intelligence (AI) and utilizing machine learning algorithms are
the foundation for the development of autonomous factories that can continuously and
dynamically self-adapt.

The authors of the research presented in [72] believe that an essential characteristic
of a “Digital Twin” is the “connection between digital and physical systems”, with the
ability to provide real-time information about the physical system. The key technologies
underlying the configuration and modeling of a DT were also highlighted in [73], including
modeling based on physical systems, data-based modeling, big data cybernetics, platform
infrastructure, and human–machine interface (HMI). Table 2 presents some representative
research tracing the concept of Digital Twins from its emergence to the present, covering its
evolution, characteristics, implementation of digital models, and applicability.

Table 2. Summary of reviewed papers: “Digital Twins”.

Research Areas Literature Review

“Digital Twin” concept Bilberg, A., & Malik, A. A. (2019) [74]; Kritzinger, W. et al. (2018)
[75]; Wagg, D. et al. (2020) [76].

Methodologies, conceptual models, DT configurations

Psarommatis, F. et al. (2022) [22]; Kusiak, A. (2022) [23]; Heindl,
W. et al. (2022) [24]; Perno, M. et al. (2022) [25]; Riedelsheimer, T.

et al. (2021) [26]; Gupta, B.B. et al. (2021) [46]; Culot, G. et al.
(2020) [47]; Segovia, M. et al. (2022) [62].

Research on the applicability of the DT

Semeraro, C. et al. (2023) [18]; Wang, K. J. et al. (2021) [19];
Yangguang L. et al. (2021) [20]; Kusiak, A. (2022) [21]; Singh, M.

et al. (2020) [29]; Psarommatis, F. et al. (2022) [77]; Huang, H.
et al. (2021) [78]; Piromalis, D. et al. (2022) [79];

Leng, J. et al. (2021) [80].

Research on the different effects of the DT in various fields of
activity

Fett, M. et al. (2023) [28]; Singh, M. et al. (2022) [29]; Kousi, N.
et al. (2021) [30]; Zohdi, T.I. (2021) [31]; Zandi, K. et al. (2019)

[32]; Li, W. et al. (2020) [33]; Attaran, M. et al. (2023) [81]; Wang,
K. et al. (2022) [82]; Agnusdei, G.P. et al. (2021) [27];

Fera, M. et al. (2020) [83]; Malik, A. A et al. (2020) [84].

DT integration in Flexible Manufacturing Systems and
collaborative robots

Pereira, J.A.P. and Campilho, R.D.S.G. et al. (2022) [11]; Sousa,
V.F.C. et al. (2022) [12]; Adel, A. et al. (2022) [61]; Polonara, M.

et al. (2024) [63]; Makris, S. (2020) [85]; Koesters, A. et al. (2024)
[86]; Resman, M. et al. (2021) [87]; Kaiser, J. et al. (2023) [88].

In practice, there are several software solutions for implementing Digital Twin models,
with Siemens offering the most services for building a “Digital Twin” (Process Simulate
module—Tecnomatix, Siemens PLM [89]) and including a Human–Machine Interface
(Process Simulate Human). Considering the various existing approaches to the “Digital
Twin” concept and the lack of a standard methodology for constructing Digital Twins, it is



Machines 2024, 12, 785 6 of 20

timely to initiate research in this direction, particularly focusing on applicability in Flexible
Manufacturing Systems.

Digital Twin models applied to advanced production systems and cyber-physical
systems can mirror their state and allow simulation in a specific environment, enabling
real-time monitoring and control of processes. These models form the very basis for the
development of total predictive maintenance by creating models for virtual commission-
ing [90].

By collecting relevant data from the analyzed system through simulation and predic-
tions based on virtual models, a Digital Twin can act in all phases of the product life cycle,
from design to manufacturing, testing, operation, exploitation, and maintenance (Figure 1).
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A Digital Twin can represent the real state of a manufacturing system as a 3D simu-
lation model with real-time updates, requiring a suitable simulation model, such as the
generic simulation model of the developed Flexible Manufacturing System.

3. Results of Digital Twin Design and Dynamic System Simulation

The DT simulation research method for the flexible manufacturing system involves
replacing the real, dynamic, and complex system with its model or a simulator. This
approach involves using simulation languages and/or software to perform experiments
and obtain information on the evolution of the system’s behavior over real time.

3.1. Process Description: Case Study

The sequential process carried out by the physical manufacturing system implements
an automated flow of operations for cylindrical parts (discs, flanges, rings, and circular
shafts of machine tool components). Figure 2 shows parts supply, transport, transfer,
drilling, turning, inspection, grinding, the storage of good parts, and the transfer of scrap
parts to rework stations [14]. The requirements for improving the cycle time and increas-
ing the productivity in the processing of parts from this benchmark family were taken
into account.
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Figure 2. Examples of machined landmark types.

The phases of the processing process within the experimental FMS, physically existing
in the laboratory, previously designed by the author [14], consist of the following:

• The automatic supply of cylindrical semi-finished products from a warehouse;
• Transporting the parts on the conveyor to the drilling station;
• The transfer of the piece to the machining station through drilling;
• The drilling processing of the semi-finished product, with the possibility of setting the

drilling depth and advance speed on the computer;
• Transporting the drilled piece to the next station, for processing by turning;
• The turning of cylindrical semi-finished products;
• Processing by rectification and final control;
• The transportation of processed parts, with a conveyor, to the product warehouse;
• The final control and selection of good parts for delivery and their storage in the

warehouse of finished products;
• The identification and evacuation of scrap parts, which do not fall within the allowed

tolerances, using the SCADA (Supervisory Control and Data Acquisition) software
application, CX–Supervisor (Release 3.1 by OMRON 2010);

• Controlling the process through a programmable logic controller (PLC) and process
monitoring and control software;

• The actuation of equipment and devices in the system by using nine pneumatic
actuation cylinders, the existence of a regulator filter and electrovalves, a stepper motor
and related driver, three presence sensors (optical or inductive), and laser sensors.

The 3D model of the real system is shown in Figure 3. The original (Supervisory Con-
trol and Data Acquisition (SCADA) software application, previously developed by the au-
thor for the same system, was designed for production tracking by real-time monitoring and
controlling of asynchronous events that may occur in the flexible manufacturing process.
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Creating a digital representation of the factory involves digitizing flexible lines, work-
stations, machine tools, devices, and individual equipment, resulting in a virtual model
with similar functionality to the real system. Virtual commissioning, implemented with
Process Simulate—version V15.1.2. by Siemens [89,90], is useful for reducing costs, product
launch time, and other resources involved in the actual commissioning of certain processes
or even the entire plant.

3.2. Digital Twin Design for an FMS: Case Study

The research conducted toward the integration of Flexible Manufacturing Systems
into Industry 4.0 had the general objective of creating a digital copy of a process, aimed at
proposing optimization solutions and subsequently implementing it in virtual operation.
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A first step was to design a “Digital Twin” for an existing manufacturing system, taking
into account process improvement requirements. The potential for applying the concept
of virtual commissioning in the system studied, within a manufacturing company, was
also analyzed.

Digital Twin Configuration Methodology for a Flexible Manufacturing System

The Digital Twin design methodology for the studied system follows the stages
outlined in Figure 4.
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• Step 1—Importing the 3D model of the system. The CAD (3D) model of the automated
system was taken in STEP format and imported into Process Simulate using the “Con-
vert and Insert CAD Files” function.
In this way, the original model was converted to JT format, the native format recog-
nized by Process Simulate.

• Step 2—Defining devices and equipment based on the existing physical system model.
After the conversion of the 3D model was completed, the stage followed where each
piece of equipment was isolated into an individual device. In Process Simulate,
new resources can be created to represent each piece of equipment as realistically
as possible.

• Step 3—Kinematic realization for the defined equipment. Each piece of equipment
defined in Process Simulate can have one or more kinematic torques defined. They
make the connections between the moving elements, such as pneumatic cylinders for
actuating the equipment and the devices integrated into the experimental physical
system. Thus, the device can move in such a way as to reproduce the movements
of real devices. The fixed and moving parts of the device were defined, as well as
the types of motion: rotation, translation, or combined motion (Kinematics Editor
Command). The parameters considered in the definition of these kinematic couples are
the type of movement, the axis or vector of movement, the minimum and maximum
limits of the movement, the velocity, and the acceleration (Joint Type Command).
Except for the movement type, all mentioned parameters can be changed at any time.
Predefined positions of the device (Pose Editor command) where the kinematic torque
has a certain value have been set. Here, the name and value of the kinematic couple
can be assigned for the respective position. Defining these elements is very important,
as they will be used in all aspects of the project. For example, in Figure 6, the values
set for a pneumatic actuation cylinder (pneumatic cylinder 7) from the experimental
FMS system are presented in detail. Similarly, the positions for each kinematic couple
of the system were defined.
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• Step 4—Defining the sensors. In Process Simulate, sensors are resources capable of
detecting the presence of an object or a specific property of that object. The most com-
monly used types are proximity sensors and photoelectric sensors. Property sensors
are used to detect certain characteristics assigned to the object, such as weight, color,
type, barcode, etc. A real-life analogy would be RFID (Radio Frequency Identification)
systems, where a special tag can be written or read by a device.

• Step 5—Conveyor belt definition. To create a conveyor belt in Process Simulate, the
3D resource was selected, and the “Define Conveyer” command was used. The con-
veyor belts of the system were defined, specifically a curve that dictates the direction
and orientation of the transport, with the latter characteristic being reversible. The
conveyor belt’s characteristics were set as follows: tolerance refers to the precision
required for placing objects on its surface, and feed speed is represented in units of
[mm/s] and can be adjusted at any time depending on the process.
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3.3. DT Simulation Results

Time-based simulation aims to perform a predefined sequence of operations to present
the ideal process or solution. The operations used are simple and predefined, and their goal
is to move the device from one position to another or to move parts along a predetermined
trajectory. To carry out this simulation, commands such as “New Device Operation” or
“New Object-Flow Operation” were used.

Sequences regarding the setting of the movement parameters and the trajectory are
presented in Figure 7. “Device-type” operations allow the movement of a piece of equip-
ment from one position (pose) to another within a predefined time, set in Figure 7a. The
name is arbitrary, and the parameters of the operation can be changed at any time. “Object-
Flow” operations are created in a similar way, the difference being that in this case, the
operation is actually a path that the selected object will follow. The start and end points
of the trajectories can be defined, or a predefined trajectory can be selected, as shown in
Figure 7b.
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In the end, a Digital Twin for the analyzed system was created, as a complex sequence
of operations that will identically reproduce the real process (Figure 8).
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Knowing and managing the parameters of each device is necessary to carry out the
virtual commissioning phase of the project—experimental FMS.

The time-based simulation led to a number of significant results:

• Everyone involved in the project can have a visual representation of the production
line. This results in a better understanding of the process.

• The simulation allowed for the identification of collisions in the system between the
devices or equipment that compose it and the possibility of correcting them.

• Several process variants were simulated to choose the optimal solution.

These simulation variants took into account the identification of blockages, functional
errors, the recording of production times in different process sequences, the load levels
of the workstations, and even the interactions between man and machine or device. The
simulation analysis allowed the visualization of statistical data for each workstation and
equipment. The appearance of blockages (narrow places, waiting lines) was observed at
the unloading workstation, at the exit from the system (Figure 9), the blockage time being
very high (81.53%).
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In order to eliminate the asynchronies in the system, respectively the blockages,
measures were taken to optimize the operation, for example, arranging a workstation in
parallel and integrating a robot on the exit area. Thus, the working times of the system
improved (to 95.03%) and it was possible to eliminate the malfunctions that appeared in
the system (Figure 10).
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Through the created model, the dynamic flows of the process were evaluated, includ-
ing the manufacturing technological operations, but also the industrial logistics activities—
the handling and transport/transfer of semi-finished products.

The grapho-analytical model (Figure 11) developed for the system analyzed by simula-
tion and a digital twin contains a number of optimization parameters and criteria, objective
functions, and performance indicators and offers the optimal synthesis in the environment
and in real time.
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Figure 11. Graphical model of manufacturing system parameters.

In order to carry out the modeling and simulation used in the design and performance
analysis of a manufacturing system, the developed manufacturing model [91] was used,
which contains the input data, variables and output data, conditions, and restrictions
imposed. The system is characterized by inputs–outputs and information links. Func-
tional or organizational blockages, blockage times—tbi, auxiliary times—taux(ki), adaptation
times—tad(ki), the number of causes of blockages—nbi, the frequency of occurrence of
blockages—fbi, the blocking probability—pi, and the size of the asynchronies—∆tik, have
a major influence on the evolution of the system. According to the diagram in Figure 11,
the three flows interact in the manufacturing system, material flow—MF, informational
flow—IF, and energetic flow—EF, in order to create the finished product, under imposed
economic conditions, the human resource—HR for servicing, control, and manufacturing.

3.4. Optimization Solutions
3.4.1. Correcting the Collisions Identified in the System

Following the previously performed time-based simulation analysis, the mechanical
interactions between the equipment could be better observed. With the Digital Twin of
the system, the ways to avoid and eliminate the identified collisions were analyzed. The
DT simulation allowed the identification of the collision between the pneumatic actuation
cylinder 4 and a device in the automated system (Figure 12). Procedurally, the correct
solution was to reconfigure the 3D model and run the simulation again. Through the
data provided by the Digital Twin in real time, constant monitoring was done during the
simulation to check if the equipment was in proximity or in collision. When the equipment
are at a very small distance from each other, they will be colored yellow (Figure 13), and
when the distance reaches (0.00 mm), the equipment will be colored red (Figure 12).
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Figure 13. Optimization solution: correcting system collisions.

As an optimization solution for correcting operational errors, (Figure 12), it was
possible to limit the stroke of the pneumatic cylinder and redesign the shape of the part at
the end of the cylinder rod. At the same time, a validation of the equipment in terms of
dimensions was carried out by performing the exact calculation of the minimum distance
between the objects of the system.

3.4.2. Configuring the Virtual Commissioning Environment

Process Simulate offers several possibilities for connecting the system to an external
control environment for the purpose of virtual commissioning (Virtual Commissioning) [73]:
OPC DA/UA (data access/unified access); Siemens PLCSIM Classic; Siemens PLCSIM
Advanced; Siemens SIMIT; Siemens Simulation Unit; and WinMod. The path to the OPC
Server, the location of the signals on the server, and the type of mapping of the signals
between Process Simulate and the PLC will be chosen (the mapping/association can be
done according to its name and address). The images in Figure 14 show the sequences from
the configuration application for the analyzed case study, the FMS—experimental system
designed and built in the research laboratory.
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A newly developed research direction has taken shape through the possibilities of
adding new elements to an existing process, as well as other existing functionalities in
Process Simulate that could become of interest in the future for the digitization of processes
within certain companies in the industrial environment.

3.4.3. Integration of Collaborative Robotics

The proposed simulation optimization solutions describe the possibility of adding
new elements to the existing process, as well as other existing functionalities in Process
Simulate that may become of interest in the future. Several work scenarios were analyzed
to determine if the process can be modified, extended, or optimized [74].

The solution to optimize the existing process by introducing the collaborative robot
is presented in Figure 15. The interactions between the equipment and the possibility of
inserting the robot at the entrance or exit of the FMS were tested. Several scenarios were
tested by simulation.
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Through discrete-event simulation, the state of the simulation resources was checked
at predetermined intervals (between 10 and 100 ms) (Figure 13). The simulation then runs
based on a predetermined sequence of operations, and the triggering events, signal, and
state changes necessary to move from one operation to another were identified. Essentially,
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every 10 ms, the status of each device, each sensor, the position of objects on conveyor belts,
the position of robots, etc., is checked, and all of this information is updated both visually
and logically.

An important result of the research is the realization of the DT model, which enabled
the development of a digital copy that mirrors reality, where we send commands to actuate
the devices and receive constant, real-time information about their state. This is the major
difference between regular simulation and DT simulation.

The designed digital model allowed for the testing of the interactions between the
equipment and the possibility of introducing the robot at the entrance or exit of the FMS.
Integrating the robot at the parts evacuation station at the exit was chosen based on previous
simulation variants, which identified bottlenecks and long waiting times (Figure 10).

3.4.4. Human–Machine Interface (HMI)

The DT model, configured through the HMI solution, serves as a foundation for
human–machine resource allocation and human operator assistance. Through the “Human”
module in the Process Simulate application (Figure 16), several scenarios could be tested,
resulting in optimization solutions for the process analyzed in FMS [91]:
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• Cycle time validation for human operations;
• The testing of safety equipment: light barriers, laser scanners, emergency buttons, etc.;
• Carrying out studies on ergonomics, accessibility to equipment, and tools.

The main measurable indicators in the process relate to downtime during unplanned
equipment shutdowns within the system and the frequency of their occurrence. Addi-
tionally, the created digital model, together with HMI development, enables real-time
monitoring of process parameters, such as failure rates, operational errors, and human
errors. Minimizing these factors positively impacts product quality and the safety of
human operators.

The operator views the data in real time by connecting to the workstation in the indus-
trial process through a user interface screen. This allows real-time monitoring of process
parameters, such as equipment speed and the pressure variation in the pneumatic actuation
cylinders, to ensure the correct system operation. The output data can be displayed in
the form of reports diagrams, which are useful for operators in the supervision of, and
intervention in, the process.

At the same time, the application of HMI technology identifies the training and
development needs of operators. The HMI integration solution, as an advanced technology
in Industry 4.0 that creates physical and cognitive connections between humans, machines,
and intelligent devices, constitutes a future research direction.
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3.4.5. Implementation of Automated Guided Vehicle Systems (AGVS)

Transport systems using AGVs serve manufacturing lines where a system based on
conveyor belts or conveyors is not an optimal solution. Thus, it was possible to expand the
functionality of the process by introducing several workstations and allowing the transport
of parts between the stations to be carried out through a system of AGVs.

Figure 17 shows the sequence of the virtual model of the flexible manufacturing
system—experimental FMS.
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In this scenario, a series of AGVs supplying the facilities with parts and another series
where the completed parts are stored were considered. Robots installed in the vicinity of
the facility will be able to transfer parts between the work table and the AGV. Through the
digital representation of the real process, it was possible to detect problems in operation
and create scenarios through simulation to find the implementation solution, all in real
time, thereby reducing the physical time of commissioning.

In this research, all of the resources and technologies needed to implement a new
contemporary concept in Industry 4.0, virtual commissioning, have been detailed, resulting
in an extended model that can be applied in a real factory and allows the detection of any
anomalies in operation before connecting to any real equipment.

4. Conclusions

By integrating into the current flexible production systems, the components and tech-
nologies of Industry 4.0, collaborative robots, intelligent machines, additive manufacturing,
Digital Twins, and simulation, a new qualitative leap can be made towards the mass cus-
tomization of products at the request of customers. The direction of applied research on the
integration of flexible production systems in Industry 4.0 is part of the current concerns at
the international level and is associated with upward development in multinational compa-
nies in the country and has allowed the achievement of important results of an applicative
nature. Through the analysis of the Digital Twin (DT) concept, a leading simulation concept
for Industry 4.0, its applications in the industrial environment could be identified. This
resulted in the possibility of applying DT starting from the design, dimensioning, and con-
figuration stages of the system, all the way through to its implementation, commissioning,
and operation. Production processes and operational efficiency have been optimized, and
new opportunities have emerged for integration into the evolving paradigm of Industry
5.0. A novel element of this research is the realization of the Digital Twin of the analyzed
Flexible Manufacturing System, using the Process Simulate software package from Tecno-
matix/Siemens, version 15.1.2 [89], in a manufacturing company. An important step has
been taken in human resources by training operators to acquire new skills in working with
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collaborative robots and human–machine interaction (HMI Concept), thus preparing the
company for the transition to Industry 5.0.

Research in the field of implementing a “Digital Twin” in the manufacturing process
began by digitizing the experimental system, obtaining results regarding the following:

• Proposing solutions to optimize the process through digitization using Industry 4.0-
specific technologies with implications for production and management;

• The implementation of collaborative robots, simulation studies on interactions with
the human operator (HMI—human–machine interface), and ergonomic studies;

• The implementation of the AGVS (automated guided vehicle system) concept.

The applied scientific research was carried out through concrete activities, with the
final result being the software design of the digital copy: defining devices and equipment
based on the experimental physical model and the kinematic realization; defining the
sensors; performing time-based simulation; identifying mechanical interactions between
equipment and highlighting potential collisions; the optimization solution for avoiding
collisions by analyzing several scenarios; realizing the simulation based on discrete events,
in which the event sequences validate both the equipment from a constructive point of view
and the operation logic of the process; and utilizing the optimization solution by imple-
menting complex, robot-type equipment, where many interactions occur simultaneously.

Expanding the research by disseminating the results and applying the studied con-
cepts and designed models within a manufacturing company, through a scientific research
contract, was an immediate priority. A future research direction resulting from the cur-
rent study is the virtual commissioning of the existing physical experimental system by
implementing the new virtual commissioning concept. The result will be an extended
model that can be applied in a real factory, allowing for the detection of any anomalies in
operation before connecting to any real equipment, as well as the reduction of physical
commissioning time, with favorable implications in production management. Further de-
velopments were proposed for the short term, through other studies and implementations
in several companies based on specific case studies. This research contributes to a technical
advance and evolution in the way production systems interact with their economic and
social environment, promoting interconnectivity and adaptability in a more applied way.
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