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Abstract—There is nowadays a lack of knowledge and 
structured approaches concerning the transition of additive 
manufacturing systems from rapid prototyping to large scale 
production. The fundamental advantage of additive 
manufacturing to produce at virtually no additional cost complex, 
one-of-a-kind parts suggest addressing their integration in the 
direction of arranging them into the consolidated Flexible 
Manufacturing Systems (FMS) paradigm. In this regard, this 
paper presents a procedure for the simulation-based analysis of 
FMS hosting additive manufacturing stations, supporting their 
planning, design as well as performance evaluation. A discrete-
event simulation model was developed and applied for the 
operational evaluation of an industrial case comprising 3D-
printing, automated transport, and storage systems. It has been 
found that simulation experiments can support planning and 
design decision-making, allowing for a better choice among 
alternative set-ups.  However, the present research explored an 
application carried out in an academic environment where the 
simulation model was employed for evaluating the behaviour of 
new additive manufacturing technologies. 
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I. INTRODUCTION  
The transition from rapid prototyping to large-scale production 
of additive manufacturing machinery (AM) is generally 
regarded as an opportunity to increase the value generated 
during the manufacturing phase of a product life cycle [1], a 
chance to reduce the need of manual labour [2] and 
consequently a factor that fosters the return of factories in high 
labour cost countries [3]. Such a passage certainly demands AM 
machinery improvement in terms of speed, accuracy and 
worked materials, but also requires to be implemented through 
a production paradigm more automated than the craft-like 
handling of pieces from the so-called 3D printer machines 
currently available. 

To better frame this requirement, it is convenient to consider 
AM technologies in the context of production paradigms 
evolution (since the advent of the first industrial shop floor to 
the recent insight of Cloud-Based Manufacturing Systems) and 

machinery automation levels development (from machine 
powered by steam to intelligent manufacturing systems).   
Fig. 11 summarizes the basic stages of machines and production 
paradigms domains and uses them to map the four modern 
industry revolutions which are often cited in recent years to 
introduce the concept of Industry 4.0, focused on the 
establishment of intelligent controls (last column on the right) 
and IoT technologies (first row on the top).  

These possible combinations of equipment used in various 
productive systems are then been used to contextualize the use 
of stand-alone AM machinery (red square) and their possible 
future implementations in more integrated platforms or with 
more advanced controls. Both these evolutions appear now only 
in pioneering industrial or research applications (pink squares). 
In fact, when compared with the most recent Industry 4.0 
developments, 3D printing machines cannot be considered a 
novelty: they were on the market for more than 20 years for 
prototyping applications and, altogether, they can be considered 
as a bulwark of the third industrial revolution (3-axis CNC 
architecture which find their natural usage for flexible 
manufacturing production).  
 

 
Fig. 1: Additive manufacturing mapped on the evolution of production 
paradigms and machinery automation levels 
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In principle, it is also possible to imagine the use of 3D printers 
in an assembly line organized according to the most traditional 
principles of mass production: Fig. 2. 2 illustrates a theoretical 
scenario where different, not interchangeable, printers produce 
different components, eventually customised, which are later 
assembled. It is however evident that this solution is 
counterintuitive and inefficient, both because of the 
impossibility to balance the line, having the machines very 
different production times, and because a single failure in the 
production of a one-of-a-kind piece in such a serial machine 
arrangement would result in a complete blocking of the 
production. 

Unfortunately, until now there are very limited documents 
regarding the implementation of more advanced approaches. 
Recently a project proposal for an innovative manufacturing 
platform that combines additive, subtractive and transformative 
manufacturing technologies on a single platform to build the 
next generation of multi-metal products has been filed  [4], 
while, with regard to market available solutions, 3D systems 
proposed a robotic 3D printing factory [5]. Both applications 
are mainly characterized by the combination of several 
technologies in one integrated platform and hence do not 
provide a straightforward approach to arrange the use of AM 
machinery in an automated facility. 

Schwartz described [6] a robot operated 3d printer cluster, 
sketched in . 3, “to continuously and independently operate 3D 
printers in order to produce actual finished parts”, which do not 
include any assembly or packaging station. Therefore, there are 
still no theoretical answers or practical solutions to the question 
of how to use AM systems in an automated and flexible 
production line. Authors believe that, before being able to deal 
with more complex scenarios, such as those constituted by a 
network of production unit coordinated by means of a cloud-
based supervisor [7], it is necessary to solve some of the most 
fundamental aspects, like characterizing  AM manufacturing 
systems to make possible to insert them inside of simulation 
software tools and identifying a methodology for the operation 
analysis of a single production unit, starting from the traditional 
concept of FMS and addressing the changes it needs to host 3D 
printers and to manage their service.  

The purpose of this work is therefore to analyze from a 
quantitative point of view, through a specific example, a case 
of integration of two different types of 3D printer within an 
FMS system. ElMaraghy [8] defines a FMS as a system 
designed for a possible rapid change in hardware and software 
structures, so that production capacity and functionality could 
be quickly adjusted.  

 
Fig. 2: (Hypothetycal) mass production assembly line for AM 

This kind of manufacturing systems is normally materialised as 
a group of three basic subsystems: a processing system (i.e. 
workstations), an automated material handling and storage 
system, and a computer control system [9]. Generally, from a 
manufacturing point of view, flexibility embodies 
complementary concepts such as machine flexibility, product 
flexibility, volume flexibility, process flexibility [10]. Because 
of their features, FMS systems are suitable for processing 
different part types in parallel, with variable volume and 
sequence of orders.  

The FMS technology is a natural response to the world market 
evolution, which nowadays puts more attention to the concept 
of customizability. Indeed, companies have to adapt to the 
environment in which they operate, to be more flexible in their 
operations and to satisfy different market segments [11]. The 
proper consideration of different technologies mentioned 
before leads to encompass with several issues. Indeed, complex 
constraints as machine breakdowns or processing times are 
often difficult to be described by traditional mathematical 
models. 

Hence, this paper aims to propose a procedure for the 
simulation-based analysis of additive manufacturing system, 
supporting their planning and design as well as performance 
evaluation. In this research, a discrete-event simulation model 
was developed and employed for the operational evaluation of 
an industrial case comprising 3D-printing as well as automated 
transport and storage processes. More specifically, the 
simulation study targets on obtaining the production line 
throughput considering different scenarios, in terms of the type 
of product and demand. The paper is structured as follows. 
Section 2 presents a literature review on the simulation 
techniques applied to an FMS case. Section 3 describes, for a 
general case of 3D printing-based production process, the 
analysis procedure. Section 4 deals with the specific case study 
description, including the simulation model development, 
validation, and results discussion. The section 5 comprises the 
conclusion of the paper. 

II. LITERATURE REVIEW 

In the following section, our aim is to introduce the reader to 
concepts that have been utilized in this research and to provide 
a theoretical foundation based on prior published literature. The 
role of simulation in FMS, the additive manufacturing 
technology and the Industry 4.0 concept have been reviewed. 

 
Fig. 3: Robot-operated 3d printer cluster   
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According to Baykasoglu et al [12], there is a need for more 
flexible, reconfigurable, and modular factories to respond at the 
dynamic changes of the market demands, supply and 
legislation. Caprihan et al. [13] define FMS as a system able to 
work through the synergy of flexibility, integration and 
automation. Moreover, FMS can be adaptable to change with 
lower time, cost, and effort than traditional manufacturing 
systems [14]. Simulation of FMS has received an increasing 
attention in the research literature. According to Chang et al. 
[15], the flexibility feature of FMS makes the design of such 
systems extremely complex and their possible simulation an 
attractive design and analysis tool. In fact, the main problem of 
conventional analytical methods is the need of applying 
simplification assumptions that are particularly suitable for the 
analysis of systems in a steady state, but in the case of flexible 
manufacturing platform the same cannot be applied. According 
to F.  Hajihosseini et al. [16], today simulation is seen as a tool 
of primary importance to obtain a better knowledge of system 
behaviour. It results extremely important because it allows to 
understand the system from an analytical point of view, which 
can hardly be otherwise reached. Since the 70’s, simulation 
models were used to verify system performance results 
achieved in mathematical models [17].  

Different studies regarding the simulation application to FMS 
design and planning have been carried out. In the 1989, Kiran, 
Schloffer and Hamkins [18] applied simulation techniques, 
with the aim to evaluate several design possibilities for a 
specific FMS system case. In general, several examples of FMS 
flexibility evaluation can be found, which demonstrates the 
numerous possibilities for application. One of the FMS pillars 
is the automatic material handling. The task assigned to this 
subsystem is moving material along and between each station, 
according to the production routing needs. This feature, 
matched with machine flexibility, supports system flexibility. 
For this reason, numerous studies can be found regarding the 
simulation of material handling systems. Kamigaki and 
Nakamura [19] have performed a research in order to provide 
the users an assisting tool for building simulation models of 
flexible manufacturing systems, focusing on material handling 
system components. Moreover, several studies have been 
performed concerning the routing analysis. Ali and Wadhwa 
[20], explain how the routing policies could affect a partial 
flexible manufacturing system. Chan et al. argues that 
simulation is the most used tool for analysing FMS. In general, 
manufacturing system simulation can be carried out with 
different methods: System Dynamics (SD), Discrete Event 
Simulation (DES) and Agent-Based (AB) Simulation. 

 According to the agent-based simulation model concept, the 
state of objects such as machines, workers, and material 
handling systems changes on dependence of specific events, 
e.g. arrival of an order or machine breakdown [21]. In addition, 
a research conducted by Jahangirian et al. [22] shows that the 
DES methodology is the most used way in business and 
manufacturing analysis. Hence, in this section a general review 
of flexible manufacturing system simulations has been 
presented, demonstrating that this technique has been used to 

investigate several kinds of issue relating to the FMS world. 
Additive Manufacturing (AM), also known as direct 
manufacturing, possess high flexibility. AM is a digital 
technology for producing objects layer-by-layer starting from a 
3D computer aided design (CAD) file. A simple definition of 
the AM process is provided by Gibson et al [23], who defines it 
as the process in which the machine produces the object by 
building each layer on the top of the previous one, utilizing 
different solidification methods of raw material in its 
production chamber. Due to the evolving nature of the industry, 
AM is known with several names: rapid prototyping, rapid 
manufacturing, and 3D printing. In general, according to 
Holmström et al. [24], the benefits reached using AM are the 
following:  

• No need for tooling, 
• Suitability to produce small batches, 
• Quick design change, 
• Possibility to produce custom product economically 

and capability to produce complex geometries, 
• Potential suitability to supply chain with shorter lead 

time and lower inventories. 

In consonance with Mellor et al. [25], organizations ability to 
present the benefits of AM as a manufacturing process in a clear 
and balanced way will positively influence implementation 
success. Several studies focused on the utilization of AM 
technology can be found. Lindemann et al [26] compared 
additive manufacturing and traditional manufacturing 
processes, considering products’ costs. Otherwise, additional 
studies [27] are focused on the supply chain implications 
referred to the use of AM systems. In this concern, according to 
Robert Bogue [28], 3D printing technology has evolved 
dramatically and nowadays, the 3D printing industry is 
becoming a manufacturing-focused enterprise. In addition, 
according to Guo N. [29], AM technology is still not widely 
accepted by most industries. Therefore, improving the 
technology, changing this mindset, and gaining industry 
acceptance, as well as developing and identifying 
manufacturing applications – some only possible with AM 
processes – are the critical targets for the next years. 

Conforming with Vyatkin et al. [30], in future manufacturing, 
factories have to cope with the need of rapid product 
development, flexible production as well as complex 
environments. In that contest, customized products carry 
manufacturing processes specification, as well as consumer 
information and independently lead their way through the 
supply-chain [31]. Challenging current status quo, where 
decisions of process adaptions are made by humans on the basis 
of experience, in the future production decisions will be assisted 
by self-optimizing and knowledgeable manufacturing systems 
[32].  However, the previous referred research has not 
investigated a FMS based on 3D-printing technology. The 
research reported here addresses this gap by investigating a 
FMS, linking its common features (i.e. automated material 
handling and storage system) with a new additive 
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manufacturing technology, precisely food 3D-printing. 
Moreover, it is not present in literature a specific approach for 
simulating such kind of FMS. Hence, this work embodies a 
simulation-based analysis of FMS that embraces new AM 
processes, allowing also for the integration of Industry 4.0 
concepts. 

III. ANALYSIS PROCEDURE 
This section describes, in details, an analysis procedure for 
FMS production lines based on 3D printing technology. The 
analysis is based on a simulation model, where reliability and 
repeatability are both critical issues. A drawing detailing the 
steps of the analysis procedure, which is based on Banks et al. 
[33] is presented in Fig. 4. A large number of variables affect 
3D printing processes. 

 

Therefore, the first step in the procedure is collecting empirical 
data of the real printing processes. This step is fundamental for 
several reasons. First, it allows gathering knowledge of 
processing times. Second, reliability, efficiency and refuge 
percentage can be inferred. The following step is to carry out a 
statistical analysis to establish the distribution function, which 
better represents the process duration for the printers. More in 
detail, chi-square goodness-of-fit test were used. Once the 
distributions of all the stations that compose the line are known, 
the further step is the model development.  Finally, the model 
validation and consequently, the output data analysis are 
performed. Validation comprises data validation, conceptual 
model validation and computerized model verification. Model 
validation and verification phases are critical issues for a 
simulation study.  

As stated by Davis [34], verification is the process of ensuring 
that the model design (conceptual model) has been transformed 
into a computer model with sufficient accuracy. Carson 
provided the definition of validation phase [35]. According to 
him, validation is the process of ensuring that the model is 
sufficiently accurate for the purpose at hand. Different 
validation techniques can be found in literature and used for 
verifying and validating the overall model. For this study, 
considering the innovation grade of process technology, a 
combination of these techniques is used.  

One of the fastest and responsive validation methods is the 
animation one. Its aim is to display graphically the line's 
operational behaviour and it was used during each computer 
modelling steps in order to have a punctual feedback from the 
model. Extreme conditions tests have been performed to 
evaluate the overall model output as a function of the input 
boundary parameters.  A strict step is to execute several runs 
with the aim to define the amount of model stochastic 
variability (internal validity). In addition, an operational 
graphics approach is used. The concept is to show the 
dynamical changes of the variables while the system model is 
running, with the goal to ensure their accuracy.  

Obviously, also the parameters have been tested applying a 
sensitivity analysis. it consists of changing the input value to 
understand how they affect the system behaviour. 

IV. TEST CASE AND RESULTS 

To substantiating the applicability of the proposed analysis 
procedure, an automatic line for production of customized 
chocolate candies was considered. It refers to a project 
developed in an academic context, which aims to support the 
identification of application potential for these technologies.  

In our test case, Anylogic (version: PLE 7.3.5) was used to build 
a discrete agent-based simulation model. The analysis 
procedure has been carried out starting from the approach 
summarized in Fig. 6, considering necessary changes to adapt 
it to a specific FMS environment.  
A. System description 
The production process is carried out by two different additive Fig. 4: Analysis procedure (adapted from Banks et al., 2000) 

Begin 

Empirical Data Collecting 
(times and energy 

i )

Are the model results 
in line with the real 

Statistical Analysis 
(chi-square godness-of-fit test)

Model Construction

Model Validation

Experiments design

Output Data Analysis

End 

No

Ye
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manufacturing stations that work in parallel.  

In line with the factory 4.0 approach, this pilot plant involves 
the pervasive adoption of digital technologies beside two PLC 
to supervise the FMS system, which is composed by: 

• two manufacturing workstations, for both plastic and 
chocolate printing, 

• a conveyor belt based material handling, 
• an automated storage system, 
• a pick-and-place robot for assembly workstation, 
• a labeller machine. 

As mentioned above, this study wants to be a tool to understand 
the mass customization dynamics applied to an automatic 
manufacturing system. The pilot is dedicated to production of 
chocolate 3D printed objects divided into batches. Before 
performing the process description, one foreword is necessary: 
to permit the chocolate printing, each object is printed on a base 
initially stored into the warehouse. Therefore, when an order 
arrives, the production begin with a SCARA robot picking 
bases from the warehouse, one for time, and placing it on the 
conveyor belt, according to the order size.  

At this point the bases are transferred to the manufacturing 
stations, which work in parallel to produce chocolate candies 
and plastic boxes to package them. The line is composed also 
by a quality control station, an assembly station and, finally, a 
labelling station. The automated warehouse system is used to 
store both raw-material (bases) and finished parts.  

FMS offer an overall efficiency higher than traditional job 
shops, but they are affected by different kind of uncontrollable 
features such as variable processing times or machine 
breakdowns. As explained by Groover [36], the only human 
works admitted in an automatic system should be functions as 
tool changing, loading and unloading parts, as well as repair and 
maintenance tasks. Therefore, the simulation model considers 
manual tasks regarding material recharging (chocolate and  

plastic) conforming with the machines processing constraints. 
Fig. 5 and Fig. 7 show the layout and a 3D model of the line.  

B. Simulation model 

The main goal of the simulation model is to emulate the 
operational behaviour of the production system. To achieve this 
result, the first step is to evaluate the line throughput in different 
scenarios. The framework of reference is a mass customizable 
production according to a batch-based production policy. 
According to Sturrock [37], is extremely important to create a 
model with an appropriate level of detail. However, the 
common trend is to model everything that is pertinent to the 
project purpose, having as consequence, increasing developing 
costs and time. In this regard, Ján Košturiak [38] provides two 
different approaches for obtaining the right level of detail: 

• Simplification, concerning the use of only necessary 
elements and relationship between the components 
composing the model. 

• Analysis and generalisation of all the system 
characteristics, such as the description of stochastic 
processes by distribution function. 

Fig. 5: FMS pilot 3D model 

Fig. 6: Simulation study approach (based on Law, A.M. and McComas, 
M.G., 1990) 
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Consequently, the assumptions made for the test case are as 
follows: 

• there is the same strict operation sequence to follow 
independently by the product kind; 

• each machine can perform only one operation at a 
time; 

• the workstations are composed of only one machine, 
except for the manufacturing stations that use two 
machines each one; 

• raw material reloading times are constant; 
• the job list is present at the simulation starting and no 

new one will be added; 
• the conveyor belt speed, the speeds of the SCARA 

robot and the pick-and-place robot are all constants. 

The stochastic processes, i.e. the printing process, were 
processed using distribution functions. Chi-square goodness-
of-fit tests are used, starting from the empirical data concerning 
both the chocolate and the plastic printers. In summary, the 
main relevant input data are shown in Table I. The simulation 
scenarios are generated through demand and product variation, 
as shown in Table II. The next step, namely the simulation 
model validation comprised: data validation, conceptual model 
validation and computerized model verification. The first one 
refers to all the verify process that ensures the use of correct 
data for both input and output of the model. To ensure the model 
accuracy, all the characteristic parameters relating the 3D-
printers have been evaluated starting by empirical data. 

Therefore, it has been possible to build a correct conceptual 
model able to reproduce adequately the problem entity for its 
intended purpose. Moreover, it has been possible to develop 
mathematical and logical relationships able to verify, applying 
the methods above mentioned, the behaviours of the model in 
all its application range. Conceptual model validity means to 
establish that the theories and the assumptions are correct and 
that the model's structure, logic, and relationships are 
reasonable. The theories and assumptions of the model should 
be verified through mathematics analysis and statistical 
methods relating to model's data. In this study, all the data have 
been tested using chi-square goodness-of-fit test. Once known 
the data distribution, statistical methods have been used to 
estimate parameters values from the data. Finally, computerized 
model verification considers the validation level regarding the 
computer programming and the implementation of the 
conceptual model. According to Fairley [39], one basic 

Fig. 7: FMS pilot layout 

Fig. 8: The simulation model 
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approach that could be used is the dynamic testing. In this sense, 
the computer program has been executed according to different 
conditions and obtained values are investigated to determine its 
correctness. Investigation of input-output relations and internal 
consistency checks were carried out. Fig. 8 shows a printed 
screen of the simulation model running, which supported 
validation regarding the simulated process flow, as well as 
parameters and variables of the system. 

C. Result analysis 

The throughput of the line has been defined as the number of 
confections the line is able to produce in a specific timeframe. 
Calculation has been carried out taking into account times 
relating both to production and complementary tasks, which 
include: 

• pre-setup timing for each printer, 
• raw material fill times, 
• printing times, 
• handling times, 
• storage times, 
• raw material refill times, 
• quality testing times, 
• amount of chocolate and plastic wasted products. 

In Table III the averaged throughput time, in hour, for each 
scenario are reported. The entire time of each specific run has 
been divided by the number of the product realized, taking into 
account also the products wasted. Further, the values just 
obtained has been averaged considering twenty runs. As 
beforehand shown, the total production time decreasing with 
the batch size increasing. Obviously, this is related to the fact 
that cycle time is amortized along a greater number of products. 
However, as shown in table 3, this phenomenon has the 
tendency to not be verified in greater batch dimensions. A study 
regarding the line behaviour was conducted according these 
conditions, to understand how the line could be set to reduce the 
phenomenon and, as consequence, the total cycle time. A 

critical parameter needed to obtain a complete knowledge of the 
production line behaviour is the workstations utilization, which 
has been established, in percentage, for the two printing 
stations, which represent the critical points in the production 
path.  

Fig. 9 and Fig. 10 show the averaged utilizations according to 
the different scenarios, for chocolate and plastic printers 
respectively. The utilization values have been calculated as 
ratio between the time spent by each printer and the total run 
time, averaging the final values along all the runs. It can be 
observed that the use of plastic printers is gradually decreasing 
as a function of the batch.  

Nevertheless, it is not respected by the chocolate printer, that, 
in the same conditions, reports an increasing trend in terms of 
utilization. That turns into a very unbalanced situation, not 
suitable for an industrial application. According to Syed 
Masood [40], line balancing is an important issue to be 
considered in the preliminary design stage for the flow line 
production system. In addition, it is used to reach an optimum 
allocation to minimize the cycle time and to equalize the loads 
on the workstations.  

As stated by the work of Masood, while several researchers 
have addressed this problem for assembly lines, very few 
people have investigated the problem for automated production 
lines or transfer lines. So, with the goal to provide an optimal 
balancing across the printing stations, a new resource allocation 
has been simulated. Fig. 11 and Fig. 12 show how the averaged 
utilization changes in relation to the new resource allocation. 
They are referred to a ratio of 2 and 4 printers for chocolate and 
plastic printers respectively. Moreover, the figures show how 
the printers utilization changes considering scenarios generated 
considering the product sizes (small, medium, and large product 
size) and the biggest batch size (large batch). This configuration 
allows to reduce the gap referred to the two printing stations 
saturation and, as consequence, to reduce the total cycle time, 
showing the greatest improvement processing a big batch size.  

Fig. 9: Chocolate printers average utilization                                                               Fig. 10: Plastic printers average utilization  
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Fig. 11: Chocolate printers utilization according to different resource allocation 

Indeed, referring to the biggest batch size, the 
small, medium and the large candies’ size total cycle time is 
reduced of 67%,44% and 48 % respectively. Therefore, to 
provide a good stations saturation, several resource allocation 
processes has been performed. As result, the optimal solution 
can be reached using 6 chocolate printers and 2 plastic printers. 
More in details, with this line configuration it is possible to keep 
utilization percentage significantly high, around 74%, but 
sufficiently low to ensure a safety margin for responding to 
unexpected events, as machine breaks, without compromising 
the production timetable. 

 

V. CONCLUSION 

Flexibility and customizability are both relevant trends in 
manufacturing systems, pushed forward by market demand and 
growing competition. Among other technologies that can 
introduce new ways to cope with these challenges, additive 
manufacturing stands out. Still, to convert innovation potential 
into real application and economic returns, this emerging 
technology must prove to be efficient and reliable. Indeed, the 
proper consideration of characteristics mentioned above means 
facing several challenges, since some constraints are often 
difficult to be described by traditional analytical models. 

In this direction, this research proposed a simulation-based 
procedure for the operational and economic evaluation of 
flexible manufacturing systems based on additive technology, 
comprising beside 3D-printing stations, automated transport 
and storage processes. More specifically, the simulation-based 
evaluation targeted on obtaining the production line throughput 
considering different scenarios and constraints regarding 
production processes, product specification and demand. As a 
result, this research substantiated the applicability and 
suitability of additive manufacturing technology in FMS. 
Furthermore, the developed simulation procedure has turned 

 
Fig. 12: Plastic printers utilization according to different resource allocation 

out to be an interesting tool to emulate in a faithful way the3D-
printing process behaviour, both for plastic and food products. 
The test case provided insights regarding the potential industrial 
application of automatic production systems based on 3D 
printing technology.  

Several simulation runs have been executed, in which input 
parameters of the model were changed according to different 
scenarios. Parameters of demand size and product features were 
tested for better understanding the potential application and the 
optimal setting was selected based on simulation experiments.  

One of the most promising organizational perspective for the 
production unit here studied is given by the cloud 
manufacturing paradigms, consisting in interconnected pool of 
manufacturing resources which can temporary aggregate to 
dynamically satisfy market requirements. In this perspective, 
the following future research direction could be mentioned: (i) 
development of a simulation model based on a networked 
multi-batches processing; (ii) simulation-based evaluation of an 
interface for receiving orders and their specific customization 
features directly from customers´ specification through the 
web. Moreover, further studies should consider the integration 
with ERP systems, with the goal of managing the entire contract 
lifecycle, from digital order arrival until physical order 
delivery.  

TABLE I.  PRODUCTION  DATA USED IN SIMULATIONS 

Simulation input data 
 Plastic Chocolate 

average printing time [min/cm3] 0.8156 2.1237 
wasted items [%] 4 12 

recharging time [min] 15 10 
recharging interval [min] 900 60 

pick-and-place: time per part [s] 15 
testing station: time per part [s]  15 

labeller: time per part [s] 2 
Simulation input data: transport speed 

scara robot X-axis [m/s] 0,633 
scara robot Y-axis [m/s] 0,8 
scara robot Z-axis [m/s] 0,467 

conveyor [m/s] 0,11 
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85.00%

87.50%
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TABLE II.  BATCHES DATA USED IN SIMULATIONS 

Simulation scenarios 

Batch size (parts) Part’s size [cm3] 
 Plastic Chocolate 

singular 1 small 42.8 27 
small 2 medium 274.6 216 medium 10 
large 20 large 1157.6 1000 

TABLE III.  SIMULATION RESULTS 

Line throughput per batch size[h] 

 singular 
batch 

small 
batch 

medium 
batch 

large 
batch 

small size part 1.19 0.72 0.55 0.96 
medium size part 8.45 5.16 4.7 4.47 
large size part 30.65 24.78 20.42 22.14 
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