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Project description  

The main objective of the project is the design of a space able to meet the requirements 
stated by UniCredit Business Integrated Solution, which proposed this exercise. In particular, 
the final outcome should have been a place outside the traditional offices where their 
employees can work remotely. The solution developed must be environmentally sustainable, 
for example this is possible by reducing the travel time to go to work and encouraging the 
use of public transports. The project needs also to have a solid financial structure that 
enables the bank to recover the initial investment and make it self-sustainable. The initial 
analysis focuses on the available literature about workspace and new trends around the 
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world, so the research team has been able to develop a draft of the project that, 
subsequently, has been proposed to the employees which potentially could have been 
affected by the project. The space described is a mix of already existing places: a cafŽ and a 
co-working area where the general users and UniCredit employees are separated because 
of privacy issue. After a positive feedback, the following phase was the definition of possible 
locations. The aim is to create a network around the city, so it has been taken into account 
where employees live, the main public transports and exploitable areas for a co-working 
space. The whole phase has been supported with a strict definition of the possible 
stakeholders. The team proposed a partnership with a public institution (Municipality of 
Milan) in order to find pre-existing buildings, other than new ones, that satisfy the criteria of 
accessibility, size, conservation state and cost in the selected area of the city. Analysing the 
possible architectural solutions, the result has been a definition of building typologies with 
the subsequent design of how space are organized and connected.  
The project has a strong technological basis which is a strength that makes it extremely 
innovative. In fact, as reported in the business plan, there are different revenue streams: the 
co-working area, with the fees paid by the user; from the cafŽ, thanks to the products sold 
and to the companies paying for their advertising shown on the technological devices. In 
conclusion, the result of this project is a new model of workplace that meets the stated 
requirements of the client, and the trends in the field.  
 
Tasks and skills  
The five members of the team have worked in sub-groups taking advantage of their 
complementary backgrounds. 
 
Ingrid Angelica Noe Colonia and Federica Mazzola have both a deep knowledge of 
architecture and design that allowed them to collaborate on the analysis of the urban 
context, define the criteria for the selection of the spaces, study the relationships between 
the spaces and represent the developed workplace model through graphical tools and 3D 
visualisation. 
 
Barbara Francesca Cicconetti and Marco Vitale worked on the analysis of the urban context 
and the definition of possible locations derived from the application of the main regional 
economic theories. Additionally, Marco worked on the relationship between the space and 
the technology looking for innovative economic revenue streams. 
 
�*�L�R�U�J�L�R�� �5�D�Q�]�D�� �Z�R�U�N�H�G�� �R�Q�� �W�K�H�� �D�Q�D�O�\�V�L�V�� �R�I�� �W�K�H�� �X�V�H�U�V�¶�� �Q�H�H�G�V��(e.g. collection of the 
requirements and surveys) and the economic assessment of the project (e.g. market 
analysis, business plan, estimation of the financial impact). 
 
The great effort of each team member as well as the excellent support from both academic 
and external tutors contributed greatly to the outcome of the project.  

Abstract 
Technology allows people employed in certain jobs to work everywhere, as long as they 
have a laptop, a phone and internet connection. However, this does not mean that offices 
are no longer needed, especially in environments where creativity and problem-solving are 
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daily activities. Human interaction is often the key to address such issues and come up with 
innovative solutions. This is one of the reasons why physical spaces still play an important 
role, although they present some challenges such as:  

�” Current locations force employees to long and expensive daily commutes; 
�” Need for sustainable space, from an environmental and economic point of view 

(current office space is mainly a cost-centre); 
�” Obsolete spaces often do not encourage smart working; 
�” Maximum potential for innovation is not fully exploited due to low interaction and 

socialisation among employees and third parties; 
�” Need for more flexible spaces; 
�” Lack of transparency and permeability of the space towards its surroundings (i.e. 

openness to the public). 
 
The early requirement analysis has been performed on the basis of the information provided 
by UniCredit Business Integrated Solution. This was the starting point for the design of a 
draft solution to the exercise. Afterwards, thanks to surveys, it has been possible to fine tune 
the collection of requirements and have an early feedback on the draft. In this way, it has 
been possible to base the approach on flexibility rather than on vested limits: a mock up 
model to be validated by the users and gradually adjusted based on the suggestions. 

Subproject description 

Understanding the problem 
In the recent years, the working dynamics in the world of knowledge workers have been 
irreversibly altered by the more and more pervasive use of the new mobile and digital 
technologies. In particular, there has been a gradual migration towards working frameworks 
�Z�L�W�K�� �D�� �K�L�J�K�� �O�H�Y�H�O�� �R�I�� �L�Q�W�H�U�D�F�W�L�R�Q�� �W�K�D�W�� �U�H�S�O�D�F�H�V���W�K�H���³�R�Q�H�� �S�H�U�V�R�Q��- �R�Q�H�� �G�H�V�N�´�� �S�D�U�D�G�L�J�P�� �Z�L�W�K�� �D�Q��
approach to the workplace as a community in which connections and interdependencies 
arise spontaneously, exceeding the standard hierarchical functional relationships. 
Today it is possible to figure out organised working contributions in an increasingly 
autonomous and physically-�V�H�S�D�U�D�W�H�G�� �Z�D�\�� �I�U�R�P�� �W�K�H�� �F�R�P�S�D�Q�\�¶�V�� �K�H�D�G�T�X�D�U�W�H�U�V���� �Z�L�W�K��
significant advantages in terms of energy savings, environmental sustainability and human 
work-life balance. According to this approach, the company is able to optimise the use of 
spaces, while the employee can acquire a greater autonomy in managing her/his own work 
and time. 
As a consequence, there is the need for a new vision of workplaces that are more and more 
characterised by the issues that they are intended to solve. In particular the working areas 
will be increasingly permeable and open to the city making blurred the boundary between 
public and private dimensions until to dissolve it. 

Exploring the opportunities 
The trends observed on the state of art in the new organization of work and workforce, 
implementation of the newest technologies in the day to day operations arises the need to 
adjust the workplace from an architectural, organizational and technological point of view. 
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For instance, in NYC was clear that the interest in coworking spaces is growing constantly, 
at a global level and especially in big cities with highly inflated rents. The innovation cases 
lay mainly on the space optimization and the different uses of the same space giving a 
series of connection between cafŽ and workplaces. 

 
Spacious, NY coworking 
 
However, these considerations have to match the specific complex set of requirements set 
by the bank. An additional element of complexity is provided by the fact that in this historical 
phase in Italy, even the biggest companies tend to watch their expenses more than they 
used in the past. This phase is associated with the sharp increase of competition, with the 
consequent shrinking of aggregate profits in the banking industry. This element generated 
the need for a fully economically sustainable solution, which is not always an easy target to 
reach as it may seem. 
This is the reason why the solution proposed, the BankCoffice (i.e. Bank, coffee and office), 
may look like an unconventional answer one would give to the call specifications, but it was 
the result of a long journey and many revisions and modifications. 

Generating a solution 
The office environment should be seen as a place that makes working more enjoyable, 
productive and reachable for everyone, a place where relations can happen, where you can 
work and be delighted with a nice and calm atmosphere of the space. This must be achieved 
considering the main goals of saving on real estate expense, environmental sustainability 
and the possibility to add value to the city through a urban regeneration factor. 
 
The concept aims to create a new hybrid space that merges the bank office space for 
Unicredit with a co-working environment and a cafŽ open to the public. One of the main 
goals is to make a workplace more enjoyable and reachable for bank employees, students, 
free-lancers etc., and can obtain an important value for the external users. 
 
The solution proposed, the BankCoffice (i.e. Bank, coffee and office), may look like an 
unconventional answer one would give to the call specifications, but it was the result of a 
long journey and many revisions and modifications. 
The solution is a space composed by three main elements: 
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�” The caf•, which represents the public permeable space and a double revenue 
stream, both from the bar and the stay of the guests; 

�” The professional coworking, which acts as an additional 
�” revenue stream and exploits the design knowledge and professional environment 

connected to the bank; 
�” The coworking devoted to the activities carried out by the bank employees, designed 

following the specifications. 
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This concept provides several benefits for its stakeholders: 

�” Unicredit employees will have a greater satisfaction at work. They will be able to work 
close to home, saving time and money, and work in an informal atmosphere 
surrounded by an innovative environment; 

�” The bank will benefit from operative and strategic advantages. This concept will allow 
�W�R���L�Q�F�U�H�D�V�H���H�P�S�O�R�\�H�H�V�¶���V�D�W�L�V�I�D�F�W�L�R�Q�����V�X�S�S�R�U�W���W�K�H���E�D�Q�N�¶�V���L�P�D�J�H���D�Q�G���E�U�D�Q�G���D�V���O�R�Q�J��
being sustainable from an economic, social and environmental point of view; 

�” Local communities will have a new space where to work or study without paying any 
fee. 
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Abstract  
3D food printing integrates the technology and techniques of 3D printing and additive 
manufacturing, together with gastronomy. Alongside Dutch research institution TNO (The 
Netherlands Organization for Applied Scientific Research), the Italian pasta goliath, Barilla 
S.p.A., has developed a prototype 3D printer dedicated to the food market. Although the 
possibilities for this type of novel device are quite vast, the two preferred and selected 
scenarios focused on for this project were an in-store hotspot and restaurant with in-house 
3D food printer. A set of pasta experiments, questionnaires and interviews of Michelin-
starred restaurants, hotspot design and business model were devised for the report and 
assignment.   
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Understanding the problem  
3D food printing has the combined ability to control taste, nutritional input, corresponding 
shape and design. The use of 3D printing as a new approach to cuisine has the ability to 
revolutionize food production and food business, but effective plans and scenarios for using 
3D printing in the food industry have not yet been fully developed. The goal of the 
FoodMade4U project was to further understand where and how this technology could be 
applied, to make it applicable for a large, multinational pasta company. Upon launch of the 
project, there were no concrete requirements provided due to the multiple directions possible 
for the technology, and the company involved in the project (Barilla S.p.A.) had not decided 
on a specified direction, either. However, Barilla shared their interests and current 
endeavours to forge a path for pasta and biscuits in the 3D food printing marketplace. 
Accordingly, the possibilities and objectives were extensive; understanding the appropriate 
goals was difficult. It was our task to develop a focus in aspects of their ventures that we 
found interesting and produce valuable results and feedback. It was essential to understand 
and consider the user, this was done with an analysis of the potential users of the 3D printer, 
and the imaginable products. Thus defining use scenarios, where different food items are 
printed, their use contexts, and particular users. It was also necessary to obtain an 
understanding of the strategies for accessing markets for the technology, in order to assess 
future markets. To do so, understanding the most important stakeholders of the project, was 
essential. Of the use scenarios ultimately selected for the project, the most important 
stakeholders were Barilla, TNO, the grocery retailer, chefs and restaurants, and the end 
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user. Combining all stakeholders and their respective expectations for each scenario, it was 
possible to create a list of needs and requirements for the resulting hotspot and restaurant 
proposals, encompassing a comprehensive understanding of the project.  
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Exploring the opportunities  
The first step after having identified the stakeholders was to perform a brainstorming, with 
the objective of finding the possible scenarios in which the 3D food printer could have 
potentially been employed. 
The 3D pasta printer could be placed in a restaurant (Scenario 1), serving as aid to the chef 
and having the objective of automating the production of fresh pasta, allowing the chef to 
dedicate himself to other duties. The 3D printer could also be of help to a catering (Scenario 
2) service, giving the possibility to produce fresh pasta anywhere the service operates, 
without having to pre-cook the pasta and warm it up once arrived at destination, 
guaranteeing a higher product quality. Another use case could be the production of food in 
luxury retails (Scenario 3), where it would not only be possible to produce 3D printed pasta, 
but also any other kind of food, i.e. chocolate, vegetables, and so on, allowing the 
personalization of the shapes and improving the value creation of food. It could also be 
possible to find the 3D printer in an attractive position, such as a supermarket or a mall, 
under the shape of a hotspot (Scenario 4), where customers could buy pasta or order it 
online and then pick it up while grocery shopping. Thinking of a more customer-oriented 
approach, a family (Scenario 5) could use a smaller and adapted 3D food printer at home, 
having the possibility to cook fresh pasta in an automated way and with a specific pasta 
design, for example to make it more appealing for kids. Another purpose could be to install 
bigger sizes of 3D food printers in canteens (Scenario 6), i.e. hospitals, prisons, schools and 
allow the personalization of nutritional values within the dishes. The same principle can be 
extended to small crews scenarios (Scenario 7), such as astronauts on a space shuttle and 
crew in a cargo ship, or bigger crews (Scenario 8), such as soldiers in a military base. 
Finally, the concept of 3D pasta printer could potentially also be used in the industry 
(Scenario 9) by creating plants of fresh pasta production with additive manufacturing 
productions. 
Of course, all the scenarios listed above would require specific characteristics, in terms of 
size of the printer, production capacity, design, configuration, allowing for example the 
incorporation of a cooking unit, or the development of a multiple nozzle. 
From the analysis of all these scenarios, we came to the conclusion that the restaurant 
scenario and the hotspot scenario were the ones worth developing with particular attention in 
order to find the most appropriate solution to our problem. 
 

Generating a solution  
 
Our solutions have been developed following three main directions: 

�” The evaluation of an eventual integration with the existing 3D printer of a cooking 
device for the printed pasta 

�” The investigation of the possible implementation of the restaurants scenario 
�” The design of a supermarket hotspot equipped with a 3D pasta printer 

 
As regards the cooking device, a set of experiments have been carried out in order to 
perform a comparison of the resulting pasta quality cooked with a steamer and with the 
traditional boiling. The requirement at the bottom of this evaluation was the production of 
cooked pasta that had to be edible and provided with a certain level of quality. The results of 
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the experiments have been such that they do not support the implementation of an 
integrated cooking device. 
 

 

 
In the restaurants scenario analysis, starting from the defined target restaurant obtained 
from the questionnaire data, some economic evaluation have been performed to assess the 
drivers that could allow the actual implementation of this scenario. Where actual data from 
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the questionnaire, Barilla or other sources were missing, all the economic analysis have 
been based on plausible and conservative assumptions to obtain results which are as 
accurate as possible. 
 
First of all, an estimation of the Net Present Value of an eventual restaurant investment in a 
3D pasta printer have been carried out to determine the willingness to pay for this device. 
After that, the competitive environment for this type of device has been investigated in order 
to assess a credible value for the price of the 3D pasta printer. Together with that the 
possibility of leasing the printers by Barilla to the restaurants has been examined as a 
promising option and a final monthly fee has been calculated. 
Finally the volume of pasta 3D printed in the restaurants has also been taken into 
consideration to assess on the one hand the feasibility of the production of the necessary 
pasta in a plausible time within a restaurant and on the other hand the overall amount of 
refills production required to Barilla. 
 
Concerning the supermarket hotspot design, we started with the definition of two types of 
customers, pre-order and on-demand, and the consequent design of their customer 
journeys. Then all the different actors involved in the hotspot operation and in the supply 
chain have been considered with the definition of all the duties and tasks. After that, a 
deeper look into the hotspot required functionalities has been effectuated and this has 
brought to the actual physical design of the hotspot. 
 
Finally, we performed an analysis to understand the economic sustainability of the 
installation of the supermarket hotspots for Barilla. To do this, an evaluation of the volume of 
pasta sold by Barilla in hypermarkets where the hotspot may be installed and the calculation 
of the necessary price at which one kilogram of 3D printed pasta would need to be sold have 
been done. 
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Description  
The project addresses the development of a product configurator for Inkmaker s.r.l., an Italian SME, 
producing dispensing systems for inks and paints, acting on the B2B market. In an age of continuous 
technological breakthroughs, companies always need to ensure that the available technologies are 
employed in the best possible way. Moreover, the market in which the company is acting is 
characterized by some criticalities. In fact, customers simultaneously ask for: low price, short lead time, 
high product customization. To cope with these requirements, a two-steps approach is necessary: first, 
an improvement of the design and the assembly processes must be adopted, that will lead to the 
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modularization and standardization of the mechanical components of the machines, i.e. the final 
products. Second, the modularization will be used for realizing a product configurator. From this rough 
description, it is possible to grasp the intrinsic multi-disciplinary nature of the project. On the one hand, it 
is essential to understand the technical features of the products, so that the proposed modularization is 
effectively performed and supported by a solid and efficient IT solution; on the other hand, the 
economical results of this new paradigm must be taken into account, leading to an analysis of the 
�L�P�S�D�F�W�V���R�I���W�K�H���V�R�O�X�W�L�R�Q�����H�Q�V�X�U�L�Q�J���W�K�D�W���W�K�H���F�R�Q�I�L�J�X�U�D�W�R�U���I�L�W�V���F�R�U�U�H�F�W�O�\���L�Q�V�L�G�H���W�K�H���F�R�P�S�D�Q�\�¶�V���V�D�O�H�V���S�U�R�Fess. 
This complex task has been performed with a scientific approach: identification of the main stakeholders 
and definition of their requirements; analysis of the state of the art; feasibility analysis; technical 
implementation. 
Starting from these initial steps, three teams have been identified. A technical team worked on 
modularization of the machinery components, resulting in the definition of modules. Another technical 
searched for the optimal way to implement the product configurator.. In order to ensure that the definition 
of modules into final machines could be performed automatically, an optimization model has been 
introduced. Lastly, a business steam �± mostly oriented on business and company economics �± analyzed 
the business context, studied the impacts of the configurator and interviewed some customers of the 
company. The received feedback was then reported to the technical members, so that it was possible to 
improve the final implementation. Thus, these activities resulted in the final development of a functioning 
prototype of the product configurator. 
 

Tasks and skills  
 
Stefano Amato: as a technical consultant, he analyzed the product features, designed the 
mechanical modules and worked on the parametric implementation of the modules.  
 
 
Alfredo Fantetti: as a technical consultant, he analyzed the product features, designed the 
mechanical modules and worked on the parametric implementation of the modules. 
 
 
Sara Mottola: as a business consultant, she worked on the requirements analysis, defined 
the process mapping and analyzed the internal impacts.   

 
 
 
 
 
 
 

 
Giovanni Prencipe [Team Controller]: as the team coordinator and business consultant, 
he worked on the requirements analysis, studied the external impacts, edited the final 
report and managed the budget.   
 
Andrea Radaelli: as a technical consultant, he investigated the state of the art of product 
configurators, designed the system architecture, and implemented the software.   

 
 
Arianna Rosa Brusin: as a business consultant, she worked on the requirements analysis, 
defined the process mapping and analyzed the internal impacts.   

 
Alex Saja:  as a mathematical consultant, he worked on the state of the art, developed an 
optimization model and implemented it in an executable program.   
 
Keywo rds  
Product configurator; Customization; Co-design; Modules standardization 
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Abstract  
Nowadays, the increased competition on the global markets pushes companies to face the trade-off 
between volume and variety. Customers simultaneously ask for huge quantities and very specific 
product requirements. New strategies are required to keep high the competitiveness. 

This challenging context has lead Inkmaker to establish some ambitious objectives and envision the 
project MODULA. Inkmaker s.r.l is an Italian SME realizing dispensing systems for inks and paints. 
Through MODULA, Inkmaker wants to achieve the following strategic objectives: realization of the 
machines co-design; modules standardization; reduction of lead time. They all converge in a design and 
manufacturing standardization.  The adopted solution is an online product configurator.  

To develop the solution, a scientific approach has been applied: identification of the main stakeholders 
and definition of their requirements; analysis of the state of the art; feasibility analysis; technical 
implementation;. Future steps are represented by the integration of the solution with the company ERP 
and the extension to all the portfolio. 
 
 
Understanding the problem  
�,�Q�N�P�D�N�H�U�¶�V value proposition includes efficient and customized products, high reliability, great assistance 
service, and a cost based pricing scheme that has a relatively good profit margin.  
However, in a context of fierce competition, to keep being profitable, it is necessary to: reduce costs; 
grant the maximum level of product customization. In fact, customers simultaneously ask for huge 
volumes and wide product variety. To keep high the competitiveness, the company would like to 
increase the internal efficiency - through a design and manufacturing standardization - and to improve 
the customer satisfaction. 
To meet these ambitious objectives, the current project has been conceived: the implementation of a 
product configurator that will allow to realize the machine in co-design, with higher accuracy and design 
automation. Furthermore, the delivery lead time will be reduced.  
The company realizes different type of products, that can be divided into two broad categories: small, 
relatively similar machines (called Croma) and large, more expensive, configurations. Since the first type 
of products could be better designed with a modular approach, they have been selected has pilot 
products for implementing the adopted solution. 
After having outlined the context and the main stakeholders, the team identified a list of different 
requirements: 

1. Company  �U�H�T�X�L�U�H�P�H�Q�W�V���� �G�H�Y�H�O�R�S�H�G�� �D�I�W�H�U�� �D�� �V�H�U�L�H�V�� �R�I�� �P�H�H�W�L�Q�J�V�� �Z�L�W�K�� �W�K�H�� �F�R�P�S�D�Q�\�¶�V�� �H�P�S�O�R�\�H�H�V����
that can be classified into technical and business needs. The former ones refer to the products 
features, the latter involve the mapping of all the phases of the design and the selling processes. 
Moreover, the supply chain structure has been analyzed, resulting in the inexistence of a 
standardized process. This scenario often causes feasibility problems for the project of machines 
and time delays. The team recognized the needs of having the entire design process, from the 
first touch of the customer to the generation of the machine (Bill of Materials), of granting the right 
level of assistance to the customer and finally of granting customizability to the machines, 
�U�H�V�S�R�Q�G�L�Q�J���W�R���F�X�V�W�R�P�H�U�V�¶���Q�H�H�G�V���� 

2. Customer  requirements, understood by means of a structured questionnaire, highlighting the 
�G�H�V�L�U�H�� �R�I�� �F�X�V�W�R�P�H�U�V�¶�� �R�I�� �D�Q�� �R�Q�O�L�Q�H�� �S�O�D�W�I�R�U�P�� �D�Q�G�� �W�K�H�� �Q�H�H�G�� �R�I�� �D�� �V�K�R�U�W�� �Dnd efficient configuration 
process. 

3. IT requirements, gathered from stakeholders interviews and analysis of the state of the art, which 
reflected the need of an online, easy-to-use and entirely automated solution. 
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Exploring the opportunities  
To comprehend the effects of the adoption of a product configurator, a four step methodology has been 
adopted, with the original contribution of adapting popular literature models to small ETO companies.  

1. Analysis of the as-is business model, based upon consideration of the classical business model 
canvas. 

2. Analysis of the internal organization, that aligned the push for a configurator, with a modification 
of the manufacturing strategy. 

3. Analysis of the supply chain, with a schematization of the supplier side, as the introduction of a 
configurator would involve. 

4. Definition of the to-be state, where the desired scenario has been described. 
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The main internal changes - with respect to the user company - refer to the following processes: sales, 
design and manufacturing. Currently, the selling and the design process are conducted through the 
traditional human-based communication channel. Several interactions with customers are necessary, 
during the design process, due to misunderstanding of customers' requirements. This leads to high lead 
times. The introduction of a product configurator would automate both the selling and the design 
process, drastically reducing the lead time and increasing the accuracy: customers input the 
requirements and automatically obtain the machine BOM and the layout representation. Significant 
impacts involve also the manufacturing process. In fact, a standard modules inventory will be kept. After 
having received the order, Inkmaker simply has to assemble them, with a reduction of the manufacturing 
lead time. A total delivery lead time reduction of 58% will be achieved. 

The external impacts involve: the supply chain, the market and 
the society. The impacts on the supply chain refer to a better 
integration and coordination with customers and suppliers. In 
fact, on the one side, customers directly configure the desired 
machines; on the other side, a better coordination with 
suppliers is necessary to manage the modules inventory. The 
presence of this stock will change the structure of the supply 
chain: it represents a downstream shift of the customer order 
decoupling point transforming the ETO configuration in an ATO 
one. Moreover, the implementation of the configurator would 
grant a higher competitiveness for Inkmaker who will be the first 
mover with respect to this new technology. Finally, the adoption 

of this solution can be seen as the first step to achieve the 
implementation of a Factory 4.0. 

Discussion of the two papers at the 14th 
Conference on PLM, in Seville  - Giovanni 
Prencipe and Alfredo Fantetti  

Product configurator: impacts evaluation  
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Generating a solution  
Similarly, a structured plan has been employed in tackling the technical development of the configurator, 
resulting in a three-step procedure. 

1. Technical standardization. This step consists in interviewing product experts and consulting 
company documentation to retrieve information about the knowledge and reasoning process 
underlying product development, leading to the definition of standard machine modules. 

2. Knowledge representation. This step consists in the design of digital representations of the 
modules altogether with their bill of materials and engineering drawings, and of an optimization 
algorithm, able to compute the optimal allocation of the modules in the machines according to the 
cust�R�P�H�U�V�¶���L�Q�S�X�W�V��  

3. Configurator implementation. The last step consists in implementing a software able to take in 
input the customer requirements, analyze them, and provide all the product information and 
specification necessary to validate the design and start the manufacturing phase. 

This methodology has been described �Z�L�W�K�L�Q�� �W�K�H�� �S�D�S�H�U�� �³�$�X�W�R�P�D�W�L�F�� �F�R�Q�I�L�J�X�U�D�W�L�R�Q�� �R�I�� �P�R�G�X�O�D�U�L�]�H�G��
�S�U�R�G�X�F�W�V�´�����S�U�H�V�H�Q�W�H�G���D�W���W�K�H�������W�K���&�R�Q�I�H�U�H�Q�F�H���R�Q���3�/�0�����L�Q���6�H�Y�L�O�O�H�� 
 
The team started by analyzing past projects and realized that, among the different 
constraint types, topology played a major role. Each module consisted in a structural 
part, in electrical and hydraulic connections, and in a different number of slots for 
containers, that are of two different types (large or small). On the one hand, a low 
total number of modules was desired (to reduce variations), nevertheless it was 
necessary to define a sufficient set of modules. These opposing tendencies led to the 
definition of 15 modules, later applied on the past projects, with an 83 % of success. 
Not all projects could be solved with this approach, due to specific case limitations. 
These projects should be realized through the traditional design process. 
 
The modules identified have been digitally designed using a professional CAD software for mechanical 
design: Autodesk Inventor. The designs contain all information needed to build a module: the bill of 
materials, their dimensions, and how they are assembled together. Finally, it was possible to develop a 
prototype product configurator. 

 

Product configurator: Software structure  

Success rate of test 
on past project  
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The prototype is composed of four software components: Autodesk Configurator 360, the Optimizer, a 
database, and a website. Configurator 360 is a cloud service exposing the functionalities of managing 
the CAD files of the modules, generating the assemblies, the 3D visualizations, and the engineering 
drawings. The Optimizer is a custom program for solving the mathematical optimization problem of 
translating the customer requirements into the optimal set of modules minimizing the spatial needed. The 
database stores the information about the customer, their requirements, and their orders, collected 
during the configuration process. The website provides an interface accessible to any device with a web 
browser which can be used to configure a custom ink dispenser. 
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Project description 
At present the analysis of massive amounts of data is generally performed in the cloud by remotely 
accessing large computing resources. Cloud computing is however plagued by security limitations, 
lack of flexibility and excessive costs. In addition, conventional digital hardware has inherent 
difficulties in processing unstructured and multimedia data (video, audio, etc.), which instead are 
straightforwardly recognized and elaborated by the human brain. Power consumption is also a huge 
concern for data processing, especially for Internet of Things (IoT) applications which rely on energy 
scavenging for distributed sensing. These problems may be addressed by embedded intelligence, 
such as low-power neuromorphic circuits, aimed at real-time screening and pre-processing of data 
before they are transmitted to the cloud. In the last years, one of the main innovations in the field of 
electronic circuits consisted in the discovery of the memristor. This device is able to store information 
through a variable resistance, which can be modulated by specific input voltages. The variability of the 
resistance state which allow this component to assume values in a continuum range is of great 
potential with respect to current transistor based digital memories simply characterized by only two 
resistance state. Due to this peculiarity, the memristors have the potential to increase considerably 
the circuit density and are great candidates to replace the transistor in the for the future of digital 
memories. Furthermore, the large range of possible resistance states makes the memristor a very 
plastic device. Thanks to this plasticity property it can be used for building pattern classifiers.  
 
The MINT project aims at evaluate and compare the usage of the memristor technology with respect 
to more classical electronic devices in the context of pattern recognition problems. In particular, a 
specific case study has been analyzed: the detection and classification of Arrhythmia patterns from 
ECG data. The arrhythmia case has been selected since it is a widespread disease indeed about 14 
million of people in USA, a prevalence of 5% are affected by it. Part of the project focused on the 
understanding of the current trends of the IoT health market and of the possible product concepts 
applicable to this kind of health problem. The team developed a business model specific for the 
selected case study and gathered data from the different stakeholders. A final assessment selected 
the best product concept on the basis of the user requirements and the feasibility study previously 
conducted on the memristive technology, which was conducted as follows. 
First of all a model of a memristor-based pattern classifier has been developed. This model has been 
tested on the MIT-BIH dataset of labeled arrhythmia patterns. Its performances has been compared to 
the one obtained by using a different device, BrainCard, which is a pattern recognition board for IoT 
applications developed by General Vision. The result of the comparison led to the design of a device 
targeting the arrhythmia classification problem. 
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Tasks and skills 
In order to tackle the complexity of the project we decided to split the work between different 
subgroups.  

The Laboratory and experiments group  focused on the practical and experimental study of the 
memristive technology and other embedded solutions. The members of this group were Luca Nanni  
and Gianluca Papa . 

The Business and market analysis group  analyzed the IoT market and the selected application 
market in order to understand the main actors, their needs and extract the main requirements. The 
members of this group were Paolo Ludovico Razzoli and Flavio Giobergia . 

Finally, the Theory and simulation group  focused initially on the theoretical study of the memristor 
and on the machine learning and pattern recognition problems and later it designed a set of 
simulations in order to experiment the recognition capabilities of the memristive technology using a 
mathematical model. The members of this group were Diletta Milana and Antonio Picano . 

Follows a more detailed description of the team members: 

�” Flavio Giobergia Computer Engineer specializing in data science. After getting an initial 
understanding of the memristive technology, Flavio tried to bridge the gap between the 
technical and the business sides of the project. Along with Paolo, he took care of the market 
analysis, concept definition and business model ideation. 

�” Diletta Milana Computer Scientist and Engineer specializing in Artificial Intelligence and 
Machine Learning, currently focusing on Deep Learning. Diletta analyzed the state of the art 
for arrhythmia detection and implemented the software simulations of the memristive network  

�” Luca Nanni : computer scientist and engineer with a specialization in artificial intelligence and 
machine learning. He worked at the implementation of the arrhythmia detection algorithm on 
the Braincard and at the laboratory analysis of the memristor. 

�” Gianluca Papa automation and control engineer specialized in modelling and control theory. 
He worked in the laboratory for the characterization of the memristive device and analyzed 
the current used algorithm for the arrhythmia detection.  

�” Antonio Picano: physics engineer specialized in condensed matter physics. He worked in 
the laboratory for the characterization of the memristive device together with Luca and 
Gianluca, and on simulations together with Diletta.  

�” Paolo Ludovico Razzoli: management engineer specialized in international economics. He 
worked on the business model side of the proposed application together with Flavio after a 
comprehensive research on IoT trends in healthcare. 

Abstract 
This project focus on the evaluation of the memristive technology applied to a specific pattern 
recognition problem. In particular, we selected as pattern recognition problem the arrhythmia detection 
and we compared the memristive technology performance with the currently used one based on 
classical technology. 

The memristor is a newly discovered electronic component that can be used for building complex 
neuromorphic chips for pattern recognition and anomaly detection. Memristor-based neural networks 
are low power when compared to other kinds of hardware networks. On top of that, they allow for on-
the-spot processing of data, without relying on cloud computing. This makes them a perfect tool to be 
used inside embedded systems and in particular in the context of the Internet of Things. While this 
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technology is unlikely to replace �± at least in the near future �± clusters of computers dedicated to the 
recognition task, the limited power consumption of this hardware-only technology makes it an 
appetible candidate when the context imposes constraints on this regard. The identified solution to the 
arrhythmia detection problem makes use of this peculiar feature of the memristors.  

The project has been aimed at analyzing the feasibility of the application of this technology for 
neuromorphic purposes, highlighting strengths and weaknesses of such an approach when compared 
to other existing technologies.  

Understanding the problem  
The memristor is the fourth fundamental circuit element, after the resistor, the capacitor and the 
inductor. Its peculiarity is that it has a resistance that depends upon an internal state and, in 
particular, on how much electric charge has flowed in what direction through it in the past: the device 
remembers its history. When the power supply is turned off, the memristor remembers its most recent 
resistance until it is switched on again. Because of this, it is suitable for the emulation of synapses: 
this is why it finds its natural application in neuromorphic computing (as well as in non-volatile 
memory applications). Additionally, memristors are characterized by a low power consumption: this is 
ideal for cases where devices collect large amounts of data and need to process them, as is the case 
with the Internet of Things. 
 
The ever-growing data generated by IoT devices needs to be processed in order to extract 
meaningful value: doing so locally significantly cuts delays, power consumption and data transferred. 
This is of particular importance in the wearable sector, where devices are required to have a long 
battery life and cannot be always connected. 
 

 
Figure 1 Expected revenue of the wearable market in the next years 

 
The wearable market has experienced a huge growth in recent years, and is expected to do so 
exponentially in the years to come. One of the most important applications of this technology can be 
found in the health sector: vital parameters can now be tracked 24/7 with small, non-invasive devices. 
�:�K�L�O�H���W�R�G�D�\�¶�V���W�H�F�K�Q�R�O�R�J�\���D�O�U�H�D�G�\���S�U�R�Y�L�G�H�V���V�D�W�L�V�I�D�F�W�R�U�\���U�H�V�X�O�W�V�����W�K�H���I�L�Q�D�O���F�R�Q�V�X�P�H�U�V���D�U�H���X�Q�K�D�S�S�\���Z�L�W�K��
some of the problems imposed by the technological limits �± first and foremost the short battery life 
available. Despite that, the state of the art is being redefined by new, more advanced technologies 
such as the memristive one. This, as explained, will allow for smaller, more performant devices. 
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Exploring the opportunities  
After conducting the research on memristor technology and the market of health devices in the 
context of IoT technology we have deeply explored the universe of health monitoring devices. This 
enabled us to understand what is currently available and the state of the art of detection technologies 
in the field of arrhythmia and what will be their future development. The result of our analysis pointed 
out that, the future generation of healthcare wearable devices will be characterized by very general 
devices able to capture and autonomously elaborate significant wide range of data without the need 
of any human input. This trends towards the autonomous functioning will be mainly based on the 
newest developed neural network based arrhythmia detection algorithm. This new approach 
leverages the autonomous extraction of relevant features from the data and it has been proven to be 
significantly more accurate than the hand-crafted feature extraction methods. What is required for this 
algorithm to work is a specific hardware architecture.  

 
In order to identify the best architecture, we 
have compared two different technologies; 
the memristor based and the best option 
available on the market.  For what concerns 
the memristor, we have defined a model that 
allowed us to exploit its strengths and 
weaknesses in terms of performance, size 
and consumption. For what concerns the C-
MOS based architecture, we have not only 
realized and analyzed a software model but 
also work with a real physical device. To do 
that we got in touch with the General Vision 
a Californian company specialized in 
neuromorphic devices. This provided us with 
its most advanced pattern recognition chip 
called BrainCard.  
 
The main components of the Braincard are 

the FPGA and the CM1K chip. The CM1K is a fully parallel silicon neural network composed by 1024 
neurons which can store and process information simultaneously. The neurons can be trained either 
in real time or offline by providing them with learning examples without the need of any programming 
code. Indeed, it is enough to provide the Neuromem chip with a high quality labelled training data and 
it will do the rest.  

Generating a solution 
The first step for testing these two technologies consisted in the definition of a common training set. 
This was retrieved from the MIT-BIH Arrhythmia Database. The MIT dataset is composed by ECG 
signals. Each ECG signal has been labelled by cardiologists depending on the kind of arrhythmia it 
showed. 
 
As far as the Braincard is concerned, we needed to establish a communication channel. This, has 
been accomplished thanks to Arduino, controlled using a specific Python library. Once established, 
the communication has been used to pass the preprocessed data directly to the embedded system 
which, after training, was able to extract the features useful for the arrhythmia detection.  

Figure 2 Setup of the BrainCard experiments using an Arduino 
board as controller 
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Figure 3 Accuracy as a function of the training iterations for 
the memristive network simulation using TensorFlow 

 
The memristive technology has only been 
tested via simulation. Specifically, we 
implemented a simple memristive-based 
neural network (NN), a MultiLayer 
Perceptron (MLP) using Tensorflow. The 
behavior of the single memristor inside the 
NN model was designed to be as close to 
the one observed and reported during the 
laboratory experiment as possible.  
 
After the training and testing phases the 
performance of the two devices have been 
compared. The results showed that the 
Braincard performs better when compared to the memristive-based model, which showed promising 
nonetheless. 
 

 
Figure 4 Confusion matrix of the arrhythmia classification problem using BrainCard 

 
Furthermore, the two systems have been compared both in terms of power consumption and size. For 
the Braincard, these two pieces of information have been retrieved from the available datasheet. As 
for the memristive chip, the values have been obtained by considering both the size of the neural 
network and the average resistance values measured during the testing. The results showed that the 
memristive chip size is 100 times smaller than the Braincard, while the power consumption is reduced 
by a factor of ten. Overall, the reduced size of the chip and the overall power consumption resulting 
from the testing simulation balance the comparison with Braincard. 
      
Given this superiority of the memristor when compared to other CMOS-based technologies, and given 
the promising results on the arrhythmia dataset, the next logical step is that of building a concept for a 
suitable device. In particular, the low power consumption and the chance of locally processing the 
data were found to be particularly suitable for a wearable device, and further design-centered 
considerations lead to the definition of a bracelet as the ideal product. Leveraging the information 
collected from potential customers, different features and characteristics have been further refined. 
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Figure 5 Business model generated after the requirement analysis of the arrhythmia detection case study 

 
The business model for this product has then been laid out, with the bracelet as the core product. 
Considering that, based on the data collected and differently from what was previously thought, most 
potential customers embrace the idea of a cloud-aided service, additional Internet-enabled 
functionalities have been taken into account as a side, optional offering. While the basic arrhythmia 
detection feature of the bracelet has been thought as being able to work completely offline, the 
entirety of the collected data can be optionally stored and processed, thus offering an added value 
(e.g. evolution of the condition through time, or historical health information for future check-ups) for 
those customers interested. 
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�d�Z���������š�]�À�����W�������o���W�Œ�}�i�����š��
�<���Ç�Á�}�Œ���•�W���^�u���Œ�š���u�}���]�o�]�š�Ç�V�������š�]�À�������������o���Œ���š�}�Œ���W�������o�V���^���(���š�Ç�V�����Œ�]�À�]�v�P���^�]�u�µ�o���š�}�Œ��

�d�Z���������š�]�À�����W�������o���]�•�����v���]�v�v�}�À���š�]�À�������������o���Œ���š�}�Œ���‰�������o�������À���o�}�‰���������Ç���Z�}�����Œ�š�����}�•���Z���'�u���,���Á�Z�]���Z��
���‰�‰�o�]���•�� �Z���‰�š�]���� �•�š�]�u�µ�o�]�� �~�À�]���Œ���š�]�}�v�U�� ���}�µ�v�š���Œ�(�}�Œ������ �}�Œ�� �l�v�}���l�]�v�P�•�� �µ�v�����Œ�� �����Œ�š���]�v�� �•�]�š�µ���š�]�}�v�•�V�� �š�Z����
���}�u�u���Œ���]���o�� �š���Œ�P���š�� �}�(�� �š�Z���� �‰�������o�� �]�•�� �š�Z���� ���µ�š�}�u�}�š�]�À���� �u���Œ�l���š�U�� ���]�u�]�v�P�� �š�}�� �Œ�����µ������ �š�Z���� �(�µ���o��
���}�v�•�µ�u�‰�š�]�}�v�����v�����š�}���]�u�‰�Œ�}�À�����š�Z�����•���(���š�Ç�����µ�Œ�]�v�P�����Œ�]�À�]�v�P�X����

�d�Z�����}���i�����š�]�À�����}�(���š�Z�]�•�����o�š�����^���µ�}�o�����W�}�o�]�š�����v�]�������u�µ�o�š�]���]�•���]�‰�o�]�v���Œ�Ç���‰�Œ�}�i�����š���]�•���š�}���]�����v�š�]�(�Ç���v���Á���‰�}�•�•�]���o����
�‰�������o�� �µ�•���•�U�� �u���]�v�o�Ç�� �������o�]�v�P�� �Á�]�š�Z�� �š�Z���� ���}�v�v�����š�]�À�]�š�Ç�U�� �š�}�� �‰�Œ�}�À���� �š�Z���� �‰�������o�� ���(�(�����š�]�À���v���•�•�� ���v���� �š�}��
���À���o�µ���š�����v���Á�����µ�•�]�v���•�•���}�‰�‰�}�Œ�š�µ�v�]�š�]���•���]�v���š�Z�����P�o�}�����o���u�}���]�o�]�š�Ç�����v�À�]�Œ�}�v�u���v�š�X��

�d�����u���D���u�����Œ�•�����v�����^�l�]�o�o�•��
���}�u�����Œ���]�� �'�]�µ�o�]���W�����o�����š�Œ�}�v�]���•�� ���v�P�]�v�����Œ�]�v�P�� �^�š�µ�����v�š�� �•�‰�����]���o�]�•������ �]�v�� ���^�/���� �����•�]�P�v�X�� �'�]�µ�o�]���� �u���]�v�o�Ç��
�Á�}�Œ�l������ �}�v�� �•�š���š���� �}�(�� �š�Z���� ���Œ�š�� ���v���� �u���Œ�l���š�� ���v���o�Ç�•�]�•�� ���v���� �]�v�•�š���o�o���š�]�}�v�� �}�(�� �š�Z���� �W�������o�� �]�v�� �š�Z���� �/�X���Œ�]�À����
�•�]�u�µ�o���š�]�}�v�� �o�����}�Œ���š�}�Œ�Ç�X�� �/�v�� �‰���Œ�š�]���µ�o���Œ�U�� �•�Z���� �����À���o�}�‰������ �(�Œ�}�u�� �•���Œ���š���Z���•�� �š�Z���� ���}�u�u�µ�v�]�����š�]�}�v�•��
�‰�Œ�}�š�}���}�o�•���v�������������š�}�����}�v�v�����š���š�Z�����‰�������o���š�}���š�Z�������o�Œ�������Ç�����Æ�]�•�š�]�v�P���•�Ç�•�š���u�•�X���'�]�µ�o�]�������o�•�}���Z���o�‰�������]�v��
�š�Z�����}�Œ�P���v�]�Ì���š�]�}�v�����v�����]�u�‰�o���u���v�š���š�]�}�v���}�(���š�Z�����š���•�š�]�v�P�������š�]�À�]�š�]���•�X��

���}�v�}�u�]�� �D���š�š�]���W�� ���o�����š�Œ�}�v�]���•�� ���v�P�]�v�����Œ�]�v�P�� �^�š�µ�����v�š�� �•�‰�����]���o�]�Ì������ �}�v�� ���v���o�}�P�� �����•�]�P�v�� ���v���� �•�]�o�]���}�v��
�‰�Z�}�š�}�v�]���� �]�v�š���P�Œ���š�]�}�v�X�� �D���š�š�]���� �(�}���µ�•������ �}�v�� �š�Z���� �•�š���š���� �}�(�� �š�Z���� ���Œ�š�� ���v���� �‰���š���v�š�� ���v���o�Ç�•�]�•�� ���v���� �}�v��
���o�����}�Œ���š�]�}�v�� ���v���� �]�v�š���Œ�‰�Œ���š���š�]�}�v�� �}�(�� �š�Z���� ���]�P�� ���u�}�µ�v�š�� �}�(�� �����š���� ���}�u�]�v�P�� �(�Œ�}�u�� �š�Z���� ���Ç���� �š�Œ�����l�]�v�P��
�•�Ç�•�š���u�•�X�� �D���š�š�]���� �Á�}�Œ�l������ �š�}�� �‰�Œ�}�À�]������ �µ�•���(�µ�o�� �]�v�•�]�P�Z�š�•�� �}�v�� �š�Z���� �����v���(�]�š�•�� �]�v�� �š���Œ�u�•�� �}�(�� �������Œ�����•���� �}�(��
���]�•�š�Œ�����š�]�}�v���]�v���š�Z�������Œ�]�À���Œ�����}�u�]�v�P���(�Œ�}�u���š�Z�����µ�•�����}�(���š�Z�����‰�������o�X��

�&�}�v�š���v���� �&�Œ���v�����•���}�W�� �W�Œ�}�i�����š�� �d�����u�� �>���������Œ�U�� ���µ�š�}�u�}�š�]�À���� ���v�P�]�v�����Œ�]�v�P�� �^�š�µ�����v�š�� �•�‰�����]���o�]�Ì������ �]�v��
�š�����Z�v�}�o�}�P�Ç�����v�����]�v�v�}�À���š�]�}�v���u���v���P���u���v�š�X���&�Œ���v�����•���}���u���]�v�o�Ç���Á�}�Œ�l�������}�v���•�š���š�����}�(���š�Z�������Œ�š�����v���o�Ç�•�]�•��
���v�������}�u�‰���š�]�š�}�Œ���o���v���•�����‰�������v�����u���Œ�l���š�����v���o�Ç�•�]�•�X���,�����š�Z���v���(�}���µ�•�������}�v���š�Z�����]�v�š���Œ�‰�Œ���š���š�]�}�v���}�(���š�Z����
�����š�����Œ���P���Œ���]�v�P���•�‰���������o�]�u�]�š�•�����v�������Œ�]�À���Œ���Œ�������š�]�}�v���š�]�u���•�����v�����}�v���š�Z���������•�]�P�v�����v�����]�v�š���Œ�‰�Œ���š���š�]�}�v���}�(��
�š�Z�����•�µ�Œ�À���Ç�����]�u���������š���š�Z�������À���o�µ���š�]�}�v���}�(���š�Z�����‰�������o���h�•���Œ�����Æ�‰���Œ�]���v�����X��

�>�µ�����Œ���o�o�]�� �����v�]���o���W�� ���µ�š�}�u���š�]�}�v�� ���v�P�]�v�����Œ�]�v�P�� �^�š�µ�����v�š�� �•�‰�����]���o�]�Ì������ �]�v�� ���}�v�š�Œ�}�o�� �}�(�� �u�µ�o�š�]���P���v�š�� ���v����
�v���š�Á�}�Œ�l���������}�v�š�Œ�}�o���•�Ç�•�š���u�•�X�������v�]���o�����]�v�]�š�]���o�o�Ç���(�}���µ�•������ �}�v���•�š���š�����}�(���š�Z�������Œ�š�����v���o�Ç�•�]�•�����v�����‰���š���v�š��
�•�����Œ���Z�� ���v���� �]�v�š���Œ�‰�Œ���š���š�]�}�v�X�� �>���š���Œ�� �}�v�U�� �Z���� �Á�}�Œ�l������ �}�v�� �š�Z���� ���o�����}�Œ���š�]�}�v�� �}�(�� �v���Á�� �µ�•���� �����•���•�� ���v����
���µ�•�]�v���•�•�� �}�‰�‰�}�Œ�š�µ�v�]�š�]���•�� ���v���� �}�v�� �š�Z���� �]�v�š���Œ�‰�Œ���š���š�]�}�v�� �}�(�� �����š���� ���v���� �Œ���•�µ�o�š�•�� ���}�u�]�v�P�� �(�Œ�}�u�� �š�Z���� ���Ç����
�d�Œ�����l���Œ�X����

�d���Œ�Ì�}�� �>�����v���Œ�}�� ���}�Œ�Œ�����}�W���d�����u�� �&�]�v���v���]���o�� ���}�v�š�Œ�}�o�o���Œ�U�� ���µ�š�}�u�}�š�]�À���� ���v�P�]�v�����Œ�]�v�P�� �^�š�µ�����v�š��
�•�‰�����]���o�]�•������ �]�v�� �Z�Ç���Œ�]���� �‰�}�Á���Œ�š�Œ���]�v�•�X�� �>�����v���Œ�}�� �]�v�]�š�]���o�o�Ç�� �Á�}�Œ�l������ �Œ���•�����Œ���Z�]�v�P�� ���v���� �µ�v�����Œ�•�š���v���]�v�P��
���}�•���Z�� ���}�u�‰���š�]�š�}�Œ�[�•�� �‰���š���v�š�•�X�� �d�Z���v�U�� �Z���� �(�}���µ�•������ �}�v�� �š�Z���� ���o�����}�Œ���š�]�}�v�� �}�(�� �v���Á�� ���µ�•�]�v���•�•��
�}�‰�‰�}�Œ�š�µ�v�]�š�]���•�� ���•�‰�����]���o�o�Ç�� �Œ���o���š������ �š�}�� �o�]�P�Z�š�� ���v���� �Z�����À�Ç�� ���}�u�u���Œ���]���o�� �À���Z�]���o���•�X�� ���À���v�š�µ���o�o�Ç�U�� �Z����
�(�}���µ�•�������}�v���š�Z�������o�����}�Œ���š�]�}�v���}�(�������š�������}�u�]�v�P���(�Œ�}�u���š�Z�����•�]�u�µ�o���š�]�}�v�����v�À�]�Œ�}�v�u���v�š�X��

�d�}�Œ���]�v�]�� �W�]���š�Œ�}�W�������•�]�P�v�� ���v���� ���v�P�]�v�����Œ�]�v�P�� �^�š�µ�����v�š�X�� �W�]���š�Œ�}�� �Á�}�Œ�l������ �}�v�� �u���Œ�l���š�� ���v���� ���}�u�‰���š�]�š�}�Œ��
���v���o�Ç�•�]�•�X�� �d�Z���v�U�� �Z���� �(�}���µ�•������ �}�v�� �š�Z���� �]�v�•�š���o�o���š�]�}�v�� �}�(�� �š�Z���� �‰�������o�� ���v���� �}�v�� �š�Z���� ���}�v�•�š�Œ�µ���š�]�}�v�� �}�(�� �š�Z����
�•�]�u�µ�o���š�]�}�v�����v�À�]�Œ�}�v�u���v�š���]�v���š�Z�����W�}�o�]�D�]���/�X���Œ�]�À�����>�����}�Œ���š�}�Œ�Ç�U�����v�����o�]�v�P���š�Z�����Œ�����o�]�Ì���š�]�}�v���}�(���š�Z�����š���•�š�]�v�P��
�����š�]�À�]�š�]���•�X�� �,���� ���À���v�š�µ���o�o�Ç�� ���}�v�š�Œ�]���µ�š������ �š�}�� �š�Z���� �Á�Z�}�o���� �•���š�r�µ�‰�� �}�(�� �š�Z���� �o�����}�Œ���š�}�Œ�Ç�� ���v���� �š�}�� �š�Z����
�}�Œ�P���v�]�Ì���š�]�}�v���}�(���š�Z�����š���•�š�•�X������
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�����^�d�Z�����d��
�^���(���š�Ç�U�� ���}�v�v�����š�]�À�]�š�Ç�� ���v���� �µ�•���Œ�� ���Æ�‰���Œ�]���v������ ���Œ���� �]�v���Œ�����•�]�v�P�o�Ç�� ���•�•�µ�u�]�v�P�� ���� �����v�š�Œ���o�� �Œ�}�o���� �]�v�� �š�}�����Ç��
�š�Œ���v�•�‰�}�Œ�š���š�]�}�v�� ���v���� �u�}���]�o�]�š�Ç�� ���v�À�]�Œ�}�v�u���v�š�X�� �&�Œ�}�u�� �š�Z�]�•�� �‰�}�]�v�š�� �}�(�� �À�]���Á�U�� �š�Z���� �Z�}�����Œ�š�� ���}�•���Z�� �����š�]�À����
���������o���Œ���š�}�Œ���‰�������o�U���}�v���Á�Z�]���Z���š�Z�������v�š�]�Œ�����Á�}�Œ�l���]�•�������•�������}�v�U�����}�µ�o�����Œ���‰�Œ���•���v�š���������Œ�����l�r�š�Z�Œ�}�µ�P�Z���(�}�Œ��
�š�Z�������v�š�]�Œ�������������•�•�}�Œ�]���•�����v�����}�‰�š�]�}�v���o���u���Œ�l���š�X��

�/�v���������U�� �š�Z���� ���]�u�� �}�(�� �š�Z�]�•�� �Á�}�Œ�l�� �]�•�� �š�}�� ���Æ�‰�o�}�Œ���� ���v���� �µ�v�����Œ�•�š���v���� �š�Z���� �u���Œ�l���š�� �‰�}�š���v�š�]���o�� ���v���� �š�Z����
���(�(�����š�]�À���v���•�•���}�(�������v���Á���š�����Z�v�}�o�}�P�Ç�������À���o�}�‰���������Ç���Z�}�����Œ�š�����}�•���Z���'�u���,���]�v���š�Z�����(�]���o�����}�(���š�Z�����•�u���Œ�š��
�u�}���]�o�]�š�Ç�W���š�Z���������š�]�À�������������o���Œ���š�}�Œ���‰�������o�X��

�d�Z�����Á�}�Œ�l���•�š���Œ�š�•���Á�]�š�Z�������������‰�����v���o�Ç�•�]�•���}�(���š�Z�������µ�Œ�Œ���v�š���u���Œ�l���š���•�]�š�µ���š�]�}�v�U���‰���š���v�š�����v���o�Ç�•�]�•�����v�����•�š���š����
�}�(���š�Z�������Œ�š���Œ���o���š�]�À�����š�}���š�Z���������š�]�À�������������o���Œ���š�}�Œ���‰�������o�X��

�d�Z���v�U�� �v���Á�� �‰�}�•�•�]���o���� �µ�•���� �����•���•�� ���v���� ���µ�•�]�v���•�•�� �}�‰�‰�}�Œ�š�µ�v�]�š�]���•�� �Z���À���� �������v�� �]�v�À���•�š�]�P���š������ ���v����
�‰�Œ���•���v�š������ �š�}�� ���}�•���Z�X�� ���u�}�v�P�� �š�Z���� �‰�Œ�}�‰�}�•���o�•�U�� �(�}�o�o�}�Á�]�v�P�� �Z�}�����Œ�š�� ���}�•���Z�–�� ���µ�•�]�v���•�•�� �]�v�š���Œ���•�š�•�U�� ���v��
���v���o�Ç�•�]�•�� �}�v�� �š�Z���� �����v���(�]�š�•�� ���}�u�]�v�P�� �(�Œ�}�u�� �š�Z���� �µ�•���� �}�(�� �š�Z���� �‰�������o�� �š�}�� �]�u�‰�Œ�}�À���� �À���Z�]���o���–�•�� �•���(���š�Ç�� ���v����
�Œ�����µ������ ���}�P�v�]�š�]�À�������v���� �À�]�•�µ���o�� ���]�•�š�Œ�����š�]�}�v�� �]�v���š�Z���� ���Œ�]�À���Œ���Z���•���������v�� �����Œ�Œ�]������ �}�µ�š�X���/�v�� �‰���Œ�š�]���µ�o���Œ�U���š�Z����
�����v���(�]�š�•�� �]�v�� �š�Z���� �(�]���o���•�� �}�(�� �Œ�����µ���]�v�P�� ���]�•�š�Œ�����š�]�}�v�� �]�v�� �š�Z���� ���Œ�]�À���Œ�U�� �]�u�‰�Œ�}�À�]�v�P�� �š�Z���� �Z�µ�u���v�� �u�����Z�]�v����
�]�v�š���Œ�(�������� �����š�Á�����v�� �����Œ�•�–�� �•�u���Œ�š�� �•�Ç�•�š���u�•�� ���v���� ���Œ�]�À���Œ�•�� ���v���� ���}�v�•�]�•�š���v�š�o�Ç�� ���Œ�µ�•�Z�]�v�P�� �µ�‰�� ���Œ�]�À���Œ�–�•��
�Œ���•�‰�}�v�•�����]�v�����u���Œ�P���v���Ç���•�]�š�µ���š�]�}�v�•���Z���À�����������v�����v���o�Ç�Ì�����X����

���� �•�]�u�µ�o���š�]�}�v�� ���v�À�]�Œ�}�v�u���v�š�� �Z���•�� �������v�� ���Œ�����š������ ������ �Z�}���� �]�v�� �š�Z���� �W�}�o�Ç�š�����Z�v�]���� �}�(�� �D�]�o���v�� ���Œ�]�À�]�v�P��
�•�]�u�µ�o���š�]�}�v���o�����}�Œ���š�}�Œ�Ç���~�/�X���Œ�]�À�����>�����•�����v�����š�Z�����P���š�Z���Œ�����������š�����Œ���P���Œ���]�v�P���•���(���š�Ç�����v�����µ�•���Œ�����Æ�‰���Œ�]���v������
�Z���À�����������v�����v���o�Ç�Ì���������v�����‰�Œ���•���v�š�����X�����•���]�š���Á�]�o�o���������•�����v�U���š�Z���������š�]�À�������������o���Œ���š�}�Œ���‰�������o�����Ç�����}�•���Z��
�•�š�Œ�}�v�P�o�Ç�����u���Œ�P���•�����•�����v�����(�(�����š�]�À�����š�}�}�o���š�}���]�u�‰�Œ�}�À�������Œ�]�À���Œ�����š�š���v�š�]�}�v���~�µ�‰���š�}���í�ð�9���]�v���Œ�����•�������š�]�u����
�}�(�����š�š���v�š�]�}�v�����š���š�Z�����Œ�}�������}�(���š�Z�������Œ�]�À���Œ�•�����v�����š�}�����Œ���u���š�]�����o�o�Ç���������Œ�����•�����š�Z�����Œ�������š�]�}�v���š�]�u�����~�u�}�Œ����
�š�Z���v���ñ�ì�9���Œ�����µ���š�]�}�v�•�X��

���À���v�š�µ���o�o�Ç�U�� ���o�o�� �š�Z�}�•���� ���}�v�•�]�����Œ���š�]�}�v�•�� ���Œ���� �‰�Œ���•���v�š������ �]�v�� ���� ���Œ�]���(�� �•�µ�u�u���Œ�Ç�� ���}�v�•�]�•�š�]�v�P�� �}�(�� �š�Z����
���•�•���•�•�����������v���(�]�š�•�����}�u�]�v�P���(�Œ�}�u���š�Z�����µ�•�����}�(���š�Z�����‰�������o�����v�����š�Z�����•�µ�P�P���•�š�]�}�v�•���š�}���(�µ�Œ�š�Z���Œ���‰�Œ�}����������
�Á�]�š�Z���š�Z�����‰�Œ�}�i�����š�����v�����š�}�����}�v�(�]�Œ�u���š�Z�����Œ���•�µ�o�š�•�������Z�]���À�����X������

���Æ�‰�o�}�Œ�]�v�P���š�Z�����}�‰�‰�}�Œ�š�µ�v�]�š�]���•��
�d�Z�����(�]�Œ�•�š���š���•�l���š�Z�����d�����u���Á�}�Œ�l�������}�v���Z���•���������v���š�Z�����]�����v�š�]�(�]�����š�]�}�v���}�(���š�Z�����•�š���š�����}�(���š�Z�������Œ�š�����v�����š�Z����
�µ�v�����Œ�•�š���v���]�v�P�� �}�(�� �š�Z���� ���µ�Œ�Œ���v�š�� �u���Œ�l���š�� �•�]�š�µ���š�]�}�v�� ���v���� ���}�u�‰���š�]�š�}�Œ�� �•�š�Œ���š���P�]���� �‰�}�•�]�š�]�}�v�]�v�P�X�� �/�v��
�‰���Œ�š�]���µ�o���Œ�U�����v���������µ�Œ���š�����‰���š���v�š���•�����Œ���Z�����v���o�Ç�•�]�•�����v���������������‰���Á�������]�v�À���•�š�]�P���š�]�}�v���Z���À�����o���������š�Z�����š�����u��
�š�}�� �P���]�v�� ���Á���Œ���v���•�•�� �}�v�� �š�Z���� ���Æ�š�Œ���u���� ���}�u�‰���š�]�š�]�À���v���•�•�� �}�(�� �š�Z���� �•�����š�}�Œ�����v���� �}�v�� �š�Z���� �P�o�}�����o�� �u���Œ�l���š��
�•�]�š�µ���š�]�}�v���Œ���o���š�������š�}���š�Z���������š�]�À�������������o���Œ���š�}�Œ���W�������o�X���d�Z�����Œ���•�µ�o�š�•���Z���À�����������v���‰�Œ���•���v�š�������]�v���K���š�}�����Œ��
�î�ì�í�ò���š�}�����}�•���Z���D���v���P���u���v�š���]�v���š�Z�������}�u�‰���v�Ç�[�•���,�������‹�µ���Œ�š���Œ�������•�������]�v���^�š�µ�š�š�P���Œ�š�U���P���v���Œ���š�]�v�P�����v��
�]�v���Œ�����•�]�v�P�� �]�v�š���Œ���•�š�� �]�v�� �š�Z���� �‰�Œ�}�i�����š�� �(�Œ�}�u�� �š�Z���� ���}�u�‰���v�Ç�� �]�š�•���o�(�X�� �d�Z���v�l�•�� �š�}�� �š�Z���� ���(�}�Œ���u���v�š�]�}�v������
�Á�}�Œ�l�U���]�v���������U���]�š���Z���•���������v���‰�}�•�•�]���o�����š�}���µ�v�����Œ�•�š���v�������v�����Z�]�P�Z�o�]�P�Z�š�����}�•���Z�[�•���‰�������o���µ�v�]�‹�µ�����(�����š�µ�Œ���•��
���v�����•�š�Œ���v�P�š�Z�•�����•���Á���o�o�����•���‰�}�•�•�]���o�����Á�����l���‰�}�]�v�š�•���š�}���������]�u�‰�Œ�}�À�����X�����µ�Œ�]�v�P���š�Z�]�•���‰�Œ���o�]�u�]�v���Œ�Ç���‰�Z���•���U��
���v���� �Z���À�]�v�P�� �š�Z���� �u���Œ�l���š�� ���v���� �‰���š���v�š�� �Œ���•�����Œ���Z�� ���•�� �]�v�‰�µ�š�� �(�}�Œ�� �š�Z���� �Á�}�Œ�l�U�� �v���Á�� �‰�}�•�•�]���o���� �µ�•���•�� ���v����
���µ�•�]�v���•�•���}�‰�‰�}�Œ�š�µ�v�]�š�]���•���Z���À�����������v���‰�Œ���•���v�š�������]�v�����������u�����Œ���š�}�����}�•���Z�X����

�d�Z�����‰�Œ���•���v�š�������v���Á���‰�}�•�•�]���o�����µ�•���������•���•�U���Á�Z�]���Z�����Œ�����•�µ�u�u���Œ�]�Ì�����������o�}�Á�U���š�Œ�]�������š�}�����Æ�‰�o�}�]�š���]�v���š�Z����
�����•�š�� �Á���Ç�� ���}�•���Z�� �‰�������o�� �µ�v�]�‹�µ���� �š�����Z�v�]�����o�� �(�����š�µ�Œ���U�� ���}�v�•�]�����Œ�]�v�P�� �š�Z���� �‰�}�š���v�š�]���o�� �(���Œ�š�]�o���� �u���Œ�l���š�•��
�•���P�u���v�š�•�W����
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�x�� �>�]�P�Z�š�����v�����,�����À�Ç�����}�u�u���Œ���]���o���s���Z�]���o���•���•���(���š�Ç�����v�����(�µ���o�����}�v�•�µ�u�‰�š�]�}�v���Œ�����µ���š�]�}�v�V����
�x�� ���}�P�v�]�š�]�À�������]�•�š�Œ�����š�]�}�v���Œ�����µ���š�]�}�v�V����

�&�}�o�o�}�Á�]�v�P�����}�•���Z�[�����µ�•�]�v���•�•���]�v�š���Œ���•�š�•�����v�����v�������•�U���š�Z�����d�����u���š�Z���v���(�}���µ�•�������}�v���š�Z�����]�u�‰�o���u���v�š���š�]�}�v��
���v�����•�š�µ���Ç���}�(���š�Z�������‰�‰�o�]�����š�]�}�v�•���}�(���š�Z�����‰�������o���]�v���š�Z�����(�]���o�����}�(�����}�P�v�]�š�]�À�������]�•�š�Œ�����š�]�}�v���Œ�����µ���š�]�}�v���]�v���š�Z����
���Œ�]�À���Œ�X����

�'���v���Œ���š�]�v�P���š�Z�����^�}�o�µ�š�]�}�v��
�/�v���}�Œ�����Œ���š�}���]�v�À���•�š�]�P���š�����š�Z�����Œ�����o�������v���(�]�š�•�����}�u�]�v�P���(�Œ�}�u���š�Z�����µ�•�����}�(���š�Z�����‰�������o�U���š�Z�����d�����u���������]��������
�š�}���‰���Œ�(�}�Œ�u�������•���š���}�(���À�]�Œ�š�µ���o�����Œ�]�À�]�v�P���•�]�u�µ�o���š�]�}�v���š���•�š�•�X���&�Œ�}�u���š�Z�]�•���‰���Œ�•�‰�����š�]�À���U�������‰�Œ�}�š�}�š�Ç�‰�����}�(���š�Z����
�‰�������o�� �u�������� ���À���]�o�����o���� ���Ç�� �Z�}�����Œ�š�� ���}�•���Z�� �'�u���,�� �Z���•�� �������v�� �]�v�•�š���o�o������ �]�v�� �š�Z���� �/�X���Œ�]�À���� �•�]�u�µ�o���š�]�}�v��
�o�����}�Œ���š�}�Œ�Ç���}�(���š�Z�����W�}�o�Ç�š�����Z�v�]�����}�(���D�]�o���v�X���/�v���‰���Œ�š�]���µ�o���Œ�U���š�}���������}�u�‰�o�]�•�Z���š�}���š�Z�]�•���š���•�l�U���š�Z�Œ�������‰���Œ���o�o���o��
�����š�]�À�]�š�]���•�� �Z���À���� �������v�� �‰�o���v�v������ ���v���� �����Œ�Œ�]������ �}�µ�š�X�� �d�Z���� �(�]�Œ�•�š�� �����š�]�À�]�š�Ç�� �Œ���P���Œ�������� �š�Z���� �•�š�µ���Ç�� ���v����
�]�u�‰�o���u���v�š���š�]�}�v���}�(���š�Z�������}�u�u�µ�v�]�����š�]�}�v���‰�Œ�}�š�}���}�o�•�������š�Á�����v���š�Z�����‰�������o�����v�����š�Z�����}�š�Z���Œ���•�]�u�µ�o���š�]�}�v��
�•�Ç�•�š���u�•���š�}�����v�•�µ�Œ�����š�Z�������}�Œ�Œ�����š�����}�v�š�Œ�}�o���}�(���š�Z�����‰�������o�X���d�Z�����•�����}�v�����š���•�l�����}�v�����Œ�v�������š�Z�����‰�Z�Ç�•�]�����o��
�‰�Œ���‰���Œ���š�]�}�v���}�(���š�Z�����u�����Z���v�]�����o�����v�������o�����š�Œ�}�v�]�����o�����v�À�]�Œ�}�v�u���v�š�•���š�}���Z�}�•�š���š�Z���������š�]�À�������������o���Œ���š�}�Œ��
�‰�������o�� ���v���� �š�Z���� �š�Z�]�Œ���� �š�Z���� �����•�]�P�v�]�v�P�� ���v���� ���µ�]�o���]�v�P�� �}�(�� ���� �•�]�u�µ�o���š�]�}�v�� ���v�À�]�Œ�}�v�u���v�š�� �š�}�� �Z�}�•�š�� �š�Z����
�•�]�u�µ�o���š�]�}�v�X����

���(�š���Œ�� �•���À���Œ���o�� �u�}�v�š�Z�•�� �}�(�� �Á�}�Œ�l�U�� �š�Z���� �•�]�u�µ�o���š�]�}�v�� ���v�À�]�Œ�}�v�u���v�š�� �Z���•�� �������v�� �š���•�š������ ���v���� �u���Œ�l������ ���•��
�Œ�������Ç���š�}���Z�}�•�š���š�Z�����š���•�š�•�X���/�v���}�Œ�����Œ���š�}���P���š�Z���Œ�������•�]�P�v�]�(�]�����v�š�����u�}�µ�v�š���}�(�������š���U���š�Á���v�š�Ç���u���o�����•�š�µ�����v�š�•�U��
���P�������(�Œ�}�u���î�í���š�}���î�ò�U���Z���À�����������v���Œ�����Œ�µ�]�š�������š�}���š���l�����‰���Œ�š���š�}���š�Z�Œ�������•�]�u�µ�o���š�]�}�v���š���•�š�•���š�}�����•�•���•�•�����v����
�]�•�}�o���š�����]�v�����v���}���i�����š�]�À�����Á���Ç���š�Z���������v���(�]�š�•�����}�u�]�v�P���(�Œ�}�u���š�Z�����‰�������o���µ�•�������•�����o���Œ�š�]�v�P���š�}�}�o�X���/�v���������U��
�š�Z���� �‰���Œ�š�]���]�‰���v�š�•�� �Á���Œ���� ���•�l������ �š�}�� ���Œ�]�À���� �]�v�� ���� �Z�]�P�Z�Á���Ç�� �•�����v���Œ�]�}�� �]�v�� �š�Z�Œ������ ���]�(�(���Œ���v�š�� ���}�v���]�š�]�}�v�•�W��
�Á�]�š�Z�}�µ�š�����v�Ç�����•�•�]�•�š�]�v�P�����Œ�]�À�]�v�P���•�Ç�•�š���u�U���Á�]�š�Z�����v�������}�µ�•�š�]�������v�����À�]�•�µ���o���•�]�P�v���o���}�v���š�Z���������•�Z���}���Œ�������v����
�Á�]�š�Z�� �š�Z���� �����š�]�À���� ���������o���Œ���š�}�Œ�� �‰�������o�� �(�µ�v���š�]�}�v�]�v�P�X�� �d�Z���� ���o���Œ�š�]�v�P�� �š�}�}�o�•�U�� �Á�Z���v�� �‰�Œ���•���v�š�� ���v����
�(�µ�v���š�]�}�v�]�v�P�U���Á���Œ�����u�����v�š���š�}�������À�]�•�����š�Z�������Œ�]�À���Œ�����}�š�Z���]�v�������•�����}�(�����u���Œ�P���v���Ç�����}�v���]�š�]�}�v�•�����v�����]�v�������•����
�}�(���]�v�(�Œ�]�v�P���u���v�š���}�(���š�Z�����v�}�Œ�u���o�����Œ�]�À�]�v�P���Œ�µ�o���•���~�]�X���X���•���(���š�Ç�����]�•�š���v�������}�Œ���u���Æ�]�u�µ�u���•�‰���������o�]�u�]�š���v�}�š��
�Œ���•�‰�����š�����•�X���d�Z�����š���•�š�•���‰�Œ�}�À�]���������µ�•���(�µ�o���]�v�•�]�P�Z�š�•���(�Œ�}�u���š�Á�}�����]�(�(���Œ���v�š���‰���Œ�•�‰�����š�]�À���•�W���(�Œ�}�u���}�v�����•�]������
�š�Z���v�l�•���š�}���š�Z�����/�X���Œ�]�À�����]�v�(�Œ���•�š�Œ�µ���š�µ�Œ�������v�����š�����Z�v�}�o�}�P�Ç���Á���•���‰�}�•�•�]���o�����š�}�� �P���š�Z���Œ�����Ç�����š�Œ�����l�]�v�P�U�����]�}��
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PROJECT DESCRIPTION 
NRGWaste is a micro scale, turnkey, self-contained system for the treatment of 
unrecoverable waste at the point of arising, based on high temperature plasma pyrolysis 
and on downsized waste pre-treatment technology (metal extraction, shredding, 
pelletisation). The core of the micro treatment prototype is based on the downsizing of 
the technology used in large waste to energy plants using components already largely 
used for industrial applications (i.e. TIG welding torches as a basis for a new way of 
generating plasma at low cost) coupled with a novel, self-adaptive control system to 
reach the highest levels of efficiency. The system includes a fully-automated control of 
the electric arc generating the plasma and a gas recirculation system to ensure safe 
generation of syngas (i.e. no furans and dioxins) ready to be exploited for energy 
generation. 
 
The prototype was fully studied from the modelling side as well as from the experimental 
campaign performed at IRIS Srl facilities. Some improvements on the present 
technology arose from this project and were proposed to the company in order to fit 
different market applications ranging from stationary to non-stationary waste treatment 
as a result of the different skills present in the team, hereafter described, and to IRIS Srl 
company, always involved during the whole duration of the project. 
 
Team Description  
Energy Engineering  
Cecilia Vicinanza 
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She was the team leader. She mainly worked on the energy engineering aspects of the 
project, performing the thermo-economic analysis together with her colleague Nicola. 
She also had a supervisory role, interacting with team members, tutors and 
stakeholders, taking care of the bureaucratic aspects of the ASP project. 
Nicola Frascella 
Together with Cecilia, he evaluated the interactions with energy world, from assessing 
the exergetic balance of the system to evaluating the market feasibility for the 
component. 
 
Chemical Engineering  
Manuel Innocenti 
He worked on the system chemical modelling, focusing on the code assembly and the 
computational simulation. Moreover, he performed the sensitivity analysis for the same 
system through the computational model he had built. 
Ahmed Mohamed Sadek Elgendy 
He worked on the litter characterization and street sweeping waste, identifying the 
chemical reactions involved in the pyrolysis/gasification process and the related kinetic 
and thermodynamic calculations. 
Eddy Christopher Batok Embanglian 
He focused on the initial marine waste characterization, based on composition. Further, 
he separated the waste based on the various compositions for the rest of the 
experiment. 
 
Electrical Engineering  
Davide del Giudice 
He focused on developing an improved version of the mechatronic control module in 
order to achieve a higher arc stability and thus a more efficient waste thermal treatment. 
 
Mechanical Engineeri ng 
Donato Sportelli 
He put his attention on developing a rotational system to achieve a better-treated waste 
processing by increasing its exposure to the plasma arc, improving the prototype 
efficiency. 
  
ABSTRACT  
NRGWaste is a prototype, owned and patented by IRIS Srl, that consists of a small 
scale system for the thermal treatment of unsorted solid waste using plasma technology, 
allowing energy recovery through thermal and electrical power generation with no 
harmful emissions. The system is constituted by a reactor, inside which there are two 
electrodes connected to a power generation unit. During operation, an electric arc is 
ignited to obtain plasma, capable of conducting electricity and characterised by a high 
temperature. The electric power generated in the arc is converted into thermal power, 
exploited for the treatment of the waste. 
The main challenges that were faced were: the stabilisation of the arc, the evaluation of 
the syngas composition with respect to the waste composition, the introduction of a new 
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mechanical rotating system, the performing of thermo-economic analysis of the 
component. 
In order to ensure a proper arc voltage, the MCM (mechatronic control module) 
continuously regulates the distance between the electrodes during operation. The team 
proposed different versions of the MCM code, which have been tested on the real 
prototype to assess which code could ensure the best performance of the MCM. 
Laboratory experiments have been performed on the plasma generator model using 
three waste typologies: household, street sweeping and marine waste. A simulation 
model has been developed to describe the gasification process and a sensitivity analysis 
was performed to study the temperature impact. 
A mechanical solution was developed to obtain a suitable rotational system able to mix 
up the waste inside the reactor and to expose it more uniformly to the heating source. 
In order to verify the feasibility of the machine, an input-output thermo-economic analysis 
was performed for three different applications, which gave as a result the percent value 
of which the price of the NRGWaste component should decrease in order to make its 
sale profitable for the user. 
 
UNDERSTANDING THE PROBLEM  
Waste disposal is an issue which deeply permeates the modern society, from the largest 
point of view (cities, countries) to the smallest one (isolated mountain villages, ships). 
Particularly addressing this last area, the available solutions to deal with waste disposal are 
not so performing, and generally require high costs and lead to resources wastage. 
Therefore, the IRIS Srl Green Plasma project, which NRGWaste has prosecuted, specifically 
considered that application field and proposed a small prototype for those small, isolated 
entities, in order to heavily reduce the waste disposal problem and to treat waste on place, 
through the thermal plasma technology and the pyrolysis process. Consequently, the 
principal involved stakeholders have been the potential customers (big/small ships, isolated 
mountain villages) and IRIS Srl (NRGWaste external partner and owner of the prototype), 
both of them interested in the prototype economical and developing aspects. However, also 
research institutes and governmental authorities have been identified as concerned by the 
project outcomes, particularly considering its researching, innovative and environmental 
aspects. 
All those stakeholders have then allowed to identify and define the different requirements 
and tasks, which affected all the expertise areas of each group member and leaded to carry 
on the project work. The different considered aspects started from the need to find a way to 
move the reactor, in order to ensure a temperature homogeneity and to let the entire waste 
amount being reached by the plasma, and then involved the necessity to provide a chemical 
model of the system, to set it on a software and to use the software to perform a sensitivity 
analysis, necessary to study the system behaviour. Moreover, experiments on the real 
prototype were required, in order not only to validate the chemical model, but also to test the 
different Arduino codes; in fact, improving and modifying the Arduino code represented 
another fulfilled activity, aimed to make the plasma arc stabler and therefore increase the 
overall process efficiency. Lastly, a thermo-economical analysis was proposed, in order to 
evaluate the prototype feasibility for those potential application areas. 

 
EXPLORING THE OPPORTUNITIES 
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The main concern with small-scale devices, is that of making a safe and clean environment 
also profitable, without the possibility of scaling up taking advantage of scale factors. On the 
other hand, once obtained an effective prototype and identified the potential stakeholders, 
�W�K�H���P�D�U�N�H�W���V�K�D�U�H���D�Y�D�L�O�D�E�O�H���L�V���Z�H�D�N�O�\���O�L�P�L�W�H�G�����H�Q�W�H�U�L�Q�J���D���V�R�U�W���R�I���³�%�O�X�H���2�F�H�D�Q�´�� 
To evaluate correctly the potential of such innovation, an input-output analysis was carried 
on from a thermo-economic point of view, in order to clearly understand the energy fluxes 
interesting the process, the value created in it and where the inefficiencies compromising the 
result came from. Indeed, any activity producing waste and disposing it in an expensive way 
would be interested in getting rid of such cost, obtaining synthesis gas in exchange. As the 
team understood in international conferences, syngas exploitation is gaining interest in the 
energy field, since it could lead to clean carbon fueled technologies; this trend is leading to 
an increasing number of bottoming machines, such as microturbines or internal combustion 
engines, able to use such fuel to cogenerate electricity and heat. However, since the 
flexibility of such devices depends mainly on the composition of the syngas and 
consequently of the waste, experiments were made in order to evaluate the chemical 
compounds most likely produced during the process. Further requirements came from the 
continuity of the process, mined by the extinction of the electric arc, and the maximization of 
the energy output, compromised on one side by a portion of waste not affected by the 
reaction, and on the other side by a portion of water cooling down the reactor and sent to a 
chiller. To overcome the former problem, the team had to understand the code regulating the 
electrodes responsible for the plasma stability, while to tackle the second problem two 
different paths were considered: regenerating the value of the hot water as thermal power, 
and making the whole system rotate. 
 
 
GENERATING A SOLUTION  
The solution proposed by the team is aimed at increasing the energy efficiency of the 
prototype, as well as its attractiveness from the potential customer viewpoint in the light of a 
commercial roll-out.  
 
The team designed a rotational system for the reactor that could allow the waste inside it to 
be thermally treated in a uniform 
manner. The team analysed two 
solutions: a fluid dynamic model and a 
mechanical model. In the former 
solution, the water inlet coming from 
the heat recirculation module of the 
system is exploited to rotate the 
reactor. In the latter solution, instead, 
an electric motor connected to the 
reactor by means a four-linkage 
mechanism (constituted by a crank, a 
rod and a rocker) is used. After a 
comparative analysis of the two 
solutions, the team deems the 
mechanical model to be the best fit due   to its much lower costs of implementation.                                                            
              The mechanical model solution for  
        the rotation of the system. 
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Another focus of the project was to develop an improved version of the script used in the 
mechatronic control module. In particular, the parameters of the PI filter used for the 
electrodes position control have been changed and tuned to ensure a better system 
operation. The new script, which has been tested and validated on the real prototype during 
the experimental campaign organised by IRIS Srl at its lab, proved to make the mechatronic 
control module less susceptible to the peaks and dips in arc voltage, enabling the system to 
maintain a constant arc voltage and temperatures inside the reactor, resulting in an overall 
more efficient waste thermal treatment.  
 

 
 Block scheme representation of the PI filter used for the electrodes position control in the MCM.  

 
The previously mentioned experimental campaign also allowed to validate the chemical 
model used to describe the chemical reactions occurring inside the reactor during operation 
and to understand how the syngas composition changes based on the waste input 
characteristics and on specific process parameters. On one hand these findings can be a 
noteworthy contribution to the efforts of research centres and universities devoted to analyse 
the plasma pyrolysis process. On the other hand, such results provide a good starting point 
from which the potentialities of the NRGWaste system can be assessed not only for waste 
disposal, but also for cogeneration purposes. 
 
In order to evaluate the attractiveness of the proposed solution in case of its commercial roll-
out, a thermo-economic analysis has been performed by simulating the adoption of the 
prototype in different scenarios, such as isolated mountain villages, small boats for marine 
litter disposal and cruise ships. Despite its investment cost, it has been observed that the 
adoption of the prototype is particularly beneficial in touristic islands. In fact, the prototype 
would allow an easy disposal of waste around the shores and the syngas produced from the 
thermal treatment could be used later on for electricity production in an energy storage 
�V�\�V�W�H�P���F�R�Q�Q�H�F�W�H�G���W�R���W�K�H���L�V�O�D�Q�G�¶�V���P�D�L�Q���J�U�L�G���� 
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Project description  

SMITh (Smart Metering with Internet of Things) is a one year project launched in 2016 
within the XII cycle of Alta Scuola Politecnica. The project has involved academic 
institutions (Politecnico di Milano and Politecnico di Torino) as well as two industry 
partners, Edison and Reti. The project goal was to develop a feasibility study of an IoT 
(Internet of Things) system for applications in the field of Demand Response (DR) and 
energy management. 
The SMITh project received the contribution of a team of students, academics, and 
professionals coming from the fields of electrical and energy engineering, computer 

science, and service design. A comprehensive solution was developed addressing the 
technical specifications, the market integration, and the user experience domains. 
The main goal of the SMITh project is to develop an ecosystem based on IoT which 
coordinates sensors and actuators to optimize the energy consumption of a typical 
household providing DR services in synergy with the energy utility. The specific objectives 
of the project were the following: 
 

�x Create a cloud system where all components are interconnected and can interact 
without leveraging a central logic controller 

�x Modularize power bills so that energy companies and users could agree on custom 
fees 

�x Automatically schedule consumptions to minimize electricity bills, also taking 
advantage of some services that loads can provide to the distribution grid. 

 
In particular, the goals can be grouped in three main disciplinary areas: 
 

1. IoT and system architecture 
2. Energy services and market 
3. Service design and User Interface (UI) 

 
This project can be described as a technology push project, where the suitability of a new  
emerging technology in the IoT sector is tested to respond to a demand arising from the 
energy sector (need of active demand to provide system flexibility). 
 

 

Tasks and skills  
 
Davide Comuzzi: Davide is a service system designer and his main task was the user 
requirements analysis done through interviews and workshops. He also carried out the 
study on state-of-the-art trends in user experience connected to IoT and energy 
management. 
Simone Prato : as Energy engineer, Simone contributions were: analysis of demand 
response potential and barriers to adoption in the energy market, definition of energy 
pricing mechanisms and modeling of agents in the algorithm. Description of simulation 
scenarios, simulation running and data analysis to evaluate the algorithms performance 
and potential.  
Francesco Sala: Electrical engineer specialized in energy systems, Francesco worked at 
the analysis of demand response and pricing mechanisms. He also developed the 
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mathematical models of the battery and PV systems within the algorithm. As team 
controller, Francesco supervised the whole team activities and the project budget. 
!"#$%&'(%)*$%+," !"Computer Science engineer, Andrea took care of the following tasks: 
analysis of technological �I�H�D�V�L�E�L�O�L�W�\���� �G�H�I�L�Q�L�W�L�R�Q�� �R�I�� �D�S�S�O�L�D�Q�F�H�V�¶�� �P�D�W�K�H�P�D�W�L�F�D�O�� �P�R�G�H�O����
development of custom algorithm for distributed optimization, development of backend and 
web interface for data visualization. 
Andrea Taverna : as service designer, Andrea worked at the development of the user 
interface and at the realization of a model prototype. He also contributed to the user 
requirements analysis and took care of the graphical design of the presentation video. 
 
Abstract  
 
The ongoing transformation of energy systems towards a decentralized production model 
requires a new centrality and active involvement of energy consumers (or prosumers) in 
electricity markets. The consumption behaviors should be adapted to market conditions 
providing savings to the customers and benefits to the energy system as a whole. 
Customer empowerment requires the adoption of innovative technologies, such as 
sensors, controllers, and communication systems on a vast scale and with high levels of 
reliability. 
SMITh project provides a totally innovative solution in this field exploring the opportunities 
offered by IoT and decentralized multiagent optimization.  
 
Understanding the problem  
 
In the future, an ever increasing amount of electricity will be produced from Variable 
Renewable Energy Sources (VRES). This trend, supported by climate and environmental 
policies, is poised to deeply change the way power systems are operated towards a Smart 
Grid paradigm. In particular, an increasing need of flexibility is evident to cope with the 
variability of energy sources like sun and wind. If decreased flexibility is made available on 
the supply side, due to the dismissing of traditional generating plants, the demand side 
must be involved in providing flexibility. Demand Response (DR), i.e., the adjustment of 
consumption behaviors based on external signals such as energy prices, is seen as a 
fundamental resource of flexibility in future power systems. The challenge to exploit this 
opportunity arises from three different levels: 

�x Technology innovation is required in the house environment to create a smart 
home where energy consumption can be monitored and optimized thanks to 
sensors, intelligent controllers, and communication systems. 

�x Market and regulatory reforms are needed in order to allow such systems to be 
commercialized integrating DR services in the existing electricity market 
architecture. 

�x User experience (UX) requirements should be satisfied, preserving privacy and 
comfort, and allowing the user to interact with the system in an intuitive and flexible 
way with a clear perception of benefits. 

 
Exploring the opportunities  
 
The DR pilot projects which are currently underway usually exploit a centralized 
intelligence. A typical example is represented by the Address project, led by Enel, EDF, 
�D�Q�G���,�E�H�U�G�U�R�O�D�����Z�K�H�U�H���D���F�H�Q�W�U�D�O���X�Q�L�W�����F�D�O�O�H�G���³�H�Q�H�U�J�\���E�R�[�´���S�H�U�I�R�U�P�V���W�K�H���Z�K�R�O�H���R�S�W�L�P�L�]�D�W�L�R�Q��
and then sends commands to each appliance. This dominant trend emerged from a wide 
state-of-the-art analysis and is mainly due to the fact that distributed intelligence is still not 
reliable enough and too complex (mainly due to the need of coordinating many agents). 

However, a distributed solution offers the advantages of being more resilient to single 
failures and avoiding the need to share all the information about each device functioning 
(e.g., proprietary data on consumption cycles) enhancing also the user privacy.  
The decision, in agreement with the industrial partners Reti and Edison, was to try to 
develop a feasible system based on intelligent agents and distributed optimization, which 
could compete with current more mature centralized solutions. 
From an energy market perspective, several mechanisms could be considered, mainly 
belonging to explicit and implicit DR categories. In explicit DR, loads participate directly in 
the electricity market via aggregation, offering bids to change their consumption and 
receiving direct payments. 
In implicit DR, consumption behavior is adjusted on the basis of a price or volume signal 
coming from the market (e.g., a dynamic price). In our analysis we chose to investigate 
implicit mechanisms and in particular to compare real-time prices (defined each 
15minutes) with the current Time-of-Use (ToU) tariff system, which involves only a price 
differentiation between peak and off-peak periods. 
 
Generating a solution  
 
The solution developed is based on the concept of a distributed optimization system that 
is able to optimally schedule the consumption of several electrical appliances for the next 
24 hours. The selected representative appliances were the dishwasher, the washing 
machine, and the boiler, since they belong to the class of thermal or shiftable loads, which 
offer the biggest potential in terms of DR services. Also a solar photovoltaic (PV) system 
and a battery were included to account for a future prosumer scenario. The input 
parameters of the system are the appliances cycles, the preferences set by the user (e.g., 
finish before or start after time t), the energy cost in each time step, weather forecast to 
calculate PV production, the initial configuration of the system (e.g., battery state of 
charge), and the user presence.  

 
 
The output of the system is an optimized consumption schedule for each appliance which 
minimizes the electricity bill costs. 
A complicate part was the development of the optimization algorithm. The corresponding 
mathematical problem belongs to the class of Distributed Constraint Optimization 
Problems (DCOP) since we do not have a central optimizer, but all the appliances act as 
intelligent agents that run the optimization in a coordinated way exchanging messages. 
Existing algorithms able to solve this type of problems were first considered. But we 
discovered that they are able to handle few agents and a limited number of time steps due 
to the exponential increase of messages exchanged. 
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Therefore, a new innovative algorithm was specifically developed for this project using a 
modified version of DPOP (Dynamic Programming Optimization Problem), able to perform 
much more efficiently and minimize the data exchanged. The algorithm was programmed 
in Python.  
 
Once tested the proper functioning of the algorithm, realistic scenarios were developed to 
see the results deriving from its application to a real house. Appliances cycles were 
modeled using data coming from Edison Smart Home. Also real solar data and energy 
prices from the Italian energy market regulator (GME) were used.  
Simulations considering several scenarios (presence or absence of PV system and 
battery, different solar radiation levels, different energy tariffs, etc.), with and without the 
use of SMITh system, were carried out. Simulations gave very positive results, with an 
average saving on the e nergy bill  equal to 12% in case of ToU  tariffs and 19% in case 
of real -time prices . Savings on a single day  reached up to 46%  depending on solar 
radiation levels and user preferences. 

 

 
 
Savings emerged to be higher in case a more dynamic pricing scheme is in place, as it will 
be probably the case in the near future but today happens only in few countries (e.g., 
Norway). 
Benefits are also higher in presence of PV system and battery since the optimization helps 
to shift the consumption towards periods of higher solar production avoiding withdrawing 
energy from the grid. 
 
Additionally a prototype using Raspberry Pi microcontrollers was realized to test if the 
algorithm can effectively run in a distributed way. Communication was realized using Wi-
Fi protocol, even though other protocols can be used (e.g., such as ZigBee). The test gave 

positive results validating the possibility to concretely deploy the system conceived. One 
obstacle to full commercialization still lies in the fact that the controller should be 
incorporated in the appliances by the manufacturer. 

 
 
Finally, the interface of a web app was developed even though still not complete. The 
interface was designed taking into account requirements coming from the user experience 
domain such as the visualization and interaction needs of the user, the priority to clearly 
show the economic and environmental benefits obtained using the system and the lowest 
degree of intrusiveness possible.  
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The positive results obtained will be the basis for continued development of the system, 
hopefully in cooperation with the actual project partners and other interested parties. 
Attention will be focused on the following activities: 
 

�x Increase the number of appliances controlled including heating/cooling systems 
and electric vehicles. 

�x Improve the model accuracy of agents: e.g., battery model, use of stochastic 
solar production forecasts, etc. 

�x Consider more complex pricing schemes: e.g., scambio sul posto for solar PV 
production. 

�x Consider a possible interface mechanism with aggregator to offer ancillary 
services, like participation in explicit DR mechanisms. 

�x Implementation of a field prototype with real appliances at Edison Smart Home 
R&D Lab. 

�x Finalization of the graphical user interface. 
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�&�]�Œ�•�š�U���š�Z�����]�v�]�š�]���o���•�š���‰���š���l���v�U���Á���•���š�}���‰���Œ�(�}�Œ�u�������^�š���l���Z�}�o�����Œ�����v�����v�������•�����v���o�Ç�•�]�•�U���v�������•�•���Œ�Ç���š�}���������‰���v��
�š�Z�����]�v�À���•�š�]�P���š�]�}�v���]�v�š�}���š�Z�����‰�Œ�}���o���u�����š���Z���v���U���š�}���]�����v�š�]�(�Ç�����o�o���Œ���o���À���v�š���v�������•�����v�����Œ���‹�µ�]�Œ���u���v�š�•�X����
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�(�Œ�}�u�������µ�����š�]�}�v���š�}�����u�‰�o�}�Ç�u���v�š���Á�Z�]�o�����o�}�}�l�]�v�P�����š���]�š���(�Œ�}�u���š�Á�}���‰���Œ�•�‰�����š�]�À���•�V���š�Z�����•�}���]���o�r�����}�v�}�u�]����
�‰���Œ�•�‰�����š�]�À�������v�����������Œ�}�������Œ���š�Z���}�Œ���š�]�����o���‰���Œ�•�‰�����š�]�À���X����
���� �•�Ç�•�š���u���š�]�����u���š�Z�}���}�o�}�P�Ç���Á���•�� �����}�‰�š������ �}�v���š�Z���������À���o�}�‰�u���v�š�� �}�(���‰�}�•�•�]���o���� �•�}�o�µ�š�]�}�v�•�� ���}�v�•�]�����Œ�]�v�P��
�š�Z���� �v�������•�� ���v���� �]�š�•�� �Œ���•�‰�����š�]�À���� �Œ���‹�µ�]�Œ���u���v�š�X�� �d�Z�]�•�� �u���š�Z�}���}�o�}�P�Ç�� �Á���•�� �����(�]�v������ ���Ç�� �o�]�•�š�]�v�P�� �š�Z���•����
���}�o�o�����š�]�À���� �Œ���‹�µ�]�Œ���u���v�š�•�� ���v���� �Á���]�P�Z�š������ �����•������ �}�v�� �š�Z���]�Œ�� �Œ���o���À���v�����X�� �d�Z���� �•�}�o�µ�š�]�}�v�•�� �Á���Œ���� ���v���o�Ç�•������
�µ�•�]�v�P���š�Z�����^�t�K�d�����v���o�Ç�•�]�•�U���Á�Z���Œ�����Ç���š�Z���������•�š���(�]�š���•�}�o�µ�š�]�}�v���Á���•���•���o�����š�������µ�•�]�v�P���v�µ�u���Œ�]�����o�����À���o�µ���š�]�}�v��
�š�Z�Œ�}�µ�P�Z���Á���]�P�Z�š�]�v�P���}�(���Œ���‹�µ�]�Œ���u���v�š�•���u���š�X���^�����}�v���������š���]�o�•�������}�µ�š���‰�Œ�}�}�(���}�(�����}�v�����‰�š���‰�Œ�}�š�}�š�Ç�‰�����Á���Œ����
�v�}�š�����U���}�(���Á�Z�]���Z���]�•�����]�À�]���������]�v�š�}�����]�(�(���Œ���v�š���‰�Z���•���•�U���(�}�o�o�}�Á���������Ç���š�Z�����l���Ç���‰���Œ�(�}�Œ�u���v�������]�v���]�����š�}�Œ���}�(���š�Z����
�•�}�o�µ�š�]�}�v�•���u�����•�µ�Œ�]�v�P���š�Z�����(�����•�]���]�o�]�š�Ç���}�(���š�Z�����•�}�o�µ�š�]�}�v�X����
�d�Z�����(�]�v���o���‰�Z���•�����}�(���š�Z�����Œ���‰�}�Œ�š�����]�•���µ�•�•�����������}�µ�š���š�Z�����(�����•�]���]�o�]�š�Ç���}�(���š�Z�����•�}�o�µ�š�]�}�v���Á�]�š�Z�����}�v�����Œ�v���š�}���š�Z����
�(�µ�š�µ�Œ���X���d�Z�����u���]�v���•�š���l���Z�}�o�����Œ�•���Á���Œ�����Z�]�P�Z�o�]�P�Z�š���������v�������o�o���‰�}�•�•�]���o�����•�����v���Œ�]�}�•���Á���Œ���������À���o�}�‰�����������}�µ�š��
�š�Z�����(�µ�š�µ�Œ�����•�µ�•�š���]�v�����]�o�]�š�Ç�����v�����•�����o�����]�o�]�š�Ç���}�(���š�Z�����‰�Œ�}�i�����š�X���D�}�Œ���}�À���Œ�U���o���Ç�}�µ�š���Á���•�����Œ���Á�v���(�}�Œ���š�Z�����(�µ�š�µ�Œ����
�����š�]�À�]�š�]���•���Á�Z�]���Z���v�������������š�}�����������}�v�����š�}���u���l�����š�Z�]�•���‰�Œ�}�i�����š���u�}�Œ�������(�(�����š�]�À�������v�������(�(�]���]���v�š���(�}�Œ���(�µ�š�µ�Œ����
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�š�Z�Œ������ ���Œ�]�š�]�����o�� �]�v�š���Œ�•�����š�]�}�v�•�W�� ���v�Œ�}�o�o�]�v�P�� �]�v�� �����µ�����š�]�}�v�U�� ���µ�]�o���]�v�P�� �•�l�]�o�o�•�� ���v���� �(�]�v���]�v�P�� ���� �i�}���X�� �������Z��
�]�v�š���Œ�•�����š�]�}�v���Z�]�����•���•�]�P�v�]�(�]�����v�š�����Z���o�o���v�P���•�X��

�ï�X�������������d�Z���������µ�����š�]�}�v�r�š�}�r���u�‰�o�}�Ç�u���v�š���•�Ç�•�š���u���(���]�o�•���(�}�Œ���u�}�•�š�����u�‰�o�}�Ç���Œ�•�����v�����Ç�}�µ�v�P���‰���}�‰�o���X����

�ð�X�� �����������/�v�v�}�À���š�]�À���� ���v���� ���(�(�����š�]�À���� �‰�Œ�}�P�Œ���u�•�� ���Œ�}�µ�v���� �š�Z���� �Á�}�Œ�o���� �Z���À���� �]�u�‰�}�Œ�š���v�š�� ���o���u���v�š�•�� �]�v��
���}�u�u�}�v�X��

�^�µ�������•�•�(�µ�o�� �•���Z�}�}�o�� �‰�Œ�}�P�Œ���u�•�� ���Œ�}�µ�v���� �š�Z���� �Á�}�Œ�o���� �•�Z���Œ���� �š�Á�}�� �]�u�‰�}�Œ�š���v�š�� �(�����š�µ�Œ���•�W�� �~�í�•�� �����µ�����š�]�}�v��
�‰�Œ�}�À�]�����Œ�•�� ���v���� ���u�‰�o�}�Ç���Œ�•�� �����š�]�À���o�Ç�� �•�š���‰�� �]�v�š�}�� �}�v���� ���v�}�š�Z���Œ�[�•�� �Á�}�Œ�o���•�X�� ���u�‰�o�}�Ç���Œ�•�� �Z���o�‰�� �š�}�� �����•�]�P�v��
���µ�Œ�Œ�]���µ�o�������v�����}�(�(���Œ���š�Z���]�Œ�����u�‰�o�}�Ç���Œ�•�����•���(�����µ�o�š�Ç�X�������������u�]�����Z���À�����•�š�µ�����v�š�•���•�‰���v�����Z���o�(���š�Z���]�Œ���š�]�u�����}�v��
�����i�}�����•�]�š���U�����À���v�š�µ���o�o�Ç���Œ�������]�À�]�v�P�������i�}�����}�(�(���Œ�X���~�î�•�����u�‰�o�}�Ç���Œ�•�����v���������������u�]�����Á�}�Œ�l���Á�]�š�Z���š�Z���]�Œ���•�š�µ�����v�š�•��
�����Œ�o�Ç�����v�����]�v�š���v�•���o�Ç�X��

�ñ�X�� �������������Œ�����š�]�v�P�� ���� �•�µ�������•�•�(�µ�o�� �����µ�����š�]�}�v�r�š�}�r���u�‰�o�}�Ç�u���v�š�� �•�Ç�•�š���u�� �Œ���‹�µ�]�Œ���•�� �v���Á�� �]�v�����v�š�]�À���•�� ���v����
�•�š�Œ�µ���š�µ�Œ���•�X��

�ò�X�� ���������������µ�����š�]�}�v�r�š�}�r���u�‰�o�}�Ç�u���v�š�� �•�}�o�µ�š�]�}�v�•�� �v�������� �š�}�� �•�����o���� �µ�‰�X���d�Z���Œ���� ���Œ���� �š�Z�Œ������ ���Z���o�o���v�P���•�� �š�}��
�����Z�]���À�]�v�P���•�����o���W���~�í�•�����}�v�•�š�Œ���]�v�š�� �}�v�� �š�Z�����Œ���•�}�µ�Œ�����•���}�(�� �����µ�����š�]�}�v���‰�Œ�}�À�]�����Œ�•�U���•�µ���Z�����•�� �(�]�v���]�v�P���(�����µ�o�š�Ç��
���v���� �]�v�À���•�š�]�v�P�� �]�v�� ���Æ�‰���v�•�]�}�v�V�� �~�î�•�� �]�v�•�µ�(�(�]���]���v�š�� �}�‰�‰�}�Œ�š�µ�v�]�š�]���•�� �š�}�� �‰�Œ�}�À�]������ �Ç�}�µ�š�Z�� �Á�]�š�Z�� �Z���v���•�r�}�v��
�o�����Œ�v�]�v�P�V���~�ï�•���š�Z�����Z���•�]�š���v���Ç���}�(�����u�‰�o�}�Ç���Œ�•���š�}���]�v�À���•�š���]�v���š�Œ���]�v�]�v�P���µ�v�o���•�•���]�š���]�v�À�}�o�À���•���•�‰�����]���o�]�Ì�������•�l�]�o�o�•�X��

�����µ�����š�]�}�v�� �‰�Œ�}�À�]�����Œ�•�U�� ���u�‰�o�}�Ç���Œ�•�� ���v���� �Ç�}�µ�š�Z�� �o�]�À���� �]�v�� �‰���Œ���o�o���o�� �µ�v�]�À���Œ�•���•�X�� �������Z�� �}�v���� �•�����•�� ���� ���]�(�(���Œ���v�š��
�‰���Œ�•�‰�����š�]�À�����}�(���š�Z�����Á�Z�}�o�����‰�]���š�µ�Œ���U���u���l�]�v�P�����]�(�(�]���µ�o�š���š�Z���]�Œ�����o�]�P�v�u���v�š���š�}���]�u�‰�Œ�}�À�����š�Z���������µ�����š�]�}�v�r�š�}�r
���u�‰�o�}�Ç�u���v�š�� �•�Ç�•�š���u�X�� �&�}�Œ�� �]�v�•�š���v�����U�� �����µ�����š�]�}�v�� �‰�Œ�}�À�]�����Œ�•�� �(�}���µ�•�� �š�Z���]�Œ�� ���(�(�}�Œ�š�•�� �‰�Œ�]�v���]�‰���o�o�Ç�� �]�v��
�����À���o�}�‰�]�v�P���š�����Z�v�]�����o���•�l�]�o�o�•���]�v���Ç�}�µ�v�P���P�Œ�����µ���š���•�U���Á�Z�]�o�����Á�Z���š�����}�u�‰���v�]���•�����Œ�����Œ�����o�o�Ç���o�}�}�l�]�v�P���(�}�Œ�����Œ����
�•�}�(�š���•�l�]�o�o�•�X�������š�Z���}�Œ���š�]�����o���‰���Œ�•�‰�����š�]�À�����}�(���š�Z�����‰�Œ�}���o���u���]�•���P�]�À���v�����Ç���š�Z�������}�}�l���^�/�o�������Œ���Z�]�}�������o�������]�o���v���]���_�X��

�,���Œ���U���š�Z�������µ�š�Z�}�Œ���š���o�l�•�������}�µ�š���š�Z�����(�µ�v���š�]�}�v���o�������•���Œ�]�‰�š�]�}�v���}�(���š�Z�����Z�µ�u���v�����Œ���]�v�U�����v�������o�•�}���u���š�Z�}���•���(�}�Œ��
�š���•�š�]�v�P�����v�����u�����•�µ�Œ���u���v�š�X��
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�d�Z�����P�}���o���}�(���š�Z�����(�Œ���u���Á�}�Œ�l���]�•���š�}���}���i�����š�]�À���o�Ç�����}�u�‰���Œ���������v���]�����š���•�����v�����š�}���u�]�v�]�u�]�Ì�������À���o�µ���š�}�Œ�����]���•�X��
�d�Z���� ���Œ���]�v�� �]�•�� �•�š�]�u�µ�o���š������ ���Ç�� �š�Z���� ���v�À�]�Œ�}�v�u���v�š�X�� �/�š�� �]�•�� �š�Z���v�� ���]�À�]�������� �]�v�� �(�}�µ�Œ�� �Ì�}�v���•�U�š�Z���š�� �����v�� ������ �•�����v��
�Z�}�Œ�]�Ì�}�v�š���o�o�Ç�����v�����À���Œ�š�]�����o�o�Ç�X��

�d�Z�����Z�}�Œ�]�Ì�}�v�š���o���À�]���Á���]�����v�š�]�(�]���•���š�Á�}�����]�(�(���Œ���v�š���Ì�}�v���•�W���d�Z�����‰�Œ�}���µ���š�]�}�v���Ì�}�v�����Á�Z���Œ�����š�Z�����Z�µ�u���v�����Œ���]�v��
���}�v�����Œ�v�•���‰�Œ�]�v���]�‰���o�o�Ç���]�v���‰�Œ�]�u���Œ�Ç���v�������•�U�����X�P�X���&�]�v�����(�}�}���U���l�v�}�Á�o�����P���U�����v�����•�l�]�o�o�•�����‰�‰�o�]�������š�}���Á�}�Œ�l�X���/�v��
�š�Z�]�•���Ì�}�v���U���š�Z���Œ�����]�•���v�}���P���v���Œ���š�]�}�v���P���‰�W���}�µ�Œ�����Œ���]�v���]�•���•�Z���‰���������Ç�����À�}�o�µ�š�]�}�v�U���}�À���Œ���š�Z�}�µ�•���v���•���}�(���Ç�����Œ�•�U��
�v�}�š�����Ç���š�����Z�v�}�o�}�P�Ç�X���d�Z�����/�����v�š�]�š�Ç���Œ���P�]�}�v���]�u�‰�o�]���•���^�}���]���o���]�v�š���Œ�����š�]�}�v�•�U���^���o�(�r���}�v�•���]�}�µ�•�v���•�•�����v�����š�Z�����Á���Ç��
�Á���������Z���À�������š���Á�}�Œ�l�X���d�Z�����À���Œ�š�]�����o���À�]���Á���•�Z�}�Á�•���š�Z�������]�(�(���Œ���v�����������š�Á�����v���š�Z�����•�š�����o�������Œ�������Á�Z�]���Z���]�•���o���•�•��
�o�]�l���o�Ç���š�}�����Z���v�P�����}�À���Œ���š�Z�����Ç�����Œ�•�����v�����š�Z�����À���Œ�]�����o�������Œ�����X��
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��

���•�•���•�•�u���v�š���o�}�P�]�����D�}�����o��
��
��
�ï�r���^�}�o�µ�š�]�}�v�W��

�t�]�š�Z�� �š�Z���� �(�Œ���u�]�v�P�� �}�(�� �š�Z���� �‰�Œ�}���o���u�� ���v���� ���� �š�Z�}�Œ�}�µ�P�Z�� �µ�v�����Œ�•�š���v���]�v�P�� �}�(�� �š�Z���� ���v�À�]�Œ�}�v�u���v�š�� �Á����
���•�š�����o�]�•�Z������ �š�Z���� �P�µ�]�����o�]�v���•�� �(�}�Œ�� �š�Z���� �•���o�����š�]�}�v�� �}�(�� �š�Z���� �u�}�•�š�� �(�����•�]���o���� ���v���� ���(�(�����š�]�À���� �•�}�o�µ�š�]�}�v�X�� �d�Z����
�•�}�o�µ�š�]�}�v�������À���o�}�‰�������Á���•�������o�����š�}���i�µ�•�š�]�(�Ç�����v�����•���š�]�•�(�Ç���u�}�•�š���}�(���š�Z���� �Œ���‹�µ�]�Œ���u���v�š�•�� �}�(���š�Z�����š�Z�Œ�������u���]�v��
�•�š���l���Z�}�o�����Œ�•�X��

�K�µ�Œ���•���Œ�À�]�����U�����Œ�]���P���U���]�•�����Z���v�P�]�v�P���š�Z�����Á���Ç�����^�W�����}�v�v�����š�•���š�}�����}�u�‰���v�]���•�����Ç���}�(�(���Œ�]�v�P���]�š�•���•�š�µ�����v�š�•���•�}�(�š��
�•�l�]�o�o�•�����•�•���•�•�u���v�š�•���Œ�µ�v�����Ç���‰�Œ�}�(���•�•�]�}�v���o���Z�]�Œ�]�v�P���u���v���P���Œ�•�X���d�Z�Œ�}�µ�P�Z���š�Z�������À���o�µ���š�]�}�v�U�����Œ�]���P�����š�������Z���•��
�Z�]�Œ�]�v�P���u���v���P���Œ�•���(�Œ�}�u���š�Z�����]�v���µ�•�š�Œ�Ç���Z�}�Á���š�}���•�‰�}�š���š�Z�����‰���Œ�(�����š�������v���]�����š�����(�}�Œ���š�Z���]�Œ�����}�u�‰���v�Ç�X�����š���š�Z����
�•���u�����š�]�u���U���]�š���‰�Œ�}�À�]�����•���•�š�µ�����v�š�•���Á�]�š�Z���š�Œ���]�v�]�v�P���(�}�Œ���š�Z���]�Œ���µ�‰���}�u�]�v�P���(�]�Œ�•�š���i�}�����]�v�š���Œ�À�]���Á�•�X��

���Œ�]���P���� �]�•�� ���v�� �}���i�����š�]�À���� �•�š�Œ�µ���š�µ�Œ������ ���•�•���•�•�u���v�š�� �]�v�� �Á�Z�]���Z�� �Z�]�Œ�]�v�P�� �u���v���P���Œ�•�� �(�Œ�}�u�� �u���Œ�l���š��
�o�������]�v�P�����}�u�‰���v�]���•���Á�]�o�o�� ���}�u���� ���v���� ���•�•���•�•�� �š�Z���� �•�š�µ�����v�š�•�~���^�W�•�� �}�v���š�Z���]�Œ���•�}�(�š�� �•�l�]�o�o�•�����~�•�µ���Z�� ���•��
�>���������Œ�•�Z�]�‰���U�����}�u�u�µ�v�]�����š�]�}�v���^�l�]�o�o�����v�����š�����u���Á�}�Œ�l�]�v�P�•�X��
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� �̂}�(�š���•�l�]�o�o�•���(�}�Œ���W�Œ�}�}�(���}�(�����}�v�����‰�š��
��
��

�d�Z���������•�]�������}�v�����‰�š���}�(���š�Z�����•�}�o�µ�š�]�}�v���Œ���À�}�o�À���•�����Œ�}�µ�v�������•�•���•�•�]�v�P���š�Z�����•�}�(�š���•�l�]�o�o�•���}�(���š�Z�����•�š�µ�����v�š�•���Á�Z�]���Z��
�Á���•�� �]�����v�š�]�(�]������ ���•�� �}�v���� �}�(�� �š�Z���� �u���i�}�Œ�� �v�������� �(�}�Œ�� ���o�o�� �š�Z���� ���}�v�����Œ�v������ �•�š���l���Z�}�o�����Œ�•�X�� �/�š�� �]�v�À�}�o�À���•�� �š�Z����
�u���v���P���Œ�•���}�(���š�Z�������}�u�‰���v�Ç���Á�Z�}���Á�]�o�o���������š�Œ���]�v���������Ç���š�Z�������Æ�š���Œ�v���o���,�Z�����}�v�•�µ�o�š���v�š�•���}�v���Z�}�Á���š�}�����•�•���•�•��
�š�Z�����•�}�(�š���•�l�]�o�o�•�U���Á�Z�}���š�Z���v�����•�•���•�•���š�Z�����•�}�(�š���•�l�]�o�o�•���}�(���š�Z�����•�š�µ�����v�š�•���]�v���•�‰�����]���o�o�Ç�������•�]�P�v���������Æ���Œ���]�•���•���Á�Z�]���Z��
�Z�]�P�Z�o�]�P�Z�š���š�Z�������}�u�‰���š���v�����•���}�(���š�Z�����•�š�µ�����v�š�X��

���o���u���v�š�•���}�(���/�v�v�}�À���š�]�}�v�W��

�d�Z�������}�v�����‰�š���]�v���]�š�•���o�(���]�•���µ�v�]�‹�µ�����]�v���š�Z�����Á���Ç���]�š�����}�u���]�v���•���š�Z�����š�Á�}���u���]�v���•�š���l���Z�}�o�����Œ�•�X���d�Z�����•�}�o�µ�š�]�}�v��
�‰�Œ�}�À�]�����•�������‰�o���š�(�}�Œ�u���Á�Z�]���Z�����o�o�}�Á�•���š�Z�����•�š���l���Z�}�o�����Œ�•���~�/�v���µ�•�š�Œ�Ç�U�������������u�]�������v�����•�š�µ�����v�š�•�•���š�}���]�v�š���Œ�����š��
�]�v���������}�u�‰�o���š���o�Ç�����]�(�(���Œ���v�š���Á���Ç���•�}�����•���š�}���µ�v�����Œ�•�š���v�����������Z���}�š�Z���Œ���]�v�����������š�š���Œ���Á���Ç�X���/�v�•�š���������}�(���µ�•�]�v�P��
�•�š���v�����Œ���� �����À���Œ�š�]�•�]�v�P�� �u���š�Z�}���•�� ���v���� �����Œ�����Œ�� �•���Œ�À�]������ ���À���v�š�•�� �š�}�� �µ�v�����Œ�•�š���v���� �š�Z���� �Œ���‹�µ�]�Œ���u���v�š�•�U�� ���v��
�]�v�š���Œ�����š�]�À�����‰�o���š�(�}�Œ�u���o���À���Œ���P�]�v�P���}�v���š�Z�����•�}�(�š���•�l�]�o�o�����•�•���•�•�u���v�š�������š�]�À�]�š�Ç���Á�Z�]���Z�����Œ�]�v�P�•���š�}���š�Z�����•�µ�Œ�(��������
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ABSTRACT  
 
Climbing is a complex task, involving strength, balance and coordination. The performance of a 
climber is experience based and more insights in the mechanics of climbing could be gained by 
measuring the contact forces of the climber, for the centre of mass calculation in real time.  
 
A multiaxial load cell was developed to measure the evolution of load in time and space. The 
sensor is clamped on the climbing wall and on the other side the hold is blocked. When the climber 
hangs on the hold the load signal is read and sent to a PC. 
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Sensor design allow to measure the force components applied to the climbing holds, regardless of 
the application point of the force on the hold. The contributions to the deformation due to bending 
moments and torsion on the sensor are neglectable. The sensor was designed considering a 
maximum applicable load of 200 kg without plastic deformation, which is consistent with the 
regulations. For the design phase, both analytical and FEM analysis were used for the geometry 
optimization. An experimental calibration and testing campaign was performed to validate the 
sensor design. 
 
The strain signals generated in the Wheatstone Bridge are collected by a dedicated acquisition 
system.  
 
 

 
 

 
The embedded system performs analogue-digital conversion and collects the raw data. Different 
kind of acquisition systems have been tested and performances have been compared with 
standard industrial equipment.  
 
The force acting on the climbing hold is extracted and its components along the three axis X-Y-Z 
are computed. The processed data in then sent through a CAN bus to a WiFi-capable device. A 
Raspberry is thus used for the collection and analysis of the data coming from all the holds. 
 
Once the data is ready in the device, a transmission and a processing is needed to present the 
information to the user. The devices, connected via their Wi-Fi interfaces to a local Access Point, 
using a standard HTTP POST request upload the data to a web server. On the server, the data are 
converted into a human-readable format and additional information are computed, such as the 
centre of mass. This information is then stored to a NON-SQL database which is accessed from a 
web application that keeps the data shown in the web page synchronized with the database. 
 
UNDERSTANDING THE PROBLEM  
 
From a general point of view, climbing is a mix of mental and physical workout involving strength, 
balance, and dynamic coordination of lower and upper body movements. As every other sport, the 
performance of a climber may improve with constant practice, with the right training sections and a 
good coach. The specific exercises may vary based on aim, outdoor climbing or competitions, and 
the category, such as bouldering, speed or lead. 
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General workout is usually performed in indoor facilities and focus mostly on strength, resistance, 
balance, coordination, and technical gesture. When talking about climbing movements it should be 
highlighted that the precise and correct execution of a climbing sequence is a task that even a very 
experienced climber can typically complete only after multiple rounds of trial and error. Since 
macroscopic changes in energy efficiency usually arise from posture changes as small as a single 
misplaced finger, the energy spent to complete a route is a good indicator of movements accuracy. 
Today trainings are carried primarily in two different methods. 
 
About the technique, learning the perfect way to grab a hold and the correct weigh distribution 
�U�H�T�X�L�U�H�V���D�Q���H�[�S�H�U�L�H�Q�F�H�G���F�R�D�F�K���D�Q�G���D���O�R�W���R�I���W�U�L�D�O�V�����³Do it again. And again. And again. Till you 
succeed�´�� 
 
On the other hand, as far as body strength is concerned, climbers execute specific exercises to 
strengthen each single muscle, until a sufficient power for completing a path is obtained. This could 
be an erroneous approach as it would be as an engineer attempts to increase the engine HP 
without being able to analyse how many of those HPs are used and how effectively. 
 
A force sensor on each single hold, able to measure the forces along the three spatial 
components, normalized with respect to the climber weight, can be the technological bridge 
between sport technique and body power. Especially, knowledge of the four applied forces can be 
�X�V�H�G���I�R�U���S�O�R�W�W�L�Q�J���W�K�H���S�R�V�L�W�L�R�Q���R�I���W�K�H���E�R�G�\�¶�V���F�H�Q�W�U�H���R�I���P�D�V�V���D�O�R�Q�J���W�K�H���S�D�W�K for monitoring the correct 
distribution of loads. A climbing path with 10-12-14 smart holds can be used for analysing the 
efficiency and the correctness of movements. This synthesis can be carried out substantially in two 
different ways: comparing data between an amateur and a professional athlete, for highlighting the 
significant technical differences, or monitoring the improvements of a single climber, for showing 
which gesture or body coordination caused this improvement. 
 
As a matter of fact, different climbers on a given path will usually show a different behaviour. When 
professional athletes are observed, they will give the impression that they are not struggling to 
complete the route. It can be expected that a more experienced climber will use less force, in 
relation to its body mass, with respect to a beginner, and his higher performance is not just due to 
a greater athletic capacity. 
 
Apart from a comparison between athletes, it should be noted that also the same climber repeating 
a certain route several times will have an evolution in the applied force on the wall, even after just 
few hours of training. This fact is surely not due to a miraculously immediate strength improvement 
but rather to a better coordination and posture. Measuring the evolution of such performance it can 
be expected that the force on the axes decreases with the number of repetitions up to a certain 
asymptote such as charging a capacitor. In practice, this can be seen as the learning curve of the 
climber practicing that specific route. 
 
These two analysis modes combined would lead to many other interesting analysis: comparing the 
learning curve of different climbers, knowing how experienced climbers execute the route and 
apply forces on climbing holds, would help trainers and trainees to develop specific training 
programs to get better results in a short time. 
Despite of the many advantages listed above little has been done so far in this direction, mostly 
due to the cost of instrumenting a wall for the purpose, and as said before �W�R���D���F�H�U�W�D�L�Q���³�V�X�V�S�L�F�L�R�X�V��
�D�G�Y�H�U�V�L�W�\�´���W�R�Z�D�U�G�V���W�H�F�K�Q�R�O�R�J�\���D�P�R�Q�J���F�R�Q�V�H�U�Y�D�W�L�Y�H���F�O�L�P�E�H�U�V�� 
 
Nevertheless, the climbing industry has been experiencing an exponential growth in the last years, 
and this allows new technologies to enter this market, and break down existing barriers. 
 
EXPLORING THE OPPORTUNITIES 
 
Indoor climbing has been experiencing an enormous growth in the past ten years, and thanks to 
the inclusion of this sport in the 2020 Olympic Games, the number of practitioners is expected to 
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increase exponentially in the next future. This has led to a rising number of companies interested in 
developing technology-based solutions to approach this sport. Nevertheless, all of them are still in 
development or in early diffusion phases, and this is mainly due to a certain immaturity of the 
market, where just a niche market is investing in new technology solution.  

Rock climbing has seen an interesting growth in the last years both for outdoor and indoor 
�S�U�D�F�W�L�W�L�R�Q�H�U�V�����6�L�Q�F�H���W�K�H���I�L�U�V�W���F�O�L�P�E�L�Q�J���J�\�P���L�Q���W�K�H���O�D�W�H���µ�����V����the number of indoor facilities have 
grown and according to the Climbing Business Journal has reached a total of 414 commercial 
climbing gyms in the US at the end of 2016. Even if this year was characterized by a relatively low 
growth of 6.9% instead of the expected 16%, as anticipated in May at the annual CWA conference, 
climbing remains an appealing market for investors. In fact, 56% of new gyms were opened by first 
time by climbing operators which saw in this sector a profitable investment despite the huge initial 
cost: For example, Rockwerz, a rock wall construction company states that the initial investment is 
approximately equal to $400,000 for a 6,000 square-foot climbing wall, and $600,000 for a 12,000 
square-foot one. 
 
Based on the 2016 Outdoor participation record, the number of people in the US who participated 
in both indoor and outdoor climbing is 1.6% of the population, that is about 5 million people, of 
which 1.3 million are American guys under eighteen years old. These numbers have slightly 
decreased in the last two years but a new wave of interest in this sport could come from the 2020 
Tokyo Olympic games in which sport climbing has been recently introduced. Such a huge 
international event could increase the pairs of eyes watching the discipline, enhance the interest in 
practising it, and thus create new possible investments.  
 
Although the market is growing, the current widespread technology has arrived at its top 
performance and new alternatives are emerging. These innovative systems for climbing have not 
reached a dominant design yet. This means that new alternatives which include a sort of 
technology improvement have not reached a successful diffusion phase.  
 
According to the Abernathy �± Utterback model the development of a product consist of 3 stages: 
fluid, transition and specific stage. And it has been possible to place the climbing technology in the 
first stage.  
 
The fluid stage has the characteristic of having firms competing on basis on its product features, 
and uncertainties remains in the market. So, new technologies are competing to be the next 
technology, but all of them are between the incubation or early diffusion phases. The project 
MACLoC enters to this market in the exact phase where big innovations are occurring. 
 
GENERATING A SOLUTION 
 
A triaxial force sensor and the related DAQ and processing systems are presented as an example 
of IoT application, applied to indoor climbing, allowing the user to access real time data coming 
from multiple sensors during performance. 
 
From the state of the art, and after the first stages of the product development, the team identified 
an opportunity to patent the measurement strategy of the sensor. This includes, geometry of the 
sensor and strain gauges location. The patent procedure currently in process within the Intellectual 
Property office of PoliTo. For that reason, further details about the sensor were attached neither 
the patentable information nor the schemes. 
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