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Abstract: The field of Flexible Manufacturing Systems (FMS) has seen in recent years a dynamic
development trend and can now be considered an integral part of intelligent manufacturing systems
and a basis for digital manufacturing. Developing the factory of the future in an increasingly
competitive industrial environment involves the study and analysis of some FMS key elements
and managerial, technical, and innovative efforts. Using a new approach, thus paper presents a
material flow design methodology for flexible manufacturing systems in order to establish the optimal
architecture of the analyzed system. The research offers a solution for modeling and optimizing
material flows in advanced manufacturing systems. By using a dedicated analysis and simulation
software, the structure of the system can be established and specific technical and economic parameters
can be determined for each processing and transport capacity. Different processing scenarios will
be evaluated through virtual modeling and simulations in order to increase the performance and
efficiency of the system. Thus, an interactive tool useful in the design and management of flexible
manufacturing lines will be developed for companies operating in the industrial sector. The application
of this paper is mainly in the field of development of intelligent manufacturing systems, where the
control system will make and use simulations in order to analyze current parameters and to predict
the future.
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1. Introduction

The integration of intelligent machine tools and industrial robots in flexible production systems
and the development and use of new software for simulating, monitoring, and controlling production
processes require profound transformations in the industry. Given the complexity of these systems,
aiming at increasing production capacity in the context of diversifying production, shortening the
life cycle of products, and increasing competitiveness, the strategic decision to implement a Flexible
Manufacturing System (FMS) in an intelligent manufacturing system is currently an important goal.

The development of the IT sector has led in recent years to the development of integrated
production systems and advanced production technologies, where a special place is given to the flexible
manufacturing system. Increasing the competitive edge, the performance of companies, especially in
the industrial sector, requires innovations and continuous adaptations of production systems and
business processes for products and services [1,2].

In order to respond effectively to new market requirements, companies need to rethink their
entire production process by implementing digital technologies [3,4]. The digital transformation will
improve the competitiveness of industrial organizations while strengthening their ability to make
optimal decisions. Kaltum et al. (2016) considered that “digital transformation is a profound change
and accelerates business activities, processes, competencies, and models to fully exploit the changes
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and opportunities in digital technology and its impact on society in a strategic and prioritized way” [5].
Through a new approach [6], based on a review of current literature, Bican et al. (2020) proposed and
developed a conceptual framework for integration in the digital transformation process of several
“digital” terms not connected until now (digital readiness, digital technology, digital business models,
and digital entrepreneurship). The aim was to provide companies with a uniform framework of
sustainable development and digital transformation [7].

Human creativity, correlated with the desire to permanently raise the standard of living, is the basis
for the development of a society. Seen as a new paradigm in the field of manufacturing, the concept of
Industry 4.0 creates an opportunity to revamp and relaunch production by means of a new vision of a
company and the digitization of current production systems.

The new Industry 4.0 concept consists of developing digital manufacturing in the enterprise
by creating smart grids across the entire value chain, which can independently control each other,
networks formed by interconnecting intelligent machines, and advanced manufacturing systems
and products. Tools and embedded components are Industry 4.0 concepts: Cyber-Physical Systems
(CPS), Internet of Things (IoT), cloud computing, robotics, systems based on artificial intelligence,
and cognitive computation [8–10]. Studies and research developed in recent years [11] bring important
scientific contributions in the field of mechatronics and robotics, presenting advanced methods of
design, simulation modeling, and control in complex robotics systems.

In a recent and complex study, the authors Culot, G. et al. (2020) [12] identified and analyzed nearly
100 Industry 4.0 definitions and related concepts. The consistency of the study is given by the review of
several academic publications and the consultation of some governmental organizations and of some
companies specialized in the field. The stated goal was to provide several researchers approaching
Industry 4.0 with a common basic framework for future research on tackling the phenomenon in its
many facets.

The authors Arnold and Kiel (2016) considered that “the new paradigm of digitization and
connected manufacturing called Industry 4.0 brings profound transformations on factories, through
intelligent and autonomous production” [13]. The applicability of Industry 4.0 in the field of
manufacturing aims at industrial development, simultaneously with increasing competitiveness
of companies, as highlighted in the paper [14,15]. This paper focuses on the development of the
fundamental concept of Industry 4.0 and presents a current stage of development of manufacturing
systems, identifying the research gaps that exist in the operation of FMSs. It also presents a framework
model with several layers of implementation of Industry 4.0 and the requirements of this system.

Recent research [16–18] analyzes the perception of different companies on the opportunities and
challenges of implementing Industry 4.0, depending on their specificities. The authors of the paper [19]
emphasized the need to develop advanced technologies, reconfigurable machine tools (RMT), with a
high degree of flexibility integrated in manufacturing systems and to develop models of numerical
simulations on production lines.

A basic component of Industry 4.0 is the flexible manufacturing system (FMS), an advanced
production system that interconnects machines, workstations, and logistics equipment, the entire
manufacturing process being coordinated with the computer. This manufacturing system is intended
for manufacturing tasks of large typological diversity, for high complexity, for ensuring time delivery,
and for minimal manufacturing costs, while production is unpredictable, being organized in small
batches, with frequent changes.

The experience of large industrial companies has shown that they have gradually reached advanced
manufacturing systems, going through a series of steps: simplification, integration, and automation.
Two important elements, “flexibility” and “adaptability”, characterize these systems with the ability
to quickly adapt to an environment in which continuous, variable, and unpredictable changes
take place. In addition, FMS is considered the only manufacturing system that has resolved the
contradiction over time between flexibility–adaptability–productivity by responding effectively to
market requirements [20,21]. Important contributions in the current development of the flexible
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manufacturing have been made by Diaz, Ocampo-Martinez, and Olaru (2020) [22] by developing a
dual-mode control strategy based on two control approaches to minimize the energy consumption of
flexible manufacturing systems without affecting their productivity. The authors consider that “the
manufacturing industry is moving towards intelligent production, in which both energy efficiency
and flexibility are some of the main objectives of this transformation”. In the paper [23], the authors
Seebacher and Herwig (2018) considered flexibility to be a “key objective of many manufacturing
systems” and presented a procedure for assessing flexibility and calculation steps.

From a systemic perspective, FMS can be assimilated with Cyber-Physical Systems (CPS) [24]
that have the possibility, at higher stages of organization (CIM (Computer Integrated Manufacturing))
to self-regulate and lead to the optimization of manufacturing processes. By integrating elements of
artificial intelligence into their structure, FMSs, as intelligent manufacturing systems, can be considered
a part of the new concept structure, the Industry 4.0.

In their evolution [9,20,25], there can be noticed efficient flexible systems implemented for
processing/assembly and many failures, determined most of the times by an over evaluation of
technical solutions, by the impossibility of managing efficiently these systems which are extremely
complex, and by the huge investment they need.

Following a review of the literature in the field [26,27], it can be stated that adoption of modeling and
simulation techniques and their implementation in the industrial sector in order to digitize production
and business processes is done differently; there is no an unanimously accepted methodology. In the
literature, in recent years, papers have been published on modeling and simulating systems with
discrete events, including FMS [28,29], but approaches to the analysis of complex phenomena are only
intuitive, as there are no mathematical models for configuring these systems.

In this context, the research undertaken in this scientific paper is focused on the study and
analysis of FMSs in order to know their behavior and performance as well as possible, based on
the establishment of mathematical models of configuration and simulation, for further integration
into intelligent manufacturing systems. Lack of consecrated mathematical models in the design of
flexible fabrication systems makes the creation of such systems difficult, with consequences upon
their performance.

While being imposed as the new property of fabrication systems, “flexibility”, some conception
errors may occur and designers cannot anticipate precisely the optimal flexibility degree. As far as the
approach method of the large topic of flexible fabrication systems is concerned, it should be noted that
there still are different methods and interpretations, but no model has been imposed as proven.

The concept of flexibility involves the complete study of manufacturing systems, which can
be achieved only from the considerations of a complex system. By analyzing the system in such a
conception, it is possible to establish the conditions by which to meet the requirements of flexibility
and automation. It should be noted that the study of the flexibility of the manufacturing system
derived the study requirement for the component subsystems. Obviously, for the flexibility of the
system, the flexibility of the subsystems that compose it will be defining. At the moment, the flexible
manufacturing systems operation modeling represents the most dynamic and controversial research
area. The need for and opportunity of research studies are oriented, in recent years, to intelligent
production as an emerging form of production, and the application of the concept of Industry 4.0
also results from the study of representative works in the field [22,30–32]. Integrated platforms,
sensors, artificial intelligence, and advanced manufacturing systems are presented. However, it is
emphasized [30] that there are still phenomena to be investigated, in particular, by finding appropriate
mathematical modeling techniques in the design and configuration of current manufacturing systems.
So far, there is no formal method, no generalized design methodology for setting up an FMS.

Mathematical modeling of complex systems and flexible fabrication systems as well leads in
general to large-scale models [33,34]. There are problems concerning the model scale, more precisely,
even if this model is very large, it cannot include all the interactions between component subsystems
and between those systems and the exterior environment. If a larger model is to be realized and its



Appl. Sci. 2020, 10, 8300 4 of 20

precision degree must be high, it can be difficult to be completed and the relevance of the problems to
be solved decreases, a fact which is mentioned in the literature as well [35].

This paper proposes a mathematical model for the analysis of flexible manufacturing systems
by decomposing the complex system and by coupling the component subsystems using the matrix
mathematical calculation. Based on this model, the configuration and simulation of the system
operation was performed in order to identify the problems that appear, as a result of the random and
unpredictable variables that act on the system. Given the whole issue of flexible manufacturing that
has not yet been fully explained and taking into account the above observations, it may be the case to
start the research in this direction.

Simulation studies of different phenomena, processes, and complex systems represent an important
objective of scientific research [36]. Virtual reality (VR) and augmented reality (AR) simulations are key
technologies in Industry 4.0, which allow testing and studying new processes before implementing them.
A framework for modeling industrial processes is presented in [37], a simulator for the aeronautical
industry being developed. Solving some difficult problems in the area of production scheduling
in advanced manufacturing systems by mathematical modeling is performed in the papers [38].
Different examples of simulations of production processes using modern software are presented in the
literature [39–42], the aim being to streamline and to increase production by eliminating idle times.
We can assume that there is currently no other “method” or “theory” that allows experimentation with
a complex system before commissioning. A simulation model was developed as part of the study [43]
that allows the identification of bottlenecks in manufacturing processes, as they have negative effects
on real production lines in companies.

Simulation thus becomes an important and extremely efficient research method in the current
context of manufacturing digitalization. Applied in production systems, simulation can provide
answers to how they respond to the various variables and unpredictable situations that arise.
Simulation models are usually used when it is impossible or very difficult to develop an analytical
solution to a studied problem. Given the dynamic behavior of an FMS and the absence of “dedicated”
analytical models for their design, analysis, and optimization, simulation is an appropriate method of
solving difficult problems that occur in these complex systems [43].

This paper aims to analyze the technical and economic performance of a flexible manufacturing
system using modeling and simulation techniques. By using a modern Tecnomatix Plant Simulation
15 software from Siemens Product Lifecycle Management Software Inc., Germany [44,45], a flexible
manufacturing system is analyzed in order to identify malfunctions and to optimize the process.

2. Materials and Methods

The implementation and commissioning of a manufacturing system and, in particular, an FMS
involves a large amount of f expenditures, and the expected economic level is difficult to specify.
For this reason, both during the design of the structure of the flexible manufacturing system and
in its operation, the modeling and simulation technique is used. This allows for reproduction or
prediction of different aspects of the dynamic operation of an existing or future system by developing
a mathematical model in order to optimally respond to the problems involved in its operation. Thus,
modeling and simulation is considered an experimental and applied methodology that allows the
development of studies on the following topics: describing the system behavior; developing theories
and hypotheses for explaining the observed behavior; and using a model to analyze the following
behavior or the effects produced by the changes in the system or by its operating procedures.

So far, the existence of asynchronous and concurrent events in a complex system, such as FMS,
has made the number of its modeling techniques relatively small. However, the use of simulation
techniques in the field of complex dynamical systems, including FMS, is currently widespread [46,47].
The evolution of the system over time can be described by complex algorithms or procedures, which best
describe the operation in real time. The dynamic structure of the simulation introduces time into
the operation of the model. This is necessary to place objects in real time and to allow progress in
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time from one state of the system to another state. Computer modeling and simulation allow the
visualization and forecasting of the performance of a system with lower costs than when using other
methods. Different processing scenarios through virtual modeling and simulations and the choice of
the optimal variant are described in the paper [48].

The applicative character of the research consisted in real-time tracking of the process using the
software package designed on a system designed and implemented as a modular system, based on
mathematical and graphic-analytical models of sizing, configuration, optimization, and simulation [49].

2.1. Graphic-Analytical Model of FMS

In the basic literature of the FMS field [23,25,33,50,51], manufacturing flexibility expresses the
capacity of the system to produce not only a typological diversity of products but also unpredictability
and instability, reduced time delivery, small batch manufacturing, rapid response to changing market
conditions, change in structure-insensitive manufacturing pregnancy, rapid reconfiguration of the
system to change production volumes, and geometric configuration of the piece.

Flexible manufacturing systems (FMS) are oriented, open, deterministic, and complex systems.
The study of such a system means to know the evolution in time of inputs/outputs and of the
transfer of information. This is done using mathematical models. Developing a mathematical model
consists in developing a system block diagram representation and of defining the analytical part,
the graphic-analytical model developed for FMS. A system is generally defined as the set of components
grouped by organizational rules which have a lot of functional relationships. The system is defined as
consisting of three components: external environment (EE), composition (CS), and structure (ST).

The FMS graphic processing part revolution will be designed by highlighting the physical meaning
of different types of variables involved in the system:

a. Exogenous variables are variables for which behavior is dictated by external phenomena and
events, variables through which the system can communicate with the external environment:

• Input variables (command) define inputs to the system (for which the values are given,
known, and estimated).

• Output variables define the outputs from the system (resulting from processing).
• Disturbance variables external environmental influences on the system. The functional

relationship (linked) between input and output variables can be expressed mathematically in
the form of algebraic equations (inequalities), differential equations, integral equations, etc.

b. Endogenous variables are those in which the behavior is dictated by the interior system
phenomena and events and that describe its dynamics.

There are two such types of variables: state variables, defining the state of the system,
and interaction variables (between subsystems), defining the links between subsystems.

In the external environment (outside the system EEo—exomedium), many outlets,
objective functions—performance indicators (imposed, real parameters that are available) chosen
from the sensitivity indicators—are found. At the output of the manufacturing system, products with
determined configurations and properties, and auxiliary materials and waste are found. The energy
consumed within the system during the process is released into the environment as heat. If the
output size-power is considered as the default in the study of manufacturing systems, the output
size-information, instead, has a special importance for the production management by expressing
the real state of the system during the process evolution on which real-time and real-environment
operative manufacturing management decisions are based.

Summarizing the above, it appears that the general function of a manufacturing system consists
in transferring the information flow (IF) into a material flow (MF), using an energy flow (EF), so that
the information creates an emerging property on input FM, transforming it into an output finished
product (Pf) that can be sold on the market.
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Knowing the overall system function, one can determine its structure, and their connecting and
relating elements within the structure. For this, a time evolution analysis of the material, energy,
and information flow on the transfer that is transferred is transformed in the manufacturing system
from input to output. Finally, the overall structure of the flexible manufacturing system will be
determined by allocating partial functions to some physical elements—FMS component subsystems
such as machine tools, transmission, transformation and processing systems, handling, transport
and storage elements, transmission and distribution of energy, and its transformation, etc. Then,
the necessary links between them are established in order to achieve the overall system operation.

Input Dates and Variables

The complexity of a system is given by the number of components, the number and type of
interactions, the set of system state, the nonlinearities type, and the number of inputs and outputs.
During design, system decomposition S should be made in a minimum number (strictly necessary) of
subsystems, so that each sub-model is globally optimal solvable. Process management subsystem (PrM)
has the function of couplings coordinator between subsystems and of sharing the subsystem objectives.
Coordination of interactions at the same hierarchical level is made by establishing relationships of
priority between subsystems for which the number should be minimal. The processing subsystem
(PrSb) has priority over other subsystems, followed by industrial logistics subsystem (ILSb) and the
stocking/storage subsystem (STSb), then the measurement/control subsystem (MCSb), and ancillary
subsystems (ASb).

The analyzed system is characterized by inputs (i) and outputs (o) and, therefore, by input data,
output data, and information links. The system links with the external environment represent the
so-called “external coupling” or “entourage”. External couplings can be found on the input, in the input
external environment (EEe) and on the output, and in the output external environment (EMo). The input
EEe contains “resources”, and the output EEo contains the system “target”. The dependency relations
between external environment EEe (“resources”)–the system composition SC (“middle”)–external
environment EEo (“target”) are shown in the figure above. For the studied case, the graphic-analytical
model from Figure 1 was elaborated.
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Inputs in a flexible manufacturing system that are found in the input external-environment (EEe)
are the following: material flow (MF), informational flow (IF), energy flow (EF), and manpower (MP).

Outputs from the manufacturing system represent the output external environment (EEo)
containing the following output flows: finished goods flow (strategic finished product for the company
and finished parts for third parties); knowledge flow (know-how); waste flow (recoverable waste
and residues); and secondary energy flow, formed by secondary recoverable energy and secondary
dissipated energy.

A major influence on the evolution of the system in time has the appearance of random variables
in the system, such as bottlenecks. They are unpredictable and require a probabilistic analysis.
By simulation, they can be easily identified; then, by applying the optimization model, they can be
eliminated, ensuring continuous flow operation and reducing losses on the manufacturing line.

2.2. FMS Structural Analysis

The analysis of flexible manufacturing systems is done from the point of view of system’s theory.
The system is generally defined as the set of components grouped according to given ordering rules
based on interaction relations. In structural analysis, two types of schemes are used: layout scheme
and block scheme (structural). The layout of the system contains all the components of the system as
elements and their relative arrangement in the plan, in real positions, without flows and relational
connections. It is drafted using standardized or conventional symbols.

The study was performed for the integrated automated system presented in Figure 2, which is
part of a flexible manufacturing system for processing bearing ring types of cylindrical parts that are to
be developed in collaboration with the company [52].Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 21 
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The integrated automated manufacturing and assembly system in Figure 2 implements the
following sequence of operations:

- picking up semi-finished parts of rectangular shape from a warehouse;
- feeding the parts in a in a CNC(Computer Numerical Control) milling machine with the help of

an articulated robot;
- processing the finished part;
- extracting the finished part and putting it on a conveyor;
- picking up the cylindrical part and putting it on the conveyor;
- assembling with the help of a SCARA (Selective Compliance Assembly Robot Arm) robot;
- putting the completed assembly in an automated warehouse with the help of a cartesian robot.
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The system integrates advanced control techniques, as follows:

- The pick-up of the parts by the robot from the feeding conveyor with cylindrical semi-finished
products will be done on the basis of visual inspection while the parts are moving (on the go)
depending on the “tracking”;

- the free/occupied storage positions in the automated warehouse are indexed at the software level.

Decomposable Structural Diagram of the System

In the following, we shall develop a decomposed structural diagram of the analyzed FMS.
Unlike the layout, it contains all system components (subsystems) conventionally represented by
rectangles, conveniently arranged and not necessarily in the actual relative position, as well as all flows
and relational connections (couplings) between all the component subsystems, explicitly and possibly
not intersected.

The decomposable structural diagram corresponding to the considered system is presented in
Figure 3. The diagram shows all the component subsystems, all inputs and outputs, and all couplings.
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The diagram shows all the component subsystems, all inputs and outputs and, all couplings.
The notations of FMS subsystems components correspond to the layout of the system. Thus, in the
scheme of Figure 3, the FMS processing subsystems components of items were numbered from 1 to 7.
The subsystem process management (PrM) coordinates all component subsystems: IR—Industrial robot;
M—Machine tool; WD—Working device; StTL—Tool supply station; StLSf—Semi-finished delivery
station; PrDg—Process Diagnosis; StEvFP—Finished product evacuation station. All information
couplings are of a two-way type.

The symbols for simple and combined flows in the diagram are as described in Table 1.
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Table 1. Flow symbols.

Flow Type Symbol

Information flow (IF)
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applied for the previously designed structure.

2.3. Mathematical Model of System Coupling

The mathematical model uses a block diagram for the representation of a system, where one
can define input vector, output vector, and transfer function (expressing the dependence of output
vector on the input vector and system structure). The structure of a system is given by the nature of its
subsystems, their number, the nature, and the number of relationships that exist between subsystems.

There is a coupling relationship between two subsystems if at least one output of a system
represents the input of the other system. The coupling of two systems represents the systemic
connection between them, regardless of the material nature.

In the decomposable structural diagram in Figure 3, the pairs of input and output quantities
in/from the subsystems were noted:

- inputs (Xci), where (c) is the number of components and (i) is the number of coupling
- outputs (Ypj), where (p) is component part number; (i) is the number of coupling; and p, q, i,

and j ∈ N.

The system coupling can be in series or in parallel. The mathematical relation of coupling of two
systems in series is characterized by Relation (1), in which p = 1, m; q = 1, n

y(1)q = x(2)p

y1 = y1(y11, y12, . . . , y1q, . . . , y1n)

x2 = x2(x21, x22, . . . , x2p, . . . , x2n)
(1)

After drawing the decomposable structural scheme (based on the principle of decomposability
and optimality) and the establishment and representation of couplings between subsystems, we move
on to the next stage of determining coupling matrices and structure matrix.

2.3.1. System Coupling Matrix

Coupling matrices indicate the interactions in vectorial meaning from system S1 to the system
S2 (S1 outputs connected to S2 inputs). By its elements, the coupling matrix expresses all couplings
between the two subsystems.

For two systems S1 and S2 coupled in series, the coupling matrix (Kei), o (output), and i (input)
will be an (m × n) sized matrix, with the following ordination:

columns
lines

=
o
i
=

q
p
=

n
m

, (2)
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Binary matrix. The matrix elements (ei j) are defined binary variables, according to Equation (3):

epq = ei j : B = {0, 1} → B, (3)

These elements describe the coupling states according to the following rules:

1. If there are connections (couplings), then epq = 12 → ∀p = 1, m and ∀q = 1, n

2. If there are no connections (couplings), then epq = 02 → ∀p = 1, m and ∀q = 1, n
3. The rules were also established:

• epq = 1 when the connection between p→ q is defined;
• epq = 0 when the connection p→ q is undefined.

The resulting Equations (4) is as follows:

y(1)q = x(2)p⇒ epq = 1 , ∀p = 1, m and ∀q = 1, n,
y(1)q , x(2)p⇒ epq = 0,

(4)

For a system of (r) order, consisting of (N) subsystems of (r + 1) orders, the maximum number
of links (couplings) will be N(N − 1). Because many couplings are identical and repeated, in reality,
the number of coupling is small. The structure of a system S of (r) order is given by the type and number
of component subsystems as well as by the type and number of the relations existing between them.

Between two coupled subsystems (ordinates 1 and 2), the linking relationship will be as follows:

X(2) = K12·Y(1)
Y(1) = Tk12·X(2)

(5)

Writing coupling matrix can be made directly from the decomposable structural diagram or by
separating each subsystem, therefore, by drawing component block diagrams. The following symbols
are used for subsystems and for input (i) or output flows (s) (Table 2).

Table 2. Symbols for subsystems and flows.

Subsystem Type Symbol

Input subsystem (Si)
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To write the coupling matrices, the block diagrams of the components were drawn using the
decomposition methodology of the large system into subsystems. For the flexible manufacturing
system analyzed, the result was 25 coupling matrices (Kci), making up the structure matrix (KSTR).

2.3.2. Structure Matrix of the System

The structure matrix is determined based on a decomposable structural diagram of the system
(Figure 3) and includes all the couplings in the system. This matrix, together with the decomposable
structural diagram, describes the organization and operation of flexible manufacturing systems for
bearing ring manufacturing
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The structure matrix (KSTR) is the matrix for which the elements are the coupling matrices (Kci) of
all component subsystems in the lower levels and is a zero-diagonal dimension matrix (N × N).

KSTR =

1
2
3
4
5
6
7



0 K21 K31 K41 K51 K61 K71

K12 0 K32 0 0 0 0
K13 K23 0 K43 0 K63 K73

K14 0 K34 0 K54 K64 0
K15 0 0 K45 0 0 0
K16 0 K36 K46 0 0 0
K17 K27 K37 0 0 0 0


(6)

The elements of the structure matrix exist if eq → ip ⇒ Kqp .
For example, e1 → i2 ⇒ K12, e1 → i5 ⇒ K15; e2 → i6 ⇒ K26

For the analyzed FMS (Figure 3), the following dimension structure matrix (N × N) resulted,
where N = 7. The expressions of the coupling matrices corresponding to the decomposed structural
diagram of the FMS were elaborated by the authors in previous papers [49].

Based on the decomposed structural diagram (Figure 3), it was possible to develop the model to
be used for the simulation program, a program based on sets of rules for each subsystem (workstations,
robots, conveyors, and storage). We have found that, of all the system components, those having the
most couplings are the most complex components. From the decomposed structural diagram, it results
that one of the most complex components subsystems is the industrial robot.

3. Simulation Model Results

Using the simulation techniques and the modern Tecnomatix Plant Simulation 15 software from
Siemens [44], the operating processes of all FMS component subsystems could be visualized and
analyzed for the case study considered, respecting the accuracy and taking into account calculation of
the interaction between system components and the external environment. Thus, the evolution in time
of the state of the system could be described as a dynamic system, being described as operating in a
real environment.

Plant Simulation software from Siemens PLM(Product Lifecycle Management) [45] as an important
tool in a digital factory allows dynamic, object-oriented simulation of complex systems with discrete
events. The choice of the Tecnomatix Plant Simulation software took into account the possibility
of applying it to the analyzed real issues. In the field of flexible manufacturing, several software
packages (Arena Simulation Software, Rockwell Automation, Austin, TX, USA; FlexSim Software
Products, Inc., Orem, Utah, USA; AutoMod Simulating Reality, Salt Lake City, Utah, USA; Simul 8,
Corporate Headquarters Boston, MA, USA; Enterprise Dynamics and ShowFlow, INCONTROL
Simulation Solution, Utrecht, The Netherlands Matlab Simulink, The MathWorks, Inc., USA) [48,54,55]
are known and implemented.

The simulation allowed for definition of the initial conditions: the states of the system components
at the start of the simulation, the positions of the system components, the analysis of the system
disturbances, and the final states at the exit from the system. Thus, it was possible to control at any
time during the simulation the state of the components of the analyzed flexible manufacturing system.
Also, the presented simulation program performs the animation function of the movements performed
within the FMS.

The simulation model was based on the whole theoretical concept developed in the previous
paragraphs. Its validation was done by computer simulation for real physical applications, consisting
of the complete processing of several types of parts from the family of parts circulating in the process.
Following simulation of the FMS operation, the validity of the models, their utility in design and the
management of processes in the environment and real time resulted.
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3.1. Design of the Simulation Model—Case Study

The design of the simulation model and the actual simulation were performed in order to verify and
confirm the theoretical model, using a real case study, in the manufacture of bearing ring type cylindrical
parts, requiring adequate knowledge of the modelled object. The model was designed according to the
events and processes that take place in the system and the technological operations (processing of flat
surfaces, processing of running channels, turning, grinding, and superfinishing/honing) needed to
achieve the analyzed part and the constraints imposed on manufacturing.

The use of modern state-of-the-art software in designing and studying advanced production
systems represents an important step towards digitizing the production and integrating it into the
industry of the future: Industry 4.0. Using Tecnomatix/Siemens Product Lifecycle Management
Software Inc. (2015) [44], the plant simulation module performed the system simulation with discrete
events on a case study—a flexible manufacturing system (Figure 4).Appl. Sci. 2020, 10, x FOR PEER REVIEW 13 of 21 
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The goal was to achieve the simplest possible model of the designed system. The manufacturing
system model (Figure 4) is based on an example of a real production department by using the Tecnomatix
Plant Simulation software/Siemens, the input data being collected directly from the respective process.
Data on costs, energy consumption, and labor were not taken into account.

The simulation technique can graphically model asynchronous/synchronous concurrent events,
manufacturing processes, real-time control systems, and real-time decision concepts within a flexible
manufacturing system. The simulation model presents a detailed description of the alternative of
flexible manufacturing systems considered, having the role of reproducing the dynamic performances
of the system. The relevant evaluation criterion (average waiting time of the parts in the system) is
then deduced from these dynamic observations.

The manufacturing flow was organized on the principle of workstation compatibility.
Following this criterion, the principle of technological compatibility and functional compatibility as
well as the related information exchange were respected.

Finally, the general structure of the FMS was determined by allocating partial functions to some
physical elements—component subsystems: machine tools, information transmission, transformation
and processing stations, elements for handling, transport, storage, energy transmission and distribution
systems, and its transformation, etc. Then, the necessary connections between them were established
in order to obtain the general system operation.

The analyzed process contains 8 workstations and handling elements of industrial robot type
and transport with conveyor as well as storage elements at the system entrance and exit. Only one
work shift was considered for the analysis. Logistics and equipment such as loading station, conveyor,
industrial robot, sorting station, and loading station were also designed and integrated in the system.
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3.2. Simulation Results

Based on the analytical model previously developed, a simulation model of the system operation
was made, using the simulation software from Tecnomatix Plant Simulation, with a 2D simulation
sequence being presented in Figure 5. A digital model makes it possible to perform several scenarios,
tests, or experimentation both in the design phase and in the implementation phase without directly
intervening in the production process. The simulation analysis tools offered by this software allowed
quick and easy interpretation of the simulation results. The simulations performed indicated the
bottlenecks of the entire production process and allowed the experimentation of optimizations to
ensure continuous flow in manufacturing.Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 21 
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The input database contains the following information about the analyzed system:

• production volume, expressed as a number of processed parts;
• generalized technological sheets for processing of the representative items to represent the

generalized item of the manufacturing task (family of parts) taken into account;
• types of technological handling and processing equipment, and other specific FMS components;
• typological diversity of the items processed in the system; and
• frequency of visits of any item to any workstation in the system.

Identification of Production Bottlenecks

A major influence on the system evolution is represented by the development of disturbances
(functional or organizational bottlenecks, blocking times (tbi), auxiliary times (taux i),adjustment times
(tad i), the number of blockage cases (nbi), the frequency of blockages (fbi), the number of workstations
(qk), blocking probability (pi), asynchrony size (∆tik), etc., that occur in the system and can be found in
the disturbing external environment (EEd). Unlike the input quantities in the system, for whcich the
influence can be modeled by various methods, disturbances cannot be modeled and they influence the
output sizes in a way that we cannot control because they are unpredictable, random, and variable in
time. To prevent the disturbances from causing unwanted developments of the output sizes, the system
is provided with a feedback loop.

For the analyzed manufacturing system, the bottlenecks in production were identified.
The diagram in Figure 6 shows the results collected during the simulation. Advanced analytical tools,
such as bottlenecks analysis, statistics, and diagrams, can be used to perform different production
scenarios. In this way, the resources at the level of the manufacturing process can be optimized.
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Figure 6. Identification of production bottlenecks.

The simulation results showed that it is possible to increase the reduced capacity of the process
by adding another parallel workstation for the operation that induces the biggest bottleneck. In the
analyzed process, it is the grinding station of the bearing rings (“Parallel Station” in Figure 6).

In Figure 6, small charts are shown over each station showing the amount of time that the station
spends in each state. The diagram can be analyzed as time spent in each work station in each state,
with the following colors:

• gray bar—waiting, green bar—working, and yellow bar—blocked;
• red bar—failed and blue bar—paused.

Follow the trail of blocked (yellow) stations to the station that is working 100% (green) and is
followed by a station that is waiting (gray). Figure 7 shows the performance graphs of the individual
workstations in the analyzed production process.
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Statistical analysis of each workstation performed for the entire production process showed that
only an average of 25% of production capacities are used. This is a phenomenon that adversely affects
the dynamic operation of the system. It means that the stations are underloaded, only one being fully
loaded. It is necessary to balance the production line.

The values, the percentages of these bottlenecks in the total production time, and the loading
degrees of the workstations are presented in Figure 8. All material flow objects and all moving
objects enter their statistics values into the Resource Statistics Table, the Product Statistics Table, or the
Complete Statistics Table.
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Figure 8. Bottleneck Analyzer: the percentage of workstation usage.

After running the simulation, there is a relatively large dispersion of the loading degrees of the
workstations in the system (21.20–100%), a feature of a flexible manufacturing system. It expresses the
level at which production capacities are used. For ideal operation, it is 95–100%; the rest are auxiliary
times. The lower the load levels, the higher the asynchronisms in the system and interruptions in
operation. Management measures are required to reduce wait times in the system.

By running simulations considering another scenario of real-time operation, improvements can
be achieved. This solution has produced favorable effects in terms of balancing the production line,
trying to equalize the load of workstations and ensuring a continuous flow of production (Figure 9).
At this stage, in order to simplify the process, neither the input sources of the parts in the system
(Source) nor the output sources of the system (Drain) were taken into account.

Figure 9 shows statistics for improving workstation activity by optimizing production time and
by reducing wait times in the production process. Plant Simulation opens a table that contains all
values it collected during a simulation run (Figure 10). The statistics tab displays a snapshot in time.
Each time that you view this tab, while a simulation is running, the statistics change.

Figure 10 shows statistics obtained from optimization by increasing the working times on each
workstation and by reducing the wait times in the production process. It can be seen that all of the
workstations in the system work at maximum capacity (90–100%). By running the simulation and by
balancing the system using several scenarios, visible improvements were obtained in terms of blockage
rate and workstation loading. The presented simulation program also performs animation features of
movements carried out into the flexible manufacturing line. All material flow objects and all moving
objects enter their statistics values into the Resource Statistics Table, the Product Statistics Table, or the
Complete Statistics Table (Siemens AG 2015, Siemens Product Lifecycle Management Software Inc.,
Germany [44]).
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Tests that can be performed by computer simulations lead to solutions to optimize the operation of
FMS and thus to eliminate bottlenecks. Among the solutions for solving and eliminating a bottleneck,
the following can be mentioned: increasing the number of overtime hours, working in several shifts,
arranging workstations in parallel, implementing quality control methods, implementing automations,
and using modern management methods such as Lean Production, issues that will be addressed in
future research projects.

In many companies, there is a lack of a support framework between engineers and process
information. The creation of this framework could contribute to the elimination of waste, wait times in
attempts to balance production lines, and reconfiguration of the system.

4. Conclusions

The mathematical model of system coupling expresses the operating program of the entire system.
The matrix method for modeling flexible manufacturing systems is easy to use for computer simulation
of the system operation. This mathematical model of system coupling is at the base of the development
of the FMS simulation algorithm for processing cylindrical parts, such as bearing rings.
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The resulting matrices provide an overview of the entire manufacturing system, allowing rapid
error detection and prompt corrective action. It was thus possible to study the complex interactions
within the flexible manufacturing system analyzed, which contributed to increasing the performance
of the system. The model allowed for knowing the number of processing subsystems, their appearance,
and their diversity. Through the designed graphic-analytical model, the interactions between the
subsystems, system inputs, and the outputs were defined and analyzed. The configuration of the
system structure of the processing systems and the logistics subsystem had a direct influence on the
production capacity and adaptability by reconfiguration. In the simulation phase, the evaluation of the
performance criteria allowed the introduction of system resource planning strategies.

By implementing the developed mathematical models, the major problems of flexible
manufacturing systems were solved:

- adequate representation of the large system (with customization for FMS design for processing
parts of the revolution), development of the system architecture, and its configuration: sizing,
configuration, and reconfiguration

- dynamic modeling of the behavior of large systems and therefore of FMS (Flexible Manufacturing
System) and finding the appropriate mathematical formulae for model representation: the static
and the dynamical simulations

- study of the evolution and the spatial and temporal behavior of flexible manufacturing systems:
dynamic simulation.

- decomposition of the system into subsystems and coordination of them by establishing interactions
and causal links, resulting in the designed analytical model being implemented in the management
of flexible manufacturing systems, as a future direction of research

The verification and validation of the model were confirmed by using existing software and
modern equipment in the modeling and simulation laboratory of production systems and in the
research center. The developed research has generated useful results with an impact on the industrial
reality, narrowing the gap between theory and practice and opening other research directions,
having as a cumulative effect the reduction of the degree of indeterminacy that exists in the field of
flexible manufacturing.

Based on the mathematical and graphic-analytical models of sizing, configuration, optimization,
and original simulation, a modularized system for simulating the manufacture of bearing rings was
designed and developed. The original software package for simulation applications in the design of
flexible manufacturing systems came from the need to describe and study the behavior of a real system
in order to control and manage the system in the future. Aspects concerning programming of flexible
manufacturing systems with the aid of virtual reality will be developed.

Following validation of the system operation, utility in the design and management of the processes
in the environment and real time resulted regarding the influence of the changes in the structure of the
system on its behavior, the influence of the evolutions of the commands and the states of the system on
its outputs, and the influence of the initial conditions or of some parameters on the FMS behavior. Thus,
one can explore without interruption the ongoing operations, new operating procedures, decision
rules, information flows, material flows, etc. for the system analyzed by simulation.

Future research will be more focused not only on the practical use of these methodologies but
also on the development of new methods for analysis of the efficiency of the technological transfer
in the context of the new world of IT and automation. The research will go beyond the field of
FMSs management and control in real environment. The implementation of an FMS in an integrate
manufacturing system represents an important result, which leads to optimization of the entire material
and information flux of the enterprise. Moreover, by this study, we identified the possibilities of
consolidating research and of applying it in industry on the purpose of issuing possible further contracts.
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