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Abstract: The Italian ceramic tiles district has a long tradition but is called to face new sustainability
challenges related to the profitability, the environmental impact, and the capability to offer pleasant
and motivating working conditions for new young employees. New Industry 4.0 approaches are
emerging to evolve the current industrial organization and are expected to enhance the overall
economic, environmental, and social viability. In this context, this paper aims at demonstrating the
positive correlation between the new technologies and the sustainability of the sector. It outlines the
main achievements of a 4-year project financed by the Italian government, involving the entire chain
made up of research centers, technology providers, and tiles producers. The presented approach is
concretized in several technological innovations based on the Industry 4.0 paradigm. Furthermore,
a pilot line was created to test the new systems and collect data on the process. The main results
are reported in terms of improved sustainability KPIs, such as extended possibility of control of
production plants, waste reduction, lower consumption of raw materials and chemical additives.
Finally, a sensible increase in the operators’ digitalization level is registered, making a shift from a
physical and hard working environment towards more conceptual and attractive job conditions.

Keywords: ceramic tiles; Industry 4.0; sustainability; digital twin; design tools

1. Introduction

The Ceramic Tiles (CT) industry has undergone a strong evolution in the last decades
in terms of product characteristics and manufacturing process. The size of the tile, the
realization tolerances, and the decoration possibilities have enormously improved [1].
However, the Italian CT sector is subjected to strong competition from the emerging
countries characterized by low labor and raw materials costs [2]. This resulted in low-
quality and cheap products appearing on the market, taking up significant market shares.
Furthermore, the energy costs have increased, and companies are experiencing difficulties
in the supply chain of raw materials, sands, and clay, due to the international instabilities [3].
The survival and growth of CT producers can be guaranteed by a significant evolution
gradient in the product and by the introduction of technological innovations able to pursue
more efficient, controlled, and sustainable processes [4,5].

In this context, new technologies based on the Industry 4.0 (I4.0) paradigm can be
exploited in the field to strongly renew its capability to increase sustainability and compete
in the market [6]. Even if research indicates positive links between I4.0 and environmental
sustainability [7], companies are not always aware of potential benefits. It emerges that
Italian manufacturing companies have limited knowledge of I4.0-enabling technologies [8].
Generally, issues such as social and environmental sustainability are often neglected in
favor of the benefit of the economic one. Particularly, several manufacturing companies
have been analyzed to study the correlation between I4.0 implementation as an advantage
contributing to environmental and social sustainability in terms of lower environmental
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impact of production, as well as higher physical relief for workers and flexibility of work
organization [9]. However, the need for actions to prove a positive correlation between
I4.0, sustainability, and the performance of companies through applied research and real
industrial case studies is still an open issue [10]. The new evolution of the production and
industrial process under the I4.0 umbrella and its related technologies still have an unknown
potential impact on sustainability. Despite a correlation between I4.0 and sustainability
having been envisaged in several studies, and methods to assess estimations of the reached
results having been proposed through KPIs [11], quantitative measurements and pragmatic
demonstrations are still lacking, especially regarding the specific CT application field.

The gap that has emerged from the analysis of the literature poses three research
questions, which are investigated in this paper:

RQ1. How to combine I4.0 technologies and sustainability issues for the specificity of the
CT sector?

RQ2.What are the I4.0 technologies applicable to the CT field, taking into consideration the
size of the companies and the existing organization of the technological chain?

RQ3. How can sustainability be improved in the CT sector by developing I4.0 technologies?

Coping with the increasing sustainability demands, the CT sector is called to an
improvement and renewal of the employed technological solutions, taking advantage
of the possibilities provided by the I4.0 technologies. Therefore, the primary aim of this
research is to devise an overall approach to develop I4.0 technologies and demonstrate
that they can effectively improve sustainability in the CT sector. The extension and the
expected impact of such evolution requires a structured approach which is mainly driven
by cooperation among research centers, technology suppliers and end users. These different
players are called to act synergistically.

The remainder of the paper is organized as follows. A few notes on the background
related to the CT field are provided with special focus on sustainability issues and
the current technological level. The proposed approach is presented in Section 3, and
its application is exemplified with an application in the Italian CT district with some
tangible examples of the developed technologies. The result of the experimentation in
a pilot line is reported in Section 4. Finally, in the conclusion, Section 5, the obtained
results in the CT field are discussed as well as additional benefits which have been
experienced in the research.

2. Background

The study reported in this paper is focused on the CT district of Emilia Romagna, a
region in Northern Italy. In a handful of towns in the provinces of Modena and Reggio
Emilia (including towns such as Sassuolo, Formigine, Casalgrande, Scandiano), a district
strongly oriented towards ceramics has burgeoned over the past few decades, bringing
together producers of the final product and, more importantly, a large and diverse group
of suppliers of supporting technologies [1,2,12]. This encompasses producers of machines
for executing several phases of the process, from raw materials to the packaged product
for the final customer, covering all necessary phases—a distinctive characteristic of the
sector. The innovation of technologies also extends to other essential systems, linked to
logistics and energy resource supply through advanced energy conversion, cogeneration
and energy recovery systems [13,14]. Lastly, the sector has witnessed the development of
software systems applied to plant control and management, data collection from sensors
and quality control systems, production programming and scheduling, as well as more
traditional software for customer, suppliers and orders management [10,15].

2.1. Industry 4.0, 5.0, and the CT Field

I4.0 is emerging as an extensive array of technology families that collaborate syner-
gistically to achieve ambitious business objectives. The implementation of the relative
approaches and solutions is identifiable as an actual industrial revolution [16]. The intro-
duction of I4.0 technologies based on the digitalization of the design phase and the one of
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the manufacturing processes can allow the achievement of the sustainability goals in many
industrial fields. However, it is easier for large manufacturers to adopt I4.0 because they
have greater opportunities to use new technologies and transform them, while small and
medium enterprises encounter more difficulties [17]. I4.0 requires enhanced communication
and collaboration among manufacturers. As a rule, it requires information infrastructure
in plants to be closely interconnected, including production equipment, robots, operating
personnel, materials and finished products.

Furthermore, Industry 5.0 is emerging as a new industrial paradigm, having the
potential to transcend the profit-oriented productivity of I4.0 and promoting sustainable
development goals in a broader sense. It includes human-centricity, socio-environmental
sustainability, and resilience [18]. So, in this work, the term sustainability is analyzed in
three different dimensions, that is, economic, environmental, and social, according to the
paradigm of the triple bottom line (TBL) which gives equal importance to all three [19].
The ceramic industry is not exempt from these needs and general trends. KPIs such as
efficiency, operator well-being, and environmental impact have been proposed as measures
of the magnitude of the improvements [12]. In their work, the authors also envisage the
development of a Sustainability Digital Twin as a tool to help business managers make
informed decisions and design products considering all aspects of sustainability.

Previous analysis works have assessed the readiness of CT companies to adopt I4.0 by
introducing a model to address the problematics of the implementation of processes and
the main obstacles for future digitalization and automation [20]. In fact, I4.0 technologies
represent a strong opportunity for the CT industry for a revolution in the field oriented to
digitalization to control and improve the processes in a continuous manner and to introduce
circular economy principles [21]. Additionally, the introduction of more deeply automated
systems can improve the sustainability of the processes in a broad sense. For instance, the
possibility to monitor and trace the plants allows to collect many pieces of data that can
be exploited to automate the Life Cycle Inventory and shorten the Life Cycle Assessment
evaluations, making them more realistic and responsive to the changes [3].

For these reasons, among the innovations brought by the I4.0 paradigm, previous
studies have mainly concentrated on the capability of controlling product quality by
renovated sensing, monitoring, and controlling possibilities. For instance, advanced image-
based systems have been studied to detect defects in CTs connected to colors, dimensions,
or missing edges [22]. Recently, these approaches have benefited from better efficiency
and accuracy thanks to the machine and deep learning algorithms [23–25]. This draws the
attention on having good-quality data and in an extensive manner, which is an important
pre-condition for the implementation of automated quality control, preventive maintenance
approaches, and for the optimal planning of production [26]. Energy-intensive industries
such as the CT sector can strongly take advantage of an accurate planning of production,
which allows primary resources to be saved. The digitalization of the processes has span in
many industrial fields, in which the Digital Twin (DT) concept has been experimented [27].

However, many obstacles remain to a practical and effective implementation [28],
and the CT sector is no exception. Experimental studies are needed to demonstrate the
effective correlation between the adoption of such new technologies and the achieved
sustainability goals.

2.2. The “Under Control: Made in 4.0” Research Project

The approach reported in this paper and the relative achievements have been de-
veloped in the context of a four-year-long research project (from 2020 to 2023) called
“Under Control: Made in 4.0”, financed by the Italian Government, aimed at introducing
I4.0 solutions in the CT field. The project partnership has included research centers,
worldwide leading technology providers (suppliers of machines and software), and end
users (CT producers).

The project scope was focused on the development of a flexible, efficient, and inter-
connected end-of-line system for the CT industry with an I4.0 perspective and has aimed
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to demonstrate the positive impact of I4.0 on the sustainability of the CT ecosystem. The
end of line is the final part of the production pipeline which is located after the tiles firing
phase in the oven. Just a brief and general overview of a ceramic plant is here reported and
depicted in Figure 1, leaving more details to other works in the literature [3].
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Figure 1. Scheme of the CT end-of-line system in the whole production process.

A typical production process moves from the raw materials, which are mixed and
grinded together with water. Then, the material is dried and pressed to the desired shape.
Decoration in the form of printed patterns or images, as well as application of decorative
materials, follows, until the raw slab is cooked in the oven. Then, the end-of-line system,
i.e., the scope of the present work, begins: the aim of the following lines is to cut the slabs
into smaller tiles, bring them to the desired dimension, check the quality of the product,
then sort and pack the final product.

3. Materials and Methods

The approach to demonstrate the correlation between sustainability goals and I.40
innovations has been based on six major steps. The implementation of the approach is
strictly connected to the specific application context, i.e., the Emilian ceramic district and the
actors involved in the research. However, the followed approach is quite generic and can
be applied in several industrial contexts to demonstrate the correlation between adopted
technology and sustainability KPIs, especially in manufacturing districts characterized by
a strong coexistence of producers and technology suppliers.

Briefly speaking, the main phases of the approach consist in:

1. Organization of the research.
2. Preliminary analysis of the sustainability in the field.
3. Identification of the required technological innovations.
4. Design and implementation of new technologies to:

a. improve economic sustainability;
b. improve environmental sustainability;
c. pursue attention to social sustainability.

5. Testing of the new technologies in pilot plants.
6. Measurement and analysis of the new performance through KPIs.
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In the following sections, each step is described in detail. The first five steps are
described in the following subsections, while the reached KPIs are reported and discussed
in Section 4. Given the specificity of the research context, explicit reference will be made to
the activity performed for the CT field in the context of the cited research project.

3.1. Organization of the Research

In the literature, works have recently appeared to review organizational and man-
agement aspects of I4.0 [29]. The implementation of new technologies represents a major
challenge for companies that aim to take advantage of I4.0 to underpin new business
models and innovative human–machine work structures.

Regarding the implementation of the approach presented in this paper, the activities
have been executed in a collaborative way between the three main categories of actors
involved in the specific project. Figure 2 shows the subdivision of the tasks among the
three main actors. The Intermech MO.-RE. interdepartmental research center of the Uni-
versity of Modena and Reggio Emilia has performed the analysis of the state of the art
of the technologies and the potential innovation drivers which are applicable to the field.
The researchers of the center have guided the innovation process providing approaches,
possibly drawn from other fields, and identifying objectives and expected results of the
new technological solutions. Finally, they have identified indicators of the sustainability
goals, i.e., suitable KPIs, and objectivize the reached results also in numeric terms.
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The technology providers, i.e., Sacmi Tech Spa and BMR Spa, have developed new
solutions, i.e., new machines, software, and control systems. In the CT field, their role is not
limited to providing new solutions to enhance the efficiency of the plants or to adopt new
principles to speed up the processes. The recent developments in the field have revealed the
capability of introducing new solution principles that allow a strong innovation also in the
product. The digital printing of the surface of the tile, the possibility to realize colored veins
in the thickness of the slab, the extended size of the tiles, and the polishing of the surface
to high gloss values are just a few examples of the innovations that bring new production
techniques in the field, allowing the realization of products that were not possible until a
few years ago.

Finally, the end users, Casalgrande Padana Spa in the specific case, sustain these
developments with huge investments by adopting the new solutions in an open and
proactive manner. Additionally, they bring to the other partners new needs from the market
in extended application niches, such as fields in which the ceramic slab can be applied, such
as the furniture or the nautical world. They identify the major stylist trends posing new
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objectives to the technological developments, providing stimuli to the researchers: new
decoration effects, improved surface properties, more rigorous dimensional tolerances, just
to name a few. Finally, they experiment the new applications, gather data on the field, and
measure the performance of the new systems supporting and reinforcing the development
activity of the technology providers.

3.2. Preliminary Analysis of the Sustainability in the Field

The following phase of the work has moved from an analysis of the literature aimed
at the identification of the main economic, environmental, and social impacts of the CT pro-
duction. In addition, main KPIs to measure the impacts have been recovered from previous
research works and adopted to assess the effects of new I4.0 technology developments in
the sector.

Traditionally, CT production is based on energy-intensive processes performed by
systems operating continuously, 24 h a day, seven days a week (24/7), with minimal breaks
limited to a couple of interruptions per year for necessary maintenance operations. This
is primarily due to the extended startup times of the plants, due to the time required to
reach the necessary temperatures, and the adjustment and stabilization of cooking profiles
in methane gas ovens. Consequently, there has been a traditional trend towards producing
large batches processed over extended periods, resulting in significant accumulations of
finished products in company yards, awaiting order receipts from the customers. This in-
evitably leads to substantial immobilization of materials and spaces, considerable financial
resources, and poor flexibility in production.

In this context, many threats loom over the CT sector from an economic point of
view. In the first place, there is the need to always compete with new products, in con-
junction with an instability of demand emerge as main market trends. Indeed, modern
manufacturing is marked by increasingly rapid development cycles, significant variabil-
ity, and customization of offered products, a reduction in production batch sizes, often
resulting in relatively small production runs, and the imperative to process orders within
ever-shortening timeframes [30,31]. In addition, the international political instability of the
last few years has caused considerable problems with the supply chain of raw materials.
Traditionally, the CT industry has experienced a strong dependence on clays and sands
dug outside the European Union, with important drawbacks in terms of sustainability due
to the reduced availability and the environmental and financial impacts of the transport.
To contrast this trend, efforts to strengthen the supply chain have been entended on the di-
versification of raw material sources, which also entails the use of secondary raw materials,
the search for new deposits and purification processes, and improvement of logistics [32].
However, at the production level, it requires higher flexibility of the plants and machinery
to cope with variable physical and chemical characteristics of the raw material, to adjust
the process parameters on the fly and guarantee the product stability and quality.

Considering the high energy consumption rate, accurate Life Cycle Costing (LCC)
models have been devised to evaluate the profitability of the business, also including
environmental and circularity issues [33]. In fact, from an economic but also environmental
perspective, tile production can be classified as an energy- and raw material-intensive
manufacturing industry which must be particularly aware of environmental issues and
circular economy practices due to the large amounts of resources being used. In the cited
study, a calculation framework has been developed that extends the potential of LCC by
including circularity parameters in the Italian CT manufacturing sector.

Environmental issues of CT production have been addressed in the literature from
different points of view. For instance, researchers have studied the air quality of two of the
main European CT industry clusters, one being the Castelló region in Spain and the other
one the Modena district in Italy [34], which is the same production area considered in this
paper. Even if the annual average concentration of particulate matter (PM10) and elements,
mostly of metallic type, is for sure connected to traffic and other industries in different
proportions, the CT production has a primary role in both sites. The study recalls the
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need for additional measures to fulfil the air quality requirements through more optimized
processes, despite the high degree of environmental measures implemented in the CT.

Moving on to the analysis of the causes of environmental impacts, several researchers
have carried out in-depth life cycle assessments combined with a cost analysis. They
considered in detail process emissions and resource consumption from cradle to final
product [3]. For instance, in the Chinese production environment, results show that
marine ecotoxicity, climate change, terrestrial ecotoxicity, human toxicity, and fossil
depletion are the key environmental impact categories [35]. The major benefits could
be reached working on alternative electricity generation types. On the contrary, in the
EU context, the main efforts are oriented both on the product and process innovation.
For instance, eco-friendly ceramic tiles have been proposed employing by-products of
porcelain stoneware manufacturing as raw material [36], guaranteeing the quality of the
product fixed by the standards.

Finally, social sustainability is one of the major aspects to be faced. From the extensive
analysis of the principal sustainability Key Performance Indicators (KPIs) conducted in
a literature review on the CT field [11] emerges the importance of health, noise level,
employee satisfaction, accident rate, and wadges level as key factors regarding the social
sustainability of the CT sector. The capability of the sector to evolve toward a higher
technological level and improved production solutions able to guarantee better working
conditions results to be fundamental to gather young and talented resources, thus ensuring
the survival and prosperity of the field.

3.3. Identification of the Required Technological Innovations

The application of the approach has required the development of some primary
innovations in the CT field. At the beginning of the project, a panel of experts coming from
the Academy and the involved companies was formed to analyze the I4.0 technologies
which could be applied in the field. The research people from the University have initially
reviewed the scientific state of the art focusing on the major technological trends and
possible applications to the field. Then, technicians from the companies, mostly coming
from the research and sales departments, discussed in focus groups with the academic
personnel to fix the means to pursue the sustainability goals.

Figure 3 represents a picture of the whole set of adopted technologies, divided into
the three sustainability objectives and the specific employed actions. In the following
sections, the main implemented technologies are described and exemplified by the real
developed cases.

In the development and implementation of new technological solutions, the panel of
experts has addressed sustainability in a comprehensive manner. Economic sustainability
has been pursued with new mechatronics systems for advanced automation based on stan-
dardization and modularity, digitalization, and virtualization to assist the single machines
as well as the entire plant design. Environmental sustainability has been addressed by an
enhanced level of manufacturing process control seeking to reduce energy and raw material
wastes, by the interconnection of the machines of the plant to fine-regulate the operating
parameters and the quality of the processed product thanks to advanced sensing and
feedback capabilities, and finally, by reducing water and chemical additives consumption
required in the process.

Lastly, the project has aimed to have a positive impact on social sustainability.
Automation solutions, autonomous control systems, and renewed user-centered Human–
Machine Interfaces (HMI) have been proposed to lower the physical and cognitive
workload on operators.
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3.4. Technologies to Improve Economic Sustainability

Even though it is not always possible to split technological improvements among the
three pillars of sustainability, their presentation follows a subdivision based on the major
contribution given in a certain area.

Starting from the solutions aiming at reaching greater production efficiency, and
improved economic margins, the major driver has been identified in the development of
advanced automation solutions. That mainly includes new automatic machines for the
processing of the tiles, for instance, grinding and polishing, handling, and inspection of the
quality of the tile.

Faster and more efficient development processes have been based on the application
of new design approaches in the CT industry, grounded on the following principles:

• Digitalization and virtualization, i.e., the adoption of software tools to analyze and
optimize the behavior of the new system in a digital manner;

• Concurrent engineering, allowing parallelization of activities such as the development
of the mechanical structure and the control software;

• Standardization and modularity, by the development of configurable solutions to
easily adapt to various tile sizes.

As a meaningful example of tangible application of these design principles, the de-
velopment of a new sorting machine by Sacmi Tech is here reported. The purpose of the
machine is to make piles of tiles that travel individually on a conveyor belt so that they are
then ready to be packed in boxes. A new concept of machine based on a rotating carousel
has been conceived thanks to a virtual commissioning software tool, i.e., B&R Automation
Studio V4. In this environment, the kinematic behavior of a digital model of the machine
can be performed based on the real controlling code.

As shown in Figure 4, a simplified CAD model of the machine concept was developed
at first, and its kinematic joints as well as the required actuators being defined. As parallel
activity, the Programmable Logic Controller (PLC) code and the relative Graphical User
Interface (GUI) were developed. Then, the generated code was tested on the virtual
prototype of the machine, allowing to test the working cycle of the machine and optimize
its behavior, simulating a random arrival of tiles to be piled. As a result, the PLC code
can be debugged much earlier than having the machine built and then, finally, tested in
its almost final form as soon as the physical setup is ready. Therefore, the new working
principle of the machine has been virtually validated, and the PLC development can be
parallelized with the detailed design of the machine.
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Figure 4. Phases for the study of new tile sorting machine. Virtual commissioning and virtual
prototyping techniques are combined for a fast and effective development of new automation systems.

Again, the design of the machine, in turn, is supported by virtual prototyping
tools, allowing fine structural optimization of critical components such as the carriages
holding the stack of tiles. The output of this phase is an engineered detailed CAD model
of the machine. Finally, the machine has been physically prototyped and tested in a real
working environment.

This example has demonstrated that the adoption of the simulation tools allow a much
faster design process and the successful fulfilment of the design requirements, including
the possibility of operating on tiles of big dimensions up to 1200 × 2800 mm.

Economic sustainability has not only been pursued with more automated production
processes. The project activities have also focused on a more controllable process and
improved product quality. To this aim, advanced simulation means have been introduced
in the CT field with new on-purpose developed tools. In particular, a software system
has been developed to enhance the capability of performing advanced simulations of the
polishing process on the tile surface. The polishing machine is composed of a sequence of
rotating heads equipped with abrasive tools which exert their action by pressing on the tile
(Figure 5a). The heads are mounted on a beam which is animated by reciprocating motion
while the tile advances from head to head, so that the entire surface of the tile is treated.
However, the trajectories of the tools are quite complex, resulting from the combination
of few rotational and translational motions. For this reason, the polishing action is not
uniform on the tile and not easily predictable.
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steps of the polishing simulation algorithm: the discretization of the tool, the trajectory followed by
the polishing heads passing on the tile, polishing result according to a colored scale, (c) progress of
polishing through the consecutive heads.

For an improved design of the process, a simulation system has been designed as
depicted in Figure 5b. The tool head has been discretized in small operating elements which
are moved on the tile surface following sinusoidal trajectories according to the polishing
machine motion rules. The action of the single elements is then cumulated and visualized
by color maps representing the resulting polishing action operated on the surface of the tile.
Furthermore, the progress of the smoothing effect can be analyzed head by head. This is
very useful to design an optimal motion of the beam supporting the heads to guarantee a
uniform treatment of the whole tile surface.

The development of the polishing simulation tool has also opened the way to inno-
vative features of the tile product. The software allows non-uniform polishing patterns
to be designed and then realized on the tile surface (Figure 6). Original effects made of
different grades of smoothness of the surface emulate the effect of floors worn by time and
the passage of people.

Therefore, the development of simulation tools has demonstrated the capability to
fine-control the process from one side, but also to obtain new product characteristics,
strengthening the ability to compete on the market.
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As a final example of a strategic approach to enhance economic sustainability, the
adoption of the DT concept is here reported. A DT is a digital counterpart of a physical
asset, connected to it and capable of reproducing the behavior of the real system in the
simulated environment [27]. DT is one of the pillars of I4.0, given the coexistence of a
virtual simulation environment, sensing and data gathering capabilities from the physical
assets, the possibility of performing advanced control, and optimization of the process
according to the decisions elaborated in the digital replica.

In the CT field, the implementation of DT moves from the realization of 3D models
of the plants as a sequence of machines operating along the production lines. The flows
of materials and tiles are incorporated in the models, and the progress synchronized with
sensing capabilities spread in the real facilities (Figure 7). One of the main applications of
the DT is relative to the construction of a digital replica of an industrial environment to
provide easy access to all the data regarding the production, including the progress of an
order, the state of machines, the location of the Automated Guided Vehicles (AGVs) of a
fleet, the fill level of the buffers, the energy and resources consumptions, and the rate of
scraps and defects identified along the lines. All these data concentrated in a single holistic
environment represent a remarkable control and management tool.
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However, the DT is also a useful and powerful tool to design new plants. It allows new
plants to be designed and simulated according to variable demand for diversified products and
measuring the expected performances. They can convey in an intuitive manner meaningful
information for the customers, allowing them to take more informed decisions.
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3.5. Technologies to Improve Environmental Sustainability

The development of solutions to enhance environmental sustainability is strictly
correlated to the previous goals. In fact, the CT process is characterized by strong energy
consumption both in the form of electricity and heat to dry the raw materials and to fire
the tiles. Efforts have been traditionally made in recovering the heat of the oven, as well as
in gas turbine cogeneration of electricity and heat to feed the plants [13,37].

Since the CT process requires a huge quantity of water and makes uses of chemical
additives, new processes have been developed to obtain improved product performance
while diminishing the consumption of chemical additives. New surface treatments have
been devised to this aim, achieving improved resistance and waterproofing characteristics
with low environmental impact (Figure 8). New pressing, squaring, and polishing tech-
niques together with refined control of all process parameters allow the creation of tiles
with much lower thicknesses, reducing the consumption of raw materials. Thicknesses
of up to 3 mm can be achieved compared to the traditional 10 mm. Furthermore, as an
additional result, the pursuit of tighter tolerances in the manufacturing dimensions of the
tiles allows one to lay a floor with thinner joints, saving on installation adhesives.
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Moreover, environmental sustainability has been mostly pursued with a renewed
process control to lower energy and raw material wastes. In the context of I4.0-related solu-
tions, the developed approach has been based on a fine control of the production process
at several levels, adding advanced sensing, feedback, monitoring, and reacting capabili-
ties, lowering waste of raw materials and energy, thus pursuing important environmental
goals. In fact, faulty products are constantly generated throughout the process due to
incorrect machine regulations and an inability to react to changes in the chemical–physical
characteristics of the processed material or in the working environment.

Traditionally, the machines in the line act as separate units which are tuned by opera-
tors supervising the process. The introduced innovation is centered on an interconnection
between the machines which have been evolved to include sensing capabilities to monitor
the process, as depicted in Figure 9. To this aim, several measurement systems have been
designed including temperature sensors, loading cells to estimate the forces exerted by the
tools, cameras to inspect the product, devices to measure the size and weight of the tile on
the fly, and tags to trace the single manufactured tile.
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Data are collected by the PLC systems operating the machines and transmitted in
a network at line level, using standardized communication protocols, such as OPC-UA
(Figure 10). Suitable data packages have been advised to incorporate heterogeneous data,
including production lot information, machines parameters, and signals to be exchanged
among the machines of the line to regulate the process according to the measurements
made in previous process phases.
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3.6. Solutions to Pursue Attention to Social Sustainability

In the set of solutions aimed at improving social sustainability, the CT field has
registered, among the others, the introduction of advanced inspection systems which allow
an on-line constant and automatic monitoring of the aesthetic and dimensional parameters
of the tile. Such systems permit an automatic categorization of each tile into different
qualitative levels, which are then sold at different price levels.

The new machines replace the traditional human inspection, which was rather de-
manding and tiring for the operators who had to stare for hours at the tiles passing under
their eyes, not allowing distractions due to the high frequency of the products. With the
introduction of the automated solutions, the operator is just asked to supervise the process
and inspect a few pieces sampled from time to time to verify the correctness of the process.
That means a reduced workload on the operator, an improved and more reliable quality
standard, and a valorization of the skills of the workers. In other words, enhanced working
conditions on the one side, but also a better-performing inspection that translates into better
economic results.

The new generation inspection machines have developed thanks to advanced artificial
intelligence algorithms applied to the image analysis of the tiles, which are captured by a
set of cameras positioned from different angles and different lighting conditions. Thanks to
the research efforts, machines of different sizes have been developed, laying the foundation
to process slabs up to 1800 × 3600 mm, covering the entire production panorama. This
allows the system to constantly and repeatably identify surface defects, missing portions of
the tile, mechanical and decoration defects, and variations in tone and color. Furthermore,
machines have been developed according to modularity and multifunctional principles to
also integrate geometrical and dimensional measurements, including surface flatness, sizes,
and angles of the tile (Figure 11).
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the tile.

For certain, automatic handling robotized solutions, as well as autonomous guided
vehicles to move goods in the shopfloor, help in lowering the physical burden on operators,
who are protected from the necessity of lifting heavy loads with threats to the musculoskeletal
system. This evolution is a strong improvement in terms of working conditions.

Finally, another important aspect must be mentioned. Which is aimed at the improved
usability of the systems and lowering the cognitive workload on operators. Recent devel-
opments have focused on the introduction of human-centered criteria in the design of the
machine, with particular emphasis on the HMIs. Here, the innovation driver is represented
by thin client touch-screen interfaces designed to improve ergonomics and human–machine
interaction. The usability of the interfaces has been pursued thanks to the direct iteration
via graphical representation of the machine, the selection of the machine part of interest on
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the touch screen, and the consultation and setting of parameters in the specific highlighted
area. The new interfaces have been extended to all the machines, realizing a common
family feeling and homogeneous interaction approach for the operators, also thanks to a
specific tool to design and implement interfaces (Figure 12).
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3.7. Application of the New Technologies in a Pilot Line

The outcomes of the project encompass a set of technologies developed by providers
which are the partners offering innovative technical solutions, namely Sacmi Tech and
BMR. These technologies have been crafted with a foundation in cutting-edge I4.0 concepts.
These advancements involve the creation of new machinery or the integration of inventive
technical modules and solutions into existing ones. On the other hand, they entail the im-
plementation of more efficient design methods, achieved through the systematic utilization
of development and optimization tools within a virtual environment.

A substantial and indicative number of these solutions has been integrated and tested
within a full-scale prototype production line established at Casalgrande Padana. This setup
facilitated the experimentation with new technologies, the measurement of process param-
eters through the simulation of production orders, the gathering of data for machinery
optimization and tuning, and ultimately, the validation of the benefits achievable through
the application of these newly developed approaches.

Specifically, the final objective of the project was represented by the development of
integrated systems for a ceramic end-of-line plant, effectively “Under Control”. In other
words, it is the development of a flexible, efficient, and interconnected end of line for the
ceramic industry with an I4.0 perspective.

The main sub-objectives pursued were linked to the introduction of a management
logic for the company activity integrated with production through highly innovative
software platforms to control production capacity and optimize the quality of the processes.
This applies both to individual machines and to systems made up of multiple machines
or logistics handling systems. Maximum customization of the finished product was then
pursued, through the possibility of processing slabs of extended dimensions compared to
the state of the art, reaching 1800 × 3600 mm with a thickness of 3–30 mm. Everything was
demonstrated and verified through the implementation of innovations on demonstrators
(machines, lines, and systems) and the creation of the pilot line.

Figure 13 shows a view of the pilot line, which was designed and realized to integrate
the newly developed technologies.
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Furthermore, the plant is connected to a DT made of a 3D representation (Figure 14) of
the facilities which reflect data on the actual situation in the real world. The 3D representation
includes machines, transportation lines, AGVs, and piles of products in storage areas. The
virtual entities are connected to the real environment through the PLC, SCADA (Supervisory
Control And Data Acquisition), and IoT devices. A user can navigate the model, inspect
the positions of goods and vehicles, and inspect the level of filling of the storage buffers.
Furthermore, the model can be queried, and single entities can be reviewed to acquire real-
time data on working parameters, machine efficiencies, waste rate, and energy consumptions.
Thus, the DT allows the operators to monitor the state of the machines, access data regarding
the processed materials, tune and optimize the production parameters and choices, and store
the historical data on the processed products in a very granular way, providing a rich source
of information to perform on-line as well as off-line analyses.
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4. Results and Discussion

Based on the rich set of technological innovations developed under the project, it can
be stated that the general objective of the research has been fully achieved. The radical
improvement of existing products and services has led to innovative technological lines
with control capabilities connected to the entire plant and optimization capability of the
quality obtained in the processes. The standardization of the information received from the
plant allows one to benefit from management strategies aimed at improving awareness and
decision-making, as well as measuring process parameters and improving sustainability
KPIs continuously.

Table 1 reports on overview of the benefits that have been achieved from the pilot
line. The performances are related to the overall sustainability of ceramic production,
understood from the three main investigated points of view:

• Economic sustainability, as the developed technologies allow the creation of a much
broader type of products and the possibility of penetrating new markets.

• Environmental sustainability, as the solutions developed were aimed at optimizing
energy consumption, limiting the use of chemical products, constant control of the
process with a strong limitation of waste due to errors or non-compliant production.

• Social sustainability, understood as the introduction of solutions for greater operator
well-being, enabled by machines and automation solutions that replace the most
demanding manual tasks, as well as in improving the interaction between operators
and the machines themselves.

Table 1. Main outcomes from the project “Under Control: Made in 4.0”.

Category Achieved Results

Capability of development of new systems
Development time reduction of 25%
Development cost reduction of 25%

Efficiency and production capability increased by 20%

Product and Market

Tile thickness extended to the range 3–30 mm
Tile size extended to 1800 × 3600 mm

Usage of raw materials with lower environmental impact
Higher gloss level reaching on polishing

Expanded sales niches
Strong customization and reduced lot sizes capability

Environmental impact New waterproofing treatments
Reduction in chemical additives for polishing

Reduction in primary energy consumption by 15%
Scrap and waste reduction by 10%

Process control
100% automated control of tile size and surface appearance

100% storage of tile images and dimensional data
100% product tracking along the process

Plants efficiency
Reduction in lead time

Improvement of OEE by 12%
Continuous monitoring and predictive maintenance strategies

Working conditions

Complete data accessibility along the line
Homogeneous appearance and structure of HMIs

Minimization of demanding inspection tasks
Minimization of loads lifting

Noise level reduction
Increased technical skill level of operators

Beyond the numerical indices that confirm the positive correlation between the I4.0
solutions and the sustainability KPIs, some additional considerations can be drawn from the
study which can be summarized in the following aspects. First, the new solutions allow a
significant extension of the type of product processed, i.e., the ceramic slab. The innovation
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is given by the extension of the producible dimensions, which rise to 1800 × 3600 mm
with thicknesses that vary from 3 to 30 mm. The new technologies, although with some
understandable variations due to detailed technical aspects, go further or at least lay the
foundations to allow processing in such a large dimensional range, unthinkable until a few
years ago. Furthermore, an increased possibility of surface finishes is highlighted, which
nowadays allows ceramics to replicate the aesthetics of natural stones.

Secondly, an aspect linked to the effectiveness of the design and implementation of new
technical solutions and entire lines commissioned by potential customers is highlighted.
Approaches based on DT, new data collection software, simulation, control, definition of
user interfaces, and programming of operating logics have laid the foundations for the
development of technical solutions in a more controlled manner, faster and closer to the
needs of the customer.

5. Conclusions

The possibility for the CT sector to grow in the future decades is a major issue. A
ponderous evolution is needed to increase the product quality and the technological level
of the manufacturing systems based on I.40 principles and innovations. It mostly includes
new automation solutions, software data gathering and analysis systems, new design
methods, waste reductions, and renewed attention to the operators and their well-being.

The present work has analyzed the sustainability issues and formalized an approach
made of actions to pursue a strong migration towards I4.0 principles. This new approach
involves the different actors of the Emilian CT district, including research centers, tech-
nology providers, and tiles producers, which are called upon to cooperate to develop and
put in place new sustainable production models, demonstrating the positive correlation
between the adoption of I4.0 principles and an increase in sustainability KPIs.

Thanks to the adoption of I4.0 in a structured manner, the proposed approach has
led the CT field to a remarkable overall result. The ceramic industry, once considered one
of the hardest and most unpleasant fields to work in, is now emerging as an example of
advanced technological applications, of attractiveness for engineering skills, a catalyst of
higher operators’ engagement and improved sustainability in the global market.

Finally, the proposed approach, experimented in the case of CT end-of-line systems,
has a wider capability. Its main drivers and guidelines can be extended more generally
to various development programs, while the innovation trend and the tangible results
evidenced by the research project described in this work could be replicated also in other
industrial sectors. Innovations based on I4.0 technologies reveal their potential to boost
economic, environmental, and social sustainability.
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